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The International System of Units (SI) 

SI base units Physical quantity Name of SI unit Symbol for SI unit Definition of SI unit 

length metre m (1) 

mass* kilogramme kg (2) 
time second $s (3) 

electric current ampere A (4) 
thermodynamic temperature kelvin K (5) 
amount of substance mole mol (6) 

luminous intensity candela cd (7) 

(1) The metre is the length equal to 1 650 763.73 wavelengths in vacuum of the radiation corresponding to the transition between the levels 2p, and 

5d, of the krypton-86 atom. 
(2) The kilogramme is the unit of mass; it is equal to the mass of the international prototype of the kilogramme. 
(3) The second is the duration of 9 192 631 770 periods of the radiation corresponding to the transition between the two hyperfine levels of the ground 

state of the caesium-133 atom. 
(4) The ampere is that constant current which, if maintained in two straight parallel conductors of infinite length, of negligible circular cross-section, 

and placed 1 metre apart in a vacuum, would produce between these conductors a force equal to 2 x 107 newton per metre of length. 
(5) The kelvin, unit of thermodynamic temperature, is the fraction 1/273.16 of the thermodynamic temperature of the triple point of water. 
(6) The mole is the amount of substance of a system which contains as many elementary entities as there are atoms in 0.012 kilogramme of 

carbon-12. When the mole is-used, the elementary entities must be specified and may be atoms, molecules, ions, electrons, other particles, or 

specified groups of such particles. 
(7) The candela is the luminous intensity, in the perpendicular direction, of a surface of 1/600 000 square metre of a black body at the temperature of 

freezing platinum under a pressure of 101 325 newtons per square metre. 

SI supplementary units 

Physical quantity Name of SI unit Symbol for SI unit Definition of SI unit 

plane angle radian rad The radian is the plane angle between two radii of a circle which cut 
off on the circumference an arc of length equal to the radius. 

solid angle steradian sr The steradian is the solid angle which, having its vertex at the centre of 

a sphere, cuts off an area of the surface of the sphere equal to that 
of a square with sides of length equal to the radius of the sphere. 

SI derived units (A list of some non-SI units and some useful conversion factors is given in Appendix 3, p. 1495.) 

Physical quantity Name of SI unit Symbol for SI unit Definition of SI unit 

frequency hertz Hz” Sat 
energy joule uf kg m?s°? 
force newton N kg mse?=J m= * 
power watt Ww kgm? s=°=Js°! 
pressure pascal Pa keonmsee— Nome =F mee 
electric charge coulomb Cc As 
electric potential difference volt Vv kgm? seAgt=J-AGi s? 
electric resistance ohm Q kgim2is Ave =V A =Ss! 
electric conductance siemens S key Siecss At — Ons 
electric capacitance farad F A stikee sms —Agsiv > 2 
magnetic flux weber Wb kgm? sss A= —Vis 
inductance henry H keypass Asc —Vi Aas 
magnetic flux density tesla af kpiss? Avo—V smsy-—Wbime 2 

(magnetic induction) 

1 () Neither “c.p.s.” nor “c/s”, but either s_' or Hz. 

Origin of SI Prefixes 

105+ d deci Latin decimus tenth 10 da deca Greek Sexo ten 
LO ReiC centi Latin centum hundred 10? h hecto Greek ékatov hundred 
10°? m milli Latin milli thousand 103 k kilo Greek xidioi thousand 

105° micro Greek pikpdc small 10° M mega Greek péyac great 
1052 en nano Greek vaévoc dwarf 10° G giga Greek yiyac giant 
LOR pico Italian piccolo small 102 Th tera Greek tépac monster 
Ome sh femto Danish femten fifteen 10'5 P peta See footnotet 
1052" a atto Danish atten eighteen 1018 E exa See footnotet 
ee 

} The almost unbelievably grotesque derivation of these two prefixes is as follows: suppose, without any justification whatever, that tera (meaning 

10’? = 10°**) had been derived from tetra (meaning 4) by omission of a consonant and not from the Greek word for monster. Then the appropriate SI 
prefix for 10'*=10°*° is {(penta minus a consonant)= peta} and for 10!8=10°%° is {(hexa minus a consonant)=exa}. 
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Foreword 

THE publication of a new comprehensive treatment of the chemistry of the elements is an 

event of major importance for both teachers and students. The majority of the more recent 

textbooks of inorganic chemistry place considerable emphasis on the theories of inorganic 

chemistry and do not give a systematic comprehensive treatment of the properties and 

reactions of the elements and their compounds. The Chemistry of the Elements therefore 

fills a real need for an up-to-date, critical, comprehensive account of the chemistry of the 

elements. The facts concerning the properties and reactions of substances are the very 

essence of chemistry. Facts undergo little if any change in contrast to constantly changing 

theories. Moreover, it is important that students appreciate that a chemist needs a solid 

background of facts in order to appreciate the need for theories and to be able to judge 

their usefulness and the limits of their applicability. Anyone who just dips into the book at 

random will quickly realize that there are numerous facts that remain intriguing and 

unexplained and which provide a stimulus for the development of new or modified 

theories. The writing of this book was clearly a prodigious task and the authors are to be 

congratulated on having presented such a comprehensive in-depth account of the 

elements in such a readable fashion. It deserves to become the standard reference in 

inorganic chemistry for both teachers and students for many years to come and I wish it 

every SUCCESS. 

R. J. GILLESPIE 

McMaster University 

Hamilton, Ontario, Canada 
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Preface 

IN this book we have tried to give a balanced, coherent, and comprehensive account of the 

chemistry of the elements for both undergraduate and postgraduate students. This crucial 

central area of chemistry is full of ingenious experiments, intriguing compounds, and 

exciting new discoveries. We have specifically avoided tie term inorganic chemistry since 

this emphasizes an outmoded view of chemistry which is no longer appropriate in the 

closing decades of the 20th century. Accordingly, we deal not only with inorganic 

chemistry but also with those aspects which might be called analytical, theoretical, 

industrial, organometallic, bio-inorganic, or any other of the numerous branches of the 

subject currently in vogue. 

We make no apology for giving pride of place to the phenomena of chemistry and to the 

factual basis of the subject. Of course the chemistry of the elements is discussed within the 

context of an underlying theoretical framework that gives cohesion and structure to the 

text, but at all times it is the chemical chemistry that is emphasized. There are several 

reasons for this. Firstly, theories change whereas facts do so less often—a greater 

permanency and value therefore attaches to a treatment based on a knowledge and 

understanding of the factual basis of the subject. We recognize, of course, that though the 

facts may not change dramatically, their significance frequently does. It is therefore 

important to learn how to assess observations and to analyse information reliably. 

Numerous examples are provided throughout the text. Moreover, it is scientifically 

unsound to present a theory and then describe experiments which purport to prove it. It is 

essential to distinguish between facts and theories and to recognize that, by their nature, 

theories are ephemeral and continually changing. Science advances by removing error, 

not by establishing truth, and no amount of experimentation can “prove” a theory, only 

that the theory is consistent with the facts as known so far. (At a more subtle level we also 

recognize that all facts are theory-laden.) 

It is also important to realize that chemistry is not a static body of knowledge as defined 

by the contents of a textbook. Chemistry came from somewhere and is at present heading 

in various specific directions. It is a living self-stimulating discipline, and we have tried to 

transmit this sense of growth and excitement by reference to the historical development of 

the subject when appropriate. The chemistry of the elements is presented in a logical and 

academically consistent way but is interspersed with additional material which 

illuminates, exemplifies, extends, or otherwise enhances the chemistry being discussed. 

Chemistry is a human activity and its results have a substantial impact on our daily 

lives. However, we have not allowed ourselves to become obsessed by “relevance”. 

Today’s relevance is tomorrow’s obsolescence. On the other hand, it would be obtuse in 

the modern world not to recognize that chemistry, in addition to being academically 

stimulating and aesthetically satisfying, is frequently also useful. This gives added point to 

Vil 



Vill Preface 

much of the chemistry of the elements and indeed a great deal of that chemistry has been 

specifically developed because of society’s needs. To many this is one of the most attractive 

aspects of the subject—its potential usefulness. We therefore wrote to over 500 chemically 
based firms throughout the world asking for information about the chemicals they 
manufactured or used, in what quantities, and for what purposes. This produced an 

immense wealth of technical information which has proved to be an invaluable resource in 

discussing the chemistry of the elements. Our own experience as teachers had already 

alerted us to the difficulty of acquiring such topical information and we have incorporated 

much of this material where appropriate throughout the text. We believe it is important to 

know whether a given compound was made perhaps once in milligram amounts, or is 

produced annually in tonne quantities, and for what purpose. 
In a textbook devoted to the chemistry of the elements it seemed logical to begin with 

such questions as: where do the elements come from, how were they made, why do they 

have their observed terrestrial abundances, what determines their atomic weights, and so 

on. Such questions, though usually ignored in textbooks and certainly difficult to answer, 

are ones which are currently being actively pursued, and some tentative answers and 

suggestions are given in the opening chapter. This is followed by a brief description of 

chemical periodicity and the periodic table before the chemistry of the individual elements 

and their group relationships are discussed on a systematic basis. 

We have been much encouraged by the careful assessment and comments on individual 

chapters by numerous colleagues not only throughout the U.K. but also in Australia, 

Canada, Denmark, the Federal Republic of Germany, Japan, the U.S.A and several other 

countries. We believe that this new approach will be widely welcomed as a basis for 

discussing the very diverse behaviour of the chemical elements and their compounds. 

It is a pleasure to record our gratitude to the staff of the Edward Boyle Library in the 

University of Leeds for their unfailing help over many years during the writing of this 

book. We should also like to express our deep appreciation to Mrs Jean Thomas for her 

perseverance and outstanding skill in preparing the manuscript for the publishers. 

Without her generous help and the understanding of our families this work could not have 
been completed. 

N. N. GREENWOOD 
A. EARNSHAW 



Contents 

Chapter 1 Origin of the Elements. Isotopes and Atomic Weights 

itil 
2 
13 
1.4 

15 

1.6 

Introduction 
Origin of the Universe 
Stellar Evolution and the Spectral Classes of Stars 
Synthesis of the Elements 
1.4.1 Hydrogen burning 
1.4.2 Helium burning and carbon burning 
1.4.3. The a-process 

1.4.4 The e-process (equilibrium process) 
1.4.5 The s- and r-processes (slow and rapid neutron absorption) 
1.4.6 The p-process (proton capture) 
1.4.7 The x-process 
Atomic Weights 
1.5.1 Uncertainty in atomic weights 
1.5.2 The problem of radioactive elements 

Points to Ponder 

Chapter 2 Chemical Periodicity and the Periodic Table 

Dy! 
22 
2.3 

2.4 
2.5 

Introduction 
The Electronic Structure of Atoms 
Periodic Trends in Properties 
2.3.1 Trends in atomic and physical properties 
2.3.2 Trends in chemical properties 
Prediction of New Elements and Compounds 
Questions on the Periodic Table 

Chapter 3 Hydrogen 

Sul 
3:2 

3:3 

3.4 

3h5) 

3.6 

CTE-A* 

Introduction 
Atomic and Physical Properties of Hydrogen 
3.2.1 Isotopes of hydrogen 
3.2.2 Ortho- and para-hydrogen 
3.2.3 Ionized forms of hydrogen 
Preparation, Production, and Uses 

3.3.1 Hydrogen 
3.3.2 Deuterium 
3.3.3. Tritium 
Chemical Properties and Trends 
3.4.1 Protonic acids and bases 
The Hydrogen Bond 
3.5.1 Influence on properties 
3.5.2 Influence on structure 

3.5.3 Strength of hydrogen bonds and theoretical description 
Hydrides of the Elements 



xX 

Chapter 4 

Chapter 5 

Chapter 6 

Contents 

Lithium, Sodium, Potassium, Rubidium, Caesium, and 
Francium 

4.1 Introduction 

4.2 The Elements 

4.2.1 
4.2.2 
4.2.3 
4.2.4 
4.2.5 
4.2.6 

Discovery and isolation 
Terrestrial abundance and distribution 
Production and uses of the metals 
Properties of the alkali metals 
Chemical reactivity and trends 
Solutions in liquid ammonia and other solvents 

4.3 Compounds 
4.3.1 
4.3.2 
4.3.3 
4.3.4 
4.3.5 
4.3.6 
4.3.7 

Beryllium, Magnesium, Calcium, Strontium, Barium, and 
Radium 

Introduction: the ionic-bond model 
Halides and hydrides 
Oxides, peroxides, superoxides, and suboxides 

Hydroxides 
Oxoacid salts and other compounds 

Complexes, crowns, and crypts 
Organometallic compounds 

5.1. Introduction 

5.2 The Elements 

S25 
5252 
Sys) 
5.2.4 

Terrestrial abundance and distribution 
Production and uses of the metals 
Properties of the elements 
Chemical reactivity and trends 

5.3. Compounds 
Soul 
Ss 
53:3 
5.3.4 
3:35 

Boron 

Introduction 
Hydrides and halides 
Oxides and hydroxides 
Oxoacid salts and coordination complexes 
Organometallic compounds 
Beryllium 
Magnesium 
Calcium, strontium, and barium 

6.1 Introduction 

6.2 Boron 

6.2.1 
6.2.2 
6.2.3 
6.2.4 

Isolation and purification of the element 
Structure of crystalline boron 
Atomic and physical properties of boron 
Chemical properties 

6.3 Borides 

6.3.1 
6.3.2 
6.3.3 

Introduction 

Preparation and stoichiometry 
Structures of borides 

6.4 Boranes (Boron Hydrides) 
6.4.1 
6.4.2 
6.4.3 
6.4.4 
6.4.5 
6.4.6 
6.4.7 

Introduction 
Structure, bonding, and topology 
Properties of boranes 
Chemistry of diborane, B,H, 
Chemistry of nido-pentaborane, B,H, 
Chemistry of nido-decaborane, B,yH,4 
Chemistry of closo-B,H?~ 

6.5 Carboranes 



Chapter 7 

Chapter 8 

Chapter 9 

6.6 
6.7 

6.8 

6.9 

Contents 

Metallocarboranes 

Boron Halides 

6.7.1. Boron trihalides 

6.7.2 Lower halides of boron 

Boron—Oxygen Compounds 
6.8.1 Boron oxides and oxoacids 

6.8.2 Borates 

6.8.3 Organic compounds containing boron-oxygen bonds 
Boron-Nitrogen Compounds 

6.10 Other Compounds of Boron 

Aluminium, Gallium, Indium, and Thallium 

Tel 
Te 

Tes 

Introduction 
The Elements 
7.2.1 Terrestrial abundance and distribution 
7.2.2 Preparation and uses of the metals 
7.2.3. Properties of the elements 
7.2.4 Chemical reactivity and trends 
Compounds 
7.3.1 Hydrides and related complexes 
7.3.2 Halides and halide complexes 

Aluminium trihalides 
Trihalides of gallium, indium, and thallium 

Lower halides of gallium, indium, and thallium 

7.3.3 Oxides and hydroxides 
7.3.4 Ternary and more complex oxide phases 

Spinels and related compounds 
Sodium-f-alumina and related phases 
Tricalcium aluminate, Ca,Al,0, 

7.3.5 Other inorganic compounds 
7.3.6 Organometallic compounds 

Carbon 

8.1 
8.2 

8.3 
8.4 
8.5 
8.6 
8.7 
8.8 
8.9 

Introduction 
Carbon 
8.2.1 Terrestrial abundance and distribution 
8.2.2 Allotropic forms 
8.2.3 Atomic and physical properties 
8.2.4 Chemical properties 
Graphite Intercalation Compounds 
Carbides 
Hydrides, Halides, and Oxohalides 

Oxides and Carbonates 
Chalcogenides and Related Compounds 
Cyanides and Other Carbon-Nitrogen Compounds 
Organometallic Compounds 
8.9.1 Monohapto ligands 
8.9.2 Dihapto ligands 
8.9.3. Trihapto ligands 
8.9.4 Tetrahapto ligands 
8.9.5 Pentahapto ligands 
8.9.6 Hexahapto ligands 
8.9.7 Heptahapto and octahapto ligands 

Silicon 

Ch! Introduction 

XI 

209 
220 
220 
225 
228 
229 
231 
234 
234 
240 

243 

243 
244 
244 
246 
250 
252 
256 
256 
261 
262 
266 
270 
273 
278 
279 
281 
282 
285 
289 

296 

296 
IBS) 
297 
303 
306 
308 
313 
318 
322 
325 
333 
336 
345 
347 
357 
362 
366 
367 
378 
375 

Wi 

379 



Xil Contents 

9.2 Silicon 
9.2.1 Occurrence and distribution 
9.2.2 Isolation, production, and industrial uses 

9.2.3. Atomic and physical properties 
9.2.4 Chemical properties 

9.3 Compounds 
9.3.1 Silicides 
9.3.2 Silicon hydrides (silanes) 
9.3.3. Silicon halides and related complexes 
9.3.4 Silica and silicic acids 
9.3.5 Silicate minerals 

Silicates with discrete units 

Silicates with chain or ribbon structures 

Silicates with layer structures 
Silicates with framework structures 

9.3.6 Other inorganic compounds of silicon 
9.3.7 Organosilicon compounds and silicones 

Chapter 10 Germanium, Tin, and Lead 

Chapter 11 

10.1 
10.2 

10.3 

Introduction 
The Elements 
10.2.1 Terrestrial abundance and distribution 
10.2.2 Production and uses of the elements 
10.2.3 Properties of the elements 
10.2.4 Chemical reactivity and group trends 
Compounds 
10.3.1 Hydrides and hydrohalides 
10.3.2 Halides and related complexes 
10.3.3 Oxides and hydroxides 
10.3.4 Derivatives of oxoacids 
10.3.5 Other inorganic compounds 
10.3.6 Metal-metal bonds and clusters 
10.3.7 Organometallic compounds 

Germanium 
Tin 
Lead 

Nitrogen 

11.1 
11.2 

11.3 

Introduction 
The Element 
11.2.1 Abundance and distribution 
11.2.2 Production and uses of nitrogen 
11.2.3. Atomic and physical properties 
11.2.4 Chemical reactivity 
Compounds 

11.3.1 Nitrides, azides, and nitrido complexes 

11.3.2. Ammonia and ammonium salts 
Liquid ammonia as a solvent 

11.3.3. Other hydrides of nitrogen 
Hydrazine 
Hydroxylamine 
Hydrogen azide 

11.3.4 Thermodynamic relations between N-containing species 
11.3.5 Nitrogen halides and related compounds 
11.3.6 Oxides of nitrogen 

Nitrous oxide, N,O 
Nitric oxide, NO 

Dinitrogen trioxide, N,O, 

Nitrogen dioxide, NO,, and dinitrogen tetroxide, N,O, 



Contents Xlil 

Dinitrogen pentoxide, N,O;, and nitrogen trioxide, NO, 526 
11.3.7 Oxoacids, oxoanions, and oxoacid salts of nitrogen 527 

Hyponitrous acid and hyponitrites 527 
Nitrous acid and nitrites 531 
Nitric acid and nitrates 536 
Orthonitrates, MSNO, 545 

Chapter 12 Phosphorus 546 

12.1 Introduction 546 
12.2 The Element 548 

12.2.1 Abundance and distribution 548 
12.2.2 Production and uses of elemental phosphorus 553 
12.2.3 Allotropes of phosphorus SS)! 
12.2.4 Atomic and physical properties 557 
12.2.5 Chemical reactivity 559 

12.3. Compounds 562 
12.3.1 Phosphides 562 
12.3.2 Phosphine and related compounds 564 
12.3.3 Phosphorus halides 567 

Phosphorus trihalides 568 
Diphosphorus tetrahalides 571 
Phosphorus pentahalides 571 
Pseudohalides of phosphorus(III) 574 

12.3.4 Oxohalides and thiohalides of phosphorus a5 
12.3.5 Phosphorus oxides, sulfides, and oxosulfides Sift) 

Oxides 577 
Sulfides 581 
Oxosulfides 584 

12.3.6 Oxoacids of phosphorus and their salts 586 
Hypophosphorous acid and hypophosphites [H,PO(OH) and 

H,PO,°] 591 
Phosphorous acid and phosphites [HPO(OH), and HPO,” ] 591 
Hypophosphoric acid (H,P,0,) and hypophosphates 592 
Other lower oxoacids of phosphorus 594 
The phosphoric acids 595 
Orthophosphates 603 
Chain polyphosphates 608 
Cyclo-polyphosphoric acids and cyclo-polyphosphates 617 

12.3.7 Phosphorus-nitrogen compounds 619 

Cyclophosphazenes 621 
Phosphazenes 622 
Polyphosphazenes 624 

12.3.8 Organophosphorus compounds 633 

Chapter 13 Arsenic, Antimony, and Bismuth 637 

13.1 Introduction 637 
13.2 The Elements 638 

13.2.1 Abundance, distribution, and extraction 638 
13.2.2 Atomic and physical properties 641 
13.2.3. Chemical reactivity and group trends 644 

13.3 Compounds of Arsenic, Antimony, and Bismuth 646 

13.3.1 Intermetallic compounds and alloys 646 

13.3.2 Hydrides of arsenic, antimony, and bismuth 650 
13.3.3 Halides and related complexes 651 

Trihalides, MX, 651 
Pentahalides, MX, 655 

Mixed halides and lower halides 656 
Halide complexes of M'" and MY 659 



X1V Contents 

Oxide halides 665 
13.3.4 Oxides and oxo compounds 668 

Oxo compounds of M'" 668 
Mixed-valence oxides 672 
Oxo compounds of MY 672 

13.3.5 Sulfides and related con.pounds 674 
13.3.6 Metal-metal bonds and clusters 678 
13.3.7 Other inorganic compounds 689 
13.3.8 Organometallic compounds 690 

Organoarsenic(III) compounds 690 
Organoarsenic(V) compounds 693 
Physiological activity of arsenicals 694 
Organoantimony and organobismuth compounds 694 

Chapter 14 Oxygen 698 

14.1 The Element 698 
14.1.1 Introduction 698 
14.1.2 Occurrence 700 
14.1.3 Preparation 701 
14.1.4 Atomic and physical properties 704 
14.1.5 Other forms of oxygen 707 

Ozone 707 
Atomic oxygen 712 

14.1.6 Chemical properties of dioxygen, O, a3 
14.2 Compounds of Oxygen 718 

14.2.1 Coordination chemistry: dioxygen as a ligand 718 
14.2.2 Water 726 

Introduction 726 
Distribution and availability 727 
Physical properties and structure 729 
Water of crystallization, aquo complexes, and solid hydrates 733 
Chemical properties 735 
Polywater 741 

14.2.3 Hydrogen peroxide 742 
Physical properties 742 
Chemical properties 745 

14.2.4 Oxygen fluorides 748 
14.2.5 Oxides 751 

Various methods of classification el 
Nonstoichiometry 753 

Chapter 15 Sulfur Low 

15.1 The Element 757 
15.1.1 Introduction 757 
15.1.2 Abundance and distribution 759 
15.1.3. Production and uses of elemental sulfur 761 
15.1.4 Allotropes of sulfur 769 
15.1.5 Atomic and physical properties 781 
15.1.6 Chemical reactivity 782 

Polyatomic sulfur cations 785 
Sulfur as a ligand 786 
Other ligands containing sulfur as donor atom 794 

15.2 Compounds of Sulfur 798 
15.2.1 Sulfides of the metallic elements 798 

General considerations 798 
Structural chemistry of metal sulfides 803 
Anionic polysulfides 805 

15.2.2 Hydrides of sulfur (sulfanes) 806 



Contents XV 

15.2.3 Halides of sulfur 808 
Sulfur fluorides — 808 
Chlorides, bromides, and iodides of sulfur 815 

15.2.4 Oxohalides of sulfur 819 
15.2.5 Oxides of sulfur 821 

Lower oxides 821 
Sulfur dioxide, SO, 824 
Sulfur oxide ligands 828 
Sulfur trioxide 832 
Higher oxides 833 

15.2.6 Oxoacids of sulfur 834 
Sulfuric acid, H,SO, 837 
Peroxosulfuric acids, H,SO,; and H,S,O0, 846 
Thiosulfuric acid, H,S,O, 846 
Dithionic acid, H,S,O, 848 
Polythionic acids, H,S,0O, 849 
Sulfurous acid, H,SO, 850 
Disulfurous acid, H,S,O; 853 
Dithionous acid, H,S,O, 853 

15.2.7 Sulfur—nitrogen compounds 854 
Binary sulfur nitrides 855 
Sulfur—nitrogen cations and anions 864 
Sulfur imides, S,_,(NH), 868 
Other cyclic sulfur—-nitrogen compounds 869 
Sulfur—-nitrogen-halogen compounds 869 
Sulfur—-nitrogen-oxygen compounds 875 

Chapter 16 Selenium, Tellurium, and Polonium 882 

16.1 The Elements 882 
16.1.1 Introduction: history, abundance, distribution 882 

16.1.2 Production and uses of the elements 883 
16.1.3 Allotropy 886 
16.1.4 Atomic and physical properties 889 
16.1.5 Chemical reactivity and trends 890 
16.1.6 Polyatomic cations, M,”"* 896 

16.2 Compounds of Selenium, Tellurium, and Polonium 898 

16.2.1 Selenides, tellurides, and polonides 898 

16.2.2 Hydrides 899 
16.2.3 Halides 901 

Lower halides 901 
Tetrahalides 904 
Hexahalides 907 
Halide complexes 908 

16.2.4 Oxohalides and pseudohalides 909 
16.2.5 Oxides 911 
16.2.6 Hydroxides and oxoacids 913 
16.2.7 Other inorganic compounds 916 
16.2.8 Organo-compounds 917 

Chapter 17 The Halogens: Fluorine, Chlorine, Bromine, Iodine, and 920 
Astatine 

17.1 The Elements 920 

17.1.1 Introduction 920 

Fluorine 920 

Chlorine 923 

Bromine 924 

Iodine 925 

Astatine 926 



XVI 

Chapter 18 

Chapter 19 

N72 

17.3 

The Noble Gases: Helium, Neon, Argon, Krypton, Xenon, 

1722 
17.1.3 
17.1.4 
bibles: 

Contents 

Abundance and distribution 
Production and uses of the elements 
Atomic and physical properties 
Chemical reactivity and trends 
General reactivity and stereochemistry 
Solutions and charge-transfer complexes 

Compounds of Fluorine, Chlorine, Bromine, and Iodine 

721 

WD 

17.2.3 

17.2.4 
17.2.5 
17.2.6 
Wk afl 

17.2.8 

MPs) 

Hydrogen halides, HX 
Preparation and uses 
Physical properties of the hydrogen halides 
Chemical reactivity of the hydrogen halides 
The hydrogen halides as nonaqueous solvents 
Halides of the elements 
Fluorides 
Chlorides, bromides, and iodides 

Interhalogen compounds 
Diatomic interhalogens, XY 
Tetra-atomic interhalogens, XY, 
Hexa-atomic and octa-atomic interhalogens, XF; and IF, 

Polyhalide anions 
Polyhalonium cations, XY,,* 
Halogen cations 
Oxides of chlorine, bromine, and iodine 
Oxides of chlorine 
Oxides of bromine 
Oxides of iodine 
Oxoacids and oxoacid salts 
General considerations 
Hypohalous acids, HOX, and hypohalites, XO7 
Halous acids, HOXO, and halites, XO, ~ 
Halic acids, HOXO,, and halates, XO, 

Perhalic acid and perhalates 
Perchloric acid and perchlorates 
Perbromic acid and perbromates 
Periodic acids and periodates 
Halogen oxide fluorides and related compounds 
Chlorine oxide fluorides 
Bromine oxide fluorides 
Iodine oxide fluorides 

17.2.10 Halogen derivatives of oxoacids 
The Chemistry of Astatine 

and Radon 

18.1 
18.2 

18.3 

Introduction 

The Elements 

18.2.1 Distribution, production, and uses 

18.2.2 Atomic and physical properties of the elements 
Chemistry of the Noble Gases 
iteysisll Clathrates 

18.3.2 Compounds of xenon 
18.3.3. Compounds of other noble gases 

Coordination Compounds 

19.1 
19.2 
19.3 
19.4 

Introduction 

Types of Ligand 
Stability of Coordination Compounds 
The Various Coordination Numbers 

927 
928 
934 
938 
938 
940 
943 
943 
944 
949 
950 
954 
D5 i) 
958 
961 
964 
964 
968 
974 
978 
983 
986 
988 
989 
996 
997 
999 
999 

1003 
1007 
1009 
1013 
1013 
1020 
1022 
1026 
1026 
1032 
1034 
1037 
1039 

1042 

1042 
1043 
1043 
1044 
1047 
1047 
1048 
1059 

1060 

1060 
1061 
1064 
1068 



Chapter 20 

Chapter 21 

Chapter 22 

LOS 

19.6 

LOFT, 
19.8 
19.9 

Contents 

Isomerism 
Conformational isomerism 

Geometrical isomerism 
Optical isomerism 
Ionization isomerism 
Linkage isomerism 
Coordination isomerism 
Polymerization isomerism 
Ligand isomerism 
The Coordinate Bond 
Valence bond theory 
Crystal Field Theory 
Colours of Complexes 
Thermodynamic Effects of Crystal Field Splitting 

19.10 Magnetic Properties 
19.11 Ligand Field Theory 
19.12 Molecular Orbital Theory 

Scandium, Yttrium, Lanthanum, and Actinium 

20.1 
20.2 

20.3 

Introduction 
The Elements 
20.2.1 Terrestrial abundance and distribution 
20.2.2 Preparation and uses of the metals 
20.2.3 Properties of the elements 
20.2.4 Chemical reactivity and trends 
Compounds of Scandium, Yttrium, Lanthanum, and Actinium 

20.3.1 Simple compounds 
20.3.2 Complexes 
20.3.3 Organometallic compounds 

Titanium, Zirconium, and Hafnium 

Ziel 
22 

Introduction 

The Elements 

21.2.1 Terrestrial abundance and distribution 

21.2.2 Preparation and uses of the metals 
21.2.3 Properties of the elements 
21.2.4 Chemical reactivity and trends 
Compounds of Titanium, Zirconium, and Hafnium 

21.3.1 Oxides and sulfides 
21.3.2 Mixed, or complex, oxides 

21.3.3 Halides 
21.3.4 Compounds with oxoanions 
21.3.5 Complexes 

Oxidation state IV (d°) 
Oxidation state III (d') 
Lower oxidation states 

21.3.6 Organometallic compounds 

Vanadium, Niobium, and Tantalum 

Dal Introduction 

22.2 The Elements 

22.3 

22.2.1 Terrestrial abundance and distribution 
22.2.2 Preparation and uses of the metals 
22.2.3 Atomic and physical properties of the elements 
22.2.4 Chemical reactivity and trends 
Compounds of Vanadium, Niobium, and Tantalum 

XVIl 

1077 
1078 
1078 
1079 
1080 
1081 
1081 
1081 
1082 
1082 
1083 
1084 
1089 
1096 
1098 
1099 
1099 

1102 

1102 
1103 
1103 
1103 
1104 
1105 
1107 
1107 
1108 
1110 

1111 

1111 
1112 
1112 
1112 
1114 
1116 
1117 
1117 
1121 
1123 
1125 
1126 
1126 
1130 
1133 
1133 

1138 

1138 
1139 
1139 
1139 
1141 
1142 
1143 



XVlil 

22:31 
2232 
22.3.3 
22.3.4 
223d 
22.3.6 

22.3.7 

Contents 

Oxides 
Isopolymetallates 
Sulfides, selenides, and tellurides 

Halides and oxohalides 
Compounds with oxoanions 
Complexes 
Oxidation state V (d°) 
Oxidation state IV (d!) 
Oxidation state III (d?) 
Oxidation state II (d°) 
Organometallic compounds 

Chapter 23 Chromium, Molybdenum, and Tungsten 

230 

238 

Introduction 

23.2 The Elements 

23251 
23.2.2 
232-3 
23.2.4 

Terrestrial abundance and distribution 
Preparation and uses of the metals 
Properties of the elements 
Chemical reactivity and trends 

Compounds of Chromium, Molybdenum, and Tungsten 

23s 
23:32 
23:53 
23.3.4 
23.35 
23.3.6 
23a 

23.3.8 
231319) 

Oxides of chromium, molybdenum, and tungsten 
Isopolymetallates 
Heteropolymetallates 
Tungsten and molybdenum bronzes 
Sulfides, selenides, and-tellurides 

Halides and oxohalides 
Complexes of chromium, molybdenum, and tungsten 
Oxidation state VI (d°) 
Oxidation state V (d') 
Oxidation state IV (d”) 
Oxidation state III (d?) 
Oxidation state II (d*) 
Biological activity and nitrogen fixation 
Organometallic compounds 

Chapter 24 Manganese, Technetium, and Rhenium 

24.1 

24.3 

Introduction 
24.2 The Elements 

24.2.1 
24.2.2 
24.2.3 
24.2.4 

Terrestrial abundance and distribution 
Preparation and uses of the metals 
Properties of the elements 
Chemical reactivity and trends 

Compounds of Manganese, Technetium, and Rhenium 
24.3.1 
24.3.2 
24.3.3 
24.3.4 

24.3.5 

Oxides and chalcogenides 
Oxoanions 

Halides and oxohalides 
Complexes of manganese, technetium, and rhenium 

Oxidation state VII (d°) 
Oxidation state VI (d’) 
Oxidation state V (d”) 
Oxidation state IV (d?) 
Oxidation state III (d*) 
Oxidation state II (d°) 
Lower oxidation states 
Organometallic compounds 

1144 
1146 
1150 
1152 
1157 
1157 
1157 
1158 
1160 
1163 
1163 

1167 

1167 
1167 
1167 
1168 
1169 
1170 
1171 
1171 
1175 
1184 
1185 
1186 
1187 
1191 
1191 
1193 
1194 
1196 
1200 
1205 
1207 

1211 

1211 
1212 
1212 
1212 
1214 
1215 
1217 
1218 
1221 
1222 
1226 
1226 
1226 
1227 
1228 
1228 

1231 
1234 
1234 



Contents 

Chapter 25 Iron, Ruthenium, and Osmium 

25.1 
25.2 

2513 

Introduction 
The Elements 
25.2.1 Terrestrial abundance and distribution 
25.2.2 Preparation and uses of the elements 

25.2.3 Properties of the elements 
25.2.4 Chemical reactivity and trends 
Compounds of Iron, Ruthenium, and Osmium 
25.3.1 Oxides and other chalcogenides 
25.3.2 Mixed metal oxides and oxoanions 
25.3.3. Halides and oxohalides 
25.3.4 Complexes 

Oxidation state VIII (d°) 
Oxidation state VII (d‘) 
Oxidation state VI (d?) 
Oxidation state V (d°) 
Oxidation state IV (d*) 
Oxidation state III (d°) 
Oxidation state II (d°) 
Lower oxidation states 

25.3.5 The biochemistry of iron 
Haemoglobin and myoglobin 
Cytochromes 
Iron-sulfur proteins 

25.3.6 Organometallic compounds 
Carbonyls 
Carbonyl hydrides and carbonylate anions 
Carbonyl halides and other substituted carbonyls 
Ferrocene and other cyclopentadienyls 

Chapter 26 Cobalt, Rhodium, and Iridium 

26.1 Introduction 

26.2 The Elements 

26.2.1 Terrestrial abundance and distribution 
26.2.2 Preparation and uses of the elements 
26.2.3 Properties of the elements 
26.2.4 Chemical reactivity and trends 
Compounds of Cobalt, Rhodium, and Iridium 
26.3.1 Oxides and sulfides 
26.3.2 Halides 
26.3.3 Complexes 

Oxidation state IV (d°) 
Oxidation state III (d°) 
Oxidation state II (d’) 
Oxidation state I (d®) 
Lower oxidation states 

26.3.4 The biochemistry of cobalt 
26.3.5 Organometallic compounds 

Carbonyls 
Cyclopentadienyls 

Chapter 27 Nickel, Palladium, and Platinum 

Diet 
AYP) 

Introduction 
The Elements 
27.2.1 Terrestrial abundance and distribution 
27.2.2 Preparation and uses of the elements 
27.2.3 Properties of the elements 
27.2.4 Chemical reactivity and trends 

xix 

1242 

1242 
1243 
1243 
1243 
1247 
1250 
1252 
1254 
1256 
1257 
1260 
1260 
1260 
1260 
1261 
1262 
1263 
1268 
1274 
1275 
1276 
1279 
1280 
1282 
1282 
1284 
1286 
1286 

1290 

1290 
1290 
1290 
1291 
1292 
1294 
1296 
1296 
1297 
1300 
1300 
1301 
1311 
1316 
1320 
1321 
1322 
1323 
1326 

1328 

1328 
1329 
1329 
1329 
1331 
1333 



XX Contents 

27.3 Compounds of Nickel, Palladium, and Platinum 

Zoi 
27.3.2 
27:3:3 
27.3.4 

D3: 

The Pd/H, system 
Oxides and chalcogenides 
Halides 
Complexes 
Oxidation state IV (d°) 
Oxidation state III (d’) 
Oxidation state II (d°) 
Oxidation state I (d’) 
Oxidation state 0 (d!°) 
Organometallic compounds 
o-Bonded compounds 
Carbonyls 
Cyclopentadienyls 
Alkene and alkyne complexes 
m-Allylic complexes 

Chapter 28 Copper, Silver, and Gold 

28.1 Introduction 

28.2 The Elements 

28.2.1 
28.2.2 
28.2.3 
28.2.4 

Terrestrial abundance and distribution 
Preparation and uses of the elements 
Atomic and physical properties of the elements 
Chemical reactivity and trends 

28.3 Compounds of Copper, Silver, and Gold 
28.3.1 
28.3.2 
28.3.3 
28.3.4 

28.3.5 
28.3.6 

Oxides and sulfides 
Halides 
Photography 
Complexes 
Oxidation state III (d°) 
Oxidation state II (d’) 
Electronic spectra and magnetic properties of copper(II) 
Oxidation state I (d!°) 
Gold cluster compounds 
Biochemistry of copper 
Organometallic compounds 

Chapter 29 Zinc, Cadmium, and Mercury 

29.1 Introduction 

29.2 The Elements 

297201 
2922 
29.2.3 
29.2.4 

Terrestrial abundance and distribution 
Preparation and uses of the elements 
Properties of the elements 
Chemical reactivity and trends 

29.3 Compounds of Zinc, Cadmium, and Mercury 
29.3.1 
295322 
29.3.3 

29.3.4 
2935 

29.3.6 
29.3.7 

Oxides and chalcogenides 
Halides 
Mercury(I) 
Polycations of mercury 
Zinc(II) and cadmium(II) 
Mercury(II) 
Hg"-N compounds 
Organometallic compounds 
Biological and environmental importance 

1335 
1335 
1336 
1337 
1339 
1339 
1340 
1342 
1355 
1855 
1356 
1356 
1357 
1358 
1360 
1362 

1364 

1364 
1365 
1365 
1365 
1367 
1368 
1372 
1373 
1374 
1376 
1379 
1379 
1380 
1386 
1386 
1390 
1392 
1392 

1395 

1395 
1396 
1396 
1396 
1399 
1400 
1403 
1403 
1406 
1408 
1410 
1411 
1413 
1414 
1416 
1420 



Chapter 30 

Chapter 31 

Appendix 1 

Appendix 

Appendix 

Appendix 

Appendix 

Appendix 

Appendix 

Index 

bo 

NIH no Bh W 

Contents 

The Lanthanide Elements (Z = 58-71) 

30.1. Introduction 
30.2 The Elements 

30.2.1 Terrestrial abundance and distribution 
30.2.2 Preparation and uses of the elements 

30.2.3. Properties of the elements 
30.2.4 Chemical reactivity and trends 

30.3. Compounds of the Lanthanides 
30.3.1 Oxides and chalcogenides 
30.3.2 Halides 
30.3.3. Magnetic and spectroscopic properties 
30.3.4 Complexes 

Oxidation state IV 
Oxidation state III 
Oxidation state II 

30.3.5 Organometallic compounds 
Cyclopentadienides and related compounds 
Alkyls and aryls 

The Actinide Elements (Z = 90-103) 

31.1 Introduction 
Superheavy elements 

31.2 The Elements 
31.2.1 Terrestrial abundance and distribution 
31.2.2 Preparation and uses of the elements 

Nuclear reactors and atomic energy 
Nuclear fuel reprocessing 

31.2.3 Properties of the elements 
31.2.4 Chemical reactivity and trends 

31.3 Compounds of the Actinides 
31.3.1 Oxides and chalcogenides 
31.3.2 Mixed metal oxides 
31.3.3 Halides 
31.3.4 Magnetic and spectroscopic properties 
31.3.5 Complexes 

Oxidation state VII 
Oxidation state VI 
Oxidation state V 
Oxidation state IV 
Oxidation state II 
Oxidation state II 

31.3.6 Organometallic compounds 

Atomic Orbitals 

Symmetry Elements, Symmetry Operations, and Point 
Groups 

Some Non-SI Units and Conversion Factors 

Abundance of Elements in Crustal Rocks 

Effective Ionic Radi 

Nobel Prize for Chemistry 

Nobel Prize for Physics 

Xxl 

1423 

1423 
1425 
1425 
1426 
1429 
1433 
1437 
1437 
1439 
1441 
1444 
1444 
1445 
1447 
1448 
1448 
1449 

1450 

1450 
1453 
1454 
1454 
1455 
1456 
1461 
1463 
1464 
1469 
1470 
1473 
1473 
1476 
1477 
1478 
1478 
1479 
1481 
1483 
1483 
1484 

1487 

1492 

1495 

1496 

1497 

1498 

1502 

1507 



4 
¥ 

AS Dia 

aoe. ai 3 oe 

cat trict bee bere ai PaiCy 

Cent tee} ole 

yen 
Ce 
feet 

pee 
Seg) 
Ebbi 
core 
Spat 

3.2 The-Bemonts = 
= 4 \Veexcugish 

A po Py ofS is 

Se) a BSS ae 
Fs ® 2 st. “coe peers Tee: 

ya te mae 
hats pee a tre Pe a an Sie 

ae ae ee 
np 

4 Bact nesta: = ov 
any ; a 6 Cre eytie 

Cs ie een 

i = Sk 4 “ebneseagiitas stiles oaant : we 5 a Ny 
om Pest-aye eat Wy “~ "a os, ? ‘ *3 : D fet teates ers uh vel ‘ Rate S RETR, aE VEE TSU 

a. eh oes zh 

E . o> ‘> : 

raver Ef “Tite ciated fe-u0Vt nel & init 
ee ee 

pal inh lay. Ohi sasmat’ 19 sorabudé b 33? Be ov ~, 2 Pa omy “il er 

+ tae 
‘ ee ry 

"Ey 

; oe, is tibe: if 2186 of, Saino @ xi i) “wane 

J BAS Bigeats. “Ui } id ssn indo 
Ww . 

a 

i, : g 

dey ~~ Fee eee Ae Song windeehe: ake: 
i S29 de imma ie ead aw asta. foo wx 

Sh mired ty 7 = thar? oom aunnaial aaa mh 



1 

Origin of the 
Elements. Isotopes 
and Atomic Weights 

1.1 Introduction 

This book presents a unified treatment of the chemistry of the elements. At present 107 

elements are known, though not all occur in nature: of the 92 elements from hydrogen to 

uranium all except technetium and promethium are found on earth and technetium has 

been detected in some stars. To these elements a further 15 have been added by artificial 

nuclear syntheses in the laboratory. Why are there only 90 elements in nature? Why do 

they have their observed abundances and why do their individual isotopes occur with the 

particular relative abundances observed? Indeed, we must also ask to what extent these 
isotopic abundances commonly vary in nature, thus causing variability in atomic weights 

and possibly jeopardizing the classical means of determining chemical composition and 

structure by chemical analysis. 

Theories abound, and it is important at all times to distinguish carefully between what 

has been experimentally established, what is a useful model for suggesting further 

experiments, and what is a currently acceptable theory which interprets the known facts. 

The tentative nature of our knowledge is perhaps nowhere more evident than in the first 

few sections of this chapter dealing with the origin of the chemical elements and their 

present isotopic composition. This is not surprising, for it is only in the last few decades 

that progress in this enormous enterprise has been made possible by discoveries in nuclear 

physics, relativity, and quantum theory. 

1.2 Origin of the Universe 

One currently popular theory for the origin and evolution of the universe to its present 

form starts with the “hot big bang”.”” It is supposed that all the matter in the universe was 

once contained in a primeval nucleus of immense density and temperature which, for some 

reason, exploded and distributed matter uniformly throughout space. In the beginning, 

1 J. SILK, The Big Bang: The Creation and Evolution of the Universe, W. H. Freeman, San Francisco, 1980, 
394 pp. J. D. BARRow and J. SILK, The Left Hand of Creation: The Origin and Evolution of the Expanding 
Universe, Heinemann, London, 1984, 256 pp. 

l 



2 Origin of the Elements. Isotopes and Atomic Weights Ch. 1 

according to one model, the density of the universe was some 10° g cm °* and the 
temperature 10°? K. After 1 s the temperature is believed to have fallen to ca. 10*° K and 
the expanding universe was populated by the “elementary particles” familiar to 

chemists—neutrons and protons in approximately equal numbers, and electrons. Soon 

conditions were right for protons and neutrons to combine to form the nuclei of deuterium 

and helium: the process of element building had begun. During the small niche in cosmic 

history from about 10-500 s after the big bang, the entire universe is thought to have 

behaved as an enormous nuclear fusion reaction and, within this short time, some 25% of 

the mass of the universe was converted to *He and a minute 107 *°% was converted to 7H 

(deuterium). It was from this matter that the earliest stars condensed and the subsequent 

synthesis of the chemical elements ensued. 

From the observed present rate of expansion of the universe (about 18 km s+ per 10° 
light years), and assuming that the rate has remained constant, it can readily be calculated 

that the big bang occurred 1.8x10/° y ago. [1 light year=9.46x10'? km; 
1 year = 3.15 x 10’ s; hence ty =9.46 x 10'8/(18 x 3.15 x 10”) y.] One attractive aspect of 
this theory is that it readily explains the universal presence of isotropic thermal black body 

radiation at a temperature of ~ 2.7 K. This radiation, discovered in 1965 by A. A. Penzias 

and R. W. Wilson of Bell Laboratories, USA, and for which they were awarded the 1978 

Nobel prize for physics, is seen as the dying remnants of the big bang and is of about the 

magnitude to be expected of this theory.*) No other current cosmological theory can 

interpret this radiation temperature satisfactorily, and for this reason, among others, 

steady-state theories such as the continuous creation of matter, and other theories such as 

the cold big bang or polyneutron theory, are less favoured. Fortunately for our purpose an 

explanation of the present concentration of the chemical elements does not depend on the 

acceptance of any particular cosmological theory: i.e. we distinguish between the origin of 

matter (cosmology) and the origin of the chemical elements (nucleogenesis). Likewise, the 

distribution of isotopes within the universe, the solar system, and on earth is independent 

of cosmology and can be derived on the basis of observation and the application of 
accepted physical principles. 

Objects for which the abundances of at least some of the elements can be obtained 

include (i) the sun and the stars, (ii) gaseous nebulae, including some in other galaxies, (iii) 

the interstellar medium, (iv) cosmic-ray particles, (v) the earth, moon, and meteorites, and 

(vi) other planets, asteroids, and comets in the solar system. Information on the first three 

groups depends on inferences from spectroscopic data whereas direct analysis of samples 

is possible for cosmic rays, meteorites, and at least the surface regions of the earth and the 

moon. The results indicate extensive differentiation in the solar system and in some stars, 

but the overall picture is one of astonishing uniformity of composition. Hydrogen is by 

far the most abundant element in the universe, accounting for some 88.6% of all atoms (or 

nuclei). Helium is about eightfold less abundant (11.3%), but these two elements together 

account for over 99.9% of the atoms and nearly 99°% of the mass of the universe. Clearly 

nucleosynthesis of the heavier elements from hydrogen and helium has not yet proceeded 
very far. 

2 A. A. Penzias and R. W. WILson, A measurement of excess antenna temperature at 4080 Mc/s, Astrophys. 
J. 142, 419-21 (1965). R. H. Dicke, P. J. E. PeeBLes, P. G. Rot, and D. T. WILKINSON, Cosmic black-body 
radiation, Astrophys. J. 142, 414-19 (1965). R. W. WiLson, The cosmic microwave background radiation, 
pp. 113-33 in Les Prix Nobel 1978, Almqvist & Wiksell International, Stockholm 1979. A. A. PENzIAS, The 
origin of the elements, pp. 93-106 in Les Prix Nobel 1978 (also in Science 105, 549-54 (1979)). 
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4 Origin of the Elements. Isotopes and Atomic Weights Chat 

Various estimates of the universal abundances of the elements have been made and, 

although these sometimes differ in detail for particular elements, they rarely do so by more 

than a factor of 3 (10°) on a scale that spans more than 12 orders of magnitude. 

Representative values are plotted in Fig. 1.1, which shows a number of features that must - 

be explained by any satisfactory theory of the origin of the elements. For example: 

(i) Abundances decrease approximately exponentially with increase in atomic mass 

number A until A ~ 100 (i.e. Z ~ 42); thereafter the decrease is more gradual and is 

sometimes masked by local fluctuations. 
(ii) There is a pronounced peak between Z = 23-28 including V, Cr, Mn, Fe, Co, and 

Ni, and rising to a maximum at Fe which is ~ 10* more abundant than expected 

from the general trend. 
(iii) Deuterium (D), Li, Be, and B are rare compared with the neighbouring H, He, 

C, and N. 

(iv) Among the lighter nuclei (up to Sc, Z = 21), those having an atomic mass number A 

divisible by 4 are more abundant than their neighbours, e.g. '°O, ?°Ne, ?*Mg, 7°Si, 

32S, 3°Ar, and *°Ca (rule of G. Oddo, 1914). 
(v) Atoms with A even are more abundant than those with A odd. (This is seen in Fig. 

1.1 as an upward displacement of the curve for Z even, the exception at beryllium 

being due to the non-existence of $Be, the isotope 7Be being the stable species.) 

Two further features become apparent when abundances are plotted against A rather than 

Le 
(vi) Atoms of heavy elements tend to be neutron rich; heavy proton-rich nuclides are 

rare. 
(vii) Double-peaked abundance maxima occur at A = 80, 90; A = 130, 138; and A= 196, 

208 (see p. 14). 

It is also necessary to explain the existence of naturally occurring radioactive elements 

whose half-lives (or those of their precursors) are substantially less than the presumed age 

of the universe. 

As a result of extensive studies over the past three decades it is now possible to give a 

detailed and convincing explanation of the experimental abundance data summarized 

above. The historical sequence of events which led to our present understanding is briefly 

summarized in the Panel. As the genesis of the elements is closely linked with theories of 

stellar evolution, a short description of the various types of star is given in the next section 

and this is then followed by a fuller discussion of the various processes by which the 
chemical elements are synthesized. 

1.3. Stellar Evolution and the Spectral Classes of Stars®: * 

In broad outline stars are thought to evolve by the following sequence of events. Firstly, 

there is self-gravitational accretion from the cooled primordial hydrogen and helium. For 

3]. S. SHKLOvskil, Stars: Their Birth, Life, and Death (translated by R. B. Rodman), W. H. Freeman, San 

Francisco, 1978, 442 pp. J. AUDoUzE and B. M. TINsLEy, Chemical evolution of the galaxies, A. Rev. Astron. 
Astrophys. 14, 43-80 (1976). Reviews recent work, including nucleosynthesis. H. REEvEs, Atoms of Silence: An 
Exploration of Cosmic Evolution, MIT Press, Cambridge, Mass., 1984, 244 pp. 

* D. H. CrarK and F. R. STEPHENSON, The Historical Supernovae, Pergamon Press, Oxford, 1977, 233 pp. A 
fascinating account of observations of novae and supernovae throughout the centuries, coupled with a valuable 
description of the associated astrophysics. 



a star the size and mean density of the sun (mass = 1.991 x 10°° kg = 1 M,.) this might take 
~20 y. This gravitational contraction releases heat energy, some of which is lost by 

radiation; however, the continued contraction results in a steady rise in temperature until 

at ~10’ K the core can sustain nuclear reactions. These release enough additional energy 
to compensate for radiational losses and a temporary equilibrium or steady state is 

established. 

When 10% of the hydrogen in the core has been consumed gravitational contraction 

again occurs until at a temperature of ~ 2 x 10° K helium burning (fusion) can occur. This 
is followed by a similar depletion, contraction, and temperature rise until nuclear 

reactions involving still heavier nuclei (Z = 8-22) can occur at ~ 10? K. The time scale of 

these processes depends sensitively on the mass of the star, taking perhaps 10‘? y for a star 

of mass 0.2 Mo, 10'° y for a star of 1 solar mass, 10’ y for mass 10 M 9, and only 8 x 10* y 
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for astar of 50 Mo;i.e. the more massive the star, the more rapidly it consumes its nuclear 

fuel. Further catastrophic changes may then occur which result in much of the stellar 

material being ejected into space, where it becomes incorporated together with further 

hydrogen and helium in the next generation of stars. It should be noted, however, that, as 

iron is at the maximum of the nuclear binding energy curve, only those elements up to iron 

(Z =26) can be produced by exothermic processes of the type just considered, which occur 

automatically if the temperature rises sufficiently. Beyond iron, an input of energy is 

required to promote further element building. 

The evidence on which this theory of stellar evolution is based comes not only from 

known nuclear reactions and the relativistic equivalence of mass and energy, but also from 

the spectroscopic analysis of the light reaching us from the stars. This leads to the spectral 

classification of stars, which is the cornerstone of modern experimental astrophysics. The 

spectroscopic analysis of starlight reveals much information about the chemical 

composition of stars—the identity of the elements present and their relative concentra- 

tions. In addition, the “red shift” or Doppler effect can be used to gauge the relative 

motions of the starsand their distance from the earth. More subtly, the surface 

temperature of stars can be determined from the spectral characteristics of their 

“blackbody” radiation, the higher the temperature the shorter the wavelength of 

maximum emission. Thus cooler stars appear red, and successively hotter stars appear 

progressively yellow, white, and blue. Differences in colour are also associated with 

differences in chemical composition as indicated in Table 1.1. 

TABLE 1.1 Spectral classes of stars 

Class Colour Surface (T/K) Spectral characterization Examples 

O Blue > 25 000 Lines of ionized He and other 10 Lacertae 
elements; H lines weak 

B Blue-white 11 000-25 000 H and He prominent Rigel, Spica 
A White 7500-11 000 H lines very strong Sirius, Vega 
F Yellow-white 6000-7000 H weaker; lines of ionized metals Canopus, 

becoming prominent Procyon 
G Yellow 5000-6000 Lines of ionized and neutral Sun, Capella 

metals prominent (especially 
Ca) 

K Orange 3500-5000 Lines of neutral metals and band Arcturus, 

spectra of simple radicals (e.g. Aldebaran 
CN, OH, CH) 

M Red 2000-3500 Band spectra of many simple Betelgeuse, 
4 compounds prominent (e.g. Antares 

TiO) 

) Further division of each class into 10 subclasses is possible, e.g... . F8, F9, G0, G1, G2... . The sun is G2 
with a surface temperature of 5780 K. This curious alphabetical sequence of classes arose historically and can 
perhaps best be remembered by the mnemonic “Oh Be A Fine Girl (Guy), Kiss Me”. 

If the spectral classes (or temperatures) of stars are plotted against their absolute 

magnitudes (or luminosities) the resulting diagram shows several preferred regions into 

which most of the stars fall. Such diagrams were first made, independently, by 

Hertzsprung and Russell about 1913 and are now called HR diagrams (Fig. 1.2). More 

than 90% of all stars fall on a broad band called the main sequence, which covers the full 

range of spectral classes and magnitudes from the large, hot, massive O stars at the top to 

the small, dense, reddish M stars at the bottom. This relationship is illustrated in Fig. 1.3, 
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Fic. 1.2 The Hertzsprung—Russell diagram for stars with known luminosities and spectra. 
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Fic. 1.3 The main sequence of the H—R diagram showing the relationship between position on 
the main sequence and size of star. Note that these are all “dwarfs” compared with the giants and 

supergiants. 
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but it should be emphasized that the terms “large” and “small” are purely relative since all 

stars within the main sequence are classified as dwarfs. 

The next most numerous group of stars lie above and to the right of the main sequence 

and are called red giants. For example, Capella and the sun are both G-type stars yet 

Capella is 100 times more luminous than the sun; since they both have the same 

temperature it is concluded that Capella must have a radiating surface 100 times larger 

than the sun and thus has about 10 times its radius. Lying above the red giants are the 

supergiants such as Antares (Fig. 1.4), which has a surface temperature only half that of 

the sun but is 10 000 times more luminous: it is concluded that its radius is 1000 times that 

of the sun. 
By contrast, the lower left-hand corner of the HR diagram is populated with relatively 

hot stars of low luminosity which implies that they are very small. These are the white 

dwarfs such as Sirius B which is only about the size of the earth though its mass is that of 

the sun: the implied density of ~5 x 10* g cm“? indicates the extraordinarily compact 

nature of these bodies. 

Antares (1000) 
e@ 5 ae Ss a 

» OF OR we © 
=o) eccteraae, eae 
= :;. , Capella (10.0) 

E 

= 5 
io) 
3b 
< 

+10}- ; 

oe pees Sirius B (0.03) 

|S 2 a fe 4 
O B A B G K M 

Spectral class 

Fic. 1.4 The comparison of various stars on the H-R diagram. The number in parentheses 
indicates the approximate diameter of the star (sun= 1.0). 

It is now possible to connect this description of stellar types with the discussion of the 

thermonuclear processes and the synthesis of the elements to be given in the next section. 

When a protostar begins to form by gravitational contraction from interstellar hydrogen 

and helium, its temperature rises until the temperature in its core can sustain proton 

burning (p. 11). This is shown for a star of approximately the mass of the sun in Fig. 1.5. 
Such a star may spend 90% of its life on the main sequence, losing little mass but 

generating colossal amounts of energy. Subsequent exhaustion of the hydrogen in the core 

(but not in the outer layers of the star) leads to further contraction to form a helium- 

burning core which forces much of the remaining hydrogen into a vast tenuous outer 
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Fic. 1.5 The possible evolutionary track of a star with a mass approximately that of the solar 
mass. The schematic diagram shows the general progress from pre-main sequence to white-dwarf 
stage but does not attempt to indicate the possible back-tracking or other erratic routing that may 

occur. 

envelope—the star has become a red giant since its enormous radiating surface area can 

no longer be maintained at such a high temperature as previously despite the higher core 

temperature. Typical red giants have surface temperatures in the range 3500-5500 K; 

their luminosities are about 10?—10* times that of the sun and diameters about 10-100 
times that of the sun. Carbon burning (p. 12) can follow in older red giants followed by the 

a-process (p. 13) during its final demise to white dwarf status. 

Many stars are in fact partners in a binary system of two stars revolving around each 

other. If, as frequently occurs, the two stars have different masses, the more massive one 

will evolve faster and reach the white-dwarf stage before its partner. Then, as the second star 

expands to become a red giant its extended atmosphere encompasses the neighbouring 

white dwarf and induces instabilities which result in an outburst of energy and transfer of 

matter to the more massive partner. During this process the luminosity of the white dwarf 

increases perhaps ten-thousandfold and the event is witnessed as a nova (since the 

preceding binary was previously invisible to the naked eye). 

As we shall see in the description of the e-process and the y-process (p. 14), even more 

spectacular instabilities can develop in larger main sequence stars. If the initial mass is 

greater than about 3.5 solar masses, current theories suggest that gravitational collapse 

may be so catastrophic that the system implodes beyond nuclear densities to become a 

black hole. For main sequence stars in the mass range 1.4-3.5 Mo, implosion probably 

halts at nuclear densities to give a rapidly rotating neutron star (density ~10'* g cm °) 
which may be observable as a pulsar emitting electromagnetic radiation over a wide range 

of frequencies in pulses at intervals of a fraction of a second. During this process of star 
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implosion the sudden arrest of the collapsing core at nuclear densities yields an enormous 

temperature (~ 10'* K) and high pressure which produces an outward-moving shock 

wave. This strikes the star’s outer envelope with resulting rapid compression, a dramatic rise 
in temperature, the onset of many new nuclear reactions, and explosive ejection of a 

significant fraction of the star’s mass. The overall result is a supernova up to 10° times as 

bright as the original star. At this point a single supernova is comparable in brightness to 

the whole of the rest of the galaxy in which it is formed. After a couple of months the 

supernova’s brightness decreases exponentially with a half-life of 55+1 day. It has been 

pointed out that this is very close to the half-life of ?°*Cf, substantial quantities of which 

are produced in hydrogen-bomb explosions when 7°°U is exposed to an intense neutron 
flux. Supernovae, novae, and unstable variables from dying red giants are thus all 

candidates for the synthesis of heavier elements and their ejection into interstellar regions 

for subsequent processing in later generations of condensing main sequence stars such as 

the sun. It should be stressed, however, that these various theories of the origin of the 

chemical elements are all very recent and the detailed processes are by no means fully 

understood. Since this is at present a very active area of research, the conclusions given in 

this chapter are correspondingly tentative, and will undoubtedly be modified and refined 

in the light of future experimental and theoretical studies. With this caveat we now turn to 

a more detailed description of the individual nuclear processes thought to be involved in 

the synthesis of the elements. 

1.4 Synthesis of the Elements‘°~*? 

The following types of nuclear reactions have been proposed to account for the various 

types of stars and the observed abundances of the elements: 

(1) Exothermic processes in stellar interiors: these include (successively) hydrogen 

burning, helium burning, carbon burning, the a-process, and the equilibrium or 

e€-process. 

(11) Neutron capture processes: these include the s-process (slow neutron capture) and 

the r-process (rapid neutron capture). 

(iii) Miscellaneous processes: these include the p-process (proton capture) and 

spallation within the stars, and the x-process which involves spallation (p. 17) by 

galactic cosmic rays in interstellar regions. 

> D. N. SCHRAMM and R. WaGoner, Element production in the early universe, A. Rev. Nucl. Sci. 27, 37-74 
(1977). 

© E. M. BurBipcE, G. R. BURBIDGE, W. A. FowLer, and F. Hoy Le, Synthesis of the elements in stars, Rev. 

Mod. Phys. 29, 547-650 (1957). This is the definitive review on which all later work has been based. 
7 L. H. ALLER, The Abundance of the Elements, Interscience, New York, 1961, 283 pp. A good general 

account which discusses nucleogenesis as well as abundance data. 
7 L. H. AHRENS (ed.), Origin and Distribution of the Elements, Pergamon Press, Oxford, 1979, 920 pp. 

Proceedings of the Second UNESCO Symposium, Paris, 1977. 
8 R. J. Tayor, Origin of the elements, Rept. Prog. Phys. 29, 489-538 (1966). A thought-provoking account of 

more recent work which also stresses problems of interpretation and assessment. 
?R. J. Taytor, The Origin of Chemical Elements, Wykeham Publications, London, 1972, 169 pp. An 

excellent introductory account designed for beginning students in physics. 
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1.4.1. Hydrogen burning 7 

When the temperature of a contracting mass of hydrogen and helium atoms reaches 

about 10’ K, a sequence of thermonuclear reactions is possible of which the most 
important are as shown in Table 1.2. 

TABLE 1.2 Thermonuclear consumption of protons 

Reaction Energy evolved, Q Reaction time 

'H+'H>?H+e*+y, 1.44 MeV 1.4x 10!° y 
7H +'H-3He+ 5.49 MeV 0.6 s 
3He+ *He—*He + 2'H 12.86 MeV 10° y 

‘) The reaction time quoted is the time required for half the constitutents involved to 
undergo reaction—this is sensitively dependent on both temperature and density; the 
figures given are appropriate for the centre of the sun, ie. 1.3 x 10’ K and 200g cm °. 

The overall reaction thus converts 4 protons into | helium nucleus plus 2 positrons and 

2 neutrinos: 

4'H ——» *He+ 2e* +2v.; Q=26.72 MeV 

Making allowance for the energy carried away by the 2 neutrinos (2 x 0.25 MeV) this 

leaves a total of 26.22 MeV for radiation, i.e. 4.20 pJ per atom of helium or 2.53 x 10? kJ 

mol’. This vast release of energy arises mainly from the difference between the rest mass 

of the helium-4 nucleus and the 4 protons from which it was formed (0.028 atomic mass 

units). There are several other peripheral reactions between the protons, deuterons, and 

3He nuclei, but these need not detain us. It should be noted, however, that only 0.7% of the 

mass is lost during this transformation, so that the star remains approximately constant in 

mass. For example, in the sun during each second, some 600 x 10° tonnes (600 x 10° kg) of 

hydrogen are processed into 595.5 x 10° tonnes of helium, the remaining 4.5 x 10° tonnes 

of matter being transformed into energy. This energy is released deep in the sun’s interior 

as high-energy y-rays which interact with stellar material and are gradually transformed 

into photons with longer wavelengths; these work their way to the surface taking perhaps 

10° y to emerge. 
In fact, it seems unlikely that the sun is a first-generation main-sequence star since 

spectroscopic evidence shows the presence of many heavier elements thought to be formed 

in other types of stars and subsequently distributed throughout the galaxy for eventual 

accretion into later generations of main-sequence stars. In the presence of heavier 

elements, particularly carbon and nitrogen, a catalytic sequence of nuclear reactions aids 

the fusion of protons to helium (H. A. Bethe and C. F. von Weizsacker, 1938) (Table 1.3). 
The overall reaction is precisely as before with the evolution of 26.72 MeV, but the 2 

neutrinos now carry away 0.7 and 1.0 MeV respectively, leaving 25.0 MeV (4.01 pJ) per 

cycle for radiation. The coulombic energy barriers in the CN cycle are some 6-7 times 

greater than for the direct proton—proton reaction and hence the catalytic cycle does not 

predominate until about 1.6 x 10’ K. In the sun, for example, it is estimated that about 

10% of the energy comes from this process and most of the rest comes from the 

straightforward proton-proton reaction. 

When approximately 10% of the hydrogen in a main-sequence star like the sun has been 

CTE-B 
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TABLE 1.3. C—N-—O thermonuclear catalysis 

Nuclear reaction Q/MeV Reaction time, “i 

MCLIHSUN+y 1.95 1.3x 107 y 
MNS NC+et+y DIM 7 min 

3C41HoMN+y 7.54 3x 10° y 
MN + 1HGO+y 7.35 3x 105 y 

O>'N+ett+y 2.70 82s 
MSN +H >'2C+*He 4.96 10° y 

In the central region of a star like the sun at 1.3 x 10’ K anda 
hydrogen density of 100 g cm~°. 

consumed in making helium, the outward thermal pressure of radiation is insufficient to 

counteract the gravitational attraction and a further stage of contraction ensues. During 

this process the helium concentrates in a dense central core (9 ~ 10° g cm *) and the 

temperature rises to perhaps 2 x 10° K. This is sufficient to overcome the coulombic 

potential energy barriers surrounding the helium nuclei, and helium burning (fusion) can 

occur. The hydrogen forms a vast tenuous envelope around this core with the result that 

the star evolves rapidly from the main sequence to become a red giant (p. 8). 

1.4.2 Helium burning and carbon burning 

The main nuclear reactions occurring in helium burning are: 

4*He+ *He ———*Be and *Be+*He =———!2C* ——_> *C+y 

The nucleus *Be is unstable to «-particle emission (t,~2 x 107 1° s) and is only 0.094 MeV 
more stable than its constituent helium nuclei; under the conditions obtaining in the core 

of a red giant the calculated equilibrium ratio of ®Be to *He is ~ 107°. Though small, this 
enables the otherwise improbable 3-body collision to occur. It is noteworthy that from 

consideration of stellar nucleogenesis F. Hoyle predicted in 1954 that the radioactive 

excited state of '*C* would be 7.70 MeV above the ground state of !*C some 3 y before it 
was observed experimentally at 7.653 MeV. Experiments also indicate that the energy 

difference Q('?C*-3*He) is 0.373 MeV, thus leading to the overall reaction energy 

34He ——> "C+; G=7.281 MeV 

Further helium-burning reactions can now follow during which even heavier nuclei are 
synthesized: 

'2C+*He ——> '°O+y;  Q=7.148 MeV 
'°O+*He 2°Ne+y; @O=4.75 MeV 
?°Ne + “He ———> **Mg+y; Q=9.31 MeV 

These reactions result in the exhaustion of helium previously produced in the hydrogen- 

burning process and an inner core of carbon, oxygen, and neon develops which eventually 

undergoes gravitational contraction and heating as before. At a temperature of ~5 x 10° K 

carbon burning becomes possible in addition to other processes which must be 

considered. Thus, ageing red giant stars are now thought to be capable of generating a 

carbon-rich nuclear reactor core at densities of the order of 10* g cm~ 3. Typical initial 
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reactions would be: 

C4 127C —__ > 4Mg+y; Q=13.85 MeV 
——-s> ?3Na+'H; Q=2.23 MeV 

——§=>?°Ne+*He; Q=4.62 MeV 

The time scale of such reactions is calculated to be ~10° y at 6x 10° K and ~1y at 

8.5 x 108 K. It will be noticed that hydrogen and helium nuclei are regenerated in these 

processes and numerous subsequent reactions become possible, generating numerous 

nuclides in this mass range. 

1.4.3 The a-process 

The evolution of a star after it leaves the red-giant phase depends to some extent on its 

mass. If it is not more than about 1.4 Mit may contract appreciably again and then enter 

an oscillatory phase of its life before becoming a white dwarf (p. 8). When core 

contraction following helium and carbon depletion raises the temperature above ~ 10° K 

the y-rays in the stellar assembly become sufficiently energetic to promote the 

(endothermic) reaction *°Ne(y, «)'°O. The a-particle released can penetrate the coulomb 
barrier of other neon nuclei to form 7*Mg in a strongly exothermic reaction: 

2°Ne+y 16Q +4 4He; Q=—4.75 MeV 
2°Ne + “He ———>74Mg+); Q=+9.31 MeV 

i.e. 2?°Ne O+74Mg+y; Q=+4.56 MeV 

Some of the released «-particles can also scour out ‘*C to give more '°O and the 7*Mg 
formed can react further by 7*Mg(a, y)?8Si. Likewise for 37S, 2°Ar, and *°Ca. It is this 
process that is considered to be responsible for building up the decreasing proportion of 

these so-called «-particle nuclei (Figs. 1.1 and 1.6). The relevant numerical data (including 

for comparison those for ?°Ne which is produced in helium and carbon burning) are as 

follows: 

1 
Nuclide (7°Ne)  74Mg ASS 226 ING #9@a 44Ca Aoi 
Q,/MeV (9.31) 10.00 6.94 6.66 7.04 5.28 1 9.40 9.32 

Relative abundance : 
(as observed) (8.4) 0.78 1.00 0.39 0.14 0.052 | 0.0011 0.0019 

| 

In a sense the «-process resembles helium burning but is distinguished from it by the 

quite different source of the «-particles consumed. The straightforward «-process stops at 
49Ca since **Ti* is unstable to electron-capture decay. Hence (and including atomic 
numbers Z as subscripts for clarity): 

$9Ca + $He ——> 53Ti* + 
aa lit +e. ———> 9;SC*+V,,; t~47y 

FG ee ear ty 30D 
Then 44Ca + 3He ———> 35 Tit+y 

The total time spent by a star in this «-phase may be ~ 10?—10* y (Fig. 1.7). 
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Fic. 1.6 Schematic representation of the main features of the curve of cosmic abundances shown 
in Fig. 1.1, labelled according to the various stellar reactions considered to be responsible for the 

synthesis of the elements. (After E. M. Burbidge et al.‘°).) 

1.4.4 The e-process (equilibrium process) 

More massive stars in the upper part of the main-sequence diagram (i.e. stars with 

masses in the range 1.4-3.5 M) have a somewhat different history to that considered in 
the preceding sections. We have seen (p. 5) that such stars consume their hydrogen much 

more rapidly than do smaller stars and hence spend less time in the main sequence. Helium 

reactions begin in their interiors long before the hydrogen is exhausted, and in the middle 

part of their life they may expand only slightly. Eventually they become unstable and 

explode violently, emitting enormous amounts of material into interstellar space. Such 
explosions are seen on earth as supernovae, perhaps 10 000 times more luminous than 

ordinary novae. In the seconds (or minutes) preceding this catastrophic outburst, at 

temperatures above ~3 x 10° K, many types of nuclear reactions can occur in great 

profusion, e.g. (y, «), (y, p), (y, 0), (a, n), (p, y), (n, y), (p, n), etc. (Fig. 1.7). This enables 

numerous interconversions to occur with the rapid establishment of a statistical 

equilibrium between the various nuclei and the free protons and neutrons. This is believed 
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Fic. t.7 The time-scales of the various processes of element synthesis in stars. The curve gives the 
central temperature as a function of time for a star of about one solar mass. The curve is 

schematic.) 

to explain the cosmic abundances of elements from ,,Ti to >9Cu. Specifically, since 3°Fe is 
at the peak of the nuclear binding-energy curve, this element is considerably more 

abundant than those further removed from the most stable state. 

1.4.5 The s- and r-processes (slow and rapid neutron absorption) 

Slow neutron capture with emission of y-rays is thought to be responsible for 

synthesizing most of the isotopes in the mass range A = 63-209 and also the majority of 

non-a-process nuclei in the range A = 23-46. These processes probably occur in red giants 

over a time span of ~ 10’ y, and production loops for individual isotopes are typically in 

the range 10?—10° y. Several stellar neutron sources have been proposed, but the most 

likely candidates are the exothermic reactions '*C(a, n)'©O and ?!Ne(a, n)?*Mg. In both 
cases the target nuclei (A =4n+1) would be produced by a (p, y) reaction on the more 

stable 4n nucleus followed by positron emission. 

Because of the long time scale involved in the s-process, unstable nuclides formed by 

(n, y) reactions have time to decay subsequently by B” decay (electron emission). The 

crucial factor in determining the relative abundance of elements formed by this process is 

thus the neutron capture cross-section of the precursor nuclide. In this way the process 

provides an ingenious explanation of the local peaks in abundance that occur near A = 90, 
138, and 208, since these occur near unusually stable nuclei (neutron “magic numbers” 50, 

82, and 126) which have very low capture cross-sections (Fig. 1.6). Their concentration 

therefore builds up by resisting further reaction. In this way the relatively high abundances 

of specific isotopes such as 83Y and 39Zr, '28Ba and '28Ce, 798Pb and 793Bi can be 
understood. 
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In contrast to the more leisured processes considered in preceding paragraphs, 

conditions can rise (e.g. at ~ 10? K in supernovae outbursts) where many neutrons are 

rapidly added successively to a nucleus before subsequent f-decay becomes possible. The 

time scale for the r-process is envisaged as ~0.01-10s, so that, for example, some 200 

neutrons might be added to an iron nucleus in 10-100 s. Only when f" instability of the 
excessively neutron-rich product nuclei becomes extreme and the cross-section for further 

neutron absorption diminishes near the “magic numbers”, does a cascade of some 8-10 B™ 

emissions bring the product back into the region of stable isotopes. This gives a convincing 

interpretation of the local abundance peaks near A = 80, 130, and 194, i.e. some 8-10 mass 

units below the nuclides associated with the s-process maxima (Fig. 1.6). It has also been 

suggested that neutron-rich isotopes of several of the lighter elements might also be the 

products of an r-process, e.g. 7°S, *®Ca, *8Ca, and perhaps *’Ti, *°Ti, and °°Ti. These 
isotopes, though not as abundant as others of these elements, nevertheless do exist as 

stable species and cannot be so readily synthesized by other potential routes. 

The problem of the existence of the heavy elements must also be considered. The short 

half-lives of all isotopes of technetium and promethium adequately accounts for their 

absence on earth. However, no element with atomic number greater than ,,Bi has any 

stable isotope. Many of these (notably ,,Po, g5At, g.Rn, g7Fr, ggRa, ggAc, and 9,Pa) can 

be understood on the basis of secular equilibria with radioactive precursors, and their 

relative concentrations are determined by the various half-lives of the isotopes in the 

radioactive series which produce them. The problem then devolves on explaining the 

cosmic presence of thorium and uranium, the longest lived of whose isotopes are 7**Th (t, 
1.4.x 10! y), ?°8U (t, 4.5 x 10° y), and ?°5U (t, 7.0 x 10® y). The half-life of thorium is 
commensurate with the age of the universe (~ 1.8 x 10'° y) and so causes no difficulty. If 

all the present terrestrial uranium was produced by an r-process in a single supernova 

event then this occurred 6.6 x 10° y ago (p. 1457). If, as seems more probable, many 

supernovae contributed to this process, then such events, distributed uniformly in time, 

must have started ~ 10'° y ago. In either case the uranium appears to have been formed 

long before the formation of the solar system (4.6-5.0) x 10° y ago. More recent 

considerations of the formation and decay of 73?Th, 77°U, and 738U suggest that our own 
galaxy is (1.2-2.0) x 10!° y old. 

1.4.6 The p-process (proton capture) 

Proton capture processes by heavy nuclei have already been briefly mentioned in 

several of the preceding sections. The (p, y) reaction can also be invoked to explain the 

presence of a number of proton-rich isotopes of lower abundance than those of nearby 

normal and neutron-rich isotopes (Fig. 1.6). Such isotopes would also result from 

expulsion of a neutron by a y-ray, i.e. (y, n). Such processes may again be associated with 

supernovae activity on a very short time scale. With the exceptions of !1*In and !1°Sn, all 
of the 36 isotopes thought to be produced in this way have even atomic mass numbers; the 

lightest is 34Se and the heaviest '3oHg. 

1.4.7 The x-process 

One of the most obvious features of Figs. 1.1 and 1.6 is the very low cosmic abundance of 
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the stable isotopes of lithium, beryllium, and boron.“ Paradoxically, the problem is not 
to explain why these abundances are so low but why these elements exist at all since their 

isotopes are bypassed by the normal chain of thermonuclear reactions described on the 

preceding pages. Again, deuterium and *He, though part of the hydrogen-burning 

process, are also virtually completely consumed by it, so that their existence in the 

universe, even at relatively low abundances, is very surprising. Moreover, even if these 

various isotopes were produced in stars, they would not survive the intense internal heat 

since their bonding energies imply that deuterium would be destroyed above 0.5 x 10° K, 

Li above 2 x 10° K, Be above 3.5 x 10°, and B above 5 x 10°. Deuterium and *He are 
absent from the spectra of almost all stars and are now generally thought to have been 

formed by nucleosynthesis during the last few seconds of the original big bang; their main 

agent of destruction is stellar processing. 

It now seems likely that the 5 stable isotopes °Li, ’Li, ?Be, '°B, and !!B are formed 

predominantly by spallation reactions (i.e. fragmentation) effected by galactic cosmic-ray 

bombardment (the x-process). Cosmic rays consist of a wide variety of atomic particles 

moving through the galaxy at relativistic velocities. Nuclei ranging from hydrogen to 

uranium have been detected in cosmic rays though 'H and *He are by far the most 

abundant components ['H: 500; *He: 40; all particles with atomic numbers from 3 to 9: 5; 

all particles with Z>10: ~1]. However, there is a striking deviation from stellar 

abundances since Li, Be, and B are vastly over abundant as are Sc, Ti, V, and Cr 

(immediately preceding the abundance peak near iron). The simplest interpretation of 

these facts is that the (heavier) particles comprising cosmic rays, travelling as they do great 

distances in the galaxy, occasionally collide with atoms of the interstellar gas 

(predominantly 'H and *He) and thereby fragment. This fragmentation or spallation, as it 

is called, produces lighter nuclei from heavier ones. Conversely, high-speed *He particles 

may occasionally collide with interstellar iron-group elements and other heavy nuclei, 

thus inducing spallation and forming Li, Be, and B (and possibly even some 7H and *He), 

on the one hand, and elements in the range Sc—Cr, on the other. As we have seen, the 

lighter transition elements are also formed in various stellar processes, but the presence of 

elements in the mass range 6-12 can at present only be satisfactorily accounted for by a 

low-temperature low-density extra-stellar process. In addition to spallation, interstellar 

(p, «) reactions in the wake of supernova shock waves may contribute to the synthesis of 

boron isotopes: 
p- 

“C(p, cB and Nip, a) 1G 33 

In summary, using a variety of nuclear syntheses it is now possible to account for the 

presence of the 273 known stable isotopes of the elements up to 723Bi and to understand, 
at least in broad outline, their relative concentrations in the universe. The tremendous 

number of hypothetically possible internuclear conversions and reactions makes detailed 

computation extremely difficult. Energy changes are readily calculated from the known 

relative atomic masses of the various nuclides, but the cross-sections (probabilities) of 

many of the reactions are unknown and this prevents precise calculation of reaction rates 

and equilibrium concentrations in the extreme conditions occurring even in stable stars. 

Conditions and reactions occurring during supernova outbursts are even more difficult to 

10H. Reeves, Origin of the light elements, A. Rev. Astron. Astrophys. 12, 437-69 (1974). An account of the 
problems concerning the abundance of deuterium, helium-3, lithium, beryllium, and boron. 
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define precisely. However, it is clear that substantial progress has been made in the last two 

decades to interpret the bewildering variety of isotopic abundances which comprise the 

elements used by chemists. The approximate constancy of the isotopic composition of the 

individual elements is a fortunate result of the quasi-steady-state conditions obtaining in 

the universe during the time required to form the solar system. It is tempting to speculate 

whether chemistry could ever have emerged as a quantitative science if the elements had 

had widely varying isotopic composition, since gravimetric analysis would then have been 

impossible and the great developments of the nineteenth century could hardly have 

occurred. Equally, it should no longer cause surprise that the atomic weights of the 

elements are not necessarily always “constants of nature”, and variations are to be 

expected, particularly among the lighter elements, which can have appreciable effects on 

physicochemical measurements and quantitative analysis. 

1.5 Atomic Weights’? 

The concept of “atomic weight” or “mean relative atomic mass” is fundamental to the 

development of chemistry. Dalton originally supposed that all atoms of a given element 
had the same unalterable weight but, after the discovery of isotopes earlier this century, 

this property was transferred to them. Today the possibility of variable isotopic 
composition of an element (whether natural or artificially induced) precludes the 

possibility of defining the atomic weight of most elements, and the tendency nowadays is 

to define an atomic weight of an element as “the ratio of the average mass per atom of an 
element to one-twelfth of the mass of an atom of !?C”. It is important to stress that atomic 

weights (mean relative atomic masses) of the elements are dimensionless numbers and 

therefore have no units. 

Because of their central importance in chemistry, atomic weights have been continually 

refined and improved since the first tabulations by Dalton (1803-5). By 1808 Dalton had 
included 20 elements in his list and these results were substantially extended and improved 

by Berzelius during the following decades. An illustration of dramatic and continuing 
improvement in accuracy and precision during the past 100 y is given in Table 1 4. In 1874 

no atomic weight was quoted to better than one part in 200, but by 1903 33 elements had 

values quoted to one part in 10° and 2 of these (silver and iodine) were quoted to 1 in 10%. 

Today the majority of values are known to 1 in 10* and 23 elements have a precision 

approaching or exceeding 1 in 10°. This improvement was first due to improved chemical ~ 

methods, particularly between 1900 and 1935 when increasing use of fused silica ware and 

electric furnaces reduced the possibility of contamination. More recently the use of mass 

spectrometry has effected a further improvement in precision. Mass spectrometric data 

were first used in a confirmatory role in the 1935 table of atomic weights, and by 1938 mass 

spectrometric values were preferred to chemical determinations for hydrogen and osmium 
and to gas-density values for helium. In 1959 the atomic weight values of over 50 elements 

were still based on classical chemical methods, but by 1973 this number had dwindled to 9 

(Ti, Ge, Se, Mo, Sn, Sb, Te, Hg;-and Tl) or to 10 if the coulometric determination for Zn is 

‘! NN. GREENWOOD, Atomic weights, Ch. 8 in Part I, Vol. 1, Section C, of Kolthoff and Elving’s Treatise on 

Analytical Chemistry, pp. 453-78, Interscience, New York, 1978. This gives a fuller account of the history and 
techniques of atomic weight determinations and their significance, and incorporates a full bibliographical list of 
Reports on Atomic Weights. 
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TaBLE 1.4 — Evolution of atomic weight values for selected elements; (the dates selected 
were chosen for the reasons given below) 

Element 1873-5 1903 1925 1959 1961 1981 

H 1 1.008 1.008 1.0080 1.007 97 1.007 94(+7) gmr 
GE 12 12.00 12.000 12ZOTI IS) AZOTEI See aol 
O 16 16.00 16.000 16 15.9994 15.9994( +3) gr 
P 31 31.0 31.027 30.975 30.9738 30.973 76 
Ti 50 48.1 48.1 47.90 47.90 47.88(+3) 
Zn 65 65.4 65.38 65.38 65.37 65.38 
Se 79 79.2 79.2 78.96 78.96 78.96( +3) 
Ag 108 107.93 107.880 107.880 107.870 107.8682(+3) g 
I 127 126.85 126.932 126.91 126.9044 126.9045 
Ce 92 140.0 140.25 140.13 140.12 140.12 g 
Pr at 140.5 140.92 140.92 140.907 140.9077 
Re = = 188.7 186.22 186.22 186.207 
Hg 200 200.0 200.61 200.61 200.59 200.59(+3) 

) The annotations g, m, and r appended to some values in the final column have the same meanings as those in 
the definitive table (inside back cover). 

(>) The value for rhenium was first listed in 1929. 
Note on dates: 

1874 Foundation of the American Chemical Society (64 elements listed). 

1903 First international table of atomic weights (78 elements listed). 
1925 Major review of table (83 elements listed). 
1959 Last table to be based on oxygen = 16 (83 elements listed). 
1961 Complete reassessment of data and revision to '7>C=12 (83 elements). 
1981 Latest available IUPAC values (87+ 19 elements listed). 

counted as chemical. The values for a further 8 elements were based on a judicious blend of 

chemical and mass-spectrometric data, but the values quoted for all other elements were 

based entirely on mass-spectrometric data. 

Precise atomic weight values do not automatically follow from precise measurements of 

relative atomic masses, however, since the relative abundance of the various isotopes must 

also be determined. That this can be a limiting factor is readily seen from Table 1.4: the 

value for praseodymium (which has only | stable naturally occurring isotope) is 100 times 

more precise than the value for the neighbouring element cerium which has 4 such 

isotopes. 

1.5.1 Uncertainty in atomic weights 

Numerical values for the atomic weights of the elements are now reviewed every 2 y by 

the Commission on Atomic Weights and Isotopic Abundances of IUPAC (the 

International Union of Pure and Applied Chemistry). Their most recent recommen- 

dations"!”) are tabulated on the inside back cover. From this it is clear that there is still a 
wide variation in the reliability of the data. Figure 1.8 summarizes the relative 

uncertainties in the tabulated values. It can be seen that all values are reliable to better 

than 1 part per 1000 and the majority are reliable to better than 2 parts in 10*. Boron is 

12 IUPAC Inorganic Chemistry Division, Atomic Weights of the Elements 1981, Pure Appl. Chem. 55, 
1101-18 (1983). This is the latest report and, in addition to atomic weights, lists the isotopic composition of each 
of the elements and discusses current problems. 

CTE-B* 
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prominent on this diagram not because of experimental error (since the use of calibrated 

mass-spectrometric measurements has yielded results of very high precision) but because 

the natural variation in the relative abundance of the 2 isotopes }°B and ''B results ina 
range of values of at least + 0.003 about the quoted value to 10.81. By contrast, there is no 

known variation in isotopic abundances for elements such as titanium and osmium, but 

calibrated mass-spectrometric data are not available, and the existence of 5 and 7 stable 

isotopes respectively for these elements makes high precision difficult to obtain: they are 
thus prime candidates for improvement. 

Atomic weights are known most precisely for elements which have only | stable isotope; 

the relative atomic mass of this isotope can be determined to at least 1 ppm and there is no 

possibility of variability in nature. There are 20 such elements: Be, F, Na, Al, P, Sc, Mn, 

Co, As, Y, Nb, Rh, I, Cs, Pr, Tb, Ho, Tm, Au, and Bi. (Note that all of these elements except 

beryllium have odd atomic numbers—why?) 

Elements with 1 predominant isotope can also, potentially, permit very precise atomic 

weight determinations since variations in isotopic composition or errors in its 

determination have a correspondingly small effect on the mass-spectrometrically 

determined value of the atomic weight. Nine elements have | isotope that is more than 

99% abundant (H, He, N, O, Ar, V, La, Ta, and U) and carbon also approaches this 

category (13°C 1.11% abundant). 
Known variations in the isotopic composition of normal terrestrial material prevent a 

more precise atomic weight being given for 9 elements and these carry the footnote r in the 

Table of Atomic Weights. For each of these elements (H, Li, B,C, O,S, Ar, Cu, and Pb) the 

accuracy attainable in an atomic weight determination on a given sample is greater than 

that implied by the recommended value since this must be applicable to any sample and so 
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must embrace all known variations in isotopic composition from commercial terrestrial 

sources. For example, for hydrogen the present attainable accuracy of calibrated mass- 

spectrometric atomic weight determinations is about +1 in the sixth significant figure, but 

the recommended value of 1.00794(+7) is so given because of the natural 

terrestrial variation in the deuterium content. The most likely value relevant to laboratory 

chemicals (e.g. H,O) is 1.00797, but it should be noted that hydrogen gas used in 

laboratories is often inadvertently depleted during its preparation by electrolysis, and for 

such samples the atomic weight is close to 1.007 90. By contrast, intentional fractionation 

to yield heavy water (thousands of tonnes annually) or deuterated chemicals implies an 

atomic weight approaching 2.014, and great care should be taken to avoid contamination 

of “normal” samples when working with or disposing of such enriched materials. 

Fascinating stories of natural variability could be told for each of the other 8 elements 

and, indeed, determinations of such variations in isotopic composition are now an essential 

tool in unravelling the geochemical history of various ore bodies. For example, the atomic 

weight of sulfur obtained from virgin Texas sulfur is detectably different from that 

obtained from sulfate ores, and an overall range of +0.01 is found for terrestrial samples; 

this limits the value quoted to 32.06 though the accuracy of atomic weight determinations 

on individual samples is +0.000 15. Boron is even more adversely affected, as previously 

noted, and the actual atomic weight can vary from 10.807 to 10.819 depending on whether 

the mineral source is Turkey or the USA. 

Even more disconcerting are the substantial deviations in atomic weight that can occur 

in commercially available material because of inadvertent or undisclosed changes in 

isotopic composition (footnote m in the Table of Atomic Weights). This situation at 

present obtains for 7 elements (H, Li, B, Ne, Kr, Xe, and U) and may well also soon affect 

others (such as He, C, N, and O). The separated or partially enriched isotopes of Li, B, and 

U are now extensively used in nuclear reactor technology and weaponry, and the 

unwanted residues, depleted in the desired isotopes, are sometimes dumped on the market 

and sold as “normal” material. Thus lithium salts may unsuspectingly be purchased which 

have been severely depleted in ©Li (natural abundance 7.5°%), and a major commercial 

supplier has marketed lithium containing as little as 3.75% of this isotope, thereby 

inducing an atomic weight change of 0.53%. For this reason practically all lithium 

compounds now obtainable in the USA are suspect and quantitative data obtained on 

them are potentially unreliable. Again, the practice of “milking” fission-product rare gases 

from reactor fuels and marketing these materials, produces samples with anomalous 

isotopic compositions. The effect, particularly on physicochemical computations, can be 

serious and, whilst not wishing to strike an alarmist note, the possibility of such deviations 

must continually be borne in mind for elements carrying the footnote m in the Table of 

Atomic Weights. 

The related problem arising from radioactive elements is considered in the next section. 

1.5.2 The problem of radioactive elements 

Elements with radioactive nuclides amongst their naturally occurring isotopes have a 

built-in time variation of the relative concentration of their isotopes and hence a 

continually varying atomic weight. Whether this variation is chemically significant 

depends on the half-life of the transition and the relative abundance of the various 

isotopes. Similarly, the actual concentration of stable isotopes of several elements (e.g. Ar, 
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Ca, and Pb) may be influenced by association of those elements with radioactive 

precursors (i.e. *°K, *3°U, etc.) which generate potentially variable amounts of the stable 
isotopes concerned. Again, some elements (such as technetium, promethium, and the 

transuranium elements) are synthesized by nuclear reactions which produce a single 

isotope of the element. The “atomic weight” therefore depends on which particular isotope 

is being synthesized, and the concept of a “normal” atomic weight is irrelevant. For 

example, cyclotron production of technetium yields ?’Tc (t, 2.6 x 10° y) with an atomic 
weight of 96.906, whereas fission product technetium is °°Tc (¢, 2.13 x 10° y), atomic 
weight 98.906, and the isotope of longest half-life is °°Tc (t, 4.2.x 10° y), atomic weight 
97.907. 

At least 19 elements not usually considered to be radioactive do in fact have naturally 

occurring unstable isotopes. The minute traces of naturally occurring 7H (t, 12.33 y) and 

14@ (t, 5.73 x 10° y) have no influence on the atomic weights of these elements though, of 

course, they are of crucial importance in other areas of study. The radioactivity of *°K (t, 

1.28 x 10° y) influences the atomic weights of its daughter elements argon (by electron 

capture) and calcium (by 8” emission) but fortunately does not significantly affect the 

atomic weight of potassium itself because of the low absolute abundance of this particular 

isotope (0.0117%). The half-lives of the radioactive isotopes of the 16 other “stable” 

elements are all greater than 10'° y and so normally have little influence on the atomic 

weight of these elements even when, as in the case of '**In (t, 5 x 10°* y, 95.7% abundant) 
and **’Re (t, 5 x 10° y, 62.6% abundant), they are the most abundant isotopes. Note, 
however, that on a geological time scale it has been possible to build up significant 

concentrations of '®’Os in rhenium-containing ores (by B~ decay of 18’Re), thereby 
generating samples of osmium with an anomalous atomic weight nearer to 187 than to the 

published value of 190.2. Lead was the first element known to be subject to such isotopic 

disturbances and, indeed, the discovery and interpretation of the significance of isotopes 

was itself hastened by the reluctant conclusion of T. W. Richards at the turn of the century 

that a group of lead samples of differing geological origins were identical chemically but 

differed in atomic weight—the possible variation is now known to span almost the 

complete range from 204 to 208. Such elements, for which geological specimens are known 

in which the element has an anomalous isotopic composition, are given the footnote g in 
the Table of Atomic Weights. In addition to Ar, Ca, Os, and Pb just discussed, such 

variability affects at least 26 other elements, including Sr (resulting from the B~ decay of 

8’Rb), Ra, Th, and U. A spectacular example, which affects virtually every element in the 

central third of the periodic table, has recently come to light with the discovery of 

prehistoric natural nuclear reactors at Oklo in Africa (see p. 1457). Fortunately this mine 

is asource of uranium ore only and so will not affect commercially available samples of the 

other elements involved. 

In summary, as a consequence of the factors considered in this and the preceding 

section, the atomic weights of only the 20 mononuclidic elements can be regarded as 

“constants of nature”. For all other elements variability in atomic weight is potentially 

possible and in several instances is known to occur to an extent which affects the reliability 
of quantitative results of even modest precision. 

1.6 Points to Ponder 

* Gravitational forces are 10°’ times weaker than electrostatic forces and 102° times 
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weaker than nuclear forces yet they provide the initial mechanism for heating 

protostars to 10’ K. (Hint: there are 10°’ atoms in the sun.) 
* Successively higher temperatures are needed for proton—proton reactions, helium- 

burning nuclear reactions, carbon-burning nuclear reactions, and the e-process. 

* Hydrogen, which is unstable with respect to all other nuclides in nature, is the most 

abundant element in the universe. 

* The most stable nuclei occur amongst the isotopes of iron and nickel yet these two 

elements account for less than 1% of the mass of the universe. 

* Deuterium, lithium, beryllium, and boron are virtually non-existent in stars but are a 

substantial component of cosmic rays. 

* Spectroscopic data are used to estimate the concentration of elements in stars though 

only the photosphere is directly visible. 

* At very high stellar temperatures hydrogen is ionized and therefore has no electronic 

spectrum. At lower temperatures, helium is in its ground state but its electronic 

emission spectrum then occurs in the far ultraviolet region and so cannot be observed 

on earth because of absorption in the atmosphere. 



Chemical Periodicity 
and the Periodic Table 

2.1 Introduction 

The concept of chemical periodicity is central to the study of inorganic chemistry. No 

other generalization rivals the periodic table of the elements in its ability to systematize 

and rationalize known chemical facts or to predict new ones and suggest fruitful areas for 

further study. Chemical periodicity and the periodic table now find their natural 

interpretation in the detailed electronic structure of the atom; indeed, they played a major 

role at the turn of the century in elucidating the mysterious phenomena of radioactivity 

and quantum effects which led ultimately to Bohr’s theory of the hydrogen atom. Because 

of this central position it is perhaps not surprising that innumerable articles and books 

have been written on the subject since the seminal papers by Mendeleev in 1869, and some 

700 forms of the periodic table (classified into 146 different types or subtypes) have been 

proposed."'~) A brief historical survey of these developments is summarized in the Panel. 

There is no single best form of the periodic table since the choice depends on the purpose 

for which the table is used. Some forms emphasize chemical relations and valence, whereas 

others stress the electronic configuration of the elements or the dependence of the periods 

on the shells and subshells of the atomic structure. The most convenient form for our 

purpose is the so-called “long form” with separate panels for the lanthanide and actinide 

elements (see inside front cover). The following sections of this chapter summarize: 

(a) the interpretation of the periodic law in terms of the electronic structure of atoms; 

(b) the use of the periodic table and graphs to systematize trends in physical and 

chemical properties and to detect possible errors, anomalies, and inconsistencies; 

(c) the use of the periodic table to predict new elements and compounds, and to suggest 

new areas of research. 

' F. P. VENABLE, The Development of the Periodic Law, Chemical Publishing Co., Easton, Pa., 1896. This is 
the first general review of periodic tables and has an almost complete collection of those published to that time. 

> E. G. Mazurs, Graphic Representation of the Periodic System during One Hundred Years, University of 
Alabama Press, Alabama, 1974. An exhaustive topological classification of over 700 forms of the periodic table, 
emphasizing their various characteristics. Good historical sections and extensive bibliography. 

3 J. W. VAN SPRONSEN, The Periodic System of the Chemical Elements, Elsevier, Amsterdam, 1969, 368 pp. An 
excellent modern account of the historical developments leading up to Mendeleev’s table, including an 
assessment of priorities and contributions by others. 

24 



$28 

oli. 

1817-29 

1843 

185i. 

1862 

1864 
1864 

1865 

1868-9 

1869 

1871 

1894-8 

1913 

1913 

1940 

1944 

The Electronic Structure of Atoms 

~ Mendeleev’s Periodic Table 

Precursors and Successors 

L. B. G. deMorveau made the first table of “chemically simple” substances. A. L. 
Lavoisier used this in his Traité Elémentaire de Chemie published in 1789. 
J. W. Dobereiner discovered many triads of elements and compounds, the combining 
weight of the central component being the average of its partners (e.g. CaO, SrO, BaO, 
and NiO, CuO, ZnO). 
L. Gmelin included a V-shaped arrangement of 16 triads in the 4th edition of his 
Handbuch der Chemie. 
J.-B. Dumas published a rudimentary table of 32 elements in 8 columns indicating their 
relationships. 
A. E. B. de Chancourtois first arranged the elements in order of increasing atomic 
weight; he located similar elements in this way and published a helical form in 1863. 
L. Meyer published a table of valences for 49 elements. 
W. Odling drew up an almost correct table with 17 vertical columns and including 57 
elements. 
J. A. R. Newlands propounded his law of octaves after several partial classifications 

during the preceding 2 y; he also correctly predicted the atomic weight of the 
undiscovered element germanium. 
L. Meyer drew up an atomic volume curve and a periodic table, but this latter was not 
published until 1895. 
D. I. Mendeleev enunciated his periodic law that “the properties of the elements are a 
periodic function of their atomic weights”. He published several forms of periodic table, 
one containing 63 elements. 
D. I. Mendeleev modified and improved his tables and predicted the discovery of 10 
elements (now known as Sc, Ga, Ge, Tc, Re, Po, Fr, Ra, Ac, and Pa). He fully described 

with amazing prescience the properties of 4 of these (Sc, Ga, Ge, Po). Note, however, 
that it was not possible to predict the existence of the noble gases or the number of 
lanthanide elements, 
Lord Rayleigh, W. Ramsay, and M. W. Travers detected and then isolated the noble 
gases (He), Ne, Ar, Kr, Xe. 
N. Bohr explained the form of the periodic table on the basis of his theory of atomic 
structure and showed that there could be only 14 lanthanide elements. 
H. G. J. Moseley observed regularities in the characteristic X-ray spectra of the 
elements; he thereby discovered atomic numbers Z and provided justification for the 
ordinal sequence of the elements. 
E. McMillan and P. Abelson synthesized the first transuranium element .;Np. Others 
were synthesized by G. T. Seaborg and his colleagues during the next 15 y. 
G. T. Seaborg proposed the actinide hypothesis and predicted 14 elements (up to 
Z=103) in this group. 

2.2 The Electronic Structure of Atoms‘*) 

25 

The ubiquitous electron was discovered by J. J. Thompson in 1896 some 25 y after the 

original work on chemical periodicity by D. I. Mendeleev and Lothar Meyer; however, 

a further 20 y were to pass before G. N. Lewis and then I. Langmuir connected the electron 
with valency and chemical bonding. Refinements continued via wave mechanics and 

molecular orbital theory, and the symbiotic relation between experiment and theory still 

continues today. It should always be remembered, however, that it is incorrect to 

“deduce” known chemical phenomena from theoretical models; the proper relationship 

is that the currently accepted theoretical models interpret the facts and suggest new 

4N. N. GREENWOOD, Principles of Atomic Orbitals, revised SI edition, Monograph for Teachers, No. 8, 
Chemica! Society, London, 1980, 48 pp. 
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experiments—they will be modified (or discarded and replaced) when new results demand 

it. Theories can never be proved by experiment—only refuted, the best that can be said of 
a theory is that it is consistent with a wide range of information which it interprets logically 

and that it is a fruitful source of predictions and new experiments. 

Our present views on the electronic structure of atoms are based on a variety of 

experimental results and theoretical models which are fully discussed in many elementary 

texts. In summary, an atom comprises a central, massive, positively charged nucleus 

surrounded by a more tenuous envelope of negative electrons. The nucleus is composed of 

neutrons (jn) and protons ({p, i.e. }H* ) of approximately equal mass tightly bound by the 

force field of mesons. The number of protons (Z) is called the atomic number and this, 

together with the number of neutrons (N), gives the atomic mass number of the nuclide 

(A=N+Z). An element consists of atoms all of which have the same number of protons 

(Z) and this number determines the position of the element in the periodic table (H. G. J. 

Moseley, 1913). Isotopes of an element all have the same value of Z but differ in the 

number of neutrons in their nuclei. The charge on the electron (e7 ) is equal in size but 
opposite in sign to that of the proton and the ratio of their masses is 1/1836. 

The arrangement of electrons in an atom is described by means of four quantum 

numbers which determine the spatial distribution, energy, and other properties, see 

Appendix 1 (p. 1487). The principal quantum number n defines the general energy level or 

“shell” to which the electron belongs. Electrons with n=1, 2, 3, 4, ..., are sometimes 

referred to as K, L, M, N,..., electrons. The orbital quantum number ! defines both the 

shape of the electron charge distribution and its orbital angular momentum. The number 

of possible values for / for a given electron depends on its principal quantum number n; it 

can have n values running from 0 to n—1, and electrons with /=0, 1, 2, 3, ..., are 

designated s, p, d, f, ..., electrons. Whereas n is the prime determinant of an electron’s 

energy this also depends to some extent on / (for atoms or ions containing more than one 
electron). It is found that the sequence of increasing electron energy levels in an atom 

follows the sequence of values n+ 1; if 2 electrons have the same value of n+/ then the one 

with smaller n is more tightly bound. 

The third quantum number mis called the magnetic quantum number for it is only in an 

applied magnetic field that it is possible to define a direction within the atom with respect 

to which the orbital can be directed. In general, the magnetic quantum number can take 

up 2!+1 values (ie. 0, +1,..., +1); thus an s electron (which is spherically symmetrical 

and has zero orbital angular momentum) can have only one orientation, but a p electron 

can have three (frequently chosen to be the x, y, and z directions in Cartesian coordinates). 

Likewise there are five possibilities for d orbitals and seven for f orbitals. 

The fourth quantum number m, is called the spin angular momentum quantum number 

for historical reasons. In relativistic (four-dimensional) quantum mechanics this quantum 

number is associated with the property of symmetry of the wave function and it can take 

on one of two values designated as +4 and —4, or simply « and f. All electrons in atoms 

can be described by means of these four quantum numbers and, as first enumerated by W. 

Pauli in his Exclusion Principle (1926), each electron in an atom must have a unique set of 
the four quantum numbers. 

It can now be seen that there is a direct and simple correspondence between this 

description of electronic structure and the form of the periodic table. Hydrogen, with 1 

proton and 1 electron, is the first element, and, in the ground state (i.e. the state of lowest 

energy) it has the electronic configuration 1s' with zero orbital angular momentum. 



§2.3.1 Trends in Atomic and Physical Properties 27 

Helium, Z =2, has the configuration 1s”, and this completes the first period since no other 

unique combination of n=1, |=m=0, m,= +4 exists. The second period begins with 

lithium (Z =3), the least tightly bound electron having the configuration 2s'. The same 

situation obtains for each of the other periods in the table, the number of the period being 

the principal quantum number of the least tightly bound electron of the first element in the 

period. It will also be seen that there is a direct relation between the various blocks of 

elements in the periodic table and the electronic configuration of the atoms it contains: the 

s block is 2 elements wide, the p block 6 elements wide, the d block 10, and the f block 14, 

i.e. 2(2/+ 1), the factor 2 appearing because of the spins. 

In so far as the chemical (and physical) properties of an element derive from its 

electronic configuration, and especially the configuration of its least tightly bound 

electrons, it follows that chemical periodicity and the form of the periodic table can be 

elegantly interpreted in terms of electronic structure. 

2.3. Periodic Trends in Properties®: © 

General similarities and trends in the chemical properties of the elements had been 

noticed increasingly since the end of the eighteenth century and predated the observation 

of periodic variations in physical properties which were not noted until about 1868. 

However, it is more convenient to invert this order and to look at trends in atomic and 

physical properties first. 

2.3.1 Trends in atomic and physical properties 

Figure 2.1 shows a modern version of Lothar Meyer’s atomic volume curve: the alkali 

metals appear at the peaks and elements near the centre of each period (B, C; Al, Si; Mn, 

Ru, and Os) appear in the troughs. This finds a ready interpretation on the electronic 

theory since the alkali metals have only | electron per atom to contribute to the binding of 

the 8 nearest-neighbour atoms, whereas elements near the centre of each period have the 

maximum number of electrons available for bonding. Elements in other groups fall on 

corresponding sections of the curve in each period, and in several groups there is a steady 

trend to higher volumes with the increasing atomic number. Closer inspection reveals that 

a much more detailed interpretation would be required to encompass all the features of the 

curve which includes data on solids held by very diverse types of bonding. Note also that 

the position of helium is anomalous (why?), and that there are local anomalies at 

europium and ytterbium in the lanthanide elements (see Chapter 30). Similar plots are 

obtained for the atomic and ionic radii of the elements and an inverted diagram is 

obtained, as expected, for the densities of the elements in the solid state (Fig. 2.2). 

Of more fundamental importance is the plot of first-stage ionization energies of the 

elements, i.e. the energy Jy, required to remove the least tightly bound electron from the 

neutral atom in the gas phase: 

M(g)——>M *(g)+e; AH°=Iy 

> R. Ricu, Periodic Correlations, W. A. Benjamin, New York, 1965, 159 pp. A good source of tabular and 

graphical data illustrating trends in the properties of elements and compounds. 
© R. T. SANDERSON, /norganic Chemistry, Reinhold Publishing Corp., New York, 1967, 430 pp. A textbook 

stressing periodicity in properties and containing over 70 sets of data displayed on periodic charts. 
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60_ 100 

Atomic number, Z 

Fic. 2.1. Atomic volumes (molar volumes) of the elements in the solid state. 

These are shown in Fig. 2.3 and illustrate most convincingly the various quantum shells 

and subshells described in the preceding section. The energy required to remove the 1 

electron from an atom of hydrogen is 13.606 eV (i.e. 1311 kJ per mole of H atoms). This 

rises to 2370 kJ mol”! for He (1s*) since the positive charge on the helium nucleus is 

twice that of the proton and the additional charge is not completely shielded by the second 

electron. There is a large drop in ionization energy between helium and lithium (1s?2s') 
because the principal quantum number n increases from | to 2, after which the ionization 

energy rises somewhat for beryllium (1s?2s7), though not to a value which is so high that 

beryllium would be expected to be an inert gas. The interpretation that is placed on the 

other values in Fig. 2.3 is as follows. The slight decrease at boron (1s?2s*2p') is due to the 
increase in orbital quantum number / from 0 to 1 and the similar decrease between 

nitrogen and oxygen is due to increased interelectronic coulomb repulsion as the fourth 

p electron is added to the 3 already occupying 2p,, 2p,, and 2p,. The ionization energy then 

continues to increase with increasing Z until the second quantum shell is filled at neon 

(2s*2p°). The process is precisely repeated from sodium (3s!) to argon (3s?3p°) which 
again occurs at a peak in the curve, although at this point the third quantum shell is not yet 

completed (3d). This is because the next added electron for the next element potassium 

(Z =19) enters the 4s shell (n+ /=4) rather than the 3d (n+ /=5). After calcium (Z = 20) 

the 3d shell fills and then the 4p (n+ /=5, but n higher than for 3d). The implications of this 

and of the subsequent filling of later s, p, d, and f levels will be elaborated in considerable 

detail in later chapters. Suffice it to note for the moment that the chemical inertness of the 
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Fic. 2.3 First-stage ionization energies of the elements. 
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lighter noble gases correlates with their high ionization energies whereas the extreme 

reactivity of the alkali metals (and their prominent flame tests) finds a ready interpretation 

in their much lower ionization energies. 
Electronegativities also show well-developed periodic trends though the concept of 

electronegativity itself, as introduced by L. Pauling, is rather qualitative: 
“Electronegativity is the power of an atom in a molecule to attract electrons to itself.” It is 

to be expected that the electronegativity of an element will depend to some extent not only 

on the other atoms to which it is bonded but also on its coordination number and 

oxidation state; fortunately, however, these effects do not obscure the main trends. 

Various measures of electronegativity have been proposed by L. Pauling, by R.S. 

Mulliken, by A. L. Allred and E. Rochow, and by R. T. Sanderson, and all give roughly 

parallel scales. Figure 2.4, which incorporates Pauling’s values, illustrates the trends 

observed; electronegativities tend to increase with increasing atomic number within a 

given period (e.g. Li to F, or K to Br) and to decrease with increasing atomic number 

within a given group ‘e.g. F to At, or O to Po). 

Numerous other properties have been found to show periodic variations and these can 

be displayed graphically or by circles of varying size on a periodic table, e.g. melting points 

of the elements, boiling points, heats of fusion, heats of vaporization, energies of 

atomization, etc.) Similarly, the properties of simple binary compounds of the elements 

Pauling electronegativity 

Atomic number, Z 

Fic. 2.4 Values of electronegativity of the elements. 

7 L. PauLina, J. Am. Chem. Soc. 54, 3570 (1932); The Nature of the Chemical Bond, 3rd edn., pp. 88-107. 
Cornell University Press, Ithaca, NY, 1960. 
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can be plotted, e.g. heats of formation, melting points and boiling points of hydrides, 

fluorides, chlorides, bromides, iodides, oxides, sulfides, etc.’ Trends immediately become 

apparent, and the selection of compounds with specific values for particular properties is 

facilitated. Such trends also permit interpolation to give estimates of undetermined values 

of properties for a given compound though such a procedure can be misleading and 

should only be used as a first rough guide. Se tera has also frequently been used, 

and to good effect, though it too can be hazardous and unreliable particularly when new 

or unsuspected effects are involved. Perhaps the classic example concerns the dissociation 

energy of the fluorine molecule which is difficult to measure experimentally: for many 

years this was taken to be ~265 kJ mol! by extrapolation of the values for iodine, 

bromine, and chlorine (151, 193, and 243kJ mol‘), whereas the most recent 

experimental values are close to 154 kJ mol * (see Chapter 17). The detection of such 

anomalous data from periodic plots thus serves to identify either inaccurate experimental 

observations or inadequate theories (or both). 

2.3.2 Trends in chemical properties 

These, though more difficult to describe quantitatively, also become apparent when the 

elements are compared in each group and along each period. Such trends will be discussed 

in detail in later chapters and it is only necessary here to enumerate briefly the various 

types of behaviour that frequently recur. 

The most characteristic chemical property of an element is its valence. There are 

numerous measures of valency each with its own area of usefulness and applicability. 

Simple definitions refer to the number of hydrogen atoms that can combine with an 

element in a binary hydride or to twice the number of oxygen atoms combining with an 

element in its oxide(s). It was noticed from the beginning that there was a close relation 

between the position of an element in the periodic table and the stoichiometry of its simple 

compounds. Hydrides of main group elements have the formula MH,, where n was related 
to the group number N by the equations n= N (N<IV), andn=VIII—N for N>IV. By 

contrast, oxygen elicited an increasing valence in the highest normal oxide of each element 

and this was directly related to the group number, i.e. M,0, MO, M,O,,..., M,O,. These 

periodic regularities find a ready explanation in terms of the electronic configuration of 

the elements and simple theories of chemical bonding. In more complicated chemical 

formulae involving more than 2 elements, it is convenient to define the “oxidation state” of 

an element as the formal charge remaining on the element when all other atoms have been 

removed as their normal ions. For example, nitrogen has an oxidation state of —3 in 

ammonium chloride [NH,Cl—(4H* +Cl”- )=N?*~] and manganese has an oxidation 

state of +7 in potassium permanganate  {tetraoxomanganate(1— )} 

[KMnO,—(K* +402~ )=Mn’*]. For a compound such as Fe,O, iron has an average 
oxidation state of + 2.67 [i.e. (4x 2)/3] which may be thought of as comprising 1Fe?* 

and 2Fe**. It should be emphasized that these charges are formal, not actual, and that the 

concept of oxidation state is not particularly helpful when considering predominantly 

covalent compounds (such as organic compounds) or highly catenated inorganic 

compounds such as S,NH. 

The periodicity in the oxidation state or valence shown by the elements was forcefully 

illustrated by Mendeleev in one of his early forms of the periodic system and this is shown 
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in an extended form in Fig. 2.5 which incorporates more recent information. The 

predictive and interpolative powers of such a plot are obvious and have been a fruitful 

source of chemical experimentation for over a century. 
Other periodic trends which occur in the chemical properties of the elements and which 

are discussed in more detail throughout later chapters are: 

(i) The “anomalous” properties of elements in the first short period (from lithium to 

fluorine)}—see Chapters 4, 5, 6, 8, 11, 14, and 17. 

(ii) The “anomalies” in the post-transition element series (from gallium to bromine) 

related to the d-block contraction—see Chapters 7, 10, 13, 16, and 17. 

(iii) The effects of the lanthanide contraction—see Chapters 21-30. 

(iv) Diagonal relationships between lithium and magnesium, beryllium and alum- 

inium, boron and silicon. 

(v) The so-called inert pair effect (see Chapters 7, 10, and 13) and the variation of 

oxidation state in the main group elements in steps of 2 (e.g. IF, IF3, IF ;, IF >). 

(vi) Variability in the oxidation state of transition elements in steps of 1. 

(vii) Trends in the basicity and electropositivity of elements—both vertical trends 

within groups and horizontal trends along periods. 
(viii) Trends in bond type with position of the elements in the table and with oxidation 

state for a given element. 

(ix) Trends in stability of compounds and regularities in the methods used to extract 

the elements from their compounds. 

(x) Trends in the stability of coordination complexes and the electron—-donor power 

of various series of ligands. 

2.4 Prediction of New Elements and Compounds 

Newlands (1864) was the first to predict correctly the existence of a “missing element” 

when he calculated an atomic weight of 73 for an element between silicon and tin, close to 

the present value of 72.59 for germanium (discovered by C. A. Winkler in 1886). However, 

his method of detecting potential triads was unreliable and he predicted (non-existent) 

elements between rhodium and iridium, and between palladium and _ platinum. 

Mendeleev’s predictions 1869-71 were much more extensive and reliable, as indicated in 

the historical panel on p. 25. The depth of his insight and the power of his method remain 
impressive even today, but in the state of development of the subject in 1869 they 

were monumental. A comparison of the properties of eka-silicon predicted by 

Mendeleev and those determined experimentally for germanium is shown in Table 2.1. 

Similarly accurate predictions were made for eka-aluminium and gallium and for eka- 

boron and scandium. 

Of the remaining 26 undiscovered elements between hydrogen and uranium, 11 were 

lanthanoids which Mendeleev’s system was unable to characterize because of their great 

chemical similarity and the new numerological feature dictated by the filling of the 4f 

orbitals. Only cerium, terbium, and erbium were established with certainty in 1871, and 

the others (except promethium, 1945) were separated and identified in the period 

1879-1907. The isolation of the (unpredicted) noble gases also occurred at this time 

(1894-8). 

The isolation and identification of 4 radioactive elements in minute amounts took place 
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TABLE 2.1 

Mendeleev’s predictions (1871) for Observed properties (1977) of germanium 

eka-silicon, M (discovered 1886) 

Atomic weight 2 Atomic weight 2159 
Density/g cm * 315 Density/g cm? 5.35 
Molar volume/cm? mol”! 13.1 Molar volume/cm? mol! iso 
MP/°C high MP/°C 947 
Specific heat/Jg~'! K~! 0.305 Specific heat/Jg 'K =! 0.309 
Valence 4 Valence 4 
Colour dark grey Colour greyish-white 

M will be obtained from MO, or K,MF, by 
reaction with Na 

M will be slightly attacked by acids such as HCI 

and will resist alkalis such as NaOH 

M, on being heated, will form MO, with high mp, 
andd4.7gcm ? 

M will give a hydrated MO, soluble in acid and 

easily reprecipitated 
MS, will be insoluble in water but soluble in 
ammonium sulfide 

MCI, will bea volatile liquid with bp a little under 

Ge is obtained by reaction of K,GeF, with Na 

Ge is not dissolved by HCI or dilute NaOH but 
reacts with hot conc HNO, 

Ge reacts with oxygen to give GeO,, mp 1086°, 
d 4.228 gcm > 

“Ge(OH),” dissolves in cone acid and is repre- 

cipitated on dilution or addition of base 
GeS, is insoluble in water and dilute acid but readily 

soluble in ammonium sulfide 
GeCl, is a volatile liquid with bp 84°C and d 

1.8443 gcm ° 
GeEt, bp 185°C 

100°C and d 1.9gcm 3 
M will form MEt, bp 160°C 

at the turn of the century, and in each case the insight provided by the periodic 

classification into the predicted chemical properties of these elements proved invaluable. 

Marie Curie identified polonium in 1898 and, later in the same year working with Pierre 

Curie, isolated radium. Actinium followed in 1899 (A. Debierne) and the heaviest noble 

gas, radon, in 1900 (F. E. Dorn). Details will be found in later chapters which also recount 

the discoveries made in the present century of protactintum (O. Hahn and Lise Meitner, 

1917), hafnium (D. Coster and G. von Hevesey, 1923), rhenium (W. Noddack, Ida Tacke, 

and O. Berg, 1925), technetium (C. Perrier and E. Segré, 1937), francium (Marguerite 

Perey, 1939), and promethium (J. A. Marinsky, L. E. Glendenin, and C. D. Coryell, 1945). 
A further group of elements, the transuranium elements, has been synthesized by 

artificial nuclear reactions in the period from 1940 onwards; their relation to the periodic - 

table is discussed fully in Chapter 31 and need not be repeated here. Perhaps even more 

striking today are the predictions, as yet unverified, for the properties of the currently non- 

existent superheavy elements. Elements up to lawrencium (Z = 103) are actinides (5f) 

and the 6d transition series starts with element 104. So far only 104, 105, and 106 have been 

synthesized, and, because there is as yet no international agreement on trivial names for 

these elements, they are here given their agreed systematic names: un-nil-quadium (Ung), 

un-nil-pentium (Unp), and un-nil-hexium (Unh) (see Panel). These elements are 

increasingly unstable with respect to «-decay or spontaneous fission with half-lives of the 

order of 1 s. It is therefore unlikely that much chemistry will ever be carried out on the 6d 

transition series though their ionization energies, mps, bps, densities, atomic and metallic 

radii, etc., have all been predicted. Element 112, Uub, is expected to be eka-mercury, 

8 B. FRICKE, Superheavy elements, Structure and Bonding 21, 89 (1975). A full account of the predicted 

stabilities and chemical properties of elements with atomic numbers in the range Z= 104-184. 
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followed by the 7p and 8s configurations Z = 113-120. On the basis of present theories of 

nuclear structure an “island of stability” is expected near ???Uuq with half-lives in the 
region of years. Much effort is being concentrated on attempts to make these elements, and 

oxidation states are expected to follow the main group trends (e.g. Uut:eka-thallium 

mainly + 1). Other physical properties have been predicted by extrapolation of known 

periodic trends. Still heavier elements have been postulated, though it is unlikely (on 

present theories) that their chemistry will ever be studied because of their very short 

predicted half-lives. Calculated energy levels for the range Z=121-—154 lead to the 

expectation of an unprecedented 5g series of 18 elements followed by 14 6f elements. 

In addition to the prediction of new elements and their probable properties, the periodic 

table has proved invaluable in suggesting fruitful lines of research in the preparation of 

new compounds. Indeed, this mode of thinking is now so ingrained in the minds of 

chemists that they rarely pause to reflect how extraordinarily difficult their task would be 

if periodic trends were unknown. It is the ability to anticipate the effect of changing an 

element or a group in a compound which enables work to be planned effectively, though 

the prudent chemist is always alert to the possibility of new effects or unsuspected factors 

which surprisingly intervene. 

Typical examples taken from the developments of the past two or three decades include: 

(i) the organometallic chemistry of lithium and thallium (Chapters 4 and 7); 

(ii) the use of boron hydrides as ligands (Chapter 6); 

(iii) solvent systems and preparative chemistry based on the interhalogens (Chapter 

17); 
(iv) the development of the chemistry of xenon (Chapter 18); 

(v) ferrocene—leading to ruthenocene and dibenzene chromium, etc. (Chapters 8, 

25 and 23 respectively); 

(vi) the development of solid-state chemistry. 

Indeed, the influence of Mendeleev’s fruitful generalization pervades the whole modern 

approach to the chemistry of the elements. 

2.5 Questions on the Periodic Table 

1. Why did Mendeleev use the sequence of increasing atomic weights to order the 

elements? Was he justified in inverting the positions of Co/Ni and Te/I; why do the 

atomic weights of these pairs of elements (and of Ar/K) not follow the sequence of 
atomic numbers? 

2. Why did Mendeleev list thallium with the alkali metals, platinum with the alkaline 
earth metals, and uranium in Group III? 

3. Why was Mendeleev unable to predict the noble gases though he correctly predicted 
several other undiscovered elements? Likewise for the lanthanides. 

4. From the known physical and chemical properties of S, Se, and Te, formulate the 

properties to be expected for polonium; check with the actual properties given in 
Chapter 16. 

5. From the known formulae and properties of the fluorides and oxides of Sb, Te, and I, 

predict possible formulae and properties for the fluorides and oxo-compounds of 
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xenon. Why was the discovery of such compounds delayed until the 1960s despite 

predictions of their stability by L. Pauling 30 y earlier? 

6. Comment on the statement that there could be no satisfactory theory of chemical 

bonding before relativistic quantum mechanics because the four quantum numbers 

imply a four-dimensional space-time continuum. 
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3.1. Introduction 

Hydrogen is the most abundant element in the universe and is also common on earth, 

being the third most abundant element (after oxygen and silicon) on the surface of the 

globe. Hydrogen in combined form accounts for about 15.4% of the atoms in the earth’s 

crust and oceans and is the ninth element in order of abundance by weight (0.9%). In the 

crustal rocks alone it is tenth in order of abundance (0.15 wt%). The gradual recognition 

of hydrogen as an element during the sixteenth and seventeenth centuries forms part of the 

obscure and tangled web of experiments that were carried out as chemistry emerged from 

alchemy to become a modern science."’) Until almost the end of the eighteenth century 
the element was inextricably entwined with the concept of phlogiston and H. Cavendish, 

who is generally regarded as having finally isolated and identified the gas in 1766, and who 

established conclusively that water was a compound of oxygen and hydrogen, actually 

communicated his findings to the Royal Society in January 1784 in the following words: 

“There seems to be the utmost reason to think that dephlogisticated air is only water 

deprived of its phlogiston” and that “water consists of dephlogisticated air united with 
phlogiston”. 

The continued importance of hydrogen in the development of experimental and 

theoretical chemistry is further illustrated by some of the dates listed in the Panel. 
Hydrogen was recognized as the essential element in acids by H. Davy after his work on - 

the hydrohalic acids, and theories of acids and bases have played an important role ever 

since. The electrolytic dissociation theory of S. A. Arrhenius and W. Ostwald in the 1880s, 

the introduction of the pH scale for hydrogen-ion concentrations by S. P. L. Sorensen in 

1909, the theory of acid—base titrations and indicators, and J. N. Brensted’s fruitful 

concept of acids and conjugate bases as proton donors and acceptors (1923) are other land 

marks (see p. 51). The discovery of ortho- and para-hydrogen in 1924, closely followed by 

the discovery of heavy hydrogen (deuterium) and tritium in the 1930s, added a further 

range of phenomena that could be studied by means of this element (pp. 40-50). In more 

recent times, the technique of nmr spectroscopy, which was first demonstrated in 1946 

using the hydrogen nucleus, has revolutionized the study of structural chemistry and 

permitted previously unsuspected phenomena such as fluxionality to be studied. 

Simultaneously, the discovery of complex metal hydrides such as LiAlH, has had a major 

"J. W. MELLoR, A Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vol. 1, Chap. 3, 
Longmans, Green & Co., London, 1922. 
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Eieacones Some siiian D Dates 

oR Boyle showed thet dine eau acid acting on iron gave a flammable gas: 
_ several other ey scientists made similar observations. 

AL ae seit propos d the name Hyde (Greek Vdep yelvopan, water former). 
; ad A. Carlisle ae water electrolytically into Os hee and 

lubility of hydrogen in palladium discovered by T. Graham 
a ation of | Sine diffusion through red-hot platinum and iron by 

Ce as 
1895. Hydrogen | rs tiguefed in cen quantity to show a meniscus (J. Dewar) following 
. earlier observatic ns of mists and droplets by others, 1877-85. 

+ 1909) HH hydrogen-ion concentration introduced by S. P. L. Sorensen. 
1920 The concept of hydrogen bonding introduced by W. M. Latimer and W. H. Rodebush 
Loe Dy M on 1921). 

1923. 
: 1924 : drogen discovered seni by R. Mecke and cei 
- m-mechanically by W. Heisenberg, 1927. 
1929-30 Concept 0 o laoaea hala oe ee in pipes -transfer reactions introduced 

1931 
1007 
_ a oes Aa ones of ee ( Cc. Gi G. Brickwedde, and G. M. {. Murphy). 

1934 Tritium first made by deuteron bombardment of D,PO, and (ND,),SO, (ie. 
— )=°f+'H); M. L. E. Oliphant, P. Harteck, and E. Rutherford. 

1939. Tritium found to’ ee by L. W. Alvarez and R. Cornog after a prediction by 
_~_._ A.W, Bonner in 1938. 
1946 Proton nmr first detected in bik matter by E. M. Purcell, H.C. Torrey, and R. V. 

Pound; and by F. Bloch, W. W. Hansen, and M. E. Packard. 
1947) ‘LiAIH, first prepared and subsequently shown to be a versatile reducing agent; A. E. 

__ Finholt, A. C. Bond, and H. I. Schlesinger. 
1950. __—‘ Tritium first detected in atmospheric hydrogen (V. Faltings and P. Harteck) and later 
shown to 2 Der in rain water be F. Libby ez al., 1951). 

impact on synthetic chemistry and enabled new classes of compound to be readily 

prepared in high yield (p. 259). It is now realized that hydrogen forms more chemical 

compounds than any other element, including carbon, and a survey of its chemistry 

therefore encompasses virtually the whole periodic table. However, before embarking on 

such a review in Sections 3.43.6 it is convenient to summarize the atomic and physical 

properties of the various forms of hydrogen (Section 3.2), to enumerate the various 

methods used for its preparation and industrial production, and to indicate some of its 

many applications and uses (Section 3.3). 
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3.2. Atomic and Physical Properties of Hydrogen’? 

Despite its very simple electronic configuration (1s*) hydrogen can, paradoxically, exist 

in over 40 different forms most of which have been well characterized. This multiplicity of 

forms arises firstly from the existence of atomic, molecular, and ionized species in the gas 

phase: H, H,,H*,H~,H,*, and H,* ; secondly, from the existence of three isotopes, ee 

?H(D), and ?H(T), and correspondingly of D, D,, HD, DT, etc.; and, finally, from the 

existence of nuclear spin isomers for the homonuclear diatomic species, i.e. ortho- and 

para-dihydrogen, -dideuterium, and -ditritium.f 

3.2.1 Isotopes of hydrogen 

Hydrogen as it occurs in nature is predominantly composed of atoms in which the 

nucleus is a single proton. In addition, terrestrial hydrogen contains about 0.0156% of 

deuterium atoms in which the nucleus also contains a neutron, and this is the reason for its 

variable atomic weight (p. 20). Addition of a second neutron induces instability and 

tritium is radioactive, emitting low-energy B~ particles with a half-life of 12.35 y. Some 

characteristic properties of these 3 atoms are given in Table 3.1, and their implications for 

stable isotope studies, radioactive tracer studies, and nmr spectroscopy are obvious. 

TABLE 3.1 Atomic properties of hydrogen, deuterium, and tritium 

Property H D T 

Relative atomic mass 1.007 825 2.014 102 3.016 049 
Nuclear spin quantum number 23 1 4g 
Nuclear magnetic moment/(nuclear magnetons)” 2.792 70 0.857 38 2.978 8 
NMR frequency (at 2.35 tesla)/MHz 100.56 15.360 104.68 

NMR relative sensitivity (constant field) 1.000 0.009 64 V2 
Nuclear quadrupole moment/(10~ 28 m7) 0 2.766 x 107? 0 
Radioactive stability Stable Stable Boert235.y 

) Nuclear magneton jy = eh/2m, = 5.0508 x 10°77 JT ?. 
(©) Fax 18.6 keV; E SkeVe 

max mean 

In the molecular form, dihydrogen is a stable, colourless, odourless, tasteless gas with a 

very low mp and bp. Data are in Table 3.2 from which it is clear that the values for ~ 

deuterium and tritium are substantially higher. For example, the mp of T, is above the bp 

of H,. Other forms such as HD and DT tend to have properties intermediate between 

those of their components. Thus HD has mp 16.60 K, bp 22.13 K, AH,,,, 0.159 kJ mol ~?, 

AH, 1.075 kJ mol” ', T, 35.91 K, P, 14.64 atm, and AH gi.s9¢ 439.3 kJ mol” '. The critical 
temperature T, is the temperature above which a gas cannot be liquefied simply by 
application of pressure, and the critical pressure P, is the pressure required for liquefaction 
at this point. 

Table 3.2 also indicates that the heat of dissociation of the hydrogen molecule is 

extremely high, the H—H bond energy being larger than for almost all other single bonds. 

+ The term dihydrogen (like dinitrogen, dioxygen, etc.) is used when it is necessary to refer unambiguously to 
the molecule H, (or N>, Os, etc.) rather than to the element as a substance or to an atom of the element. 

2 K.M. Mackay, The element hydrogen, Comprehensive Inorganic Chemistry, Vol. 1, Chap. 1. K. M. MacKay 
and M. F. A. Dove, Deuterium and tritium, ibid., Vol. 1, Chap. 3, Pergamon Press, Oxford, 1973. 



§3.2.2 . Ortho- and Para-hydrogen 41 

TABLE 3.2. Physical properties of hydrogen, deuterium, and tritium 

Property” H, D, Tt 

MP/K 13.957 18.73 20.62 

BP/K 20.39 23.67 25.04 

Heat of fusion/kJ mol! 0.117 0.197 0.250 
Heat of vaporization/kJ mol~! 0.904 1.226 1.393 
Critical temperature/K 33.19 38.35 40.6 (calc) 

Critical pressure/atm”? 12.98 16.43 18.1 (calc) 
Heat of dissociation/kJ mol! (at 298.2 K) 435.88 443.35 446.9 

Zero point energy/kJ mol? 25.9 18.5 15.1 
Internuclear distance/pm 74.14 74.14 (74.14) 

® Data refer to H, of normal isotopic composition (i.e. containing 0.0156 atom % of deuterium, 
predominantly as HD). All data refer to the mixture of ortho- and para-forms that are in equilibrium at room 
temperature. 

®) 1 atm=1011325kKN m ?=101.325 kPa. 

This contributes to the relative unreactivity of hydrogen at room temperature. Significant 

thermal decomposition into hydrogen atoms occurs only above 2000 K: the percentage of 

atomic H is 0.081 at this temperature, and this rises to 7.85°% at 3000 K and 95.5% at 

5000 K. Atomic hydrogen can, however, be conveniently prepared in low-pressure glow 

discharges, and the study of its reactions forms an important branch of chemical gas 

kinetics. The high heat of recombination of hydrogen atoms finds application in the 

atomic hydrogen torch—dihydrogen is dissociated in an arc and the atoms then 

recombine on the surface of a metal, generating temperatures in the region of 4000 K 

which can be used to weld very high melting metals such as tantalum and tungsten. 

3.2.2 Ortho- and para-hydrogen 

All homonuclear diatomic molecules having nuclides with non-zero spin are expected 

to show nuclear spin isomers. The effect was first detected in dihydrogen where it is 

particularly noticeable, and it has also been established for D3, T,, '*N>, ‘°N>, *’Oz, etc. 
When the two nuclear spins are parallel (ortho-hydrogen) the resultant nuclear spin 

quantum number is | (i.e. 4+ 4) and the state is threefold degenerate (28+ 1). When the 

two proton spins are antiparallel, however, the resultant nuclear spin is zero and the state 

is non-degenerate. Conversion between the two states involves a forbidden triplet-singlet 

transition and is normally slow unless catalysed by interaction with solids or 

paramagnetic species which either break the H—H bond, weaken it, or allow magnetic 

perturbations. Typical catalysts are Pd, Pt, active Fe,03, and NO. Para-hydrogen (spins 

antiparallel) has the lower energy and this state is favoured at low temperatures. Above 

0K (100% para) the equilibrium concentration of ortho-hydrogen gradually increases 

until, above room temperature, the statistically weighted proportion of 3 ortho:1 para is 

obtained, i.e. 25°% para. Typical equilibrium concentrations of para-hydrogen are 99.8% 

at 20 K, 65.4% at 60 K, 38.5% at 100 K, 25.7% at 210 K, and 25.1% at 273 K (Fig. 3.1). It 

follows that, whereas essentially pure para-hydrogen can be obtained, it is never possible 

to obtain a sample containing more than 75% of ortho-hydrogen. Experimentally, the 

presence of both o-H, and p-H, is seen as an alternation in the intensities of successive 



42 Hydrogen Ch. 3 

100 etic: ere 

80 

70 
> 

60 | 66.67% 

9 

eS 
S 50 

Be 

ro 

=e 

Hydrogen H, Deuterium D, Tritium T, 

0 100 200 300 0 100 200% =300° 0 100 200 300 

T/K 

Fic. 3.1. Ortho-para equilibria for H,, D,, and T,. 

rotational lines in the fine structure of the electronic band spectrum of H,. It also explains 

the curious temperature dependence of the heat capacity of hydrogen gas. 

Similar principles apply to ortho- and para-deuterium except that, as the nuclear spin 

quantum number of the deuteron is 1 rather than 4 as for the proton, the system is 

described by Bose-Einstein statistics rather than the more familiar Fermi—Dirac statistics. 

For this reason, the stable low-temperature form is ortho-deuterium and at high 

temperatures the statistical weights are 6 ortho:3 para leading to an upper equilibrium 

concentration of 33.3% para-deuterium above about 190 K as shown in Fig. 3.1. Tritium 
(spin 4) resembles H, rather than D,. 

Most physical properties are but little affected by nuclear-spin isomerism though the 

thermal conductivity of p-H, is more than 50% greater than that of o-H,, and this forms a 

ready means of analysing mixtures. The mp of p-H, (containing only 0.21% o-H,) is 

0.15 K below that of “normal” hydrogen (containing 75% o-H,), and by extrapolation the 

mp of (unobtainable) pure o-H, is calculated to be 0.24 K above that of p-H,. Similar - 

differences are found for the bps which occur at the following temperatures: normal-H, 

20.39 K, o-H, 20.45 K. For deuterium the converse relation holds, o-D, melting some 

0.03 K below “normal”-D, (66.7% ortho) and boiling some 0.04 K below. The effects for 
other elements are even smaller. 

3.2.3 lonized forms of hydrogen 

This section briefly considers the proton H*, the hydride ion H~, the hydrogen 

molecule ion H,*, and the triatomic 2-electron species H,*. 
The hydrogen atom has a high ionization energy (1311 kJ mol~') and in this it 

resembles the halogens rather than the alkali metals. Removal of the 1s electron leaves a 

bare proton which, having a radius of only about 1.5 x 107 * pm, is not a stable chemical 
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entity in the condensed phase. However, when bonded to other species it is well known in 

solution and in solids, e.g. H,0*, NH, *, etc. The proton affinity of water and the enthalpy 

of solution of H* in water have been estimated by several authors and typical values that 

are currently accepted are: 

H*(g)+H,O(g)—+H,0*(g); —AH~720kJ mol”! 
H*(g)——>H,O* (aq); —AH~1090 kJ mol7! 

It follows that the heat of solution of the oxonium ion in water is ~370kJ mol7?, 

intermediate between the values calculated for Na* (405kJ mol~') and K* 
(325 kJ mol *). Reactions involving proton transfer will be considered in more detail in 

Section 3.4.1. 

The hydrogen atom, like the alkali metals (ns') and halogens (ns?np°), has an affinity 

for the electron and heat is evolved in the following process: 

H(g)+e” ——~>H (g); —AH,,;=72 kJ mol”! 

This is larger than the corresponding value for Li (57 kJ mol *) but substantially smaller 

than the value for F (333 kJ mol~'). The hydride ion H~ has the same electron 

configuration as helium but is much less stable because the single positive charge on the 

proton must now control the 2 electrons. The hydride ion is thus readily deformable and 

this constitutes a characteristic feature of its structural chemistry (see p. 72). 

The species H,* and H,* need not detain us long for little chemistry is involved. They 
are, however, important as model systems for chemical bonding theory. The hydrogen 

molecule ion H,* comprises 2 protons and | electron and is extremely unstable even in a 

low-pressure gas discharge system. There is some uncertainty about the energy of 

dissociation and the internuclear distance but recent values (with the corresponding 

values for H, in parentheses) are: 

AH gissoc 255(436) kJ mol~*;  r(H—-H) 106(74.2) pm 

The triatomic hydrogen molecule ion H,* was first detected by J. J. Thompson in gas 

discharges and later fully characterized by mass spectrometry; its relative atomic mass, 
3.027, clearly distinguishes it from tritium (3.016). The “observed” triangular 3-centre, 2- 

electron structure is more stable than the hypothetical linear structure, and the 

comparative stability of the species is shown by the following gas-phase enthalpies: 

H+H+H*=H,;*; -—AH770kJ mol”! 

H-HieH,; AW 337 mol 
H+, =H,-; AH 51Skiimola, 

calc 

3.3. Preparation, Production, and Uses“: > 

3.3.1 Hydrogen 

Hydrogen can be prepared by the reaction of water or dilute acids on electropositive 

metals such as the alkali metals, alkaline earth metals, the metals of Groups IIIA, 1VA, and 

3 R. P. BELL, The Proton in Chemistry, 2nd edn., Chapman & Hall, London, 1973, 223 pp. 

4 W. J. GRANT and S. L. REDFEARN, Industrial gases, in R. THOMPSON (ed.), The Modern Inorganic Chemicals 

Industry, pp. 273-301, Chemical Society Special Publication No. 31, London 1977. 
> R. B. Scott, W. H. DENTON, and C. M. NICHOLLS (eds.), Technology and Uses of Liquid Hydrogen, 

Pergamon Press, Oxford, 1964, 415 pp. 

CTE-C 
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the lanthanoids. The reaction can be explosively violent. Convenient laboratory methods 

employ sodium amalgam or calcium with water, or zinc with hydrochloric acid. The 

reaction of aluminium or ferrosilicon with aqueous sodium hydroxide has also been used. 

For small-scale preparations the hydrolysis of metal hydrides is convenient, and this 

generates twice the amount of hydrogen as contained in the hydride, e.g.: 

CaH, +2H,0 ———> Ca(OH), + 2H, 

Electrolysis of acidified water using platinum electrodes is a convenient source of 

hydrogen (and oxygen) and, on a larger scale, very pure hydrogen (>99.95%) can be 

obtained from the electrolysis of warm aqueous solutions of barium hydroxide between 

nickel electrodes. The method is expensive but becomes economical on an industrial scale 

when integrated with the chloralkali industry (p. 931). Other bulk processes involve the 

(endothermic) reaction of steam on hydrocarbons or coke: 

1100°C CH, 2H.0 2 > CO tere 

1000°C 
C#HO CO+H, (water gas) 

In both processes the CO can be converted to CO, and more hydrogen generated by 

passing the gases and steam over an iron oxide or cobalt oxide catalyst at 400°C: 

400°C 
CO+H,0 CO,+H, 

catalyst 

This is the so-called water—gas shift reaction (— AG$9, 19.9 kJ mol *) and very recently it 

has also been effected by low-temperature homogeneous catalysts in aqueous acid 

solutions.'© The extent of subsequent purification of the hydrogen depends on the use to 
which it will be put. 

The industrial production of hydrogen is considered in more detail in the Panel. The 

largest single use of hydrogen is in ammonia synthesis (p.482) but other major 

applications are in the catalytic hydrogenation of unsaturated liquid vegetable oils to 

solid, edible fats (margarine), and in the manufacture of bulk organic chemicals, 

particularly methanol (by the “oxo” or hydroformylation process) 

cobalt 

CO+2H, MeOH 
catalyst 

Direct reaction of hydrogen with chlorine is a major source of hydrogen chloride (p. 946), 

and a smaller, though still substantial use is in the manufacture of metal hydrides and 

complex metal hydrides (p. 69). Hydrogen is used in metallurgy to reduce oxides to 

metals (e.g. Mo, W) and to produce a reducing atmosphere. Direct reduction of iron ores 

in steelmaking is also now becoming technically and economically feasible. Another 

medium-scale use is in oxyhydrogen torches and atomic hydrogen torches for welding and 

cutting. Liquid hydrogen is used in bubble chambers for studying high-energy particles 

and as a rocket fuel (with oxygen) in the space programme. Hydrogen gas is potentially a 

large-scale fuel for use in internal combustion engines and fuel cells if the notional 

“hydrogen economy” (see Panel on p. 46) is ever developed. 

° C.-H. CHENG and-R. EISENBERG, Homogeneous catalysis of the water—gas shift reaction using a platinum 
chloride-tin chloride system, J. Am. Chem. Soc. 100, 5969-70 (1978). 
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H es 

: _Todustrial Production of Hydrogen 

Moa reactions are available for the breparanon of hydrogen and the one chosen depends on 
te amount needed, the purity required and the availability of raw materials. Most (~95%) of the 

is consumed in integrated plants. on site (e.g. ammonia sik 

e.g. ~3x 10° m? or 0.25 million tonnes yearly in the USA alone. Small eae may have a 
capacity of 100- A000 mh medium-sized plants 4000-10 000 m? h~', and large plants can 

: _ produce 10*-10° m? h~!. The dominant large-scale. process in integrated plants is the catalytic 
_steam-hydrocarbon ‘reforming - process using natural gas or oil-refinery feedstock. After 

_ desulfurization (to protect catalysts) the feedstock is mixed with process steam and passed over a 
mieckel- oe oe at 700-1000°C to convert it irreversibly to mo and eg. 

om _+3H,0-255 360-4 7H, 

. : iw reversible reactions also occur to give a an ee mixture of H,, CO, Co, and H,0: 

The mixture is. cooled. to ~350°C Mo sneine a hich (cinperaiuee shift convertor where the 
major portion of the CO i is catalytically and exothermically converted to CO, and hydrogen by 
reaction with H,0. The i issuing gas is further cooled to 200° before entering the low-temperature 
shift convertor which reduces the CO content to 0.2 vol%,. The product is further cooled and CO, 
absorbed in a liquid: contacter. Further removal of residual CO and CO, can be effected by 
methanation at 350°C toa maximum of 10 ppm. Provided that the feedstock contains no nitrogen 
the product purity is about 98% ‘ Alternatively the low-temperature shift process and methanation 

— stage can be. replaced bya single pressure-swing absorption (PSA) system in which the hydrogen 
is purified by molecular sieves. The sieves are regenerated by adiabatic depressurization at 
ambient temperature (hence the name) and the product has a purity of 299.9%. 
Hydrogen is also produced as a byproduct of the brine electrolysis process for the manufacture 

of chlorine and sodium hydroxide (p. 931). The ratio of H,:Cl,:NaOH is, of course, fixed by 
_ stoichiometry and this is an economic determinant since bulk transport of the byproduct 

hydrogen is expensi 
capacity is about It 
—GB40x 10° m9). : 

main product, use sti 

'o illustrate the scale of the problem: the total UK chlorine production 
tonnes per year which corresponds to 28 000 tonnes of hydrogen 

ts designed specifically for the electrolytic manufacture of hydrogen as the 
ells and aqueous potassium hydroxide as electrolyte. The cells may be 

operated at atmosph pressure (Knowles cells) or at 30 atm (Lonza cells). Theoretically, 2 
faradays of electric charge a F =96 485 C mol” 1) should produce 1 mole H, and 4 mole O, (ie. 
2.35 MA h per 10° m* H, at STP). At the electrode current-densities normally used the cell 

_ yoltage is ~2 V which, together with transformer and rectifier soe gives a Practical power 
consumption of about 5 MWh per 10° m? of hydrogen. 

The various techni ues outlined above for producing pure hyd rogen 3 are not always practicable 
- when relatively small uantities of the as are required at remote locations such as weather 

stations. A hydrogen generator (1.25 m high, 2. 16 m long, 1.07 m wide; Pl. 3.1) has recently been 
developed for the inflation of weather balloons and for other purposes; it is mounted on a |-tonne 
general-service trailer and produces hydrogen at a rate of 4.2 m* h~! (3 mol min~'). Other units 
are available producing 1-17 m* h~‘. During production a 1:1 molar mixture of methanol and 
water is vaporized and passed over a “base-metal chromite” type catalyst at 400°C where it is 
cracked into hydrogen and carbon monoxide; subsequently steam reacts with the carbon 
eneree to produce the dioxide and more ay ogee 

MeOH 6 + OH. > 
catalyst — 

 COFH,O-—_+C0, +H; 

All the gases are ‘then ooned through a diffuser separator comprising a large number of small- 
diameter thin-walled tubes of palladium-silver alloy tightly packed in a stainless steel case. The 
solubility of hydrogen in palladium is well known (p. 1335) and the alloy with silver is used to 
prolong the life of the diffuser by avoiding troublesome changes in dimensions during the passage 
of hydrogen, The hides which emerges i is cool, pure, dry, and feady for use via a metering 
device. . fc 

vast amounts of the gas are produced for the general market, 

45 
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The Hydrogen Economy” oF
 

- The growing recognition es the past decade that world fae of coal: a 

Panel continued on p. 47 

7D. P. Grecory, The hydrogen economy, Chap. 23 in Chemistry in the Environment, Readings from 
Scientific American, 1973, pp. 219=27. 

°C. A. McAuttFrE, The hydrogen economy, Chem. in Br. 9, 559-63 (1973). 

°C. MARCHETTI, The hydrogen economy and the chemist, Chem. in Br. 13, 219-22 (1977). 
'°'L. B. McGown and J. O’M. Bockris, How to Obtain Abundant Clean Energy, Plenum, New York, 1980, 

275 pp. 

'©4L. O. WILLIAMS, Hydrogen Power, Pergamon Press, Oxford, 1980, 158 pp. 
‘! ANON., Hydrogen advocates focus on practical goals, Chem. Eng. News 56 (33), 28-31 (1978). 
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_ them with the help of computers, though it is significant that the most promising ones were 
_ discovered first by the intuition of chemists. Two potentially useful sequences are: 

1% CaBr,+H,0 + C040HBr © 

} 100°C : 

Sequence 1 oe 

: 3° HgBr, +CaO ——_—> HgO + CaBr, 

: S00 Co . 
4. ng0 Het $0, 

500°C 
L 3FeCl, + 4H,O ————> Fe,0,+6HCI+H, 

100°C 
Sequence 2 < 2. Fe;O, +3Cl, + 6HCl —_—_——> 3FeCl,+3H,0+40, 

300°C 
3. 3FeCl, => 3 FeCl, +30), 

The stage is thus set, and further work to establish safe and economically viable sources of 

hydrogen for general energy usage seems destined to flourish as an active area of research for some _ 
while. 

3.3.2 Deuterium 

Deuterium is invariably prepared from heavy water, D,O, which is itself now 

manufactured on the multitonne scale by the electrolytic enrichment of normal 

water.''*:!*) The enrichment is expressed as a separation factor between the gaseous and 
liquid phases: 

s=(H/D),/(H/D), 

The equilibrium constant for the exchange reaction 

H,O+HD=——— HDO+H, 

is about 3 at room temperature and this would lead to a value of s =3 if this were the only 

effect. However, the choice of the metal used for the electrodes can also affect the various 

electrode processes, and this increases the separation still further. Using alkaline solutions 

s values in the range 5—7.6 are obtained for many metals, rising to 13.9 for platinum 

cathodes and even higher for gold. By operating a large number of cells in cascade, and 

burning the evolved H,/D, mixture to replenish the electrolyte of earlier cells in the 

sequence, any desired degree of enrichment can ultimately be attained. Thus, starting with 

normal water (0.0156% of hydrogen as deuterium) and a separation factor of 5, the 

deuterium content rises to 10% after the original volume has been reduced by a factor of 

2400. Reduction by 66 000 is required for 90% deuterium and by 130000 for 99% 

deuterium. If, however, the separation factor is 10, then 99% deuterium can be obtained by 

12G. Vasaru, D. Ursu, A. MIHAILA, and P. SZENTGYORGYI, Deuterium and Heavy Water, Elsevier, 
Amsterdam, 1975, 404 pp. 

"3H. K. Rak (ed.), Separation of Hydrogen Isotopes, ACS Symposium Series No. 68, 1978, 184 pp. 
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a volume reduction on electrolysis of 22 000. Prior enrichment of the electrolyte to 15% 

deuterium can be achieved by a chemical exchange between H,S and H,O after which a 

fortyfold volume reduction produces heavy water with 99% deuterium content. Other 

enrichment processes are now rarely used but include fractional distillation of water 
(which also enriches !8O), thermal diffusion of gaseous hydrogen, and diffusion of H,/D, 
through palladium metal. 

Many methods have been used to determine the deuterium content of hydrogen gas or 

water. For H,/D, mixtures mass spectroscopy and thermal conductivity can be used 

together with gas chromatography (alumina activated with manganese chloride at 77 K). 

For heavy water the deuterium content can be determined by density measurements, 

refractive index change, or infrared spectroscopy. 

The main uses of deuterium are in tracer studies to follow reaction paths and in kinetic 

studies to determine isotope effects." * A good discussion with appropriate references is in 

Comprehensive Inorganic Chemistry, Vol. 1, pp. 99-116. The use of deuterated solvents is 

widespread in proton nmr studies to avoid interference from solvent hydrogen atoms, and 

deuteriated compounds are also valuable in structural studies involving neutron 

diffraction techniques. 

3.3.3. Tritium» 

Tritium differs from the other 2 isotopes of hydrogen in being radioactive and this 

immediately indicates its potential uses and its method of detection. Tritium occurs 

naturally to the extent of about 1 atom per 10'® hydrogen atoms as a result of nuclear 
reactions induced by cosmic rays in the upper atmosphere: 

"SN + on=3H+ 12C 

1°N +/}H =H + fragments 

*H+?H=;H+/H 

The concentration of tritium increased by over a-hundredfold when thermonuclear 

weapon testing began in March 1954 but is now subsiding again as a result of the ban on 

atmospheric weapon testing and the natural radioactivity of the isotope (t, 12.35 y). 

Numerous reactions are available for the artificial production of tritium and it is now 

made on a large scale by neutron irradiation of enriched °Li in a nuclear reactor: 

SLi+jn=%3He+ ;H 

The lithium is in the form of an alloy with magnesium or aluminium which retains much 

of the tritium until it is released by treatment with acid. Alternatively the tritium can be 

produced by neutron irradiation of enriched LiF at 450° in a vacuum and then recovered 
from the gaseous products by diffusion through a palladium barrier. As a result of the 

massive production of tritium for thermonuclear devices and research into energy 

production by fusion reactions, tritium is available cheaply on the megacurie scale for 

‘4 L. MELANDER and W. H. SAUNDERS, Reaction Rates of Isotopic Molecules, Wiley, New York, 1980, 331 pp. 
'S B.A. Evans, Tritium and its Compounds, 2nd edn., Butterworths, London, 1974, 840 pp. The definitive 

book on tritium with over 4000 references; mostly concerned with the preparation, safe handling, and uses of 
tritium-labelled organic compounds. 
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peaceful purposes.t The most convenient way of storing the gas is to react it with finely 

divided uranium to give UT, from which it can be released by heating above 400°C. 

Besides being one of the least expensive radioisotopes, tritium has certain unique 

advantages as a tracer. Like '4C it is a pure low-energy B~ emitter with no associated 

y-rays. The radiation is stopped by ~6 mm of air or ~6 um of material of density 

1 gcm_ ° (e.g. water). As the range is inversely proportional to the density, this is reduced 

to only ~1 um in photographic emulsion (9 ~3.5 g cm *) thus making tritium ideal for 

high-resolution autoradiography. Moreover, tritium has a high specific activity. The 

weight of tritium equal to an activity of 1 Ci is 0.103 mg and 1 mmol T, has an activity of 

58.25 Ci. Tritium is one of the least toxic of radiosiotopes and shielding is unnecessary; 

however, precautions must be taken against ingestion, and no work should be carried out 

without appropriate statutory authorization and adequate radiochemical facilities. 

Tritium has been used extensively in hydrological studies to follow the movement of 

ground waters and to determine the age of various bodies of water. It has also been used to 

study the adsorption of hydrogen and the hydrogenation of ethylene on a nickel catalyst 

and to study the absorption of hydrogen in metals. Autoradiography has been used 

extensively to study the distribution of tritium in multiphase alloys, though care must be 

taken to correct for the photographic darkening caused by emanated tritium gas. 

Increasing use is also being made of tritium as a tracer for hydrogen in the study of 

reaction mechanisms and kinetics and in work on homogeneous catalysis. 

The production of tritium-labelled organic compounds was enormously facilitated by 

K. E. Wilzbach’s discovery in 1956 that tritium could be introduced merely by storing a 

compound under tritium gas for a few days or weeks: the B~ radiation induces exchange 

reactions between the hydrogen atoms in the compound and the tritium gas. The excess of 

gas is recovered for further use and the tritiated compound is purified chromato- 

graphically. Another widely used method of general applicability is catalytic exchange in 

solution using either a tritiated solution or tritium gas. This is valuable for the routine 

production of tritium compounds in high radiochemical yield and at high specific activity 

(>50 mCi mmol~'). For example, although ammonium ions exchange relatively slowly 

with D,O, tritium exchange equilibria are established virtually instantaneously: tritiated 

ammonium salts can therefore be readily prepared by dissolving the salt in tritiated water 

and then removing the water by evaporation: 

(NH,),SO, ete HTO = (NH 31),50, ae H,O, etc. 

For exchange of non-labile organic hydrogen atoms, acid-base catalysis, or some other 

catalytic hydrogen-transfer agent such as palladium or platinum, is required. The method 

routinely gives tritiated products having a specific activity almost 1000 times that 

obtained by the Wilzbach method; shorter times are required (2-12 h) and subsequent 

purification is easier. 
When specifically labelled compounds are required, direct chemical synthesis may be 

necessary. The standard techniques of preparative chemistry are used, suitably modified 

for small-scale work with radioactive materials. The starting material is tritium gas which 

can be obtained at greater than 98% isotopic abundance. Tritiated water can be made 

+ See also p. 21 for the influence on the atomic weight of commercially available lithium in some countries. 

CTE-C* 
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either by catalytic oxidation over palladium or by reduction of a metal oxide: 

Pd 

2T, Sr O, SS Se 2T,O 

T, + CuO +s T,O4-Cn 

Note, however, that pure tritiated water is virtually never used since 1 ml would contain 

2650 Ci; it is self-luminescent, irradiates itself at the rate of 6x10!’ eV ml=!s7? 

(~ 10° rad day~ '), undergoes rapid self-radiolysis, and also causes considerable radiation 
damage to dissolved species. In chemical syntheses or exchange reactions tritiated water of 

1% tritium abundance (580 mCi mmol ~’) is usually sufficient to produce compounds 

having a specific activity of at least 100 mCi mmol” !. Other useful synthetic reagents are 

NaT, LiAIH;,T, NaBH,3T, NaBT,, B,T,, and tritiated Grignard reagents. Typical 
preparations are as follows: 

Liber eR 

Lib: in eG 

ALiT-bAICh = = LIAM 4 iC) 

BH Ei Boe 

3NaBT,+4BF,.OEt, ———> 2B,T, + 3NaBF, 

3T,O(g)+ P(CN); ——> 3TCN +T,PO, 

CY re Wl Dae ys WY YY 

Br; +T,———> 2TBr 

P(red)+ I, + HTO ———>TI+HI+... 

NH le NEL S| 

Mg,N,+6T,O °° 2NT, +3Mg(OT), 
ra 

M+5 pps dere 

3.4 Chemical Properties and Trends 

Hydrogen is a colourless, tasteless, odourless gas which has only low solubility in liquid 
solvents. It is comparatively unreactive at room temperature though it combines with 

fluorine even in the dark and readily reduces aqueous solutions of palladium(II) chloride: 

PdCl,(aq)+H, Pd(s)+ 2HCl(aq) 
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This reaction can be used as a sensitive test for the presence of hydrogen. At higher 

temperatures hydrogen reacts vigorously, even explosively, with many metals and non- 

metals to give the corresponding hydrides. Activation can also be induced photolytically, 

by heterogeneous catalysts (Raney nickel, Pd, Pt, etc.), or by means of homogeneous 

hydrogenation catalysts. Industrially important processes include the hydrogenation of 

many organic compounds and the use of cobalt compounds as catalysts in the 

hydroformylation of olefins to aldehydes and alcohols at high temperatures and pressures 
(p. 1324): 

RCH =CH,+H,+CO ROH,CH CHO. = RGHECHAGHEOH 

An even more effective homogeneous hydrogenation catalyst is the complex 

[RhCl(PPh,)3] which permits rapid reduction of alkenes, alkynes, and other unsaturated 

compounds in benzene solution at 25°C and | atm pressure (p. 1318). The Haber process, 

which uses iron metal catalysts for the direct synthesis of ammonia from nitrogen and 

hydrogen at high temperatures and pressures, is a further example (p. 482). 

The hydrogen atom has a unique electronic configuration 1s‘: accordingly it can gain 

an electron to give H” with the helium configuration 1s? or it can lose an electron to give 

the proton H* (p. 42). There are thus superficial resemblances both to the halogens 

which can gain an electron to give an inert-gas configuration ns?np°, and to the alkali 

metals which can lose an electron to give M* (ns?np°). However, because hydrogen has 

no other electrons in its structure there are sufficient differences from each of these two 

groups to justify placing hydrogen outside either. For example, the proton is so small 

(r~ 1.5 x 10°? pm compared with normal atomic and ionic sizes of ~ 50-220 pm) that it 
cannot exist in condensed systems unless associated with other atoms or molecules. The 

transfer of protons between chemical species constitutes the basis of acid—base 

phenomena (see Section 3.4.1). The hydrogen atom is also frequently found in close 

association with 2 other atoms in linear array; this particularly important type of 

interaction is called hydrogen bonding (see Section 3.5). Again, the ability to penetrate 

metals to form nonstoichiometric metallic hydrides, though not unique to hydrogen, is 

one of its more characteristic properties as is its ability to form nonlinear hydrogen bridge 

bonds in many of its compounds. These properties will emerge during the general 

classification of the hydrides of the elements in section 3.6. 

3.4.1 Protonic acids and bases”? 

Many compounds that contain hydrogen can donate protons to a solvent such as water 

and so behave as acids. Water itself undergoes ionic dissociation to a small extent by 
means of autoprotolysis; the process is usually represented formally by the equilibrium 

H,O0+H,O H,0* +OH- 

though it should be remembered that both ions are further solvated and that the time a 

proton spends in close association with any one water molecule is probably only about 

10-13 s. Depending on what aspect of the process is being emphasized, the species 

H,O7* (aq) can be called an oxonium ion, a hydrogen ion, or simply a solvated (hydrated) 

proton. The equilibrium constant for autoprotolysis is 

K,=[H,0*] [OH ]/[H,O]’ 
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and, since the concentration of water is essentially constant, the ionic product of water can 

be written as 

K,=[H,0*] [OH™] mol?1-? 

The value of K,, depends on the temperature, being 0.69 x 107'* mol? 17? at 0°C, 
1.00 x 10714 at 25°C, and 47.6x 107 '* at 100°C. It follows that the hydrogen-ion 
concentration in pure water at 25°C is 10°’ mol 1” *. Acids increase this concentration by 

means of the reaction 

_[H3;0*] [A] 
~ [HA] [H20] 

HA+H,0O H,0°+A’; K 

The symbol HA implies only that the species can act as a proton donor: it can be a neutral 

species (e.g. H,S), an anion (e.g. H,PO,~) or a cation such as [Fe(H,O),]**. The 

hydrogen-ion concentration is usually expressed as pH (see Panel). In dilute solution 

the concentration of water molecules is constant at 25°C (55.345 mol1~'), and the 

dissociation of the acid is often rewritten as 

HA==—=H* +A>;_ K,=[H*] [A7~]/[HA] mol 17! 

The acid constant K, can also be expressed by the relation 

pK,=—log K, 

Hence, as K,=55.345 K, pK,=pK — 1.734. 

Further, as the free energy of dissociation is given by 

AG° = —RTIn K = —2.3026RTlog K, 

the standard free energy of dissociation is 

AGS 08.15 =5.708pK = 5.708(pK, + 1.734) kJ mol”? 

Textbooks of analytical chemistry should be consulted for further details concerning the 

ionization of weak acids and bases and the theory of indicators, buffer solutions, and 

acid-alkali titrations.“°"® 
Various trends have long been noted in the acid strengths of many binary hydrides and 

oxoacids.'?) Values for some simple hydrides are given in Table 3.3 from which it is clear 

TABLE 3.3. Approximate values of pK, for simple hydrides 

CH, 46 NH, 35 OH, 16 FH 3 
PH, 27 SH, 7 Fels ere 

SeH, 4 BrH = —9 
TeH, 3 1H ~10 

16 AI. VOGEL, Quantitative Inorganic Analysis, 3rd edn., Sections 1.27—1.38, pp. 51-72. Longmans, London, 
1964. 

'7R. A. Day and A. L. UNDERWOOD, Quantitative Analysis, 2nd edn., Chap. 4, pp. 74-124, Prentice-Hall, 
Englewood Cliffs, 1967. 

'8 DP. ROSENTHAL and P. ZuMmaN, Acid—base equilibria, buffers, and titrations in water, Chap. 18 in I. M. 
KovtuorF and P. J. ELvinG (eds.), Treatise on Analytical Chemistry, 2nd edn., Vol. 2, Part 1, 1979, pp. 157-236. 

Succeeding chapters (pp. 237-440) deal with acid—base equilibria and titrations in non-aqueous solvents. 
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The Concept of pH 

_ The now universally used measure of the hydrogen-ion concentration was introduced in 1909 
. = the Danish biochemist S. P. L. Sorensen during his work at the Carlsberg Breweries (Biochem. 
& a 21, 131, 1909): : 

pH = —logfH*] 

= The symbol pH derives from the French puissance dhydrogeéne, referring to the exponent or 
oe of ten” used to express the concentration. Thus a hydrogen-ion concentration of 

- 10°? moll”! is designated pH 7, whilst acid solutions with higher hydrogen-ion concentrations _ 
have a lower pH. For example, a strong acid of concentration 1 mmol 1”! has pH 3, whereas a 

_ strong alkali of the same concentration has pH 11 since [H;0*]=10 '*/[OH ]=10°''. 
Unfortunately, it is far simpler to define pH than to measure it, despite the commercial 

- availability of instruments that —— to do this. Most instruments use an dino shine cell 
such as 

Ne crotetes) solution |3.5 m KCl(aq)|Hg,Cl,|Hg 

Assuming that the glass electrode shows an ideal hydrogen electrode response, the emf of the cell 
7 sul depends on the magnitude of the liquid junction potential E, and the activity coefficients p of 
the ionic species: : 

E=E° “ . yell“) +E,—$2 inf) 

P For this reason, the pH as measured by any of the existing national standards is an operational ‘ 
- quantity which has no simple fundamental significance. It is defined by the equation 

(Ex —Es)F 

RT In 10 

where pH(S) is the assigned pH of a standard buffer solution such as those supplied with pH 
‘meters. 

_ Only in the case of dilute aqueous solutions (<0.1 mol 1~') which are neither strongly acid or 
_ alkaline ce pH < 12) is pH(X) such that 

pH(X)= —loglH*]y, +0.02 

Meee Yt the mean ionic activity coefficient of a typical uni-univalent electrolyte, is given by 

: —logy, =AR(U +1) 

In this expression Tisthei josie stre ngth of the solution and A is a temperature-dependent constant 
(0.51 } moi~? at 25°C; 0.50 I! mol? at 15°C), It is clearly unwise to associate a pH meter reading 
too closely with pH unless under very controlled conditions, and still less sensible to relate the _ 
reading to the actual hydrogen-ion concentration in conten. For further pe Saeoncere of ae 
eater ments, see ref, 19. : 

pH(X) = pH(S)+ 

that acid strength increases with atomic number both in any one horizontal period and in 

any vertical group. Several attempts have been made to interpret these trends, at least 

qualitatively, but the situation is complex. The trend to increasing acidity from left to right 

in the periodic table could be ascribed to the increasing electronegativity of the elements 

which would favour release of the proton, but this is clearly not the dominant effect within 

any one group since the trend there is in precisely the opposite direction. Within a group it 

is the diminution in bond strength with increasing atomic number that prevails, and 

19 CC. Westcott, pH Measurements, Academic Press, New York, 1978, 172 pp. IUPAC Subcommittee on 
Calibration and Test Materials: Potentiometric ion activities (pH scales and materials), Pure Appl. Chem. 50, 
1485-1517 (1978). [More recent discussion on the question of a single primary standard is given in Chemistry 
International (IUPAC) 1980 (No. 6), pp. 23-25.] 
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entropies of solvation are also important. It should, perhaps, be emphasized that 

thermodynamic computations do not “explain” the observed acid strengths; they merely 

allocate the overall values of AG, AH, and AS to various notional subprocesses such as 

bond dissociation energies, ionization energies, electron affinities, heats and entropies of 

hydration, etc., which themselves have empirically observed values that are difficult to 

compute ab initio. 
Regularities in the observed strengths of oxoacids have been formulated in terms of two 

rules by L. Pauling and others: 

(i) for polybasic mononuclear oxoacids, successive acid dissociation constants 

diminish approximately in the ratios 1:10°°:107~'°:...; 
(ii) the value of the first ionization constant for acids of formula XO,,(OH), depends 

sensitively on m but is approximately independent of n and X for constant m, being 

<10~8 for m=0, ~10~? for m=1, ~ 10° for m=2, and > 108 for m=3. 

Thus to illustrate the first rule: 

_[H*][H,PO, H,PO,-H* +H,PO,-; K,= cd 2294 103 Hol FeepR = 215 
[H;P0,] 

H* 2- 
Hj PO,> =H *+HPO)7 3 -K al ] LBEGs ine 6.31 x 1078 mol1l7!; pK, =7.20 

z [H,PO,7] Zz 4 

H+} [P0,37 
HPO,’ =H*+PO,*" ; Ke TPS 7] DS 4035 10-1 moll pee 37 

4 

Qualitatively, a reduction in pK, for each successive stage of ionization is to be expected 

since the proton must separate from an anion of increasingly negative charge, though the 

approximately constant reduction factor of 10° is more difficult to rationalize 

quantitatively. 

Acids which illustrate the second rule are summarized in Table 3.4. The qualitative 

TABLE 3.4 Values of pK, for some mononuclear oxoacids XO,,(OH), 
(pK, ~8-—Sm) 

X(OH),, XO(OH),, XO,(OH), XO,(OH), 
(very weak) (weak) (strong) (very strong) 

Cl(OH) 72 NO(OH) 33 NO,(OH) —14 ClO,(OH) (—10) 
Br(OH) 8.7 ClIO(OH) 2.0 CIO,(OH) —-1 MnO,(OH) — 
I(OH) 10.0 CO(OH), 3.9 10,(OH) 0.8 
B(OH), 92 SO(OH), 1.9 SO,(OH), <0 
As(OH); 9.2 SeO(OH), 2.6 SeO,(OH), <0 
Sb(OH), 11.0 TeO(OH), — 2.7 
Si(OH), 10.0 PO(OH),. 42:1 
Ge(OH), 8.6 AsO(OH); 2.3 
Te(OH), 8.8 IO(OH), 1.6 

HPO(OH), 1.8) 
H,PO(OH) 2.0° 

) Corrected for the fact that only 0.4% of dissolved CO, is in the form of H,CO,; the conventional value is 
pK, 6.5. 

‘°) Note that the value of pK, for hypophosphorous acid HPO; is consistent with its (correct) formulation as 
HPO(OH), rather than as P(OH)3, which would be expected to have pK, >8. Similarly for H;PO,, which is 
H,PO(OH) rather than HP(OH),. 
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explanation for this regularity is that, with increasing numbers of oxygen atoms the single 

negative charge on the anioncan be spread more widely, thereby reducing the electrostatic 

energy attracting the proton and facilitating the ionization. On this basis one might expect 

an even more dramatic effect if the anion were monoatomic (e.g. S*~ , Se? , Te? ) since the 

attraction of these dianions for protons will be very strong and the acid dissociation 

constant of SH” ,SeH~, and TeH correspondingly small; this is indeed observed and the 

ratio of the first and second dissociation constants is ~ 10® rather than 10° (Table 3.5). 

TABLE 3.5 First and second ionization constants for H,S, 
H,Se, and H,Te 

pK, pK, ApK 

S 7 14 7 
H,Se 4 12 8 
H,Te 3 11 8 

The results for dinuclear and polynuclear oxoacids are also consistent with this 

interpretation. Thus for phosphoric acid, H,P,O,, the successive pK, values are 1.5, 2.4, 

6.6, and 9.2; the ~ 10-fold decrease between pK , and pK, (instead of a decrease of 10°) is 

related to the fact that ionization occurs from two different PO, units. The third stage 

ionization, however, is ~ 10° less than the first stage and the difference between the mean 

of the first two and the last two ionization constants is ~ 5 x 10°. 
Another phenomenon that is closely associated with acid—base equilibria is the so- 

called hydrolysis of metal cations in aqueous solution, which is probably better considered 

as the protolysis of hydrated cations, e.g.: 

“hydrolysis”: Fe?* +H,O=[Fe(OH)]** +H* 

protolysis: [Fe(H,O),]*°* +H,O=—[Fe(H,O),(OH)]?*+H,0*; pK, 3.05 

[Fe(H,O);(OH)]?* +H,O—[Fe(H,O),(OH),]*+H3;0*; pK, 3.26 

It is these reactions that impart the characteristic yellow to reddish-brown coloration of 

the hydroxoaquo species to aqueous solutions of iron(III) salts, whereas the undissociated 

ion [Fe(H,O),]°* is pale mauve, as seen in crystals of iron(III) alum 

{{Fe(H,O),] [K(H,O),] (SO,),} and iron(II) nitrate {[Fe(H,O),] (NO3)3.3H,O}. 

Such reactions may proceed to the stage where the diminished charge on the hydrated 

cation permits the formation of oxobridged, or hydroxobridged polynuclear species that 

eventually precipitate as hydrous oxides (see discussion of the chemistry of many elements 

in later chapters). A useful summary is in Fig. 3.2. By contrast, extensive studies of the pK, 

values of hydrated metal ions in solution has generated a wealth of numerical data but no 

generalizations such as those just discussed for the hydrides and oxoacids of the non- 
metals.?° Typical pK, values fall in the range 3-14 and, as expected, there is a general 

tendency for protolysis to be greater (pK, values to be lower) the higher the cationic 

charge. For example, aqueous solutions of iron(III) salts are more acidic than solutions of 

the corresponding iron(II) salts. However, it is difficult to discern any regularities in pK, 

20L. G. SILLEN, Q. Rev. (London) 13, 146-68 (1969); Pure Appl. Chem. 17, 55-78 (1968). 
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Fic. 3.2 Plot of effective ionic radii versus oxidation state for various elements. 

for series of cations of the same ionic charge, and it is clear that specific “chemical” effects 

must also be considered. 
Bronsted acidity is not confined to dilute aqueous solutions and the ideas developed in 

the preceding pages can be extended to proton donors in nonaqueous solutions.??) In 

organic solvents and anhydrous protonic liquids the concepts of hydrogen-ion 

concentration and pH, if not actually meaningless, are certainly operationally in- 

applicable and acidity must be defined on some other scale. The one most frequently used 

is the Hammett acidity function Hy which enables various acids to be compared in a given 

solvent and a given acid to be compared in various solvents. For the equilibrium between 

a base and its conjugate acid (frequently a coloured indicator) 

B+H*=BH* 

the acidity function is defined as 

Ho =pKgy+ —log{[ BH * ]/[B]} 

In very dilute solutions 

Kyy+ =[B] [H*]/[BH*] 

so that in water H, becomes the same as pH. Some values for typical anhydrous acids are 
in Table 3.6 and these are discussed in more detail in appropriate sections of later chapters. 

21 C.H. Rocuester, Acidity Functions, Academic Press, London, 1970, 300 pp. 
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TABLE 3.6. Hammett acidity functions for some anhydrous acids 

Acid Ho Acid Hy 

HSO,F +SbF;+SO, > 16 HF 10.2 
HF + SbF.(3M) 15.2 H,PO, 5.0 
HSO,F 12.6 H,SO,(63% in H,O) 4.9 
H,SO, 11.0 HCO,H me) 

It will be noted that addition of SbF; to HF considerably enhances its acidity and the 

same effect can be achieved by other fluoride acceptors such as BF, and TaF.: 

2HF + MF,=—H,F* +MF,,..- 

The enhancement of the acidity of HSO;F by the addition of SbF, is more complex and 

the equilibria involved are discussed on p. 664. 

3.5 The Hydrogen Bond’??:?*:?*) 

The properties of many substances suggest that, in addition to the “normal” chemical 

bonding between the atoms and ions, there exists some further interaction involving a 

hydrogen atom placed between two or more other groups of atoms. Such interaction is 

called hydrogen bonding and, though normally weak (10-60 kJ per mol of H bonds), it 

frequently has a decisive influence on the structure and properties of the substance. A 

hydrogen bond can be said to exist between 2 atoms A and B when these atoms approach 

more closely than would otherwise be expected in the absence of the hydrogen atom and 

when, as a result, the system has a lower total energy. The bond is represented as 

A-H.:--B and usually occurs when A is sufficiently electronegative to enhance the acidic 

nature of H (proton donor) and where the acceptor B has a region of high electron density 

(such as a lone pair of electrons) which can interact strongly with the acidic hydrogen. It 

will be convenient first to indicate the range of phenomena which are influenced by H 

bonding and then to discuss more specifically the nature of the bond itself according to 

current theories. The experimental evidence suggests that strong H bonds can be formed 

when A is F, O, or N; weaker H bonds are sometimes formed when A is C or a second row 

element, P, S, Cl, or even Br, I. Strong H bonds are favoured when the atom Bis F, O, or N 

(but never C); the other halogens Cl, Br, I are less effective unless negatively charged and 

the atoms S and P can also sometimes act as B in weak H bonds. 

3.5.1 Influence on properties 

It is well known that the mps and bps of NH3, H,O, and HF are anomalously high when 

compared with the mps and bps of the hydrides of other elements in Groups V, VI, and 

>? G. C. PIMENTEL and A. L. MCCLELLAN, The Hydrogen Bond, W. H. Freeman, San Francisco, 1960, 475 pp. 
A definitive review with a comprehensive bibliography of 2242 references. 

23 W. C. HAMILTON and J. A. IBers, Hydrogen Bonding in Solids, W. A. Benjamin, New York, 1968, 284 pp. 
23a J EmMsLey, Very strong hydrogen bonding, Chem. Soc. Revs. 9, 91-124 (1980). 
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VII, and the same effect is noted for the heats of vaporization, as shown in Fig. 3.3. The 

explanation normally given is that there is some residual interaction (H bonding) between 

the molecules of NH3, H,O, and HF which is absent for methane, and either absent or 

much weaker for heavier hydrides. This argument is probably correct in outline but is 

deceptively oversimplified since it depends on the assumption that only some of the H 

bonds in solid HF (for example) are broken during the melting process and that others are 

broken on vaporization, though not all, since HF is known to be substantially 

polymerized even in the gas phase. The mp is the temperature at which there is zero free- 

energy change on passing from the solid to the liquid phase: 

AG, = AH, -T_AS,,=0;"" hence’ 7 An Ase 

It can be seen that a high mp implies either a high enthalpy of melting, or a low entropy of 

melting, or both. Similar arguments apply to vaporization and the bp, and indicate the 

difficulties in quantifying the discussion. 

Other properties that are influenced by H bonding are solubility and miscibility, heats 

+100 

Fic. 3.3 Plots showing the high values of mp, bp, and heat of vaporization of NH;3, H,O,and HF 
when compared with other hydrides. Note also that the mp of CH, (— 182.5°C) is slightly higher 

than that of SiH, (— 185°C). 
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of mixing, phase-partitioning properties, the existence of azeotropes, and the sensitivity of 

chromatographic separation. Liquid crystals (or mesophases) which can be regarded as 
- “partly melted” solids also frequently involve molecules that have H-bonded groups (e.g. 

cholesterols, polypeptides, etc.). Again, H bonding frequently results in liquids having 

a higher density and lower molar volume than would otherwise have been expected, and 

viscosity is also affected (e.g. glycerol, anhydrous H,SO,, H3;POu, etc.). 

Electrical properties of liquids and solids are sometimes crucially influenced by H 

bonding. The ionic mobility and conductance of H,O* and OH in aqueous solutions are 

substantially greater than those of other univalent ions due to a proton-switch mechanism 

in the H-bonded associated solvent, water. For example, at 25°C the conductance of 

H,O* and OH are 350 and 192 ohm! cm? mol ~', whereas for other (viscosity-con- 
trolled) ions the values fall mainly in the range 50-75 ohm! cm? mol” !. (To convert to 
mobility, v cm? s-! V~!, divide by 96 485 C mol” '.) It is also notable that the dielectric 
constant is not linearly related to molecular dipole moments for H-bonded liquids being 

much higher due to the orientating effect of the H bonds: large domains are able to align in 

an applied electric field so that the molecular dipoles reinforce one another rather than 

cancelling each other due to random thermal motion. Some examples are given in Fig. 3.4, 

which also illustrates the substantial influence of temperature on the dielectric constant of 
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Fic. 3.4 Dielectric constant of selected liquids. 
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H-bonded liquids presumably due to the progressive thermal dissociation of the H bonds. 

Even more dramatic are the properties of ferroelectric crystals where there is a stable 

permanent electric polarization. Hydrogen bonding is one of the important ordering 

mechanisms responsible for this phenomenon as discussed in more detail in the Panel. 

_ A ferroelectric crystal is one that has 
external electric field. This arises be 
coincide with the centre of negativec 
in Rochelle salt, which is the H-bon: 
- compounds the dipole moment can rise t 
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Anomalous temperature dependence of relative dielectric constant of ferroelectrics at transition 
temperature. 

Panel continues 

*4 C. KivTELL, /ntroduction to Solid State Physics, 5th edn., Chap. 13, pp. 399-431. Wiley, New York, 1976. 
°° J.C. Burroor, Ferroelectrics, D, van Nostrand, London, 1967, 261 pp. 
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The dramatic effect of deuterium substitution in raising the transition temperature of such S 
compounds can be seen from the Table; this has been ascribed to a quantum-mechanical effect 

involving the mass dependence of the de Broglie wavelength of hydrogen. Other examples of - 
-H-bonded ferroelectrics are (NH,)H2PO,, (NH,)H,AsO,, Ag,H,IO,, (NH,)AKSO,),. 6H 20, 
and (NH,),SO,. Rochelle salt is unusual in having both an Upper and alower critical temperature - 

_ between which the compound is ferroelectric. — 
The closely related phenomenon of antiferroelectric behaviour i is also known, in which there i i 
_ an ordered, self-cancelling arrangement of permanent electric dipole moments below a certain 

_ transition temperature; H bonding is again implicated in the ordering mechanism for several : 

ammonium salts of this type, e.g. (NH,)H,PO, 148 K, (NH,)D,PO, 242 K, (NH,)H,AsO, _ 
216K, (NH,)D, AsO, 304 K, and (NH,),H 310, 254 K. As with ferroelectrics, antiferroelectrics _ 
can also arise by a displacive mechanism i in perovskite-type structures, and oped aot “— 78 

_ their transition temperatures, are: S o 
PbZrO, 506 K, PbHIO,; 488 K, NaNbO, 793, 9il K, and WO, 1010 re 
Ferroelectrics have many practical applications: they can be used as ‘miniature ceramic - 

capacitors because of their large capacitance, and their electro-optical characteristics enablethem _ 
to modulate and deflect laser beams. The temperature. dependence of spontaneous polarization _ 

induces a strong pyroelectric effect which can be exploited i in thermal and infrared detection. — 
c Many applications depend on the fact that all ferroelectrics are also piezoelectrics. Piezoelectricit . 
is the property of acquiring (or altering) an electric polarization P under external ‘mechanical > 
stress, or conversely, the property of changing size (or shape) when subjected to anexternal electric 7 
_ field E. Thus ferroelectrics have been used as transducers to convert mechanical pulses into _ 
electrical ones and vice versa, and find extensive application in ultrasonic generators 
microphones, and gramophone pickups; they can also be used as frequency controllers, electric 
filters, modulating devices, frequency multipliers, : and as switches, counters, and other bistable So 

elements in computer circuits. A further ingeneous application i is in delay lines by means of which _ 
an electric signal is transformed piezoelectrically into an acoustic signal which passes down the _ 
piezoelectric rod | at the velocity of sound oe at the other end, x is reconverted into a 1 (delayed) - 

| electric signal. 
It should be noted that, ‘whereas seyromecties are necessarily peo. the converse need _ 

not apply. The necessary condition for a crystal to be piezoelectric is that it must lack acentre of _ 
_ inversion symmetry. Of the 32 point groups, 20 qualify for piezoelectricity onthis criterion, butfor 
_ ferroelectric behaviour a further criteria is required (the possession of a single non-equivalent = 

direction) and only 10 space groups meet this additional requirement. An example ofacrystal that 
___ is piezoelectric but not ferroelectric is quartz, and indeed this is a particularly important example _ 

since the use of quartz for oscillator stabilization has permitted the development of extremely _ 
accurate clocks (1 in 10°) and has also made possible the whole of modern radio and television _ 
7 Ronis oe os oe communications os ances and aoe vehicles. — 8 

Intimate information about the nature of the H bond has come from vibrational 

spectroscopy (infrared and Raman), proton nmr spectroscopy, and diffraction techniques . 

(X-ray and neutron). In vibrational spectroscopy the presence of a hydrogen bond 
A-H.---B is manifest by the following effects: 

(i) the A-H stretching frequency v shifts to lower wave numbers; 

(ii) the breadth and intensity of v(A—H) increase markedly, often more than tenfold; 

(iii) the bending mode 6(A-H) shifts to higher wave numbers; 

(iv) new stretching and bending modes of the H bond itself sometimes appear at very 

low wave numbers (20-200 cm’). 

Most of these effects correlate roughly with the strength of the H bond and are 

particularly noticeable when the bond is strong. For example, for isolated non-H-bonded 

hydrogen groups, v(O—H) normally occurs near 3500-3600 cm~! and is less than 10 cm~! 
broad; in the presence of O-H---O bonding Vanisym drops to ~ 1700-2000 cm™', is 

several hundred cm! broad, and much more intense. A similar effect of 
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Av ~ 1500-2000 cm~! is noted on F-H---F formation and smaller shifts have been 

found for N-H-:-F (Av<1000 cm™'), N-H:--O (Av<400 cm™'), O-H---N 

(Av< 100 cm~'), etc. A full discussion of these effects, including the influence of solvent, 

concentration, temperature, and pressure, is given in ref. 22. Suffice it to note that the 

magnitude of the effect is much greater than expected on a simple electrostatic theory of 

hydrogen bonding, and this implies appreciable electron delocalization (covalency) 

particularly for the stronger H bonds. 
Proton nmr spectroscopy has also proved valuable in studying H-bonded systems. As 

might be expected, substantial chemical shifts are observed and information can be 

obtained concerning H-bond dissociation, proton exchange times, and other relaxation 

processes. The chemical shift always occurs to low field and some typical values are 

tabulated below for the shifts which occur between the gas and liquid phases or on dilution 

in an inert solvent: 

Compound CH, C,H, CHCl, HCN NH, PH, 
6 ppm 0 0 0.30 1.65 1.05 0.78 

Compound H,0 H,S HF HCl HBr HI 
5 ppm 4.58 1.50 6.65 2.05 1.78 2.55 

The low-field shift is generally interpreted, at least qualitatively, in terms of a decrease in 

diamagnetic shielding of the proton:?® the formation of A-H---B tends to draw H 
towards B and to repel the bonding electrons in A-H towards A thus reducing the electron 

density about H and reducing the shielding. The strong electric field due to B also inhibits 

the diamagnetic circulation within the H atom and this further reduces the shielding. In 

addition, there is a magnetic anisotropy effect due to B; this will be positive (upfield shift) if 

the principal symmetry axis of B is towards the H bond, but the effect is presumably small 

since the overall shift is always downfield. 

Ultraviolet and visible spectra are also influenced by H bonding, but the effects are more 

difficult to quantify and have been rather less used than ir and nmr. It has been found that 

the n—7* transition of the base B always moves to high frequency (blue shift) on H-bond 

formation, the magnitude of Av being ~300-4000cm~' for bands in the region 

15 000-35 000 cm 7’. By contrast x 7* transitions on the base B usually move to lower 

frequencies (red shift) and shifts are in the range — 500 to — 2300 cm’ for bands in the 

region 30 000-47 000 cm '. Detailed interpretations of these data are somewhat complex 

and obscure, but it will be noted that the shifts are approximately of the same magnitude 

as the enthalpy of formation of many H bonds (83.54 cm™' per atom=1 kJ mol” '). 

3.5.2 Influence on structure?’ *°) 

The crystal structure of many compounds is dominated by the effect of H bonds, and 

numerous examples will emerge in ensuing chapters. Ice (p. 731) is perhaps the classic 

26 J A. PopLe, W. G. SCHNEIDER, and H. J. BERNSTEIN, High Resolution Nuclear Magnetic Resonance, Chap. 

15, McGraw-Hill, New York, 1959. 

27 L. PAULING, The Nature of the Chemical Bond, 3rd edn., Chap. 12, Cornell University Press, Ithaca, 1960. 

28 A F. WELLS, Structural Inorganic Chemistry, 4th edn., Oxford University Press, Oxford, 1975. 
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example, but the layer lattice structure of B(OH), (p. 229) and the striking difference 

between the «- and f-forms of oxalic and other dicarboxylic acids is notable (Fig. 3.5). The 

more subtle distortions that lead to ferroelectric phenomena in KH,PO, and other 

crystals have already been noted (p. 61). Hydrogen bonds between fluorine atoms result 

in the formation of infinite zigzag chains in crystalline hydrogen fluoride with F—H---F 

distance 249 pm and the angle HFH 120.1°. Likewise, the crystal structure of NH,HF, is 

completely determined by H bonds, each nitrogen atom being surrounded by 8 fluorines, 

4 in tetrahedral array at 280 pm due to the formation of N-H---F bonds, and 4 further 

away at about 310 pm; the two sets of fluorine atoms are themselves bonded pairwise at 

232 pm by F-H-F interactions. Ammonium azide NH,N, has the same structure as 

NH,HF.,, with N-H---N 298 pm. Hydrogen bonding also leads NH,F to crystallize 

with a structure different from that of the other ammonium (and alkali) halides: NH,Cl, 

NH, Br, and NH,I each have a low-temperature CsCl-type structure and a high- 

temperature NaCl-type structure, but NH,F adopts the wurtzite (ZnS) structure in which 

each NH,” group is surrounded tetrahedrally by 4 F to which it is bonded by 4 N-H---F 

bonds at 271 pm. This is very similar to the structure of ordinary ice. Typical values of 

A-H.--B distances found in crystals are given in Table 3.7. 

The precise position of the H atom in crystalline compounds containing H bonds has 

excited considerable experimental and theoretical interest. In situations where a 

symmetric H bond is possible in principle, it is frequently difficult to decide whether the 

proton is vibrating with a large amplitude about a single potential minimum or whether it 

is vibrating with a smaller amplitude but is also statistically disordered between two close 

sites, the potential energy barrier between the two sites being small.'>: 73” It now seems 
well established that the F-H-F bond is symmetrical in NaHF, and KHF,, and that the 
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Fic. 3.5 Schematic representation of the two forms of oxalic acid, (—CO,H)),. 
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Taste 3.7. Length of typical H bonds'23+?®) 

Bond Length/pm 

F_-H-F 226 

F-H.:-F 245-249 

O-H::-F 265-272 

O-H:::-Cl 292-318 

O-H.--Br 304 

O-H-O 240-250 

O-H::-O 248-290 

O-H::-S 320+ 

O-H:--N 268-279 

N-H.::-F 262-282 

N-H---Cl 300-320 

N-H:--I 346 
N-H::--O 281-304 

N-H.:--N . 294-315 

P-H..--I 424 

X/pm 

(270) 
(270) 

(275) 
(320) 
(335) 
(280) 

(280) 

(325) 
(290) 

(285) 
(330) 
(365) 
(290) 
(300) 

(405) 

Examples 

NaHF,, KHF, 
KH,Fs. HF 

CuF,.2H,O, FeSiF,.6H,O0 
HC!.H,O, (NH3;OH)Cl, CuCl,.2H,O0 
Cs;Br3(H30) (HBr,) 
Ni dimethylglyoxime, KH maleate, HCrO,, 

~ Na3,H(CO;),.2H,O 
KH,PO,, NH,H,PO,, KH,AsO,, AIOOH, aHIO3;, 

numerous hydrated metal sulfates and nitrates 
Mgs,0,;.6H,O 
N,H,.4MeOH, N,H,.H,O 

NH,F, N,H,.F, 
Me3;NHCI, Me,NH,Cl, (NH3OH)CI 
Me3NHI 
HSO;NH,, (NH,),SO4, NH,OQOCH, CO(NH,), 
NH,N;, NCNC(NH,), (i.e. dicyandiamide) 

PH,I 

(@) Y =sum of van der Waals’ radii (in pm) of A and B (ignoring H which has a value of ~ 120 pm) and using the 
values F 135, Cl 180, Br 195, 1 215; O 140, S 185; N 150, P 190. 

O-H-O bond is symmetrical in HCrO,. Other examples are the intra-molecular H bonds 

in potassium hydrogen maleate (KH cis-butenedioate) and its monochloro derivative: 

Numerous other examples of H bonding will be found in later chapters. 

In summary, we can see that H bonding influences crystal structure by linking atoms or 

groups into larger structural units. These may be: 

finite groups: HF,~ ; [0,CO-H---OCO,]*~ in Na3H(CO;),.2H,O; 
dimers of carboxylic acids, etc.; 

infinite chains: HF, HCN, HCO; , HSO, , etc.; 

infinite layers: N,H,F >, B(OH)3, B303(OH)3, H,SO,, etc.; 

three-dimensional nets: NH,F, H,O, H,O,, Te(OH),, H,PO,° in KH,PO,, etc. 
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H bonding also vitally influences the conformation and detailed structure of the 

polypeptide chains of protein molecules and the complementary intertwined poly- 

nucleotide chains which form the double helix in nucleic acids (see Panel). 

3.5.3 Strength of hydrogen bonds and theoretical description 

Measurement of the properties of H-bonded systems over a range of temperatures leads 

to experimental values of AG, AH, and AS for H-bond formation, and these data have been 

supplemented in recent years by increasingly reliable ab initio quantum-mechanical 
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calculations.'?°) Some typical values for the enthalpy of dissociation of H-bonded pairs in 

the gas phase are as follows: 

A H:--B HSH---SH, NCH.:--NCH 

AH 59x/kJ mol”! 7 16 

AHAB H,NH---NH, MeOH.--OHMe 
AH 594/kJ mol”! 17 19 

A-H---B HOH.---OH, FH.--FH 
AH 9/k3 mol! 22 29 

AGB CIH---OMe, HOH..-Cl- 
AH 594/kJ mol! 30 55 

A H::-B HCONH,-:--OCHNH, HCOOH-::-OCHOH 

AH 59y/kJ mol”! 59 59 

A-H---B HOH:-.Fr H,OH*---OH, 
AH 593/kJ mol”! 98 151 

The uncertainty in these values varies between +1 and +6kJ mol '. In general, H bonds 

of energy <25 kJ mol! are classified as weak; those in the range 25-35 kJ mol’ are 

medium; and those having AH > 35 kJ mol’ are strong. Until recently, it was thought 

that the strongest H bond was that in the hydrogendifluoride ion [F—H-F]  ; this is 

difficult to determine experimentally and values in the range 150-250 kJ mol” * have been 

reported. Theoretical calculations are probably more reliable than experimental values in 

this case and lead to estimates in the range 217-234 kJ mol‘. It now seems that the H 

bond between formic acid and the fluoride ion [HCO,H:-:-F]~ is some 30 kJ mol™! 

stronger, the calculated value of the bond dissociation energy being 250 kJ mol”! 

compared with 220 kJ mol~' calculated for HF,~ on the same basis.°° 
Early discussions on the nature of the hydrogen bond tended to adopt an electrostatic 

approach in order to avoid the implication of a covalency greater than one for hydrogen. 

Indeed, such calculations can reproduce the experimental H-bond energies and dipole 

moments, but this is not a particularly severe test because of the parametric freedom in 

positioning the charges. However, the purely electrostatic theory is unable to account for . 

the substantial increase in intensity of the stretching vibration v(A—H) on H bonding or for 

the lowered intensity of the bending mode 6(A-H). More seriously, such a theory does not 

account for the absence of correlation between H-bond strength and dipole moment of the 

base, and it leaves the frequency shifts in the electronic transitions unexplained. Nonlinear 

A-H.--B bonds would also be unexpected, though numerous examples of angles in the 

range 150—-180° are known.??) 
Valence-bond descriptions envisage up to five contributions to the total bond wave 

function,” but these are now considered to be merely computational devices for 

approximating to the true wave function. Perturbation theory has also been employed 

and apportions the resultant bond energy between (1) the electrostatic energy of 

>" P. A. KoLtMaN, Hydrogen bonding and donor-acceptor electronic interactions, Chap. 3 in H. F. 
SCHAEFFER (ed.), Applications of Electronic Structure Theory, Plenum Press, New York, 1977. 

30 J. Emstey, O. P. A. Hoyts, and R. E. OveriLt, The strongest H bond, JCS Chem. Comm. 1977, 225. 
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interaction between the fixed nuclei and the electron distribution of the component 

molecules, (2) Pauli exchange repulsion energy between electrons of like spin, (3) 

polarization energy resulting from the attraction between the polarizable charge cloud of 

one molecule and the permanent multipoles of the other molecule, (4) quantum-mechanical 

charge-transfer energy, and (5) dispersion energy, resulting from second-order induced 

dipole-induced dipole attraction. The results suggest that electrostatic effects predomi- 

nate, particularly for weak bonds, but that covalency effects increase in importance as the 

strength of the bond increases. It is also possible to apportion the energy obtained from 

the most recent ab initio SCF-MO calculations in this way.°!) For example, in one 
particular calculation for the water dimer HOH---OH,, the five energy terms 

enumerated above were calculated to be: E.j¢¢ stat — 26.5, Epauti + 18, Enotar—2s Eon tr — 7-55 

E4isp 0 kJ mol” ’. There was also a coupling interaction E,,;,—0.5, making in all a total 

attractive force AEo = Egime, — monomers = — 18.5 kJ mol~!. To calculate the enthalpy 

change AH 50 as listed on p. 68, it is also necessary to consider the work of expansion and 

the various spectroscopic degrees of freedom: 

AH 49, =E,)+A(PV)+AE + AE, i, HAE, 
trans 

Such calculations can also give an indication of the influence of H-bond formation on the 
detailed electron distribution within the interacting components. There is general 

agreement that in the system X-A—H--:B-—Y as compared with the isolated species XAH 

and BY, there is a net gain of electron density by X, A, and B and a net loss of electrons by 

H and Y. There is also a small transfer of electronic charge (~0.05 electrons) from BY to 

XAH in moderately strong H bonds (20-40 kJ mol’). In virtually all neutral dimers, the 

increase in the A-H bond length on H-bond formation is quite small (<5 pm), the one 

exception so far studied theoretically being CIH---NH;, where the proton position in the 

H bond is half-way between completely transferred to NH; and completely fixed on HCl. 

It follows from the preceding discussion that the H bond can be regarded as a 3-centre 

4-electron bond A-H.-:--B in which the 2 pairs of electrons involved are the bond pair in 

A-H and the lone pair on B. The degree of charge separation on bond formation will 

depend on the nature of the proton-donor group AH and the Lewis base B. The relation 

between this 3-centre bond formalism and the 3-centre bond descriptions frequently used 

for boranes, polyhalides, and compounds of xenon is particularly instructive and is 

elaborated in Fig. 3.6. Numerous examples are also known in which hydrogen acts as a 

bridge between metallic elements in binary and more complex hydrides, and some of these 

will be mentioned in the following section which considers the general question of the 

hydrides of the elements. 

3.6 Hydrides of the Elements°?~?” 

Hydrogen combines with many elements to form binary hydrides MH, (or M,,,H,,). All 

3" H. UMEYAMA and K. Morokuma, The origin of hydrogen bonding: an energy decomposition study, J. Am. 
Chem. Soc. 99, 1316-32 (1977). 

32K. M. Mackay, Hydrogen Compounds of the Metallic Elements, E. and F. N. Spon, London, 1966, 
168 pp.; Hydrides, Comprehensive Inorganic Chemistry, Vol. 1, Chap. 2, Pergamon Press, Oxford, 1973. 

33 E. WiperG and E. AMBERGER, Hydrides of the Elements of Main Groups I-IV, Elsevier, Amsterdam, 1971, 
785 pp. 

34.W.M. MUELLER, J. P. BLACKLEDGE, and G. G. LisowiTz (eds.), Metal Hydrides, Academic Press, New 

York, 1968, 791 pp. 
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Fic. 3.6 Schematic representation of the energy levels in various types of 3-centre bond. The 
B-H-B (“electron deficient”) bond is non-linear, the (“electron excess”) F—Xe-F bond is linear, 
and the A—H---B hydrogen bond can be either linear or non-linear depending on the compound. 

the main-group elements except the noble gases and perhaps indium and thallium form 

hydrides, as do all the lanthanoids and actinoids that have been studied. Hydrides are also 

formed by the more electropositive transition elements, notably Sc, Y, La, Ac; Ti, Zr, Hf; 

and to a lesser extent V, Nb, Ta; Cr; Cu; and Zn. Hydrides of other transition elements are 

either non-existent or poorly characterized, with the spectacular exception of palladium 

which has been more studied than any other metal hydride system.'°>) The situation is 

summarized in Fig. 3.7; this indicates the idealized formulae of the known hydrides 

though many of the d-block and f-block elements form phases of variable compositions. 

It has been customary to group the binary hydrides of the elements into various classes 

according to the presumed nature of their bonding: ionic, metallic, covalent, polymeric, 

and “intermediate” or “borderline”. However, this is unsatisfactory because the nature of 

the bonding is but poorly understood in many cases and the classification obscures the 

important point that there is an almost continuous gradation in properties—and bond 

types(?}—between members of the various classes. It is also somewhat misleading in 

implying that the various bond types are mutually exclusive whereas it seems likely that - 

more than one type of bonding is present in many cases. The situation is not unique to 

hydrides but is also well known for binary halides, oxides, sulfides, etc.: this serves to 

remind us that the various bond models represent grossly oversimplified limiting cases 

and that in most actual systems the position is more complex. For example, oxides might 

be classed as ionic (MgO), metallic (TiO, ReO3), covalent (CO,), polymeric (SiO,), or as 

intermediate between these various classes, though any adequate bonding theory would 

recognize the arbitrary nature of these distinctions which merely emphasize particular 

features of the overall assembly of molecular orbitals and electron populations. 

The metals in Groups I and II of the periodic table react directly with hydrogen to 

form white, crystalline, stoichiometric hydrides of formula MX and MX, respectively. The 
salt-like character of these compounds was recognized by G. N. Lewis in 1916 and he 

°° F. A. Lewis, The Palladium-Hydrogen System, Academic Press, London, 1967, 178 pp. 



— — §3.6 Hydrides of the Elements 

? 

pefele fm E pe fe 

Fic. 3.7. The hydrides of the elements. 



72 Hydrogen Ch. 3 

suggested that they contained the hydride ion H~. Shortly thereafter (1920) K. Moers 

showed that electrolysis of molten LiH (mp 692°C) gave the appropriate amount of 

hydrogen at the anode; the other hydrides tended to decompose before they could be 

melted. As expected, the ionic-bond model is most satisfactory for the later (larger) 

members of each group, and the tendency towards covalency becomes more marked for 

the smaller elements LiH, MgH,, and particularly BeH,, which is best described in terms 

of polymeric covalent bridge bonds. X-ray and neutron diffraction studies show that the 

alkali metal hydrides adopt the cubic NaCl structure (p. 273) whereas MgH, has the 

tetragonal TiO, (rutile type) structure (p. 1120) and CaH,, SrH,, and BaH, adopt the 

orthorhombic PbCl,-type structure (p. 444). The implied radius of the hydride ion H™ 

(1s*) varies considerably with the nature of the metal because of the ready deformability of 

the pair of electrons surrounding a single proton. Typical values are given below and these 

can be compared with r(F~)~ 133 pm and r(Cl” )~ 184 pm. 

reel» 
Compound MegH, LiH NaH KH RbH CsH (calculated) 
r(H~ )/pm 130 137 146 152 154 152 208 

The closest M—M approach in these compounds is often less than for the metal itself: this 
should occasion no surprise since this is a common feature of many compounds in which 

there is substantial separation of charge. For example, the shortest Ca—Ca interatomic 

distance is 393 pm in calcium metal, 360 pm in CaH,, 380 pm in CaF ,, and only 340 pm in 
CaO (why?). 

The thermal stability of the alkali metal hydrides decreases from lithium to caesium, the 

temperature at which the reversible dissociation pressure of hydrogen reaches 10 mmHg 

being ~ 550°C for LiH, ~210°C for NaH and KH, and ~ 170°C for RbH and CsH. The 

corresponding figures for the alkaline earth metal hydrides are CaH,, 885°C, SrH, 585°C, 

and BaH, 230°C, though for MgH, it is only 85°C. Chemical reactivity depends markedly 

on both the purity and the state of subdivision but increases from lithium to caesium and 

from calcium to barium with CaH, being rather less reactive than LiH. The reaction of 

water with these latter two compounds forms a convenient portable source of hydrogen, 

but with NaH the reaction is more violent than with sodium itself. RbH and CsH actually. 
ignite spontaneously in dry air. 

Turning next to Group IIIA, Fig. 3.7 indicates that hydrides of limiting stoichiometry 
MH, are also formed by Sc, Y, La, Ac, and by most of the lanthanoids and actinoids. In the 

special case of EuH, (Eu" 4f’) and YbH, (Yb! 4f!*) the hydrides are isostructural with 
CaH, and the ionic bonding model gives a reasonable description of the observed 

properties; however, YbH, can absorb more hydrogen up to about YbH, ;. The other 

hydrides adopt the fluorite (CaF,) crystal structure (p. 129) and the supernumerary 

valence electron is delocalized, thereby conferring considerable metallic conductivity. For 

example, LaH, is a dark-coloured, brittle compound with a conductivity of about 

10 ohm™' cm~' (~1% of that of La metal). Further uptake of hydrogen progressively 
diminishes this conductivity to <10~' ohm™'cm~! for the cubic phase LaH, (cf. 
~3x10~° ohm~! cm“! for YbH,). The other Group IIIA elements and the lanthanoids 
and actinoids are similar. 
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There is a lively controversy concerning the interpretation of these and other properties, 

and cogent arguments have been advanced both for the presence of hydride ions H~ and 

for the presence of protons H* in the d-block and f-block hydride phases.°?:** These 
difficulties emphasize again the problems attending any classification based on presumed 

bond type, and a phenomenological approach which describes the observed properties is a 

sounder initial basis for discussion. Thus the predominantly ionic nature of a phase cannot 
safely be inferred either from crystal structure or from calculated lattice energies since 

many metallic alloys adopt the NaCl-type or CsCl-type structures (e.g. LaBi, 6-brass) and 
enthalpy calculations are notoriously insensitive to bond type. 

The hydrides of limiting composition MH, have complex structures and there is 

evidence that the third hydrogen is sometimes less strongly bound in the crystal. For the 

earlier (larger) lanthanoids La, Ce, Pr, and Nd, hydrogen enters octahedral sites and 

LnH; has the cubic Li,Bistructure.?® For Y and the smaller lanthanoids Sm, Gd, Tb, Dy, 

Ho, Er, Tm, and Lu, as well as for the actinoids Np, Pu, and Am, the hexagonal HoH, 

structure is adopted. This is a rather complex structure based on an extended unit cell 

containing 6 Ho and 18 H atoms.°° The idealized structure has hcp Ho atoms with 12 
tetrahedrally coordinated H atoms and 6 octahedrally coordinated H atoms; however, to 

make room for the bulky Ho atoms, close pairs of tetrahedral H atoms are slightly 

displaced and there is a more substantial movement of the “octahedral” H atoms towards 

the planes of the Ho atoms so that 2 of the H atoms are actually in the Ho planes and are 

trigonal 3-coordinate. The hydrogen atoms are thus of three types having respectively 14, 

11, and 9 H neighbours for the distorted trigonal, octahedral, and tetrahedral sites. Each 

H atom has 3 Ho neighbours at either 210 or 217 or 224-299 pm respectively, and each Ho 

has 11 hydrogen neighbours, 9 at 210-229 pm and 2 somewhat further away at 248 pm. 

The 3-coordinate hydrogen is most unusual, the only other hydride in which it occurs 

being the complex cubic phase Th,H, s. 

Uranium forms two hydrides of stoichiometric composition UH. The normal f-form 

has a complex cubic structure and is the only one formed when the preparation 1s carried 

out above 200°C. Below this temperature increasing amounts of the slightly denser cubic 

a-form occur and this can be transformed to the S-phase by warming to 250°C. Both 

phases have ferromagnetic and metallic properties. Uranium hydride is commonly used as 

a starting material for the preparation of uranium compounds as it is finely powdered and 

extremely reactive. It is also used for purifying and regenerating hydrogen (or deuterium) 

gas. 
The hydrides of Ti, Zr, and Hf are characterized by considerable variability in 

composition and structure. When pure, the limiting phases MH, form massive, metallic 

crystals of fluorite structure (TiH,) or body-centred tetragonal structure (ZrH,, HfH,, 

ThH,), but there are also several hydrogen-deficient phases of variable composition and 

complex structure in which several M-H distances occur.?®: 3”: 3) These phases (and 
others based on Y, Ce, and Nb) have been extensively investigated in recent years because 

of their potential applications as moderators, reflectors, or shield components for high- 

temperature, mobile nuclear reactors. 

Other hydrides with interstitial or metallic properties are formed by V, Nb, and Ta; they 

are, however, very much less stable than the compounds we have been considering and 

have extensive ranges of composition. Chromium also forms a hydride, CrH, though this 

36M. MANSMANN and W. E. WaLtacr, The structure of HoD3;, J. de Physique, 25, 454-9 (1964). 

CTE-D 
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must be prepared electrolytically rather than by direct reaction of the metal with 

hydrogen. It has the anti-NiAs structure (p. 649). Most other elements in this area of the 

periodic table have little or no affinity for hydrogen and this has given rise to the phrase 
“hydrogen gap”. The notable exception is the palladium—hydrogen system which is 

discussed on p. 1335. 
The hydrides of the later main-group elements present few problems of classification 

and are best discussed during the detailed treatment of the individual elements. Many of 

these hydrides are covalent, molecular species, though association via H bonding 

sometimes occurs, as already noted (p. 57). Catenation flourishes in Group IV and the 

complexities of the boron hydrides merit special attention (p. 171). The hydrides of 

aluminium, gallium, zinc, (and beryllium) tend to be more extensively associated via 

M-H-M bonds, but their characterization and detailed structural elucidation has proved 

extremely difficult. 

Two further important groups of hydride compounds should be mentioned and will 

receive detailed attention in later chapters. One is the group of complex metal hydrides of 

which notable examples are LiBH,, NaBH,, LiAIH,, Al(BH,);3, etc.” The other is the 
growing number of compounds in which the hydrogen atom is a monodentate or 

bidentate ligand to a transition element :°%+”) these date from the early 1930s when W. 
Hieber discovered [Fe(CO),H, ] and [Co(CO),H] and now cover an astonishing variety 

of structural types. The modest steric requirements of the H atom enable complexes such 

as [ReH,]?~ to be synthesized, and bridged complexes such as the linear [Cr,(CO),)H]7~ 

and bent [W,(CO),H(NO)], are known. The role of hydrido complexes in homogeneous 

catalysis is also currently exciting considerable attention. 

>7 A. Hasos, Complex Hydrides, Elsevier, Amsterdam, 1979, 398 pp. 

°8. J. C. GREEN and M. L. H. Green, Transition metal hydride compounds, Comprehensive Inorganic 
Chemistry, Vol. 4, Chap. 48, Pergamon Press, Oxford, 1973. 

*” H. D. Kaesz and R. B. SAILLANT, Hydride complexes of transition metals, Chem. Rev. 72, 231-81 (1972). 
40 A. P. Humpuriss and H. D. Kaesz, The hydrido-transition metal cluster complexes, Progr. Inorg. Chem. 

25, 145-222 (1979). 
*! G. L. Georrroy, Photochemistry of transition metal hydride complexes, Progr. Inorg. Chem. 27, 123-51 

(1980). 
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4.1 Introduction 

The alkali metals form a homogeneous group of extremely reactive elements which 

illustrate well the similarities and trends to be expected from the periodic classification, as 

discussed in Chapter 2. Their physical and chemical properties are readily interpreted in 

terms of their simple electronic configuration, ns’, and for this reason they have been 

extensively studied by the full range of experimental and theoretical techniques. 

Compounds of sodium and potassium have been known from ancient times and both 

elements are essential for animal life. They are also major items of trade, commerce, and 

chemical industry. Lithium was first recognized as a separate element at the beginning of 

last century but did not assume major industrial importance until about 30 y ago. 

Rubidium and caesium are of considerable academic interest but so far have few industrial 

applications. Francium, the elusive element 87, has only fleeting existence in nature due to 

its very short radioactive half-life, and this delayed its discovery until 1939. 

4.2 The Elements 

4.2.1 Discovery and isolation 

The spectacular success (in 1807) of Humphry Davy, then aged 29 y, in isolating 

metallic potassium by electrolysis of molten caustic potash (KOH) is too well known to 

need repeating in detail.” Globules of molten sodium were similarly prepared by him a 

few days later from molten caustic soda. Earlier experiments with aqueous solutions had 

been unsuccessful because of the great reactivity of these new elements. The names chosen 

by Davy reflect the sources of the elements. 

Lithium was recognized as a new alkali metal by J. A. Arfvedson in 1817 whilst he was 

'M.E. Weeks, Discovery of the Elements, Journal of Chemical Education, Easton, 6th edn., 1956, 910 pp. 
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working as a young assistant in J. J. Berzelius’s laboratory. He noted that Li compounds 

were similar to those of Na and K but that the carbonate and hydroxide were much less 

soluble in water. Lithium was first isolated from the sheet silicate mineral petalite, 

LiAISi,O,9, and Arfvedson also showed it was present in the pyroxene silicate 

spodumene, LiAISi,O,, and in the mica lepidolite, which has an approximate 

composition K ,Li,Al,Si,O,,(OH,F)3. He chose the name lithium (Greek 180¢, stone) to 
contrast it with the vegetable origin of Davy’s sodium and potassium. Davy isolated the 

metal in 1818 by electrolysing molten Li,O. : 

Rubidium was discovered as a minor constituent of lepidolite by R. W. Bunsen and G. 

R. Kirchhoff in 1861 only a few months after their discovery of'caesium (1860) in mineral 

spa waters. These two elements were the first to be discovered by means of the 

spectroscope, which Bunsen and Kirchhoff had invented the previous year (1859); 

accordingly their names refer to the colour of the most prominent lines in their spectra 

(Latin rubidus, deepest red; caesius, sky blue). 
Francium was first identified in 1939 by the elegant radiochemical work of Margueritte 

Perey who named the element in honour of her native country. It occurs in minute traces 

in nature as a result of the rare (1°%) branching decay of ?77Ac in the *?°U series: 

Its terrestrial abundance has been estimated as 2 x 107 '® ppm, which corresponds to a 
total of only 15 g in the top 1 km of the earth’s crust. Other isotopes have since been 

produced by nuclear reactions but all have shorter half-lives than ?*’Fr, which decays by 
energetic 8 emission, t, 21.8 min. Because of this intense radioactivity it is only possible 

to work with tracer amounts of the element. 

4.2.2 Terrestrial abundance and distribution 

Despite their chemical similarity, Li, Na, and K are not closely associated in their 

occurrence, mainly because of differences in size (see Table on p. 86). Lithium tends to 

occur in ferromagnesian minerals where it partly replaces magnesium; it occurs to the 

extent of about 18 ppm by weight in crustal rocks, and this reflects its relatively low 

abundance in the cosmos (Chapter 1). It is about as abundant as gallium (19 ppm) and 
niobium (20 ppm). The most important mineral commercially is spodumene, LiAIS1,0., 
and large deposits occur in the USA, Canada, Brazil, Argentina, the USSR, Spain, and 
the Congo. An indication of the industrial uses of lithium and its compounds is given in the 
Panel. 
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Lithium and its Compounds 

The dramatic transformation of Li from a small-scale specialist commodity to a multikilotonne 
industry during the past two decades is due to the many valuable properties of its compounds. 

- About 34 compounds of Li are currently available in bulk, and a similar number again can be 
_ obtained in developmental or research quantities. The major industrial use of Li is in the form of 

lithium stearate which is used as a thickener and gelling agent to transform oils into lubricating 
_ greases. These “all-purpose” greases combine high water resistance with good low-temperature 

__ properties (— 20°C) and excellent high-temperature stability (> 150°C); they are readily prepared 
from LiOH .H,0 and tallow or other natural fats and have captured nearly half the total market 
for automotive greases in the USA. 

Lithium carbonate is used as a flux in porcelain enamel formulations and in the production of 
_ special toughened glasses (by replacement of the larger Na ions): Li can either be incorporated 

within the glass itself or the preformed Na-glass can be dipped in a molten-salt bath containing Li 
ions to effect a surface cation exchange. In another application, the use of Li,CO, by primary 
aluminium producers has risen sharply in recent years since it increases production capacity by 

17-10% by lowering the mp of the cell content and permitting larger current flow; in addition, 
troublesome fluorine emissions are reduced by 25-50% and production costs are appreciably 
lowered. Estimated world production of Li,CO, in 1977 was over 50 000 tonnes, mainly in the 
___USA and the USSR. 

The first commercial use of Li (in the 1920s) was as an alloying agent with lead to give 
toughened bearings; currently it is used to produce high-strength, low-density aluminium alloys 

2 for aircraft construction. With magnesium it forms an extremely tough PooPseteity alloy which is 

used for armour plate and for aerospace components (e.g. LA 141,d 1.35 g cm” °, contains 14% Li, 
1% Al, 85% Mg). Other metallurgical applications Seat! LiCl as an invaluable brazing flux for 
___ Al automobile parts. 
__ LiOH is used for CO, absorption in closed environments such as space capsules (light weight) 
and submarines. LiH is used to generate hydrogen in military, meteorological, and other 

~ applications, and the use of LiD in thermonuclear weaponry and research has been mentioned (p. 
_ 21). Likewise, the important applications of LiAIH,, Li/NH3, and organolithium reagents in 
synthetic organic chemistry are well known, though these account for only a small percentage of 
_ the lithium produced. Other specialist uses include the growing market for ferroelectrics such as 
_ LiTaO, to modulate laser beams (p. 61), and increasing use of thermoluminescent LiF in X-ray 
dosimetry. 

Perhaps one of the most exciting new applications stems from the discovery in 1949 that small 
daily doses (1-2 g) of Li,CO, taken orally provide an effective treatment for manic-depressive 

psychoses. The mode of action is not well understood but there appear to be no undesirable side 
__ effects. The dosage maintains the level of Liin the blood at about | mmol |“! and its action may be 

elated to the influence of Li on the Na/K. balance and (or) the Mg/Ca balance since Li is related 
chemically to both pairs of elements. 
Looking to the future, Li/FeS, battery systems are emerging as a potentially viable energy 
storage system for off-peak electricity and as a non-polluting silent source of power for electric 
cars. The battery resembles the conventional lead-acid battery in having solid electrodes (Li/Si 
alloy, negative; FeS,, positive) and a liquid electrolyte (molten LiCl/KC at 400°C). Other battery 
Lee mice have a the Bets star pede the Li/S and Na/S cells (see p. 801). 

Sodium, 22 700 ppm (2.27%) is the seventh most abundant element in crustal rocks and 

the fifth most abundant metal, after Al, Fe, Ca, and Mg. Potassium (18 400 ppm) is the 

next most abundant element after sodium. Vast deposits of both Na and K salts occur in 

relatively pure form as a result of evaporation of ancient seas, a process which still 
continues today in the Great Salt Lake (Utah), the Dead Sea, and elsewhere (Fig. 4.1). 

Sodium occurs as rock-salt (NaCl) and as the carbonate (trona), nitrate (saltpetre), sulfate 

(mirabilite), borate (borax, kernite), etc. There are also unlimited supplies of NaCl in 
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natural brines and oceanic waters (~ 30 kg m~ 3).t The vital importance of NaCl in the 

heavy chemical industry is indicated in the Panel below. 

Potassium occurs principally as the simple chloride (sylvite), as the double chloride 

KCl. MgCl, .6H,O (carnallite), and the anhydrous sulfate K,Mg,(SO,); (langbeinite). 

Some production data are given in the Panel on p. 83. 

Rubidium (78 ppm, similar to Ni, Cu, Zn) and caesium (2.6 ppm, similar to Br, Hf, U) 

are much less abundant than Na and K and have only recently become available in 

quantity. No purely Rb-containing mineral is known and much of the commercially 

available material is obtained as a byproduct of lepidolite processing for Li. Caesium 

occurs as the hydrated aluminosilicate pollucite, Cs,Al,Si,0,,.H,O, but the world’s 

only commercial source is at Bernic Lake, Manitoba, and Cs (like Rb) is mainly obtained 

as a byproduct of the Li industry. The intense interest in Li for thermonuclear purposes 
since about 1958, coupled with its extensive use in automotive greases (p. 77), has 

consequently made Rb and Cs compounds much more available than formerly: annual 

production is in the region of 5 tonnes for each. 

Production and Uses of Salt‘2-© 

More NaCl is used for inorganic chemical manufacture than is any other material. It is 
approached only by phosphate rock, and world consumption of each exceeds 150 million tonnes 

_ annually. For NaCl, production is dominated by Europe (39%), North America (34%), and Asia 
(20%), whilst South America and Oceania have only 3% each and Africa 1%. Distribution by 

countries is shown in Fig. A. 
Rock-salt occurs as vast subterranean deposits often hundreds of metres thick and containing 

>90°% NaCl. The Cheshire salt field (which is the principal UK source of NaCl) is typical, 
occupying an area of 60 km x 24 km and being some 400 m thick: this field alone corresponds to 
reserves of > 10'! tonnes. Similar deposits occur near Carlsbad New Mexico, in Saskachewan 
Canada, and in many other places (see Fig. 4.1), Production methods vary with locality and with 
the use to be made of the salt. For example, in the UK 82% is extracted as brine for direct use in the 
chemical industry and 18% is mined as rock-salt, mainly for use on roads; less than 1% is obtained 
by solar evaporation. Corresponding data for the USA are shown in Fig. B. 

Major sections of the inorganic ae chemicals. industry are based on salt and, indeed, this 

Continued on p. 82 

+ It has been calculated that rock-salt equivalent to the NaCl in the oceans of the world would occupy 

19 million cubic km (i.e. 50% more than the total volume of the North American continent above sea-level). 
Alternatively stated, a one-km square prism would stretch from the earth to the moon 47 times. Note also that, 

although Na and K are almost equally abundant in the crustal rocks of the earth, Na is some 30 times as 

abundant as K in the oceans. This is partly because K salts with the larger anions tend to be less soluble than the 
Na salts and, likewise, K is more strongly bound to the complex silicates and alumino silicates in the soils (ion 
exchange in clays). Again, K leached from rocks is preferentially absorbed and used by plants whereas Na can 
proceed to the sea. Potassium is an essential element for plant life and the growth of wild plants is often limited by 
the supply of K available to them. 

2 L. F. Haser, The Chemical Industry during the Nineteenth Century, Oxford University Press, Oxford, 1958, 

292 pp. 
37. K. Derry andT. I. WiLuiams, A Short History of Chemical Technology, Oxford University Press, Oxford, 

1960, 782 pp. 
4 A.J.G. NotHott and D. E. HIGHLEY, Sa/t, Mineral Dossier No. 7 of the Mineral Resources Consultative 

Committee, HMSO, London 1973, 36 pp. 
> US Department of the Interior, Bureau of Mines, Minerals Yearbook 1977, Vol. 1, Salt, pp. 785-96 (1980). 
© G. A. Cook, Survey of Modern Industrial Chemistry, Ann Arbor, London, 1975, 297 pp. 
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Fic. A_ World production of salt by country. 

Open pan (1%) 

Fic. B_ Types of salt production (USA). 
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Miscellaneous 

Na,CO3 Paper pulp (0.4%) 

Textiles and 
“dyeing (0.4%) 
Food canning and 

dairy produce (0.7%) 

All other chemical 

manufacture 
Rubber and 
oil industries (0.9%) ~ Meat processing 

Metal manufacturing (0.5%) /tanning (1.3%) 

Water softening (1.8%) 

Domestic table salt (2.7%) 

Highway snow clearance 
Animal feeds 

Fic. DUS usage of salt, 1974 (total production 42.5 million tonnes). 

4.2.3 Production and uses of the metals 

Most commercial Li ores have !1-3% Li and this is increased by flotation to 46%. 

Spodumene, LiAISi,O., is heated to ~1100° to convert the «-form into the less-dense, 

more friable 6-form, which is then washed with H,SO, at 250°C and water-leached to give 

Li,SO,.H,O. Successive treatment with Na,CO, and HCl gives Li,CO, (insol) and 
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- Production of Potassium Salts” ~° 

_ Sylvite (KCI) and sylvinite (mixed NaCl, KCl) are the most important K minerals for chemical _ 
industry: carnallite is also mined. Ocean waters contain only about 0.06% KCl, though this can 
rise to as high as 1,5° in some inland marshes and seas such as Searle’s Lake, the Great Salt Lake, 
or the Dead Sea, thereby making recovery economically feasible. Soluble minerals of K are _ 
generally referred to (incorrectly) as potash, and production figures are always expressed as the _ 

weight of K,O equivalent. Massive evaporite beds of soluble K salts were first discovered at 
 Stassfurt, Germany, in 1856 and were worked there for potash and rock-salt from 1861 until 1972. 

_ World production was 17.8 million tonnes K,O equivalent in 1970 and 23.7 million tonnes: in 
ee of which half was ee in the USSR oe canada (Fig. oe 

: ree €. 8. orden is at present ae a ree aus se of recoverin ) 
“millio tonnes pa from the Dead Sea. This requires more than 100 km? of evaporating p nds and, 
when suewee seek Jordan nage the Puede States. oe France in pro 

. lane 

than ge of the K used in lial % 50, is aks used. KNO,, neue an eacetlene fertilizer is 
now of only minor importance pees of production. costs. [Typical costs of agricultur 

< 

’ Kirk-Othmer Encyclopedia of Chemical Technology, 2nd edn., 1968, Vol. 16, pp. 361-400. 
8 A. J. G. NoTHOLT, Potash, Mineral Dossier No. 16 of the Mineral Resources Consultative Committee, 

HMSO, London, 1976, 33 pp. 

° US Department of the Interior, Bureau of Mines, Minerals Yearbook 1977, Vol. 1, Potash, pp. 739-61 

(1980). 
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LiCl. Alternatively, the chloride can be obtained by calcining the washed ore with 

limestone (CaCO) at 1000° followed by water leaching to give LiOH and then treatment 

with HCl. Recovery from natural brines is also extensively used in the USA (Searles Lake, 

California, and Clayton Valley, Nevada). The metal is obtained by electrolysis of a fused 

mixture of 55% LiCl, 45% KCl at ~450°C, the first commercial production being by 

Metallgeselleschaft AG, in Germany, 1923. Current world production of Li metal is 

probably about 1000 tonnes pa. Far greater tonnages of Li compounds are, of course, 

produced and their major commercial applications have already been noted (p. 77). 

Sodium metal is produced commercially on the kilotonne scale by the electrolysis of a 

fused eutectic mixture of 40% NaCl, 60% CaCl, at ~ 580°C in a Downs cell (introduced 

by du Pont, Niagara Falls, 1921). Metallic Na and Ca are liberated at the cylindrical steel 

cathode and rise through a cooled collecting pipe which allows the calcium to solidify and 

fall back into the melt. Chlorine liberated at the central graphite anode is collected in a 

nickel dome and subsequently purified. Potassium cannot be produced in this way 

because it is too soluble in the molten chloride to float on top of the cell for collection and 

because it vaporizes readily at the operating temperatures, creating hazardous conditions. 

Superoxide formation is an added difficulty since this reacts explosively with K metal. 

Consequently, commercial production of K relies on reduction of molten KCl with 

metallic Na at 850°C. A similar process using Ca metal at 750°C under reduced pressure 
is used to produce metallic Rb and Cs. 

t This reduction of KCI by Na appears to be contrary to the normal order of reactivity (K > Na). However, at 
850-880° an equilibrium is set up: Na(g)+K * (1}=Na‘ (1) +K(g). Since K is the more volatile (p. 86), it distils 
off more readily, thus displacing the equilibrium and allowing the reaction to proceed. By fractional distillation 
through a packed tower, K of 99.5% purity can be obtained but usually an Na/K mixture is drawn off because 
alloys with 15-55% Na are liquid at room temperature and therefore easier to transport. 
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Industrial uses of Na metal reflect its strong reducing properties. About 60% of world 

production is used to make PbEt, (or PbMe,) for gasoline antiknocks via the high- 

pressure reaction of alkyl chlorides with Na/Pb alloy, though this use is declining for 

environmental reasons. A further 20° is used to produce Ti, Zr, and other metals by 

reduction of their chlorides, and about 10% is used to make compounds such as NaH, 

NaOR, and Na,O,. Sodium dispersions are also a valuable catalyst for the production of 

some artificial rubbers and elastomers. A growing use is as a heat-exchange liquid in fast 

breeder nuclear reactors where sodium’s low mp, low viscosity, and low neutron 

absorption cross-section combine with its exceptionally high heat capacity and thermal 

conductivity to make it (and its alloys with K) the most-favoured material. Total annual 

production of metallic Na in the USA now approaches 200 000 tonnes. Potassium metal, 

being more difficult and expensive to produce, is manufactured on a much smaller scale. 

One of its main uses is to make the superoxide KO, by direct combustion; this compound 

is used in breathing masks as an auxiliary supply of O, in mines, submarines, and space 

vehicles: 

4KO, + 2CO,—>2K,CO,+30, 

4KO,+4CO, + 2H,0—_>4KHCO, +30, 

An indication of the relative cost of the alkali metals in bulk at 1977 prices (USA) is: 

Metal Li Na K Rb Cs 

Price/$ kg~! 17 0.4 44 660 400 

Relative cost (per kg) 40 1 10 1650 1000 
Relative cost (per mol) 13 1 187 6130 5780 

4.2.4 Properties of the alkali metals 

The Group IA elements are soft, low-melting, silvery-white metals which crystallize 

with bcc lattices. Lithium is harder than sodium but softer than lead. Atomic properties 

are summarized in Table 4.1 and general physical properties are in Table 4.2. 

Lithium has a variabie atomic weight (p. 21) whereas sodium and caesium, being 

mononuclidic, have very precisely known and invariant atomic weights. Potassium and 

rubidium are both radioactive but the half-lives of their radioisotopes are so long that the 
atomic weight does not vary significantly from this cause. The large size and low 

ionization energies of the alkali metals compared with all other elements have already 
been noted (pp. 27-29) and this confers on the elements their characteristic properties. The 

group usually shows smooth trends in properties, and the weak bonding of the single 

valence electron leads to low mp, bp, and density, and low heats of sublimation, 

vaporization, and dissociation. Conversely, the elements have large atomic and ionic radii 

and extremely high thermal and electrical conductivity. Lithium is the smallest element in 

the group and has the highest ionization energy, mp, and heat of atomization; it also has 

the lowest density of any solid at room temperature. 

All the alkali metals have characteristic flame colorations due to the ready excitation of 
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TaBLe 4.1 Atomic properties of the alkali metals 

Property Li Na K Rb Cs Fr 

Atomic number 3 11 19 37 55 87 
Number of naturally occurring 2 i 241% 141° 1 1 

isotopes 
Atomic weight 6.941(+3) 22.98977 39.0983 85.4678(+3) 132.9054 (223) 

Electronic configuration [Hej2s". [Ne]3s!? avsfAr4st)" [Kir]5s* \- [Xe]6stne [Raj7s* 
Ionization energy/kJ mol”! 520.1 495.7 418.6 402.9 375.6 ~ 375 
AA gissoc/KJ mol” * (M,) 107.8 (33 49.9 47.3 43.6 — 
Metal radius/pm 152 186 227 248 265 bead 
Ionic radius (6-coordinate)/pm 76 102 138 152 167 (180) 
E°/V for M*(aq)+e —M(s) — 3.03 —2.713 —2.925 —2.93 —2.92 — 

Radioactive: *°K t, 1.27 x 10° y; °7Rb t, 5.7 x 107° y; ?23Fr t, 21.8 min. 

TABLE 4.2 Physical properties of the alkali metals 

Property Li Na K Rb Cs . 

MP/°C 180.5 97.8 63.2 39.0 28.5 
BP/°C 1347 881.4 765.5 688 705 
Density (20°C)/g cm™? 0.534 0.968 0.856 1532 1.90 
AH,,,/kJ mol! 2.93 2.64 Db) 2.20 2.09 
AH, ,,/kJ mol” * 148 99 79 76 67 
AH, (monatomic gas)/kJ mol~! 162 110 90 88 79 

the outermost electron, and this is the basis of their analytical determination by flame 
photometry or atomic absorption spectroscopy. The colours and principal emission (or 

absorption) wavelengths are given below but it should be noted that these lines do not all 

refer to the same transition; for example, the Na D-line doublet at 589.0, 589.6 nm arises 

from the 3s'—3p' transition in Na atoms formed by reduction of Na‘ in the flame, whereas 

the red line for lithium is associated with the short-lived species LiOH. 

Element Li Na K Rb Cs 

Colour Crimson ‘Yellow Violet Red-violet Blue 

A/nm 670.8 589.2 766.5 780.0 455.5 

The reduction potential for lithium appears at first sight to be anomalous and is one of 

the few properties that does not show a smooth trend with increasing atomic number in 

the group. This arises from the small size and very large hydration energy of the free 
gaseous lithium ion. The standard reduction potential E° refers to the reaction 

Li*(aq)+e —Li(s) and is related to the free-energy change: AG°=—nFE°. The 

ionization energy Iy, which is the enthalpy change of the gas-phase reaction 

Li(g)— Li* (g)+e7, is only one component of this, as can be seen from the following cycle: 
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Estimates of the heat of hydration of Li* (g) give values near 520 kJ mol” ' compared with 

405 kJ mol“! for Na*(g) and only 265 kJ mol“! for Cs* (g). This factor, together with the 
much larger entropy change for the lithium electrode reaction (due to the more severe 

disruption of the water structure by the lithium ion) is sufficient to reverse the position of 

lithium and make it the most electropositive of the alkali metals (as measured by electrode 

potential) despite the fact that it is the most difficult element of the group to ionize in the 
gas phase. 

4.2.5 Chemical reactivity and trends 

The ease of involving the outermost ns' electron in bonding, coupled with the very high 
second-stage ionization energy of the alkali metals, immediately explains both the great 

chemical reactivity of these elements and the fact that their oxidation state in compounds 

never exceeds + 1. The metals have a high lustre when freshly cut but tarnish rapidly in air 

due to reaction with O, and moisture. Reaction with the halogens is vigorous; even 

explosive in some cases. All the alkali metals react with hydrogen (p. 70) and with proton 

donors such as alcohols, gaseous ammonia, and even alkynes. They also act as powerful 

reducing agents towards many oxides and halides and so can be used to prepare many 

metallic elements or their alloys. 

The small size of lithium frequently confers special properties on its compounds and for 

this reason the element is sometimes termed “anomalous”. For example, it is miscible with 

Na only above 380° and is immiscible with molten K, Rb, and Cs, whereas all other pairs of 

alkali metals are miscible with each other in all proportions. (The ternary alloy containing 

12% Na, 47% K, and 41% Cs has the lowest known mp, — 78°C, of any metallic system.) 

Li shows many similarities to Mg. This so-called “diagonal relationship” stems from the 

similarity in ionic size of the two elements: r(Li* ) 76 pm, r(Mg?*) 72 pm, compared with 
r(Na* ) 102 pm. Thus, as first noted by Arfvedson in establishing lithium as a new element, 

LiOH and Li,CO, are much less soluble than the corresponding Na and K compounds 

and the carbonate (like MgCO,) decomposes more readily on being heated. Similarly, LiF 

(like MgF,,) is much less soluble in water than are the other alkali metal fluorides because 

of the large lattice energy associated with the small size of both the cation and the anion. 

By contrast, lithium salts of large, non-polarizable anions such as ClO,” are much more 

soluble than those of the other alkali metals, presumably because of the high energy of 

solvation of Li*. For the same reason many simple lithium salts are normally hydrated (p. 

101) and the anhydrous salts are extremely hygroscopic: this great affinity for water forms 

the basis of the widespread use of LiCl and LiBr brines in dehumidifying and air- 

conditioning units. More subtly there is also a close structural relation between the 

hydrogen-bonded structures of LiClO, .3H,O and Mg(ClO,), .6H,O in which the face- 
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shared octahedral groups of [Li(H,O),]* are replaced alternately by half the number of 

discrete [Mg(H,O),]?* groups.” Lithium sulfate, unlike the other alkali metal sulfates, 
does not form alums [M(H,O),]*[Al(H,O),]**[SO,],?~ because the hydrated lithium 
cation is too small to fill the appropriate site in the alum structure. 

Lithium is unusual in reacting directly with N, to form the nitride Li,N; no other alkali 

metal has this property, which lithium shares with magnesium (which readily forms 

Mg,N,). On the basis of size, it would be expected that Li would be tetrahedrally 

coordinated by N but, as pointed out by A. F. Wells," this would require 12 tetrahedra to 
meet at a point which is a geometrical impossibility, 8 being the maximum number 

theoretically possible; accordingly Li,N has a unique structure in which one-third of the 

Li have 2 N atoms as nearest neighbours (at 194 pm) and the remainder have 3 N atoms as 

neighbours (at 211 pm); each N is surrounded by 2 Li at 194 pm and 6 more at 211 pm. 

4.2.6 Solutions in liquid ammonia and other solvents') 

One of the most remarkable features of the alkali metals is their ready solubility in 

liquid ammonia to give bright blue, metastable solutions with unusual properties. Such 

solutions have been extensively studied since they were first observed by T. Weyl in 1863, 

and it is now known that similar solutions are formed by the heavier alkaline earth metals 

(Ca, Sr, and Ba) and the divalent lanthanoids europium and ytterbium in liquid ammonia. 

Many amines share with ammonia this ability though to a much lesser extent. It is clear 

that solubility is favoured by low metal lattice energy, low ionization energies, and high 

cation solvation energy. The most striking physical properties of the solutions are their 

colour, electrical conductivity, and magnetic susceptibility. The solutions all have the 

same blue colour when dilute, suggesting the presence of acommon coloured species, and 

they become bronze-coloured and metallic at higher concentrations. The conductivity of 

the dilute solutions is an order of magnitude higher than that of completely ionized salts in 

water; as the solutions becomes more concentrated the conductivity at first diminishes to 

a minimum value at about 0.04 m and then increases dramatically to approach values 

typical of liquid metals. Dilute solutions are paramagnetic with a susceptibility 

appropriate to the presence of | free electron per metal atom; this susceptibility diminishes 

with increase in concentration, the solutions becoming diamagnetic in the region of the 

conductivity minimum and then weakly paramagnetic again at still higher 

concentrations. 

The interpretation of these remarkable properties has excited considerable interest: 

whilst there is still some uncertainty as to detail, it is now generally agreed that in dilute 

solution the alkali metals ionize to give a cation M* and a quasi-free electron which is 

+ Actually, the first observation was probably made by Sir Humphry Davy some 55 y earlier: an unpublished 

observation in his Notebook for November 1807 has recently been discovered by Peter Edwards of Cambridge 

University. It reads “When 8 grains of potassium were heated in ammoniacal gas it assumed a beautiful metallic 
appearance and gradually became of.a pure blue colour”. 

'° A. F. WELLS, Structural Inorganic Chemistry, 4th edn., Oxford University Press, Oxford, 1975, 1095 pp. 
"!'W. L. JoLLy and C. J. HALLADA, Liquid ammonia, Chap. | in T. C. WADDINGTON (ed.), Non-aqueous 

Solvent Systems, pp. 1-45, Academic Press, London, 1965. J. C. THompson, The physical properties of metal 

solutions in non-aqueous solvents, Chap. 6 in J. LaGowsk1 (ed.), The Chemistry of Non-aqueous Solvents, Vol. 2, 
pp. 265-317, Academic Press, New York, 1967. 
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distributed over a cavity in the solvent of radius 300-340 pm formed by displacement of 

2-3 NH; molecules. This species has a broad absorption band extending into the infrared 

with a maximum of ~ 1500 nm and it is the short wavelength tail of this band which gives 

rise to the deep-blue colour of the solutions. The cavity model also interprets the fact that 

dissolution occurs with considerable expansion of volume so that the solutions have 

densities that are appreciably lower than that of liquid ammonia itself. The variation of 

properties with concentration can best be explained in terms of three equilibria between 

five solute species M, M,, M*, M_, and e~ 

ManoM+.te.,; K~10~? 
Mam Mam + &am’ KA i0 

(M5 )am2M. K~2x10 * 

The subscript am indicates that the deers are dissolved in liquid ammonia and may be 

solvated. At very low concentrations the first equilibrium predominates and the high ionic 

conductivity stems from the high mobility of the electron which is some 280 times that of 

the cation. The species M,,, can be thought of as an ion pair in which M,*, and e,,, are 

held together by coulombic forces. As the concentration is raised the second equiliociin 

begins to remove mobile electrons e,,, as the complex M,,, and the conductivity drops. 

Concurrently M,,, begins to dimerize tb give (M,),,, in which the interaction between the 

2 electrons is sufficiently strong to lead to spin-pairing and diamagnetism. At still higher 

concentrations the system behaves as a molten metal in which the metal cations are 

ammoniated. Saturated solutions are indeed extremely concentrated as indicated by the 

following table. 

Solute Li Na K Rb Gs 

Ee — 33.2° —33.5° — 33.2° — — 50° 
g(M)/kg(NH;) 108.7 251.4 463.7 - 3335 

mol(NH;)/mol(M) SHS 5.37 4.95 — 2.34 

The lower solubility of Li on a wt/wt basis reflects its lower atomic weight and, when 

compared on a molar basis, it is nearly 50% more soluble than Na (15.66 mol/kg NH, 

compared to 10.93 mol/kg NH;). Note that it requires only 2.34 mol NH, (39.8 g) to 

dissolve 1 mol Cs (132.9 g). 

Solutions of alkali metals in liquid ammonia are valuable as powerful and selective 

reducing agents. The solutions are themselves unstable with respect to amide formation: 

M+NH,—>MNH, +3H, 

However, under anhydrous conditions and in the absence of catalytic impurities such as 

transition metal ions, solutions can be stored for several days with only a few per cent 

decomposition. Some reductions occur without bond cleavage as in the formation of 

alkali metal superoxides and peroxide (p. 98). 

Se BLO 0,?- 

Transition metal complexes can be reduced to unusually low oxidation states either with 

or without bond cleavage, e.g.: 
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NH3/-—33° 

K,[Ni(CN),] + 2K K,[Ni(CN),]; ie. Ni(0) 

[Pt(NH,),]Br>+2K ——-> [Pt(NH),]+2KBr; ie. Pt(0) 

33 
Mn, (CO), >+2K ———> 2KMn(CO)<]; ie. Mn(—1) 

NH3/— 33° 
Fe(CO), + 2Na ———> Na,[Fe(CO),]+CO; ie. Fe(—2) 

Salts of several heavy main-group elements can be reduced to form polyanions such as 

Na,[Sny], Na3[Sb3], and Na3[Sb-7] (p. 686). 
Many protonic species react with liberation of hydrogen: 

RC=CH +¢.. > RC=C ai; 

NH, * +¢€,,——NH; + 4H, 
AsH;+e,,,——> AsH, +4H, 
EtOH +e,,,——>- EtO_-—++- 4H, 

These and similar reactions have considerable synthetic utility. Other reactions which 

result in bond cleavage by the addition of one electron are: 

R,S+e,,——> RS” + 4R, 

Et,SnBr+e,,,——> Et,Sn’ + Br7 

When a bond is broken by addition of 2 electrons, either 2 anions or a dianion is formed: 

Ge,H, + 2e,,, ——> 2GeH,,~ 

PhNHNH, + 2e,,,—> PhNH  +NH,~ 

PhN=O + 2e,,,——> PhN" —O- 

Sach2e, ne Spee 

Subsequent ammonolysis may also occur: 

RCH=CH, +2e>, {RCH—CH,27}—_—+ RCH, CH, + 2NH, ~ 

N,O+2ez, {Ny tnO Fade oe ee Olas Nar 

NCO 7:+2e5, = 45(CNa# O40 ONG OH ENHoa 

Bt Br ih ley cect eABray-h Et  oce Bik Gibbs saan 

Solutions of alkali metals in liquid ammonia have been developed as versatile reducing 

agents which effect reactions with organic compounds that are otherwise difficult or 

impossible.“”?) Aromatic systems are reduced smoothly to cyclic mono- or di-olefins and 

'? A. J. BIRCH, Reduction of organic compounds by metal-ammonia solutions, Qr. Rev. 4, 69-93 (1950); A. J. 
BIRCH and H. SmiTH, Reduction by metal-amine solutions, Qr. Rev. 12, 17-33 (1958). 
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alkynes are reduced stereospecifically to trans-alkenes (in contrast to Pd/H, which gives 

cis-alkenes). 
The alkali metals are also soluble in aliphatic amines and hexamethylphosphoramide, 

P(NMe,), to give coloured solutions which are strong reducing agents. These solutions 

appear to be similar in many respects to the dilute solutions in liquid ammonia though 

they are less stable with respect to decomposition into amide and H,. Likewise, fairly 

stable solutions of the larger alkali metals K, Rb, and Cs have been obtained in 

tetrahydrofuran, ethylene glycol dimethyl ether, and other polyethers. These and similar 

solutions have been successfully used as strong reducing agents in situations where 

protonic solvents would have caused solvolysis. For example, naphthalene reacts with Na 

in tetrahydrofuran to form deep-green solutions of the paramagnetic sodium naphthe- 

nide, NaC,,Hg, which can be used directly in the presence of a bis(tertiary phosphine) 

ligand to reduce the anhydrous chlorides, VCl;, CrCl, MoCl,, and WCI, to the zero- 

valent octahedral complexes [M(Me,PCH,CH,PMe,)3], where M=V, Cr, Mo, W. 

Similarly the planar complex [Fe(Me,PCH,CH,PMe,),] was obtained from trans- 

[Fe(Me,PCH,Ch,PMe,),Cl,], and the corresponding tetrahedral Co(0) compound 

from CoCl,.0*) 

4.3 Compounds''* !°) 

4.3.1 Introduction: the ionic-bond model''° 

The alkali metals form a complete range of compounds with all the common anions and 

have long been used to illustrate group similarities and trends. It has been customary to 

discuss the simple binary compounds in terms of the ionic bond model and there is little 

doubt that there is substantial separation of charge between the cationic and anionic 

components of the crystal lattice. On this model the ions are considered as hard, 

undeformable spheres carrying charges which are integral multiples of the electronic 

charge z,e*. Corrections can be incorporated for zero-point energies, London dispersion 

energies, ligand-field stabilization energies, and non-spherical ions (such as NO,_, etc.). 

The attractive simplicity of this model, and its considerable success during the past 60 y in 

interpreting many of the properties of simple salts, should not, however, be allowed to 

obscure the growing realization of its inadequacy.“° !7) In particular, as already noted, 
success in calculating lattice energies and hence enthalpy of formation via the 

Born—Haber cycle, does not establish the correctness of the model but merely indicates 

that it is consistent with these particular observations. For example, the ionic model is 

quite successful in reproducing the enthalpy of formation of BF;, SiF,, PF;, and even SF, 

'3 J. Cuatt and H. R. WaTson, Complexes of zerovalent transition metals with the ditertiary phosphine, 
Me,PCH,CH,PMe,, J. Chem. Soc. 1962, 2545-9. 

14H. Remy, Treatise on Inorganic Chemistry (translated by J. S. ANDERSON), Vol. 1, Chap. 6, The alkali 
metals, pp. 153-202, Elsevier, Amsterdam, 1956. 

15. WA. Hart and O. F. BEUMEL, Lithium and its compounds, Comprehensive Inorganic Chemistry, Vol. 1, 
Chap. 7, Pergamon Press, Oxford, 1973. T. P. WHALEY, Sodium, potassium, rubidium, caesium, and francium, 

ibid., Chap. 8. 
'6 N. N. GREENWOOD, Jonic Crystals, Lattice Defects, and Nonstoichiometry, Butterworths, London, 1968, 

194 pp. 
'TD. M. Apams, Inorganic Solids: An Introduction to Concepts in Solid-State Structural Chemistry, Wiley, 

London, 1974, 336 pp. 
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on the assumption that they are assemblies of point charges at the known interatomic 

distance, ie. B?*(F~)3, etc.,"® but this is not a sound reason for considering these 
molecular compounds as ionic. Likewise, the known lattice energy of lithium metal can be 

reproduced quite well by assuming that the observed bcc arrangement of atoms is made 

up from alternating ions Lit Li~ in the CsCl structure; the discrepancy is no worse 

than that obtained using the same model for AgCl (which has the NaCl structure). It 

appears that the ionic-bond model is self compensating and that the decrease in the 

hypothetical binding energy which accompanies the diminution of formal charges on the 

atoms is accompanied by an equivalent increase in binding energy which could be 

described as “covalent” (BF) or “metallic” (Li metal). 

A more satisfactory procedure, at least conceptually, is to describe crystalline salts and 

other solid compounds in terms of molecular orbitals. Quantitative calculations are 

difficult to carry out but the model allows flexibility in placing “partial ionic charges” on 

atoms by modifying orbital coefficients and populations, and it can also incorporate 

metallic behaviour by modifying the extent to which partly filled individual molecular 

orbitals are either separated by energy gaps or overlap. 

The compounds which most nearly fit the classicial conception of ionic bonding are the 

alkali metal halides. However, even here, one must ask to what extent it is reasonable to 

maintain that positively charged cations M* with favourably directly vacant p orbitals 

remain uncoordinated by the surrounding anionic ligands X~ to form extended (bridged) 

complexes. Such interaction would be expected to increase from Cs* to Li* and from F~ 

to I~ (why?) and would place some electron density between the cation and anion. Some 

evidence on this comes from very precise electron density plots obtained by X-ray 
diffraction experiments on LiF, NaCl, KCl, MgO, and CaF,.%° Data for LiF are shown 
in Fig. 4.2a from which it is clear that the Li* ion is no longer spherical and that the 

electron density, while it falls to a low value between the ions, does not become zero. Even 

more significantly, as shown in Fig. 4.2b, the minimum does not occur at the position to be 

expected from the conventional ionic radii: whatever set of tabulated values is used the 

cation is always larger than expected and the anion smaller. This is consistent with a 

transfer of some electronic density from anion to cation since the smaller resultant positive 
charge on the cation exerts smaller coulombic attraction for the electrons and the ion 

expands. The opposite holds for the anion. These results also call into question the use of 

radius-ratio rules to calculate the coordination number of cations and leave undecided the 

numerical value of the ionic radii to be used (see also p. 72, hydrides). In fact, the radius- - 

ratio rules are particularly unhelpful for the alkali halides, since they predict (incorrectly) 

that LiCl, LiBr, and Lil should have tetrahedral coordination and that NaF, KF, KCl, 

RbF, RbCl, RbBr, and CsF should all have the CsCl structure. It may be significant that 

adoption of the NaCl structure by all these compounds maximizes the p—p orbital 

overlap along the orthogonal x-, y-, and z-directions, and so favours molecular orbital 

18 F_ J. GARRICK, Studies in coordination. Part 4. Some fluorides and chlorides and their complexes, Phil. 

Mag. 14, 914-37 (1932). It is instructive to repeat some of these calculations with more recent values for the 
constants and properties used. 

"°C. S. G. PHILLIPS and R. J. P. WiLLiaMs, Inorganic Chemistry, Vol. 1, Chap. 5, “The ionic model”, pp. 
142-87, Oxford University Press, Oxford, 1965. 

20H. Witte and E. WOLFEL, X-ray determination of the electron distribution of crystals, Z. phys. Chem. 3, 
296-329 (1955). J. KruG, H. Witte, and E. WOLEEL, ibid. 4, 36-64 (1955). H. Witte and E. WO FEL, Electron 
distributions in NaCl, LiF, CaF,, and Al, Rev. Mod. Phys. 30, 51-5 (1958). 
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The Ionic-bond Model 
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(a) Distribution of electron density (ue/pm*) in the xyo plane of LiF, and (b) variation of 

electron density along the Li-F direction near the minimum. The electron density rises to 17.99 pe 
pm? at Li and to 115.63 we pm’? at F. (The unit we pm? is numerically identical to eA ~ >.) 
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formation in these directions. Further information on the variation in apparent radius of 

the hydride, halide, and other anions in compounds with the alkali metals and other 

cations is in ref. 21. 

Deviations from the simple ionic model are expected to increase with increasing formal 

charge on the cation or anion and with increasing size and ease of distortion of the anion. 

Again, deviations tend to be greater for smaller cations and for those (such as Cu*, Ag”, 

etc.) which do not have an inert-gas configuration."® The gradual transition from 

predominantly ionic to covalent is illustrated by the “isoelectronic” series: 

NaFPs<Mers.-Alk,, JoiF,,, PFs. g9r,, IF>, F> 

A similar transition towards metallic bonding is illustrated by the series: 

NaCl, Na,O, Na,S, Na;P, Na;As, Na;Sb, Na;Bi, Na 

Alkali metal alloys with gold have the CsCl structure and, whilst NaAu and KAu are 

essentially metallic, RbAu and CsAu have partial ionic bonding and are n-type 

semiconductors. These factors should constantly be borne in mind during the discussion 

of compounds in later chapters. 

The extent to which charge is transferred back from the anion towards the cation in the 

alkali metal halides themselves is difficult to determine precisely. Calculations indicate 

that it is probably only a few percent for some salts such as NaCl, whereas for others (e.g. 

Lil) it may amount to more than 0.33 e” per atom. Direct experimental evidence on these 

matters is avilable for some other elements from techniques such as Mossbauer 

spectroscopy, 7) electron spin resonance spectroscopy,”*) and neutron scattering form 
factors.°? 

4.3.2 Halides and hydrides 

The alkali metal halides are all high-melting, colourless, crystalline solids which can be 

conveniently prepared by reaction of the appropriate hydroxide (MOH) or carbonate 

(M,CO,) with aqueous hydrohalic acid (HX), followed by recrystallization. Vast 

quantities of NaCl and KCl are available in nature and can be purified if necessary by 
simple crystallization. The hydrides have already been discussed (p. 70). 

Trends in the properties of MX have been much studied and typical examples are 

illustrated in Figs. 4.3 and 4.4. The mp and bp always follow the trend F>Cl>Br>I> 

except perhaps for some of the Cs salts where the data are uncertain. Figure 4.3 also shows 

that the mp and bp of LiX are always below those of NaX and that (with the exception of 
the mp of KI) the values for NaX are the maximum for each series. Trends in enthalpy of 
formation AH; and lattice energy U, are even more regular (Fig. 4.4) and can readily be 

interpreted in terms of the Born—Haber cycle, providing one assumes an invariant charge 

corresponding to loss or gain of one complete electron per ion, M* X~. The Born—Haber 

cycle considers two possible routes to the formation of MX and equates the corresponding 
enthalpy changes by applying-Hess’s law:® 

7! Q. JOHNSON, Ionic radii for spherical potential ions, /norg. Chem. 12, 780-85 (1973). 
>? N. N. GREENWOOD and T. C. GiBB, Méssbauer Spectroscopy, Chapman & Hall, London, 1971, 659 pp. 
23 P. B. AyscouGH, Electron Spin Resonance in Chemistry, pp. 300-01, Methuen, London, 1967. P. W. 

ATKINS and M. C. R. Symons, The Structure of Inorganic Radicals, pp. 51-73, Elsevier, Amsterdam, 1967. 
°4 G. E. Bacon, Neutron Diffraction, 3rd edn., Oxford University Press, Oxford, 1975, 636 pp. 
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4 

So 

Hence 

AH? (MX)=Sy4+73Dx, +Iy— Ex — Uy, 

where Sy is the heat of sublimation of M(c) to a monatomic gas (Table 4.2), Dx, is the 

dissociation energy of X,(g) (Table 4.2), I,, is the ionization energy of M(g) (Table 4.2), 

and Ey the electron affinity of X(g) (Table 17.4, p. 934). The lattice energy U, is given 

approximately by the expression 

N Ae? 
eis ATEolo ro 

where N, is the Avogadro constant, A is a geometrical factor, the Madelung constant 

(which has the value of 1.7627 for the CsCl structure and 1.7476 for the NaCl structure), rp 

Li Na K Rb Cs 

Fic. 4.3 Melting point and boiling point of alkali metal halides. 
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OF 

—400} 

—600 

kJ mol"! 

—800 

—1000 

—1200 
Li Nae = K Rb Cs 

Fic.4.4 Standard enthalpies of formation (AH; ) and lattice energies (plotted as — U,) for alkali 
metal halides and hydrides. 

is the shortest internuclear distance between M* and X_ in the crystal, and p is a measure 

of the close-range repulsion force which resists mutual interpenetration of the ions. It is 

clear that the sequence of lattice energies is determined primarily by ro, so that the lattice 

energy is greatest for LiF and smallest for CsI, as shown in Fig. 4.4. In the Born—Haber 

expression for AH? this factor predominates for the fluorides and there is a trend to smaller 

enthalpies of formation from LiF to CsF (Fig. 4.4). The same incipient trend is noted for 

the hydrides MH, though here the numerical values of AH? are all much smaller than 

those for MX because of the much higher heat of dissociation of H, compared to X,. By 
contrast with the fluorides, the lattice energy for the larger halides is smaller and less 

dominant, and the resultant trend of AH; is to larger values, thus reflecting the greater ease 

of subliming and ionizing the heavier alkali metals. 

The Born—Haber cycle is also useful in examining the possibility of forming 

alkali-metal halides of stoichiometry MX,. The dominant term will clearly be the very 

large second-stage ionization energy for the process M*(g)>M?*(g)+e ; this is 
7297 kJ mol~' for Li but drops to 2255 kJ mol’ for Cs. The largest possible lattice 

energy to compensate for this would be obtained with the smallest halogen F and (making 
plausible assumptions on lattice structure and ionic radius) calculations indicate that 
CsF, could indeed be formed exothermically from its elements: 

Cs(s)+F(g)=CsF,(s); AH? —125kJ mol7! 
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However, the compound cannot be prepared because of the much greater enthalpy of 

formation of CsF which makes CsF, unstable with respect to disproportionation: 

Cs(s)+ 4F,(g)=CsF(s); AH? =—530 kJ mol”! 

whence 

CsF,(s)=CsF(s)+4F 2; AH aisprop =~ —405 kJ mol” * 

The alkali metal halides, particularly NaCl and KCl find extensive application in 

industry (pp. 79 and 83). The hydrides are frequently used as reducing agents, the 

product being a hydride or complex metal hydride depending on the conditions used, or 

the free element if the hydride is unstable. Illustrative examples using NaH are: 

2BF,+6NaH —“° > B,H,+6NaF 

Et, 0/125° 

reflux 
B(OMe), + NaH ——> Na[BH(OMe);] 

225217 5. B(OMe), +4NaH NaBH,+3NaOMe 

Me,0O 

AIBr;+4NaH NaAlH, + 3NaBr 

400 TiCl, +4NaH Ti+4NaCl+2H, 

Sulfur dioxide is uniquely reduced to dithionite (a process useful in bleaching paper pulp, 

p. 854). CO, gives the formate: 

2SO,(l) + 2NaH 
CO,(g)+NaH 

Na,S,0,+H, 

HCO,Na 

4.3.3 Oxides, peroxides, superoxides, and suboxides 

The alkali metals form a fascinating variety of binary compounds with oxygen, the most 

versatile being Cs which forms 9 compounds with stoichiometries ranging from Cs,O to 

CsO,. When the metals are burned in a free supply of air the predominant product 

depends on the metal: Li forms the oxide Li,O (plus some Li,O,), Na forms the peroxide 

Na,O, (plus some Na,O), whilst K, Rb, and Cs form the superoxide MO,. Under the 
appropriate conditions pure compounds M,O, M,O, and MO, can be prepared for all 

five metals. 

The “normal” oxides M,O (Li, Na, K, Rb) have the antifluorite structure as do many of 

the corresponding sulfides, selenides, and tellurides. This structure is related to the CaF, 

structure (p. 1407) but with the sites occupied by the cations and anions interchanged so 

that M replaces F and O replaces Ca in the structure. Cs,O has the anti-CdCl, layer 

structure (p. 1407). There is a trend to increasing coloration with increasing atomic 

number, Li,O and Na,O being pure white, K,O yellowish white, Rb,O bright yellow, and: 
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Cs,O orange. The compounds are fairly stable towards heat, and thermal decomposition 

is not extensive below about 500°. Pure Li,O is best prepared by thermal decomposition 

of Li,O, (see below) at 450°C. Na,O is obtained by reaction of Na,O,, NaOH, or 

preferably NaNO, with the Na metal: 

Na,0O,+2Na 2Na,O 

NaOH + Na Na,O+4H, 
NaNO, +3Na 2Na,0+4N, 

In this last reaction Na can be replaced by the azide NaN; to give the same products. The 

normal oxides of the other alkali metals can be prepared similarly. 

The peroxides M,O, contain the peroxide ion O,?~ which is isoelectronic with F. 

Li,O, is prepared industrially by the reaction of LIOH.H,O with hydrogen peroxide, 

followed by dehydration of the hydroperoxide by gentle heating under reduced pressure: 

LiOH .H,04.H.0,—“ 23 LiG@O@H.H.0 £H,0 

I1iOOH_ HeO ——— > LL © 4 HO; -2HL© 

It is a thermodynamically stable, white, crystalline solid which decomposes to Li,O on 

being heated above 195°C. 
Na,O,, is prepared as pale-yellow powder by first oxidizing Na to Na,O in a limited 

supply of dry oxygen (air) and then reacting this further to give Na,O,: 

DNase Onis Le Nes Shi Oe 

Preparation of pure K,O,, Rb,O,, and Cs,O, by this route is difficult because of the ease 

with which they oxidize further to the superoxides MO,. Oxidation of the metals with NO 
has been used but the best method is the quantitative oxidation of the metals in liquid 

ammonia solution (p. 89). The peroxides can be regarded as salts of the dibasic acid 

H,O,. Thus reaction with acids or water quantitatively liberates H,O,: 

M,O,+H,SO,—>M,S80,+H,0,; M,O,+H,O0—+2MOH+H,0, 

Sodium peroxide finds widespread use industrially as a bleaching agent for fabrics, paper 

pulp, wood, etc., and as a powerful oxidant; it explodes with powdered aluminium or 

charcoal, reacts with sulfur with incandescence, and ignites many organic liquids. Carbon 

monoxide forms the carbonate, and CO, liberates oxygen (an important application in 

breathing apparatus for divers, firemen, and in submarines—space capsules use the lighter 

Li,O,): 

Na,O, + CO Se Na,CO, 

Na,O, Se CO, NEE Na,CO, ote 40, 

In the absence of oxygen or oxidizable material, the peroxides (except Li,O,) are stable 

towards thermal decomposition up to quite high temperatures, e.g. Na,O0,~675°C, 
Cs,0, ~ 590°C. 

The superoxides MO, contain the paramagnetic ion O, which is stable only in the 

presence of large cations such as K, Rb, Cs (and Sr, Ba, etc.). LiO, has only been prepared 

by matrix isolation experiments at 15 K and positive evidence for NaO, was first obtained 
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by reaction of O, with Na dissolved in liquid NH; it can be obtained pure by reacting Na 

with O, at 450°C and 150 atm pressure. By contrast, the normal products of combustion 

of the heavier alkali metals in air are KO, (orange), mp 380°C, RbO, (dark brown), mp 

412°C, and CsO, (orange), mp 432°C. NaO, is trimorphic, having the marcasite structure 

(p. 804) at low temperatures, the pyrite structure (p. 804) between — 77° and — 50°C anda 

pseudo-NaCl structure above this, due to disordering of the O,~ ions by rotation. The 

heavier congeners adopt the tetragonal CaC, structure (p. 320) at room temperature and 

the pseudo-NaCl structure at high temperature. 

Sesquoxides “M,O,” have been prepared as dark-coloured paramagnetic powders by 

careful thermal decomposition of MO, (K, Rb, Cs). They can also be obtained by 

oxidation of liquid ammonia solutions of the metals or by controlled oxidation of the 

peroxides, and are considered to be peroxide disuperoxides [(M*),(O,*~ )(O,~ ),]; 

however, the fact that they apparently crystallize in the cubic system implies the 

equivalence of the three O,”" groups, and the structures merit further investigation. 

Ozonides MO, have been prepared for Na, K, Rb, and Cs by the reaction of O; on 

powdered anhydrous MOH at low temperature and extraction of the red MO; by liquid 

NH;: 

3MOH(c)+ 203(g) ———> 2MO,,(c)+ MOH..H,O(c)+40,,(g) 

Under similar conditions Li gave [Li(NH3),]O 3 which decomposed on attempted 

removal of the coordinated NH, again emphasizing the important role of cation size in 

stabilizing catenated oxygen anions. The ozonides, on standing, slowly decompose to 

oxygen and the superoxide MO,, but on hydrolysis they appear to go directly to the 

hydroxide: 

MO, —->MO, a 40, 

4MO,+2H,O ———> 4MOH +50, 

In addition to the above oxides M,O, M,0O,, M,O,, MO,, and MO, in which the alkali 

metal has the constant oxidation state + 1, rubidium and caesium also form suboxides in 

which the formal oxidation state of the metal is considerably lower. Some of these 

intriguing compounds have been known since the turn of the century but only recently 

have their structures been elucidated by single crystal X-ray analysis.?°) Partial oxidation 

of Rb at low temperatures gives Rb,O which decomposes above —7.3°C to give copper- 
coloured metallic crystals of Rb,O,: 

2Rb,0 —_> > Rb,O, +3Rb 

Rb,O, inflames with H,O and melts incongruently at 40.2° to give 2Rb,0+5Rb. The 

structure of Rb,O, comprises two ORb, octahedra sharing a common face (Fig. 4.5). It 

thus has the anti-[T],Cl,]*~ structure. The Rb-Rb distance within this unit is only 

352 pm (compared with 485 pm in Rb metal) and the nearest Rb-Rb distance between 

groups is 511 pm. The Rb-O distance is ~249 pm, much less than the sum of the 

conventional ionic radii (289 pm) and the metallic character of the oxide comes from the 

excess of at least 5 electrons above that required for simple bookkeeping. Crystalline 

25 A. Simon, The crystal structure of Cs,O0, Rb,O2, Naturwiss. 58, 622-23 (1971); Z. anorg. Chem. 395, 301 
(1973). See also A. SIMON, Structure and bonding in alkali metal suboxides, Struct. Bonding 36, 81—127 (1979). 
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(b) 

Fic.4.5 (a) The confacial bioctahedral Rb,O, group in Rb,O, and Rb,O, and (b) the confacial 
trioctahedral Cs,,O,3 group in Cs,O. 

Rb,O has a unit cell containing 4 formula units, ie. Rb,,0,, and the structure consists of 

alternating layers of RbyO, and close-packed metal atoms parallel to (001) to give the 

structural formula [(Rb,O,)Rb; ]. 
Caesium forms an even more extensive series of suboxides: Cs,O, bronze-coloured, 

mp + 4.3°C; Cs,O, red-violet, decomposes > 10.5°; Cs, ,O3, violet crystals, mp (incongru- 

ent) 52.5°C; and Cs,,,O a nonstoichiometric phase up to Cs,O, which decomposes at 

166°C. Cs,O reacts vigorously with O, and H,O and the unit cell is found to be Cs,,03, 

i.e. [(Cs,,03)Cs,9]. The unit Cs, ,O, comprises 3 octahedral OCs, groups each sharing 2 

adjacent faces to form the trigonal group shown in Fig. 4.5b. These groups form chains 

along (001) and are also surrounded by the other Cs atoms. The Cs—Cs distance within the 

Cs,,O; group is only 376 pm, whereas between groups it is 527 pm; this latter distance is 

also the shortest distance between Cs in a group and the other 10 Cs atoms, and is similar 

to the interatomic distance in Cs metal. The structures of the other 3 suboxides are more 
complex but it is salutory to realize that Cs forms at least 9 crystalline oxides whose 

structures can be rationalized in terms of general bonding systematics. 

4.3.4 Hydroxides 

Evaporation of aqueous solutions of LiOH under normal conditions produces the 

monohydrate, and this can be readily dehydrated by heating in an inert atmosphere or 

under reduced pressure. LOH .H,O has a crystal structure built up of double chains in 

which both Li and H,O have 4 nearest neighbours (Fig. 4.6a); Li is tetrahedrally 

coordinated by 20H and 2H,O, and each tetrahedron shares an edge (2OH) and two 

corners (2H,O) to produce double chains which are held laterally by H bonds. Each H,O 

molecule is tetrahedrally coordinated by 2Li from the same chain and 2OH from other 

chains. Anhydrous LiOH has a layer lattice of edge-shared Li(OH), tetrahedra (Fig. 4.6b) 

in which each Li in a plane is surrounded tetrahedrally by 40H, and each OH has 4Li 

neighbours all lying on one side; neutron diffraction shows that the OH bonds are normal 

to the layer plane and there is no H bonding between layers. 
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Fic.4.6 (a) The double-chain structure of LiOH .H,O, and (b) the layer structure of anhydrous 
LiOH (see text). 

Numerous hydrates have been prepared from aqueous solutions of the heavier alkali 

metal hydroxides (e.g. NaOH .nH,O, where n=1, 2, 3.5, 4, 5, and 7) but little detailed 

structural information is available. The anhydrous compounds all show the influence of 

oriented OH groups on the structure,’ and there is evidence of weak O—H-:-O bonding 
for KOH and RbOH. Melting points are substantially lower than those of the halides, 

decreasing from 471°C for LiOH to 272° for CsOH. 

The alkali metal hydroxides are the most basic of all hydroxides. They react with acids 

to form salts and with alcohols to form alkoxides. They readily absorb CO, and H,S to 

form carbonates (or hydrogencarbonates) and sulfides (or hydrogensulfides), and are 

extensively used to remove mercaptans from petroleum products. Amphoteric oxides such 

as those of Al, Zn, Sn, and Pb react with MOH to form aluminates, zincates, stannates, 

and plumbates, and even SiO, (and silicate glasses) are attacked. 

Production and uses of LiOH have already been discussed (p. 77). Huge tonnages of 

NaOH and KOH are produced by electrolysis of brine (pp. 82, 84) and the enormous 

industrial importance of these chemicals has already been alluded to. 

4.3.5 Oxoacid salts and other compounds 

Many binary and pseudo-binary compounds of the alkali metals are more conveniently 
treated within the context of the chemistry of the other element and for this reason 

discussion is deferred to later chapters, e.g. borides (p. 162), graphite intercalation 

compounds (p. 313), carbides, cyanides, cyanates, etc. (pp. 318, 336), silicides (p. 386), 

germanides (p. 455), nitrides, azides, and amides (p. 479), phosphides (p. 562), arsenides 

(p. 646), sulfides (p. 798), selenides and tellurides (p. 898), polyhalides (p. 978), etc. 

Likewise, the alkali metals form stable salts with virtually all oxoacids and these are also 

discussed in later chapters. 

Lithium salts show a great propensity to crystallize as hydrates, the trihydrates being 

particularly common, e.g. LiX.3H,0, X=Cl, Br, I, ClO3, ClO,, MnO,, NO3, BF4, 

etc. In most of these Li is coordinated by 6H,O to form chains of face-sharing octahedra: 
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By contrast Li,CO, is anhydrous and sparingly soluble (1.28 wt% at 25°C, i.e. 0.17 mol 

1~'). The nitrate is also anhydrous but is hygroscopic and much more soluble (45.8 wt% at 

25°C, i.e. 6.64 mol 17 *). a 
The heavier alkali metals form a wide variety of hydrated carbonates, hydrogen- 

carbonates, sesquicarbonates, and mixed-metal combinations of these, e.g. 

Na,CO,.H,O, Na,CO;3.7H,O, Na,CO,.10H,O, NaHCoO,, 

Na,CO;.NaHCO,.2H,O, Na,CO,.3NaHCO,, NaKCO,.nH,0O, 

K,CO;.NaHCO,.2H,0O, etc. These systems have been studied in great detail because of 

their industrial and geochemical significance (see Panel). Some solubility data are in Fig. 4.7, 

which indicates the considerable solubility of Rb,CO, and Cs,CO, and the lower solubility 

of the hydrogen carbonates. The complicated phase relationships in the 

Na,CO,/NaHCO;/H,O system are shown in more detail in Fig. 4.8. The various 

stoichiometries reflect differing ways of achieving charge balance, preferred coordination 

polyhedra, and H bonding. Thus Na,CO3.H,O has two types of 6-coordinate Na, half 

being surrounded by 1H,O plus 5 oxygen atoms from CO, groups and half by 2H,O plus 4 

oxygen atoms from CO, groups. The decahydrate has octahedral Na(H,O), groups 

associated in pairs by edge sharing to give [Na,(H,O),,]. The hydrogencarbonate 

NaHCO, has infinite one-dimensional chains of HCO, formed by unsymmetrical 

O—H.---O bonds (261 pm) which are held laterally by Na ions. The sesquicarbonates 

Na3H(CO;),.2H,O have short, symmetrical O-H-O bonds (253 pm) which link the 

carbonate ions in: pairs, and longer O—H---O bonds (275 pm) which link these pairs to 

water molecules. Similar phases are known for the other alkali metals. 

Industrial Production and Uses of Sodium pee Hydroxide, oo 
and Sulfate 

Na,CO, (soda ash) is interchangeable with NaOH in many of its applications (e.g. paper 
pulping, soap, detergents) and this gives a valuable flexibility to the chlor—alkali industry. About _ : 

half the Na,CO, produced is used in the glass industry: One developing application is in the 
reduction of sulfur pollution resulting from stack gases of power plants and other large furnaces: 
powdered Na,CO, is injected with the fuel and reacts with SO, to give solids such as Na,SO, 
which can be removed by filtration or precipitation. World production of Na,CO, was 22 million 
tonnes in 1974: the five leading countries were the USA, the USSR, France, the Federal Republic 
of Germany, and Japan, and they accounted for over 70° of production. Most of this material was 
synthetic (Solvay), but the increasing use of natural carbonate (trona) is notable, particularly in 
the USA where it now accounts for more than half of the Na,CO 3 produced: reserves in the G 
River, Wenne, deposit alone execed 10’° tonnes and occur in beds up a . m os = 
of 2300 km?. 
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: Formerly Na, CO, found extensive use as “washing soda”’ but this market has now disappeared 
_ due to the domestic use of detergents. The related compound NaHCO, is, however, still used, 
particularly because of its ready decomposition in the temperature range 50-100°C: 

2NaHCO, Na,CO, +H,0+ CO, 

Production in the USA is ~ 200000 tonnes annually of which 40% is used in baking-powder 
formulations, 15% in chemicals manufacture, 12% in pharmaceuticals, and 10% in fire 
extinguishers. 

Caustic soda (NaOH) is industry’s most important alkali. It is manufactured on a huge scale by 
the electrolysis of brine (p. 81) and annual production in the USA alone is over 11 million tonnes. 
The scale of the process is indicated by P]l. 4.3a, which shows the rows of electrolytic cells at a plant 
in La Porte, Texas. Electrolysis is followed by concentration of the alkali in huge tandem 
evaporators such as those at PPG Industries’ Lake Charles plant shown in Pl. 4.3b. The 
evaporators, which are perhaps the world’s largest, are 41 m high and 12 min diameter. Almost half 
the caustic produced is used directly in chemical production (PI. 4.3c). Principal applications are in 
acid neutralization, the manufacture of phenol, resorcinol, B-naphthol, etc., and the production 

of sodium hypochlorite, phosphate, sulfide, aluminates, etc. 

Salt cake (Na,SO,) is a byproduct of HCl manufacture using H,SO, and is also the end- 
product of hundreds of industrial operations in which H,SO, used for processing is neutralized 
by NaOH. For long it had few uses, but now it is the mainstay of the paper industry, being a key 

_ chemical in the kraft process for making brown wrapping paper and corrugated boxes: digestion 
of wood chips or saw-mili waste in very hot alkaline solutions of Na, SO, dissolves the lignin (the 
brown resinous component of wood which cements the fibres together) and liberates the cellulose 
fibres as pulp which then goes to the paper-making screens. The remaining solution is evaporated 
until it can be burned, thereby producing steam for the plant and heat for the evaporation: the 
fused Na,SO, and NaOH survive the flames and can be reused. Total world production of 
Na, SO, (1974) was ~ 4.2 million tonnes (45% natural, 55% synthetic). Most of this (~ 70%) is 
used in the paper industry and smaller amounts are used in glass manufacture and detergents 
(~10% each). The hydrated form, Na,SO,.10H,O, Glauber’s salt, is now less used than 
formerly. Further information on the industrial production and uses of Na,CO,, NaOH, and 
Na, SO, are given in Kirk—Othmer Encyclopedia of Chemical Technology, 2nd edn., Vol. 1, 1963, 
pp. 707-58; Vol. 18, 1969, pp. 432-515. 

Alkali metal nitrates can be prepared by direct reaction of aqueous nitric acid on the 

appropriate hydroxide or carbonate. LiNO; is used for scarlet flares and pyrotechnic 

displays. Large deposits of NaNO, (saltpetre) are found in Chile and were probably 

formed by bacterial decay of small marine organisms: the NH; initially produced 

presumably oxidized to nitrous acid and nitric acid which would then react with dissolved 

NaCl. KNO, was formerly prepared by metathesis of NaNO, and KCI but is now 
obtained directly as part of the synthetic ammonia/nitric acid industry (p. 482). 

Alkali metal nitrates are low-melting salts that decompose with evolution of oxygen 

above about 500°C, e.g. 

~ 500 ~ 800 

2NaNO, +0,; 2NaNO, 2NaNO, Na,O+N, +30, 

Thermal stability increases with increasing atomic weight, as expected. Nitrates have been 

widely used as molten salt baths and heat transfer media, e.g. the 1:1 mixture 

LiNO,;:KNO, melts at 125°C and the ternary mixture of 40% NaNO,, 7% NaNO, and 

53°% KNO, can be used from its mp 142° up to about 600°C. 

The corresponding nitrites, MNO,, can be prepared by thermal decomposition of 

MNO, as indicated above or by reaction of NO with the hydroxide: 
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150 

10 20 30 40 50 60 70 80 90 100 

wt% MHCO; or M,CO; 

Fic. 4.7 Solubilities of alkali carbonates and bicarbonates. (H. Stephen and T. Stephen, 
Solubilities of Inorganic and Organic Compounds, Vol. 1, Part 1, Macmillan, New York.) 

Nee Na» CO3 3 NaHCO3 

aN 
| 

| 

Naz CO3-NaHCQ3 -2H,0 | 
\ 

Nay CO3 -H, O 

Fic. 4.8 Three-dimensional phase diagram Na,CO,.NaHCO,.H,O. (Based on a diagram in 
Kirk-Othmer Encyclopedia of Chemical Technology, Vol. 18, Interscience, New York, 1969, 

p. 466.) 
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4NO + 2MOH—>2MNO,+N,0+H,0O 
6NO+4MOH—>4MNO, +N, +2H,O 

Chemical reduction of nitrates has also been employed: 

KNO,+Pb——> KNO, + PbO 
2RbNO,+C——> 2RbNO,+CO, 

The commercial production of NaNO, is achieved by absorbing oxides of nitrogen in 

aqueous Na,CO, solution: 

Na,CO,+NO+NO,—->2NaNO,+CO, 

Nitrites are white, crystalline hygroscopic salts that are very soluble in water. When 

heated in the absence of air they disproportionate: 

5NaNO, ——>3NaNO,+Na,0+N, 

NaNO,, in addition to its use with nitrates in heat-transfer molten-salt baths, is much used 

in the production of azo dyes and other organo-nitrogen compounds, as a corrosion 

inhibitor, and in curing meats. 

Other oxoacid salts of the alkali metals are discussed in later chapters, e.g. borates (p: 

231), silicates (p. 400), phosphites and phosphates (p. 586), sulfites, hydrogen sulfates, 

thiosulfates, etc. (p. 834) selenites, selenates, tellurites, and tellurates (p. 913), hypohalites, 

halites, halates, and perhalates (p. 999), etc. 

4.3.6 Complexes, crowns, and crypts?°?® 

Exciting developments have occurred in the coordination chemistry of the alkali metals 

during the last few years that have completely rejuvenated what appeared to be a largely 

predictable and worked-out area of chemistry. Conventional beliefs had reinforced the 

predominant impression of very weak coordinating ability, and had rationalized this in 

terms of the relatively large size and low charge of the cations M ~. On this view, stability 

of coordination complexes should diminish in the sequence Li> Na>K>Rb>Cs, and 

this is frequently observed, though the reverse sequence is also known for the formation 
constants of, for example, the weak complexes with sulfate, peroxosulfate, thiosulfate, and 

the hexacyanoferrates in aqueous solutions.?”) It was also known that the alkali metals 

formed numerous hydrates, or aquo-complexes, as discussed in the preceding section, and 

there is a definite, though smaller tendency to form ammine complexes such as 

[Li(NH,),]I. Other well-defined complexes include the extremely stable adducts 
LiX.5Ph,PO, Lix.4Ph,PO, and NaX.5Ph3PO, where X is a large anion such as I, NO3, 

ClO,, BPl,, SbF,;, AuCl,, etc.; these compounds melt in the range 200-315° and are 

stable to air and water (in which they are insoluble). They probably all contain the 

tetrahedral ion [Li(OPPh;),]* which was established by X-ray crystallography for the 

compound LiI.S5Ph,PO; the fifth molecule of Ph,;PO is uncoordinated. In 

26 PN. Kapoor and R. C. MEHROTRA, Coordination compounds of alkali and alkaline earth metals with 
covalent characteristics, Coord. Chem. Rev. 14, 1-27 (1974). 

271). MipGtey, Alkali metal complexes in aqueous solution, Chem. Soc. Revs. 4, 549-68 (1975). 
28 NS. Poonia and A. V. BaAsAJ, Coordination chemistry of alkali and alkaline earth cations, Chem. Revs. 

79, 389-445 (1979). 
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Fic. 4.9 Coordination of 2 Cl atoms and 2 dioxan molecules about Li in LiCl. diox. (After F. 
Durant, Y. Gobillon, P. Piret, and M. van Meerssche, Bull. Soc. Chim. Belg. 75, 52 (1966).) The 

angles are OLiO 115.6°, CILiCI 113.4°, and the 4 CILiO 105.8°—-108.6°. 

LiCl.C,H,O,, Li is tetrahedrally coordinated by 2Cl and by 2 oxygen atoms from 

different dioxan molecules (Fig. 4.9); to achieve the correct stoichiometry each Cl and 

each dioxan is coordinated by 2Li. The pyridine adduct LiCl.2C;H;N.H,O again 

features tetrahedral Li (Fig. 4.10), the molecules of the complex [LiCl(OH,)py,] being 

held together chiefly by O—H---Cl bonds (313, 315 pm). In LiCl. 2en and LiBr.2en 

(en =NH,CH,CH,NH,), each Li is tetrahedrally surrounded by 4N from 3en—one 

gauche and chelating, the other two trans and forming with Li ions infinite chains which 
are held together by N—H---X bonds. A more complicated structure is found in 

NaBr.2MeCONH,, each Na being octahedrally coordinated by 4 oxygen atoms in a 

plane and 2 trans Br; the octahedra form infinite chains by sharing common O,Br faces 
and there are N—H---Br bonds between the chains: Na—Br 299, 312 pm, Na—O (mean) 

235 pm (as in hydrates), and N—H.---Br 340-354 pm. 

Complexes with chelating organic reagents such as salicylaldehyde and f-diketonates 

were first prepared by N. Sidgwick and his students in 1925, and many more have since 

been characterized. Stability, as measured by equilibrium formation constants, is rather 

Fic. 4.10 Structure of the tetrahedral complex [LiCl(NC;H;),(OH,)]. (After F. Durant, P. 
Piret, and M. van Meerssche, Acta Cryst. 22, 52 (1967).) The angles are CILiN 107.6°, NLiN 

107.5°, NLiO 105.7°, OLiCI 117.9°. 
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low and almost invariably decreases in the sequence Li> Na>K. The situation changed 

dramaticallyin 1967 when C. J. Pedersen announced the synthesis of several macrocyclic 

polyethers which were shown to form stable complexes with alkali metal and other 

cations.) The stability of the complexes was found to depend on the number and 

geometrical disposition of the ether oxygen atoms and in particular on the size and shape 

of potential coordination polyhedra relative to the size of the cation. For this reason 

stability could peak at any particular cation and, for M', this was often K and sometimes 

Na or Rb rather than Li. Typical examples of such “crown” ethers are given in Fig. 4.11, 

the numerical prefix indicating the number of atoms in the heterocycle and the suffix the 

number of ether oxygens. The aromatic rings can be substituted, replaced by naphthalene 

residues, or reduced to cyclohexy! derivatives. The “hole size” for coordination depends 

on the number of atoms in the ring and is compared with conventional ionic diameters in 
Table 4.3. 

Dibenzo-14-crown-4 Benzo-1 5-crown-5 E 

Dibenzo-|8-crown-6 

Fic. 4.11 Schematic representation of the (non-planar) structure of some typical crown ethers. 

TABLE 4.3. Comparison of ionic diameters and crown ether “hole sizes” 

Cation Ionic diameter/pm Polyether ring “Hole size”/pm 

[ei 152 14-crown-4 120-150 

Na! 204 15-crown-5 170-220 
K! 276 18-crown-6 260-320 
Rb! 304 21-crown-7 340-430 
Cs! 334 — o 

29 C. J. PEDERSEN, Cyclic polyethers and their complexes with metal salts, J. Am. Chem. Soc. 89, 2495, 
7017-36 (1967). See also C. J. PEDERSEN and H. K. FRENsporF, Angew. Chem., Int. Chem. (Engl.), 11, 16-25 
(1972). 
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The X-ray crystal structures of many of these complexes have now been determined: 

representative examples are shown in Fig. 4.12 from which it is clear that, at least for the 

larger cations, coordinative saturation and bond directionality are far less significant 

factors than in many transition element complexes. ?!) Further interest in these ligands 

stems from their use in biochemical modelling since they sometimes mimic the behaviour 

of naturally occurring, neutral, macrocyclic antibiotics such as valinomycin, monactin, 

nonactin, nigericin, and enneatin.°?) They may also shed some light on the perplexing and 

remarkably efficient selectivity between Na and K in biological systems. Pera 2 

Fic. 4.12 Molecular structures of typical crown-ether complexes with alkali metal cations: (a) ; 
sodium-water-benzo-15-crown-5 showing pentagonal-pyramidal coordination of Na by 6 oxygen 
atoms; (b) 18-crown-6-potassium-ethyl acetoacetate enolate showing unsymmetrical coordi- 
nation of K by 8 oxygen atoms; and (c) the RbNCS ion pair coordinated by dibenzo-18-crown-6 

to give seven-fold coordination about Rb. 

3° J -M. LEHN, Design of organic-complexing agents. Strategies towards properties, Struct. Bonding 16, 1-69 
(1973). 

3! M. R. TRUTER, Structures of organic complexes with alkali metal ions, Struct. Bonding 16, 71-111 (1973). 
>? 'W. Simon, W. E. Morr, and P. Ch. Meier, Specificity for alkali and alkaline earth cations of synthetic and 

natural organic complexing agents in membranes, Struct. Bonding 16, 113-60 (1973). 
33.R. M. Izatt, D. J. EAtouGu, and J. J. CHRISTENSEN, Thermodynamics of cation-macrocyclic compound 

interaction, Struct. Bonding 16, 161—89 (1973). 
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(a) Crypt 

(b) Molecular structure and conformation of 
free macrobicyclic crypt ligand 

(c) Molecular structure of complex cation (d) Schematic representation of 
of RbSCN with crypt. bicapped trigonal prismatic 

coordination about Rb*. 

Fic. 4.13 A typical crypt and its complex. 

Another group of very effective ligands that have recently been employed to coordinate 

alkali metal cations are the macrobicyclic crypts of which N{(CH,CH,O),CH,CH,},N 
is representative (Fig. 4.13a). This forms a complex [Rb(crypt)]CNS.H,O in which 

the ligand encapsulates the cation with a bicapped trigonal prismatic coordination 

polyhedron (Fig. 4.13c, d). Such complexes are finding increasing use in solvent 

extraction, phase-transfer catalysis,°*) the stabilization of uncommon or reactive 

34 W. P. Weer and G. W. GoKEL, Phase Transfer Catalysis in Organic Synthesis, Vol. 4 of Reactivity and 
Structure, Springer-Verlag, 1977, 250 pp. R. C. F. Jones, Phase transfer catalysis, Chap. 10 in General Synthetic 
Methods, Vol. 1, pp. 402-23, 1978, Chem. Soc. Specialist Periodical Report. C. M. STaRKs and C. Liotta, Phase 

Transfer Catalysis, Academic Press, New York, 1978, 365 pp. F. MONTANARI, D. LANDINI, and F. ROLLA, 
Phase-transfer catalysed reactions, Topics in Current Chemistry 101, 149-201 (1982). 

CTE-E* 
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oxidation states, and the promotion of otherwise improbable reactions. For example, Na 

reacts with crypt in the presence of EtNH, to give the first example of a sodide salt of 

Nao? 

2Na+N{(C,H,O),C,H4}3N aN > [Na(crypt)] *Na~ 

The Na” is 555 pm from the nearest N and 516 pm from the nearest O, indicating that it is 

a separate entity in the structure. In organic reactions encapsulation of the cation by a 

lipophilic ligand may enhance the nucleophilic activity of the anion, assist bimolecular 

elimination, enhance oxidation by MnO, , and even permit the chemical study of 

virtually “free” carbanions. 
Macrocycles, though extremely effective as polydentate ligands, are not essential for the 

production of stable alkali metal complexes; additional conformational flexibility without 

loss of coordinating power can be achieved by synthesizing benzene derivatives with 2-6 

pendant mercapto-polyether groups C,H,_,R,, where R is —SC,H,OC,H,OMe, 

—S(C,H,O);Bu, etc. Such “octopus” ligands are more effective than crowns and often 

equally as effective as crypts in sequestering alkali metal cations.©° Indeed, it is not 
even essential to invoke organic ligands at all since an inorganic cryptate which 

completely surrounds Na _ has been identified in the heteropolytungstate 
(NH,),7Na[NaW,,Sb,O,,].14H,O; the compound was also found to have pro- 

nounced antiviral activity.°”) 

4.3.7 Organometallic compounds® 

Deviations from strictly ionic bonding, which have been noted in preceding sections, are 

most apparent with Li and culminate in the diagonal relation with Mg. The existence and 

synthetic utility of Grignard reagents therefore suggests that analogous alkali—metal 

compounds containing M-C bonds might be preparable, and such is found to be the case. 

As expected, organolithium compounds are the most covalent, the most stable, and the 

least highly reactive of the group, and there is an increasing trend towards ionic charge 

separation and the formation of reactive carbanions with increasing atomic number from 

Li to Cs. 
Organolithium compounds can readily be prepared from metallic Li and this is one of 

the major uses of the metal. Because of the great reactivity both of the reactants and 

the products, air and moisture must be rigorously excluded by use of an inert atmosphere. 
Lithium can be reacted directly with alkyl halides in light petroleum, cyclohexane, 

benzene, or ether, the chlorides generally being preferred: 

solvent 
2Li + RX ——=> LiR + Lix 

35 J. L. Dye, J. M. Cerase, M. T. Lox, B. L. BARNETT, and F. J. TEHAN, A crystalline salt of the sodium anion 
(Na~), J. Am. Chem. Soc. 96, 608-9, 7203-8 (1974). J. L. Dye, Compounds of alkali metal anions, Angew. 
Chem., Int. Edn. (Engl.) 18, 587-98 (1979). 

°° F. VOGTLE and E. WEBER, Octopus molecules, Angew. Chem., Int. Edn. (Engl.) 13, 814-15 (1974). 

°7 J. FiscHer, L. RICHARD, and R. Weiss, The structure of the heteropolytungstate 
pene ar eeicley O,,]. 14H,O: an inorganic cryptate. J. Am. Chem. Soc. 98, 3050-2 (1976). 

. E. Coates, M. L. H. Green, and K. Wape, Organometallic Compounds, Vol. 1, The Main Group 
ries 3rd edn., Chap. 1, The alkali metals, pp. 1-70, Methuen, London, 1967. 
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Reactivity and yields are greatly enhanced by the presence of 0.5—1°% Na in the Li. The 

reaction is also generally available for the preparation of metal alkyls of the heavier Group 

IA metals. Lithium aryls are best prepared by metal—halogen exchange using LiBu” and 

an aryl iodide, and transmetalation is the most convenient route to vinyl, allyl, and other 

unsaturated derivatives: 

ether 
LiBu® + Arl ———> LiAr+ Bu'*l 

ether 

4LiPh+Sn(CH=CH,), ———> 4LiCH=CH, + SnPh, 

The reaction between an excess of Li and an organomercury compound is a useful 

alternative when isolation of the product is required, rather than its direct use in further 

synthetic work: 

2Li+HgR, (or HgAr,) > 2LiR (or LiAr)+Hg 
benzene 

Similar reactions are available for the other alkali metals. Metalation (metal-hydrogen 

exchange) and metal addition to alkenes provide further routes, e.g. 

LiPh+ | a a | + Co He 
O O 

2Na + 3C;He ——————> _2NaC,H, + C,H, 

2Na + Ph,C=CPh, ———> en cen a 

Na Na 

2Cs + CH,=CH, es CsCH, CH, Gs 

In the presence of certain ethers such as Me,O, MeOCH,CH,OMe, or tetrahydrofuran, 

Na forms deep-green highly reactive paramagnetic adducts with polynuclear aromatic 

hydrocarbons such as naphthalene, phenanthrene, anthracene, etc.: 

H Na* H 

©) H S) 

active e 

Na+ ether 

e 

H 

Na* 

These compounds are in many ways analogous to the solutions of alkali metals in liquid 

ammonia (p. 88). 

The most ionic of the organometallic derivatives of Group IA elements are the 

acetylides and dicarbides formed by the deprotonation of alkynes in liquid ammonia 

solutions: 
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liq NH . 

Lit HC=CH-— 5 LiC=Gi tan. 

liq NH3 
2Li+ HC=CH Li,C, +H, 

The largest industrial use of LiC,H is in the production of vitamin A, where it effects 
ethynylation of methyl vinyl ketone to produce a key tertiary carbinol intermediate. The 

acetylides and dicarbides of the other alkali metals are prepared similarly. It is not always 

necessary to prepare this type of compound in liquid ammonia and, indeed, further 

substitution to give the bright red perlithiopropyne Li,C, can be effected in hexane under 

reflux: 

hexane 

41iBu" + CH.C=GH- > bnee Clic ac, Has 

Organolithium compounds tend to be thermally unstable and most of them 

decompose to LiH and an alkene on standing at room temperature or above. Among the 

more stable compounds are the colourless, crystalline solids LiMe (decomp above 200°C), 

LiBu" and LiBu' (which shows little decomposition over a period of days at 100°C). 

Lithium alkyls are covalent compounds with unusual tetrameric or hexameric structures. 

For example, LiMe, which is a non-conductor of electricity when fused, contains 

interconnected tetrameric units (LiMe), as shown in Fig. 4.14. The Li,C, cluster consists 

of a tetrahedron of 4Li with a triply-bridging C above the centre of each face to complete a 

distorted cube. The clusters are interconnected along cube diagonals via the bridging Me 

groups and the intercluster Li-C distance (236 pm) is very similar to the Li—C distance 

within each cluster (231 pm). The carbon atoms are thus essentially 7-coordinate being 

bonded directly to 3H and 4Li. The Li—Li distance within the cluster is 268 pm, which is 

virtually identical with the value of 267.3 pm for the gaseous Li, molecule and 
substantially smaller than the value of 304 pm in Li metal (where each Li has 8 nearest 

neighbours). This strong metal-metal bonding is further revealed by the persistence of the 

Li, group in the fragmentation of lithium methyl under electron impact in the mass 

spectrometer, the Me groups being lost far more readily than the Li atoms. 

Several bonding schemes have been proposed to interpret the structure of Li,Me,. One 

of the simplest envisages localized 4-centre 2-electron Li,C bonds over each face of the Li, 

tetrahedra formed by overlap ofa centrally directed sp*-type orbital on carbon and one sp?- 

type orbital from each of the 3 Li atoms in the face (Fig. 4.15). There is thus one strongly 

bonding 4-centre orbital above each of the 4 faces, requiring in all 4 pairs of electrons as 

supplied by the 4 Li atoms and 4 Me groups. The bonding orbitals are thus completely 

filled and the antibonding orbitals empty. A fuller description, which also takes into 

account the strong intercluster bonding, can be developed in terms of molecular orbitals 

embracing the whole molecule. 

Higher alkyls of lithium adopt similar structures in which polyhedral clusters of metal 

atoms are bridged by alkyl groups located over the triangular faces of these clusters. For 

example, crystalline lithium t-butyl is tetrameric and the structural units (LiBu'), persist 

in solution; by contrast lithium ethyl, which is tetrameric in the solid state, dissolves in 

3°. R. West, P. A: Carney, and I. C. Mins, The tetralithium derivative of propyne and its use in the 
synthesis of polysilicon compounds, J. Am. Chem. Soc. 87, 3788-9 (1965). 
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Fic. 4.15 The relative energies and symmetries of the localized 4-centre molecular orbitals that 
result from interactions between the carbon sp? and lithium sp? hybrid atomic orbitals pointing 

towards the centre of an Li,C trigonal pyramid (of local C, symmetry).¢° 

hydrocarbons as the hexamer (LiEt), which probably consists of octahedra of Lig with 

triply bridging —CH,CH, groups above 6 of the 8 faces. As the atomic number of the 

alkali metal increases there is a gradual trend away from these covalent structures towards 

structures which are typical of partly ionic compounds. Thus, although NaMe is 

tetrameric like LiMe, NaEt adopts a layer structure in which the CH, groups have a 

trigonal pyramidal array of Na neighbours, and KMe adopts a NiAs-type structure 

(p. 649) in which each Me is surrounded by a trigonal prismatic array of K. The extent to 

which this is considered to be K*CH, is a matter for discussion though it will be noted 
that CH,” is isoelectronic with the molecule NH3. 

The structure of the organometallic complex lithium tetramethylborate LiBMe, is 

discussed on p. 142 alongside that of polymeric BeMe, with which it is isoelectronic. 

Organometallic compounds of the alkali metals (particularly LiMe and LiBu") are 

valuable synthetic reagents and have been increasingly used in industrial and laboratory- 
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scale organic syntheses during the past 15 y.'*!.+?) The annual production of LiBu® alone 
has leapt from a few kilograms to almost 1600 tonnes. Large scale applications are as a 

polymerization catalyst, alkylating agent, and precursor to metalated organic reagents. 

Many of the synthetic reactions parallel those of Grignard reagents over which they 

sometimes have distinct advantages in terms of speed of reaction, freedom from 

complicating side reactions, or convenience of handling. Reactions are those to be 

expected for carbanions, though free-radical mechanisms occasionally occur. 

Halogens regenerate the parent alkyl (or aryl) halide and proton donors give the 

corresponding hydrocarbon: 

LiR + X,—>Lix + RX 

LiR + H* —>Li* +RH 
LiR + R'‘I—+LilI+ RR’ 

C-C bonds can be formed by reaction with alkyl iodides or more usefully by reaction with 

metal carbonyls to give aldehydes and ketones: e.g. Ni(CO), reacts with LiR to form an 

unstable acyl nickel carbonyl complex which can be attacked by electrophiles such as H* 

or R’Br to give aldehydes or ketones by solvent-induced reductive elimination: 

LiR+[Ni(CO),] 

= CO O 

O | 
H*>Li* +R—C—H + [(solvent)Ni(CO), } 

solvent 

I 
Lit [R—C—Ni(CO),] 

O 
solvent 

| 
LiBr ++ R—C=R’'+[(solvent)Ni(CO), ] 

[Fe(CO),;] reacts similarly. Aldehydes and ketones can also be obtained from N,N- 

disubstituted amides, and symmetrical ketones are formed by reaction with CO: 

LiR + HCONMe, ——>LiNMe, +RCHO 

LiR + R‘'CONMe, ——>LiNMe, + R’COR 

2LiR + 3CO—>2LiICO+ R,CO 

Thermal decomposition of LiR eliminates a f-hydrogen atom to give an olefin and LiH, 

a process of industrial importance for long-chain terminal alkenes. Alkenes can also be 

produced by treatment of ethers, the organometallic reacting here as a very strong base 

(proton acceptor): 

LiR + » —<< — => LiOR’ +RH+ ec 

iH FOR: 

Lithium aryls react as typical carbanions in non-polar solvents giving carboxylic acids 

‘with CO, and tertiary carbinols with aryl ketones: 

4! B. J. WAKEFIELD, The Chemistry of Organolithium Compounds, Pergamon Press, Oxford, 1976, 337 pp. 
42K. Smit. Lithiation and organic synthesis, Chem. in Br. 18(1), 29-32 (1982). 
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LiAr + CO 4 ACO, 2 OH PArCOnn 

LiAr + Ar;CO——>[Ar}C(Ar)OLi] —2--> LiOH + Ar} C(Ar)OH 

Organolithium reagents are also valuable in the synthesis of other organometallic 

compounds via metal—halogen exchange: 

3LiR+ BCl;——->3LiC1 + BR; 
(4—x)LiR + SnCl, —>(4—x)LiCl+SnCl,R,_, (1<x<4) 
3LiAr+ P(OEt), —>3LiOEt+PAr, 

Similar reactions have been used to produce organo derivatives of As, Sb, Bi; Si, Ge, and 

many other elements. 
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Beryllium, 
Magnesium, Calcium, 
Strontium, Barium, 
and Radium 

5.1 Introduction 

The Group IIA or alkaline earth metals exemplify and continue the trends in properties 

noted for the alkali metals. No new principles are involved, but the ideas developed in the 

preceding chapter gain emphasis and clarity by their further application and extension. 

Indeed, there is an impressively close parallelism between the two groups as will become 

increasingly clear throughout the chapter. 

The discovery of beryllium in 1798 followed an unusual train of events." The 

mineralogist R.-J. Hauy had observed the remarkable similarity in external crystalline 

structure, hardness, and density of a beryl from Limoges and an emerald from Peru, and 

suggested to L.-N. Vauquelin that he should analyse them to see if they were chemically 

identical.t As a result, Vauquelin showed that both minerals contained not only alumina 

and silica as had previously been known, but also a new earth, beryllia, which closely 

resembled alumina but gave no alums, did not dissolve in an excess of KOH, and had a 

sweet rather than an astringent taste. (Caution: beryllium compounds are now known to 

be extremely toxic, especially as dusts or smokes;'” it seems likely that this toxicity results 

from the ability of Be" to displace Mg" from Mg-activated enzymes due to its stronger 
coordinating ability.) 

Both beryl and emerald were found to be essentially Be,A1,S1,O,., the only difference 

between them being that emerald also contains ~2% Cr, the source of its green colour. 

The combining weight of Be was ~4.7 but the similarity (diagonal relation) between Be 

and Al led to considerable confusion concerning the valency and atomic weight of Be 

+ A similar observation had been made (with less dramatic consequences) nearly 2000 y earlier by Pliny the 
Elder when he wrote: “Beryls, it is thought, are of the same nature as the smaragdus (emerald), or at least closely 
analogous” (Historia Naturalis, Book 37). 

‘M.E. WEEKS, Discovery of the Elements, 6th edn., Journal of Chemical Education, Easton, Pa, 1956,910 pp. 
2 J. ScHuBERT, Beryllium and berylliosis, Chap. 34 (1958), in Chemistry in the Environment, pp. 321-7, 

Readings from Scientific American, W. H. Freeman, San Francisco, 1973. 

117 
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(2 x 4.7 or 3 x 4.7); this was not resolved until Mendeleev 70 y later stated that there was 

no room for a tervalent element of atomic weight 14 near nitrogen in his periodic table, but 

that a divalent element of atomic weight 9 would fit snugly between Li and B. Beryllium 

metal was first prepared by F. Wohler in 1828 (the year he carried out his celebrated 

synthesis of urea from NH,CNO); he suggested the name by allusion to the mineral (Latin 

beryllus from Greek Bn pvAdoc). The metal was independently isolated in the same year by 

A.-B. Bussy using the same method—reduction of BeCl, with metallic K. The first 
electrolytic preparation was by P. Lebeau in 1898 and the first commercial process 

(electrolysis of a fused mixture of BeF, and BaF.) was devised by A. Stock and H. 

Goldschmidt in 1932. The close parallel with the development of Li technology (pp. 

75-77) 1s notable. 

Compounds of Mg and Ca, like those of their Group IA neighbours Na and K, have 

been known from ancient times though nothing was known of their chemical nature until 

the seventeenth century. Magnesian stone (Greek Mayvnota A180c) was the name given 

to the soft white mineral steatite (otherwise called soapstone or talc) which was found in 

the Magnesia district of Thessally, whereas calcium derives from the Latin calx, calcis— 

lime. The Romans used a mortar prepared from sand and lime (obtained by heating 

limestone, CaCO) because these lime mortars withstood the moist climate of Italy better 

than the Egyptian mortars based on partly dehydrated gypsum (CaSO, .2H,O); these 

had been used, for example, in the Great Pyramid of Gizeh, and all the plaster in 

Tutankhamun’s tomb was based on gypsum. The names of the elements themselves were 

coined by H. Davy in 1808 when he isolated Mg and Ca, along with Sr, and Ba by an 

electrolytic method following work by J. J. Berzelius and M. M. Pontin: the moist earth 

(oxide) was mixed with one-third its weight of HgO on a Pt plate which served as anode: 

the cathode was a Pt wire dipping into a pool of Hg and electrolysis gave an amalgam from 

which the desired metal could be isolated by distilling off the Hg. 

A mineral found in a lead mine near Strontian, Scotland, in 1787 was shown to be a 

compound of a new element by A. Crawford in 1790. This was confirmed by T. C. Hope 

the following year and he clearly distinguished the compounds of Ba, Sr, and Ca, using 

amongst other things their characteristic flame colorations: Ba yellow-green, Sr bright 

red, Ca orange-red. Barium-containing minerals had been known since the seventeenth 

century but the complex process of unravelling the relation between them was not 

accomplished until the independent work of C. W. Scheele and J. G. Gahn between 1774 

and 1779: heavy spar was found to be BaSO, and called barite or barytes (Greek Bapuc, - 
heavy), whence Scheele’s new base baryta (BaO) from which Davy isolated barium in 
1808. . 

Radium, the last element in the group, was isolated in trace amounts as the chloride by 

P. and M. Curie in 1898 after their historic processing of tonnes of pitchblende. It was 

named by Mme Curie in allusion to its radioactivity, a word also coined by her (Latin 

radius, a ray), the element itself was isolated electrolytically via an amalgam by M. Curie 

and A. Debierne in 1910 and its compounds give a carmine-red flame test. 

5.2 The Elements 

5.2.1 Terrestrial abundance and distribution 

Beryllium, like its neighbours Li and B, is relatively unabundant in the earth’s crust; it 
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occurs to the extent of about 2 ppm and is thus similar to Sn (2.1 ppm), Eu (2.1 ppm), and 

As (1.8 ppm). However, its occurrence as surface deposits of beryl in pegmatite rocks 

(which are the last portions of granite domes to crystallize) makes it readily accessible. 

Crystals as large as 1 m on edge and weighing up to 60 tonnes have been reported. The 

most important commercial deposits are in South America and Southern Africa, but total 

world reserves, even including ores with as little as 0.1% beryl, are only 4 x 10° tonnes. By 

contrast, world supplies of magnesium are virtually limitless: it occurs to the extent of 

0.13°% in sea water, and electrolytic extraction at the present annual rate of 100 million 

tonnes, if continued for a million years, would only reduce this to 0.12%. 

Magnesium, like its heavier congeners Ca, Sr, and Ba, occurs in crustal rocks mainly as 

the insoluble carbonates and sulfates, and (less accessibly) as silicates. Estimates of its total 

abundance depend sensitively on the geochemical model used, particularly on the relative 

weightings given to the various igneous and sedimentary rock types, and values ranging 

from 20000 to 133000 ppm are current. Perhaps the most acceptable value is 

27 640 ppm (2.76%), which places Mg sixth in order of abundance by weight immediately 

following Ca (4.66%) and preceding Na (2.27%) and K (1.84%). Large land masses such 

as the Dolomites in Italy consist predominantly of the magnesian limestone mineral 

dolomite [MgCa(CO,),], and there are substantial deposits of magnesite (MgCO;), 

epsomite (MgSO,.7H,O), and other evaporites such as carnallite (K,MgCl,.6H,O) and 

langbeinite [K,Mg,(SO,)3]. Silicates are represented by the common basaltic mineral 

olivine [(Mg,Fe),SiO,] and by soapstone (talc) [Mg3Si,0,.(OH),], asbestos (chryso- 

tile) [Mg3Si,0;(OH),], and micas. Spinel (MgAI,O,) is a metamorphic mineral and 

gemstone. It should also be remembered that the green leaves of plants, though not a 

commercial source of Mg, contain chlorophylls which are the Mg-porphine complexes 

primarily involved in photosynthesis. 
Calcium, as noted above, is the fifth most abundant element in the earth’s crust and 

hence the third most abundant metal after Al and Fe. Vast sedimentary deposits of 

CaCO,, which represent the fossilized remains of earlier marine life, occur over large parts 

of the earth’s surface. The deposits are of two main types—rhombohedral calcite, which is 

the more common, and orthorhombic aragonite, which sometimes forms in more 

temperate seas. Representative minerals of the first type are limestone itself, dolomite, 

marble, chalk, and iceland spar. Extensive beds of the aragonite form of CaCO, make up 

the Bahamas, the Florida Keys, and the Red Sea basin. Corals, sea shells, and pearls are 

also mainly CaCO . Other important minerals are gypsum (CaSO, .2H,O), anhydrite 

(CaSO,), fluorite (CaF,: also blue john and fluorspar), and apatite [Ca;(PO,)3F]. 

Strontium (384 ppm) and barium (390 ppm) are respectively the fifteenth and 

fourteenth elements in order of abundance, being bracketed by S (340 ppm) and 

F (544 ppm). The most important mineral of Sr is celestite (SrSO,), and strontianite 

(SrCO) is also mined. The largest producers are Canada, Mexico, Spain, and the UK, and 

the world production of these two minerals in 1974 was 10° tonnes. It is a critical raw 

material for the USA which is totally dependent on imports for supplies. The sulfate 

(barite) is also the most important mineral of Ba: it is mined commercially in over 40 

countries throughout the world. Production in 1977 was 5.35 million tonnes, of which 

44°% was mined in the USA. The major use of BaSO, (92%) is as a heavy mud slurry in 

+K. K. TUREKIAN, Elements, geochemical distribution of, McGraw Hill Encyclopedia of Science and 
Technology, Vol. 4, pp. 627-30, 1977. 
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well drilling; production of Ba chemicals accounts for only 3%. A subsidiary mineral is 

witherite (BaCO;), which was mined principally in the UK until the unique vein in the 

northern Pennines became exhausted in 1969. 

Radium occurs only in association with uranium (Chapter 31); the observed ratio Ra/U 

is ~ 1 mg per 3 kg, leading to a terrestrial abundance for Ra of ~ 107° ppm. As uranium 

ores normally contain only a few hundred ppm of U, it follows that about 10 tonnes of ore 

must be processed for 1 mg Ra. The total amount of Ra available worldwide is of the order 

of a few kilograms, but its use in cancer therapy is being rapidly superseded by the use of 

other isotopes, and the annual production of separated Ra compounds is probably now 

only about 100 g. Chief suppliers are Belgium, Canada, Czechoslovakia, the UK, and 

the USSR. 

5.2.2 Production and uses of the metals 

Beryllium is extracted from beryl by roasting the mineral with Na,SiF, at 700-750°C, 

leaching the soluble fluoride with water and then precipitating Be(OH), at about pH 12. 

The metal is usually prepared by reduction of BeF, (p. 128) with Mg at about 1300°C or 

by electrolysis of fused mixtures of BeCl, and alkali metal chlorides. It is one of the lightest 

metals known and has one of the highest mps of the light metals. Its modulus of elasticity is 

one-third greater than that of steel. The largest use of Be is in high-strength alloys of Cu 

and Ni (see Panel). 

Uses of Beryllium Metal and Alloys 

The ability of Be to age-harden Cu was discovered by M. G. Corson in 1926 and it isnow known 
that ~2% of Be increases the strength of Cu sixfold. In addition, the alloys (which also usually 
contain 0.25% Co) have good electrical conductivity, high strength, unusual wear resistance, — 
and resistance to anelastic behaviour (hysteresis, damping, ete.): they are non-magnetic and 
corrosion resistant, and find numerous applications in critical moving parts of aero-engines, key 
components in precision instruments, control relays, and electronics. They are also non- oe 
and are thus of great use for hand tools in the petroleum industry. A nickel alloy containing 2% Be - 
is used for high-temperature springs, clips, bellows, and electrical connections, Another major use 
for Be is in nuclear reactors since it is one of the most effective neutron moderators and reflectors 
known. A small, but important, use of Be is as a window material in X-ray. tubes: it transmits 
X-rays 17 times better than Al and 8 times better than Lindemann glass. A mixture ofcompounds _ 
of radium and beryllium has long been used as a convenient laboratory source of neutrons and, 
indeed, led to the discovery of the neutron by J. Chadwick i in 1932: So en : 

Magnesium is produced on a large scale (300 000 tonnes in 1979) either by electrolysis 

or silicothermal reduction. The major producers are the USA (48%), the USSR (24%), 

and Norway (15%). The electrolytic process uses either fused anhydrous MgCl, at 750°C 

or partly hydrated MgCl, from sea water at a slightly lower temperature.) The 
silicothermal process uses calcined dolomite and ferrosilicon alloy under reduced pressure 
at 11 50°G: 

2(MgO.CaO}+ FeSi——>2Mg + Ca, SiO, + Fe 

*R. D. GoopENoUGH and V. A. STENGER, Magnesium, calcium, strontium, barium, and radium, 
Comprehensive Inorganic Chemistry, Vol. 1, pp. 591-664, Pergamon Press, Oxford, 1973. 
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Magnesium is industry’s lightest constructional metal, having a density less than two- 

thirds that of Al (see Panel). 

Magnesium Metal and Alloys 

The principal advantage of Mg as a structural metal is its low density (1.74 gcm * compared 
with 2.70 for Al and 7.80 for steel). For equal strength, the best Mg alloy weighs only a quarter as 
much as steel, and the best Al alloy weighs about one-third as much as steel, In addition, Mg has 
excellent machinability and it can be cast or fabricated by any of the standard metallurgical 
methods (rolling, extruding, drawing, forging, welding, brazing, or riveting). Its major use 
therefore is as a light-weight construction metal, not only in aircraft but also in luggage, 
photographic, and optical equipment, etc. It is also used for cathodic protection of other metals 
from corrosion, as an oxygen scavenger, and as a reducing agent in the production of Be, Ti, Zr, Hf, 

and U. World production exceeds 300 000 tonnes pa. 
Magnesium alloys typically contain >90°% Mg together with 2-9% Al, 1-3% Zn, and 

0.2-1°% Mn. Greatly improved retention of strength at high temperature (up to 450°C) is 
achieved by alloying with rare-earth metals (e.g. Pr/Nd) or Th. These alloys can be used for 
automobile engine casings and for aeroplane fuselages and landing wheels. Thus each Volkswagen 
Beetle used 20 kg of Mg alloy in its die-cast engine block and each Titan ICBM uses nearly 
I tonne. Other uses are in light-weight tread-plates, dock-boards, loading platforms, gravity 
conveyors, and shovels. 

Up to’ 5% Mg is added to most commercial Al to improve its mechanical properties, 
weldability, and resistance to corrosion. 

For further details see Kirk-Othmer Encyclopedia of Chemical Technology, 3rd edn., 1981, Vol. 
14, pp. 370-615. 

The other alkaline earth metals Ca, Sr, and Ba are produced on a much smaller scale 

than Mg. Calcium is produced by electrolysis of fused CaCl, (obtained either as a 

byproduct of the Solvay process (p. 82) or by the action of HCl or CaCO;). It is less 

reactive than Sr or Ba, forming a protective oxide-nitride coating in air which enables it to 

be machined in a lathe or handled by other standard metallurgical techniques. Calcium 

metal is used mainly as an alloying agent to strengthen Al bearings, to control graphitic C 

in cast-iron, and to remove Bi from Pb. Chemically it is used as a scavenger in the steel 

industry (O,S, and P), as a getter for oxygen and nitrogen, to remove N, from argon, and 

as a reducing agent in the production of other metals such as Cr, Zr, Th, and U. Calcium 

also reacts directly with H, to give CaH,, whichis a useful source of H,. World production 

of the metal is probably of the order of 1000 tonnes pa. 
Metallic Sr and Ba are best prepared by high-temperature reduction of their oxides with 

Al in an evacuated retort or by small-scale electrolysis of fused chloride baths. They have 

limited use as getters, and a Ni-Ba alloy is used for spark-plug wire because of its high 

emissivity. 

5.2.3 Properties of the elements 

Table 5.1 lists some of the atomic properties of the Group IIA elements. Comparison 

with the data for Group IA elements (p. 86) shows the substantial increase in the 

ionization energies; this is related to their smaller size and higher nuclear charge, and is 

particularly notable for Be. Indeed, the “ionic radius” of Be is purely a notional figure since 
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TABLE 5.1 Atomic properties of the alkaline earth metals 

Property Be Mg Ca Sr Ba Ra 

Atomic number 4 12 20 38 56 88 
Number of naturally 1 3 6 4 7 4° 

occurring isotopes 
Atomic weight 9.012 18 24.305 40.08 87.62 137.33 226.0254 
Electronic [He]2s? [Ne]3s? [Ar]4s? [Kr]5s? [Xe]6s? [Rn]7s* 

configuration 
Ionization energies/ 899.2 Bies) 589.6 549.2 502.7 509.1 

kJ mol”! 1757 1450 1145 1064 965 975 
Metal radius/pm 112 160 197 215 222 — 
Ionic radius (6 coord)/pm (OTe 72 100 118 135 148 

E°/V for M?*(aq)+2e7 —1.85 —2.37 —2.87 —2.89 —2.91 —2.92 

—>M(s) 

All radioactive: longest t, 1600 y. 
>) Four-coordinate. 

no compounds are known in which uncoordinated Be has a 2+ charge. In aqueous 

solutions the reduction potential of Be is much less than that of its congeners, again 

indicating its lower electropositivity. By contrast, Ca, Sr, Ba, and Ra have reduction 

potentials which are almost identical with those of the heavier alkali metals; Mg occupies 

an intermediate position. 

The alkaline earth metals are silvery white, lustrous, and relatively soft. Their physical 

properties (Table 5.2), when compared with those of Group IA metals, show that they 

have a substantially higher mp, bp, density, and enthalpies of fusion and vaporization. 

This can be understood in terms of the size factor mentioned in the preceding paragraph 

and the fact that 2 valency electrons per atom are now available for bonding. Again, Be is 

notable in melting more than 1100° above Li and being nearly 3.5 times as dense; its 

enthalpy of fusion is more than 5 times that of Li. Beryllium resembles Al in being stable in 

moist air due to the formation of a protective oxide layer, and highly polished specimens 

retain their shine indefinitely. Magnesium also resists oxidation but the heavier metals 

tarnish readily. Beryllium, like Mg and the high-temperature form of Ca (>450°C), 

crystallizes in the hcp arrangement, and this confers a marked anisotropy on its 

properties; Sr is fec, Ba and Ra are bcc like the alkali metals. ; 

TABLE 5.2 Physical properties of the alkaline earth metals 

Property Be Mg Ca Sr Ba Ra 

MP/°C 1287 649 839 768 727 (700) 
BREE ~ 2500 1105 1494 1381 (1850) (1700) 

Density (20°C)/g cm~? 1.848 1.738 1.55 2.63 3.62 BS) 

AH,,,/kJ mol7} 15 8.9 8.6 8.2 7.8 (8.5) 

AH, ap/kJ mol! 309 127.4 155 158 136 (113) 

Electrical resistivity (20°C)/ 4.46 4.46 35) mS 50 (100) 

ohm cm 
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5.2.4 Chemical reactivity and trends 

Beryllium metal is relatively unreactive at room temperature, particularly in its massive 

form. It does not react with water or steam even at red heat and does not oxidize in air 

below 600°, though powdered Be burns brilliantly on ignition to give BeO and Be,N,. The 

halogens (X,) react above about 600°C to give BeX, but the chalcogens (S, Se, Te) require 

even higher temperatures to form BeS, etc. Ammonia reacts above 1200°C to give Be,N, 

and carbon forms Be,C at 1700°. In contrast with the other Group IIA metals, Be does not 

react directly with hydrogen, and BeH, must be prepared indirectly (p. 125). Cold, 

concentrated HNO, passivates Be but the metal dissolves readily in dilute aqueous acids 

(HCl, H,SO,, HNO3) with evolution of hydrogen. Beryllium is sharply distinguished 

from the other alkaline earth metals in reacting with aqueous alkalis (NaOH, KOH) with 

evolution of hydrogen. It also dissolves rapidly in aqueous NH,HF, (as does Be(OH),), a 

reaction of some technological importance in the preparation of anhydrous BeF, and 

purified Be: 

2NH,HF,(aq)+ Be(s) ———~> (NH,),BeF,+H,(g) 

(NH,),BeF,(s) ——> BeF, (s) + 2NH,F (subl) 

Magnesium. is more electropositive than the amphoteric Be and reacts more readily 

with most of the non-metals. It ignites with the halogens, particularly when they are moist, 

to give MgX,, and burns with dazzling brilliance in air to give MgO and Mg,N.. It also 

reacts directly with the other elements in Group V and VI (and Group IV) when heated 

and even forms MgH, with hydrogen at 570° and 200 atm. Steam produces MgO (or 

Mg(OH,) plus H,, and ammonia reacts at elevated temperature to give Mg3N>. 

Methanol reacts at 200°C to give Mg(OMe), and ethanol (when activated by a trace of 

iodine) reacts similarly at room temperature. Alkyl and aryl halides react with Mg to give 
Grignard reagents RMgxX (pp. 147-51). 

The heavier alkaline earth metals Ca, Sr, Ba (and Ra) react even more readily with non- 

metals, and again the direct formation of nitrides M,N, is notable. Other products are 

similar though the hydrides are more stable (p. 70) and the carbides less stable than for 

Be and Mg. There is also a tendency, previously noted for the alkali metals (p. 97), to 

form peroxides MO, of increasing stability in addition to the normal oxides MO. 

Calcium, Sr, and Ba dissolve in liquid NH; to give deep blue-black solutions from which 

lustrous, coppery, ammoniates M(NH3), can be recovered on evaporation; these 

ammoniates gradually decompose to the corresponding amides, especially in the presence 

of catalysts: 

[M(NH3),](s) ———> M(NH,)2(s)+4NH3(g)+ H,(g) 

In these properties, as in many others, the heavier alkaline earth metals resemble the alkali 

metals rather than Mg (which has many similarities to Zn) or Be (which is analogous to 

Al). 

5.3. Compounds 

5.3.1 Introduction 

The predominant divalence of the Group IIA metals can be interpreted in terms of their 

electronic configuration, ionization energies, and size (see Table 5.1). Further ionization 



124 Beryllium, Magnesium, Calcium, Strontium, Barium, and Radium Ch. 5 

to give simple salts of stoichiometry MX; is precluded by the magnitude of the energies 

involved, the third stage ionization being 14 847 kJ mol”! for Be, 7731 kJ mol‘ for Mg, 
and 4910 kJ mol” ! for Ca; even for Ra the estimated value of 3281 kJ mol”! involves far 

more energy than could be recovered by additional bonding even if this were 

predominantly covalent. Reasons for the absence of univalent compounds MX are less 

obvious. The first-stage ionization energies for Ca, Sr, Ba, and Ra are similar to that of Li 

(p. 86) though the larger size of the hypothetical univalent Group IIA ions, when 

compared to Li, would reduce the lattice energy somewhat (p. 95). By making plausible 

assumptions about the ionic radius and structure we can estimate the approximate 

enthalpy of formation of such compounds and they are predicted to be stable with respect 

to the constituent elements; their non-existence is related to the much higher enthalpy of 

formation of the conventional compounds MX,, which leads to rapid and complete 

disproportionation. For example, the standard enthalpy of formation of hypothetical 

crystalline MgCl, assuming the NaCl structure, is ~ —125 kJ mol~', which is sub- 

stantially greater than for many known stable compounds and essentially the same as the 

experimentally observed value for AgCl: AH? = —127kJ mol‘. However, the cor- 

responding (experimental) value for AH; (MgCl,) is —642 kJ mol’, whence an enthalpy 

of disproportionation of —196kJ mol” ': . 

Mg(c)+ Cl,(g)=MgChL(c); © AH; =—642 kJ/mol of MgCl, 

2Mg(c)+ Cl, (g) = 2MgCl(c); AH; = — 250 kJ/2 mol of MgCl 

2MgCl(c) = Mg(c)+ MgCl, (c); AH Gisprop = — 392 kJ/2 mol of MgCl 

It is clear that if synthetic routes could be devised which would mechanistically hinder 

disproportionation, such compounds might be preparable. Although univalent com- 

pounds of the Group IIA metals have not yet been isolated, there is some evidence for the 

formation of Mg' species during electrolysis with Mg electrodes. Thus H, is evolved at the 

anode when an aqueous solution of NaCl is electrolysed and the amount of Mg lost from 

the anode corresponds to an oxidation state of 1.3. Similarly, when aqueous Na,SO, is 

electrolysed, the amount of H, evolved corresponds to the oxidation by water of Mg ions 

having an average oxidation state of 1.4: 

Mg'** (aq) +0.6H,0 ——> Mg?* (aq) +0.6OH ~ (aq) + 0.3H,(g) 

On the basis of the discussion on p. 92 the elements in Group IIA would be expected to 

deviate even further from simple ionic bonding than do the alkali metals. The charge on 

M?* is higher and the radius for corresponding ions is smaller, thereby inducing more 

distortion of the surrounding anions. This is reflected in the decreased thermal stability of 

oxoacid salts such as nitrates, carbonates, and sulfates. For example, the temperature at 

which the carbonate reaches a dissociation pressure of 1 atm CO, is: BeCO, 250°, MgCO, 
540°, CaCO; 900°, SrCO,, 1289°, BaCO, 1360°. The tendency towards covalency is greater 
with Be, and this element forms no compounds in which the bonding is predominantly 

ionic. Magnesium also has considerable covalent character as reflected in its diagonal 
relation with Li. For similar reasons Be (and to a lesser extent Mg) forms numerous stable 

coordination compounds; organometallic compounds are also well characterized, and 
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these frequently involve multicentre (electron deficient) bonding similar to that found in 

analogous compounds of Li and B. 

Many compounds of the Group ITA elements are much less soluble in water than their 

Group IA counterparts. This is particularly true for the fluorides, carbonates, and sulfates 
of the heavier members, and is related to their higher lattice energies. These solubility 

relations have had a profound influence on the mineralization of these elements as noted 

on p. 119. The ready solubility of BeF, (~20 000 times that of CaF,‘ is presumably 

related to the very high solvation enthalpy of Be to give [Be(H,O),]* ~. 

Beryllium, because of its small size, almost invariably has a coordination number of 4. 

This is important in analytical chemistry since it ensures that EDTA, which coordinates 

strongly to Mg, Ca (and Al), does not chelate Be appreciably. BeO has the wurtzite (ZnS, 

p. 1405) structure whilst the other Be chalcogenides adopt the zinc blende modification. 

BeF, has the cristobalite (SiO,, p. 394) structure and has only a very low electrical 
conductivity when fused. Be,C and Be,B have extended lattices of the antifiuorite type 

with 4-coordinate Be and 8-coordinate C or B. Be,SiO, has the phenacite structure 

(p. 400) in which both Be and Si are tetrahedrally coordinated, and Li, BeF, has the same 

structure. [Be(H,O),]SO, features a tetrahedral aquo-ion which is H bonded to the 

surrounding sulfate groups in such a way that Be—O is 161 pm and the O-H - :: Oare 262 

and 268 pm. Further examples of tetrahedral coordination to Be are to be found in later 

sections; other configurations, involving linear (two-fold) coordination (e.g. BeBu’,) or 

trigonal coordination [e.g. cyclic (MeBeNMe,),] are rare and most compounds which 

might appear to have such coordination (e.g. BeMe,, CsBeF;, etc.) achieve 4-coord- 

ination by polymerization. 

The stereochemistry of Mg and the heavier alkaline earth metals is more flexible than 

that of Be and, in addition to occasional compounds which feature low coordination 

numbers (2, 3, and 4), there are many examples of 6, 8, and 12 coordination and even some 

with 7, 9, or 10. 

5.3.2 Hydrides and halides 

Many features of the structure, bonding and stability of the Group IIA hydrides have 

already been discussed (p. 70) and it is only necessary to add some comments on BeH,, 

which is the most difficult of these compounds to prepare and the least stable. BeH, 

5 AF. WELLS, Structural Inorganic Chemistry, 4th edn., Oxford University Press, Oxford, 1975, 1095 pp. 
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(contaminated with variable amounts of ether) was first prepared in 1951 by reduction of 

BeCl, with LiH and by the reaction of BeMe, with LiAIH,. A purer sample can be made 
by pyrolysis of BeBu', at 210°C and the best product is obtained by displacing BH, from 

BeB,H, using PPh, in a sealed tube reaction at 180°C: 

BeB,H, + 2PPh, —-—> 2Ph,PBH, + BeH, 

BeH, is an amorphous white solid (d 0.65 gcm~ *) which begins to evolve hydrogen when 

heated above 250°C; it is moderately stable in air or water but is rapidly hydrolysed by 

acids, liberating H,. Very recently a hexagonal crystalline form (d 0.78 gcm~ *) has been 

prepared by compaction fusion at 6.2 kbar and 130°C in the presence of ~1% Li as 

catalyst. In all forms BeH, appears to be highly polymerized by means of BeHBe 

3-centre bonds and its structure is probably similar to that of BeCl, and BeMe, (see 

below). A related compound is the volatile mixed hydride BeB,Hg, which is readily 

prepared (in the absence of solvent) by the reaction of BeCl, with LiBH, in a sealed tube: 

120C 
BeCl, +2 LiBH, BeB,H, + 2LiCl 

BeB,Hg inflames in air, reacts almost explosively with water, and reacts with dry HCl even 

at low temperatures: 

BeB,H, + 2HC] —_> BeCl, + B,H, + 2H, 

The structure of this compound has proved particularly elusive and at least nine different 

structures have been proposed; it therefore affords an instructive example of the 

difficulties which attend the use of physical techniques for the structural determination of 

compounds in the gaseous, liquid, or solution phases. In the gas phase it now seems likely 

that more than one species is present’? and the compound certainly shows fluxional 

behaviour which makes all the hydrogen atoms equivalent on the nmr time scale.” A 
linear structure such as (a), with possible admixture of singly bridged B—H-B and triply 

bridged BeH;B variants is now favoured, after a period in which triangular structures 
such as (b) had been vigorously canvassed. Even structure (c), which features planar 

3-coordinate Be, had been advocated because it was thought to fit best much of the 

infrared and electron diffraction data and also accounted for the ready formation of 

adducts (d) with typical ligands such as Et,O, thf, RN, R3P, etc. In the solid state the 

structure has recently been established with some certainty by single-crystal X-ray 

analysis.® BeB,H, consists of helical polymers of BH, Be units linked by an equal number 

of bridging BH, units (Fig. 5.1). Of the 8 H atoms only 2 are not involved in bonding to 

Be; the Be is thus 6-coordinate (distorted trigonal prism) though the H atoms are much 

closer to B (~110 pm) than to Be (2 at ~153 pm and 4 at ~ 162 pm). The Be---B 

distance within the helical chain is 201 pm and in the branch is 192 pm. The relationship of 

this structure to those of Al(BH,); and AIH; itself (p. 256) is noteworthy. 

© G. J. BRENDEL, E. M. Marcett, and L. M. NreByLski, Crystalline beryllium hydride, /norg. Chem. 17, 
3589-92 (1978). 
7K. BRENDHAUGEN, A. HAAREAND, and D. P. Novak, The gas phase electron diffraction pattern of 

beryllium borohydride, Acta Chem. Scand. A29, 801-2 (1975). 

7’ D. F. Gatnes, J. L. WALSH, and D. F. HILLENBRAND, Gas-phase nuclear magnetic resonance spectroscopic 

study of the molecular structure of beryllium borohydride Be(BH,),, JCS Chem. Comm. 1977, 224-5. 
8D. S. MaRYNICK and W. N. Lipscoms, Crystal structure of beryllium borohydride, /norg. Chem. 11, 820-3 

(1972). D. S. MARYNICK, Model studies of the electronic structure of solid-state beryllium borohydride, J. Am. 
Chem. Soc. 101, 6876-80 (1979). 
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Anhydrous beryllium halides cannot be obtained from reactions in aqueous solutions 

because of the formation of hydrates such as [Be(H,O),]F, and the subsequent 

hydrolysis which attends attempted dehydration. Thermal decomposition of (NH,).BeF, 

is the best route for BeF,, and BeCl, is conveniently made from the oxide 

—800° 

BeO+C+Cl, BeCl, +CO 

BeCl, can also be prepared by direct high-temperature chlorination of metallic Be or 

Be,C, and these reactions are also used for the bromide and iodide. BeF, is a glassy 

material that is difficult to crystallize; it consists of a random network of 4-coordinate 

F-bridged Be atoms similar to the structure of vitreous silica, SiO,. Above 270°, BeF, 

spontaneously crystallizes to give the quartz modification (p. 394) and, like quartz, it 

exists in a low-temperature a-form which transforms to the f-form at 227°; crystobalite 
and tridymite forms (p. 394) have also been prepared. The structural similarities between 

BeF , and SiO, extend to fluoroberyllates and silicates, and numerous parallels have been 

drawn: e.g. the phase diagram, compounds, and structures in the system NaF-BeF , 

resemble those for CaO-SiO,; the system CaF,—BeF, resembles Z1O,-SiO); the 

compound KZnBe,F, is isostructural with benitoite, BaTiSi,Oo, etc. 

BeCl, has an unusual chain structure (a) which can be cleaved by weak ligands such as 

Et,O to give 4-coordinate molecular complexes L,BeCl, (b); stronger donors such as 

H,O or NH; lead to ionic complexes [BeL,]7*[C1]~ , (c). 

In all these forms Be can be considered to use the s, p,, p,, and p, orbitals for bonding; 
the ClBeCl angle is substantially less than the tetrahedral angle of 109° probably because 
this lessens the repulsive interaction between neighbouring Be atoms in the chain by 
keeping them further apart and also enables a wider angle than 71° to be accommodated 

at each Cl atom, consistent with its predominant use of two p orbitals. The detailed 
interatomic distances and angles therefore differ significantly from those in the analogous 
chain structure BeMe, (p. 142), which is best described in terms of 3-centred “electron- 
deficient” bonding at the Me groups, leading to a BeCBe angle of 66° and a much closer 
approach o neighbouring Be atoms (209 pm). In the vapour phase BeCl, tends to forma 
bridged sp* dimer (d) and dissociation to the linear (sp) monomer (e) is not complete 
below about 900°; in contrast, BeF, is monomeric and shows little tendency to dimerize in 
the gas phase. 

The crystal structures of the halides of the heavier Group IIA elements show some 
interesting trends (Table 5.3). 
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TABLE 5.3. Crystal structures of alkaline earth halides 

Be Mg Ca Sr Ba 

Fe Quartz Rutile(TiO,) Fluorite Fluorite Fluorite 

Cl Chain CdCl, Deformed TiO, Deformed TiO, PbCl, 
Br Chain Cdl, Deformed TiO, Deformed PbCl, PbCl, 
I — Cdl, Cdl, Srl, PbCl, 

® For description of these structures see: quartz (p. 394), rutile (p. 1120), CdCl, (p. 1407), Cdl, (p. 1407), 

PbCl, (p. 444); the fluorite, BeCl,-chain, and Srl, structures are described in this subsection. 

For the fluorides, increasing size of the metal enables its coordination number to 

increase from 4 (Be) to 6 (Mg) and 8 (Ca, Sr, Ba). CaF, (fluorite) is a standard crystal 

structure type and its cubic unit cell is illustrated in Fig. 5.2. The other halides (Cl, Br, I) 

_ show an increasing trend away from three-dimentional structures, the Be halides forming 

chains (as discussed above) and the others tending towards layer-lattice structures such as 

Fic. 5.2 Unit cell of CaF, showing eightfold (cubic) coordination of Ca by 8F and fourfold 
(tetrahedral) coordination of F by 4Ca. The structure can be thought of as an fec array of Ca in 

which all the tetrahedral interstices are occupied by F. 
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@:;s O1 
Sr-I (la, b, c) 337 pm 

Sr-I (2a, d)- 326 pm 

Sr-I (2b, c) 342 pm 

Average Sr-I 335 pm 

Fic. 5.3. Structure of Srl, showing sevenfold coordination of Sr by I. The planes 1 and 2 are 
almost parallel (4.5°) and the planes 1a2a2d and 1b2b2clc are at an angle of 12° to each other.’ 

CdCl,, CdI,, and PbI,. Srl, is unique in this group in having sevenfold coordination 

(Fig. 5.3); a similar coordination polyhedron is found in Eul,, but the way they are 

interconnected differs in the two compounds.” 
The most important fluoride of the alkaline earth metals is CaF, since this mineral 

(fluorspar) is the only large-scale source of fluorine (p. 920). Annual world production 

now exceeds 5 million tonnes the principal suppliers being Mexico (24%), the USSR 

(10%), Spain and China (8% each), France and Mongolia (7% each), Italy, the UK, and 

South Africa (5% each). The largest consumer is the USA, though 85% ofits needs must be 

imported. CaF, is a white, high-melting (1418°C) solid whose low solubility in water 

permits quantitative analytical precipitation. The other fluorides (except BeF,) are also 

high-melting and rather insoluble. By contrast, the chlorides tend to be deliquescent and 

to have much lower mps (715-—960°); they readily form numerous hydrates and are soluble 

in alcohols. MgCl, is one of the most important salts of Mg industrially (p. 120) and its 

concentration in sea water is exceeded only by NaCl. CaCl, is also of great importance as 

noted earlier. Its traditional uses include: 

(a) brine for refrigeration plants (and for filling inflated tires of tractors and earth- 

moving equipment to increase traction); 

(b) control of snow and ice on highways and pavements (side walks)—the CaCl,-H,O 

eutectic at 30 wt% CaCl, melts at — 55°C (compared with NaCl-H,O at — 18°C); 

(c) dust control on secondary roads, unpaved streets, and highway shoulders; 

(d) freeze-proofing of coal and ores in shipping and stock piling; 

(e) use in concrete mixes to give quicker initial set, higher early strength, and greater 

ultimate strength. 

Production of CaCl, in the US is in the megatonne region. 

The bromides and iodides continue the trends to lower mps and higher solubilities in 

water and their ready solubility in alcohols, ethers, etc., is also notable; indeed, MgBr, 

forms numerous crystalline solvates such as MgBr,.6ROH (R=Me, Et, Pr), 

MgBr,.6Me,CO, MgBr,.3Et,O, in addition to numerous ammines MgBr,.nNH, 

° E. T. RierscHeL and H. BARNIGHAUSEN, The crystal structure of SrI,, Z. anorg. allgem. Chem. 368, 62-72 
(1969). 
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~ (n=2-6). The ability of Group IIA cations to form coordination complexes is clearly 

much greater than that of Group IA cations (p. 105). 

_ Alkaline earth salts MHX, where M = Ca, Sr, or Ba, and X =Cl, Br, or I can be prepared 

by fusing the hydride MH, with the appropriate halide MX, or by heating M+ MX, inan 

atmosphere of H, at 900°. These hydride halides appear to have the PbCIF layer lattice 

structure though the H atoms were not directly located. The analogous compounds of Mg 

have proved more elusive and the preceding preparative routes merely yield physical 

mixtures. However, MgClIH and MgBrH can be prepared as solvated dimers by the 

reaction of specially activated MgH, with MgX, in thf: 

Et,O 
MeR, + LiAlH, MgH, + LiAlH,R, 

thf MeH, + Mex, [HMeX(thf)], 

The chloride can be crystallized but the bromide disproportionates. On the basis of 

mol wt and infrared spectroscopic evidence the proposed structure is: 

5.3.3. Oxides and hydroxides: '° 

The oxides MO are best obtained by calcining the carbonates (pp. 124, 133); de- 
hydration of the hydroxides at red heat offers an alternative route. BeO (like the other Be 

chalcogenides) has the wurtzite structure (p. 1405) and is an excellent refractory, combin- 

ing a high mp (2530+50°C) with negligible vapour pressure below this temperature; it 

has good chemical stability and a very high thermal conductivity which is greater than 

that of any other non-metal and even exceeds that of some metals. The other oxides in the 

group all have the NaCl structure and this structure is also adopted by the chalcogenides 
(except MgTe which has the wurtzite structure). Lattice energies and mps are again very 

high: MgO mp 2826 + 30°, CaO 2613 + 25°, SrO 2430°, BaO 1923°C. The compounds are 

comparatively unreactive in bulk but their reactivity increases markedly with decrease in 

_ particle size and increase in atomic weight. Notable reactions (which reverse those used to 
prepare the oxides) are with CO, and with H,O. MgO is extensively used as a refractory: 

like BeO it is unusual in being both an excellent thermal conductor and a good electrical 

insulator, thus finding widepsread use as the insulating radiator in domestic heating 

ranges and similar appliances. CaO (lime) is produced on an enormous scale in many 

countries and, indeed, is second only to H,SO, as the largest volume industrial chemical 

101. A. Everest, Beryllium, C/C, Vol. 1, pp. 531-90 (1973). 
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to be manufactured (see Panel on p. 133). Production in 1979 exceeded 18 million tonnes 

in the USA alone. Its major end uses are as a flux in steel manufacture (45%), in the 

production of Ca chemicals (10°%), in water treatment (10%), sewage treatment and air 

and water pollution control (5°), pulp and paper manufacture (5%), and the manufacture 

of non-ferrous metals (5%). Price for bulk quantities is ~$45 per tonne (1981). 

In addition to the oxides MO, peroxides MO, are known for the heavier alkaline earth 

metals and there is some evidence for yellow superoxides M(O,), of Ca, Sr, and Ba; 

impure ozonides Ca(O,), and Ba(O;), have also been reported.’ As with the alkali 
metals, stability increases with electropositive character and size: no peroxide of Be is 

known; anhydrous MgO, can only be made in liquid NH, solution, aqueous reactions 

leading to various peroxide hydrates; CaO, can be obtained by dehydrating CaO, .8H,O 

but not by direct oxidation, whereas SrO, can be synthesized directly at high oxygen 

pressures and BaO, forms readily in air at 500°. Reactions with aqueous reagents are as 

expected, and the compounds can be used as oxidizing agents and bleaches: 

CaO,(s)+ H,SO,4(aq) ——>CaSO,(s) + H,O,(aq) 

Ca(O,), +H,SO4(aq) ——>CaSO,(s) + H,03(aq)+ O2(g) 

MgO, has the pyrite structure (p. 804) and the Ca, Sr, and Ba analogues have the CaC, 
structure (p. 320). 

The hydroxides of Group IIA elements show a smooth gradation in properties, with 

steadily increasing basicity, solubility, and heats of formation from the corresponding 

oxide. Be(OH), is amphoteric and Mg(OH), is a mild base which, as an aqueous 

suspension (milk of magnesia), is widely used as a digestive antacid.t Ca(OH), and 

Sr(OH), are moderately strong to strong bases and Ba(OH), approaches the alkali 

hydroxides in strength. 

Beryllium salts rapidly hydrolyse in water to give a series of hydroxo complexes of 

undetermined structure; the equilibria depend sensitively on initial concentration, pH, 

temperature, etc., and precipitation begins when the ratio OH /Be?* (aq)>1. Addition 

of further alkali redissolves the precipitate and the properties of the resultant solution are 

consistent (at least qualitatively) with the presence of isopolyanions of the type 

es 

HO | ae OH 
f de aoe 

e€ Be 

HO OH n OH 

Further addition of alkali progressively depolymerizes this chain anion by hydroxyl 

addition until ultimately the mononuclear beryllate anion [Be(OH),]?~ is formed. The 

analogy with Zn(OH), and Al(OH), is clear. 

+ Note that, though mild, Mg(OH), will neutralize 1.37 times as much acid as NaOH, weight for weight, and 
2.85 times as much as NaHCO, ,. 

'' N.-G. VANNERBERG, Peroxides, superoxides, and ozonides of the metals of Groups IA, IIA, and IIB, Prog. 
Inorg. Chem. 4, 125-97 (1962). 
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The solubility of Be(OH), in water is only ~3 x 10°>* g 1~' at room temperature, 

compared with ~3 x 10°?.¢17! for Mg(OH), and ~1.3 g1~! for Ca(OH),. Strontium 

and barium hydroxides have even greater solubilities (8 and 38 g1~ ' respectively at 20°). 

The crystal structures of M(OH), also follow group trends.‘°’ Be(OH), crystallizes with 

4-coordinate Be in the Zn(OH), structure which can be considered as a diamond or 

cristobalite (SiO ,) lattice distorted by H bonding. Mg(OH), (brucite) and Ca(OH), have 

6-coordinate cations in a Cdl, layer lattice structure with OH bonds perpendicular to the 

layers and strong O-H---O bonding between them. Strontium is too large for the Cdl, 

structure and Sr(OH), features 7-coordinate Sr (3+4), the structure being built up of 

edge-sharing monocapped trigonal prisms with no H bonds. (The monohydrate has 

bicapped trigonal prismatic coordination about Sr.) The structure of Ba(OH), is complex 

and not yet full determined. 

5.3.4 Oxoacid salts and coordination complexes 

The chemical trends and geochemical significance of the oxoacid salts of the alkaline 

earth metals have already been mentioned (p. 119) and the immense industrial 

importance of the carbonates and sulfates in particular can hardly be over emphasized 
(see Panel on limestone and lime). Calcium sulfate usually occurs as the dihydrate 

(gypsum) though anhydrite (CaSO,) is also mined. Alabaster is a compact, massive, fine- 

grained form of CaSO,.2H,O resembling marble. When gypsum is calcined at 

150-165°C it looses approximately three-quarters of its water of crystallization to give the 

hemihydrate CaSO, .4H,O, also known as plaster of Paris because it was originally 

obtained from gypsum quarried at Montmartre. Heating at higher temperatures yields 

various anhydrous forms: 

= £50" ~20 ~1100° 
CaSO O = 5 CaSO, -4HLO — 3 y-CaSO, _ sh GasOn 

CaO +SO, 

Gypsum, though not mined on the same scale as limestone, is nevertheless still a major 

industrial mineral. World production in 1977 was 65.5 million tonnes, the major 

producing countries being the USA (18.5%), Canada (10.8%), Iran (10.3%), France 

(8.9%), the USSR (7.9%), Spain (6.6%), Italy (6.4%), and the UK (5.0%). The price (USA, 

1977) was ~ $6 per tonne for crude gypsum and ~$25 per tonne for calcined gypsum. In 

the USA about 28° of the gypsum used is uncalcined and most of this is for Portland 

- cement (p. 283) or agricultural purposes. Of calcined gypsum, virtually all (95%) is used 

for prefabricated products, mainly wall board, and the rest is for industrial and building 

plasters. 

Other oxoacid salts and binary compounds are more conveniently discussed under the 

' chemistry of the appropriate non-metals in later chapters. 

Industrial Uses of Limestone and Lime
 

"Limestone rock is the commonest form of calcium carbonate, which also occurs as chalk, 
le, corals, calcite, argonite, etc., and (with Mg) as dolomite. Limestone and dolomite are __ 

CTE-F 
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widely used as building materials and road aggregate and both are quarried on a vast co 

Chis 

worldwide. CaCO, is also a major industrial chemical and is indispensable as the precursor of. 
quick lime (CaO) and slaked lime, Ca(OH),. These chemicals are crucial to large sections of the 
chemical, metallurgical, and construction industries, as noted below, and are produced on a scale 
exceeded by very few other materials."!!” Thus, world production of lime exceeded 110 million — 
tonnes in 1977, and even this was dwarfed by Portland cement (777 million tonnes in 1977) which ] 

is made by roasting limestone and sand with clay (p. 283). 
Large quantities of lime are consumed in the steel industry where it is used asa flux to remove P, 

S, Si, and to a lesser extent Mn. The basic oxygen steel process typically uses 75 kglime pertonne 
of steel, or a rather larger quantity (100-300 kg) of dolomitic quick lime, which markedly extends 
the life of the refractory furnace linings. Lime is also used as a lubricant in steel wire drawing and in 
neutralizing waste sulfuric-acid-based pickling liquors. Another metallurgical application isinthe 
production of Mg (p. 120): the ferro-silicon (Pidgeon) process uses dolomitic lime and both of the 

Dow electrolytic methods also require lime. 

Pidgeon (ferrosilicon) 5 

2(CaQ ..MgO)+Si/Fe ———* 2Mg + Ca,Si0,/Fe 

Dow (natural brine): 

CaO.MgO + CaCl, .MgCl, +CO, ——> 2CaCO, + 2MgCl, (then electrolysis) 

Dow (seawater): 

Ca(OH), +MgCl, ———> Mg(OH), + CaCl, 
Mg(OH),+2HCl ———>2H,0+ MgCl, (then electrolysis) 

Lime is the largest tonnage chemical used in the treatment of potable and industrial water 
supplies. In conjunction with alum or iron salts it is used to coagulate suspended solids and 
remove turbidity. It is also used in oars softening to remove compas y (bicarbonate) hardness. 
Typical reactions are: 

Ca(HCO;), + Ca(OH), 2CaCO;|+2H,0 
Mg(HCO;), + Ca(OH); ——> MgCO,(|)+ CaCO, | +2H,0 

MgCO,+Ca(OH), ——> Mg(OH), | + CaCO,| etc. 

The neutralization of acid waters (and industrial wastes) and the maintenance of optimum pH for 
the biological oxidation of sewage are further applications. Another major use of lime is in 
scrubbers to remove SO,/H,S from stack gases of fossil-fuel-powered generating stations and 
metallurgical smelters. 

The chemical industry uses lime in the manufacture of calcium carbide (for acetylene, p. 319), 
cyanamide (p. 341), and numerous other chemicals. Glass manufacturing is also a major consumer, 

most common glasses having ~ 12°%% CaO in their formulation. The insecticide calcium arsenate, 
obtained by neutralizing arsenic acid with lime, is much used for controlling the cotton boll weavil, 
codling moth, tobacco worm, and Colorado potato beetle. Lime-sulfur sprays and Bordeaux 
mixtures [(CuSO,/Ca(OH),] are important fungicides. 

The paper and pulp industries consume large quantities of Ca(OH), and precipitated (as 
distinct from naturally occurring) CaCO, . The largest application of lime in pulp manufacture is as 
a causticizing agent in sulfate (kraft) plants (p. 103). Here the waste Na,CO, solution is reacted 
with lime to regenerate the caustic soda used in the process: 

Na,CO,+CaO +H,O ——> CaCO, + 2NaOH 

Continued 

‘la RS. BoyNTON, Chemistry and Technology of Lime and Limestone, 2nd edn., Wiley, Chichester, 1980, 

575 pp. 
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About 95 yi of the CaCO 3 mud is dried and Pea ioued: in rotary kilns to recover the CaO. Calcium 
hypochlorite bleaching liquor (p. 1006) for paper pulp is obtained by reacting lime and Cl). 

_ The manufacture of high quality paper involves the extensive use of specially precipitated 
CaCO, . This is formed by calcining limestone and collecting the CO, and CaO separately; the 
latter is then hydrated and ee bona a to give the desired product: 

Clos C20 +C0, 

CAO), -CO; — = 5 Cal, LH0 

The type of crystals obtained, as well as their size and habit, depend on the temperature, pH, rate of 
mixing, concentration, and presence of additives. The fine crystals are often subsequently coated 
with fatty acids, resins, and wetting agents to improve their flow properties. US prices (1978) range 
from 8-25 cents per kg depending on grade. CaCO, adds brightness, opacity, ink receptivity, and 
smoothness to paper and, in higher concentration, counteracts the high gloss produced by kaolin — 
additives and produces a matte or dull finish which is particularly popular for textbooks. Such 
papers may contain 550% by weight of precipitated CaCO. The compound is also used as a filler 
in rubbers, latex, wallpaints, and enamels, and in plastics (~ 10% by weight) to improve their heat 
resistance, dimensional stability, stiffness, hardness, and processability. 

Domestic and pharmaceutical uses of precipitated CaCO, include its direct use as an antacid, a 
mild abrasive in toothpastes, a source of Ca enrichment in diets, a constituent of chewing gum and 
a filler in cosmetics. 

In the dairy industry lime finds many uses. Lime water is often added to cream when separated 
from whole milk, in order to reduce its acidity prior to pasteurization and conversion to butter. 
The skimmed milk is then acidified to separate casein which is mixed with lime to produce calcium 
caseinate glue. Fermentation of the remaining skimmed milk (whey) followed by addition of lime 
yields calcium lactate which is used as a medicinal or to produce lactic acid on reacidification. 
Likewise the sugar industry relies heavily on lime: the crude sugar juice is reacted with lime to 
precipitate calcium sucrate which permits purification from phosphatic and organic impurities. 
Subsequent treatment with CO, produces insoluble CaCO, and purified soluble sucrose. The 
cycle is usually repeated several times; cane sugar normally requires ~ 3-5 kg lime per tonne but. 

beet sugar requires 100 times this amount i.e. ~} tonne lime per tonne of sugar. 

Beryllium is unique in forming a series of stable, volatile, molecular oxide-carboxylates 

of general formula [OBe,(RCO,),], where R=H, Me, Et, Pr, Ph, etc. These white 

crystalline compounds, of which “basic beryllium acetate” (R = Me) is typical, are readily 

soluble in organic solvents, including alkanes, but are insoluble in water or the lower 

alcohols. They are best prepared simply by refluxing the hydroxide or oxide with the 

carboxylic acid; mixed oxide carboxylates can be prepared by reacting a given compound 

with another organic acid or acid chloride. The structure (Fig. 5.4) features a central O 

atom tetrahedrally surrounded by 4 Be. The 6 edges of the tetrahedron so formed are 

bridged by the 6 acetate groups in such a way that each Be is also tetrahedrally coordinated 
by 4 oxygens. [OBe,(MeCO,),] melts at 285° and boils at 330°; it is stable to heat 

and oxidation except under drastic conditions, is only slowly hydrolysed by hot water, but 

is decomposed rapidly by mineral acids to give an aqueous solution of the corresponding 

beryllium salt and free carboxylic acid. The basic nitrate [OBe,(NO;), ] appears to havea 

similar structure with bridging nitrate groups. The compound is formed by first dissolving 

BeCl, in N,O,/ethylacetate to give the crystalline solvate [Be(NO3),.2N,O,]; when 

heated to 50° this gives Be(NO3), which decomposes suddenly at 125°C into N,O, and 

LOBe,(NO3)¢]. 
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Fic.5.4 The molecular structure of “basic beryllium acetate” showing (a) the regular tetrahedral 

arrangement of 4Be about the central oxygen and the octahedral arrangement of the 6 bridging 
acetate groups, and (b) the detailed dimensions of one of the six non-planar 6-membered 
heterocycles. (The Be atoms are 24 pm above and below the plane of the acetate group.) The 2 
oxygen atoms in each acetate group are equivalent. The central Be-O distances (166.6 pm) are 

very close to that in BeO itself (165 pm). 

In addition to the oxide carboxylates, beryllium forms numerous chelating and bridged 

complexes with ligands such as the oxalate ion C,O,?~, alkoxides, B-diketonates, and 1,3- 

diketonates."° These almost invariably feature 4-coordinate Be though severe steric 
crowding can reduce the coordination number to 3 or even 2; for example, the very 

volatile dimeric alkoxide (a) was prepared in 1975 and the unique monomeric bis(2,6-di-t- 

butylphenoxy) beryllium (b) has been known since 1972. 

Halide complexes are also well known but complexes with nitrogen-containing ligands 

are rare. An exception is the blue phthalocyanine complex formed by reaction of Be metal 

with phthalonitrile, 1,2-C,;H,(CN),, and this affords an unusual example of planar 
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_ 4-coordinate Be (Fig. 5.5). The complex readily picks up 2 molecules of H,O to form an 

extremely stable dihydrate, perhaps by dislodging 2 adjacent Be-N bonds and forming 

_ 2 Be-O bonds at the preferred tetrahedral angle above and below the plane of the 

macrocycle. 

Fic. 5.5 The beryllium phthalocyanine complex. 

Magnesium forms few halide complexes of the type MX,” , though [NEt,],[MgCl,] 

has been reported; examples for the heavier alkaline earths are lacking, though hydrates 

and other solvates are well known. Oxygen chelates such as those of edta and 

polyphosphates are of importance in analytical chemistry and in removing Ca ions from 

hard water. There is no unique sequence of stabilities since these depend sensitively on a 

variety of factors: where geometrical considerations are not important the smaller ions 

tend to form the stronger complexes but in polydentate macrocycles steric factors can be 

crucial. Thus dicyclohexyl-18-crown-6 (p. 107) forms much stronger complexes with Sr 

and Ba than with Ca (or the alkali metals) as shown in Fig. 5.6.") Structural data are also 

available and an example of a solvated 8-coordinate Ca complex [(benzo-15-crown-5)- 

Ca(NCS),.MeOH] is shown in Fig. 5.7 (p. 139). The coordination polyhedron is not 

regular: Ca lies above the mean plane of the 5 ether oxygens (mean Ca—O 253 pm) and is 

coordinated on the other side by a methanol molecule (Ca—O 239 pm) and 2 non- 

equivalent isothiocyanate groups (Ca-N 244 pm) which make angles Ca~N-CS of 153° 

_ and 172° respectively.”* Cryptates (p. 109) are also known and usually follow the 

stability sequence Mg < Ca <Sr <Ba."'”? 

'2 See refs. 26 and 30 of Chapter 4. 
13 J. D. Owen and J. N. WINGFIELD, A new conformation of the cyclic polyether benzo-15-crown-S in its 

solvated complex with calcium isothiocyanate: X-ray crystal structure analysis, JCS Chem. Comm. 1976, 

318-19. 



138 Beryllium, Magnesium, Calcium, Strontium, Barium, and Radium Ch. 5 
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Fic. 5.6 Formation constants K for complexes of dicyclohexyl-18-crown-6 ether with various 
cations. Note that, although the radii of Ca2*, Na*, and Hg?* are very similar, the ratio of the 
formation constants is 1:6.3:225. Again, K * and Ba** have similar radii but the ratio of K is 1:3.5 

in the reverse direction. 

80 100 

Preeminent in importance among the macrocyclic complexes of Group IIA elements 

are the chlorophyls, which are‘modified porphyrin complexes of Mg. These compounds 

are vital to the process of photosynthesis in green plants (see Panel). Magnesium and Ca 

are also intimately involved in biochemical processes in animals: Mg is required to trigger 

phosphate transfer enzymes, for nerve impulse transmissions, muscle contraction, and 

carbohydrate metabolism, whereas Ca is required in the formation of bones and teeth, in 

maintaining the rhythm of the heart, and in blood clotting.“ >?” 

"32. WE. C. WACKER, Magnesium and Man, Harvard University Press, London, 1980. 
'3> M,N. HuGues, The Inorganic Chemistry of Biological Processes, Wiley, London, 1972, Chap. 8, The 

alkali metal and alkaline earth metal cations in biology, pp. 256-82. 
'3eG_ L. EicHHorn (ed.), Inorganic Biochemistry, Elsevier, Amsterdam, 1973, 2 Vols., 1263 pp. 

'34 B.S. COOPERMAN, The role of-divalent metal ions in phosphoryl and nucleotidyl transfer, Chap. 2 in H. 
SIGAL (ed.), Metal Jons in Biological Systems, Vol. 5, Dekker, New York, 1976, pp. 80-125. 

'3eK  §. RasAN, R. W. Cocsurn, and J. M. Davis, Metal chelates in the storage and transport of 

neurotransmitters, Chap. 5 in H. SIGAL (ed.), Metal Ions in Biological Systems, Vol. 6, Dekker, New York, 1976, 
pp. 292-321. 

‘SEN. Briccsand R. J. SOLARO, The role of divalent metal in the contraction of muscle fibres, Chap. 6 in H. 
SIGAL (ed.), Metal Ions in Biological Systems, Vol. 6, Dekker, New York, 1976, pp. 324-98. 
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Fic. 5.7 Molecular structure of benzo-15-crown-5-Ca(NCS),-MeOH. 

Ge oo Chlorophyll and aren: 

though this i is a gross and onan Rileasen. ovet impli ae rhe proces is initiated i in ake 
_ photoreceptors of the green magnesium-containing pigments which have the generic name 
_ chlorophyll (Greek: yAwpoc, chloros green; bvdrov, phyllon leaf), but many of the subsequent 
_ steps can proceed in the dark. The overall process is endothermic (AH® ~ 469 kJ per mole of CO,) 
and involves more than one type of chlorophyll. It also involves a manganese complex of — 
: unknown composition, varic iS ir ceniane cy ochromes and ferredoxin (p. So and a 

copper containing plastocyanin. . 
_ Photosynthesis is essentially the conversion of ‘radiant electromagnetic energy Geng & into 

chemical energy in ne form of Lee ae e (AT ind reduced Cee oe 

- mineials and nitoeen taken aS. 
__ understood but tremendous advance 

of th ae Calvin was wares ithe 
1961 ‘Nobel P Prize in Chemistry “for his has on the ¢ ‘bon one: assimilation’ in ge 38) 

'38M. CaLvIN, The path of carbon in photosynthesis, Nobel Lectures in Chemistry 1942-62, Elsevier, 
Amsterdam, 1964, 618-44. 
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Chloropints 2 are ee, of Mes oe icoocde ligands derived from the parent 
tetrapyrrole molecule porphin (structure 1). They are thus related to the porphyrin (substituted 
porphin) complexes which occur in haem proteins such as haemoglobin, myoglobin and the 
cytochromes (p. 1279). [Porphyrins derive their name from the characteristic purple-red 
coloration which these alkaloids give when acidified (Greek nOphvp-oc, porphyros purple).] The 
haem group is illustrated in structure 2. When the C=C double bond in the pyrrole-ring IV of 

_ porphin is trans hydrogenated and when a cyclopentanone ring is formed between ring II and the 
adjacent (7) methine bridge then the chlorin macrocycle (structure 3) is produced, and this is the 
basis for the various chlorophylls. Chlorophyll a (Chl a) is shown in structure 4: this is the most 

common of the chlorophylls and is found in all O,-evolving organisms. It was synthesized with 
complete chiral integrity _by R. B. Woodward and his group in 1960—an achievement of 
remarkable virtuosity. Variants. of chlorophyll are: 

Chlorophyll b, in which the 3-Me group is replaced by —CHO; this occurs in higher plants 
and green algae, the ratio CHI b:Chl a being ~1:3. 

_ Chlorophyll c, in which position 7 is substituted by acrylic acid, —-CH=CHCO,H:; it occurs 
in diatoms and brown algae. 

Chlorophyll d, in which 2-vinyl i is replaced by “CHO. 

~Ttis important to note that the chlorin macrocycle i is “ruffled” rather than completely planar and 
_the Mg atom is ~ 30-50 pm above the plane of the 4N atoms. In fact the Mg is not 4-coordinate 

_ but carries one (or sometimes two) other ligands, notably water molecules, which play a crucial 
role in interconnecting the basic chlorophyll units into stacks by H bonding to the cyclopenta- 
none ring V of an adjacent chlorophyll molecule (see structure 5). 

_ The function of the chlorophyll in the chloroplast is to absorb photons in the red part of the 
visible. spectrum (near 680-700 nm) and to pass this energy of excitation on to other chemical 

e intermediates. in the complex reaction scheme. At least two photosystems are involved: the 
initiating: photosystem II (P680) which absorbs at 680 nm and the subsequent photosystem | 
(P700). The detailed redox processes occurring, and the enzyme-catalysed synthetic pathways 
(dark reactions) in-so-far as they have yet been elucidated, are described in biochemical texts and 

_ fall outside our present scope. The Mg ion apparently serves several purposes: (a) it keeps the 
_ macrocycles fairly rigid so that energy is not so readily dissipated by thermal vibrations; {b) it 
coordinates the H,O molecules which mediate in the H bonding between adjacent molecules in 
the stack; and (c) it thereby enhances the rate at which the short-lived singlet excited state formed 

initially by absorption of a photon by the macrocycle is transformed to the corresponding longer- 
_ lived triplet state which is involved in the redox chain (since this involves the H bonded system — 

between several individual chlorophyll units over a distance of some 1500-2000 pm). However, it 
& by no means clear vy of alt ee eS is ae suited this purpose. 

5.3.5 Organometallic compounds"* 

Compounds containing M-C bonds are well established for Be and Mg in keeping with 

their tendency to form covalent bonds but, as with the alkali metals, reactivity within the 

group increases with increasing electropositivity, and few organometallic compounds of 

Ca, Sr, or Ba have been isolated. 

Beryllium 

Beryllium dialkyls (BeR ,, R = Me, Et, Pr’, Pr’, Bu’, etc.) can be made by reacting lithium 

alkyls or Grignard reagents with BeCl, in ethereal solution, but the products are difficult 

14 G. E. Coates, M. L. H. Green, and K. Wape, Organometallic Compounds, Vol. 1, The Main Group 
Elements, 3rd edn., Chap. I, Group I, pp. 71-121, Methuen, London, 1967. 

CTE-F* 
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to free from ether and, when pure compounds rather than solutions are required, a better 

route is by heating Be metal with the appropriate mercury dialkyl: 

BeCl, + 2LiMe_—--- > BeMe,, nEL,O + 20C1 

BeCl, + 2MeMgCl —2--> BeMe, .nEt,O + 2MgCl, 

Be + HgMe, pices BeMe, + Hg 

BePh, (mp 245°) can be prepared similarly, using LiPh or HgPh,; an excess of the former 

reagent yields Li[BePh,]. Beryllium dialkyls are colourless solids or viscous liquids 

which are spontaneously flammable in air and explosively hydrolysed by water. BeMe, 
(like MgMe,, p. 146) has been shown by X-ray analysis to have a chain structure 

analogous to that found in BeCl, (p. 128) though the bonding is probably best described in 

terms of 2-electron 3-centre bridge bonds involving *CH; groups rather than that 
adopted by bridging Cl atoms which each form two 2-electron 2-centre bonds involving a 

total of 4 electrons per Be—Cl-Be bridge (Fig. 5.8). Each C atom has a coordination 

number of 5 (cf. bonding in boranes, carbaboranes, etc., p. 179). Higher alkyls are 

progressively less highly polymerized and the sterically crowded BeBu’, is monomeric. 

As with polymeric BeCl,, addition of strong ligands results in depolymerization 

and the eventual formation of monomeric adducts, e.g. [BeMe,(PMe;), ], 

[BeMe,(Me,NCH,CH,NMe,)], etc. Pyrolysis eliminates alkenes and leads to mixed 

hydrido species of variable composition (see also p. 126). 

Fic. 5.8 (a) Chain structure of BeMe, showing the acute angle at the bridging methyl group; the 
Be---Be distance is 209 pm and the distance between the 2 C atoms across the bridge is 315 pm, 

and (b) pictorial representation of the 3 approximately sp° orbitals used to form one 3-centre 
bridge bond; this description of the bonding is consistent with the acute bridging angle at C and 

the close approach to adjacent Be atoms. 
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a Alkylberyllium hydrides’ of more precise stoichiometry can be prepared by reducing 

_BeBr, with LiH in the presence of BeR,, e.g.: 

Me 

E1,0 Nay ers 
Beene BeBe 0 ihe = bans Bess Be + 2LiBr 

The coordinated ether molecules can be replaced by tertiary amines. Use of NaH in the 

absence of halide produces the related compound Na,[Me,BeH,BeMe,]; the cor- 
responding ethyl derivative crystallizes with 1 mole of Et,O per Na but this can readily 

be removed under reduced pressure. The crystal structure of the etherate is shown in 

Fig. 5.97 and is important in illustrating once more how misleading it can be to differen- 
tiate too sharply between different kinds of bonding in solids, for example: ionic 

[Na(OEt,)], *[Et,BeH,BeEt,]?~ or polymeric [Et,ONaHBeEt,],. Thus in the struc- 

ture each Be is surrounded tetrahedrally by 2 Et and 2 bridging H to form a subunit 

pos 

ee 
Fa a 

Fic. 5.9 Crystal structure of the etherate of polymeric sodium hydridodiethylberyllate 
(Et,ONaHBeEt,), emphasizing two features of the structure (see text). 

5G. W. Apamson and H. M. M. SHEARER, The crystal structure of the etherate of sodium 
hydridodiethylberyllate, JCS Chem. Comm. 1965, 240. 
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In addition, each H is coordinated tetrahedrally by 2 Be and 2 Na, and each Na is directly 

bonded to 1 Et,O. Be—C is 180 pm and Be-H is 140 pm, close to expected values; Na—H is 

240 pm, equal to that in NaH. The distance Na---Na is 362 pm which is less than in Na 

metal (372 pm) but greater than in NaH (345 pm), where each Na is surrounded by 6H; 

Be:--Be is 220 pm as in Be metal. It is therefore misleading to consider the structure as 

being built up from the isolated ions [Na(OEt,)]* and [Et,BeH,BeEt,]?~ and it is 

perhaps better to regard it as a chain polymer [Et,ONaHBeEt,], which in plane 

projection can be written as: 

Alkylberyllium alkoxides (RBeOR’) can be prepared from BeR, by a variety of routes 

such as alcoholysis with R’OH, addition to carbonyls, cleavage of peroxides R'OOR’, or 

redistribution with the appropriate dialkoxide Be(OR’),, e.g.: 

4BeMe, + 4Bu'OH 

[ct 

2BeMe, + 2Be(OBu'), —=— > | GeeBeOpns, |< — 4BeMe, + 4Me,C=O 

4BeMe, + 2Bu'OOBu! 

Ring opening of ethylene oxide has also been used: 

4BeMe, + 4CH, CH, ——»* (MeBeOPr"), 

O 

The compounds are frequently tetrameric and probably have the “cubane-like” structure 
established for the zinc analogue (MeZnOMe),. The methylberyllium alkoxides 
(MeBeOR’), are reactive, low-melting solids (mp for R’=Me 25°, Et 30°, Pr® 40°, 
Pr' 136°, Bu' 93°). Bulky substituents may reduce the degree of oligomerization, e.g. 
trimeric (EtBeOCEt,),, and reaction with coordinating solvents or strong ligands can 
also lead to depolymerization, e.g. dimeric (MeBeOBu'py), and monomeric 
PhBeOMe. 2Et,O: 
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Reaction of beryllium dialkyls with an excess of alcohol yields the alkoxides Be(OR),. The 

methoxide and ethoxide are insoluble and probably polymeric, whereas the t-butoxide 
(mp 112°) is readily soluble as a trimer in benzene or hexane; the proposed structure: 

involves both 3- and 4-coordinate Be but is consistent with the observation of 2 proton 

nmr signals at t 8.60 and 8.75 with intensities in the ratio 2:1. (A precisely analogous 

structure has been established by X-ray diffraction analysis for the “isoelectronic” linear 

trimer [Be(NMe,),]3.)°° 
Beryllium forms a series of cyclopentadienyl complexes [Be(7°-C;H,)Y] with Y=H, 

Cl, Br, —C=CH, and BH,, all of which show the expected C.,, symmetry (Fig. 5.10a). If 

the pentahapto-cyclopentadienyl group (p. 369) contributes 5 electrons to the bonding, 

then these are all 8-electron Be complexes consistent with the octet rule for elements of the 

first short period.” ”) The bis(cyclopentadienyl) compound (mp 59°C), first prepared by 

E. O. Fischer and H. P. Hofmann in 1959, is also known but does not adopt the ferrocene- 

type structure (p. 372) presumably because this would require 12 electrons in the valence 

shell of Be. Instead, the complex has C, symmetry and is, in fact, [Be(y'-C;H.) 

(n°-C,H,)], as shown in Fig. 5.10b."®) The c-bonded Be-C distance is significantly 
shorter than the five other Be—-C distances and there is some alternation of C-C distances 

in the a-bonded cyclopentadienyl group. All H atoms are coplanar with the rings except 

- for the one adjacent to the Be-C, bond. For free molecules in the gas phase it seems 

16 J LL. Atwoop and G. D. Stucky, Dative metal-nitrogen z-bonding in bis(dimethylamino)beryllium, 
Chem. Comm. 1967, 1169-70. 

178. D. Jemmis, S. ALEXANDRATOS, P. v. R. SCHLEYER, A. STREITWIESER, and H. F. SCHAEFFER, Ab initio 
SCF-MO study of cyclopentadienylberyllium hydride and of beryllocene, J. Am. Chem. Soc. 100, 5695-700 

1978). 
ue payee Wona, T.-Y. Lee, K.-J. CHAO, and S. Leg, Crystal structure of bis(cyclopentadienyl)beryllium at 

—120°, Acta Cryst. B28, 1662-5 (1972). 
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Fic. 5.10 Cyclopentadienyl derivatives of beryllium showing (a) the C.,. structure of [Be(n°- 

C;H,)Y], and(b) the structure of crystalline [Be(7’-C;H;) (7°-CsH5)] at — 120° (see text). 

unlikely that the two cyclopentadienyl rings are coplanar, and the most recent 

calculations''”) suggest a dihedral angle between the rings of 117° with Be-C, 172 pm, 

Be-C,, 187 pm, and the angle Be-C,—H 108°. 

Magnesium 

Magnesium dialkyls and diaryls, though well established, have been relatively little 

studied by comparison with the vast amount of work which has been published on the 

Grignard reagents RMgxX. The dialkyls (and diaryls) can be conveniently made by the 

reaction of LiR (LiAr) on Grignard reagents, or by the reaction of HgR, (HgAr,) on Mg 

metal (sometimes in the presence of ether). On an industrial scale, alkenes can be reacted 

at 100° under pressure with MgH, or with Mg in the presence of H,: 

Et,O 

LiR + RMgX ——-> MgR, + LiX 
Ft,0 

HgR,+Meg MgR,+Hg 

2C,H,+H,+Mg ae 
0° MgEt, 

A suitable laboratory method is to shift the Schlenk equilibrium in a Grignard solution 
(p. 147) by adding dioxan to precipitate the complex MgX, . diox; this enables MgR, to be 
isolated by careful removal of solvent under reduced pressure: 

2RMgX <=> MgR, + MgX, —*~?> MgR, +MgX,.C,H,O, 

MgMe, is a white involatile polymeric solid which is insoluble in hydrocarbon and only 

"9D. S. MaRYNICK, Studies of the molecular and electronic structure of dicyclopentadienylberyllium, J. Am. 
Chem. Soc. 99, 1436-41 (1977). See also J. B. CoLiins and P. v. R. SCHLEYER, Sandwich-type molecules of first- 
row atoms. Instability of bis(y?-cyclopropenyl)beryllium, /norg. Chem. 16, 152-5 (1977). 
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~ slightly soluble in ether. Its structure is very similar to that of BeMe, (p. 142) the 

corresponding dimensions for MgMe, being: Mg—C 224 pm, Mg-C—Mg 75°, C-Mg-C 
105°, Mg:--Mg 272 pm, and C---C (across the bridge) 357 pm. Precisely analogous 

bridging Me groups are found in dimeric Al,Me, (p. 289) and in the monomeric 

compound Mg(A!Me,), which can be formed by direct reaction of MgMe, and Al, Me;,: 

MgEt, and higher homologues are very similar to MgMe, except that they decompose at 

a lower temperature (175—200° instead of ~ 250°C) to give the corresponding alkene and 

MegH, in a reaction which reverses their preparation. MgPh, is similar: it is insoluble in 

benzene dissolves in ether to give the monomeric complex MgPh, .2Et,O and pyrolyses 

at 280° to give Ph, and Mg metal. Like BePh, it reacts with an excess of LiPh to give the 
colourless complex Lif[MgPh;]. 

The first organosilylmagnesium compound [Mg(SiMe;), ].(-CH,QOMe),, was iso- 

lated in 1977;°° it was obtained as colourless, spontaneously flammable crystals by 

reaction of bis(trimethylsilyl)mercury with Mg powder in 1,2-dimethoxyethane. 

Grignard reagents are the most important organometallic compounds of Mg and are 

probably the most extensively used of all organometallic reagents because of their easy 

preparation and synthetic versatility. Despite this, their constitution in solution has been a 

source of considerable uncertainty until recent times.) It now seems well established 

that solutions of Grignard reagents can contain a variety of chemical species interlinked 

by mobile equilibria whose position depends critically on at least five factors: (i) the steric 

and electronic nature of the alkyl (or aryl) group R, (ii) the nature of the halogen X (size, 

electron-donor power, etc.), (ili) the nature of the solvent (Et,O, thf, benzene, etc.), (iv) the 

concentration, and (v) the temperature. The species present may also depend on the 

presence of trace impurities such as H,O or O,. Neglecting solvation in the first instance, 

the general scheme of equilibria can be set out as shown overleaf. Thus “monomeric” 

(solvated) RMgxX can disproportionate to MgR, and MgxX, by the Schlenk equilibrium or 

can dimerize to RMgX,MgR. Both the monomer and the dimer can ionize, and 

reassociation can give the alternative dimer R,MgX,Mg. Note that only halogen atoms X 

are involved in the bridging of these species. 

' Evidence for these species and the associated equilibria comes from a variety of 

techniques such as vibration spectroscopy, nmr spectroscopy, molecular-weight deter- 

minations, radioisotopic exchange using 7°Mg, electrical conductivity, etc. In some cases 

20 L. ROscu, Bis(trimethylsilyl)magnesium—the first organosilylmagnesium compound isolated, Angew. 

Chem., Int. Ed. (Engl.) 16, 247-8 (1977). 
21 E.C. Asupy, Grignard reagents: compositions and mechanisms of reactions, Qf. Rev. 21, 259-85 (1967). 
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-URMg* + 2x" 

MgR, + MgX; 

equilibria can be displaced by crystallization or by the addition of complexing agents such 

as dioxan (p. 146) or NEt3. The crystal structures of several pertinent adducts have 

recently been determined (Fig. 5.11). None call for special comment except the curious 

solvated dimer [EtMg,Cl,(OC,H,)3], which features both 5-coordinate trigonal 
bipyramidal and 6-coordinate octahedral Mg groups; note also that, whilst 4 of the Cl 

atoms each bridge 2 Mg atoms, the remaining 2 Cl atoms are triply bridging. 

Grignard reagents are normally prepared by the slow addition of the organic halide toa 

stirred suspension of magnesium turnings in the appropriate solvent and with rigorous 

exclusion of air and moisture. The reaction, which usually begins slowly after an induction 

period, can be initiated by addition of a small crystal of iodine; this penetrates the 

protective layer of oxide (hydroxide) on the surface of the metal. The order of reactivity of 

RX is I> Br>Cl and alkyl> aryl. The mechanism has been much studied but is not fully 

understood.??) The fluorides RMgF (R=Me, Et, Bu, Ph) can be prepared by reacting 

MgR, with mild fluorinating agents such as BF3.OEt,, Bu3;SnF, or SiF,.'**) The scope of 
Grignard reagents in syntheses has been greatly extended by a recently developed method 
for preparing very reactive Mg (by reduction of MgX, with K in the presence of KI).?* 

Grignard reagents have a wide range of application in the synthesis of alcohols, aldehydes, 

ketones, carboxylic acids, esters, and amides, and are probably the most versatile reagents 

for constructing C-C bonds by carbanion (or occasionally free-radical) mechanisms. 
Standard Grignard methods are also available for constructing C-N, C—O, C-S (Se, Te), 

and C-X bonds (see Panel on pp. 150-51). 

A related class of compounds are the alkylmagnesium alkoxides: these can be prepared 

by reaction of MgR, with an alcohol or ketone or by reaction of Mg metal with the 

>? H. R. Rocers, C. L. Hitt, ¥. Fustwara, R. J. Ropers, H. L. MITCHELL, and G. M. WHITESIDES, 
Mechanism of formation of Grignard reagents. Kinetics of reaction of alkyl halides in diethyl ether with 
magnesium, J. Am. Chem. Soc. 102, 217-26 (1980), and the three foliowing papers, pp. 226-43. 

?3,E. C. Asupy and J. NACKASHI, The preparation of organomagnesium fluorides by organometallic exchange 
reactions, J. Organometall. Chem. 72, 203-11 (1974). 

?4R. D. Rieke and §S. E. BALEs, Preparation and reactions of highly reactive magnesium metal, J. Am. Chem. 
Soc. 96, 1775-81 (1974). 
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[EtMgBr(OEt,), ] [PhMgBr(OEt,), ] 

[EtMg,Cl3(OC,Hsg )3] 2 

Fic. 5.11 Crystal structures of adducts of Grignard reagents. 
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Synthetic Uses of Grignard Reagents 

Victor Grignard (1871-1935) showed in 1900 that Mg reacts with alkyl halides in dry ether at 
room temperature to give ether-soluble organomagnesium compounds; the use of these reagents 
to synthesize acids, alcohols, and hydrocarbons formed the substance of his doctorate thesis at the 

University of Lyon in 1901, and further studies on the synthetic utility of Grignard reagents won 
him the Nobel Prize for Chemistry in 1912, The range of applications is now enormous and some 
indication of the extraordinary versatility of organomagnesium compounds can be gauged from 
the following brief summary. 

Standard procedures convert RMgX into ROH, RCH,OH, RCH,CH,OH and an almost 
unlimited range of secondary and tertiary alcohols: 

RMgX +0, ———> ROOMgX —"—> 2ROMgX ——“"-> 2ROH 

RMgX + HCHO—> RCH, OMgX ——-_> RCH, OH 

RMgX + CHa oi <> RCH CH OMex —— > RCH,.CH,OH 
O 

acid 
RMgxX + R’CHO———> RR'CHOMgx —_——_> RR’CHOH 

acid 
RMgxX + R’'COR” ————> RR'R’”COMgx ————_> RR’R”COH 

Aldehydes and carboxylic acids having 1 C atom more than R, as well as ketones, amides, and 
esters can be prepared similarly, the reaction always proceeding in the direction predicted for 
potential carbanion attack on the unsaturated C atom: 

acid acid 
RMgxX+ HOOE),. ———> RCH(OEt), ————» RCHO 

acid 
RMeX CO, RCO. Mex > ROOH 

acid 
RMeX+R°CN > [RR '‘C=NMeX| —__> BR’C—0 

RMgX + R'NCO > [RCNR '(OMgX)] ——“" > RC(O)NHR’ 

acid 
RMgx + EtOCOC] —_——> [RC(OEt)Cl(OMgxX)] ————_> RCO,Et 

Grignard reagents are rapidly hydrolysed by water or acid to give the parent hydrocarbon, RH, 
but this reaction is rarely of synthetic importance. Hydrocarbons can also be synthesized by 
nucleophilic displacement of halide ion from a reactive alkyl halide, e.g. 

MeMeCl +> C=CHCH,cl > ‘C=CHCH,Me+ +MgCl, 

However, other products may be formed simultaneously by a free-radical process, especially in the 
presence of catalytic amounts of CoCl, or CuCl: 

~~ ie MeMeCl ON Dee 
27C CHCH.C] OS as Se 

exc Ms Cutan, Sore < 

Mex Cay 

Similarly, aromatic Grignard reagents undergo free-radical self-coupling reactions when treated 
with MCI, (M=Cr, Mn, Fe, Co, Ni), e.g.: 

Ch. 5 
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2PhMgBr + CrCl, ————> 2"MgBrCl” + ez9) 

cr 

Ph, + Cr oe 

Alkenes can be synthesized from aldehydes or ketones using the Grignard reagent derived from 
CH,Br,: 

L R ee 

CH,(MgBr), + RR’'C=O0 —— > C ——> RR'C=CH, + MgO + MgBr, 

RCH MgBr 

The formation of C_-N bonds can be achieved by using chloramine or O-methylhydroxylamine 
to yield primary amines; aryl diazonium salts yield azo-compounds: 

RMgX-+ CINH, ——> RNH, +°“MgCix” 

RMgX + MeONH, ———> RNH, + MeOMgX 

RMgX +[ArN,]X ==NAr+ Mex, 

Carbon-oxygen bonds can be made using the synthetically uninteresting conversion of RMgX 
into ROH (shown as the first reaction listed above); direct acid hydrolysis of the peroxo 
compound ROOMgx yields the hydroperoxide ROOH. Carbon-sulfur bonds can be constructed 
using S, to make thiols or thioethers, and similar reactions are known for Se and Te: 

RMeX-+S,-—_-> RS, MpX-_—_> RSMgx 

acid RSH + Mex, 
M RSMgX RMsX > R,S+MgX, + Mg 
J RSR’+“MgIX” 

Formation of C_X bonds is not normally a problem but the Grignard route can occasionally be 

useful when normal halogen exchange fails. Thus iodination of Me;CCH,Cl cannot be achieved 
by reaction with Nal or similar reagents but direct iodination of the corresponding Grignard 
‘effects a smooth conversion: 

Me,CCH, MgCl +1, ———> Me,CCH, raemecte 

Further examples of the ingenious use of Grignard reagents will be found in many books on 
synthetic organic chemistry and much recent work in this area was reviewed in a special edition of 
Bull. Soc. Chim. France, 1972, 2127-86, which commemorated the centenary of Victor Grignard’s 
birth. 

appropriate alcohol and alkyl chloride in methylcyclohexane solvent, e.g.: 

4MgEt, + 4Bu'OH ———=> (EtMgOBu'), + 4C,H, 

E 

2MgMe, + 2Ph,CO—--> (MeMgOCMePh, . Et,0), 

6Mg + 6Bu"Cl + 3Pr‘OH ———> (Bu"MgOPr'), + 3MgCl, + 3C,H 1, 
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As with the Grignard reagents, the structure and degree of association of the product 

depend on the bulk of the organic groups, the coordinating ability of the solvent, etc. This 

is well illustrated by MeMgOR (R=Pr", Pr’, Bu', CMePh,) in thf, Et,0, and 
benzene:>) the strongly coordinating solvent thf favours solvated dimers (A) but 

prevents the formation both of oligomers (B) involving the relatively weak Me bridges and 

of cubane structures (C) involving the relatively weak triply bonding oxygen bridges. 

A, solvated dimer. B, linear oligomer (various isomers are possible, e.g. involving 

OR 
Me Mg bridges, etc.). 

Me 

C, cubane tetramer (unsolvated). 

By contrast, in the more weakly coordinating solvent Et,O, Me bridges and y3-OR 

bridges can form, leading to linear oligomers and cubanes, provided OR is not too bulky. 

Thus when R=CMePh,, oligomerization and cubane formation are blocked and 

MeMgOCMePh, exists only as a solvated dimer even in Et,O. In benzene, R= Bu' and 

Pr' form cubane tetramers but Pr" can form an oligomer of 7-9 monomer units. The 

sensitive dependence of the structure of a compound on solvation energy, lattice energy, 

and the relative coordinating abilities of its component atoms and groups will be a 

recurring theme in many subsequent chapters. 

Dicyclopentadienylmagnesium [Mg(y°-C;H;),], mp 176°, can be made in good yield 

by direct reaction of Mg and cyclopentadiene at 500-600°; it is very reactive towards air, 

moisture, CO,, and CS,, and reacts with transition-metal halides to give transition- 

element cyclopentadienyls. It has the staggered (D.;,) “sandwich” structure (cf. ferro- 

25 EC. Asusy, J. NACKASHI, and G. E. Parris, NMR, infrared, and molecular association studies of some 

methylmagnesium alkoxides in diethyl ether, tetrahydrofuran, and benzene, J. Am. Chem. Soc. 97, 3162-71 
(1975). 
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cene p. 372) with Mg-C 230 pm and C-C 139 pm;2® the bonding is thought to be 
intermediate between ionic and covalent but the actual extent of the charge separation 

between the central atom and the rings is still being discussed. 

Calcium, Strontium, and Barium 

Organometallic compounds of Ca, Sr, and Ba are far more reactive than those of Mg 

and have been much less studied until very recently.” The compounds MR, (M =Ca, Sr, 

Ba; R=Me, Et, allyl, Ph, PhCH,, etc.) can be prepared using HgR, under appropriate 

conditions, often at low temperature. Compounds of the type RCalI (R = Bu, Ph, tolyl) 

have also been known for some time and have recently been isolated as crystals. Calcium 

(and Sr) dicyclopentadienyl can be made by direct reaction of the metal with either 

[Hg(C,H;),] or with cyclo-C5H, itself; cyclopentadiene also reacts with CaC, in liquid. 

NH, to form [Ca(C5H;),] and HC=CH. The barium analogue [Ba(C;H;),] is best 

made (though still in small yield) by treating cyclo-C;H, with BaH,. 

Fic. 5.12 Coordination geometry about Ca in polymeric [Ca(C;H;),] showing 1°-, 7°-, and '- 
bonding (see p. 154). 

26 W. BUNDER and E. Weiss, Refinement of the crystal structure of dicyclopentadienylmagnesium, 
[Mg(n°-C;H.,),], J. Organometall. Chem. 92, 1-6 (1975). 

27 B. G. GOWENLOCK and W. E. LINDSELL, The organometallic chemistry of the alkaline earth metals, 
Organometallic Chemistry Reviews (J. Organometall. Chem., Library No. 3), 1-73 (1977). 
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The structure of [Ca(C;H,),] is unique.?®) Each Ca is surrounded by 4 planar 
cyclopentadienyl rings and the overall structure involves a complex sharing of rings which 

bridge the various Ca atoms. The coordination geometry about a given Ca atom is shown 

in Fig. 5.12: two of the rings (A, C) are 4°, with all Ca—C distances 275 pm. A third ring (B) 

is n° with one Ca-C distance 270, two at 279, and two longer distances at 295 pm. These 

three-polyhapto rings (A, B, C) are arranged so that their centroids are disposed 

approximately trigonally about the Ca atom. The fourth ring (A’) is 7', with only 1 Ca—C 

within bonding distance (310 pm) and this bond is approximately perpendicular to the 

plane formed by the centroids of the other 3 rings. The structure is the first example in 

which n°-, n?-, and y'-C;H, groups are all present. Indeed, the structure is even more 
complex than this implies because of the ring-bridging between adjacent Ca atoms; for 

example, ring A (and A’) is simultaneously bonded n° to 1-Ca (248 pm from the ring 

centre) and 7‘ to another on the opposite side of the ring, whereas ring C is equally 

associated in pentahapto mode with 2 Ca atoms each 260 pm from the plane of the ring. 

*8 R. ZERGER and G. Stucky, Unsaturated organometallic compounds of the main group elements. 
Dicyclopentadienylcalcium, J. Organometall. Chem. 80, 7-17 (1974). 
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6.1 Introduction 

Boron is a unique and exciting element. Over the years it has proved a constant 

challenge and stimulus not only to preparative chemists and theoreticians, but also to 

industrial chemists and technologists. It is the only non-metal in Group III of the periodic 

table and shows many similarities to its neighbour, carbon, and its diagonal relative, 

silicon. Thus, like C and Si, it shows a marked propensity to form covalent, molecular 

compounds, but it differs sharply from them in having one less valence electron than the 

number of valence orbitals, a situation sometimes referred to as “electron deficiency”. This 

has a dominant effect on its chemistry. 

Borax was known in the ancient world where it was used to prepare glazes and hard 

(borosilicate) glasses. Sporadic investigations during the eighteenth century led ultimately 

to the isolation of very impure boron by H. Davy and by J. L. Gay Lussac and L. J. 

Thénard in 1808, but it was not until 1892 that H. Moissan obtained samples of 95-98% 

purity by reducing B,O, with Mg. High-purity boron (> 99%) is a product of this century, 

and the various crystalline forms have been obtained only during the last few decades 

mainly because of the highly refractory nature of the element and its rapid reaction at high 

temperatures with nitrogen, oxygen, and most metals. The name boron was proposed 

by Davy to indicate the source of the element and its similarity to carbon, ic. 

bor(ax +carb)on. 

Boron is comparatively unabundant in the universe (p. 17); it occurs to the extent of 

about 9 ppm in crustal rocks and is therefore rather less abundant than lithium (18 ppm) 

or lead (13 ppm) but is similar to praseodymium (9.1 ppm) and thorium (8.1 ppm). It 

occurs almost invariably as borate minerals or as borosilicates. Commercially valuable 

deposits are rare, but where they do occur, as in California or Turkey, they can be vast (see 

- Panel). Isolated deposits are also worked in the USSR, Tibet, and Argentina. 

The structural complexity of borate minerals (p. 231) is surpassed only by that of 

silicate minerals (p. 399). Even more complex are the structures of the metal borides and 

the various allotropic modifications of boron itself. These factors, together with the unique 

structural and bonding problems of the boron hydrides, dictate that boron should be 

treated in a separate chapter. The general group trends, and a comparison with the 

chemistry of the metallic elements of Group III (Al, Ga, In, and T]), will be deferred until 

the next chapter. 
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6.2 Boron’? 

6.2.1 Isolation and purification of the element 

There are four main methods of isolating boron from its compounds: 

(i) Reduction by metals at high temperature, e.g. the strongly exothermic reaction 

B,0;,+3Mg——>2B+3MgO_ (Moissan boron, 95-98% pure) 

Other electropositive elements have been used (e.g. Li, Na, K, Be, Ca, Al, Fe), but the 

product is generally amorphous and contaminated with refractory impurities such as 

metal borides. Massive crystalline boron (96%) has been prepared by reacting BCI, with 
zinc in a flow system at 900°C. 

''N. N. GREENWOOD, Boron, Pergamon Press, Oxford, 1975, 327 pp.; also as Chap. 11 in CIC, Vol. 1, 
Pergamon Press, Oxford, 1973. 
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(ii) Electrolytic reduction of fused borates or tetrafluoroborates, e.g. KBF, in molten 

KCI/KF at 800°. The process is comparatively cheap but yields only powdered boron of 
95% purity. 

(iii) Reduction of volatile boron compounds by H,, e.g. the reaction of BBr, +H, ona 

heated tantalum metal filament. This method, which was introduced in 1922 and can now 

be operated on the kilogram scale, is undoubtedly the most effective general preparation 

for high purity boron (>99.9%). Crystallinity improves with increasing temperature, 

amorphous products being obtained below 1000°C, «- and f-rhombohedral modi- 

fications between 1000-1200°, and tetragonal crystals above this. BCI, can be substituted 

for BBr; but BI, is unsatisfactory because it is expensive and too difficult to purify 

sufficiently. Free energy calculations indicate that BF, would require impracticably high 

temperatures (> 2000°). 

(iv) Thermal decomposition of boron hydrides and halides. Boranes decompose to 

amorphous boron when heated at temperatures up to 900° and crystalline products can be 

obtained by thermal decomposition of BI,. Indeed, the first recognized sample of 

o-rhombohedral B was prepared (in 1960) by decomposition of BI, on Ta at 800-1000°, 

and this is still an excellent exclusive preparation of this allotrope. 

6.2.2 Structure of crystalline boron: 2,2) 

Boron is unique among the elements in the structural complexity of its allotropic 

modifications; this reflects the variety of ways in which boron seeks to solve the problem of 

having fewer electrons than atomic orbitals available for bonding. Elements in this 

situation usually adopt metallic bonding, but the small size and high ionization energies of 

B (p. 161) result in covalent rather than metallic bonding. The structural unit which 

dominates the various allotropes of Bis the B,, icosahedron (Fig. 6.1), and this also occurs 

in several metal boride structures and in certain boron hydride derivatives. Because of the 

fivefold rotation symmetry at the individual B atoms, the B,, icosahedra pack rather 

inefficiently and there are regularly spaced voids which are large enough to accommodate 

additional boron (or metal) atoms. Even in the densest form of boron, the 

a-rhombohedral modification, the percentage of space occupied by atoms is only 37% 

(compared with 74% for closest packing of spheres). 

The «-rhombohedral form of boron is the simplest allotropic modification and consists 

of nearly regular B,, icosahedra in slightly deformed cubic close packing. The 

rhombohedral unit cell (Fig. 6.2) has a) 505.7 pm, a 58.06° (60° for regular ccp) and 

contains 12 B atoms. It is important to remember that in Fig. 6.2, as in most other 

structural diagrams in this chapter, the lines merely define the geometry of the clusters of 

boron atoms; they do not usually represent 2-centre 2-electron bonds between pairs of 

atoms. In terms of the MO theory to be discussed on p. 179, the 36 valence electrons of 

each B,, unit are distributed as follows: 26 electrons just fill the 13 available bonding MOs 

2, V. I. MaTKovicu (ed.), Boron and Refractory Borides, Springer-Verlag, Berlin, 1977, 656 pp. 

7a GMELIN, Handbook of Inorganic Chemistry, Boron, Supplement Vol. 2: Elemental Boron. Boron Carbides, 

1981, pp. 242. 
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(a) 

Fic.6.1 The icosahedron and some of its symmetry elements. (a) An icosahedron has 12 vertices. 

and 20 triangular faces defined by 30 edges. There are 6 fivefold rotation axes defined by the lines 
linking opposite pairs of the 12 vertices; 10 threefold rotation axes defined by the lines linking the 
centres of opposite pairs of the 20 triangular faces; and 15 twofold axes defined by the lines 
connecting opposite pairs of the 30 edges through the centre of symmetry. There are also 15 mirror 
planes each passing through pairs of opposite edges. (b) The preferred pentagonal pyramidal 
coordination polyhedron for 6-coordinate boron in icosahedral structures; as it is not possible to 
generate an infinite three-dimensional lattice on the basis of fivefold symmetry, various 
distoritions, translations, and voids occur in the actual crystal structures. (c) The distortion angle 

0, which varies from 0° to 25°, for various boron atoms in crystalline boron and metal borides. 

Fic. 6.2. Basal plane of ¢-rhombohedral boron showing close-packed arrangement of B,> 
icosahedra. The B-B distances within each icosahedron vary regularly between 173-179 pm. 
Dotted lines show the 3-centre bonds between the 6 equatorial boron atoms in each icosahedron 
to 6 other icosahedra in the same sheet at 202.5 pm. The sheets are stacked so that each 

icosahedron is bonded by six 2-centre B-B bonds at 171 pm (directed rhombohedrally, 3 above 
and 3 below the icosahedron). B, , units in the layer above are centred over 1 and those in the layer 

below are centred under 2. 

Ch. 6 
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_within the icosahedron and 6 electrons share with 6 other electrons from 6 neighbouring 

 icosahedra in-adjacent planes to form the 6 rhombohedrally directed normal 2-centre 

-2-electron bonds; this leaves 4 electrons which is just the number required for contribution 

to the 6 equatorial 3-centre 2-electron bonds (6 x 4=4). 

The thermodynamically most stable polymorph of boron is the $-rhombohedral 

modification which has a much more complex structure with 105 B atoms in the unit cell 
(dy 1014.5 pm, a 65.28°). The basic unit can be thought of as a central B,, icosahedron 

surrounded by an icosahedron of icosahedra; this can be visualized as 12 of the B, units in 

Fig. 6.1b arranged so that the apex atoms form the central B, , surrounded by 12 radially 

disposed pentagonal dishes to give the B,, unit shown in Fig. 6.3a. The 12 half-icosahedra 

are then completed by means of 2 complicated B, , subunits per unit cell, each comprising 

a central 9-coordinate B atom surrounded by 9 B atoms in the form of 4 fused pentagonal 

rings (Fig. 6.3b). Each of the 9 B atoms is 8-coordinate (6 of them are shared between 

icosahedra and 3 are unshared). This arrangement corresponds to 104 B (84+ 10+ 10) 

and there is, finally, a 6-coordinate B atom at the centre of symmetry between 2 adjacent 

B,,. condensed units, bringing the total to 105 B atoms in the unit cell. 

Fic.6.3 (a) The By, unit in B-rhombohedral boron comprising a central B, , icosahedron and 12 
outwardly directed pentagonal pyramids of boron atoms. The 12 outer icosahedra are completed 
by linking with the B,, subunits shown in (b) as described in the text. The central icosahedron is 
almost exactly regular with B—B 176.7 pm. The shortest B-B distances (162-172 pm) are between 
the central icosahedron and the 12 surrounding pentagonal pyramids. The B—B distances within 
the 12B, pentagonal pyramids (half-icosahedra) are somewhat longer (185 pm) and the longest 
B-B distances (188-192 pm) occur within the hexagonal rings surrounding the 3-fold symmetry 
axes of the B,, polyhedron. The variations are thought to arise both from electronic bonding 
factors and from detailed steric accommodations which lead to distortion of the component 

subunits in the unit cell. 

The first crystalline polymorph of B to be prepared (1943) was termed «-tetragonal 

boron and was found to have 50B atoms in the unit cell (4B,,+2B) (Fig. 6.4). 

Paradoxically, however, more recent work (1974) suggests that this phase never forms in the 

absence of carbon or nitrogen as impurity and that it is, in reality, Bs5>5C, or B5)N, 
depending on the preparative conditions; yields are increased considerably when the 



160 Ch. 6 

Fic. 6.4 Crystal structure of «-tetragonal boron. This was originally thought to be B55 
(4B,,+ 2B) but is now known to be either B,9C, or B5)N> in which the 2C (or 2N) occupy the 
2(b) positions; the remaining 2B are distributed statistically at other “vacant” sites in the lattice. 

Note that this reformulation solves three problems which attended the description of the 
a-tetragonal phase as a crystalline modification of pure B: 

1. The lattice parameters showed considerable variation from one crystal to another with 
average values a 875 pm, c 506 pm; this is now thought to arise from variable composition 
depending on the precise preparative conditions used. 

2. The interatomic distances involving the single 4-coordinate atoms at 2(b) were only 160 pm; 
this is unusually short for B—B but reasonable for B—C or B-N distances. 

3. The structure requires 160 valence electrons per unit cell computed as follows: internal 
bonding within the 4 icosahedra (4x 26=104); external bonds for the 4 icosahedra 
(4 x 12=48); bonds shared by the atoms in 2(b) positions (2 x 4=8). However, 50 B atoms 
have only 150 valence electrons and even with the maximum possible excess of boron in the 
unit cell (0.75 B) this rises to only 152 electrons. The required extra 8 or 10 electrons are now 
supplied by 2C or 2N though the detailed description of the bonding is more intricate than 
this simple numerology implies. 

BBr3/H, mixture is purposely doped with a few per cent of CH,, CHBr3, or N,. The work 

illustrates the great difficulties attending preparative and structural studies in this area. 

The crystal structures of other boron polymorphs, particularly the B-tetragonal phase 

with 192 B atoms in the unit cell (a 1012, c 1414 pm), are even more complex and have so 

far defied elucidation despite extensive work by many investigators.?* 

6.2.3 Atomic and physical properties of boron 

Boron has 2 stable naturally occurring isotopes and the variability of their 

concentration (particularly the difference between borates from California (low in '°B) 

and Turkey (high in '°B)) prevents the atomic weight of boron being quoted more 
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TABLE 6.1 Nuclear properties of boron isotopes 

Property PB 1B 

Relative mass (!2C = 12) 10.012 939 11.009 305 
Natural abundance/(%) 19.10-20.31 80.90-79.69 

Nuclear spin (parity) 3(+) 3(-) 
Magnetic moment/(nuclear magnetons)® + 1.800 63 + 2.688 57 
Quadrupole moment/barns”) +0.074 + 0.036 
Cross-section for (n, «)/barns® 3835( + 10) 0.005 

‘) 1 nuclear magneton = 5.0505 x 10°?’ A m? in SI. 
) 1 barn=10° 7% m? in SI; the cross-section for natural boron (~ 20% !°B) is ~ 767 

barns. 

precisely than 10.81 (p. 20). Each isotope has a nuclear spin (Table 6.1) and this has 

proved particularly valuable in nmr spectroscopy, especially for '’B. The great difference in 

neutron absorption cross-section of the 2 isotopes is also notable, and this has led to the 

development of viable separation processes on an industrial scale. The commercial 

availability of the separated isotopes has greatly assisted the solution of structural and 
mechanistic problems in boron chemistry. 

Boron is the fifth element in the periodic table and its ground-state electronic 

configuration is [He]2s?2p’. The first 3 ionization energies are 800.5, 2426.5, and 

3658.7 kJ mol” ', all substantially larger than for the other elements in Group IIIB. (The 

values for this and other properties of B are compared with those for Al, Ga, In, and T] on 
p. 250). The electronegativity (p. 30) of B is 2.0, which is close to the values for Si (1.8) and 

Ge (1.8) but somewhat less than the values for C (2.5) and H (2.1). The implied reversal of 

the polarity of B-H and C-H bonds is an important factor in discussing hydroboration 

(p. 192) and other reactions. 

The determination of precise physical properties for elemental boron is bedevilled by 

the twin difficulties of complex polymorphism and contamination by irremovable 

impurities. Boron is an extremely hard refractory solid of high mp, low density, and very 

low electrical conductivity. Crystalline forms are dark red in transmitted light and 

powdered forms are black. The most stable (6-rhombohedral) modification has mp 
2180°C (exceeded only by C among the non-metals), bp ~3650°C, d2.35 g cm? 

(a-rhombohedral form 2.45 gcm 3), AH guptimation 970 kJ per mol of B, electrical 

conductivity at room temperature 1.5 x 10°° ohm! cm“ ?. 

6.2.4 Chemical properties 

- It has been argued"? that the inorganic chemistry of boron is more diverse and complex 
than that of any other element in the periodic table. Indeed, it is only during the last two 

decades that the enormous range of structural types has begun to be elucidated and the 

subtle types of bonding appreciated. The chemical nature of boron is influenced primarily 

by its small size and high ionization energy, and these factors, coupled with the similarity 

in electronegativity of B, C, and H, lead to an extensive and unusual type of covalent 

(molecular) chemistry. The electronic configuration 2s?2p! is reflected in a predominant 
tervalence and bond energies involving B are such that there is no tendency to form 
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univalent compounds of the type which increasingly occur in the chemistry of Al, Ga, In, 

and Tl. However, the availability of only 3 electrons to contribute to covalent bonding 

involving the 4 orbitals s, p,, p,, and p, confers a further range of properties on B leading 

to electron-pair acceptor behaviour (Lewis acidity) and multicentre bonding. The high 

affinity for oxygen is another dominant characteristic which forms the basis of the 

extensive chemistry of borates and related oxo complexes. Finally, the small size of B 

enables many interstitial alloy-type metal borides to be prepared, and the range of these is 

considerably extended by the propensity of B to form branched and unbranched chains, 

planar networks, and three-dimensional arrays of great intrinsic stability which act as host 

frameworks to house metal atoms in various stoichiometric proportions. 

It is thus possible to distinguish five types of boron compound, each having its own 

chemical systematics which can be rationalized in terms of the type of bonding involved, 

and each resulting in highly individualistic structures and chemical reactions: 

(i) metal borides ranging from M.<B to MBg, (or even MB, ; 0) (see below); 

(ii) boron hydrides and their derivatives including carbaboranes and polyhedral 

borane—metal complexes (p. 171); 

(iii) boron trihalides and their adducts and derivatives (p. 220); 

(iv) Oxo compounds including polyborates, borosilicates, peroxoborates, etc. (p. 228); 

(v) organoboron compounds and B-N compounds (B-N being isoelectronic with 

-C) (p. 234). 

The chemical reactivity of boron itself obviously depends markedly on the purity, 

crystallinity, state of subdivision, and temperature. Boron reacts with F, at room 

temperature and is superficially attacked by O, but is otherwise inert. At higher 

temperatures boron reacts directly with all the non-metals except H, Ge, Te, and the noble 

gases. It also reacts readily and directly with almost all metals at elevated temperatures, 

the few exceptions being the heavier members of the B subgroups (Ag, Au; Cd, Hg; Ga, In, 

Tl; Sn, Pb; Sb, Bi): 

The general chemical inertness of boron at lower temperatures can be gauged by the fact 

that it resists attack by boiling concentrated aqueous NaOH or by fused NaOH up to 

500°, though it is dissolved by fused Na,CO3/NaNO, mixtures at 900°C. A 2:1 mixture of 

hot concentrated H,SO,/HNO, is also effective for dissolving elemental boron for 

analysis but non-oxidizing acids do not react. 

6.3 Borides”: 2: 2” 

6.3.1 Introduction 

The borides comprise a group of over 200 binary compounds which show an amazing 

diversity of stoichiometries and structural types; e.g. M;B, M,B, M3;B, M;B,, M_B,, 

M,B, M;B3, M3B,,M,,Bg, MB, M;oB,;, M3B,, M2B3, M3B;, MB,, MBs, MB3, MB, 
MB,, M,B,3, MB,o, MB,., MB,;, MB,., and MB,,. There are also numerous 

nonstoichiometric phases of variable composition and many ternary and more complex 

phases in which more than one metal combines with boron. The rapid advance in our 

understanding of these compounds during the past two to three decades has been based 

mainly on X-ray diffraction analysis and the work has been stimulated not only by the 

inherent academic challenge implied by the existence of these unusual compounds but 
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also by the extensive industrial interest generated by their unique combination of 

desirable physical and chemical properties (see Panel). 

_Prenesiles and Uses of Borides 

- Metal-rich borides’ are extremely hard, chemically inert, involatile, refractory materials with 
mps and electrical conductivities which often exceed those of the parent metals. Thus the highly 
conducting diborides of Zr, Hf, Nb, and Ta all have mps > 3000°C and TiB, (mp 2980°C) has a 

conductivity 5 times greater than that of Ti metal. Borides are normally prepared as powders but 
can be fabricated into the desired form by standard techniques of powder metallurgy and ceramic 
technology. TiB,, ZrB,, and CrB, find application as turbine blades, combustion chamber liners, 
rocket nozzles, and ablation shields. Ability to withstand attack by molten metals, slags, and salts 
have commended borides or boride-coated metals as high-temperature reactor vessels, vaporizing 
boats, crucibles, pump impellers, and thermocouple sheaths. Inertness to chemical attack at high 
temperatures, coupled with — electrical pacics, suggest application as electrodes in - 
industrial processes. 

Nuclear applications turn on the very high cornton cross-section of '°B for thermal neutrons 
(p. 161) and the fact that this property is retained for high-energy neutrons (10*-10° eV) more 
effectively than for any other nuclide. Another advantage of '°B is that the products of the (n, x) 
reaction are the stable, non-radioactive elements Li and He. Accordingly, metal borides and boron 
carbide have been used extensively as neutron shields and control rods since the beginning of the 

nuclear power industry. 

The principal non-nuclear industrial use of boron carbide is as an abrasive grit or powder for 
polishing or grinding; it is also used on brake and clutch linings. In addition, there is much current 
interest in its use as light-weight protective armour, and tests have indicated that boron carbide 
and beryllium borides offer the best choice; applications are in bullet-proof protective clothing 
and in protective armour for aircraft. More elegantly, boron carbide can now be produced in fibre 
form by reacting BCI, /H, with carbon yarn at 1600-1900°C: 

4BCl, 3 +6H, +C(fibres) > B,C (fibres) + 12HCI 

Fibre curling can be eliminated by heat treatment under tension near the mp, and the resulting 
fibres have a tensile strength of 3.5 x 10° psi (1 psi= 6895 Nm”) and an elastic modulus of 
50 x 10° psi at a density of 2.35 g cm~*; the form was | ply, 720 filament yarn with a filament 
diameter of 11-12 ym. ’ The Hotes are inert to hot acid and alkali, resistant to Cl, up to 700° and 
air up to 800°C. 

Boron itself has been used for over a decade in filament form in various composites; BC],/H, is 
reacted at 1300° on the surface of a continuously moving tungsten fibre 12 um in diameter. US 
production reached 15 000 kg pa in 1976 and is expected to reach 50 tonnes pa in 1980. The 
primary use so far has been in military aircraft and space shuttles, but boron fibre composites are 
being studied as potential reinforcement materials for commercial aircraft such as the DC10, 
Boeing 737, and European A300 air bus. At the domestic level they are finding increasing 
application in golf shafts, tennis rackets, and bicycle frames.) _ 

6.3.2 Preparation and stoichiometry 

Eight general methods are available for the synthesis of borides, the first four being 

appropriate for small-scale laboratory preparations and the remaining four for 

commercial production on a scale ranging from kilogram amounts to tonne quantities. 

Because high temperatures are involved and the products are involatile, borides are not 

easy to prepare pure and subsequent purification is often difficult; precise stoichiometry is 

3 W. D. Smit, Boron carbide fibres from carbon fibres, pp. 541-51 in ref. 2 

4V. KRUKONIS, Chemical vapour deposition of boron filament, pp. 517—40 in ref. 2 

CTE-G 
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also sometimes hard to achieve because of differential volatility or high activation 

energies. The methods are: 

(i) Direct combination of the elements: this is probably the most widely used 

technique, e.g. 

Cr+nB—115°, CrB, 

(ii) Reduction of metal oxide-with B (rather wasteful of expensive elemental B), e.g. 

Sc,0,+7B 18° 5 2ScB, + 3BO 

(iii) Co-reduction of volatile mixed halides with H, using a metal filament, hot tube, 

or plasma torch, e.g. 

27iCl, + 4BCh, - 10H, — 2°" 5 2TiB; + 20H! 

(iv) Reduction of BCI, (or BX ) with a metal (sometimes assisted by H,), e.g. 

nBX3+(x+1)M MB,,+xMX,,/x 

H>/1200° 
———_ BCI,+W WB+Cl,+HCl 

(v) Electrolytic deposition from fused salts: this is particularly effective for MB, 

(M =alkaline earth or rare earth metal) and for the borides of Mo, W, Fe, Co, and 

Ni. The metal oxide and B,O, or borax are dissolved in a suitable, molten salt 

bath and electrolysed at 700-1000° using a graphite anode; the boride is 

deposited on the cathode which can be graphite or steel. 

(vi) Co-reduction of oxides with carbon at temperatures up to 2000°, e.g. 

V,Os+ B,Os+8C 22°" ov B4.8CO 

(vii) Reduction of metal oxide (or M+B,0;) with boron carbide, e.g. 

Eu,0,+3B,C 62°, 2EuB, +3CO 

7Ti+ BLOs+ 38, Co = 7T1 8s 3CG 

Boron carbide (p. 167) is a most useful and economic source of B and will react 
with most metals or their oxides. It is produced in tonnage quantities by direct 

reduction of BO with C at 1600°: a C resistor is embedded in a mixture of B,O, 
and C, and a heavy electric current passed. 

(viii) Co-reduction of mixed oxides with metals (Mg or Al) in a thermite-type 

reaction—this usually gives contaminated products including ternary borides, 

e.g. Mo,A1,B,. Alternatively, alkali metals or Ca can be used as reductants, e.g. 

molten Na 
TiO, + B,0,; ——3TiB, 

The various stoichiometries are not equally common, as can be seen from Fig. 6.5; the 
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FiG.6.5 Frequency of various structure occurrences among boride phases: (a) field of borides of 
d elements, and (b) field of borides of s, p, and f elements. 

% 

most frequently occurring are M,B, MB, MB,, MB,, and MB,g, and these five classes 

account for 75% of the compounds. At the other extreme Ru,,B, is the only known 

example of this stoichiometry. Metal-rich borides tend to be formed by the transition 

elements whereas the boron-rich borides are characteristic of the more electropositive 

elements in Groups IA—IIJA, the lanthanides, and the actinides. Only the diborides MB, 

are common to both classes. 

6.3.3 Structures of borides 

The structures of metal-rich borides can be systematized by the schematic arrangements 

shown in Fig. 6.6, which illustrates the increasing tendency of B atoms to catenate as their 

concentration in the boride phase increases; the B atoms are often at the centres of 

trigonal prisms of metal atoms (Fig. 6.7) and the various stoichiometries are 

accommodated as follows: 

(a) isolated B atoms: Mn,B; M;B (Tc, Re, Co, Ni, Pd); Pd.5B,; 

M,B,(Tc, Re, Ru, Rh); 

M,B (Ta, Mo, W, Mn, Fe, Co, Ni); 

(b) isolated pairs B,: Cr;B;; M3B, (V, Nb, Ta); 
(c) zigzag chains of B atoms: M,B, (Ti; V, Nb, Ta; Cr, Mn, Ni); 

MB (Ti, Hf; V, Nb, Ta; Cr, Mo, W; Mn, Fe, Co, Ni); 

(d) branched chains of B 

atoms: Ru, , Bg; 
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(a) (B) (c) (d) (e) (f) 

147 a 

° 185 pm 
210- 179- 175 pm 

oe 

e ee 

M, BL MaBy° MBG a uj Bese aM, Ba MB, 

Fic.6.6 Idealized patterns of boron catenation in metal-rich borides. Examples of the structures 
(a)-(f) are given in the text. Boron atoms are often surrounded by trigonal prisms of M atoms as 

shown in Fig. 6.7. 

Fic. 6.7. Idealized boron environment in metal-rich borides (see text): (a) isolated B atoms in 

M,B and M.B;; (b) pairs of B atoms in Cr,B, and M;B,; (c) zigzag chains of B atoms in Ni3B, 
and MB; (d) branched chains in Ru, , Bg; and (e), (f) double chains and plane nets in M,B,, MB,, 

and M,B.. 

(e) double chains of B atoms: M,B, (V, Nb, Ta; Cr, Mn); 

(f) plane (or puckered) nets: MB, (Mg, Al; Sc, Y; Ti, Zr, Hf; V, Nb, Ta; Cr, Mo, W; 

Mn, Tc, Re; Ru, Os; U, Pu); M,B, (Ti; Mo, W). 

It will be noted from Fig. 6.6 that structures with isolated B atoms can have widely 

differing interatomic B-B distances, but all other classes involve appreciable bonding 

between B atoms, and the B-B distances remain almost invariant despite the extensive 

variation in the size of the metal atoms. 

The structures of boron-rich borides (e.g. MB,, MB,, MB,,, MB,>, MBg,) are even 

more effectively dominated by inter-B bonding, and the structures comprise three- 

dimensional networks of B atoms and clusters in which the metal atoms occupy specific 

voids or otherwise vacant sites. The structures are often exceedingly complicated (for the 

reasons given in Section 6.2.2): for example, the cubic unit cell of YB; has ay 2344 pm and 

contains 1584 B and 24 Y atoms; the basic structural unit is the 13-icosahedron unit of 

156 B atoms found in B-rhombohedral B (p. 159); there are 8 such units (1248 B) in the 
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unit cell and the remaining 336 B atoms are statistically distributed in channels formed by 

the packing of the 13-icosahedron units. 

Another compound which is even more closely related to 6-rhombohedral boron is 

boron carbide, “B,C”; this is now more correctly written as B, ;C,,“) but the phase can 
vary over wide composition ranges which approach the stoichiometry B,,C3. The 

structure is best thought of in terms of Bg, polyhedra (p. 159) but these are now 

interconnected simply by linear C—B-C units instead of the larger B, ,—B—B,, units in 

B-rhombohedral B. The result is a more compact packing of the 13-icosahedron units so 

generated and this is reflected in the unit cell dimensions (a 517.5 pm, « 65.74°). A notable 

feature of the structure (Fig. 6.8) is the presence of regular hexagonal planar rings B,C, 

(shaded); these can be seen more plainly in Fig. 6.9. Six equatorial B atoms in each 

icosahedron bond to carbon atoms at the end of the CBC chains with B-C 161 pm anda 

deviation @ from the normal to the pentagonal pyramid (p. 158) of only 0.21°; the other 

6 B atoms form direct B-B bonds to adjacent icosahedra at 172.3 pm with 0=4.8°. 

Stringent tests had to be applied to distinguish confidently between B and C atoms in this 

@c 

Fic. 6.8 Crystal structure of B,,C, showing the planar hexagonal rings connecting the B,, 
icosahedra. These rings are perpendicular to the C—B-C chains. 

5 G. WiLL and K. H. KossosuTzkl, An X-ray diffraction analysis of boron carbide, J. Less-Common Metals 

47, 43-48 (1976). 
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Fic. 6.9 Projection of the structure along the hexagonal c-axis (parallel to the C-B-C chain) 
showing 2 B,, icosahedra linked by a planar B,C, ring. Within the C-B-C chains 

B-C= 142.3 pm. 

structure and to establish that it was indeed B,,CBC and not B,,C;, as had previously 

been thought. It is salutory to recall that boron carbide, which was first made by H. 

Moissan in 1899 and which has been manufactured in tonne amounts for several decades, 

had to wait until 1976 to have its structure correctly established. The wide variation in 

stoichiometry from “B, ;C” to “B,C” is due to progressive vacancies in the CBC chain 

(B,,C,=B,C) and/or progressive substitution of one C for B in the icosahedron 

[(B,,C)CBC=B,C)]. A linear C, chain is not observed. Related phases are B,,PBP and 

Biok> (sa, As, O;S)! 
By contrast with the many complex structures formally related to $-rhombohedral 

boron, the structures of the large and important groups of cubic borides MB,, and MB, 
are comparatively simple. MB, , is formed by many large electropositive metals (e.g. Sc, Y,. 

Zr, lanthanides, and actinides) and has an “NaCl-type” fcc structure in which M atoms 

alternate with B,, cubo-octahedral clusters (Fig. 6.10). (Note that the B, , cluster is not an 

icosahedron.) Similarly, the cubic hexaborides MB, consists of a simple CsCl-type lattice 
in which the halogen is replaced by B, octahedra (Fig. 6.11); these B, octahedra are linked 

together in all 6 orthogonal directions to give a rigid but open framework which can 

accommodate large, electropositive metal atoms at the corners of the interpenetrating 

cubic sublattice. The rigidity of the B framework is shown by the very small linear 

coefficient of thermal expansion of hexaborides (6-8 x 10° © deg” ') and by the narrow 

range of lattice constants of these phases which vary by only 4% (410-427 pm), whereas 

the diameters of the constituent metal atoms vary by 25% (355-445 pm). Bonding theory 

for isolated groups such as BgH,?~ (p. 182) requires the transfer of 2 electrons to the 
borane cluster to fill all the bonding MOs; however, complete transfer of 2e per B, unit is 

not required in a three-dimensional crystal lattice and calculations for MB, (Ca, Sr, Ba) 
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Fic. 6.10 B,, Cubo-octahedron cluster as found in MB, ,. This B,, cluster alternates with M 
atoms on an fcc lattice as in NaCl, the B,, replacing Cl. 

O Metal 

e Boron ® Baron 

Metal 
B-B in range 170—174 pm oO ce 

(a) (b) 

Fic. 6.11 Cubic MB, showing (a) boron octahedra, and (b) 24-atom coordination polyhedron 
around each metal atom. 

indicate the transfer of only 0.9-1.0e."°) This also explains why metal-deficit phases 

M,_,B, remain stable and why the alkali metals (Na, K) can form hexaborides. The 
M"B, hexaborides (Ca, Sr, Ba, Eu, Yb) are semiconductors but M™B, and M!YB, 
(M'"—Y, La, lanthanides; M'Y=Th) have a high metallic conductivity at room 
temperature (10*-10° ohm~ ! cm~'). 

The “radius” of the 24-coordinate metal site in MB, is too large (215-225 pm) to be 

© P. G. Perkins, The electronic structures of the hexaborides and the diborides, pp. 31-51 in ref. 2. 
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comfortably occupied by the later (smaller) lanthanide elements Ho, Er, Tm, and Lu, and 

these form MB, instead, where the metal site has a radius of 185-200 pm. The structure of 

MB, (also formed by Ca, Y, Mo, and W) consists of a tetragonal lattice formed by chains 

of B, octahedra linked along the c-axis and joined laterally by pairs of B, atoms in the xy 

plane so as to form a 3D skeleton with tunnels along the c-axis that are filled by metal 

atoms (Fig. 6.12). The pairs of boron atoms are thus surrounded by trigonal prisms of 

metal atoms and the structure represents a transition between the puckered layer 

structures of MB, and the cubic MBg. 

Fic. 6.12 Structure of ThB,. 

The structure and properties of many borides emphasize again the inadequacy of 

describing bonding in inorganic compounds as either ionic, covalent, or metallic. For 

example, in conventional terminology LaB, would be described as a rigid, covalently, 

bonded network of B, clusters having multicentred bonding within each cluster and 

2-centre covalent B-B bonds between the clusters; this requires the transfer of up to 2 

electrons from the metal to the boron sublattice and so could be said also to involve ionic 

bonding (La?* B,?~ ) in addition to the covalent inter-boron bonding. Finally, the third 

valency electron on La is delocalized in a conduction band of the crystal (mainly metal 

based) and the electrical conductivity of the boride is actually greater than that of La metal 

itself so that this aspect of the bonding could be called metallic. The resulting description 

of the bonding is an ad hoc mixture of four oversimplified limiting models and should more 

logically be replaced by a generalized MO approach." It will also be clear from the 
preceding paragraphs that a classification of borides according to the periodic table does 

not result in the usual change in stoichiometry from one group to the next; instead, a 

classification in terms of the type of boron network and the size and electropositivity of the 

other atoms is frequently more helpful and revealing of periodic trends. 
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6.4 Boranes (Boron Hydrides)": ”) 

6.4.1 Introduction 

Borane chemistry began in 1912 with A. Stock’s classic investigations,"®) and the 

numerous compounds prepared by his group during the following 20 y proved to be the 

forerunners of an amazingly diverse and complex new area of chemistry. During the past 

25 y the chemistry of boranes and the related carbaboranes (p. 202) has been one of the 

major growth areas in inorganic chemistry, and interest continues unabated. The 

importance of boranes stems from three factors: firstly, the completely unsuspected 

structural principles involved; secondly, the growing need to extend covalent MO bond 

theory considerably to cope with the unusual stoichiometries; and, finally, the emergence 

of a versatile and extremely extensive reaction chemistry which parallels but is quite 

distinct from that of organic and organometallic chemistry. This efflorescence of activity 

culminated (in the centenary year of Stock’s birth) in the award of the 1976 Nobel Prize for 

Chemistry to W.N. Lipscomb (Harvard) “for his studies of boranes which have 

illuminated problems of chemical bonding”. 
Over 25 neutral boranes, B,H,,,, and an even larger number of borane anions B,H,,*~ 

have been characterized; these can be classified according to structure and stoichiometry 

into 5 series though examples of neutral or unsubstituted boranes themselves are not 

known for all 5 classes: 

closo-boranes (from corruption of Greek kA moc , clovo, a cage) have complete, closed 

polyhedral clusters of n boron atoms; 

nido-boranes (from Latin nidus a nest) have non-closed structures in which the B,, cluster 
occupies n corners of an (n+ 1)-cornered polyhedron; 

arachno-boranes (from Greek &p&yvn, arachne, a spider’s web) have even more open 

clusters in which the B atoms occupy n contiguous corners of an (n+2)-cornered 

polyhedron; 

hypho-boranes (from Greek bon, hyphe, a net) have the most open clusters in which the 

B atoms occupy n corners of an (n+3)-cornered polyhedron; 

conjuncto-boranes (from Latin conjuncto, I join together) have structures formed by 

linking two (or more) of the preceding types of cluster together. 

Examples of these various series are listed below and illustrated in the accompanying 
structural diagrams. Their interrelations are further discussed in connection with 

carborane structures 51-74. 

Closo-boranes: 
B,H,?~ (n=6-12) see structures 1-7. The neutral B,H,,,, are not known. 

Nido-boranes: 
B,H,+4 ¢g- BH, (8), BsHo (9), BEHyo (10), ByoH,4 (11); BgH,, also has this 

formula but has a rather more open structure (12) which can be visualized as 

being formed from B, )H,,4 by removal of B(9) and B(10). 

B,H,,.3 formed by removal of 1 bridge proton from B,H,,+4,¢.g. B;sHg , ByoHi3 ; 
other anions in this series such as B,H,” and BjH,,° are known though the 

7 E. L. Muetterties (ed.), Boron Hydride Chemistry, Academic Press, New York, 1975, 532 pp. 
8 A. Stock, Hydrides of Boron and Silicon, Cornell University Press, Ithaca, New York, !933, 250 pp. 

CTE-G* 
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(1) The B,H,?- anion. The relationship to the structure of (2) Probable D<,, pentagonal bipyramidal structure 

the B, network in CaB, and the boron cluster in B, Hy of the anion B,H,?"in solution 
should be noted 

(3) The Dg configuration of the boron atoms 

in Bg Hg? showing the two structurally 
non-equivalent sets of 4 boron atoms 

(4) Structure of the boron cluster in B,H,*~ (interatomic 

distances + 1.5 pm) The four unique B-H distances 

are 107, 110, 127 and 144 + 15 pm 

(7) Position of boron atoms and numbering system in the icosahedral borane anion By 2Hy325 

The hydrogen atoms, which are attached radially to each boron atom, are omitted for clarity. 
There are six B-B distances of 175.5 pm and 24 of 178 pm 

Ch. 
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parent boranes have proved too fugitive to isolate; BH,” can be thought of as 
formed by addition of H~ to BH;; 

Bose 6.8. Big Hia ? Beist- 

Arachno-boranes: 

B,H,, +6) €-8- B4H 19 (13), B5H,, (14), BSH, 2 (15), BgH, 4 (16), n-BgH,; (17), i-ByH,;; 
BH vs 62 Bs, (18).BsH,;° (19), BsH,4 .BeH;, (20)/B,,H;; ; 

Bille me eS e6attan- (21); 

Hypho-boranes: 

B,H,,.3. No neutral borane has yet been definitely established in this series but the 
known compounds B,H,, and B,)H,, may prove to be hypho-boranes and 

several adducts are known to have hypho-structures (p. 194). 

Conjuncto-boranes: 

B,H,,. At least five different structure types of interconnected borane clusters have 

been identified; they have the following features: 

(a) fusion by sharing a single common B atom, e.g. B,;H,; (22); 

(b) formation of a direct 2-centre B—B o bond between 2 clusters, e.g. BgH ; g, i.e. 

(B4Ho)2 (23), BioHi6, 1-¢. (BSH). (3 isomers) (24), Bao H 6, 1-€. (By oH; 3). 
(11 possible isomers of which most have been prepared and separated), (e.g. 

25a, b,c); anions in this subgroup are represented by the 3 isomers of 

ByoHi3*", i.e. (BioHs” )2 (26); 
(c) fusion of 2 clusters via 2B atoms at acommon edge, e.g. B, 3H, 9 (27), B, 4H, 

(28), By 4H2o (29), Bys6H2o (30), n-By gH. (31), i-B,gH2. (32); 
(d) fusion of two clusters via 3 B atoms at acommon face: no neutral borane or 

borane anion is yet known with this conformation but the solvated complex 
(MeCN),B .9H,,.MeCN has this structure (33); 

(e) more extensive fusion involving 4 B atoms in various configurations, e.g. 

BaoHis (4), BagHlite?* (35). 
Boranes are usually named by indicating the number of B atoms with a latin prefix and 

the number of H atoms by an arabic number in parentheses, e.g. B; Ho, pentaborane(9); 

B,H,,, pentaborane(11). Names for anions end in “ate” rather than “ane” and specify 

both the number of H and B atoms and the charge, e.g. B;H, octahydropentaborate- 

(1—). Further information can be provided by the optional inclusion of the italicized 

descriptors closo-, nido-, arachno-, hypho-, and conjuncto-, e.g.: 

B,oHi9?: +decahydro-closo-decaborate(2 — ) [structure (5)] 

B,oH,4 :  nido-decaborane(14) [structure (11)] 

BioH,4? : tetradecahydro-arachno-decaborate(2 — ) [structure (21)] 

B,oH;, :  1,1’-conjuncto-decaborane(16) [structure (24a)] 
[i.e. 1,1'-bi(nido-pentaboranyl)] 

The detailed numbering schemes are necessarily somewhat complicated but, in all other 

respects, standard nomenclature practices are followed.” 

°R. M. Apams, Nomenclature of inorganic boron compounds, Pure Appl. Chem. 30, 683-710 (1972). 
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(15) BeH, 5 

Ch. 6 
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(18) B,H, 

(21) ByoHyq? 

(23) Proposed structure of conjuncto-Bg Hig 

(8032) comprising two ByHg units 

linked by a direct B-B bond 

(24) Structures of the three isomers of BioHy¢. The 1,1’ isomer comprises two pentaborane(9) groups linked in eclipsed 

configuration via the apex boron atoms to give overall D4, symmetry; the B-B bond distances are 174 pm for the 

linking bond, 176 pm for the slant edge of the pyramids, and 171 pm for the basal boron atoms 



(26) Proposed structures for the three isomers of [B.)H,,]* ; terminal hydrogen 

atoms omitted for clarity. (See also p. 203.) 
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(28) Proposed structure of B,;4H,,, omitting 

terminal hydrogen atoms for clarity 

(29) Big H29 
Terminal hydrogen atoms have been omitted (30) Byg Hr 

for clarity 

(32) Plane projection of the structure of i-B,,H,,. 

The two decaborane units are fused at the 5(7’) 

and 6(6’) positions to give a non-centrosymmetric 
structure with C, symmetry 

(31) n-B,gH,, (centrosymmetric) 
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(33) Molecular structure of (MeCN),B. Hi. as found in 

crystals of the solvate (MeCN), By9H1¢ -MeCN (see text) 

(34) The boron atom arrangement in closo-B.)H;,. Each boron 

atom except the 4 “fusion borons”’ carries an external hydrogen 
atom and there are no BHB bridges 

Derivatives of the boranes include not only simple substituted compounds in which H 

has been replaced by halogen, OH, alkyl, or aryl groups, etc., but also the much more 

diverse and numerous class of compounds in which one or more B atom in the cluster is 

subrogated by C, P, S, or a wide range of metal atoms or coordinated metal groups. These 

will be considered in later sections. 
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is 

(35) Structure of the B,,H,,7~ ion. The two 3-centre BBB bonds 
joining the 2 B,;gH,~ units are shown by broad shaded lines 

6.4.2 Structure, bonding, and topology 

The definitive structural chemistry of the boranes began in 1948 with the X-ray 

crystallographic determination of the structure of decaborane(14); this showed the 

presence of 4 bridging H atoms and an icosahedral fragment of 10 B atoms. This was 
rapidly followed in 1951 by the unequivocal demonstration of the H-bridged structure of 
diborane(6) and by the determination of the structure of pentaborane(9). Satisfactory 

theories of bonding in boranes date from the introduction of the concept of the 3-centre 

2-electron B—H-B bond by H. C. Longuet-Higgins in 1949; he also extended the principle 

of 3-centre bonding and multicentre bonding to the higher boranes. These ideas have been 

extensively developed and refined by W.N. Lipscomb and his group during the past 
25 ye 11) 

In simple covalent bonding theory molecular orbitals (MOs) are formed by the linear 

combination of atomic orbitals (LCAO); for example, 2 AOs can combine to give 1 

bonding and 1 antibonding MO and the orbital of lower energy will be occupied by a pair 

of electrons. This is a special case of a more general situation in which a number of AOs are 
combined together by the LCAO method to construct an equal number of MOs of 

differing energies, some of which will be bonding, some possibly nonbonding and some 

antibonding. In this way 2-centre, 3-centre, and multicentre orbitals can be envisaged. The 

10 WN. Lipscoms, Advances in theoretical studies of boron hydrides and carboranes, Chap. 2 in ref. 7, 

pp. 30-78. 
‘I WN. Lipscoms, Boron Hydrides, Benjamin, New York, 1963, 275 pp. 
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three criteria that determine whether particular AOs can combine to form MOs are that 

the AOs must (a) be similar in energy, (b) have appreciable spatial overlap, and (c) have 

appropriate symmetry. In borane chemistry two types of 3-centre bond find considerable 

application: B—-H-B bridge bonds (Fig. 6.13) and central 3-centre BBB bonds (Fig. 6.14). 

Open 3-centre B-B-B bonds are not now thought to occur in boranes and their 

anions"! though they are still useful in describing the bonding in carbaboranes and other 

heteroatom clusters (p. 217). The relation between the 3-centre bond formation for 

B-H-B, where the bond angle at H is ~90° and the 3-centre bond formation for 

approximately linear H bonds A—H.-.--B is given on pp. 69-70. 

V3 
E ace nergy W(B1)— wB2), i‘ 

eal a 

fawn V(B2) Jf Ba 
/ \ W(H) 

v(B1) + ¥(B2)\ / 
\ / 
\ / 

\ i 
VW 

Fic. 6.13 Formation of a bonding 3-centre B—H—B orbital , from an sp* hybrid orbital on each ° 
of B(1), B(2) and the H Is orbital, Y(H). The 3 AOs have similar energy and appreciable spacial 
overlap, but only the combination (B1)+w(B2) has the correct symmetry to combine linearly 
with W(H). The 3 normalized and orthogonal MOs have the approximate form: 

bonding v, = 3{¥(B1)+¥(B2)]}+ 1 y(H) 
V2 

nonbonding vox 1 [w(BY)—y(B2)) 
(or antibonding) J/2 

antibonding v3~4(Y(B1)+y(B2)]— 1 Y(H) 
V2 

Localized 3-centre bond formalism can readily be used to rationalize the structure and 

bonding in most of the non-closo-boranes. This is illustrated for some typical nido- and 

arachno-boranes in the following plane-projection diagrams which use an obvious 

symbolism for normal 2-centre bonds: B-B O—O, B-H,O—, (t=terminal), central 

3-centre bonds- we , and B-H,-B bridge bonds ae . It is particularly 

: V3 
nergy fat 

W(B1) - y(B2)/ Me 
! ey N W(B1) W(B2) st YW. \ v(B3) 

4 
/ 

¥(B1) + ¥(B2)\ 7 
\ 

/ Se j 

Nee) 

Fic. 6.14 Formation ofa bending, central 3-centre bond w, and schematic representation of the 
relative energies of the 3 molecular orbitals y,, 3, and W. The approximate analytic form of these 
MOs is: 

bonding ¥, = LY(B1)+Y(B2)+ y(B3)VV3 
antibonding wW,~=[w(Bl)—w(B2)]/V2 g 

antibonding ,~[W(B1)+W(B2)—2y(B3)]/V6 
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important to realize that the latter two symbols each represent a single (3-centre) bond 

involving one parr of electrons. As each B atom has 3 valence electrons, and each B—H, 

bond requires ! electron from B and one from H, it follows that each B-H, groups can 

contribute the remaining 2 electrons on B towards the bonding of the cluster (including 

B-H-B bonds), and likewise each BH, group can contribute 1 electron for cluster 

bonding. The overall bonding is sometimes codified in a 4-digit number, the so-called st yx 

number, where s is the number of B—H-B bonds, t is the number of 3-centre BBB bonds, y 

the number of 2-centre BB bonds, and x the number of BH, groups.‘’') Examples: 

Each terminal BH, group and each (bridging) 

H,, contributes 1 electron to the bridging; 
these 4 electrons just fill the two B-H-B 

bonds. 

Each of the 4 B and 4H, contribute 1 electron 

to the B-H-B bonds, ie. 4 pairs of electrons 

for the 4 (3-centre) bonds. The 2 “hinge” BH, 

groups each have | remaining electron and 1 

orbital which interact to give the 2-centre B-B 

bond. | 

In B;H, the bonding can be thought of as 

involving the structure shown and 3 other 

equivalent structures in which successive pairs 

of basal B atoms are combined with the apex B 

in a 3-centre bond. 
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Electron counting and orbital bookkeeping can easily be checked in these diagrams: as 
each B has 4 valency orbitals (s+ 3p) there should be 4 lines emanating from each open 

circle; likewise, as each B atom contributes 3 electrons in all and each H atom contributes 

1 electron, the total number of valence electrons for a borane of formula B,H,, is (3n+m) 

and the number of bonds shown in the structure should be just half this. It follows, too, 

that the number of electron-pair bonds in the molecule is n plus the sum of the individual 

styx numbers (e.g. 13 for B5H,,, 14 for B;H,9) and this constitutes a further check. 

An appropriate number of additional electrons should be added for anionic species. 

For closo-boranes and for the larger open-cluster boranes it becomes increasingly 

difficult to write a simple satisfactory localized orbital structure, and a full MO treatment 

is required. Intermediate cases, such as B;Ho, require several “resonance hybrids” in the 

localized orbital formation and, by the time B,.H,, is considered there are 24 resonance 

hybrids, even assuming that no open 3-centre B-B-B bonds occur. The best single 

compromise structure in this case is the (4620) arrangement shown at the top of p. 184, but 

the open 3-centre B-B-B bonds can be avoided if “fractional” central 3-centre bonds 

replace the B-B and B-B-B bonds in pairs: 
A simplified MO approach to the bonding in closo-B,H,?~ (structure 1, p. 172) is 

shown in the Panel. It is a general feature of closo-B,H,, anions that there are no B-H-B 

or BH, groups and the 4n boron atomic orbitals are always distributed as follows: 

n in the n(B-H,) bonding orbitals 

(n+ 1) in framework bonding MOs 

(2n—1) in nonbonding and antibonding framework MOs 

Me Lieto of Bonding in os 

Closo BH? ” (structure 1) has a regular ae ae of 6 Batoms Sir ounded by alarger 
octahedron of 6 radially disposed H atoms. Framework MOs for the B, cluster are constructed 
(LCAO) using the 2s, 2p,, 2p,, and 2p. boron AOs. The symmetry of the octahedron suggests the 
use of sp hybrids directed radially outwards and inwards from each B along the cartesian axes (see _ 
figure on facing page) and 2 pure p orbitals at right angles to these (i.e. oriented tangentially to the 
B octahedron). These sets of AOs are combined, with due regard to mmetry, to give the MOs — 
indicated. In all, the 24 AOs on the 6 B combine to give 24 MOs of which 7(ie.n+1)arebonding — 
framework MOs, 6 are used to form B-H, bonds, and the eine I are es ihe - 
relative energies of these orbitals are shown See Plone i 

Energy 

; Bie : e 

ss . - _ 11 antibonding orbitals 
g : ok : 

to, < - - < 

ee oo : 6 eed eee 
ti, of correct symmetry to combine — 
a Se — a to ie 6 B-H, pone 

fog < & < d _ ; 

i. < he 7 famework Ley bonding MOs 
243. : 2 ; oo : 

Continued . 
<< 

+ Further checks, Which can readily be verihed om the equations sof Hitance are a the suigber of atoms ina 
neutral borane molecule = 2(s+t+ y+ ), and (b) there are as many framework electrons as there are atoms in a 
neutral borane B,H,,, since each BH group supplies 2 electrons and each of the (m—n) “extra” H atoms supplies 1 
electron, making n+m in all. 
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(a) (b) 

(c) (d) 

Sana of orbital on ee B, octahedron. (a) Six outward-pointing (sp) orbitals used for ¢ 
bonding to 6H,. (b) Six inward-pointing (sp) orbitals used to form the a,, framework bonding 
molecular orbital. (c) Components for one of the t,,, framework bonding molecular orbitals—the 

other two molecular orbitals are in the yz and zx planes. (d) Components for one of the r,, 
framework hones peers orbi s—the other two ole orbitals are in the ye and zx 

_ planes. — 

. _Thediagramsa Z use dicate yi eu ral dose borane B,H, . are unknown since the 2 anionic : 
, -lying inwardly directed g,, orbital which has no overlap - 

.g. above the edges or faces of the. B, octahedron). Replacement _ 
up the basic three-dimensional network of hexaborides MB, 

1e 4H, in oe ee to build the diamond lattice. 

ed all ree ~ H,” ue 60 12): thew oe the: common 
other framework ‘bonding MOs; in each case, therefore 

o fill these orbitals as indicated in Wade’s rules (p. 185). Itis. 
> eX ence of B,H,?~ and B,,H,,” were predicted by HC. 
ecal before B.H, ,’~ was first oe and some 2 y Pelote 

and . Har - _ were oer oS . . 

12 H. C. LonGuet-HIiGGIns and M. DE V. RosertTs, The electronic structure of an icosahedron of boron 

atoms, Proc. R. Soc. A, 230, 110-19 (1955); see also idem ibid. A, 224, 336-47 (1954). 

'3 J. L. Boong, Isolation of the hexahydroclovohexaborate(2—) anion, B,H,?~, J. Am. Chem. Soc. 86, 5036 
(1964). 

14M. F. HAWTHORNE and A. R. PITTOCHELLI, The reactions of bis(acetonitrile)-decaborane with amines, J. 
Am. Chem. Soc. 81, 5519 (and also 5833-4) (1959); and The isolation of the icosahedral B,,H,,*~ ion, J. Am. 
Chem. Soc. 82, 3228-9 (1960). 
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As each B atom contributes 1 electron to its BH, bond and 2 electrons to the framework 
MOs, the (n+ 1) framework bonding MOs are just filled by the 2n electrons from nB atoms 

and the 2 electrons from the anionic charge. Further, it is possible (conceptually) to 

remove a BH, group and replace it by 2 electrons to compensate for the 2 electrons 

contributed by the BH, group to the MOs. Electroneutrality can then be achieved by 

adding the appropriate number of protons; this does not alter the number of electrons in 

the system and hence all bonding MOs remain just filled. 

Beh. = Beal {Bebl.* 3 ae BH, (structure 9) 

(structure 1) oe Bok 2e") 
. +2H 

BH? eo eS By, strucmmre 13) 

The structural interrelationship of all the various closo-, nido-, and arachno-boranes 

thus becomes evident; a further example is shown below: 

ee 

These relationships were codified in 1971 by K. Wade in a set of rules which have been 
extremely helpful not only in rationalizing known structures, but also in suggesting the 
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probable structures of new species."'*) Wade’s rules can be stated in extended form as 
follows: 

closo-borane anions have the formula B,H,,?~ ; the B atoms occupy all n corners of an 

n-cornered triangulated polyhedron, and the structures require (n+1) pairs of 

framework bonding electrons; 

nido-boranes have the formula B,H,., with B atoms at n corners of an (n+1) 

cornered polyhedron; they require (n+ 2) pairs of framework-bonding electrons; 

arachno-boranes: B,H,,,¢, corners of an (n+2) cornered polyhedron, requiring 

(n+3) pairs of framework-bonding electrons; 
hypho-boranes: B,H,4 3: m corners of an (n+3) cornered polyhedron, requiring 

(n+4) pairs of framework-bonding electrons. 

The rules can readily be extended to isoelectronic anions and carbaboranes 

(BH=B =C) and also to metalloboranes (p. 198), metallocarbaboranes (p. 217) and 

even to metal clusters themselves, though they become less reliable the further one moves 

away from boron in atomic size, ionization energy, electronegativity, etc. 

More sophisticated and refined calculations lead to orbital populations and electron 

charge distributions within the borane molecules and to predictions concerning the sites 

of electrophilic and nucleophilic attack. In general, the highest electron charge density 

(and the preferred site of electrophilic attack) occurs at apical B atoms which are furthest 

removed from open faces; conversely the lowest electron charge density (and the preferred 

site of nucleophilic attack) occurs on B atoms involved in B-H-B bonding. The 

consistency of this correlation implies that the electron distribution in the activated 

complex formed during reaction must follow a similar sequence to that in the ground state. 

Bridge H atoms tend to be more acidic than terminal H atoms and are the ones first lost 
during the formation of anions in acid—base reactions. 

6.4.3 Properties of boranes 

Boranes are colourless, diamagnetic, molecular compounds of moderate to low thermal 

stability. The lower members are gases at room temperature but with increasing molecular 

weight they become volatile liquids or solids (Table 6.2); bps are approximately the same 

as those of hydrocarbons of similar molecular weight. The boranes are all endothermic 

and their free energy of formation AG; is also positive; their thermodynamic instability 

results from the exceptionally strong interatomic bonds in both elemental B and H, rather 

than the inherent weakness of the B-H bond. (In this the boranes resemble the 

hydrocarbons.) Thus it has been estimated that typical bond energies in boranes are B-H, 

380, B-H-B 440, B-B 330, and B-B-B 380 kJ mol‘, compared with a bond energy of 

436 kJ mol‘ for H, and a heat of atomization of crystalline boron of 555 kJ per mol of B 
atoms (i.e. 1110 kJ per mole of 2 B atoms). An alternative set of self-consistent bond 

enthalpies is also available.'°* 
Boranes are extremely reactive and several are spontaneously flammable in air. 

Arachno-boranes tend to be more reactive (and less stable to thermal decomposition) than 

'S K. Wape, Structural and bonding patterns in cluster chemistry, Adv. Inorg. Chem. Radiochem. 18, \—66 

(1976). 
'Sa ©. BE. Housecrort and K. Wape, Bond length-based enthalpies for nido and arachno boranes B,H,,,., and 

B,H,4., Inorg. Nucl. Chem. Letters 15, 339-42 (1979). 
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TABLE 6.2 Properties of some boranes 

Nido-boranes | Arachno-boranes 

Compound mp bp AH? /kJ mol”! Compound mp bp AH?/kJ mol”! 

BH, —164.9°  —92.6° 36 B,H,o — 120° 18° 58 
B;Ho — 46.8° 60.0° 54 B5H,; — 122° 65° 67 (or 93) 
BoHio — 62.3° 108° 71 Bebe — 82.3° ~85° (extrap) 111 
B,H,;> Decomp above —35° — Bellig Decomp above —30° — 
Bios ey) Diese 32 n-BoH, 5 2.6" 28°/ — 

0.8 mmHg 

nido-boranes and reactivity also diminishes with increasing mol wt. Closo-borane anions 

are exceptionally stable and their general chemical behaviour has suggested the term 

“three-dimensional aromaticity”. 

Boron hydrides are extremely versatile chemical-reagents but the very diversity of their 

reactions makes a general classification unduly cumbersome. Instead, the range of 

behaviour will be illustrated by typical examples taken from the chemistry of the three 

most studied boranes: B,H,, B;Ho, and B, 9H,4. Nearly all boranes are highly toxic when 

inhaled or absorbed through the skin though they can be safely and conveniently handled 

with relatively minor precautions. 

6.4.4 Chemistry of diborane, B,H, 

Diborane occupies a special place because all the other boranes are prepared from it 

(directly or indirectly); it is also one of the most studied and synthetically useful reagents 

in the whole of chemistry.” '® B,H, gas can most conveniently be prepared in small 
quantities by the reaction of I, on NaBH, in diglyme [(MeOCH,CH,),O], or by the 

reaction of a solid tetrahydroborate with an anhydrous acid: 

2NaBH, +1, ae BH, +2Nal+H, 
yie 8% 

(70% yield) 
rs 2NaBH,(c) + 2H ,PO,(I) B,H,(g) + 2NaH,PO,(c) + 2H,(g) 

When B,H, is to be used as a reaction intermediate without the need for isolation or 
purification, the best procedure is to add Et,OBF, to NaBH, in a polyether such as 
diglyme: 

3NaBH, +4Et,OBF;, = 2B,H,(g)+ 3NaBF, +4Et,O 

On an industrial scale gaseous BF; can be reduced directly with NaH at 180° and the 
product trapped out as it is formed to prevent subsequent pyrolysis: 

180° 2BF 3(g) + 6NaH(c) B,H,(g) + 6NaF(c) 

‘© L.H. Lona, Chap. 22 in Mellor’s Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vol. 5, 
Supplement 2, Part 2, pp. 52-162, Longmans, London, 1981. 
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Care should be taken in these reactions because B,H, is spontaneously flammable; it has 

a higher heat of combustion per unit weight of fuel than any other substance except H,, 

BeH,, and Be(BH,),: 

B,H, +30, =B,0,+3H,O; AH° = —2165kJ mol”! 

The pyrolysis of B,H, in sealed vessels at temperatures above 100° is exceedingly 

complex and a variety of products is formed depending on conditions. The initiating step 

is the unimolecular dissociation equilibrium: 

fast 

B,H, =———=2/BH;} 

(In this and subsequent reactions unstable intermediates that have but transitory 
existence are placed in brackets {}.) The {BH,} reacts rapidly with B,H, to give {B,H.} 
and this species then decomposes more slowly in a rate-controlling step thus explaining 

the observed order of the reaction which is 1.5 with respect to the concentration of 
BeH,!? 

fast 

{BH;}+B,H, See = {B3Ho} 

fi ) rate controlling ( ) 

(B3Ho; (B3H,; +H, 

The first stable intermediate, B,H,o, is then formed followed by B<H,,: 

{BH} + {B;H;} > B,H,, 

B,H,+({B3,H,;— > {BH} + B,H > == BH, + Hp 

A complex series of further steps gives BZ;Ho, B,H;o, B,H,2, and higher boranes, 

culminating in B,,.H,, as the most stable end product, together with polymeric materials 

BH, and a trace of icosaborane B,)H),. 

Careful control of temperature, pressure, and reaction time enable the yield of the 

various intermediate boranes to be optimized. For example, B,H,, is best prepared by 

storing B,H, under pressure at 25° for 10 days; this gives a 15% yield and quantitative 

conversion according to the overall reaction: 

2B,H,———> B,H;)+ Hz 

B;H,, can be prepared in 70% yield by the reaction of B,H, and B,H,, in a carefully 

dimensioned hot/cold reactor at + 120°/—30°: 

28 Hig £8 He = ———S 2B a OH, 

(Alternative high-yield syntheses of these various boranes via hydride-ion abstraction 

from borane anions by BBr, and other Lewis acids have recently been devised.!”*) 
B;H, can be prepared by passing a 1:5 mixture of B,H, and H, at subatmospheric 

'7'T. P. FEHLNER, Gas phase reactions of borane, BH;, Chap. 4 in ref. 7, pp. 175-96. 
17a M.A. Tort, J. B. LEACH, F. L. Himps, and S. G. SHoRE, New, systematic syntheses of boron hydrides via 

hydride ion abstraction reactions: Preparation of B,H,, B,H, 9, B;H,,, and B, 9H, 4, /norg. Chem. 21, 1952-57 
(1982). 
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pressure through a furnace at 250° with a 3-s residence time (or at 225° with a 15-s 

residence time); there is a 70°% yield and 30% conversion. Alternatively B,H, can be 

pyrolysed for 2.5 days in a hot/cold reactor at 180°/—80°. 

The bridge bonds in B,H, are readily cleaved, even by weak ligands, to give either 

symmetrical or unsymmetrical cleavage products: 

Symmetrical 
(homolytic) +2L 2 

Unsymmetrical 
(heterolytic) +2L 

The factors governing the course of these reactions are not fully understood but steric 

effects play some role;® e.g. NH;, MeNH,, and Me,NH give unsymmetrical cleavage 
products whereas MeN gives the symmetric cleavage product Me;NBH,. Symmetrical 

cleavage is the more common mode and thermochemical and spectroscopic data lead to 

the following sequence of adduct stability for LBH,: 

PF,;<CO<Et,0<Me,0<C,HgO <C,H,S < Et,S < Me,S<py<Me,;N<H > 

The relative stability of the sulfide adducts is notable and many other complexes with N, 

P, O, S, etc., donor atoms are known. The ligand H™ is a special case since it gives the 

symmetrical tetrahedral ion BH,” isoelectronic with CH,. The BH, ion itself provides a 

rare example ofa ligand that can be unidentate, bidentate, or tridentate as illustrated by its 
complexes in Fig. 6.15. 

In solution there is normally a rapid interchange between H, and H,, in these structures 

and all H atoms appear the same on an nmr time scale; indeed, this property of. 

fluxionality, which has been increasingly recognized to occur in many inorganic and 

organometallic systems, was first observed (1955) on the. tris-bidentate complex 

[Al(7-BH,)3]°® The properties and synthetic utility of tetrahydroborates are sum- 

marized in the Panel. 

In addition to pyrolysis and cleavage reactions, B,H, undergoes a wide variety of 

substitution, redistribution, and solvolytic reactions of which the following are 
representative: 

Continued on p. 191 

18S. G. SHoRE, Nido- and arachno-boron hydrides, Chap. 3 in ref. 7, pp. 79-174. 
‘88 R.A. Occ and J. D. Ray, Nuclear magnetic resonance spectrum and molecular structure of aluminium 

borohydride, Disc. Faraday Soc. 19, 239-46 (1955). 
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(a) [Cul(n! -BH, )(PMePh, )s ] (b) [Cu!(n? -BH, )(PPh; ), ] 

(c) [Zr 1V(n3-BHg )a |] 
Fic. 6.15 Examples of BH,” as a monodentate, bidentate, and tridentate ligand. Note that, in 
solution, the BH, group in complex (a) becomes bidentate and 1 phosphine ligand is eliminated. 
Other examples of tridentate BH, are the monomeric 12-coordinate complexes M(BH,), 
(M=Hf, Np, Pu), whereas the polymeric complexes M(BH,), (M=Th, Pa, U) feature 14- 

coordinate metal atoms in which M is surrounded by 2 y?-BH, and 4 bridging 7?-BH,~ 
groups."1° 

19 RH. Banks, N. M. EDELsTeErN, B. SPENCER, D. H. TEMPLETON, and A. ZALKIN, Volatility and molecular 

structure of neptunium(IV) borohydride, J. Am. Chem. Soc. 102, 620-3 (1980), and references therein. 

20 BD, James and M. G. H. WALLBRIDGE, Metal tetrahydroborates, Prog. Inorg. Chem. 11, 97-231 (1970). 
A review with 616 references. 
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2LiH +B,H, ao : 

divine” 
2NaH +B a —— > 2NaBH, 

4LiH + Et,OBF , ———> > LiBH, = 3LiF + Et,O 

4NaH + BCI, SS NaBH, “ 3NaC 

Reaction of MBH, aes § scl ONCE KE elemen ts is pale often peru dependent o athe: vive: 

Li[B,S,H.], and H,; at 200° in the absence of cole LiBH, eae 
either H, or H,S depending on whether S is in excess. ae 

hs Came MBE 
M=Be, “Mg, Ca, Sr, Ba; Zn, Cd; Al, Ga, TI!; ladon. Ti Zr, Hf, and U'’. Halides of th 
electropositive elements tend to give the hydride ora hydrido-complex since the BH vati 
either unstable or non-existent: thus SiCl, gives SiH,; PC]; and PCI, give PH;; 
Ph,AsH; ; [Fe(n? — sH;)(CO),Ci] gives Ber Cc el ee etc 

Id 
NaBH, + 8NaCH +9SO, soe 4NesS,0.+ NaBO> + 6H, 

In reactions with organic compounds, LiBH, isa cironge: (less aoe) noe agentthan _ 
NaBH, and can be used, for example, to reduce esters to alcohols. NaBH, reduces ketones, acid _ 
chlorides, and aldehydes under mild conditions but leaves other functions (such as —CN ONO, : 
esters) untouched; it can be used as a solution in alcohols, ethers, dimethylsulfoxide, or even 

aqueous alkali (pH > 10). Perhaps the classic example of its selectivity i is shown below where an 
aldehyde group is hydrogenated in high yield without ane attack on oe ee the bromine _ 
atom, the olefinic bond: or the noe es 

: Be Pals 

O,N S L as CH=C-—CHO . ONT 

pulp, but also for their sop coe in the electroless pee oa of os Too 
either sodium nip aval de NaH,PO,, or formaldehyde have been “= (asi in oe of 

deposition of Ni fon metal or non-metallic substrates; ‘tis! ‘gives. ‘corrosion-vesistan hard, 
protective coatings, and is also useful for metallizing plastics prior to further electroplating 
depositing contacts in electronics. Chemical plating also achieves 2 uniform thickness of 
independent of the geometric shape, however cone 
under the conditions einployed (pH 14) is ag =. 24 vo 

BH, + 80H™ > H,BO,~ . 

This is intermediate between — 1.57 Vibe H,PO,- /HPO,?~ 1.1] 
cf. Ni(OH),/Ni —0.72 V and Ni?*/Ni —0.25 V. In practice it is found 
deposit is boron and the overall equation can be written as 

1ONiCI, + 8NaBH,, + 17NaOH + 3H,O——> (3Ni,B + Ni) +50 

>" R. Wabe, Sodium borohydride and its derivatives, in R. THOMPSON (ed.), Speciality Inorganic Chemistry, 
Royal Soc. Chem., London, 1981, pp. 25-58; see also 74-page trade catalogue on ‘Sodium Borohydride”’, 

Thiokol/Ventron Division, Danvers, Ma, 1979. 
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 Itfollows that 1 kg NaB 
over an area of 10.7 m?. 

Worldwide production of NaBH, now approaches 2000 tonnes pa, but it became available on 
such a scale only recently. The compound was discovered at the University of Chicago in 1942 by 
_HLI. Schlesinger and H.C. Brown during their search for volatile uranium compounds, e.g. 

_ U(BH,),, but slow declassification of this wartime work delayed publication until 1953. 
_ Commercial production of NaBH, reached its first peak in the mid 1950s during the US 

programme for high-energy fuels; the present resurgence of scale is a product of the last 15 y. For 
- large-scale production the laboratory syntheses in the opening paragraph above are clearly 

- inadequate. The preferred industrial process, introduced by Bayer in the early 1960s, is the 
borosilicate route which uses borax (or ulexite), quartz, Na, and H, under moderate pressure at 
450-500": 

cipitates +22 kg “Ni, 9B”; this is sufficient forathickness of 25 um 

‘es Na+8H naan +7Na,Si0; 
: _ The resulting mixture is ex acted under pressure with liquid NH , and the product obtained as a 
98, pyre ooh (or pellets) by es An alternative route is: 

250-270 
B(OMe), + 4NaH. ———> NaBH, +3NaOMe 

The resulting mixture is hydrolysed with water and the aqueous phase extracted with Pr'NH,. 

low temp 
BH, + 3Cl, ———> 2BCl,+6HCI (also with F,) 

B,H, + BCI, ———~ B,H.Cl+ BHC, (also with BBr;) 

B,H, + BMe, ———> Me, B,H,_, (n= 1-4) 

B,H, + PbMe, ———>B,H,Me+ Me PbH 

B,H, +6H,O0 ———>2B(OH), + 6H, 

B,H,+6MeOH ———>2B(OMe), + 6H, 

B,H,+4MeOH ———>2BH(OMe), + 4H, 

H, 

1.5B,H, +3NH; —2 > cyclo-(HNBH);+6H, 

“s+ 1B, (NH)3], + 6H, 

2B,H, +4Me,PH ———> cyclo-(Me,PBH,),+4H, (also trimer) 

B,H,+Sb,Me, ———~2Me,SbBH, +H, 

B,H,+3NH; 

Diborane reacts slowly over a period of days with metals such as Na, K, Ca, or their 

amalgams and more rapidly in the presence of ether: 

2B,H, + 2Na———> NaBH, + NaBH, 

B;H, prepared in this way was the first polyborane anion (1955); it is now more 

conveniently made by the reaction 
diglyme 
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The remarkably facile addition of B,H, to alkenes and alkynes in ether solvents at 

room temperatures was discovered by H. C. Brown and B.C. Subba Rao in 1956: 

3RCH=CH, ae 43H, B(CH,CH,R), 

This reaction, now termed hydroboration, has opened up the quantitative preparation of 

organoboranes and these, in turn, have proved to be of outstanding synthetic utility.??:?*) 
It was for his development of this field that H. C. Brown (Purdue) was awarded the 1979 

Nobel Prize in Chemistry. Hydroboration is regiospecific, the boron showing preferential 

attachment to the least substituted C atom (anti-Markovnikov). This finds ready 

interpretation in terms of electronic factors and relative bond polarities (p. 161); steric 

factors also work in the same direction. The addition is stereospecific cis (syn). 

Protonolysis of the resulting organoborane by refluxing it with an anhydrous 

carboxylic acid yields the alkane corresponding to the initial alkene, and oxidative 

hydrolysis with alkaline hydrogen peroxide yields the corresponding primary alcohol: 

EtCO,H 
B(CH,CH,R); —_~- > 3RCH,,CH, 

B(CH,CH,R)j.- 7 3 3RCH.. CH, OH 

Internal alkenes can be thermally isomerized to terminal organoboranes and hence to 

terminal alkenes (by displacement) or to primary alcohols: 

BH, 

RCH CH CH, eee pees ico RICH.) BE 

RCH{CH; CH=CH 2 == NaOH/H,0, 

R(CH,),OH 

Tertiary alcohols can be prepared by transfer of alkyls to CO: 

BR; COS! Choe con 
110° 

If the reaction is carried out in the presence of water rather than diglyme a ketone is 

obtained of chain length (2n+ 1) C atoms and other variants yield primary alcohols or- 
aldehydes with (n+1) C atoms: 

H,0 NaOH/H,0 
——— BR,+CO RB(OH)CR,OH R,CO 

100° 

BR, +: CO Seu f \ KOH RCH,OH 

45° 

BR, +CO— ROM ERGHO 
25° 

Numerous other functional groups can be incorporated, e.g. carboxylic acids RCO,H by 

°? H. C. BRown, Organic Syntheses via Boranes, Wiley, New York, 1975, 283 pp., Boranes in Organic 
Chemistry, Cornell University Press, Ithaca, New York, 1972, 462 pp. 

>:D. J. Pasto, Solution reactions of borane and substituted boranes, Chap. 5 in ref. 7, pp. 197-222. 
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chromic acid oxidation of B(CH,R);; paraffins R-R by reaction of BR, with alkaline 

AgNO;; alkyl halides RCI, RBr, and RI by reaction of BR, with Et,NCI, Br,/OH~, and 

],/OH "respectively; primary amines RNH, using NH,Cl or sulfamic acid, 
NH,OSO,H; secondary amines RNHR’ using R’'N;, etc. 

Diborane is an electrophilic reducing agent which preferentially attacks a molecule at a 

position of high electron density (cf. BH,” , which is nucleophilic). Reductions can occur 

either with or without bond rupture, or by removal of oxygen. Examples of the first 

category are the reduction of alkenes and alkynes to alkanes mentioned in the preceding 

paragraph. In the case of heteropolar double and triple bonds the boryl group BH, 

normally adds to the more electron-rich atom, i.e. to the O atom in carbonyls and the N 

atom in C=N and C=N. Thus, after protonolysis, aldehydes yield primary alcohols and 

ketones yield secondary alcohols, though in the presence of BF; complete reduction of 

C=O to CH, may occur. Likewise, nitrites are reduced to amines, oximes to N- 

alkylhydroxylamines, and Schiff’s bases to secondary amines: 

RC=N——> RCH,NH, 

RR’C=NOH———> RR'CHNHOH 

RC,H,CH=NC,H,R’: RC,H,CH,NHC,H,R’ 

Reductive cleavage of strained rings such as those in cyclopropanes and epoxides occurs 

readily and acetals (or ketals) are also reductively cleaved to yield an ether and an alcohol: 

RR’C(OR"), >RR’CHOR’ + R”OH 

Removal of O atoms can occur either with or without addition of H atoms to the molecule. 

Thus, phosphine oxides give phosphines and pyridine-N-oxide gives pyridine without 

addition of H atoms, whereas aromatic nitroso compounds are reduced to amines 

and cyclic diones can be successively reduced by replacement of Ye=0 by cx Beh os 

| B, He /thf | By Hg /thf | 

SS a 
NR NR -NR 

It is fortunate that unstrained cyclic ethers such as thf are not reductively cleaved except 

under very forcing conditions. 

6.4.5 Chemistry of nido-pentaborane, B.H, 

Pentaborane(9) is a colourless, volatile liquid, bp 60.0°; it is thermally stable but 

chemically very reactive and spontaneously flammable in air. Its structure is essentially a 

square-based pyramid of B atoms each of which carries a terminal H atom and there are 4 
bridging H atoms around the base (Fig. 6.16a). Calculations (p. 185) suggest that B(1) 

has a slightly higher electron density than the basal borons and that H, is slightly more 

positive than H,. Apex-substituted derivatives 1-XB;Hg can readily be prepared by 
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(a) B;H, (b) B;He 

Fic. 6.16 (a) Molecular structure, numbering scheme, and dimensions of B,H,; (b) structure of 
BH, ; this anion is fluxional, the 4 basal borons (and the 3 bridging hydrogens) being equivalent 

on the nmr time scale. 

electrophilic substitution (e.g. halogenation or Friedel-Crafts alkylation with RX or 

alkenes), whereas base-substituted derivatives 2-XB;H, result when nucleophilic reaction 

is induced by amines or ethers, or when 1-XB;H, is isomerized in the presence of a Lewis 

base such as hexamethylenetetramine or an ether: 

BsH, ~~» 1-IB,H, > 2-IB,;H, —-> 2-F BH 
2/6°%4 

Further derivatives can be obtained by metathesis, e.g. 

2-CIB;H, + NaMn(CO), 2-{(CO);Mn}B;Hg (also Re) 

BH, reacts with Lewis bases (electron-pair donors) to form adducts, some of which 

have now been recognized as belonging to the new series of hypho-borane derivatives 

B,,H,+3 (p. 173). Thus PMe, gives the adduct [B;H,(PMe;),] which is formally 

analogous to [B;H,,]?_ and the (unknown) borane B;H, 3. [B;H,(PMe;),] has a very 

open structure in the form of a shallow pyramid with the ligands attached at positions 1 

and 2 and with major rearrangement of the H atoms (Fig. 6.17a). Chelating phosphine 

ligands such as (Ph,P),CH, and (Ph,PCH,), have similar structures but 

[B;H,(Me, NCH,CH,NMe,)] undergoes a much more severe distortion in which the 

ligand chelates a single boron atom, B(2), which is joined to the rest of the molecule by a 

single bond to the apex B(1) (Fig. 6.17b).?” With NH; as ligand (at — 78°) complete 
excision of 1B atom occurs by “unsymmetrical cleavage” to give 

[(NH,),BH,]*[B,H,~ }. 
BH, also acts as a weak Bronsted acid and, from proton competition reactions with 

other boranes and borane anions, it has been established that acidity increases with 

increasing size of the borane cluster and that arachno-boranes are more acidic than nido- 
boranes: 

arachno: B4H,)><B;5H,,<B,H,;, and B,H,)>B,H,, 

°* N. W. ALcock, H. M. CotquHoun, G. HARAN, J. F. SAwYER, and M. G. H. WALLBRIDGE, Isomeric hypho- 
borane structures B;5H,.L [L=(Ph,P),CH,, (Ph,PCH,),, and (Me,NCH;),], JCS Chem. Comm. 1977, 
368-70; JCS Dalton 1982, 2243-55. 
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vi oa 

(a) [B;H,(PMe3), | (b) [B;H (Me, NCH, CH, NMe, )] 

Fic. 6.17 Structure of hypho-borane derivatives: (a) [B;H (PMe;),]—the distances B(1)—B(2) 
and B(2)-B(3) are as in BH, (p. 194) but B(3)---B(4) is 295 pm (cf, B---B 297 pm in BH, ,, p. 181), 

and (b) [B;H.(Me,NCH,CH,NMe,)]—the distances B(2)---B(3) and B(2)---B(5) are 273 and 
272 pm respectively. 

Accordingly, B;H, can be deprotonated at low temperatures by loss of H,, to give B5Hg~ 

(Fig. 6.16b) providing a sufficiently strong base such as a lithium alkyl or alkali metal 

hydride is used: 
B,;H, +MH———-> MB.H,+ H, 

Bridge-substituted derivatives of B;H, can then be obtained by reacting MBH, with 

chloro compounds such as R,PCl, Me;SiCl, Me,GeCl, or even Me,BCI to give 

compounds in which the 3-centre B-H,,-B bond has been replaced by a 3-centre bond 

between the 2 B atoms and P, Si, Ge, or B respectively. Many metal-halide coordination 

complexes react similarly, and the products can be considered as adducts in which the 
B,H, anion is acting formally as a 2-electron ligand via a 3-centre B-M-B bond.°?°:?°) 
Thus [Cu'(B;H,)(PPh;),] (Fig. 6.18) is readily formed by the low-temperature reaction 

of KB,H, with [CuCl(PPh,);] and analogous 16-electron complexes have been prepared 

for many of the later transition elements, e.g. [Cd(B;H,)Cl(PPh3)], [Ag(B;H,)(PPh;), ], 

and [M"(B,H,)XL, ], where M"=Ni, Pd, Pt; X =Cl, Br, I; L, =a diphosphine or related 
ligand. By contrast, [Ir'(CO)CI(PPh,),] reacts by oxidative insertion of Ir and 
consequent cluster expansion to give [(IrB;H,)(CO)(PPh;),] which, though super- 

ficially of similar formula, has the structure of an irida-nido-hexaborane (Fig. 6.19).'?” In 

this, the {Ir(CO)(PPh;),} moiety replaces a basal BH,H,, unit in B,H, (structure 10, 
p. 174). 

Cluster-expansion and cluster-degradation reactions are a feature of many polyhedral 

borane species. Examples of cluster-expansion are: 

Et, 0/— 78° HCl 
LiBsH,+}$B,H,—~—> LiB,H,, ———> BH, 

25 N. N. GREENWOOD and I. M. Warp, Metalloboranes and metal—boron bonding, Chem. Soc. Revs. 3, 
231-71 (1974). 

26 N. N. GREENWOOD, The synthesis, structure, and chemical reactions of metalloboranes, Pure Appl. Chem. 
49, 791-802 (1977). 

27 N. N. GREENWOOD, J. D. KENNEDY, W. S. MCDONALD, D. REeEp, and J. Staves, Cage expansion in 
metallopentaborane chemistry: the preparation and structure of [(IrB;H,)(CO)(PPh3),], JCS Dalton 1979, 
117-23. 

CTE-H 



196 Ch. 6 

Fic. 6.18 [Cu(B;H,)(PPh;)>]. 

Fic.6.19 Structure of [(IrB;H,)(CO)(PPh,),] with the phenyl groups omitted in order to show 
the structure about the iridium atom and of the metallaborane cluster. 
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Me,0/— 

LiB,H,+B,H, ees {LiB,H,,} B,H,)+LiBH, 

Cluster degradation has Seay rae mentioned in connection with the unsymmetrical 
cleavage reaction (p. 188) and other examples are: 

[NMe,]B.H, + 6PriOH——>[NMe, ]B,H, + 2B(OPr'), + 3H, 

and B,H, —~> Bg Ho(TMED) —““"'> B,Hs(TMED)+ B(OMe); + 2H, 

(where Pri is CH;CHCH, and TMED is Me,NCH,CH,NMe,). 

Subrogation of a {BH} unit in B,H, by an “isoelectronic” organometallic group such as 
{Fe(CO)3} or {Co(7°-C;H;)} can also occur, and this illustrates the close interrelation 
between metalloboranes, metal-metal cluster compounds, and organometallic complexes 

in general (see Panel). 

_ Metalloboranes, Meta byes and Organometali Complexes 

; Copel of B ae and rFetCO),1i ina holo reactor at 220°/20° for 3 days gives an n orange 
liquid (mp 5°C) of formula [1- -{Fe(CO);}B,He] having the structure shown in (a).?’” The 
isoelectronic complex [1-{Co(y5-C,H;)}B,H,] (structure b) can be obtained as yellow crystals 
by pyrolysis at 200° of the corresponding basal derivative [2-{Co(4°-C,H,;)}B,H,] (structure (c)) 
which is obtained as red crystals from the reaction of NaB,H, and CoCl, with NaCH, in thf at 
_ — 20°27") The course of both preparative reactions is obscure and other products are also 

obtained 

z ye og. o ao oe oy 

2 a (a) [1-{ Fe(CO);} BaHs | ©) [1-{Co(n*-Cs Hs )} BaHs Fe 

@ Geometric structure . (e) Conventional bonding : O) Bonding scheme eee” 
of ies? diagram (plus 1 other to that in BsHy (plus 3 

equivalent ‘resonance hybrid’) _—_—other equivalent ‘resonance 
a. - . _ ees) . 

27a N. N. GREENWOOD, C. G. Savory, R. N. Grimes, L. G. SNEDDON, A. Davison, and S. S. WREFORD, 

Preparation of a stable small ferraborane B,H,Fe(CO),, JCS Chem. Comm. 1974, 718. 

27> VR. MILLER and R. N. Grimes, Preparation of stable c/oso- and nido-cobaltaboranes from Na* BH, 
Complexes of the formal B,H,?~ and B,H,*~ ligands, J. Am. Chem. Soc. 95, 5078-80 (1973). 
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H Fe(CO); H Fe(CO); H 

aH H OH H a 

(g) Topology of [1-{ Fe(CO)3 }B4 Hs] (h) Topology of {1-{Fe(CO)3} BaHs | 
stressing aa to Bs Hy (4120) stressing relation to [Fe(CO); ] 

and [Fe(CO),(n*- -C4Hq)] 

As (BH,} is isoelectronic with {CH}, these metalloborane clusters are ee with the 
cyclobutadiene adduct [Fe(7*-C,H,)(CO),] (see structure (d) and bonding diagrams (e) and (f). 
Likewise the {Fe(CO),} group or the isoelectronic {Co(y? -C,H,)} group can replace a {BH} 
group in BH, and two descriptions of the bonding are given in the topological diagrams (g) and 
(h). Diagram (g) emphasizes the relation between [1-{Fe(CO),}B,H,] and BH, (4120): the Fe 

- atom supplies 2 electrons and 3 atomic orbitals to the cluster (as does BH), thereby enabling it to 
form 2 Fe-B o bonds and to accept a pair of electrons from adjacent B atoms to form a 3-centre 
BMB bond. (Only | of 4 equivalent hybrids is shown in (g).) In this description of the bonding the 
Fe atom is formally octahedral Fe" (d®). Alternatively, the topology in diagram (h) emphasizes the 

- relation between [1-{Fe(CO),}B,H,] and [Fe(CO)3(y*-C,H,)] or [FeCO). 1: the Fe atom 
accepts 2 pairs of electrons to form two 3-centre BMB bonds and is formally Fe° with a trigonal 
bipyramidal arrangement of bonds. - 

__ In principle it should be possible to replace more hae one {BH} group in BH, by a metal 
centre, and it is notable that the iron carbonyl cluster compound [Fe;(CO), sC] (p. 355) features 

_ the same square-pyramidal cluster in which 5 {Fe(CO),} groups have replaced the five {BH} 
_ groups in B,Ho, and the C atom (in the centre of the base) replaces the 4 bridging H atoms by | 
supplying the 4 ‘electrons required to complete the bonding. An intermediate degree of — 
subrogation is found in the dimetalla species [1,2-{Fe(CO)3},B3H7].?"? 

Many other equivalent groups can be envisaged and the formalism permits a unified approach 
~ to possible synnete routes and to porate structures ofa a wide variety of compounds, (1% 25-28) 

oY 

6.4.6 Chemistry of nido-decaborane, B,,H,, 

Decaborane is the most studied of all the polyhedral boranes and at one time (mid- 

1950s) was manufactured on a multitonne scale in the USA as a potential high-energy fuel. 

It is now obtainable in research quantities by the pyrolysis of B,H, at 100—-200°C in the 

presence of catalytic amounts of Lewis bases such as Me,O. B,.Hy,, is a colourless, 

volatile, crystalline solid (see Table 6.2, p. 186) which is insoluble in H,O but readily 
soluble in a wide range of organic solvents. Its structure (36) can be regarded as derived 

from the 11 B atom cluster B,,H,,?~ (p. 172) by replacing the unique BH group with 2 

electrons and appropriate addition of 4H,,. MO-calculations give the sequence of electron 

charge densities at the various B atoms as 2, 4>1, 3>5, 7, 8, 10>6, 9 though the total 

range of deviation from charge neutrality is less than +0.1 electron per B atom. The 

chemistry of B,j)H,, can be conveniently discussed under the headings (a) proton 

abstraction, (b) electron addition, (c) adduct formation, (d) cluster rearrangements, 

cluster expansions, and cluster degradation reactions, and (e) metalloborane and other 

heteroborane compounds. 

°7° K. J. HALLER, E. L. ANDERSEN, and T. P. FEHLNER, Crystal and molecular structure of [(CO),Fe,B3H,], a 
diiron analogue of pentaborane(9), Inorg. Chem. 20, 309-13 (1981). 

28 N. N. GREENWOOD and J. D. KENNEDY, Transition-metal derivatives of nido-boranes and some related 
species, Chap. 2 in R. N. Grimes (ed.), Metal Interactions with Boron Clusters, Plenum, New York, 1982. 
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B,oH,,4 can be titrated in aqueous/alcoholic media as a monobasic acid, pK, 2.70: 

B,oH,,+OH™ = Dts +H,O 

Proton abstraction can also be effected by other strong bases such as H_, OMe , NH, , 

etc. X-ray studies on [Et3NH]*[B,)H,3 ] establish that the ion is formed by loss of a 

bridge proton, as expected, and this results in a considerable shortening of the B(5)—B(6) 

distance from 179 pm in B,)H,, to 165 pm in B,)H,3 (structures 36, 37). Under more 

forcing conditions with NaH a second H,, can be removed to give Na,B,)H,.; the 

probable structure of B,)H,,*~ is (38) and the anion acts as a formal bidentate 

(tetrahapto) ligand to many metals (p. 201). 

= 

(39) Big H (40) By) H,,(MeCN), 

Electron addition to B,jH,, can be achieved by direct reaction with alkali metals in 

ethers, benzene, or liquid NH;: 

BioHi4+2Na———>Na,B, Hy 4 

A moreconvenient preparation of the B;)H,,”~ anion uses the reaction of aqueous BH,~ 

in alkaline solution: 

BioHi4 

4+ BH,> —(BH;} weyjie Hh za 
eS 

—> Bios BioHi4 
+H+ 

Structure (39) conforms to the predicted (2632) topology (p. 181) and shows that the 2 

added electrons have relieved the electron deficiency to the extent that the 2 B-H,-B 
groups have been converted to B—H, with the consequent appearance of 2BH, groups in 

the structure. Calculations show that this conversion of a nido- to an arachno-cluster 

reverses the sequence of electron charge density at the 2, 4 and 6, 9 positions so that for 

B,oH, 47? the sequence is 6, 9> 1, 3>5, 7, 8, 10> 2, 4; this is paralleled by changes in the 

chemistry. B,)H,47 can formally be regarded as B,yH,,L, for the special case of 
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L=H~. Compounds of intermediate stoichiometry B,)~H,3L” are formed when B,)H,,4 

is deprotonated in the presence of the ligand L: 
Et, 0/NaH = Et, O/L 

Bi oHi4——> B,oHi13, ———> [B, 0H 3L] milast aie [NMe,][B, oH, 3L] 

The adducts B,.H,,L, (structure 40) can be prepared by direct reaction of B,9H,, with 

L or by ligand replacement reactions: 

B,oHi4 + 2MeCN——> B, 9H, (MeCN), + H, 

B,oHi2L,+2L ———— B,oH,,L’,+2L 

Ligands L, L’ can be drawn from virtually the full range of inorganic and organic neutral 

and anionic ligands and, indeed, the reaction severely limits the range of donor solvents in 

which B,)H,, can be dissolved. The approximate sequence of stability is: 

SR, <RCN <AsR;<RCONMe, < P(OR); <py NEt;~ PPh, 

The stability of the phosphine adducts is notable as is the fact that thioethers readily form 

such adducts whereas ethers do not. Bis-ligand adducts of moderate stability play an 

important role in activating decaborane for several types of reaction to be considered i in 

more detail in subsequent paragraphs, e.g.: 

Substituion. BH HGISR.)) LHX 2" 3 69XB, Hak = Er GBs op 
Cluster rearrangement: arachno-B,)H,,(NEt3). —> (closo-)[NEt3H]} [B;9H10]*~ 

Cluster addition: arachno-B, )H,,(SR,), + 2RC=CR———closo-B 9H 19(CR)2 + 

2SR, +H, 

Cluster degradation: B,)H,,L,+3ROH———> B,H, 3L+ B(OR),+L+H, 

In this last reaction it is the coordinated B atom at position 9 that is solvolytically cleaved 

from the cluster. 

Electrophilic substitution of B,)H,, follows, perhaps fortuitously, the sequence of 

electron densities in the ground-state molecule. Thus halogenation in the presence of 

AICI, leads to 1- and 2-monosubstituted derivatives and to 2,4-disubstitution. Similarly, 

Friedel-Crafts alkylations with RX/AICI, (or FeCl) yield mixtures such as 2-MeB,.H,3, 

2,4- and 1,2-Me,B, H,2, 1,2,3- and 1,2,4-Me3B,,H,,, and 1,2,3,4-Me,B, )H,o. By 

contrast, nucleophilic substitution (like the adduct formation with Lewis bases) occurs 

preferentially at the 6 (9) position; e.g., LiMe produces 6-MeB, 9H, 3 as the main product 

with smaller amounts of 5-MeB,,)H, 3, 6,5(8)-Me,B,.H, 2, and 6,9-Me,B,,.H,>. 

B,gH,,4 undergoes numerous cluster-addition reactions in which B or other atoms 

become incorporated in an expanded cluster. Thus in a reaction which differs from that on 

p. 199 BH,” adds to B,oH,,4 with elimination of H, to form initially the nido-B,,H,,47 

anion (structure 41) and then the closo-B,,H,,7~ 

BigH 4 -SliBH es ee 

B,.oH,,+2LiBH, ——— L1,B,,H,.+5H, 

A more convenient high-yield synthesis of B,,H,,?~ is by the direct reaction of amine- 

boranes with B,,.H,, in the absence of solvents: 

BioH,4+2Et3;NBH, ~2°°> [NEt,H]}[B,,H,.]?- +3H, 
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(41 ) nido-B,,Hyq" (42) nido-[ Bio Hy TlMe, ] - 

(The open face comprises 

a fluxional system 

involving the three 
additional H atoms) 

(43) [Zn(ByoH,2)2]7 

Heteroatom cluster addition reactions are exemplified by the following: 

B,oHi4 + Me,NAIH, —2~-> [NMe,H]*[AIB,oHia]~ +H, 

Be bco tO hiMe yo Mes Bola klMes in 

Et,O H,O/Me,NCl 
[NMe,]>(Zn(B,oH,>)2)?~ B,oH,4+2ZnR, [B,.H,,Zn(Et,O), ] 

The structure of the highly reactive anion [AIB, )H,,]~ is thought to be similar to nido- 

B,,H,4 with one facial B atom replaced by Al. The metal alkyls react somewhat 

differently to give extremely stable metalloborane anions which can be thought of as 

complexes of the bidentate ligand B,,H,,*~ (structures 42, 43).°:?®) Many other 
complexes [M(B,.H,).]? and [L,M(B,,9H,,)] are known with similar structures 

except that, where M = Ni, Pd, Pt, the coordination about the metal is essentially square- 
planar rather than pseudo-tetrahedral as for Zn, Cd, and Hg. 

6.4.7. Chemistry of closo-B,H,? 7? 3° 

The structures of these anions have been indicated on p. 172. Preparative reactions are 
often mechanistically obscure but thermolysis under controlled conditions is the 

dominant procedure, e.g. 

NEt;/180 
5B,H, + 2NaBH, —-—> Na,B,,H,, + 13H, 

29 BE. L. MEUTTERTIES and W. H. Knot, Polyhedral Boranes, Marcel Dekker, New York, 1968, 197 pp. 
39 R. L. MippauGu, Closo-boron hydrides, Chap. 8 in ref. 7, pp. 273-300. 
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5B,H,+ 2LiAIH, ~~" > Li, B, 9H 49 (+ Li,B, 2H}, etc.) 

nCsBjH, —->Cs5B, pHip + Cs5B, 2H, + Cs, BoHs 

Higher temperatures and ether catalysts favour the larger anions but all species from 

B,H,? to B,,H,,? can be made by these methods. Many of the products are not 

degraded even when heated to 600°C. Salts of B,,H,,?~ and B,gH,,”~ are particularly 

stable and their reaction chemistry has been extensively studied. As expected from their 

charge, they are extremely stable towards nucleophiles but moderately susceptible to 

electrophilic attack. For B,j)H, 97 the apex positions 1,10 are substituted preferentially 

to the equatorial positions; reference to structure (5) shows that there are 2 geometrical 

isomers for monosubstituted derivatives B, )H)X?~,7 isomers for B, ,jH,X,7~ , and 16 for 
B,oH7X,* . Many of these isomers exist, additionally, as enantiomeric pairs. Because of 

its higher symmetry B,,H,,?~ has only 1 isomer for monosubstituted species 

B,»H,,X*~, 3 for B,,H,)X,7~ (sometimes referred to as ortho-, meta-, and para-), and 5 

for B, Ho Xe" 4 
Oxidation of closo-B,)H, ?~ with aqueous solutions of Fe" or Ce'Y (or electro- 

chemically) yields conjuncto-B,)H,,? (44) which can be photoisomerized to neo- 
B,oH, 7 (45). If the oxidation is carried out at 0° with Cel’, or in a two-phase system 
with Fe" using very concentrated solutions of B,yH,97 , the intermediate H-bridged 
species B,9H,,° (46) can be isolated. Reduction of conjuncto-B,yH,,?~ with Na/NH, 

yields the equatorial-equatorial (ee) isomer of conjuncto-B,)H,,*~ (47), and this can be 

successively converted by acid catalyst to the ae isomer (49) and, finally, to the aa isomer 

(48). An extensive derivative chemistry of these various species has been developed. 
Another important (though mechanistically obscure) reaction of conjuncto-B,,H,,7~ is 

its degradation in high yield to n-B, ,H,, by passage of an enthanolic solution through an 

acidic ion exchange resin; i-B,,H,, is also formed as a minor product. The relation of 

these 2 edge-fused decaborane clusters to the B,, species is illustrated in structures (31) 

and (32) (p. 177). 

6.5 Carboranes": !>:3!—34) 

Carboranes burst onto the chemical scene in 1962-3 when classified work that had been 

done in the late 1950s was cleared for publication. The succeeding 25 y has seen a 

tremendous burgeoning of activity, and few other areas of chemistry have undergone such 

spectacular development during this period. Much of the work has been carried out in the 

USA and the USSR but significant contributions have also come from Czechoslovakia 

and the UK. Carboranes and their related derivatives the metallocarboranes (p. 209) are 

now seen to occupy a strategic position in the chemistry of the elements since they overlap 

and give coherence to several other large areas including the chemistry of polyhedral 

boranes, transition-metal complexes, metal-cluster compounds, and organometallic 

chemistry. The field has become so vast that it is only possible to give a few illustrative 

3! R. N. Grimes, Carboranes, Academic Press, New York, 1970, 272 pp. 
32-H. BEALL, Icosahedral carboranes, Chap. 9 in ref. 7, pp. 302-47. 
33-T. OnaK, Carboranes, Chap. 10 in ref. 7, pp. 349-82. 
34R. E. WILLiams, Coordination number-pattern recognition theory of carborane structures, Adv. Inorg. 

Chem. Radiochem. 18, 67-142 (1976). 
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(46) Most stable isomer 

(ae) of By 9H, 4? 

4— 

(47) (48) (49) 

Structures of the 3 isomers of conjuncto - Bz 9H, 3* 

examples of the many thousands of known compounds, and to indicate the general 

structural unit a number of C and B atoms arranged on the vertices of a triangulated 

ordinary substances. 

Carboranes (or more correctly carbaboranes) are compounds having as the basic 

structural unit a number of C and B atoms arranged on the vertices of a triangulated 

polyhedron. Their structures are closely related to those of the isoelectronic boranes 

(p. 185) [BH=B”- =C; BH, =BH =B.L=CH]. For example, nido-B;H,9 (struc- 
tures 10, 50) provides the basic cluster structure for the 4 carboranes CB,H, (51), C,B,H, 
(52), C;B3H, (53), and C,B,H, (54), each successive replacement of a basal B atom by C 

being compensated by the removal of one H,. Carboranes have the general formula 

[(CH),(BH),,H, |‘ with a CH units and m BH units at the polyhedral vertices, plus b 

“extra” H atoms which are either bridging (H,,) or endo (i.e. tangential to the surface of the 

polyhedron as distinct from the axial H, atoms specified in the CH and BH groups; H,,4, 
occur in BH, groups which are thus more precisely specified as BH,H,,4,). It follows that 

the number of electrons available for skeletal bonding is 3e from each CH unit, 2e from 

each BH unit, le from each H, or H,,.4,, and ce from the anionic charge. Hence: 

total number of skeletal bonding electron pairs=4(3a+2m+b+c)=n+4(a+b+c), 
where n(=a-+m) is the number of occupied vertices of the polyhedron. 

CTE-H* 
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(SO) Be Hyo (51) CB;Ho (52) C,BaHg . 

nido-hexaborane(10) 2-carba-nido-hexaborane(9) 2 .3-dicarba-nido-hexaborane(8) 

(53) C3B3H, (54) C,B,H, 
2,3,4-tricarba-nido-hexaborane(7) 2,3,4,5-tetracarba-ido-hexaborane(6) 

closo-structures have (n+ 1) pairs of skeletal bonding electrons (i.e. a+b+c=2). 

nido-structures have (n+2) pairs of skeletal bonding electrons (i.e. a+b+c=4). 

arachno-structures have (n+ 3) pairs of skeletal bonding electrons (i.e. a+b+c=6). 

If a=0 the compound is a borane or borane anion rather than a carborane. If b=0 there 

are no H, or H,,g9; this is the case for all closo-carboranes except for the unique octahedral 

monocarbaborane, 1-CB;H,, which has a triply bridging H,, over one B, face of the 

octahedron. If c=0 the compound 1s a neutral carborane molecule rather than an anion. 

Nomenclature follows the well-established oxa—aza convention of organic chemistry. 

Numbering begins with the apex atom of lowest coordination and successive rings or belts 

of polyhedral vertex atoms are numbered in a clockwise direction with C atoms being 

given the lowest possible numbers within these rules.t 

Closo-carboranes are the most numerous and the most stable of the carboranes. They 

are colourless volatile liquids or solids (depending on mol wt.) and are readily prepared 
from an alkyne and a borane by pyrolysis, or by reaction in a silent electric discharge. This 

route, which generally gives_mixtures, is particularly useful for small closo-carboranes 

(n= 5-7) and for some intermediate closo-carboranes (n= 8-11), e.g. 

+ As frequently happens in a rapidly developing field, nomenclature and numbering for the carboranes 
gradually evolved to cope with increasing complexity. Consequently, many systems have been used, often by the 
same author in successive years, and the only safe procedure is to draw a labelled diagram and convert to the 
preferred numbering system. 
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nido-B sHy —** > closo- 1,5-C,B3H, + closo-1,6-C,B,H, + closo-2,4-C,B;H, 
(55) ; (56) (57) (58) 

Geo y & 
(55) (56) (58) (59) 

nido-B5H, closo-1,5-C,B3H, closo- e es, closo-2,4-C, B;H, nido-2,3-C,B,H, 

Milder conditions provide a route to nido-carboranes, e.g.: 

nido-BsH 2 + nido-2,3-C,B,H, (59) 

Pyrolysis of nido- or arachno-carboranes or their reaction in a silent electric discharge also 

leads to closo-species either by loss of H, or disproportionation: 

C,B,H 44 C,B,H,42+H). 

2C,B,,H,.4———> CB, - pal begeee +C,B,+ yg 2H 

For example, pyrolysis of the previously mentioned nido-2,3-C,B,Hg gives the 3 closo- 

species shown above, whereas under the milder conditions of photolytic closure the less- 

stable isomer closo-1,2-C,B,H, is obtained. Pyrolysis of alkyl boranes at 500-600° is a 

related route which is particularly useful to monocarbaboranes though the yields are often 

low, €.g.: 

1,2-Me,-nido-B,;H;-——~> 

(60) 
closo-1,5-C,B3H, + closo-1-CB;H, + nido-2-CB,H., + 3-Me-nido-2-CB H, 

(56) (61) (62) (63) 

Me 

‘2 
Me 

OY 

Ny Me 

(60) (61) (62) (63) 
1,2-Me,-nido-B,H, closo-1-CB;H, nido-2-CB;H5 3-Me-nido-2CB,H, 

Cluster expansion reactions with diborane provide an alternative route to intermediate 

closo-boranes, €.g.: 

closo-1,7-C,B,Hg +4B,H,¢ closo-1,6-C,B,H, +H, 

closo-1,6-C,B5H»5 ar 4B,H, >closo-1,6-C,BgH,o ol H, 
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Finally, cluster degradation reactions lead to more open structures, e.g.: 

closo-1,6-C,B,H a. arachno-1,3-C,B;H,,~ + B(OH), 
(64) : (65) 

nido-1,7-C,B 5H, ~ ome" arachno-1,3-C,B,H, 3+ 2B(OH), + 5H* 
+6H2,0-6e-— 

(66) (67) 

(64) closo-1,6-C, Bs Ho 

(65) arachno-1,3-C,B7H,,_ (66) nido-1,7-C,B)H,2 (67) arachno-1 ,3-C,B,H,3 

In general nido- (and arachno-) carboranes are less stable thermally than are the 

corresponding closo-compounds and they are less stable to aerial oxidation and other 

reactions, due to their more open structure and the presence of labile H atoms in the open 

face. Most closo-carboranes are stable to at least 400° though they may undergo 

rearrangement to more stable isomers in which the distance between the C atoms is 

increased. Some other structural and bonding generalizations are summarized in the 

Panel. 

The three isomeric icosahedral carboranes (68-70) are unique both in their ease of 

preparation and their great stability in air, and consequently their chemistry has been the 

most fully studied. The 1,2-isomer in particular has been available for over a decade on the 

multikilogram scale. It is best prepared in bulk by the direct reaction of ethyne (acetylene) 

with decaborane in the presence of a Lewis base, preferably Et,S: 

nido-B, 9H, 4+2SEt, ———> BioH,3(SEt,), sr H, 

B,9H,2(SEt,), +C,H, —— closo-1,2-C,B,)H,> + 2SEt, fe H, 
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Some Furt er Graal Concer! ng Carboranes 

. Carbon tends to adopt e position of lowest coordination nek on the ESlylostor and to 
keep as far oe C atoms as possible (i.e. the r . pete isomer has the greatest number 

- . Boron-boron distances in the cluster increase one increasing  eseniinatcn nomber (as 
-coordinate BD fom 6-coordinate Bivpm | 

. Carbon is somewhat caller than Band in atomic distances involving Care correspondingly 
shorter (see oo oe ] — 

Distance/pm . 5 

BA = 160 ap 
"Increase. i BC M52 12, 

e cc 145 —-tis«465 
pee naeenerceete ya ook 

Increase 

4. Negative electronic charge on B is computed to decrease in the sequence: 
___B (not bonded to C)>B (bonded to 1C)>B (bonded to 2C) - 

__ Within each group the B with lower pocrdiato® ceo hasa greater negative charge than 
those with higher coordination. 

CH groups tend to be more positive shace BH groups oe the same coordination number 
(despite the higher electronegativity of C). This presumably arises because each Ccontributes 
3e for bonding within the cluster whereas each B contributes only 2e. 

6. In nido- and arachno-carboranes H,, is more acidic than H, and. is ie one Boe, on 
Poprcan ice e ae _ 

< 

(68) ortho-carborane, (69) meta-carborane, (70) para-carborane, : 

1,2-C,B,9H,. (mp 320°C) 1,7-C,B oH; (mp 265°C) 1,12-C,ByoHy2 (mp 261°C) 

The 1,7-isomer is obtained in 90% yield by heating the 1,2-isomer in the gas phase at 

470°C for several hours (or in quantitative yield by flash pyrolysis at 600° for 30 s). The 

1,12-isomer is most efficiently prepared (20% yield) by heating the 1,7-isomer for a few 

seconds at 700°C. The mechanism of these isomerizations has been the subject of 

considerable speculation but definitive experiments are hard to devise. The “dia- 

mond-square-diamond” mechanism has been proposed (Fig. 6.20) for the 1,2—1,7 



Fic. 6.20 The interconversion of 1,2- and 1,7-disubstituted icosahedral species via a 

cubooctahedral intermediate. 

isomerization, but the 1,12 isomer cannot be generated by this mechanism. Moreover, the 

activation energy required to pass through the cubo—octahedral transition state is likely to 

be rather high. An alternative proposal, which can lead to both the 1,7 and the 1,12 

isomers, is the successive concerted rotation of the 3 atoms on a triangular face as shown in 

Fig. 6.21a. Yet a third possible mechanism that has been envisaged involves the concerted 
basal twisting of two parallel pentagonal pyramids comprising the icosahedron (Fig. 

6.21b). It is conceivable that the various mechanisms operate in different temperature 

ranges or that two (or all three) mechanisms are active simultaneously. 

(a) (b) 

Fic. 6.21 (a). Fic. 6.21(b). 

An extensive derivative chemistry of the icosahedral carboranes has been developed, 

especially for 1,2-C,B, )H, . Terminal H atoms attached to B undergo facile electrophilic 

substitution and the sequence of reactivity follows the sequence of negative charge density 
on the BH, group:°? 

closo-1,2-CB, oH j 5: ..(8, JO zoe 2 ls, 5.7, LL 3, 6 

closo-1,7-C,B,oH;,: 9, 10>4, 6, 8, 11>5, 12>2,3 

35D. A. Dixon, D. A. Kier, T. A. HALGREN, J. H. HALL, and W. N. Lipscoms, Localized orbitals for 

polyatomic molecules. 5. The c/oso-boron hydrides B,H,,?~ and carboranes C,B,,_ H,, J. Am. Chem. Soc. 99, 
6226-37 (1977). 
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Similar reactions occur for other closo-carboranes, ¢.g.: 

Br2/AICI, 
6-C Behe > 8: Br-1,6-C3B,H; HBr 

11GB, Aig SS 1) 10(CH) 5B, Cle PSI 

It is noteworthy that, despite the greater electronegativity of C, the CH group tends to be 

more positive than the BH groups and does not normally react under these conditions. 

The weakly acidic CH, group can be deprotonated by strong nucleophiles such as LiBu 

or RMgxX; the resulting metallated carboranes LICCHB,,.H,, and (LiC),B,)H,, can then 

be used to prepare a full range of C-substituted derivatives —R, —X, —SiMe,, —COOH, 

—COCI, —CONHR, etc. The possibility of synthesizing extensive covalent C—C or 

siloxane networks with pendant carborane clusters is obvious and the excellent thermal 

stability of such polymers has already been exploited in several industrial applications. 

Although closo-carboranes are stable to high temperatures and to most common 

reagents, M. F. Hawthorne showed (1964) that they can be specifically degraded to nido- 

carborane anions by the reaction of strong bases in the presence of protonic solvents, e.g.: 

1,2-C,B,.H,,+EtO™ +2EtOH —“ > 7,8-C,B,H,,~ + B(OEt),; +H, 

1,7-C, Bi gHi54 EtO. + 2EtOH 7o-< 3B He - BIOEt), +H, 

Figure 6.22 indicates that, in both cases, the BH vertex removed is the one adjacent to the 2 

CH vertices: since the C atoms tend to remove electronic charge preferentially from 

contiguous B atoms, the reaction can be described as a nucleophilic attack by EtO™ onthe 

most positive (most electron deficient) B atom in the cluster. Deprotonation of the 

monoanions by NaH removes the bridge proton to give the nido-dianions 7,8-C, BH, ;*~ 

(73) and 7,9-C,B)H,,? (74). It was the perceptive recognition that the open pentagonal 

faces of these dianions were structurally and electronically equivalent to be the 

pentahapto cyclopentadienide anion (y°-C;H,) (Fig. 6.23) that led to the discovery of 

the metallocarboranes and the development of some of the most intriguing and far- 
reaching reactions of the carboranes. These are considered in the next section. 

6.6 Metallocarboranes'': !>: 28: 36+!) 

There are six major synthetic routes to metallocarboranes: (1) coordination using nido- 

carborane anions as ligands, (ii) polyhedral expansion, (111) polyhedral contraction, (iv) 

polyhedral subrogation, (v) thermal metal transfer, and (vi) direct oxidative insertion of 

3©R.N. Grimes, Recent studies on metalloboron cage compounds derived from the small carboranes, 

Second International Meeting on Boron Chemistry, Leeds, 1974, Pure Appl. Chem. 39, 455-74 (1974). 
37K. P. CALLAHAN and M. F. HAwTHOoRNE, New chemistry of metallocarboranes and metalloboranes, 

Second International Meeting on Boron Chemistry, Leeds, 1974, Pure Appl. Chem. 39, 475-95 (1974). 
38 G. B. Dunks and M. F. HawTHorRNE, Closo-heteroboranes exclusive of carboranes, Chap. 11 in ref. 7, 

pp. 383-430. 
39 KP. CALLAHAN and M. F. HAWTHORNE, Ten years of metallocarboranes, Adv. Organometallic Chem. 14, 

145-86 (1976). 

40 RN. Grimes, Reactions of metallocarboranes, Chap. 2 in E. BECHER and M. Tsutsut (eds.), 
Organometallic Reactions and Syntheses 6, 63-221 (1977). 

41 FG. A. Stone, Synthetic applications of d'° metal complexes, J. Organometallic Chem. 100, 257-71 
(1975). 



73) nido-7,8-C, 

Boron 

(71) nido-7,8-C,ByH,,- 

closo-1,7-C,B49H2(69) (72) nido-7,9-C, ByH,. 

Fic. 6.22. Degradation of closo-carboranes to the corresponding debor-nido-carborane anions. 

 _ .. os oo : 

Boldsive (n> -C;H,)~ (74) nido-7,9-C, By Hy, 

Fic. 6.23 Relation between C,ByH,,? and C;H, . In this formalism the closo-carboranes 
C,B, H,, are considered as a coordination complex between the pentahapto 6-electron donor 
C,B,H,,? and the acceptor BH** (which has 3 vacant orbitals). The closo-structure can be 
regained by capping the open pentagonal face with an equivalent metal acceptor that has 3 vacant 

orbitals. 

oS Aw 
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— the metal centre. All except the last were devised by M. F. Hawthorne and his group in the 

period 1965-74 and have since been extensively exploited by several groups. 
(i) Coordination using nido-carborane anions as ligands (1965). Reaction of C,ByH, ;7~ 

with FeCl, in tetrahydrofuran (thf) with rigorous exclusion of moisture and air gives the 

pink, diamagnetic bis-sandwich-type complex of Fe(II) (structure 75) which can be 
reversibly oxidized to the corresponding red Fe(III) complex: 

2C,BoH,,?~ +Fe?* —™ > [Fel(®-C,ByH, 27> == [Fel"(95-C, Bo 1)2]7 
(75) 

(75) 

When the reaction is carried out in the presence of NaC;H, the purple mixed sandwich 

complex (76) is obtained: 

C,B H,,7 +CsH;” +Fe** a [Fe'"(n°-C5H5) (q°-C,BoH,,)] 

(76) 

The reaction is general and has been applied to many transition metals. Variants use metal 

carbonyls and other complexes to supply the capping unit, e.g. 

C,BoH,,2~ +Mo(CO), —“ > [Mo(CO),(75-C,B H,,)]?~ +3CO 

(ii) Polyhedral expansion (1970). This entails the 2-electron reduction of a closo- 

carborane with a strong reducing agent such as sodium naphthalide in thf followed by 

reaction with a transition-metal reagent: 
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= (76) 

4Na/C;9Hg 

2[closo-C,B,- Hy] 2[nido-C)B,_,H,]?- “+ [M(C,B, _7H,},]""?* 
thf 

The reaction, which is quite general for closo-carboranes, involves the reductive opening 

of an n-vertex closo-cluster followed by metal insertion to give an (n+ 1)-vertex closo- 

cluster. Numerous variants are possible including the insertion of a second metal centre 

into an existing metallocarborane, e.g.: 

2e-/tht gee tht 5 : 
ed closo-1,7-C, BH, Sc. eee [Co(C;H;)(C,B,Hg)] Car ca 

[{Co(C;H)}>(C,B.Hs)] 

The structure of the bimetallic 10-vertex cluster was shown by X-ray diffraction to be (77). 

When the icosahedral carborane 1,2-C,B,)H,, was used, the reaction led to the first 

(77) 

ive 
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“supraicosahedral metallocarboranes with 13- and 14-vertex polyhedral structures 
(79)—(82). Facile isomerism of the 13-vertex monometallodicarbaboranes was observed as 
indicated in the subjoined scheme: 

(81) Red-orange isome: (78) C,BioHi2 9) Red isomer 

3 
Colic He 

@ CH [O] 

O BH 

(iii) Polyhedral contraction (1972). This involves the clean removal of one BH group 

from a closo-metallocarborane by nucleophilic base degradation, followed by oxidative 

closure of the resulting nido-metallocarborane complex to a closo-species with one vertex 

less than the original, e.g.: 

[3-{Co(n5-CsH)}(1,2-CoBoH 1 1)] 3 y52 C1-{Coln’-CsHs)} (2,4-C,BsH 10)] 
(83) (84) 

Polyhedral contraction is not so general a method of preparing metallocarboranes as is 

polyhedral expansion since some metallocarboranes degrade completely under these 
conditions. 

(iv) Polyhedral subrogation (1973). Replacement of a BH vertex by a metal vertex 

without changing the number of vertices in the cluster is termed polyhedral subrogation. It 

is an offshoot of the polyhedral contraction route in that degradative removal of the BH 

unit is followed by reaction with a transition metal ion rather than with an oxidizing agent, 

ef. 

(1) OH- 

(2) Coll, CoH ~ [Co(4°-C5Hs)(C2B, oH: 2)] [{Co(q°?-C5H;)',(C,B H, dd 
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Waker: 

PEO, 

(83) (84) 

The method is clearly of potential use in preparing mixed metal clusters, e.g. (Co + Ni) or 

(Co+Fe), and can be extended to prepare more complicated cluster arrays as depicted 

below, the subrogated B atom being indicated as a broken circle. 

(v) Thermal metal transfer (1974). This method is less general and often less specific than 

the coordination of nido-anions or polyhedral expansion; it involves the pyrolysis of pre- 

existing metallocarboranes and consequent cluster expansion or disproportionation 

similar to that of the closo-carboranes themselves (p. 205). Mixtures of products are 

usually obtained, e.g.: 
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525° (vapour) 

or 235°/7hr (hexadecane) 

(87) 1-C, H, -1-Co-2,3-C,BgHio 

(88) (C5;H;)2 Coz C, Bg Hj 

(+ 5 other isomers) 

Fe _ 525° (hot tube) 
[(C,H;)2Co] [(2,3-C,BgHj9)2Co] ae (C;H;),Co;€, BgHj9 

or 270° hexadecane 

A related technique (R. N. Grimes, 1973) is direct metal insertion by gas-phase reactions at 

elevated temperatures; typical reactions are shown in the scheme (p. 216). The reaction 

with [Co(y°-C;H,;)(CO),] also gave the 7-vertex closo-bimetallocarborane (94) which 

can be considered as a rare example of a triple-decker sandwich compound; another 

isomer (95) can be made by base degradation of [ {Co(y°-C;H5)}(CB,H.)] followed by 

deprotonation and subrogation with a second {Co(y°-C;H;)} unit.°® It will be noted 
that the central planar formal C;B,H.*~ unit is isoelectronic with C,H, . 

(vi) Direct oxidative insertion of a metal centre (F. G. A. Stone et al., 1972) 

Nucleophilic zero-valent derivatives of Ni, Pd, and Pt insert directly into closo-carborane 

clusters in a concerted process which involves a net transfer of electrons from the metal to 

the cage: 

(41) 

M°L,. ,,+C,B,H,+2 [M"L,(C,B,H,42)] + yL, 

where L=PR3, C,H,,>, RNC, etc. A typical reaction is 

rol 
Pt(PEt,)3 + 2,3-Me,-2,3-C,B oH, = [1-{Pt(PEt;),}-2,4-(MeC),B oHo]+ PEt; 

Many novel cluster compounds have now been prepared in this way, including mixed 

metal clusters, and the structures sometimes have unexpectedly more open configurations 

than simple electron-counting rules would predict.” 
The electron-counting rules outlined for boranes (p. 185) and carboranes (pp. 203-4) 

can readily be extended to the metallocarboranes (see Panel). For bis-complexes of 1,2- 

C,B, 9H,,7~ which can be regarded as 6-electron penta-hapto ligand, it has been found 

that “electron-sufficient” (18-electron) systems such as those involving d® metal centres 

(e.g. Fe", Co!" or Ni'Y) have symmetrical structures with the metal atom equidistant from 
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Electron-counting Rules for Metallocarboranes and Other Heteroboranes 

As indicated on pp. [82 and 198 each framework atom (except H) uses 3 atomic orbitals (AOs) in 

cluster bonding. For B, C, and other first-row elements this leaves one remaining AO to bond 
exopolyhedrally to —H,, —X, —R, etc. In contrast, transition elements have a total of 9 valence 
AOs (five d, one s, three p). Hence, after contributing 3 AOs to the cluster, they have 6 remaining 
AOs which can be used for bonding to external ligands and for storage of nonbonding electrons. In 
closo-clusters the (n + 1) MOs require (2n + 2) electrons from the B, C, and M vertex atoms. In its 
simplest form the electron counting scheme invokes only the total number of framework MOs and 
electrons, and requires no assumptions as to orbital hybridization or formal oxidation state. For 

example, the neutral moiety {Fe(CO),} has 8 Fe electrons and 9 Fe AOs: since 3 AOs are 
‘involved in bonding to 3 CO and 3 AOs are used in cluster bonding, there remain 3 AOs which 
can accommodate 6 (nonbonding) Fe electrons, leaving 2 Fe electrons to be used in cluster 
bonding. Neutral {Fe(CO),} is thus precisely equivalent to {BH}, as distinct from {CH}, which 
provides 3 electrons for the cluster. Other groups such as {Co(y°-C;H,)' and {Ni(CO),! are 
clearly equivalent to {Fe(CO),}. 

An alternative scheme that is qualitatively equivalent is.to assign formal oxidation states to the 

metal moiety and to consider the bonding as coordination from a carborane ligand, e.g. 
{Fe(CO),'?* 9°-bonded to acyclocarborane ring as in {C, BH, ,'*. This is acceptable when the 
anionic ligand is well characterized as an independent entity, as in the case just cited, but for most 
metallocarboranes the “ligands” are not known as free species and the presumed anionic charge 
and metal oxidation state become somewhat arbitrary. It is therefore recommended that the 
metalloborane cluster be treated as a single covalently bonded structure with no artificial 
separation between the metal and the rest of the cluster; electron counting can then be done 
unambiguously on the basis of neutral atoms and attached groups. 

To the structural generalizations on carboranes (p. 207) can be added the rule that, in 
metallocarboranes, the M atom tends to adopt a vertex with high coordination number; M 
occupancy of a low CN vertex is not precluded, particularly in kinetically controlled syntheses, but 
isomerization to more stable configurations usually results in the migration of M to high CN 
vertices. 

Other main-group atoms besides C can occur in heteroborane clusters and the electron- 
counting rules can readily be extended to them."'*) Thus. whereas each {BH} contributes 2 e and 
‘CH! contributes 3 e to the cluster, so {NH} or {PH} contributes 4 e, {SH} contributes 5 e, {S} 
contributes 4 e, etc. For example, the following 10-vertex thiaboranes (and their isoelectronic 
equivalents) are known: closo-1-SBoH» (B;oH197 _), nido-6-SByH,, (B,oH,3~ ), and arachno-6- 
SBoH,,° (B,oH,,7 _). Similarly, the structures of 12-, 11-, and 9-vertex thiaboranes parallel those 
of boranes and carbaboranes with the same skeletal electron count, the S atom in each case 
contributing 4 electrons to the framework plus an exo-polyhedral lone-pair. 

the 2 C and 3 B atoms in the pentagonal face. The same is true for “electron-deficient” 

systems such as those involving d? Ti" (14-electron), d> Cr" (15-electron), etc., though 

here the metal-cluster bonds are somewhat longer. With “electron excess” complexes such 

as [Ni"(C,B,)H,,)2]?~ and the corresponding complexes of Pd", Cul, and Au" (20 
electrons), so-called “slipped-sandwich” structures (96) are observed in which the metal 

atom is significantly closer to the 3 B atoms than to the 2 C atoms. This has been thought 

by some to indicate z-allylic bonding to the 3 B but is more likely to arise from an 

occupation of orbitals that are antibonding with respect to both the metal and the cluster 

thereby leading to an opening of the 12-vertex closo-structure to a pseudo-nido structure 

in which the 12 atoms of the cluster occupy 12 vertices of a 13-vertex polyhedron.@!* A 
similar type of distortion accompanies the use of metal centres with increasing numbers of 

419 ED) M. P. Mincos, M. I. ForsytH, and A. J. WELCH, X-ray crystallographic and theoretical studies on 
“slipped” metallocarboranes, JCS Chem. Comm. 1977, 605-7. See also G. K. BARKER, M. GREEN, F. G. A. 

Stone, and A. J. WELCH, JCS Dalton 1980, 1186-99; D. M. P. Mincos and A. J. WELCH, ibid. 1674-81. 
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electron-pairs on the metal and it seems that these electrons may also, at least in part, 

contribute to the framework electron count with consequent cluster opening.“*) Thus, 

progressive opening of the cluster is noted for complexes of 1,2-C,B)H,,?~ with Re! (d°), 
Au!" (d8), Hg" (d!°), and TI! (d!°s?) as shown in structures (97)-(100). Thus the Re! (d°) 

(97)is asymmetrically bonded 12-vertex cluster with Re—B 234 pm and Re—C 231 pm. The 

Au" (d®) complex (98) has the metal appreciably closer to the 3 Batoms (221 pm) than to 
the 2 C atoms (278 pm). With the Hg" (d'°) complex (99) this distortion is even more 
pronounced and the metal is pseudo-o-bonded to | B atom at 220 pm; there is some 

additional though weak interaction with the other 2 B (252 pm) but the two Hg:---C 

distances (290 pm) are essentially nonbonding. Finally, the Tl' (d‘°s*) complex (100), 

Bi 

(96) [Cu(C,ByHy,),)?~ 

NEt, 
| 
C 

SoS 

(97) [3-{Re!(CO)3} (98) [3-{Au™(S,CNEt,)} (99) [3-{Hg"(PPh3)} (100) [3-TI-1,2-C,ByHy, ]- 
-1,2-C,ByHy,)7 -1,2-C,ByHj; J -1,2-C,BoHi; 

*? H. M. CoLquHoun, T. J. GREENHOUGH, and M. G. H. WALLBRIDGE, Progressive cage-opening in d°, d®, 
and d'°s* metallocarbaboranes: crystal and molecular structures of [3-/Hg(PPh,)}-1,2-C,B,H,,] and 
[PMePh,] *(3-TI-1,2-C,B,H, ,], JCS Chem. Comm. 1977, 737-8; see also H. M. CoLquHoun, T. J. 
GREENHOUGH, and M. G. H. WALLBRIDGE, JCS Chem. Comm. 1976, 1019-20; 1977, 737-8; JCS Dalton 1979, 
619-28; JCS Chem. Comm. 1980, 192-4; G. K. BARKER, M. GREEN, F. G. A. Stone, A. J. WELCH, and W. C. 
Wo sey, JCS Chem. Comm. 1980, 627-9. 
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- whilst having the Tl atom more symmetrically located above the open face, has Tl-cluster 

distances that exceed considerably the expected covalent Tl'—B distance of ~ 236 pm; the 

shortest Tl B distance is 266 pm and there are two other TI-B at 274 pm and two TI-C at 

292 pm: the species can thus be regarded formally as being closer to an ion pair 

ftL(C,B5H 1) 4. 
In general, metallocarboranes are much less reactive (more stable) than the 

corresponding metallocenes and they tend to stabilize higher oxidation states of the later 

transition metals, e.g. [Cu"(1,2-C,ByH,,).]?~ and [Cu!(1,2-C,B,H,,),]~ are known 
whereas cuprocene [Cu'(y°-C;H.),] is not. Likewise, Fe" and Ni! carborane deriva- 
tives are extremely stable. Conversely, metallocarboranes tend to stabilize lower oxidation 

states of early transition elements and complexes are well established for Ti", Zr", Hf", V", 
Cr", and Mn": these do not react with H,, N,, CO, or PPh, as do cyclopentadieny| 
derivatives of these elements. 

Ferrocene can be protonated with strong acids to yield the cationic species [Fe(n°- 

C;H,;),H]”, in which the proton is associated with the Fe atom; the carborane analogue 

[Fe"(n°-1,2-C,B )H,,),H]~ can be prepared similarly, using HCl or HCIO, and the 
protonated species is unique in promoting substitution at polyhedral B atoms in good 

yields, e.g. with weak Lewis bases such as dialkyl sulfides: 

[Fel(7?-1,2-C,B,H,,),H]- +SR,———> 

[Fe"(y°-1,2-C,BoH,,)(n°-1,2-C,BoH 1 SR,)] +H, 

Bromination of the corresponding Co'' complex in glacial acetic acid gives the 
hexabromo derivative [Co!"(y°-8,9,12-Br3-1,2-C,B,H,),] (structure 101) in which 
electrophilic substitution has occurred on the triangular face furthest removed from the 

two C-atoms, i.e. at the three B atoms that are expected to have the greatest electron 

density. Again, acid catalysed reaction of K[Co(n°-1,2-C,B H,,)] with CS, in the 

presence of HCI/AICI, gives the novel neutral compound [Co(7°-1,2-C, BoH 19), (8,8'- 

S,CH)] (structure 102) in which the 8,8’-B atoms on the two icosahedra have been 

(102) [Co(n’ -1,2-C, By Ho), (8,8'-S;CH)] 

(101) [Co(n$ -8,9,12-Br3-1,2-C,ByHg)2 ]” 
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substituted by S and the polyhedra are linked by an S,CH* bridge in a zwitterionic 

structure. 
The chemistry of metallocarboranes of all cluster sizes is still rapidly developing and 

further unusual reactions are to be expected. 

6.7. Boron Halides 

Boron forms numerous binary halides of which the monomeric trihalides BX, are the 

most stable and most extensively studied. They can be regarded as the first members of a 

homologous series B,H,,, >. The second members B,X, are also known for all 4 halogens 

but only F forms more highly catenated species containing BX, groups: B3F, B,F,.L, 

BsF,, (p. 227). Chlorine forms a series of neutral closo-polyhedral compounds B,Cl,, 

(n=4, 8-12) and several similar compounds are known for Br (n=7-10)and I (e.g. Bol). 

There are also numerous involatile subhalides, particularly of Br and I, but these are of 

uncertain stoichiometry and undetermined structure. 

6.7.1 Boron trihalides 

The boron trihalides are volatile, highly reactive, monomeric molecular compounds 

which show no detectable tendency to dimerize (except perhaps in Kr matrix-isolation 

experiments at 20K).¢ In this they resemble organoboranes, BR3, but differ sharply from 

diborane, B,H,, and the aluminium halides, Al,X,, and alkyls, Al,R, (p. 289). Some 

physical properties are listed in Table 6.3; mps and volatilities parallel those of the parent 

TABLE 6.3 Some physical properties of boron trihalides 

Property BF, BCI, BBr, BI, 

MP/°C — 127.1 —107 —46 49.9 
BP/°C —99.9 12.5 O13 210 
r(B-X/pm 130 175 187 210 
AH? (298 K)/kJ mol! (gas) = 1123 — 408 — 208 ty 
E(B-X)/kJ mol! 646 444 368 267 

halogens, BF; and BCI, being gases at room temperature, BBr, a volatile liquid, and BI, a 

solid. All four compounds have trigonal planar molecules of D3, symmetry with angle 

X—B-X 120° (Fig. 6.24a). The interatomic distances B—X are substantially less than those 

expected for single bonds and this has been interpreted in terms of appreciable p,—p, 

interaction (Fig. 6.24b). However, there is disagreement as to whether the extent of this z 

bonding increases or diminishes with increasing atomic number of the halogen; this 

+ A very recent crystal structure determination of BF, at —131°C has indicated the presence of weak 
intermolecular interactions which result in a three-dimensional network :‘**) each B has trigonal bipyramidal 
symmetry, being closely bonded in the trigonal plane to 3 F at 129 pm, and more weakly associated with two 
axial fluorine atoms from neighbouring BF; molecules at 270 pm. 

43 D. Mootz and M. STEFFEN, Boron trifluoride: crystal structure of a metastable phase, Angew. Chem. Int. 
Edn. (Engl.), 19, 483-4 (1980). 
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Fic.6.24 Schematic indication of the p,—p, interaction between the “vacant” p-. orbital on B and 
the 3 filled p. orbitals on the 3 X atoms leading to a bonding MO of x symmetry about the plane of 

the molecule. 

probably reflects the differing criteria used (extent of orbital overlap, percentage z-bond 
character, amount of z-charge transfer from X to B, z-bond energy, or reorganization 

energy in going from planar BX, to tetrahedral LBX;, etc.).¢* For example, it is quite 

possible for the extent of 2-charge transfer from X to B to increase in the sequence 

F<Cl<Br<I but for the actual magnitude of the z-bond energy to be in the reverse 

sequence BF, > BCl, > BBr, > BI, because of the much greater bond energy of the lighter 

homologues. Indeed, the mean B-F bond energy in BF; is 646 kJ mol 7, which makes it 

the strongest known “single” bond; if x % of this were due to z bonding, then even if 2.4x % 

of the B—-I bond energy were due to z bonding, the z-bond energy in BI; would be less than 

that in BF, in absolute magnitude. The point is one of some importance since the 

chemistry of the trihalides is dominated by interactions involving this orbital. 

BF, is used extensively as a catalyst in various industrial processes (p. 224) and can be 

prepared on a large scale by the fluorination of boric oxide or borates with fluorspar and 

concentrated H,SO,: 

6CaF, +Na,B,0,+8H,SO, 2NaHSO, +6CaSO,+7H,O+4BF; 

Better yields are obtained in the more modern two-stage process: 

+ 2H)SO,4 
Na,B,O,+ 12HF ——-2-> [Na,O(BF;),] —_- > 2NaHSO,, + H,O +4BF, 

On the laboratory scale, pure BF; is best made by thermal decomposition of a diazonium 

tetrafluoroborate (e.g. PhN,BF,— PhF + N,+BF;). BCI; and BBr, are prepared on an 

_ industrial scale by direct halogenation of the oxide in the presence of C, e.g.: 

500 C BO, 3C PoC = == 6CO SOBC. 

44 Some key references will be found in D. R. ARMSTRONG and P. G. PERKINS, The ground-state properties of 
the Group III trihalides, J. Chem. Soc. (A), 1967, 1218-22; andin M. F. Lappert, M. R. Litzow, J. B. PEDLEY, 

P.N. K. Ritey, and A. TWEEDALE, Ionization potentials of boron halides and mixed halides by electron impact 
and by molecular orbital calculations, J. Chem. Soc. (A), 1968, 3105-10. 
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Laboratory samples of the pure compounds can be made by halogen exchange between 

BF, and Al,X,. BI; is made in good yield by treating LiBH, (or NaBH,) with elemental I, 

at 125° (or 200°). Both BBr, and BI, tend to decompose with liberation of free halogen 

when exposed to light or heat; they can be purified by treatment with Hg or Zn/Hg. 

Simple BX, undergo rapid scrambling or redistribution reactions on being mixed and 

the mixed halides BX, Y and BXY, have been identified by vibrational spectroscopy, mass 

spectrometry, or nmr spectroscopy using '*B or 19F A good example of this last technique is 

shown in Fig. 6.25, where not only the species BF;_,X,(n=0, 1, 2) were observed but also 

the trihalogeno species BFCIBr.*° The equilibrium concentration of the various species 

A field 
——> 

BFCl, BF,Cl BF 
| L l | 

B field 
————p 

BF; BFBr,  BFCIBr  BFCl, BF,Br BF,Cl 

100 50 0 

Chemical shift/ppm 

Fic. 6.25 Fluorine-19 nmr spectra of mixtures of boron halides showing the presence of mixed 
fiuorohalogenoboranes. 

are always approximately random (equilibrium constants between 0.5 and 2.0) but it is not 

possible to isolate individual mixed halides because the equilibrium is too rapidly attained 

from either direction (<1 s). The related systems RBX, /R'BY, (and ArBX,/Ar’BY,) also 
exchange X and Y but not R (or Ar). The scrambling mechanism probably involves a 

4-centre transition state (Fig. 6.26). Consistent with this, complexes such as Me,OBX;, or 

Me,;NBX; do not scramble at room temperature, or even above, in the absence of free 

BX,'*° (cf. the stability of CFCl,, CF,Cl,, etc.). Again, species that are expected to form 
stronger z bonds (such as R,NBX,) exchange much more slowly (days or weeks). 

The boron trihalides form a great many molecular addition compounds with molecules 

45 T. D. Coyle and F. G. A. Stone, NMR studies on mixed boron halides: detection of the new halide 
BBrCIF, J. Chem. Phys. 32, 1892-3 (1960). 

*° JS. HARTMAN and J. M. MILLER, Adducts of the mixed trihalides of boron, Adv. Inorg. Chem. Radiochem. 
21, 147-77 (1978). 
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FiG.6.26 Schematic representation of the favoured 4-centre mechanism for scrambling reactions 
of boron trihalides. 

(ligands) possessing a lone-pair of electrons (Lewis base). Such adducts have assumed 

considerable importance since it is possible to investigate in detail the process of making 

and breaking one bond, and to study the effect this has on the rest of the molecule (see 

Panel). The tetrahalogeno borates BX,” area special case in which the ligand is X_ ; they 

are isoelectronic with BH,” (p. 188) and with CH, and CX,. Salts of BF,” are readily 

formed by adding a suitable metal fluoride to BF either in the absence of solvent or in 

such nonaqueous solvents as HF, BrF3, AsF3, or SO,. The alkali metal salts MBF, are 

stable to hydrolysis in aqueous solutions. Some molecular fluorides such as NO,F and 

RCOF react similarly. There is a significant lengthening of the B—F bond from 130 pm in 

BF, to 145 pm in BF, . The other tetrahalogenoborates are less stable but may be 

prepared using large counter cations, e.g. Rb, Cs, pyridinium, tetraalkylammonium, 

tropenium, triphenylcarbonium, etc. 

Factors Affecting a 1¢ Stability of Donor Acceptor CORD 

For a given yee stability a the adduct LEX, ‘ually increases in the nee 
BF, < BCI, < BBr,<BI,, probably because the loss of x bonding on reorganization from planar 
to tetrahedral geometry (p. 221) is not fully compensated for by the expected electronegativity 
effect. However, if the ligand has an H atom directly bonded to the donor atom, the resulting 
complex is susceptible to protonolysis of the B-X bond, e.g.: 

ROH+ BX, [ROH. BX;] ROBX, + HX 

In such cases the great strength of he BF bond ensures that the BF , complex is more stable than 
the others. For example, BF, forms stable complexes with H,O, MeOH, Me,NH, etc., whereas 

BCI, reacts rapidly to give B(OH),, B(OMe),, and B(NMe,),: with BBr, and BI, such protolytic 
reactions are sometimes of explosive violence. Even ethers may be cleaved by BCI , to give RCl and 
ROBCL,, etc. 

For a given BX;, the stability of the complex depends on (a) the chemical nature of the donor 
atom, (b) the presence of polar substituents on the ligand, (c) steric effects, (d) the stoichiometric 
ratio of ligand to acceptor, and (e) the state of aggregation. Thus the majority of adducts have as 
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the donor atom N, P, As; O, S; or the halide and hydride ions X~. BX, (but not BH 3) can be 

classified as type-a acceptors, forming stronger complexes with N, O, and F ligands than with P, S, 

and Cl. However, complexes are not limited to these traditional main-group donor atoms, and, 

following the work of D. F. Shriver (1963), many complexes have been characterized in which the 
donor atom is a transition metal, eg. [(C;H,),H,W'Y>BF;], [Ph3P),(CO)CIRh'— BBr;], 

[(Ph,PCH,CH,PPh,),Rh(BCI,),]*,  [(Ph3P),(CO)CUr(BF;),], _ [(Ph3P),Pt°(BCl3)2], 

Ch. 6 

etc. Displacement studies on several such complexes indicate that BF, is a weaker acceptor than — 

BCL. oS 

The influence of polar substituents on the ligand follows the expected sequence for 

electronegative groups, eg. electron donor properties decrease in the order NMe,> 

NME,Cl>NMeCl, > NCI. Steric effects can also limit the electron-donor strength. For 

example, whereas pyridine, C,H,N, is a weaker base (proton acceptor) than 2-MeC,H,N and 2,6- 

Me.C,H,N, the reverse is true when BF, is the acceptor due to steric crowding of the x-Me groups _ 
which prevent the close approach of BF, to the donor atom. Steric effects also predominate 
in determining the decreasing stability of BF, etherates in the sequence C,H,O(thf) > 
_Me,O>Et,O> PriO. 

_ The influences of stoichiometry and state of aggregation are more subtle. At first sight it is not 
_ obvious why BF,, with 1 vacant orbital should form not only BF .H,O but also the more stable 
BF ,.2H,O; similarly, the 1:2 complexes with ROH and RCOOH are always more stable than 
the 1:1 complexes. The second mole of ligand is held by hydrogen bonding in the solid, e.g. 
BF,.OH,---OH, ; however, above the mp 6.2°C the compound melts and the act of coordinate- 

bond formation causes sufficient change in the electron distribution within the ligand that 
ionization ensues and the compound is virtually completely ionized as a molten sale”? 

_ The greater stability of the 1:2 complex is thus seen to be related to the formation of H,O oo 
ROH, *, etc., and the lower stability of the 1:1 complexes HBF ,OH, HBF OR, is paralleled by the 
instability of some other anhydrous oxo acids, e.g. H,CO,. The mp of the hydrate is essentially 
the transition temperature between an H-bonded molecular solid and an ionically dissociated 
liquid. A transition in the opposite sense occurs when crystalline [PCI,] *[PCI,] melts to give - 
molecular PCI, (p. 571) and several other examples are known. The fact that coordination can 
substantially modify the type of bonding should occasion no surprise: the classic example (first _ 
observed by J. Priestley in 1774) was the reaction NH;(g) + HCl(g)+NH,Cl(c). 

The importance of the trihalides as industrial chemicals stems partly from their use in 

preparing crystalline boron (p. 157) but mainly from their ability to catalyse a wide variety 

of organic reactions.*®) BF, is the most widely used but BCI, is employed in special cases. 
Many of the reactions are of the Friedel-Crafts type and are perhaps not strictly catalytic 

since BF; is required in essentially equimolar quantities with the reactant. The mechanism 

is not always fully understood but it is generally agreed that in most cases ionic 

intermediates are produced by or promoted by the formation of a BX, complex; 

47. N. N. GREENWooD and R. L. Martin, Boron trifluoride coordination compounds, Qr. Revs. 8, 1-39 

(1954). 
48 G. OLAH (ed.), Friedel-Crafts and Related Reactions, Interscience, New York, 1963 (4 vols). 
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electrophilic attack of the substrate by the cation so produced completes the process. For 

example, in the Friedel—Crafts-type alkylation of aromatic hydrocarbons: 

RA BEAR “BF Xe } 

{R*}+ PhH =———PhR +{H*} 

CEE} at BEX 2 p= BP HX 

Similarly, ketones are prepared via acyl carbonium ions: 

RCOOMe + BF , === ={RCO* }iBF (OMe) } 

{RCO*}+ PhH PhCOR + {H*} 

{H*}+ {BF3;(OMe)} MeOH. BF, 

Evidence for many of these ions has been extensively documented.*”) 

ROH 4BF,———> {H*} + {BF,(OR)-} 
BF 

oo POW ROW 4 } (RF HORE, 

{R*}+ROH R,0+ {H"} 

A similar mechanism has been proposed for the esterification of carboxylic acids: 

BF; 

{H+} +RCOOH ———{RCOOH,*} {RCO*} +H,OBF, 

{RCO*}+R’'OH RCOOR’+{H*} 

Nitration and sulfonation of aromatic compounds probably occur via the formation of 

the nitryl and sulfonyl cations: 

HONO, + BF; ‘NO,*}+{BF,(OH)"} 

HOSO,H + BF;———>{SO,H*} + {BF (OH) *} 

Polymerization of alkenes and the isomerization of alkanes and alkenes occur in the 

presence of a cocatalyst such as H,O, whereas the cracking of hydrocarbons is best 

performed with HF as cocatalyst. These latter reactions are of major commercial 

importance in the petrochemicals industry. 

6.7.2 Lower halides of boron 

BF, (mp —56°, bp — 34°C) has a planar (D,,) structure with a rather long B—B bond; 

in this it resembles the oxalate ion C,O,7- and N,O, with which it is precisely 

isoelectronic. 

Crystalline B,Cl, (mp —92.6°C) has the same structure, but in the gas phase (bp 65.5”) 

it adopts the staggered D,, configuration with hindered rotation about the B-B bond 

(AE, 7.7 kJ mol~'). The structure of gaseous B,Br, is also D,, with B—B 169 pm and AE, 

12.8kJ mol‘. B,I, is presumably similar. 

B,Cl, was the first compound in this series to be prepared and is the most studied; it is 
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best made by subjecting BCI, vapour to an electrical discharge between mercury or 

copper electrodes: 

2BCl, + 2Hg B Cl, +Hg,Cl, 

The reaction probably proceeds by formation of a {BCI} intermediate which then inserts 

into a B-Cl bond of BCI, to give the product directly. Another route is via the more stable 

B,(NMe,), (see reaction scheme). Thermal stabilities of these compounds parallel the 

expected sequence of p,—p, bonding between the substituent and B: 

B,(NMe,), > B,(OMe), > B,(OH),>B>F,>B,Cl,>B,Br, 

The halides are much less stable than the corresponding BX;, the most stable member 
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B,F, decomposing at the rate of about 8% per day at room temperature. B,Br, 

disproportionates so rapidly at room temperature that it is difficult to purify: 

The compounds B,X, are spontaneously flammable in air and react with H, to give 

BHX,, B,H,, and related hydrohalides; they form adducts with Lewis bases (B,CI,L, 

more stable than B,F,L,) and add across C-C multiple bonds, e.g. 

H H Cl1,B BCl, 

5% NS a 50° ‘ ie CH Bol. C=C —> H—cC—cC—H 
Jeeta 7 

C1,B BCI, Cl,B BCl, 

Other reactions of B,Cl, are shown in the scheme and many of these also occur with B,F 4. 

When BF; is passed over crystalline B at 1850°C and pressures of less than | mmHg, the 

reactive gas BF is obtained in high yield and can be condensed out at — 196°. 

Cocondensation with BF; yields B,F, then B,F, (i.e. F,B—-B(F)—BF,). However, this 

latter compound is unstable and it disproportionates above — 50° according to 

4(BF,),BF ————> 2B,F, + B,F,, (103) } 

(103) 

The yellow compound B,F,, appears to have a diborane-like structure (103) and this 

readily undergoes symmetrical cleavage with a variety of ligands such as CO, PF, PCl,, 

PH;, AsH;, and SMe, to give adducts L.B(BF,)3 which are stable at room temperature 

in the absence of air or moisture. 

Thermolysis of B,Cl, and B,Br, at moderate temperatures give a series of closo- 

halogenoboranes B,X,, where n=4, 8-12 for Cl, and n=7-10 for Br. B,Cl4, a pale-yellow- 

green solid, has a regular closo-tetrahedral structure (Fig. 6.27a); it is hyperelectron 

deficient when compared with the closo-boranes B,H,?~ and the bonding has been 

discussed in terms of localized 3-centre bonds above the 4 tetrahedral faces supplemented 

by p, interaction with p orbitals of suitable symmetry on the 4 Cl atoms: the 8 electrons 
available for framework bonding from the 4{BCI} groups fill 4 bonding MOs of class A, 

and T, and there are 2 additional bonding MOs of class E which have correct symmetry to 

mix with the Clp, orbitals. BgCl, (dark red or purple crystals) has an irregular 

dodecahedral (bisphenoid) arrangement of the closo-B, cluster (Fig. 6.27b) with 14 B-B 

distances in the range 168-184pm and 4 substantially longer B-—B distances at 

193-205 pm. B,Bro is a particularly stable compound; it forms as dark-red crystals 

together with other subbromides (n=7-10) when gaseous BBr; is subjected to a silent 

electric discharge in the presence of Cu wool, and can be purified by sublimation under 

CTE-1 
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Fic. 6.27 Molecular structures of (a) tetrahedral B4,Cl,, (b) dodecahedral BgCly, and (c) 

tricapped trigonal pyramidal ByCl, and BoBrg. In BgCl, note that the shortest B—B distances are 
between two 5-coordinate B atoms, e.g. B(1)—B(2); the longest are between two 6-coordinate B 

atoms, e.g. B(4)—-B(6) and intermediate distances are between one 5- and one 6-coordinate B atom. 

A similar trend occurs in BgClo. 

conditions (200°C) which rapidly decompose the other products. B,Brg is isostructural 

with B,Cl, (yellow-orange) (Fig. 6.27c). Many mixed halides B,Br,,_ .Cl, (n=9, 10, 11) 

have been identified by mass spectrometry and other techniques, but their separation as 

pure compounds has so far not been achieved. Chemical reactions of B,X,, resemble those 

of B,X, except that alkenes do not cleave the B-B bonds in the closo-species.4?: > 

6.8 Boron—Oxygen Compounds 

Boron (like silicon) invariably occurs in nature as oxo compounds and is never found as 

the element or even directly bonded to any other element than oxygen.t The structural 

chemistry of B-O compounds is characterized by an extraordinary complexity and 

diversity which rivals those of the borides (p. 162) and boranes (p. 171). In addition, vast 

numbers of predominantly organic compounds containing B—O are known. 

+ Trivial exceptions to this sweeping generalization are NaBF, (ferrucite) and (K,Cs)BF,, (avogadrite) which 
have been reported from Mt. Vesuvius, Italy. 

49 A. G. Massey, Boron subhalides, Chem. in Br. 16, 588-98 (1980). See also A. J. MARKWELL, A. G. MASSEY, 
and P. J. PoRTAL, New routes to halogenated B, and B, boron cages, Polyhedron 1, 134-35 (1982). 

50 E. H. WonG and R. M. KABBANI, Boron halide clusters and radicals: synthesis and interconversions of the 

three oxidation states of a nine-boron polyhedron, B,X,"" (X=Cl, Br, I; n=0, 1, 2), Inorg. Chem. 19, 451-5 
(1980). See also E. H. WonG, Nonaiodononaborane(9), BoI,. A stable boron iodide cluster, Inorg. Chem. 20, 
1300-02 (1981). 
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6.8.1 Boron oxides and oxoacids"’ 

The principal oxide of “eon is boric Pad B, O 3 (mp 450°, bp (extrap) 2250°C). It is 

one of the most difficult substances to crystallize and, indeed, was known only in the 

vitreous state until 1937. It is generally prepared by careful dehydration of boric acid 

B(OH). The normal crystalline form (d 2.56 g cm” *) consists of a 3D network of trigonal 

BO, groups joined through their O atoms, but there is also a dense form (d 3.11 gcm~ *) 

formed under a pressure of 35 kbar at 525°C and built up from irregular interconnected 

BO, tetrahedra. In the vitreous state (d~ 1.83 gcm *) B,O, probably consists of a 

network of partially ordered trigonal BO, units in which the 6-membered (BO), ring 

predominates; at higher temperatures the structure becomes increasingly disordered and 
above 450°C polar —B=O groups are formed. Fused B,O, readily dissolves many metal 

oxides to give characteristically coloured borate glasses. Its major application is in the 

glass industry where borosilicate glasses (e.g. Pyrex) are extensively used because of their 

small coefficient of thermal expansion and their easy workability. US production of B,O,; 

is ~25 000 tonnes pa. 

Orthoboric acid, B(OH);, is the normal end product of hydrolysis of most boron 

compounds and is usually made (~165 000 tonnes pa) by acidification of aqueous 

solutions of borax. It forms flaky, white, transparent crystals in which a planar array of 

BO, units is joined by unsymmetrical H bonds as shown in Fig. 6.28. In contrast to the 

Fic. 6.28 Layer structure of B(OH) . Interatomic distances are B-O 136 pm, O-H 97 pm, 
O—H.:-O 272 pm. Angles at Bare 120° and at O 126 and 114°. The H bond is almost linear. The 

distance between consecutive layers in the crystal is 318 pm. 

*! Mellor’s Comprehensive Treatise on Inorganic and Theoretical Chemistry: Supplement, Vol. V, Boron. Part 
A. Boron-Oxyyen Compounds, Longmans, London, 1980, 825 pp. A series of comprehensive reviews completed 
at various dates between 1969 and 1976. 
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short O—H---O distance of 272 pm within the plane, the distance between consecutive 

layers in the crystal is 318 pm, thus accounting for the pronounced basal cleavage of the 

waxy, plate-like crystals, and their low density (1.48 gcm~*). B(OH), is a very weak 

monobasic acid and acts exclusively by hydroxyl-ion acceptance rather than proton 

donation: 

B(OH), + 2H,O=———H,,0+ + B(OH), -; pK =9.25 

Its acidity is considerably enhanced by chelation with polyhydric alcohols (e.g. glycerol, 

mannitol) and this forms the basis of its use in analytical chemistry; e.g. with mannitol pK 
drops to 5.15, indicating an increase in the acid equilibrium constant by a factor of more 

than 10°: 

—==(0 == 

B(OH); + Pea H,0* + | A + 2H,O 

ate Vion 
OH OH = Can Ose 

B(OH), also acts as a strong acid in anhydrous H,SO,: 

B(OH),+6H,SO, 3H,0* +2HSO,° +[B(HSO,),]~ 

Other reactions include esterification with ROH/H,SO, to give B(OR) 3, and coor- 

dination of this with NaH in thf to give the powerful reducing agent Na[ BH(OR);]. 

Reaction with H,O, gives peroxoboric acid solutions which probably contain the 
monoperoxoborate anion [B(OH),00OH]_. A complete series of fluoroboric acids is also 
known in aqueous solution and several have been isolated as pure compounds: 

H[B(OH),] H[BF(OH);] H[BF,(OH),] H[BF,;0H] HBF, 

Partial dehydration of B(OH), above 100° yields metaboric acid HBO, which can exist 

in several crystalline modifications: 

CN of B d/gcm7* — mp/°C 

orthorhombic HBO, 3 1.784 176: 

rapid 
quench 

B(OH); ——“~*—» monoclinic HBO, 3and4 2.045 ~—2011° 

175° 
—» cubic HBO, 4 2.487 236° 

Orthorhombic HBO, consists of trimeric units B,0,(OH), which are linked into layers 

by H bonding (Fig. 6.29); all the B atoms are 3-coordinate. Monoclinic HBO, is built of 

chains of composition [B,;0,(OH) (H,O)] in which some of the B atoms are now 4- 

coordinate, whereas cubic HBO, has a framework structure of tetrahedral BO, groups 
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Fic. 6.29 Layer structure of orthorhombic metaboric acid HBO,(IIJ), comprising units of 
formula B,03(OH), linked by O---H---O bonds. 

some of which are H bonded. The increase in CN of B is paralleled by an increase in 

density and mp. 

Boron suboxide (BO), and subboric acid B,(OH), were mentioned on p. 226. 

6.8.2 Borates®?: >?) 

The phase relations, stoichiometry, and structural chemistry of the metal borates have 
been extensively studied because of their geochemical implications and technological 

importance. Borates are known in which the structural unit is mononuclear (1 B atom), 

bi-, tri-, tetra-, or penta-nuclear, or in which there are polydimensional networks including 

glasses. The main structural principles underlying the bonding in crystalline metal borates 

are as follows: 

1. Boron can link either three oxygens to form a triangle or four oxygens to form a 

tetrahedron. 

2. Polynuclear anions are formed by corner-sharing only of boron-oxygen triangles 

and tetrahedra in such a manner that a compact insular group results. 

52 C. L. Curist and J. R. Ciark, A crystal-chemical classification of borate structures with emphasis on 

hydrated borates, Phys. Chem. Minerals 2, 59-87 (1977). See also J. B. FARMER, Metal borates, Adv. Inorg. 
Chem. Radiochem. 25, 187-237 (1982). 
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3. In the hydrated borates, protonatable oxygen atoms will be protonated in the 

following sequence: available protons are first assigned to free O?~ ions to convert 

these to free OH ~ ions; additional protons are assigned to tetrahedral oxygens in the 

borate ion, and then to triangular oxygens in the borate ion; finally any remaining 

protons are assigned to free OH™ ions to form H,O molecules. 

4. The hydrated insular groups may polymerize in various ways by splitting out water; 

this process may be accompanied by the breaking of boron-oxygen bonds within the 

polyanion framework. 

5. Complex borate polyanions may be modified by attachment of an individual side 

group, such as (but not limited to) an extra borate tetrahedron, an extra borate 

triangle, 2 linked triangles, an arsenate tetrahedron, and so on. 

6. Isolated B(OH); groups, or polymers of these, may exist in the presence of other 

anions. 

These rules now supersede others‘°*) which had previously proved useful for a more 

restricted set of minerals and synthetic compounds. 

Examples of minerals and compounds containing monomeric triangular, BO, units 

(structure 104) are the rare-earth orthoborates MBO, and the minerals CaSn'¥(BO;), 
and Mg;(BO;),. Binuclear trigonal planar units (105) are found in the pyroborates 

Mg,B,0;, Co",B,0;, and Fe",B,O,. Trinuclear cyclic units (106) occur in the 
metaborates NaBO, and KBO,, which should therefore be written as M,B,O, (cf. 

metaboric acid, p. 231). Polynuclear linkage of BO, units into infinite chains of 

stoichiometry BO, (107) occurs in Ca(BO,),, and three-dimensional linkage of planar 

BO, units occurs in the borosilicate mineral tourmaline and in glassy B,O, (p. 229). 

38> A 3 

Ao} AK 
(104) [BO3]* (105) [B,05]* (106) [B30.6]*" (107) [(BO,)"], 

Units containing B in planar BO coordination only 

Monomeric tetrahedral BO, units (108) are found in the zircon-type compound 
Ta’ BO, and in the minerals (Ta,Nb)BO, and Ca,H,BAsYOg. The related tetrahedral 

unit [B(OH),]~ (109) occurs in Na,[B(OH),]Cl and Cu"[B(OH),]Cl. Binuclear 
tetrahedral units (110) have been found in Mg[B,O(OH),] and a cyclic binuclear 

tetrahedral structure (111) characterizes the peroxoanion [B,(O,),(OH),]|?~ in “sodium 

perborate” NaBO3.4H,0O, i.e. Na,[B,(O,),(OH),].6H,O. A more complex polynuclear 

structure comprising sheets of tetrahedrally coordinated BO;,(OH) units occurs in the 

borosilicate mineral CaB(OH)Si0, and the fully three-dimensional polynuclear structure 

is found in BPO, (cf. the isoelectronic SiO), BAsO,, and the minerals NaBSi,;O, and 
Zn,4B,O, 3. 

The final degree of structural complexity occurs when the polynuclear assemblages 
contain both planar BO, and tetrahedral BO, units joined by sharing common O atoms. 

*° J.O. E>warps and V. F. Ross, The structural chemistry of the borates, Chap. 3 in E. L. MUETTERTIES (ed.), 
The Chemistry of Boron and its Compounds, pp. 155-207, Wiley, New York, 1967. 
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2 

a ~ 2— 

(108) [BO,]*~ (109) [B(OH)4]> (110) [B, O(OH),] ?~ (111) [B,(O,),(OH)4]7~ 
Units containing B in tetrahedral BO, coordination only 

i 

a 

é 

(112) [B;0,(OH)4]- (113) [B303 (OH). ]*~ (114) [Bg0;(OH)4 |?” 
Units containing B in both BO, and BO, coordination 

The structure of monoclinic HBO, affords an example (p. 230). A structure in which the 

ring has but one BO, unit is the spiroanion [B;O0,(OH),]~ (structure 112) which occurs 

in hydrated potassium pentaborate KB,O,.4H,O, 1e. K[B;O,(OH),].2H,O. The 

anhydrous pentaborate KB,O, has the same structural unit but dehydration of the OH 

groups link the spiroanions of structure (112) sideways into ribbon-like helical chains. The 

mineral CaB,03;(OH),.H,O has 2 BO, units in the 6-membered heterocycle (113) and 

related chain elements [B,0,(OH),? J, linked by a common oxygen atom are found in 

the important mineral colemanite Ca,B,O,,.5H,O, 1.e. [CaB,0,(OH),;].H,O. It is 

clear from these examples that, without structural data, the stoichiometry of these borate 

minerals gives little indication of their constitution. A further illustration is afforded by 

borax which is normally formulated Na,B,O,.10H,O, but which contains tetranuclear 

units [B,O0;(OH),]?~ formed by fusing 2 BO; rings which each contain 2 BO, (shared) 

and 1 BO, unit (114); borax should therefore be written as Na,[B,O,(OH), ].8H,O. 

There is wide variation of B—O distances in these various structures the values 
increasing, as expected, with increase in coordination: 

—B=O BO; BO, 

128 pm 143 pm 155 pm 

120 pm 136.6 pm 147.5 pm 

The extent to which B,O, rings catenate into more complex structures or hydrolyse 

into smaller units such as [B(OH),]~ clearly depends sensitively on the activity 

(concentration) of water in the system, on the stoichiometric ratio of metal ions to boron, 

and on the temperature (TAS). 

Many metal borates find important industrial applications (p. 156). Pre-eminent is 

borax, which is made on a scale approaching 2 million tonnes pa in the USA alone. Main 
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uses are in glass-fibre and cellular insulation, the manufacture of borosilicate glasses and 

enamels, and as fire retardants. Sodium perborate (for detergents) is manufactured on a 

550 000 tonne pa scale. 

6.8.3 Organic compounds containing boron—oxygen bonds 

Only a brief classification of this very large and important class of compounds will be 

given; most contain trigonal planar B though many 4-coordinate complexes have also 

been characterized. The orthoborates B(OR), can readily be prepared by direct reaction 

of BCl, or B(OH); with ROH, and transesterification with R’OH affords a route to 

unsymmetrical products B(OR),(OR’), etc. The compounds range from colourless 

volatile liquids to involatile white solids depending on mol wt. R can be a primary, 

secondary, tertiary, substituted, or unsaturated alkyl group or an aryl group, and 

orthoborates of polyhydric alcohols and phenols are also numerous. 
Boronic acids RB(OH), were first made over a century ago by the unlikely route of slow 

partial oxidation of the spontaneously flammable trialkyl boranes followed by hydrolysis 

of the ester so formed (E. Frankland, 1862): 

BEt, +O, EtB(OEt), —-2~ > EtB(OH), 

Many other routes are now available but the most used involve the reaction of Grignard 
reagents or lithium alkyls on orthoborates or boron trihalides: 

B(OR); + ArMgX ——--> [ArB(OR),]MgX —° > ArB(OH), 

Boronic acids readily dehydrate at moderate temperatures (or over P,O,,. at room 

temperature) to give trimeric cyclic anhydrides known as trialkyl(aryl)boroxines: 

+ 3H,0 3RB(OH), ——““_» | | 
B B Ran OK Ue 

The related trialkoxyboroxines (ROBO), can be prepared by esterifying B(OH), B,O3, 
or metaboric acid BO(OH) with the appropriate mole ratio of ROH. 

Endless variations have been played on these themes and the B atom can be surrounded 
by innumerable combinations of groups such as acyloxy (RCOO), peroxo (ROO), 
halogeno (X), hydrido, etc., in either open or cyclic arrays. However, no new chemical 
principles emerge. 

6.9 Boron—Nitrogen Compounds 

Two factors have contributed to the special interest that attaches to B-N compounds. 



§6.9 | -Boron—Nitrogen Compounds 235 

Firstly the B—N unit is isoelectronic with C-C and, secondly, the size and electronegativity 

of the 3 atoms are similar, C being the mean of B and N: 

B c N 

Number of valence electrons 3 4 5 
Covalent single-bond radius/pm 88 77 70 
Electronegativity 2.0 DS 3.0 

The repetition of much organic chemistry by replacing pairs of C atoms with the B-N 

grouping has led to many new classes of compound but these need not detain us. By 

contrast, key points emerge from several other areas of B—N chemistry and, accordingly, 

this section deals with the structure, properties, and reaction chemistry of boron nitride, 

amine-borane adducts, aminoboranes, and the cyclic borazines. 

The synthesis of boron nitride, BN, involves considerable technical difficulty; a 

laboratory preparation yielding relatively pure samples involves the fusion of borax with 

ammonium chloride, whereas technical-scale production relies on the fusion of urea with 

B(OH), in an atmosphere of NH; at 500-950°C. Only a brave (or foolhardy) chemist 

would attempt to write a balanced equation for either reaction. An alternative synthesis 
(> 99% purity) treats BCI, with an excess of NH, (see below) and pyrolyses the result- 

ing mixture in an atmosphere of NH, at 750°C. The hexagonal modification of BN has a 

simple layer structure (Fig. 6.30) similar to graphite but with the significant difference that 

the layers are packed directly on top of each other so that the B atom in one layer is located 

over an N atom in the next layer at a distance of 333 pm. Cell dimensions and other data 

for BN and graphite are compared in Table 6.4. Within each layer the B—N distance is only 

TABLE 6.4 Comparison of hexagonal BN and graphite 

Inter-layer Intra-layer 

a/pm c/pm c/a spacing/pm spacing/pm d/g cm? 

BN (hexagonal) 250.4 666.1 2.66 333 144.6 2.29 
Graphite 245.6 669.6 2.73 335 142 2255 

145 pm; this is similar to the distance of 144 pm in borazine (p. 238) but much less than the 

sum of single-bond covalent radii (158 pm) and this has been taken to indicate substantial 

additional z bonding within the layer. However, unlike graphite, BN is colourless and 

a good insulator; it also resists attack by most reagents though fluorine converts it 

quantitatively to BF, and N,, and HF gives NH,BF, quantitatively. Hexagonal BN can 

be converted into a cubic form (zinc-blende type structure) at 1800°C and 85 000 atm 

pressure in the presence of an alkali or alkaline-earth metal catalyst. The lattice constant 

of cubic BN is 361.5 pm (cf. diamond 356.7 pm). A wurtzite-type modification (p. 1405) 

can be obtained at lower temperatures. 

Amine-borane adducts have the general formula R, NBX, where R =alkyl, H, etc., and 

CTE-I* 
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Fic. 6.30 Comparison of the hexagonal layer structures of BN and graphite. In BN the atoms of 
one layer are located directly above the atoms of adjacent layers with B---N contacts; in graphite 
the C atoms in one layer are located above interstices in the adjacent layer and are directly above 

atoms in alternate layers only. 

X=alkyl, H, halogen, etc. They are usually colourless, crystalline compounds with mp in 
the range 0-100° for X=H and 50-200° for X = halogen. Synthetic routes, and factors 
affecting the stability of the adducts have already been discussed (p. 188 and p. 223). In 
cases where diborane undergoes unsymmetrical cleavage (e.g. with NH;3) alternative 
routes must be devised: 
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B,H, +2NH,———>[BH,(NH;),]* BH,” 

NH,Cl+ LiBH, —>NH,BH,+LiCl+H, 

The nature of the bonding in amine-boranes and related adducts has been the subject of 
considerable theoretical discussion and has also been the source of some confusion. 

Conventional representations of the donor-acceptor (or coordinate) bond use symbols 

such as R,N> BX, or R,N- BX, to indicate the origin of the bonding electrons and the 

direction (not the magnitude) of charge transfer. It is important to realize that these 

symbols refer to the relative change in electron density with respect to the individual 

separate donor and acceptor molecules. Thus, R3Ni in the adduct has less electron density 

on N than has free R,N, and BX, has more electron density on B in the adduct than has 

free BX; this does not necessarily mean that N is positive with respect to B in the adduct. 

Indeed, several MO calculations indicate that the change in electron density on 

coordination merely reduces but is insufficient to reverse the initial positive charge on the 

B atom. Consistent with this, experiments show that electrophilic reagents always attack 

N in amine-borane adducts, and nucleophilic reagents attack B. 

A similar situation obtains in the aminoboranes where one or more of the substituents 

on B is an R,N group (R=alkyl, aryl, H), e.g. Me,N-BMe,. Reference to Fig. 6.24 
indicates the possibility of some p, interaction between the lone pair on N and the 

“vacant” orbital on trigonal B. This is frequently indicated as 

SN ad or NBC 

However, as with the amine-borane adducts just considered, this does not normally 

indicate the actual sign of the net charges cn N and B because the greater electronegativity 

of N causes the o bond to be polarized in the opposite sense. Thus, N-B bond moments in 

aminoboranes have been found to be negligible and MO calculations again suggest that 

the N atom bears a larger net negative charge than the B atom. The partial double-bond 

formulation of these compounds, however, is useful in implying an analogy to the 

isoelectronic alkenes. Coordinative saturation in aminoboranes can be achieved not only 

through partial double bond formation but also by association (usually dimerization) of 

the monomeric units to form (B—-N), rings. For example, in the gas phase, aminodimethy]l- 

borane exists as both monomer and dimer in reversible equilibrium: 

The presence of bulky groups on either B or N hinders dimer formation and favours 

monomers, e.g. (Me,NBF;), is dimeric whereas the larger halides form monomers at least 

in the liquid phase. Association to form trimers (6-membered heterocycles) is less 

common, presumably because of even greater crowding of substituents, though 
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triborazane (H,NBH,), and its N-methyl derivatives, (MeHNBH,); and (Me,NBH,)3, 

are known in which the B,N, ring adopts the cyclohexane chair conformation. 

Preparative routes to these compounds are straightforward, e.g.: 

R,NH,Cl+ MBH, R,NBH,+ MCI+H, (R=H, alkyl, aryl) 

R,NH+R;BX + NEt; ———> R, NBR}, + Et;NHX (R’=alkyl, aryl, halide) 

B(NR,); +2BR,;————> 3R,NBR,, etc. 

In general monomeric products are readily hydrolysed but associated species (con- 

taining 4-coordinate B) are much more stable: e.g. (Me, NBH,), does not react with 

H,O at 50° but is rapidly hydrolysed by dilute HCI at 110° because at this temperature 

there is a significant concentration of monomer present. 
The cyclic borazine (-BH-NH-), and its derivatives form one of the largest classes of 

B-N compounds. The parent compound, also known as “inorganic benzene”, was first 

isolated as a colourless liquid from the mixture of products obtained by reacting B,H, and 

NH; (A. Stock and E. Pohland, 1926): 

3B,H.+6NH,—— > 2B,N,H, + 12H, 

It is now best prepared by reduction of the B-trichloro derivative: 

3BC1,+3NH,Cl "> (BCINH) >"> BN; H, 4 3NaCl+- 385, 
— 9HCl 

Borazine has a regular plane hexagonal ring structure and its physical properties closely 

resemble those of the isoelectronic compound benzene (Table 6.5). Although it is possible 

to write Kekulé-type structures with N=B z bonding superimposed on the o bonding, the 

TABLE 6.5 Comparison of borazine and benzene 

Property B,N,3H, Ce. 

Molecular weight 80.5 78.1 
MP/°C —57 6 
BP/°C 55 80 
Critical temperature LS) 288 
Density (1 at mp)/g cm7 3 0.81 0.81 
Density (s)/g cm~ 3 1.00 1.01 
Surface tension (mp)/dyne cm !®) Sila 31.0 
Interatomic distances/pm B-N 144 C-C 142 

B-H 120 C-H 108 
N-H 102 

1 dyne=10~> newton. 

weight of chemical evidence suggests that borazine has but little aromatic character. It 

reacts readily with H,O, MeOH, and HX to yield 1:3 adducts which eliminate 3H, on 
being heated to 100°, e.g.: 

100 
se 

B,N,H,+3H,0 ———> [BH(OH)NH,]; [B(OH)NH], +3H, 



§6.9 Boron—Nitrogen Compounds 239 

C Cc Cc 

Fic. 6.31 Molecular structure of [Cr(y°-B,;N3;Me,) (CO)s]. 

Numerous other reactions have been documented, most of which are initiated by 
nucleophilic attack on B. There is no evidence that electrophilic substitution of the 

borazine ring occurs and conditions required for such reactions in benzenoid systems 

disrupt the borazine ring by oxidation or solvolysis. However, it is known that the less- 

reactive hexamethyl derivative B,N3,Me, (which can be heated to 460° for 3 h without 
significant decomposition) reacts with [Cr(CO),;(MeCN),] to give the complex [Cr(n°- 

B,N;Me,)(CO),] (Fig. 6.31) which closely resembles the corresponding hexamethyl- 

benzene complex [Cr(n°-C,Me,)(CO);]. 
N-substituted and B-substituted borazines are readily prepared by suitable choice of 

amine and borane starting materials or by subsequent reaction of other borazines with 

Grignard reagents, etc. Thermolysis of monocyclic borazines leads to polymeric materials 

and to polyborazine analogues of naphthalene, biphenyl, etc.: 

We conclude this section on BN compounds by reference to the curious cyclic hexamer 

[(BNMe,),]. This has very recently been obtained as orange-red crystals by distilling the 

initial product formed by dehalogenation of (Me,N),BCI with Na/K alloy:°* 

2(Me,N), BCI —“* + [B,(NMe,)4] 7"""5 [(BNMe,)¢] 

54H. NOTH and H. POMMERENING, Hexakis(dimethylamino)cyclohexaborane, a boron(I) compound without 

electron deficiency, Angew. Chem., Int. Edn. (Engl.) 19, 482-3 (1980). 
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The B, ring has a chair conformation (dihedral angle 57.6") with mean B-B distances of 

172 pm. All6 B and all6 N are trigonal planar and the 6-exocyclic NMe, groups are each 

twisted at an angle of ~ 65° from the adjacent B, plane, with B—N 140 pm. Structurally, 

this cyclohexaborane derivative resembles the radialenes, particularly the isoelectronic 

[C,(=CHMe),] in which the C, ring likewise adopts the chair conformation. 

6.10 Other Compounds of Boron 

Minor echoes of the extensive themes of B—N chemistry occur in compounds containing 

B-P, B-As, and B-Sb bonds. Like the analogous aminoboranes, compounds of the type 

R,PBR3 are formally coordinatively unsaturated and normally polymerize to ring or 

chain structures unless bulky or electron releasing groups on the B atom stabilize the 

monomer, e.g.: 
3Et,POCI+3LiBH, ——-> (Et,PBH,), + 3LiC1+3H,O 

2Et,PLi+2BCl,> (Et, PBCI,), + 2LiC1 

Et,PLi+Ph,BCI———> Et, PBPh, + LiCl 

Fic. 6.32 Projection of two unit cells of the layer structure of B,S, perpendicular to the plane of 
the layer. (Numbers in the upper unit cell indicate interatomic distances in pm; numbers in the 

lower unit cell indicate angles, in degrees.) 
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Similarly the vast array of B-O compounds finds no parallel in B~S or B-Se chemistry 

though thioborates of the type B(SR);, R’B(SR), and R5B(SR) are well documented. B,S; 

itself has been known for many years as a pale-yellow solid which tends to form a glassy 

phase (cf. B,O; and also B,Se,). This absence of a suitable crystalline sample prevented 

the structural characterization of this compound until as late as 1977. It has now been 

found that B,S, has a fascinating layer structure which bears no resemblance to the three- 

dimensionally linked B,O, crystal structure but is slightly reminiscent of BN. The 

structure (Fig. 6.32) is made up of planar B,S, 6-membered rings and B,S, 4-membered 

rings linked by S bridges into almost planar two-dimensional layers.©*) All the boron 

atoms are trigonal planar with B-—S distances averaging 181 pm and the perpendicular 

interlayer distance is almost twice this at 355 pm. 

A second boron sulfide has recently been made by heating B,S, and sulfur to 300° under 

very carefully defined conditions;©® the colourless, moisture-sensitive product analyses 

as BS, but X-ray crystal structure analysis reveals that the compound has a porphine-like 

structure B,S,, as shown in Fig. 6.33. 

Fic. 6.33 Structure of the porphine-like molecule B,S,,; interatomic distances in pm 
(¢=0.3 pm), angles (c=0.1°). 

An alternative route to B,S,, involves the reaction of dibromotrithiadiborolane 
with trithiocarbonic acid in an H,S generator in dilute CS, solution: 

Sis 

4 “ 4 + 4(HS),CS ———> B,S,, + 4CS, + 8HBr 

vee 
Br Br 

55H. Diercks and B. Kress, Crystal structure of B,S,: four-membered B,S, rings and six-membered B,S, 
rings, Angew. Chem., Int. Edn. (Engl.) 16, 313 (1977). 

56 B. Kress and H.-U. Hurter, B,S,¢<—An “Inorganic porphine”, Angew. Chem., Int. Edn. (Engl.) 19, 481-2 

(1980). 
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There appears to be no end to the structural ingenuity of boron: whilst it is true that 

many regularities can now be discerned in its stereochemistry, much more work is still 

needed to unravel the reaction pathways by which the compounds are formed and to 
elucidate the mechanisms by which they isomerize and interconvert. 
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Aluminium, Gallium, 
Indium, and Thallium 

7.1 Introduction 

Aluminium derives its name from alum, the double sulfate KAI(SO,),.12H,O, which 

was used medicinally as an astringent in ancient Greece and Rome (Latin alumen, bitter 

salt). Humphry Davy was unable to isolate the metal but proposed the name “alumium” 

and then “aluminum”; this was soon modified to aluminium and this form is used 

throughout the world except in North America where the ACS decided in 1925 to adopt 
“aluminum” in its publications. The impure metal was first isolated by the Danish scientist 

H.C. Oersted using the reaction of dilute potassium amalgam on AICI,. This method was 

improved in 1827 by H. Wohler who used metallic potassium, but the first commercially 

successful process was devised by H. St.-C. Deville in 1854 using sodium. In the same year 

both he and R. W. Bunsen independently obtained metallic aluminium by electrolysis of 

fused NaAICl,. So precious was the metal at this time that it was exhibited next to the 

crown jewels at the Paris Exposition of 1855 and the Emperor Louis Napoleon III used Al 

cutlery on state occasions. The dramatic thousand-fold drop in price which occurred 

before the end of the century (Table 7.1) was due, firstly, to the advent of cheap electric 

power following the development of the dynamo by W. von Siemens in the 1870s, and, 

secondly, to the independent development in 1886 of the electrolysis of alumina dissolved 

in cryolite (Na;AIF,) by P. L. T. Héroult in France and C. M. Hall in the USA; both men 

TABLE 7.1 Price of aluminium metal ($ per kg) 

1852 1854 1855 1856 1857 1858 1886 

1200 600 250 is 60 25 17 
—|Introduction of St. C. Deville’s Na/AICI, process 

1888 1890 1895 1900 1950 1964 1974 1982 

11.5 5.0 1.15 0.73 0.40 0.53 0.75 0.93 
_ [Introduction of Heroult—Hall T 

electrolysis minimum 

243 
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were 22 years old at the time. World production rose quickly and in 1893 exceeded 1000 

tonnes pa for the first time. 

Gallium was predicted as eka-aluminium by D. I. Mendeleev in 1870 and was 

discovered by P. E. Lecog de Boisbaudran in 1875 by means of the spectroscope; de 

Boisbaudran was, in fact, guided at the time by an independent theory of his own and had 

been searching for the missing element for some years. The first indications came with the 

observation of two new violet lines in the spark spectrum of a sample deposited on zinc, 
and within a month he had isolated 1 g of the metal starting from several hundred 
kilograms of crude zinc blende ore. The element was named in honour of France (Latin 

Gallia) and the striking similarity of its physical and chemical properties to those predicted 

by Mendeleev (Table 7.2) did much to establish the general acceptance of the Periodic 

Law (p. 24); indeed, when de Boisbaudran first stated that the density of Ga was 

4.7 gcm * rather than the predicted 5.9 g cm *, Mendeleev wrote to him suggesting that 
he redetermine the figure (the correct value is 5.904 g cm~ °). 

TABLE 7.2. Comparison of predicted and observed properties of gallium 

Mendeleev’s predictions (1871) for 

eka-aluminium, M 

Observed properties (1977) of gallium 
(discovered 1875) 

Atomic weight ~68 Atomic weight 69.72 
Density/g cm~ > 5.9 Density/g cm” ° 5.904 
MP low MP/°C 29.78 
Non-volatile Vapour pressure, 10° > mmHg at 1000°C 
Valence 3 Valence 3 
M will probably be discovered by spectroscopic Ga was discovered by means of the spectroscope 

analysis 
M will have an oxide of formula M,O;, 

d 5.5 g cm %, soluble in acids to give MX; 
M should dissolve slowly in acids and alkalis and 

be stable in air 
M(OH); should dissolve in both acids and alkalis 
M salts will tend to form basic salts; the sulfate 

should form alums; M.S, should be precipi- 
tated by H,S or (NH,),S; anhydrous MCI, 

should be more volatile than ZnCl, 

Ga has an oxide Ga,O3, d 5.88 gcm 3, soluble in 
acids to give salts of the type GaX, 

Ga metal dissolves slowly in acids and alkalis and 
is stable in air : 

Ga(OH), dissolves in both acids and alkalis 
Ga salts readily hydrolyse and form basic salts; 

alums are known; Ga,S, can be precipitated 
under special conditions by H,S or (NH,),S; 
anhydrous GaCl, is more volatile than ZnCl, 

Indium and thallium were also discovered by means of the spectroscope as their names 
indicate. Indium was first identified in 1863 by F. Reich and H. T. Richter and named from 

the brilliant indigo blue line in its flame spectrum (Latin indicum). Thallium was 

discovered independently by W. Crookes and by C. A. Lamy in the preceding year 1861/2 
and named after the characteristic bright green line in its flame spectrum (Greek 6aAA0c, 
thallos, a budding shoot or twig). 

7.2 The Elements 

7.2.1 Terrestrial abundance and distribution 

Aluminium is the most abundant metal in the earth’s crust (8.3% by weight); it is 
exceeded in abundance only by O (45.5%) and Si (25.7%), and is approached only by Fe 
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(6.2%) and Ca (4.6%). Aluminium is a major constituent of many common igneous 

minerals including feldspars and micas. These, in turn, weather in temperate climates to 

give clay minerals such as kaolinite [Al,(OH),Si,O, ], montmorillonite, and vermiculite 

(p. 406). It also occurs in many well-known though rarer minerals such as cryolite 

(Na3AlIF,), spinel (MgAl,O,), garnet [Ca,Al,(SiO,);], beryl (Be3Al,Si,O,,), and 

turquoise [Al,(OH),PO,H,O/Cu]. Corundum (A1,O;) is one of the hardest substances 
known and is therefore used as an abrasive; many gemstones are impure forms of Al,O,, 

e.g. ruby (Cr), sapphire (Co), oriental emerald, etc. Commercially, the most important 

mineral is bauxite AlO,(OH);_ >, (0<x <1); this occurs in a wide belt in tropical and 

subtropical regions as a result of leaching out both silica and other metals from 

aluminosilicates (see Panel). 

Bauxite 

The mixed aluminium oxide hydroxide mineral bauxite was decoveed by P. Berhicr | in 1821 
near Les Baux in Provence. In temperate countries (such as Mediterranean Europe) it occurs 

mainly as the “monohydrate” AIOOH (boehmite and diaspore) whereas in the tropics it is 
generally closer to the “trihydrate” Al(OH), (gibbsite and hydrargillite). Since AIOOH is less _ 
soluble in aqueous NaOH than is Al(OH);, this has a major bearing on the extraction processfor 
Al manufacture (p. 246). Typical compositions for industrially used bauxites are Al,O, 40-60%, 
combined H,O 12-30%, SiO, free and combined 1-15%, Fe,O, 730%, TiO, as Yos F, PD; 
V,0;, etc., 0.05-0. 2Y 

World production i in 1975 was over 80 million tonne and this is still i increasing. Reserves are” 
immense, being of the order of 5 x 10° tonnes in Northern and Western Australia, over 10° tonnes 
in Brazil, Guinea, and Jamaica, and wel! over 10° tonnes in many other African and Central _ 
American countries. Australia is also currently the largest producer of alumina (19. 3% of world 
production) followed by the USA 17.8%, the USSR 12.8%, Jamaica 8.4%, Japan 5.9%, the Fed, _ 
Rep. of Germany 4.7% Surinam 4.3%, Canada 4.3%, and France 4.1%. Bauxite iseasytomine by 
open-cast methods since it occurs typically in broad layers 3-10 m thick with very little topsoil OF 
other overburden. Apart from its preponderant use in Al extraction, bauxite is used to_ 
manufacture refractories and high-alumina cements, and smaller oe are —* oie 8 
agents and catalysts in the petrochemicals industry. _ 

Gallium, In, and Tl are very much less abundant than Al and tend to occur at low 

concentrations in sulfide minerals rather than as oxides, though Ga is also found 

associated with Al in bauxite. Ga (19 ppm) is about as abundant as N, Nb, Li, and Pb; it is 

twice as abundant as B (9 ppm) but is more difficult to extract because of the absence of 

major Ga-containing ores. The highest concentrations (0.1-1%) are in the rare mineral 

germanite (a complex sulfide of Zn, Cu, Ge, and As); concentrations in sphalerite (ZnS), 

bauxite, or coal, are a hundredfold less. Gallium always occurs in association either with Zn 

or Ge, its neighbours in the periodic table, or with Al in the same group. It was formerly 

recovered from flue dusts emitted during sulfide roasting or coal burning (up to 1.5% Ga) 
but is now obtained as a byproduct of the vast Al industry. Since bauxites contain 

0.003-0.01°% Ga, complete recovery would yield some 500-1000 tonnes pa. However, 

present consumption, though growing rapidly, is only 1% of this and production is of the 

order of 10 tonnes pa. This can be compared with the estimate of 5 tonnes for the total of 

Ga metal in the 90 y following its discovery (1875-1965). Its price in 1928 was $50 per g; in 

1965 it was $1 per g, similar to the then price of gold ($1.1 per g), and in 1974 it was $0.75 

per g. 



246 Aluminium, Gallium, Indium, and Thallium Ch. 7 

Indium (0.21 ppm) is similar in abundance to Sb and Cd, whereas TI (0.7 ppm) is close 

to Tm and somewhat less abundant than Mo, W, and Tb (1.2 ppm). Both elements are 
chalcophiles (p. 760), indium tending to associate with the similarly sized Zn in its sulfide 

minerals whilst the larger Tl tends to replace Pb in galena, PbS. Thallium(I) has a similar 

radius to Rb! and so also concentrates with this element in the late magmatic potassium 

minerals such as feldspars and micas. 

Indium is now commercially recovered from the flue dusts emitted during the roasting 

of Zn/Pb sulfide ores and can also be recovered during the roasting of Fe and Cu sulfide 

ores. Before 1925 only 1 g of the element was available in the world but production now 

exceeds 50 000 000 g (i.e. 50 tonnes) each year. Current price (1976) is $50—-150 per kg 

depending on purity. 

Thallium is likewise recovered from flue dusts emitted during sulfide roasting for 

H,SO, manufacture, and from the smelting of Zn/Pb ores. Extraction procedures are 

complicated because of the need to recover Cd at the same time. As there are no major 

commercial uses for Tl metal, world production is less than 5 tonnes pa; the price ranges 

from $20 to $120 per kg depending on purity and amount purchased. 

7.2.2 Preparation and uses of the metals'’? 

The huge difference in scale between the production of Al metal, on the one hand, and the 

other elements in the group is clear from the preceding section. The tremendous growth of 

the Al industry compared with all other non-ferrous metals is indicated in Table 7.3 and Al 

production is now exceeded only by that of iron and steel (p. 1244). 

TABLE 7.3 World production of some 
non-ferrous metals/million tonnes pa 

Metal 1900 1960 1973 

Al 0.0057 4.67 13.6 
Cu 0.50 4.40 8.79 
Zn 0.48 3.07 6.28 
Pb 0.88 2.63 4.42 

Production of Al metal involves two stages: (a) the extraction, purification, and 
dehydration of bauxite, and (b) the electrolysis of Al,O,; dissolved in molten cryolite 

Na,AIF,. Bauxite is now almost universally treated by the Bayer process; this involves 

dissolution in aqueous NaOH, separation from insoluble impurities (red muds), partial 
precipitation of the trihydrate, and calcining at 1200°. Bauxites approximating to the 
“monohydrate” AIOOH require higher concentrations of NaOH (200-300 g 17‘) and 
higher temperatures and pressures (200—250°C, 35 atm) than do bauxites approximating 
to Al(OH), (100-150 g1~ ' NaOH, 120-140°C). Electrolysis is carried out at 940-980°C in 
a carbon-lined steel cell (cathode) with carbon anodes. Originally Al,O was dissolved in 
molten cryolite (Héroult-Hall process) but cryolite is a rather rare mineral and 

production from the mines in Greenland provide only about 30 000 tonnes pa, quite 

' Kirk—Othmer Encyclopedia of Chemical Technology, 3rd edn., Vol. 2, Aluminium and aluminium alloys, pp. 
129-88; Aluminium compounds, pp. 188-251. Interscience, New York, 1978. 



S7:2.2 Preparation and Uses of the Metals 247 

insufficient for world needs. Synthetic cryolite is therefore manufactured in lead-clad 

vessels by the reaction 

6HF + Al(OH), +3NaOH ———> Na, AIF, + 6H,O 

Typical electrolyte composition ranges are Na3AIF, (80-85%), CaF, (5-7%), AIF; 

(5-7%), Al,O, (2-8 %—intermittently recharged). See also p. 77 for the beneficial use of 

Li,CO,. The detailed electrolysis mechanism is still imperfectly understood but typical 

operating conditions require up to 10° A at 4.5 V and acurrent density of 0.7 Acm~ 7. One 

tonne Al metal requires 1.89 tonnes Al,O, ~0.45 tonnes C anode material; 0.07 tonnes 

Na3AlF, and about 15 000 kWh of electrical energy. It follows that cheap electric power is 

the overriding commercial consideration. World production (1974) approached 14 mil- 

lion tonnes pa, the leading producers being the USA (34%), the USSR (11%), Japan (9%), 

Canada (8%), the Fed. Rep. of Germany (5%), and Norway (5%). In addition to this 

primary production, recycling of used alloys probably adds a further 34 million tonnes 

pa to the total Al metal consumed. Some uses of Al and its alloys are noted in the Panel. 

Gallium metal is now obtained as a byproduct of the Al industry. The Bayer process for 

obtaining alumina from bauxite gradually enriches the alkaline solutions from an initial 

weight ratio Ga/Al of about 1/5000 to about 1/300; electrolysis of these extracts with an 

Hg electrode gives further concentration, and the solution of sodium gallate is then 

electrolysed with a stainless steel cathode to give Ga metal. Ultra high-purity Ga for 

semiconductor uses is obtained by further chemical treatment with acids and O, at high 

temperatures followed by crystallization and zone refining. Gallium has a beautiful silvery 

blue appearance; it wets glass, porcelain, and most other surfaces (except quartz, graphite, 

and teflon) and forms a brilliant mirror when painted on to glass. Its main use is in 
semiconductor technology (p. 290). For example, GaAs (isoelectronic with Ge) can 

convert electricity directly into coherent light (laser diodes) and is employed in 

electroluminescent light-emitting diodes (LEDs); it is also used for doping other 

semiconductors and in solid-state devices such as transistors. The compound MgGa,O,, 

when activated by divalent impurities such as Mn?*, is used in ultraviolet-activated 

powders as a brilliant green phosphor—familiar to users of Xerox copying machines. 

Another very important application is to improve the sensitivity of various bands used in 

the spectroscopic analysis of uranium. Minor uses are as high-temperature liquid seals, 

manometric fluids and heat-transfer media, and for low-temperature solders. 

Indium, like Ga, is normally recovered by electrolysis after prior concentration in 

processes leading primarily to other elements (Pb/Zn). It is a soft, silvery metal with a 

brilliant lustre and (like Sn) it gives out a high-pitched “cry” when bent. Formerly it was 

much used to protect bearings against wear and corrosion but the pattern of use has been 

changing in recent years and now its most important applications are in low-melting 
alloys and in electronic devices. Thus meltable safety devices, heat regulators, and 
sprinklers use alloys of In with Bi, Cd, Pb, and Sn (mp 50—100°C) and In-rich solders are 

valuable in sealing metal-nonmetal joints in high vacuum apparatus. Indium is of 

particular importance in the manufacture of p—n-p transistor junctions in Ge (p. 429) and 

to solder semiconductor leads at low temperature; the softness of the metal also minimizes 

stress in the Ge during subsequent cooling. So-called III-V semiconductors like InAs and 

InSb are used in low-temperature transistors, thermistors, and optical devices (photocon- 

ductors), and InP is used for high-temperature transistors. A further minor use, which 
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exploits the high neutron capture cross-section of In, is as acomponent in control rods for 

certain nuclear reactors. 

Technical grade T1 is purified from other flue-dust elements (Ni; Zn, Cd; In; Ge, Pb; As; 
Se, Te) by dissolving it in warm dilute acid, then precipitating the insoluble PbSO, and 
adding HCI to precipitate TICI. Further purification is effected by electrolysing T1,SO, in 
dilute H,SO, with short Pt wire electrodes, followed by fusion of the deposited TI metal at 
350-400°C under an atmosphere of H,. Both the element and its compounds are 
extremely toxic; skin-contact, ingestion, and inhalation are all dangerous, and the 
maximum allowable concentration of soluble Tl compounds in air is 0.1 mg m~*. In this 
context the position of Tl in the periodic table will be noted—it occurs between two other 
poisonous heavy metals Hg and Pb. T1,SO, was formerly widely used as a rodenticide and 
ant killer but it is both odourless and tasteless and is now banned in many countries as 
being too dangerous for general use. Many suggestions have been made for the use of T1 
compounds in industry but none have been substantially developed. A few specialist uses 
have emerged in infrared technology since TIBr and TII are transparent to long 
wavelengths, and there are possibilities for photosensitive diodes and infrared detectors. 
The very high density of aqueous solutions of Tl formate and malonate have found 
application in the small-scale separation of minerals and the determination of their 
densities; a saturated solution containing approximately equal weights of these salts 
(Clerici’s solution) has a density of 4.324 g cm~* at 20° and progressively lower densities 
can be obtained by dilution. 

7.2.3 Properties of the elements | 

The atomic properties of the Group III elements (including boron) are compared in 
Table 7.4. All have odd atomic numbers and correspondingly few stable isotopes. The 
varying precision of atomic weights has been discussed (p. 19). The electronic 
configuration is ns*np! in each case but the underlying core varies considerably: for B and 
Alit is the preceding noble gas core, for Ga and In it is noble gas plus d!°, and for Tl noble 
gas plus 4f'*5d"°. This variation has a substantial influence on the trends in chemical 
properties of the group and is also reflected in the ionization energies of the elements. 
Thus, as shown in Fig. 7.1, the expected decrease from B to Al is not followed by a further 

TABLE 7.4 Atomic properties of Group III elements 
ED se TT we Sa es ee ee ee 

Property B Al Ga In Tl 

Atomic number 5) 13 31 49 81 No. of nat. occurring isotopes 2 1 2 2 2 Atomic weight 10.81 26.98154 69.72 114.82 204.383 Electronic configuration [He]2s*2p* [Ne]3s*3p' — [Ar]3d!°4s24p! [Kr]4d'°5s?5p! [Xe]4f'*5d!°6s76p! Ionization energy/kJ mol7! I 800.5 577.4 578.6 558.2 589.1 
II 2426.5 1816.1 1978.8 1820.2 1970.5 

Ili 3658.7 2744.1 2962.3 2704.0 2877.4 Metal radius/pm (80-90) 143 135 (see text) 167 170 Ionic radius/pm (6-coord.) III 27°) 5355 62.0 80.0 88.5 
I — — 120 140 150 

) Nominal “ionic” radius for B!" 
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Fic. 7.1 Trends in successive ionization energies J,,(I), Jy(II), and Jy,(I1), and their sum 2 for 
elements in Groups IIIA and IIIB. 

decrease to Ga because of the “d-block contraction” in atomic size and the higher effective 

nuclear charge for this element which stems from the fact that the 10 added d electrons do 

not completely shield the extra 10 positive charges on the nucleus. Similarly, the decrease 

between Ga and In is reversed for Tl] as a result of the further influence of the f block or 

lanthanide contraction. It is notable that these irregularities for the IIIB elements do not 

occur for the IIIA elements Sc, Y, and La, which show a steady decrease in ionization 

energy from B and Al, all 5 elements having the same type of underlying core (noble gas). 

This has a decisive influence on the comparative chemistry of the two subgroups. 

Boron is a covalently bonded, refractory, non-metallic insulator of great hardness and is 

thus not directly comparable in its physical properties with Al, Ga, In, and Tl, which are all 

low-melting, rather soft metals having a very low electrical resistivity (Table 7.5). The 

heats of fusion and vaporization of the metals are also much lower than those of boron and 

tend to decrease with increasing atomic number. In all these properties the metals 

resemble the neighbouring metals Zn, Cd, Hg; Sn, Pb, etc., and it is probable that in each 

case the properties are related to the rather small number of electrons available for 

metallic bonding. Some have seen this as a manifestation of the “inert-pair effect” (see p. 

255). The interatomic distances in these elements are also somewhat longer than expected 

from general trends. 
The crystal structure of Al is fcc, typical of many metals, each Al being surrounded by 12 
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TABLE 7.5 Physical properties of Group III elements 

Property B Al Ga In Tl 

MP/°C 2180 660.37 29.78 156.61 303.5 
BP/°C ~ 3650 2467 2403 2080 1457 
Density (20°C)/g cm= ? 7, 339) 2.699 5.904 Teil 11.85 
Hardness (Mohs) 11 DiS) 165 1.2 1.2-1.3 
AH,,./kJ mol~? 23.60 10.50 5.59 3.26 4.31 
AH,,,/kJ mol~! 504.5 290.8 270.3 231.8 166.1 
AH, (monatomic gas)/kJ mol~* Set S2 ey, 286.2 243.1 180.7 

Electrical resistivity/uohm cm 6.7 x 10!" DOSS tim 27 8.37 18 
E° (M3* +3e7 =M(s))/V —0.87" —1.66 —0.56 —0.34 + 1.26 
E°(M* +e =M(s))/V -- 0.55 —0.79 (acid) —0.18 —0.34 

— 1.39(alkali) 

Electronegativity 2.0 Nes) 1.6 te 1.8 

‘) The resistivity of crystalline Ga is markedly anisotropic, the values in the three orthorhombic directions 
being a 17.5, b 8.20, c 55.3 pohm cm. The resistivity of liquid Ga at 30° is 25.8 wohm cm. 

(*) E° for reaction H,BO,+3H* +3e =B(s)+3H,O. 

nearest neighbours at 286 pm. Thallium also has a typical metallic structure (hcp) with 12 

nearest neighbours at 340 pm. Indium has an unusual structure which is slightly distorted 

from a regular close-packed arrangement: the structure is face-centred tetragonal and 

each In has 4 neighbours at 324 pm and 8 at the slightly greater distance of 336 pm. 

Gallium has a unique orthorhombic (pseudotetragonal) structure in which each Ga has 1 

very close neighbour at 244 pm and 6 further neighbours, 2 each at 270, 273, and 279 pm. 

The structure is very similar to that of iodine and the appearance of pseudo-molecules Ga, 

may result from partial pair-wise interaction on neighbouring atoms of the single p 

electron outside the [Ar]3d‘°4s? core which immediately follows the first transition series. 
As such it can be compared with Hg which also has a very low mp and completes the 

[Xe]4f'*5d'°6s? “pseudo-noble-gas” configuration following the lanthanide elements. 
Note that all interatomic contacts in metallic Ga are less than those in Al, again 

emphasizing the presence of a “d-block contraction”. Gallium is also unusual in 

contracting on melting, the volume of the liquid phase being 3.4° less than that of the 

solid; the same phenomenon occurs with the next element in the periodic table Ge, and 

also with Sb and Bi, in addition to the well-known example of H,O. In each case, a _ 

structural feature in the solid is broken down to permit more efficient packing of atoms in 
the liquid state. 

The standard electrode potentials of the Group IIIB elements reflect the decreasing 

stability of the + 3 oxidation state in aqueous solution and the tendency, particularly of Tl, 

to form compounds in the +1 oxidation state (p. 255). The trend to increasing 

electropositivity of the group oxidation state which was noted for Groups IA and IIA does 

not occur with Group IJIB but is found, as expected, in Group IIIA (Fig. 7.2). Similarly, 
the steady decrease in electronegativity in the series B> Al>Sc> Y>La> Ac is reversed 
in Group IIIB and there is a steady increase in electronegativity from Al to TI. 

7.2.4 Chemical reactivity and trends 

The Group III metals differ sharply from the non-metallic element boron both in their 
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E° (M3+/M)/V 

Fic. 7.2. Trends in standard electrode potential E° and electronegativity 7 for elements in 

Groups IIIA and IIIB. 

greater chemical reactivity at moderate temperatures and in their well-defined cationic 

chemistry for aqueous solutions. The absence of a range of volatile hydrides and other 

cluster compounds analogous to the boranes and carboranes is also notable. Aluminium 

combines with most non-metallic elements when heated to give compounds such as AIN, 

ALS,, AlX;, etc. It also forms intermetallic compounds with elements from all groups of 

the periodic table that contain metals. Because of its great affinity for oxygen it is used as a 

reducing agent to obtain Cr, Mn, V, etc., by means of the thermite process of K. 

Goldschmidt. Finely, powdered Al metal explodes on contact with liquid O,, but for 
normal samples of the metal a coherent protective oxide film prevents appreciable 

reaction with oxygen, water, or dilute acids; amalgamation with Hg or contact with 

solutions of salts of certain electropositive metals destroys the film and permits further 

reaction. Aluminium is also readily soluble in hot concentrated hydrochloric acid and in 

aqueous NaOH or KOH at room temperature with liberation of H,. This latter reaction is 

sometimes written as 

Al+NaOH+H,0 NaAlO, +3H, 

though it is likely that the species in solution is the hydrated tetrahydroxoaluminate anion 

[Al(OH),] (aq) or [Al(H,O),(OH),]. 
Al(OH); is amphoteric, forming both salts and aluminates (Greek &pdotépac, 

amphoteros, in both ways). Thus the freshly precipitated hydroxide is readily soluble in 
both acid and alkali: 

[Al(H,0);(OH)s] 

[AI(H30).(OH). 
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In these reactions the coordination number of Al has been assumed to be 6 throughout 

though direct evidence on this point is rarely available. Amphoterism is also exhibited in 

anhydrous reactions, e.g.: 

Aluminium compounds of weak acids are extensively hydrolysed to [Al(H,O)3;(OH)s] 

and the corresponding hydride, e.g. Al,S;23H,S, AIN-NH3, and Al,C,>3CHg. 

Similarly, the cyanide, acetate, and carbonate are unstable in aqueous solution. 

Hydrolysis of the halides and other salts such as the nitrate and sulfate is incomplete but 

aqueous solutions are acidic due to the ability of the hydrated cation [Al(H ,0),]° to act 

as proton donor giving [Al(H,O);(OH)]?*, [Al(H,O),(OH),]”, etc. If the pH is 
gradually increased this deprotonation of the mononuclear species is accompanied by 

aggregation via OH bridges to give species such as 

OH 

[(H,OAIK Al(H,0).1** 

and then to precipitation of the hydrous oxide. This is of particular use in water 

clarification since the precipitating hydroxide nucleates on fine suspended particles which 

are thereby thrown out of suspension. Still further increase in pH leads to redissolution as 

an aluminate (Fig. 7.3). Similar behaviour is shown by Be", Zn", Ga", Sn" Pb"! etc. A 
detailed quantitative theory of amphoterism is difficult to construct but it is known that 

amphoteric behaviour occurs when (a) the cation is weakly basic, (b) its hydroxide is 

moderately insoluble, and (c) the hydrated species can also act as proton donors.” 

Anhydrous Al salts cannot be prepared by heating the corresponding hydrate for | 

reasons closely related to the amphoterism and hydrolysis of such compounds. For 

example, AICl,.6H,O is, in reality, [Al(H,O),]Cl, and the strength of the Al-O 

interaction precludes the formation of Al-Cl bonds: 

heat 

2(Al(H,O),]Cl; ———> Al,O,+6HCI+9H,O 

The amphoteric behaviour of Ga™ salts parallels that of Al'"; indeed, Ga,O; is slightly 
more acidic than Al,O, and solutions of gallates tend to be more stable than aluminates. 

Consistent with this pK, for the equilibrium 

[M(H,0),]** => [M(H,0),OH]?* + Ht 

* C. S. G. PHILLIPS and R. J. P. WILLIAMS, Inorganic Chemistry, Vol. 1, Chap. 14; Vol. 2, pp. 524-5, Oxford 
University Press, Oxford, 1966. 
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Fic. 7.3 Schematic representation of the variation of concentration of an Al salt as a function of 
PH (see text). 

is 4.95 for Al and 2.60 for Ga. Indium is more basic than Ga and is only weakly 

amphoteric. The metal does not dissolve in aqueous alkali whereas Ga does. This 

alternation in the sequence of basicity can be related to the electronic and size factors 

mentioned on p. 250. Thallium behaves as a moderately strong base but is not strictly 

comparable with other members of the group because it normally exists as Tl' in aqueous 

solution. Thus, Tl metal tarnishes readily and reacts with steam or moist air to give TIOH. 

The electrode potential data in Table 7.5 show that Tl'is much more stable than T1'" in 
aqueous solution and indicate that Tl'’ compounds can act as strong oxidizing agents. 

Compounds of TI' have many similarities to those of the alkali metals: TIOH is very 

soluble and is a strong base; T1,CO; is also soluble and resembles the corresponding Na 

and K compounds; TI! forms colourless, well-crystallized salts of many oxoacids, and 

these tend to be anhydrous like those of the similarly sized Rb and Cs; TI' salts of weak 

acids have a basic reaction in aqueous solution as a result of hydrolysis; Tl' forms 

polysulfides (e.g. T1,S;) and polyiodides, etc. In other respects Tl' resembles the more 

highly polarizing ion Ag”, e.g. in the colour and insolubility of its chromate, sulfide, 

arsenate, and halides (except F), though it does not form ammine complexes in aqueous 

solution and its azide is not explosive. 

The stability of the +1 oxidation state in Group III increases in the sequence 

Al<Ga<In<TI, and numerous examples of M' compounds will be found in the 

following sections. The occurrence of an oxidation state which is 2 less than the group 

valency is sometimes referred to as the “inert-pair effect” but it is important to recognize 

that this is a description not an explanation. The phenomenon is quite general among the 

heavier elements of the p block (i.e. the post-transition elements or B subgroups). For 

example, Sn and Pb commonly occur in both the +2 and +4 oxidation states; P, As, Sb, 

and Biin the +3 and +5,S,Se, Te, Pointhe +2, +4, and +6 states, etc. The term “inert- 

pair effect” is somewhat misleading since it implies that the energy required to involve the 



256 Aluminium, Gallium, Indium, and Thallium CHT: 

ns? electrons in bonding increases in the sequence Al<Ga<In<TI. Reference to Table 
7.4 shows that this is not so (the sequence is, in fact, In< Al<T1<Ga). The explanation 

lies rather in the decrease in bond energy with increase in size from Al to TI so that the 

energy required to involve the s electrons in bonding is not compensated by the energy 

released in forming the 2 additional bonds. The argument is difficult to quantify since the 

requisite energy terms are not known. Thus it is unrealistic to use the simple ionic bond 

model (p. 91) to calculate the heat of formation of MX; because compounds like TICI, 

are not ionic, i.e. [T1>* (Cl~ ),]—the energy for the ionization of M(g) to M°* (g) is greater 
than 5000 kJ mol”! for each element and substantial covalent interaction between M** 
and X~ would also be expected. In the absence of semi-empirical bond energy data or ab 

initio MO calculations it is only possible to note that the higher oxidation state becomes 

progressively less stable with respect to the lower oxidation state as atomic number 

increases within the group. This is seen, for example, by comparing the standard electrode 

potentials in aqueous solution for M'"' and M! in Table 7.5. Similarly, from the somewhat 
fragmentary data available, it appears that the enthalpy of formation of the anhydrous 

halides remains approximately constant for MX but diminishes irregularly from Al to T] 

for MX, (X=Cl, Br, I). The overall result depends not only on the simple Born—Haber 

terms (p. 94) but also on a combination of several other factors including changes in 

structure and bond type, covalency effects, enthalpies of hydration, entropy effects, etc., 

and a quantitative rationalization of all the data has not yet been achieved. 

Group IIIB metals furnish a good example of the general rule that an element is more 

electropositive in its lower than in its higher oxidation state: the lower oxide and 

hydroxide are more basic and the higher oxide and hydroxide more acidic. The reasons for 

this behaviour are similar to those already discussed when comparing Group IJA with 

Group IA (p. 121) and turn on the relative magnitude of ionization energies, cationic size, 
hydration enthalpy and entropy, etc. Again, the higher the charge on an aquo cation 

[M(H,O)]"* the more readily will it act as a proton donor (p. 55). 

Other group trends will emerge in subsequent sections. 

7.3 Compounds 

7.3.1. Hydrides and related complexes®:* 

The extensive covalent chemistry of the boron hydrides finds no parallel with the 
heavier elements of Group III. AIH; is a colourless, involatile solid which is extensively 
polymerized via Al-H—-Al bonds; it is thermally unstable above 150-200°, is a strong 
reducing agent, and reacts violently with water and other protic reagents to liberate H. 
Several crystalline and amorphous modifications have been described and the structure of 
a-AlH, has been determined by X-ray and neutron diffraction: each Al is octahedrally 
surrounded by 6 H atoms at 172 pm and the Al-H-Al angle is 141°. The participation 
of each Al in 6 bridges, and the equivalence of all Al-H distances suggests that 3-centre 2- 

> E. WiperG and E. AMBERGER, Hydrides of the Elements of Main Groups I-IV, Chaps. 5 and 6, pp. 381-461, 
Elsevier, Amsterdam, 1971. 

* 'N. N. GREENWOOD, Gallium hydride and its derivatives, Chap. 3 in E. A. V. Esswortu, A. G. MADDOCK, 
and A. G. SHARPE (eds.), New Pathways in Inorganic Chemistry, pp. 37-64, Cambridge University Press, 
Cambridge, 1968. 

° J. W. TurLey and H. W. RINN, The crystal structure of aluminium hydride, Jnorg. Chem. 8, 18-22 (1969). 
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electron bonding occurs as in the boranes (p. 179). The closest Al ---Al distance is 

324 pm, which is appreciably shorter than in metallic Al (340 pm), but there is no direct 

metal-metal bonding and the density of AIH, (1.477 gcm~ ) is markedly less than that for 

Al (2.699 g cm *); this is because in Al metal all 12 nearest neighbours are at 340 pm 
whereas in AlH, there are 6 Al at 324 and 6 at 445 pm. 

AIH; is best prepared by the reaction of ethereal solutions of LiAIH, and AICI, under 
very carefully controlled conditions: 

3LiAIH, + AIC], —-->-4[AIH,,(Et,O),] + 3LiCl 

The LiCl is removed and the filtrate, if left at this stage, soon deposits an intractable 
etherate of variable composition. To avoid this, the solution is worked up with an excess of 

LiAlH, and some added LiBH, in the presence of a large excess of benzene under reflux at 
76-79°C. Crystals of «-AlH,; soon form. Slight variations in the conditions lead to other 

crystalline modifications of unsolvated AlH,, 6 of which have been identified. 

AIH, readily forms adducts with strong Lewis bases (L) but these are more 

conveniently prepared by reactions of the type 

~ LiAIH, +NMe,HCl—2—-> [AIH ,(NMe,)] + LiCl +H, 

[AlH3(NMe;)] has a tetrahedral structure and can take up a further mole of ligand to give 

[AlH3;(NMe;),]; this was the first compound in which Al was shown to adopt a 5- 
coordinate trigonal bipyramidal structure”) 

| 
Me;N—AI—NMe, 

ates 
Hoo 

Gallium hydride is a viscous liquid, mp — 15° which decomposes quantitatively to Ga 

and H, at room temperature. It can be prepared by a low-temperature displacement 

reaction in the absence of solvent. 

[GaH,(NMe;)](c) + BF3(g) ———> GaH, (1) + [BF 3(NMe3)](c) 

The adduct [GaH,(NMe;)] is a colourless, crystalline compound mp 70.5° which is 

formed quantitatively by the reaction of ethereal solutions of LiGaH, and NMe HC]; like 

the Al analogue it takes up a further mole of ligand to give the trigonal bipyramidal 

[GaH ,(NMe;),]. Numerous complexes have been prepared and the stabilities of the 1:1 

adducts decrease in the following sequences: 

Me,NH>Me3,N>C.H;N>Et3N>PhNMe, > Ph3N 
Me,N~ Me3P>Me,PH 

Ph,P>Ph,N>Ph,As 

R,3N or R3,P>R,0 or R,S 

© FM. Brower, N. E. MATZEK, P. F. REIGLER, H. W. RINN, C. B. Roserts, D. L. SCHMIDT, J. A. SHOVER, 

and K. TERADA, Preparation and properties of aluminium hydride, J. Am. Chem. Soc. 98, 2450-3 (1976). 
7G. W. Fraser, N. N. GREENWOOD, and B. P. STRAUGHAN, Aluminium hydride adducts of trimethylamine: 

vibrational spectra and structure, J. Chem. Soc. (1963) 3742-9. C. W. Heitscn, C. E. NorpMaAN, and R. W. 
PARRY, The crystal structure and dipole moment in solution of the compound AlH,;.2NMe:3, /norg. Chem. 2, 
508-12 (1963). 
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Complexes of the type [GaH,X(NMe,)] and [GaHX,(NMe;)] are readily prepared by 

reaction of HCl or HBr on the GaH,, complex at low temperatures or by reactions of the 

type 

CoH 
3[GaH,X(NMe;)]  X=Cl, Br, I 2[GaH ,(NMe,)] +[GaX,(NMe,)] 

The relative stabilities of these various complexes can be rationalized in terms of the 

factors discussed on p. 223. 
InH, and TIH, appear to be too unstable to exist in the uncoordinated state though 

they may have transitory existence in ethereal solutions at low temperatures. A similar 

decrease in thermal stability is noted for the tetrahydro complexes; e.g. the temperature at 

which the Li salts decompose rapidly, follows the sequence 

LiBH, (380°) > LiAlH,(100°) > LiGaH, (50°) > LilInH, (0°) ~ LiT1H,(0°) 

LiAlH, is a white crystalline solid, stable in dry air but highly reactive towards 

moisture, protic solvents, and many organic functional groups. It is readily soluble in ether 

(~29 g per 100 g at room temperature) and is normally used in this solvent. LiA]H, has 

proved to be an outstandingly versatile reducing agent since its discovery 35 y ago® (see 

Panel). It can be prepared on the laboratory (and industrial) scale by the reaction 

Et,0 4LiH + AICI, LiAIH, + 3LiCl 

On the industrial (multitonne) scale it can also be prepared by direct high-pressure 

reaction of the elements or-preferably via the intermediate formation of the Na analogue. 

thf/140°/3h 

Na+ Al+2H, Peer NaAlH, (99% yield) 

The Li salt can then be obtained by metathesis with LiCl in Et,O. The X-ray crystal 

structure of LiAlH, shows the presence of tetrahedral AIH, groups (AI-H 155 pm) 

bridged by Liin such a way that each Li is surrounded by 4H at 188-200 pm (cf. 204 pm in 

LiH) anda fifth H at 216 pm. The bonding therefore deviates considerably from the simple 

ionic formulation Li” AIH,” and there appears to be substantial covalent bonding as 
found in other complex hydrides (p. 74). 

Other complex hydrides of Al are known including Li,AlH,, M'AIH, (M!=Li, Na, 
K, Cs), M™AIH,), (M"=Be, Mg, Ca), Ga(AIH,);, MAIH3R), M'(AIH,R,), 
M'[AIH(OEt),], etc. (see Panel). The important complex Al(BH,)3 has already been 
mentioned (p. 188); it is a colourless liquid, mp — 64.5°, bp +44.5°. It is best prepared in 
the absence of solvent by the reaction 

3NaBH,+ AlCl, Al(BH,)3 + 3NaCl 
Al(BH,)3 was the first fluxional compound to be recognized as such (1955) and its thermal 

8 A. E. FINHOLD, A. C. Bonp, and H. J. SCHLESINGER, Lithium aluminium hydride, aluminium hydride, and 
lithium gallium hydride, and some of their applications in organic and inorganic chemistry, J. Am. Chem. Soc. 
69, 1199-1203 (1947); see also R. T. SANDERSON, More on complex hydrides, Chem & Eng. News 29 Nov. 1976, 
jee Se 
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°N. G. GAYLorD, Reduction with Complex Metal Hydrides, Interscience, New York, 1956, 1046 pp. 
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decomposition led to a new compound which was the first to be discovered and 
structurally characterized by means of nmr: 

2Al(BH,)3 70° 

The binuclear complex is also fluxional and has the structure 

At room temperature Al(BH,)3 reacts quantitatively in the gas phase with Al, Me, (p. 
289) to give [Al(BH,),Me] (mp —76°) in which one of the BH, groups of the parent 
compound has been replaced by a Me group: 

4Al(BH,); + AlyMe, —-—-> 6[Al(BH,),Me] 
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Electron diffraction studies in the gas phase reveal an unusual structure in which the 5- 

coordinate Al atom has square-pyramidal geometry (Fig. 7.4a).°” The heavy atoms 
CAIB, are coplanar and the symmetry is close to C,,. A similar structure has been found 

by X-ray diffraction for [Ga(BH,),H], which was prepared by the dry reaction of LiBH, 

and GaCl, at —45°C.0) 

(a) (b) 

Fic. 7.4" (a) Structure of [MeAl(BH,),] as revealed by electron diffraction, and (b) structure and 
key dimensions of [HGa(BH,),] as determined by low temperature X-ray diffractometry. 

7.3.2 Halides and halide complexes 

Several important points emerge in considering the wide range of Group III metal 

halides and their complexes. Monohalides are known for all 4 metals with each halogen 

though for Al they occur only as short-lived diatomic species in the gas phase. This may 

seem paradoxical, since the bond dissociation energies for Al-X are substantially greater 

than for the corresponding monohalides of the other elements and fall in the range 655 kJ 

mol>! (AIF) to 365kJ mol~? (AII). The corresponding values for the gaseous TIX 
decrease from 460 to 270 kJ mol’ yet it is these latter compounds that form stable 

crystalline solids. In fact, the instability of AlX in the condensed phase at normal 

temperatures is due not to the weakness of the Al-X bond but to the ready 
disproportionation of these compounds into the even more stable AIX,: 

AIX(s) ———> 4Al(s)+4AIX;3(s); AH gisprop (See Table) 

The reverse reaction to give the gaseous species AlX(g) at high temperature accounts for 

the enhanced volatility of AIF, when heated in the presence of Al metal, and the ready 

volatilization of Al metal in the presence of AICI,. Using calculations of the type outlined 

on p. 95 the standard heats of formation of the crystalline monohalides AIX and their 
heats of disproportionation have been estimated as: 

294M. T. Bartow, C. J. Dain, A. J. Downs, P. D. P. THomAs, and D. W. H. Rankine, Group III 
tetrahydroborates. Part 3. The molecular structure of methylaluminium bis(tetrahydroborate) in the gas phase 
as revealed by electron diffraction, JCS Dalton 1980, 1374-8. 

°>M. T. Bartow, C.J. Dain, A.J. Downs, G.S. LAURENSON, and D.W.H. RANKIN, Group 3 

Tetrahydroborates. Part 4. The molecular structure of hydridogallium bis(tetrahydroborate) in the gas phase as 
determined by electron diffraction, JCS Dalton, 1982, 597-602. 
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Compound (s) AIF AICI AlBr All 

AH¢/kJ mol”! — 393 — 188 —126 — 46 

AH Gisprop/KJ mol™ : — 105 — 46 — 50 —59 

The crystalline dihalides AIX, are even less stable with respect to disproportionation, 

value of AH gicprop falling in the range — 200 to —230 kJ mol ! for the reaction 

AIX,(s) ———> 4Al(s)+3A1X,(s) 

Aluminium trihalides 

AIF is made by treating Al,O, with HF gas at 700° and the other trihalides are made 

by the direct exothermic combination of the elements. AIF, is important in the industrial 

production of Al metal(p. 246) and AICI, finds extensive use as a Friedel-Crafts catalyst 

(p. 266). AIF, differs from the other trihalides of Al in being involatile and insoluble, and 

in having a much greater heat of formation (Table 7.6). 

TABLE 7.6 Properties of crystalline AlX , 

Property AIF, AICI, AIBr, All, 

MP/°C 1290 192.4 97.8 189.4 
Sublimation pt (1 atm)/°C 1272 180 256 382 
AH?/kJ mol”? 1498 707 527 310 

These differences probably stem from differences in coordination number (6 for AIF;,; 
change from 6 to 4 at mp for AICI,; 4 for AlBr, and All;) and from the subtle interplay ofa 

variety of other factors mentioned below rather than from a discontinuous change in bond 

type between the fluoride and the other halides. Similar differences dictated by change in 

coordination number are noted for many other metal halides, e.g. SnF, and SnX, (p. 443), 

BiF, and BiX; (p. 653), etc., and even more dramatically for some oxides such as CO, and 

Si0,. In AIF; each Al is surrounded by a distorted octahedron of 6 F atoms and the 1:3 

stoichiometry is achieved by the corner sharing of each F between 2 octahedra. The 

structure is thus related to the ReO; structure (p. 1219) but is somewhat distorted from 

ideal symmetry for reasons which are not understood. Maybe the detailed crystal 

structure data are wrong.” The relatively “open” lattice of AIF, provides sites for water 
molecules and permits the formation of a range of nonstoichiometric hydrates. In 

addition, well-defined hydrates AIF,.nH,O (n=1, 3, 9) are known but, curiously, no 
hexahydrate corresponding to the familiar [Al(H,O),]Cl;. 

The complex fluorides of All (and Fe") provide a good example of a family of 
structures with differing stoichiometries all derived by the sharing of vertices between 
octahedral {AIF,} units;''® edge sharing and face sharing are not observed, presumably 
because of the destabilizing influence of the close (repulsive) approach of 2 Al atoms each 
of which carries a net partial positive charge. Discrete {AIF} units occur in cryolite, 

oA. F. WELLS, Structural Inorganic Chemistry, 4th edn., Oxford University Press, Oxford, 1975, 1095 pp. 
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Na,AlF,, and in the garnet structure Li,;Na3Al,F, , (ie. [Al,Na3(LiF,)3], see p. 1256) but 

it is misleading to think in terms of [AIF,]*~ ions since the Al-F bonds are not 

appreciably different from the other M-F bonds in the structure. Thus the Na,AlF, 

structure is closely related to perovskite ABO, (p. 1122) in which one-third of the Na and 
all the Al atoms occupy octahedral {MF,} sites and the remaining two-thirds of the Na 
occupy the 12-coordinate sites. When two opposite vertices of {AIF,} are shared the 

stoichiometry becomes {AIF} as in TISAIF; (and Tl,GaF’). The sharing of 4 equatorial 
vertices of {AIF} leads to the stoichiometry {AIF} in TI'AIF,. The same structural motif 

is found in each of the “isoelectronic” 6-coordinate layer lattices of K,Mg"F,, KAIF, 
and Sn'YF,, none of which contain tetrahedral {MF,} units. 

More complex patterns of sharing give intermediate stoichiometries as in Na;Al3F,4 
which features layers of {Al,F,,} built up by one-third of the {AIF} octahedra sharing 
4 equatorial vertices and the remainder sharing 2 opposite vertices. Again, Na, MgAlIF, 

comprises linked {AIF,} and {MgF,} octahedra in which 4 vertices of {AIF,} and all 
vertices of {MgF,} are shared. In all of these structures the degree of charge separation, 

though considerable, is unlikely to approach the formal group charges: thus AIF, should 

not be regarded as a network of alternating ions Al?* and F~ nor, at the other extreme, of 

an alternating set of Al?* and AIF,? , and lattice energies calculated on the basis of such 

formal charges placed at the observed interatomic distances are bound to be of limited 

reliability. Equally, the structure is not well described as a covalently bonded network of 

Al atoms and F atoms, and detailed MO calculations would be required to assess the 

actual extent of charge separation, on the one hand, and interatomic covalent bonding, on 

the other. Similar information might, in principle, be obtainable from very precise electron 

density plots obtained by X-ray diffraction (p. 92). 

The structure of AICI, is similarly revealing. The crystalline solid has a layer lattice with 

6-coordinate Al but at the mp 192.4° the structure changes to a 4-coordinate molecular 

dimer Al,Cl,; as a result there is a dramatic increase in volume (by 85%) and an even more 

dramatic drop in electrical conductivity almost to zero. The mp therefore represents a 

substantial change in the nature of the bonding. The covalently bonded molecular dimers 

are also the main species in the gas phase at low temperatures (~ 150—200°) but at higher 

temperatures there is an increasing tendency to dissociate into trigonal planar AICI, 

molecules isostructural with BX, (p. 220). 

By contrast, Al,Br, and Al,I,, form dimeric molecular units in the crystalline phase as 
well as in the liquid and gaseous states and fusion is not attended by such extensive 

changes in properties. In the gas phase AHj;,,,. = 59 kJ mol” ' for AIBr, and 50 kJ mol! 

for All;.In all these dimeric species, as in the analogous dimers Ga,Cl,, Ga,Br,, Gaj[,, 

and In,I,, the M-—X, distance is 10-20 pm shorter than the M-X, distance; the external 

angle X,MX, is in the range 110-125° and the internal angle X,MX,, is in the range 

79-102°. 

The trihalides of Al form a large number of addition compounds or complexes and these 

have been extensively studied because of their importance in understanding the nature of 

Friedel-Crafts catalysis."!:!2) The adducts vary enormously in stability from weak 
interactions to very stable complexes, and they also vary widely in their mode of bonding, 

‘1 N. N. GREENWoopD and K. WabDE, Coordination compounds of aluminium and gallium halides, Chap. 7 
in G. A. OLAH (ed.), Friedel Crafts and Related Reactions, Vol. 1, pp. 569-622, Interscience, New York, 1963. 

12K. Wape and A. J. BANISTER, Aluminium, gallium, indium, and thallium, Chap. 12 in Comprehensive 
Inorganic Chemistry, Vol. 1, pp. 993-1172, Pergamon Press, Oxford, 1973. 
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structure, and properties. Aromatic hydrocarbons and olefins interact weakly though in 

some cases crystalline adducts can be isolated, e.g. the clathrate-like complex 

Al, Br, .Cs,H., mp 37° (decomp). With mesitylene, C,H3,Me;, and the xylenes C;H,Me,, 

the interaction is slightly stronger, leading to dissociation of the dimer and the formation 

of weak monomeric complexes AlBr,L both in solution and in the solid state. At the other 

end of the stability scale NMe, forms two crystalline complexes: [AICI,(NMe;)] mp 

156.9° which features molecular units with 4-coordinate tetrahedral Al, and 

[AICI,(NMe;),] which has 5-coordinate Al with trigonal bipyramidal geometry and 

trans axial ligands. Alkyl halides interact rather weakly and vibrational spectroscopy 

suggests bonding of the type R—X---AIX,. However, for readily ionizable halides such as 

Ph,CCl the degree of charge separation is much more extensive and the complex can be 

formulated as Ph,C* AICI, . Acyl halides RCOX may interact either through the 

carbonyl oxygen, PhC(ClI)=O-AICI,, or through the halogen, RCOX-:--AIX, or 

RCO* AIX, ~. Again, vibrational spectroscopy is a sensitive, though not always reliable, 

diagnostic for the mode of bonding. X-ray crystal structures of several complexes have 

been obtained but these do not necessarily establish the predominant species in 

nonaqueous solvents because of the delicate balance between the various factors which 

determine the structure (p. 223). Even in the crystalline state the act of coordination may 

lead to substantial charge separation. For example, X-ray analysis has established that 

AICI;ICl; comprises chains of alternating units which are best described as ICI, * and 

AICI,” with rather weaker interactions between the ions (Fig. 7.5). Another instructive 

example is the ligand POCI, which forms 3 crystalline complexes AlIC1,POCI, mp 186.5°, 

AIC],(POCI;), mp 164°(d), and AiCl,(POCI,), mp 41°(d). Although the crystal 
structures of these adducts have not been established it is known that POCI, normally 

coordinates through oxygen rather than chlorine. Consistent with this there is no 

exchange of radioactive *°Cl when AICI, containing °°Cl is dissolved in inactive POCI;. 
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Fic.7.5 Schematic representation of the structure of AICI,ICI, showing ICI, * and AICI, units 
linked into a chain by weaker interactions. The 6 CIAICI angles at Al are in the range 104.5—113.4°; 
the AICII angles at the bridging Cl atoms are also close to tetrahedral and the geometry at I is 
distorted square planar, with two normal and two long I-Cl distances. Note also that the two 
AlCl, distances are less than the two AI-Cl, distances, as in the bridge dimeric Al,Cl, itself. 

However, such solutions are good electrical conductors and spectroscopy reveals AICI, ~ 

as a predominant solute species. The resolution of this apparent paradox was provided by 

means of ?’Al nmr spectroscopy" *) which showed that ionization occurred according to 
the reaction 

4A1Cl, + 6POC], ———> [Al(OPC],),]°* +3[AICl,]~ 

It can be seen that all the Cl atoms in [AICl,]~ come from the AICI. It was further shown 

that the same 2 species predominated when Al,I, was dissolved in an excess of POCI,: 

2Al,I, + 12POCl, = 4{AIC1,} + 12POC1,I 

4{AICl,} + 6POCl, ———>[AI(OPCl,),]°* + 3[AICI,]~ 

No mixed Al species were found by ?’Al nmr in this case. 
AICI, is a convenient starting material for the synthesis of a wide range of other Al 

compounds, e.g.: 

AICI, 4. 3hiY ———_> 3LiCl PAlY, (Y =k, NR,, N=CR,) 
AICI, + 4LiY ———> 3LiCl+LiAlY, (Y=R, NR,, N=CR,, H) 

Similarly, NaOR reacts to give Al(OR)3; and NaAl(OR),. AICI, also converts non-metal 

fluorides into the corresponding chloride, e.g. 

BF, +AlCl, AIF, +BCl, 

This type of transhalogenation reaction, which is common amongst the halides of main 

group elements, always proceeds in the direction which pairs the most electropositive 

'3R. G. Kiwp and D. R. Truax, Halogen exchange between aluminium halides and phosphoryl chloride, 
JCS Chem Comm. (1969), 160-1. 
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element with the most electronegative, since the greatest amount of energy is evolved with 

this combination.” 

The major industrial use of AICI, is in catalytic reactions of the type first observed in 

1877 by C. Friedel and J. M. Crafts. AICI, is now extensively used to effect alkylations 

(with RCI, ROH, or RCH=CH,), acylations (with RCOCI), and various condensation, 

polymerization, cyclization, and isomerization reactions.'!5) The reactions are examples 

of the more general class of electrophilic reactions that are catalysed by metal halides and 

other Lewis acids (electron pair acceptors). Of the 25 000 tonnes of AICI, produced 

annually in the USA, about 15% is used in the synthesis of anthraquinones for the 

dyestuffs industry: 

A further 15° of the AICI, is used in the production of ethyl benzene for styrene 

manufacture, and 13% in making EtCl or EtBr (for PbEt,): 

AICI; 
CH,=CH, + PhH PhEt 

AICI, 
CH) SCA pHHKe =? SBE 

The isomerization of hydrocarbons in the petroleum industry and the production of 

dodecyl benzene for detergents accounts for a further 10% each of the AICI, used. 

Trihalides of gallium, indium, and thallium 

These compounds have been mentioned several times in the preceding sections. As with 

AIX, (p. 262), the trifluorides are involatile and have much higher mps and heats of | 

formation than the other trihalides;“* e.g. GaF melts above 1000°, sublimes at ~ 950° 

and has the 6-coordinate FeF3-type structure, whereas GaCl, melts at 77.8°, boils at 

201.2°, and has the 4-coordinate molecular structure Ga,Cl,. GaF, and InF, are best 

prepared by thermal decomposition of (NH,),MF., e.g.: 

120—170° 300° 
(NH,)3InF, Ee NH, InF, See InF, 

Preparations using aqueous HF on M(OH)3, M,O,, or M metal give the trihydrate. TIF, 

is best prepared by the direct fluorination of T1,O, with F,, BrF 3, or SF, at 300°. Trends 

'4 FE SeEL, Atomic Structure and Chemical Bonding, 4th edn. translated and revised by N. N. GREENWOOD 
and H. P. STADLER, Methuen, London, 1963, pp. 83-4. 

13 G_ A. OLAH (ed.), Friedel-Crafts and Related Reactions, Vols. 1-4, Interscience, New York, 1963. See 
especially Chap. 1, Historical, by G. A. OLAH and R. E. A. Dear, and Chap. 2, Definition and scope by G. A. 
OLAH. 
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in the heats of formation of the Group IIIB trihalides show the same divergence from BX3, 
AIX,, and the Group IIIA trihalides as was found for trends in other properties such as Iy, 

E*°, and x (pp. 251-53) and for the same reasons. For example, the data for AH? for the 

trifluorides and tribromides are compared in Fig. 7.6 from which it is clear that the trend 

noted for the sequence B, Al, Sc, Y, La, Ac is not followed for the Group IIIB trihalides 

which become progressively less stable from Al to TI. 

AH? (MF) and AH? (MBr; ) 

Fic.7.6 Trends in the standard enthalpies of formation AH; for Groups IIA and IIIB trihalides 
as illustrated by data for MF; and MBr3. 

The volatile trihalides MX, form several ranges of addition compounds MX3L, 

MX,3L,, MX;3L3, and these have been extensively studied because of the insight they 

provide on the relative influence of the underlying d’*° electron configuration on the 
structure and stability of the complexes. With halide ions X~ as ligands the stoichiometry 

depends sensitively on crystal lattice effects or on the nature of the solvent and the relative 
concentration of the species in solution. Thus X-ray studies have established the 

tetrahedral ions [GaX,]~,[InCl,]~, etc., and these persist in ethereal solution, though in 

aqueous solution [InCl,]~ looses its T, symmetry due to coordination of further 

molecules of HO. [NEt,],[InCl,] is remarkable in featuring a square-pyramidal ion of 

C,, symmetry (Fig. 7.7) and was one of the first recorded examples of this geometry in 
nontransition element chemistry (1969), cf SbPh, on p. 697. The structure is apparently 

favoured by electrostatic packing considerations though it also persists in nonaqueous 

solution, possibly due to the formation of a pseudo-octahedral solvate [InCl,S]?~. It will 
be noted that [InCl,]?~ is not isostructural with the isoelectronic species SnCl,~ and 
SbCl, which have the more common D,, symmetry. 

With neutral ligands, L, GaX, tend to resemble AIX, in forming predominantly MX3L 

and some MX,3L,, whereas InX, are more varied."® InX,L, is the commonest 

16 A J. Carty and D. J. Tuck, Coordination chemistry of indium, Prog. Inorg. Chem. 19, 243-337 (1975). 

CTE-J* 
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Fic. 7.7. The structure of InCl,2~ showing square-pyramidal (C,,.) geometry. The In-Cl,,., 

distance is significantly shorter than the In—Cl,,,. distances and In is 59 pm above the basal plane; 
this leads to a Cl,.,-,—In—Clpace angle of 103.9° which is very close to the theoretical value required apex 

to minimize Cl---Cl repulsions whilst still retaining C,,. symmetry (103.6°) calculated on the basis 

ofa simple inverse square law for repulsion between ligands. [NEt,],[TICI,] is isomorphous with 
[NEt,],[InCl,] and presumably has a similar structure for the anion. 

stoichiometry for N and O donors and these are probably predominantly 6-coordinate in 

the solid state, though in coordinating solvents (S) partial dissociation into ions frequently 

occurs: 

More extensive ionization occurs if, instead of the halides X , a less strongly coordinating 

anion Y" suchas ClO, or NO, is used; in such cases the coordinating stoichiometry 

tends to be 1:6, e.g. [InL,]** (Y~),, L=Me,SO, Ph,SO, (Me,N),CO, HCO(NMe,), 

P(OMe);, etc. Bulky ligands such as PPh, and AsPh; tend to give 1:4 adducts 

[InL,]°*(Y~)3. The same effect of ionic dissociation can be achieved in 1:3 complexes of 

the trihalides themselves by use of bidentate chelating ligands (B) such as en, bipy, or phen, 

e.g. [InB,]°*(X~)3 (X=Cl, Br, I, NCO, NCS, NCSe). InX, complexes having 1:2 

stoichiometry also have a variety of structures. Trigonal bipyramidal geometry with axial 

ligands is found for InX,L,, where L=NMe3, PMe3, PPh;, Et,O, etc. By contrast, the 

crystal structure of the 1:2 complex of InI, with Me,SO shows that it is fully ionized as 

[cis-InI,(OSMe,),]*[InI,]~, and fivefold coordination is avoided by a disproportion- 

ation into 6- and 4-coordinate species. Complexes having 1:1 stoichiometry are rare for 

InX,; InCl; forms [InCl,(OPCI,) ], [InCl,(OQCMe,)], and [InCl,(OCPh,)] and py forms — 

a 1:1 (and a 1:3) adduct with InI;. Frequently, of course, a given donor-acceptor pair 

combines in more than one stoichiometric ratio. 
The thermochemistry of the Group III trihalide complexes has been extensively studied 

during the past two decades‘'':'?'” and several stability sequences have been 
established which can be interpreted in terms of the factors listed on p. 223.In addition, Ga 

and In differ from B and Al in having an underlying d‘° configuration which can, in 
principle, take part in d,-d, back bonding with donors such as S (but not N or O); 
alternatively (or additionally), some of the trends can be interpreted in terms of the 
differing polarizabilities of B and Al, as compared to Ga and In, the former pair behaving 
as Class-a or “hard” acceptors whereas Ga and In frequently behave as class-b or “soft” 

"7 N.N. GREENWOOD et al., Pure Appl. Chem. 2, 55-59 (1961); J. Chem. Soc. A, 1966, 267-70, 270-3, 703-6; J. 
Chem. Soc. A, 1968, 753-6; 1969, 249-53, 2876-8; Inorg. Chem. 9, 86-90 (1970), and references therein. R. C. 
GEARHART, J. D. Beck, and R. H. Woop, Inorg. Chem. 14, 2413-16 (1975). 
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acceptors. Again, it should be emphasized that these categories tend to provide 

descriptions rather than explanations. Towards amines and ethers the acceptor strengths 

as measured by gas-phase enthalpies of formation decrease in the sequence 

MCI, >MBr3;> MI, for M=AI, Ga, or In. Likewise, towards phosphines the acceptor 

strength decreases as GaCl,>GaBr,>Gal,. However, towards the “softer” sulfur 

donors Me,S, Et,S, and C,H,S, whilst AIX, retains the same sequence, the order for 

GaX, and InX; is reversed to read MI, > MBr, > MCI,. A similar reversal is noted when 
the acceptor strengths of individual AlX, are compared with those of the corresponding 

GaX,: towards N and O donors the sequence is invariably AIX, > GaX, but for S donors 

the relative acceptor strength is GaX,>AIX 3. These trends emphasize the variety of 

factors that contribute towards the strength of chemical bonds and indicate that there are 

no unique series of donor or acceptor strengths when the acceptor atom is varied, e.g.: 

towards MeCO,Et: BCI,>AICI,>GaCl,>InCl, 

towards py: AIPh,>GaPh,>BPh,~InPh, 

towards py: AIX,;>BX;>GaX, (X=Cl, Br) 

towards Me,S: GaX,>AIX,>BX, (X=Cl, Br) 

Regularities are more apparent when the acceptor atom remains constant and the 

attached groups are varied; e.g., for all ligands so far studied the acceptor strength 

diminishes in the sequence 

MX;>MPh,>MMe, (M=B, Al, Ga, In) 

It has also been found that halide-ion donors (such as X” in AIX,” and GaX," ) are more 

than twice as strong as any neutral donor such as X in M,Xg, or N, P, O, and S donors in 

MK,L“?) 
The trihalides of Tl are much less stable than those of the lighter Group IJIB metals and 

are chemically quite distinct from them. TIF 3, mp 550° (decomp), is a white crystalline 

solid isomorphous with f-BiF 3 (p. 653); it does not form hydrates but hydrolyses rapidly 

to TI(OH), and HF. Nor does it give TIF,” in aqueous solution, and the compounds 

LiTIF, and NaTIF, have structures related to fluorite, CaF, (p. 129): in NaTIF, the 

cations have very similar 8-coordinate radii (Na 116 pm, Tl 100 pm) and are disordered 

on the Ca sites (Ca 112 pm); in LiITIF,, the smaller size of Li (~83 pm for eightfold 

coordination) favours a superlattice structure in which Li and TI are ordered on the Ca 

sites. Na,TIF, has the cryolite structure (p. 262). TICl, and TIBr; are obtained from 
aqueous solution as the stable tetrahydrates and TICl;.4H,O can be dehydrated with 

SOCI, to give anhydrous TICI;, mp 155°; it has the YCl,-type structure which can be 

described as NaCl-type with two-thirds of the cations missing in an ordered manner. 
TII, is an intriguing compound which is isomorphous with NH,I, and CsI (p. 979); 

it therefore contains the linear I,~ iont and is a compound of TI' rather than TI". It 
is obtained as black crystals by evaporating an equimolar solution of TII and I, in 

concentrated aqueous HI. The formulation TI'(I,~) rather than TI'"(I~), is consistent 

with the standard reduction potentials E°(TI"/T!') +1.25 V and E°(31,/I-) +0.54 V, 
which shows that uncomplexed TI" is susceptible to rapid and complete reduction to TI! 
by I” in acid solution. The same conclusion follows from a consideration of the 1; /31~ 

+ This X-ray evidence by itself, does not rule out the possibility that the compound is [I-TI"—I]*I-. 
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couple for which E° = +0.55 V. Curiously, however, in the presence of an excess of I", the 

Ti" state is stabilized by complex formation 

TIT,(s)+1- [Slay 

Moreover, solutions of TII, in MeOH do not show the visible absorption spectrum of 1; ~ 

and, when shaken with aqueous Na,CQ3, give a precipitate of T1,Ox, ie.: 

2TI,+60H~ TLO74 6! 23,0 

This is due partly to the great insolubility of T1,O; (2.5 x 107 '° g1~! at 25°) and partly to 

the enhanced oxidizing power of iodine in alkaline solution as a result of the formation of 

hypoiodate: 

I 4 SORES 220 ee 3 

Consistent with this, even KI, is rapidly decolorized in alkaline solution. The example is a 

salutory reminder of the influence of pH, solubility, and complex formation on the 

standard reduction potentials of many elements. 

Numerous tetrahedral halogeno complexes [TI'"X,]~ (X =Cl, Br, I) have recently been 
prepared by reaction of quaternary ammonium or arsonium halides on TIX; in 

nonaqueous solution, and octahedral complexes [TI"X,]*~ (X=Cl, Br) are also well 
established. The binuclear complex Cs,[TI3'Cl,] is an important structural type which 

features two TIC], octahedra sharing a common face of 3 bridging Cl atoms (Fig. 7.8); the 

same binuclear complex structure is retained whenT1" is replaced by Ti!" V", Cr) and 

Fe" and also in K,W,Cl, and Cs,Bi,Io, ete. 

FiG. 7.8 The structure of the ion [T1,Cl,]*~ showing two octahedral 
TICl, units sharing a common face: Tl Cl, 254 pm, Tl Cl, 266 pm. 

The TI---Tl distance is nonbonding (281 pm, ef. 2x TI'"=177 pm). 

Lower halides of gallium, indium, and thallium 

Like AIX (p. 261), GaF and InF are known as unstable gaseous species. The other 
monohalides are more stable. GaX can be obtained as reactive sublimates by treating 
GaX, with 2Ga: stability increases with increasing size of the anion and Gal melts at 271°: 
stability is still further enhanced by coordination of the anion with, for example, AIX, to 
give Ga'[Al™X,]. Likewise, the very stable “dihalides” Ga'[Ga'"Cl,], Ga[GaBr,], and 
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Ga[Gal,] can be prepared by heating equimolar amounts of GaX, and Ga, or more 

conveniently by halogenation of Ga with the stoichiometric amount of Hg,X, or HgX). 

They form complexes of the type [Ga'L,]*[Ga''X,]~ with a wide range of N, As, O, S, 
and Se donors. Note, however, that the complexes with dioxan, [Ga,X,(C,H,O,),], doin 

fact contain Ga" and a Ga-Ga bond, e.g. the chloro complex is a discrete molecule with 

Ga-Ga 240.6 pm (cf. 239.0 pm in Ga,Cl,?~ ).{’” As shown in Fig. 7.9, the coordination 
about each Ga atom is essentially tetrahedral and the compound adopts the unexpected 

eclipsed structure (Fig. 7.9b) rather than the staggered structure of Ga,Cl,*~. 

(a) (b) 

Fic. 7.9 Structure of the molecular complex [Ga,Cl,(C,H,O,),] showing (a) the Ga—Ga bond 
and tetrahedral coordination about each Ga atom, and (b) the torsion angles in the essentially 

; eclipsed structure. 

Indium monohalides, InX, are prepared directly from the elements or by heating In 

metal with HgX, at 320-350°. InCl has a deformed NaCl-type structure in which there is a 

tendency to In-In bonding. Again, InI is the most stable, and mixed halides of the type 

In'TAEC1,], In[Ga™Cl1,], and TI'[In™Cl,] are known. Numerous intermediate halides 
have also been reported and structural assignments of varying degrees of reliability have 

been suggested, e.g. In'[In'X,] for InX, (Cl, Br, I); and In\[In"Cl,] for In,Cl;. (The 
previously reported In,Br, probably does not exist.‘’®)) The compounds In,X, and: 
In;X, (Cl, Br) and In,Br, are also known. In all of these halides it is thought that the 

observed stoichiometry is achieved by varying the ratio of In' to In" eg. 

[(In*),(InBr,~),(InBr¢?~)], [(In*);(InjBre?-)Br-], and [(In*),(InBr,?-)(Br- )3]. 
Compounds containing In" were unknown until 1976 when the [In,X,]*~ dianions 
having an ethane-like structure were prepared :"® 

‘7a J. C. BeAMIsH, R. W. H. SMALL, and I. J. WorRALL, Neutral complexes of gallium(II) containing 
gallium-gallium bonds, /norg. Chem. 18, 220-3 (1979). 

17> JE. Davies, L.G. WATERWORTH, and I. J. WoRRALL, Studies on the constitution of indium bromides, J. 
Inorg. Nucl. Chem. 36, 805-7 (1974). 

18 BH. FREELAND, J. L. HENCHER, D. G. Tuck, and J. G. CONTRERAS, Preparation and properties of 
hexahalogenatodiindate(II) anions, /norg. Chem. 15, 2144-6 (1976). 
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2Bu,NX +1n,X4 "> [NBu,]*,[X3In-InX,]?~> | (K=Cl, Br, I) 

The analogous Ga compounds, e.g. [NEt,],[Cl;Ga—GaCl,], have been known for rather 

longer (1965). Oxidation of In,X,?~ with halogens Y, yields the mononuclear mixed 

halide complexes InX;Y~ and InX,Y,~ (X#Y=Cl, Br, I).0°” 
Thallium(I) is the stable oxidation state for the halides of this element (p. 255) and some 

physical properties are in Table 7.7. TIF is readily obtained by the action of aqueous HF 

on T1,CO,; it is very soluble in water (in contrast to the other TIX) and has a dis- 

torted NaCl structure in which there are 3 pairs of TI-F distances at 259, 275, and 

304 pm. TICI, TIBr, and TII are all prepared by addition of the appropriate halide ion to 

acidified solutions of soluble TI' salts (e.g. perchlorate, sulfate, nitrate). TIC] and TIBr have 

the CsCl structure (p. 92) as befits the large Tl' cation and both salts (and TI) are 

TABLE 7.7 Some properties of TLX 

Property TIF TICI TIBr TI 

MP/°C 322 431 460 442 
BP/°C 826 720 815 823 
Colour White White Pale yellow Yellow 
Crystal structure Distorted NaCl CsCl GseEl See text 

Solubility/g per 80 (15°) 0.33 (20°) 0.058 (25°) 0.006 (20°) 
100 g H,O (°C) 

AH?/kJ mol~? — 326 — 204 —173 — 124 

photosensitive (like AgX). Yellow TII has a curious orthorhombic layer structure related 

to NaCl (Fig. 7.10), and this transforms at 175° or at 4.7 kbar to a metastable red cubic 

form with 8-iodine neighbours at 364 pm (CsCl type). This transformation is accom- 

panied by 3% reduction in volume. Further application of pressure steadily reduces the 
volume and at pressures above about 160 kbar, when the volume has decreased by about 
35%, the compound becomes a metallic conductor with a resistivity of the order of 
10° * ohm cm at room temperature and a positive temperature coefficient. TIC] and TIBr 
behave similarly. All three compounds are excellent insulators at normal pressures with 
negligible conductivity and an energy gap between the valence band and conduction band 
of about 3 eV (~ 300 kJ mol” '), and the onset of metallic conduction is presumably due to 
the spreading and eventual overlap of the two bands as the atoms are forced closer 
together.” 

Several other lower halides of Tl are known: TIC], and TIBr, are TI'[TI""X,], 
T1,Cl, and T1,Br, are TI5[TIX,]. In addition there is T1,I,, which is formed as an 
intermediate in the preparation of TI'I, from TII and I, (p. 269). 

‘8a J_E. DRAKE, J. L. HENCHER, L. N. KHasrou, D. G. Tuck, and L. VictoriANo, Coordination compounds 
of indium. Part 34. Preparative and spectroscopic studies of InX,Y~ and InX,Y,~ anions (X=Y=Cl, Br, I), 
Inorg. Chem. 19, 34-38 (1980). 

19 G. A. SaMaRA and H. G. DricKamer, Effect of pressure on the resistance of three thallous halides, J. Chem. 
Phys. 37, 408-10 (1962); see also E. A. PEREZ-ALBUERNE and H. G. DricKamer, J. Chem. Phys. 43, 1381-7 
(1965). 
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(a) (b) 
Fic.7.10 Structure of yellow TII (a) showing its relation to NaCl (b). TI has 5 nearest-neighbour 
I atoms at 5 of the vertices of an octahedron and then 2] + 2T1 as next-nearest neighbours; there is 
1 I at 336 pm, 4 at 349 pm, and 2 at 387 pm, and the 2 close T1-Tl approaches one at 383 pm. InBr 

and InI have similar structures. 

7.3.3 Oxides and hydroxides 

The structural relations between the many crystalline forms of aluminium oxide and 

hydroxide are exceedingly complex but they are of exceptional scientific interest and 

immense technological importance. The principal structural types are listed in Table 7.8 

and many intermediate and related structures are also known. Al,O, occurs as the 

mineral corundum («-Al,O;, d 4.0 g cm?) and as emery, a granular form of corundum 

contaminated with iron oxide and silica. Because ofits great hardness (Mohs 9),+ high mp 
(2045°C), involatility (10°° atm at 1950°), chemical inertness, and good electrical 

insulating properties, it finds many applications in abrasives (including toothpaste), 

refractories, and ceramics, in addition to its major use in the electrolytic production of Al 

metal (p. 246). Larger crystals, when coloured with metal-ion impurities, are prized as 

gemstones, eg. ruby (Cr" red), sapphire (Fe, Ti'Y blue), oriental emerald (?Cr™/v™ 
green), oriental amethyst (Cr"'/Ti'Y violet), and oriental topaz (Fe'", yellow). Many of 
these gems are also made industrially on a large scale by the fusion process first developed 
at the turn of the century by A. Verneuil. Pure «-Al,O, is made industrially by igniting 

Al(OH), or AIO(OH) at high temperatures (~ 1200°); it is also formed by the combustion 

of Al and by calcination of various Al salts. It has a rhombohedral crystal structure. | 

comprising a hcp array of oxide ions with Al ordered on two-thirds of the octahedral 
interstices as shown in Fig. 7.11.°° The same «-M,,O; structure is adopted by several 

other elements with small M"! (r 62-67 pm), e.g. Ga, Ti, V, Cr, Fe, and Rh.t 
The second modification of alumina is the less compact cubic y-Al,O, (d 3.4 gcm~ °); it 

+ On the Mohs scale diamond is 10 and quartz 7. An alternative measure is the Knoop hardness (kg mm?) 

as measured with a 100-g load: typical values on this scale are diamond 7000, boron carbide 2750, corundum 
2100, topaz 1340, quartz 820, hardened tool steel 740. 

{ For somewhat larger cations (r 70-96 pm) the C-type rare-earth MO, structure (p. 1437) is adopted, e.g. for 
In, Tl, Sc, Y, Sm, and the subsequent lanthanoids, and perhaps surprisingly for Mn'"' (r 65 pm); the largest 
lanthanoids La, Ce, Pr, and Nd (r 106-100 pm) adopt the A-type rare-earth M,O, structure (p. 1437). 
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TABLE 7.8 The main structural types of aluminium oxides and hydroxides 

Formula Mineral name Idealized structure 

a-Al,O3 Corundum hep O with Al in two-thirds of the octahedral sites 
«-AlO(OH) Diaspore hep O (OH) with chains of octahedra stacked in layers intercon- 

nected with H bonds, and Al in certain octahedral sites 

x-Al(OH), Bayerite hep (OH) with Al in two-thirds of the octahedral sites 

y-Al,O; — ccp O defect spinel with Al in 215 of the 16 octahedral and 8 
tetrahedral sites 

y-AlO(OH) Boehmite ccp O (OH) within layers; details uncertain 

y-Al(OH), Gibbsite ccp OH within layers of edge-shared Al(OH),; octahedra stacked 
(Hydrargillite) vertically via H bonds 

) The Greek prefixes «- and y- are not used consistently in the literature, e.g. bayerite is sometimes designated 
as B-Al(OH); and gibbsite as «-Al(OH);. The UK usage adopted here is consistent with Wells’° and 
emphasizes the structural relations between the hcp «-series and the ccp y-series. Numerous other intermediate 

crystalline phases have been characterized during partial dehydration and designated as y’, 6, €, 1; 0, K, x’, p, y, ete. 

is formed by the low-temperature dehydration (<450°) of gibbsite, y-Al(OH);, or 

boehmite, y-AlO(OH). It has a defect spinel-type structure (p. 279) comprising a face- 

centred cubic (fcc) arrangement of 32 oxide ions and a random occupation of 214 of the 24 

available cation sites (16 octahedral, 8 tetrahedral). This structure forms the basis of the 

so-called “activated aluminas” and progressive dehydration in the y-series leads to open- 

structured materials of great value as catalysts, catalyst-supports, ion exchangers, and 

chromatographic media. Calcination of y-Al,03 above 1000° converts it irreversibly to 

the more stable and compact «-form (AH,,.n;-- 20 kJ mol~*). Yet another form of Al,O; 
occurs as the protective surface layer on the metal: it has a defect NaCl-type structure with 
Al occupying two-thirds of the octahedral (Na) interstices in the fcc oxide lattice. Perhaps 
the most ingenious and sophisticated development in aluminium technology has been the 
recent production of Al,O, fibres which can be fabricated into a variety of textile forms, 
blankets, papers, and boards. Some idea of the many possibilities of such high- 
temperature inert fabrics is indicated in the Panel opposite. 

(a) (b) 
Fic. 7.11 Schematic representation of the structure of a-Al,O3. (a) pattern of occupancy by Al (@) of the octahedral sites between hcp layers of oxide ion (C), and (b) stacking sequence of 

successive planes of Al atoms viewed in the direction of the arrow in (a). 
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: Fibrous ae oat Zircon 

A new family of lightweight | inorganic fibres rade ‘its coerced debut in 1974 when ICI > 
announced the production of “Saffil”, fibrous Al 20, and ZrO,, made by an undisclosed process 
on an initial scale of 100 tonnes pa. The fibres, which have no demonstrable toxic effects (cf, 

_ asbestos), have a diameter of ~3 ym (cf human hair ~70 ym), and each fibre is extremely — 
uniform along its length (2-5 cm) as shown in PI. 7.1. The fibres are microcrystalline ($-50 pm — 
diam) and are both flexible and resilient witha hight tensile strength. They havea soft, silky feel and 

canbe made into rope, yarn, cloth, blankets, fibre matts, paper of various thickness, semi-rigid and 
rigid boards, and vacuum-formed objects of any required shape. The surface area of Saffil alumina. 
is 100-150 m? g~! due to the presence of small pores 2-10 pm diameter between the 
microcrystals, and this enhances its properties as an insulator, filtration medium, and catalyst 

_ Support. The fibres withstand extended heating to 1400° (Al,O,) or 1600°C (ZrO,) and are 
impervious to attack by hot concentrated alkalis and most hot acids except conc H,SO,, conc — 
H,PO,, and aq HF. This unique combination of properties provides the basis for their use in high- 

temperature insulation, heat shields, thermal barriers, and expansion joints and seals. Fibrous 
alumina and zirconia are also valuable in thermocouple protection, electric-cable sheathing, and 
heating-element supports in addition to their use in the high-temperature filtration of corrosive _ 
liquids. Both oxides are stabilized by incorporation of small amounts of other inorganic oxides 

_ which inhibit disruptive transformation to other crystalline forms. 
The most recent development (Du Pont, 1980) is the use of alumina fibres to strengthen metals. 

Molten metals (e.g. Al, Mg, Pb) or their alloys are forced into moulds containing up to 70% by _ 
volume of «-Al,O, fibre. For example, fibre-reinforced Al containing 55% fibre by volume is 4-6 

_ times stiffer than unreinforced Al even up to 370°C and has 2-4 times the fatigue strength. 
‘Potential applications for which high structural stiffness, heat resistance, and low weight are 
required include helicopter housings, automotive and jet engines, aerospace structures, and _ 
lead-acid batteries. For example, fibre reinforced composites of Al or Mg could eventually replace 
much of the steel used in car bodies without decreasing safety, since the composite has the stiffness 
of steel but only one-third its density. 

Diaspore, «-AlO(OH) occurs in some types of clay and bauxite; it is stable in the range 

280-450° and can be made by hydrothermal treatment of boehmite, y-AlO(OH), in 0.4% 

aqueous NaOH at 380° and 500 atm. Crystalline boehmite is readily prepared by 

warming the amorphous, gelatinous white precipitate which first forms when aqueous 

NH, is added to cold solutions of Al salts. In «-AlIO(OH) the O atoms are arranged in hcp 

as shown in Fig. 7.12; continuous chains of edge-shared octahedra are stacked in layers 

and are further interconnected by H bonds as indicated by the double lines. The 

underlying hcp structure ensures that diaspore dehydrates directly to ~-Al,O, (corun- 
dum) which has the same basic hcp arrangement of O atoms. This contrasts with the 

structure of boehmite, y-AlO(OH), shown in Fig. 7.13; the structure as a whole is not 

close-packed but, within each layer the O atoms are arranged in cubic close packing. 
Dehydration at temperatures up to 450° proceeds via a succession of phases to the cubic y- 

Al,O, and the a (hexagonal) structure cannot be attained without much more 

reconstruction of the lattice at 1100—1200° as noted above. 

Bayerite, «-Al(OH)3, does not occur in nature but can be made by rapid precipitation 

from alkaline solutions in the cold: 

2[Al(OH),] aq + CO,(g) ———> 2Al(OH),+CO, 7" (aq) +H,O 

Gibbsite (or hydrargillite), y-Al (OH)3, is a more stable form and can be prepared by slow 

precipitation from warm alkaline solutions or by digesting the «-form in aqueous sodium 

aluminate solution at 80°. In both bayerite («) and gibbsite (y) there are layers of 
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Fic. 7.12 Structure of diaspore, «-AlO(OH), based on hcp O2~ and OH~ as described in the 
text. The H bonds are shown by double lines. The same structure is adopted by a-GaO(OH), 

a-VO(OH), «-MnO(OH), and «-FeO(OH) (goethite). 

 S \\ 

Xx Kc 

Fic. 7.13 Structure of boehmite, y-AIO(OH) in which Al!™ 
5 O?~ and one OH; the arrangement of O atoms within ea 
linked by H bonds (double lines). The same structure is adopted by y-ScO(OH) and y-FeO(OH) 

(lepidocrocite). 

are octahedrally surrounded by 
ch layer is ccp and the layers are 
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composition Al(OH), built up by the edge sharing of Al(OH), octahedra to give a pair of 
approximately close-packed OH layers with Al atoms in two-thirds of the octahedral 
interstices (Fig. 7.14a). The two crystalline modifications differ in the way this layer is 
stacked; it is approximately hcp in «-Al(OH), but in the y-form the OH groups on the 
under side of one layer rest directly above the OH groups of the layer below as shown in 
Fig. 7.14b. A third form of Al(OH) , nordstrandite, is obtained from the gelatinous 

hydroxide by ageing it in the presence of a chelating agent such as ethylenediamine, 

ethylene glycol, or EDTA; this aligns the OH to give a stacking arrangement which is 
intermediate between those of the a- and y-forms. 

(a) 

Fic. 7.14 (a) Part of a layer of Al(OH); (idealized); the heavy and light open circles represent 
OH groups above and below the plane of the Al atoms. In a-Al(OH), the layers are stacked to give 
approximately hcp. (b) Structure of y-Al(OH), viewed in a direction parallel to the layers; the OH 
groups labelled C and D are stacked directly beneath A and B. The six OH groups A, B, C, D, and 

B’, D’ (behind B and D), form a distorted H-bonded trigonal prism. 

As expected from the foregoing structural discussion, gibbsite can be dehydrated to 

boehmite at 100° and to anhydrous y-Al,O, at 150°, but ignition above 800° is required 

to form a-Al,O,. Numerous recipes have been devised for preparing catalysts of differing 

reactivity and absorptive power, based on the partial dehydration and progressive 

reconstitution of the Al/O/OH system. In addition to pore size, surface area, and general 

reactivity, the basic character of the surface diminishes (and its acidic character increases) 

in the following series as indicated by the pH of the isoelectric point: 

(amorphous AI oxide hydrate) > y-AlIO(OH) > a-Al(OH), > y-Al(OH)3 > y-Al,O, 

boehmite bayerite gibbsite 

PH of isoelectric point: 9.45 9.45-9.40 9.20 — 8.00 

The binary oxides and hydroxides of Ga, In, and Tl have been much less extensively 

studied. The Ga system is somewhat similar to the Al system and a diagram summarizing 

the transformations in the systems is in Fig. 7.15. In general the «- and y-series have the 
same structure as their Al counterparts. B-Ga,O, is the most stable crystalline modifi- 

cation (mp 1740°); it has a unique crystal structure with the oxide ions in distorted ccp and 
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Fic. 7.15 Chart illustrating transformation relationships among the forms of gallium oxide and 
its hydrates. Conversion (wet) of the structure designated as Ga, _ , Al,O3 to B-Ga,O, occurs only 

where x <1.3; where x> 1.3 an «-Al,O, structure forms. 

Gal" in distorted tetrahedral and octahedral sites.*°’ The structure appears to owe its 
stability to these distortions and, because of the lower coordination of half the Ga", the 

density is ~ 10° less than for the «- (corundum-type) form. This preference of Ga" for 
fourfold coordination despite the fact that it is larger than Al'" may again indicate the 
polarizing influence of the d'® core; a similar tetrahedral site preference is observed for 
Fell 

In,O, has the C-type M,O3 structure (p. 1437) and InO(OH) (prepared hydrothermally 

from In(OH); at 250-400°C and 100-1500 atm) has a deformed rutile structure (p. 1120) 

rather than the layer lattice structure of AIO(OH) and GaO(OH). Crystalline In(OH), is 

best prepared by addition of NH; to aqueous InCl, at 100° and ageing the precipitate for a 
few hours at this temperature; it has the simple ReO,-type structure distorted somewhat 
by multiple H bonds."’° 

Thallium is notably different. T1,O forms as black platelets when T1,CO; is heated in 

N, at 700° (mp 596°, d 10.36 gcm *); itis hygroscopic and gives TIOH with water. TIO, 
is brown-black (mp 716°, d 10.04 g cm” *) and can be made by oxidation of aqueous 

TINO, with Cl, or Br, followed by precipitation of the hydrated oxide T1,O0,.13H,O and 

desiccation; single crystals have a very low electrical resistivity (e.g. 7 x 107° ohm cm at 

room temperature). A mixed oxide T1,O; (black) is known and also a violet peroxide 

TI'O, made by electrolysis of an aqueous solution of T1,SO, and oxalic acid between Pt 
electrodes. TIOH has been mentioned previously (p. 255). 

7.3.4 Ternary and more complex exide phases 

This section considers a number of extremely important structure types in which Al 

20S. GELLER, Crystal structure of f-Ga,O,, J. Chem. Phys. 33, 676-84 (1960). 
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combines with one or more other metals to form a mixed oxide phase. The most significant 

of these from both a theoretical and an industrial viewpoint are spinel (MgAl,O,) and 

related compounds, Na-f-alumina (NaAl,,O,7) and related phases, and tricalcium 

aluminate (Ca3Al,O,) which is a major constituent of Portland cement. Each of these 
compounds raises points of fundamental importance in solid-state chemistry and each 

possesses properties of crucial significance to modern technology. 

Spinels and related compounds?" 

Spinels form a large class of compounds whose crystal structure is related to that of the 

mineral spinel itself, MgAl,O,. The general formula is AB, X, and the unit cell contains 32 

oxygen atoms in almost perfect ccp array, i.e. AgB,,O3,. In the normal spinel structure 

(Fig. 7.16) 8 metal atoms (A) occupy tetrahedral sites and 16 metal atoms (B) occupy 

octahedral sites, and the structure can be regarded as being built up of alternating cubelets 

of ZnS-type and NaCl-type structures. The two factors that determine which com- 

binations of atoms can form a spinel-type structure are (a) the total formal cation charge, 

and (b) the relative sizes of the 2 cations with respect both to each other and to the anion. 

For oxides of formula AB,O, charge balance can be achieved by three combinations of 

cation oxidation state: A"B}'O,, A'YB$O,, and A‘'BO,. The first combination is the 
most numerous and examples are known with 

A"'=Mg, (Ca); Cr, Mn, Fe, Co, Ni, Cu; Zn, Cd, (Hg); Sn 

B= Al, Ga, In; Ti, V, Cr, Mn, Fe, Co, Ni; Rh 

Fic. 7.16 Spinel structure AB,O,. The structure can be thought of as 8 octants of alternating 
AO, tetrahedra and B,O, cubes as shown in the left-hand diagram; the 40 have the same 
orientation in all 8 octants and so build up into a fcc lattice of 32 ions which coordinate A 

tetrahedrally and B octahedrally. The 4 A octants contain 4 A ions and the 4 B octants contain 16 
Bions. The unit cell is completed by an encompassing fcc of A ions (@) as shown in the right-hand 

diagram; this is shared with adjacent unit cells and comprises the remaining 4 A ions in the 
complete unit cell A,B,,03 . The location of two of the B,O, cubes is shown for orientation. 

21 Ni. N. GREENWOOD, Jonic Crystals, Lattice Defects, and Nonstoichiometry, Butterworths, London, 1968, 

194 pp. See also J. K. BurpetT, G. D. Price, and S. L. Price, J. Am. Chem. Soc. 104, 92-95 (1982). 
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The anion can be O, S, Se, or Te. Most of the A" cations have radii (6-coordinate) in the 

range 65-95 pm and larger cations such as Ca" (100 pm) and Hg" (102 pm) do not form 

oxide spinels. The radii of B" fall predominantly in the range 60-70 pm though Al" 

(53 pm) is smaller, and In" (80 pm) normally forms sulfide spinels only.t 
Many of the spinel-type compounds mentioned above do not have the normal structure 

in which A are in tetrahedral sites (t) and B are in octahedral site (0); instead they adopt 

the inverse spinel structure in which half the B cations occupy the tetrahedral sites whilst 

the other half of the B cations and all the A cations are distributed on the octahedral sites, 
i.e. (B),[AB],O,. The occupancy of the octahedral sites may be random or ordered. 

Several factors influence whether a given spinel will adopt the normal or inverse structure, 

including (a) the relative sizes of A and B, (b) the Madelung constants for the normal and 

inverse structures, (c) ligand-field stabilization energies (p. 1097) of cations on tetrahedral 

and octahedral sites, and (d) polarization or covalency effects.*”) 
Thus if size alone were important it might be expected that the smaller cation would 

occupy the site of lower coordination number, i.e. Al, MgAl],O,; however, in spinel itself 

this is outweighed by the greater lattice energy achieved by having the cation of higher 

charge, (Al') on the site of higher coordination and the normal structure is adopted: 
(Mg),[Al,],O,. An additional factor must be considered in a spinel such as NiAl,O, since 

the crystal field stabilization energy of Ni" is greater in octahedral than tetrahedral 

coordination; this redresses the balance, making the normal and inverse structures almost 

equal in energy and there is almost complete randomization of all the cations on all the 

available sites: (Alp 75Nio.25)LNio.75Al, 251,04. 

Inverse and disordered spinels are said to have a defect structure because all 

crystallographically identical sites within the unit cell are not occupied by the same cation. 

A related type of defect structure occurs in valency disordered spinels where, for example, 

the divalent A" cations in AB,O, are replaced by equal numbers of M! and M"! of 
appropriate size. Thus, in spinel itself, which can be written Mg,Al,,O3,, the 8Mg" 
(72 pm) can be replaced by 4Li' (76 pm) and 4Al' (53 pm) to give Li,Al,,O3), ie. 
LiAl,O,. This has a defect spinel structure in which two-fifths of the Al occupy all the 

tetrahedral sites: (Al5'),[Li'AI$'],O,. Other compounds having this cation-disordered 
spinel structure are LiGa;O, and LiFe,Ox,. Disordering on the tetrahedral sites occurs in 

CuAl,S., Culn,S,, AgAl,Sg, and AgIn.Sg, i.e. (Cu'Al™) [AIM"],S., etc. Valency disorder- 
ing can also be achieved by replacing A" completely by M!, thus necessitating replacement 
of half the B™ by M'Y, e.g. (Li!) [Al™Ti!¥],0,. Even more extensive substitution of cations © 
has been achieved in many cubic spinel phases, e.g. LiZnYAI"Gel¥O,, (and the Ga! and 
Fe" analogues), and the possibilities are virtually limitless. 

The sensitive dependence of the electrical and magnetic properties of spinel-type 
compounds on composition, temperature, and detailed cation arrangement has proved a 
powerful incentive for the extensive study of these compounds in connection with the 
solid-state electronics industry. Perhaps the best-known examples are the ferrites, 
including the extraordinary compound magnetite FeO, (p. 1254) which has an inverse 
spinel structure (Fe'"),[Fe"Fe'],O,. It will also be recalled that -Al,O, (p. 274) has a 

+ Examples of spinels with other combinations of oxidation state are: 

A'B5X,": TiMg,O,, PbFe,O,, SnCu,S, 
AY'BLX;"': MoAg,O,, MoNa,0O,,WNa,O, 
A"BLX;': NiLi,F,,ZnK,(CN),, CdK,(CN), 
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defect spinel structure in which not all of the cation sites are occupied, i.e. Al3} ,[,,03,: the 

relation to spinel (MggAli,O;,) is obvious, the 8Mg" having been replaced by the 
isoelectronically equivalent 54AI1'. This explains why MgAl,O, can form a complete 
range of solid solutions with y-Al,O,;: the oxygen builds on to the complete fcc oxide ion 

lattice and the Al" gradually replaces Mg", electrical neutrality being achieved simply by 
leaving | cation site vacant for each 3Mg" replaced by 2A1". 

Sodium-B-alumina and related phases'?*? 

Sodium-f-alumina has assumed tremendous importance as a solid-state electrolyte 

since its very high electrical conductivity was discovered at the Ford Motor Company by 

J.T. Kummer and N. Weber in 1967. The compound, which has the idealized formula 

NaAl,,O,7 (Na,O.11A1,0,;) was originally thought to be a form of Al,O; and hence 

called f-alumina (1916); the presence of Na, which was at first either undetected or 

ignored, is now known to be essential for stability. X-ray analysis shows that the structure 

is closely related to that of spinel, no fewer than 50 of the 58 atoms in the unit cell being 

arranged exactly as in spinel. The large Na atoms are situated exclusively in loosely 

packed planes together with an equal number of O atoms as shown in Fig. 7.17; these 

planes are 1127 pm apart, being separated by the “spinel blocks”. The close-packed 
oxygen layers above and below the Na planes are mirror images of each other 476 pm 

apart and they are bound together not only by the Na atoms but by an equal number of 

Al-—O-AI bonds. There are several other sites in the mirror plane which can physically 

accommodate Na and this permits rapid two-dimensional diffusion of Na within the basal 

plane; it also explains the very low resistivity of the order of 30 ohm cm. The structure can 

also accommodate supernumerary Na ions, and the compound, even in the form of single 

‘Spinel’ 

‘Spinel’ 

Fic. 7.17 Crystal structure of Na-f-alumina (see text). This section, which is a plane parallel to 

the c-axis, does not show the closest Na—Na distance. 

22 JT. Kummer, f-alumina electrolytes, Prog. Solid State Chem. 7, 141-75 (1972). J. H. KENNEDY, The f- 
aluminas, Topics in Applied Physics 21, 105-41 (1977). 
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crystals, is massively defective, having typically 20-30% more Na than indicated by the 

idealized formula; this is probably compensated by additional Al vacancies in the “spinel 

blocks” adjacent to the mirror planes, e.g. Nay 5gAl,, .O34. 

Sodium-f-alumina can be prepared by heating Na,CO, (or NaNO, or NaOH) with 

any modification of Al,O, or its hydrates to ~ 1500° in a Pt vessel suitably sealed to avoid 

loss of Na,O (as Na+0O,).t In the presence of NaF or AIF; a temperature of 1000° suffices. 

Na-f-alumina melts at ~ 2000° (probably incongruently) and has d 3.25 g cm ~ 3. The Na 

can be replaced by Li, K, Rb, Cu!, Ag!, Ga! In|, or Tl' by heating with a suitable molten salt, 
and Ag'can be replaced by NO* by treatment with molten NOCI/AICI,. The ammonium 

compound is also known and H,O*-f-alumina can be prepared by reduction of the Ag 

compound. Similarly, Al' can be replaced by Ga" or Fe'" in the preparation, leading to 
compounds of (idealized) formulae Na,O.11Ga,O,, Na,O.11Fe,O03, K,O.11Fe, 0s, etc. 

Apart from the intriguing structural implications of these fast-ion solid-state 

conductors, Na-f-alumina and related phases have been extensively used during the past 

few years as permeable membranes in the Na/S battery system (p. 801): this requires an 

air-stable membrane that is readily permeable to Na ions but not to Na atoms or S, that is 

non-reactive with molten Na and S, and that is not an electronic conductor. Not 

surprisingly, few compounds have been found to compete with Na-f-alumina in this field. 

Tricalcium aluminate, Ca,Al,0¢ 

Tricalcium aluminate is an important component of Portland cement yet, despite 

numerous attempts dating back over the past SO y, its structure remained unsolved until 

1975.29) The basic unit is now known to be a 12-membered ring of 6 fused {AlO,} 
tetrahedra [Al,O,,]'® as shown in Fig. 7.18; there are 8 such rings per unit cell 

surrounding holes of radius 147 pm, and the rings are held together by Ca" ions in 

distorted sixfold coordination to give the structural formula Ca,Al,O,,. The rather short 

Ca-O distance (226 pm) and the observed compression of the {CaO,} octahedra may 
indicate some strain and this; together with the large holes in the lattice, facilitate the rapid 

reaction with water. The products of hydration depend sensitively on the temperature. 

Above 21° Ca3Al,O, gives the hexahydrate Ca,;Al,O,.6H,O, but below this tempera- 
ture hydrated di- and tetra-calctum aluminates are formed of empirical composition 

2CaO.Al1,O;.5-9H,O and 4CaO.Al,O;.12-14H,O. This is of great importance in 
cement technology (see Panel) since, in the absence of a retarder, cement reacts rapidly 

+ Numerous other sodium aluminates are also known, including several alkali-rich aluminates which have 

quite different structural motifs than those of Na-f-alumina. Thus, the solid-state reaction of a-Al,O, with 
varying amounts of Na,O at 700° yields colourless crystals of Na;AlO,, Na,A1,Ox, and Na, 7A1,O,,. The first 
of these compounds (and f-Lis;AlO,) contains discrete AlO, tetrahedra®??*) and is isostructural with the 

corresponding ferrate NasFeO,. The compound Na,Al,O, contains a novel ring structure made up of 6{Al0,' 
tetrahedra which are linked by 4 oxygen bridges to form an infinite chain.°? The most recent compound, 
Na,7A1;O,. features a unique, discrete, zig-zag Als;O,, unit formed by corner-fusion of 5{AlO,} tetrahedra to 
give the chain anion [O,Al(OAIO,),OAIO,]'7~.2?») 

724 M. G. BARKER, P. G. GApp, and M. J. BeGLEy, Preparation and crystal structures of the first alkali-rich 
sodium aluminates, Na,Al,O, and Na;AlO,, JCS Chem. Comm. 1981, 379-81. 

°°? M. G. Barker, P. G. Gapp, and S. C. WALLWork, A new sodium aluminate, Na, ,Al,O,,, JCS Chem. 
Comm. 1982, 516-517. 

> P. MonpaL and J. W. JEFFREY, The crystal structure of tricalcium aluminate, Ca,A1,O,, Acta Cryst. B31, 
689-97 (1975). 
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Fic. 7.18 Structure of the [Al,O,,]'°* unit in Ca,Al,O, (ie. Ca,Al,O,.). The Al-O distances 
are all in the range 175+2 pm. 

Portland Cement 

The name “Portland cement” was first used by J. Aspdin in a patent (1824) because, when mixed 
with water and sand the powder hardened into a block that resembled the natural limestone 
quarried in the Isle of Portland, England. The two crucial! discoveries which led to the production 
of strong, durable, hydraulic cement that did not disintegrate in water, were made in the 
eighteenth and nineteenth centuries. in 1756 John Smeaton, carrying out experiments in 
connection with building the Eddystone Lighthouse, recognized the importance of using limes 
which contained admixed clays or shales (i.e. aluminosilicates), and by the early 1800s it was 
realized that firing must be carried out at sintering temperatures in order to produce aclinker now 
known to contain calcium silicates and aluminates. The first major engineering work to use 
Portland cement was in the tunnel constructed beneath the Thames in 1828. The first truly high- 
temperature cement (1450-1600°C) was made in 1854, and the technology was revolutionized in 
1899 by the introduction of rotary kilns. 

The important compounds in Portland cement are dicalcium silicate (Ca,SiO,) 26%, tricalcium 
silicate (Ca,SiO,) 51%, tricalcium aluminate (Ca3Al,O,) 11%, and the tetracalcium species - 
Ca,AlL,Fel!O,, (1%). The principal constituent of moistened cement paste is a tobermorite gel 
which can be represented schematically by the following idealized equations: 

2Ca,SiO, +4H,O0 > 3CaO .. 2SiO,,. 3H,0 + Ca(OH), 
2Ca,SiO, + 6H,0 ———3Ca0 . 2Si0,,.3H,0 + 3Ca(OH), 

The adhesion of the tobermorite particles to each other and to the embedded aggregates is 
responsible for the strength of the cement which is due, ultimately, to the formation of -Si-O-Si-O 
bonds. 

Portland cement is made by heating a mixture of limestone (or chalk, shells, etc.) with 
aluminosilicates (derived from sand, shales, and clays) in carefully controlled amounts so as to 
give the approximate composition CaO ~70%, SiO, ~20%, ALO, ~5%, Fe,O; ~3%. The 
presence of Na,O, K,0, MgO, and P,O, are detrimental and must be limited. The raw 
materials are ground to pass 200-mesh sieves and then heated in a rotary kiln to ~ 1500° to givea 
sintered clinker; this is reground to 325-mesh and mixed with 2-5% of gypsum. An average-sized 
kiln can produce 1000-2000 tonnes of cement per day and the world’s largest kiln (1975) produces 
6750 tonnes per day. The vast scale of the industry can be gauged from the US production figures 
in the table below and world production for 1974 is summarized in the diagram. Price (1977) was 
~$40 per tonne for bulk supplies. 

Continued 
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Production of Portland Cement in the USA/millio 

Australia and Oceania 

(0.9%) 6.4 Mt 
Africa (3.2%) 22.3 Mt 

South America 

(4.6%) 32.0 Mt 

North 

Aimerica Europe 

(14.4%) 101.4 Mt (52.4%) 369.4 Mt 

including USSR 
Total world production (1974) 

704.4 Mt 

Asia 

(24.5%) 172.9 Mt 

(115.0 Mt) 

with water giving a sharp rise in temperature and a “flash set” during which the various 

calcium aluminate hydrates precipitate and congeal into an unmanageable mass. This can 

be avoided by grinding in 2-5% of gypsum (CaSO, .2H,O) with the cement clinker; this 

reacts rapidly with dissolved aluminates in the presence of Ca(OH), to give the calcium 

sulfatoaluminate, 3CaO. Al,O,.3CaSO,.31H,O, which is much less soluble than the 

hydrated calcium aluminates and therefore preferentially precipitates and prevents the 

premature congealing. 

Another important calcium aluminate system occurs in high-alumina cement (ciment 

fondu). This is not a Portland cement but is made by fusing limestone and bauxite with 

small amounts of SiO, and TiO, in an open-hearth furnace at 1425—1500°; rotary kilns 

with tap-holes for the molten cement can also be used. Typical analytical compositions for 

a high-alumina cement are ~40% each of Al,O, and CaO and about 10% each of Fe,0, 

and SiO, ; the most important compounds in the cement are CaAl,O,, Ca,Al,SiO,, and 
Ca,Al,FeSiO,,. Setting and hardening of high-alumina cement are probably due to the 

formation of calcium aluminate gels such as CaO. Al,O,.10H,O, and the more basic 

2CaO.Al,0,.8H,O, 3CaO.Al,0;.6H,O, and 4CaO.Al,0,.13H,O, though these 
empirical formulae give no indication of the structural units involved. The most notable 
property of high-alumina cement is that it develops very high strength at a very early stage 

(within 1 day). Long exposure to warm, moist conditions may lead to failure but 

resistance to corrosion by sea water and sulfate brines, or by weak mineral acids, is 

outstanding. It has also been much used as a refractory cement to withstand temperatures 
up to 1500°. 
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7.3.5 Other inorganic compounds 

At normal temperatures the only stable chalcogenides of Al are Al,S, (white), Al,Se, 

(grey), and Al,Te, (dark grey). They can be prepared by direct reaction of the elements at 

~ 1000° and all hydrolyse rapidly and completely in aqueous solution to give Al(OH); 

and H,X (X =S, Se, Te). The small size of Al relative to the chalcogens dictates tetrahedral 

coordination and the various polymorphs are related to wurtzite (hexagonal ZnS, 

p. 1405), two-thirds of the available metal sites being occupied in either an ordered (a) or a 

random (f) fashion. Al,S; also has a y-form related to y-Al,O; (p. 274). 

The chalcogenides of Ga, In, and Tl are much more numerous and at least a dozen 

different structure types have been established by X-ray crystallography.?* The 
compounds have been extensively studied not only because of their intriguing 

stoichiometries, but also because many of them are semiconductors, semi-metals, photo- 

conductors, or light emitters, and Tl,Te3 has been found to be a superconductor at low 

temperatures. The compounds, as expected from their position in the periodic table, are 

far from ionic, but formal oxidation states remain a useful device for electron counting and 

for checking the overall charge balance. Well-established compounds are summarized in 

Table 7.9. The following points are noteworthy. The hexagonal «- and f-forms of Ga,S, 

are isostructural with the Al analogues and an additional form, y-Ga,S3, adopts the 

related defect sphalerite structure derived from cubic ZnS (zinc blende, p. 1405). The same 

structure is found for Ga,Se; and Ga,Te, but for the larger In" atom octahedral 
coordination also becomes possible. The corresponding TI1'" sesquichalcogenides T1,X,; 
are either non-existent or of dubious authenticity, perhaps because of the ready reduction 
to TI! (see TII;, p. 269). 

GaS (yellow, mp 970°) has a hexagonal layer structure with Ga—Ga bonds (248 pm); 

each Ga is coordinated by 3S and 1Ga, and the sequence of layers along the c-axis is 

---SGaGaS,SGaGaS-: :-; the compound can therefore be considered as an example of Ga". 

The structures of GaSe, GaTe, red InS, and InSe are similar. By contrast, InTe, TIS 

(black), and TlSe (black, metallic) have a structure which can be formalized as 

M'[M'!'X,]; each Tl" is tetrahedrally coordinated by 4 Se at 268 pm and the tetrahedra 
are linked into infinite chains by edge sharing along the c-axis (see structure), whereas 

each TI! lies between these chains and is surrounded by a distorted cube of 8 Se at 342 pm. 

This explains the marked anisotropy of properties especially the metallic conductivity in 

the (001) plane and the semiconductivity along the c-axis. Similar edge-linked {GeSe,} 

24 1 J. MAN, R. M. IMANov, and S. A. SEMILETOV, Types of crystal structure in the chalcogenides of gallium, 
indium, and thallium, Sov. Phys. Crystallogr. 21, 255—63 (1976). 
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TABLE 7.9 Stoichiometries and structures of the crystalline chalcogenides of 

Group IIIB elements 

Ga,S 
GaS (yellow) layer structure 

with Ga—Ga bonds 
Ga,S, 
a-Ga,S, (yellow) ordered defect 

wurtzite (hexagonal ZnS) 
B-Ga,S, defect wurtzite 
y-Ga,S, defect sphalerite (cubic 

ZnS) 

Ga,Se 
GaSe _ like GaS 

Ga,Se, defect sphalerite 

GaTe like GaS 

(Ga,Te,) 

Ga,Te, defect sphalerite 
Ga,Te, chains of linked 

{GaTe,} plus single Te 
atoms 

InS (red) like GaS 

In,S7 see text 
a-In,S, (yellow) cubic y’-Al,0O; 

B-In,S, (red) defect spinel, 

y-Al,03 

TI,S (black) distorted Cdl, 
layer lattice (Tl' in threefold 
coordination) 

T1,S; chains of linked {TI'"S,} 
tetrahedra (TI'),[TI!"S,] 

TIS (black) like TlSe, 
TIILTI"S,] 

[No TI,S; known] 
TIS, TI! polysulfide 
TIS, (red and black forms) TI! 

polysulfide 
TI,S,_ TI! polysulfide 

In,Se, contains [(In'"),]* 

groups: In'{In}"]Se; 
InSe_ distorted NaCl, somewhat 

like GaS 
In,Se, like In,S, 
a-In,Se, defect wurtzite, but 76 

of In octahedral 

B-In,Se, ordered defect wurtzite 
(hexagonal ZnS) 

Tl,Se, complex Cr,B;-type 

structure 

TISe (black) chains of edgeshared 
{TI"Se,} tetrahedra 
TI'[TI"'Se, ] 

IESes 

In,Te, like In,Se, 

InTe like TlSe (cubes and 

tetrahedra) 

In,Te, 
a-In,Te, defect sphalerite 

(cubic ZnS) 

p-In, Te, 

In;Te,; 
Ines 

Tl,Te,; Cr.B; layer structure, 
CN of TI varies up to 9 and 
Te up to 10 

TlTe variant of W<Si, 
(complex) 

(11,Te3) 

tetrahedra are found in Cs,)Ga,Se,, which was recently obtained as transparent pale- 

yellow crystals by heating an equimolar mixture of GaSe and Cs in a carefully controlled 

temperature programme; the compound features the unprecedented finite complex anion 

[Se,Ga(u-Se,Ga) Se, ]!°~ which is 1900 pm long.?*” 
In,S, (and the isostructural In,Se,) have a curious structure comprising two separate 

blocks of almost ccp S which are rotated about the b-axis by 61° with respect to each other; 

the In is in octahedral coordination. The crystal structures of In,Se, and In, Te, show that 

they can be regarded to a first approximation as In'[In,]’(X~"), but the compound does 
not really comprise discrete ions. The triatomic unit [In''—In'"—In""] is bent, the angle at 
the central atom being 158° and the In—In distances 279 pm (cf. 324-326 pm in metallic 

24a 11 J. DEISEROTH and HAN Fu-Son, [Ga,Se,,]'° : A 1900 pm long, hexameric anion, Angew. Chem. Int. 
Ed. (Engl.) 20, 962-3 (1981). 
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Fic. 7.19 Schematic structure of In,Se3. 

In). However, it is also possible to discern non-planar 5-membered heterocycles in the 

structure formed by joining 2 In from 1 {In,} to the terminal In of an adjacent {In,} via 2 

bridging Se (or Te) atoms so that the structure can be represented schematically as in Fig. 

7.19. The In"-Se distances average 269 pm compared with the closest In'-Se contact of 
297 pm. The [In}3"]¥ unit can be compared with the isoelectronic species [Hg$]". The 
compound T1,S;3, which has the same stoichiometry as In,X3, has a different structure 

(shown schematically below) in which chains of corner-shared {T1S,} tetrahedra of over- 
all stoichiometry [TIS,] are bound together by T1'; within the chains the T1!"-S distance 
is 254 pm whereas the TI'-S distances vary between 290-336 pm. A comparison of the 

formal designation of the two structures In'[(In#!)]’(Se~"), and (T1'),[TI™S,]~ '" again 
illustrates the increasing preference of the heavier metal for the + 1 oxidation state. The 

trend continues with the polysulfides TI'S,, T1,S;, and T1,S, already alluded to on p. 286. 

Schematic structure of T1,S3. 
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The compounds of the Group IIIB metals with the elements of Group VB (N, P, As, Sb, 

Bi) are structurally less diverse than the chalcogenides just considered but they have 

achieved considerable technological application as III-V semiconductors isoelectronic 

with Si and Ge (cf. BN isoelectronic with C, p. 235). Their structures are summarized in 

Table 7.10: all adopt the cubic ZnS structure except the nitrides of Al, Ga, and In which are 

probably more ionic (less covalent or metallic) than the others. Thallium does not form 

simple compounds M!"'X¥: the explosive black nitride TI\N is known, and the azides 

Tl'N, and TI[TI"(N ,),]; the phosphides T1;P, TIP, and TIP; have been reported but are 

not well characterized. With As, Sb, and Bi thallium forms alloys and intermetallic 

compounds T1,X, T1,Bi,, and TIBi,. 

TaBLe 7.10 Structures of III-V compounds MX? 

X|M—> B Al Ga In 

N eS W W W 
P S S S S 
As S S S S 
Sb = S S S 

@) T =BN layer lattice (p. 236). 
S=sphalerite (zinc blende), cubic ZnS structure (p. 1405). 

W =wurtzite, hexagonal ZnS structure (p. 1405). 

The III-V semiconductors can all be made by direct reaction of the elements at high 

temperature and under high pressure when necessary. Some properties of the Al 

compounds are in Table 7.11 from which it is clear that there are trends to lower mp and 

energy band-gap E, with increasing atomic number. 

Analogous compounds of Ga and In are grey or semi-metallic in appearance and show 

similar trends (Table 7.12). These data should be compared with those for Si, Ge, Sn, and 

Pb on p. 434 and for the isoelectronic II-VI semiconductors of Zn, Cd, and Hg with S, Se, 

and Te (p. 1406). In addition, GaN is obtained by reacting Ga and NH, at 1050° and InN 

by reducing and nitriding In,O, with NH, at 630°. The nitrides show increasing 

susceptibility to chemical attack, AIN being inert to both acids and alkalis, GaN being 

decomposed by alkali, but not acid, and InN being decomposed by both acids and alkalis. 

Most of the other III-V compounds decompose slowly in moist air, e.g. AIP gives 

Al(OH), and PH;. As a consequence, semiconductor devices must be completely 

encapsulated to prevent reaction with the atmosphere. The great value of III-V 

TABLE 7.11 Some properties of Al III-V compounds 

Property AIN AIP AlAs AlSb 

Colour Pale yellow Yellow Orange — 
MP/°C > 2200 decomp 2000 1740 1060 
E,/kJ mol * 411 236 208 145 

‘) Energy gap between top of (filled) valence band and bottom of (empty) conduction band (p. 383). To 
convert from kJ mol~! to eV atom ' divide by 96.485. 
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TABLE 7.12 Comparison of some III-V semiconductors 

Property GaP GaAs GaSb InP InAs InSb 

MP/°C 1465 1238 712 1070 942 See) 
Es Semoly 218 138 69 130 34 17 

) See note to Table 7.11. 

semiconductors is that they extend the range of properties of Si and Ge, and by judicious 

mixing in ternary phases they permit a continuous interpolation of energy band gaps, 

current-carrier mobilities, and other characteristic properties. Some of their uses are 

summarized in the Panel. 

Other compounds containing AI-N or Ga—N bonds, including heterocyclic and cluster 

compounds, are considered in the next section. 

7.3.6 Organometallic compounds 

Many organoaluminium compounds are known which contain 1, 2, 3, or 4 Al-C bonds 

per Al atom and, as these have an extensive reaction chemistry of considerable industrial 

importance, they will be considered before the organometallic compounds of Ga, In, and 

TI are discussed. 

Aluminium trialkyls and triaryls are highly reactive, colourless, volatile liquids or low- 

melting solids which ignite spontaneously in air and react violently with water; they 

should therefore be handled circumspectly and with suitable precautions. Unlike the 

boron trialkyls and triaryls they are often dimeric, though with branched-chain alkyls 

such as Pri, Bu’, and Me,CCH, this tendency is less marked. Al, Me, (mp 15°, bp 126°) has 
the methyl-bridged structure shown and the same dimeric structure is found for Al,Ph, 

(mp 225°). 

In each case Al-C, is about 10% longer than AI-C, (cf. Al, X,, p. 263; B,Hg, p. 181). The 

enthalpy of dissociation of Al, Me, into monomers is 84 kJ mol’. Al, Et, (mp — 53°) and 

Al,Pr," (mp — 107°) are also dimeric at room temperature. 

As with Al(BH,)3 and related compounds (p. 260), solutions of Al, Me, show only one 

proton nmr signal at room temperature due to the rapid interchange of bridging and 

terminal Me groups; at — 75° this process is sufficiently slow for separate resonances to be 

observed. 

CTE~K 
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Applications of I1I-V Semiconductors 

The 9 compounds that Al, Ga, and In form with P, As, and Sb have been extensively studied 

because of their many applications in the electronics industry, particularly those centred on the 

interconversion of electrical and optical (light) energy. For example, they are produced 

commercially as light-emitting diodes (LEDs) familiar in pocket calculators, wrist watches, and 

the alpha-numeric output displays of many instruments; they are also used in infrared-ernitting 

diodes, injection lasers, infrared detectors, photocathodes, and photomultiplier tubes. An 

extremely elegant chemical solid-state technology has evolved in which crystals of the required 

properties are deposited, etched, and modified to form the appropriate electrical circuits. The 

ternary system GaAs, _ ,P,, now dominates the LED market for x-numeric and graphic displays 

following the first report of this activity in 1961. GaAs, _ ,P.,, is grown epitaxially on a single- 

crystal substrate of GaAs or GaP by chemical vapour deposition and crystal wafers as large as 

Ch. 7 

20 cm? have been produced commercially. The colour of the emitted radiation is determined by 

the energy band gap E,; for GaAs itself E, is 138 kJ mol” ! corresponding to an infrared emission 

(4 870 nm), but this increases to 184 kJ mol * for x~0.4 corresponding to red emission (A 

650 nm). For x >0.4 E, continues to increase until it is 218 kJ mol” ! for GaP (green, 7 550 nm). 

Commercial yellow and green LEDs contain the added isoelectronic impurity N to improve the 

conversion efficiency. A schematic cross-section of a typical GaAs, _ ,P, epitaxial wafer doped 

with Te and N is shown in the diagram: Te (which has one more valence electron per atom than As 

or P) is the most widely used dopant to give n-type impurities in this system at concentration of 

10!6_10!8 atoms cm~} (0.5-50 ppm). The p-—n junction is then formed by diffusing Zn (1 less 

electron than Ga) into the crystal to a similar concentration. 

~“20um GaAs, PON je 

~100gum Q GaAs,-, Py “Ve 

xX const. 

. Typical 

- wafer thickness 

~25um GaAs,-,P.:Te x variable ~0.4—0.5 mm 

~~\300nm GaAs or GaP 

An even more recent application is the construction of semiconductor lasers. In normal opti- 
cal lasers light is absorbed by an electronic transition to a broad band which lies above the 
upper laser level and the electron then drops into this level by a non-radiative transition. By 
contrast the radiation in a semiconductor laser originates in the region of a p-n junction and is due 
to the transitions of injected electrons and holes between the low-lying levels of the conduction 
band and the uppermost levels of the valence band. (Impurity levels may also be involved.) The 
efficiency of these semiconductor injection lasers is very much higher than those of optically 
pumped lasers and the devices are much smaller; they are also easily adaptable to modulation. As 
implied by the band gaps on p. 289, emission wavelengths are in the visible and near infrared. A 
heterostructure laser based on the system GaAs-Al,Ga, . ,As recently became the first junction 
laser to run continuously at 3000 K and above (1970). 

In the two types of device just considered, namely light emitting diodes and injection lasers, 
electrical energy is converted into optical energy. The reverse process of converting optical energy 
into electrical energy (photoconductivity and photovoltaic effects) has also been successfully 
achieved by III-V semiconductor systems. For example, the small band-gap compound InSb is 
valuable as a photoconductive infrared detector, and several compounds are being actively 
studied for use in solar cells to convert sunlight into useful sources of electrical power. The 
maximum photon flux in sunlight occurs at 75-95 kJ mol‘ and GaAs shows promise, though 
other factors make Cu,S-CdS cells more attractive commercially at the present time. 
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Al,Me, can be prepared on a laboratory scale by the reaction of HgMe, on Al at 

~90°C. Al,Ph, can be prepared similarly using HgPh, in boiling toluene or by the 

reaction of LiPh on Al,Cl,. On the industrial (kilotonne) scale Al is alkylated by means of 

RX or by alkenes plus H,. In the first method the sesquichloride R,Al,Cl, is formed in 
equilibrium with its disproportionation products :t 

race of I 

2Al+3RCl — ReAL Cle IR ALCL, 44R, ALC), 
Cl30orA 

Addition of NaCl removes R5Al,Cl, as the complex (2NaAICI,R) and enables R,AI,Cl, 

to be distilled from the mixture. Reaction with Na yields the trialkyl, e.g.: 

3Me,Al,Cl, +6Na 2Al,Me, +2Al + 6NaCl 

Higher trialkyls are more readily prepared on an industrial scale by the alkene route (K. 

Ziegler et al., 1960) in which H, adds to Al in the presence of preformed AIR; to give a 

dialkyl-aluminium hydride which then readily adds to the alkene: 

2 6CH 

2Al+3H, + 2Al,Et, —-~> {6Et,AIH} ———>3Al, Et, 

Similarly, Al, H,, and Me,C=CH, react at 100° and 200 atm to give AlBu'; in a 

single-stage process, provided a small amount of this compound is present at the start; this 

is required because Al does not react directly with H, to form AIH; prior to alkylation 

under these conditions. Alkene exchange reactions can be used to transform AIBu’', into 

numerous other trialkyls. AlBu',; can also be reduced by potassium metal in hexane at 

room temperature to give the novel brown compound K,AI,Bu', (mp 40°) which is 
notable in providing a rare example of an Al-Al bond in the diamagnetic anion 

[Bui,AlAIBui,]?~.2° 
Al,R, (or AIR;) react readily with ligands to form adducts, LAIR3;, and with protonic 

reagents to liberate alkanes: 

Al,R, +6HX 6RH+2AIX, (X=OH, OR, Cl, Br) 

Reaction with halides or alkoxides of elements less electropositive than Al affords a useful 

route to other organometallics: 

excess AIR3 
MX,, ———> MR,,+ 3AIX, (M=B, Ga, Si, Ge, Sn, etc.) 

The main importance of organoaluminium compounds stems from the crucial 

discovery of alkene insertion reactions by K. Ziegler,?° and an industry of immense 

proportions based on these reactions has developed during the past 20-25 y. Two main 

processes must be distinguished: (a) “growth reactions” to synthesize unbranched long- 

chain primary alcohols and alkenes (K. Ziegler et al., 1955), and (b) low-pressure 

polymerization of ethene and propene in the presence of organometallic mixed catalysts 

+ Itis interesting to note that the reaction of EtI with Al metal to give the sesqui-iodide “Et,Al,I,” was the first 
recorded preparation of an organoaluminium compound (W. Hallwachs and A. Schafarik, 1859). 

25 H. HoperG and S. KRAUSE, Dipotassium hexaisobutyldialuminate, a complex containing an Al-Al bond, 
Angew. Chem., Int. Ed. (Engl.) 17, 949-50 (1979). 

26 K. ZiEGLER, A forty years’ stroll through the realms of organometallic chemistry, Adv. Organometallic 
Chem. 6, 1-17 (1968). 
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(1955) for which K. Ziegler (Germany) and G. Natta (Italy) were jointly awarded the 

Nobel Prize for Chemistry in 1963. 

In the first process alkenes insert into the Al-C bonds of monomeric AIR; at ~ 150° and 

100 atm to give long-chain derivatives whose composition can be closely controlled by the 

temperature, pressure, and contact time: 

(C>H,), Et 
Cy H, nC2 Hy 

AIEt,;, —————+_ Et,AICH,Et ——————+_ Al —— (C,H), Et 

(C,H), Et 

The reaction is thought to occur by repeated y?-coordination of the alkene molecules to Al 

followed by migration of an alkyl group from Al to the alkene carbon atom: 

Typically, chain lengths of 14-20 C atoms can be synthesized industrially in this way and 

then converted to unbranched aliphatic alcohols for use in the synthesis of biodegradable 

detergents: 

(i) Op, (ii) H30° 
Al(CH,CH,R), 3RCH,CH,OH 

Alternatively, thermolysis yields the terminal alkene RCH=CH),. 

Even more important is the stereoregular catalytic polymerization of ethene and other 

alkenes to give high-density polyethene (“polythene”) and other plastics. A typical 

Ziegler—Natta catalyst can be made by mixing TiCl, and AI,Et, in heptane: partial 

reduction to Ti™ and alkyl transfer occur, and a brown suspension forms which rapidly 
absorbs and polymerizes ethene even at room temperature and atmospheric pressure. 

Typical industrial conditions are 50-150°C and 10 atm. Polyethene produced at the 

surface of such a catalyst is 85-95% crystalline and has a density of 0.95-0.98 g cm~? 

(compared with low-density polymer 0.92 g cm~ 3); the product is stiffer, stronger, has a 

higher resistance to penetration by gases and liquids, and has a higher softening 

temperature (140—150°). Polyethene is produced in megatonne quantities and used mainly 

in the form of thin film for packaging or as molded articles, containers, and bottles; 

electrical insulation is another major application. Stereoregular (isotactic) polypropene 

and many copolymers of ethene are also manufactured. Much work has been done in an 
attempt to elucidate the chemical nature of the catalysts and the mechanism of their 

action; the active site may differ in detail from system to system but there is now general 

agreement that polymerization is initiated by 47 coordination of ethene to the partly 
alkylated lower-valent transition-metal atom (e.g. Ti'") followed by migration of the 
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attached alkyl group from transition-metal to carbon.(An alternative suggestion involves 
metal-carbene species generated by «-hydrogen transfer.'? ”’) 

Coordination of the ethene or propene to Ti" polarizes the C-C bond and allows ready 
migration of the alkyl group with its bonding electron-pair. This occurs as a concerted 

process, and transforms the 7?-alkene into a o-bonded alkyl group. As much as | tonne of 
polypropylene can be obtained from as little as 5 g Ti in the catalyst. 

Organometallic compounds of Ga, In, and Tl have been less studied than their Al 

analogues. The trialkyls do not dimerize and there is a general tendency to diminishing 

thermal stability with increasing atomic weight of M. There is also a general decrease of 

chemical reactivity of the M-C bond in the sequence Al>GaxIn>TI, and this is 

particularly noticeable for compounds of the type R, MX; indeed, TI gives air-stable non- 

hydrolysing ionic derivatives of the type [TIR,]X, where X = halogen, CN, NO;, 3SO,, 
etc. For example, the ion [Tl1Me,]* is stable in aqueous solution, and is linear like the 

isoelectronic HgMe, and [PbMe,]?~. 
GaR, can be prepared by alkylating Ga with HgR, or by the action of RMgBr or AIR, 

on GaCl,. They are low-melting, mobile, flammable liquids. The corresponding In and T] 

compounds are similar but tend to have higher mps and bps; e.g. 

Compound GaMe, InMe, TlMe, GaEt, InEt, TIEt, 

MP — 16° 88.4° 38.5° — 82° = = 63> 
BP 56° 136° 147° (extrap) 143° 84°/12 mmHg 192° (extrap) 

The triphenyl analogues are also monomeric in solution but tend to associate into chain 

structures in the crystalline state as a result of weak intermolecular M---C interactions: 

GaPh, mp 166°, InPh, mp 208°, TIPh,; mp 170°. For Ga and In compounds the primary 

M-C bonds can be cleaved by HX, X,, or MX; to give reactive halogen-bridged dimers 

(R,MX),. This contrasts with the unreactive ionic compounds of Tl mentioned above, 
which can be prepared by suitable Grignard reactions: 

TIX, +2RMgX [TIR,]X +2MgXx, 

27M. L.H. GREEN, Studies on the synthesis, mechanism, and reactivity of some organo-molybdenum and - 
tungsten compounds, Pure Appl. Chem. 50, 27-35 (1978). 
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A few organometallic compounds of TI! are also known. Thus TIC,H, precipitates as 

air-stable yellow crystals when aqueous TIOH is shaken with cyclopentadiene. In the gas 

phase Tl(7°-C,H,) has C,, symmetry (Fig. 7.20), whereas in the crystalline phase there are 

zigzag chains of equispaced alternating C,H, rings and Tl! atoms. In(7°-C.H:s) is less 

stable but has the same structure as the Tl compound in each phase. It is best prepared by 

metathesis of LiC,H, with a slurry of InClin Et,O.2™ The bonding can be described in 

MO terms (p. 369). 

Fic. 7.20 The Cs, structure of Tl(y°-C,H,) in the gas phase as revealed by microwave 

spectroscopy; the Tl atom is 241 pm above the plane of the ring. In(y°-C5H.;) is similar with In—C 
262 pm (gas-phase electron diffraction); the In atom is 231 pm above the plane of the ring and this 

distance increases considerably to 319 pm in the crystal. 

Finally, attention should be drawn to a remarkable range of heterocyclic and cluster 

organoaluminium compounds containing various sequences of Al-N bonds'?®? (cf. B-N 

compounds, p. 234). Thus the adduct [AIMe,(NH,Me)] decomposes at 70°C with loss of 

methane to give the cyclic amido trimers cis- and trans-[Me,AINHMe], (structures 2 

and 3) and at 215° to give the oligomeric imido cluster compounds (MeAINMe), 

(structure 6) and (MeAINMe), (structure 7), e.g.: 

21AlMe,+21NH,Me eres 7(Me,AINHMe), > 3(MeAINMe), 
= vA —21CH, 

Similar reactions lead to other oligomers depending on the size of the R groups and the 

conditions of the reaction, e.g. cyclo-(Me,AINMe,), (structure 1) and the imido-clusters 

(PhAINPh),, (HAINPr'), ,,6, (HAINPr®), ,, g, (HAINBu'),, and (MeAINPr'), ,,, (see 

structures 4, 5, 7). Intermediate amido-imido compounds have also been isolated from the 

reaction, e.g. [Me,AINHMe),(MeAINMe),] (structure 8). All the structures are built 

up from varying numbers of fused 4-membered and 6-membered AIN heterocycles. 

78 C. Peppe, D. G. Tuck and L. VicTorIANno, A simple synthesis of cyclopentadienylindium(I), JCS Dalton 
1981, 2592. 

28S. AMIRKHALILI, P. B. HircHcock, and J. D. SMiTH, Complexes of organoaluminium compounds. Part 10, 
JCS Dalton, 1979, 1206-12; and references 1-9 therein. 
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(1) (Me,AINMe,), (2) cis-(Me,AINHMe), 

(4) (MeAINPr'), 

(7) (MeAINMe)s (8) [(Me,AINHMe).(MeAINMe)g] 

Several analogous gallium compounds are also known, e.g. [(Me,GaNHMe),- 

(MeGaNMe),] (structure 8).?®) 



Carbon 

8.1 Introduction 

One thing is absolutely certain—tt is quite impossible to do justice to the chemistry of 

carbon in a single chapter; or, indeed, a single book. The areas of chemistry traditionally 

thought of as organic chemistry will largely be omitted except where they illuminate the 

general chemistry of the element. However, the field of organometallic chemistry is 

included since this has been one of the most rapidly developing areas of the subject during 

the past 25 y and has led to major advances in our understanding of the structure, 

bonding, and reactivity of molecular compounds. In fact, the unifying concepts emerging 

from organometallic chemistry emphasize the dangers of erecting too rigid a barrier 

between various branches of the subject, and nowhere is the boundary between inorganic 

and organic chemistry more arbitrary and less helpful than here. The present chapter gives 

a general account of the chemistry of carbon and its compounds; a more detailed 

discussion of specific organometallic systems will be found under the individual elements. 

Discussion of Group trends and the comparative chemistry of the Group IV elements C, 

Si, Ge, Sn, and Pb is deferred until Chapter 10. 

Carbon was known as a substance in prehistory (charcoal, soot) though its recognition 

as an element came much later, being the culmination of several experiments in the 

eighteenth century.’ Diamond and graphite were known to be different forms of the 

element by the close of the eighteenth century, and the relationship between carbon, 

carbonates, carbon dioxide, photosynthesis in plants, and respiration in animals was algo 

clearly delineated by this time (see Panel). The great upsurge in synthetic organic 

chemistry began in the 1830s and various structural theories developed following the 

introduction of the concept of valency in the 1850s. Outstanding achievements in this area 

were F. A. Kekule’s use of structural formulae for organic compounds and his concept of 
the benzene ring, L. Pasteur’s work on optical activity, and the concept of tetrahedral 

carbon (J. H. van’t Hoff and J. A. Le Bel). The first metal carbonyl compounds Ni(CO), 

and Fe(CO), were prepared and characterized by L. Mond and his group in 1889-91 and 

this work has burgeoned into the huge field of metal carbonyl cluster compounds which is 

still producing results of fundamental importance. Even more extensive is the field of 
organometallic chemistry which developed rapidly after the seminal papers on the 

“sandwich” structure of ferrocene (G. Wilkinson, M. Rosenblum, M. C. Whiting, and 

'M. E. WeEKS, Discovery of the Elements, Chaps. 1 and 2, pp. 58-89. J. Chem. Educ. Publ., 1956. 

296 
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Early History of Carbon and Carbon Dioxide 

— Carbon known as a substance in prehistory (charcoal, soot) but not recognized as an 

element until the second half of the eighteenth century. 
BC “Indian inks” made from soot used in the oldest Egyptian hieroglyphs on papyrus. 
AD1!273 Ordinance prohibiting use of coal in London as prejudicial to Deg (Be earliest 

_ known attempt to reduce smoke pollution in Britain. — 
~ 1564 Lead pencils first manufactured commercially during Queen Flizabeth’ $ reign, using s 

Cumberland graphite. 
1752/4 CO, (“fixed air”), prepared by Joseph Black (aged 24-26), was the first gas other than air 

to be characterized: (i) chalk when heated lost weight and evolved CO, (genesis of 
_ quantitative gravimetric analysis), and (ii) action of acids on carbonates liberates CO,. 

1757 J. Black showed that CO, was produced by fermentation of vegetables, by burning 
charcoal, and by animals (humans) when breathing; turns lime water turbid. 

1771 J. Priestley established that green plants use CO, and “purify air” when growing. He 
later showed that the “purification” was due to the new gas O, (1774). 

“1779 Elements of photosynthesis elucidated by J. Ingenhousz: green plants in daylight u use 
CO, and evolve O,; in the dark they liberate CO). 

1789 The word “carbon” (Fr. carbone) coined by A. L. Lavoisier from the Latin carbo, 
charcoal. The name “graphite” was proposed by A. G. Werner and D. L. G. Harsten in 
the same year; Greek ypadiev (graphein), to write. The name “diamond” is probably a 
‘blend of Greek diadavyc (diaphanes), transparent, and adapac¢ (adamas), indomit-— 
able or invincible, in reference to its extreme hardness. 

1796 Diamond shown to be a form of carbon by S. Tennant who burned it and weighed the 
CO, produced; graphite had earlier been shown to be carbon by C. W. Scheele (1779); 
carbon recognized as essential for converting iron to steel (R.-A.-F de Reaumur and 
others in the late eighteenth century). 

1805 Humphry Davy showed carbon particles are the source of luminosity in flames (lamp 
black). 

R. B. Woodward, 1952) and the “z bonding” of ethylene complexes (M. J. S. Dewar 1951, 

J. Chatt, and L. A. Duncanson, 1953). The constricting influence of classical covalent- 

bond theory was finally overcome when it was realized that carbon in many of its 

compounds can be 5-coordinate (Al,Me., p. 289), 6-coordinate (C,B,,.H,>, p. 207), or 

even 7-coordinate (Li,Me,, p. 113). A compound featuring an 8-coordinate carbon atom 

is shown on p. 358. In parallel with these developments in synthetic chemistry and 

bonding theory have been technical and instrumental advances of great significance; 

foremost amongst these have been the development of ‘*C radioactive dating techniques 

(W. F. Libby, 1949), the commercial availability of '*C nmr instruments in the early 

1970s, and the industrial production of artificial diamonds (General Electric Company, 

1955). 

8.2 Carbon 

8.2.1 Terrestrial abundance and distribution 

Carbon occurs both as the free element (graphite, diamond) and in combined form 

(mainly as the carbonates of Ca, Mg, and other electropositive elements). It also occurs as 

CO,, a minor but crucially important constituent of the atmosphere. Estimates of the 

overall abundance of carbon in crustal rocks vary considerably, but a value of 180 ppm 

can be taken as typical; this places the element seventeenth in order of abundance after Ba, 

Sr, and S but before Zr, V, Cl, and Cr. 

CTE-K* 
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Carbon 

- Some Notable Dates in Carbon Chemistry 

J.J. Berzelius classified compounds as “organic” or “inorganic” according to their origin 

in living matter or inanimate material. 
W. C. Zeise prepared K[Pt(C,H,)Cl,] and related compounds; though of unknown 

structure at the time they later proved to be the first organometallic compounds. 

The vitalist theory of Berzelius challenged by F. Wéhler (aged 28) who synthesized urea, 

(NH,),CO, from NH,(OCN). 
Rise of synthetic organic chemistry. 

L. Pasteur (aged 26) began work on optically active sodium ammonium tartrate. 

First metal alkyls, e.g. ZnEt,, made by E. Frankland (aged 24); he also first propounded 

the theory of valency (1852). ; 
-F, A. Kekulé’s structural formulae for organic compounds; ring structure of benzene 

1865. : 
Tetrahedral, 4-coordinate carbon proposed independently by J. H. van’t Hoff (aged 22) 

and J. A. LeBel. 
First publication on metal carbonyls [Ni(CO),] by L. Mond er al. 
Carborundum, SiC, made by E. G. Acheson. 
First paper by V. Grignard on RMgxX syntheses. Nobel Prize 1912. 
Solid CO, introduced commercially as a refrigerant. 
C.K prepared—the first alkali metal-graphite intercalation compound. 
Isotopes of C (!?C and '3C) discovered by A. S. King and R. T. Birge in the band 
spectrum of C,, CO, and CN (previously undetected by mass spectrometry). 
First metal halide-graphite intercalation compound made with FeCl,. 
Radiocarbon '4C* established as the product of an (n,p) reaction on ‘SN by 
W.E. Burcham and M. Goldhaber. 
Chemically significant amounts of '*C synthesized by S. Ruben and M. D. Kamen. 

Concept and feasibility of !*C dating established by W. F. Libby (awarded Nobel Prize 
in 1960). 
Structure of ferrocene elucidated; organometallic chemistry burgeons: Nobel Prize 
awarded jointly to E. O. Fischer and G. Wilkinson 1973. 
First authentic production of artificial diamonds by ASEA, Sweden; commercial 
production achieved by General Electric (USA) in 1955. 
Stereoregular polymerization of ethene and propene by catalysts developed by K. 
Ziegler and by G. Natta (Nobel Prize 1963). : 

Ch. 8 

Cyclobutadiene-transition metal complexes predicted by H. C. Longuet-Higgins and 
L. E. Orgel 3 y before they were first synthesized. 
n-allylic metal complexes first recognized. 
'2C = 12 adopted as unified atomic weight standard by both chemists and physicists. 
6-coordinate carbon established in various carboranes by W. N. Lipscomb and others. 
(Nobel Prize 1976). 
CS, complexes such as [Pt(CS,) (PPh,),] first prepared in G. Wilkinson’s laboratory. 

13C fourier-transform nmr commercially available following first observation of ‘°C 
nmr signal by P. C. Lauterbur and by C. H. Holm in 1957. 
8-coordinate carbon established in [Co,C(CO),,]?~ by V. G. Albano, P. Chini er al. 
(Cubic coordination of C in antifluorite Be,C known since 1948.) 

Graphite is widely distributed throughout the world though much of it is of little 

economic importance.) Large crystals or “flake” occur in metamorphosed sedimentary 

silicate rocks such as quartz, mica schists, and gneisses; crystal size varies from fractions of 

a millimetre up to about 6 mm (average ~4 mm) and the deposits form lenses up to 30 m 

thick stretching several kilometres across country. Average carbon content is 25% but can 
rise as high as 60% (Malagasy). Beneficiation is by flotation followed by treatment with 

2,C. L. MANTELL, Carbon and Graphite Handbook, Interscience, New York, 1968, 538 pp. 
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HF and HCl, and then by heating to 1500°C in vacuo. Microcrystalline graphite 

(sometimes referred to as “amorphous”) occurs in carbon-rich metamorphosed sediments 

and some deposits in Mexico contain up to 95% C. World production has remained fairly 

constant for the past 15 y and was 440 ktonnes in 1975 (see Panel). 

Diamonds are found in ancient volcanic pipes embedded in a relatively soft, dark- 

coloured basic rock called “blue ground” or “kimberlite”, from the South African town of 

Kimberly where such pipes were first discovered in 1870.9 Diamonds are also found in 
alluvial gravels and marine terraces to which they have been transported over geological 

ages by the weathering and erosion of pipes. The original mode of formation of the 

diamond crystals is still a subject of active investigation. The diamond content of a typical 

kimberlite pipe is extremely low, of the order of 1 part in 15 million, and the mineral must 

be isolated mechanically by crushing, sluicing, and passing the material over greased belts 

to which the diamonds stick. This, in part, accounts for the very high price of gem-quality 

Production and Uses of Graphite“ 

There is a world shortage of natural graphite which is particularly marked in North America 
and Europe. As a result, prices have risen steeply; they vary widely in the range $200-1600 per 
tonne (1973) depending on crystalline quality; “amorphous” graphite is ~$30 per tonne. The 
annual world production of 440 ktonnes was distributed as follows in 1975: 

USSR __N. Korea : Mexico S. Korea China Austria 

ktonnes oOo Fe 8 47 50 30.6 

India Malagasy FRG _ Norway Sri Lanka Other 

ktonnes 19 8 is 106 10.4 11.0 

The USA used 86 ktonnes of natural graphite of which 75 ktonnes was imported; in addition, 
some 293 ktonnes of graphite was manufactured. Natural graphite is used in steelmaking (33%), 
foundries (18%), refractories (17%), crucibles, retorts, nozzles, etc. (8°), lubricants (5.8%), brake 
linings (2.8%), carbon products (1.8%), pencils (1.6%), and miscellaneous (12°). 

Artificial graphite was first manufactured on a large scale by A. G. Acheson in 1896. In this 
process coke is heated with silica at ~ 2500°C for 25-35 h: 

7 = 2c0 
$10,496 > (SiC) 2s’ > Si(g)+ C(graphite) 

In the USA artificial graphite is now made on a scale of 325 ktonnes pa (1977) and is used mainly 
for electrodes (65°), crucibles and vessels (6%), and various unmachined shapes (6%): specialist 
uses include motor brushes and contacts, fibres and cloth (PI. 8.1), and refractories of various 
sorts. Ultra-high-purity graphite is made on a substantial scale for use as a neutron moderator in 
nuclear reactors. Carbon whiskers grown from highly purified graphite are finding increasing use 
in high-strength composites; the whiskers are manufactured by striking a carbon arc at 3600°C 
under 90 atm Ar—the maximum length is ~ 50 mm and the average diameter 5 ym. 

3 E. BRUTON, Diamonds, NAG Press, London, 1970, 372 pp. 
4 Kirk-—Othmer Encyclopedia of Chemical Technology, 3rd edn., Interscience, New York, 1978, Vol. 4: 

Carbon and artificial graphite, pp. 556-631; Carbon black, pp. 631-66; Diamond, natural and synthetic, 
pp. 666-89; Natural graphite, pp. 689-709. 
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diamonds which was, in 1974, ~$850 per g for rough or uncut specimens, i.e. about 1 

million times the price of flake graphite. The pattern of world production has changed 

dramatically over the past few years as indicated in the Panel. 

Three other forms of carbon are manufactured on a vast scale and used extensively in 

industry: coke, carbon black, and activated carbon. The production and uses of these 

impure forms of carbon are briefly discussed in the Panel on p. 301. 

~ Production and Uses of Natural Diamond 

Gemstone diamonds have been greatly prized in eastern countries for over 2000 y though their 
introduction and recognition in Europe is more recent. The only sources were from India and 
Borneo until they were also found in Brazil in 1729. In South Africa diamonds were discovered in 
alluvial deposits in 1867 and the first kimberlite pipe was identified in 1870 with dramatic 
consequences. A typical pipe is shown in PI. 8.2. Other finds of economic importance were made in 
Africa during the first half of this century: Congo 1907; Namibia 1908; Central African Republic 
1913; Tanzania 1913 (where large-scale production began in 1940 following the discovery of the 
enormous Williamson pipe—still the largest in the world and covering an area of 1.4 km?); 
Angola 1916; Ghana 1920; and Guinea, Sierra Leone, Liberia, and the Ivory Coast in the 1930s. 

During the 1950s 99% of the world output of diamonds was from Africa but then the USSR began 
to emerge as a major producer. This followed the discovery of alluvial diamonds in Siberia in 1948 
and the first kimberlite-type pipe at Yakutia later the same year.t Within a decade more than 20 
pipes had been located in the great basin of the Vilyui River 4000 km east of the Urals, and Siberia 
was established as a major producer of both gem-quality and industria! diamonds. However, year- 
round production in Siberian conditions posed-severe developmental problems, and production is 
now supplemented by newer finds in the Urals near Sverdlovsk. Impressive finds of kimberlite 
pipes have also been made in North-western Austrlia since 1978. The world’s largest producers of 
diamonds in 1974 were as the Table shows: 

1974 diamond production/megacarats” 

World Zaire USSR S. Afr. Botswana Ghana Angola S. Leone Namibia 

Gem quality 1252 1.10 1.95. 3.44 0.41 0.26 1.60 0.67 1.49 
Industrial =, 31.57 11.90 785 407 231 232 0.50 1.00 0.08 

Total 44.09 13.00 980 7.51 2.12 2.58 2.10 1.67 Lo? 

‘ The weight of diamonds is usually quoted in carats; 1 carat=0.200 g, hence, to convert | 
megacarats to tonnes divide by 5. Note that this unit differs from the carat used to describe the 
quality of gold (p. 1367). 

It will be seen that whereas South Africa is still the largest producer of gem-quality diamonds it 
has been surpassed by Zaire and the USSR in total production. Diamond is the hardest and least 
perishable of all minerals, and these qualities, coupled with its brilliant sparkle, which derives from 

its transparency and high refractive index, make it the most prized gemstone. However, most 
naturally occurring diamonds (and all synthetic, high-pressure diamonds) are of “industrial” 
rather than gem-stone quality. Diamond is used mainly in the form of grit and powder for cutting, - 
drilling, grinding, and polishing. 

By far the largest natural diamond ever found (25 January 1905) was the Cullinan; it weighed 
3106 carats (621.2 g) and measured ~ 10x 6.5 x 5cm*. Other famous stones are in the range 
100-800 carats though specimens larger than SO carats are only rarely encountered. The largest _ 
synthetic diamonds are about | carat. The cost of producing small, synthetic, industrial-quality 
diamonds is now competitive with the cost of mining them, but gem-quality diamonds are still 
cheaper to mine than to make. 

+ Smaller deposits had been known for over a century following von Humboldt’s prediction | 
that diamonds should be found in Russia, 
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CARBON AND GRAPHITE CLOTH 
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Production and Uses of Coke, Carbon Black, and Activated Carbon 

The high-temperature carbonization of coal yields metallurgical coke, a poorly graphitized — 
form of carbon; most of this (92°) is used in blast furnaces for steel manufacture (p. 1244). World 
production of coke in 1974 exceeded 370 million tonnes and was dominated, as expected, by the 
large industrial nations. Carbon black (soot) is made by the incomplete combustion of liquid 
hydrocarbons or natural gas; the scale of operations is enormous, being more than an order of 
magnitude larger than for coke: world production in 1974 (excluding the USSR and China) was 
3590 million tonnes (i.e. 10 million tons daily!) The particle size of carbon black is exceedingly 
small (0.02-0.30 um) and its principal application (93%) is in the rubber industry where it is used 
to strengthen and reinforce the rubber in a way that is not completely understood. For example, 
each car tyre uses 3 kg carbon black and each truck tyre ~9 kg. Its other main use is as a pigment 
in inks (2.6%), paints (0.6%), paper (0.1%), and plastics. Price in 1982 was $500-700 per tonne 
depending on quality. 

Activated carbons, being highly specialized products, are produced on a correspondingly 
smailer scale (e.g. 90 000 tonnes in the USA, 1979). They are distinguished by their enormous 
surface area which is typically in the range 300-2000 m? g~!. Activated carbon can be made either 
by chemical or by gas activation. In chemical activation the carbonaceous material (sawdust, peat, 
etc.) is mixed or impregnated with materials which oxidize and dehydrate the organic substrate 
when heated to 500-900°, e.g. alkali metal hydroxides, carbonates, or sulfates, alkaline earth metal 

chlorides, carbonates, or sulfates, ZnCl,, H,SO,, or H;PO,. In gas activation, the carbonaceous 
matter is heated with air at low temperature or with steam, CO), or flue gas at high temperature 
(800-1000°). . 

Activated carbon is used extensively in the sugar industry as a decolorizing agent and this 
accounts for some 35% of the output; related applications are in the purification of chemicals and 
gases including air pollution (25%), in water and waste water treatment (30°), and as a catalyst 
(10°). Notable catalytic uses are the aerial oxidation in aqueous solution of Fe!’ [Fe"(CN),]*~ , 
[As"O,]>~, and [N™O,]~, the manufacture of COCI, from CO and Cl,, and the production of 
SO,Cl, from SO, and Cl,. The cost of activated carbon (USA, 1978) was $0.5-1.5 per kg 
depending on the grade. 

In addition to its natural occurrence as the free element, carbon is widely distributed in 

the form of coal and petroleum, and as carbonates of the more electropositive elements 

(e.g. Group IA, p. 102, Group ITA, p. 119). The great bulk of carbon is immobilized in the 

form of coal, limestone, chalk, dolomite, and other deposits, but there is also a dynamic 

equilibrium as a result of the numerous natural processes which constitute the so-called 

carbon cycle. The various reservoirs of carbon and the flow between them are illustrated in 
Fig. 8.1 from which it is clear that there are two distinct cycles— one on land and one in the 
sea, dynamically inter-connected by the atmosphere. CO, in the atmosphere (~ 6.7 x 10"? 
tonnes) accounts for only 0.003% of carbon in the earth’s crust (~ 2 x 10’° tonnes). It is in 
rapid circulation with the biosphere being removed by plant photosynthesis and added to 

by plant and animal respiration, and the decomposition of dead organic matter; it is also 
produced by the activities of man, notably the combustion of fossil fuels for energy and the 

calcination of limestone for cement. These last two activities have increased dramatically 

in recent years as shown in Fig. 8.2, and give some cause for concern. Interchange on a 

similar scale occurs between the atmosphere and ocean waters, and the total residence 

time of CO, in the atmosphere is ~ 10-15 y (as measured by '*C experiments). 
An increase in the concentration of atmospheric CO, has been thought by some to 

expose the planet to the dangers of a “greenhouse effect” whereby the temperature is raised 

due to the trapping of the earth’s thermal radiation by infrared absorption in the CO, 
molecules. Reliable estimates are extremely difficult to make, particularly as the resultant 
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Fic. 8.1 Diagrammatic model of the global carbon cycle. Questions mark$ indicate that no 
estimates are available. Figures are in units of 10? tonnes of contained carbon but estimates from 
various sources sometimes differ by factors of 3 or more. The diagram is based on one by B. 

Bolin‘) modified to include more recent data.© 

effect is small (much less than the seasonal variation due to the growth of vegetation) and 
is, in any case, ameliorated by other factors tending to decrease the average temperature. 
The net effect is unlikely to exceed 0.1° by the turn of the century, but even this may havea 
significant influence on the extent of the polar ice caps and the general level of oceanic 
waters. There has also been concern that the increased concentration of CO, will 
significantly lower the pH of surface ocean waters thereby modifying the solution 
properties of CaCO, with potentially disastrous consequences to marine life. Informed 
opinion now discounts such global catastrophes but there has undoubtedly been a 
measurable perturbation of the carbon cycle in the last 2-3 decades, and the prudent 

° B. Bouin, The carbon cycle, Scientific American, September 1970, reprinted in Chemistry in the 
Environment, pp. 53-61, W. H. Freeman, San Francisco, 1973. 

° SCOPE Report 10 on Environmental Issues, Carbon, pp. 55-58, Wiley, New York, 1977. SCOPE is the 
Scientific Committee on Problems of the Environment; it reports to ICSU, the International Council of 
Scientific Unions. 
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Fic. 8.2 Annual production of CO, from combustion of fossil fuels and calcination of limestone 
for cement. 

course is to conserve resources, minimize wasteful practices, and improve efficiency, whilst 

simultaneously collecting reliable data on the magnitude of the various carbon-containing 

reservoirs and the rates of transfer between them.©* 

8.2.2 Allotropic forms 

Carbon can exist in at least 6 crystalline forms: «- and £-graphite, diamond, Lonsdaleite 

(hexagonal diamond), chaoite, and carbon(VI). Of these, «- (or hexagonal) graphite is 

thermodynamically the most stable form at normal temperatures and pressures. The 

various modifications differ either in the coordination environment of the carbon atoms 

or in the sequence of stacking of layers in the crystal. These differences have a profound 
effect on both the physical and the chemical properties of the element. 

Graphite is composed of planar hexagonal nets of carbon atoms as shown in Fig. 8.3. In 

normal a- (or hexagonal) graphite the layers are arranged in the sequence ---ABAB.- -- with 

carbon atoms in alternate layers vertically above each other, whereas in f- (or 

6a TM. SUGDEN (Chairman), Pollution in the Atmosphere, Final Report of a Royal Society Study Group, 
June 1978, The Royal Society, London, 25 pp. See also B. Bouin, E. T. DEGENS, S. KEMPE, and P. KETNER (eds.), 

The global carbon cycle, SCOPE 13, Wiley, Chichester 1979, 491 pp. 
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Fic. 8.3. Structure of the « (hexagonal) and f (rhombohedral) forms of graphite. 

rhombohedral) graphite the stacking sequence is ---ABCABC---. In both forms the C-C 

distance within the layer is 141.5 pm and the interlayer spacing is much greater, 335.4 pm. 

The two forms are interconvertible by grinding (x) or heating above 1025°C (fa), 

and partial conversion leads to an increase in the average spacing between layers; this 
reaches a maximum of 344 pm for turbostratic graphite in which the stacking sequence of 

the parallel layers is completely random. The enthalpy difference between «- and f- 

graphite is only 0.59+0.17 kJ mol~'. 
In diamond, each C atom is tetrahedrally surrounded by 4 equidistant neighbours at 

154.45 pm, and the tetrahedra are arranged to give a cubic unit cell with ay 356.68 pm asin 
Fig. 8.4. Note that, although the diamond structure itself is not close-packed, it is built up 

of 2 interpenetrating fcc lattices which are off-set along the body diagonal of the unit cell 
by one-quarter of its length. Nearly all naturally occurring diamonds are of this type but 

contain, in addition, a small amount of nitrogen atoms (0.05—-0.25%) in platelets of 
approximate composition C,N (type Ia) or, very occasionally, dispersed throughout the 
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Fic 8.4 Structure of diamond showing the tetrahedral coordination of C; the dashed lines 
indicate the cubic unit cell containing 8 C atoms. 

crystal (type Ib). A small minority of natural diamonds contain no significant amount of N 

(type Ila) and a very small percentage of these (including the highly valued blue diamonds, 

type IIb), contain Al. The exceedingly rare hexagonal modification of diamond, 

Lonsdaleite, was first found in the Canyon Diablo Meteorite, Arizona, in 1967: each C 

atom is tetrahedrally coordinated but the tetrahedra are stacked so as to give a hexagonal 

wurtzite-like lattice (p. 1405) rather than the cubic sphalerite-type lattice (p. 1405) of 

normal diamond. Lonsdaleite can be prepared at room temperature by static pressure 

along the c-axis of a single crystal of a-graphite, though it must be heated above 1000° 

under pressure to stabilize it (a, 252 pm, c, 412 pm, d,,, 3.3 g cm 3, dca, 3.51 g cm °). 
Two other crystalline forms of carbon have been discovered during the past decade. 

Chaoite, a new white allotrope, was first found in shock-fused graphitic gneiss from the 

Ries Crater, Bavaria, in 1968; it can be synthesized artificially as white dendrites of 

hexagonal symmetry by the sublimation etching of pyrolytic graphite under free 

vaporization conditions above ~2000°C and at low pressure (~10~* mmHg). The 
crystals were only 0.5 wm thick and 5—10 um long and had a, 894.5 pm, c, 1407.1 pm and 

date 3-43 g cm *. Finally, a new hexagonal allotrope, carbon(VI), was obtained in 1972 

together with chaoite when graphitic carbons were heated resistively or radiatively at 

~ 2300°C under any pressure of argon in the range 10° * mmHg to 1 atm; laser heating 

was even more effective (a, 533 pm, c, 1224 pm, d>2.9 g cm“). The detailed crystal 

structures of chaoite and carbon(VI) have not yet been determined but they appear to be 

based on a carbyne-type motif —C=C—C=C; ©” both are much more resistant to 
oxidation and reduction than graphite is and their properties are closer to those of 

diamond. Indeed, it now seems likely that there is a sequence of at least 6 stable carbyne 

allotropes in the region between stable graphite (2300°C) and the mp of carbon (~ 3500°C 

at 2 x 10* Pa)—(see p. 308) [10° Pa=1 bar =0.987 atm]. 
The structural differences between graphite and diamond are reflected in their differing 

physical and chemical properties, as outlined in the two following sections. 

6> A. G. WHITTAKER, Carbon: a new view of its high-temperature behaviour, Science 200, 763—4 (1978). See 
also Anon, Natural carbynes (are) less rare than (previously) thought, Chem. Eng. News, 29 Sept., p. 12 (1980). 
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8.2.3 Atomic and physical properties 

Carbon occurs predominantly as the isotope 17C but there also is a small amount of 

13C; the concentration of '3C varies slightly from 1.01 to 1.14% depending on the source 

of the element, the most usual value being 1.11°% which leads to an atomic weight for 
“normal” carbon of 12.011. Like the proton, 1°C has a nuclear spin quantum number I =3, 

and this has been exploited with increasing effectiveness during the past decade in fourier 

transform nmr spectroscopy. In addition to '*C and '°C, carbon dioxide in the 
atmosphere contains 1.2 x 10°'°% of radioactive '*C which is continually being formed 

by the ‘4N(n,p)!4C reaction with thermal neutrons resulting from cosmic ray activity. 
14C decays by B~ emission (E,,,, 0.156 MeV, Emean 0.049 MeV) with a half-life of 5730 y, 
and this is sufficiently long to enable a steady-state equilibrium concentration to be 

established in the biosphere. Plants and animals therefore contain 1.2 x 10719 of their 

carbon as '*C whilst they are living, and this leads to a f-activity of 15.3 counts per min per 
gram of contained C. However, after death the dynamic interchange with the environment 

ceases and the '*C concentration decreases exponentially. This is the basis of W. F. 
Libby’s elegant radio-carbon dating technique for which he was awarded the Nobel Prize 

for Chemistry in 1960. It is particularly valuable for archeological dating.“ The practical 
limit of the technique is about 50 000 y since by this time the **C activity has fallen to 

about 0.2% of its original value and becomes submerged in the background counts. '*C is 

also extremely valuable as a radioactive tracer for mechanistic studies using labelled 

compounds, and many such compounds, particularly organic ones, are commercially 

available (p. 329). 

Carbon is the sixth element in the periodic table and its ground-state electronic 

configuration is [He]2s?2p?. The first 4 ionization energies of C are 1086.1, 2351.9, 4618.8, 

and 6221.0 kJ mol“ *, all much higher than those for the other Group IV elements Si, Ge, 

Sn, and Pb (p. 431). Excitation energies from the ground-state to various low-lying 

electron configurations of importance in valence theory are also well established: 

Configuration 25°22 2s?2p? Ose Dione 2s!2p> 
Term symbol Je 1p rs 352 WS. atte 
Energy/kJ mol7? 0.000 121.5 258.2 402.3 ~ 632 

Of these, all are experimentally observable except the °Systence state Level which is a — 

calculated value for a carbon atom with 4 unpaired and uncorrelated electron spins; this is 

a hypothetical state, not amenable to experimental observation, but is helpful in some 
discussions of bond energies and covalent bonding theory. 

The electronegativity of C is 2.5, which is fairly close to the values for other members of 

the group (1.8—1.9) and for several other elements: B, As (2.0); H, P (2.1); Se (2.4); S, I (2.5); 

many of the second- and third-row transition metals also have electronegativities in the 
range 1.9-2.4. 

The “single-bond covalent radius” of C can be taken as half the interatomic distance in 
diamond, i.e. r(C)=77.2 pm. The corresponding values for “doubly-bonded” and “triply- 

°° G. C. Levy, R. L. Licuter, and G. L. NELson, Carbon-13 Nuclear Magnetic Resonance Spectroscopy, 
Wiley, New York, 1980, 338 pp. 

°¢ J .M. MICHELS, Dating Methods in Archeology, Seminar Press, New York, 1973, 230 pp., S. FLEMING, 
Dating in Archeology: A Guide to Scientific Techniques, Dent, London, 1976, 272 pp. 
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bonded” carbon atoms are usually taken to be 66.7 and 60.3 pm respectively though 

variations occur, depending on details of the bonding and the nature of the attached atom 

(see also p. 311). Despite these smaller perturbations the underlying trend is clear: the 
covalent radius of the carbon atom becomes smaller the lower the coordination number 

and the higher the formal bond order. 

Some properties of «-graphite and diamond are compared in Table 8.1. As expected 

from its structure, graphite is less dense than diamond and many of its properties are 

markedly anisotropic. It shows ready cleavage parallel to the basal plane, and this 

accounts for its flaky appearance, softness, and use as a lubricant. By contrast, diamond 

can be cleaved in many directions, thus enabling many facets to be cut in gem-stones, but it 

is extremely hard and involatile because of the strong C—C bonding throughout the 
crystal. Interestingly, diamond has the highest thermal conductivity of any known 

substance (more than 5 times that of Cu) and for this reason the points of diamond cutting 

tools do not become overheated. Diamond also has one of the lowest known coefficients of 

thermal expansion: 1.06 x 10° ° at room temperature. 

TABLE 8.1 Some properties of a-graphite and diamond 

Property a-Graphite Diamond 

Density/g cm™> 2.266 (ideal) varies from 2.23 3.514 
(petroleum coke) to 1.48 
(activated C) 

Hardness/Mohs <i 10 
MP/K (see text) 4100 + 100 (at 9 kbar) 4100+ 200 (at 125 kbar) 
AH guyy/kJ mol”! 715®) ~710® 
Refractive index, n (at 546 nm) 2.15 (basal) 2.4] 

1.81 (c-axis) 

Band gap E,/kJ mol™* = ~ 580 
p/ohm cm (0.4-5.0) x 107 * (basal) 1Ore=102° 

0.2-1.0 (c-axis) 

AH combustion/KJ mol~! 393.51 395.41 
AH?/kJ mol? 0.00 (standard state) 1.90 

‘) Sublimation to monatomic C(g). 

The optical and electrical properties of the two forms of carbon likewise reflect their 

differing structures. Graphite is a black, highly reflecting semi-metal with a resistivity 

p ~10~* ohm cm within the basal plane though this increases by a factor of ~ 5000 along 
the c-axis. Diamond, on the other hand, is transparent and has a high refractive index; 

there is a band energy gap of ~ 580 kJ mol‘ so that diamond has a negligible electrical 

conductivity, the specific resistivity being of the order 10'*-10'° ohm cm. (For other 
properties and industrial applications of diamond, see ref. 6¢.) 

As may be seen from the heats of combustion, «-graphite is more stable than diamond at 

room temperature, the heat of transformation being about 1.9 kJ mol™ 1 However, as the 

molar volume of diamond (3.418 cm?) is much smaller than that of graphite (5.301 cm’), it 
follows that diamond can be made from graphite by application of a suitably high 
pressure, provided that the temperature is also sufficiently high to permit movement of the 

6e J. E. Fiexp (ed.), The Properties of Diamond, Academic Press, London, 1979, 660 pp. 
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atoms. Such transformations were first successfully achieved in 1953-5, using pressures up 

to 100 kbar and temperatures in the range 1200-2800 K;; the presence of molten-metal 
catalysts such as Cr, Fe, or Ni was also found to be necessary, suggesting that the 

transformation may proceed via the formation of unstable metal carbide intermediates. 
Two versions of the high-pressure phase-diagram of carbon are shown in Fig. 8.5. The one 

generally accepted until very recently shows a low-pressure triple point («-graphite/liquid 

C/gaseous C) at ~4100K and 9 kbar; with increasing pressure the mp of graphite 

increases to a maximum of ~ 4600 K at 70 kbar and then decreases to the second triple 

point («-graphite/diamond/liquid C) at ~4100 K and 125 kbar. However, the recent 

discovery of a series of carbyne-like allotropes suggests that graphite is, in fact unstable 

above 2600 K at any pressure and so can not be melted. Instead it transforms into a series 

of carbyne-like allotropes before finally melting at 3800 K and 0.2 bar (Fig. 8.5b).“ 
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Fic. 8.5(a) High-pressure phase diagram of carbon. (Based on data published by F. P. Bundy, J. 
Chem. Phys. 38, 618-30, 631-43 (1963).) (b) A. G. Whittaker’s proposed new phase diagram for 
carbon above 2000 K incorporating (schematically) up to 6 carbyne-type allotropes. Form 1 
(transition temperature 2600 K) is probably chaoite; this transforms to form 2 at 2800 and to form 

3 at 3050 K. 

8.2.4 Chemical properties 

Carbon in the form of diamond is extremely unreactive at room temperature. Graphite, 
although thermodynamically more stable than diamond under normal conditions, tends 
to react more readily due to its more vulnerable layer structure. For example, it is oxidized 
by hot concentrated HNO; to mellitic acid, C,(CO,H),, in which planar-hexagonal C, 
units are preserved. Graphite reacts with a suspension of KCIO, in a 1:2 mixture (by 
volume) of conc HNO,/H,SO, to give “graphite oxide” an unstable, pale lemon-coloured 
product of variable stoichiometry and structure. Similar products can be prepared by 
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anodic oxidation of graphite or by reaction with NaNO3/KMnO,/conc H,SO,. Graphite 

oxide decomposes slowly at 70°C, and at 200° it undergoes a spectacular deflagration with 

the formation of CO, CO,, H,O, and soot. Infrared and X-ray evidence suggest that the 

structure-motif is a puckered hexagonal network of C, rings predominantly in the “chair” 
conformation but with a few remaining C=C bonds; in addition there are terminal and 

bridging O atoms and pendant OH groups; keto-enol tautomerism is implied and the 

empirical formula can be represented as C;O,(OH), with x ~1.0-1.7 and y ~2.25-1.7. 

Graphite reacts with an atmosphere of F, at temperatures between 400-500°C to give 

“graphite monofluoride” CF, (x ~0.68-0.99). The reaction is catalysed by HF and can then 

occur at much lower temperatures (leading, on occasion, to the destruction of graphite 

electrodes during the preparation of F, by the electrolysis of KF/HF melts, p. 929). At 

~ 600° the reaction proceeds with explosive violence to give a mixture of CF,, C,F,, and 

C.F, . The colour of CF, depends on the fluorine content becoming progressively lighter 
from black (x ~0.7) to grey (x ~0.8), silver (x ~0.9) and transparent white (x >0.98).+ 

The structure has not been definitely established but the idealized layer lattice shown in 

Fig. 8.6 accounts for the observed interplanar spacings, infrared data, colour, and lack of 
electrical conductivity (9 > 3000 ohm cm). CF is very unreactive, but when heated slowly 

between 600—1000° it gradually liberates fluorocarbons, C,F,,,.>. 

- 
Fic. 8.6 Idealized structure of CF showing puckered layer lattice of fused C, rings in “chair” 
conformation and axial F atoms. The spacing between successive C layers is ~817 pm (cf. 

graphite 335.4 pm) and the density 2.43 g cm7°. 

When gaseous mixtures of F,/HF are allowed to react with finely powdered graphite at 

room temperature an inert bluish-black compound with a velvety appearance is formed 

with a composition which varies in the range C,F to C3 5,F. The in-plane C—C distance 

remains as in graphite but the interlayer spacing increases to 534-550 pm depending on 

the F content. The infrared and X-ray data are best interpreted in terms of the structure 

shown in Fig. 8.7. The electrical conductivity, though less than that of graphite, is still 

appreciable, the resistivity being ~2-4 ohm cm. 

At high temperatures, C reacts with many elements including H (in the presence of a 

finely divided Ni catalyst), F (but not the other halogens), O, S, Si (p. 386), B (p. 167), and 
many metals (p. 318). It is an active reducing agent and reacts readily with many oxides to 

liberate the element or form a carbide. These reactions, which reflect the high enthalpy of 

formation of CO and CO,, are of great industrial importance (p. 326). 

+ Very recent work”) suggests that the colour depends on the reaction temperature rather than the 
composition. More precise evidence on the structure of (CF), was obtained and the new graphite fluoride (CF), 

was also characterized and its layer structure determined. 

7Y. Kira, N. WATANABE, and Y. Fusu, Chemical composition and crystal structure of graphite fluoride, J. 

Am. Chem. Soc. 101, 3832-41 (1979). 
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Fic. 8.7. Proposed structure for C,F showing retention of the planar graphite sheets but with 
regularly spaced F atoms above and below each layer. The spacing between successive C layers is 

~ 534 pm (cf. CF ~817 pm) and the density is 2.077 gcm_*. 

Carbon is known with all coordination numbers from 0 to 8 though compounds in 

which it is 3- or 4-coordinate are the most numerous. Some typical examples are 

summarized in the Panel (p. 312). Interatomic distances vary with the type of bond and 

the nature of the other atoms or groups attached to the bonded atoms. For example, the 

formally single-bonded C-C distance varies from 146 pm in Me-CN to 163.8 pm in 

Bu3PhC—CPhBu3."””) Some typical examples are in Fig. 8.8. Note that because of the 

breadth of some of these ranges the interatomic distance between quite different pairs of 

atoms can be identical. For example, the value 133 pm includes C-F, C—O, C-N, and C-C; 

likewise the value of 185 pm includes C-Br, C-S, C-Se, C-P, and C-Si. The conventional 

classification into single, double, and triple bonds is adopted for simplicity, but bonding is 

frequently more subtle and more extended than these localized descriptions imply. Bond 

energies are listed on p. 435, where they are compared with those for other elements of 

Group IV. It should perhaps be emphasized that interatomic distances are experimentally 

observable, whereas bond orders depend on theoretical models and the estimation of 

bond energies in polyatomic molecules also depends on various assumptions as to how the 

total energy is apportioned. Nevertheless, taken together, the data indicate that an 

increase in the order of a bond between 2 atoms is accompanied both by a decrease in 

bond length and by an increase in bond energy. Similarly, for a given bond order between 

C and a series of other elements (e.g. C-X), the bond energy increases as the bond length 

decreases. 

7 W. LitTKE and U. Drtck, Discovery of an exceptionally long unbridged-carbon bond, Angew. Chem., Int. 
Edn. (Engl.) 18, 406-7 (1979). 
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Coordination Numbers of Carbon 

CN Examples Comments 

0 C atoms High-temperature, low-pressure, 

gas phase 
i CO Stable gas 

CH’ (carbynes) Reactive free-radical intermediates 
2 (linear) CO,, CS, : Stable gas, liquid 

HCN, HC==CH, NCO, NCS~ The ions are isoelectronic with CO, 
and COS respectively 

M(CO}, Metal carbonyls with terminal 

M-CO groups (angle MCO 
: - sometimes < 180°) 

2 (bent) PhP: C: PPh, A bis(ylide) with angle PCP 13035 
(and 143.8)” 

-1CH,, :CX, (carbenes) Reactive intermediates with 1 lone- 
pair of electrons and 1 vacant 
orbital; (carbenes are bent for 
X=H, F, OH, OMe, NH,, but 
linear if X is less electronegative, 
e.g. BH,, BeH, or Li)° 

-CPh,- (methylenes) Reactive intermediates with 2 
unpaired electrons 

3 (planar) COXY (X=H, hal, OH, O7 Stable oxohalides, carbonates, 

R, Ar) carboxylic acids, aldehydes, 
ketones, etc. 

[C(N=PCl,)3] *[SbCi,]~ Colourless crystals prepared from 

[C(N3)3]* + PCL,“ 
M,,(CO),, Metal carbonyl clusters with doubly 

bridging CO groups 
M—C(O)—M 

[PhC(OMe)M(CO),] Stable metal—carbene complexes, 
e.g. M=Cr, W 

CH,* (carbonium ions) — Unstable reaction intermediates 
with 1 vacant orbital 

3 (pyramidal) CH, °,CPh, (carbanions), RMgX Unstable reaction intermediates 

with 1 lone pair of electrons 
Ph,C’, R,C’ (free radicals) Paramagnetic species of varying 

stability 
3 (T-shaped) | Ta(=CHCMe;),(2,4,6,-Me,C,H,)- The unique H is equatorial and 

(PMe3),] angle Ta—=C—CMe, is 169°!7°) 
; Continued 

’ A. T. Vincent and P. J. WHEATLEY, Crystal structure of bis(triphenylphosphoranylidene)methane 
[hexaphenylcarbodiphosphorane], Ph3;P:C:PPh3, JCS Dalton, 1972, 617-22. G. E. Harpy, J. 1. ZINK, W. C. 
Kaska, and J. C. BALDwin, Structure and triboluminescence of polymorphs of (Ph,P),C, J. Am. Chem. Soc. 
100, 8001—2 (1978). 

7° W. W. SCHOELLER, When is a singlet carbene linear?, JCS Chem. Comm. 1980, 124-5. 

77 U. MULter, I. Lorenz, and F. ScHMocK, Tris(trichlorophosphoranediylamino)carbenium hexa- 
chloroantimonate, [C(N=PCI,)3] “[SbCl,]", Angew. Chem., Int. Ed. (Engl.) 18, 693-4 (1979). 

7° M.R. CHURCHILL and W. J. YounGs, Evidence for an almost T-shaped coordination geometry for carbon 
in the bis(alkylidene) complex [Ta(—=CHCMe;),(2,4,6-Me,;C,H,)(PMe,),]: X-ray crystal structure, JCS 
Chem. Comm. 1978, 1048-9. 
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4 (tetrahedral) CX,, etc. 2 4-coordinate covalent compounds 
of carbon such as CF,, C,H,, 
CHXYZ, etc. 

M,,(CO),, Metal carbonyl clusters with triply 
bridging CO groups (p. 351) 

(see-saw, . [Fe,C(CO),3] The p4-carbido C caps 
Cy,) ; Fe, “butterfly”? 

Al,Me, Alkyl-bridged organometallic 
compounds involving 3-centre, 

: 2-electron bonds (pp. 289, etc.) 
C,B,H,g, ete. Several extremely stable carboranes 

(p. 205) 
[(7°-C;H,)NiRu,(CO),CCHBu'] The terminal C atom is bonded to 

CHBu' and to all 4 metal atoms 
(which adopt a “butterfly” 
arrangement)'’®) 

[Os,C(CO), ;HL3] The ys-carbido C bonds to all 
5Ost™ 

6 C,B, oH, >, ete. Numerous very stable carboranes 
(p. 207) 

7 (LiMe), crystals See structure, p. 113 
8 Be,C (antifluorite), See structure, p. 129 

[CogC(CO),.]?~ - See structure, p. 358 

8.3 Graphite Intercalation Compounds: ?: * 9°) 

The large interlayer distance between the parallel planes of C atoms in graphite implies 

that the interlayer bonding is relatively weak. This accounts for the ready cleavage along 

the basal plane and the remarkable softness of the crystals. It also enables a wide range of 

substances to intercalate between the planes under mild conditions to give lamellar 

compounds of variable composition. These reactions are often reversible (unlike those 

with O and F discussed above) and the graphitic nature of the host lattice is retained. The 

compounds have quite different structures and properties from those previously 

encountered in this book and so will be described in some detail. They may be compared 

with the materials formed by intercalation into certain sheet silicates (p. 406). 

The first alkali-metal graphite compound was reported in 1926: bronze-coloured CgK 

was formed by direct reaction of graphite with K vapour at 300°C. Rubidium and Cs 

behave similarly. When heated at ~ 360° under reduced pressure the metal is removed in 

7 J. S. BRADLEY, G. B. ANSELL, M. E. Leonowicz, and E. W. HILL, Synthesis and molecular structure of /4- 
carbido-5-carbonyl-dodecacarbonyltetrairon, a neutral iron butterfly cluster bearing an exposed carbon atom, 
J. Am. Chem. Soc. 103, 4968-70 (1981). 

78 B. Sappa, A. TIRIPICCHIO, and M. T. CAMELLINI, A new mixed ruthenium-nickel cluster. Synthesis and 
X-ray crystal structure of [(7°-C,;H,)NiRu;(CO),(CCHBu')], JCS Chem. Comm. 1979, 154. 

7h J. M. FERNANDEZ, B. F. G. JoHNsoN, J. Lewis, and P. RaiTHBy, The molecular and crystal structure of 
[Os,C(CO), ;H{OP(OMe,)}{P(OMe)3}], JCS Dalton, 1981, 2250-57. 

8 A. K. Houuipay, G. HuGHEs, and S. M. WALKER, Carbon, Chap. 13 in Comprehensive Inorganic Chemistry, 
Vol. 1, pp. 1173-1294. Pergamon Press, Oxford, 1973. 

° L. B. Epert, Intercalation compounds of graphite, A. Rev. Materials Sci. 6, 181-211 (1976). 

°a A. HEROLD, Crystallochemistry of carbon intercalation compounds, in F. Levy (ed.), Jntercalated Layered 
Materials, pp. 323-421, Reidel, 1979. 

9> H. Sevic and L. B. Epert, Graphite intercalation compounds, Adv. Inorg. Chem. Radiochem. 23, 281-327 
(1980); a review with ~ 350 references. 
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stages to give a series of intercalation compounds C,M (bronze-red), C,,M (steel-blue), 

C3,M (dark blue), C,,M (black), and C, 9M (black). The compounds can also be 

prepared by electrolysis of fused melts with graphite electrodes, by reaction of graphite 

with solutions of M in liquid ammonia or amines, and by exchange reactions using 

M/aromatic radical anions. Intercalation is more difficult to achieve with Li and Na 

though direct reaction with highly purified graphite at 500° yields C,Li (brass coloured), 

C,,Li (copper), and C,,Li (steel), and reaction with Li/naphthalene in thf yields C,,Li 

and C, Li. Corresponding reaction of graphite and molten Na at 450° gives C,,Na (deep 

violet) whereas Na/naphthalene gives C3,Na and C, .)Na. 

The crystal structure of C,K is shown in Fig. 8.9; the graphite layers remain intact but 

are stacked vertically above each other instead of in the sequence... ABAB.. . . found in a- 

graphite itself. Each graphite layer is interleaved by a layer of K atoms having a 

commensurate lattice in which the spacing between each K is twice the spacing between 

the centres of the graphite hexagons (Fig. 8.10). The stoichiometries of the other stages can 

then be achieved by varying the frequency of occurrence of the intercalated M layers in the 

host lattice. An idealized representation of this model is shown in Fig. 8.11. Difficulties are 

encountered in devising a plausible mechanistic route to the formation of these 

compounds since the direct preparation of one stage from an adjacent stage apparently 

requires both the complete emptying and the complete filling of inserted layers. It may be 

that the situation is more complex, with distributions of stages rather than a single 

uniform arrangement for each stoichiometry. 

The electrical resistance of graphite intercalation compounds is even lower than for 

graphite itself, resistance along the a-axis dropping by a factor of ~ 10 and that along the 

c-axis by ~ 100; moreover, in contrast to graphite, which is diamagnetic, the compounds 

have a temperature-independent (Pauli) paramagnetism, and also behave as true metals 

in having a resistivity that increases with increase in temperature. This is illustrated by the 

comparative data shown in Table 8.2. 

TABLE 8.2. Resistivity of graphite and its intercalates 

Material p (90 K)/ohm cm p (285 K)/ohm cm 

a-graphite Sip 28.4 

CzK 0.768 1.02 
C,,K 0.932 1.15 

These data, and the other properties of CM, suggest that bonding occurs by transfer of 

electrons from the alkali metal atoms to the conduction band of the host graphite. 

Consistent with this, metal intercalation has only been observed with the most 

electropositive elements (Group IA) though Ba, with a first-stage ionization energy 

intermediate between those of Li and Na, was recently (1974) found to give C,Ba. 

Alkali-metal graphites are extremely reactive in air and may explode with water. In 

general, reactivity decreases with ease of ionization of M in the sequence 

Li>Na>K>Rb>Cs. Under controlled conditions H,O or ROH produce only H,, 
MOH, and graphite, unlike the alkali-metal carbides M,C, (p. 319) which produce 
hydrocarbons such as acetylene. In an important new reaction C,K has been found to 
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O K- Atoms 

Direction of viewing 
for Fig. 8.11 

Fic. 8.9 Crystal lattice of CgK showing the vertical packing of graphitic layers. The C—C 
distance within layers almost identical to that in graphite itself but the interplanar spacing 
(540 pm) is much larger than for graphite (335 pm) due to the presence of K atoms. The spacing 

increases still further to 561 pm for C,Rb and to 595 pm for C,Cs. 

react smoothly with transition metal salts in tetrahydrofuran at room temperature to give 

the corresponding transition metal lamellar compounds:°° 

nCgsK +MX,—"—> C,,M +nKX 

°° T). BRAGA, A. RIPAMONTI, D. Savoia, C. TROMBINI, and A. UMANI-Roncui, Graphite lamella compounds. 

Structure of transition-metal intercalates, JCS Dalton 1979, 2026-8. 
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Fic.8.10 Triangular location of K atoms in C,K showing the relation to the host graphite layers. 

In the other alkali-metal graphite compounds C,,,M the central M atom is missing, leading toa 
stoichiometry of C,,M if every alternate layer is M, C,,M if each third layer is M, etc. 

Graphite Stage | Stage 2 Stage 3 Stage 4 Stage 5 
C,K Ca4K C36K Cygk Cock 
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Fic. 8.11 Layer-plane sequence along the c-axis for graphite in various stage 1—S of alkali-metal 
graphite intercalation compounds. Comparison with Fig. 8.10 shows that the horizontal planes 
are being viewed diagonally across the figure. J, is the interlayer repeat distance along the c-axis. 

Examples of MX, include Ti(OPr'),, MnCl,.4H,O, FeCl,, CoCl,.6H,O, CuCl,.2H,O, 

and ZnCl,. 

A quite different sort of graphite intercalation compound is formed by the halides of 

many elements, particularly those halides which themselves have layer structures or weak 

intermolecular binding. The first such compound (1932) was with FeCl,; chlorides, in 

general, have been the most studied, but fluoride and bromide intercalates are also known. 
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Halides which have been reported to intercalate include the following: 

HF; CIF;, BrF3, IF;; XeF,, XeOF,; CrO,F,, SbF;Cl,, TiF,, MF, (M=As, Sb, Nb, 
Ta); UF, 

MCl,: M=Be; Mn, Co, Ni, Cu; Zn, Cd, Hg 

MCl,: M=B, Al, Ga, In, Tl; Y; Sm, Eu, Gd, Tb, Dy; Cr, Fe, Co; Ru, Rh, Au; I 

MCI: M=Z7r- Hf Re, Ir: -Pd, Pt 

MCI,: M=Sb; Mo; U 

MCl,: M=W, U; also CrO,Cl,, UO,Cl, 

Mixtures of AICI, plus Br,, I,, ICl;, FeCl, WCl, 

Bromides: CuBr,; AlBr3, GaBr;; AuBr, 

The intercalates are usually prepared by heating a mixture of the reactants though 

sometimes the presence of free Cl, is also necessary, particularly for “non-oxidizing” 

chlorides such as MnCl,, NiCl,, ZnCl,, AICI;, etc. Many of the compounds appear to 

show various stages of intercalation, the first stage usually exhibiting a typical blue colour. 

A common feature of many of the intercalated halides is their ability to act as electron-pair 
acceptors (Lewis acids). Low heat of sublimation is a further characteristic of most of the 
intercalating compounds. It may be that an important feature is an ability of the guest 

molecule to form a layer lattice commensurate with the host graphite. For example, 

in C, 69FeCl; the intercalated FeCl, has a layer structure similar to that in FeCl, itself 

with Cl in approximately close-packed arrangement though with some distortion, and 

with extensive stacking disorder. The “first-stage” compound varies in composition 

in the range C_,_,FeCl,; in addition a “second-stage” compound correspond- 

ing to C_,,FeCl, is known, and also a “third-stage” with composition in the range 

C_54_30FeCl3. Another well-characterized phase occurs with MoCl,: layers of close- 

packed Mo,Cl,, molecules alternate with sets of 4 graphite layers along the c-axis. 

There appears to be a small but definite transfer of electron charge from the graphite to 

the guest species and this has led to formulations such as C,)°Cl .FeCl,.5FeCl,. 

Similarly, the intercalate of AlCl, (which is formed in the presence of free Cl,) has been 

formulated as C,,°Cl.3AlCl, or C,,* AICI, .2AICl,. This would explain the 

enhanced conductivity of the graphite—metal halide compounds, due to the formation of 

positive holes near the top of the valence band. However, despite extensive work by a 

variety of techniques, many structural problems remain unresolved and there is still no 

consensus on the detailed description of the bonding. (For further recent work see ref. 9d.) 

The halogens themselves show a curious alternation of behaviour towards graphite. F , 

gives the compounds CF, C,F, and C,F (p. 309) whereas liquid Cl, reacts slowly to give 

C,Cl, and I, appears not to intercalate at all. By contrast, Br, readily intercalates in several 
stages to give compounds of formula C,Br, C,,Br, C,,Br, and C,,.Br; the compounds 

C,,Br and C,,Br have also been well-characterized crystallographically but may be 
metastable phases. A notable feature of the Br, intercalation reaction is that it is completely 

prevented by prior coating of the basal plane of the sample of graphite with a layer 

impervious to Br. The lamellar character of blue C,Br has been confirmed by X-ray 

diffraction and the intercalation of bromine, is accompanied by a marked decrease in the 

resistivity of the graphite—more than tenfold along the a-axis and twofold along the c- 

axis. C,ICI and C;,ICI have also been prepared. 

°4 BE. M. McCarron and N. BARTLETT, Composition and staging in the graphite-AsF, system and its 
relationship to graphite-AsF ,, JCS Chem. Comm. 1980, 404-6. 
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Numerous oxides, sulfides, and oxoacids have been found to intercalate into graphite. 

For example, lamellar compounds with SO3, N,O;, and Cl,O, are known (but not with 

SO,, NO, or NO,). CrO, and MoO, readily intercalate as do several sulfides such as 
V,S3, Cr,S3(+S), WS,, PdS(+S), and Sb,S,. The reversible intercalation of various 

oxoacids under oxidizing conditions leads to lamellar graphite “salts” some of which have 

been known for over a century and are now particularly well characterized structurally. 

For example, the formation of the blue, “first-stage” compound with conc H,SO, can be 

expressed by the idealized equation 

24C + 3H,SO,+40,—> C,,,"HSO, .2H,SO,+4H,O 

The overall stoichiometry is thus close to C,H,SO,-and the structure is very similar to 

that of C.K (p. 314) except for the detail of vertical alignment of the carbon atoms in the c 
direction which is... ABAB.. .. Several later stages (2, 3, 4, 5, 11) have been established 

and their properties studied. Intercalation is accompanied by a marked decrease in 

electrical resistance. A series of graphite nitrates can be prepared similarly, e.g. 

C,,°,NO, .2HNO, (blue), C,,°NO,; .3HNO, (black), etc. Other oxoacids which 
intercalate (particularly under electrolytic conditions) include HCIO,, HSO3F, HSO,Cl, 

H,SeO,, H,PO,, H4,P,0,;, H3AsO,, CF,;CO,H, CCl;CO,H, etc. The extent of 

intercalation depends both on the strength of the acid and its concentration, and the 

reactions are of considerable technological importance because they can lead to the 

swelling and eventual destruction of the graphite electrodes used in many electrochemical 

processes. 

8.4 Carbides 

Carbon forms binary compounds with most elements: those with metals are considered 

in this section whilst those with H, the halogens, O, and the chalcogens are discussed in 

subsequent sections. General methods of preparation of metal carbides are:°® 

(1) Direct combination of the elements above ~2000°C. 

(2) Reaction of the metal oxide with carbon at high temperature. 

(3) Reaction of the heated metal with gaseous hydrocarbon. 

(4) Reaction of acetylene with electropositive metals in liquid ammonia. 

Attempts to classify carbides according to structure or bond type meet the same 

difficulties as were encountered with hydrides (p. 70) and borides (p. 162) and for the 

same reasons. The general trends in properties of the three groups of compounds are, 

however, broadly similar, being most polar (ionic) for the electropositive metals, most 

covalent (molecular) for the electronegative non-metals, and somewhat complex 

(interstitial) for the elements in the centre of the d block. There are also several elements 

with poorly characterized, unstable, or non-existent carbides, namely the later transition 

elements (Groups IB and IIB), the platinum metals, and the post transition-metal 
elements in Group IIIB. 

Salt-like carbides containing individual C “anions” are sometimes called “methanides” 

since they yield predominantly CH, on hydrolysis. Be,C and Al,C,; are the best- 

°° Reference 4, pp. 476-535: Carbides (p. 476); Cemented carbides (p. 483); Industrial heavy metal carbides 
(p. 490); Calcium carbide (p. 505); Silicon carbide (p. 520). 
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characterized examples, indicating the importance of small compact cations. Be,C is 

prepared from BeO and C at 1900-2000°C; it is brick-red, has the antifluorite structure 
(p. 129), and decomposes to graphite when heated above 2100°. Al,C3, prepared by direct 

union of the elements in an electric furnace, forms pale-yellow crystals, mp 2200°C. It has a 

complex structure in which {AIC,} tetrahedra of two types are linked to form a layer 
lattice: this defines two types of C atom, one surrounded by a deformed octahedron of 6 Al 
at 217 pm and the other surrounded by 4 Al at 190-194 pm and a fifth Al at 221 pm. The 

closest C---C approach is at the nonbonding distance of 316 pm. Although it is formally 

possible to describe the structure as ionic, (Al?*),(C*~ )3, such a gross separation of 

charges is unlikely to occur over the observed interatomic distances. 

Carbides containing a C, unit are well known; they are exemplified by the acetylides 

(ethynides) of the alkali metals, M}C,, alkaline earth metals, M"C,, and the lanthanoids 

LnC, and Ln,C;1.e. Ln,(C,)3. The corresponding compounds of Group IB (Cu, Ag, Au) 

are explosive and those of Group IIB (Zn, Cd, Hg) are poorly characterized. M}C, are 

best prepared by the action of C,H, on a solution of alkali metal in liquid NH; they are 

colourless crystalline compounds which react violently with water and oxidize to the 

carbonate on being heated in air. M"C, can be prepared by heating the alkaline earth 

metal with ethyne above 500°C. By far the most important compound in this group is 

CaC,—it is manufactured on a huge scale, ~7 million tonnes worldwide in 1959. As such, 

it has in the pastt been the major source of ethyne for the chemical industry and for 

oxyacetylene welding; petroleum is now an alternative source of this important gas 
especially when used as a chemical intermediate (~1 million tonnes pa in 1976). 

Industrially, CaC, is produced by the endothermic reaction of lime and coke: 

CaO + 3C 22022250'6 Cac, +CO; AH=465.7 kJ mol7! 

Subsequent hydrolysis is highly exothermic and must be carefully controlled: 

CaC, + 2H,O ——_> C,H,+Ca(OH),; AH=-—120kJ mol”! 

Another industrially important reaction of CaC, is its ability to fix N, from the air by 

formation of calcium cyanamide: 

CaC, +N, ott 1202, CaCN, +C; AH=—296 kJ mol@! 

CaCN, is widely used as a fertilizer because of its ready hydrolysis to cyanamide, H,NCN 

(p. 341). 
Pure CaC, is a colourless solid, mp 2300°C. It can be prepared on the laboratory scale 

by passing ethyne into a solution of Ca in liquid NH, followed by decomposition of the 

complex so formed, under reduced pressure at ~325°: 

Ca(liq NH;)+ 2C,H, oe H, nF CaC, . C,H, eee Cal, +C,H, 

It exists in at least four crystalline forms, the one stable at room temperature being a 
tetragonally distorted NaCl-type structure (Fig. 8.12) in which the C, units are aligned 

along the c-axis. The ethynides of Mg, Sr, and Ba have the same structure and also 

+ US production of CaC, reached a maximum of 0.9 million tonne pa in 1960 and had declined to 0.3 million 
tonne pa by 1975. 

CTE-L 
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@ c:’* O—O c,” 

Fic. 8.12 Crystal structure of tetragonal CaC, showing the resemblance to NaCl (p. 273). Above 
450°C the parallel alignment of the C, units breaks down and the structure transforms to a cubic 

phase. 

hydrolyse to give ethyne. In addition, BaC, absorbs N, from the atmosphere to give 

Ba(CN), (cf. CaC, above). 

The carbides of the lanthanoids and actinoids can be prepared by heating M,O, with C 

in an electric furnace or by arc-melting compressed pellets of the elements in an inert 

atmosphere. They contain the C, unit and have a stoichiometry MC, or M,(C,)3. MC, 

have the CaC, structure or a related one of lower symmetry in which the C, units lie at 

right-angles to the c-axis of an orthogonal NaCl-type cell.“ They are more reactive than 

the alkaline-earth metal carbides, combining readily with atmospheric oxygen and 

hydrolysing to a complex mixture of hydrocarbons. This derives from their more 

complicated electronic structure and, indeed, LnC, are metallic conductors (not 

insulators like CaC,); they are best regarded as ethynides of Ln" with the supernumerary 

electron partly delocalized in a conduction band of the crystal. This would explain the ~ 

evolution of H, as well as C,H, on hydrolysis, and the simultaneous production of the 

reduced species C,H, and C,H, together with various other hydrocarbons up to C,H, 9: 

LnC, +3H,O0——> Ln(OH),+C,H,+[H] 

An interesting feature of the ethynides MC, and M,(C,); is the variation in the C-C 
distance as measured by neutron diffraction. Typical values (in pm) are: 

JH oo TC o.oo ——— 

CaC, YC, CeC, LaC, WO} sa hiay(C, jy Cex(Cy)3 U,(C2)s3 
922 92T/es) 128.3 130.3 135.0... | 123.6 127.6 129.5 

soe 

1° A. F. WELLS, Structural Inorganic Chemistry, 4th edn., Oxford University Press, Oxford, 1975, 1095 pp. 
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The C-C distance in CaC, is close to that in ethyne (120.5 pm) and it has been suggested 

that the observed increase in the lanthanoid and actinoid carbides results from a partial 

localization of the supernumerary electron in the antibonding orbital of the ethynide ion 

[C=C]?~ (see p. 360). The effect is noticeably less in the sesquicarbides than in the 

dicarbides. The compounds EuC, and YbC, differ in their lattice parameters and 

hydrolysis behaviour from the other LnC, and this may be related to the relative stability 
of Eu" and Yb!" (p. 1436). 

The lanthanoids also form metal-rich carbides of stoichiometry M3C in which 

individual C atoms occupy at random one-third of the octahedral Cl sites in a NaCl-like 

structure. Several of the actinoids (e.g. Th, U, Pu) form monocarbides, MC, in which all 

the octahedral Cl sites in the NaCl structure are occupied and this stoichiometry is also 

observed for several other carbides of the early transition elements, e.g. M = Ti, Zr, Hf; V, 

Nb, Ta; Mo, W. These are best considered as interstitial carbides and in this sense the 

lanthanoids and actinoids occupy an intermediate position in the classification of the 

carbides, as they did with the hydrides (p. 72). 

Interstitial carbides are infusible, extremely hard, refractory materials that retain many 

of the characteristic properties of metals (lustre, metallic conductivity).“°” Reported mps 
are frequently in the range 3000-4000°C-. Interstitial carbides derive their name from the 

fact that the C atoms occupy octahedral interstices in a close-packed lattice of metal 

atoms, though the arrangement of metal atoms is not always the same as in the metal itself. 

The size of the metal atoms must be large enough to generate a site of sufficient size to 

accommodate C, and the critical radius of M seems to be ~ 135 pm: thus the transition 

metals mentioned in the preceding paragraph all have 12-coordinate radii > 135 pm, 

whereas metals with smaller radii (e.g. Cr, Mn, Fe, Co, Ni) do not form MC and their 

interstitial carbides have a more complex structure (see below). If the close-packed 

arrangement of M atoms is hexagonal (h) rather than cubic (c) then the 2 octahedral 

interstices on either side of a close-packed M layer are located directly above one another 

and only one of these is ever occupied. This gives a stoichiometry M,C as in V,C, Nb,C, 

Ta,C, and W,C. Intermediate stoichiometries are encountered when the M atom stacking 

sequence alternates, e.g. Mo3C, (hec) and V,C; (hhcc). Ordered defect NaCl-type 

structures are also known, e.g. V;C, and V,C;, thus illustrating the wide range of 

stoichiometries which occur among interstitial carbides. Unlike the “ionic” carbides, 

interstitial carbides do not react with water and are generally very inert, though some do 

react with air when heated above 1000° and most are degraded by conc HNO; or HF. The 

extreme hardness and inertness of WC and TaC have led to their extensive use as high- 
speed cutting tools. 

The carbides of Cr, Mn, Fe, Co, and Ni are profuse in number, complicated in structure, 

and of great importance industrially. Cementite, Fe;C, is an important constituent of steel 
(p. 1248). Typical stoichiometries are listed in Table 8.3 though it should be noted that 

several of the phases can exist over a range of composition. 
The structures, particularly of the most metal-rich phases, are frequently related to 

those of the corresponding metal-rich borides (and silicides, germanides, phosphides, 

arsenides, sulfides, and selenides), in which the non-metal is surrounded by a trigonal 

prism of M atoms with 0, 1, 2, or 3 additional neighbours beyond the quadrilateral prism 

10a HH. JOHANSEN, Recent developments in the chemistry of transition metal carbides and nitrides, Survey of 
Progress in Chemistry 8, 57-81 (1977). 
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TABLE 8.3. Stoichiometries of some transition element carbides 

Cr55C, Mn,3C, Fe, Co,C Ni3C 
CrC; Mn, 5C, Fe,€ Co,C 
Cr3C, Mn,C 

Mn.C, 
Mn,C, 

faces (p. 166), e.g. Fe;C (cementite), Mn,C, and Co,B; Mn.C, and Pd,;B,; Cr,C; and 

Re,B,;. Numerous ternary carbides, carbonitrides, and oxocarbides are also known. 

The carbides of Cr, Mn, Fe, Co, and Ni are much more reactive than the interstitial 

carbides of the earlier transition metals. They are rapidly hydrolysed by dilute acid and 

sometimes even by water to give H, and a mixture of hydrocarbons. For example, M3C 

give H, (75%), CH, (15%), and C,H, (8%) together with small amounts of higher 

hydrocarbons. 

8.5 Hydrides, Halides, and Oxohalides 

The ability of C to catenate (i.e. to form bonds to itself in compounds) is nowhere better 

illustrated than in the compounds it forms with H. Hydrocarbons occur in great variety in 

petroleum deposits and elsewhere, and form various homologous series in which the C 

atoms are linked into chains, branched chains, and rings. The study of these compounds 
and their derivatives forms the subject of organic chemistry and is fully discussed in the 

many textbooks and treatises on that subject. The matter is further considered on p. 436 in 

relation to the much smaller ability of other Group IV elements to form such catenated 

compounds. Methane, CH,, is the archetype of tetrahedral coordination in molecular 

compounds; some of its properties are listed in Table 8.4 where they are compared with 

those of the corresponding halides. Unsaturated hydrocarbons such as ethene (C,H,), 

ethyne (C,H,), benzene (C,H,), cyclooctatetraene (C,H,), and homocyclic radicals such 

as cyclopentadienyl (C,H) and cycloheptatrienyl (C,H) are effective ligands to metals 

and form many organometallic complexes (pp. 357-378). 

Tetrafluoromethane (CF 4) is an exceptionally stable gas with mp close to that of CH,. 

It can be prepared on a laboratory scale by reacting SiC with F, or by fluorinating CO,, | 

CO, or COCI, with SF,. Industrially it is prepared by the aggressive reaction of F, on 

CF,Cl, or CF3Cl, or by electrolysis of MF or MF, using a C anode. CF, was first 

TABLE 8.4 Some properties of methane and CX, 

Property CH, CF, CCl, CBr, Clr 

MP/°C — 182.5 — 183.5 —22.9 90.1 171 (d) 

BP/°C — 161.5 — 128.5 76.7 189.5 ~ 130 (subl) 

Density/g cm™ 3 0.424 1.96 1.594 2.961 4.32 
(at T°C) (— 164°) (— 184°) (20°) (100°) (20°) (s) 

— AH?/kJ mol~* 74.87 679.9 106.7 (g) 160 (I) — 

139.3 (I) 
D (X3C-X)/kJ mol~* 435 515 295 235 — 
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obtained pure in 1926; C,F, was isolated in 1930 and C,F, in 1933; but it was not until 

1937 that the various homologous series of fluorocarbons were isolated and identified. 

Replacement of H by F greatly increases both thermal stability and chemical inertness 

because of the great strength of the C-F bond (Table 8.4). Accordingly, fluorocarbons are 

resistant to attack by acids, alkalis, oxidizing agents, reducing agents, and most chemicals 

up to 600°. They are immiscible with both water and hydrocarbon solvents, and when 

combined with other groups they confer water-repellance and stain-resistance to paper, 

textiles, and fabrics.“!) Tetrafluoroethene (C,F,) can be polymerized to a chemically 

inert, thermosetting plastic PTFE (polytetrafluoroethene); this has an extremely low 

coefficient of friction and is finding increasing use as a protective coating in non-stick 

kitchen utensils, razor blades, and bearings. PTFE is made by partial fluorination of 

chloroform using HF in the presence of SbFCI, as catalyst, followed by thermolysis to 

C,F, and subsequent polymerization: 

CCR — === Cr Gin =F, = 3 (GF) 

As a ligand towards metals, C,F, and other unsaturated fluorocarbons differ markedly 

from alkenes (p. 361). 

CCl, is a common laboratory and industrial solvent with a distinctive smell, usually 

prepared by reaction of CS, or CH, with Cl,. Its use as a solvent has declined somewhat 

because of its toxicity, but CCl, is still extensively used as an intermediate in preparing 

“Freons” such as CFCl,, CF,Cl,, and CF,C1:0 

SbFCI, 
CCl, + HF ———> CFCl, + HCl 

bFCl, 
CFC), SHE A+ CFCls-H HCI 

The catalyst is formed by reaction of HF on SbCl,. The Freons have a unique 

combination of properties which make them ideally suited for use as refrigerants and 

aerosol propellants. They have low bp, low viscosity, low surface tension, and high 

density, and are non-toxic, non-flammable, odourless, chemically inert, and thermally 

stable. The most commonly used is CF,Cl,, bp, — 29.8°. The market for Freons and other 

fluorocarbons expanded rapidly in the sixties: production in the USA alone exceeded 

200 000 tonnes in 1964, and by 1977 there was an annual production of 2.4 x 10° spray- 

cans. However, there has been growing concern that chlorofluorocarbons from spray- 

cans gradually work their way into the upper atmosphere where they may, through a 

complex chemical reaction, deplete the earth’s ozone layer (p. 708). For this reason there 

was an enforced progressive elimination of this particular application in the USA during 

the 2-y period starting 15 October 1978. 

CBr, is a pale-yellow solid which is markedly less stable than the lighter tetrahalides. 

Preparation involves bromination of CH, with HBr or Br, or, more conveniently, 

reaction of CCl, with Al, Br, at 100°. The trend to diminishing thermal stability continues 

to CI, which is a bright-red crystalline solid with a smell reminiscent of 1,. It is prepared by 

the AlCl,-catalysed halogen exchange reaction between CCl, and EtlI. 

1! Ref, 4, Vol. 11, pp. 1-81 (1980), Fluorine compounds, organic. 
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Carbon oxohalides are reactive gases or volatile liquids which feature planar molecules 

of C,, symmetry; they are isoelectronic with BX, (p.220) and the bonding is best 

described in terms of molecular orbitals spanning all 4 atoms rather than in terms of 

X 
localized orbitals as implied by the formulation >e=0. Some physical properties and 

xX 

molecular dimensions are in Table 8.5. The values call for little comment except to note 

that the XCX angle is significantly less (as expected) than the value of 120° found for the 

more symmetrical isoelectronic species BX, and CO,” . The CBr distance is unusually 

long; it comes from a very early diffraction measurement and could profitably be checked. 

TABLE 8.5 Some physical properties and molecular dimensions of COX , 

Property COEF, COCI, COBr, 

MP/°C —114° — 127.8° a 
BP/°C — 83.1° 7.6° 64.5° © 
Density (T°C)/g cm~ 1.139 (— 144°) £392,199) = 
Distance (C-O)/pm 117.4 116.6 113 

Distance (C—X)/pm 131.2 174.6 (205) 
Angle X-C-X 108.0° L132 110+5° 
Angle X-C-O 126.0° 124.3° ~ 125° 

Mixed oxohalides are also known and their volatilities are intermediate between those of 

the parent species, e.g. COFCI (bp —42°), COFBr (bp — 20.6°). COI, is unknown but 

COFI has been prepared (mp —90°, bp 23.4°). Synthetic routes are as follows: COFCI 

from COCI,/HF; COFBr from CO/BrF;; COFI from CO/IF;; and COCIBr from 
CC1,Br/H,SO,. 

COF, can be made by fluorinating COCI, with standard fluorinating agents such as 

NaF/MeCN or SbF ;/SbF 3; direct fluorination of CO with AgF, affords an alternative 

route. COF, is rapidly hydrolysed by water to CO, and HX, as are all the other COX,. It 

is a useful laboratory reagent for producing a wide range of fluoroorganic compounds and 

the heavier alkali metal fluorides react in MeCN to give trifluoromethoxides MOCF3. 
COCI, (phosgene) is highly toxic and should be handled with great caution. It was first 

made in 1812 by John Davy (Sir Humphry Davy’s brother) by the action of sunlight on 

CO+Cl,, whence its otherwise surprising name (Greek wc phos, light; -yevre, -genes, 

born of). It is now a major industrial chemical and is made on the kilotonne scale by 

combining the two gases catalytically over activated C (p. 301). It was used briefly and 
rather ineffectively as a chemical warfare gas in 1916 but is now principally used to prepare 
isocyanates as intermediates to polyurethanes. It also acts as a ligand (Lewis base) towards 
AIC1;, SnCl,, SbCl;, etc., forming adducts Cl,CO—MCl,, and is a useful chlorinating 
agent, converting metal oxides into highly pure chlorides. It reacts with NH, to form 
mainly urea, CO(NH,),, together with more highly condensed products such as 
guanidine, C(NH)(NH,),; biuret, NH,CONHCONH,; and cyanuric acid, i.e. cyclo- 
[CO(NH)], (p. 341). 
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8.6 Oxides and Carbonates 

Carbon forms 2 extremely stable oxides, CO and CO,, 3 oxides of considerably lower 

stability, C;0,, C50, and C,,O,, and a number of unstable or poorly characterized 
oxides including C,O, C,O3, and the nonstoichiometric graphite oxide (p. 308). Of these, 

CO and CO, are of outstanding importance and their chemistry will be discussed in 
subsequent paragraphs after a few brief remarks about some of the others. 

Tricarbon dioxide, C,0,, often called “carbon suboxide” and ponderously referred to 

in Chemical Abstracts as 1,2-propadiene-1,3-dione, is a foul-smelling gas obtained by 

dehydrating malonic acid at reduced pressure over P,O,, at 140°: it has mp — 112.5°, bp 

6.7°, is stable at — 78°, and polymerizes at room temperature to a yellow solid. C,0, forms 
linear molecules (D,, symmetry) which can be written as O=C—=C—=C=O, consistent 

with the short interatomic distances C-C 128 pm and C-O 116 pm. Above 100°, 

polymerization yields a ruby-red solid; at 400° the product is violet and at 500° the 

polymer decomposes to C. The basic structure of all the polymers appears to be a 
polycyclic 6-membered lactone (Fig. 8.13). 

O O 
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C,O, readily rehydrates to malonic acid, CH,(CO,H),, and reacts with NH; and HCl 

to give respectively the corresponding amide and acid chloride: CH,(CONH,), and 

CH,(COCI),. Thermolysis of CO, in a flow system has been reported to give a liquid 

product C,O, though this has been disputed; if the compound is confirmed it would be the 

next member of the linear catenated series OC,O with n odd as required by simple z-bond 

theory. The other moderately stable lower oxide is C, 309, a white sublimable solid which 

is the anhydride of mellitic acid (Fig. 8.14). 

Direct oxidation of C in a limited supply of oxygen or air yields CO; in a free supply CO, 
results. Some properties of these familiar gases are in Table 8.6. The great strength of the 

TABLE 8.6 Some properties of CO, CO , and C30, 

Property CO CO, G05 

MP/°C —205.1 — 56.6 (5.2 atm) —112.5 
BP/°C — 191.5 —78.5 (subl) 6.7 
AH? /kJ mol7! —110.5 — 393.5 +97.8 
Distance (C-O)/pm 112.8 116.3 116 
Distance (C-—C)/pm = == 128 
D(C-O/)/kJ mol~! 1070.3 531.4 — 
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C—O bond confers considerable thermal stability on these molecules but the compounds 

are also quite reactive chemically, and many of the reactions are of major industrial 

importance. Some of these are discussed more fully in the Panel. 

The nature of the bonding, particularly in CO, has excited much attention because of 

the unusual coordination number (1) and oxidation state (+2) of carbon: it is discussed 

on p. 349 in connection with the formation of metal-carbonyl complexes. 

Pure CO can be made on a laboratory scale by dehydrating formic acid (HCOOH) with 
conc H,SO, at ~ 140°. CO is a colourless, odourless, flammable gas; it has a relatively 

high toxicity due to its ability to form a complex with haemoglobin that is some 300 times 

Industrially Important Reactions of Oxygen and Oxides with Carbon 

Carbon monoxide is widely used as a fuel in the form of producer gas or water gas and is also 
formed during the isolation of many metais from their oxides by reduction with coke. Producer 

_ gasis obtained by blowing air through incandescent coke and consists of about 25% CO, 4% CO,, 
and 70% N;, together with traces of H,, CH,, and O,. The reactions occurring during produttion 
are: 

2040, 200; AM? =—2210ki/molO,: AS'417943K-! mol?” 
C+0,——-+CO,; AH°=—393.5kJmol™'; AS°+2.89 JK mol! 

Water gas is made by blowing steam through incandescent coke: it consists of about 50% H,, 40% 
~ CO, 5% CO,, and oe N.,+CH,. The oxidation of C by H,O is strongly endothermic: 

(C+H,O——> CO+H); -AH°= +1313 kImol7!; AS°+133.7 J K~! mol7! 
Consequently, the coke cools down and the steam must be intermittently replaced by a flow of air 

7 to reheat the coke. 

At high temperatures, particularly in the presence of metal ‘eles CO undergoes fovenuble 
disproportionation:f 

— 2CO=—=C+C0,; AH®=—172.5kJ/mol CO,; AS°=—176.5JK~! mol! 

+ Very recently it has been shown that, at all pressures, there is a fairly wide range of 
temperatures in which CO, dissociates directly into CO and O, without Pees of 
_. carbon? 

CO, ——=C0+40, 
For ‘example, the temperature range is 250-370°C at 10°? atm, 320-480°C at l atm, and 

_ 405-630°C at 100 atm. At higher temperatures in each case, C is also formed, but always in the _ 
presence of some O02. 

‘18M. H. Lietzke and C. MULLINS, Thermal decomposition of carbon dioxide, J. Inorg. Nucl. Chem. 43, 
1769-71 (1981). 
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Fic. A Ellingham diagram for the free energy of formation of metallic oxides. (After F. D. 
Richardson and J.H. E. Jeffes, J. Iron Steel Inst. 160, 261 (1948).) The oxygen dissociation pressure 
of a given M—MO system at a given temperature is obtained by joining © on the top left hand to 
the appropriate point on the M—MO free-energy line, and extrapolating to the scale on the right 

hand ordinate for po, (atm). 
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T=0 kK) Aes All ad the sequence of stonionts is es that of the electrochemical 
series. The slope ° f most oft nes is similar and corresponds to the loss of 1 mol of gaseous O,; 
“small changes cur at | emperature of phase changes or the mp of the metal, and a 
_more dramatic increase in slope signals the bp of the metal. For example, for MgO(s), the slope 
increases about three-fold at the bp of Mg since, above this temperature, reaction removes 3 
gaseous species (2Mg+0O, ather than 1 (O,). 

__ Such diagrams are of great value in codefying a mass of information of use in extractive 
metallurgy. 42) For example, it is clear that below 710°C (983 K) carbon is a stronger reducing 

agent when it is converted intoCO, rather than CO, whereas above this temperature the reverse is 
true. Again, as reduction of metal oxides with C will occur when the accompanying AG is negative, 
such reduction becomes i anes more feasie the higher the temperature: Zn (and Cd) can 

lo 
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more stable than the oxygen-haemoglobin complex (p. 1276): the oxygen-transport 

function of the red corpuscles in the blood is thereby impeded. This can result in 
unconsciousness or death, though recovery from mild poisoning is rapid and complete in 

fresh air and the effects are not cumulative. CO can be detected by its ability to reduce an 

aqueous solution of PdCl, to metallic Pd: 

CO+PdCl, +H,0—=> Pd+CO,+2HCI 

Quantitative estimation relies on the liberation of I, from 1,0, or (in the absence of C,H) 

on absorption in an acid solution of CuCl to form the adduct [Cu(CO)Cl(H,O),]. 

CO reacts at elevated temperatures to give formates with alkali hydroxides, and 
acetates with methoxides: 

CO + NaOH ——> HCO,Na; CO + MeONa ——> MeCO,Na 

Reaction with alkali metals in liquid NH; leads to reductive coupling to give colourless 

crystals of the salt Na,C,O, which contains linear groups NaOC=CONa packed in 

chains. CO reacts with Cl, and Br, to give COX, (p. 324) and with liquid S to give COS. It 

cleaves B,H, at high pressures to give the “symmetrical” adduct BH CO (p. 188), but in 

the presence of NaBH,/thf the reaction takes a different course to yield B- 
trimethylboroxine: 

B B 

oe Orn oe 

'2C. B. ALcock, Principles of Pyrometallurgy, Academic Press, London, 1976, 348 pp. 
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With BR;, CO inserts in successive stages to give, ultimately, the corresponding 

trialkylmethylboroxine (R,CBO),. Alternative products are obtained in the presence of 

other reagents, e.g. aqueous alkali yields R3COH; water followed by alkaline peroxide 

yields R,CO; and alkaline NaBH, yields RCH,OH (p. 190). CO can also insert into M—C 
bonds (M=Mo, W;; Mn, Fe, Co; Ni, Pd, Pt): 

MeMn(CO), + CO——> MeC(O)Mn(CO), 

A detailed discussion of CO as a ligand and the chemistry of metal carbonyls is on 
pp. 349-352. CO is a key intermediate in the catalytic production of a wide variety of 

organic compounds on an industrial scale."!>: 132,13) 
CO, is much less volatile than CO (p. 325). It is a major industrial chemical but its uses, 

though occasionally chemical, more frequently depend on its properties as a refrigerant, as 

an inert atmosphere, or as a carbonating (gasifying) agent in drinks and foam plastic (see 

Panel). Of more chemical interest is the synthesis of radioactive '*C compounds from 

14CO, which is conveniently stored as a carbonate. '4C is generated by an (n, p) reaction 

on a nitride or nitrate in a nuclear reactor (see p. 1456). More than 500 compounds 

specifically labelled with '*C are now available commercially, the starting point of many 

of the syntheses being one of the following reactions: 

1. NaH'4CO,+H,/Pd/C__—_> H'*CO,,H 

2. 4CO,+RMgXx = SRMCOH 

3. 4CO, + LiAIH, ate ACEROH 

4. Ba!*CO;+Ba Balt@s=" 5 4C Hi, 

5. Ba'*CO,+NH, —_—-> Ba!*CN, ———>!*C/N compounds 

When CO, dissolves in water at 25° it is only partly hydrated to carbonic acid according 

to the equilibrium 

H,CO,——— = CO, +H,0; K=[CO,]/[H,CO,]~600 

Interpretation of acid-base behaviour in this system is further complicated by the 

slowness of some of the reactions and their dependence on pH. The main reactions are: 

CO,+H,O ——— HCO, (slow) ; pH <8 

H,CO;+OH- HCO, +H,0O (fast) 

CO,+0OH~ HCO, (slow) } BH 10 

HCO, +OH> == CO,” +H,O (fast) 

In the range pH 8-10 both sets of equilibria are important. The apparent dissociation 

constant of carbonic acid is 

K, at it 5 | (HCO, ]/[CO,+H,CO;]=4.45 x 10m mol fee 

13 Ref. 4, Vol. 4, Carbon monoxide, pp. 772-93; Carbonyls, pp. 794-814. 
13a RL. Pruett, Hydroformylation, Adv. Organometallic Chem. 17, \-60 (1979). 
136 ©. MasTERS, The Fischer-Tropsch Reaction, Adv. Organometallic Chem. 17, 61-103 (1979). 
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| Prodnon and Uses of CO, 
| CO; can be readily bined in small amounts by the action of acids on carbontie: Oni an 

_ industrial scale the main source is as a byproduct of the synthetic ammonia 5 teen in ee the ; 
Ay ues is Ss cither by the catalytic reaction 

CHa+ 2H,O lca cot oe +4H, 

ergs shift reaction 

2 - CO+H,0 <——= C0, +H, : 

0, is al Ra) recov cel from the flue gases resulting from combustion of ims : 
Ad fuels, fi m fermentation processes, and from the calcination of limestone: recovery is by reversible _ 

1 either i i gene MeO or eects ethanolamine (Gabor! ee) 

| Na;00,+H,0+C0, <= 2NaHCO, 
heat 

25-65" 
es HOC,H,NH,+H,0+C0, 2 Se (HOCHANHL),C0, i - 

et a0: . 

nh cota places CO, can be obesned from natural gas wells. H,S oe is $ removed by 
ee using a buffered alkaline solution saturated with KMnO,: 7 

_ 3H,S8 +2KMnO, + 2CO, —-> 38+ 2Mn0O, + 2KHCO; = 2H,0 

‘The le of ees has i increased eee in recent ee and in 1980 exceeded ie ion - 

“most xtensive application of co, is as a refrigerant, some 52% of production ‘being i 
this way. CO, can be liquefied at any temperature between its triple point — 56.6" 

d its cr a ees +31 Of se 28 atm). The gas can either be —— to 75 atm and then 

cooling agent aad ee Tiquid CO, is oe ee to imp ve the 
i y of low-melting metals (and hamburger meat), and for the rapid cooling of loaded 
nd TS; it is also used for inflating life rafts, i in fire extinguishers, and in blasti 

d application of growing importance is as a eplacer nt fo 
rocarbo eros ee (p. ioe ts ae — 

of the CC ossal cor es of cathowned coe can be g 
7 -of cases [240-ml (ie. oe cans or bottles} 
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As [CO, ]/[H,CO,]=K ~ 600, it follows that the true dissociation constant is: 

K,=[H*] [HCO, ]/[H,CO,] =K,(1+ K)~2.5 x 10°* mol17! 

This value is in the range expected from an acid of structure (HO),CO (p. 54). The 

second dissociation constant is given by 

K,=[H*] [CO,2~]/[HCO,~]=4.84 x 1071! mol 17? 

A hydrate CO,.8H,O can be crystallized from aqueous solutions at 0° and 

p(CO,)~45 atm. 

The coordination chemistry of CO, is by no means as extensive as that of CO (p. 349) 

but some exciting developments have recently been published.‘'* The first transition 

metal complexes with CO, were claimed by M. E. Volpin’s group in 1969: tertiary 

phosphine or N, ligands were displaced from Rh and Ni complexes to give binuclear 

products whose definitive structure has not yet been established. CO, also displaced N, 
from [Co(N,) (PPh3)3] to give [Co(CO,) (PPh ;)3]. The Ni® complexes [Ni(PEt;),] 

(violet) and [Ni(PBu3), ] (red) react in toluene at room temperature with CO, (1 atm) to 

give the yellow complexes [Ni(CO,)L,]. The structure of the analogous complex with 

P(C,H,,)3 was established by X-ray diffraction analysis; it features a pseudo-3-coordinate 
Ni atom p-bonded to a bent CO, ligand as in Fig. 8.15. The isoelectronic Rh' appears to 

OQ 

Fic. 8.15 Coordination about the Ni atom in the complex 
[Ni(CO,){P(C.H, ,)3}2]0.75C,;H;Me. 

14M. E. Votpin and I. S. KOLOMNIKOV, The reactions of organometallic compounds with carbon dioxide, 
Organometallic Reactions 5, 313-86 (1975). Further references to isolable CO,-transition metal adducts are 

given in R. L. HARLow, J. B. Kinney, and T. HERsKovitz, JCS Chem. Comm. 1980, 813-14. See also G. S. 
Bristow, P. B. HitcHcock, and M. F. Lappert, A novel carbon dioxide complex: Synthesis and crystal 
structure of [Nb(n-C,H,Me),(CH,SiMe;)(y?-CO,)], JCS Chem. Comm. 1981, 1145-46. 
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form two types of complex: an orange-red series [Rh(CO,)CIL, ] (L=tertiary phosphine) 

with a p-bonded bent CO, as in Fig. 8.15 and a somewhat less-stable yellow series 
O 

[Rh(CO,)CIL;] which is thought to contain the ligand configuration Rh—C WA Pt 

compound which had earlier (1965) been thought to contain CO, as a ligand was 

subsequently found to require the presence of O, for its formation and to be, in fact, a 

novel bidentate carbonato complex (Fig. 8.16). 

[Pt(PPh,);]+CO,+0, —°-->[ Pt(CO;) (PPh ),] + Ph,PO 
saa vente osyesi 

Fic. 8.16 Coordination about the Pt atom in the complex [Pt(CO;)(PPh;),].C,H.. 

+ The CO,?~ ligand can be both bidentate and bridging as in the recently studied complex cation [(CuL,),(u- 
CO,)]?*, where L is a tridentate macrocyclic triaza ligand (structure 1), “4” and in the binuclear molecular 
complex molecule [{CuCl(Me,NCH,CH,CH,NMe;}3(u-CO3)] (structure 2).'*” This mode of coordination 
confers some unusual properties including diamagnetism on these Cu" complexes. 

"8 A.R. Davis, F. W. P. EINSTEIN, N. F. Curtis, and J. W. L. MARTIN, A novel mode of carbonate binding. 
Structure of spin-paired p-carbonato-bis(2,4,4,7-tetramethyl-1,5,9-triazacyclododec- 1-ene)dicopper(I1) perch- 
lorate, J. Am. Chem. Soc. 100, 6259-60 (1978). 

‘4° M.R. CHURCHILL, G. Davies, M. A. EL-SAYED, M. F. EL-SHAZLY, J. P. HUTCHINSON, M. RUPICH, and K. 
O. WarTkINs, Synthesis, physical properties, and structural characterization of -carbonato- 
dichlorobis(N,N,N’,N '-tetramethyl-1,3-propanediamine)dicopper(II), [LCuCl(CO3)ClCuL], a diamagnetic 
initiator for the oxidative coupling of phenols by dioxygen, Inorg. Chem. 18, 2296-2300 (1979). 
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If the starting material contains M-H or M-C bonds a further complication can arise due 

to the possibility of a CO, insertion reaction. Thus, both [Ru(H),(N,)(PPh;)3] and 

[Ru(H),(PPh,),] react to give the formate [Ru(H)(OOCH)(PPh,);], and similar CO, 

insertions into M-H are known for M=Co, Fe, Os, Ir, Pt. These “normal” insertion 

reactions are consistent with the expected bond polarities M°*-H®” and O° =C**=0O, 
but occasionally “abnormal” insertion occurs to give metal carboxylic acids M-COOH. 

Likewise, normal insertion into M-C yields alkyl carboxylates M-—OOCR, though 

metalloacid esters M—COOR are sometimes obtained. The reactions have obvious 

catalytic implications and are being actively studied at the present time by several groups. 

CO, insertion into M-C bonds has, of course, been known since the first papers of V. 

Grignard in 1901 (p. 150). Organo-Li (and other M! and M") also react extremely 
vigorously to give salts of carboxylic acids, RCO,Li, (RCO,),Be, etc. Zinc dialkyls are 

much less reactive towards CO,, e.g. 

ZnEt, +2CO, >? > (EtCOO),Zn, 

and organo-Cd and -Hg compounds are even less reactive. With AIR3, one CO, inserts at 

room temperature and a second at 220° under pressure to give R,Al(OOCR) and 

RAI(OOCR), respectively. B—C, Si-C, Ge-C, and Sn-C are rather inert to CO, but 

insertion readily occurs into bonds between these elements and N. A few examples are: 

PhB(NHEt), + CO, —2> > PhB(OCONHE?), 

Et, NH/25° 
Me,SiNEt, +CO, ———> Me,SiOCONEt, 

Me3SnNMe, +CO, pees Me;SnOCONMe, 

20°—-40° As(NMe,); + 1(3)CO, ~° > (Me,N),AsOCONMe,, As(OCONMe,), 

20° 
Ti(NMe,),+CO, Ti(OCONMe,),, etc. 

8.7 Chalcogenides and Related Compounds 

Carbon forms several sulfides. CS (unlike CO) is an unstable reactive radical even at 

— 196°: it reacts with the other chalcogens and with halogens to give CSSe, CSTe, and 

CSX,. It is formed by action of a high-frequency discharge on CS, vapour. Passage of an 

electric discharge or arc through liquid or gaseous CS, yields C3S,, a red liquid mp — 5° 

which polymerizes slowly at room temperature (cf. C,;0,). By far the most important 
sulfide is CS,, a colourless, volatile, flammable liquid (mp — 111.6°, bp 46.25°, flash point 

— 30°, auto-ignition temperature 100°, explosion limits in air 1.25-50%). Impure samples 

have a fetid almost nauseating stench due to organic impurities but the purified liquid has 
a rather pleasant ethereal smell; it is very poisonous and can have disastrous effects on the 

nervous system and brain. CS, was formerly manufactured by direct reaction of S vapour 
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and coke in Fe or steel retorts at 750-1000°C but, since the early 1950s, the preferred 

synthesis has been the catalysed reaction between sulfur and natural gas: 

~600° 

CH, +48 —————> CS, +2H,8 
SiO, gel or Al,0; 

World production in 1976 was over 1 million tonnes the principal industrial uses being in 

the manufacture of viscose rayon (35-50%), cellophane films (15°) (see below), and CCl, 

(15-30%) depending on country. 

CS, reacts with aqueous alkali to give a mixture of M,CO, and the trithiocarbonate 

M,CS,. NH; gives ammonium dithiocarbamate NH,[H,NCS,]; under more forcing 

conditions in the presence of Al,O, the product is NH,CNS and this can be isomerized at 

160° to thiourea, (NH,),CS. Water itself reacts only reluctantly, yielding COS at 200° and 

H,S+CO, at higher temperatures; many other oxocompounds also convert CS, to COS, 

e.g. MgO, SO3, HSO,Cl, and urea. With aqueous NaOH/EtOH carbon disulfide yields 

sodium ethyl dithiocarbonate (xanthate): 

OEt 

CS, NaOH EtOH ——> S——C 

a. 
SNa 

When ethanol is replaced by cellulose, sodium cellulose xanthate is obtained; this 

dissolves in aqueous alkali to give a viscous solution (viscose) from which either viscose 

rayon or cellophane can be obtained by adding acid to regenerate the (reconstituted) 
cellulose. Trithiocarbonates (CS3”~ ), dithiocarbonates (COS,7~ ), xanthates (CS,OR _ ), 
dithiocarbamates (CS,NR, ), and 1,2-dithiolates have an extensive coordination 

chemistry which has been reviewed."> 
Chlorination of CS,, when catalysed by Fe/FeCl;, proceeds in two steps: 

CS, + 3Cl, See OU) + S.C, 

CS, =F Dy Cle Cel, iF 6S 

With I, as catalyst the main product is perchloromethylthiol (Cl,CSCl). Reaction 

products with F, depend on the conditions used, typical products being SF,, SF,, SF jo, 
F,C(SF;)., F,C(SF;),., F,CSF;, and F;SCF,SE.. 

CS, is rather more reactive than CO, in forming complexes and in undergoing insertion 

reactions. The field was opened up by G. Wilkinson and his group in 1966 when they 

showed that [Pt(PPh3)3] reacts rapidly and quantitatively with CS, at room temperature 

to give orange needles of [Pt(CS,)(PPh;),.], mp 170°. X-ray crystal diffraction analysis 

revealed the structure shown diagramatically in Fig. 8.17. The geometry of the bent CS, 

ligand is similar to that in the first excited state of the molecule and the CS, is almost 

coplanar with PtP, (dihedral angle 6°). Bonding is considered to involve a 1-electron 

transfer via the intermediary of Pt from the highest filled z MO of the ligand to its lowest 

'* G. D. THorN and R. A. Lupwic, The Dithiocarbamates and Related Compounds, Elsevier 1962, 298 pp. J. 
A. McCLeverTY, Metal 1,2-dithiolene and related complexes, Prog. Inorg. Chem. 10, 49-221 (1968) (188 refs.). 
D. Coucouvanis, The chemistry of the dithio acid and 1, 1-dithiolate complexes, Prog. Inorg. Chem. 11, 233-271 
(1970) (516 refs.). R. E. EISENBERG, Structural systematics of 1,]- and 1,2-dithiolate chelates, Prog. Inorg. Chem. 
12, 295-369 (1971) (173 refs.). 
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Fic. 8.17 Coordination about the Pt atom in [Pt(CS,)(PPh;,),]. 

antibonding MO, and the Pt can be thought of as being oxidized from Pt° to Pt". However, 
the substantial difference between the two Pt—P distances and the wide deviation of the 
angles of Pt from 90° emphasize the inadequacy of describing the bonding of such 

complicated species in terms of simple localized bonding theory. The orange complex 
[Pd(CS,)(PPh;),] is isostructural and further work yielded deep-green [V(n°-C,H;), 

(CS,)], dimeric [(Ph3P)Ni(u-CS,),Ni(PPh;)], and various CS, complexes of Fe, Ru, 
Rh, and Ir. The deep-red complex [Rh(CS,),Cl(PPh;),] probably involves pseudo- 
octahedral Rh" with one of the CS, ligands n?-bonded as above and the other one o- 
bonded via a single S atom. The numerous 7', n”, and bridging modes of coordination now 
known for CS, are indicated schematically below: >* 

Insertion reactions of CS, are known for all the elements which undergo CO, insertion 
(p. 333) and also for M—N bonds involving Sb", Zr'Y, NbY, Ta’, etc. 

Stable thiocarbonyl complexes containing the elusive CS ligand are also now well 

15a TG. SOUTHERN, U. OEHMICHEN, J. Y. LE MAROUILLE, H. LE Bozec, D. GRANDJEAN, and P. H. DIxNEUF, 
Use of organometallic ligands in the synthesis of CS,-bridged heterodinuclear complexes. X-ray structure of 
[(PhMe,P),(CO),FeCS,Mn(CO),(C;H;)], /norg. Chem. 19, 2976-80 (1980). Other references to recent key 
papers in this burgeoning field are: G. FACHINETTI, C. FLORIANI, A. CHIESI- VILLA, and C. GUESTINI, JCS Dalton, 
1979, 1612-17. P. Conway, S. M. GRANT, and A. R. MANNING, JCS Dalton 1979, 1920-4. P. J. VERGAMINI and 
P. G. Etter, Inorg. Chim. Acta 34, L291—L292 (1979). C. BIANCHINI, A. MELI, A. ORLANDINI, and L. SACCONI, 
Inorg. Chim. Acta 35, L375—L376 (1979). C. BIANCHINI, C. MEALLI, A. MELI, A. ORLANDINI, and L. SACCONI, 
Angew. Chem. Int. Edn. (Engl.), 18, 673—4 (1979). C. BIANCHINI, C. MEALLI, A. MELLI, A. ORLANDINI, and L. 
Sacconl, Inorg. Chem. 19, 2968-75 (1980). W. P. FEHLHAMMER and H. STOLZENBERG, Jnorg. Chim. Acta 44, 
L151—L152 (1980), P. V. BROADHURST, B. F. G. JOHNSON, J. Lewis, and P. R. RairHBy, JCS Chem. Comm. 1982, 

140-41, and references therein. 
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established and known coordination modes, which include terminal, bridging, and 

polyhapto, are as follows:7>”) 

Likewise complexes of CSe and CTe have been characterized.4°° 

8.8 Cyanides and Other Carbon-Nitrogen Compounds 

The chemistry of compounds containing the CN group is both extensive and varied. 

The types of compound to be discussed are listed in Table 8.8, which also summarizes 

some basic structural information. The names, cyanide, cyanogen, etc., refer to the 

property of forming deep-blue pigments such as Prussian blue with iron salts (Greek 
KvaNOS, cyanos, dark blue). 

A useful theme for cohering much of the chemistry of compounds containing the CN 

group is the concept of pseudohalogens, a term introduced in 1925 for certain strongly 

bound, univalent radicals such as CN, OCN, SCN, SeCN, (and N;, etc.). These groups can 

form anions X~, hydracids HX, and sometimes neutral species X,, XY, etc. It is also 

helpful to recognize that CN” is isoelectronic with C,?~ (p. 319) and with several notable 

ligands such as CO, N,, and NO”*. Similarly, the cyanate ion OCN ‘ is isoelectronic with 

CO,, N3_, fulminate (CNO  ), etc. 

Cyanogen, (CN),, is a colourless poisonous gas (like HCN) mp —27.9°, bp —21.2° (cf. 

Cl,, Br,). When pure it possesses considerable thermal stability (800°C) but trace 

‘S® J. S. BUTLER, Acc. Chem. Res. 10, 359-65 (1977). P. V. YANEFF, Coord. Chem. Rev. 23, 183-220 (1977) 
(includes CS, complexes also). H. WERNER and K. LEONHARD, Angew. Chem., Int. Edn. (Engl.), 18, 627-8 
(1979). H HERBERHOLD and P. D. SmitH, Angew. Chem., Int. Edn. (Engl.) 18, 631-2 (1979). W. W. GREAVES, 
R. J. ANGELICI, B. J. HELLAND, R. Kiima, and R. A. Jacogson, J. Am. Chem. Soc. 101, 7618-20 (1979). F. 

FaRONE, G. TRESOLDI, and G. A. Loprete, JCS Dalton 1979, 933-7; JCS Dalton 1979, 1053-6. P. V. 
BROADHURST, B. F. G. JOHNSON, J. Lewis, and R. W. Rairusy, JCS Chem. Comm. 1980, 812-13; J: Am. Chem. 
Soc. 103, 3198-3200 (1981), and references therein. 

"Se G. R. CLARK, K. MARSDEN, W. R. Roper, and L. J. WRIGHT, Carbonyl, thiocarbonyl, selenocarbonyl, 
and tellurocarbony! complexes derived from a dichlorocarbene complex of osmium, J. Am. Chem. Soc. 102, 
1206-7 (1981), J.-P. Battion1, D. Mansuy, and J.-C. CHoTTarp, A new route to selenocarbonyl-transition- 
metal complexes, /norg. Chem. 19, 791-792 (1980). 
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TABLE 8.8 Some compounds containing the CN group 

Conventional 

Name formula r (C-_N)/pm 

Cyanogen IN=—€=-C==N 1S 
Paracyanogen (CN), — 
Hydrogen cyanide H=C=N 115.6 
Cyanide ion (C=N)~ 116 
Cyanides M—C=N 115.8 

(nitriles) (R--C=N) 

Isocyanides R= IN=€ 116.7 

Cyanogen halides x CaN 116 
(halogen cyanides) 

Cyanamide HEN=G=N 115 

Dicyandiamide N=C—N=C(NH,), 122-136 

Cyanuric compounds {—C(X)=N—}3 134 
Cyanate ion (O—=€2=N)= ~121 

Isocyanates R—N=C=O 120 

Fulminate ion IC=N-0)- 109 

Thiocyanate ion (S=-C==Ni ie 115 

Thiocyanates R=5>-C=N 116 
(M—=S=C=SN) 

Isothiocyanates R—N=C=S 122 

(Se—C=N)7 BEE Selenocyanate ion 

Remarks) 

. Linear; r (C-C) 138 pm (short) 
Involatile polymer, see text 
Linear; r (C-H) 106.5 pm 

rer, 192 pm when “freely rotating” in MCN 

Linear; r (C-C) 146.0 pm (for MeCN) 

Linear, r (H3C-N) 142.6 pm (for MeNC). 
Coordinated isocyanides are slightly bent, 
e.g. [M(<-C=N—C,H5).] angle CNC 173°, 
r (CSN) 117.6 pm; bridging modes also 
known, e.g.: 

M—M 

Ni 
C 

ao les) pail 
N) ~140° 

NX 

Linear 

Linear NCN; r (C-NH,) 131 pm 

136 p NH, 
136 pm bs 

128 pm NZ—— C120 
e) C 120 NH, 

yn pm 

Cyclic trimers; X = halogen, OH, NH, 
Linear 

Linear NCO; RNC ~ 126° 

Linear; another form of AgCNO has 

r(C-N) 112 pm 
Linear 

Linear NCS; RSC 100° in MeSCN;; 

LMSC variable (80—107°) 
Linear NCS; HNC 135° in HNCS; 

/ MNC variable (111—180°) 

Linear NCSe 

‘”) Several groups can also act as bridging ligands in metal complexes, e.g. —CN—, NCO, — SCN 

impurities normally facilitate polymerization at 300-500° to paracyanogen a dark- 

coloured solid which may have a condensed polycyclic structure. 

Sa ae 
G 

| | 
C C C C 

MEA SIR EGR SERE SOIR 
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The polymer reverts to (CN), above 800° and to CN radicals above 850°. (CN), can be 
prepared in 80% yield by mild oxidation of CN~ with aqueous Cu"; the reaction is 

complex but can be idealized as 

H0/60° 
—> 2CuSO,+4KCN (CN), +2CuCN + 2K,SO, 

CO, which is also formed (20%) can be removed by passage of the product gas over solid 

NaOH and the byproduct CuCN can be further oxidized with hot aqueous Fe™ to 
complete the conversion: 

H,O/heat 

2CuCN + 2FeCl, ——> (CN), +2CuCl + 2FeCl, 

Industrially it is now made by direct gas-phase oxidation of HCN with O, (over a silver 

catalyst), or with Cl, (over activated charcoal), or NO, (over CaO glass). (CN), is fairly 

stable in H,O, EtOH, and Et,O but slowly decomposes in solution to give HCN, HNCO, 

(H,N),CO, and H,NC(O)C(O)NH, (oxamide). Alkaline solutions yield CN™ and 

(OCN)~ (cf. halogens). 

(CN), +20H~ CN” +OCN” +H,0 

Hydrogen cyanide, mp — 13.4° bp 25.6°, is an extremely poisonous compound of very 

high dielectric constant (p. 59). It is miscible with H,O, EtOH, and Et,O. In aqueous 

solution it is an even weaker acid than HF, the dissociation constant K, being 2.1 x 107°. 

It was formerly produced industrially by acidifying NaCN or Ca(CN), but the most 

modern catalytic processes are based on direct reaction between CH, and NH,, e.g.:1°® 

Pt/Rh or Pt/Ir 
Andrussow process: CH,+NH,+140, Sry arr HCN +3H,O 

Pt 

1200—1300° 
Degussa process: CH,+NH, HCN + 3H, 

Both processes rely on a fast flow system and the rapid quenching of product gases; yields 

of up to 90% can be attained. It is salutory to note that US production of this highly toxic 

compound now approaches 300 000 tonnes pa (1980) and world production exceeds 

500 000 tonnes pa. Of this, 60% is used to manufacture methyl methacrylate 
H,SO, e 

(HCN + Me,CO ———-> acetone cyanohydrin ——"> methacrylamide sulfate ort 

methyl methacrylate); this represents a major change from 15 y ago when 51% of HCN 

production was used to manufacture acrylonitrile (by addition to C,H,) and only 18% 

was used for methyl methacrylate. HCN is now also used to make (CICN), (15%), NaCN 

(10%), chelates (10%), hexacyanoferrates, etc. 

As noted above, CN (aq) is fairly easily oxidized to (CN), or OCN; E° values 
calculated from free energy data (p. 498) are: 

4(CN) 4H? tee HCN: E°+0.37 V 

OCN~ +2H* +2e7 ———>CN- +H,O;  E°—0.14V 

*°4 Ref. 4, Vol. 7 (1979), Cyanides (including HCN, M'CN, and M'(CN),, pp. 307-19; Cyanamides 
(including CaNCN, H,NCN, dicyandiamide, and melamine), pp. 291-306. 
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HCN can also be reduced to MeNH, by powerful reducing agents such as Pd/H, at 140°. 

The alkali metal cyanides MCN are produced by direct neutralization of HCN; they 

crystallize with the NaCl structure (M =Na, K, Rb) or the CsCl structure (M =Cs, TI) 

consistent with “free” rotation of the CN~ group. The effective radius is ~ 190 pm, 

intermediate between those of Cl~ and Br~. At lower temperatures the structures 

transform to lower symmetries as a result of alignment of the CN~ ions. LiCN differs in 
having a loosely packed 4-coordinate arrangement and this explains its low density 

(1.025 g cm °) and unusually low mp (160°, cf. NaCN 564°). World production of alkali 

metal cyanides was ~ 113 000 tonnes in 1977. NaCN readily complexes metallic Ag and 

Au under mildly oxidizing conditions and is much used in the extraction of these metals 
from their low-grade ores (first patented in 1888 by R. W. Forrest, W. Forrest, and J. S. 

McArthur): 

8NaCN +4M +2H,0+0, 4Na[M(CN),]+4NaOH 

Until the 1960s, when HCN became widely available, NaCN was made by the Castner 

process via sodamide and sodium cyanamide: 

2Na+C+2NH,-—"< 3 2NaGN + 3H; 

The CN~ ion can act either as a monodentate or bidentate ligand.“!® Because of the 

similarity of electron density at C and N it is not usually possible to decide from X-ray data 

whether C or N is the donor atom in monodentate complexes, but in those cases where the 

matter has been established by neutron diffraction C is always found to be the donor atom 

(as with CO). Very frequently CN” acts as a bridging ligand —CN— as in AgCN, and 

AuCN (both of which are infinite linear chain polymers), and in Prussian-blue type 

compounds (p. 1271). The same tendency for a coordinated M-CN group to form a further 

donor-acceptor bond using the lone-pair of electrons on the N atom is illustrated by the 

mononuclear BF, complexes with tetracyanonickelates and hexacyanoferrates, e.g. 

K,[Ni(CN. BF;),] and K,[Fe(CN. BF3).]. 

The complex CuCN . NH; provides the only example so far of CN acting as a bridging 
ligand at C, a mode which is common in p-CO complexes (p. 351); indeed, the complex is 

unigue in featuring tridentate CN groups which link the metal atoms into plane nets via 

Cu 
the grouping : Se-Nn-Cu as shown in Fig. 8.18. Other cyanide complexes are 

Cu 

discussed under the appropriate metals. In organic chemistry, both nitriles R-CN and 

isonitriles (isocyanides) R-NC are known. Isocyanides have been extensively studied as 

ligands (p. 349).!” 
Cyanogen halides, X—CN, are colourless, volatile, reactive compounds which can be 

regarded as pseudohalogen analogues of the interhalogen compounds, XY (p. 946) (Table 

8.9). All tend to trimerize to give cyclic cyanuric halides (Fig. 8.19) especially in the 

presence of free HX. FCN is prepared by pyrolysis of (FCN); which in turn is made by 

fluorinating (CICN), with NaF in tetramethylene sulfone. CICN and BrCN are prepared 

by direct reaction of X, on MCN in water or CCl,, and ICN is prepared by a dry route 

16 AG. SHARPE, The Chemistry of Cyano Complexes of the Transition Metals, Academic Press, London, 

1976, 302 pp. 
171. MALATESTA and F. Bonati, /socyanide Complexes of Metals, Wiley, London, 1969, 199 pp. 
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Fic. 8.18 Schematic diagram of the layer structure of CuCN . NH; showing the tridentate CN 
groups; each Cu is also bonded to 1 NH; molecule at 207 pm. Note also the unusual 5-coordination 
of Cu including one near neighbour Cu at 242 pm (13 pm closer than Cu -Cu in the metal). The lines 

in the diagram delineate the geometry and do not represent pairs of electrons. 

TABLE 8.9 Cyanogen halides 

Property FCN CICN BrCN ICN 

MP/°C =} =O SES 146 
BP/°C —46 13.0 61.3 146 (subl) 

from Hg(CN), and I,. Similarly, colourless crystals of cyanamide (H,NCN mp 46°) result 
from the reaction of NH; on CiCN and trimerize to melamine at 150° (Fig. 8.19). The 
industrial preparation is by acidifying CaNCN (see Panel). The “dimer”, dicyandiamide, 

NCNC(NH,),, can be made by boiling calcium cyanamide with water: the colourless 

crystals are composed of nonlinear molecules which feature three different C—N distances 
(see Table 8.8). 
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Cyanuric amide (melamine) 

Cyanuric acid: H-bonded crystal structure and alternative valence-bond formulations 

Fic. 8.19 The planar structure of various cyanuric compounds: all 6 C—N distances within the 
ring are equal. 

The Cyanamide Industry“ *® 

The basic chemical of the cyanamide industry is calcium cyanamide CaNCN, mp 1340°, 
obtained by nitrogenation of CaC,. 

1000°C 

aC, FN, —— > CaNCNEC 

CaNCN is used as a direct application fertilizer, weed killer, and cotton defoliant: it is also used for 
producing cyanamide, dicyandiamide, and melamine plastics. Production formerly exceeded 1.3 
million tonnes pa, but this has fallen considerably in the last few years, particularly in the USA 
where the use of CaNCWN as a nitrogenous fertilizer has gradually been replaced by other 
materials. In 1975 most of the world’s supply was made in Japan, the Federal Republic of 
Germany, and Canada. 

Acidification of CaNCN yields free cyanamide, H 2NCN which reacts further to give differing 
products depending on pH: at pH <2 or >12 urea is formed, but at pH 7-9 dimerization to 
dicyandiamide NCNC(NH,), occurs. Solutions are most stable at pH~5; accordingly 
commercial preparation of H,NCN is by continuous carbonation of an aqueous slurry of Ca€NCN 
in the presence of graphite: the overall reaction can be represented 

Reaction of H,NCN with H,S gives thiourea, SC(NH,)). 
Dicyandiamide forms white, non-hygroscopic crystals which melt with decomposition at 209°. 

Its most important reaction is conversion to melamine (Fig. 8.19) by pyrolysis above the mp under 
a pressure of NH, to counteract the tendency to deammonation. Melamine is mainly used for 
melamine-formaldehyde plastics. US annual production of both HNCN and NCNC(NH,), is 
on the 10° tonne scale. 

341 
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The hydroxyl derivative of X-CN is cyanic acid HO-CN: it cannot be prepared pure 

due to rapid decomposition but it is probably present to the extent of about 3% when its 

tautomer, isocyanic acid (HNCO) is prepared from sodium cyanate and HCl. HNCO 

rapidly trimerizes to cyanuric acid (Fig. 8.19) from which it can be regenerated by 

pyrolysis. It is a fairly strong acid (K, 1.2 x 10 * at 0°) freezing at — 86.8° and boiling at 

23.5°C. Thermolysis of urea is an alternative route to HNCO and (HNCO),; the reverse 

reaction, involving the isomerization of ammonium cyanate, is the classic synthesis of urea 

by F. Wohler (1828): 7” 

Alkali metal cyanates are stable and readily obtained by mild oxidation of aqueous 

cyanide solutions using oxides of Pb" or Pb'Y. The commercial preparation of NaNCO is 
by reaction of urea with Na,CO3. 

heat 

The pseudohalogen concept might lead one to expect a cyanate analogue of cyanogen 

but there is little evidence for NCO-OCN, consistent with the known reluctance of oxygen 

to catenate. By contrast, thiocyanogen (SCN), is moderately stable; it can be prepared as 

white crystals by suspending AgSCN in Et,O or SO, and oxidizing the anion at low 

temperatures with Br, or I,. (SCN), melts at ~ —7° to an unstable orange suspension 

which rapidly polymerizes to the brick-red solid parathiocyanogen (SCN),. This ready 

polymerization hampers structural studies but it is probable that the molecular structure 

is N=C-S-S-C=N with a nonlinear central C-S-S-C group. (SeCN), can be prepared 

similarly as a yellow powder which polymerizes to a red solid. 

Thiocyanates and selenocyanates can be made by fusing the corresponding cyanide 

with S or Se. The SCN~ and SeCN ~ ions are both linear, like OCN . Treatment of KSCN 

with dry KHSO, produces free isothiocyanic acid HNCS, a white crystalline solid which 

is stable below 0° but which decomposes rapidly at room temperatures to HCN and a 

yellow solid H,C,N,S3. Thiocyanic acid, HSCN, (like HOCN) has not been prepared 

pure but compounds such as MeSCN and Se(SCN), are known. 

The thiocyanate ion has been much studied as an ambidentate ligand (in which either S 

or N is the donor atom); it can also act as a bidentate bridging ligand -SCN-, and even as 

‘78 J. SHORTER, The conversion of ammonium cyanate into urea—a saga in reaction mechanisms, Chem. Soc. 
Revs. 7, 1-14 (1978). 
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a tridentate ligand Sscn—4 8 19) The ligands OCN~ and SeCN~ have been less studied 
but appear to be generally similar. A preliminary indication of the mode of coordination 

can sometimes be obtained from vibrational spectroscopy since N coordination raises 

both v(CN) and v(CS) relative to the values of the uncoordinated ion, where S 

coordination leaves v(CN) unchanged and increases v(CS) only somewhat. The bridging 

mode tends to increase both v(CN) and v(CS). Similar trends are noted for OCN~ and 

SeCN~ complexes. However, these “group vibrations” are in reality appreciably mixed 

with other modes both in the ligand itself and in the complex as a whole, and vibrational 

spectroscopy is therefore not always a reliable criterion. Increasing use is being made of 

‘*N and ‘°C nmr data? but the most reliable data, at least for crystalline complexes, 
come from X-ray diffraction studies.?°” The variety of coordination modes so revealed is 

illustrated in Table 8.10, which is based on one by A. H. Norbury. ® Phenomenologically 
it is observed that class a metals tend to be N-bonded whereas class b tend to be S-bonded 
(see below), though it should be stressed that kinetic and solubility factors as well as 

relative thermodynamic stability are sometimes implicated, and so-called ‘linkage 

isomerism” is well established, e.g. [Co(NH3),(NCS)]Cl, and [Co(NH;3)<,(SCN)]Cl,. In 

terms of the a and b (or “hard” and “soft”) classification of ligands and acceptors it is noted 

that metals in Groups ITTA—VIII together with the lanthanoids and actinoids tend to form 

—NCS complexes; in the later transition groups Co, Ni, Cu and Zn also tend to form -NCS 

complexes whereas their heavier congeners Rh, Ir; Pd, Pt; Au; and Hg are predominantly 

S-bonded. Ag and Cd are intermediate and readily form both types of complex. The 
interpretation to be placed on these observations 1s less certain. Steric influences have been 

mentioned (N bonding, which is usually linear, requires less space than the bent M-S-CN 
mode). Electronic factors also play a role, though the detailed nature of the bonding is still 

a matter of debate and devotees of the various types of electronic influence have numerous 

interpretations to select from. Solvent effects (dielectric constant ¢, coordinating power, 
etc.) have also been invoked and it is clear that these various explanations are not 

mutually exclusive but simply tend to emphasize differing aspects of an extremely 

complicated and delicately balanced situation. The interrelation of these various 

interpretations is summarized in Table 8.11. 

Fewer data are available for S©CN™ complexes but similar generalizations seem to 

hold. By contrast, OCN™ complexes are not so readily discussed in these terms: ir fact, 

very few cyanato (-OCN) complexes have been characterized and the ligand is usually N- 

bonded (isocyanato).'?°) 

18 A H. Norsury, Coordination chemistry of the cyanate, thiocyanate, and selenocyanate ions, Adv. Inorg. 
Chem. Radiochem. 17, 231-402 (1975) (825 refs.). 

19 & A. NewMaAN (ed.), Chemistry and Biochemistry of Thiocyanic Acid and its Derivatives, Academic Press, 

London, 1975, 351 pp.; a set of six reviews emphasizing inorganic aspects of general chemistry (M. N. HUGHES), 
Coordination chemistry (J. L. BURMEISTER), Molten thiocyanates (D. H. KERRIDGE), Biochemistry (J. L. 
Woop), Technology and industrial applications (H. A. BEEKHUIS), and Analytical chemistry (M. R. F. 

ASHWORTH). 
20 J A. KarGoL, R. W. CreceLy, and J. L. BuRMEISTER, '°C nuclear magnetic resonance spectra of 

coordinated thiocyanate, Inorg. Chim. Acta 25, L109-L110 (1977), and references therein. 

20a§ J. ANDERSON, D. S. Brown, and K. J. Finney, Crystal and molecular structure of [Ti(n>- 
C,H.),(NCO),] and [Zr(7°-C5H;).(NCO,], JCS Dalton 1979, 152-4. (The compounds, originally thought to 
be O-bonded on the basis of infrared and ‘*Nnmr spectroscopy, now shown by single-crystal X-ray 
diffractometry to be N-bonded.) 
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TABLE 8.10 Modes of bonding established by X-ray crystallography 

Mode Example Comment 

[AsPh,] [Ag(NCO),] Linear anion 

[Mo(OCN),]*~, [Rh(OCN) (PPh,)3] Based on infrared data only 

AgNCO Cf. fulminate in Table 8.8 
~ ~ 

[Ni,(NCO),{N(CH,CH,NH,)3},] [BPh,], | Note bent Ni-N-C 

[Co(NH,),(NCS)]Cl, 
Linkage isomerism 

[Co(NH3)5(SCN)]Cl, 

[Pd(NCS) (SCN) {Ph,P(CH,);PPh,}] Both N and S monodentate in a 
single crystal 

K,[Pd(SCN),] Weak S bridging to a second Pd 

[NBu4]3[Re(NCS),o] N-bonded bridging (and 

terminal)?°) ‘ 

[Co(NCS),Hg] Bidentate, different metals 

[Pt,(Cl),(PPr3).(SCN),] Bidentate, same metal 

[Co(NCS),Hg,].C;H, Tridentate 

[Ni(HCONMe,),(NCSe), ] N donor 

K[Co(Me,glyoxime),(SeCN), ] Se donor 

°°» F. A. Corton, A. Davison, W. H. Istey, and H. S. Trop, Reformulation from X-ray crystallography of a 
dinuclear thiocyanate complex of rhenium. The first observation of a solely N-bonded bridging thiocyanate, 
Inorg. Chem. 18, 2719-23 (1979). j ; 
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TABLE 8.11 Mode of bonding in thiocyanate complexes 

o-Donor High-e Low-e m-Acceptor 
Metal type ligand solvent solvent ligand 

Class a —-NCS —-NCS —SCN SCN 

Class b —SCN —SCN —NCS —-NCS 

) Sometimes discussed in terms of “hard” and “soft” acids and bases. 

8.9 Organometallic Compounds 

This section gives a brief summary of the vast and burgeoning field of organometallic 

chemistry.t No area of chemistry has produced more surprises and challenges during the 

past 25 y and the field continues to be one of great excitement and activity. A rich harvest 

of new and previously undreamed of structure types is reaped each year, the rewards of 

elegant and skilful synthetic programmes being supplemented by an unusual number of 

chance discoveries and totally unsuspected reactions. Synthetic chemists can take either a 

buccaneering or an intellectual approach (or both); structural chemists are able to press 

their various techniques to the limit in elucidating the products formed; theoretical 

chemists and reaction kineticists, though badly outpaced in predictive work, provide an 

invaluable underlying rationale for various aspects of the continually evolving field and 

just occasionally run ahead of the experimentalists; industrial chemists can exploit and 

extend the results by developing numerous catalytic processes of immense importance. 

The field is not new, but was transformed in 1952 by the recognition of the “sandwich” 

structure of dicyclopentadienyliron (ferrocene).'?!:?*) Many books®??~?°*) and extended 

+ The term organometallic is somewhat vague since definitions of organo and metallic are themselves necessarily 
imprecise. We shall use the term to refer to compounds that involve at least one close M-C interaction: this 
includes metal complexes with ligands such as CO, CO, CS,, and CN but excludes “ionic” compounds such as 
NaCN or Na acetate; it also excludes metal alkoxides M(OR), and metal complexes with organic ligands such as 
C;H,N, PPh3, OEt,, SMe,, etc., where the donor atom is not carbon. A permissive view is often taken in the 
literature of what constitutes a “meta!” and the elements B; Si, Ge; As, Sb; Se and Te are frequently included for 
convenience and to give added perspective. However, it is not helpful to include as metals all elements less 
electronegative than C since this includes I, S, and P. Metal carbides (p. 318) and graphite intercalation 
compounds (p. 313) are also normally excluded. 

21 G. WILKINSON, M. RosensBLuM, M. C. WHITING, and R. B. Woopwarb, The structure of iron bis- 

cyclopentadienyl, J. Am. Chem. Soc. 74, 2125-6 (1952). For some personal recollections on the events leading up 
to this paper, see G. WILKINSON, The iron sandwich. A recollection of the first four months, J. Organometallic 
Chem. 100, 273-8 (1975). 

22 JS. THAYER, Organometallic chemistry: a historical perspective, Adv. Organometallic Chem. 13, 1—49 

1975). 
23 G. E. Coates, M. L. H. GREEN, and K. WaDE, Organometallic Compounds, 3rd edn., Vol. 1, The Main 

Group Elements (573 pp.); Vol. Il, The Transition Elements (376 pp.), Methuen, London, 1967, 1968. An 

excellent systematic account. The fourth edition is beginning to appear: B. J. AYLETT, Vol. 1, Part 2, Groups IV 
and V. Chapman & Hall, London, 1979, 521 pp. 
24GB. Coates, M. L. H. GREEN, P. POWELL, and K. WapE, Principles of Organometallic Chemistry, 

Methuen, London, 1968, 259 pp. A useful general introduction. 

25 J M. Swanand D. St. C. BLack, Organometallics in Organic Synthesis, Chapman & Hall, London, 1974, 

158 pp. 
250 FY, ALPER (ed.), Transition Metal Organometallics in Organic Synthesis, Academic Press, London, Vol. 1, 

1976, 258 pp.; Vol. 2, 1978, 192 pp. 
256 — NEGISHI, Organometallics in Organic Synthesis, Vol. 1, General Discussions and Organometallics of 

Main Group Metals in Organic Synthesis, Wiley, Chichester, 1980, 532 pp. 

25¢ G. WILKINSON, F. G. A. STONE, and E. W. ABEL (eds.), Comprehensive Organometallic Chemistry, 9 Vols., 

Pergamon Press, Oxford, 1982, 9569 pp. 
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reviews'?°-?) are available on various aspects, and continued progress is summarized in 
annual volumes.°°-3%) 

The most satisfactory way of classifying the wide variety of organometallic compounds 

is by the number of C atoms attached to (or closely associated with) the metal atom. This 

essentially structural criterion can be established by several techniques and is more 

definite than other features such as the presumed number of electrons involved in the 

bonding. The number of attached carbon atoms is called the hapticity of the organic group 

(Greek nartetv, haptien, to fasten) and hapticities from 1 to 8 have been observed. 

Monohapto groups are specified as n!, dihapto as n”, etc.t Occasionally an observed M—C 

interatomic distance is intermediate between values that are typical of bonding and 
nonbonding interactions, and to this extent the structural classification is uncertain, but 

this is not usually a problem and need not concern us further. Earlier classifications of 

organometallic compounds were based either on the formal number of bonding elec- 

trons thought to be contributed by the organic moiety, or on the “type” of bonding (a, 

m, etc.). However, such classifications depend on the bonding model adopted and to this 

extent are indeterminate or ambiguous; they also change from time to time as the various 

bonding models evolve, and are inevitably formal in being restricted to integral members 

of electrons, whereas most modern theories of bonding envisage partial bond orders and 

the involvement of varying amounts of electron charge from both the organic moiety and 

the metal atoms. We shall, of course, frequently refer to various bonding theories since 

these are extremely important in gaining an understanding of organometallic compounds, 

in rationalizing their physical and chemical properties, and in planning further 

experiments. But they are unsatisfactory as the basis for a relatively permanent general 

classification of the types of compound. 

The various classes of ligands and attached groups that occur in organometallic 

compounds are summarized in Table 8.12, and these will be briefly discussed in the 

+ Some authors use the notation h’, h?, etc., but this is being replaced and is not recommended by IUPAC. 

26M. L. H. Green, An introduction to the organic chemistry of the metallic elements, Chap. 14 in 

Comprehensive Inorganic Chemistry, Vol. 1, pp. 1295-1321, Pergamon Press, Oxford, 1973. 

27 W. P. GRIFFITH, Carbonyls, cyanides, isocyanides, and nitrosyls, Chap. 46 in Comprehensive Inorganic 
Chemistry, Vol. 4, pp. 105-95, Pergamon Press, Oxford, 1973. 

28 B. F. G. JOHNSON, Transition metal chemistry, Chap. 52 in Comprehensive Inorganic Chemistry, Vol. 4, 
pp. 673-779, Pergamon Press, Oxford, 1973. 

9 B. L. SHAW and N. I. Tucker, Organo transition metal compounds and related aspects of homogeneous 
catalysis, Chap. 53 in Comprehensive Inorganic Chemistry, Vol. 4, pp. 781-994, Pergamon Press, Oxford, 1973. 

9a T. J. MaRKS, Chemistry and spectroscopy of f element organometallics. Part 1, The lanthanides, Prog. 
Inorg. Chem. 24, 51-107 (1978); Part 2, The Actinides, Prog. Inorg. Chem. 25, 223-333 (1979). 

29> F. A. CoTTON and G. WILKINSON, Advanced Inorganic Chemistry, 4th edn., Wiley, New York, 1980, 
particularly Chap. 25, Metal carbonyls and other complexes with z-acceptor ligands, pp. 1049-79; Chap. 27, 
Transition metal compounds with bonds to hydrogen and carbon, pp. 1113-82; Chap. 29, Transition metal to 
carbon bonds in synthesis, pp. 1234-64; Chap. 30, Transition metal to carbon bonds in catalysis, 

pp. 1265-1309. These four chapters contain numerous references to relevant books, reviews, and recent 
literature. 

°° F. G. A. STONE and R. West (eds.), Advances in Organometallic Chemistry, Academic Press, New York, 
Vol. 1 (1964)-Vol. 19 (1981). 

31 Organometallic Chemistry Reviews, Vol. 1 (1966)-Vol. 10 (1972), Elsevier. Appeared as Series A (extended 
subject reviews) and Series B (annual surveys of individual groups of elements). Now incorporated as annual 
surveys in J. Organometallic Chem. 

32 Organometallic Chemistry Reactions, Wiley, Vol. 1, (1967)-Vol. 12 (1981). 
328 Topics in Inorganic and Organometallic Stereochemistry, Wiley, Vol. 1, (1967)-Vol. 12 (1981). 
320 J. J. EiscH, Organometallic Syntheses, Vol. 2, Academic Press, New York, 1981, 194 pp. - 
33 Chemical Society Specialist Periodical Reports, Organometallic Chemistry, Vol. 1 (1971)-Vol. 9 (1979). 

Shorter, more selective reviews, appear in Annual Reports of the Chemical Society. 
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TABLE 8.12 Classification of organometallic ligands according to the number of attached C 
atoms® 

Number Examples 

O 
I 

n', monohapto Alkyl (—R), aryl (—Ar), perfluoro (—R,), acyl (—CR), o-allyl (—CH,CH=CH,), 
o-ethynyl (—C=CR), CO, CO,, CS,. CN , isocyanide (RNC), 

JOR JOR 
carbene (=CR3,=C © , —Ccyclo, etc.) 

\R \NHAr 
carbyne (CR, eo carbido (C) 

n’, dihapto Alkene ec, perfluoroalkene (e.g. C,F,), 

alkyne (—C=C-—.), etc. [non-conjugated dienes are bis-dihapto] 

n°, trihapto n-allyl (2C—C—K ) 

n*, tetrahapto Conjugated diene (e.g. butadiene), cyclobutadiene derivatives 
4°, pentahapto Dieny! (e.g. cyclopentadieny! derivatives, cycloheptadienyl derivatives) 
n°, hexahapto Arene (e.g. benzene, substituted benzenes) cycloheptatriene, cycloocta-1,3,5-triene 
ny’, heptahapto Tropylium (cycloheptatrienyl!) 
n°, octahapto Cyclooctatetraene 

@) Many ligands can bond in more than one way:®*) eg. allyl can be y! (o-allyl) or n° (z-allyl); 
cyclooctatetraene can be * (1,3-diene), 4* (chelating, 1,5-diene), 7° (1,3,5-triene), 7° (bis-1,2,3,-5,6,7-1-allyl), 
n® (1,3,5,7-tetraene), etc. 

following paragraphs. Aspects which concern the general chemistry of carbon will be 

emphasized in order to give coherence and added significance to the more detailed 

treatment of the organometallic chemistry of individual elements given in other sections, 

e.g. Li (p. 110), Be (p. 141), Mg (p. 146), etc. 

8.9.1 Monohapto ligands 

Alkyl and aryl derivatives of many main-group metals have already been discussed in 

previous chapters, and compounds such as PbMe, and PbEt, are made on a huge scale, 

larger than all other organometallics put together (p. 432). The alkyl and aryl groups are 

usually regarded as 1-electron donors but it is important to remember that even a 

monohapto 1-electron donor can bond simultaneously to more than 1 metal atom, e.g. to 

2 in Al,Me, (p. 289), 3 in Li,Bu4, (p. 112), and 4 in [Li,Me,],,. Similarly, an y’ ligand such 

as CO, which is often regarded as a 2-electron donor, can bond simultaneously to either 1, 

2, or 3 metal atoms (p. 351). There is thus an important distinction to be drawn between 

(a) hapticity (the number of C atoms in the organic group that are closely associated with a 

metal atom), (b) metal connectivity (the number of M atoms simultaneously bonded to 

the organic group), and (c) the number of ligand electrons formally involved in bonding to 

the metal atom(s). The metal connectivity is also to be distinguished from the 

coordination number of the C atom, which also includes all other atoms or groups 

attached to it: e.g. the bridging C atoms in Al,Me, are monohapto with a metal 

connectivity of 2 and a coordination number of 5. 
Although zinc alkyls were first described by E. Frankland in 1849 and the alkyls and 
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aryls of most main group elements had been prepared and often extensively studied during 
the subsequent 100 y, very few such compounds were known for the transition metals even 
as recently as the late 1960s. The great burst of current activity°* *° stems from the 
independent suggestion’*® 3”) that M-—C bonds involving transition elements are not 
inherently weak and that kinetically stable complexes can be made by a suitable choice of 
organic groups. In particular, the use of groups which have no f-hydrogen atom (e.g. 

—~CH,Ph, -CH,CMe;, or -CH,SiMe;) often leads to stable complexes since this prevents 

at least one facile decomposition route namely f-elimination. 

The reverse reaction (formation of metal alkyls by addition of alkenes to M—H) is the 

basis of several important catalytic reactions such as alkene hydrogenation, hydro- 

formylation, hydroboration, and isomerization. A good example of decomposition by 

f-elimination is the first-order intramolecular reaction: 

[Pt(Bu),(PPh,),] ——> 1-C,H, +[Pt(Bu)(H)(PPh,),] ——— n-C,H,)+[Pt(PPh;),] 

B-Elimination reactions have been much studied“°* 3°) but should not be over emphasized 
since other decomposition routes must also be considered. Amongst these are: 

homolytic fission, e.g. HgPh, >Hg+2Ph 

reductive elimination, e.g. [Au"'Me,(PPh,)]>[Au'Me(PPh,)]+C,H, 
binuclear elimination (or formation of Bu radicals) e.g. 

2[Cu(Bu)(PBu;)] ——> 2Cu + 2PBu, +n-C,H,)+1-C,Hs 

a-Elimination to give a carbene complex, e.g. 

[Ta(CH, CMe )3Cl, }+2 LiCH,CMe; > _ 2 LiCl + “[Ta(CH,CMe 3) ,]” 

a@-elim As | 
——_+> CMe, + [Ta (CHaCMe3)3(=CT_ 

3 

Stabilization of 7’-alkyl and -aryl derivatives of transition metals can be enhanced by 

the judicious inclusion of various other stabilizing ligands in the complex, even though 

such ligands are now known not to be an essential prerequisite.°® Particularly efficacious 

34 P. J. Davipson, M. F. LaPPerT, and R. Pearce, Metal o-hydrocarbonyls, MR,,: stoichiometry, structures, 

stabilities, and thermal decomposition pathways, Chem. Revs. 76, 219-42 (1976)—a review with 329 refs. 
°° R. R. SCHROCK and G. W. ParsHALL, o-Alkyl and o-aryl complexes of Group IV-VII transition metals, 

Chem. Revs. 76, 243-68 (1976)—a review with 357 refs. 

3° M. R. Coviier, M. F. Lappert, and M. M. TRUuELOcK, p-Methylene transition metal binuclear 
compounds: complexes with Me,SiCH,~ and related ligands, J. Organometallic Chem. 25, C36—C38 (1970). 

37 G. YaGupsky, W. Mowat, A. SHORTLAND, and G. WILKINSON, Trimethylsilylmethyl compounds of 
transition metals, JCS Chem. Comm. 1369-71 (1970). 

°® P. S. BRATERMAN and R. J. Cross, Organo-transition-metal complexes: stability, reactivity, and orbital 
correlations, Chem. Soc. Rev. 2, 271-94 (1973). 
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are potential x acceptors (see below) such as AsPh3, PPh;, CO, or n°-C;H, in 
combination with the heavier transition metals since the firm occupation of coordination 
sites prevents their use for concerted decomposition routes. Steric protection may also be 
implicated. Similar arguments have been used to interpret the observed increase in 

stability of 4* complexes in the sequence alkyl<aryl<o-substituted aryl <ethynyl 
(—C=CHy 

The next group of 7' ligands comprise the isoelectronic species, CO, CN~, and RNC. 

They are closely related to other 14-electron (10 valence electron) ligands such as N, and 

NO* (and also to tertiary phosphines and arsines, and to organic sulfides, selenides, etc.), 

and it is merely the presence of C as the donor atom which classifies their complexes as 

organometallics. All have characteristic donor properties that distinguish them from 

simple electron-pair donors (Lewis bases, p. 223) and these have been successfully 

interpreted in terms of a synergic or mutually reinforcing interaction between o donation 

from ligand to metal and z back donation from metal to ligand as elaborated below. CO is 
undoubtedly the most important and most widely studied of all organometallic ligands 

and it is the prototype for this group of so-called z-acceptor ligands.‘°*) The currently 

accepted view of the bonding is represented diagramatically in Figs. 8.20 and 8.21. Figure 

8.20 shows a schematic molecular orbital energy level diagram for the heteronuclear 

diatomic molecule CO. The AOs lie deeper in O than in C because of the higher effective 

nuclear charge on O; consequently O contributes more to bonding MOs and C 

contributes more to the antibonding MOs. It can be seen that all the bonding MOs are 
filled and, in this description, the CO molecule can be said to have a triple bond :C=O: 

with the lone-pair on carbon weakly available for donation to an acceptor. The top part 

(a) of Fig. 8.21 shows the formation of ao bond by donation of the lone-pair into a suitably 

directed hybrid orbital on M, and the lower part (b) shows the accompanying back 

donation from a filled metal d orbital into the vacant antibonding CO orbital having x 

symmetry (one node) with respect to the bonding axis. This at once interprets why CO, 

which is a very weak o donor to Lewis acids such as BF and AICl1;, forms such strong 

complexes with transition elements, since the drift of z-electron density from M to C tends 

to make the ligand more negative and so enhances its o-donor power. The pre-existing 

negative charge on CN _ increases its o-donor propensity but weakens its effectiveness as a 

nm acceptor. It is thus possible to rationalize many chemical observations by noting that 

effectiveness as a o donor decreases in the sequence CN” > RNC>NO* ~CO whereas 

effectiveness as a x acceptor follows the reverse sequence NO* >CO>RNC>CN -. By 

implication, back donation into antibonding CO orbitals weakens the CO bond and this 

is manifest in the slight increase in interatomic distance from 112.8 pm in free CO to 

~ 115 pm in many complexes. There is also a decrease in the C—O force constant, and the 

drop in the infrared stretching frequency from 2143 cm‘ in free CO to 2125-1850 cm! 
for terminal COs in neutral carbonyls has been interpreted in the same way. 

The occurrence of stable neutral binary carbonyls is restricted to the central area of the 

d block (Table 8.13), where there are low-lying vacant metal orbitals to accept o-donated 

lone-pairs and also filled d orbitals for 2 back donation. Outside this area carbonyls are 

either very unstable (e.g. Cu, Ag, p. 1392), or anionic, or require additional ligands besides 
CO for stabilization. As with boranes and carboranes (p. 203), CO can be replaced by 

isoelectronic equivalents such as 2e ,H , 2H’, or L. Mean bond dissociation energies 

384 Topics in Current Chemistry, Vol. 71, Metal Carbonyl Chemistry, Springer-Verlag, Berlin, 1977, 190 pp. 
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Fic. 8.21 Schematic representation of the orbital overlaps leading to M—CO bonding: (a) o 
overlap and donation from the lone-pair on C into a vacant (hybrid) metal orbital to form a o 
M-<C bond, and (b) z overlap and the donation from a filled d,, or d,, orbital on M into a vacant 

antibonding z* orbital on CO to form a 7 MC bond. 

TABLE 8.13 Known neutral binary metal carbonyls. Osmium also forms Os;(CO), 6, 
Os5(CO)19, O56(CO),3, OS6(CO)29, Os7(CO),,, and Osg(CO), 3. Carbonyls of elements 
in the shaded area are either very unstable, or anionic, or require additional ligands besides 

CO for stabilization 

THA IVA VIIA Ce WW IB IIB 

| VCO), | CrCO), | Mn,(CO), | Fe(CO), | Co,(CO), | Ni(CO),f 

: Fe,(CO), | Co,(CO),, Oo 

Al Fe3(CO);2 | Cog(CO); 6 i 

Te,(CO) > | Ru(CO), | Rh,(CO), 

Te,(CO),2} Ruz (CO), | Rh,(CO),, 

Ru3(CO),.| Rh,(CO),,| 

| W(CO), | Re2(CO)s0 | Os(CO), | Ir,(CO), | 
: Os, (CO), | Ir,(CO),, F 

Os3(CO),2 | Ir6(CO); 6 

D(M-CO)/kJ mol“? increase in the sequence Cr(CO), 109, Mo(CO), 151, W(CO), 176, 

and in the sequence Mn,(CO),, 100, Fe(CO),; 121, Co,(CO), 138, Ni(CO), 147. 

CO can act as a terminal ligand, as an unsymmetrical or symmetrical bridging ligand 

(u,-CO) or as a triply bridging ligand (u3-CO): 

In all these cases CO is y* but the connectivity to metal increases from 1 to 3. It is notable 

that in the u,-bridging carbonyls the angle M—C(O)-M is usually very acute (77—-80°), 

whereas in organic carbonyls the C-C(O)-C angle is typically 120-124°. This suggests a 

CTE-M 
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fundamentally differing bonding mode in the two cases and points to the likelihood of a 2- 

electron 3-centre bond (p. 179) for the bridging metal carbonyls. The hapticity can also 

rise, and recent structural determinations afford examples in which one or both of the n* 

orbitals in CO are thought to contribute to 7? bonding to 1 or 2 M atoms.°% A bis-7- 
bridging mode has also been detected in an AIPh, adduct,'°°” reminiscent of the bridging 

mode in the isoelectronic CN” ligand (p. 339): 

Numerous examples of metal carbonyls will be found in later chapters dealing with the 

chemistry of the individual transition metals. CO also has an unrivalled capacity for 

stabilizing metal clusters and for inserting into M-—C bonds (p. 329). Synthetic routes 

include: 
30/1 atm 

(a) direct reaction, e.g.: Ni+4CO Ni(CO), 

200°/200 atm 
Fe45CO S"  Fe(CO), 

(b) reductive carbonylation, e.g.: 

250/350 atm 
Os, +9CO ES" ONCO), + 4COs 

Rul SCO4 3A Hoes” Ru(CO) s+ 3A8 

WCl, + 3Fe(CO); —-—> W(CO), + 3FeCl, +9CO 

(c) photolysis or thermolysis, e.g.: 

2Fe(CO), —““—> Fe,(CO),+CO 

ICON(CO); 222 os CEHCONE IMCO 

The remaining classes of monohapto organic ligands listed in Table 8.12 are carbene 

(=CR,), carbyne (=CR), and carbido (C). Stable carbene complexes were first reported 

in 1964 by E.O. Fischer and A. Maasbdol.°) Initially they were of the type 

OMe 
[W(CO) (CC )]; and it was not until 1968 that the first homonuclear carbene 

R 

38> WA. HERRMANN, M. L. ZIEGLER, K. WEIDENHAMMER, and H. Biersack, A novel mode of coordination in 
the structural chemistry of carbonyl metal compounds, Angew. Chem., Int. Edn. (Engl.) 18, 960-61 (1979), and 
references therein. See also J. A. MARSELLA and K. G. CaULTON, Molecular-dynamics of the four-electron 

bridging carbonyl, Organometallics 1, 274-79 (1982); W. A. HERRMANN, J. BrERSACK, M. L. ZIEGLER, K. 

WEIDENHAMMER, R. SIEGEL, and D. REHDER, Carbon monoxide—a six-electron ligand?, J. Am. Chem. Soc. 103, 

1692-99 (1981). 
38¢ J. M. Bur icu, M. E. Leonowicz, R. B. PETERSEN, and R. E. HUGHES, Coordination of metal carbonyl 

anions to triphenyl-aluminium, -gallium, and -indium, J/norg. Chem. 18, 1097-1105 (1979). 
3° E. O. FISCHER, On the way to carbene and carbyne complexes, Adv. Organometallic Chem. 14, 1-32 (1976). 
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Ph 
complex was reported feucon.ccC I )], and isolation of a carbene containing the 

Ph 

parent methylene group :CH, was not achieved until 1975:4° 

base 

[Ta(n°-CsH;),Me,]* BF, ———> 
Ph3CBF, 

[Ta(n°-C;H;).Me3] 

[Ta(n°-C,H.),(Me) (:CH,)] 

Other preparative routes are: 

Et20 7 OLIOEt 2), ~ Me30BF, OMe 
WteCO) Lik. ===> [WCo).(c )} ———_—s [(W(CO) 5 :C )] 

CPh 
thf ca [cyclo-(PhC),CC1] + Na,Cr(CO); ———— _ [Cr(CO),(:C || )] 

ie Po CPh 

The metal is in the formal oxidation state zero. As expected, the M—C bonds are somewhat 

shorter than M-R bonds to alkyls, but they are noticeably longer than M-—CO bonds 

suggesting only limited double-bond character M=C, e.g.: 

in [Ta(n°-C;H,).(Me)(CH,)] Ta-CH, 220.6 pm Ta-CH, 225 pm 

in [W(CO);{C(OMe)Ph}] W-C(OMe)Ph 205 pm W-CO 189 pm 

in [Cr(CO),{C(OMe)Me}(PPh,)] Cr-C(OMe)Me 204 pm Cr-CO 186 pm 

Carbene complexes are highly reactive species.'?' > 
Carbyne complexes were first made in 1973 by the unexpected reaction of 

methoxycarbene complexes with boron trihalides: 

pentane 
[M(CO),{C(OMe)R}]+ BX; => [M(CO),(=CR)X] + CO + BX, (OMe) 

M=Cr, Mo, W; R=Me, Et, Ph; X=Cl, Br, I 

Several other routes are now also available in which BX, is replaced by AICI;, GaCl,, 

Al, Br,, or Ph3PBr,, e.g.: 

pentane 
[W(CO),{C(OMe)Ph}] + Al,Br, “> [WBr(CO),(=CPh)] + CO + Al,Brs(OMe) 

X-ray studies reveal the expected short M—CR distance, but the bond angle at the car- 
byne C atom is not always linear. Some structural data are annexed, see page 354. 
A compound which features all three types of ’ ligand, alkyl, alkylidene, and alkylidyne, 

is the red, square-pyramidal tungsten(VI) complex [W(=CCMe;)(=CHCMe;) 

(CH,CMe-;)(Me,PCH,CH,PMe,)] in which the W-C distance is 226 pm to neopentyl, 

40 RR. ScuHROcK, The first isolable transition metal methylene complex and analogs. Characterization, 

mode of decomposition, and some simple reactions, J. Am. Chem. Soc. 97, 6577-78 (1975); L. J. GUGGENBERGER 

and R. R. ScHROCK, Structure of bis(cyclopentadienyl)methylmethylenetantalum and the estimated barrier to 
rotation about the tantalum-methylene bond, ibid. 6578-79. 
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This is the shortest known Cr—C 

distance cf.217—222 pm in Cr—C 

single bonds and 191 pm in Cr(CO, ) 

Cf.227—232 pm for W—C single 
bond and 206 pm in W(CO), 

194 pm to neopentylidene, and 176pm to the apical neopentylidyne ligand; the 

corresponding W-C-C angles are 125°, 150°, and 175° respectively.*° 
A carbido-complex [Fe,;C(CO),;] was first obtained in 1962 as an unexpected side 

product in very low yield from a reaction whose mechanism still remains obscure. 

petrol ether [Fe3(CO), .] + PhC=CMe "=", [Fe,C(CO), 5]; yield <0.5% 

More recently it has become apparent that the individual C atom fulfils predictable 
steric and electronic functions and a somewhat more systematic approach to the synthesis 

of such complexes is beginning to emerge.“*’) Three routes hold promise. For Fe, Ru, and 

Os derivatives pyrolysis under carefully defined conditions produces respectable though 

unaccountable yields, e.g.: 
Bu30/142° 

[Ru3(CO),.] 6b; HO: Ru, [Ru,(CO),,H,4], [Ru,(CO),3H.], [Ru,C(CO), 7] - 

53% 10° ou 30% 

For Co and Rh carbidocarbonyl clusters, CCl, can be used as the source of C, e.g.: 

PriOH/25° 
6[NMe;Bz] [Rh(CO),]+CCl, [NMe,Bz],[Rh,C(CO), ;] + 4[NMe3Bz]Cl 

90% yield 

#94 M. R. CHURCHILL and W. J. Younes, The crystal structure and molecular geometry of [W(=CCMe;) 
(=CHCMe,) (CH,CMe,) (dmpe)], a mononuclear tungsten(VI) complex with metal-alkylidyne, metal- 
alkylidene, and metal-alkyl linkages, Inorg. Chem. 18, 2454-8 (1979). 

41 P. Cunt, G. LoNGont, and V. G. ALBANO, High nuclearity metal carbonyl clusters, Adv. Organometallic 
Chem. 14, 285-344 (1976). M. TACHIKAWA and E. L. MUETTERTIES, Metal carbide clusters, Prog. Inorg. Chem. 
28, 203-38 (1981). D. H. FARRAR, P. F. JACKSON, B. F. G. JOHNSON, J. Lewis, and J. N. NICHOLLS, A high-yield 
synthesis of Ru;C(CO),, by the carbonylation of Ru,C(CO), >, JCS Chem. Comm. 1981, 415-16. 
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The analogous reaction cannot be carried out directly with [Co(CO),]~ since it is 

oxidized by CCl, to [Co,(CO), ]; instead the reaction is carried out in two steps via the 

well-known triply-bridging chloromethynyl derivative [Co3;(CO) (CC1)]: 

CC1,/40° 
S[Co(CO)5] + 3CCl, <--> 2[ Co3(CO)(CCI)] + 4CoCl, + 22CO + $C,Cly 

% 

Pri,O/25° 
[Co3(CO),(CCl)] + 3Na[Co(CO),] —-_—>Na, [Co,C(CO), 5] ++ NaCl+ 6CO 

The second step can be viewed as a redox cocondensation reaction and can be used to 

synthesize even larger clusters, e.g.: 

2[Co,C(CO), 412 + £Co,(CO) 5] et + 2 CogC(CO), 6]?~ +6CO 

Known examples of these compounds are listed in Table 8.14 and Figs. 8.22-8.28 give 
representative structures.“': 4”) [Fe,C(CO),;] comprises a square-based pyramid of 
{Fe(CO),} groups with the unique C atom symmetrically disposed just below the basal 

plane; the similarity to the “isoelectronic” ferraborane structure [Fe(B,H,) (CO) ] has 

already been discussed (p. 198) and formal electron-counting rules indicate that the 

carbido C contributes 4 electrons to the cluster bonding. Octahedral M, clusters have 

been established for the 86-electron clusters [Fe,C(CO),,]?~ and [Ru,C(CO),.] (Fig. 

8.23), whereas the 90-electron species [RhgC(CO), 5]? features trigonal prismatic coor- 

dination of Rh, about the central C(Fig. 8.24). More compiex geometries are found for 

[Rh,C(CO),.,] (Fig. 8.25) and [CogC(CO),,]?~ (Fig. 8.26): these two isoelectronic 

clusters are not isostructural though a slight distortion would (hypothetically) transform 

one into the other. The central carbido C in the square antiprismatic [CogC(CO),.]?~ is 
formally 8-coordinate, the Co-C distances being in the range 195-220 pm with a mean 

TABLE 8.14 Some carbidocarbonyl! metal clusterst 

[Fe;C(CO), 5] Black [Co,C(CO),4]~ Dark brown, paramag 
[Fe,;C(CO),4]?~ Red-black [Co,C(CO), 2)7* Brown-red 
[Fe,C(CO),.]?~ Black [CogC(CO),.]7~ Brown 

[Co,3(C),(CO),,4H]*~ Brown 
[Ru;C(CO), 5] Red 
[Ru,C(CO),7] Deep red [Rh,C(CO), 3]?~ Red-brown 
[Ru,C(CO),.(L)] Orange [Rh,C(CO),;]?~ Yellow 
[Ru,(arene)C(CO), 4] Dark red [RhgC(CO),9] Black 

[Rh,2(C),(CO),4]?~ Black 
[Os;C(CO), 5] Orange [Rh, 2(C,)(CO),5] Black 

[Os,C(CO),o(H)2] Brown [Rh, 5(C)2(CO)28]~ Brown 
[OsgC(CO),;] Purple 

+ Recently an example has also been synthesized with a Group VIIA metal?” namely the red species 

[Re,C(CO),;]*~. 

42. G. ALBANO, P. CHINI, G. Cuint, M. SANSONI, D. SrRUMOLO, B. T. HEATON, and S. MARTINENGO, 
Stabilization of carbonyl clusters by a carbide atom: synthesis and characterization of [Co,(CO),,C]?~ and of 
paramagnetic [Co,(CO),,C]~ anions, J. Am. Chem. Soc. 98, 5027-8 (1976). 

42a G CIANI, G. D’ALFONSO, M. FRENI, P. REMITI, and A. SironI, A high nuclearity carbonyl cluster of 
rhenium stabilized by an interstitial carbide; synthesis and X-ray crystal structure of the anion 
[Re,C(CO),,]?~, JCS Chem. Comm. 1982, 339-40. 



356 Carbon Ch. 8 

Fic. 8.22 Structure of [Fe;C(CO),.;]; the 5-coordinate carbido C is 15 pm below the basal 
plane. 

Fic. 8.23 Structure of [Ru,C(CO), 7] with one bridging CO group; the isoelectronic dianion 
[Fe,C(CO),,.]?~ has a similar octahedral M, cluster but has 3 »-CO groups. 

value of 207 pm. Even more complicated structures are found for the large Rh clusters 

containing 2 carbido C atoms: [Rh, »(C,)(CO)25] (Fig. 8.27 has no symmetry elements 

but it is clear that the Rh,, cluster surrounds an ethanide unit C, in which the C-—C 

distance is only 147 pm); the cluster also has 14 pendant terminal CO groups, 10 u,-CO 

groups and one p,-CO. In contrast, [Rh,;(C),(CO).,]” (Fig. 8.28) has individual 6- 

coordinate (octahedral) carbido C atoms symmetrically placed on each side of a central 

Rh which itself has 12 Rh nearest neighbours in addition to the 2 C atoms. The approach 
to metal structures is notable and is one of the main interests in constructing large clusters 

and studying their chemical and catalytic activity. 
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Fic. 8.24. Structure of [RhgC(CO),;]*~ ; the C is surrounded by a trigonal prism of Rh atoms 
each of which carries 1 terminal CO. The other 9 CO groups bridge the 9 edges of the prism. 

Fic. 8.25 Heavy-atom structure of [RhgC(CO),.] showing a trigonal prism of 6 Rh capped by a 
7th Rh on one square face and bridged by the 8th Rh on one triangular edge. There are 11 terminal 

CO, 6 p-CO, and 2 p3-CO. 

8.9.2 Dihapto ligands 

Reference to Table 8.12 places this section in context. The first complex between a 

hydrocarbon and a transition metal was isolated by the Danish chemist W. C. Zeise in 
1825 and in the following years he characterized the pale-yellow compound now 

formulated as K[Pt(7?-C,H,)Cl,] H,O.t' Zeise’s salt, and a few closely related 

complexes such as the chloro-bridged binuclear compound [Pt,(7?-C,H,) (u2-Cl),Cl], 
remained as chemical curiosities and a considerable theoretical embarrassment for over 

100 y but are now seen as the archetypes of a large family of complexes based on the 

bonding of unsturated organic molecules to transition metals. The structure of the anion 

of Zeise’s salt has been extensively studied and the most recent refinements from neutron 

+ The original reaction was obscure: Zeise heated a mixture of PtCl, and PtCl, in EtOH under reflux and then 
treated the resulting black solid with aqueous KCl and HCI to give ultimately the cream-yellow product. 
Subsequently the compound was isolated by direct reaction of C,H, with K,[PtCl,] in aqueous HCl. 



Fic. 8.26 Two views of [CogC(CO),,]?~ ; the 8 Cs define a distorted square antiprism (a) which 
can also be viewed as a distorted, bicapped trigonal prism (b) (cf. Fig. 8.25). 

Fic. 8.27 Schematic representation of the molecular structure of Rh, ,(C,)(CO),<. 
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Fic. 8.28 Schematic representation of the molecular structure of the anion [Rh,;(C),(CO),.] . 

diffraction data?) are in Fig. 8.29. Significant features are (a) the C=C bond is 
perpendicular to the PtCl, plane and is only 3.8 pm longer than in free C,H,, (b) the C,H, 

group is significantly distorted from planarity, each C being 16.4 pm from the plane of 

4H, (c) the angle between the normals to the CH, planes is 32.5°, and (d) there is an 

unambiguous trans- effect (p. 1352), i.e. the Pt-Cl distance trans to C,H, is longer than the 
2 cis-Pt-Cl distances by 3.8 pm (19 standard deviations). The key to our present 

understanding of the bonding in Zeise’s salt and all other alkene complexes stems from the 

LX hs 

Cl 

230.2 pm 32.5° 

213.5 pm Pt 

234.0 pm 

230.2 pm 

C1 Cl 
Hy 

Fic. 8.29 Structure of the anion of Zeise’s salt [Pt(7?~C,H,)Cl,]~ ; standard deviations are 
Pt-Cl 0.2 pm; Pt-C 0.3 pm, and C-C 0.4 pm. 

43R_ A. Love, T. F. Koerz_e, G. J. B. Wittiams, L. C. ANDREWS, and R. Bau, Neutron diffraction study of 
the structure of Zeise’s salt, KPtCl,(C,H,).H O, /norg. Chem. 14, 2653-7 (1975). 

CTE-M* 
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eaeas SS 

ss 
2G DM B Yy > 

J] 
C Yj 

iad 
HH 

(a) o donation from filled z orbital of alkene (b) z-back donation from a filled metal d 
into vacant metal hybrid orbital. orbital (or hydrid) into the vacant antibonding 

orbital of alkene. 

Fic. 8.30 Schematic representation of the two components of an 7?-alkene-metal bond. 

perceptive suggestion by M.J.S. Dewar in 1951 that the bonding involves electron 

donation from the z bond of the alkene into a vacant metal orbital of o symmetry; this idea 

was modified and elaborated by J. Chatt and L. A. Duncanson in a seminal paper in 1953 

and the Dewar-—Chatt-Duncanson theory forms the basis for most subsequent 

discussion.?3: 24:29) The bonding is considered to arise from two interdependent 
components as illustrated schematically in Fig. 8.30. In the first part, o overlap between 

the filled x orbital of ethene and a suitably directed vacant hybrid metal orbital forms the 

“electron-pair donor bond”. This is reinforced by the second component which derives 

from overlap of a filled metal d orbital with the vacant antibonding orbital of ethene; these 

orbitals have x symmetry with respect to the bonding axis and allow M—C, z back 

bonding to assist the c¢C, > M bond synergically as for CO (p. 351). The flexible interplay 

of these two components allows a wide variety of experimental observations to be 

rationalized: in particular the theory convincingly interprets the orientation of the alkene 

with respect to the metal and the observed lengthening of the C-C bond. However, the 

details of the distortion of the alkene from planarity are less easy to quantify on the model 

and evidence is accumulating which suggests that the extent of z back bonding may have 

been overemphasized for some systems in the past. At the other extreme back donation 

may become so dominant that C-C distances approach values to be expected for a single 

bond and the interaction would be described as oxidative addition to give a 

metallacyclopropane ring involving two 2-electron 2-centre M-C bonds: 
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For example, tetracyanoethylene has a formal C=C double bond (133.9 pm) in the free 
ligand but in the complex [Pt{C,(CN),}(PPh3).] the C-C distance (152 pm) is that of a 
single bond and the CN groups are bent away from the Pt and 2P atoms; moroever, the 2P 

and 2C that are bonded to Pt are nearly coplanar, as expected for Pt" but not as in 

(tetrahedral) 4-coordinate Pt°complexes. [Rh(C,F,)Cl(PPh,), ] affords another example 

of the tendency to form a metallacyclopropane-type complex (C-C 141 pm) with pseudo- 
S-coordinate Rh" rather than a pseudo-4-coordinate ?-alkene complex of Rh!. However, 
the two descriptions are not mutually exclusive and, in principle, there can be a continuous 
gradation between them. 

Compounds containing M-7?-alkene bonds are generally prepared by direct replace- 

ment of a less strongly bound ligand such as a halide ion (cf. Zeise’s salt), a carbonyl, or 
another alkene.?) Chelating dialkene complexes can be made similarly, e.g. with cis-cis- 

cycloocta-1,5-diene (COD): 

Numerous examples are given in later sections dealing with the chemistry of individual 

transition metals. Few, if any, y?-alkene or -diene complexes have been reported for the 

first three transition-metal groups (why?), but all later groups are well represented, 

including Cul, Ag', and Au!. Indeed, an industrial method for the separation of alkenes uses 
the differing stabilities of their complexes with CuCl. For many metals it is found that 
increasing alkyl substitution of the alkene lowers the stability of the complex and that 

trans-substituted alkenes give less stable complexes than do cis-substituted alkenes. For 
Rh! complexes F substitution of the alkene enhances the stability of the complex and Cl 

substitution lowers it. 
Alkyne complexes have been less studied than alkene complexes but are similar. 

Preparative routes are the same and bonding descriptions are also analogous. In some 

cases, e.g. the pseudo-4-coordinate complex [Pt(y?-C,Bu},)Cl,(4-toluidine)] (Fig. 8.31) 
the C=C bond remains short and the alkyne group is normal to the plane of 
coordination; in others, e.g. the pseudo-3-coordinate complex [Pt(y?-C,Ph,) (PPh;),] 

Bu! 

C==C is 1" ‘ 
165 

to plane ia 

Cl = | 127 pm 
Cc 

\ Bu! 

4-MeC ,H,N 

Fic. 8.31 Structure of [Pt(y?-C,Bu})Cl,(4-toluidine)]. 
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Ph3P 

Fic. 8.32 Structure of [Pt(y?-C,Ph,)(PPh,).]. 

(Fig. 8.32), the alkyne group is almost in the plane (14°) and the attached substituents are 

bent back to an angle of 140° suggesting a formulation intermediate between 3-coordinate 

Pt° and 4-coordinate Pt". One important difference between alkynes and alkenes is that 
the former have a triple bond which can be described in terms of a o bond and two 

mutually perpendicular x bonds. The possibility thus arises that y?-alkynes can function 

as bridging ligands and several such complexes have been characterized. The classic 

example is [Co,(CO);(C,Ph,)] which is formed by direct displacement of the 2 bridging 

carbonyls in [Co,(CO),] to give the structure sketched below: 

The C-C group lies above and at right angles to the Co—Co vector; the C-C distance is 

146 pm (27 pm greater than in the free alkyne) and this has been taken to indicate 

extensive back donation from the 2 Co atoms. The Co—Co distance is 247 pm compared 
with 252 pm in Co,(CO),. 

8.9.3 Trihapto ligands 

The possibility that the allyl group CH,=CH—CH,— can act as an n° ligand was 

recognized independently by several groups in 1960 and since then the field has flourished, 

partly because of its importance in homogeneous catalysis, and partly because of the novel 

steric possibilities and interconversions that can be studied by proton nmr spectroscopy. 
Many synthetic routes are available of which the following are representative. 

(a) Allyl Grignard reagent: 
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A mixture of cis and trans isomers is obtained 

Tris-(n°-allyl) complexes [M(C3H,)3] can be prepared similarly for V, Cr, Fe, Co, Rh, Ir, 

and tetrakis complexes [M(n*-C3H,),] for Zr, Th, Mo, and W. 

(b) Conversion of 7?-allyl to n3-allyl: 

hy or C3H<Cl 

Na[Mn(CO);] ——> [Mn(CO},(7'-CsHs)] ——> [Mn(CO),(n3-C3H5)]+CO 

Similarly many other n’-allyl carbonyl complexes convert to 7?-allyl complexes with loss 
of 1°CO: 

(c) From allylic halides (e.g. 2-methylallyl chloride): 

MeOH 

100% yield 
Na,PdCl,+C,H,Cl+CO+H,O 3[Pd,(q?-C,H7)>(u2-Cl,)] + 2NaCl 

: +2HCI1+CO, 

(d) Oxidative addition of allyl halides, e.g" 

[Fe°(CO);]+C3HsI ———>[Fe"(n?-C,Hs)(CO)3I]+2CO 

[Col(n°-C5Hs)(CO),] + C;H;1 ———> [Co(n°-C3H5)(n°-CsHs)I] + 2CO 

(e) Elimination of HCl from an alkene metal halide complex, e.g.: 

The bonding in n°-allylic complexes can be described in terms of the qualitative MO 

theory illustrated in Fig. 8.33. The p, orbitals on the 3 allylic C atoms can be combined to 
give the 3 orbitals shown in the upper part of Fig. 8.33; each retains x symmetry with 

respect to the C; plane but has, in addition, 0, 1, or 2 nodes perpendicular to this plane. 
The metal orbitals of appropriate symmetry to form bonding MOs with these 3 

combinations are shown in the lower part of Fig. 8.33. The extent to which these orbitals 
are, in fact, involved in bonding depends on their relative energies, their radial diffuseness, 

and the actual extent of orbital overlap. Electrons to fill these bonding MOs can be 
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Fic. 8.33 Schematic illustration of possible combinations of orbitals in the z-allytic complexes. 
The bonding direction is taken to be the z-axis with the M atom below the C; plane. Appropriate 
combinations of p, orbitals on the 3 C are shown in the top half of the figure, and beneath them are 

the metal orbitals with which they are most likely to form bonding interactions. 

thought of as coming both from the allylic z-electron cloud and from the metal, and the 

possibility of “back donation” from filled metal hybrid orbitals also exists. Experimental 

observables which must be interpreted in any quantitative treatment are the variations (if 

any) in the M-C distances to the 3 C atoms and the tilt of the C; plane to the bonding 
plane of the metal atom. 

In addition to acting as an 7’ and an 7° ligand the allyl group can also act as a bridging 

ligand by yn! bonding to one metal atom and n? bonding via the alkene function to a 

second metal atom. For example [Pt,(acac),(y’,n?-C3H;),] has the dimeric structure 
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Fic. 8.34. Structure of [Pt,(acac),(u-C,H,), ] showing the bridging allyl groups, each yn’ bonded 
to 1 Pt and y?-bonded to the other. Interatomic distances are in pm with standard deviations of 
~5 pm for Pt-C and ~7 for C-C. The distance of Pt to the centre of the 7?-C, group is 201 pm, 

very close to the 7'-Pt-C distance of 199 pm. 

shown in Fig. 8.34. The compound was made from [Pt(7°-C3H,),] by treatment first with 

HCI to give polymeric [Pt(C,H,)Cl] and then with thallium(I) acetylacetonate. 
Many n?-allyl complexes are fluxional (p. 1071) at room temperature or slightly above, 

and this property has been extensively studied by 'H nmr spectroscopy.??) Exceedingly 

complex patterns can emerge. The simplest interchange that can occur is between the syn 

and anti H atoms probably via a short-lived y'-allyl metal intermediate. The fluxional 

behaviour can be slowed down at lower temperatures, and separate resonances from the 

various types of H atom are observed. Fluxionality can also sometimes be quenched by 
incorporating the allylic group in a ring system which restricts its mobility. 
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8.9.4 Tetrahapto ligands 

Conjugated dienes such as butadiene and its open-chain analogues can act as n* 

ligands; the complexes are usually prepared from metal carbonyl complexes by direct 

replacement of 2CO by the diene. Isomerization or rearrangement of the diene may occur 

as indicated schematically below: 

No new principles are involved in describing the bonding in these complexes and 

appropriate combinations of the 4p, orbitals on the diene system can be used to construct 
MOs with the metal-based orbitals for donation and back donation of electron 

density.'*3*) As with ethene, two limiting cases can be envisaged which can be represented 

schematically as in Fig. 8.35. Consistent with this view, the C—C distances in diene 

complexes vary and the central C(2)—C(3) distance is often less than the two outer C-C 

distances. = 
Cyclobutadiene complexes are also well established though they must be synthesized by 

(a) (b) 

Fic. 8.35 Schematic representation of the two formal extremes of bonding in 1,3-diene 
complexes. In (a) the bonding is considered as two almost independent n?-alkene-metal bonds, 
whereas in (b) there are o bonds to C(1) and C(4) and an y?-alkene-metal bond from C(2)-C(3). 

#32 1D. M. P. MINGos, A topological Hiickel model for organometallic complexes. Part 1. Bond lengths in 
complexes of conjugated olefins, JCS Dalton, 1977, 20-25. 
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indirect routes since the parent dienes are either unstable or non-existent. Four general 

routes are available: 

(a) Dehalogenation of dihalocyclobutenes, e.g.: 

Me Me Me Me 1 

Cl Ni(CO)4 I . 

Me 2 IF ise 

Me él Me Me #-CI— ]9 

(b) Cyclodimerization of alkynes, e.g. with cyclopentadienyl-(cycloocta-1,5-diene) cobalt: 

Ph Ph 

[Co(C5Hs5)(CgH 12) I 
Gee Co(n>-C 5H.) 

(c) From metallacyclopentadienes: 

1 Ph PI Ph Ph PI M Br 1 € 

Me 2 SnCl : 
non —— nS nt, 2 {—_» 

: : Sn | L i Li Me, 

(d) Ligand exchange from other cyclobutadiene complexes, e.g.: 

Ph Ph 

: A Fe(CO)s 
sailed, Brags C, Ph a)s emer Fe(CO),; 

Ph Ph 

A schematic interpretation of the bonding in cyclobutadiene complexes can be given 

within the framework outlined in the preceding sections and this is illustrated in Fig. 8.36. 

Cyclobutadiene complexes afford a classic example of the stabilization of a ligand by 

coordination to a metal and, indeed, were predicted theoretically on this basis by H. C. 

Longuet-Higgins and L. E. Orgel (1956) some 3 y before the first examples were 
synthesized. In the (hypothetical) free cyclobutadiene molecule 2 of the 4 z-electrons 

would occupy w, and there would be an unpaired electron in each of the 2 degenerate 

orbitals w,, w3. Coordination to a metal provides further interactions and avoids this 

unstable configuration. See also the discussion on ferraboranes (p. 197). 

8.9.5  Pentahapto ligands 

The importance of bis(cyclopentadienyl)iron [Fe(y°-C;H,),] in the development of 

organometallic chemistry has already been alluded to (p. 345). The compound, which 

forms orange crystals, mp 174°, has extraordinary thermal stability (>500°) and a 

remarkable structure which was unique when first established. It also has an extensive 

aromatic-type reaction chemistry which is reflected in its common name “ferrocene”. The 
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Fic. 8.36 Orbitals used in describing the bonding in metal-7?-cyclobutadiene complexes. The 
sign convention and axes are as in Fig. 8.34. 

molecular structure of ferrocene in the crystalline state features two parallel cyclopen- 

tadienyl rings: at one time these rings were thought to be staggered (D.,) as in Fig. 8.37a 

and b (see p. 372) since only this was compatible with the molecular inversion centre 

required by the crystallographic space group (C3,, Z =2). However, gas-phase electron 

diffraction data suggest that the equilibrium structure of ferrocene is eclipsed (D.,,) as in 

Fig. 8.37c rather than staggered, with a rather low barrier to internal rotation of 

~4kJ mol~!. Recent X-ray crystallographic'*3>) and neutron diffraction studies‘*?” 
confirm this general conclusion, the space-group symmetry requirement being met by a 

disordered arrangement of nearly eclipsed molecules (rotation angle between the rings 

~ 9° rather than 0° for precisely eclipsed or 36° for staggered conformation). Below 169 K 

the molecules become ordered, the rotation angle remaining ~9°. The perpendicular ~ 

distance between the rings is 325 pm (cf. graphite 335 pm) and the mean interatomic 

distances are Fe-C 203+2 pm and C-C 139+6 pm. The Ru and Os analogues [M(n°- 

Cs;H,),] have similar molecular structures with eclipsed parallel C, rings. A molecular- 

orbital description of the bonding can be developed along the lines indicated in previous 

sections and is elaborated in the Panel. Because of the importance of ferrocene, numerous 

calculations have been made of the detailed sequence of energy levels in the molecule; 

though these differ slightly depending on the assumptions made and the computational 

methods adopted, there is now a general consensus concerning the bonding. One of the 

most recent sets of results (1976) is included in the Panel. 

43> P. SEILER and J. D. Dunitz, A new interpretation of the disordered crystal structure of ferrocene, Acta 
Cryst. B35, 1068-74 (1979). 

43¢ F TaAKUSAGAWA and T. F. KoerZ_e, A neutron diffraction study of the crystal structure of ferrocene, Acta 
Cryst. B35, 1074-81 (1979). 



§8.9.5 Pentahapto Ligands 

A Molecular Orbital ee of the aia in LFe(r 5-C HO, 

The 5 p. atomic orbitals on the blena CoH group can be combined to give 5 group MOs as 
shown in Fig. A; one combination has the full symmetry of the ring (a) and there are two doubly 
degenerate combinations (e, and ¢,) having respectively 1 and 2 planar nodes at right angles to the 
plane of the ring. These 5 group MOs can themselves be combined in pairs with a similar set from 
the second CH, group. Figure B shows that one of these combinations is symmetric with respect 
to inversion (German gerade, even) whereas the other combination is antisymmetric to in- 
version (ungerade, odd). These combinations are labelled g and u respectively and can in turn be 

_ combined with metal orbitals having similar symmetry properties. Each of the combinations 
[ (ligand orbitals) + (metal orbitals)] shown in Fig. B leads, in principle to a bonding MO of the 
molecule, providing that the energy of the two component sets is not very different. There are an 
equal number of antibonding combinations (not shown) with the sign [ (ligand orbitals)—(metal 
orbital)]. Note, however, that there are no metal orbitals of epproutiele symmetry to combine 
with the degenerate ligand sets labelled e,,,. 

Calculation of the detailed sequence of energy levels arising from these combinations poses 
severe computational problems but a schematic indication of the sequence (not to scale) is shown 
in Fig. C. Thus, starting from the foot of the figure, the a,, bonding MO is mainly ligand-based 

ZS. 
2? 22”, 

<222 SEE oS go ae) 

Anti - ; e 
bonding 2 

pe Z 

Weakly 3 
bonding 1 

Strongly . 

bonding 

Atomic orbitals Molecular orbitals for CH, 

Fic. A. The z molecular orbitals formed from the set of p, orbitals of the C,H, ring. 
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(a) (b) Ds 4 (c) Dp 
Fic. 8.37 Structure of ferrocene, [Fe(y°-C;H;),], and a conventional “shorthand” 

representation (see text on p. 368). 

A general preparative route to 7°-C;H, compounds is the reaction of NaC,H, witha 

metal halide or complex halide in a polar solvent such as thf, Me,O (bp—23°), 
(MeO)C,H,(OMe), or HC(O)NMe,: 

—4H L,MX 
C,H, +Na ———> {NaC,H,} ——>[M(n°-C;H;)L,] + NaX 

A very convenient though somewhat less general method is to use a strong nitrogen base 
to deprotonate the C;H,: 

excess of 

2C 5H, oh 2NEt,H ar FeCl, Sune be: [Fe(n°-C,H;)>] + [NEt,H, ]Cl 

44 JW. LAUHER and R. HOFFMAN, Structure and chemistry of bis(cyclopentadienyl)-ML, complexes, J. Am. 
Chem. Soc. 98, 1729-42 (1976), and references therein. 
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An enormous number of y°-C;H, complexes is now known. Thus the isoelectronic yellow 
Co! species [Co(y°-C;H;),]* is stable in aqueous solutions and its salts are thermally 
stable to ~ 400°. The bright-green paramagnetic complex [Ni(y°-C,H,),], mp 173°(d), is 

fairly stable as a solid but is rapidly oxidized to [Ni(y°-C;H.),]*. In contrast, the scarlet, 
paramagnetic complex [Cr(y°-C;H;),], mp 173°, is very air sensitive; it dissolves 

in aqueous HCl to give CsH, and a blue cation which is probably 

[Cr(4°-C5H;)Cl(H,O),]*. Other stoichiometries are exemplified by [Ti(y>-C;H,)3] and 

[M(n°-C;H;),], where M is Zr, Hf, Th. Innumerable derivatives have been synthesized in 

which one or more n°-C,H, group is present in a mononuclear or polynuclear metal 

complex together with other ligands such as CO, NO, H, or X. It should also be borne in 

mind that C,H, can act as an y'-ligand by forming a o M-C bond and mixed complexes 

are sometimes obtained, e.g.: 

NaC.H 

MoCl, ———>[Mo(n!-C5H,)3(y5-CsHs)] 

NaCsH, 

NDC as [Nb(n'-CHs).(n°-C5Hs).] 

Such n?-C;H, complexes are often found to be fluxional in solution at room 

temperature; the 5 H atoms giving rise to a single sharp 'H nmr resonance. At lower 

temperatures the spectrum usually broadens and finally resolves into the expected 

complex spectrum at temperatures which are sufficiently low to prevent interchange on 

the nmr time scale (~ 107 3 s). Numerous experiments have been devised to elucidate the 

mechanism by which the H atoms become equivalent and, at least in some systems, it 

seems likely that a non-dissociative (unimolecular) 1,2-shift occurs. 

H H 

8.9.6 Hexahapto ligands 

Arenes such as benzene and its derivatives can form complexes precisely analogous to 

ferrocene and related species. Though particularly exciting when first recognized as n° 

complexes in 1955 these compounds introduce no new principles and need only be briefly 

considered here. Curiously, the first such compounds were made as long ago as 1919 when 

F. Hein reacted CrCl, with PhMgBr to give compounds which he formulated as 

“nolyphenylchromium” compounds [CrPh,]° ** (n=2, 3, or 4); their true nature as 7°- 
arene complexes of benzene and diphenyl was not recognized until over 35 y later. The 

best general method for making bis (7°-arene) metal complexes is due to E. O. Fischer and 

W. Hafner (1955) who devised it originally for dibenzenechromium—the isoelectronic 

45. Zeiss, P. J. WHEATLEY, and H. J. S. WINKLER, Benzenoid-Metal Complexes, Ronald Press, New York, 
1966, 101 pp. 
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analogue of ferrocene: CrCl, was reduced with Al metal in the presence of C,Hg, using 

AICI, as a catalyst: 

140°/press 

3CrCl, +2Al+ AICI, + 6C,H¢ —-—__> 3[Cr(°-Cg Hg) 2] * [AIC] 7 

The yield is almost quantitative and the orange-yellow Cr' cation can be reduced to the 

neutral species with aqueous dithionite: 

[Cr(n°-CsH.)2]* +48,047" +20H™ [Cr(n°-CgH¢)2]+SO3?- +H,0 

Dibenzenechromium(0) forms dark-brown crystals, mp 284°, and the molecular structure 

(Fig. 8.38) comprises plane parallel rings in eclipsed configuration above and below the Cr 

atom (Dg,); the C-H bonds are tilted slightly towards the metal and, most significantly, 

the C-C distances show no alternation around the rings. A bonding scheme can be 

constructed as for ferrocene (p. 369) using the six p, orbitals on each benzene ring.?*) 
Bis (7°-arene) metal complexes have been made for many transition metals by the 

Al/AICI, reduction method and cationic species [M(n°-Ar),]"* are also well established 

for n=1, 2, and 3. Numerous arenes besides benzene have been used, the next most 

common being 1,3,5-Me;C,H; (mesitylene) and C,Me,. Reaction of arenes with metal 

carbonyls in high-boiling solvents or under the influence of ultraviolet light results in the 

displacement of 3CO and the formation of arene—metal carbonyls: 

Ar+[M(CO),] ——> [Min®-Ar) (CO)3] +3CO 

For Cr, Mo, and W the benzenetricarbonyl complexes are yellow solids melting at 162°, 

125°, and 140°, respectively. The structure of [Cr(7®-C,H,) (CO)3] is in Fig. 8.39. In 

general, y°-arene complexes are more reactive than their y°-C;H, analogues and are 
thermally less stable. 

Fic. 8.38 The eclipsed (D¢,) structure of [Cr(y°-C,H.),] as revealed by X-ray diffraction, 
showing the two parallel rings 323 pm apart. Newton diffraction shows the H atoms are tilted 
slightly towards the Cr, and electron diffraction on the gaseous compound shows that the eclipsed 

configuration is retained without rotation. 
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Fic. 8.39 The structure of [Cr(y°-C;H,)(CO)3;] showing the three CO groups in staggered 
configuration with respect to the benzene ring: the Cr—O distance is 295 pm and the plane of the 3 

O atoms is parallel to the plane of the ring. 

8.9.7 Heptahapto and octahapto ligands 

Treatment of cycloheptatriene complexes of the type [M(7°-C,H,) (CO);] (M=Cr, 
Mo, W) with Ph;C* BF, results in hydride abstraction to give orange-coloured n’- 
cycloheptatrienyl (or tropylium) complexes: 

H “4 - 

Ph3CtBF4 
a BF, + Ph,CH 

Mo(CO), Mo(CO), 

In some cases the loss of hydrogen may occur spontaneously, e.g.: 

[V(n°-Cs5H;)(CO),]+C,;Hs ——> [V(n°-C;H;)(n’-C,H,)]+4CO+3H, 

3[ V(CO).]+ 3C,;Hg —> [V(n’-C;H,)(CO)3] + [ V(n°-C7Hg)(n’-C;H7)] *[V(CO)_]~ 
+9CO+H, 

The purple paramagnetic complex [V(n°-C;H,)(n’-C;H,)] and the dark-brown 
diamagnetic complex [V(y’-C,H,)(CO),] both feature symmetrical planar C, rings as 

illustrated in Fig. 8.40. The bonding appears to be similar to that in 7°-C,H, and 

n°-C,H, complexes but, as expected from the large number of bonding electrons formally 

provided by the ligand, its complexes are restricted to elements in the early part of the 

transition series, e.g. V, Cr, Mo, Mn!. For [V(7°-C;H;) (7 ’-C;H,)] the rings are “eclipsed” 
as shown, and a notable feature of the structure is the substantially closer approach of the 

C,H, ring to the V atom, suggesting that equality of V—C distances to the 2 rings is the 
controlling factor; consistent with this V—C(7 ring) is 225 pm and V—C(5 ring) is 223 pm. 

In addition to acting as an n’ ligand, cycloheptatrienyl can also bond in the n°, 93, and 
even n' mode (see ref. 47 on p. 378). 
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Fic. 8.40 Schematic representation of the structures of [V(y°-C;H;)(y’-CjH,)] and 

[V(n’-C,H,)(CO),]. 

Octahapto ligands are rare but cyclooctatetraene fulfils this role in some of its 
complexes—the metal must clearly have an adequate number of unfilled orbitals and be 

large enough to bond effectively with such a large ring. Th, Pa, U, Np, and Pu satisfy these 

criteria and the complexes [M(n’-C,H).] have been shown by X-ray crystallography to 

have eclipsed parallel planar rings (Fig. 8.41).*°” The deep-green U complex can be made 
by reducing C,H, with K in dry thf and then reacting the intense yellow solution of 

K,C,H, with UCI: 
thf UCI 4/thf 

20 gH 4K Sa > 2K Cu ee 0° [U(n’-C,H,).]+4KCl 

The compound inflames in air but is stable in aqueous acid or alkali solutions. The 
colourless complex [Th(7’-CgHg),], yellow complexes [Pa(y®-CgHg),] and [Np(y’- 

Fic. 8.41 The structure of [U(7’-CsHg)2] showing Dg, symmetry. 
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Fic. 8.42 Structure of [Ti,(CgHg)3] showing it to be [{Ti(y’-CyHg)}.u-(*,n*-CgHs)]. 
Ti-C to outer 16 C=235 pm. H atoms are omitted for clarity. 

ye Coln? Cols) einbe Conia He) 

1,5-chelating diene (bis-n?) Bridging bis-1,5- chelating diene 

Fe(CO), 

\\ 
lH 

Fe(CO), Fe(CO), Cr(CO) 3 

1,3-n4-diene Bridging bis -1,3-chelating diene (bis n*) 1,3,5-n®-triene 
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C,Hsg),], and the cherry red compound [Pu(n’-C,H,),] are prepared similarly. One of 

the very few examples of n° bonding to a d-block element is in the curious complex 

Ti,(CgHg)3. As shown in Fig. 8.42, 2 of the ligands are planar 7° donors whereas the 

central puckered ring bridges the 2 Ti atoms in a bis-y*-mode. It is made by treating 

Ti(OBu"), with C,H, in the presence of AIEt;. 
In addition to acting as an 7° ligand, C,H, can coordinate in other modes,*® some of 

which are illustrated in Fig. 8.43. Many of these complexes show fluxional behaviour in 

solution (p. 365) and the distinction between the various types of bonding is not as clear- 

cut as implied by the limiting structures in Fig. 8.43. 

*° G. DEGANELLO, Transition Metal Complexes of Cyclic Polyolefins, Academic Press, London, 1980, 476 pp. 
“’D. M. HEINEKEY and W. A. G. GraHam, Pentacarbonyl(7-7'-cycloheptatrienyl)rhenium. Synthesis and 

fluxional behaviour of a monohaptocycloheptatrienyl derivative of a transition metal, J. Am. Chem. Soc. 101, 
6115-16 (1979). 
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Silicon 

9.1 Introduction 

Silicon shows a rich variety of chemical properties and it lies at the heart of much 
modern technology." Indeed, it ranges from such bulk commodities as concrete, clays, 

and ceramics, through more chemically modified systems such as soluble silicates, glasses, 

and glazes to the recent industries based on silicone polymers and solid-state electronics 

devices. The refined technology of ultrapure silicon itself, is perhaps the most elegant 

example of the close relation between chemistry and solid-state physics and has led to 

numerous developments such as the transistor, printed circuits, and microelectronics (p. 

383). 

In its chemistry, silicon is clearly a member of Group IV of the periodic classification 
but there are notable differences from carbon, on the one hand, and the heavier metals of 

the group on the other (p. 431). Perhaps the most obvious questions to be considered are 

why the vast covalent chemistry of carbon and its organic compounds finds such pallid 

reflection in the chemistry of silicon, and why the intricate and complex structural 

chemistry of the mineral silicates is not mirrored in the chemistry of carbon—oxygen 

compounds.t 

Silica (SiO,) and silicates have been intimately connected with the evolution of 

mankind from prehistoric times: the names derive from the Latin silex, gen. silicis, flint, 

and serve as a reminder of the simple tools developed in paleolithic times (~ 500 000 years 

ago) and the shaped flint knives and arrowheads of the neolithic age which began some 

20 000 years ago. The name of the element, silicon, was proposed by Thomas Thomson in 

1831, the ending on being intended to stress the analogy with carbon and boron. 

The great affinity of silicon for oxygen delayed its isolation as the free element until 1823 

when J. J. Berzelius succeeded in reducing K,SiF, with molten potassium. He first made 

+ Throughout this chapter we will notice important differences between the chemical behaviour of carbon and 
silicon, and one is reminded of Grant Urry’s memorable words: “It is perhaps appropriate to chide the polysilane 

chemist for milking the horse and riding the cow in attempting to adapt the success of organic chemistry in the 
study of polysilanes. A valid argument can be made for the point of view that the most effective chemistry of 
silicon arises from the differences with the chemistry of carbon compounds rather than the similarities” (see ref. 

15 on p. 393). 

' Kirk—Othmer Encyclopedia of Chemical Technology, 2nd edn., Vol. 18, pp. 46-286, 1969 (Silica, silicon and 
silicides; Silicon compounds); 3rd edn., Vol. 5 (1979), Ceramics, pp. 234-90; Ceramics as electrical materials, 

pp. 290-314; Clays, Vol. 6, pp. 190-223 (1979). 

379 
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SiCl, in the same year, SiF, having previously been made in 1771 by C. W. Scheele who 

dissolved SiO, in hydrofluoric acid. The first volatile hydrides were discovered by F. 
Wohler who synthesized SiHCI, in 1857 and SiH, in 1858, but major advances in the 

chemistry of the silanes awaited the work of A. Stock during the first third of the twentieth 
century. Likewise, the first organosilicon compound SiEt, was synthesized by C. Friedel 

and J. M. Crafts in 1863, but the extensive development of the field was due to F. S. 

Kipping in the first decades of this century.) The unique properties and industrial 

potential of siloxanes escaped attention at that time and the dramatic development of 

silicone polymers, elastomers, and resins has occurred during the past three decades (p. 

424). 
The solid-state chemistry of silicon has shown similar phases. The bizarre compositions 

derived by analytical chemistry for the silicates only became intelligible following the 

pioneering X-ray structural work of W. L. Bragg in the 1920s‘) and the concurrent 

development of the principles of crystal chemistry by L. Pauling and of geochemistry by 

V.M Goldschmidt.) More recently the complex crystal chemistry of the silicides has 

been elucidated and the solid-state chemistry of doped semiconductors has been 

developed to a level of sophistication that was undreamt of even in the 1960s. 

9.2 Silicon 

9.2.1 Occurrence and distribution 

Silicon (27.2 wt%) is the most abundant element in the earth’s crust after oxygen 

(45.5%), and together these 2 elements comprise 4 out of every 5atoms available near the 

surface of the globe. This implies that there has been a substantial fractionation of the 

elements during the formation of the solar system since, in the universe as a whole, silicon 

is only seventh in order of abundance after H, He, C, N, O, and Ne (p. 3). Further 

fractionation must have occurred within the earth itself: the core, which has 31.5% of the 

earth’s mass, is commonly considered to have a composition close to Fe,;Ni,Co, ;S3; the 

mantle (68.1 °% of the mass) probably consists of dense oxides and silicates such as olivine 

(Mg,Fe),SiO,, whereas the crust (0.4% of the mass) accumulates the lighter siliceous 

minerals which “float” to the surface. The crystallization of igneous rocks from magma 

(molten rock, e.g. lava) depends on several factors such as the overall composition, the 

lattice energy, mp, and crystalline complexity of individual minerals, the rate of cooling, - 

etc. This has been summarized by N. L. Bowen in a reaction series which gives the 

approximate sequence of appearance of crystalline minerals as the magma is cooled: 

olivine [M3SiO,], pyroxene [M3Si,0,], amphibole [M4{(Al,Si),O,,}(OH),], biotite 
mica [(K,H),(Mg,Fe),(Al,Fe),(SiO,); ], orthoclase feldspar [K AlSi,O, |], muscovite mica 

[KAI,(AISi;0,.(OH),], quartz [SiO,], zeolites, and hydrothermal minerals. The 

structure of these mineral types is discussed later (p. 399), but it is clear that the reaction 

* E. G. Rocuow, Silicon, Chap. 1S-in Comprehensive Inorganic Chemistry, Vol. 1, pp. 1323-467, Pergamon 
Press, Oxford, 1973. 

> W.L. BRAGG, The Atomic Structure of Minerals, Oxford University Press, 1937, 292 pp. 

*L. PAULING, The Nature of the Chemical Bond, 3rd edn., pp. 543-62, Cornell University Press, 1960, and 
references therein. 

° V. M. GOLDSCHMIDT, Crystal structure and chemical constitution, Trans. Faraday Soc. 25, 253-83 (1929); 
Geochemistry, Oxford University Press, Oxford, 1954, 730 pp. 
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series leads to progressively more complex silicate structural units and that the later part 

of the series is characterized by the introduction of OH (and F) into the structures. 

Extensive isomorphous substitution among the metals is also possible. Subsequent 

weathering, transport, and deposition leads to sedimentary rocks such as clays, shales, and 

sandstones. Metamorphism at high temperatures and pressures can effect further changes 

during which the presence or absence of water plays a vital role.“ ° ” 
Silicon never occurs free: it invariably occurs combined with oxygen and, with trivial 

exceptions, is always 4-coordinate in nature. The {SiO,,} unit may occur as an individual 

group or be linked into chains, ribbons, rings, sheets, or three-dimensional frameworks 

(pp. 399-416). 

9.2.2 Isolation, production, and industrial uses 

Silicon (96-99% pure) is now invariably made by the reduction of quartzite or sand 

with high purity coke in an electric arc furnace; the SiO, is kept in excess to prevent the 

accumulation of SiC (p. 386): 

SiO, +2C =Si+ 2CO;. 2SiC+Si0, =3Si+2CO 

The reaction is frequently carried out in the presence of scrap iron (with low P and § 

content) to produce ferrosilicon alloys: these are used in the metallurgical industry to 

deoxidize steel, to manufacture high-Si corrosion-resistant Fe, and Si/steel laminations for 

elecuric motors. The scale of operations can be gauged from the 1974 US production 

figures for various ranges: 

Ye! 22-55 56-70 71-80 81-95 96-99 
Production/tonnes 426 500 57500 14 400 90 127 500 

World production is measured in millions of tonnes per year. 

Silicon for the chemical industry is usually purified to ~98.5% by leaching the 

powdered 96-97% material with water. Very pure Si for semiconductor applications is 

obtained either from SiCl, (made from the chlorination of scrap Si) or from SiHCI, (a 

byproduct of the silicone industry, p. 389). These volatile compounds are purified by 
exhaustive fractional distillation and then reduced with exceedingly pure Zn or Mg; the 

resulting spongy Si is melted, grown into cylindrical single crystals, and then purified by 
zone refining. Alternative routes are the thermal decomposition of Sil,/H, on a hot 

tungsten filament (cf. boron, p. 157), or the epitaxial growth of a single-crystal layer by 

thermal decomposition of SiH,. Very recently (Chem. & Eng. News, 3 Sept., p. 8, 1979) a 

one-step process has been developed to produce high-purity Si for solar cells at one-tenth 

of the cost of rival methods. In this process Na,SiF, (which is a plentiful waste product 
from the phosphate fertilizer industry) is reduced by metallic Na; the reaction is highly 

exothermic and is self-sustaining without the need for external fuel. 

© B. Mason, Principles of Geochemistry, 3rd edn., Wiley, New York, 1966, 329 pp. 
a P. HENDERSON, /norganic Geochemistry, Pergamon Press, Oxford, 1982, 372 pp. 
7D. K. Baitey and R. MACDonALD (eds.), The Evolution of the Crystalline Rocks, Academic Press, London, 

1976, 484 pp. 
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Hyperfine Si is one of the purest materials ever made on an industrial scale: the 

production of transistors (p. 383) requires the routine preparation of crystals with 

impurity levels below 10~? to 10°!°, and levels approaching 10°‘? can be attained in 
special cases. 

9.2.3 Atomic and physical properties 

Silicon consists predominantly of ?8Si (92.23°/) together with 4.67% ?°Si and 3.10% 
3°Si. No other isotopes are stable. The ?°Si isotope (like the proton) has a nuclear spin 
I =4, and is being increasingly used in nmr spectroscopy.” 3'Si, formed by neutron 

irradiation of °°Si, has t, 2.62 h; it can be detected by its characteristic B™ activity (Emax 

1.48 MeV) and is very useful for the quantitative analysis of Si by neutron activation. The 

radioisotope with the longest half-life (~ 650 y) is the soft B~ emitter °?Si (E,,,, 0.2 MeV). 
In its ground state, the free atom Si has the electronic configuration [Ne]3s73p7. 

Ionization energies and other properties are compared with those of the other members of 

Group IV on p. 431. Silicon crystallizes in the diamond lattice (p. 305) with ay 541.99 pm 

at 25°, corresponding to an Si-Si distance of 235.2 pm and a covalent atomic radius of 

117.6 pm. There appear to be no allotropes though at high pressures Si (like Ge) changes 

to a denser form in which the Si—Si distance remains unaltered but the tetrahedral bond 
angles distort so that 3 are 99° and 3 are 108°. Physical properties are summarized in Table 

9.1 (see also p. 434). Silicon is notably more volatile than C and has a substantially lower 

TABLE 9.1 Some physical properties of silicon 

MP/°C 1420 

BP/°C ~ 3280 
Density (20°C)/g cm? 2.336 
AH,,./kJ mol~? 50.6 +1.7 
AH, ,p/kJ mol”! 383+10 
AH, (monatomic gas)/kJ mol”! 454+ 12 
a/pm 541.99 
r (covalent)/pm 117.6 
r (“ionic”)/pm 26°) 
Pauling electronegativity 1.8 

) This is the “effective ionic radius” for 4-coordinate 
Si'Y in silicates, obtained by subtracting r (O~ "')= 140 pm 
from the observed Si-O distance. The value for 6- 
coordinate Si!’ is 40 pm. [R. D. Shannon, Acta Cryst. 
A32, 751-67 (1976).] 

energy of vaporization, thus reflecting the smaller Si-Si bond energy. The element is a 

semiconductor with a distinct shiny, blue-grey metallic lustre; the resistivity decreases 

with increase of temperature, as expected for a semiconductor. The actual value of the 
resistivity depends markedly on purity but is ~40 ohm cm at 25° for very pure material. 

72 J.-P. KINTZINGER and H. MARSMANN, Oxygen-17 and Silicon-29 NMR, Vol. 17 of NMR Basic Principles 

and Progress (P. DIEHL, E. FLUCK, and R. KosFIELD, eds.), Springer-Verlag, Berlin, 1980, 250 pp. 
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The immense importance of Si in transistor technology stems from the chance discovery 

of the effect in Ge at Bell Telephone Laboratories, New Jersey, in 1947, and the brilliant 

theoretical and practical development of the device by J. Bardeen, W. H. Brattain, and W. 

Shockley for which they were awarded the 1956 Nobel Prize in Physics. A brief description 

of the physics and chemistry underlying transistor action in Si is given in the Panel. 
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9.2.4 Chemical properties 

Silicon in the massive, crystalline form is relatively unreactive except at high 

temperatures. Oxygen, water, and steam all have little effect probably because of the 

formation of a very thin, continuous, protective surface layer of SiO, a few atoms thick (cf. 

Al, p. 253). Oxidation in air is not measurable below 900° ; between 950° and 1160° the rate 

of formation of vitreous SiO, rapidly increases and at 1400° the N, in the air also reacts to 

give SiN and Si,N,. Sulfur vapour reacts at 600° and P vapour at 1000°. Silicon is also 

unreactive towards aqueous acids, though the aggressive mixture of conc HNO,/HF 

oxidizes and fluorinates the element. Silicon dissolves readily in hot aqueous alkali due to 

reactions of the type Sit 4OH~ =SiO,*~ +2H,. Likewise, the thin film of SiO, is no 

barrier to attack by halogens, F, reacting vigorously at room temperature, Cl, at ~ 300°, 

and Br,, I, at ~S00°. Even alkyl halides will react at elevated temperatures and, in the 

presence of Cu catalysts, this constitutes the preferred “direct” synthesis of organosilicon 

chlorides for the manufacture of silicones (p. 421). 

In contrast to the relative inertness of solid Si to gaseous and liquid reagents, molten Si 

is an extremely reactive material: it forms alloys or silicides with most metals (see below) 

and rapidly reduces most metal oxides because of the very large heat of formation of SiO, 

(~900 kJ mol *). This presents problems of containment when working with molten Si, 

and crucibles must be made of refractories such as ZrO, or the borides of transition metals 

in Groups IVA-VIA (p. 163). 

Chemical trends within Group IVB are discussed on p. 434. Silicon does not form 

binary compounds with the heavier members of the group (Ge, Sn, Pb) but its compound 

with carbon, SiC, is of outstanding academic and practical interest, and is manufactured 

on a huge scale industrially (see Panel). In the vast majority of its compounds Si is 
tetrahedrally coordinated but sixfold coordination also occurs and occasional examples 

of several other coordination geometries are known as indicated in Table 9.2. 

TABLE 9.2. Coordination geometries of silicon 

Coordination number 

2 (bent) 
3 (planar) 
3 (pyramidal) 
4 (tetrahedral) 
4 (planar)® 

5 (trigonal bipyramidal) 

5 (square pyramidal)” 
6 (octahedral) 
8 (cubic) 

Examples 

SiF,(g), SiMe, (matrix, 77 K) 
Silabenzene, SiC;H,; silatoluene, C;H<SiMe (see ref. 26) 
(?) SIH; in KSiH, (NaCl structure) 
SiH,, SiX4, SiX,Y,—,» SiO, silicates, ete. 

SiX, (2), cyelo-[Me,NSiH,];, PhSi(-OC,H,O-), 

[SiF(1,2-O,C,H,)2]~ 

SiF,?, [Si(acac),]*, [L,SiX,], SiO,(stishovite), SiP,O, 
Mg,Si(antifluorite) 

10 TiS,, CrSi,, MoSi, (see ref. 10, p. 790) 

‘) H. Meyer and G. Nagorsen, Angew. Chem., Int. Edn. (Engl.) 18, 551-3 (1979); E.-U. 

Wiirthwein and P. von R. Schleyer, ibid, 553-4. This conclusion, based on space-group arguments, 
has been challenged by J. Dunitz, Angew. Chem., Int. Edn. (Engl.) 19, 1034 (1980). 

(») J. J. Harland, R. O. Day, J. F. Vollano, A. C. Sau, and R. R. Holmes, J. Am. Chem. Soc. 103, 

5269-70 (1981). 
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9.3 Compounds 

9.3.1 Silicides'® ?) 

As with borides (p. 162) and carbides (p. 318) the formulae of metal silicides cannot be 

rationalized by the application of simple valency rules, and the bonding varies from 

essentially metallic to ionic and covalent. Observed stoichiometries include M,Si, M.Si, 

8 A. S. BEREZHOI, Silicon and its Binary Systems, Consultants Bureau, New York, 1960, 275 pp. 

° B. ARonsson, T. LUNDsTROM, and S. RuND@visT, Borides, Silicides, and Phosphides, Methuen, London, 
1965, 120 pp. 

‘0 A. F. WELLS, Structural Inorganic Chemistry, 4th edn., Chap. 23, Silicon, pp. 784-832, Oxford University 
Press, Oxford, 1975. 



§9.3.1 Silicides 387 

M,Si, M,5Si4, M3Si, M;Si,, M,Si, M;Si,, M3Si,, MSi, M,Si;, MSi,, MSi;, and MSig. 

Silicon, like boron, is more electropositive than carbon, and structurally the silicides are 

more closely related to the borides than the carbides (cf. diagonal relation, p. 32). 

However, the covalent radius of Si (118 pm) is appreciably larger than for B (88 pm) and 
few silicides are actually isostructural with the corresponding borides. Silicides have been 

reported for virtually all A subgroup metals except Be, the greatest range of 

stoichiometries being shown by the transition metals in Groups IVA-VIII and uranium. 

No silicides are known for the B subgroup metals except Cu; most form simple eutectic 

mixtures, but the heaviest post-transition metals Hg, Tl, Pb, and Bi are completely 

immiscible with molten Si. 
Some metal-rich silicides have isolated Si atoms and these occur either in typical metal- 

like structures or in more polar structures. With increasing Si content, there is an 
increasing tendency to catenate into isolated Si, or Si,, or into chains, layers, or 3D 

networks of Si atoms. Examples are in Table 9.3 and further structural details are in refs. 
8-10. 

TABLE 9.3. Structural units in metal silicides®® 

Unit Examples 

Isolated Si Cu,Si (6-Mn structure) 
M;Si ($-W structure) M=V, Cr, Mo 
Fe3Si (FeAl superstructure) 
Mn,Si (random bcc) 

Metal structures 
(good electrical 
conductors) 

M,Si (anti-CaF,); M=Mg, Ge, Sn, Pb ) 4 
M,Si (anti-PbCl,); M=Ca, Ru, Ce, Rh, f Nee Haaeeye 

Ir, Ni 

Si, pairs U,Si, (Si-Si 230 pm), also for Hf and Th 
Si, tetrahedra KSi (Si-Si 243 pm), i.e. [M]7[Si,]*~ cf. isoelectronic P, 

(M=K, Rb, Cs; also for M,Ge,) 
Si chains USi (FeB structure) (Si-Si 236 pm); also for Ti, Zr, Hf, Th, Ce, Pu 

CaSi (CrB structure) (Si-Si 247 pm); also for Sr, Y 

Plane hexagonal Si nets B-USi, (AIB, structure) (Si-Si 222-236 pm); also for other actinoids and 
lanthanoids 

Puckered hexagonal Si nets CaS, (Si-Si 248 pm)—as in “puckered graphite” layer 
Open 3D Si frameworks SrSi,, «-ThSi, (Si-Si 239 pm; closely related to AIB,), a-USi, 

Silicides are usually prepared by direct fusion of the elements but coreduction of SiO, 

and a metal oxide with C or Al is sometimes used. Heats of formation are similar to those 

of borides and carbides but mps are substantially less; e.g. TiC 3140°, TiB, 2980°, TiSi, 

1540°; and TaC 3800°, TaB, 3100°, TaSi, 1560°C. Few silicides melt as high as 

2000-2500°, and above this temperature only SiC is solid (decomp ~2700°C). 
Silicides of groups IA and IJA are generally much more reactive than those of the 

transition elements (cf. borides and carbides). Hydrogen and/or silanes are typical 

products; e.g.: 

Na,Si+ 3H, O- "> Na, SiO, +3H, 
complete 

Mg,Si+2H,SO,(aq) 2MgSO, + SiH, 
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Products also depend on stoichiometry (i.e. structural type). For example, the polar, non- 

conducting Ca,Si (anti-PbCl, structure with isolated Si atoms) reacts with water to give 

Ca(OH),, SiO, (hydrated), and H,, whereas CaSi (which features zigzag Si chains) gives 

silanes and the polymeric SiH,; CaSi,, which has puckered layers of Si atoms yields H, 

and polysilene (SiH,) but not silanes. Transition metal silicides are usually inert to 

aqueous reagents except HF, but yield to more aggressive reagents such as molten KOH, 

or F, (Cl,) at red heat. 

9.3.2 Silicon hydrides (silanes) 

The great development which occurred in synthetic organic chemistry from the 1830s 

onward encouraged early speculations that a similar extensive chemistry might be gener- 

ated based on Si. The first silanes were made in 1857 by F. Wohler and H. Buff who 

reacted Al/Si alloys with aqueous HCI; the compounds prepared were shown to be SiH, 

and SiHCI, by C. Friedel and A. Ladenburg in 1867 but it was not until 1902 that the first 

homologue, Si,H,, was prepared by H. Moissan and S. Smiles from the protonolysis 

of magnesium silicide. The thermal instability and great chemical reactivity of the 
compounds precluded further advances until A. Stock developed his greaseless vacuum 

techniques and first began to study them as contaminants of his boron hydrides in 1916. 

He proposed the names silanes and boranes (p. 171) by analogy with the alkanes. 

Silanes Si,H,,. are now known as unbranched and branched chains (up to n=8) but 

no cyclic compounds or unsaturated analogues of alkenes and alkynes have been 

prepared.} Silanes are colourless gases or volatile liquids; they are extremely reactive and 

spontaneously ignite or explode in air. Thermal stability decreases with increasing chain 

length and only SiH, 1s stable indefinitely at room temperature. Some physical properties 

are in Table 9.4 from which it can be seen that silanes are less volatile than both the alkanes 

TABLE 9.4 Some properties of silanes 

Property SiH, Si,H, Si,;H, n-Si,H i-Si,H yo 

MP/°C =185° —132.5° LO —89.9° —99.1° 
BP/°C —111.8° — 14.3° Soult 108° 101° 
Density (T°C)/g cm? 0.68 (— 186°) 0.686 (—25°) 0.725 (0°) 0.825 (0°) — 
Thermal decomposition Stable Very slow) Slow Fairly rapid Fairly rapid 

at room temperature 

@) 2.5% in 8 months. 

+ Recent exciting developments require this statement to be modified. For example, hexakis(2,6- 

dimethylphenyl)-cyclotrisilane {(2,6-Me,C,H;),Si}; can readily be prepared by reductive coupling in 
dimethoxyethane solution: 

3(2,6-Me,C,H3)SiCl, 
Li/C, )H, 

cyclo-{(2,6-Me,C,H3),Si}; ~ 10% yield 
SGiks) 

The compound is stable to air and moisture, and to heat up to its mp 272°. X-ray structure analysis shows the Si, 
ring is an isosceles triangle (bond angles 58.7°, 60.7°, 60.8° ; Si-Si distances 237.5, 242.2, 242.5 pm). Irradiation of 
the cyclotrisilane in cyclohexane with a low-pressure Hg lamp rapidly gave the corresponding highly reactive 
disilene Ar,Si=SiAr, in almost quantitative yield: yellow crystals, mp 215° (S. Masamune, Y. Hanzawa, S. 
Murakami, T. Bally, and J. F. Blount, J. Am. Chem. Soc. 104, 1150-3 (1982) and references therein). Likewise, 

photolysis of Me3Si-Si(mesityl),-SiMe, gives bright orange-yellow crystals of (mesityl),Si—Si(mesityl),, stable 
in the absence of air up to its mp 176° (mesityl =2,4,6-trimethylphenyl): R. West, M. J. Fink, and J. Michl, 
Science 214, 1343-4 (1981). 
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and boranes (p. 186) of similar formula, but more volatile than the corresponding 

germanes (p. 436). 

There are three general types of preparative route to the silanes and their derivatives. 
Early methods (pre-1945) treated materials such as metal silicides which contained 

negatively charged Si°’” with a protonic reagent such as an aqueous acid. Concurrent 

hydrolysis of the products limited the yield but considerable improvement resulted from 

the use of nonaqueous systems such as NH,Br/liq NH; (1934). The second general 

preparative route involves treatment of compounds such as SiX, (Si?*) with hydridic 

reagents such as LiH, NaH, LiAlH,, etc., in ether solvents at low temperatures. This is now 

the preferred route: e.g. reaction of Si,Cl,,,. (n=1, 2, 3) with LiAIH, gives essentially 

quantitative yields of SiH,, Si,H,, and Si,H,. Organosilanes can be prepared similarly, 

e.g. Me,SiCl, gives Me,SiH,. The third general method for preparing Si-H compounds 

involves direct reaction of HX or RX with Si or a ferrosilicon alloy in the presence of a 
catalyst such as Cu when necessary (p. 421), e.g.: 

350° 

Si+3HCl SiHCI,+H, 

Cu/300° 

Si+ 2MeCl MeSiHCl, +H, +C 

Combination of these various methods has led to a vast number of derivatives in which H 

is progressively replaced by one or more monofunctional group such as F, Cl, Br, I, CN, R, 

Ar, OR, SH, SR, NH, NR,, etc.” 
Silanes are much more reactive than the corresponding C compounds." ?:!") This has 

been ascribed to several factors including: (a) the larger radius of Si which would facilitate 

attack by nucleophiles, (b) the great polarity of Si-X bonds, and (c) the presence of low- 

lying d orbitals which permit the formation of 1:1 and 1:2 adducts, thereby lowering the 

activation energy of the reaction. The relative magnitude of the various bond energies is 

also an important factor in deciding which bonds will survive and which will be formed. 

Thus, it can be seen in Table 9.5, Si-Si < Si-C < C-C, and Si-H < C-H, whereas for 

TABLE 9.5 Some typical bond energies/kJ mol~ ' 

| 

x = @ Si H | F Cl Br I Oo— wa 

SSRIS Cee PTOLOS BE TUN oa OP IDS FOU TAY ORI” Tid CRS ee yale SP 
| 

Cx 368 360 LBY See t) wieleye' 351 293 216 ~ 360 ~ 305 

Si-X 360 340 393 1 35565 381 310 234 452 322 

ite bis 

bonds for the other elements the energy C-X < Si-X. These data should be used only for 

~ broad comparisons since the estimated bond energies depend markedly on the particular 

compounds being studied and also on the experimental technique employed and the 

method of computation. 

11 B Wiper and E. AMBERGER, Hydrides of the Elements of Main Groups I-IV, Chap. 7, Silicon hydrides, pp. 
462-638, Elsevier, Amsterdam, 1971. A comprehensive review of compounds containing Si-H bonds; over 700 

references. 
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The pyrolysis of silanes leads to polymeric species and ultimately to Si and H,; indeed, 

pyrolysis of SiH, isa commercial route to ultrapure Si. The reactions occurring have been 

less studied than those of alkenes (and boranes, p. 187), but it is clear that there are 

significant differences. Thus the initial step in the thermal decomposition of alkanes is the 

cleavage of a C-H or C-C bond with formation of radical intermediates R,C . However, 

studies using deuterium-substituted compounds suggest that the initial step in the 

decomposition of polysilanes is the elimination of silenes :SiH, or :SiHR.“”? 

RSiH,SiH, {:SiIH,}+RSiH; or {:SiIHR}+SiH, 

Activation energies for this process (~ 210 kJ mol *) are substantially less than Si-Si and 

Si-H bond energies and the reaction appears to involve a 1,2-H shift with a 5-coordinate 

transition state —Si-+-+,Si-; this is presumably energetically unstable for carbon. 

H 

Pure silanes do not react with pure water or dilute acids in silica vessels, but even traces 

of alkali dissolved out of glass apparatus catalyse the hydrolysis which is then rapid and 

complete (SiO,.nH,0+4H,). Solvolysis with MeOH can be controlled to give several 

products SiH,_,(OMe), (n=2, 3, 4). Si-H adds (with difficulty) to alkenes though the 

reaction occurs more readily with substituted silanes. Similarly, SiH, adds to Me,CO at 
450° to give C;H,OSiH; , and it ring-opens ethylene oxide at the same temperature to give 

EtOSiH, and other products. Silanes explode in the presence of Cl, or Br, but the reaction 

with Br, can be moderated at — 80° to give good yields of SiH,Br and SiH,Br,. More 

conveniently, halogenosilanes SiH ,X can be made by the catalysed reaction of SiH, and 

HX in the presence of Al, X,, or by the reaction with solid AgX in a heated flow reactor, 

ee 

260° 

SiH, + 2AgCl SiH ,Cl+HCl+2Ag 

SiH3I in particular is a valuable synthetic intermediate and some of its reactions are 

summarized in Table 9.6. SiHI is a dense, colourless, mobile liquid, mp —57.0°, bp 

+ 45.4°, d(15°) 2.035 g cm” *. Another valuable reagent is KSiH, a colourless crystalline 
compound with NaCl-type structure; it is stable up to ~ 200° and is prepared by direct 

reaction of potassium on silane in monoglyme or diglyme: 

SiH, + 2K KSiH,+ KH; SiH, +K KSiH,+4H, 

When hexamethylphosphoramide, (NMe,)3;PO, is used as solvent only the second 

reaction occurs. The synthetic utility of KSiH, can be gauged from Table 9.7 which 

summarizes some of its reactions. 

'2 1. M.T. Davipson and A. V. Howarp, JCS Faraday I, 71, 69-77 (1975) and references therein. C. H. HAAS 

and M. A. RING, Inorg. Chem. 14, 2253-6 (1975). A. J. VANDERWIELEN, M. A. RING, and H. E. O'NEAL, J. Am. 
Chem. Soc. 97, 993-8 (1975). 
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TABLE 9.6 Some reactions of SiH 31 

Reagent Major Si product Reagent Major Si product 

Na/Hg Si,H, NH, (SiH ,), NN(SiH;), 
H,O O(S1H;3), LiN(SiCl,), SiH,N(SiCl,), 

HgS S(SiH3), 4 (SiH3),PI3_, (n= 1, 2, 3) 
Ag,Se Se(SiH;), AgXCN (N, atm) SiH,NCX (K=O, Se) 

inde Te(SiH;), AgSCN SiH,NCS 
Si,H,Br+H,O SiH,OSi,H, AgCN SiH,CN 
Hg(SCF;), SiH,SCF, Ag,NCN (SiH;),NCN 
Hg(SeCF;), SIHZScCE, HC=CMgBr Sih. C=C 
NH, N(SiH;3) NaMn(CO), [Mn(CO),(SiH;)] 
R,NH SiH;NR, Na,Fe(CO), [Fe(CO),(SiH;3),] 
NMe,” SiH3I.NMe, and [Co(CO),]~ [Co(CO),(SiH;)] 

SiH,I.2NMe, 

) Detailed references to conditions, yields, and other minor products are given in ref. 1 which also summarizes 

the extensive reaction chemistry of O(SiH;),, S(SiH;),, and N(SiH;);. 
>) Many other ligands (L) also give 1:1 and 1:2 adducts. 

TABLE 9.7 Some reactions of KSiH ,” 

Reagent Major Si product Reagent Major Si product 

SiO, .nH,O Me,SiCl [SiMe,(SiH)] 
MeOH Si(OMe), Me,GeBr [GeMe,(SiH;)] 
HCl SiH, Me;SnBr [SnMe,(SiH3)] 
Mel SiH;Me GeH,Cl GeH, SiH; 
SiH3Br Si,H,, SiH, MeOCH,Cl SiH ;(CH,OMe) 

Si,H,, Si,H, 

) Detailed references to conditions, yields, and minor products are given in ref. 1. 

9.3.3 Silicon halides and related complexes 

Silicon and silicon carbide both react readily with all the halogens to form colourless 

volatile reactive products SiX,. SiCl, is particularly important and is manufactured on the 

multikilotonne scale for producing boron-free transistor grade Si, fumed silica (p. 397), 

and various silicon esters. When two different tetrahalides are heated together they 

equilibrate to form an approximately random distribution of silicon halides which, on 
cooling, can be separated and characterized :“*») 

nSiX, + (4—n)SiY, = 4SiX, Y,_, 

Mixed halides can also be made by halogen exchange reaction, e.g. by use of SbF, to 

successively fluorinate SiCl, or SiBr,. The mps and bps of these numerous species are 

compared with those of the parent hydride and halides in Fig. 9.1. While there is a clear 

trend to higher mps and bps with increase in molecular weight, this is by no means always 

13 J.C. Lockuart, Redistribution Reactions, Chap. 7.1, Silicon, pp. 107-19, Academic Press, London, 1970. 

CTE-N* 
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T/°C 

-—200 
Sig SIA Xs SiXq SiF,  SiFyX Sixa Sila SiClsXou al SiXqeSiBra) |) SiBral, 

SiH3X  SiHX3 SiF 3X SiFX3 SiC1,X SiCixXqu) wn SiBral SiBrl3 
Sil, 

Fic. 9.1 Trends in the mp and bp of silicon hydride halides and mixed halides. 

regular. More notable is the enormous drop in mp (bp) which occurs for the halides of Si 

when compared with Al and earlier elements in the same row of the periodic table, e.g.: 

Compound NaF MeF, AIF, SIE, PE. SE. 
MP/°C 988 1266 1291 (subl) —90 —94 — 50 

This is sometimes erroneously ascribed to a discontinuous change from “ionic” to 

“covalent” bonding, but the electronegativity and other bonding parameters of Al are 

fairly similar to those of Si and the difference is more convincingly seen merely as a 
consequence of the change from an infinite lattice structure (in which each Al is 

surrounded by 6 F) to a lattice of discrete SiF, molecules as dictated by stoichiometry and 

size. Several other examples of this effect will be noticed amongst compounds of the Group 
IVB elements. 
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The reactions of SiX, are straightforward and call for little comment." ”) 
Higher homologues Si,,X,,,, are volatile liquids or solids and, contrary to the situation 

in carbon chemistry, catenation in Si compounds reaches its maximum in the halides 

rather than the hydrides. This has been ascribed to additional back-bonding from filled 

halogen p, orbitals into the Sid, orbitals which thus synergically compensates for electron 

loss from Si via o bonding to the electronegative halogens (cf. CO, pp. 349-51). 

Fluoropolysilanes up to Si,¢F34 and other series up to at least Si,Cl,, and Si,Br,, are 

known. Preparative routes are exemplified by the following reactions: 

low press. flow condense ~200° 

Se eee 2SiF ,(g) Spee (SiF ,),. polymer ———-> Si, F,,,,, mixture Si+SiF, 

red heat 

Si+SiCl, S1,Cl, plus higher homologues 

heat with 

5Si,Cl, eee Si-C1,.+4SiCl, 
-1 mol, NMe, 

NMe; catalyst 

251, Cle Si) 20Spcl! 

These compounds show many unusual reactions and reviews of their chemistry make 

fascinating reading.“ * '*) Partial hydrolysis of SiCl, (or the reaction of Cl, +O, on Si at 
700°) leads to a series of volatile chlorosiloxanes Cl,Si(OSiClI,),OSiCl; (n=0-S) and to 

the cyclic (SiOCI,),. The corresponding bromo compounds are prepared similarly, using 

Br, and O,. 

9.3.4 Silica and silicic acids 

Silica has been more studied than any other chemical compound except water. More 

than 22 phases have been described and, although some of these may depend on the 

presence of impurities or defects, at least a dozen polymorphs of “pure” SiO, are known. 

This intriguing structural complexity, coupled with the great scientific and technical 

utility of silica, have ensured continued interest in the compound from the earliest times. 
The various forms of SiO, and their structural inter relations will be described in the 

following paragraphs. By far the most commonly occurring form of SiO, is «-quartz which 

is a major mineral constituent of many rocks such as granite and sandstone; it also occurs 

alone as rock crystal and in impure forms as rose quartz, smoky quartz (red brown), 

morion (dark brown), amethyst (violet), and citrine (yellow). Poorly crystalline forms of 

quartz include chalcedony (various colours), chrysoprase (leek green), carnelian (deep 

red), agate (banded), onyx (banded), jasper (various), heliotrope (bloodstone), and flint 

(often black due to inclusions of carbon). Less-common crystalline modifications of SiO, 

14 JL. MARGRAVE and P. W. WILSON, SiF,, a carbene analogue. Its reactions and properties, Acc. Chem. Res. 
4, 145-52 (1971). 

'S G. Urry, Systematic synthesis in the polysilane series, Acc. Chem. Res. 3, 306-12 (1970). 
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are tridymite, cristobalite, and the extremely rare minerals coesite and stishovite. Earthy 

forms are particularly prevalent as kieselguhr and diatomaceous earth.t 

Vitreous SiO, occurs as tectites, obsidian, and the rare mineral lechatelierite. Synthetic 

forms include keatite, and W-silica. Opals are an exceedingly complex crystalline 

aggregate of partly hydrated silica. 

The main crystalline modifications of SiO, consist of infinite arrays of corner-shared 

{SiO,} tetrahedra. In «-quartz, which is thermodynamically the most stable form at room 

temperature, the tetrahedra form interlinked helical chains; there are two slightly different 

Si-O distances (159.7 and 161.7 pm) and the angle Si-O-Si is 144°. The helices in any one 

crystal can be either right-handed or left-handed so that individual crystals have non- 

superimposable mirror images and can readily be separated by hand. This enantiomor- 

phism also accounts for the pronounced optical activity of «-quartz (specific rotation of 

the Na D-line 27.71°/mm). At 573°C a-quartz transforms into f-quartz which has the 

same general structure but is somewhat less distorted (Si-O-Si 155°): only slight 

displacements of the atoms are required so the transition is readily reversible on cooling 

and the “handedness” of the crystal is preserved throughout. This is called a non- 

reconstructive transformation. A more drastic structural change occurs at 867° when f- 

quartz transforms into f-tridymite. This is a reconstructive transformation which requires 

the breaking of Si-O bonds to enable the {SiO,} tetrahedra to be rearranged into a 

simpler, more open hexagonal structure of lower density. For this reason the change is 

often sluggish and this enables tridymite to occur as a (metastable) mineral phase below 

the transition temperature. When f-tridymite is cooled to ~ 120° it undergoes a fast, 

reversible, non-reconstructive transition to (metastable) «-tridymite by slight displace- 

ments of the atoms. Conversely, when f-tridymite is heated to 1470° it undergoes a 

sluggish reconstructive transformation into f-cristobalite and this, in turn, can retain its 
structure as a metastable phase when cooled below the transition temperature; further 

slight displacements occur rapidly and reversibly in the temperature range 200-280° to 

give a-cristobalite (Si-O 161 pm, Si-O-Si 147°). These transitions are summarized below 

and further structural details are in ref. 10. 

B- tridymite | 3 B-cristobalite 

a-tridymite _ ae cristobalite . 

+ The names of minerals often give a clue to their properties or discovery. Coesite, stishovite, and keatite are 
named after their discoverers (p. 395). Quartz derives from kwardy, a West Slav dialectal equivalent of the Polish 
twardy, hard. Tridymite was recognized as a new polymorph by von Rath in 1861 because of its typical 
occurrence as trillings or groups of 3 crystals (Greek tpi5vpoc, tridymos, threefold). Cristobalite was discovered 
by von Rath in 1884 on the slopes of Mt San Cristobal, Mexico, where tridymite had also first been discovered. 
Kieselguhr is a combination of the German Kiesel, flint, and Guhr, earthy deposit. Diatomaceous earth refers to 
its origin as the remains of minute unicellular algae called diatoms: these marine organisms (0.01-0.1 mm diam) 
have the astonishing property of accreting silica on their cell walls and this preserves the shape of the organism 
after death—enormous deposits occur in many places (see p. 397). 
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The «-form of each of the three minerals can thus be obtained at room temperature and, 

because of the sluggishness of the reconstructive interconversions of the B-forms, it is even 

possible to melt B-quartz (1550°) and f-tridymite (1703°) if they are heated sufficiently 
rapidly. The bp of SiO, is not accurately known but is about 2800°C. 

Other forms of SiO, can be made at high pressure (Fig. 9.2). Coesite was first made by L. 

120, 

110 

100 

silica 

B-cristobalite 

ey, 
//— 6-tridymi 

P/kbar 
a ) 

Pressure 

ee . if . 

— a-cristobalite 
7) 

0"600 800 1000 1200 1400 1600 1 

Tis L/3C 

(a) (b) 

Fic.9.2 (a) Pressure-temperature phase diagram for SiO, showing the stability regions for the 
various polymorphs. The low-pressure segment below the broken line is shown in (b) using an 
(arbitrary) expanded scale to illustrate the relationships described in the preceding paragraphs. 

Coes in 1953 by heating dry Na,SiO, and (NH,),HPO, at 700° and 40 kbar, and was 

subsequently found in Nature at Meteor Crater, Arizona (1960). Its structure consists of 4- 

connected networks of {SiO,} in which the smallest rings are 4- and 8-membered, and this 
compact structure explains its high density (Table 9.8). On being heated it rapidly 

TABLE 9.8 Density of the main forms of SiO, (room temperature) 

W (fibrous) B-quartz (600°) 
Lechatelierite 2.19 o-quartz 2.648 
Vitreous 2.196 Coesite 2.911 
Tridymite 2.265 Keatite 3.010 
Cristobalite Stishovite 4.287 
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converts to tridymite or cristobalite. At still higher pressures (40-120 kbar, 380-585”) 

keatite is formed under hydrothermal conditions from amorphous silica and dilute alkali 

(P. P. Keat, 1959); the {SiO,,} are connected into 5-, 7-, and 8-membered rings as in ice(ITT) 

(p. 731). The highest density form of SiO, was predicted in 1952 by J. B. Thompson who 

visualized 6-coordinate Si in a rutile structure (p. 1120). It was first synthesized in S. M. 
Stishov’s laboratory (1961) at 1200-1400° and 160-180 kbar, and found to have the 

predicted structure. It was discovered in association with coesite at Meteor Crater in 1962: 

presumably both minerals were formed under transient shock pressures following 

meteorite impact and then preserved by rapid quenching from high temperature. The 

rapid melting and cooling of pre-existing silica phases also occurs during lightning strikes, 

and this leads to the formation of lechatelierite, a glassy or vitreous silica mineral. 
Finally, a very low-density form of fibrous silica, W-SiO, has been made by the 

disproportionation of (metastable) crystalline SiO: 

1250-1300" 

SIO, + Si— > 2SI0 
10-4 mmHg 

W-SiO, + Si 

W-SiO, features {SiO,} tetrahedra linked by sharing opposite edges to form infinite 

parallel chains analogous to SiS, and SiSe, ; this edge-sharing of pairs of O atoms between 

pairs of Si atoms is not observed elsewhere in Si-O chemistry where linking 1s by corner 

sharing of single O atoms. The configuration is unstable, and fibrous SiO, rapidly reverts 

to amorphous SiO, on heating or in the presence of traces of moisture. 

Silica is chemically resistant to all acids except HF but dissolves slowly in hot 

concentrated alkali and more rapidly in fused MOH or M,CO; to give M,SiO3. Of the 

halogens only F, attacks SiO, readily, forming SiF, and O,. Above 1000° H, and C also 

react. Several varieties of crystalline, cryptocrystalline, and vitreous SiO, find extensive 

applications and these are noted in the Panel. In vitreous silica {SiO,} tetrahedra are 

again linked by sharing corners with each O linked to 2Si but the extended three- 

dimensional network lacks the symmetry and periodicity of the crystalline forms. The 

Si-O distances are similar to those in other forms of SiO, (158-162 pm) but the Si-O-Si 

angles vary by as much as 15—20° on either side of the mean value of 153°. 

The detailed reactions of SiO, with the oxides of the metals and semi-metals are of great 

importance in glass technology and ceramics but will not be treated here.":?: 15” Suffice it 
to say that, in addition to innumerable crystalline compounds and vitreous phases, many 

water-soluble compositions are known and many of these find extensive commercial - 
application. Perhaps the best known are the soluble sodium (and potassium) silicates 

which are made by fusing sand with the appropriate carbonate in a glass-making furnace 

at ~ 1400°. The resulting soluble glass is dissolved in hot water under pressure and any 

insoluble glass or unreacted sand filtered off. The ternary phase diagram for 

Na,O-SiO,—-H,O (Fig. 9.3) indicates that only certain limited regions are of commercial 

interest, e.g. the stable liquid materials (area 9) in the composition range 30-40% SiO,, 

10-20% Na,O, 60-40% H,O, ie. ~Na,Si,0;.6H,O. These find extensive use in 

industrial and domestic liquid detergents because they maintain high pH by means of their 

buffering ability and can saponify animal and vegetable oils and fats; they also emulsify 

mineral oils, deflocculate dirt particles, and prevent redeposition of suspended dirt and 

soil. The more dilute solutions (area 10) are used in production of silica gels by 

154S. FRANK, Glass and Archaeology, Academic Press, London, 1982, 156 pp. 
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Some Uses of Silica! 

The main types of SiO, used in industry are high-purity a-quartz, vitreous silica, silica gel, 
_ fumed silica, and diatomaceous earth. The most important application of quartz is as a 
_ piezoelectric material (p. 62); it is used in crystal oscillators and filters for frequency control and 

__ modulation, and in electromechanical devices such as transducers and pickups: tens of millions of 
such devices are made each year. There is insufficient natural quartz of adequate purity so it must 
be synthesized by hydrothermal growth ofa seed crystal using dilute aqueous NaOH and vitreous 
$10, at 400°C and 1.7 kbar. The technique was first successfully employed by G. R. Spezia in 1905. 
(Crystal growth from molten SiO, cannot be used—why?) 

Vitreous silica combines exceptionally low thermal expansiont and high thermal shock 
resistance with high transparency to ultraviolet light, good refractory properties, and general 
chemical inertness. As a glass it is hard to work because of its very high softening point, high 
viscosity, short liquid range, and high volatility at forming temperatures. It is familiar in high- 
quality laboratory glassware, particularly for photolysis experiments and as sample cells in 
ultraviolet/visible spectroscopy; it is also much used as a protective sheath in the form of tubing or 
as thin films deposited from the vapour. 

Silica gel is an amorphous form of SiO, with a very porous structure, formed by acidification of 
aqueous solutions of sodium silicate; the gelatinous precipitate is washed free of electrolytes and 
then dehydrated either by roasting or spray drying. The properties of the resulting microporous 
material depend critically on the conditions of preparation, but typical samples have a pore 
diameter of 2200-2600 pm, a surface area of 750-800 m? g™*, and an apparent bulk density of 
0.67-0.75 g cm >. Such material finds extensive use as a desiccant, selective absorbant, 
chromatographic support,“ °°) catalyst substrate, and insulator (thermal and sound). It can 
absorb more than 40% of its own weight of water and, when stained with cobalt salts such as the 
nitrate or (NH,),CoCl,, is familiar as a self-indicating desiccant that can readily be regenerated by 
heating (anhydrous, blue; hydrated, pink). It is chemically inert, non-toxic, and dimensionally 
stable, and finds a growing application in the food industry as an anticaking agent in cocoa, fruit 
juice powders, NaHCO,, and powdered sugar and spices. It is also used as a flatting agent to 
produce an attractive matte finish on lacquers, varnishes, and paints, and on the surface of vinyl 
plastics and synthetic fabrics. 

Another manufactured form of ultrafine powdered SiO, is pyrogenic or fumed silica, formed by 
the high-temperature hydrolysis of SiCl, in an oxyhydrogen flame in specially designed burners; 
the SiO, is formed as a very fine white smoke which is collected on cooled rotating rollers. The 
bulk density is only 0.03-0.06 g cm? and the surface area 150-500 m? g *. Its main use is as a 
thixotropic thickening agent in the processing of epoxy and polyester resins and plastics, and as a 
reinforcing filler in silicone rubbers where, in contrast to carbon black fillers (p. 301), its chemical 

inertness does not interfere with the peroxide initiated cure (p. 424). 
Diatomaceous earth or kieselguhr (p. 394) is mined by open-cast methods on a very substantial 

scale, particularly in Europe and North America, which respectively account for 59% and 39% of 
the world production (1.8 million tonnes in 1977). The principal use is in filtration plants, and this 
accounts for about 60°% of the supply; a further 20% is used in abrasives, fillers, light-weight 
aggregates, and insulation material, and the remainder is used as an inert carrier, coating agent, or 
in the manufacture of pozzolan. 

+ The linear coefficient of thermal expansion of vitreous silica is ~0.25 x 107°. This can be 
compared with a value of ~ 100 x 10° ° for ordinary soda-lime glasses (~79% SiO, ~ 12. 5% 
Na,O, ~8.5% CaO). Addition of B,O, (as in Pyrex) sharply reduces this value to 3 x 10° 
(typical laboratory glassware has a composition 83.9% SiO), 10.6% B,O;, 1.2% Al,O,, 3.9% 
Na,0O, 0.4% K,0). 

150 K K. UNGER, Porous Silica: Its Properties and Use as a Support in Column Liquid Chromatography, 

Journal of Chromatography Library, Vol. 16, 1979, pp. 294. 
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acidification (pp. 397 and below). There are numerous other uses of soluble silicates 

including adhesives, glues, and binders, especially for corrugated cardboard boxes, and as 

refractory acid-resistant cements and sealants.“°°) World production in 1967 was 

~2.7 million tonnes of which the sodium silicates formed the major part. 

SiO, 

Fic. 9.3 Simplified schematic ternary phase diagram for the system Na,O-SiO,-H,O. 
Commercially important areas are shaded. (1) anhydrous “Na,SiO,” and its granular mixtures 
with NaOH;; (2) granular crystalline alkaline silicates such as Na,SiO, and its hydrates; (3) 
uneconomic partially crystallized mixtures; (4) glasses; (5) uneconomic hydrated glasses; (6) 
dehydrated liquids; (7) uneconomic semi-solids and gels; (8) uneconomic, unstable viscous 

liquids; (9) ordinary commercial liquids; (10) dilute liquids; (11) unstable liquids and gels. (From 
J. G. Vail, Soluble Silicates, Reinhold, New York, 1952.) 

The system SiO,—H,O, even in the absence of metal oxides, is particularly complex and 

of immense geochemical and industrial importance."°® The mp of pure SiO, decreases 
dramatically by as much as 800° on addition of 1-2% H,O (at high pressure), presumably 

as a result of the structure-breaking effect of replacing Si-O-Si links by “terminal” Si-OH 

groups. With increasing concentrations of H,O one obtains hydrated silica gels and - 

colloidal dispersions of silica; there are also numerous hydrates and distinct silicic acids in 

very dilute aqueous solutions, but these tend to be rather insoluble and rapidly precipitate 

with further condensation when aqueous solutions of soluble silicates are acidified. 

Structural information is sparse, particularly for the solid state, but in solution evidence 

has been claimed for at least 5 species (Table 9.9). It is unlikely that any of these species 
exist in the solid state since precipitation is accompanied by further condensation and 

cross-linking to form “polysilicic acids” of indefinite and variable composition 
[SiO,(OH),_>,], (cf B, Al, Fe, etc.). 

15¢ 7S. Dent GLassER, Sodium silicates, Chem. Br. 18, 33-9 (1982). 
'S¢R. K. Iter, The Chemistry of Silica: Solubility, Polymerization, Colloid and Surface Properties, and 

Biochemistry, Wiley, New York, 1979, 866 pp. 
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TABLE 9.9 Silicic acids in solution 

Formula n® Name Sol. (HO, 20°)/ 
mol |"! 

H, 981,05 2.5 Pentahydrosilicic acid ASSN > 
H,SiO, 2 Orthosilicic acid TSO 
H,Si,O, 1.5 Pyrosilicic acid 9.6x 10-4 
H,SiO, 1 Metasilicic acid 10x 1094 
H,Si,0; 0.5 Disilicic acid 20 x 1074 

®) Number of mols H,O per mol SiO,, i.e. SiO,.nH,O. 

9.3.5 Silicate minerals © 16 17, 17a) 

The earth’s crustal rocks and their breakdown products—the various soils, clays, and 

sands—are composed almost entirely (~95%) of silicate minerals and silica. This 

predominance of silicates and aluminosilicates is reflected in the abundance of O, Si, and 

Al, which are the commonest elements in the crust (p. 380). Despite the great profusion of 

structural types and the widely varying stoichiometries which are unmatched elsewhere in 

chemistry, it is possible to classify these structures on the basis of a few simple principles. 

Almost invariably Si is coordinated tetrahedrally by 4 oxygen atoms and these {SiO,} 

units can exist either as discrete structural entities or can combine by corner sharing of O 

atoms into larger units. The resulting O lattice is frequently close-packed, or 

approximately so, and charge balance is achieved by the presence of further cations in 

tetrahedral, octahedral, or other sites depending on their size. Typical examples are as 

follows (radii in pm):t 

CN 4-=. Li'(59) Be (27): -rAlE G9) Si”. (26) 

CN 6: Na! (102) Mg"(72) All"(54) Til’ (61) Fe" (78) 
CNS") “K" (151) 7) Cat 12) 
CN 12: K! (164) 

The quoted radii, which in turn depend on the CN, are the empirical “effective ionic radii” 

deduced by R. D. Shannon (and C. T. Prewitt)"® and do not imply full charge separation 
such as {Si** (O?~ ),}, etc. Note that All can occupy either 4- or 6-coordinate sites so that 
it can replace either Si or M in the lattice—this is particularly important in discussing the 

structures of the aluminosilicates. Several other cations can occupy sites of differing CN, 

e.g. Li (4 and 6), Na (6 and 8), K (6-12), though they are most commonly observed in the 

CN shown. 

+ The metals which form silicate and aluminosilicate minerals are the more electropositive metals, i.e. those in 
Groups JA, IIA, and the 3d transition series (except Co), together with Y, La, and the lanthanoids, Zr, Hf, Th, U, 

and to a much lesser extent the post-transition elements Sn", Pb", and Bil”. 

16 WA. Deer, R. A. Howie, and J. ZussMAN, An Introduction to the Rock-forming Minerals, Longmans, 

London, 1966, 528 pp. 
17 B. Mason and L. G. Berry, Elements of Mineralogy, W. H. Freeman, San Francisco, 1968, 550 pp. 
17a F. LIEBAU, Silicon, element 14, in K. H. WEDEPOHL (ed.), Handbook of Geochemistry, Vol. 1-2, Chap. 14, 

18 RD. SHANNON, Revised effective ionic radii and systematic studies of interatomic distances, Acta Cryst. 

A32, 751-67 (1976). 
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As with the borates (p. 231) and to a lesser extent the phosphates (p. 616), the {SiO,} 

units can build up into chains, multiple chains (or ribbons), rings, sheets, and three- 

dimensional networks as summarized below and elaborated in the following paragraphs. 

Neso-silicates discrete {SiO,} no O atoms shared 
soro-silicates discrete {Si,0,} 1 O atom shared 
cyclo-silicates closed ring structures 910 atenmaeaed 

ino-silicates continuous chains or ribbons 

phyllo-silicates continuous sheets 3 O atoms shared 

tecto-silicates continuous 3D frameworks all 4 O atoms shared 

Silicates with discrete units 

Discrete {SiO,\ units occur in the orthosilicates M3SiO, (M = Be, Mg, Mn, Fe, and Zn) 

and in ZrSiO,. (Discrete {SiO,} has also recently been established in the synthetic 

orthosilicates Na,SiO, and K,SiO,.)"8” In phenacite, Be,SiO,, both Be and Si occupy 
sites of CN 4 and the structure could equally well be described as a 3D network M,Q,. 

When octahedral sites are occupied, isomorphous replacement of M" is often extensive as 

in olivine, (Mg,Fe,Mn),SiO, which derives its name from its olive-green colour (Fe"). The 
structure is shown in Fig. 9.4. In zircon, ZrSiO,, the stoichiometry of the crystal and the 

@QMeg; @Si; O and () Oxygen 

Fic. 9.4 Plan of the structure of Mg,SiO,; light and heavy lines are used to distinguish between 
{SiO,} tetrahedra at different levels and alternate tetrahedra point up and down. The octahedral 

coordination of one {MgO,} is also indicated. 

"8a M{. G. BARKER and P. G. Goon, The preparation and crystal structure of sodium orthosilicate, Na,SiO,, 
J. Chem. Research (S), 1981, 274, and references therein. 
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larger radius of Zr (84pm) dictate eightfold coordination of the cation. Another 

important group of orthosilicates is the garnets, [M3M'4"(SiO,)3], in which M" are 8- 
coordinate (e.g. Ca, Mg, Fe) and M™ are 6-coordinate (e.g. Al, Cr, Fe).''9) Orthosilicates 
are also vital components of Portland cement (p. 284): B-Ca,SiO, has discrete {SiO,' 

with rather irregularly coordinated Ca in sixfold and eightfold environments (the «-form 

has the K,SO, structure and the y-form has the olivine structure). Again alite, Ca,SiO., 

which is intimately involved in the “setting” process, has individual Ca, {SiO,', and O as 

the structural units. 
Disilicates, containing the discrete {Si,O,°~ } unit, are rare. One example is the mineral 

thortveitite, Sc,Si,O5, which features octahedral Sc" (r 75 pm) and a linear Si-O-Si bond 

between staggered tetrahedra (Fig. 9.5a). There is also a series of lanthanoid disilicates 

Ln,S1,0, in which the Si-O-Si angle decreases progressively from 180° to 133° and the 

CN of Ln increases from 6 through 7 to 8 as the size of Ln increases from 6-coordinated 

Lu" (86 pm) to 8-coordinated Nd" (111 pm). In the Zn mineral hemimorphite the angle 
is 150° but the conformation of the 2 tetrahedra is eclipsed (C,,) rather than staggered 

(Fig. 9.56); the mineral was originally formulated as Zn,Si0,.H,O or H,Zn,SiO,, but 

Fic.9.5 (a) Two representations of the {Si,O,} unit in Sc,Si,O, showing the linear Si-O-Si link 
between the two tetrahedra and the D,, (staggered) conformation, and (b) eclipsed (C;,) 

conformation of the {Si,O,} unit in hemimorphite, [Zn,Si,0,(OH),].H,O. 

X-ray studies showed that the correct formula was [Zn,(OH),Si,0,].H,O, Le. 

“2H,Zn,SiO,”. Two further features of importance also emerged. The first was that there 

was no significant difference between the Si-O distances to “bridging” and “terminal” O 

atoms as would be expected for isolated {Si,0,°~} groups, and the structure is best 

considered as a 3D framework of {ZnO,(OH)} and {SiO,} tetrahedra linked in threes to 

form 6-atom rings Zn-O-Si-O-Zn-OH. The rings are linked into infinite sheets in the 

(010) planes as shown in Fig. 9.6a. Each O in the sheet is linked to 2 Zn and 1 Si atom and 

'9 See ref. 10, p. 500, for a description of the garnet structure which is also adopted by many synthetic and. 

non-silicate compounds; these have been much studied recently because of their important optical and magnetic 

properties, e.g. ferrimagnetic yttrium iron garnet (YIG), Ve (AlMO;);. 
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the fourth O atom in each tetrahedron is involved in bridging the sheets via Zn—-O(H)—Zn 

or Si-O-Si bonds. Finally, the 3D framework so generated leaves large channels which 

open into large cavities that accommodate the removable H,O molecules. The structure is 

thus very similar in principle to that of the framework aluminosilicates (p. 414) and its 

conventional description in terms of discrete Si,O,° ions is rather misleading and 

uninformative. 
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(a) 

Fic.9.6 (a) A section of the structure of hemimorphite, [Zn,(OH),Si,O,].H,O, showing the 6- 
membered Zn,SiO, rings in the (010) plane (perpendicular to the y-axis). (b) The structure 
projected down the z-axis on to the (001) plane and showing the linking of tetrahedra to form 
channels; the larger tetrahedra represent {ZnO ,(OH)} (Zn—O 195 pm) and the smaller tetrahedra 
represent {SiO} (Si-O 163 pm); 4 unit cells are shown; one group of 3 fused tetrahedra forming a 

Zn,SiO, ring at right angles to the y-axis is shaded for ease of recognition. 

Structures having triple tetrahedral units are extremely rare but they exist in aminoffite, 

Ca3(BeOH),(Si30 jo), and kinoite, Cu,Ca,(Si,0,,9).2H,O. The first tetrasilicate was 

synthesized as recently as 1979:"°® Ag, ,Si,O, 3 was prepared as stable vermilion crystals 

198 M. JANSEN and H.-L. KELLER, Ag, Si,O, ;—the first tetrasilicate, Anyew. Chem., Int. Edn. (Engl.) 18, 464 
(1979). 
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by heating AgO and SiO, for 1-3 days at 500-600°C under a pressure of 2-4.5 kbar of O. 

When each {SiO,} shares 2 O with contiguous tetrahedra, metasilicates of empirical 
formula SiO;?~ are formed. Cyclic metasilicates [(SiO3),,]*"” having 3, 4, 6, or 8 linked 
tetrahedra are known, though 3 and 6 are the most common. These anions are shown 

schematically in Fig. 9.7 and are exemplified by the mineral benitoite [BaTi{Si,O,}], the 

synthetic compound [K,{Si,Og(OH),}], and by beryl [Be3Al,{Si,O,,}] (p. 117) and 
murite [Ba, (Ca,Mn,Ti),{Sig0,,}(C1,OH,O),>].4H,O. 

[Sigs Q,5]?~ 

[Si,O,,] 1% 

Fic.9.7 Schematic representations of the structures of cyclic metasilicate anions with n=3, 4, 6, 

and 8. 

Silicates with chain or ribbon structures 

Chain metasilicates {SiO;7~},, formed by corner-sharing of {SiO,} tetrahedra are 
particularly prevalent in nature and many important minerals have this basic structural 

unit (cf. polyphosphates, p. 616). Despite the apparent simplicity of their structure motif 
and stoichiometry considerable structural diversity is encountered because of the differing 

conformations that can be adopted by the linked tetrahedra. As a result, the repeat 

distance along the c-axis can be (1), 2, 3---7, 9, or 12 tetrahedra (T), as illustrated 

schematically in Fig. 9.8. The most common conformation for metasilicates is a repeat 

after every second tetrahedron (2T) with the chains stacked parallel so as to provide sites 

of 6- or 8-coordination for the cations; e.g. the pyroxene minerals enstatite [Mg,Si,O¢], 

diopside [CaMgSi,O¢], jadeite [NaAlSi,0,], and spodumene [LiAISi,0¢] (p. 76). The 

synthetic metasilicates Li,SiO, and Na,SiO, are similar; for the latter compound 
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Si-O-Si is 134° and the Si-O distance is 167 pm within the chain and 159 pm for the other 

2 O. The minerals wollastonite [Ca,Si,;0,] and pectolite [Ca,NaHSi,0,] have a 3T 

repeat unit, haradaite [Sr,(VO)Si,O, ,] is 4T, rhodonite [CaMn,Si;O, 5] has a 5T repeat, 
etc.% 17a) 

(1T) short 4T 

(CuGeO;) Na,SiO;,; Ba,Si,O,(ht) Ba, Si,O3(OH),.4H2O Sr2(VO),Si,O; 2 

17 

(Mn,Ca)sSisO,;; Ca,Sn,SigO0.3.4H,O (Fe,Ca)7Si,O,, Fey Sig O27(hp) PD 12 S112 O36 

Fic.9.8 Schematic representation and examples of various chain metasilicates {SiO,*},, with 
repeat distances (in pm) after 1,2... 7,9, or 12 tetrahedra (T). [(ht) high-temperature form; (hp) 

high-pressure form. } 
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In the next stage of structural complexity the single {SiO,,*-} ,, chains can link laterally 
to form double chains or ribbons whose stoichiometry depends on the repeat unit of the 

single chain (Fig. 9.9). By far the most numerous are the amphiboles or asbestos minerals 

[Si,0577] [Si,01:°7] [Sig017'°7] 

FiG9.9 Double chains of {SiO,} tetrahedra: (a) the double chain based on the 1T metasilicate 
structure, stoichiometry {Si,O,7- }—it is found in the aluminosilicate sillimanite [Al(AISiO;)]; 
(b) {Si,O, ,°~ } chain based on the 2T metasilicate occurs in the amphiboles (see text); and (c) the 

rare 3T double chain Si,O,7'° occurs in xonotlite [Ca,Si,O,;(OH),]. More complex 3T, 4T, 
and 6T double chains are also known.) 7” 

which adopt the {Si,O,,°-} double chain, e.g. tremolite [Ca,Mg,(Si,O,;)2(OH),.]; the 

structure of this compound is very similar to that of diopside (above) except that the 

length of the b-axis of the unit cell is doubled. The fibrous nature of the asbestos minerals 

thus finds a ready interpretation on the basis of their crystal structures (see Panel). In 

addition to these well-established double chains of linked {SiO,} tetrahedra, examples of 
infinite one-dimensional structures consisting of linked triple, quadruple, and sextuple 

chains have recently been discovered in nephrite jade by means of electron microscopy,” 

ea and FO teratke astounded his” 
the fire ve, bein g woven ee. it 

(is by fa e ow ear the hee ah mineral 
f world aes and the vA Delia — 

20 1, G. MALLINSON, J. L. HUTCHINSON, D. A. JEFFERSON, and J. M. THomas, Discovery of new types of chain 
silicates by high resolution electron microscopy, JCS Chem. Comm. 910-11 (1977). 

20a W. J. SmiTHER, Asbestos, School Science Review 60 (210), 59-69 (1978). 
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$ ee ‘chenoule ‘Gave as indicated | in the Figure: (200) Mn additio sous 
duced 2590 000 tonnes et rs: any crocidolite ae 000 Nome and amosite : 

China (3.0%) 150 000 tonnes 

South Africa (2.3%) 111 000 tonnes 

USA (2.1%) 104 000 tonnes 

South America (1.4%) 69 000 tonnes 

Australia (1.3%) 66 000 tonnes 

Others (0.9%) 45 000 tonnes 

Rhodesia (4.9%) 
239 000 tonnes 

Europe (6.5%) 

321 000 tonnes 
mw USSR (46.4%) 

2 285 000 tonnes 

ensions of ics fibre ducts can = en dange ous oad 
it cidence of f asbestosis (non-malignent scarring of ~~ 

and these form a satisfying link between the pyroxenes and amphiboles, on the one hand, 
and the sheet silicates (to be described in the next paragraph), on the other. 

Silicates with layer structures 

Silicates with layer structures include some of the most familiar and important minerals 

known to man, particularly the clay minerals [such as kaolinite (china clay), 

20> Reference 1, 3rd edn., Asbestos 3, 267-83 (1978). 
20¢ J. MICHAELIS and S. S. Cuissick (eds.), Asbestos: Properties, Applications and Hazards, Vol. 1, Wiley, 

New York, 1979, 553 pp. 
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montmorillonite (bentonite, fuller’s earth), and vermiculite], the micas (e.g. muscovite, 

phlogopite, and biotite), and others such as chrysotile (white asbestos), talc, soapstone, 

and pyrophyllite. The physical and chemical properties of these minerals, which have 
made many of them so valued for domestic and industrial use for several milleniums (p. 

379), can be directly related to the details of their crystal structure. The simplest silicate 

layer structure can be thought of as being formed either by the horizontal cross-linking 

of the 2T metasilicate chain {Si,O,*"} in Fig. 9.8 or by the planar condensation of the 

{Sig0,,'7 } unit in Fig. 9.7 to give a 6T network of composition {Si,O;”_} in which 3 of 

the 4 O atoms in each tetrahedron are shared; this is shown in both plan and elevation in 

Fig. 9.10. In fact, such a structure with a completely planar arrangement is extremely rare 

View for (a) 

900 pm 

(b) 

(a) 

Fic.9.10 Planar network formed by extended 2D condensation of rings of 6 {SiO,} tetrahedra 
to give {Si,O,”}. (a) Plan as seen looking down the O-Si direction, and (b) side elevation. 

though closely related puckered 6T networks are found in M,Si,0, (M =Li, Na, Ag, H) 

and in petalite (LiAISi,O0,, p. 76). More complex arrangements are also found in which 

the 6T rings forming the network are replaced by alternate 4T and 8T rings, or by equal 

numbers of 4T, 6T, and 8T rings, or even by a network of 4T, 6T, and 12T rings.0° '7® 

Double layers can be generated by sharing the fourth (apical) O atom between pairs of 

tetrahedra as in Fig. 9.11. This would give a stoichiometry SiO, (since each O atom is 

shared between 2 Si atoms) but if half the Si!” were replaced by Al'” then the composition 
would be {Al,Si,0,7 } as found in Ca,Al,Si,O, and Ba,Al,Si,Og (Fig. 9.12). Another 

way of building up double layers involves the interleaving of layers of the gibbsite Al(OH), 

or brucite Mg(OH), structure (pp. 274-77, 133) which happen to have closely similar 

dimensions and can thus share O atoms with the silicate network. This leads to the china- 

clay mineral kaolinite [Al,(OH),Si,05] illustrated in Fig. 9.13. 

ij Named in 1867 from “kaolin”, a corruption of the Chinese kauling, or high-ridge, the name of the hill where 

this china clay was found. 
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FiG.9.11 Side elevation of double layers of formula {Al,Si,0,”~ } formed by sharing the fourth 
(apical) O in Fig. 9.10(b). Sites marked @ are occupied by equal numbers of Al and Si atoms. 

eSi(Al) CoO 

Fic. 9.12 Structure of Ca,Al,Si,O, formed by interleaving 6-coordinated Ca" atoms between 
the double layers depicted in Fig. 9.11. 

Repetition of the process on the other side of the Al/O layer leads to the structure of 

pyrophyllite [Al,(OH),Si,0,0] (Fig. 9.13b). Replacement of 2A1™ by 3Mg" in kaolinite 
[Al,(OH),Si,O.] gives the serpentine asbestos mineral chrysotile [Mg3,(OH),Si,O.] 

and a similar replacement in pyrophyllite gives talc [Mg3;(OH),Si,0,)]. The gibbsite 

series is sometimes called dioctahedral and the brucite series trioctahedral in obvious 

reference to the number of octahedral sites occupied in the “non-silicate” layer. 
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(b) Pyrophyllite, [Al, (OH), Si,0;9] (c) Pyrophyllite, [Al,(OH),4SigO 9 ] 

FiG. 9.13. (a) Schematic representation of the structure of kaolinite (side elevation) showing 
{SiO 0} tetrahedra (bottom) sharing common O atoms with {Al(OH),O} to give a composite 
layer of formula [Al,(OH),Si,0,]. The double lines and double circles in the tetrahedra indicate 
bonds to 2 O atoms (one in front and one behind). (b) Similar representation of the structure of 

pyrophyllite, showing shared {SiO,O} tetrahedra above and below the {Al(OH)O,} layer to give 
a composite layer of formula [Al,(OH),Si,O, 9]. (c) Alternative representation of pyrophyilite to 

be compared with (b), and showing the stoichiometry of each layer. 

Alternative representations of the structures are given in Figs. 9.14 and 9.15, and it is well 

worth while looking carefully at these three sets of diagrams since they have the pleasing 

property of becoming simpler and easier to understand the longer they are contemplated. 

It should be stressed that the formulae given are ideal limiting compositions and that Al! 
or Mg" can be replaced by several other cations of appropriate size. The stoichiometry is 

further complicated by the possibility that Si!” can be partly replaced by Al’ in the 
tetrahedral sites thereby giving rise to charged layers. These layers can be interleaved with 

M! or M! cations to give the micas or by layers of hydrated cations to give 
montmorillonite. Alternatively, charge balance can be achieved by interleaving positively 

e Silicon 

o Aluminium 

© Oxygen 

S OH 

Kaolinite Pyrophyllite 

(a) (b) 

Fic. 9.14 An alternative representation of the layer structures of (a) kaolinite, and (b) 
pyrophyllite. 
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6 OH 
4 Al 

(b) Pyrophyllite, alternative representation 

Fic. 9.15 Alternative representations of the layer structures of (a) kaolinite, (b).pyrophyllite, and 
(c) talc. (After H. J. Emeleus and J. S. Anderson, 1960 and B. Mason and L. G. Berry, 1968.) 

charged (Mg,Al)(OH), layers as in the chlorites. These possibilities are shown 

schematically in Fig. 9.16 and elaborated in the following paragraphs. 

The technological importance of the clay minerals is outlined in the Panel. 

Cs Minerals and d Related eeeeecie: 

oe are an enim component of soils, to which we owe our survival, and they 2 are dale the 
raw materials for some of mankind’s most ancient and essential artefacts: pottery, bricks, tiles, et 
Clays are formed by the weathering and decomposition of igneous rocks and occur typically as 
ery fine particles: e.g. kaolinite is formed as hexagonal pee o “F ~O01-3 ee by the 

wi meres of alkaline Hgts : oo 

idealized 

_AIKAISIO,) + co, . nos [Al (OH), Si,0.]+ +450, +K,C0, 

Whe mie with water, slays become soft, plate and mouldables the water: of ast can b 
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(600 -900°). Above about 950° pullite (Al,S1,0, 3) bees to form and glassy phases appear.” 
___ China clay or kaolin, which is predominantly kaolinite, is particularly valuable because it is 
essentially free from iron impurities (and therefore colourless). World production in 1974 was 

_ about 17 million tonnes, the main producers being the USA (36%), the UK (22%), and the USSR 
(3 %,)- In the USA almost half of this vast tonnage was used for paper filling or paper coating and 

_ One-quarter was used for various fire-bricks and refractories. Only 82 000 tonnes was used for 
china, crockery, and earthenware, which is now usually made from ball clay, a particularly fine- 
grained, highly plastic material which is predominantly kaolinite together with clay-mica and 

quartz. Some 800 000 tonnes of ball clay is used annually in the USA for white ware, table ware, 
wall and floor tiles, sanitary ware, and electrical porcelain. 

Fuller’s eartht is a montmorillonite in which the principal exchangeable cation is calcium. It has 

a high absorptive and adsorptive capacity, and pronounced cation exchange properties which _ 
enable it to be converted to sodium-montmorillonite (bentonite). Nomenclature is confusing and, _ 

: in American usage, the fibrous hydrated magnesium aluminosilicate attapulgite is also called 
fuller’s earth. US production exceeds | million tonnes pa and is used mainly as an oil and grease 
absorbent (40%) and for what the government statisticians coyly call “pet absorbent” (30%). 

_ Bentonite (sodium-montmorillonite) i is extensively used as a drilling mud, but this apparently _ 
_ mundane application is based on the astonishing thixotropic properties of its aqueous — 

_ suspensions. Thus, replacement of Ca by Na in the montmorillonite greatly enhances its ability to 
swell in one dimension by the reversible uptake of water; this effectively cleaves the clay particles 
causing a separation of the lamellar units to give a suspension of very finely divided, exceedingly 
thin plates. These plate-like particles have negative charges on the surface and positive charges on _ 
the edges and, even in a suspension of quite low solid content, the particles orient themselves _ 

_ negative to positive to give a jelly-like mass or gel; on agitation, however, the weak electrical _ 
bonds are broken and the dispersion becomes a fluid whose viscosity diminishes with the extent of _ 

agitation. This indefinitely reversible property is called thixotropy and is widely used in civ) 
engineering applications, in oil-well drilling, and in non-drip paints. The plasticity of bentonite is _ 
also used in mortars, putties, and adhesives, in the pelletizing of iron ore, and in foundry sands. 

Some 3 million tonnes were produced i in the USA in 1975 and world production was 4.3 million 
tonnes. 

Micas occur as a late crystallization phase in igneous rocks. Usually the crystals are 1-5 mm on 
edge but in pegmatites (p. 119) they may considerably exceed this to give the valuable block mica: — 

_one spectacular find in Ontario gave single crystals of muscovite up to 4.3 m in diameter and 
weighing over 80 tonnes. Uses of muscovite mica depend on its perfect basal cleavage, toughness, 
__ elasticity, transparency, high dielectric strength, chemical inertness, and thermal stability to 500°. __ 
 Phlogopite (Mg-mica) is less used except when stability to 850-1000° is required. Sheet mica is _ 

_ used for furnace windows, for electrical insulation (condensers, heating elements, etc.), and in 
_ vacuum tubes. Ground mica is used as a filler for rubber, plastics, and insulating board, for silver 

__ glitter paints, etc. World production (excluding China) was ~ 240 000 tonnes in 1974 of Bis 
_ §3°% came from the USA, 20% from India, and 17% from the USSR. : 

Talc, unlike the micas, consists of electrically neutral layers without the interleaving cations. It is 
valued for its softness, smoothness, and dry lubricating properties, and for its whiteness, chemical 

___ inertness, and foliated structure. Its most important applications are in ceramics, insecticides, 
paints, and paper manufacture. The more familiar use in cosmetics and toilet preparations 

accounts for only 3% of world production which was 5.5 million tonnes in 1974 and 4.9 million 
tonnes in 1975. Half of this came from Japan and the USA, and other major producers are Korea, 

the USSR, France, and China. Talc and its more massive mineral form soapstone or steatite are - 
widely distributed throughout the world and many countries produce it for domestic 
oS either by “ODEACAS or r underground une 

+ The name derites bon its oe use (from Roman times) for the fulling or cleansing of woollen . 
cloth from its natural oils and greases. It is now little used for this purpose since soaps and - 

detergents are more ae 

Micas are formed when one-quarter of the Si'Y in pyrophyllite and talc is, replaced by 

Al" and the resulting negative charge is balanced by K!: 

pyrophyllite [Al,(OH),Si,0,,.]——> [KAI,(OH),(Si,AlO,,.)] muscovite (white mica) 

talc [Mg3(OH),Si,0,)] ——>[KMg,(OH),(Si,AlO,,)] phlogopite 
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Fic. 9.16 Schematic representation 
[KA], (Si,Al,)O9(OH), J, hydrated montmorillonite, [Al,Si,05 (OH), ].xH,O and chlorite, 

Silicon 

of 

Montmorillonite 

(hydrated) 

the 

Ch"? 

© Si, Al 

© Al, Mg 

OO 

; 8 OH 
Chlorite 

structures of muscovite mica, 

[Mg Al,(SigAl,)O 9(OH),¢], see text. 

(a) Muscovite (alternative) 

3 Sit+ Al 

40+2(OH) 

c-axis 

1430 pm 

6 (OH) 

6 (OH) 

5 Mg + Al 

(b) Chlorite (alternative) 

Fic.9.16 Alternative representations of the structures of muscovite and chlorite (after B. Mason 
and L. G. Berry”). 
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The OH can be partly replaced by F and, in phlogopite, partial replacement of Mg" by Fe!! 
gives biotite (black mica) [K(Mg,Fe"),(OH,F),(Si,AlO,,)]. The presence of K! between 
the layers makes the micas appreciably harder than pyrophyllite and talc but the layers are 

still a source of weakness and micas show perfect cleavage parallel to the layers. With 

further substitution of up to half the Si by Al charge balance can be restored by the more 

highly charged Ca" and brittle micas result, such as margarite [CaAl,(OH),(Si,Al,O,)] 

which is even harder than muscovite. 

Another set of minerals, the montmorillonites, result if, instead of replacing tetrahedral 

Si” by Al'" in phlogopite, the octahedral Al" is partially replaced by Mg" (not completely 
as in talc). The resulting partial negative charge per unit formula can be balanced by 

incorporating hydrated M' or M" between the layers; this leads to the characteristic 
swelling, cation exchange, and thixotropy of these minerals (see Panel). A typical sodium 

montmorillonite might be formulated Nay 33[Mgo.33Al, ¢67(OH)2(Si,0,5)].nH,O, but 

more generally they can be written as M,[(Mg,Al,Fe),(OH),(Si,0,,.)].nH,O where 

M =H, Na, K, +Mg, or 4Ca. Simultaneous altervalent substitution in both the octahedral 

and tetrahedral sites in talc leads to the vermiculites of which a typical formula is 

[Mgo.32(H2O)a_ 32 | 9-64*T(Mg> s6Alo 16 Fest OH). ASiiaxAR 36 O01 842 

Dy 
total 3.00 

When these minerals are heated they dehydrate in a remarkable way by extruding little 

worm-like structures as indicated by their name (Latin vermiculus, little worm); the 

resulting porous light-weight mass is much used for packing and insulation. The 

relationship between the various layer silicates is summarized with idealized formula in 

Table 9.10. 

TABLE 9.10 Summary of layer silicate structures (idealized formulae)" ”) 

Dioctahedral Trioctahedral 
(with gibbsite-type layers) (with brucite-type layers) 

Two-layer structures 

Kaolinite, nacrite, dickite Antigorite (platy serpentine) 

[A1,(OH),(Si,0;0)J [Mg.(OH)s(Si,0j0)] 
Halloysite Chrysotile (fibrous serpentine) 

[Al,(OH)(Si1,010)] [Mg.(OH)(Si,010)] 

Three-layer structures 

Pyrophyllite Talc 

[Al,(OH)2(Si,0;0)] [Mg3(OH),(Si,O;0)} 
Montmorillonite Vermiculite 
[Al,(OH),(Si,O49)].xH,0” [Mg3(OH),(Si,O,5)].xH,O0”? 

Muscovite (mica) Phlogopite (mica) 
[KAI,(OH),(AISi1;0;)] [KMg;(OH),(AIS1,;0;9)] 

Margarite (brittle mica) Clintonite 

[CaAl,(OH),(Al,Si,0;0)] [CaMg;(OH),(AI,Si,0,,)] 
Chlorite 

[Mg;Al(OH),(AISi;0;9)]© 

‘®) With partial replacement of octahedral Al by Mg and with adsorbed cations and variable 
water content. 

‘>) With partial replacement of octahedral Mg by Al and with adsorbed cations and variable 

water content. 
‘) That is, regularly alternating talc-like and brucite-like sheets. 
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Silicates with framework structures 

The structural complexity of the 3D framework aluminosilicates precludes a detailed 

treatment here, but many of the minerals are of paramount importance. The group 

includes the feldspars (which are the most abundant of all minerals, and comprise ~ 60% 

of the earth’s crust), the zeolites (which find major applications as molecular sieves, 

desiccants, ion exchangers, and water softeners), and the ultramarines which, as their name 

implies, often have an intense blue colour. All are constructed from SiO, units in which 

each O atom is shared by 2 tetrahedra (as in the various forms of SiO, itself), but up to 

one-half of the Si atoms have been replaced by Al, thus requiring the addition of further 

cations for charge-balance. 

Most feldspars can be classified chemically as members of the ternary system 

NaAISi,0,—-KAISi,0,-CaAl,Si,Os. This is illustrated in Fig. 9.17, which also indicates 

Orthoclase [K AI1Si, Os; ] 

Alkali feldspars 

[Na,K,.,A1Si;0Os ] 

Mixture of 

2 feldspars 

Anorthoclase 

f a 

Albite «——  Plagioclase feldspars ——®» Anorthite 

[NaAISi,O, ] <— [Na,Ca,.,Al,..Si. +, Og ] —® [CaAl, Si, Os ] 

Fic. 9.17 Ternary phase diagram for feldspars. The precise positions of the various phase 
boundaries depend on the temperature of formation. 

the names of the mineral phases. Particularly notable is the continuous plagioclase series 
in which Na! (102 pm) is replaced by Ca" (100 pm) on octahedral sites, the charge-balance 

being maintained by a simultaneous substitution of Al for Si'Y on the tetrahedral sites. K' 
(138 pm) is too disparate in size to substitute for Ca" and 2-phase mixtures result, though 

orthoclase does form a continuous series of solid solutions with the Ba feldspar celsian 

[BaAl,Si,O,] (Ba" 136 pm). Likewise, most of the alkaline feldspars are not homogen- 
eous but tend to contain separate K-rich and Na-rich phases unless they have crystallized 

rapidly from solid solutions at high temperatures (above ~ 660°). Feldspars have tightly 

constructed aluminosilicate frameworks that generate large interstices in which the large 

M! or M" are accommodated in irregular coordination.“ ® Smaller cations, which are 
common in the chain and sheet silicates (e.g. Li’, Mg", Fe), do not occur as major 
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constituents in feldspars presumably because they are unable to fill the interstices 

adequately. 

Pressure is another important variable in the formation of feldspars and at sufficiently 

high pressures there is a tendency for Al to increase its coordination number from 4 to 6 

with consequent destruction of the feldspar lattice.t For example: 
pressure 

NaAl,Si,0, NaAl1,Si,0, +SiO, 

albite (feldspar) jadeite (clinopyroxene) quartz 

NaAl,Si;0, + NaAl,SiO, ~~» 2NaAI,Si,O, 
albite nepheline jadeite 

aGHAl SEOs: + Ca(Al), (S10), + 2(Al,), SiO” + SiO, 
anorthite (feldspar) grossular (Ca garnet) kyanite quartz 

Ca(Al,)Si,03 +Ca,(Al,),SiO,+3CaSiO, © ———>2Ca;(Al,),(SiO,)s 
anorthite gehlenite wollastonite grossular 

Such reactions marking the disappearance of plagioclase feldspars may be responsible for 

the Mohorovicic discontinuity between the earth’s crust and mantle: this implies that the 

crust and mantle are isocompositional, the crustal rocks above having phases 

characteristic of gabbro rock (olivine, pyroxene, plagioclase) whilst the mantle rocks 

below are an eclogite-containing garnet, Al-rich pyroxene, and quartz. Not all 

geochemists agree, however. 
Zeolites have much more open aluminosilicate frameworks than feldspars and this 

enables them to take up loosely bound water or other small molecules in their structure. 

Indeed, the name zeolite was coined by the mineralogist A. F. Cronstedt in 1756 (Cav 

zein, to boil ; 80 <¢ lithos, stone) because the mineral appeared to boil when heated in the 

blow-pipe flame. Zeolite structures are characterized by the presence of tunnels or systems 

of interconnected cavities; these can be linked either in one direction giving fibrous 

crystals, or more usually in two or three directions to give lamellar and 3D structures 

respectively. Figure 9.18a shows the construction of a single cavity from 24 linked {SiO,} 

tetrahedra and Fig. 9.18b shows how this can be conventionally represented by a 

truncated cubo-octahedron formed by joining the Si atom positions. Several other types 

of polyhedron have also been observed."'® !© These are then linked in three dimensions 
to build the aluminosilicate framework. A typical structure is shown in Fig. 9.18c for the 

synthetic zeolite “Linde A” which has the formula [Na,,(Al,,Si,,04g)].27H,0.2° 
Other cavity frameworks are found in other zeolites such as faujasite, which has the 
idealized formula [NaCa, ,(Al,Si,O,,)].10H,O, and chabazite [Ca(AlI,Si,)O,,]. 

6H,O. There is great current interest in this field since it offers scope for the reproducible 

synthesis of structures having cavities, tunnels, and pores of precisely defined dimensions 

on the atomicscale. By appropriate design such molecular sieves can be used to selectively 

+ In some compounds of course, octahedrally coordinated Al is stable at normal atmospheric pressure, e.g. in 
Al,O,;, Al(OH)3, and spinels such as MgAl,O,. Much higher pressures still are required to transform 4- 
coordinated Si to 6-coordinated (p. 396). 

20d JM. Tuomas, L. A. BuRSILL, E. A. LopGe, A. K. CHEETHAM, and C. A. Fyfe, A reassessment of Zeolite A: 
Evidence that the structure is rhombohedral with unexpected ordering in the aluminosilicate framework, JCS 
Chem. Comm. 1981, 276-7. 

CTE-O 
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remove water or other small molecules, to separate normal from branched-chain 

paraffins, to generate highly dispersed metal catalysts, and to promote specific size- 

dependent chemical reactions.'?!~?3: 7°” Zeolites are made commercially by crystallizing 
aqueous gels of mixed alkaline silicates and aluminates at 60—100°. Zeolite-A is being 

increasingly used as a detergent builder to replace sodium tripolyphosphate (p. 609). 

(a) (b) (c) 

Fic. 9.18 (a) 24{SiO,} tetrahedra linked by corner sharing to form a framework surrounding a 
truncated cubo-octahedral cavity; (b) conventional representation of the polyhedron in (a); and 

(c) space-filling arrangement of the polyhedra A which also generates larger cavities B. 

The final group of framework aluminosilicates are the ultramarines which have 

alternate Si and Al atoms at the corners of the polyhedra shown in Fig. 18a and b and, in 

addition, contain substantial concentrations of anions such as Cl”, SO,?~, or S,?~. These 
minerals tend to be anhydrous, like the feldspars, and in contrast to the even more open 

zeolites. Examples are sodalite [NagCl,(Al,Si,O,,)], noselite [Nag(SO,)(Al,Si,024)], 

and ultramarine [Nag(S,) (Al,Si,O,,)]. Sodalite is colourless if the supernumerary 

anions are all chloride, but partial replacement by sulfide gives the brilliant blue mineral 

lapiz lazuli. Further replacement gives ultramarine which is now manufactured 

synthetically as an important blue pigment for oil-based paints and porcelain, and as a 

“blueing” agent to mask yellow tints in domestic washing, paper making, starch, etc.t The 

colour is due to the presence of the sulfur radical anions S,~ and S,_ and shifts from green 

to blue as the ratio S, /S, increases; in ultramarine red the predominant species may be 
the neutral S, molecule though S,- and S,~ are also present.'?3») 

+ According to H. Remy the artificial production of ultramarine was first suggested by J. W. von Goethe in his 
Italian Journey (1786-8); it was first accomplished by L. Gmelin in 1828 and developed industrially by the 
Meissen porcelain works in the following year. It can be made by firing kaolin and sulfur with sodium carbonate; 
various treatments yield greens, reds, and violets, as well as the deep blue, the colours being reminiscent of the 
highly coloured species obtained in nonaqueous solutions of S, Se, and Te (pp. 785, 896). 

21—D. W. Breck, Zeolite Molecular Sieves (Structure, Chemistry, and Uses), Wiley, New York, 1974, 771 pp. 

°° F. ScHwocuow and L. Puppe, Zeolites—their synthesis, structure and applications, Angew. Chem., Int. 
Edn. (Engl.) 14, 620-8 (1975). 
°K. Serr, Structural chemistry inside zeolite A, Acc. Chem. Res. 9, 121-8 (1976). 
734 R. M. BarreER, Zeolites and Clay Minerals as Sorbents and Molecular Sieves, Academic Press, London, 

1978, 496 pp. 

?3®R. J. H. CLark and D. G. Cossoip, Characterization of sulfur radical anions in solutions of alkali 
polysulfides in dimethylformamide and hexamethylphosphoramide, and in the solid state in ultramarine blue, 
green, and red, /nory. Chem. 17, 3169-74 (1978). 
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9.3.6 Other inorganic compounds of silicon 

This section briefly considers compounds in which Si is bonded to elements other than 

hydrogen, the halogens, or oxygen, especially compounds in which Si is bonded to S or N. 

Silicon burns in S vapour at 100° to give SiS, which can be sublimed in a stream of N, to 

give long, white, flexible, asbestos-like fibres, mp 1090°, sublimation 1250°C. The structure 

consists of infinite chains of edge-shared tetrahedra (like W-silica, p. 396) and these 
transform at high temperature and pressure to a (corner-shared) cristobalite modification. 

The structural complexity of SiO, is not repeated, however. SiS, hydrolyses rapidly to 

SiO, and H,S and is completely ammonolysed by liquid NH, to the imide 

SiS, +4NH,——> Si(NH), + 2NH,SH 

Sulfides of Na, Mg, Al, and Fe convert SiS, into metal thiosilicates, and ethanol yields 

“ethylsilicate” Si(OEt), and H,S.f Volatile thiohalides have been reported from the 

S 
reaction of SiX, with H,S at red heat; e.g. SiCl, yields S(SiC1,),, cyclic C1SiC siCh, 

S 

and crystalline (SiSCI,),. The absence of Si=S bonds is notable and the structure can be 

compared with those of the oxohalides (p. 393). 

The most important nitride of Si is Si,N,; this is formed by direct reaction of the 

elements above 1300° or, more economically by heating SiO, and coke in a stream of 

N,/H, at 1500°. The compound is of considerable interest as an engineering material since 

it is almost completely inert chemically, and retains its strength, shape, and resistance to 

corrosion and wear even above 1000°. Its great hardness (Mohs 9), high dissociation 

temperature (1900°, 1 atm) and high density (3.185 g cm °) can all be related to its 
compact structure which resembles that of phenacite (Be,SiO,, p. 400). It is an insulator 

with a resistivity at room temperature ~ 6.6 x 10!° ohm cm. Another refractory, Si,N,O, 

is formed when Si+ SiO, are heated to 1450° in a stream of Ar containing 5% N,. The 

structure (Fig. 9.19) comprises puckered hexagonal nets of alternating Si and N atoms 
interlinked by nonlinear Si-O-Si bonds to similar nets on either side; the Si atoms are thus 

each 4-coordinate and the N atoms 3-coordinate. 

Volatile silylamides are readily prepared by reacting a silyl halide with NH, RNH), or 

R,NH in the vapour phase or in Et,O, e.g.: 

4SiH,I + SN,H,—— (SiH;),NN(SiH;3). + 4N,H5I 

Silicon-substituted derivatives may require the use of lithio or sodio reagents, e.g.: 

Me,SiCl + NaN(SiMe,), ——> N(SiMe,)+ NaCl 
Ph,SiLi + R,NH ——>Ph,SiNR, + Li 

+ Si(OEt), is an important industrial chemical that is made on a large scale (~ 1400 tonnes pa in 1968) by the 
action of EtOH on SiCl,. Though first made in this way by J. von Ebelman in 1845 it was first correctly 
characterized by D. I. Mendeleev in 1860. It has mp —77°, bp 168.5°, and d3. 0.9346 g cm’ *. Uses almost all 
depend on its controlled hydrolysis to produce silica in an adhesive or film-producing form. It is also a source of 
metal-free silica for use in phosphors in fluorescent lamps and TV tubes. In partly hydrolysed form it is used as a 
paint vehicle, a protective coating for porous stone, and as a vehicle for zinc-containing galvanic corrosion- 
preventing coatings. Many other orthoesters Si(OR), are known but none are commercially important. 



418 Silicon Ch. 9 

Fic. 9.19 (a) Schematic representation of the puckered hexagonal net of Si and N atoms in 
Si,N,O; half of the Si atoms bond to the adjacent net above via bent Si-O-Si bonds as shown in 

(b) and the other half bond likewise to the net below. 

The N atom is always tertiary in these compounds and no species containing the SiH-NH 

group is stable at room temperature. Apart from this restriction, innumerable such 

compounds have been prepared including cyclic and polymeric analogues, ¢.g. [cyclo- 

{Me,SiN(SiMe;),}] and [cyclo-(Me,SiNH), ]. Interest has focused on the stereochemis- 
try of the N atom which is often planar, or nearly so.?* Thus N(SiH 5), features a planar N 
atom and this has been ascribed to p,-d, interaction between the “nonbonding” pair of 

electrons on N and the “vacant” d, orbitals on Si as shown schematically in Fig. 9.20. 

Fic.9.20 Symmetry relation between p, orbital on N and d, orbitals on the 3 Si atoms in planar 
{NSi;} compounds such as N(SiH,)3. 

Consistent with this trisilylamines are notably weaker ligands than their tertiary amine 

analogues though replacement of one or two SiH; by CH, enhances the donor power 

again; e.g. N(SiH3)3; forms no adduct with BH, even at low temperature; MeN(SiH,), 

forms a 1:1 adduct with BH, at — 80° but this decomposes when warmed; Me,N(SiH;) 

gives a similar adduct which decomposes at room temperature into Me,NBH, and SiH, 
(cf. the stability of Me,NBH;, p. 188). 

} The linear skeleton of H;SiNCO and H,SiNCS has also been interpreted in terms of N=Si p,-d, bonding. 

?4 E. A. V. Esswortu, Volatile Silicon Compounds, Pergamon Press, Oxford, 1963, 179 pp. 
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9.3.7 Organosilicon compounds and silicones? 

Tens of thousands of organosilicon compounds have been synthesized and, during the 
past three decades, silicone oils, elastomers, and resins have become major industrial 

products. Many organosilicon compounds have considerable thermal stability and 
chemical inertness; e.g. SiPh, can be distilled in air at its bp 428°, as can Ph,SiCl (bp 378°) 

and Ph,SiCl, (bp 305°). These, and many similar compounds, reflect the considerable 

strength of the Si-C bond which is, indeed, comparable with that of the C-C bond (p. 389). 

A further illustration is the compound SiC which closely resembles diamond in its 
properties (p. 386). However, attempts to replicate the vast domain of organic chemistry 

were thwarted from the start by the reluctance of Si to catenate except when joined to 

electronegative substituents such as F and Cl (p. 393). This can be explained in part by the 

comparative weakness of the Si-Si bond which limits the development of a polysilane 

chemistry comparable with that of the hydrocarbons. Another characteristic and limiting 

feature of Si is its reluctance to form stable compounds containing double bonds such as 

Si=Si, Si=C, Si=N, Si=O, etc. Thus, although the word “silicone” was coined by F. S. 

Kipping in 1901 to indicate the similarity in formula of Ph,SiO with that of the ketone 

benzophenone, Ph,CO, he stressed that there was no chemical resemblance between them 

and that Ph,SiO was polymeric.'°) It is now recognized that the great thermal and 

chemical stability of the silicones derives from the strength both of the Si-C bonds and of 
the Si-O-Si linkages. However, despite the warnings of G. Urry (p. 379), a recurring theme 

in organosilicon chemistry has been the attempt to prepare unsaturated compounds, 

particularly those with Si=C double bonds. These efforts were finally crowned with 

success in 1976 when two groups independently isolated and characterized 1,1,2- 
trimethylsilaethene, Me,Si=CHMe, in low temperature matrices.?° Thus, irradiation of 
trimethylsilyldiazomethane in an argon matrix at 8 K sets up a photo-equilibrium with 

the isomeric trimethylsilyldiazirine (see scheme); both compounds lose N, to give the 

desired product via a carbene intermediate. Me,Si=CHMe was identified by several 

spectroscopic techniques and by its dimerization above 45 K to the cis- and trans-isomers 

of the corresponding disilacyclobutane: 

N, fee ae Le 

Me3;Si ——C 
N 
H b 

Me,Si— CHMe 

MeHC — SiMe, 

?° F_S. Kippinc and L. L. Loyp, Organic derivatives of silicon. Triphenylsilicol and alkoxysilicon chlorides, 
J. Chem. Soc. (Transactions) 79, 449-59 (1901). 

26 O. L. CHAPMAN, C.-C. CHANG, J. Koxe, M. E. June, J. A. Lowe, T. J. BARTON, and M. L. Tumey, 1,1,2- 
Trimethylsilaethylene, J. Am. Chem. Soc. 98, 7844-6 (1976). M. R. CHEDEKEL, M. SKOGLUND, R. L. KREEGER, 
and H. SHECHTER, Solid state chemistry—discrete trimethylsilylmethylene, ibid., 7846-8 (1976). T. J. BARTON and 
G. T. Burns, Silabenzene, ibid. 100, 5246 (1978). C. L. KreiL, O. L. CHAPMAN, G. T. BuRNS, and T. J. BARTON, 

Silatoluene, ibid. 102, 841—2 (1980). 
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Transient reaction species containing Si=C bonds have been known since about 1966 and 

can be generated thermally, photolytically, or even chemically :?” 

€.g. Me, Sia C(SiMe; )o Me, Si crear C( SiMe3 da 

Br Br OR Br 

Me, si C(SiMe; )3 

{ Me, Si == C(SiMe;),} fica 
OR? hi 

The gaseous product can be detected mass spectrometrically but rapidly dimerizes to.a 

disilacyclobutane or undergoes Diels-Alder or other cycloaddition reactions with 

appropriate reagents. Similar methods can also be used to generate SI=N compounds as 

transient reaction intermediates, e.g. by the photolysis of several alkyl- and aryl-silyl 
azides :'2®) 

Ph,SiN; Ph, Si=NPh 

Ph, Si—  NHPh +  Ph;SiOBut 

+ | 
ButO 

However, despite concerted well-planned attempts over many years, it was not until 1981 

that a stable compound containing the Si=C bond was reported.?°*) A. G. Brook and his 
group prepared 2-adamantyl-2-trimethylsiloxy-1,1-bis(trimethylsilyl)-1-silaethene as 

pale yellow needles mp 92°: 

O 
: | ether/hv : : /OSiME3 

(Me3Si);SiC(C,9H,5) === (Me;3Si),Si=C 
warm solution 

mp 64° mp 92° 10H 

The solid silaethene was stable at room temperature in the absence of air or other reagents 

but in solution it slowly reverted (over several days) to the isomeric acylsilane starting 

material. These results can be compared with those in disilenes Ar,Si=SiAr, (p. 388). 

27 L. E. Gusev’nikov, N. NAMETKIN, and V. M. Vpovin, Unstable silicon analogs of unsaturated 
compounds, Acc. Chem. Res. 8, 18-25 (1975). N. WiBERG and G. PREINER, Synthesis and reactions of 
Me,Si=C(SiMe;),., Angew. Chem., Int. Edn. (Engl.) 16, 329-30 (1977). 

28D. R. ParKerR and L. H. Sommer, Photolysis of silyl azides. Generation and reactions of silicon—nitrogen 
(p,-P,,) doubly bonded intermediates {R,Si= NR}, J. Am. Chem. Soc. 98, 618-20 (1976). See also N. WIBERG 
and G. PREINER, Preparation and reactions of dimethyl(trimethylsilylimino)silane, Me,Si= NSiMe,, Angew. 
Chem., Int. Edn. (Engl.) 17, 362-3 (1978). 

288 AG. BROOK, F. ABDESAKEN, B. GUTEKUNST, G. GUTEKUNST, and R. K. Katiury, A solid silaethene: 
isolation and characterization, JCS Chem. Comm. 1981, 191-2. 
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More frequent success has attended the synthesis of stable homocyclic polysilane 

derivatives and many compounds have been described.2) A dramatic advance was the 
recent one-step high-yield synthesis of a cyclohexasilane from readily available 
materials :°° 

6Me,SiCl, + 12Li — [cyclo-(SiMe,),] + 12LiCl 
yield)” mp 250° 

Photolysis of [cyclo-(SiMe,),] in a rigid hydrocarbon glass at 77 K or in an argon matrix 

at 10 K produces the known (SiMe,), and a new bright-yellow species dimethylsilylene 

SiMe, which is stable indefinitely under these conditions.°° 
There are three general methods of forming Si-C bonds. The most convenient 

laboratory method for small-scale preparations is by the reaction of SiCl, with 

organolithium, Grignard, or organoaluminium reagents.t A second attractive route is the 

hydrosilylation of alkenes, i.e. the catalytic addition of Si-H across C=C double bonds; 

this is widely applicable except for the crucially important methyl and phenyl silanes. 

Industrially, organosilanes are made by the direct reaction of RX or ArX with a fluidized 
bed of Si in the presence of about 10% by weight of metallic Cu as catalyst (cf. the direct 

preparation of organo compounds of Ge, Sn, and Pb, pp. 459ff.). The method was patented 

by E. G. Rochow in 1945 and ensured the commercial viability of the now extensive 

silicone industry.©°” 

Cu powder 

2MeCl+ Si meee Me,SiCl, (70% yield) 

By-products are MeSiCl; (12%) and Me,SiCl (5%) together with 1-2°% each of SiCl,, 

SiMe,, MeSiHCl,, etc. Relative yields can readily be altered by modifying the reaction 

conditions or by adding HCl (which increases MeSiHCl, and drastically reduces 

Me,SiCl,). The overall reaction is exothermic and heat must be removed from the 

fluidized bed. It has been suggested that the role of Cu is to form {CuMe} and {CuCl} as 
reaction intermediates: 

MeCl + 2Cu® ——> {CuMe} + {CuCl} 
{CuMe} ——> Cu°+ {Me} 

{CuCl} + Si ——> Cu° + {SiCl} 
{Me’} + {SiCI} ——> MeSiCl 

and possibly also = {CuMe}+ {SiCl} ——> MeSiCl+Cu° 

+ A very recent alternative is the use of silyl anions which can readily be prepared by cleavage of Si-H or Si-Si 
bonds with KH in dimethoxyethane or similar solvents: e.g. Et3SiH—Et,SiK, Ph,SiH—>Ph,SiK, Me,Si- 
SiMe, Me,SiK + Me3SiH. Reaction with alkyl halides, benzyl halides, or «-enones then gives the 
corresponding tetraorganosilane in a 70-75% yield. Likewise Et,SiK and Me,SiCl yield Et,Si-SiMe, (75%) 
and Me,SiK plus Ph,GeBr yield Me3Si-GePh, (80%). See R. J. P. Corriu and C. Guerin, JCS Chem. Comm. 

1980, 168-9. 

29 A. L. REINGOLD (ed.) Homoatomic Rings, Chains, and Macromolecules of Main-Group Elements, Elsevier, 

Amsterdam, 1977, 615 pp. A Symposiuin Proceedings containing three chapters on polysilanes. 
30 M. LAGUERRE, J. DUNoGUES, and R. CaLas, One-step synthesis of dodecamethylcyclohexasilane, JCS 

Chem. Comm. 1978, 272. 
30a TJ, DRAHNAK, J. MICHL, and R. Wes1, Dimethylsilylene, SiMe,, J. Am. Chem. Soc. 101, 5427-8 (1979). 
30b MG. Voronkov, V. P. MILESHKEVICH, and Yu. A. YUZHELEvsKiI, The Siloxane Bond, Consultants 

Bureau, New York, 1978, 493 pp. A massive compendium on the physical and chemical properties of 
compounds with the Si-O bond; over 3400 references, including patents, up to mid-1974. 
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Me radicals are known not to react directly with Si itself. Because of their very similar bps, 

careful fractionation is necessary if pure products are required: Me3SiCl 57.7°, Me,SiCl, 

69.6°, MeSiCl, 66.4°. Mixtures of ethylchlorosilanes or phenylchlorosilanes (or their 

bromo analogues) can be made similarly. All these compounds are mobile, volatile liquids 

(except Ph,SiCl, mp 89°, bp 378°). 
Innumerable derivatives have been prepared by the standard techniques of organic 

chemistry.) The organosilanes tend to be much more reactive than their carbon 

analogues, particularly towards hydrolysis, ammonolysis, and alcoholysis. Further 

condensation to cyclic oligomers or linear polymers generally ensues, e.g.: 

PhsSiCl,- > Ph, SUH wee Ph Oy LO 

white crystals n=3{(cyclo), 4(cyclo), or oo 

mp ~ 132° (d) 

Me,SiCl, —- > {Me Si(NH,,),} > [cyclo-(Me, SINH) 3] + [cyclo- (Me,SiNH),] 
not isolated 

For both economic and technical reasons, commercial production of such polymers is 

almost entirely restricted to the methyl derivatives (and to a lesser extent the phenyl 

derivatives) and hydrolysis of the various methylchlorosilanes has, accordingly, been 

much studied. Hydrolysis of Me,SiCl yields trimethylsilanol as a volatile liquid (bp 99°); it 

is noticeably more acidic than the corresponding Bu'OH and can be converted to its Na 

salt by aqueous NaOH (12m). Condensation gives hexamethyldisiloxane which has a very 

similar bp (100.8°): 

+2H,0 : -H,O " 
2Me,SiCl —— —> 2Me,SiOH ———> [O(SiMe;),] 

Hydrolysis of Me,SiCl, usually gives high polymers, but under carefully controlled 

conditions leads to cyclic dimethylsiloxanes [(Me,SiO),,] (n=3, 4, 5, 6). Linear siloxanes 

have also been made by hydrolysing Me,SiCl, in the presence of varying amounts of 

Me,SiCl as a “chain-stopping” group, i.e. [Me,;SiO(Me,SiO),SiMe, ] (x =0, 1, 2, 3, 4), etc. 

Cross-linking is achieved by hydrolysis and condensation in the presence of MeSiCl, since 

this generates a third Si-O function in addition to the two required for polymerization: 

H,O 

Me,SiCl ———> Me,Si—O— _ terminal group 

Me 

H,O 

Me,SiCl, PAB Nery chain-forming group 

Me 

Me 

H,0 | 
MeSiCl, ———> Be i oe branching and bridging group 

i. 
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Comparison with the mineral silicates is instructive since there is a 1:1 correspondence 

between the two sets of compounds, the methyl groups in the silicones being replaced by 

the formally isoelectronic O™ in the silicates: 

“O Oo Me Me 
ee i eras Raat Orthosilicate Si < Wy, wee Tetramethylsilane 

70 Oo Me Me 

1 Oo Me Me 

Disilicate ae als at A Gees re Hexamethyl- 
Aa SS We NX disiloxane 

“O oO Me Me 

i if re te ns 7 Polydimethyl- 
. ‘ ; 3 ; siloxane 

ye A TR ee vn aes Sey Boe ple (silicone oil) 

Os Oo Oo Me Me Me 

= O O; O Me 
Bae ais Sed 

Si Si Si Si 

Cyclic a ss | Ds i ia | | ~ Cyclic 
ili O O xe) OMe dimethylsiloxa metasilicates XG Yh Se y ne 

Si Si 
LES 

EO Oo Me Me 

On 208 203. OL Oz-50 Me O Me O Me 

ke SZ NIA x NG SA 7, xs 
Amphiboles | | i E r i i Methylsil- 

sesquioxane 
1 ’ i | | i ladder 

Si Si Si polymer 
olen eee oe TANS AN 
O70 OF 40. 07)-0 Me Me 

Infinite sheet silicates Siloxenes 

Framework silicates Silicone resins 

This reminds us of the essentially covalent nature of the Si-O-Si linkage, but the analogy 

should not be taken to imply identity of structures in detail, particularly for the more 

highly condensed polymers. Some aspects of the technology of silicones are summarized in 

the concluding Panel. 

CTE-O* 
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Silicone Polymers’: 3") 

Silicones have good thermal and oxidative stability, valuable resistance to high and low 
temperatures, excellent water repellency, good dielectric properties, desirable antistick and 
antifoam properties, chemical inertness, prolonged resistance to ultraviolet irradiation and 
weathering, and complete physiological inertness. They can be made as fluids (oils), greases, 
emulsions, elastomers (rubbers), and resins. 

Silicone oils are made by shaking suitable proportions of [O(SiMe;),] and [cyclo-( Me,SiO),] 
with a small quantity of 100% H,SO,; this randomizes the siloxane links by repeatedly cleaving 
the Si-O bonds to form HSO, esters and then reforming new Si-O bonds by hydrolysing the ester 

group: 

=SiO—Siss + H,SO, > =Si-0—-50,H + =Si—OH 
esi--OH « HO,8 -0- si > 5-0 Si = SO, 

The molecular weight of the resulting polymer depends only on the initial proportion of the chain- 
ending groups (Me,SiO- and Me,Si-) and the chain-building groups (-Me,SiO-) from the two 
components. Viscosity at room temperature is typically in the range 50-300 000 times that of 
water and it changes only slowly with temperature. These liquids are used as dielectric insulating 
media, hydraulic oils, and compressible fluids for liquid springs. Pure methylsilicone oils are good 
lubricants at light loads but cannot be used for heavy-duty steel gears and shafts since they contain 
no polar film-forming groups and so are too readily exuded under high pressure. The introduction 
of some phenyl groups improves performance, and satisfactory greases can be made by thickening 
methyl phenyl silicone oil with Lisoaps. Other uses are as heat transfer media in heating baths and 
as components in car polish, sun-tan lotion, lipstick, and other cosmetic formulations. Their low 
surface tension leads to their extensive use as antifoams in textile dyeing, fermentation processes, 
and sewage disposal: about 10°? to 10° *% is sufficient for these applications. Likewise their 
complete non-toxicity allows them to be used to prevent frothing i in cooking oils, the processing of 
fruit juices, and the production of potato crisps. 

Silicone elastomers (rubbers) are reinforced linear dimethy!lpolysiloxanes of exceedingly high 
molecular weight (5 x 10°-107). The reinforcing agent, without which the viscous gum is useless, is 
usually fumed silica (p. 397). Polymerization can be acid-catalysed but KOH produces a rubber 
with superior physical properties; in either case scrupulous care must be taken to avoid the 
presence of precursors of chain-blocking groups [Me,Si-O-] or Gossinkine groups 

[MeSi(-O- -),]. The reinforced silicone rubber composition can be “vulcanized” by oxidative 
cross-linking using 1-3°% of benzoyl peroxide or similar reagents; the mixture is heated to 150° for 
10 min at he time of ete or moulding and then cured for 1-10 h at 250°: 

ROOR — 2RO* - 

Me oC 3 Me ee 

2RO* +2 mr SiO mm oe inok SISO CH, 

ae : - . nS on. 

| Be 

Me 

Alternatively, and more elegantly, the process can be achieved at room temperature or slightly 
above by incorporating a small controlled concentration of Si-H groups which can be 
catalytically added 2 across pre introduced OE groups in adjacent chains. Again, the 

Cn 

31. C. A. Pearce, Silicon Chemistry and Applications, Chemical Society Monograph for Teachers, No. 20, 
1972, 74 pp. 
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| cross- Glas of 1-component silicone rubbers containing, acetoxy groups can be readily effected at 
room fener Hie by exposure to moisture: 

Mee Urmr,,rtst—( sti 

OCOMe 

~ww0—Si—O— Si— Own + MeCOH 

0 

“aww 0—Si— Ow 

Me 

Such rubbers generally have | cross-link for every 100-1000 Si atoms and are unmatched by any 
_ other synthetic or natural rubbers in retaining their inertness, flexibility, elasticity, and strength up 
‘to 250° and down to — 100°. They find use in cable-insulation sleeving, static and rotary seals, 
gaskets, belting, rollers, diaphragms, industrial sealants and adhesives, electrical tape insulation, 

__ plug-and-socket connectors, oxygen masks, medical tubing, space suits, fabrication of heart-valve 
- implants, etc. They are also much used for making accurate moulds and to give rapid, accurate, 
and flexible 1 impressions for dentures and inlays. 

Silicone resins are prepared by hydrolysing phenyl substituted dichloro- and trichloro-silanes 
_ in toluene. The Ph groups increase the heat stability, flexibility, and processability of the resins. 
The hydrolysed mixture is washed. with water to remove HCI and then partly polymerized or 
“bodied” to a carefully controlled stage at which the resin is still soluble. It is in this form that the 

__ resins are normally applied, after which the final cross-linking to a 3D siloxane network is effected 
by heating to 200° in the presence of a neany metal or quaternary ammonium catalyst to condense 
the silanol groups, ¢.g.: 

Ph Ph Ph Ph 
0/tol . J : 

4PhSiCl, + PhSiMeCly —--—--——-» | HO—Si— 0 Si 0 Si 0—Si_ oH 
: | | 

OH "Me = OH. OH 

a typical intermediate species _ 

_ [cross-linked resin] + nH, O 

Silicone resins are used in the insulation of electrical equipment and machinery, and in electronics 
as laminates for printed circuit boards; they are also used for the encapsulation of components 
such as resistors and integrated circuits by means of transfer moulding. Non-electrical uses include 
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Germanium, Tin, and 
Lead 

10.1 Introduction 

Germanium was predicted as the missing element of a triad between silicon and tin by 

J. A. R. Newlands in 1864, and in 1871 D. I. Mendeleev specified the properties that “eka- 

silicon” would have (p. 34). The new element was discovered by C. A. Winkler in 1886 
during the analysis of a new and rare mineral argyrodite, AggGeS,;"? he named it in 
honour of his country, Germany.t By contrast, tin and lead are two of the oldest metals 

known to man and both are mentioned in early books of the Old Testament. The chemical 

symbols for the elements come from their Latin names stannum and plumbum. Lead was 
used in ancient Egypt for glazing pottery (7000-5000 Bc); the Hanging Gardens of 

Babylon were floored with sheet lead to retain moisture, and the Romans used lead 

extensively for water-pipes and plumbing; they extracted some 6-8 million tonnes in four 

centuries with a peak annual production of 60 000 tonnes. Production of tin, though 

equally influential, has been on a more modest scale and dates back to 3500-3200 Bc. 

Bronze weapons and tools containing 10-15% Sn alloyed with Cu have been found at Ur, 

and Pliny described solder as an alloy of Sn and Pb in ap 79. 
Germanium and Sn are non-toxic (like C and Si). Lead is now recognized as a heavy- 

metal poison;?:2-?” it acts by complexing with oxo-groups in enzymes and affects virtually 
all steps in the process of haeme synthesis and porphyrin metabolism. It also inhibits 

acetylcholine-esterase, acid phosphatase, ATPase, carbonic anhydrase, etc., and inhibits 

+ The astonishing correspondence between the predicted and observed properties of Ge (p. 34) has tempted 

later writers to overlook the fact that Winkler thought he had discovered a metalloid like As and Sb and he 
originally identified Ge with Mendeleev’s (incorrectly) predicted “eka-stibium” between Sb and Bi; Mendeleev 
himself thought it was “eka-cadmium”, which he had (again incorrectly) predicted as a missing element between 
Cd and Hg. H. T. von Richter thought it was “eka-silicon”; so did Lothar Meyer, and they proved to be correct. 
This illustrates the great difficulties encountered by chemists working only 90 y ago, yet three decades before the 

rationale which stemmed from the work of Moseley and Bohr. 

1M. E. Weeks, Discovery of the Elements, 6th edn., Journal of Chemical Education Publ. 1956, 910 pp. 
Germanium, pp. 683-93; Tin and lead, pp. 41-47. 

2 J. J. CHISHOLM, Lead poisoning, Scientific American 224, 15-23 (1971). Reprinted as Chap. 36 in Chemistry 
in the Environment, Readings from Scientific American, pp. 335-43, W. H. Freeman, San Francisco, 1973. 

24D. Turner, Lead in petrol. Part 2. Environmental health, Chem. Br., 16, 312—14 (1980); see also Part 1, 

preceding paper, pp. 308-10. 

2> R, M. Harrison and D. P. H. LaxEN, Lead Pollution, Chapman and Hall, London, 1981, 175 pp. 

427 
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protein synthesis probably by modifying transfer-RNA. In addition to O complexation (in 

which it resembles T1', Ba", and Ln"), Pb" also inhibits SH enzymes (though less strongly 

than Cd" and Hg"), especially by interaction with cysteine residues in proteins. Typical 

symptoms of lead poisoning are cholic, anaemia, headaches, convulsions, chronic nephritis 

of the kidneys, brain damage, and central nervous-system disorders. Treatment is by 

complexing and sequestering the Pb using a strong chelating agent such as EDTA 

{-CH,N(CH,CO,H),}, or BAL, i.e. British anti-Lewisite, HSCH,CH(SH)CH,OH. 

10.2 The Elements 

10.2.1 Terrestrial abundance and distribution 

Germanium and Sn appear about half-way down the list of elements in order of 

abundance together with several other elements in the region of 1-2 ppm: 

Element Br U Sn Eu Be As ea Ge Ho Mo W Tb 

PPM D5) 23 2.1 | 2 1.8 ey 1.5 1.4 1.2 1.2 12 

Order 46 47 48 =48 0a. St 52 53 54 55 =55 =55 

Germanium minerals are extremely rare but the element is widely distributed in trace 

amounts (like its neighbour Ga). Recovery has been achieved from coal ash but is now 

normally from the flue dusts of smelters processing Zn ores. 

Tin occurs mainly as cassiterite, SnO,, and this has been the only important source of 

the element from earliest times. Julius Caesar recorded the presence of tin in Britain, and 

Cornwall remained the predominant supplier for European needs until the present 

century (apart from a minor flourish from Bohemia between 1400 and 1550). Today 

(1977) the major producers are Malaysia (25%), the USSR (14%), Bolivia (14°%), 

Indonesia (10%), Thailand (10%), and China (9%), and annual world production is about 

210 000 tonnes. The major consumer is the USA but virtually all of this has to be imported 

since less than 200 tonnes are mined domestically. 

Lead (13 ppm) is by far the most abundant of the heavy elements, being approached 

amongst these only by thallium (8.1 ppm) and uranium (2.3 ppm). This abundance is 

related to the fact that 3 of the 4 naturally occurring isotopes of lead (206, 207, and 208) - 

arise primarily as the stable end products of the natural radioactive series. Only *°*Pb 

(1.4%) is non-radiogenic in origin: The variation in isotopic composition of Pb with its 

origin also accounts for the variability of atomic weight and the limited precision with 

which it can be quoted (p. 22). The most important Pb ore is the heavy black mineral 

galena, PbS. Other ore minerals are anglesite (PbSO,), cerussite (PbCO,), pyromorphite 

(Pb;(PO,)3Cl), and mimetesite (Pb;(AsO,)3Cl). Some 25 other minerals are known"? but 

are not economically important; all contain Pb" in contrast to tin minerals which are 

invariably Sn'Y compounds. Lead ores are widely distributed and commercial deposits are 

3D. GRENINGER, V. KoLLonitscu, C. H. Kune, L. C. WILLEMSENS, and J. F. CoLe, Lead Chemicals, 

International Lead Zinc Research Organization, Inc., New York, 1976, 343 pp. This is the most up to date and 
comprehensive compilation of data on lead and its compounds. See also J.O. NriaGu (ed.), The 
Biogeochemistry of Lead in the Environment. Part A. Ecological Cycles, Elsevier/North-Holland, Amsterdam, 
1978, 422 pp. 
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worked in over fifty countries. World production in 1977 approached 3.5 million tonnes of 

contained Pb, over half of which came from the four main producers: the USA (16%), the 

USSR (15%), Australia (13°%), and Canada (9%). 

10.2.2 Production and uses of the elements 

Recovery of Ge from flue dusts is complicated, not only because of the small 

concentration of Ge but also because its amphoteric properties are similar to those of Zn 

from which it is being separated.” Leaching with H,SO,, followed by addition of aqueous 

NaOH, results in the coprecipitation of the 2 elements at pH ~5 and enrichment of Ge 

from ~2 to 10%.+ The concentrate is heated with HCI/Cl, to drive off GeCl,, bp 83.1° (cf. 

ZnCl,, bp 756°). After further fractionation of GeCl,, hydrolysis affords purified GeO,, 

which can be slowly reduced to the element by H, at ~530°. Final purification for 

semiconductor-grade Ge is effected by zone refining. World production of Gein 1977 was 

90 000 kg (90 tonnes). The largest use is in transistor technology and, indeed, transistor 
action was first discovered in this element (p. 383). This use is now diminishing somewhat 

whilst that in optics is growing—Ge is transparent in the infrared and is used in infrared 

windows, prisms, and lenses. Magnesium germanate is a useful phosphor, and other small- 

scale applications are in special alloys, strain gauges, and superconductors. Despite its 

spectacular increase in availability during the past 30 y from a laboratory rarity to a 

general article of commerce Ge and its compounds are still relatively expensive. Zone- 
refined Ge was quoted at $316 per kg in 1977 and GeO, at $177 per kg. 

The ready reduction of SnO, by glowing coals accounts for the knowledge of Sn and its 

alloys in the ancient world. Modern technology uses a reverberatory furnace at 

1200-1300°.) The main chemical problem in reducing SnO,, comes from the presence of 
Fe in the ores which leads to a hard product with unacceptable properties. Reference to 

Ellingham-type diagrams of the sort shown on p. 327 shows that —AG(SnO,) is very 
close to that for FeO/Fe,O, and only about 80 kJ mol”! above the line for reducing FeO 

to Fe at 1000-1200°. It is therefore essential to reduce cassiterite/iron oxide ores at an 

oxygen pressure sufficiently high to prevent extensive reduction to Fe. This is achieved in 

a two-stage process, the impure molten Sn from the initial carbon reduction being stirred 

vigorously in contact with atmospheric O, to oxidize the iron—a process that can be 

effected by “poling” with long billets of green wood—or, alternatively, by use of steam or 
compressed air. The price of tin is regulated by the International Tin Council and the 

imbalance between supply and demand resulted in a sharp increase in price from less than 

$4000 per tonne in 1972 to more than $11 000 per tonne in 1978 (i.e. $11 per kg) since when 

it has been more stable. The many uses of metallic tin and its alloys are summarized in the 

Panel. 
Lead is normally obtained from PbS. This is first concentrated from low-grade ores by 

+ GeO, begins to precipitate at pH 2.4, is 90% precipitated at pH 3, and 98% precipitated at pH 5. Zn(OH), 
begins to precipitate at pH 4 and is completely precipitated at pH 5.5. 

4 Kirk-Othmer Encyclopedia of Chemical Technology 3rd edn. 11, 791-802 (1980), Germanium and 
germanium compounds. 

> Kirk-Othmer Encyclopedia of Chemical Technology 2nd edn. 20, 273-304 (1969), Tin and tin alloys; 304-27, 

Tin compounds. 
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Uses of Metallic Tin and Its Alloys 

Because of its low strength and high cost, Sn is seldom used by itself but its use as a coating, and 
as alloys, is familiar in a variety of domestic and technological applications. Tin-plate accounts for 
almost 40% of tin used—it provides a non-toxic corrosion-resistant cover for sheet steel and can _ 
be applied either by hot dipping in molten Sn or more elegantly and controllably by electrolytic 

_ tinning. The layer is typically 0.4-25 yum thick. In addition to extensive use in food packaging, tin-. 
plate is used increasingly for distributing beer and other drinks. In the USA alone 27 000 million of 

_ the 40 000 million drink cans sold annually are tin-plate, the rest being Al: this is a staggering per 
_ capita consumption of 190 pa. The UK in 1977 claimed a more modest 3000 million tin cans for 
drinks annually—55 per head of population—plus a further 6000 million food cans. 

The main alloys of tin together with an indication of the percentage of total Sn production for 
these alloys in the USA are: 

Solder (Sn/Pb) typically bontaintly 33°, Sn 4 weet bar varying between 2-63% 
(24%) depending on use; sometimes Cd, Ga, In, or Bi are added for increased fusibility. 

Bronze (Cu/Sn) typically 5-10% Sn often with added P or Zn to aid casting and impart — 
(15%) — superior elasticity and strain resistance. Gun metal is ~85% Cu, 5% Sn, 5% Zn, 

and 5% Pb. Coinage metal and brass also often contain small amounts of Sn. 
: World production of bronzes approaches 500 000 tonnes pa. 
Babbitt (heavy duty bearing metal introduced by I. Babbitt in 1839). The two main 
6%) compositions are 80-907, Sn, 0-577 Pb, 57, Cu; and 73% Pb, 127%, Sn, 13%5b, 
- 01% Cu. They have the characteristics of a hard compound embedded in a soft _ 

matrix and are used mainly in railway wagons, diesel locomotives, etc. 
Pewter (90-95% Sn, 1-8% Sb, 0.5-3% Cu); a decorative and servicable alloy that can be 

(7) cast, bent, spun, or formed into any shape; it is much used for coffee and tea services, 
trays, plates, jugs, tankards, candelabra, bowls, and trophies. A related alloy of 

. 90-95% Sn with Pb and other elements is highly prized and much used for organ 
pipes because of its tonal qualities, e.g. the Royal Albert Hall organ in London has | 
10 000 pipes containing some 150 tonnes Sn. 

Type (Pb/Sb/Sn). These lead-based alloys contain Sb and Sn in approximately a2:i ratio 
Metals by weight; they increase in hardness and resistance to wear with increasing Sb and 

(0.5%) Sn content, e.g. linotype (5% Sn, Brinell Hardness 21), stereotype (7% Sn, BH 23), 
monotype (8% Sn, BH 25), foundry type (12° Sn, BH 32). 

Other specialized uses of Sn and its alloys are as the molten-metal bath in the manufacture of 
float glass and as the alloy Nb;Sn in superconducting magnets. The many industrial and domestic 
uses of tin compounds are Aseuseed) in coe Seations: these gompounes account for about 8% of 
the tin produced. - > 

froth flotation then roasted in a limited supply of air to give PbO which is then mixed with 

coke and a flux such as limestone and reduced in a blast furnace: 

PbS+ 1.50, ——>PbO+SO, 

PbO + C—-> Pbi(liq) + CO; PbO + CO —-> Pb(liq)+CO, 

Alternatively, the carbon reduction can be replaced by reduction of the roasted ore with 

fresh galena: 

PbS + 2PbO ——=> 3Pb(liq) + SO,(g) 

In either case the Pb contains numerous undesirable metal impurities, notably Cu, Ag, Au, 

Zn, Sn, As, and Sb, some of which are clearly valuable in themselves. Copper is first 

° Kirk-Othmer Encyclopedia of Chemical Technology 3rd edn. 14, 98-139 (1981), Lead; 140-160, Lead alloys; 
160-200, Lead compounds. 
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removed by liquation: the Pb bullion is melted and held just above its freezing point when 

Cu rises to the surface as an insoluble solid which is skimmed off. Tin, As, and Sb are next 

removed by preferential oxidation in a reverberatory furnace and skimming off the oxides; 

alternatively, the molten bullion is churned with an oxidizing flux of molten 

NaOH/NaNO, (Harris process). The softened Pb may still contain Ag, Au, and perhaps 

Bi. Removal of the first two depends on their preferential solubility in Zn: the mixed 

metals are cooled slowly from 480° to below 420° when the Zn (now containing nearly all 

the Ag and Au) solidifies as a crust which is skimmed off; the excess of dissolved Zn is then 

removed either by oxidation in a reverberatory furnace, or by preferential reaction with 

gaseous Cl,, or by vacuum distillation. Final purification (which also removes any Bi) is 

by electrolysis using massive cast Pb anodes and an electrolyte of acid PbSiF, or a 

sulfamate;” this yields a cathode deposit of 99.99 °% Pb which can be further purified by 

zone refining to <1 ppm impurity if required. Cost, for comparison with Ge and Sn, was 

~$475 per tonne ($0.47 per kg) in 1974. Almost half the Pb produced is used for storage 
batteries and the remainder is used in a variety of alloys and chemicals as summarized in 

the Panel. 

10.2.3 Properties of the elements 

The atomic properties of Ge, Sn, and Pb are compared with those of C and Si in Table 

10.1. Trends noted in previous groups are again apparent. The pairwise similarity in the 

ionization energies of Si and Ge (which can be related to the filling of the 3d'° shell) and of 

Sn and Pb (which is likewise related to the filling of the 4f'* shell) are notable (Fig. 10.1). 
Tin has more stable isotopes than any other element (why?) and one of these, '!°Sn 

(nuclear spin 4), is particularly valuable both for nmr experiments and for Mossbauer 

spectroscopy.‘”) 

TABLE 10.1. Atomic properties of Group IV elements 

Property Cc Si Ge Sn Pb 

Atomic number 6 14 32 50 82 
Electronic structure [He]2s?2p?_-- [Ne]3s?3p?_—_‘ [Ar ]3d?° [Krl4dt® — [ixeq4f!*5d?° 

4374p? 5375p? 6s*6p7 
Number of naturally a3 3 5 10 4 

occurring isotopes 
Atomic weight 12.011 28.0855(+3)  72.59(+3) 118.69(+3) 207.2 
Ionization energy/kJ mol’ I 1086.1 786.3 761.2 708.4 715.4 

II 235109 1576.5 1537.0 1411.4 1450.0 

Ill 4618.8 3228.3 3301.2 2942.2 3080.7 
IV 6221.0 4354.4 4409.4 3929.3 4082.3 

r'Y (covalent)/pm ie 117.6 12233 140.5 146 
r'Y (“ionic”, 6-coordinate)/pm (15) (CN 4) 40 53 69 78 
r'' (“ionic”, 6-coordinate)/pm = — 73 118 119 
Pauling electronegativity Pes) 1.8 1.8 1.8 1.9 

6a A. T. KUHN (ed.), The Electrochemistry of Lead, Academic Press, London, 1977, 467 pp. 

7 N.N. GREENWOOD and T. C. GisB, Méssbauer Spectroscopy, Chapman & Hall, London, 1971, 659 pp. T. C. 
Giss, Principles of Méssbauer Spectroscopy, Chapman & Hall, London, 1976, 254 pp. 
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Uses of Lead Alloys and 
Chemicals _ 

Although much lead is used as an inert material in cast, rolled, or extruded form, a far greater 
tonnage is consumed as alloys. Its major application is in storage batteries where an alloy of 
91% Pb, 9% Sb forms the supporting grid for the oxidizing agent (PbO) and the reducing agent 
(spongy Pb). &) Over 80% of this Pb is recovered and recycled. In addition, its use (with Sn) in 
solders, fusible alloys, bearing metals (babbitt), and type metals has been summarized on p. 430. 
Other mechanical as distinct from chemical applications are in ammunition, lead shot, lead 
weights, and ballast. 

The pattern of chemical usage of Pb compounds in a particular coun depends very much on 
whether organolead compounds are allowed as antiknock additives in petrol for cars (gasoline for 
automobiles) (Table A.) In enlightened countries such as Germany, the USSR, and Japan such 
additives are considered to be wasteful, dangerous, and unnecessary. There are encouraging signs 
that public opinion and environmental legislationt are gradually achieving the elimination of 
PbEt, and PbMe, as antiknocks in the USA, the UK, and elsewhere,'?* 7») but at present 
these chemicals account for one-fifth of the total lead used and more than 99.7% of Pb chemi- 
cals, excluding pigments (e.g. in the USA in 1974 227 250 tonnes of organolead was burned as 
antiknock whereas the total consumption of other (non-pigment) Pb chemicals involved only 642 
tonnes of contained-Pb. The presence of Pb additives in petrol also interferes with the catalytic _ 
converters that are being developed to reduce or eliminate CO, NO,,, and hydrocarbons from 
exhaust fumes, and this will likewise encourage the change to other antiknocks. 

TABLE A Consumption of lead in four countries in 1974 

: Fed. Repub. 
Application USA — Japan Germany UK - 

10? tonne (%) 10° tonne (%) 10° tonne (%) 10° tonne (%) 

Batteries 669 (60.2) 198 (64.3) 118 (38.8) 80 (26.6) 

Cable sheathing 35. (3.2) 21 G8) $2 (17.1) 45 (15.0) 

Sheet, pipe, foil, tubes 34 G1) 28 (9.1) 54 (17.0) 50 (16.7) 
Solders, ete. 944 eS OU 32 (10.7) 
PbEt, Drs) = 6) 56 (18.7) 
Pigments and chemicals 96 (86) 37 (12.0) 80 (263) 37 (12.3) 

Total 1110 (100.0) 308 (100.0) 304 (100.0) 300 (100.0) 

Lead pigments are widely used as rust-inhibiting priming paints for iron and steel. Red lead 
(Pb,0,) is the traditional primer but Ca, PbO, is finding increasing use, particularly for galvanized 
steel. Lead chromate, PbCrO,, is 2 strong yellow pigment extensively used in yellow paints for 
road markings and as an ingredient-(with iron blues) in many green paints and coloured plastics. 
Other pigments include PbMoO, (red-orange), litharge PbO (canary yellow), and white lead, 
~2PbCO,.Pb(OH),. Lead compounds are also used for ceramic glazes, eg. PbSi,O, 
(colourless), in crown glass manufacture, and as polyvinylchloride plastic stabilizers, e.g. “tribasic 

lead sulfate”, 3PbO.PbSO,.H,O. See also p. 449. 

+ For example the USA Environmental Protection Agency reduced the permitted amount of 
Pb in gasoline from a typical value of 3 g/US gal to 1.4 g/gal in 1976 and then successively to 0.8 

and 0.5 g/gal in 1978 and 1979 (1 US gal= 0.8327 imperial gal = 3.785 1). (See Chem. a News. 
6 Feb. 1978, pp. 12-16.) 

°° H. Bove, Lead—Acid Batteries, Wiley, New York, 1977, 408 pp. 
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Fic. 10.1 Successive ionization energies for Group IVB elements showing the influence of the 
3d'° shell between Si and Ge and the 4f!* shell between Sn and Pb. 

Some physical properties of the elements are compared in Table 10.2. Germanium 

forms brittle, grey-white lustrous crystals with the diamond structure; it is a metalloid 
with a similar electrical resistivity to Si at room temperature but with a substantially 

smaller band gap. Its mp, bp, and associated enthalpy changes are also lower than for Si 

and this trend continues for Sn and Pb which are both very soft, low-melting metals. 
Tin has two allotropes: at room temperature the stable modification is white, 

tetragonal, B-Sn, but at low temperatures this transforms into grey «-Sn which has the 

cubic diamond structure. The transition temperature is 13.2° but the transformation 

usually requires prolonged exposure at temperatures well below this. The reverse 

transition from «— f involves a structural distortion along the c-axis and is remarkable for 
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TABLE 10.2 Some physical properties of Group IV elements 

Property C Si Ge Sn Pb 

MP/°C 4100 1420 945 232 327 
BP/°C — ~3280 2850 2623 sil 
Density (20°C)/g cm™3 3.514 2.336 5323 a 5.769 11.342 

(B 2.905) (B6.71) B 7.265) 
ao/pm 356.68 541.99 565.76 0 648.9.) 494.99) 
AH,,,/kJ mol”! a 50.6 36.8 7.07 4.81 
AH,,,/kJ mol”? — 383 328 296 178 
AH, (monatomic gas)/kJ mol! 716.7 454 283 300.7 195.0 

Electrical resistivity (20°)/ohmcm 1014 101° ~48 ~47 Bilx10~° DO A1Os? 
Band gap E,/kJ mol”! ~ 580 106.8 64.2 «7.7, BO 0 

(a) See text. 
‘*) B-form (stable at room temperature) is tetragonal ay 583.1 pm, cg 318.1 pm. 
) Diamond structure. 
‘?) Face-centred cubic. 

the fact that the density increases by 26% in the high-temperature form.t A similar 

transformation to a metallic, tetragonal f-form can be effected in Si and Ge by subjecting 

them to pressures of ~200 and ~ 120 kbar respectively along the c-axis, and again the 

density increases by ~ 25°% from the value at atmospheric pressure.’ Lead is familiar as a 

blue-grey, malleable metal with a fairly high density (nearly 5 times that of Si and twice 

those of Ge and Sn, but only half that of Os). 

10.2.4 Chemical reactivity and group trends 

Germanium is somewhat more reactive and more electropositive than Si: it dissolves 

slowly in hot concentrated H,SO, and HNO, but does not react with water or with dilute 
acids or alkalis unless an oxidizing agent such as H,O, or NaOCl is present; fused alkalis 

react with incandescence to give germanates. Germanium is oxidized to GeO, in air at red 

heat, and both H,S and gaseous S yield GeS,; Cl, and Br, yield GeX, on moderate 

heating and HCI gives both GeCl, and GeHCl,. Alkyl halides react with heated Ge (as 

with Si) to give the corresponding organogermanium halides. 

+ This arises because, although the Sn—-Sn distances increase in the x= f transition, the CN increases from 4 to 

6 and the distortion also permits a closer‘approach of the 12 next-nearest neighbours: 

Next nearest 
Modification Bond angles Nearest neighbours neighbours 

a (grey, diamond) 6 at 109.5° 4 at 280 pm 12 at 459 pm 

it tra 4at 2 at 4 at 2at 4at 8at 
B.(yhite,.tetragonal)iiie ray: 149.5° 302 pm 318 pm 377 pm 441 pm 

° A. F. WELLS, Structural Inorganic Chemistry, 4th edn., Oxford University Press, Oxford, 1975, pp. 103, 
1012-13. 

° J. C. JAMIESON, Crystal structures at high pressures of metallic modifications of silicon and germanium, 
Science 139, 762-4 (1963). 
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Tin is notably more reactive and electropositive than Ge though it is still markedly 

amphoteric in its aqueous chemistry. It is stable towards both water and air at ordinary 

temperatures but reacts with steam to give SnO, plus H, and with air or oxygen on 

heating to give SnO,. Dilute HCl and H,SO, show little, if any, reaction but dilute HNO, 

produces Sn(NO;), and NH,NO. Hot concentrated HCI yields SnCl, and H, whereas 

hot concentrated H,SO, forms SnSO, and SO,. The occurrence of Sn" compounds in 
these reactions is notable. By contrast, the action of hot aqueous alkali yields 

hydroxostannate(IV) compounds, e.g.: 

Sn+2KOH+4H,0 —-> K,[Sn(OH),]+2H, 

Tin reacts readily with Cl, and Br, in the cold and with F, and I, on warming to give 

SnX,. It reacts vigorously with heated S and Se, to form Sn" and Sn'Y chalcogenides 
depending on the proportions used, and with Te to form SnTe. 

Finely divided Pb powder is pyrophoric but the reactivity of the metal is usually greatly 

diminished by the formation of a thin, coherent, protective layer of insoluble product such 

as oxide, oxocarbonate, sulfate, or chloride. This inertness has been exploited as one of the 

main assets of the metal since early times: e.g. a temperature of 600-800° is needed to form 

PbO in air and Pb is widely used for handling hot concentrated H,SO,. Aqueous HCl 

does, in fact react slowly to give the sparingly-soluble PbCl, (< 1% at room temperature) 

and nitric acid reacts quite rapidly to liberate oxides of nitrogen and form the very soluble 

Pb(NO;), (~50 g per 100 cm?, i.e. 1.5 m). Organic acids such as acetic acid also dissolve 

Pb in the presence of air to give Pb(OAc),, etc.; this precludes contact with the metal when 

processing or storing wine, fruit juices, and other drinks. Fluorine reacts at room 

temperatures to give PbF, and Cl, gives PbCl, on heating. Molten Pb reacts with the 

chalcogens to give PbS, PbSe, and PbTe. 

The steady trend towards increasing stability of M" rather than M'Y compounds in the 
sequence Ge, Sn, Pb is an example of the so-called “inert-pair effect” which is well 

established for the heavier B subgroup metals. The discussion on p. 2551s relevant here. A 

notable exception is the organometallic chemistry of Sn and Pb which is almost entirely 

confined to the M'Y state (pp. 459-65). 
Catenation is also an important feature of the chemistry of Ge, Sn, and Pb though less 

so than for C and Si. The discussion on p. 393 can be extended by reference to the bond 

energies in Table 10.3 from which it can be seen that there is a steady decrease in the M—M 

bond strength. In general, with the exception of M-H bonds, the strength of other M—X 

bonds diminishes less noticeably, though the absence of Ge analogues of silicone polymers 

speaks for the lower stability of the Ge-O-Ge linkage. 
The structural chemistry of the Group IVB elements affords abundant illustrations of 

the trends to be expected from increasing atomic size, increasing electropositivity, and 

increasing tendency to form M'" compounds, and these will become clear during the more 

detailed treatment of the chemistry in the succeeding sections. The often complicated 

stereochemistry of M'" compounds (which arises from the presence of a nonbonding 

electron-pair on the metal) is particularly revealing as also is the propensity of Sn'Y to 

become 5- and 6-coordinate.*) The ability of both Sn and Pb to form polyatomic cluster 

(9a) J A. ZuBietA and J. J. ZUCKERMAN, Structural tin chemistry, Prog. Inorg. Chem. 24, 251-475 (1978). An 
excellent comprehensive review with full structural diagrams and data, and more than 750 references. 
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TABLE 10.3 Approximate average bond energies/kJ mol’ 

‘®) These values often vary widely (by as much as 50-100 kJ mol ') depending on the 
particular compound considered and the method of computation used; e.g. Si-Si is 
quoted as 339, 337, and 368 kJ mol ' in Si,H,, Si,Me,, and Si,Ph,, but is only 
227 kJ mol”! in crystalline Si. Individual values are thus less significant than general 
trends. The data represent a collation of values for typical compounds gleaned from 
refs. 10-12. 

anions of very low formal oxidation state, (e.g. M,”_, Mo, etc.) reflects the now well- 

established tendency of the heavier B subgroup elements to form chain, ring, or cluster 

homopolyatomic ions: this was first established for the polyhalide anions and. for 
Hg,?* but is also prevalent in Groups IVB, VB, and VIB, e.g. Pb,*~ is isoelectronic with 

Bi,>* (see Section 10.3.6). 

10.3 Compounds 

10.3.1. Hydrides and hydrohalides 

Germanes of general formula Ge,H,,,. are known as colourless gases or volatile 

liquids for n= 1-5 and their preparation, physical properties, and chemical reactions are 

very similar to those of silanes (p. 388). Thus GeH, was formerly made by the inefficient 

hydrolysis of Mg/Ge alloys with aqueous acids but is now generally made by the reaction 

of GeCl, with LiAIH, in ether or even more conveniently by the reaction of GeO, with 

aqueous solutions of NaBH,. The higher germanes are prepared by the action of a silent 

electric discharge on GeH,; mixed hydrides such as SiH ;GeH, can be prepared similarly 

by circulating a mixture of SiH, and GeH, but no cyclic or unsaturated hydrides have yet 

been prepared. The germanes are all less volatile than the corresponding silanes (see 

Table) and, perhaps surprisingly, noticeably less reactive. Thus, in contrast to SiH, and’ 

Property Gelinas: Gesu. Ge3H, Ge,Hy Gel: 

MP/°C — 164.8 — 109 —105.6 be a 
BP/°C ~88.1 29 110.5 176.9. 1934 
Density (T°C)/g cm~3 1.52 (— 142°) 1.98 (— 109°) 2.20 (— 105°) — — 

'0 J. A. Kerr and A. F. TROTMAN-DICKENSON, Bond strengths in polyatomic molecules, CRC Handbook of 
Chemistry and Physics, 57th edn., 1976-7, pp. F231-F237. 

'l'W. E. Dasent, Inorganic Energetics, Penguin Books, Harmondsworth, 165 pp. 

'? C.F. SHaw and A. L. ALLRED, Nonbonded interactions in organometallic compounds of Group IVB, 
Organometallic Chem. Rev. 5A, 95-142 (1970). 

'> J. D. CorBeTT, Homopolyatomic ions of the post-transition elements—synthesis, structure, and bonding, 
Prog. Inorg. Chem. 21, 129-55 (1976). 
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SnH,, GeH, does not ignite in contact with air and is unaffected by aqueous acid or 30% 

aqueous NaOH. It acts as an acid in liquid NH; forming NH,* and GeH, ions and 

reacts with alkali metals in this solvent (or in MeOC,H,OMe) to give MGeH3. Like the 

corresponding MSiH,, these are white, crystalline compounds of considerable synthetic 

utility. X-ray diffraction analysis shows that KGeH, and RbGeH, have the NaCl-type 

structure, implying free rotation of GeH, , and CsGeH, has the rare TII structure 

(p. 273). The derived “ionic radius” of 229 pm emphasizes the similarity to SiH,” 

(226 pm) and this is reinforced by the bond angles deduced from broad-line nmr 

experiments: SiH, 94+4° (cf. isoelectronic PH3, 93.5°); GeH,  92.5+4° (cf. isoelec- 

tronic AsH,, 91.8°).¢” 
The germanium hydrohalides GeH,X,_, (X=Cl, Br, I; x=1, 2, 3) are colourless, 

volatile, reactive liquids. Preparative routes include reaction of Ge, GeX,, or GeH, with 

HX. The compounds are valuable synthetic intermediates (cf. SiH,I). For example, 

hydrolysis of GeH;Cl yields O(GeH),, and various metatheses can be effected by use of 

the appropriate Ag salts or, more effectively, Pb" salts, e.g. GeH ,Br with PbO, Pb(OAc),, 
and Pb(NCS), affords O(GeH),, GeH3(OAc), and GeH;(SCN). Treatment of this latter 

compound with MeSH or [Mn(CO),;H] yields GeH,SMe and [Mn(CO),(GeH;)] 

respectively. An extensive phosphinogermane chemistry is also known, e.g. 

R,Ge(PH,)4-,,, R=alkyl or H. 

Binary Sn hydrides are much less stable. Reduction of SnCl, with ethereal LiAlH, gives 

SnH, in 80-90% yield; SnCl, reacts similarly with aqueous NaBH,. SnH, (mp — 146°, bp 

— §2.5°) decomposes slowly to Sn and H, at room temperature; it is unattacked by dilute 

aqueous acids or alkalis but is decomposed by more concentrated solutions. It is a potent 

reducing agent. Sn,H, is even less stable, and higher homologues have not been obtained. 

By contrast, organotin hydrides are more stable, and catenation up to H(SnPh,),H has 

been achieved by thermolysis of Ph,SnH,. Preparation of R,SnH, _,,is usually by LiAIH, 

reduction of the corresponding organotin chloride. 

PbH,, is the least well-characterized Group IVB hydride and it is unlikely that it has 

ever been prepared except perhaps in trace amounts at high dilution; methods which 

successfully yield MH, for the other Group IVB elements all fail even at low 

temperatures."°) The alkyl derivatives R,PbH, and R,PbH can be prepared from the 
corresponding halides and LiAIH, at —78° or by exchange reactions with Ph;SnH, e.g.: 

Bu3PbX + Ph,SnH ——> Bu3PbH + Ph,SnX 

Me,PbH (mp ~ — 106° decomp above — 30°) and Et,PbH (mp ~ — 145° decomp above 

—20°) readily add to alkenes and alkynes (hydroplumbation) to give stable tetra- 

organolead compounds. 

10.3.2 Halides and related complexes 

Germanium, Sn, and Pb form two series of halides: MX, and MX,. PbX, are more 

stable than PbX,, whereas the reverse is true for Ge, consistent with the steady increase in 

'4G. Tuirase, E. Weiss, H. J. HENNING, and H. LECHERT, Preparative, X-ray, and broad-line proton 
magnetic resonance studies on germylalkali compounds, MGeH,, Z. anorg. allgem. Chem. 417, 221-8 (1975). 

'5C. J. Porrit, Plumbane, Chem. Ind. (Lond.) 1975, 398; E. WiBERG and E. AMBERGER Hydrides of the 
Elements of Main Groups I-IV, Chap. 10, Lead hydrides, pp. 757-64, Elsevier, Amsterdam 1971. 
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Fic. 10.2. Crystal structure of GeF,: (a) projection along the chains, and (b) environment of Ge 
pseudo trigonal bipyramidal). The bond to the unshared F is appreciably shorter than those in the 

chain and there is a weaker interaction (257 pm) linking the chains into a 3D structure. 

stability of the dihalides in the sequence CX, <SiX, <GeX, <SnX, <PbX,. Numerous 

complex halides are also known for both oxidation states. 

GeF,, is formed as a volatile white solid (mp 110°) by the action of GeF, on powdered 

Ge at 150-300°; it has a unique structure in which trigonal pyramidal {GeF } units share 
2 F atoms to form infinite spiral chains (Fig. 10.2). Pale-yellow GeCl, can be prepared 

similarly at 300° or by thermal decomposition of GeHCl, at 70°. Typical reactions are 

summarized in the scheme: 

Ge + 3HCI 5 Ge + 4 GeCl, 

GeHCl 3 GeCl, GeCla 

(colourless) (pale yellow) (colourless) 

Ge(OH), GeO 
(yellow) (brown) 

GeBr, is made by reduction of GeBr, or GeHBr; with Zn, or by the action of HBr on an 

excess of Ge at 400°; it is a yellow solid, mp 122°, which disproportionates to Ge and 

GeBr, at 150°, adds HBr at 40°, and hydrolyses to the unstable yellow Ge(OH),. Gel, is 
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best prepared by reduction of Gel, with aqueous HPO, in the presence of HI to prevent 

hydrolysis; it sublimes to give bright orange-yellow crystals, is stable in dry air, and 

disproportionates only when heated above ~ 550°. The structure of the lemon-yellow, 

monomeric, 3-coordinate Ge" complex [Ge(acac)I] (1) has recently been determined.(!5*) 
Gel, is oxidized to Gel, in aqueous KI/HC1; it forms numerous adducts with nitrogen 

ligands, and reacts with C,H, at 140° to give a compound that was originally formulated 

CH 
as a 3-membered heterocycle || eel, but which has subsequently been shown by mass 

spectroscopy to have the unusual dimeric structure (2). 

Germanium tetrahalides are readily prepared by direct action of the elements or via the 

action of aqueous HX on GeO,. The lighter members are colourless, volatile liquids, but 

Gel, is an orange solid (cf. CX4, SiX,). All hydrolyse readily and GeCl, in particular is an 

important intermediate in the preparation of organogermanium compounds via LiR or 

RMgxX reagents. Many mixed halides and hydrohalides are also known, as are complexes 

Property Geka GeCl, GeBr, Gel; 

MP/°C —15 (4 atm) —49.5 26 146 
BP/°C — 36.5 (subl) 83.1 186 ~ 400 
Density (T°C)/g cm~? 2.126 (0°) 1.844 (30°) 2.100 (30°) 4.322 (26°) 

of the type GeF,?~, GeCl,?", trans-L,GeCl,, and L,GeCl, (L=tertiary amine or 
pyridine). The curious mixed-valency complex Ge.F;,, i.e. [(GeF,),GeF,] has recently 

been shown to feature distorted square pyramids of {:Ge'"F,\ with the “lone-pair” of 
electrons pointing away from the 4 basal F atoms which are at 181, 195, 220, and 245 pm 

from the apical Ge"; the Ge'Y atom is at the centre of a slightly distorted octahedron 
(Ge'Y_F 171-180 pm, angle F-Ge-F 87.5—92.5°) and the whole structure is held together 
by F bridges.”° 

The structural chemistry of Sn" halides is particularly complex, partly because of the 

stereochemical activity (or non-activity) of the nonbonding pair of electrons and partly 

because of the propensity of Sn" to increase its CN by polymerization into larger 
structural units such as rings or chains. Thus, the first and second ionization energies of Sn 

"3a.§. R. Sropart, M. R. CHURCHILL, F. J. HOLLANDER, and W. J. YouNGs, Characterization and X-ray 

crystal structure of a monomeric germylene derivative [Ge(acac)I] (Hacac=acetylacetone), JCS Chem. Comm. 
1979, 911-12. 

1© JC. TayYLor and P. W. Wixson, The structure of the mixed valence fluoride Ge.F, 5, J. Am. Chem. Soc. 95, 

1834-8 (1973). 
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(p. 431) are very similar to those of Mg (p. 122), but Sn" rarely adopts structures typical of 
spherically symmetrical ions because the nonbonding pair of electrons, which is 5s? in the 

free gaseous ion, readily distorts in the condensed phase; this can be described in terms of 

ligand-field distortions or the adoption of some “p character”. Again, the “nonbonding” 

pair can act as a donor to vacant orbitals, and the “vacant” third 5p orbital and 5d orbitals 

can act as acceptors in forming further covalent bonds. A particularly clear example of this 

occurs with the adducts [SnX,(NMe;)] (X =Cl, Br, I): the Sn" atom, which has accepted a 
pair of electrons from the ligand NMez, can itself donate its own lone-pair to a strong 

aa acid to form a double adduct of the type [BF {<-SnX,(<-NMe;)}] (X=Cl, Br, 
|e: 

SnF, (which is obtained as colourless monoclinic crystals by evaporation of a solution 

of SnO in 40°% aqueous HF) is composed of Sn,F, tetramers interlinked by weaker Sn—F 

interactions;"”) the tetramers are puckered 8-membered rings of alternating Sn and F as 
shown in Fig. 10.3 and each Sn is surrounded by a highly distorted octahedron of F 

(1 Sn-F, at ~205 pm, 2 Sn-F,, at ~218 pm, and 3 much longer Sn---F in the range 

240-329 pm, presumably due to the influence of the nonbonding pair of electrons. In 

aqueous solutions containing F~ the predominant species is the very stable pyramidal 

complex SnF, but crystallization is attended by further condensation. For example, 
crystallization of SnF, from aqueous solutions containing NaF does not give NaSnF; as 

previously supposed but NaSn,F, or Na,Sn3F,,. depending on conditions. The {Sn,F,} 
unit in the first compound can be thought of as a discrete ion [Sn,F;] orasanF ion 

coordinating to 2 SnF, molecules (Fig. 10.4a): each Sn is trigonal pyramidal with two 

Fic. 10.3 Structure of SnF, showing (a) interconnected rings of {Sn,F,(F,)}, and (b) the 
unsymmetrical 3+3 coordination around Sn. 

'©* CC. Hsuand R. A. GEANANGEL, Donor and acceptor behaviour of divalent tin compounds, /norg. Chem. 
19, 110-19 (1980). 

'” R. C. McDonatp, H. Ho-Kuen Hau, and K. Eriks, Crystal structure of monoclinic SnF,, /norg. Chem. 
15, 762-S (1976). 
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Fic. 10.4 Structure of some fluoro-complexes of Sn". 

close F,, one intermediate F,,, and 3 more distant F at 253, 298, and 301 pm. By contrast 

the compound Na,Sn,F,, features 3 corner-shared square-pyramidal {SnF 4} units (Fig. 

10.4b) though the wide range of Sn—F distances could be taken to indicate incipient 

formation of a central SnF,?~ weakly bridged to two terminal SnF,~ groups. In the 

corresponding system with KF the compound that crystallizes is KSnF,.4H,O in which 

the bridging of square pyramids is extended to give infinite chain polymers (Fig. 10.4c). 

There is also an intriguing mixed valence compound Sn;F, which is formed when 

solutions of SnF,, in anhydrous HF are oxidized at room temperature with F,, O,, or even 

SO,; the structure features nearly regular {Sn'VF,} octahedra trans-bridged to {Sn"F,} 
pyramids which themselves form polymeric Sn"F chains: Sn'V-F 196 pm and Sn"_F 210, 
217, 225 pm with weaker Sn''..-F interactions in the range 255-265 pm."'®) (The main 
commercial application of SnF, is in toothpaste and dental preparations where it is used 

to prevent demineralization of teeth and to lessen the development of dental caries.) 

Tin(II) chlorides are similarly complex (Fig. 10.5). In the gas phase, SnCl, forms bent 

molecules, but the crystalline material (mp 246°, bp 623°) has a layer structure with chains 

of corner-shared trigonal pyramidal {SnCl,} groups. The dihydrate also has a 3- 

coordinated structure with only 1 of the H,O molecules directly bonded to the Sn" (Fig. 

10.5c); the neutral aquo complexes are arranged in double layers with the second H,O 

molecules interleaved between them to form a two-dimensional H-bonded network with 

18M. F. A. Dove, R. KinG, and T. J. KinG, Preparation and X-ray crystal structure of Sn,F,, JCS Chem. 
Comm. 1973, 944-5. 
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Fic. 10.5 Structure of SnCl, and some chloro complexes of Sn". 

the coordinated H,O (O—H.---O 274, 279, and 280 pm." If the aquo ligand is replaced 
by Cl” the pyramidal SnCl,~ ion (isoelectronic with SbCl,) is obtained, e.g. in CsSnCl, 

(Fig. 10.5d). There seems little tendency to add a second ligand: e.g. the compound 

K,SnCl,.H,O has been shown to contain pyramidal SnCl,~ and “isolated” Cl” ions, ie. 

K,[SnCl,]Cl.H,O with Sn—Cl 259 pm and the angle Cl-Sn-Cl ~85°. Apart from its 

structural interest, SnCl, is important as a widely used mild reducing agent in acid 

solution. The dihydrate is commercially available for use in electrolytic tin-plating baths, 

as a sensitizer in silvering mirrors and in the plating of plastics, and as a perfume stabilizer 

in toilet soaps. The anhydrous material can be obtained either by dehydration using acetic 

anhydride or directly by reacting heated Sn with dry HCl gas. 

SnBr, is a white solid when pure (mp 216°, bp 620°); it has a layer—lattice structure but 

the details are unknown. It forms numerous hydrates (e.g. 3SnBr,.H,O, 2SnBr,.H,O, 

6SnBr,.5H,O) all of which have a distorted trigonal prism of 6Br about the Sn" with a 
further Br and H,O capping one or two of the prism faces and leaving the third face 

+ Thus, [Co(en)3;][SnCl,](Cl),, prepared from [Co(en);]Cl, and SnCl,.2H,O in excess HCl contains 
[SnCl,]~ and Cl~ units but a similar reaction of [Co(NH3),]Cl, with SnCl, in an HCl-solution saturated with 
NaCl has recently been shown to yield [Co(NH3),][SnCl,](Cl) in which [SnCl,]?~ has a pseudo trigonal 

bipyramidal structure with an equatorial lone-pair of electrons; even here, however, the fourth Sn—Cl distance 
(310 pm, axial) is substantially longer than the other axial Sn—C] (267 pm) or the two equatorial distances (247, 
253 pm). [H. J. Haupt, F. Huber, and H. Preut, Z. anorg. Chem. 422, 97, 255 (1976).] 

'°'H. KirtyaMa, K. KiraHama, O. NAKAMURA, and R. Kirtyama, An X-ray redetermination of the crystal 
structure of tin(II) chloride dihydrate, Bull. Chem. Soc. Japan 46, 1389-95 (1973). 
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uncapped (presumably because of the presence of the nonbonding pair of electrons in that 

direction).°® A similar pseudo-9-coordinate structure is adopted by 3PbBr.2H,O. By 
contrast, NH4SnBr,.H,O adopts a structure in which Sn" is coordinated by a tetragonal 

pyramid of 5 Br atoms which form chains by edge sharing of the 4 basal Br; the Sn" is 
slightly above the basal plane with Sn—Br 304-350 pm and Sn-Br,,,,, 269 pm. The NH, * 

and H,O form rows between the chains. 
SnI, forms as brilliant red needles (mp 316°, bp 720°) when Sn is heated with I, in 2 m 

hydrochloric acid. It has a unique structure in which one-third of the Sn atoms are in 

almost perfect octahedral coordination in rutile-like chains (2 Sn-I 314.7 pm, 4 Sn-I 

317.4 pm, and no significant distortions of angles from 90°); these chains are in turn cross- 

linked by double chains containing the remaining Sn atoms which are themselves 7- 

coordinate (5 Sn-I all on one side at 300.4-325.1 and 2 more-distant I at 371.8 pm).?”) 
There is an indication here of reduced distortion in the octahedral site and this has been 

observed more generally for compounds with the heavier halides and chalcogenides in 

which the nonbonding electron pair on Sn" can delocalize into a low-lying band of the 
crystal. Accordingly, SnTe is a metalloid with cubic NaCl structure. Likewise, CsSn"Br, 
has the ideal cubic perovskite structure (p. 1122);'*?) the compound forms black lustrous 
crystals with a semi-metallic conductivity of ~10* ohm™! cm“! at room temperature 
due, it is thought, to the population of a low-lying conduction band formed by the overlap 

of “empty” t, 5d orbitals on Br. In this connection it is noteworthy that Cs,Sn'’ Br, has a 

very similar structure to CsSn"Br, (i. Cs,Sn$Br,) but with only half the Sn sites 
occupied—it is white and non-conducting since there are no high-energy nonbonding 

electrons to populate the conduction band which must be present. Similarly, yellow 

CsSn'"1,, CsSn3Br., Cs,Sn"Br,, and compositions in the system CsSn}X, (X =Cl, Br) all 
transform to black metalloids on being warmed and even yellow monoclinic CsSnCl, 

(Fig. 10.5d) transforms at 90° to a dark-coloured cubic perovskite structure. 

Tin(IV) halides are more straightforward. SnF, (prepared by the action of anhydrous 

HF on SnCl,) is an extremely hygroscopic, white crystalline compound which sublimes 

above 700°. The structure (unlike that of CF,, SiF,, and GeF,) is polymeric with 

octahedral coordination about Sn: the {SnF,} units are joined into planar layers by edge- 

sharing of 4 equatorial F atoms (Sn-F,, 202 pm) leaving 2 further (terminal) F in trans 

positions above and below each Sn (Sn-F, 188 pm). The other SnX, can be made by direct 

action of the elements and are unremarkable volatile liquids or solids comprising 

apex 

Property SnFy SnCl, SnBr, Snl, 

Colour White Colourless Colourless Brown 
MP/°C — — 33,3 31 144 
BP/°C ~705 (subl) 114 205 348 
Density (T°C)/g cm™? 4.78 (20°) 2.234 (20°) 3.340 (35°) 4.56 (20°) 

Sn-X/pm 188, 202 231 244 264 

20 J. ANDERSON, The crystal structures of SnBr, hydrates, Acta Chem. Scand. 26, 1730, 2543, 3813 (1973). 
71 R. A. Howie, W. Moser, and IJ. C. TREVENA, The crystal structure of tin(II) iodide, Acta Cryst. B28, 

2965-71 (1972). 
22 J.D. DONALDSON, J. SILVER, S. HADJIMINOLIS, and S. D. Ross, Effects of the presence of valence-shell non- 

bonding electron pairs on the properties and structures of caesium tin(II) bromides and of related antimony and 
tellurium compounds, JCS Dalton 1975, 1500-6; see also J. D. DONALDSON et al., JCS Dalton 1973, 666. 
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tetrahedral molecules. Similarities with the tetrahalides of Si and Ge are obvious. The 

compounds hydrolyse readily but definite hydrates can also be isolated from acid solution, 

e.g. SnCl,.5H,O, SnBr,.4H,O. Complexes with a wide range of organic and inorganic 

ligands are known, particularly the 6-coordinate cis- and trans-L,SnX, and occasionally 

the 1:1 complexes LSnX,. Stereochemistry has been deduced by infrared and Mossbauer 

spectroscopy and, when possible, by X-ray crystallography. The octahedral complexes 

SnX,?- (X =Cl, Br, I) are also well characterized for numerous cations. Five-coordinate 

trigonal bipyramidal complexes are less common but have been established for SnCl,~ 

and Me,SnCl,. A novel rectangular pyramidal geometry for Sn'Y has recently been 

revealed by X-ray analysis of the spirocyclic dithiolato complex anion 

[(MeC,H;S,),SnCl]: the Cl atom occupies the apical position and the Sn atom is 

slightly above the plane of the 4 S atoms (mean angle Cl-Sn—-Cl 103°).?7%) A similar 
stereochemistry has also very recently been established for Si!” (p. 385) and for Ge'Y in 

[(C5H4O2),GeCl]~.°*) 
Lead continues the trends outlined in preceding sections, PbX, being much more stable 

thermally and chemically than PbX,, Indeed, the only stable tetrahalide is the yellow 

PbF, (mp 600°); PbCl, is a yellow oil (mp — 15°) stable below 0° but decomposing to 

PbCl, and Cl, above 50°; PbBr, is even less stable and Pbi, is of doubtful existence (cf. 

discussion on TII;, p. 269). Stability can be markedly increased by coordination: e.g. direct 

chlorination of PbCl, in aqueous HCI followed by addition of an alkali metal chloride 

gives stable yellow salts M,PbCl, (M =Na, K, Rb, Cs, NH,) which can serve as a useful 

source of Pb'Y. By contrast, PbX, are stable crystalline compounds which can readily be 

prepared by treating any water-soluble Pb" salt with HX or halide ions to precipitate the 
insoluble PbX,. As with Sn, the first two ionization energies of Pb are very similar to those 

of Mg; moreover, the 6-coordinate radius of Pb" (119 pm) is virtually identical with that 

of Sr" (118 pm) and there is less evidence of the structurally distorting influence of the 

nonbonding pair of electrons. Thus «-PbF,, PbCl,, and PbBr, all form colourless 

orthorhombic crystals in which Pb” is surrounded by 9 X at the corners of a tricapped 
trigonal prism.t The high-temperature /-form of PbF, has the cubic fluorite (CaF ,) 

structure with 8-coordinated Pb". PbI, (yellow) has the Cdl, hexagonal layer lattice 

structure. Like many other heavy-metal halides, PbCl, and PbBr, are photo-sensitive and 

deposit metallic Pb on irradiation with ultraviolet or visible light. PbI, is a 

photoconductor and decomposes on exposure to green light (A,,,, 494.9 nm). Many mixed 

halides have also been characterized by PbFCI, PbF Br, PbFI, PbX,.4PbF.,, etc. Of these- 

PbFCl is an important tetragonal layer—lattice structure type frequently adopted by large 

cations in the presence of 2 anions-of differing size ;?°) its sparing solubility in water (37 mg 

per 100 cm? at 25°C) forms the basis of a gravimetric method of determining F. 

+ There are, in fact, never 9 equidistant X neighbours but a range of distances in which one can discern 7 closer 
and 2 more distant neighbours. This (7 + 2)-coordination is also a feature of the structures of BaX , (X = Cl, Br, I), 
EuCl,, CaH,, etc.—see p. 222 of ref. 8; see also hydrated tin(II) bromides, p. 442. 

228 AC. Sau, R. O. Day, and R. R. Hotes, A new geometrical form for tin. Synthesis and structure 
of the spirocyclic complex [NMe,][(C,H,S;),SnCl] and the related monocyclic derivative 
[NEt,][(C;H,S,)Ph,SnCl], Inorg. Chem. 20, 3076-81 (1981). 

*2 A.C. Sau, R. O. Day, and R. R. Homes, A new geometrical form of germanium. Synthesis and structure 
of tetraethylammonium 2-chloro-2,2’-spirobis(1,3,2-benzodioxagermole), J. Am. Chem. Soc. 102, 7972-3 (1980). 

>>, N. N. Greenwoop, Jonic Crystals, Lattice Defects, and Nonstoichiometry, pp. 59-60, Butterworths, 
London 1968; see also ref. 8, pp. 408-9. 
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Property PbF, PbCl, PbBr, PblI, 

MP/°C 818 500 367 400 
BRE 1290 953 916 860-950 (decomp) 

Density/g cm? 8.24 (a), 7.77 (B) 5.85 6.66 6.2 
Solubility in H,O (T°C)/ 64 (20°) 670 (0°) 455 (0°) 44 (0°) 

mg per 100 cm? 3200 (100°) 4710 (100°) 410 (100°) 

Pb" apparently forms complexes with an astonishing range of stoichiometries,'**) but 
structural information is frequently lacking. Cs,PbX, (X =Cl, Br, I) have the K,CdCl, 

structure with discrete [Pb"X,]*~ units. CsPb"X, also feature octahedral coordination 
(in perovskite-like structures, cf. p. 1122) but there is sometimes appreciable distortion as 

in the yellow, low-temperature form of CsPbI, which adopts the NH,CdCl, structure 

with three Pb-I distances, 301, 325, and 342 pm. 

10.3.3. Oxides and hydroxides 

GeO is obtained as a yellow sublimate when powdered Ge and GeO, are heated to 

1000°, and dark-brown crystalline GeO is obtained on further heating at 650°. The 

compound can also be obtained by dehydrating Ge(OH), (p. 438) but neither compound 

is particularly well characterized. Both are reducing agents and GeO disproportionates 

rapidly to Ge and GeO, above 700°. Much more is known about GeO, and, as pointed 

out by A. F. Wells (p. 929 of ref. 8), there is an impressive resemblance between the oxide 

chemistry of Ge'Y and Si'Y. Thus hexagonal GeO, has the 4-coordinated f-quartz 

structure (p. 394), tetragonal GeO, has the 6-coordinated rutile-like structure of 

stishovite (p. 396), and vitreous GeO, resembles fused silica. Similarly, Ge analogues of all 

the major types of silicates and aluminosilicates (pp. 399-416) have been prepared. 

Be,GeO, and Zn,GeO, have the phenacite and willemite structures with “isolated” 

{GeO,} units; Sc,Ge,O, has the thortveitite structure; BaTiGe,O, has the same type of 

cyclic ion as benitoite, and CaMgGe,O, has a chain structure similar to diopside. Further, 

the two crystalline forms of Ca,GeO, are isostructural with two forms of Ca,SiO,, and 

Ca,GeO, crystallizes in no fewer than 4 of the known structures of Ca,SiO.. The reaction 

chemistry of the two sets of compounds is also very similar. 

SnO exists in several modifications. The commonest is the blue-black tetragonal 

modification formed by the alkaline hydrolysis of Sn" salts to the hydrous oxide and 
subsequent dehydration in the absence of air. The structure features square pyramids of 

{SnO,} arranged in parallel layers with Sn" at the apex and alternately above and below 

the layer of O atoms as shown in Fig. 10.6. The Sn—Sn distance between tin atoms in 

adjacent layers is 370 pm, very close to the values in B-Sn (p. 434). The structure can also 

be described as a fluorite lattice with alternate layers of anions missing. A metastable, red 

modification of SnO is obtained by heating the white hydrous oxide; this appears to have 

a similar structure and it can be transformed into the blue-black form by heating, by 

pressure, by treatment with strong alkali, or simply by contact with the stable form. Both 

24 BE. W. ABEL, Lead, Chap. 18 in Comprehensive Inorganic Chemistry, Vol. 2, pp. 105-46, Pergamon Press, 

Oxford, 1973. 
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Fic. 10.6 Structure of tetragonal SnO (and PbO) showing (a) a single square-based pyramid 
{:SnO,}, (b) the arrangement of the pyramids in layers, and (c) a plane view of a single layer. 

forms oxidize to SnO, with incandescence when heated in air to ~ 300° but when heated 

in the absence of O,, the compound disproportionates like GeO. Various mixed-valence 

oxides have also been reported of which the best characterized is Sn,O,, i.e. Sn?Sn'VO,. 
SnO and hydrous tin(II) oxide are amphoteric, dissolving readily in aqueous acids to 

give Sn" or its complexes, and in alkalis to give the pyramidal Sn(OH),_ ; at inter- 

mediate values of pH, condensed basic oxide-hydroxide species form, e.g. 

[(OH),SnOSn(OH),]?~_ and [Sn3;(OH),]?*, etc. Analytically the hydrous oxide 
frequently has a composition close to 3SnO.H,O and an X-ray study shows it to contain 

pseudo-cubic Sn,Og clusters resembling Mo,Cl,** (p. 1191) with 8 oxygen atoms centred 
above the faces of an Sn, octahedron and joined in infinite array by H bonds, ie. 

Sn,O,H,; the compound can be thought of as being formed by the deprotonation and 
condensation of 2 [Sn3;(OH),]?* units as the pH is raised: 

2[Sn3(OH),]2* +40H~ ——> [Sn,0,H,]+4H,O 
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- (Hydrolysis of Pb" salts leads to different structures, p. 458.) It seems unlikely that pure 

Sn(OH), itself has ever been prepared from aqueous solutions but recently it has been 

obtained as a white, amorphous solid by an anhydrous organometallic method :?°? 

thf 
2Me,3SnOH + SnCl, Sn(OH), + 2Me3SnCl 

SnO,, cassiterite, is the main ore of tin and it crystallizes with a rutile-type structure 

(p. 1120). It is insoluble in water and dilute acids or alkalis but dissolves readily in fused 

alkali hydroxides to form “stannates” M5Sn(OH),.t Conversely, aqueous solutions of 

tin(IV) salts hydrolyse to give a white precipitate of hydrous tin(IV) oxide which is readily 

soluble in both acids and alkalis thereby demonstrating the amphoteric nature of tin(IV). 

Sn(OH), itself is not known, but a reproducible product of empirical formula SnO,.H,O 
can be obtained by drying the hydrous gel at 110°, and further dehydration at 

temperatures up to 600° eventually yields crystalline SnO,. Similarly, thermal dehydra- 

tion of K,[Sn(OH),], ic. “K,SnO;.3H,O”, yields successively K,SnO,;.H,O, 

3K,SnO3.2H,O, and, finally, anhydrous K,SnO,; this latter compound also results when 

K,O is heated directly with SnO,, and variations in the ratio of the two reactants yield 

K,SnO, and K,Sn,;O,. The structure of K,SnO, does not have 6-coordinate Sn'Y but 
chains of 5-coordinate Sn'Y of composition {SnO,' formed by the edge sharing of 
tetragonal pyramids of {SnO.} as shown in Fig. 10.7. Some industrial uses of tin((IV) 

oxide systems and other tin compounds are summarized in the Panel. 

Fic. 10.7 {SnO } chain in the structure of K,SnO, (and K,PbO)). 

+ K,Sn(OH), has the brucite-like structure of Mg(OH), but with each 3 Mg replaced regularly by 2K + Sn. 

25 W. D. Honnick and J. J. ZUCKERMAN, Tin(II) hydroxide, /norg. Chem. 15, 3034-7 (1976). 

CTE-P 
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Some Industrial Uses of Tin Compounds 

Tin(IV) oxide is much used an the ceramics industry as an opacifier for glazes and enamels. 
Because of its insolubility (or, rather, slow solubility) in glasses and glazes it also serves as a base 
for pigments, e.g. SnO,/V,O; yellows, SnO,/Sb,O, blue-greys, and SnO,/Cr,O, pinks. These 
latter, which can vary from a delicate pale pink to a dark maroon, probably involve 
substitutional ineO: Daeanon of Cr" for Sn'’ with concomitant oxide-ion vacancies, Le. 
[Sn!¥_, Cr!O5""(C_),]. The vanadium- and antimony-tin glazes, on the other hand, probably 
involve reductive substitution without vacant sites, e.g. [Sn}”_ ;,Sn'!Sby.O; "]. Some 3500 tonnes 
of SnO, is consumed annually for ceramic glazes. An example familiar to users of the London 
Underground is the dominant blue-grey colour of the tiles on the Victoria Line completed in 1969: 
these are based on the Sn/Sb oxide system with asmall admixture (~ 1%) of V,O, to control the 
blueness. _ 
A related application i is the use of SnCl, vapour to foughen fechiy fabricated glass bottles by 

deposition of an invisible transparent film of SnO, (<0.1 ym) which is then incorporated in the 
surface structure of the glass. This increases the strength of the glass and improves its abrasion 
resistance so that bottles so treated can be made considerably lighter without loss of robustness. 
When the thickness of the SnO, film is similar to the wavelength of visible light (0.1-1.0 ym), then 
thin-film interference effects occur and the glass acquires an attractive iridescence. Still thicker 
films give electrically conducting layers which, after suitable doping with Sb or F ions, can be used 
as electrodes, electro-luminescent devices (for low-intensity light panels and display signs, in 
aircraft, cinemas, etc.), fluorescent lamps, antistatic cover-glasses, transparent tube furnaces, de- 
iceable windscreens (especially for aircraft), etc. Another property of these thicker films is their 
ability to reflect a high proportion of infrared (heat) radiation whilst remaining transparent to 
visible radiation—the application to heat insulation of windows is obvious. 

- Attention should be drawn to the use of tin oxide systems as heterogeneous catalysts. The oldest 
and most extensively patented systems are the mixed tin-vanadium oxide catalysts for the 
oxidation of aromatic compounds such as benzene, toluene, xylenes, and naphthalene in the 
synthesis of organic acids and acid anhydrides. More recently mixed tin—antimony oxides have 
been applied to the selective oxidation and ammoxidation of propylene to acrolein, acrylic acid, 
and acrylonitrile. 
Homogeneous catalysis by tin compounds is also of great industrial importance. The use of 

SnCl, as a Friedel-Crafts catalyst for homogeneous acylation, alkylation, and cyclization 
reactions has been known for many decades. The most commonly used industrial homogeneous 
tin catalysts, however, are the Sn{II) salts of organic acids (e.g. acetate, oxalate, oleate, stearate, 

and octoate) for the curing of silicone elastomers, and, more importantly, for the production of 
polyurethane foams. World cor pee of tin catalysts for these last applications alone is over 
1000 tonnes pa. 
ro uses of oe) compounds (i ee po having at feast one a C bond), see p. 460. 

Much confusion exists concerning the number, composition, and structure of the 

oxides of lead. PbO exists as a red tetragonal form (litharge) stable at room temperature 

and a yellow orthorhombic form (massicot) stable above 488°C. Litharge (mp 897°, 

d 9.355 g cm *)is not only the most important oxide of Pb, it is also the most widely used 

inorganic compound of Pb (see Panel); it is made by reacting molten Pb with air or O, 

above 600° and has the SnO structure (p. 446, Pb—O 230 pm). Massicot (d 9.642 g cm *) 
has a distorted version of the same structure. The mixed-valency oxide PbO, (red lead, 

minium, d°8.924 g cm~*) is made by heating PbO in air in a reverberatory furnace at 

450-500° and is important commercially as a pigment and primer (see Panel). Its structure 

(Fig. 10.8) consists of chains of Pb'YC,, octahedra (Pb-O 214 pm) sharing opposite edges, 
these chains being linked by the Pb" atoms which themselves are pyramidally coordinated 

by 3 oxygen atoms (2 at 218 pm and | at 213 pm). The dioxide normally occurs as the 

maroon-coloured PbO,(I) which has the tetragonal, rutile structure (Pb'Y— O 218 pm, 
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The Oxides of Lead“: °° 

PbO (red, orange, or yellow depending on the method of preparation) is amphoteric and 
dissolves readily in both acids and alkalis. It is much used in glass manufacture since a high Pb 
content leads to greater density, lower thermal conductivity, higher refractive index (greater 
brilliance), and greater stability and toughness. The replacement of the very mobile alkali ions by 
Pb also leads to high electrical capacities, comparable with mica. PbO is also used to form stable 
ceramic glazes and vitreous enamels (see SnO,, p. 448). Electric storage batteries are the other 
major user of PbO (either as litharge or as “black oxide”, ic. PbO + Pb). The plates of the battery 
consist of an inactive grid or support onto which is applied a paste of PbO/H,SO,,. The positive 
plates are activated by oxidizing PbO to PbO, and the negative plates by reducing PbO to Pb. 
Another use of PbO is in the production of pigments (p. 432). Production of litharge in the USA 
was 121 000 tonnes in 1975 and production of black oxide in the same year was 333 000 tonnes. 

Red lead (Pb,O,,) is manufactured on the 18 000-tonne scale annually and is used primarily as a 
surface coating to prevent corrosion of iron and steel (check oxidation--reduction potentials). It is 
also used in the production of leaded glasses and ceramic glazes and, very substantially, as an 
activator, vulcanizing agent, and pigment in natural and artificial rubbers and plastics. 
_ PbO, isa strong oxidizing agent and, in addition to its in situ production in storage batteries, it 
is independently manufactured for use as an oxidant in the manufacture of chemicals, dyes, 
matches, and pyrotechnics. It is also used in considerable quantity as a curing agent for sulfide 
polymers and in high-voltage lightning arresters. Because of the instability of Pb'Y, PbO, tends to 
give salts of Pb!' with liberation of O, when treated with acids, e.g. 

PbO, +H,SO, ———> PbSO, +H,0+ 40, 

PbO, +2HNO, ——> Pb(NO), +H,0+ 30, 
Warm Hcl reacts similarly but in the cold PbCl, is obtained. PbO, is produced Seauerenily by 
the oxidation of Pb,O, in alkaline slurry with Cl, and the technical product is marketed in 90- kg 
drums. 

Mixed oxides of Pb'Y with other metals find numerous applications in technology and industry. 
They are usually made by heating PbO, (or PbO) in air with the appropriate oxide, hydroxide, or 
oxoacid salt, the product formed being dependent on the stoichiometry used, e.g. M''Pb!‘O,, 
M'Pb!YO, (M'"'= Ca, Sr, Ba). CaPbO. 3 in particular is increasingly replacing Pb,O, as a priming 
pigment to protect steel against corrosion by salt water. Mixed oxides of Pb'' are also important. 
Ferrimagnetic oxides of general formula PbO. nFe,O,; (n=6, 5, 2.5, 1, 0.5) can be prepared by 

direct reaction but have not proved to be as attractive, commercially, as the hard ferrite 
BaFe, ,O,9. By contrast, the ferroelectric behaviour (p. 61)/of several mixed oxides with Pb" has 
excited considerable interest. Many of these compounds have a distorted perovskite-type 
structure (p, 1122); e.g. yellow PbTiO; (ferroelectric below 490°C), colourless PbZrO , (230°), and 
PbH{O, (215°, antiferroelectric), Others have a tetragonal tungsten-bronze-type structure 

_ (p. 1185), e.g. PbNb,O, (ferroelectric up to 560°), PbTi,O, (~ 215°). The mode of action and uses - 
_ of hard ferroelectrics has been discussed on p. 62, and the high Curie temperature of many Pb"! 

ferroelectrics makes them particularly useful for high-temperature applications. 

d 9.643 g cm °*), but there is also a high-pressure, black, orthorhombic polymorph, 

PbO, (II) (d 9.773 g cm °). 
When PbO, is heated in air it decomposes as follows:?°) 

605 

PbO, PhO Pb Ors Pb,0, PbO 

In addition, a sesquioxide Pb,O, can be obtained as vitreous black monoclinic crystals (d 

10.046 g cm *) by decomposing PbO, (or PbO) at 580-620° under an oxygen pressure of 

26 W.B. WuitTe and R. Ray, Phase relations in the system lead—oxygen, J. Am. Ceram. Soc. 47, 242-7 (1964) 
and references therein. 
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Fic. 10.8 Portion of the crystal structure of Pb,O, showing chains of edge-shared Pb!YO, 
octahedra joined by pyramids of Pb"O,; the mean O-Pb"—O angle is 76° as in PbO. 

1.4 kbar: in this compound the Pb" atoms are situated between layers of distorted Pb'YO, 
octahedra (mean Pb'Y— O 218 pm) with 3 Pb"— O in the range 231-246 pm and 3 in the 
range 264-300 pm. The monoclinic compound Pb,,O;, (i.e. PbO, 53) forms dark- 

brown or black crystals which have a pseudocubic defect-fluorite structure with 10 

ordered anion vacancies according to the formulation [Pb,,03.((1_),,9] and no 

detectable variability of composition. It will be recalled that PbO can be considered as a 

defect fluorite structure in which each alternate layer of O atoms in the (001) direction is 

missing (p. 448), i.e. [Pb,,0,,(( _)2,4]; it therefore seems reasonable to suppose that the 

anion vacancies in [Pb,,03.(LJ_ ),9] are also confined to alternate layers, though it is not 
clear why this structure should show no variability in composition. Further heating above 

350° (or careful oxidation of PbO) yields Pb,,O,, (i.e. PbO, 4,7) which is also a 

stoichiometric ordered defect fluorite structure [Pb,,03,((J_),4]. However, oxidation of 

this phase under increasing oxygen pressure leads to a bivariant nonstoichiometric phase 
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of variable composition between PbO, ,, and PbO, ,-, in which there appears to be a 

quasi-random array of anion vacancies.'?7) 
Lead does not appear to form a simple hydroxide, Pb(OH),, [cf. Sn(OH),, p. 447]. 

Instead, increasing the pH of solutions of Pb" salts leads to hydrolysis and condensation, 

see [Pb,O(OH),]** (p. 458). 

10.3.4 Derivatives of oxoacids 

Oxoacid salts of Ge are usually unstable, generally uninteresting, and commercially 

unimportant. The tetraacetate Ge(OAc), separates as white needles, mp 156°, when 

GeCl, is treated with TIOAc in acetic anhydride and the resulting solution is concentrated 

at low pressure and cooled. An unstable sulfate Ge(SO,,), is formed in a curious reaction 

when GeCl, is heated with SO, in a sealed tube at 160°: 

Ge€l, + 6SO, ———>Ge(SO,)5 + 28,0,Cl, 

Numerous oxoacid salts of Sn" and Sn'Y have been reported and several basic salts are 
also known. Anhydrous Sn(NO;), has not been prepared but the basic salt 
Sn3(OH),(NO3), can be made by reacting a paste of hydrous tin(II) oxide with aqueous 

HNO,; the compound may well contain the oligomeric cation [Sn;(OH),]?* illustrated 

on p. 446. Sn(NO;), can be obtained in anhydrous reactions of SnCl, with N,O,, CINO;, 

or BrNO,; the compound readily oxidizes or nitrates organic compounds, probably by 

releasing reactive NO, radicals. Many phosphates and phosphato complexes have been 

described: typical examples for Sn" are Sn,(PO,),, SnHPO,, Sn(H,PO,),,Sn,P,0,, and 
Sn(PO3),. Examples with Sn'Y are Sn,O(PO,),, Sn,O(PO,),.10H,O, SnP,O,, 
KSn(PO,)3, KSnOPO,, and Na,Sn(PO,),. One remarkable compound is tin(IV) 

hypophosphite, Sn(H,PO,), since it contains Sn'Y in the presence of the strongly reducing 

hypophosphorous anion; it has been suggested that the isolation of Sn(H,PO,), 

(colourless crystals) by bubbling O, through a solution of SnO in hypophosphorous acid, 

[H,PO(OH)], may be due to a combination of kinetic effects and the low solubility of the 

product. 

Treatment of SnO, with hot dilute H,SO, yields the hygroscopic dihydrate 

Sn(SO,),.2H,O. In the Sn" series SnSO, is a stable, colourless compound which is 

probably the most convenient laboratory source of Sn" uncontaminated with Sn'; it is 

readily prepared by using metallic Sn to displace Cu from aqueous solutions of CuSO,. 

SnSO, was at one time thought to be isostructural with BaSO, but this seemed unlikely in 

view of the very different sizes of the cations and the known propensity of Sn" to form 

distorted structures; it is now known to consist of {SO,} groups linked into a framework 

by O-Sn-O bonds in such a way that Sn is pyramidally coordinated by 3 O atoms at 

226 pm (O-Sn-O angles 77—-79°); other Sn—O distances are much larger and fall in the 
range 295-334 pm.?°®) A basic sulfate and oxosulfate are also known: 

NH3(aq) 
it’ 5 [Sn!(OH),O(SO,)] 22 > [sn!!0,S0,] 3Sn"SO,(aq) 

27 J_S. ANDERSON and M. STERNS, The intermediate oxides of lead, J. Inorg. Nucl. Chem. 11, 272-85 (1959). 
28 J D. DoNALDSON and D. C. PuxLey, The crystal structure of tin(II) sulfate, Acta Cryst. 28B, 864-7 (1972). 
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In general, the product obtained by the thermal decomposition of Sn" oxoacid salts 

depends on the coordinating strength of the oxoacid anion. For strong ligands such as 

formate, acetate, and phosphite, other Sn" compounds are formed (often SnO), whereas for 

less-strongly coordinating ligands such as the sulfate or nitrate internal oxidation to SnO, 

occurs, €.g.: 

SUrONg ga1ees Sn(HCO.,)s== = 5 sn HELLO LEO, 

Sn(MeCO,), —-—> SnO + Me,CO +CO, 

5SnHPO, ——— SnP,0,, + Sn"(PO,), + PH, +H, 

395° 
2SnHPO, Sn}P,0,+H,O 

Weak ligands: 

2Sn0 —~"-> SnO, +Sn 

SiSO- + Sn. SO! 

Sn3(OH),(NO3)2 - a > 3$nO, +2NO +2H,0 
explosive 

Most oxoacid derivatives of lead are Pb" compounds, though Pb(OAc), is well known 
and is extensively used as a selective oxidizing agent in organic chemistry.” It can be 

obtained as colourless, moisture-sensitive crystals by treating PbO, with glacial acetic 

acid. Pb(SO,), is also stable when dry and can be made by the action of conc H,SO, on 

Pb(OAc), or by electrolysis of strong H,SO, between Pb electrodes. PbSO, is familiar as 

a precipitate for the gravimetric determination of sulfate (solubility 4.25 mg per 100 cm? 
at 25°C); PbSeO, is likewise insoluble. By contrast Pb(NO;), is very soluble in water 

(37.7 g per 100 cm? at 0°, 127 g at 100°). The diacetate is similarly soluble (19.7 and 221 g 

per 100 cm? at 0° and 50° respectively). Both compounds find wide use in the preparation 
of Pb chemicals by wet methods and are made simply by dissolving PbO in the 

appropriate aqueous acid. A large number of basic nitrates and acetates is also known. 

The thermal decomposition of anydrous Pb(NO,), above 400° affords a convenient 

source of N,O, (see p. 524): 

2Pb(NO3)5 2Pb0+0,+4NO,( 2N,04) 

Other important Pb" salts are the carbonate, basic carbonate, silicates, phosphates, and 

perchlorate, but little new chemistry is involved.°) PbCO, occurs as cerussite; the 

compound is made as a dense white precipitate by treating the nitrate or acetate with CO, 
in the presence of (NH,),CO ; or Na,CO,, care being taken to keep the temperature low to 

avoid formation of the basic carbonate ~2Pb(CO;). Pb(OH),. These compounds were 

2° R. N. BuTcer, Lead tetra-acetate, Chap. 4 in J. S. Pizey (ed.), Synthetic Reagents, Vol. 3, pp. 278-419, 
Wiley, Chichester, 1977. 
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formerly much used as pigments (white lead) but are now largely replaced by other white 

pigments such as Ti0,, which has higher covering power and lower toxicity. For example, 

US productior of the basic carbonate fell from 14 200 to 3070 tonnes pa between 1962 

and 1975. The highly soluble perchlorate [and even more the tetrafluoroborate Pb(BF,), | 

are much used as electrolytic plating baths for the deposition of Pb to impart corrosion 

resistance or lubricating properties to various metal parts. Throughout the chemistry of 

the oxoacid salts of Pb" the close correlation between anionic charge and aqueous 

solubility is apparent. 

10.3.5 Other inorganic compounds 

Few of the many other inorganic compounds of Ge, Sn, and Pb call for special comment. 

Many pseudo-halogen derivatives of Sn'’, Pb'Y, and Pb" have been reported, e.g. cyanides, 
azides, isocyanates, isothiocyanates, isoselenocyanates, and alkoxides.?* °° 

All 9 chalcogenides MX are known (X=S, Se, Te). GeS and SnS are interesting in 

having layer structures similar to that of the isoelectronic black-P (p. 557). The former is 

prepared by reducing a fresh precipitate of GeS, with excess H,PO, and purifying the 

resulting amorphous red-brown powder by vacuum sublimation. SnS is usually made by 

sulfide precipitation from Sn" salts. PbS occurs widely as the black opaque mineral galena, 

which is the principal ore of Pb (p. 428). In common with PbSe, PbTe, and SnTe, it has the 

cubic NaCl-type structure. Pure PbS can be made by direct reaction of the elements or by 

reaction of Pb(OAc), with thiourea; the pure compound is an intrinsic semiconductor 

which, in the presence of impurities or stoichiometric imbalance, can develop either n-type 

or p-type semiconducting properties (p. 383). It is also a photoconductor (like PbSe and 

PbTe)t and is one of the most sensitive detectors of infrared radiation; the photovoltaic 

effect in these compounds is also widely used in photoelectric cells, e.g. PbS in 

photographic exposure meters. 

Of the selenides, GeSe (mp 667°) forms as a dark-brown precipitate when H ,Se is passed 

into an aqueous solution of GeCl,. SnSe (mp 861°) is a grey-blue solid made by direct 

reaction of the elements above 350°. PbSe (mp 1075°) can be obtained by volatilizing 

PbCl, with H,Se, by reacting PbEt, with H,Se in organic solvents, or by reducing 

PbSeO, with H, or C in an electric furnace; thin films for semiconductor devices are 

generally made by the reaction of Pb(OAc), with selenourea, (NH,),CSe. The tellurides 

are best made by heating Ge, Sn, or Pb with the stoichiometric amount of Te. 

Other chalcogenides that have been described include GeS,, GeSe,, Sn,S,, and SnSe,, 

but these introduce no novel chemistry or structural principles. Very recently the first 

sulfide halide of Ge was made by the apparently straightforward reaction: 

CS,/Al, Bre 

4GeBr,+6H,S Ge,S,Br,+ 12HBr 

The unexpectedly complex product was isolated as an almost colourless air-stable 
powder, and a single-crystal X-ray analysis showed that the compound had the molecular 

+ These 3 compounds are unusual in that their colour diminishes with increasing molecular weight, PbS is 
black, PbSe grey, and PbTe white. 

30 B. W. ABEL, Tin, Chap. 17 in Comprehensive Inorganic Chemistry, Vol. 2, pp. 43-104, Pergamon Press, 
Oxford, 1973. 
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Fic. 10.9 Molecular structure and dimensions of Ge,S,Br4. 

adamantane-like structure shown in Fig. 10.9.9!) This is very similar to the structure of the 

“isoelectronic” compound P,O,, (p. 579). 

Another recent and exciting development has been the isolation of the first stable 

monomeric 2-coordinate compounds of bivalent Ge, Sn, and Pb. Thus, treatment of the 

corresponding chlorides MCI, with lithium di-tert-butyl phenoxide derivatives in thf 

afford a series of yellow (Ge", Sn") and red (Pb") compounds M(OAr), in high yield.°!® 
The O-M-O bond angle in M(OC,H,Me-4-Bu;-2,6), was 92° for Ge and 89° for Sn. 

Similar reactions of MCI, with LiNBu}, yielded the (less stable) monomeric di-tert- 

butylamide, Ge(NBu!,), (orange), and Sn(NBu}), (maroon);°'» the more stable related 
Rear peggy 

compound [Ge{NCMe,(CH,),;CMe,},] was found to have a somewhat larger bond 

angle at Ge (N-Ge-N=111°) and a rather long Ge—N bond (189 pm). 

10.3.6 Metal—metal bonds and clusters 

The catenation of Group IV elements has been discussed on pp. 393 and 435, and 
further examples are in Section 10.3.7. In addition, heteroatomic metal-metal bonds can 

be formed by a variety of synthetic routes as illustrated below for tin: 

Cl 

Insertion: SnCl, + Co,(CO)g, ———*(CO)4Co — Sn— Co(CO),4 

Cl 

31 §. POHL, The first sulfide halide of germanium, Angew. Chem., Int. Edn. (Engl.) 15, 162 (1976). 
314. B. CETINKAYA, I. GUMRUKCU, M. F. Lappert, J. L. Atwoop, R. D. RoGers, and M. J. ZAWOROTKO, 

Bivalent germanium, tin, and lead 2,6-di-tert-butylphenoxides and the crystal and molecular structures of 

[M(OC,H,Me-4-Bu5-2,6),] (M=Ge or Sn), J. Am. Chem. Soc. 102, 2088-9 (1980). 

31° M. F. Lappert, M. J. SLADE, J. L. ATWoop, and M. J. ZAworoTKo, Monomeric, coloured germanium(II) 

and tin(II)- di-¢-butylamides, and the crystal and molecular structure of [Ge{NCMe,(CH,),CMe;},], JCS 
Chem. Comm. 1980, 621-2. 



§10.3.6 Metal-Metal Bonds and Clusters 455 

Me 

Metathesis: Me, SnCl, + 2NaRe(CO); ——* (CO), Re — Sn— Re(CO),; + 2NaCl 

Me 

CO 

Elimination: SnCl, + [Fe(n*-CsHsCO),HgCl] ——» [ (n°-C;H,) Fe— SnCl,] + Hg 

CO 

CO 

Oxidative SnCl, + [Ir(CO)CI(PPh3).] ———» [(PPh3)2IrCl2] 
addition: 

“cea SnCl3 

Some representative examples, all featuring tetrahedral Sn, are in Fig. 10.10.°® 
Several reactions are known in which the Sn—M bond remains intact, e.g.: 

Ph,SnMn(CO), + 3Cl, ——> Cl,;SnMn(CO), + 3PhCl 

Cl,Sn{Co(CO),}, +2RMgxX —— R,Sn{Co(CO),}, +2MgClx 

Others result in cleavage, e.g.: 

Me3SnCo(CO), +1, ——> Me3SnI+ Co(CO),I 

Me3SnMn(CO), + Ph,PCl ——> Me,SnCl+4[Ph,PMn(CO),],+CO 

Me3SnMn(CO),+C,F, —— Me,SnCF,CF,Mn(CO), 

A similar though less extensive range of Pb>—-M compounds has been established ;?* e.g. 

[Ph,Pb{Mn(CO).;},], [Ph3;PbRe(CO);], [Ph,Pb{Co(CO),}.], [(PPh3).Pt(PbPh3).], 
[(CO)3Fe(PbEt,;),], and the cyclic dimer [(CO),Fe-PbEt, ] >. Reaction of these 

compounds with halogens results in fission of the Pb—M bonds. 

It has been known since the early 1930s that reduction of Ge, Sn, and Pb by Na in liquid 

ammonia gives polyatomic Group IV metal anions, and crystalline compounds can be 

isolated using ethylenediamine, e.g. [Na,(en);Ge.] and [Na,(en),Sn,]. A dramatic 

advance was achieved recently?) by means of the polydentate crypt ligand 

[N{(C,H,)O(C,H,4)O(C,H,)}3N] (p. 109). Thus, reaction of crypt in ethylenediamine 
with the alloys NaSn,_,7, and NaPb,,_, gave red crystalline salts [Na(crypt)]3[Sn,]?~ 

and [Na(crypt)];[Pb;]? containing the D3, cluster anions illustrated in Fig. 10.11. If 
each Sn or Pb atom is thought to have 1 nonbonding pair of electrons then the M,?~ 

clusters have 12 framework bonding electrons as has [B;H;]?~ (p. 185); the anions are 

32 Pp. A. Epwarps and J. D. Corspett, Synthesis and crystal structures of salts containing the 
pentaplumbide(2 —) and pentastannide(2 —) anions, Jnorg. Chem. 16, 903-7 (1977). J. D. Corbett and P. A. 
Epwarps, The nonastannide(4—) anion Sn,*~—a novel capped antiprismatic configuration (C,,), J. Am. 
Chem. Soc. 99, 3313-17 (1977). 

CTE-P* 



456 Germanium, Tin, and Lead Ch. 10_ 

Fic. 10.10 Some examples of metal sequences and metal clusters containing tin—-transitional 
metal bonds. 

also isoelectronic with the well-known cation [Bi,]**. Similarly, the alloy NaSn_, 5, 

reacts with crypt in ethylenediamine to give dark-red crystals of [Na(crypt)]4 [Sno]*~ ; 

the anion is the first example of a C,,, unicapped Archimedian antiprism (Fig. 10.11) and 

differs from the D3, structure of the isoelectronic cation [Bi]°* which, in the salt 

Bi*[Bi,]°* [HfCl,]* 3 (p. 688), features a tricapped trigonal prism, as in [B)H,]?~ 
(p. 172). The emerald green species [Pb,]* , which is stable in liquid NH; solution, has 
not so far proved amenable to isolation via crypt-complexed cations. 

a 



§10.3.6 _ Metal-Metal Bonds and Clusters 457 

Fic. 10.11 The structure of polystannide and polyplumbide anions: (a) the slightly distorted D3, 
structure of [Sn,]?_, (b) the D,, structure of [Pb,]? , and (c) the unique C,, structure of 
[Sn,]*~ : all Sn-Sn distances are in the range 295-302 pm except those in the slightly longer upper 
square (1,3,6,4) which are in the range 319-331 pm; the angles within the two parallel squares are 

all 90° (+0.8°). 

The influence of electron-count on cluster geometry has been very elegantly shown by a 

crystallographic study of the deep-red compound [K(crypt)]é[Ge,]? [Gey ]*~ .2.5en, 
prepared by the reaction of KGe with crypt in ethylenediamine. [Ge,]*~ has the C,, 

unicapped square-antiprismatic structure (10.11c) whereas [Gey]? , with 2 less electrons, 

adopts a distorted D,, structure which clearly derives from the tricapped trigonal prism 

(p. 172).9?” The field is one of great current interest and activity, as evidenced by 
papers describing the synthesis of and structural studies on tetrahedral Ge,?~ and 

Sn,?~ ,°?>: 32°) tricapped trigonal-prismatic TISng*~ ,°°?® bicapped square-antiprismatic 
TISn,°_ ,°?® and the two nido-series Sny_,Ge,*~ (x =0-9) and Sng_,Pb,*~ (x =0-9).8?°) 
Theoretical studies on many of these polymetallic-cluster anions have also been 
published.°?” 

374. C_H. E. BELIN, J. D. Corsert, and A. Cisar, Homopolyatomic anions and configurational questions. 
Synthesis and structures of the nonagermanide(2—) and nonagermanide(4—) ions [Ge,]?~ and [Ge,]*~, J. 
Am. Chem. Soc. 99, 7163-9 (1977). 

322 S.C. CriTcHLow and J. D. Corsett, Stable homopolyatomic anions: the tetrastannide(2—) and 
tetragermanide(2—) anions, Sn,*~ and Ge,’ . X-ray crystal structure of [K *(crypt)],Sn,°~.en, JCS Chem. 
Comm., 1981, 236-7. 

32¢ MJ. ROTHMAN, L. S. BARTELL, and L. L. Lone, Prediction of fluxional behaviour for Sn,?~ in solution, J. 
Am. Chem. Soc. 103, 2482-3 (1981). 

374 R.C. Burns and J. D. Consett, Heteroatomic polyanions of the post transition metals. The synthesis and 
structure of a compound containing TISn,*> and TISn,* with a novel structural disorder, J. Am. Chem. Soc. 
104, 2804-10 (1982). 

32eR. W. RuDOLPH and W. L. Witson, Naked-metal clusters in solution. 4. Indications of the variety of 
cluster species obtainable by extraction of Zintl phases: Sn,*~ , TISng°~, Sng_,Ge,*~ (x=0-9), and SnTe,*~, J. 
Am. Chem. Soc. 103, 2480-1 (1981), and references therein. 

3°! LL. Lone, Relativistically parameterized extended Hiickel calculations. 5. Charged polyhedral clusters 
of germanium, tin, lead, and bismuth atoms, /norg. Chem. 20, 4229-35 (1981); R. C. Burns, R. J. GILLESPIE, 

J. A. Barnes, and M. J. McGuincHey, Molecular orbital investigation of the structure of some polyatomic 
cations and anions of the main-group elements, Inorg. Chem. 31, 799-807 (1982). 
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The polymeric cluster compound [Sn,O,(OH),] formed by hydrolysis of Sn" 

compounds has been mentioned on p. 446. Hydrolysis of Pb" compounds also leads to 

polymerized species; e.g. dissolution of PbO in aqueous HCIO, followed by careful 

addition of base leads to [Pb,O(OH),]**[ClO,]° ,.H,O. The cluster cation (Fig. 

10.12a) consists of 3 tetrahedra of Pb sharing faces; the central tetrahedron encompasses 

the unique O atom and the 6 OH groups lie on the faces of the 2 end tetrahedra.°* The 

extent of direct Pb—Pb interaction within the overall cluster has not been established but it 

is noted that the distance between “adjacent” Pb atoms falls in the range 344-409 pm 

(average 381 pm) which is appreciably larger than in the Pb,*~ anion. The distance from 

the central O to the 4 surrounding Pb atoms is 222-235 pm and the other Pb—-O(H) 

distances are in the range 218-267 pm. The structure should be compared with the 

[Sn,0,(OH),] cluster (p. 446), which also has larger Sn—Sn distances than in the 

polystannide anions in Fig. 10.11. 

Fic. 10.12 (a) The three face-sharing tetrahedra of Pb atoms in the Pb,O(OH)é* cluster; only 
the unique 4-coordinate O atom at the centre of the central tetrahedron is shown (in white). 
(b) The adamantane-like structure of [Pb,O(OSiPh;), ] showing the fourfold coordination about 

the central O atom. 

Another polycyclic structure in which a unique O atom is surrounded tetrahedrally by 4 

Pb" atoms is the colourless adamantane-like complex [Pb,O(OSiPh,),], obtained as a 
1:1 benzene solvate by reaction of Ph,SiOH with [Pb(C.H,),] (p. 464). The local 

geometry about Pb" is also noteworthy: it comprises pseudo-trigonal bipyramidal 

coordination in which the bridging OSiPh, groups occupy the equatorial sites whilst the 

apical sites are occupied by the unique O atom and axially directed lone pairs of 
electrons.'%3*) 

°° T. G. Spiro, D. H. TemPLeton, and A. ZALKIN, The crystal structure of a hexanuclear basic lead(II) 
perchlorate hydrate: Pb,O(OH),(CIO,)4-H,O, Inorg. Chem. 8, 856-61 (1969). 

334 C. GAFFNEY, P. G. HARRISON, and T. J. KiNG, The crystal and molecular structure of adamanta-(}t,-Ox0o- 
hexakis(y-triphenylsiloxy)tetralead(II), JCS Chem. Comm. 1980, 1251-2. 



§10.3.7 Organometallic Compounds 459 

10.3.7 Organometallic compounds +: *°? 

Germanium 

Organogermanium chemistry closely resembles that of Si though the Ge compounds 

tend to be somewhat less thermally stable and rather more chemically reactive than their 
Si counterparts. The table of comparative bond energies on p. 436 indicates that the Ge-C 

_ and Ge-H bonds are weaker than the corresponding bonds involving Si but are 

nevertheless quite strong; Ge—Ge is noticeably weaker. There is little tendency to form 

double bonds by p,—p, interaction to C, O, N or any other element and (with the 
exceptions noted below and on p. 463) no organic compounds of Ge" have been prepared. 

Preparative routes parallel those for organosilicon compounds (p. 421) and most of the 

several thousand known organogermanes can be considered as derivatives of R,GeX,4_,, 

or Ar,GeX,_,, where X = hydrogen, halogen, pseudohalogen, OR, etc. The compounds are 

colourless, volatile liquids, or solids. Attempts to prepare (-R,GeO-), analogues of the 

silicones (p. 422) show that the system is different: hydrolysis of Me,GeCl, is reversible 

and incomplete, but extraction of aqueous solutions of Me,GeCl, with petrol leads to the 

cyclic tetramer [Me,GeO],, mp 92°; the compound is monomeric in water. Organo- 

digermanes and -polygermanes have also been made by standard routes, e.g.: 

reflux 

2Me,GeBr+2K ——-> 2K Br+Ge,Me, (mp —40°, bp 140°) 

liq NH; 
Et,GeBr+ NaGePh, NaBr + Et,GeGePh, (mp 90°) 

boilin 

2Ph,GeBr + 2Na Sane 2NaBr+Ge,Ph, (mp 340°) 
ene 

Ph,GeCl, + 2NaGePh, ————> 2NaCl+Ge3Ph, (mp 248°) 

Crystalline cyclic oligomers (GePh,), (n=4, 5, 6) have also been prepared. In general, the 

Ge-Ge bond is readily cleaved by Br, either at ambient or elevated temperatures but the 

compounds are stable to thermal cleavage at moderate temperatures. Ge,R, compounds 

can even be distilled unchanged in air (like Si,R, but unlike the more reactive Sn,R,) and 

are stable towards hydrolysis and ammonolysis. 

Tin 

Organotin compounds have been much more extensively investigated than those 

of Ge%*35) and, as described in the Panel, many have important industrial 
applications.°° 3°) Syntheses are by standard techniques (pp. 150, 289. 421) of which the 
following are typical: 

34 G_E. Coates and K. Wabe, Organometallic Compounds, Vol. 1, 3rd edn., Chap. 4, Group IV: germanium, 
tin, and lead, pp. 375-509, Methuen, London, 1967. 

35D. SEYFERTH (ed.), Organometallic Chemistry Reviews: Annual Surveys: Silicon, Germanium, Tin, Lead, 

Journal of Organometallic Chemistry Library 4, 1977, 540 pp.; ibid. 6, 1978, 550 pp.; ibid. 8, 1979, 608 pp. 
36 J. J. ZUCKERMAN (ed.), Organotin Compounds: New Chemistry and Applications, Advances in Chemistry 

Series No. 157, 1976, 299 pp. (A symposium of 19 reviews and original papers.) 
364 AG. Davies and P. J. Smitu, Recent advances in organotin chemistry, Adv. Inorg. Chem. Radiochem. 23, 

1-77 (1980). A review, mainly of the last 10 years, with 566 references (over 1000 papers are published annually 
on organotin chemistry). 
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Grignard: SnCl,+4RMgCl SnR,+4MgCl, (also with ArMgCl) 

Organo Al: 3SnCl,+4AIR,———> 3SnR, + 4AICl, (alkyl only) 

Direct (Rochow)t Sn+2RX———~>R,SnxX, (and R,SnX,_,) (alkyl only). 

All three routes are used on an industrial scale and the Grignard route (or the equivalent 

organo-Li reagent) is convenient for laboratory scale. Rather less used is the modified 

Uses of Organotin Compounds 
To is sunsupaced by any other metal in the multiplicity of dppacenons of its organometa 

compounds. The first organotin compound was made in 1849 but large-scale applications have 
_ developed only recently; indeed, world Production figures for Prganotin cae, have 
eed more than 600-fold since 1950: Z _ : 

give discoloured, brittle ee cee The most eftecive sta
bilizers are eR,SnX - wc Ricanol est . 

: esidue fypically n-octyl) and X ist ur g s ‘ 

bas SniSCH, {C(O)O0ct"s, have en approved | and are used when colourless non-toxic 
materials with high nee ney are required oF 10.1). The bru hee are SS to be such — 

_ curing agents for ‘the room temperature 
” of si | >d compounds are Bu,SnX,, where X is _ 

acetate, oo hexanoate, or laurate. The same compounds are also used to aa the peaioy 
of alcohols to isocyanates to produce. polyurethanes. 

_ The next major use of organotin compounds (30% 1s as agricultural. ee ee bee 
/ triorganotins are ihe most active materials; the ee of this application can readily be 

plications | is oa ve toxic ih i is little danger to foisher (mammalian) 
__ life; furthermore, their inorganic degradation products z are completely non-toxic. BuS8SnOH and 

_ Ph3SnOAc control fungal g: id related infections of sugar-beet, grow tato ( 
peanuts, and rice. They also eradicate red spider ‘mite from apples and pears. Other R,SnX are 

y effective in controlling insects, either by ane: as chemosterilants or by oe the larvae. ae 

R,SnX ai are also used as inp x to control slime i in paper anc aes manuiieune 
Recently, Me,SnCl, has been introduced in Japan as an alternative to SnCl, for coating glass ] 

n-corrosive solid which is easier to handle. The glass 

seratch-resistant, lustrous, ¢ or r electroconductiv (p. 448), 

+ For example, with MeCl at 175° in the presence of catalytic amounts of CH,I and NEt;, the yields were 
Me,SnCl, (39%), MeSnCl, (6.6%), Me,SnCl (4.6°%). 



PratTe 10.1 These bottles and jars for food products illustrate the excellent clarity of rigid PVC 
stabilized with dioctyltin compounds. (Courtesy of International Tin Research Institute.) 

PLATE 10.2 Sea water immersion tests show the effectiveness of antifouling paints in preventing 
the attachment of marine organisms—the untreated panels are heavily encrusted with marine 

growth. (International Red Hand Marine Coatings.) 
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Wurtz-type reaction (SnCl,+4RCl ete aee SiR 8NaCl). Conversion of SnR, to the 
partially halogenated species is readily achieved by scrambling reactions with SnCl,. 

Reduction of R,SnX,_,, with LiAIH, affords the corresponding hydrides and hydrostan- 

nation (addition of Sn—H) to C-C double and triple bonds is an attractive route to 

unsymmetrical or heterocyclic organotin compounds. 

Most organotin compounds can be regarded as derivatives of R,Sn'YX,_,, (n= 1-4) and 
even compounds such as SnR, or SnAr, are in fact cyclic oligomers (Sn'YR,), (p. 462). 
The physical properties of tetraorganostannanes closely resemble those of the cor- 

responding hydrocarbons or tetraorganosilanes but with higher densities, refractive 

indices, etc. They are colourless, monomeric, volatile liquids or solids. Chemically they 

resist hydrolysis or oxidation under normal conditions though when ignited they burn to 

SnO,, CO,, and H,O. Ease of Sn-C cleavage by halogens or other reagents varies 

considerably with the nature of the organic group and generally increases in the sequence 

Bu (most stable)<Pr<Et<Me<vinyl<Ph<Bz<allyl<CH,CN<CH,CO,R (least 

stable). The lability of Sn—C bonds and the ease of redistribution in mixed organostannane 

systems frustrated early attempts to prepare optically active tin compounds and the first 

synthesis of a 4-coordinate Sn compound in which the metal is the sole chiral centre was 

only achieved in 1971 with the isolation and resolution of [MeSn(4-anisyl)(1-naphthyl) 

{CH,CH,C(OH)Me,}].°” 

The association of SnR, via bridging alkyl groups (which is such a notable feature of 

many organometallic compounds of Groups I-III) is not observed at all. However, many 

compounds of general formula R,SnX or R,SnX, are strongly associated via bridging 

X-groups which thereby raise the coordination number of Sn to 5, 6, or even 7. As 

expected, F is more effective in this role than the other halogens (why?). For example 

Me,SnF has a chain structure with trigonal bipyramidal coordination about Sn (Fig. 

10.13at and Me,SnF, has a layer structure with octahedral Sn and trans-Me groups 

above and below the F-bridged layers as in SnF, (p. 443). The weaker Cl bridging in 

Me,SnCl, leads to the more distorted structure shown in Fig. 10.13b. By contrast the O 

atom is even more effective than F and, amongst the numerous compounds R3SnOR’ and 

R,Sn(OR’), that have been studied by X-ray crystallography, the only ones with 

4-coordinate tin (presumably because of the bulky ligands) are 1,4-(Et,;SnO),C,Cl, and 

[Mn(CO), {n°-CsPh,(OSnPh;)}]. 
Catenation is well established in organotin chemistry and distannane derivatives are 

readily prepared by standard methods (see Ge, p. 459). The compounds are more reactive 

than organodigermanes; e.g. Sn,Me, (mp 23°) inflames in air at its bp (182°) and absorbs 

oxygen slowly at room temperature to give (Me,Sn),O. Typical routes to higher 

polystannanes are: 
liq NH3 , 

2Me,SnBr + NaMe,SnSnMe,Na ———>Me,Sn(SnMe,),SnMe; (oil) 
: Ph SnCl 

3Ph,SnLi+SnCl, [(Ph,Sn),SnLi] ———>Sn(SnPh,), (mp ~320°) 

+ The volatile compound Me,SnCl (mp 39.5°, bp 154°) has a similar chain structure at low temperature?’ 
whereas Ph,SnCl and Ph;,SnBr are monomeric molecules in the crystal. 

37 M. GIELEN, From kinetics to the synthesis of chiral tetraorganotin compounds, Acc. Chem. Res. 6, 198-202 
(1973). 

374M. B. Hossain, J. L. LEFFERTS, K. C. MOLLoy, D. VAN DER HELM, and J. J. ZUCKERMAN, The crystal and 

molecular structure of trimethyltin chloride at 135 K. A highly volatile organotin polymer, /norg. Chim. Acta 
36, L409-L410 (1979). 
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Fic. 10.13 Crystal structure of (a) Me,SnF, and (b) Me,SnCl,, showing tendency to polymerize ; 
via Sn—X---Sn bonds. 

Cyclo-dialkyl stannanes(IV) can also be readily prepared, e.g. reaction of Me,SnCl, with | 

Na/liq NH; yields cyclo-(SnMe,), together with acyclic X(SnMe,),X (n= 12-20). Yellow _ 
crystalline cyclo-(SnEt,), is obtained almost quantitatively when Et,SnH,, dissolved in 

toluene/pyridine, is catalytically dehydrogenated at 100° in the presence of a small 

amount of Et,SnCl,. Similarly, under differing conditions, the following have been 

prepared :°* (SnEt,)¢, (SnEt,),, (SnBu),, (SnBu}),, (SnBu,),, and (SnPh,);. The 
compounds are highly reactive yellow or red oils or solids. A crystal structure of the 

colourless hexamer (SnPh,), shows that it exists in the chair conformation (I) with Sn—Sn 

distances very close to the value of 280 pm in «-Sn (p. 434). 

True monomeric organotin(II) compounds have proved exceedingly elusive. The 

cyclopentadienyl compound Sn(y°-C;H;), (which is obtained as white crystals mp 105° 
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from the reaction of NaC;H, and SnCl, in thf) probably has the angular structure II in the 

gas phase. Stabilization can also be achieved by the use of bulky ligands (see also p. 454), 

and this approach has recently led to the first preparation of 2- and 3-coordinate organo- 
derivatives of Ge", Sn", and Pb", e.g. :6®) 

SnCl, + 2[LiCH(SiMe,),] —2-—> [Sn{CH(SiMe;)3}4] 

The compound was obtained as air-sensitive red crystals (mp 136°); it is monomeric 

in benzene and behaves chemically as a “stannylene”, displacing CO from M(CO), to 

give orange [Cr(CO),(SnR,)] and yellow [Mo(CO),(SnR,)]. The corresponding 

lead compound [Pb{CH(SiMe;),',] is purple. An alternative route reacts 

2[LiCH(SiMe;3),] with [Sn{N(SiMe;),},] and an analogous reaction with 
[Ge{N(SiMe;3),},] yielded the yellow crystalline [Ge{CH(SiMe;),',], mp 180°. A crystal 
structure determination of the Sn compound shows that it dimerizes in the solid state, 
perhaps by donation of the lone-pair hybrid (~sp,p,) on each Sn into the “vacant” p, 

orbital of its neighbour to give a weak, bent, double bond as illustrated schematically 

below; this would interpret the orientation of the -CH(SiMe,), groups attached 
terminally to the tin atoms. 

Lead) 

The organic chemistry of Pb is much less extensive than that of Sn, though over 2000 

organolead compounds are known and PbEt, is produced on a larger tonnage than any 

other single organometallic compound (p. 432). The most useful laboratory-scale routes 

to organoleads involve the use of LiR, RMgxX, or AIR, on lead(II) compounds such as 

PbCl,, or lead(IV) compounds such as R4PbX,, R3PbX, or K,PbCl,. On the industrial 
scale the reaction of RX ona Pb/Na alloy is much used; an alternative is the electrolysis of 

RMgxX, M'BR,, or M'AIR, using a Pb anode. The simple tetraalkyls are volatile, 

monomeric molecular liquids which can be steam-distilled without decomposition; PbPh, 

(mp 227-228°) is even more stable thermally: it can be distilled at 240° (15-20 mmHg) but 

decomposes above 270°. Diplumbanes Pb,R, are much less stable and higher 

polyplumbanes are unknown except for the thermally unstable, reactive red solid, 

Pb(PbPh;),. 
The decreasing thermal stability of Group IV organometallics with increasing atomic 

38 Pp. J. DAvIDSON and M. F. LApPERT, Stabilization of metals in low coordinative environment using the 
bis(trimethylsilyl)methyl ligand; coloured Sn" and Pb" alkyls, M[CH(SiMe;)2]>, JCS Chem. Comm. 1973, 317. 
See also M. F. Lappert et al., JCS Chem. Comm. 1976, 261-2; JCS Dalton 1976, 2268-74, 2275-86, 2286-90. 
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number of M reflects the decreasing M—C and M-M bond energies. This in turn is related 

to the increasing size of M and the consequent increasing interatomic distance (see table). 

M € Si Ge Sn Pb 
M-C distance in MR,/pm 154 194 199 21K 227 

Parallel with these trends and related to them is the increase in chemical reactivity 

which is further enhanced by the increasing bond polarity and the increasing availability 

of low-lying vacant orbitals for energetically favourable reaction pathways. 

It is notable that the preparation of alkyl and aryl derivatives from Pb" starting 

materials always results in Pb'Y organometallic compounds. The only well-defined 
examples of Pb" organometallics are purple compound Pb[CH(SiMe;)3], and the 
cyclopentadienyl compound Pb(n°-C,H,), and its ring-methyl derivative. Like the Sn 

analogue (p. 462) Pb(j°-C,H.), features non-parallel cyclopentadieny] rings in the gas 

phase, the angle subtended at Pb being 135 + 15°. Two crystalline forms are known and the 

orthorhombic polymorph has the unusual chain-like structure shown in Fig. 10.14:°% 

1 C5H, is between 2 Pb and perpendicular to the Pb—Pb vector whilst the other C;H; is 

bonded (more closely) to only 1 Pb. The chain polymer can be thought to arise as a result 

of the interaction of the lone-pair of electrons on a given Pb atom with a neighbouring 

Fic. 10.14 Schematic diagram of the chain structure of orthorhombic Pb(yj°-C,H;),. For the 
doubly coordinate C;H; ring (shaded) Pb-C,, is 306 pm, and for the “terminal” C,H, ring 

Pb-C,, is 276 pm; the Pb---Pb distance within the chain is 564 pm. 

3° C. PANATTONI, G. BomBiERI, and U. CroaTo, Chain structure of the orthorhombic modification of 
dicyclopentadienyl-lead containing bridging m-cyclopentadienyl rings, Acta Cryst. 21, 823-6 (1966). 
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(chain) C5H, ring; a 3-centre bond is constructed by overlapping 2 opposite sp” hybrids 

on 2 successive Pb atoms in the chain with thea MO (A‘) of the C,H; group: this forms 1 

bonding, 1 nonbonding, and 1 antibonding MO of which the first 2 are filled and the third 

empty. 

Another unusual organo-Pb" compound is the y°-benzene complex [Pb"(AICI,),(1°- 
C;H¢)].C,H, in which Pb" is in a distorted pentagonal bipyramidal site with 1 axial Cl 
and the other axial site occupied by the centre of the benzene ring (Fig. 10.15). The other 

C.H, is a molecule of solvation far removed from the metal. One {AICI,} group chelates 

the Pb in an axial-equatorial configuration and the other {AICI,} chelates and bridges 

neighbouring Pb atoms to form a chain. There is a similar Sn" compound with the same 

structure. The original paper should be consulted for a discussion of the bonding.4” 

Fic. 10.15 Schematic diagram of the chain structure of [Pb"(AICI,).(y°-CgH.)]-CsH.: Pb-Cl 

varies from 285-322 pm, Pb-C,,(bound) 311 pm, Pb-centre of C,H,(bound) 277 pm. 

40 A. G. GasH, P. F. Ropesiter, and E. L. Amma, Synthesis, structure, and bonding of z- 

C,H.Pb(AICI,)>.C.H,, Inorg. Chem. 13, 2429-24 (1974). See also J. L. Lerrerts, M. B. Hossain, K. C. 
Mo.toy, D. vAN DER HELM, and J. J. ZUCKERMAN, X-ray structure analysis of bis(O,O’-diphenyldithio- 

phosphato)tin(II), a bicyclic dimer held together by n°-C,H,/Sn'' interactions, Angew. Chem., Int. Edn. (Engl.) 19, 
309-10 (1980). 



Nitrogen 

11.1 Introduction 

Nitrogen is the most abundant uncombined element accessible to man. It comprises 

78.1°% by volume of the atmosphere (i.e. 78.3 atom% or 75.5 wt%) and is produced 

industrially from this source on the multimegatonne scale annually. In combined form it is 

essential to all forms of life, and constitutes, on average, about 15% by weight of proteins. 
The industrial fixation of nitrogen for agricultural fertilizers and other chemical products 

is now carried out on a vast scale in many countries, and the tonnage of anhydrous 

ammonia manufactured is exceeded only by those of sulfuric acid and lime. Indeed, of the 

top-twelve “high-volume” industrial chemicals produced in the USA, four contain 

nitrogen (Fig. 11.1). This has important consequences, predominantly beneficial but 
occasionally detrimental, since of all man’s recent interventions in the cycles of nature the 

industrial fixation of nitrogen is by far the most extensive. These aspects will be discussed 

further in later sections. 

The “discovery” of nitrogen in 1772 is generally credited to Daniel Rutherford, though 

the gas was also isolated independently about the same time by both C. W. Scheele and H. 

Cavendish.) Rutherford (at the suggestion of his teacher Joseph Black who had earlier 
discovered CO,, p. 297) was studying the properties of the residual “air” left after 

carbonaceous substances were burned in a limited supply of air; he removed the CO, by 

means of KOH and so obtained nitrogen which he thought was ordinary air that had - 

taken up phlogiston from the combusted material. The elementary nature of nitrogen was 
disputed by some even as late as 1840 despite the work of A. L. Lavoisier. The name 

“nitrogen” was suggested by Jean-Antoine-Claude Chaptal in 1790 when it was realized 

that the element was a constituent of nitric acid and nitrates (Greek vitpov, nitron; 

yevvav, to form). Lavoisier preferred azote (Greek &CwtiKdc, no life) because of the 

asphyxiating properties of the gas, and this name is still used in the French language and in 

such forms as azo, diazo, azide, etc. The German name Stickstoff refers to the same 

property (sticken, to choke or suffocate). 

' Top 50 Chemicals, Chem. Eng. News 9 June, 1980, 36. (See also ibid. 14 June, 1982, 33.) 
> M. E. WEEKS, in H. M. LEICESTER (ed.), Discovery of the Elements, 6th edn., Journal of Chemical Education 

Publication, 1956: Nitrogen, pp. 205-8; Rutherford, discoverer of nitrogen, pp. 235-51; Old compounds of 
nitrogen, pp. 188-95. 

466 



§11.1 Introduction 467 

Note: Because of the very low 
molecular weight of NH; 
the number of moles of this 

compound produced (1.01 x 10/2) 
is nearly three times greater 

than that of H,SO, (0.37 x 10!7) 

5 10 15 20 25 30 35 40 
1980 production/million tonnes 

Fic. 11.1 US production of industrial chemicals (1980). 

Compounds of nitrogen have an impressive history. Ammonium chloride was first 

mentioned in the Historia of Herodotus (fifth century Bc)t and ammonium salts, together 

with nitrates, nitric acid, and aqua regia, were well known to the early alchemists.’ Some 

important dates in the subsequent development of the chemistry of nitrogen are given in 

the Panel. Exciting discoveries are still being made at the present time and, indeed, the 

mechanisms by which bacteria fix nitrogen at ambient temperatures and pressures has 

been termed “one of the most conspicuously challenging, unsolved problems in 

chemistry”. Several recent reviews, monographs, and proceedings of symposia have 

been published.* 3°: 3°) 

+ “There are pieces of salt in large lumps on the hills of Libya and the Ammonians who live there worship the 
god Ammon ina temple resembling that of the Theban Jupiter.” (Greek Aupwv, the name of the Egyptian diety 
Amun, whence sal ammoniac from &puwviaKkov, belonging to Ammon.) 

3F. A. Cotton and G. WILKINSON, Advanced Inorganic Chemistry, 3rd edn., p. 345, Interscience, 1972; see 

also K. J. SKINNER, Nitrogen fixation, Chem. Eng. News 4 Oct. 1976, 22-35. 
34 R. L. RICHARDS, Nitrogen fixation, Educ. Chem. 16, 66-69 (1979). 
3>R.W. F. Harpy, F. BOTTOMLEY, and R. C. BuRNS (eds.), A Treatise on Dinitrogen Fixation, Sections | and 

2, Wiley, New York 1979, 812 pp. 
3¢ J. Cuatt, L. M. pa C. Pina, and R. L. RICHARDS, New Trends in the Chemistry of Nitrogen Fixation, 

Academic Press, London, 1980, 284 pp. (See also ref. 17a.) 
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11.2. The Element 

11.2.1 Abundance and distribution 

Despite its ready availability in the atmosphere, nitrogen is relatively unabundant in 

the crustal rocks and soils of the earth. At 19 ppm it is equal 33rd with Ga in the order of 

abundance, and similar to Nb (20 ppm) and Li (18 ppm). The only major minerals are 

KNO; (nitre, saltpetre) and NaNO, (sodanitre, Chile saltpetre). Both occur widespread, 

usually in small amounts as evaporites in arid regions, often as an efflorescence on soils or 

in caverns. NaNO; is isomorphous with calcite (p. 119) whereas KNO, is isomorphous 

with aragonite (p. 119), thus reflecting the similar size of NO,” and CO,”~, and the fact 
that K* is considerably larger than Na* and Ca?*. Major deposits of KNO, occur in 
India and there are smaller amounts in Bolivia, Italy, Spain, and the USSR. There are vast 

deposits of NaNO, in the desert regions of northern Chile where it occurs with other 

evaporites such as NaCl, Na,SO,, and KNO, on the eastern slopes of the coastal ranges 

at an elevation of 1200-2500 m; the nitrates may have resulted from the oxidative 

decomposition products of vegetable and animal remains or alternatively from volcanic 

sources, though the detailed process by which they became concentrated in this highly 

localized belt 700 km long and 10-60 km broad remain unclear. The beds are usually 

about 1 m below the sandy overburden and vary both in thickness (0.2-4.3 m) and in 

concentration of NaNO, (10-30%). Because of the development of the synthetic 

ammonia and nitric acid industries these large deposits are no longer a major source of 

nitrates, though they played an important role in agriculture until the 1920s (as also did 

guano, the massive deposits of bird excreta on certain islands). 

The continuous interchange of nitrogen between the atmosphere and the biosphere is 

called the nitrogen cycle. Global estimates are difficult to obtain and there are frequently 

regional and local impacts which vary greatly from the mean. However, some indication of 

the size of the various “reservoirs” of nitrogen in the atmosphere, on land, and in the seas is 

given by Fig. 11.2 together with the estimated annual rate of transfer between these 

various pools.*~® Estimates frequently vary by a factor of 3 or more. Atmospheric 

nitrogen is fixed by biological action (p. 1205), industrial processes (p. 482), and to a 

significant extent by fires, lightning, and other atmospheric discharges which produce 

NO,. There is also a minute production (on the global scale) of NO, from internal 

combustion engines and from coal-burning, though the local concentration in some urban 

environments can be very high and extremely unpleasant.'’:®) Absorption of fixed 
nitrogen by both terrestrial and aquatic plants leads to protein synthesis followed by 

death, decay, oxidation, and denitrification by bacterial and other action which eventually 
returns the nitrogen to the seas and the atmosphere as N,. An alternative sequence 

involves the digestion of plants by animals, the synthesis of animal proteins, excretion of 

nitrogenous material, and, again, ultimate death, decay, and denitrification. Figure 11.2 

indicates that the greatest anthropogenic impact on the cycle arises from the industrial 

4 C. C. DELwicue, The nitrogen cycle, Chap. 5 in C. L. HAMILTON (ed.), Chemistry in the Environment, 
Readings from Scientific American, W. H. Freeman, San Francisco, 1973. 

5 B. H. SveNssON and R. SODERLUND (eds.), Nitrogen, Phosphorus, and Sulfur—Global Biogeochemical 
Cycles, SCOPE Report No. 7, Sweden 1976, 170 pp. Also available from the Swedish National Science Research 

Center, Wenner-Gren Center, Box 23136, S-10435, Stockholm, Sweden. 

© SCOPE Report No. 10, Environmental Issues, Wiley, New York, 1977, 220 pp. 
7 J. HEICKLEN, Atmospheric Chemistry, Academic Press, 1976, 406 pp. 
8 |. M. CAMPBELL, Energy and the Atmosphere, The nitrogen cycle, pp. 198-202, Wiley, London, 1971. 
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Fic. 11.2 Distribution of nitrogen in the biosphere and annual transfer rates can be estimated 
only within broad limits. The two quantities known with high confidence are the amount of 
nitrogen in the atmosphere and the rate of industrial fixation. The inventories (within the boxes) 

are expressed in terms of 10? tonnes of N; the transfers (indicated by arrows) are in 10° tonnes of 
N. Taken from ref. 4 with more recent data from ref. 5. 
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fixation of nitrogen by the Haber and other processes. Much of this is used beneficially as 

fertilizers but the leaching of excess nitrogenous material can lead to eutrophication in 

freshwater systems, and the increased nitrate concentration in waters used for human 

consumption can pose a health hazard.8*) Nevertheless, there is no doubt that the high 

yields of agriculture necessary to maintain even the present human population of the 

world cannot be achieved without the judicious application of manufactured nitrogenous 

fertilizers. Concern has also been expressed that increasing levels of N,O following 

denitrification may eventually impoverish the ozone layer in the stratosphere. Much more 

data are required and the subject is being actively pursued by several international 

agencies as well as by national and local governments and individual scientists. 

11.2.2 Production and uses of nitrogen 

The only important large-scale process for producing N, is the liquefaction and 

fractional distillation of air (see Panel), Production has grown remarkably during the 

past few years, partly as a result of the increasing demand for its coproduct O, for 

steelmaking. For example, US domestic production has increased 250-fold in the past 25 y 

from 0.12 million tonnes in 1955 to 30 million tonnes in 1980.7° In 1974 world 
production was 23.5 million tonnes (USA 34%; Eastern Europe 23%; Western Europe 

20%; Asia 19%). Commercial N, is a highly purified product, typically containing less 

than 20 ppm O.,. Specially purified “oxygen-free” N,, containing less than 2 ppm, is 
available commercially, and “ultrapure” N, (99.999 %) containing less than 10 ppm Ar is 

also produced on the multitonne per day scale. 

Laboratory routes to highly purified N, are seldom required. Thermal decomposition 

of sodium azide at 300°C under carefully controlled conditions is one possibility: 

2NaN, 2Na+3N, 

Hot aqueous solutions of ammonium nitrite also decompose to give nitrogen though 

small amounts of NO and HNO, are also formed (p. 497) and must be removed by 

suitable absorbents such as dichromate in aqueous sulfuric acid: 

NH,NO, N,+2H,O 

Other routes are the thermal decomposition of (NH,),Cr,O,, the reaction of NH, with 

bromine water, or the high-temperature reaction of NH, with CuO; overall equations can 

be written as: 

8NH;+3Br, N,+6NH,Br(aq) 

2NH,+3CuO N,+3Cu+3H,0 

8a PANEL ON NITRATES OF THE NATIONAL RESEARCH COUNCIL COORDINATING COMMITTEE FOR SCIENTIFIC AND 
TECHNICAL ASSESSMENTS OF ENVIRONMENTAL POLLUTANTS, Nitrates: An Environmental Assessment, National 
Academy of Sciences Printing and Publishing Office, Washington DC, 1978, 723 pp. 

2 W. J. GRANT and S. L. REDFEARN, Industrial gases, in R. THOMPSON (ed.), The Modern Inorganic Chemicals 
Industry, Chem. Soc. Special Publ. 31, 273-301 (1977). 

10 W. F. Keyes, Nitrogen, in Mineral Facts and Problems: Bicentennial Edition 1975, US Bureau of Mines 
Bulletin No. 667, pp. 749-60; Nitrogen, Chem. Eng. News 4 Aug. 1980, 13. 
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Industrial Gases from Air 

Air is the source of six industrial gases, N,, O2, Ne, Ar, Kr, and Xe. As the mass of the earth’s 
atmosphere is approximately 5x 10° million tonnes, the supply is unlimited and the annual 
industrial production, though vast, is insignificant by comparison. The composition of air at low 
altitudes is remarkably constant, the main variable component being water vapour which ranges 
from ~4% by volume in tropical jungles to very low values in cold or arid climates. Other minor 
local variations result from volcanism or human activity. The main invariant part of the air has the 
following composition (% by volume, bp in parentheses): 

N, 78.03 (77.2 K) CO, 0.033 (194.7 K) He. 0.0005 (4.2 K) 
O, 20.99 (90.1 K) Ne 0.0015 (27.2 K) Kr 0.0001 (119.6 K) 
Ar 0.93 (87.2 K) H, 0.0010 (20.2 K) Xe 0.000008 (165.1 K) 

Details of the production and uses of O, (p. 702) and the noble gases (p. 1044) are in later chapters. 
About two-thirds of the N, produced industrially is supplied as a gas, mainly in pipes but also in 

cylinders under pressure. The remaining one-third is supplied as liquid N, since this is also a very 
convenient source of the dry gas. The main use is as an inert atmosphere in the iron and steel 
industry and in many other metallurgical and chemical processes where the presence of air would | 
involve fire or explosion hazards or unacceptable oxidation of products. Thus, it is extensively 
used as a purge in petrochemical reactors and other chemical equipment, as an inert diluent for 
chemicals, and in the float glass process to prevent oxidation of the molten tin (p. 430). It is also 
used as a blanketing gas in the electronics industry, in the packaging of processed foods and 
pharmaceuticals, and to pressurize electric cables, telephone wires, and inflatable rubber tyres, etc. 

About 10°% of the N, produced is used as a refrigerant. Typical of such applications are (a) 
freeze grinding of normally: soft or rubbery materials, (b) low-temperature machining of-rubbers, 
(c) shrink fitting and assembly of engineering components, (d) the preservation of biological 
specimens such as blood, semen, etc., and (e) as a constant low-temperature bath (— 196°C). 
Liquid N, is also frequently used for convenience in applications where a very low temperature is 
not essential such as (a) food freezing (and hamburger meat grinding), (b) in-transit refrigeration, 
(c) treeze branding of cattle, (d) pipe-freezing for stopping flow in the absence of valves, and (e) 
soil-freezing for consolidating unstable ground in tunnelling or excavation. 

The cost of N3, like that of O,, is particularly dependent on electricity costs, though plant 
maintenance and transport costs also obtrude. Typical prices in 1979 for N, in the USA were 
about $40 per tonne for bulk liquid (exclusive of transportation and handling charges). Costs for 
small-scale users of N, from gas cylinders are proportionately much higher. 

411.2.3. Atomic and physical properties 

Nitrogen has two stable isotopes ‘*N (relative atomic mass 14.003 07, abundance 
99.634°%) and '°N (15.000 11, 0.366%); their relative abundance (272:1) is almost 

invariant in terrestrial sources and corresponds to an atomic weight of 14.0067. Both 

isotopes have a nuclear spin and can be used in nmr experiments.’ !) though the sensitivity 

at constant field is only one-thousandth that of 'H. The '*N nucleus has a spin quantum 
number of | and, in elialeslaat Ge the spectra are broadened by quadrupole effects. The 

"°N nucleus with spin 4 does not have this difficulty though its low abundance poses 

‘1B. E. MANN, Nitrogen NMR, Chap. 4in B. E. MANN and R. K. Harris (eds.), NMR and the Periodic Table, 
pp. 96-98, Academic Press, 1979; Nitroyen NMR, M. WITANOWSKI and G. A. Wess, Plenum, New York, 

1973. G. J. Martin, M. L. Martin, and J.-P. GOUESNARD, NMR Volume 18: 1°N NMR Spectroscopy, 
Springer-Verlag, Berlin, 1981, 382 pp. 
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problems."''*) Interestingly, the first chemical shift to be observed in nmr spectroscopy 
(“as an annoying ambiguity in the magnetic moment of '*N”) was in 1950 in an aqueous 
solution of NH,NO 3.7! 

Isotopic enrichment of '°N is usually effected by chemical exchange, and samples 

containing up to 99.5% '°N have been obtained from the 2-phase equilibrium 

™NO(g)+!4NO,;7 (aq) ——= !4NO(g)+ !5NO,_ (aq) 

Other exchange reactions that have been used are: 

*°NH,(g)+ '*NH,* (aq) “NH, (g)+'°NH,* (aq) 
*NO(g) a NOAe)<—— "“*NO(g) CUE **NO,(g) 

Fractional distillation of NO provides another effective route and, as the heavier isotope 

of oxygen is simultaneously enriched, the product has a high concentration of !°N!8O. 
Many key nitrogen compounds are now commercially available with '°N enriched to 5%, 

30%, or 95%, e.g. N,, NO, NO,, NH3, HNO;, and several ammonium salts and nitrates. 

Fortunately the use of these compounds in tracer experiments is simplified by the absence 

of exchange with atmospheric N, under normal conditions, in marked contrast with 

labelled H, C, and O compounds where contact with atmospheric moisture and CO, must 

be avoided.''?» 
The ground state electronic configuration of the N atom is 1s*2s*2p}2p} 2p; with three 

unpaired electrons (*S). The electronegativity of N (~ 3.0) is exceeded only by those of F 

and O. Its “single-bond” covalent radius (~ 70 pm) is slightly smaller than those of B and 

Geass expected; the nitride ion, N°, is much larger and has been assigned a radius in the 

range 140-170 pm. Ionization energies and other properties are compared with those of 

the other Group V elements (P, As, Sb, and Bi) on p. 642. 

Molecular N,, i.e. dinitrogen (see p. 40), (mp —210°C, bp — 195.8°C) is a colourless, 

odourless, tasteless, diamagnetic gas. The short interatomic distance (109.76 pm) and very 

high dissociation energy (945.41 kJ mol~') are both consistent with multiple bonding. 

The free-energy change for the equilibrium N,—2N is AG = 911.13 kJ mol“! from which it 

is clear that the dissociation constant K,=[N]7/[N,] atm is negligible under normal 

conditions; it is 1.6x10~?7* atm at 2000 K and still only 1.3x 10° atm at 4000 K. 
Detailed tabulations of other physical properties of nitrogen are available.‘'») 

11.2.4 Chemical reactivity 

Gaseous N, is rather inert at room temperature presumably because of the great 

strength of the N=N bond and the large energy gap between the highest occupied 

molecular orbitals (HOMO) and the lowest unoccupied molecular orbitals (LUMO). 

Further contributory factors are the very symmetrical electron distribution in the 

molecule and the absence of bond polarity—when these are modified, as in the 

1laG_ C. Levy and R. L. Licuter, Nitrogen-15 Nuclear Magnetic Resonance Spectroscopy, Wiley, New 

ivorks, 1979%°22 lipp: 
11b W. G. Proctor and F. C. Yu, The dependence of a nuclear magnetic resonance frequency upon chemical 

compound, Phys. Rev. 77, 717 (1950). 
12 W. SPINDEL, in R. H. HERBER (ed.), /norganic Isotopic Syntheses, pp. 74-118, Benjamin, New York, 1962. 

13 B. R. Brown, Physical properties of nitrogen, in Mellor’s Comprehensive Treatise on Inorganic and 
Theoretical Chemistry, Vol. 8, Suppl. 1, Nitrogen, Part 1, pp. 27-149, Longmans, London, 1964. 



474 Nitrogen Ch. 11 

isoelectronic analogues CO, CN~, and NO”, the reactivity is considerably enhanced. 

Nitrogen reacts readily with Li at room temperature (p. 88) and with several transition- 

element complexes (p. 476). 

Reactivity increases rapidly with rising temperature and the element combines directly 

with Be, the alkaline earth metals, and B, Al, Si, and Ge to give nitrides (p. 479); hydrogen 

yields ammonia (p. 483), and coke yields cyanogen, (CN),, when heated to incandescence 

(p. 336). Many finely divided transition metals also react directly at elevated temperatures 

to give nitrides of general formula MN (M =Sc, Y, lanthanoids; Zr, Hf; V; Cr, Mo, W; Th, 

U, Pu). Although not always directly preparable from N,(g), many other nitrides are 

known (p. 479) and, indeed, nitrides as a class include some of the most stable compounds 

in the whole of chemistry. Nitrogen forms bonds with almost all elements in the periodic 

table, the only exceptions apparently being the noble gases (other than Xe, p. 1058). A wide 

range of stereochemistries is observed and typical examples of coordination numbers 0, 1, 

2, 3, 4, 5, 6, and 8 are given in Table 11.1. 

A particularly reactive form of nitrogen can be obtained by passing an electric discharge 

through N,(g) at a pressure of 0.1-2 mmHg." !* Atomic N is formed, and the process is 
accompanied by a peach-yellow emission which persists as an afterglow, often for several 

minutes after the discharge has been stopped. Atoms of N in their ground state (*S) have 

a relatively long lifetime since recombination involves either a 3-body collision on the 

surface of the vessel (first-order reaction in N at pressures below ~3 mmHg) or a 

termolecular homogeneous association reaction (second order in N at pressures above 

~3 mmHg): 

M 
N(*S)+N(‘S) > NF > N,+hv (yellow) (1) 

The molecules of N¥ so formed are in an excited state (B°I1,) and give rise to the emission 

of the first positive band system of the spectrum of molecular N, in returning to the 

ground state (A*X,*). The N-atom content of “active nitrogen” can be determined by its 
very fast reaction with the NO radical in a flow system. As the flow rate of NO is increased 

the colour changes successively from yellow to purple, blue, darkness (equal concen- 

trations of N and NO), and greenish yellow. The NO reacts very rapidly with N(*S) and, 
at equal concentrations, quenches all emission in the visible region of the spectrum: 

N(*S)+NO iN, + O(?P) . (2) 

With insufficient NO the O atoms so formed react with the excess of N atoms to ptoduee 

excited NO molecules which emit the blue # and y bands of NO. 

N(*S)+O(P) NO* — NO +hy (blue) (3) 

This, together with the simultaneous peach-yellow emission from reaction (1), gives the 

purple coloration, though near the end point the blue will predominate. With an excess of 

NO all the N atoms are rapidly eliminated by reaction (2) and the O(3P) reacts with the 

excess NO to form excited NO,* molecules which emit the greenish-yellow “airglow”: 

NO +O0(P) NO,* — NO, +hv (greenish yellow) (4) 

'* A. N. WriGHT and C. A. WINKLER, Active Nitrogen, Academic Press, New York, 1968. 
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TABLE 11.1  Stereochemistry of nitrogen 

CN Examples 

0 N(g) in “active nitrogen” 
1 N,, NO, NNO, [NNN], HNNN, RC=N, XC=N (X=Hal), [OsO,;N]~ 

2 Linear : [NO,]*, NNO, [NNN]~, HNNN; 7'-N, complexes, e.g. [Ru(N,)(NH3)5]?*; 
n'-NO complexes, eg. [Fe(CN),(NO)]?-;  j.-N complexes, eg. 
[(H,O)Cl,RuNRuCl,(OH,)]°~ and [Cl,WNWCI.]?~ (see ref. 14a) Se 

Bent: NO,, [NO,]~, [NH,]~, HNNN, HNCO, RNCO, XNCO, N,F;, cyclo-CH,NN, 
cyclo-[NSF(O)],; 

3 Planar: [NO;]~,N,O,, XNO,, (HO)NO,, K[ON(NO)(SO;)], K,[ON(SO ),] (Fremy’s 
salt), N(SiH,)3, N(GeH;),, N(PF,)3, Si,N,, and Ge,N, (Be,SiO, structure, 
p. 400), 43-N complexes, e.g. [{H,O(SO,),Ir}3N]*~ 

Pyramidal: NH3, NF3, NH,F, NHF,, (HO)NH>, N,H4, N2Fy, [Nu(CH2)¢] 
T-shaped: [Mo3(43-N)O(n°-C;H;)3(CO),] (see ref. 14b) 

4 Tetrahedral: [NH,]*, [NH;(OH)]*, [NF.]*, H,;NBF, and innumerable other coordination 
complexes of NH;, NR3;, en, edta, etc., including Me,NO and sulfamic acid 

(H;NSO,) BN (layer structure and Zn blende-type), AIN (wurtzite-type), 
[PhAINPh], (cubane-type) 

See-saw: [{Fe(CO);}4(4-N)]~ (see refs. 14c, 14d) 
5 Square-pyram: [Fe;(CO),,H(us-N)] (see ref. 14d) 

6 Octahedral: MN (interstitial nitrides with NaCl or hep structure, e.g. M = Sc; La, Ce, Pr, Nd; Ti, 

Zr, Hf, V, Nb, Ta; Cr, Mo, W; Th, U), Ti,N (anti-rutile TiO,-type), Cu;N (ReO3- 

type), Ca,N, (anti-Mn,O;) 
Trigonal prism: [NCo6(CO),5]_ (see ref. 14e) 

8 Cubic: Ternary nitrides with anti-CaF, structure, e.g. BeLiN, AILi,N>5, TiLi;N;, 
NbLi,N,, and CrLi oN; 

) For coordination numbers 1, 2, and 3 the CN is sometimes increased in the condensed phase as a result of H 

bonding (p. 57), e.g. HCN, NH, , NH3, N.H,, NH,(OH), NO,(OH). 

Several elements react with the N atoms in active nitrogen to form nitrides. The excited N, 

molecules are also highly reactive and can dissociate molecules that are normally stable to 

attack either by ordinary N, or even N atoms, e.g.: 

Ne*= CO; N, +CO+0(3P) 
N,*+H,O ———> N, +OH(M)+H(S). 

One of the most dramatic recent developments in the chemistry of N, was the discovery 

by A.D. Allen and C. V. Senoff in 1965 that dinitrogen complexes such as 

[Ru(NH,);(N,)]?* could readily be prepared from aqueous RuCl, using hydrazine 

hydrate in aqueous solution."’*) Since that time virtually all transition metals have been 

14a. F WELLER, W. LIEBELT, and K. DEHNICKE, [AsPh,4],[W NCl,,], a -nitrido complex containing 
tungsten(V) and tungsten (VI), Angew. Chem., Int. Edn. (Engl.), 19, 220 (1980). [The W—-N—W linkage is linear 
and the interatomic distances are 166 pm (WY'-N) and 207 pm (WY-N). 

'4b N)_D. Feasey, S. A. R. KNox, and A. G. ORPEN, A new coordination mode for nitrogen in a nitrido metal 
cluster: X-ray crystal structure of [Mo3(N)(O)(CO),4(n-C;H;)3]. JCS Chem. Comm. 1982, 75-6. 

'4e T)_ E. FJARE and W. L. GLADFELTER, Synthesis and characterization of a nitrosyl, a nitrido, and an imido 

carbonyl cluster, J. Am. Chem. Soc. 103, 1572-4 (1981). 
4d Mf. TACHIKAWA, J. STEIN, E. L. MUETTERTIES, R. G. TELLER, M. A. BENO, E. GEBERT, and J. M. WILLIAMS, 

Metal clusters with exposed and low-coordinate nitride nitrogen atoms, J. Am. Chem. Soc. 102, 6648-9 (1980). 
'4e §_ MARTINENGO, G. CIANI, A. SIRONI, B. T. HEATON, and J. MASON, Synthesis, and X-ray characterization 

of the [M,N(su-CO),(CO),]” (M=Co, Rh) anions. A new class of metal carbonyl cluster compounds containing 
an interstitial nitrogen atom J. Am. Chem. Soc. 101, 7095-7 (1979). 

'SA.D. ALLEN and C. V. SENoFF, Nitrogenopentammineruthenium(II) complexes, Chem. Comm. 1965, 
621-2. See also H. TAuse, The researches of A. D. Allen—an appreciation, Coord. Chem. Rev. 26, 1-5 (1978). 



476 Nitrogen Chida 

found to give dinitrogen complexes and well over 200 such compounds are now 

characterized."'°'’:!’® Three general preparative methods are available: 

(a) Direct replacement of labile ligands in metal complexes by N,: such reactions 

proceed under mild conditions and are often reversible, e.g.: 

H,0 
[Ru(NH,).(H,O)]?* +N, H,O+[Ru(NH;);(N,)]?* pale yellow 

[CoH;(PPh,),]+N, ae H,+[CoH(N,)(PPh3),] orange-red 

2ECr(C,.Me,)(CO)3] +N, —-> 2CO + [{Cr(C4Me,)(CO),},N,] red-brown 

(b) Reduction of a metal complex in the presence of an excess of a suitable coligand 

under N,, e.g.: 

[MoCl,(PMe,Ph),]+2N, o> cis-[Mo(N5)>(PMe,Ph),] 

[WCl,(PMe,Ph),]+2N, oS cis-[W(N,),(PMe,Ph),] yellow 

[FeClH(depe),] +N) "2"S NaCl + trans-[Fe(depe),H(N,)] orange 

2[Ni(acac),] +4PCy, +N, ——*> [{Ni(N2)(PCya)a}2] 
where depe is Et,PCH,CH,PEt,, acac is 3,5-pentanedionate, and PCy, is 

tris(cyclohexyl)phosphine. In some systems Mg/thf is a better reducing agent than 

Na, ¢:g.: 
Mg/thf 

MoCl, +4PMe,PH +2N, ———> cis-[Mo(N,)>(PMe,Ph),] 

(c) Conversion of a ligand with N-N bonds into N,; in the early development of N, 

complex chemistry this was the most successful and widely used route, e.g.: 

Cu"/thf/— 40° 
TS [Mn(7°-C;H,;)(CO),(N,H,)] +2H,O, 

4H,0+[Mn(n°-C;H,)(CO),(N,)] red-brown 

O MeOH [(PPh,),Cl, Re -N=N—CPh] +2PPh, 
_HCl+ PhCO, Me + trans-[ReCl(N,)(PPh3),] yellow 

[ RuCl(das),(N3)]PF,+NOPF,———> [RuCl(das),(N,)] white, 

plus byproducts 
(das = Ph,AsCH,CH,AsPh,) 

CHC1;/0 
trans-[Ir(CO)C\(PPh,),] + PhCON , ——> trans-[IrCl(N,)(PPh;),] yellow 

"© A.D. ALLEN, R. O. Harris, B. R. LOESCHER, J. R. STEVENS, and R. N. WHITELEY, Dinitrogen complexes of 
transition metals, Chem. Revs. 73, 11-20 (1973). 

‘7D. SELLMANN, Dinitrogen-transition metal complexes: synthesis, properties, and significance, Angew. 
Chem., Int. Edn. (Engl.) 13, 639-49 (1974). 

'’* J. Cuatt, J. R. Diwortu, and R. L. Ricuarps, Recent advances in the chemistry of nitrogen fixation, 
Chem. Rev. 78, 589-625 (1978). 
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Occasionally an N=N triple bond can be formed within a metal complex, e.g. by reaction 

of coordinated NH; with HNO,, but this method is of limited application, e.g.: 

[Os(N,)(NH3)5]* * + HNO, ——> 2H, 0 + cis-[Os(Nz)2(NH3)a] 

Frequently dinitrogen complexes have colours in the range white—yellow—orange-red— 

brown but other colours are known, e.g. [{Ti(7°-C;H5),}.(N>)] is blue. 

Dinitrogen might coordinate to metals in at least 4 ways,"!®) but only the end-on modes, 

structures (1) and (2), are well established as common bonding modes by numerous well- 

defined examples: 

The side-on structure (3) has been established in two dinickel complexes which have very 

complicated structures involving lithium atoms also in association with the bridging 

N,.''8*) The “side-on” 7? mode (structure 4) was at one time thought to be exemplified by 
the rhodium(I) complex [RhCl(N, )(PPr‘,),] but a reinvestigation of the X-ray structure 

by another group ‘'®") showed conclusively that the N, ligand was coordinated in the 
“end-on” mode (1)—an instructive example of mistaken conclusions that can be drawn 

from this technique. The side on structure (4) has been postulated for the zirconium(III) 

complex [Zr(y°-C,H,)(N,)R] on the basis of its 1°N nmr spectrum."'” A unique triply- 
coordinated bridging mode (u3-N,) has also very recently been established by X-ray 

crystallography.” 
Complexes are known which feature more than 1 N, ligand, e.g. cis-[W(N,), 

(PMe,Ph),] and trans-[W(N,),(diphos),] (where diphos=Ph,PCH,CH,PPh,) and 

some complexes feature more than 1 bonding mode, e.g. :°? 

[(n°-CsMes)2(n'-N2)Zr -N=N-—Zr(n)'-N2)(n°-CsMes)2] 

'8K. Jonas, D. J. BRAUER, C. KruGer, P. J. Roperts, and Y.-H. Tsay, Side-on dinitrogen-transition 
metal complexes, J. Am. Chem. Soc. 98, 74-81 (1976). P. R. HOFFMAN, T. YOSHIDA, T. OKANO, S. OTSUKA, and J. 

Ipers, Crystal and molecular structure of hydrido(dinitrogen)bis[phenyl(di-tert-butyl)phosphine]rhodium(l), 

Inorg. Chem. 15, 2462-6 (1976). 
184K KrUGeER and Y.-H. Tsay, Molecular structure of a y-dinitrogen—nickel-lithium complex, Angew. 

Chem., Int. Edn. (Engl.) 12, 998-9 (1973). 
18> TD), L. Tuorn, T. H. Tuuip, and J. A. Ipers, The structure of trans-chloro(dinitrogen)bis(tri- 

isopropylphosphine)rhodium(I): an X-ray study of the structure in the solid state and a nuclear magnetic 
resonance study of the structure in solution, JCS Dalton, 1979, 2022-5. 

19M. J. S. GYNANE, J. JEFFREY, and M. F. Lappert, Organozirconium(III)}-dinitrogen complexes: evidence 

for (n?-N,)-metal bonding in (Zr(y°-C;H5)3(N2)(R)] [R=(Me3Si),CH]. JCS Chem. Comm. 1978, 34-36. 
191 G_ P. Pez, P. ApGaR, and R. K. CrisseY, Reactivity of [u-(y' :7°-C,;H,4)l(7-CsHs)3Ti, with dinitrogen. 

Structure of a titanium complex with a triply-coordinated N, ligand, J. Am. Chem. Soc. 104, 482-90 (1982). 
20R. D. SANNER, J. M. MAnrRiQUEZ, R. E. MARsH, and J. E. Bercaw, Structure of -dinitrogen- 

bis(bispentamethylcyclopentadienyl)dinitrogenzirconium(II), [{(y°-CsMe,),Zr(N)}N,], J. Am. Chem. Soc. 
98, 8351-7 (1976). 

CTE-Q 
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X-ray structural studies have shown that for N, complexes with structure (1), the M—N-N 

group is linear or nearly so (172-180°); the N-N internuclear distance is usually in the 

range 110-113 pm, only slightly longer than in gaseous N, (109.8 pm). Such complexes 
have a strong, sharp, infrared absorption in the range 1900-2200 cm’, corresponding to 

the Raman-active band at 2331 cm’ in free N,. Similarly, in complexes with structure (2), 

when both transition metals have a closed d-shell, the N—N distance falls in the range 

112-120 pm and v(N-N) often occurs near 2100 cm™’, i.e. little altered from that of the 

corresponding complexes of structure (1). On the other hand, if one of the M is a transition 

metal with a closed d-shell and the other is either a main-group metal such as Al in AlMe, 

or an open-shell transition metal such as Mo in MoCl,, then the N—N bond is greatly 

lengthened and the N-N stretching frequency is lowered even to 1600 cm ~'. Compounds 

with structure (3) have N-N ~ 134-136 pm, and this very substantial lengthening has 

been attributed to interaction with the Li atoms in the structure.‘ * 
As implied above, N, is isoelectronic with both CO and C,H,, and the detailed 

description of the bonding in structures 1-4 follows closely along the lines already 

indicated (pp. 351 and 361) though there are some differences in the detailed sequences of 

orbital energies. Crystallographic and vibrational spectroscopic data have been taken to 

indicate that N, is weaker than CO in both its o-donor and z-acceptor functions. 

Theoretical studies suggest that o donation is more important for the formation of the 

M-N bond than is z back-donation, which mainly contributes to the weakening of the 

N-N bond, and end-on (y') donation is more favourable than side-on (y7).'2° 
To conclude this section on the chemical reactivity of nitrogen it will be helpful to 

compare the element briefly with its horizontal neighbours C and O, and also with the 

heavier elements in Group VB, P, As, Sb, and Bi. The diagonal relationship with S is 

vestigial. Nitrogen resembles oxygen in its high electronegativity and in its ability to form 

H bonds (p. 57) and coordination complexes (p. 223) by use of its lone-pair of electrons. 

Catenation is more limited than for carbon, the longest chain so far reported being the Ng 
unit in PhRN=N—N(Ph)—N=N—N(Ph)—N=NPh. 

Nitrogen shares with C and O the propensity for multiple bonding via p,—p, 

interactions both with another N atom or with a C or O atom. In this it differs sharply 

from its Group VB congeners which have no analogues of the oxides of nitrogen, nitrites, 

nitrates, nitro-, nitroso-, azo-, and diazo-compounds, azides, nitriles, cyanates, thiocy- 

anates, or imino-derivatives. Conversely, there are no nitrogen analogues of the various 

oxoacids of phosphorus (p. 586). ; 

A further reason why N is atypical of Group V is that its covalency is limited to a 

maximum of 4. Extended structures in which N has a coordination number of 6 or 8 are, of 
course, well known (p. 475) but in covalent molecules and finite complexes the absence of 

low-lying d orbitals precludes the formation of compounds with higher coordination 

numbers analogous to PFs, PF, , etc. The recently prepared cluster complexes 

[NFe;(CO),4H]"*® and [NCo,¢(u-CO))(CO),]"*° should, however, be noted as 
outstanding exceptions. 

208 T. YAMABE, K. Hort, T. MINATO, and K. Fukut, Theoretical study on the bonding nature of transition- 
metal complexes of molecular nitrogen, Jnorg. Chem. 19, 2154-9 (1980). 
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11.3 Compounds 

This section deals with the binary compounds that nitrogen forms with metals, and then 

describes the extensive chemistry of the hydrides, halides, pseudohalides, oxides, and 

oxoacids of the element. The chemistry of P-N compounds is deferred until Chapter 12 (p. 
619) and S-N compounds are discussed in Chapter 15 (p. 854). Compounds with B (p. 

234) and C (p. 336) have already been treated. 

11.3.1 Nitrides, azides, and nitrido complexes 

Nitrogen forms binary compounds with almost all elements of the periodic table and for 

many elements several stoichiometries are observed, e.g. MnN, Mn,N;, Mn3N>, Mn,N, 

Mn,N, and Mn,N (9.2<x< 25.3). Nitrides are frequently classified into 4 groups: “salt- 

like”, covalent, “diamond-like”, and metallic (or “interstitial”). The remarks on p. 70 

concerning the limitations of such classifications are relevant here. The two main methods 

of preparation are by direct reaction of the metal with N, or NH, (often at high 

temperatures) and the thermal decomposition of metal amides, e.g.: 

3Ca+N,——>Ca,N, 

3Mg+2NH, —-° > Mg,N, +3H, 

3Zn(NH,), ———> Zn,N, +4NH, 

Common variants include reduction of a metal oxide or halide in the presence of N, and 

the formation of a metal amide as an intermediate in reactions in liquid NH;;: 

Al,O,+3C+N, 2AIN +3CO 

2ZrCl, +N, +4H, ———> 2ZrN + 8HCl 

3Ca +6NH, ——2> {3Ca(NH,),} Ca,N, +4NH, 

Metal nitrides have also been prepared by adding KNH, to liquid-ammonia solutions of 

the appropriate metal salts in order to precipitate the nitride, e.g. Cu,N, Hg,N,, AIN, 

TI,N, and BiN. 

“Salt-like” nitrides are exemplified by Li,N (mp 548°C, decomp) and M,N, (M=Be, 

Mg, Ca, Sr, Ba). It is possible to write ionic formulations of these compounds using the 

species N?~ though charge separation is unlikely to be complete, particularly for the 

corresponding compounds of Group IB and IIB, 1.e. Cu;N, Ag3;N, and M,N, (M=Zn, 

Cd, Hg). The N*~ ion has been assigned a radius of 146 pm, slightly larger than the value 

for the isoelectronic ions O?~ (140 pm) and F” (133 pm), as expected. Stability varies 

widely; e.g. Be;N, melts at 2200°C whereas Mg3,N, decomposes above 271°C. The 

existence of NaN is doubtful and the heavier alkali metals appear not to form analogous 

compounds, perhaps for steric reasons (p. 88). The azides NaN3, KN;, etc., are, however, 

well characterized as colourless crystalline salts which can be melted with little 

decomposition; they feature the symmetrical linear N,~ group as do Sr(N3), and 

Ba(N3)>. The corresponding B subgroup metal azides such as AgN3, Cu(N3),, and 

Pb(N;), are shock-sensitive and detonate readily; they are far less ionic and have more 
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complex structures.'”"’ Further discussion of azides is on p. 496. Other stoichiometries are 

also known, e.g. Ca,N (anti-CdCl, layer structure), Ca,N4, and Ca,,Ng. 

The covalent binary nitrides are more conveniently treated under the appropriate 

element. Examples include cyanogen (CN), (p. 336), P3N; (p. 619), As4N, (p. 676), S.N> 

(p. 859), and S,N, (p. 856). The Group III nitrides MN (M =B, Al, Ga, In, Tl) are a special 

case since they are isoelectronic with graphite, diamond, SiC, etc., to which they are 

structurally related (p. 288). Their physical properties suggest a gradation of bond-type 

from covalent, through partially ionic, to essentially metallic as the atomic number 

increases. Si;N, and Ge,;N, are also known and have the phenacite (Be,SiO,)- 
type structure. Si,N,, in particular, has excited considerable interest in recent years as a 

ceramic material with extremely desirable properties: high strength and wear resistance, 

high decomposition temperature and oxidation resistance, excellent thermal-shock 

properties and resistance to corrosive environments, low coefficient of friction, etc. 

Unfortunately it is extremely difficult to fabricate and sinter suitably shaped components, 

and considerable efforts have therefore been spent on developing related nitrogen 

ceramics by forming solid solutions between Si,;N, and Al,O, to give the “sialons” 

(SiAION) of general formula Sig 75,Alo.67,0.Ne_x (0< x <6).@?: 79) 
The most extensive group of nitrides are the metallic nitrides of general formulae MN, 

M,N, and M,N in which N atoms occupy some or all of the interstices in cubic or hcp 

metal lattices (examples are in Table 11.1, p.475). These compounds are usually opaque, 

very hard, chemically inert, refractory materials with metallic lustre and conductivity and 

sometimes having variable composition. Similarities with borides (p. 162) and carbides (p. 

318) are notable. Typical mps (°C) are: 

TiN ZrN — HfN VN  NbN~ TaN CrN ThN UN 

2ZISO 82980 S* 2700 2050); 92300 = +3090 d1770 2630 2800 

Hardness on the Mohs scale is often above 8 and sometimes approaches 10 (diamond). 

These properties commend nitrides for use as crucibles, high-temperature reaction vessels, 

thermocouple sheaths, and related applications. Several metal nitrides are also used as 

heterogeneous catalysts, notably the iron nitrides in the Fischer-Tropsch hydriding of 
carbonyls. Few chemical reactions of metal nitrides have been studied; the most 

characteristic (often extremely slow but occasionally rapid) is hydrolysis to give ammonia 

or nitrogen: ; 

2AIN + (n+3)H,O Al,O;.nH,0+2NH, 
2VN 4+ 3H,SO,,-=-- V7, (SO),); HNs +3H, 

The nitride ion N?~ is an excellent ligand, particularly towards second- and third-row 

transition metals.“ It is considered to be by far the strongest z donor known, the next 

strongest being the isoelectronic species O?~. Nitrido complexes are usually prepared by 
the thermal decomposition of azides (e.g. those of phosphine complexes of VY, Mo¥!, WY! 

*! A. F. WELLS, Structural Inorganic Chemistry, 4th edn., Oxford University Press, Oxford, 1975, 649 pp. 
22K. H. Jack, Nitrogen ceramics, Trans. J. Br. Ceram. Soc. 72, 376-84 (1973). 
°3 F. L. RItey (ed.), Nitrogen Ceramics, Noordhoff-Leyden, 1977, 694 pp. 

24'W. P. GRIFFITH, Transition-metal nitrido-complexes, Coord. Chem. Revs. 8, 369-96 (1972). 
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Fic. 11.3 Structures of some nitrido complexes.?* 

Ru‘! Re’) or by deprotonation of NH, (e.g. [OsO,~OsO,;N]_). Most involve a 

terminal {=N}* group as in [VCI;N] , [MoO,N] , [WCI,N]?, [ReN(PR;)3X.], and 
[RuN(OH,)X,]~. The M-—N distance is much shorter (by 40-50 pm) than the “normal” 

a-(M-N) distance, consistent with strong multiple bonding. Other bonding modes feature 

linear symmetrical bridging as in [(H,O)Cl,Ru—N—RuCl,(OH,)]?-, trigonal planar 

uz bridging as in [{(H,O)(SO,),Ir},;N]*~, and tetrahedral coordination as in 
[(MeHg),N]* (Fig. 11.3). 

11.3.2 Ammonia and ammonium salts 

NH, is a colourless, alkaline gas with a unique, penetrating odour that is first 

preceptible at concentrations of about 20-50 ppm. Noticeable irritation to eyes and the 

nasal passages begins at about 100-200 ppm, and higher concentrations can be 

dangerous.?*) NH; is prepared industrially in larger amounts (number of moles) than any 

other single compound (p. 467) and the production of synthetic ammonia is of major 

2° J. R. LEBLANC, S. MADHAVAN, and R. E. Porter, Ammonia, Kirk—-Othmer Encyclopedia of Chemical 
Technology, 3rd edn., Vol. 2, pp. 470-516, Wiley, New York, 1978. 
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importance for several industries (see Panel). In the laboratory NH; is usually obtained 

from cylinders unless isotopically enriched species such as '*NH, or ND, are required. 

Pure dry 1°NH; can be prepared by treating an enriched '°NH,”* salt with an excess of 
KOH and drying the product gas over metallic Na. Reduction of ‘**NO,~ or ‘°NO,7 
with Devarda’s alloy (50% Cu, 45% Al, 5% Zn) in alkaline solution provides an 

alternative route as does the hydrolysis of a nitride, e.g.: 

3Ca4 1 °N, —3.Ca, PN, — > 29H, + 3Ca(Onns 

ND, can be prepared similarly using D,O, e.g.: 

Mg3;N,+6D,O 2ND;+3Mg(OD), 

“Industrial Production of Synthetic Ammonia?>~?”) 

The first industrial production of NH, began in 1913 at the BASF works in Ludwigshaven- _ 
Oppau, Germany. The plant, which had a design capacity of 30 tonnes per day, involved an 
entirely new concept in process technology; it was based on the Haber—Bosch high-pressure 

_ catalytic reduction of N, with H, obtained by electrolysis of water. Modern methods employ the 
same principles for the final synthesis but differ markedly in the source of hydrogen, the efficiency of 

the catalysts, and the scale of operations, many plants now having a capacity of 1650 tonnes per 
day or more. Great ingenuity has been shown not only in plant development but also in the — 
application of fundamental thermodynamics to the selection of feasible chemical processes. 
Except where electricity is unusually cheap, reduction by electrolytic hydrogen has now been — 
replaced either by coke/H,O or, more recently, by natural gas (essentially CH,) or naphtha (a 
volatile aliphatic petrol-like fraction of crude oil). The great advantages of modern hydrocarbon 
reduction methods over coal-based processes are that, comparing plant of similar capital costs, 

_ they occupy one-third the land area, use half the energy, and require one-tenth the manpower, yet 
produce 4 times the annual tonnage of NH3. 

The operation of a large synthetic ammonia plant based on natural gas (Pl. 11.1) involves a 
delicately balanced sequence of reactions. The gas is first desulfurized to remove compounds which 
will poison the metal catalysts, then compressed to ~ 30 atm and reacted with steam over a nickel 
catalyst at 750°C in the primary steam reformer to produce H, and oxides of carbon: 

Ni/750 

Ni/750° 
CH,+2H,O Ss CO,+4H, 

Under these conditions the issuing gases contain some 9° of unreacted methane; sufficient air is 
injected via a compressor to give a final composition aL 1:3 N,:H, and the air burns in the 

___ hydrogen thereby heating the gas to ~ 1100°C in the secondary reformer: 

1100 
2H, +(0, +4N,) =—=== 2H,0O+4N, 

air 

_Ni/1000- 

CH, + HO == CO+3H, 

26 SP. S. ANDREW, Modern processes for the production of ammonia, nitric acid, and ammonium nitrate, in 

R. THOMPSON (ed.), The Modern Inorganic Chemicals Industry, pp. 201-31, The Chemical Society, London, 

1977. See also Ammonia in Inorganic Chemicals, pp. 3-13, ICI Educational Publication, Kynoch Press, 
London, 1978. 

27S. D. Lyon, Development of the modern ammonia industry, Chem. Ind. 1975, 731-9. 



PLATE 11.1 A general view of three 1000-tonne-per-day synthetic ammonia plants. The CO, 
removal section is to the fore on each plant with the primary and secondary reformer structures 
and shift converters in the background (see text). (Photograph by courtesy of ICI Agricultural 

Division, Billingham, Teesside.) 
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The emerging gas, now containing only 0.25°% CH,, is cooled in heat exchangers which generate . 
high-pressure steam for use first in the turbine compressors and then as a reactant in the primary 
steam reformer. Next, the CO is converted to CO, by the — reaction which also produces more 

(a) + (b). 

cO+H,0— COn+H, 

Maximum conversion occurs by equilibration at the lowest Soom temperature so the reaction 
carried out sequentially on two beds of catalyst: 

(a) iron oxide (400°C) which reduces the CO concentration from 11% to 3%; 

(b) a copper catalyst (200°) which reduces the CO content to 0.3%. _ 

Removal of CO, (~18%) is effected in a scrubber containing either a concentrated alkaline 
solution of K,CO, or an amine such as ethanolamine: 

CO,4H,0+K,CO, — == 2KHCO, Seon ee 

regeneration (heat) 

Remaining trace quantities of CO (which would poison the iron catalyst during ammonia 
synthesis) are converted back to CH, by passing the damp gas from the scrubbers ¢ over a Ni 
methanation catalyst at 325°: 

Ni/325 

CO43H, SS a a O 

This reaction is the reverse of that occurring in the primary steam reformer. The synthesis gas now _ 
emerging has the approximate composition : 

H, 74.3%, N, 24.7% CH, 08% Ar 0.3%, CO 1-2 ppm; 

it is compressed in three stages from 25 atm to ~ 200 atm and then passed over a promoted iron 
catalyst at 380-450°C: : 

Fe/400 /200 aim 
N,+3H, 2NH, 

The gas leaving the catalyst beds contains about 15° NH;; this is condensed by refrigeration and _ 

the remaining gas mixed with more incoming synthesis gas and recycled. Variables in the final 
__ reaction are the synthesis pressure, synthesis temperature, gas composition, gas flow ratet and _ 
catalyst composition and particle-size. Since the earliest days the “promoted” Fe catalysts have _ 

been prepared by fusing magnetite (Fe;O0,) on a table with KOH in the presence of a small _ 
amount of mixed refractory oxides such as MgO, Al,O, and SiO, ; the solidified sheetis brokenup _ 
into chunks 5-10 mm in size. These chunks are then reduced inside the ammonia synthesi: 
converter to give the active catalyst which consists of Fe crystallites separated by the amorphous 
refractory oxides and partly covered by the alkali promotor which increases its activity by at least 
an order of magnitude. _ 

World production of synthetic ammonia has increased dramatically during the past 30 yi andi is 
still continuing to rise. Production in 1950 was little more than 1 million tonnes; though this was 

huge when compared with the production of most other compounds, it is dwarfed by today’srate | 
of production which approaches 100 million tonnes pa. Anhydrous liquid NH, is now usually 
stored in refrigerated tanks at —33.5° (104.7 kPa); such tanks were first installed (in the USA) in 
1956 and now generally replace the smaller insulated Horton spheres (275 KFa). Tank capacity 
can be up to 36 000 tonnes. Anhydrous NH; is shipped in tank trucks (up to 30 m’), tank cars (up 
to 130 m®, i.e: 34 000 US gal), barges or pipelines, some of which are several thousand km long e 8. 
honed southern Louisiana to northern Indiana, Illinois, lowa, ie igces : 

+ Flow rate is usually quoted as “space velocity”, i.e. the ratio of voluhcale rate of gas at sTP to 
volume of catalyst; typical values are in the range 8000-60 000 h='. 

{ For example in 1975 world production capacity was estimated to be 84.5 million tonnes 
distributed as follows: Eastern Europe and the USSR 27.9%, Asia 25.7%, North America 21. 4% 
Western Europe 18.8%, Central America 3.9%, Africa 2.1%, Oceania 0.2%. 

CTE-Q* 
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The appiesons of NH, are ericaunaed ice 30%) oe its use in various oa as a fertilizer, of : 
these, direct application is the most common (27.1%), followed by NH,NO, (18. D7) ued 

(13.9%), ammonium phosphates (8.8%), N solutions and mixed fertilizers (8.2%), and 
- (NH,),SO, (3.5%). Industrial uses include (a) commercial explosives ($%)}—such as NH,NO3;, 
nitroglycerine, TNT, and nitrocellulose, which are produced from NH, via HNO,—and (b) 

_ fibres/plastics (10%), € e.g. in the manufacture of caprolactam for nylon-6, hexamethylenediamine _ 
- for nylon-6,6, polyamides, rayon, and polyurethanes. Other uses (~ 5%) include a wide variety of _ 
applications 1 in refrigeration, wood pulping, detinning of scrap-metal, and corrosion inhibition; it _ 

__ isalso used as a rubber stabilizer, pH controller, in the manufacture of household detergents, inthe _ 
: food and beverage industry, pharmaceuticals, water purification, and the manufacture of _ 
numerous organic andi inorganic chemicals. Indeed, synthetic ammonia is the od to the heap ire . 
ees of most mereanic aa as ees as. S indicated in’ Scheme A. ee 

SCHEME A 

“then settled back to ey ee from 1976 on. The 1982 price was $160-190 per tonne. 

Some physical and molecular properties of NH, are given in Table 11.2. The influence 

of H bonding on the bp and other properties has already been noted (p. 57). It has been 

estimated that 26% of the H bonding in NH, breaks down on melting, 7% on warming: 

from the mp to the bp, and the final 67% on transfer to the gas phase at the bp. The low 

density, viscosity, and electrical conductivity, and the high dielectric constant of liquid 

ammonia are also notable. Liquid NH; is an excellent solvent and a valuable medium for 

chemical reactions (p. 486); its high heat of vaporization (23.35 kJ mol‘ at the bp) makes 

it relatively easy to handle in simple vacuum flasks: The molecular properties call for little 

comment except to note that the rapid inversion frequency with which the N atom moves 

through the plane of the 3 H atoms has a marked effect on the vibrational spectrum of the 

molecule. The inversion itself occurs in the microwave region of the spectrum at 

23.79 GHz (=1.260 cm=0.793 cm~') and was, in fact, the first microwave absorption 

spectrum to be detected (C. E. Cleeton and N. H. Williams, 1934). Inversion also occurs in 

ND, at a frequency of 1.591 GHz, i.e. less than for NH, by a factor of 14.95. The inversion 

can be stopped in NH; by increasing the pressure to ~2 atm. The corresponding figure for 

ND, is ~90 mmHg (ie. again a factor of about 15). 
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TABLE 11.2 Some properties of ammonia, NH, 

Physical properties Molecular properties 

Symmetry C3, (pyramidal) 
: Distance (N-H)/pm 101.7 

Density (1; 239 K)/g cm =? 0.6826 Angle H-N-H 107.8° 

Density (g; rel. air=1) 0.5963 Pyramid height/pm 36.7 

n (239.5 K)/centipoise™ 0.254 L/Debye”? 1.46 
Dielectric constant ¢ (239 K) 22 Inversion barrier/kJ mol”! 24.7 

K (234.3 K)/ohm~! cm7™! MOM Se10R 7 Inversion frequency/GHz“? 23.79 
AH? (298 K)/kJ mol”! — 46.1 D (H-NH,)/kJ mol=! 435 
AG? (298 KV/kJ mol”! — 16.5 Ionization energy/kJ mol! 979.7 
S° (298 KVJ K~! mol7! 192.3 Proton affinity (gas)/kJ mol ' 841 

CMNcentipoise—il Om akesme. Sie. 
®) 1 Debye=10° 1® esu=3.335 64 x 10° °° C m. 
© GHz= 10? ss": 

Ammonia is readily absorbed by H,O with considerable evolution of heat (~ 37.1 kJ 

per mol of NH, gas). Aqueous solutions are weakly basic due to the equilibrium 

H,0 
NH,(aq) +H,O === NH," (aq) +OH (aq); 

K5e555 NH. [OH ~1/.NHal= L8l x10. mol|-* 

The equilibrium constant at room temperature corresponds to pK,=4.74 and implies 

that a 1 molar aqueous solution of NH, contains only 4.25 mmol1~ * of NH,* (or OH ~ ). 

Such solutions do not contain the undissociated “molecule” NH,OH, though weakly 

bonded hydrates have been isolated at low temperature: 

NH,.H,0 (mp 194.15K) and 2NH,.H,O (mp 194.32 K) 

These hydrates are not ionically dissociated but contain chains of H,O molecules cross- 

linked by NH; molecules into a three-dimensional H-bonded network. 

Ammonia burns in air with difficulty, the flammable limits being 16-25 vol%. Normal 

combustion yields nitrogen but, in the presence of a Pt or Pt/Rh catalyst at 750-900°C, the 

reaction proceeds further to give the thermodynamically less-favoured products NO and 

NO,: 

burn 4NH,+30, —““ > 2N, +6H,O 

Pt/800° 4NH, +50," > 4NO + 6H,O 

Pt/800° 
2NO+0O, 2NO, 

These reactions are very important industrially in the production of HNO; (p. 537). See 

also the industrial production of HCN by the Andrussov process (p. 338): 
2NH,+30,+2CH,>2HCN + 6H,0. 

Gaseous NH, burns with a greenish-yellow flame in F, (or CIF3) to produce NF; (p. 

503). Chlorine yields several products depending on conditions: NH,Cl, NH,Cl, NHCI,, 
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NCI,, NCI3.NH3, N32, and even small amounts of N,H,. The reaction to give chloramine, 

NH, Cl, is important in urban and domestic water purification systems.” Reactions with 

other non-metals and their halides or oxides are equally complex and lead to a variety of 

compounds, many of which are treated elsewhere (pp. 570, 580, 624, 856, etc.). At red heat 

carbon reacts with NH; to give NH,CN+H,, whereas phosphorus yields PH; and Nj, 

and sulfur gives H,S and N,S,. Metals frequently react at higher temperature to give 

nitrides (p. 479). Of particular importance is the attack on Cu in the presence of oxygen 

(air) at room temperature since this precludes the use of this metal and its alloys in piping 

and valves for handling either liquid or gaseous NH3. Corrosion of Cu and brass by moist 

NH,/air mixtures and by air-saturated aqueous solutions of NH; is also rapid. Contact 

with Ni and with polyvinylchloride plastics should be avoided for the same reason. 

Liquid ammonia as a solvent?®~3° 3°) 

Liquid ammonia is the best-known and most widely studied non-aqueous ionizing 

solvent. Its most conspicuous property is its ability to dissolve alkali metals to form highly 

coloured, electrically conducting solutions containing solvated electrons, and the 

intriguing physical properties and synthetic utility of these solutions have already been 

discussed (p. 88). Apart from these remarkable solutions, much of the chemistry in liquid 

ammonia can be classified by analogy with related reactions in aqueous solutions. 

Accordingly, we briefly consider in turn, solubility relationships, metathesis reactions, 

acid—base reactions, amphoterism, solvates and solvolysis, redox reactions, and the 

preparation of compounds in unusual oxidation states. Comparison of the physical 

properties of liquid NH; (p. 485) with those of water (p. 730) shows that NH; has the lower 

mp, bp, density, viscosity, dielectric constant and electrical conductivity; this is due at least 

in part to the weaker H bonding in NH; and the fact that such bonding cannot form cross- 

linked networks since each NH; molecule has only 1 lone-pair of electrons compared with 

2 for each H,O molecule. The ionic self-dissociation constant of liquid NH, at — 50°C is 
~d0; *2.mela de 
Most ammonium salts are freely soluble in liquid NH, as are many nitrates, nitrites, 

cyanides, and thiocyanates. The solubilities of halides tend to increase from the fluoride to 

the iodide; solubilities of multivalent ions are generally low suggesting that (as in aqueous 

systems) lattice-energy and entropy effects outweigh solvation energies. The possibility of 

H-bond formation also influences solubility. Some typical solubilities at 25°C expressed as 

g per 100 g solvent are: NH,OAc 253.2, NH,NO; 389.6, LINO, 243.7, NaNO, 97.6, 
KNO, 10.4, NaF 0.35, NaCl 3.0, NaBr 138.0, NaI 161.9, NaSCN 205.5. Some of these 
solubilities are astonishingly high, particularly when expressed as the number of moles of 

78 'W. L. Joy and C. J. HALLADA, Liquid ammonia, Chap. | in T. C. WADDINGTON (ed.), Non-Aqueous 
Solvent Systems, pp. 1-45, Academic Press, London, 1965. 

*° G. W. A. FowLs, Inorganic reactions in liquid ammonia, Chap. 7, in C. B. CoLBURN (ed.), Developments 
in Inorganic Nitrogen Chemistry, pp. 522-76, Elsevier, Amsterdam, 1966. 

°° J. J. Lacowsk1 and G. A. MoczyGemBa, Liquid ammonia, Chap. 7 in J. J. LaGowski (ed.), The Chemistry 
of Non-aqueous Solvents, Vol. 2, pp. 320-71, Academic Press, 1967. 

92D. NICHOLLS, Inorganic Chemistry in Liquid Ammonia: Topics in Inorganic and General Chemistry, 
Monograph 17, Elsevier, Amsterdam, 1979, 238 pp. 
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solute per 10 mol NH, e.g.: NH,NO, 8.3, LINO, 6.1, NaSCN 4.3. Further data at 25° 
and other temperatures are in ref. 31. 

Metathesis reactions are sometimes the reverse of those in aqueous systems because of 

the differing solubility relations. For example because AgBr forms the complex ion 

[Ag(NH;),]* in liquid NH, it is readily soluble, whereas BaBr, is not, and can be 

precipitated: 

Ba(NO,), + 2AgBr —-°> BaBr, | + 2AgNO, 

Reactions analogous to the precipitation of AgOH and of insoluble oxides from aqueous 
solution are: 

liq NH3 
AgNO,+KNH, AgNH,|+KNO, 

3Hgl, + 6(KNH, —-~°> Hg,N,|+6KI+4NH, 

Acid-base reactions in many solvent systems can be thought of in terms of the 

characteristic cations and anions of the solvent (see also p. 972) 

solvent <= characteristic cation (acid) + characteristic anion (base) 

phn ye ee G OL +OH™ 
DN ie NET +NH,~ 

On this basis NH,”* salts can be considered as solvo-acids in liquid NH, and amides as 

solvo-bases. Neutralization reactions can be followed conductimetrically, potentiometric- 

ally, or even with coloured indicators such as phenolphthalein: 

liq NH 
NH,NO,+KNH, — >» KNO,+2NH, 

solvo-acid solvo-base salt solvent 

Likewise, amphoteric behaviour can be observed. For example Zn(NH,), is insoluble in 
liquid NH; (as is Zn(OH), in H,O), but it dissolves on addition of the solvo-base KNH, 

due to the formation of K,[Zn(NH,), ]; this in turn is decomposed by NH,” salts (solvo- 

acids) with reprecipitation of the amide: 

liq NH 
K,[Zn(NH,),]+2NH,NO,————> Zn(NH,), + 2KNO;+4NH, 

Solvates are perhaps less prevalent in compounds prepared from liquid ammonia 

solutions than are hydrates precipitated from aqueous systems, but large numbers of 

ammines are known, and their study formed the basis of Werner’s theory of coordination 

compounds (1891-5). Frequently, however, solvolysis (ammonolysis) occurs (cf. hydro- 

lysis).?°) Examples are: 

M'H+NH, 

M$O+NH; 

MNH, +H, 

MNH, +MOH 

°” _, [Si(NH,),] ——> Si(NH)(NH,), —2°° > si,N, 
1 

temp 
SiCl, 

31K. Jones, Nitrogen, Chap. 19 in Comprehensive Inorganic Chemistry Vol. 2, pp. 147-388, Pergamon Press, 

Oxford, 1973. 
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Amides are one of the most prolific classes of ligand and the subject of metal and metalloid 

amides has recently been extensively reviewed.°*®) 
Redox reactions are particularly instructive. If all thermodynamically allowed reactions 

in liquid NH; were kinetically rapid, then no oxidizing agent more powerful than N, and 

no reducing agent more powerful than H, could exist in this solvent. Using data for 

solutions at 25°:(28) 

Acid solutions (1 Mm NH,*) 
NH,* +e =NH,+4H, Eo 2010, 
3NH,*+4N,+3e =4NH, E°=—0.04V 

Basic solutions (1 M NH, ) 

NH,+e =NH, +4H, B= T59-V 
2NH,+4N,+3e =3NH,~ | 8) We eae 

Obviously, with a range of only 0.04 V available very few species are thermodynamically 

stable. However, both the hydrogen couple and the nitrogen couple usually exhibit 

“overvoltages” of ~1 V, so that in acid solutions the practical range of potentials for 

solutes is from + 1.0 to —1.0 V. Similarly in basic solutions the practical range extends 

from 2.6 to 0.6 V. It is thus possible to work in liquid ammonia with species which are 

extremely strong reducing agents (e.g. alkali metals) and also with extremely strong 

oxidizing agents (e.g. permanganates, superoxides, and ozonides; p. 710). For similar 

reasons the NO, ion is effectively inert towards NH, in acid solution but in alkaline 

solutions N, is slowly evolved: 

3K* +3NH;~+3NQ,47 3KOH|+N,+3NO,~+NH, 

The use of liquid NH, to prepare compounds of elements in unusual (low) oxidation 

states is exemplified by the successive reduction of K,[Ni(CN),] with Na/Hg in the 

presence of an excess of CN™ : the dark-red dimeric Ni! complex K,[Ni,(CN),] is first 

formed and this can be further reduced to the yellow Ni° complex K,[Ni(CN),]. The 

corresponding complexes [Pd(CN),]* and [Pt(CN),]*~ can be prepared similarly, 

though there is no evidence in these systems for the formation of the M! dimer. A 

ditertiaryphosphine complex of Pd®° has also been prepared: 

Na/NH 

[Pd{1,2-(PEt,),CgH4},]Br2 ———>. [Pd{1,2-(PEt,)CeH4}5] + 2NaBr 

[Co"(CN),]*~ yields the pale-yellow complex [Co\(CN),]*~ and the brown-violet 
complex [Co?(CN),]®~ (cf. the dimeric carbonyl [Co,(CO).]). 

Liquid NH; is also extensively used as a preparative medium for compounds which are 

unstable in aqueous solutions, e.g.: 

liq NH3 
2Ph,GeNa+ Br(CH,),Br Ph,Ge(CH,),GePh, + 2NaBr 

liqNH3 
Me3SnX + NaPEt, Me3SnPEt, +2NaX 

14M. F. LAPPERT, P. P. Power, A. R. SANGER, and R. C. Srivastava, Metal and Metalloid Amides, Ellis 
Horwood Ltd., Chichester, 1980, 847 pp. (approximately 3000 references). 
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Alkali metal acetylides M,C,, MCCH, and MCCR can readily be prepared by passing 

C,H, or C,HR into solutions of the alkali metal in liquid NH;, and these can be used to 

synthesize a wide range of transition-element acetylides,°”) e.g.: 

iq NH; Ni(SCN),.6NH, +5KC,Ph—*—°> K,[Ni(C,Ph),].2NH,+2KSCN+4NH, 

K,[Ni(C,Ph),].2NH, —~— K,[Ni'(C,Ph),]+2NH, 

yellow 

Other examples are orange-red K,[Cr'(C,H),], rose-pink Na,[Mn"(C,Me),], dark- 
green Na,[Co'"(C,Me),], orange K,[Ni®(C,H),], yellow K,[Nib(C,Ph),]. Such 
compounds are often explosive, though the analogues of Cu' and Zn" are not, e.g. yellow 

Na[Cu(C,Me), ], colourless K,[Cu(C,H),], and colourless K,[Zn(C,H),]. 

11.3.3 Other hydrides of nitrogen 

Nitrogen forms at least seven binary compounds with hydrogen: ammonia (p. 481), 

hydrazine N,H,, hydrogen azide HN;, ammonium azide NH,N, (i.e. N,H,), hy- 

drazinium azide N,H.N; (ie. N;H;), and the unstable diazene (diimide) N,H, and 

tetrazene (H,N—N=N—NH,, i.e. N4H,).f Ammonium hydride (NH), is unknown. 

Hydroxylamine, NH,(OH), is closely related in structure and properties to both 

ammonia, NH,(H), and hydrazine, NH,(NH,). and it will be convenient to discuss this 

compound in the present section also. 

H ydrazine 

Anhydrous N,H, is a fuming, colourless, liquid with a faint ammoniacal odour first 

detectable at a concentration of 70-80 ppm. Many of its physical properties (Table 11.3) 

+ These last 2 hydrides have only recently been characterized (see Ann. Rept. 73A, 146-47, 1976 for refs.). NJH, 
is an extremely unstable yellow solid at — 196° and was obtained as the trans-isomer HN—=NH by thermal 

decomposition of substituted alkali metal hydrazides, e.g. H,NN(Ar)Li. The cis-isomer has not been 

characterized but the labile isodiazene H,N—N(singlet) has been made.°?” Tetrazene is more stable, 
decomposing only above 0° either by disproportionation to N, and N,H, (75%) or by isomerization to 
ammonium azide (15%); it was made by the following low-temperature reaction sequence: 

(Me3Si),.N-N=N-N(SiMes;). 

32, R. Nast and coworkers; for summary of results and detailed refs., see pp. 568-71 of ref. 29. 

328 N). WIBERG, G. FISCHER, and H. BACHHUBER, Diazene and other dinitrogen hydrides: heats of formation, 

dissociation energies, appearance potentials, and proton affinities, Z. Naturforsch. 34b, 1385-90 (1979) and 

references therein. 
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TABLE 11.3 Some physical and thermochemical properties of hydrazine 

MP/°C 2.0 Dielectric constant ¢ (25°) Such, 

BP/°C 113.5 « (25°)/ohm~! cm~! ~2.5x 10° 
Density/(solid at —5°)/g cm~? 1.146 AEE ee) Km] a 148.635 
Density (liquid at 25°)/g cm~ > 1.00 AH? (25°)/kJ mol=! 50.6 
n (25°)/centipoise™ 0.9 AG? (25°)/kJ mol”? 149.2 

Refractive index nj> 1.470 So: (25°)/3 Ke molen EX 

ECE 2 ‘) 1 centipoise= 107° > kg m 

are remarkably similar to those of water (p. 730); comparisons with NH; (p. 485) H,O, (p. 

742) are also instructive, and the influence of H bonding is apparent. In the gas phase 4 

conformational isomers are conceivable (Fig. 11.4) but the large dipole (1.85 D) clearly 

eliminates the staggered trans-conformation and electron diffraction data (and infrared) 

indicate the gauche-conformation with an angle of rotation of 90-95° from the eclipsed 

position. 

The most effective preparative routes to hydrazine are still based on the process 

introduced by F. Raschig in 1907: this involves the reaction of ammonia with an alkaline 

solution of sodium hypochlorite in the presence of gelatin or glue. The overall reaction can 

be written as 

2NH, + NaOCl 2suecusatkali NH + NaCl +H,O (1) 

but it proceeds in two main steps. First there is a rapid formation of chloramine which 

proceeds to completion even in the cold: 

NH,+0OCl- NH,Cl+OH~ (2) 

The chloramine then reacts further to produce NH, either by slow nucleophilic attack of 

NH, (3) and subsequent rapid neutralization (4), or by preliminary rapid formation of the 

chloramide ion (5) followed by slow nucleophilic attack of NH; (6): 

NH,Cl+NH;—*“ > N3H,* +Cl7 (3) 

N,H,* +OH~ —“ > N,H,+H,O (4) 

NH,Cl+ OH= =", NHCI- +H,O (5) 

NHCI- +NH, —">N,H,+Cl- (6) 

In addition there is a further rapid but undesirable reaction with chloramine which 
destroys the N,H, produced: 

N,H,+2NH,Cl 
fast 

2NH,CI+N, (7) 

This reaction is catalysed by traces of heavy metal ions such as Cu" and the purpose of the 

gelatin is to suppress reaction (7) by sequestering the metal ions; it is probable that gelatin 

also assists the hydrazine-forming reactions between ammonia and chloramine in a way 
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fic. 11.4 Possible conformations of N,H, with pyramidal N. Hydrazine adopts the gauche 
form with N-N 145 pm, H-N- H 108°, and the twist angle ~ 95° as illustrated schematically in the 

lower diagram. 

that is not fully understood. The industrial preparation and uses of N,H, are summarized 

in the Panel. 

At room temperature, pure N,H, and its aqueous solutions are kinetically stable with 

respect to decomposition despite the endothermic nature of the compound and its positive 
free energy of formation: 

N,,(g) +2H,(g) ———>NH, (1); AH? =50.6 kJ mol™! 
AG? = 149.2 kJ mol”? 

a - nets ay 118.5" 
te Pies see is hee 

33 L.A. RAPHAELIAN, Hydrazine and its derivatives, Kirk—Othmer Encyclopedia of Chemical Technology, 2nd 
edn., pp. 164-96, 1966. 
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Hydrazine hydrate contains 64. om by ae of N,H, and is eqaently, eee to sie pure . 
- compound not only because it is cheaper but also because its much lower mp avoids problems of _ 

solidification. Anhydrous NH, can be obtained from concentrated aqueous solutions by — 
distillation in the presence of dehydrating agents such as solid NaOH or KOH. Alternatively, _ 
hydrazine sulfate can be precipitated from dilute aqueous solutions ee dilute H ee and the, 
precipitate treated with liquid NH; to liberate the hydrazine: . . 

NoHa(aq)+ H 2SO,(aq) ee > NaH80. ra Noe - (NH,):S0. ‘ 

Production figures are hard to one partly because of the extensive use of anhydrous NH 
and its methyl derivatives as rocket fuels, but it seems likely that amounts in excess of 

10 000 tonnes are produced annually in the USA and some 2000 tonnes annually in each ofthe - 
UK, the FRG, and Japan. 

The major use (non- commercial) of NH, ond its “methyl derivatives MeNHNH, ‘and 
Me,NNH, is as a rocket fuel in guided missiles, space shuttles, lunar missions, etc. For example _ 
the Apollo lunar modules were decelerated on landing and powered on blast-off for the return 
journey by the oxidation of a 1:1 mixture of Me NHNH, and Me,NNH, with liquid N,O,;the 
landing required some 3 tonnes of fuel and 4.5 tonnes of oxidizer, and the relaunching about one- _ 
third of this amount. Other oxidants used are O,, H,O,, HNO, or even F,. 

The major commercial applications (USA) are as blowing agents (~10%), agricultural — 
chemicals (~ 5°), medicinals (~ 2h) and—increasingly—in boiler water treatment. In other _ 
countries, particularly those with more modest missile and space programmes, these usesconsume 
a much greater proportion of the hydrazine produced. 

Aqueous solutions of NH, are versatile and attractive reducing « agents. They have long been 
used to prepare silver (and copper) mirrors, to precipitate many elements (such as the platinum _ 
metals) from solutions of their compounds, and in other analytical applications. A major 
application is now in the treatment of high-pressure boiler water: this was first introduced in _ 

- Germany about 1945 and in the USA in 1951. Most power stations and other large steam-boiler _ 
installations now use N,H, rather thay we previously favoured Na50 3 po of the es di 
advantages: oF | / 

(a) NH, is completely miscible a HO and reacts with dissolved O, to give merely N, and 

2V: . 

(b) NH, does not increase the dissolved soe: (cf Na,SO;) since N,H, itself and a4 its 
reaction and decomposition products are volatile. 

(c) These products are either alkaline (like N,H,) or neutral, but never acidic. 
(d) N,H, is also a corrosion inhibitor (by reducing Fe,O, to hard, coherent Fe,O,) and it is 

therefore useful for stand-by and idle boilers. 

As N,H, and O, have the same molecular weight, lkg N,H, will remove | ce dissolved O, (ct 
8 kg Na,SO,); the usual concentration of O, in boiler feed water is ~0.01 ppm so that, even — 
allowing for a twofold excess, 1 kg N,H, is sufficient to treat 50 000 tonnes of feed water pay 
~4 days’ supply at the rate of 500 tonnes per hour). © 
Hydrazine and its derivatives find considerable use in the synthesis of biologically active 

materials, dyestuff intermediates, and other organic derivatives. Thus isonicotinic hydrazine 
(C;sHaNCONHNH, )is an antituberculin drug, maleic hydrazide (NHCOCH==CHCONH) and — 
B-hydroxyethyihydrazine (HOCH,CH,NHNH,) are plant growth regulators, 1,4-diphenyl- 
semicarbazide (PhNHCONHNHPh) is an insecticide, and other derivatives are algaecides and 
fungicides. Reactions of aldehydes to form hydrazides (RCH==NNH,) and _azines 
(RCH=NN=CHR) are well known in organic chemistry, as is the use of ee © bes is 
derivatives in the synthesis of heterocycle compounds. oS 

When ignited, N,H, burns rapidly and completely in air with considerable evolution of 
heat (see Panel): 

NH, (1) + O,(g) ——N,,(g)+2H,O; AH=—621.5kJ mol-! 

In solution, N,H, is oxidized by a wide variety of oxidizing agents (including O,) and it 
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finds use as a versatile reducing agent because of the variety of reactions it can undergo. 

Thus the thermodynamic reducing strength of N,H, depends on whether it undergoes a 1-, 

2-, or 4-electron oxidation and whether this is in acid or alkaline solution. Typical 

examples in acid solution are as follows:t 

1-electron change (e.g. using Fe", Ce!’, or MnO," ): 
NHL FING TE +e = NSH.) Ro 074 V 

2-electron change (e.g. using H,O, or HNO,): 

4NH,* +4HN;+3H*+2e =N,H,*; E°=+0.11V 

4-electron change (e.g. using IO,” or I,): 

No +5SH" +4e; =N,H.*; . E°=—0.23 V 
For basic solutions the corresponding reduction potentials are: 

NH,+4N,+H,O+e7 =N,H,+0O8H ; E°= =P V 

4NH,+4N, +3H,O0+2e =N,H,+30H~; E°=—0.92V 
N,+4H,0+4e =N,H,+40H ; E°=—1.16V 

In the 4-electron oxidation of acidified N,H, to N;, it has been shown by the use of N,H, 

isotopically enriched in '*N that both the N atoms of each molecule of N, originated in 

the same molecule of N,H4,. This reaction is also the basis for the most commonly used 

method for the analytical determination of NH, in dilute aqueous solution: 

H,0/CCly 
N,H,+KIO,+2HC] N,+KCI+ICI+3H,0O 

The IO, is first reduced to I, which is subsequently oxidized to ICI by additional IO," ; 

the end-point is detected by the complete discharge of the iodine colour from the CCl, 

phase. " 

As expected NH, in aqueous solutions is somewhat weaker as a base than ammonia 

(p. 485): 

N,H;*(aq)+H,O=N,H,?*+OH™; K,5.=89x10°'° 

The hydrate N,H,.H,O is an H-bonded molecular adduct and is not ionically 

dissociated. Two series of salts are known, e.g. N,H;Cl and N,H,Cl,. (It will be noticed 

that N,H,?* is isoelectronic with ethane.) H bonding frequently influences the crystal 
structure and this is particularly noticeable in N,H,F, which features a layer lattice 

similar to CdI, though the structure is more open and the fluoride ions are not close- 

packed.°*) Sulfuric acid forms three salts, NJH,.nH,SO, (n=4, 1, 2), ie. [NjH5],SOu, 

[N,H,]SO,, and [N,H.] [HSO,]). 
Hydrazido(2 — )-complexes of Mo and W have been prepared by protonating dinitro- 

gen complexes with concentrated solutions of HX and by ligand exchange.°**) For 

+ See p. 498 for discussion of standard electrode potentials and their use. It is conventional to write the half- 
reactions as (oxidized form)+ne~ =(reduced form). Since AG= —nE°F at unit activities, it follows that the 
reactions will occur spontaneously in the reverse direction to that written when E° is negative, i.e. hydrazine is 

oxidized by the reagents listed. 

34 Ref. 21, pp. 309-10, 645. 
34a J Cuatt, A. J. PEARMAN, and R. L. RicHarps, Hydrazido(2 —)-complexes of molybdenum and tungsten 

formed from dinitrogen complexes by protonation and ligand exchange, JCS Dalton 1978, 1766-76. 
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example several dozen complexes of general formulae [MX,(NNH,)L3] and 

trans-[MX(NNH,)L,4] have been characterized for M=Mo; X=halogen; L=phos- 

phine or heterocyclic-N donor. Similarly, cis-[W(N2).(PMe,Ph),] afforded trans- 

[WF(NNH,)(PMe, Ph), ][BF,] when treated with HF/MeOH in a borosilicate glass 

vessel. Side-on coordination of a phenylhydrazido(1 — ) ligand has also been established in 

compounds such as the dark-red [W(n°-C;H5)2(y?-H,NNPh)][BF,];°*” these are 
synthesized by the ready isomerization of the first-formed yellow n'-arylhydrazido(2 — ) 

tungsten hydride complex above — 20° (X=BFy, PF,): 

H 
[ [(n8-C.H ), WH, ] Arene diazonium X [ ans C.H.),W wi ee 

~CsHs).WHa] | spconjmepn (20m? LCs Hs )a 
ae NNNGDR 0° 

Yellow Nth 

[ (-CsHeaWC | |x 
NR 

Dark red 

In these reactions R = Ph, p-MeOC, Hy, p-MeC, Hg, or p-FC,H,. Further bonding modes 

are as an isodiazene (ic. M«-N=NMe, rather than M—N—NMe,)°*” and as a 
bridging diimido group (M=N—N=M).°*® 

Hydroxylamine 

Anhydrous NH,OH is a colourless, thermally unstable hygroscopic compound which 

is usually handled as an aqueous solution or in the form of one of its salts. The pure 

compound (mp 32.05°C, d 1.204 g cm™? at 33°C) has a very high dielectric constant 

(77.63—77.85) and a vapour pressure of 10 mmHg at 47.2°. It can be regarded as water in 

which 1 H has been replaced by the more electronegative NH, group or as NH; in which 1 

H has been replaced by OH. Aqueous solutions are less basic than either ammonia or 

hydrazine: 

NH,OH(aq)+H,O0=NH,OH*+OH  ; K35- 6.6 x 1072 

Hydroxylamine can be prepared by a variety of reactions involving the reduction of 

nitrites, nitric acid, or NO, or by the acid hydrolysis of nitroalkanes. In the conventional 

Raschig synthesis, an aqueous solution of NH,NO, is reduced with HSO,  /SO, at 0° to 

give the hydroxylamido-N,N-disulfate anion which is then hydrolysed stepwise to 

34 J. A. CARROLL, D. SuTTON, M. Cowie, and M. D. GAUTHIER, Side-on coordination of a phenylhydrazido 

ligand: synthesis and X-ray structure determination of [7°-C;H;),W(n?-H,NNPh)|[BF,], JCS Chem. Comm. 
1979, 1058-9. 

34¢ J. R. Ditworth, J. ZuBIETA, and J. R. HYDE, Preparation and crystal structure of [Mo,S,(NNMe,),]?_,a 
trinuclear sulfido-bridged molybdenum anicn with coordinated isodiazene ligands, J. Am. Chem. Soc. 104, 
365-7 (1982). 

344 M{, R. CHURCHILL and H. J. WASSERMAN, Crystal structure of [Ta(—CHCMe,)(CH,CMe,)(PMe;),]>(u- 
N,), a molecule with a dinitrogen ligand behaving as a diimido group ina Ta—=NN=Ta bridge, Inorg. Chem. 20, 
2899-904 (1981). 
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hydroxylammonium sulfate: 

NH,NO, + 2SO, + NH; + H,O>[NH,],[N(OH) (OSO;),] 
[NH,]*.[N(OH) (OSO,),]?~ + H,O>[NH,] [NH(OH) (OSO,)]+[NH4] [HSO,] 
2[NH.]*[NH(OH) (OSO,)]~ + 2H,0>[NH,(OH)],[SO,] + [NH,4].[S0,] 

Aqueous solutions of NH,OH can then be obtained by ion exchange, or the free 

compound can be prepared by ammonolysis with liquid NH,; insoluble ammonium 

sulfate is filtered off and the excess of NH removed under reduced pressure to leave solid 
NH,OH. 

Alternatively, hydroxylammonium salts can be made either (a) by the electrolytic 

reduction of aqueous nitric acid between amalgamated lead electrodes in the presence of 

H,SO,/HCI, or (b) by the hydrogenation of nitric oxide in acid solutions over a Pt/ 

charcoal catalyst: 

HCl(z) (a) HNO,(aq)+ 6H * (aq) —* > 2H,O0 + NH,OH +[NH3(OH)]C\(s) 

Pt/C 

(b) 2NO(g) + 3H,(g) + H,SO,(aq) ———>[NH;(OH)],SO, 

The vigorous hydrolysis of primary nitroalkanes by refluxing with strong mineral acids, 

though mechanistically obscure, is also commercially viable: 

2RCH,NO, + 2H,O0 =” 5 2RCO,H + [NH (OH)],SO, 

C,H,(g)+N,0,(g) O,NCH,CH,NO,—-*> CO, + CO+[NH,(OH)],SO, 

A convenient laboratory route involves the reduction of an aqueous solution of nitrous 

acid or potassium nitrite with bisulfite under carefully controlled conditions: The 

hydroxylamidodisulfate first formed, though stable in alkaline solution, rapidly hydrolyses 

to the monosulfate in acid solution and this can then subsequently by hydrolysed to the 

hydroxylammonium ion by treatment with aqueous HCl at 100° for 1 h: 

[N(OH)(OSO, 
Pdi ~+H,O 

fast 

[NH(OH)(OSO,)
]~ +[HSO,]7 

HNO, + 2HSO,~ 

100/1h 
> [NH(OH)(OSO,)]" +H3;0* [NH3(OH)]* +[HSO,]~ 

Anhydrous NH,OH can be prepared by treating a suspension of hydroxylammonium 

chloride in butanol with NaOBu: 

[NH,(OH)]Cl+NaOBu NH,OH + NaCl+ BuOH 

The NaCl is removed by filtration and the NH,OH precipitated by addition of Et,O and 

cooling. 
NH,OH can exist as 2 configurational isomers (cis and trans) and in numerous 

intermediate gauche conformations as shown in Fig. 11.5. In the crystalline form, H 

bonding appears to favour packing in the trans conformation. The N—O distance is 147 pm 
consistent with its formulation as a single bond. Above room temperature the compound 
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Fic 11.5 Configurations of NH,OH. 

decomposes (sometimes explosively) by internal oxidation-reduction reactions into a 

complex mixture of N,, NH3, N,O, and H,O. Aqueous solutions are much more stable, 

particularly acid solutions in which the compound is protonated, [NH3(OH)]*. Such 

solutions can act as oxidizing agents particularly when acidified but are more generally 

used as reducing agents, e.g. as antioxidants in photographic developers, stabilizers of 

monomers, and for reducing Cu" to Cu! in the dyeing of acrylic fibres. Comparisons with 

the redox chemistry of H,O,, and N,H, are also instructive (see, for example, pp. 272-3 of 

ref. 31). The ability of NH,OH to react with N,O, NO, and N,O, under suitable 
conditions (e.g. as the sulfate adsorbed on silica gel) makes it useful as an absorbent in 

combustion analysis. Another major use, which derives from its ability to form oximes 

with aldehydes and ketones, is in the manufacture of caprolactam, a key intermediate in 

the production of polyamide fibres such as nylon. 

The extensive chemistry of the hydroxylamides of sulfuric acid is discussed later in the 

context of other H-N-—O-S compounds (pp. 875-881). 

Hydrogen azide 

Aqueous solutions of HN. were first prepared in 1890 by T. Curtius who oxidized 

aqueous hydrazine with nitrous acid: 

N3Hy*-+sHNO, ———> HN, +H‘ +2H,0 

Other oxidizing agents that can be used include nitric acid, hydrogen peroxide, 

peroxydisulfate, chlorate, and the pervanadyl ion. The anhydrous compound is extremely 

explosive and even dilute solutions should be treated as potentially hazardous. Pure HN; 

is best prepared by careful addition of H,SO, to NaN;; it is a colourless liquid or gas (mp 

~ —80°, estimated bp 35.7°, d 1.126 g cm? at 0°). Its large positive enthalpy and free 

energy of formation emphasize its inherent instability: AH? (1, 298 K) 269.5, AG? (1, 298 K) 

327.2 kJ mol” ’. It has a repulsive, intensely irritating odour and is a deadly (though non- 

cumulative) poison; even at concentrations less than 1 ppm in air it can be dangerous. In 

the gas phase the 3 N atoms are colinear, as expected for a 16 valence-electron species, and 

the angle HNN is 112°; the two N—N distances are appreciably different, HN-N, being 

124 pm and HN,—N 113 pm. Similar differences are found for organic azides (e.g. MeN,). 

In ionic azides (p. 479) the N3 ion is both linear and symmetrical (both N-N distances 

being 116 pm) as befits a 16-electron species isoelectronic with CO, (cf. also the 
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cyanamide ion NCN? , the cyanate ion NCO ~, the fulminate ion CNO™, and the 

nitronium ion NO,*). 
Aqueous solutions of HN; are about as strongly acidic as acetic acid: 

HN;(aq)=H*(aq)+N, (aq); K, 18x 107°, pK, 4.77 at 298 K 

Numerous metal azides have been characterized (p. 479) and covalent derivatives of non- 

metals are also readily preparable by simple metathesis using either NaN, or aqueous 

solutions of HN3.°° °° In these compounds the N, group behaves as a pseudohalogen (p. 
336) and, indeed, the unstable compounds FN3, CIN;, BrN3, IN3, and NCN,j are known, 

though potential allotropes of nitrogen such as N;—N, (analogous to Cl,) and N(N;); 

(analogous to NCI,) have not been isolated. More complex heterocyclic compounds are, 

however, well established, e.g. cyanuric azide {-NC(N),-'3, B,B,B-triazidoborazine 

{-NB(N;3)-}3, and even the azidophosphazene derivative {-NP(N3),—}3. 
Most preparative routes to HN; and its derivatives involve the use of NaN; since this is 

reasonably stable and commercially available. NaN, can be made by adding powdered 

NaNO, to fused NaNH, at 175° or by passing N,O into the same molten amide at 190°: 

NaNO, + 3NaNH,——> NaN;+3Na0H+ NH, 

N,O+2NaNH,——> NaN; + NaOH + NH, 

The latter reaction is carried out on an industrial scale using liquid NH, as solvent; a 

variant uses Na/NH, without isolation of the NaNH,: 

3N,0+4Na+NH,——> NaN, +3NaOH +2N, 

The major use of inorganic azides depends on the explosive nature of heavy metal azides. 

Pb(N;), in particular is extensively used in detonators because of its reliability, especially 

in damp conditions; it is prepared by metathesis between Pb(NO,), and NaN; in aqueous 

solution. 

11.3.4 Thermodynamic relations between N-containing species 

The ability of N to exist in its compounds in at least 10 different oxidation states from 

—3to +5 poses certain thermodynamic and mechanistic problems that invite systematic 

treatment. Thus, in several compounds N exists in more than one oxidation state, e.g. 

[N-™H,]*(N0,]~, [N- Ha] *[N’O,]-, [N, "Hs]*[N"O3]°,[N-™H,]*[N “431°, 
etc. Furthermore, we have seen (p. 485) that, under appropriate conditions, NH; can be 

oxidized by O, to yield N,, NO, or NO,, whereas oxidation by OCI yields N,H, (p. 490). 

Likewise, using appropriate reagents, N,H, can be oxidized either to N, or to HN; (in 

which the “average” oxidation number of N is —4). The thermodynamic relations 

between these various hydrido and oxo species containing N can be elegantly codified by 

means of their standard reduction potentials, and these can be displayed pictorially using 

the concept of the “volt equivalent” of each species (see Panel). 

The standard reduction potentials in acidic aqueous solution are given in Table 11.4; 

these are shown diagrammatically in Fig. 11.6 which also includes the corresponding data 

35 Ref. 31, pp. 276-93. 
36 A.D. Yorre, The inorganic azides, Chap. 2 in C. B. COLBURN (ed.), Developments in Inorganic Nitrogen 

Chemistry, Vol. 1, pp. 72-149, Elsevier, Amsterdam, 1966. 
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Standard Reduction Potentials and Volt Equivalents 

Chemical reactions can often formally be expressed as the sum of two or more “half-reactions” 
__ in which electrons are transferred from one chemical species to another. Conventionally these are 
now almost always represented as equilibria in which the forward reaction is a reduction (addition 
_of electrons): 

(oxidized form)+ne ~ =(reduced form) 

__ The electrochemical reduction potential (E volts) of such an equilibrium is given by 

/ 23026RT ‘red 

nF a (Ox) 
‘i. 

__ where E° is the “standard reduction potential” at unit activity a, R is the gas constant (8. 3144 J 
-mol~! K~!), Tis the absolute temperature, F is the Faraday constant (96 485 C mol~'), and — 

_ 2.3026 is the constant In,10 required to convert from natural to decadic logarithms. At 298.15 K 
(25°C) the factor 2. 3026R T/F has the value 0.059 16 V and, replacing activities p concentrations, — 

one obtains ihe approximate Croke 

c a. 0.059 16 __ ued 
EXE log 2 . ° Tox] ©) 

By convention, E for r the half-reaction G) is taken as zero, ie. E°(H */$H,)=—0.0 V: 

ae (aq, a = Ite = 3H, (g, 1 atm) (3) 

at AG = —nEF, it follows that the standard free energy change for the half _ 
—nEF,eg.: 

Feo*aghte oe E’(Fe?" /Fe*")— 0.771 V (4) 
AG?—=—744 ki mol * _ 

‘Cougine the tains 6) and (4) gives he reaction (5) {ie. (4)—(3)} which, because AG is 
negative, eae spontaneously from: left to right as written: 

(2q)+HHa(@)=Fe* (aq) +H* (ag); B =0.771 S 
: AG? = —74.4 kJ mol ' 7 

‘reaction is AG? 

: de Dy (Zn? *foa)=—0768 v, hence reaction (6) occurs spontaneously in the reverse 
sy direction: L a 

2 
Za (4) + Hel) =Za) +28 (9) E°= —0.763 V; 

S AG + 147.5 kJ mol * (note the factor of 2 forn) ©). 

n summary, at pH 0: a reaction is spontaneous from left to right if E°>0 and spontaneous i in the : 
__ reverse direction of E° <0, At other H-ion concentrations eqn. (2) indicates that the potential of 
the H Perinede (3) will be | 

{P,, atm}? 

((H* @q)]/mol Ph 

and, in coi the potential of any half-reaction changes with the concentration of the species _ 
nvolved ane to the Nernst. equation (7): 

‘E= ~0.059 16 log 

0.059 16 eS 
Ce eee a (7) 

where Q has the same form as the equilibrium constant but is a function of the actual activities of 
___ the reactants and products rather than those of the equilibrium state. Note also that the potential 
is independent of the coefficients of the half-reaction whereas the free enerey is directly . 

proportional to these, le . 

ite = Fo = 0.536 V: AG® = —51.5kJ mol”! 
1,4 2e 21°; E =0536 V; AG =— 1030ki moi™ 

Continued 
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It is yee to roneuber that, when half-reactions are added or subtracted, one should not add or 

_ subtract the corresponding E° values but rather nE°. (We shall return to this point later.) 
Lists of standard reduction potentials are given in many books?) and are extensively uated 
_ throughout this text. Almost all lists now use the IUPAC sign conventions employed above, 

_ though some earlier American books (including, unfortunately, the classic early text on the — 
~ subject'?®) use the opposite sign convention. When standard reduction potentials are listed in _ 

ence from the most negative to the most positive the strongest reducing agents are at the top 
of the list and a reducing agent should, in principle, be capable of reducing all oxidizing agents _ 

_ lying below it in the table. Conversely, the oxidizing agents are listed in order of increasing — 
strength and a given oxidizing agent should be able to oxidize all reducing agents lying above it in 

_ the table. Such lists are an extremely compact way of summarizing a great deal of predictive - 
_ information. For example a list of 100 independent reduction potentials enables the free energy 
change for 100 x 99/2 =4950 reactions to be calculated and indicates the direction in which a 
__ hypothetical reaction would occur under appropriate conditions (which might involve the useofa 

_ catalyst . 
en an element can exist in several oxidation states it is sometimes convenient to display the _ 

various reduction potentials diagramatically, the corresponding half-reactions under standard : 
conditions being implied. Thus, in acidic aqueous solutions : : 

ay 

_ Note that the ae of E°(Fe>* Fee 6 04 V is equivalent to 10 x —0.44)+0. T/3. Beare 
the quantity nE° is used in these calculations (rather than E*) it is convenient to define the “volt 

equivalent” of a species; the volt equivalent of a compound or ion is the reduction potential of the 
__ species relative to the element in its standard state multiplied by the oxidation state of the element 

_ in the compound (including its sign). The oxidation state is the number of electrons that must be _ 
added to an atom of an element to regain electroneutrality when all other atoms in the compound 
(ion) have been removed as their “normal” ions. For example the oxidation state of Feis +6in 
FeO,?7: pee ee - 

FeO,2~ oe Fe°* hes Fe 

It follows that. in ake above example, the 1k equivalents of Fe? * and Fe?* are —0.88 and 6 LL 
respectively and that of FeO,?~ is +5.49 fie. (2x —0.44)+0.77+(3 Xa This leads to 

_ E(FeO, /re)= +091 V. 
_. The power of these various concepts in codifying and rationalizing the redox chenactly of the 
elements is illustrated for the case of nitrogen in the present section. Standard reduction potentials 
and plots of volt equivalents against oxidation state for other elements are dha in aoe 

chapters. a 

for alkaline solutions. The reduction potentials are readily converted to volt equivalents 

(by multiplying by the appropriate oxidation state) and these are plotted against 
_ oxidation state in Fig. 11.7. This latter diagram is particularly valuable in giving a visual 

representation of the redox chemistry of the element. Thus, it follows from the definition of 

“volt equivalent” that the reduction potential of any couple is the slope of the line joining 

37 G. CHARLOT, A. COLLUMEAU, and M. J.C. MarCHON, Selected Constants: Oxidation—Reduction Potentials 
of Inorganic Substances in Aqueous Solution, Butterworths, London, 1971, 73 pp. G. MILazzo and S. CaROLI, 
Tables of Standard Electrode Potentials, Wiley, New York, 1978, 421 pp. 

38 W. M. LaTIMeR, The Oxidation States of the Elements and their Potentials in Aqueous Solutions, 2nd edn., 

Prentice-Hall, New York, 1952, 392 pp. 
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TaBLe 11.4 Standard reduction potentials for nitrogen species in acidic 
aqueous solution (pH 0, 25°C) 

Couple E°/V Corresponding half-reaction 

N,/HN; — 3.09 3N,+H*(aq)+e —HN;(aq) 
N,/N.H;* —0,23 N,+5H*+4e >N,H,* 
H,N,0,/NH,OH* + 0.387 H,N,0,+6H* +4e —>2NH,0OH* 
HN, /NH,* +0.695 HN,+11H*+8e —3NH,* 
NO/H,N,0, +0.712 2NO+2H* +2e >H,N,0, 
NO, /N,O, +0.803 2NO, +4H*+2e -N,0,+2H,O 
HNO, /H,N,0, + 0.86 2HNO,+4H* +4e° >H,N,0,+2H,O 
NO, /HNO, +0.94 NO, +3H* +2e >~HNO,+H,O 
NO, /NO +0.957 NO, +4H* +3e >NO+2H,0O 
HNO,/NO +0.983 HNO,+H*+e ~NO+H,0 
N,0,/NO + 1.035 N,O,+4H+t +4e° ~2NO+2H,0 
N,O,/HNO, + 1.065 N,0,+2H* +2e° >~2HNO, 
NSH; o/ Ne + 1.275 N,H,* +3H* +2e >2NH,* 
HNO,/N,O + 1.29 2HNO,+4H* +4e —N,0+3H,0 
NH,;OH*/NH,* + 1.35 NH,OH* +2H* +2e >NH,* +H,O 
NH,;OH*/N,H,* +1.42 2NH,OH* +H* +2e >N,H,;* +2H,O 
HN,/NH,* + 1.96 HN,+3H* +2e >NH,* +N; 
H,N,0O,/N, +2.65 H,N,O,+2H* +2e >N,+2H,0 

@) All the half-reactions listed in this table have only (Ox), H*, and e on the 
left-hand side of the half-reaction. Others, such as N>/NH3,O0H* —1.87 (ie. 
N,+2H,0+4H* +2e —2NH;OH*) can readily be calculated by appropriate com- 
binations (in this case, for example, N,/N,H;* -NH3,OH*/N,H;”). There are also 
simple electron addition reactions, e.g. NO*/NO, E°+1.46 V (ie. NO* +e —NO) 

and more complex electron additions, eg. NO; ,NO/NO, , E°+049V (ie. 
NO, +NO+e -—2NO, ), etc. 

the two points: the greater the positive slope the stronger the oxidizing potential and the 

greater the negative slope the stronger the reducing power. Any pair of points can be 

joined. For example in acid solution NH, is a stronger reducing agent than H, (slope of 

tie-line —0.23 V) and NH,OH is even stronger (slope — 1.87 V). By contrast, the couple 

N,O/NH,;OH* has virtually the same reducing power as H, (slope —0.05 V). 

It also follows that, when three (or more) oxidation states lie approximately on a 

straight line in the volt-equivalent diagram, they tend to form an equilibrium mixture 

rather than a reaction going to.completion (provided that the attainment of thermo- 

dynamic equilibrium is not hindered kinetically). This is because the slopes joining the 

several points are almost the same, so that E° for the various couples (and hence AG°) are 
the same; there is consequently approximately zero change in free energy and a balanced 

equilibrium is maintained between the several species. Indeed, the volt-equivalent 

diagram is essentially a plot of free energy versus oxidation state (as indicated by the right- 
hand ordinate of Fig. 11.7). 

Two further points follow from these general considerations: 

(a) a compound will tend to disproportionate into a higher and a lower oxidation state if 

it lies above the line joining the 2 compounds in these oxidation states, i.e. 

disproportionation is accompanied by a decrease in free energy and will tend to occur 

spontaneously if not kinetically hindered. Examples are the disproportionation of 
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Fic. 11.6 Oxidation states of nitrogen showing standard reduction potentials in volts: (a) in acid 
solution at pH 0, and (b) in basic solution at pH 14. 

hydroxylamine in acidic solutions (slow) and alkaline solutions (fast): 

4NH,OH* ——> N,0+2NH,* +3H,0+2H* 
3NH,OH ReneS N, ae NH, ar 3H,O 

(b) Conversely, a compound can be formed by conproportionation of compounds in 

which the element has a higher and lower oxidation state if it lies below the line joining 

these two states. A particularly important example is the synthesis of HN;! by reacting 

-Nz"H,* and HN*"O,j (p. 496). It will be noted that the reduction potential of HN; 
(—3.09 V) is more negative than that of any other reducing agent in acidic aqueous 

solution so it is thermodynamically impossible to synthesize HN; by reduction of N, or 

any of its compounds in such media unless the reducing agent itself contains N (as does 

hydrazine). 

In basic solutions a different set of redox equilibria obtain and a different set of 

reduction potentials must be used, as shown on the following page. 
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Fic, 11.7 Plot of volt equivalent against oxidation state for various compounds or ions 
containing N in acidic aqueous solution. Note that values of — AG refer to N, as standard (zero) 
but are quoted per mol of N atoms and per mol of N,; they refer to reactions in the direction 
(ox)+ne~ (red). Slopes corresponding to some common oxidizing and reducing agents are 

included for comparison. 

For example: 

E°/V 
N,+4H,O0+2e7 =2NH,OH +20H~ —3.04 
N, +4H,O+4e- =N,H, + 40H ~ 1.16 
N,0+5H,0+4e~ =2NH,OH + 40H — 1.05 
N,O,2~ +6H,0+4e~ =2NH,OH + 60H O75 
NO, +H,0+2e> =NO,~ +20H™ +0.01 
N,H,+4H,0+2e7 =2NH,* +40H- +0.11 
2NH,OH + 2e~ =N,H,+20H7 +0.73 

A more complete compilation is summarized in Fig. 11.6. It is instructive to use these data 

to derive a plot of volt equivalent versus oxidation state in basic solution and to compare 
this with Fig. 11.7 which refers to acidic solutions. 
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11.3.5 Nitrogen halides and related compounds?" 

__ Itis acurious paradox that NF;, the most stable binary halide of N, was not prepared 

until 1928, more than 115 y after the highly unstable NCI, was prepared in 1811 by P. L. 

Dulong (who lost three fingers and an eye studying its properties). Pure NBr, explodes 

even at — 100° and was not isolated until 1975) and NI, has not been prepared, though 

the explosive adduct NI,.NH; was first made by B. Courtois in 1813 and several other 

ammines are known. In all, there are now 5 binary fluorides of nitrogen (NF3, NF 4, cis- 

and trans-N,F,, and NF) and these, together with various mixed halides, hydride 

halides, and oxohalides are discussed in this section. 

NF; was first prepared by Otto Ruff’s group in Germany by the electrolysis of molten 

NH,F/HF and this process is still used commercially. An alternative is the controlled 

fluorination of NH, over a Cu metal catalyst. 

Cu 4NH,+3F; NF,+3NH,F 

NF; is a colourless, odourless, thermodynamically stable, gas (mp —206.8°, bp — 129.0° 

AG$og3 —83.3 kJ mol” '). The molecule is pyramidal with an F-N-F angle of 102.5°, but 

the dipole moment (0.234 D) is only one-sixth of that of NH; (1.47 D) presumably because 
the N-F bond-moments act in the opposite direction to that of the lone-pair moment: 

The gas is remarkably unreactive (like CF,) being unaffected by water or dilute aqueous 

acid or alkali; at elevated temperatures it acts as a fluorinating agent and with Cu, As, Sb, 

or Bi in a flow reactor it yields N,F,4 (2NF3+2Cu->N,F,+2CuF). As perhaps expected 

(p. 223) NF; shows little tendency to act as a ligand, though NF,” is known®**) and also 
the surprisingly stable isoelectronic species ONF; (mp — 160°, bp —87.6°): 

200°/100 atm 
NF,+2F,+SbF3 ENF] £SbFe)5 

electric discharge/ 
2NF; =F O, Tt Sangeet 2ONF, 

3FNO + 2IrF, —2° > ONF;+2[NO]*[IrF,]~ 

39 J. LANDER, J. KNACKMuSS, and K.-U. THIEDEMANN, Preparation and isolation of NBr,; and NBr,I, 
Z. Naturforsch. B30, 464-5 (1975). 

398K O. Curiste, C. H. ScHAcK, and R. D. WILSON, Synthesis and characterization of (NF,4),SnF, and 

(NF,)SnF;, Jnorg. Chem. 16, 849-54 (1977), and references therein. See also K. O. CHRISTE, R. D. WILSON, and 
I. R. GOLDBERG, Formation and decomposition mechanism of NF," salts, Jnorg. Chem. 18, 2572-7 (1979). 
K. O. Curiste, R. D. WiLson, and C. J. ScHAckK, Synthesis and properties of NF,*SO,F~, Jnorg. Chem. 19, 

3046-9 (1980). 



504 Nitrogen Ch. 11 

ONF; was discovered independently by two groups in 1966. Although isoelectronic with 

BF, , CF,, and NF,* it has excited interest because of the short N—O distance 

(115.8 pm), which implies some multiple bonding, and the correspondingly long N-F 

distances (143.1 pm). Similar partial double bonding to O and highly polar bonds to F 

have also been postulated for the analogous ion [OCF,]~ in Cs[OCF;].°°” 
Dinitrogen tetrafluoride, N,F,, is the fluorine analogue of hydrazine and apparently 

exists in both the staggered (trans) C,, and gauche C, conformations (p. 491). It was 

discovered in 1957 and is now made either by partial defluorination of NF, (see above) or 

by quantitative oxidation of NF,H with alkaline hypochlorite: 

F,/N3 conc H,SO4 NaOCl (pH 12) , 

; 2N2F4 
(70% yield) 

eens tS, 2 = 

(100% yield) (100% yield) 
(NH,),CO(aq) NH,CONF, 

N,F, is a colourless reactive gas (mp — 164.5°, bp — 73°, AG39g +81.2 kJ mol” *) which 

acts as a strong fluorinating agent towards many substances, e.g.: 

SiH, +N,F, —2>—> SiF, +N, +2H, 

1OLU2N, Fy AUF OLN 

S44 NGF ee See SEINE .-e. © 

It forms adducts with strong fluoride-ion acceptors such as AsF,, which can be formulated 

as salts, e.g. [N,F3;]*[AsF.]~. However, its most intriguing property is an ability to 

dissociate at room temperature and above to give the free radical NF ,. Thus, when N,F 4 

is frozen out from the warm gas at relatively low pressures the solid is dark blue whereas 

when it is frozen out from the cold gas at moderate pressures it is colourless. At 150°C the 

equilibrium constant for the dissociation N,F,—=2NF, is K =0.03 atm and the enthalpy 

of dissociation is 83.2 kJ mol ’.4° Such a dissociation, which interprets much of the 
reaction chemistry of N,F,,“") is reminiscent of the behaviour of N,O, (p. 522) but is 
unparalleled in the chemistry of N,H,: 

RsCFENF.2)CF.NF, 

3° K. O. Curiste, E. C. Curtis, and C. J. SCHACK, The CF,O~ anion: vibrational spectrum of an unusual 
CEs compound, Spectrochim. Acta 31A, 1035-8 (1975). 

*° F. H. JOHNSON and C. B. CoLBurN, The tetrafluorohydrazine—difluoroamino radical equilibrium, J. Am. 
Chem. Soc. 83, 3043-7 (1961). 

41 C. L. BAUMGARDNER and E. L. LawTon, Photofluoroamination and atomic fluorine reactions, Acc. Chem. 
Res. 7, 14-20 (1974). 
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Dinitrogen difluoride, N,F, was first identified in 1952 as a thermal decomposition 

product of the azide N3F and it also occurs in small yield during the electrolysis of 

NH,F/HF (p. 503), and in the reactions of NF; with Hg or with NF; in a Cu reactor (p. 

503). Fluorination of NaN; gives good yields on a small scale but the compound is best 
prepared by the following reaction sequence: 

KF +NF,H —" > KF. NF,H ONE, +KHF, 

All these methods give mixtures of the cis- and trans-isomers; these are thermally 

interconvertible but can be separated by low-temperature fractionation. The trans- form is 

thermodynamically more unstable than the cis- form but it can be stored in glass vessels 

whereas the cis- form reacts completely within 2 weeks to give SiF, and N,O. Trans-N,F, 

can be prepared free of the cis- form by the low-temperature reaction of N,F, with AICI, 
or MCL, (M=Mno, Fe, Co, Ni, Sn); thermal isomerization of trans-N,F, at 70-100° 

yields an equilibrium mixture containing ~90% cis-N,F, (AH, 12.5 kJ mol‘). Pure 

cis-N,F, can be obtained by selective complexation with AsF.,; only the cis- form reacts at 

room temperature to give [N,F]*[AsF,]~ and this, when treated with NaF/HF, yields 

pure cis-N,F,. Some characteristic properties are listed below. 

Isomer MP/°C. BP/°C AH? /kJ mol~} L/Debye 

cis-N>F, <—195 — 105.7 69.5 0.18 
trans-N,F, —172 —111.4 82.0 0.00 

Several mixed halides and hydrohalides of nitrogen are known but they tend to be 
unstable, difficult to isolate pure, and of little interest. Examples are!’ NCIF,, NCI,F, 

NBrF,, NF,H, NCI,H, and NCIH,. 
The well known compound NC], is a dense, volatile highly explosive liquid (mp — 40°, 

bp +71°, d(20°) 1.65 g cm™?, uw 0.6 D) with physical properties which often closely 

resemble those of CCl, (p. 322). It is much less hazardous as a dilute gas and, indeed, is 
_used industrially on a large scale for the bleaching and sterilizing of flour; for this purpose 

it is prepared by electrolysing an acidic solution of NH,Cl at pH 4 and the product gas is 

swept out of the cell by means ofa flow of air for immediate use. NCI, is rapidly hydrolysed 

by moisture and in alkaline solution can be used to prepare ClO,: 

NCI,+3H,O NH,;+3HOCI (bleach, etc.) 

NCI, +3H,0+6NaClO, ———> 6ClO, + 3NaCl+ 3NaOH + NH; 

2NCI, + 6NaCIO, ———-> 6ClO,, + 6NaCl+N, 
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The elusive NBr, was finally prepared as a deep-red, very temperature-sensitive, 

volatile solid by the low-temperature bromination of bistrimethylsilylbromamine with 

BrCl: 
pentane/— 87° 

(Me3Si),NBr + 2BrCl ————> NBr3+2MeSiCl 

It reacts instantly with NH, in CH,Cl, solution at —87° to give the dark-violet solid 

NBrH,; under similar conditions I, yields the red-brown solid NBr,I. 

Pure NI, has not been isolated, but the structure of its well-known extremely shock- 

sensitive adduct with NH; has recently been elucidated—a feat of considerable technical 
virtuosity.) Unlike the volatile, soluble, molecular solid NCI, the involatile, insoluble 
compound [NI,.NH,], has a polymeric structure in which tetrahedral NI, units are 

corner-linked into infinite chains of -N-I—-N-I- (215 and 230 pm) as shown in Fig. 11.8. 

These in turn are linked into sheets by I-I interactions (336 pm) in the c-direction; in 

addition of one I of each NI, unit is also loosely attached to an NH, (253 pm) that projects 

into the space between the sheets of tetrahedra. The structure resembles that of the linked 

SiO, units in chain metasilicates (p. 403). A further interesting feature is the presence of 

linear or almost linear groupings N(1)-I(1’)-N(1’), N(1)-I(2)-N(2), and N(1)-1(3)-I(2, 

neighbouring chain) which suggest the presence of 3-centre, 4-electron bonds (p. 69) 

characteristic of polyhalides and xenon halides (pp. 983, 1053). 

Fic. 11.8 The polymeric structure of NI;. NH3 shown projected on the (001) plane. OtLo N, 
o H. Notes: (a) The chains of NI, tetrahedra involve I(1) (11'). (b) The chains are built into sheets 
(perpendicular to paper) by I(3)-I(2, neighbouring chain) contacts (336 pm) between chains lying 
above one another along the c-axis. (c) {NI,} are slightly distorted with N(I)-I(1) and N(1)-I(1’) 

230 pm, N(1)-I(2) and N(1)-I(3) ~215 pm. (d) The ammonia contact is I(2)-N(2) 253 pm. (e) 
Linear N-I-N groupings are N(1)-I(1'}-N(1’), N(1)}-I(2)-N(2), and N(1}-I(3}-N(2, neighbouring 
chain); of these, the first is symmetrical indicating that there is no difference between N-I contacts 

“within” and “between” tetrahedra. 

4? J. JANDER, Recent chemistry and structure investigation of NI 3, NBr3, NCI, and related compounds, Adv. 
Inorg. Chem. Radiochem. 19, \—-63 (1976). 
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Nitrogen forms two series of oxohalides—the nitrosyl halides XNO and the nitryl 

halides XNO,. There are also two halogen nitrates FONO, (bp — 46°) and ClIONO, (bp 

22.3°), but these do not contain N—X bonds and can be considered as highly reactive 

derivatives of nitric acid, from which they can be prepared by direct halogenation: 

HNO,+F,——> FONO, + HF 
HNO,+CIF —> CIONO, +HF 

The nitrosyl halides are reactive gases that feature bent molecules; they can be made by 

direct halogenation of NO with X,, though fluorination of NO with AgF, has also been 

used and CINO can be more conveniently made by passing N,O, over moist KCI: 

2NO +X, ——> 2XNO 
NO+AgF, ——> FNO+AgF 
N,0,+KCI—— CINO+KNO, 

Some physical properties are in Table 11.5. FNO is colourless, CINO orange-yellow and 

BrNO red. The compounds, though generally less reactive than the parent halogens, are 

TABLE 11.5 Some physical properties of XNO 

Property FNO CINO BrNO 

MP/°C — 132.5 — 59.6 — 56 
BP/°C — 59.9 —6.4 ~0 
AHP (298 K)/kJ mol” ! — 66.5 +51.7 +82.2 
AG? (298 K)/kJ mol~! —S1.1 + 66.0 +82.4 
Angle X-N-O 110° L133 y= 
Distance N-O/pm 113 114 115 
Distance N-X/pm 152 198 214 
p/D 1.81 0.42 + 

) BrNO dissociates reversibly into NO and Br, the extent of dissociation 
being ~7% at room temperature and 1 atm pressure. A similar reversible 
dissociation occurs with CINO at higher temperatures. 

nevertheless extremely vigorous reagents. Thus FNO fluorinates many metals 

(nFNO + M-MF,+nNO) and also reacts with many fluorides to form salt-like adducts 

such as NOAsF,, NOVF,, and NOBF,. CINO acts similarly and has been used as an 

ionizing solvent to prepare complexes such as NOAICI,, NOFeCl,, NOSbCl,, and 

(NO),SnCl,.4*) Aqueous solutions of XNO are particularly potent solvents for metals 
(like aqua regia, HNO,/HCl) since the HNO, formed initially, reacts to give HNO;;: 

XNO+H,O—>HNO,+HX; 3HNO,—~>HNO,+2NO+H,0 

Alkaline solutions contain a similar mixture: 

4XNO +3H,0—> HNO, +HNO, + 2NO + 4HX 
4XNO + 6NaOH ——>/NaNO, + NaNO, +2NO +4NaX + 3H,O 

43. V_ GUTMANN (ed.), in Halogen Chemistry, Vol. 2, p. 399, Academic Press, London, 1967; and V. GUTMANN, 
Coordination Chemistry in Nonaqueous Solutions, Springer-Verlag, New York, 1968. 

CTE-R 
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With alcohols, however, the reaction stops at the nitrite stage: 

XNO + ROH —~> RONO+ HX 

Nitryl fluoride and chloride, XNO,, like their nitrosyl analogues, are reactive gases; 

they feature planar molecules, analogous to the isoelectronic nitrate anion, NO, .Some 

physical properties are in Table 11.6. FNO, can be prepared by direct reaction of F, with 

TABLE 11.6 Some physical properties of X NO, 

Property Property 

MP/°C ~ 166 ~145 Angle X-N-O 118° 115° 
BP/°C 105 —~15.9 | Distance (N-O)/pm 123 120 
AH? (298 K)/kJ mol! ~80 +13 Distance (N-X)/pm 135 184 
AG? (298 K)/kJ mol! AID +544 | »/D 0.47 0.42 

NO, or NaNO, or by fluorination of NO, using CoF at 300°. CINO, can not be made by 

direct chlorination of NO, but is conveniently synthesized in high yield by reacting 

anhydrous nitric acid with chlorosulfuric acid at 0°C: 

Reactions of XNO, often parallel those of XNO; e.g. FNO, readily fluorinates many 

metals and reacts with the fluorides of non-metals to give nitryl “salts” such as NO,BF,, 

NO,PF.g, etc. Likewise, CINO, reacts with many chlorides in liquid Cl, to give complexes 

such as NO,SbCI,. Hydrolysis yields aqueous solutions of nitric and hydrochloric acids, 

whereas ammonolysis in liquid ammonia yields chloramine and ammonium nitrite: 

CINO, + H,0 ——> {HOCI+ HNO,}——> HNO, + HCl 
CINO, +2NH; ——> CINH, + NH,NO, 

11.3.6 Oxides of nitrogen 

Nitrogen is unique among the elements in forming no fewer than 7 molecular oxides, 3 

of which are paramagnetic and all of which are thermodynamically unstable with respect - 

to decomposition into N, and O,. In addition there is evidence for fugitive species such as 

nitrosyl azide N,NO and nitryl azide N,NO,, but these decompose rapidly below room 

temperature* and will not be considered further. Three of the oxides (N,O, NO, and 
NO,) have been known for over 200 y and were, in fact, amongst the very first gaseous 

compounds to be isolated and identified (J. Priestley and others in the 1770s). The 

physiological effects of N,O (laughing gas, anaesthetic) and NO, (acrid, corrosive fumes) 

have been known from the earliest days, and the environmental problems of “NO,” from 

automobile exhaust fumes and as a component in photochemical smog are well known in 

all industrial countries.**” NO and NO, are also important in the commercial 

44M. P. Dove, J. J. MACIEJKO, and S.C. BusMAN, Reaction between azide and nitronium ions. Formation 

and decomposition of nitryl azide, J. Am. Chem. Soc. 95, 952-3 (1973). 
44a.S. D. Lex (ed.), Nitrogen Oxides and their Effects on Health, Ann Arbor Publishers, Michigan, 1980, 

382 pp. 
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- production of nitric acid (p. 537) and nitrate fertilizers. More recently N,O, has been used 

extensively as the oxidizer in rocket fuels for space missions (p. 492). 

The oxides of nitrogen played an important role in exemplifying Dalton’s law of 

multiple proportions which led up to the formulation of his atomic theory in 1803-8, and 

they still pose some fascinating problems in bonding theory. Their formulae, molecular 

structure, and physical appearance are briefly summarized in Table 11.7 and each 

compound is discussed in turn in the following sections. 

TABLE 11.7 The oxides of nitrogen 

Formula Name Structure Description 

Colourless gas (bp —88.5°) (cf. 

isoelectronic CO,, NO,*, N;_) 
N,O Dinitrogen monoxide 

(nitrous oxide) 

NO (Mono)nitrogen monoxide Colourless paramagnetic gas (bp 
—151.8°) liquid and solid are 
also colourless when pure 

N,O, Dinitrogen trioxide Blue solid (mp — 100.7°), 
dissociates reversibly in gas 
phase into NO and NO, 

NO, Nitrogen dioxide Brown paramagnetic gas, 
dimerizes reversibly to N,O, 

N,O, Dinitrogen tetroxide Colourless liquid (mp —11.2°) 
dissociates reversibly in gas 
phase to NO, 

N,O,; Dinitrogen pentoxide Colourless ionic solid; sublimes at 
32.4° to unstable molecular gas 
(N-O-N ~ 180°) 

NO, Nitrogen trioxide Unstable paramagnetic radical 
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Nitrous oxide, N,O 

Nitrous oxide can be made by the careful thermal decomposition of molten NH,NO, at 

about 250°C: 

NH,NO,——"—> N,0 + 2H,O 

Although the reaction has the overall stoichiometry of a dehydration it is more complex 

than this and involves a mutual redox reaction between N-™ and NY. This is at once 

explicable in terms of the volt-equivalent diagram in Fig. 11.7 which also interprets why 

NO and N, are formed simultaneously as byproducts. It is probable that the mechanism 

involves dissociation of NH,NO, into NH, and HNO,, followed by autoprotolysis of 

HNO, to give NO,”, which is the key intermediate: 

NH,NO,—=NH,+HNO,; 2HNO,;——=NO,*+H,0+NO,;~ 
NH,+NO,~* ——> {H,NNO,}*——> NNO + H,,0*, etc. 

Consistent with this '*NNO can be made from '*NH,NO3, and N‘'°NO from 
NH,!°NO. Alternative preparative routes (Fig. 11.7) are the reduction of aqueous 

nitrous acid with either hydroxylamine or hydrogen azide: 

HNO, +NH,OH ———>N,0+2H,O 

HNO, +HN; > N,O+N,+H,0O 

Thermal decomposition of nitramide, H,NNO,, or hyponitrous acid H,N,O, (both of 

which have the empirical formula N,O.H,O) have also been used. The mechanisms of 

these and other reactions involving simple inorganic compounds of N have been 

reviewed.*4) However, though N,O can be made in this way it is not to be regarded as the 

anhydride of hyponitrous acid since H,N,O, is not formed when NO is dissolved in H,O 

(a similar relation exists between CO and formic acid). 
Nitrous oxide is a moderately unreactive gas comprised of linear unsymmetrical 

molecules, as expected for a 16-electron triatomic species (p. 496). The symmetrical 

structure N—O-N is precluded on the basis of orbital energetics. Some physical properties 

are in Table 11.8: it will be seen that the N-N and N-O distances are both short and the 

most recent calculations‘**) give the bond orders as N—N 2.73 and N-O 1.61. N,O is 

thermodynamically unstable and when heated above ~ 600°C it dissociates by fission of 

the weaker bond (N,O-N,+40,). However, the reaction is much more complex than 

this simple equation might imply and the process involves a “forbidden” singlet-triplet 

transition in which electron spin is not conserved.*° The activation energy for the process 
is high (~ 250 kJ mol‘) and at room temperature N,,O is relatively inert: e.g. it does not 

react with the halogens, the alkali metals, or even ozone. At higher temperatures reactivity 
increases markedly: H, gives N, and H,O; many other non-metals (and some metals) 

react to form oxides, and the gas supports combustion. Perhaps its most remarkable 

44> G. STEDMAN, Reaction mechanisms of inorganic nitrogen compounds, Adv. Inorg. Chem. Radiochem. 22, 
114-70 (1979). 

45K. JuG, Bond order orbitals and eigenvalues, J. Am. Chem. Soc. 100, 6581-6 (1978). 
4°]. R. BEATTIE, Nitrous Oxide, Section 24 in Mellor’s Comprehensive Treatise on Inorganic and Theoretical 

Chemistry, Vol. 8, pp. 189-215, Supplement 2, Nitrogen (Part 2), Longmans, London, 1967. 
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TABLE 11.8 Some physical properties of N,O 

MP/°C — 90.86 p/D 0.166 
BE/2@ — 88.48 Distance (N—-N)/pm 112.6 

AHP (298 K)/kJ mol™! 82.0 Distance (N—-O)/pm 118.6 
AG? (298 K)/kJ mol~! 104.2 

reaction 1s with molten alkali metal amides to yield azides, the reaction with NaNH, being 

the commercial route to NaN; and hence all other azides (p. 497): 

NaNH,(1)+N,O(g) °° > NaN; +H,O(g) 

It is also notable that N,O (like N, itself) can act as a ligand by displacing H,O from the 

aquo complex [Ru(NH;);(H,O)]?* :4” 

[Ru(NH;);(H,O)]? *+N,O(aq) [Ru(NH;3);(N,0)]7 *+H,O 

The formation constant K is 7.0 mol~'1 for N,O and 3.3 x 10* mol”! 1 for N). 
Notwithstanding the fascinating reaction chemistry of N,O it is salutory to remember 

that its largest commercial use is as a propellant and aerating agent for “whipped” ice- 

cream—this depends on its solubility under pressure in vegetable fats coupled with its 

non-toxicity in small concentrations and its absence of taste. It has also been much used as 

an anaesthetic. 

Nitric oxide, NO 

Nitric oxide is the simplest thermally stable odd-electron molecule known and, 

accordingly, its electronic structure and reaction chemistry have been very extensively 

studied.*®) The compound is an intermediate in the production of nitric acid and is 

prepared industrially by the catalytic oxidation of ammonia (p. 537). On the laboratory 

scale it can be synthesized from aqueous solution by the mild reduction of acidified nitrites 

with iodide or ferrocyanide or by the disproportionation of nitrous acid in the presence of 

dilute sulfuric acid: 

KNO;4KI+H,SO,—__> NO+K.,,SO,+H,O+H, 

KNO, +K,[Fe(CN),] + 2MeCO,H ———> NO + K,[Fe(CN),] + H,O + 2MeCO,K 

6NaNO, + 3H,SO, > 4NO + 2HNO, + 2H,,0 + 3Na,SO, 

The dry gas has been made by direct reduction ofa solid mixture of nitrite and nitrate with 

chromium(III) oxide (3KNO,+KNO;+Cr,0,~4NO+2K,CrO,) but is now more 

conveniently obtained from a cylinder. 

47 J N. Armor and H. Tause, Formation and reactions of [Ru(NH;),(N,O)]?*, J. Am. Chem. Soc. 91, 
6874-6 (1969). A. A. DIAMANTIS and G. J. SPARROW, Nitrous oxide complexes: the isolation of pentammine- 
(dinitrogen oxide)ruthenium(II) tetrafluoroborate, JCS Chem. Comm. 1970, 819-20. J. N. ARMoR and H. 
TauBE, Evidence of a binuclear nitrous oxide complex of ruthenium, JCS Chem. Comm. 1971, 287-8. 

48 Ref. 31, pp. 323-5. 
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TABLE 11.9 Some physical properties of NO 

MP/°C — 163.6 p/D 0.15 
BP/°C — 151.8 Distance (N-—O)/pm 115 
AH? (298 K)/kJ mol”! 90.2 Ionization energy/eV 9.23 
AG (298 K)/kJ mol”! 86.6 Ionization energy/kJ mol ' 890.6 

Nitric oxide is a colourless, monomeric, paramagnetic gas with a low mp and bp (Table 

11.9). It is thermodynamically unstable and decomposes into its elements at elevated 

temperatures (1100—1200°C), a fact which militates against its direct synthesis from N, 

and O,. At high pressures and moderate temperatures (~50°) it rapidly 

disproportionates: 

3NO——>N,O+NO,; —AH=3x51.8kJ mol7! 
—AG=3 x 34.7 kJ mol™! 

However, when the gas is occluded by zeolites the disproportionation takes a different 

course: 

4NO——>N,0+N,0;; —AH=4x 48.8 kJ mol™! 
~AG=4x 25.7kJ mol! 

The molecular orbital description of the bonding in NO is similar to that in N, or CO (p. 

350) but with an extra electron in one of the z* antibonding orbitals. This effectively 

reduces the bond order from 3 to ~2.5¢ and accounts for the fact that the interatomic 

N-O distance (115 pm) is intermediate between that in the triple-bonded NO* (106 pm) 

and values typical of double-bonded NO species (~ 120 pm). It also interprets the very 

low ionization energy of the molecule (9.25 eV, compared with 15.6 eV for N,, 14.0 eV for 

CO, and 12.1 eV for O,). Similarly, the notable reluctance of NO to dimerize can be 

related both to the geometrical distribution of the unpaired electron over the entire 

molecule and to the fact that dimerization to O=N—N=O leaves the total bond order 

unchanged (2 x 2.5=5). When NO condenses to a liquid, partial dimerization occurs, the 

cis-form being more stable than the trans-. The pure liquid is colourless, not blue as 

sometimes stated: blue samples owe their colour to traces of the intensely coloured 
N,O,.*8*) Crystalline nitric oxide is also colourless (not blue) when pure,*®*) and X-ray 
diffraction data are best interpreted in terms of weak association into dimeric units. It - 

+ For example a recent calculation gives:*>) 

Total bond 
Species order oF Ty, Ty 

N, 3.000 1.000 1.000 1.000 
NO 2.417 0.982 0.966 0.469 
NO* 2.929 0.977 0.976 0.976 
CO 2.760 0.908 0.926 0.926 

48a J. MASON, Textbook errors, 122. The nitric oxide dimer—blue with rectangular molecules?, J. Chem. 
Educ. 52, 445-7 (1975). 
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seems probable that the dimers adopt the cis-(C,,) structure?® rather than the 
rectangular C,, structure which was at one time favoured,“ i.e.: 

In either case each dimer has two possible orientations, and random disorder between 

these accounts for the residual entropy of the crystal (6.3 J mol” of dimer). Very 

recently°®) an asymmetric dimer Beg OSG has been characterized; this forms 

as a red species when NO is condensed in the presence of polar molecules such as HCI or 

SO,, or Lewis acids such as BX;, SiF,, SnCl,, or TiCl,. 

The reactivity of NO towards atoms, free radicals, and other paramagnetic species has 

been much studied, and the chemiluminescent reactions with atomic N and atomic O have 

already been mentioned (p. 474). NO reacts rapidly with molecular O, to give brown 

NO,, and this gas is the normal product of reactions which produce NO if these are 

carried out in air. The oxidation is unusual in following third-order reaction kinetics and, 

indeed, is the classic example of such a reaction (M. Bodenstein, 1918). The reaction is also 

unusual in having a negative temperature coefficient, i.e. the rate becomes progressively 

slower at higher temperatures. For example the rate drops by a factor of 2 between room 

temperature and 200°. This can be accounted for by postulating that the mechanism 

involves the initial equilibrium formation of the unstable dimer which then reacts with 

oxygen: 

INOS] N50, 253 9NO; 

As the equilibrium concentration of N,O, decreases rapidly with increase in temperature 

the decrease in rate is explained. However alternative mechanisms have also been 

suggested, e.g. :(48) 

NOC On = NO. Ls ONO: 

NO, ENO, “sn OM 23 BNO, 

Nitric oxide reacts with the halogens to give XNO (p. 507). Some other facile reactions 

are listed below: 

CINO, + NO —> CINO + NO, (?Cl transfer or O transfer) 

49. WN. LipscomsB, F. E. WANG, W. R. May, and E. L. Lippert, Comments on the structures of 1,2- 
dichloroethane and of N,O,, Acta Cryst. 14, 1100-01 (1961). 

49a W. J. DULMAGE, E. A. MEYERS, and W. N. Lipscoms, On the crystal and molecular structure of N,O,, 
Acta Cryst. 6, 760-4 (1953). 

5° J. R. OLsen and J. Laang, Characterization of the asymmetric nitric oxide dimer O=N—O=N by 
resonance Raman and infrared spectroscopy, J. Am. Chem. Soc. 100, 6948-55 (1978). 
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NCI; +2NO CINO+N,0+Cl, (stepwise at — 150°) 
XeF, +2NO ———>2FNO + Xe (occurs stepwise; also with XeF,) 

I,0;+5NO 3N,0,+2I, (N,O, also produced) 

Reactions with sulfides, polysulfides, sulfur oxides, and the oxoacids of sulfur are complex 

and the products depend markedly on reaction conditions (see also p. 880 for blue crystals 

in chamber acid). Some examples are: 

SO,+2NO N,O+SO, 

2SO,+NO (SO3),NO 

~H,SO, 
2H,SO,+2NO 2H,SO,;NO———> H,,SO,(NO), N,O+H,SO, 

K,SO,(aq) + NO "=> KfONSO, os K:LONSOs] 

radical anion NO _ white crystals 

Under alkaline conditions disproportionation reactions predominate. Thus with Na,O 

the hydronitrite(II) first formed, disproportionates into the corresponding nitrite(III) and 

hyponitrite(I): 

4Na,0+4N"'90 22°, 4Na,N"O, > 2Na,O + 2NaN"O,, + Na,N3O, 

With alkali metal hydroxides, both N,O and N, are formed in addition to the nitrite: 

2MOH +4N"0 —> 2MN"O, +N1O+H,O 
4MOH + 6N"O —> 4Mn""0, +N®)+2H,O 

Nitric oxide complexes. NO readily reacts with many transition metal compounds to 

give nitrosyl complexes and these are also frequently formed in reactions involving other 

oxo-nitrogen species. Classic examples are the “brown-ring” complex [Fe(H,O),NO]?* 

formed during the qualitative test for nitrates, Roussin’s red and black salts (p. 1272), and 

sodium nitroprusside, Na,[Fe(CN),NO].2H,O. The field has been extensively reviewed 

(51-55) and only the salient features need be summarized here. A variety of preparative 
routes is available (see Panel). Most nitrosyl complexes are highly coloured—deep reds, 

browns, purples, or even black. Apart from the intrinsic interest in the structure and ~ 

bonding of these compounds there is much current interest in their potential use as 
homogeneous catalysts for a variety of chemical reactions.» 
NO shows a wide variety of coordination geometries (linear, bent, doubly bridging, and 

triply bridging) and sometimes adopts more than one mode within the same complex. NO 

5! B. F. G. JOHNSON and J. A. MCCLEvERTY, Nitric oxide compounds of transition metals, Progr. Inorg. 

Chem. 7, 277-359 (1966). 
52 W. P. GriFFITH, Organometallic nitrosyls, Adv. Organometallic Chem. 7, 211-39 (1968). 
°3 J. H. ENemarRK and R. D. FELTHAM, Principles of structure, bonding, and reactivity for metal nitrosyl 

complexes, Coord. Chem. Revs. 13, 339-406 (1974). 

54K. G. CAULTON, Synthetic methods in transition metal nitrosyl chemistry, Coord. Chem. Revs. 14, 317-55 
(1975). 

54a J. A. MCCLEVERTY, The reactions of nitric oxide coordinated to transition metals, Chem. Rev. 79, 53-76 
(1979). 

°° R. EISENBERG and C. D. Meyer, The coordination chemistry of nitric oxide, Acc. Chem. Res. 8, 26-34 
(1975). 
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Synthetic Routes to NO Complexes®*? 

The coordination chemistry of NO is often compared to that of CO but, whereas carbonyls are 
frequently prepared by reactions involving CO at high pressures and temperatures, this route is 
less viable for nitrosyls because of the thermodynamic instability of NO and its propensity to 
disproportionate or decompose under such conditions (p. 512). Nitrosyl complexes can 
sometimes be made by transformations involving pre-existing NO complexes, e.g. by ligand 

replacement, oxidative addition, reductive elimination, or condensation reactions (reductive, 

thermal, or photolytic). Typical examples are: 

[Mn(CO),(NO)(PPh,)] + PPh, ————> [Mn(CO),(NO\(PPh;)2] +CO 

BH, - 

2[Cr(n°-CsH 5)C\(NO),] ————> [{Cr(n?-CsH;)(NO),}2] 

hy 

2[Mn(CO),(NO)] ——> [Mn,(CO),(NO),] 

‘ hy 

[{Mn(y *-CsH;)(CO)(NO)},] ——-_>[Mn,(7°-C,H.),(NO),] 

Syntheses which increase the number of coordinated NO molecules can be classified into more 
than a dozen types, of which only the first three use free NO gas. 

{. Addition of NO to coordinatively unsaturated complexes: 

eae E14 NO- 5 (CoC. (NO)} 
[Co(OPPh;),X,] +2NO ———> [Co(NO),(OPPh;).X>] 

2. Substitution (ligand replacement) 

Very frequently in these reactions 2NO replace 3CO. Alternatively, 1NO can replace 2CO with _ 
simultaneous formation of a metal-metal bond, or INO can replace CO +a halogen atom: 

[Co(CO),(NO)] +2NO —-——> [Co(NO),]+3CO 
[Fe(CO),]+2NO ————> [Fe(CO),(NO),]+3CO 
[Cr(CO),]+4NO ————> [Cr(NO),]+6CO 

[Co(n’-CsH,\(CO),] +NO ——> Jf {Co(n’-C,H,)(NO)},] + 2CO 
[Mn(CO).I]+3NO ——> [Mn(CO)(NO),] + 4CO + {1} 

4[{Mn(CO),I},]+3NO —-—> [Mn(CO)(NO),]+ 3CO+{I} 

a Reductive nitrosylation (cf. MF, +NO>NO*MF Se for Mo, Te, Re, Ru, Os, Ir, Pt) 

CoCl,+3NO+B+ROH > 4{{CoCl(NO),},]+BH* +RONO 

where B is a proton acceptor such as an alkoxide or amine. 

4. Addition of or substitution by NO* 

This method uses NOBF,, NOPF,, or NO[HSO,] in MeOH or MeCN, e.g.: 

: [Rh(CNR),]* +NO* ————>[ Rh(CNR),(NO)}?* 

[Ir(CO)CIL,]+NO* aa [Ir(CO)CIL,(NO)]* 

[Ni(CO),L,]+NO* ————->[Ir(CO)L,(NO)]* +CO 

[Cr(CO),(diphos)] + 2NO* oy [Cr(NO),(MeCN),]* * +4CO +diphos 

5. Oxidative addition of XNO 

The reaction may occur with either coordinatively unsaturated or saturated complexes, e.g.: 

[PtX,]?~> + CINO --—--> [PtCl(NO)(X),]?~ _ (X =Cl, CN, NO,) 
[Ni(PPh;),] + CINO > [Ni(Cl)(NO)(PPh,),] + 2PPh, aoe 

CTE-R* 

515 
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6. Reaction of neal: hydr ide e complexes with Noni osoamides, © 8. N Nemethyl-N-nitrosourea: a 

[Mn(CO),H] a MeN(NO )CONH 2 Mn(CO ),(NO)] +! COF MeNHCONH, a 

a Transfer of coordinated N Oo esprit from detonate complexes) 

- [Cofdms).tNO3] 7 [MCIL,) —— es ede + [MONO}L] | : 

8. Use of NH OH in basic solution (eopecinlly for cyano complexes) : 

: The net transformation can be considered ¢ as the coe of CN” (or Me ) by ae and the 
reaction can be formally fepreseniad as : 

_ 2NH 20H — NH, + H,0- + a > -NO- + He tee by a 

: Examples are: 

mien + 2NHOH - > > [NIN NON? > +NH,+ ae 2 MCN . 

“[eHeN ST + 2NH,OH - a {CHIEN NON ~+NH3+ 2H,0+ MCN : 

9. Use of aes nitrites (i.e. NO,” + 2H* once +H,0), eg. 

K[Fe(CO),(NO)]+KNO, +CO, +H,0———> [Fe(CO),(NO),]+ 2KHCO, 
/ Sia a4 # as : eee _ => TrCOINO ),1+2C0 / 

y + 2H,0++3MeCO,Na_ - 

To. U se of (acidified) nitrites -RONO, ie. RONO+H*=NO’ +ROH, €. g 

[Fe(CO),(PPhs)aI- +RONO + Ht oe [Fe(CO).(NO \(PPh,)s]* + CO+ROH 

‘Alternatively in aprotic solvents such as benzene: . 

[(Mn(Co) )4(PPh3)}2] — 2EMn(CO),(NO\PPh,)}+2CO 

HNO, =NO* +NO3” + H,0) 

Some of these reactions result, ‘essentially, in the oxidative addition of NO* NO,- 
coordinatively 1 unsaturated metal centres whereas in others ligand replacement by NO* occurs— 

- this i isa favoured route oe F DENN “nitroprusside”, ie. nitrosylpentacyanoferrate(I1): 

‘[Pt(en),** oon [Pu(en)a(NO) (NOP * 

i ‘Use x concentrated nitric acid ti : 

- [Fe(CN)I** 82 preicn )s(NO)]?~ 
i Oxide i ion abstraction from coordinated NO, i ie: : 

(ML. {NO,)}"*- +H* + [ML (nov)? +OH™ : 

aoe a eis{Rulbipy) (NO, )K]-<——=> ee [Rulbipy»(NO)KT™ Ee : 

“[FeIcN) 4080.7 . [Fe(CN) (NO +H,0 
° 13, Oxygen atom abstraction _. ~ oo : 

[Fe(CO)s]+ KNO, ———— K(F 2(CO),(NO)} +C0+C0, 

_ Many variations on these synthetic routes have been devised and the field i is still being actively : 
developed. 
The reactions of NO coordinated to transition metals have recently been reviewed. (40) 
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has one more electron than CO and often acts as a 3-electron donor—this is well 
illustrated by the following isoelectronic series of compounds in which successive 

replacement of CO by NO is compensated by a matching decrease in atomic number of 
the metal centre: 

[Ni(CO),] [Co(CO)3(NO)] [Fe(CO),(NO),] [Mn(CO)(NO)3] [Cr(NO)4] 
mp —25° ~—11° + 18.4° + 27° decomp > rt 
(colourless) (red) (deep red) (dark green) (red-black) 

For the same reason 3CO can be replaced by 2NO; e.g.: 

[Co(CO)3(NO)]——+ [Co(NO)3]; [Mn(CO),(NO)]—->[Mn(CO)(NO),]; 
[Fe(CO),]——> [Fe(CO),(NO),]; [Cr(CO),]—>[Cr(NO),] 

In these and analogous compounds the M—N-O group is linear or nearly so, the M—N and 

N-O distances are short, and the N—O infrared stretching modes usually occur in the range 

1650-1900 cm™!. The bonding in such compounds is sometimes discussed in terms of the 

preliminary transfer of 1 electron from NO to the metal and the coordination of NO* to 

the reduced metal centre as a “2-electron o donor, 2-electron z acceptor” analogous to CO 

(p. 351). This formal scheme, though useful in emphasizing similarities and trends in the 

coordination behaviour of NO*, CO, and CN, is unnecessary even for the purpose of 

“book-keeping” of electrons; it is also misleading in implying an unacceptably large 

separation of electronic charge in these covalent complexes and in leading to un- 

comfortably low oxidation states for many metals, e.g. Cr(—IV) in [Cr(NO),], Mn(— III) 

in [Mn(CO)(NO) 3], etc. Many physical techniques (such as ESCA, Mossbauer 

spectroscopy, etc.) suggest a much more even distribution of charge and there is 

accordingly a growing trend to consider linear NO complexes in terms of molecular 

orbital energy level schemes in which an almost neutral NO contributes 3 electrons to the 

bonding system via orbitals of o and x symmetry.°>” 
Compounds in which the {M—N-O} groups is nominally linear often feature a slightly 

bent coordination geometry and M—N-O bond angles in the range 165-—180° are 

frequently encountered. However, another group of compounds is now known in which 

the angle M—N-O is close to 120°. The first example, [Co(NO)(S,CNMe), ], appeared in 
1962°° though there were problems in refining the structure, and a second example was 

found in 1968°” when the cationic complex [Ir(CO)Cl(NO)(PPh;),]* was found to 
have a bond angle of 124° (Fig. 11.9); values in the range 120-140° have since been 

observed in several other compounds (Table 11.10). The related complex 

[RuCl(NO),(PPh,),]*, in which the CO ligand has been replaced by a second NO 

molecule, is interesting in having both linear and bent {M—NO} groups: as can be seen in 

Fig. 11.9 the nonlinear coordination is associated with a lengthening of the Ru-N and 

N-O distances. This is consistent with a weakening of these bonds and it is significant that 

558 H.W. CHEN and W. L. Jotty, An XPS study of the relative z-acceptor abilities of the nitrosyl and 
carbonyl ligands, Inorg. Chem. 18, 2548-51 (1979). 

56 PR. H. ALDERMAN, P. G. OwsTon, and J. M. Rowe, The crystal structure of [Co(NO)(S,CNMe;,),], 
J. Chem. Soc. 668-73 (1962). 

57 TD). J. HopGson and J. A. Ipers, The crystal and molecular structure of [Ir(CO)Cl(NO)(PPh,),]BF 4, /norg. 
Chem. 7, 2345-52 (1968); see also J. Am. Chem. Soc. 90, 4486-8 (1968). 
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Fic. 11.9 Complexes containing bent NO groups: (a) [Ir(CO)CI(NO)(PPh;),]*, and (b) 

[RuCl(NO),(PPh;),]*. This latter complex also has a linearly coordinated NO group. The 
diagrams show only the coordination geometry around the metal and omit the phenyl groups for 

clarity. 

the N-O infrared stretching mode in such compounds tends to occur at lower wave 

numbers (1525-1690 cm) than for linearly coordinated NO (1650-1900 cm *). In such 
systems neutral NO can be thought of as a 1-electron donor, as in the analogous (bent) 

nitrosyl halides, XNO (p. 507); it is unnecessary to consider the ligand as an NO- 

2-electron donor. The implication is that the other pair of electrons on NO is placed in 

an essentially non-bonding orbital on N (which is thus approximately described as an 

sp” hybrid) rather than being donated to the metal as in the linear, 3-electron-donor mode 

(Fig. 11.10). Consistent with this, non-linear coordination is generally observed with the 

later transition elements in which the low-lying orbitals on the metal are already filled, 

whereas linear coordination tends to occur with earlier transition elements which can 

more readily accommodate the larger number of electrons supplied by the ligand. 

However, the energetics are frequently finely balanced and other factors must also be 

considered—a good example is supplied by the two “isoelectronic” complexes shown in 

Fig. 11.11: [Co(diars),(NO)]?* has a linear NO equatorially coordinated to a trigonal 

bipyramidal cobalt atoms whereas [IrCl,(NO)(PPh;),] has a bent NO axially. 

coordinated to a square-pyramidal iridium atom, even though both Co and Ir are in 

the same group in the periodic table. Indeed, the complex cation [Ir(n3- 

C;H,;)(NO)(PPh;),]* shows a facile equilibrium (in CH,Cl, or MeCN solutions) 

between the linear and the bent NO modes of coordination and, with appropriate counter 

anions, either the linear —NO (light brown) or bent —NO (red-brown) isomer can be 

crystallized.°’*) Some further examples of the two coordination geometries are in Table 
11.10. 

Like CO, nitric oxide can also act as a bridging ligand between 2 or 3 metals. Examples 

are the Cr and Mn complexes in Fig. 11.12. In[{Cr(y°-C;H;)(NO)(u,-NO)}, ] the linear 

terminal NO has an infrared band at 1672 cm“! whereas for the doubly bridging NO the 

578 M. W. SCHOONOVER, E. C. BAKER, and R. EISENBERG, Ligand dynamics of [Ir(y?-C,;H;)(NO)(PPh;),]*. A 
facile linear—bent nitrosyl equilibrium, J. Am. Chem. Soc. 101, 1880-2 (1979). 
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TABLE 11.10 Some examples of “linear” and “bent” coordination of nitric oxide 

Compound Angle M-N-O v (N-O)/cm~! 

Linear 

[Co(en);][Cr(CN).(NO)].2H,O 176° 1630 
[Cr(n>-C,H,)CI(NO), ] 171°, 166° 1823, 1715 
K,[Mn(CN),(NO)].2H,O 174° 1700 
[Mn(CO),(NO)(PPh;)>] 178° 1661 
[Fe(NO)(mnt),]~ 180° 1867 
[Fe(NO)(mnt),]?~ 165° 1645 
[Fe(NO)(S,CNMe,),] 170° 1690 
Na,[Fe(CN),(NO)].2H,O 178° 1935 
[Co(diars)(NO)]? * 179° 1852 
[Co(Cl),(NO)(PMePh,),] 165° 1735, 1630 
Na,[Ru(NO)(NO,),(OH)].2H,O 180° 1893 
[RuH(NO)(PPh;);] 175° 1645 
[Ru(diphos),(NO)]* 174° 1673 
[Os(CO),(NO)(PPh;),]* 177° 1750 
[IrH(NO)(PPh;);]* 175° 1715 

Bent 

[CoCl(en),(NO)]CIO, 124° 1611 
[Co(NH,),NO]?* 119° 1610 
[Co(NO)(S,CNMe,),]® ~ 135° 1626 
[Rh(Cl),(NO)(PPh,), } 125° 1620 
[Ir(Cl),(NO)(PPh,)>] 1232 1560 
[Ir(CO)Cl(NO)(PPh,), |BF, 124° 1680 
[Ir(CO)I(NO)(PPh;), ]BF4.C,H, 124° 1720 
[Ir(CH,)I(NO)(PPh)>] 120° 1525 

Both . 
[RuCl(NO),(PPh3).]* 178° 138° 1845, 1687 
[Os(NO),(OH)(PPh;),]* ~ 180°, 127° 1842, 1632 
[Ir(4?-C,H,)(NO)(PPh;),]* ~ 180°, 129° 1763, 1631 

mnt = maleonitriledithiolate. 
diars = 1,2-bis(dimethylarsino)benzene. 

diphos = 1,2-bis-diphenylphosphino)ethane. 
) Value imprecise because of crystal twinning (see ref. 56). 

il i ‘0: | 

N «—> N “N Wis 2 Sate 

rand | " : 
M :M M 

Linear (‘v sp) Bent ( ~ sp?) Bridging ( ~ sp?) 

Fic. 11.10 Schematic representation of the bonding in linear, bent, and bridging NO complexes. 
Note that bending would withdraw an electron-pair from the metal centre to the N atom thus 
creating a vacant coordination site: this may be a significant factor in the catalytic activity of such 

complexes.°> 58) 

58 J. P. CoLLMAN, N. W. HorrMan, and D. E. Morris, Oxidative addition and catalysis of olefin 
hydrogenation by [Rh(NO)(PPh,),], J. Am. Chem. Soc. 91, 5659-60 (1969). 
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Fic. 11.11 Comparison of the coordination geometries of [Co(diars),(NO)]** and 

[IrCl,(NO)(PPh,)]; diars = 1,2-bis(dimethylarsino)benzene. 

Fic. 11.12 Structures of polynuclear nitrosyl complexes: (a) [{Cr(y°-C,H;)(NO)},(u)- 
NH, )(u.-NO)] showing linear-terminal and doubly bridging NO; and (b) [Mn3(°-C;H;)3(H- 
NO)3(u3-NO)] showing double- and triply-bridging NO; the molecule has virtual C3, symmetry 

and the average Mn—Mn distance is 250 pm (range 247-257 pm). 

vibration drops to 1505 cm‘. In both geometries NO can be considered as a 3-electron 

donor and there is also a Cr—Cr bond thereby completing an 18-electron configuration 

around each Cr atom. In [Mn,(n°-C;H5;)3(u.-NO)3(u3-NO)] the 3 Mn form an 
equilateral triangle each edge of which is bridged by an NO group (v 1543, 1481 cm“'); 

the fourth NO is normal to the MN, plane and bridges all 3 Mn to form a triangular 

pyramid; the N—-O stretching vibration moves to even lower wave numbers (1328 cm“*). 
Again, each metal is associated with 18 valency electrons if each forms Mn—Mn bonds 

with its 2 neighbours and each NO is a 3-electron donor. 

In contrast to the numerous complexes of NO which have been prepared and 

characterized, complexes of the thionitrosyl ligand (NS) are virtually unknown, as is the 

free ligand itself. The first such complex [Mo(NS)(S,CNMe, );] was obtained as orange- 

red air-stable crystals by treating [MoN(S,CNMe, );] with sulfur in refluxing MeCN, and 
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was shown later to have an M-N-S angle of 172.1°.°8® More recently [Cr(n°- 
C.H,)(CO),(NS)] was made by reacting Na[Cr(y°-C;H,)(CO),] with S;N,Cl, and 

again the NS group was found to adopt an essentially linear coordination with Cr-N-S 

176:8°:08>) 

Dinitrogen trioxide, N,O, 

Pure N,O, can only be obtained at low temperatures because, above its mp 

(— 100.1°C), it dissociates increasingly according to the equilibria: 

N,O, a NO + NO,; 2NO, ———— N,O, 

Blue Colourless Brown Brown Colourless 

The solid is pale blue; the liquid is an intense blue at low temperatures but the colour fades 

and becomes greenish due to the presence of NO, at higher temperatures. The 

dissociation also limits the precision with which physical properties of the compound can 

be determined. At 25°C the dissociative equilibrium in the gas phase is characterized by 

the following thermodynamic quantities: 

N,O;3(g)——=NO(g) + NO,(g);_ AH=40.5kJ mol~'; AG=—1.59 kJ mol”! 

Hence AS=139 J K~' mol”! and the equilibrium constant K(25°C)=1.91 atm. Mole- 

cules of N,O, are planar with C, symmetry. 

Structural data are in the diagram; these data were obtained from the microwave 

spectrum of the gas at low temperatures. The long (weak) N—N bond is notable (cf. 145 pm 

in hydrazine, p. 491). In this N,O3 resembles N,O, (p. 523). 

N,O, is best prepared simply by condensing equimolar amounts of NO and NO, at 

— 20°C or by adding the appropriate amount of O, to NO in order to generate the NO, in 

situ: 
cool 

2NO +N,0,——>2N,0, 

4NO AP O, eee 2N,0, 

58a J Cuatr and J. R. Di-wortu, Thionitrosyl complexes of molybdenum, JCS Chem. Comm. 1974, 508; 

crystal structure by M. B. HursTHOUsE and M. MonrTEVALLI quoted by J. CHatT in Pure Appl. Chem. 49, 815-26 
(1977). See also M. W. BisHop, J. CHatTT, and J. R. DiLwortH, Thionitrosyl complexes of Mo, Re, and Os, JCS 

Dalton 1979, 1-5. 
58> T. J. GREENOUGH, B. W. S. KoLTHAMMER, P. LeGzpins, and J. TROTTER, Thionitrosyl ligand; X-ray 

molecular structure of dicarbonyl(y°-cyclopentadienyl)thionitrosylchromium, JCS Chem. Comm. 1978, 
1036-7. 
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Alternative preparations involve the reduction of 1:1 nitric acid by As,O3 at 70°, or the 

reduction of fuming HNO, with SO, followed by hydrolysis: 

2HNO,; + 2H,O + As,O; —._ —+3N,0, + 2H,AsO, 

2H,0 
2HNO, +2SO, INOHSO, > N,O;, + H,80, 

However, these methods do not yield a completely anhydrous product and dehydration 

can prove difficult. 
Studies of the chemical reactivity of N,O, are complicated by its extensive dissociation 

into NO and NO, which are themselves reactive species. With water N,O; acts as the 

formal anhydride of nitrous acid and in alkaline solution it is converted essentially 

quantitatively to nitrite: ; 

N,O, ap H,O —_“* +2HNO, 

N30 20He. => 2NO 40 
Reaction with concentrated acids provides a preparative route to nitrosyl salts such as 

NO[HSO,], NO[HSeO,], NO[CIO,], and NO[BF,], e.g.: 

N,O,+3H,SO, > 2NO* +H,0* +3HSO,~ 

Nitrogen dioxide, NO,, and dinitrogen tetroxide, N,O,4 

The facile equilibrium N,O,—2NO, makes it impossible to study the pure individual 

compounds in the temperature range — 10° to + 140° though the molecular properties of 

each species in the equilibrium mixture can often be determined. At all temperatures below 

the freezing point (— 11.2°) the solid consists entirely of N,O, molecules but the liquid at 

this temperature has 0.01% NO,. At the bp (21.5°C) the liquid contains 0.19% NO, but the 

gas is more extensively dissociated and contains 15.9% NO, at this temperature and 99% 

NO, at 135°. The increasing dissociation can readily be followed by a deepening of the 

brown colour due to NO, and an increase in the paramagnetism; the thermodynamic 

data for the dissociation of N,O,(g) at 25°C are: 

AH? 57.20 kJ mol™!; AG° 4.77kJ mol7!; AS 175.7] K~} mol! 

The unpaired electron in NO, appears to be more localized on the N atom thanit isin NO 

and this may explain the ready dimerization. NO, is also readily ionized either by loss of 

an electron (9.91 eV) to give the nitryl cation NO,” (isoelectronic with CO,) or by gain of 

an electron to give the nitrite ion NO,” (isoelectronic with O;). These changes are 

accompanied by a dramatic diminuation in bond angle and an increase in N—O distance 

as the number of valence electrons increases from 16 to 18: 
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The structure of N,O, in the gas phase is planar (D,,,) with a remarkably long N-N 

bond, and these features persist in both the monoclinic crystalline form near the mp and 
the more stable low-temperature cubic form. Data for the monoclinic form are in the 

diagram below? together with those for the isoelectronic species BF, and the oxalate ion 

C,05? & 

The trends in bond angles and terminal bond distances are clear but the long central 

bond in N,O, is not paralleled in the other 2 molecules where the B—B distance (p. 166) 

and C-C distance (p. 311) are normal. However, the B-B bond in B,Cl, is also long 
(175 pm). 

In addition to the normal homolytic dissociation of N,O, into 2NO,, the molecule 

sometimes reacts as if by heterolytic fission: N,O,—=NO,* + NO, 7 (see p.526). Again, in 

media of high dielectric constant the compound often reacts as though dissociated 

according to the equilibrium N,O,—NO* +NO,_~ (see p. 525). This has sometimes been 

taken to imply the presence in liquid N,O, of oxygen-bridged species such as ONONO, 

O 
or even ONC NO but there is no evidence for such species in solution and it seems 

O 

unnecessary to invoke them since similar reactions also occur with the oxalate ion: 

Thus 

NO, —> NO* + NO<3222= 8 NO@4H NOs OE NO? 4NO,* +H,0* 

Compare 

Oe CO 60, a. COA H COs: 

There is no noticeable tendency for pure N,O, to dissociate into ions and the electrical 

conductivity of the liquid is extremely low (1.3 x 107’? ohm! cm™! at 0°). The physical 
properties of N,O, are summarized in Table 11.11. 

Ht 

GO+CO;4H,0" 

+ Values for the gas phase are similar but there is a noticeable contraction in the cubic crystalline form (in 
parentheses). N-N 175 pm (164 pm), N—-O 118 pm (117 pm), angle O-N-O 133.7° (126°). In addition, infrared 

studies on N,O, isolated in a low-temperature matrix at liquid nitrogen temperature (— 196°C) have been 
interpreted in terms of a twisted (non-planar) molecule O,N-NO,, and similar experiments at liquid helium 
temperature (— 269°C) have been interpreted in terms of the unstable oxygen-bridged species ONONO) . 
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TABLE 11.11 Some physical properties of N,O4 

MP/°C =112 Density (— 195°C)/g cm? 1.979 (s) 
BP/°C ats Density (0°C)/g cm? 1.4927 (1) 
AH? (298 K)/kJ mol7! 9.16 n(0°C)/poise 0.527 
AG; (298 K)/kJ mol”? 97.83 kK (0°C)/ohm~! cm7! 35e10eas 
S°(298 KVJ K~! mol7! 304.2 Dielectric constant ¢ 2.42 

N,O, is best prepared by thermal decomposition of rigorously dried Pb(NO;), in a 

steel reaction vessel, followed by condensation of the effluent gases and fractional 

distillation: 

~400° 2Pb(NO;), —2 > 4NO,, + 2PbO +0, 

Other methods (which are either more tedious or more expensive) include the reaction of 

nitric acid with SO, or P,O,, and the reaction of nitrosyl chloride with AgNO,: 

2HNO,+SO, N,O0O,+H,SO, 

NOCI+ AgNO, ———> N,0,+ AgCl 

The compound is also formed when NO reacts with oxygen: 

cool 

2NO+0, 

These equilibria limit the temperature range in which reactions of N,O, and NO, can be 

studied since dissociation of N,O, into NO, is extensive above room temperature and is 

virtually complete by 140° whereas decomposition of NO, into NO and O, becomes 

significant above 150° and is complete at about 600°. 

N,O,/NO, react with water to form nitric acid (p.537) and the moist gases are 
therefore highly corrosive: 

N,O,+H,0O HNO,+HNO,; 3HNO, HNO,+2NO+H,O 

The oxidizing action of NO, is illustrated by the following: 

NO, + 2HCl ———> NOCI1+H,0+4Cl, 

NO, +2HX —+NO+H,0+X, (X=Cl, Br) 

INO, Eb, ENO), 

NO; CO =. - NO 60, 

N,O, has been extensively studied as a nonaqueous solvent system®®* and it is uniquely 
useful for preparing anhydrous metal nitrates and nitrato complexes (p. 541). Much of the 

°° C. C. ADDISON, Chemistry in liquid dinitrogen tetroxide, in G. JANDER, H. SPANDAU, and C. C. ADDISON 
(eds.), Chemistry in Non-aqueous Ionizing Solvents, Vol. 3, Part 1, pp. 1-78, Pergamon Press, London, 1967. 
C. C. AppDISON, Dinitrogen tetroxide, nitric acid, and their mixtures as media for inorganic reactions, Chem. Rev. 
80, 21-39 (1980). 
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chemistry can be rationalized in terms of a self-ionization equilibrium similar to that 

observed for liquid ammonia (p. 487): 

N07 NOY? NO? 

Solvent Solvo-acid Solvo-base 

As noted above, there is no physical evidence for this equilibrium in pure N,O,, but the 

electrical conductivity is considerably enhanced when the liquid is mixed with a solvent of 

high dielectric constant such as nitromethane (¢~ 37), or with donor solvents (D) such as 

MeCO,Et, Et,0, Me,SO, or Et,NNO (diethylnitrosamine): 

NO, # nD = =s'p, 'N,0,;3 === [D.NO]* +NO,~ 

Typical solvent system reactions are summarized below together with the analogous 

reactions from the liquid ammonia solvent system: 

“Neutralization” NOCI+ AgNO, —-* > AgCI+N,0, 

NH, 
NH,Cl+NaNH, ——°>NaCl +2NH, 

: N,0,4 
“Acid” 2NOCI+Sn —2* > SnCl, +2NO 

2NH,Cl+Sn —~?-> SnCl, +2NH, +H, 

“Base/amphoterism” 

N 4 2[EtNH,][NO,] +2N,0, +Zn —-* >[EtNH,],[Zn(NO,),] +2NO 

2NaNH, +2NH, + Zn —~?-> Na,[Zn(NH,),] +H; 

“Solvolysis” EaO=H2N3O = Ca(NOs+4N5O05 

NH; 
Na,O0+NH, NaNH, + NaOH 

N) 4 Similarly: ZnCl, +N,0, —-*-> Zn(NO;), + 2NOCI 

Such reactions provide an excellent route to anhydrous metal nitrates, particularly when 
metal bromides or iodides are used, since then the nitrosyl halide decomposes and this 

prevents the possible formation of nitrosyl compounds, e.g.: 

Many carbonyls react similarly, e.g.: 

[Mn,(CO),o] +N2O, ——> [Mn(CO),(NO;)]+[Mn(CO),(NO),] 
[Fe(CO).]+4N,0, ———> [Fe(NO),.N,0,] + SCO + 3NO 
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Solvates are frequently formed in these various reactions, e.g.: 

MeNO, 
Ca+3N,0, [Cu(NO,),.N,0,]+2NO 

Some of these may contain undissociated solvent molecules N,O, but structural studies 

have revealed that often such “solvates” are actually nitrosonium nitrato-complexes. For 

example it has been shown®®” that [Sc(NO}); . 2N,O,] is, in fact, [NO]7 [Sc(NO,)5]?~. 
Similarly, X-ray crystallography revealed®°!) that [Fe(NO ;),;.14N,0,] _ is 
[NO]; [Fe(NO;),]7[NO3]~, in which there is a fairly close approach of 3 NO* 
groups to the “uncoordinated” nitrate ion to give a structural unit of stoichiometry 

[N,O,]?* (see also p. 544). 
In contrast to the wealth of reactions in which N,O, tends to behave as NO*NO, , 

reactions based on the alternative heterolytic dissociation NO,*NO,~ are less well 

documented. However, N,O, reacts with the strong Lewis acid BF to give stable white 

complexes of stoichiometry N,O,. BF 3 and N,O,.2BF3, and a variety of evidence points 

to their formulation as [NO,]*[ONOBF,]~ and [NO,]*[F;BONOBF;]~ respecti- 
vely.”) The related adducts N,O,.2BF; and N,O,. BF; can be formulated similarly as 
[NO]*[F;BONOBF,]~ and [NO,]*[O,NOBF,]-. 

Dinitrogen pentoxide, N,O5, and nitrogen trioxide, NO, 

N,O, is the anhydride of nitric acid and is obtained as a highly reactive celiquescent, 

light-sensitive, colourless, crystalline solid by carefully dehydrating the concentrated acid 

with P,O,,9 at low temperatures: 

4HNO,+P,0,) —-2 > 2N,0; + 4HPO, 

The solid has a vapour pressure of 100 mmHg at 7.5°C and sublimes (1 atm) at 32.4°C, but 

is thermally unstable both as a solid and as a gas above room temperature. 

Thermodynamic data at 25°C are: 

AH?/kJ mol! AG?/kJ mol~! So Ke tmoly? 

N,O,(cryst) — 43.1 113.8 178.2 
N,0,(g) 113 115.1 355.6 

X-ray diffraction studies show that solid N,O, consists of an ionic array of linear NO, ~* 

(N-O 115.4 pm) and planar NO,” (N—O 124 pm). In the gase phase and in solution 

(CCl,, CHCI,, OPCI,) the compound is molecular; the structure is not well established 
but may be O, N-O-NO, with a central N—-O-N angle close to 180°. The molecular form 

6°C. C. Appison, A. J. GREENWoop, M. J. HaLey, and N. Loan, Novel coordination numbers in 
scandium(III) and yttrium(III) nitrato complexes. X-ray crystal structures of Sc(NO,;),.2N,O, and 
Y(NO),);.2N,0,, JCS Chem. Comm. 1978, 580-1. 

°1 L. J. BLACKWELL, E. K. NuNN, and S. C. WALLWorK, Crystal structure of anhydrous nitrates and their 

complexes. Part VII. 1.5 dinitrogen tetroxide solvate of iron(III) nitrate, JCS Dalton 1975, 2068-72. 
©? R. W. SpraGue, A. B. GARRETT, and H. H. Sister, Reactions of some oxides of nitrogen with boron 

trifluoride, J. Am. Chem. Soc. 82, 1059-64 (1960). 
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can also be obtained in the solid phase by rapidly quenching the gas to — 180°, but it 

rapidly reverts to the more stable ionic form on being warmed to —70°. [cf. ionic and 

covalent forms of BF;.2H,O (p. 224), AICI; (p. 263), PCI, (p. 573), PBr, (p. 574), etc. ] 

N,O, is readily hydrated to nitric acid and reacts with H,O, to give pernitric acid as a 

coproduct: 

N,O,+H,0——> 2HONO,; _N,O,+H,0,—> HONO,, + HOONO,, 

It reacts violently as an oxidizing agent towards many metals, non-metals, and organic 

substances, e.g.: 

N,O,+Na NaNO,+NO, 
N,O;+NaF ———> NaNO, +FNO, 

N,0;+1, 1,0;+N, 
Like N,O, (p. 525) it dissociates ionically in strong anhydrous acids such as HNO3;, 

H,PO,, H,SO,, HSO;3F, and HC1O,, and this affords a convenient source of nitronium 

ions and hence a route to nitronium salts, e.g.: 

N,O,+3H,SO, 2NO; +H,;0* +3HSO,~ 

N,0O,; +HSO,F ———>[NO, ] *[FSO,;]” +HNO, 

N,O; +2903——-_> | NO, [5 ts.071- © 

In the gas phase, N,O, decomposes according to a first-order rate law which can be 

explained by a dissociative equilibrium followed by rapid reaction according to the 

scheme 

NO, + {NO} 
N,O,+NO 

NO,+0,+NO 
3NO, 

The fugitive, paramagnetic species {NO;} is also implicated in several other gas-phase 

reactions involving the oxides of nitrogen and, in the N,O,-catalysed decomposition of 

ozone, its concentration is sufficiently high for its absorption spectrum to be recorded, 

thereby establishing its integrity as an independent chemical species. Such reactions are 

the subject of considerable current interest for environmental reasons. NO; probably has 

a symmetrical planar structure (like NO, ) but it has not been isolated as a pure 
compound. 

11.3.7 Oxoacids, oxoanions, and oxoacid salts of nitrogen 

Nitrogen forms numerous oxoacids, though several are unstable in the free state and 

are known only in aqueous solution or as their salts. The principal species are summarized 

in Table 11.12; of these by far the most stable is nitric acid and this compound, together 

with its salts the nitrates, are major products of the chemical industry (p. 537). 

Hyponitrous acid and hyponitrites‘©* 

Hyponitrous acid crystallizes from ether solutions as colourless crystals which readily 

decompose (explosively when heated). Its structure has not been determined but the 

©3 M. N. HuGues, Hyponitrites, Q. Rev. 22, 1-13 (1968). 
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TABLE 11.12 Oxoacids of nitrogen and related species 

Formula Name Remarks 

H,N,O, Hyponitrous acid Weak acid HON=NOBH, isomeric with nitramide, H,N-NO, ;” 

salts are known (p. 529) 

{HNO} Nitroxyl Reactive intermediate (p. 530), salts are known 
H,N,O, Hyponitric acid Known in solution and as salts, e.g. Angeli’s salt 

(oxyhyponitrous) Na,[ON=NO,] (p. 530) 
H,N,0O, Nitroxylic acid Explosive; sodium salt known Na,[O,NNO,]® 

(hydronitrous) 
HNO, Nitrous acid Unstable weak acid, HONO (p. 531); stable salts (nitrites) are 

known 
HOONO Peroxonitrous acid Unstable, isomeric with nitric acid; some salts are more 

stable 
HNO, Nitric acid Stable strong acid HONO,; many stable salts (nitrates) 

known (p. 536) 

HNO, Peroxonitric acid Unstable, explosive crystals, HOONO,; no solid salts known. 

(For “orthonitrates”, NO,°~, ie. salts of the unknown 

orthonitric acid H,;NO,, see p. 545) 

‘) The structure of nitramide is as shown, the dihedral angle between NH, and NNO, is 52°. Nitramide is a 
weak acid pK, 6.6 (K, 2.6x 10 7) and it decomposes into N,O and H,O by a base-catalysed mechanism: 

slow fast 

H,NNO, + B ———_> BH* + [HNNO,,]” ———_> N,O+ OH 

*) A stable complex of HNO has recently been prepared by addition of HCl to [Os'(CO)CI(NO)(PPh;),]; the 
ligand is N-bonded and essentially coplanar with the {Os(CO)CI,} group.©3) 

‘) Sodium nitroxylate can be prepared as a deep yellow solid by reduction of sodium nitrite with Na in liquid 
NH,, ice. 

O O 
2NaNO, +2Na ——* Na, SN-NC | 

O O 
) Peroxonitrous acid is formed as an unstable intermediate during the oxidation of acidified aqueous 

solutions of nitrites to nitrates using H,O,; such solutions are orange-red and are more highly oxidizing than 
either H,O, or HNO, alone (e.g. they liberate Br, from Br_ ). Alkaline solutions are more stable but the yellow 
peroxonitrites M[OONO] have not been isolated pure. 

2 R. D. WILSON and J. A. IBERs, Coordinated nitrosyl hydride: structural and spectroscopic study of 
[Os(CO)C1,(HNO)(PPh;),], Jnorg. Chem. 18, 336-43 (1979). 
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molecular weight indicates a double formula H,N,O,, i.e. HON=NOH; consistent with 

this the compound yields N,O when decomposed by H,SO,, and hydrazine when 
reduced. The free acid is obtained by treating Ag,N,O, with anhydrous HCl in ethereal 

solution. It is a weak dibasic acid: pK, 6.9, pK, 11.6. Aqueous solutions are unstable 

between pH 4-14 due to base catalysed decomposition via the hydrogen-hyponitrite ion: 

HONNOH —*-> [HONNO]~ ee OO 

At higher acidities (lower pH) decomposition is slower (¢, days or weeks) and the 

pathways are more complex. 
Hyponitrites can be prepared in variable (low) yields by several routes of which the 

commonest are reduction of aqueous nitrite solutions using sodium (or magnesium) 

amalgam, and condensation of organic nitrites with hydroxylamine in NaOEt/EtOH: 

2NaNO,+8Na/Hg+4H,O0 ——> Na,N,O, + 8NaOH + 8Hg 
2AgNO,+2NaNO, +4Na/Hg + 2H,O0 ———> Ag, N,O, + 2NaNO, + 4NaOH + 4Hg 

Ca(NO,), +4Mg/Hg+4H,O CaN,0, +4Mg(OH), + 4Heg 

NH,OH + RONO +2NaOEt —““" > Na,N,O,+ROH + 2EtOH 

Vibrational spectroscopy indicates that the hyponitrite ion has the trans- (C>,) 

configuration in the above salts. 

Q a 

ce Ww 

As implied by the preparative methods employed, hyponitrites are usually stable 

towards reducing agents though under some conditions they can be reduced (p. 500). 

More frequently they themselves act as reducing agents and are thereby oxidized, e.g. the 
analytically useful reaction with iodine: 

[ONNO]?~ +31, +3H,0——-> [NO] +[NO,]~ + 6HI 

There is also considerable current environmental interest in hyponitrite oxidation because 

it is implicated in the oxidation of ammonia to nitrite, an important step in the nitrogen 

cycle (p. 469). Specifically, it seems likely that the oxidation proceeds from ammonia 

through hydroxylamine and hyponitrous acid to nitrite (or N,O). 

With liquid N,O, stepwise oxidation of hyponitrites occurs to give Na,N,O, (x =3-6): 

NaNO, > P-Na,N5O2——- NaN,O, => Na, NO, 
100° 

o-Na,N, 0,0 eeeiNasN Opt 28" wna NVO;Z 

The « isomer of Na,N,O; (i.e. sodium hyponitrate or trioxodinitrate) can be made by the 
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following reaction in cooled methanol: 

MeOH/0O° 
> NH,OH + BuONO, + 2NaOMe a-Na,[ONNO,]+ BuOH + 2MeOH 

Its structure, shown below, was deduced by vibration spectroscopy and differs from that of 

the B isomer which is thought to feature an O-—O linkage: 

In contrast to the stepwise oxidation of sodium hyponitrite in liquid N,O,, the oxidation 

goes rapidly to the nitrate ion in an inert solvent of high dielectric constant such as 

nitromethane: 

MeNO, 

[ON=NO]?~ +2N,0, 2[NO;]” + {ONON=NONO} N, +2NO, 

More recently it has been found that the hyponitrite ion can act as a bidentate ligand in 

either a bridging or a chelating mode. Thus, the controversy about the nature of the black 

and red isomers of nitrosy! pentammine cobalt(III) complexes has been resolved by X-ray 

crystallographic studies which show that the black chloride [Co(NH3); NO]Cl, contains 

a mononuclear octahedral Co" cation with a linear Co-N-O groups whereas the red 

isomer, in the form of a mixed nitrate-bromide, is dinuclear with a bridging cis-hyponitrite 

group as shown in Fig. 11.13.'°*) The cis- configuration is probably adopted for steric 
reasons since this is the only configuration that allows the bridging of two {Co(NH3)5} 
groups by an ONNO group without steric interference between them. The chelating mode 

was found in the air-sensitive yellow crystalline complex [Pt(O,N,)(PPh;), ] which can 

be made by the action of NO on [Pt(PPh,),] or [Pt(PPh;),].°°°? The compound was 
shown not to be a bisnitrosyl (20-electron Pt species) but to have the (18-electron) 

structure shown schematically in Fig. 11.14. The presence of the cis- configuration in both 

these complexes invites speculation as to whether cis-[ON-NO]?~ can also exist in’ 

simple hyponitrites. Likely candidates appear to be the “alkali metal nitrosyls’” MNO 

prepared by the action of NO on Na/NH,; infrared data suggest they are not M*[NO]7 

and might indeed contain the cis-hyponitrite ion. They would therefore not be salts of 

nitroxyl HNO which has often been postulated as an intermediate in reactions which give 

N,O and which is well known in the gas phase. Nitroxyl can be prepared by the action of 

atomic H or HI on NO and decomposes to N,O and H,O. As expected, the molecule is 
bent (angle H—N=O 109°). 

°* B. F. Hoskins, F. D. WHILLANS, D. H. Date, and D. C. Hopcxin, The structure of the red nitrosylpenta- 
amminecobalt(III) cation, JCS Chem. Comm. 1969, 69-70. 

©S §. BHADURI, B. F. G. JOHNSON, A. PICKARD, P. R. RAITHBY, G. M. SHELDRICK, and C. I. ZUCCARO, Nitrosyl 

coupling in transition-metal complexes: the molecular structure of [(PPh,),Pt(N,O,)], JCS Chem. Comm. 1977, 
354-5. 
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Fic. 11.13 Structure of the dinuclear cation in the red isomer [{Co(NH3);NO},](Br)2.5- 

(NO3),.5-2H,O; (mean Co-NH, 194+2 pm, mean angle 90+4°). 

Fic. 11.14 Structure of the square-planar platinum complex [Pt(O,N,)(PPh;),] showing the 
cis chelating ONNO group and short N-N distance. 

Nitrous acid and nitrites 

Nitrous acid, HNO,, has not been isolated as a pure compound but it is a well known 

and important reagent in aqueous solutions and has also been studied as a component in 

gas-phase equilibria. Solutions of the free acid can readily be obtained by acidification of 

cooled aqueous nitrite solutions but even at room temperature disproportionation is 
noticeable: 

3HNO,(aq) H,0*+NO,; +2NO 

It is a fairly weak acid with pK, 3.35 at 18°C, i.e. intermediate in strength between acetic 

(4.75) and chloroacetic (2.85) acids at 25°, and very similar to formic (3.75) and sulfanilic 
(3.23) acids. Salt-free aqueous solutions can be made by choosing combinations of 
reagents which give insoluble salts, e.g.: 

Ba(NO,), +H,SO, ———> 2HNO, + BaSO, 

AgNO, +HCl——~—> HNO, + AgCl 

When the presence of salts in solution is unimportant, the more usual procedure is simply 

to acidify NaNO, with hydrochloric acid below 0°. 
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In the gas phase, an equilibrium reaction producing HNO, can be established by 

mixing equimolar amounts of H,O, NO, and NO,: 

2HNO,(g)——==  H,O(g) + NO(g) + NO,,(g); 
AH°(298 K) 38 kJ/2 mol HNO,; K,(298 K) 8.0 x 10° N m~? (7.9 atm) 

Microwave spectroscopy shows that the gaseous compound is predominantly in the trans- 

planar (C,) configuration with the dimensions shown. The differences between the 

two N-O distances is notable. Despite the formal single-bond character of the central 
bond the barrier to rotation is 45.2 kJ mol ~'. Infrared data suggest that the trans-form is 

~2.3kJ mol~' more stable (AG°) than the cis- form at room temperature. 

Nitrites are usually obtained by the mild reduction of nitrates, using C, Fe, or Pb at 

moderately elevated temperatures, e.g.: 

NaNO, + Pb—"> NaNO, + PbO 

On the industrial scale, impure NaNO, is made by absorbing “nitrous fumes” in aqueous 

alkali or carbonate solutions and then recrystallizing the product: 

NO+NO,+2Na0OH (or Na,CO,) oe 2NaNO,+H,0 (or CO,) 

The sparingly soluble AgNO, can be obtained by metathesis, and simple variants yield the 
other stable nitrites, e.g.: 

NaNO, + AgNO, ——_> AgNO, + NaNO, 

NaNO, + KCl ———> KNO, + NaCl 

2NH;+H,0+N,0, ———>2NH,NO, 

Ba(OH), +NO+NO, —“ > Ba(NO,), +H,O 

Many stable metal nitrites (Li, Na, K, Cs, Ag, TI’, NH,, Ba) contain the bent [O-N-O]~ 

anion (p. 475) with N—O in the range 113-123 pm and the angle 116—132°. Nitrites of less 

basic metals such as Co(II), Ni(II), and Hg(II) are often highly coloured and are probably 

essentially covalent assemblages. Solubility (g per 100 g H,O at 25°) varies considerably, 

e.g. AgNO, 0.41, NaNO, (hygroscopic) 85.5, KNO, (deliquescent) 314. Thermal stability 

also varies widely: e.g. the alkali metal nitrites can be fused without decomposition (mp 
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NaNO, 284°, KNO, 441°C), whereas Ba(NO,), decomposes when heated above 220°, 

AgNO, above 140° and Hg(NO,), above 75°. Such trends are a general feature of oxoacid 

salts (pp. 540, 1011, 1017). NH,NO, can decompose explosively. 

The aqueous solution chemistry of nitrous acid and nitrites has been extensively 

studied. Some reduction potentials involving these species are given in Table 11.4 (p. 500) 

and these form a useful summary of their redox reactions. Nitrites are quantitatively 

oxidized to nitrate by permanganate and this reaction is used in titrimetric analysis. 

Nitrites (and HNO,) are readily reduced to NO and N,O with SO,, to H,N,O, with 

Sn(II), and to NH; with HS. Hydrazinium salts yield azides (p. 496) which can then react 

with further HNO,: 

HNO,+N,H,;* ———>HN,+H,0+H,0°* 

HNO, a HN N,O SF N; ar H,O 

This latter reaction is most unusual in that it simultaneously involves an element (N) in 

four different oxidation states. Use of '°N-enriched reagents shows that all the N from 

HNO, goes quantitatively to the internal N of N,O:©° 

HN, +HO!NO —-> {NNN!5NO} —_> NN+ N!5NO 

NaNO, is mildly toxic (tolerance limit ~ 100 mg/kg body weight per day, i.e. 4-8 g/day 

for humans). It has been much used for curing meat. NaNO, is used industrially on a large 

scale for the synthesis of hydroxylamine (p. 494), and in acid solution for the diazotization 

of primary aromatic amines: 

HCl/aq 
ArNH, + HNO, ——"> [ArNN]Cl + 2H,O 

The resulting diazo reagents undergo a wide variety of reactions including those of interest 

in the manufacture of azo dyes and pharmaceuticals. With primary aliphatic amines the 

course of the reaction is different: N, is quantitatively evolved and alcohols usually result: 

RNHt HNO," > RNHNO-—_ >- RN=NOH — ">. RN. = 
N,+R* ———> products 

The reaction is generally thought to involve carbonium-ion intermediates but several 

puzzling features remain.” Secondary aliphatic amines give nitrosamines without 

evolution of N,: 

R,NH+HONO R,NNO+H,0 

Tertiary aliphatic amines react in the cold to give nitrite salts and these decompose on 

warming to give nitrosamines and alcohols: 

cold R,N+HNO, —°*" >[R,NH] [NO,] —“" > R,NNO + ROH 

66 K. Cxusius and H. Knopr, Reactions with '°N. Part 22. The decomposition of azide with nitrous acid and 
the formation of azide from nitrous oxide and sodium amide, Chem. Ber. 89, 681—5 (1956). 

67 C, J. CoLins, Reactions of primary aliphatic amines with nitrous acid, Acc. Chem. Res. 4, 315-22 (1971). 
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In addition to their general use in synthetic organic chemistry, these various reactions 

afford the major route for introducing !°N into organic compounds by use of Na'°NO). 
The nitrite ion, NO, ", is a versatile ligand and can coordinate in at least five different 

ways (i)-(v): 

Nitro-nitrito isomerism (i), (ii), was discovered by S. M. Jorgensen in 1894-9 and was 

extensively studied during the classic experiments of A. Werner (p. 1068); the isomers 

usually have quite different colours, e.g. [Co(NH;);(NO,)]?*, yellow, and 
[Co(NH;);(ONO)]?*, red. The nitrito form is usually less stable and tends to isomerize 

to the nitro form. The change can also be effected by increase in pressure since the nitro 

form has the higher density. For example application of 20 kbar pressure converts the 

violet nitrito complex [Ni(en),(ONO),] to the red nitro complex [Ni(en),(NO,),] at 

126°C, thereby reversing the change from nitro to nitrito which occurs on heating the 

complex from room temperature at atmospheric pressure.©®) An X-ray study of the 
thermally induced nitrito-nitro isomerization and the photochemically induced 

nitro—nitrito isomerization of Co(III) complexes has shown that both occur intra- 

molecularly by rotation of the NO, group in its own plane, probably via a 7-coordinated 

cobalt intermediate.'°®*) Similarly, the base-catalysed nitrito—nitro isomerization of 
-[M"(NH,),(ONO)]?* (M=Co, Rh, Ir) is intramolecular and occurs without 1%O 
exchange of the coordinated ONO™ with H,*8O, '%OH™, or “free” N'8O, 7.8») 
However, an elegant '’O nmr study using specifically labelled [Co(NH;);(* ’?ONO)]?* 
and [Co(NH;),(ON!’O)]?* established that spontaneous intramolecular O-to-O 
exchange in the nitrite ligand occurs at a rate comparable to that of the spontaneous O-to- 

N isomerization.©°” 
A typical value for the N—O distance in nitro complexes is 124 pm whereas in nitrito 

complexes the terminal N—O (121 pm) is shorter than the internal N-O(M) ~ 129 pm. In 

the bidentate chelating mode (iii) the 2 M-—O distances may be fairly similar as in 

8 J. R. FERRARO and L. Fasprizzi, Effect of pressure on the nitro-nitrito linkage isomerism in solid 
[Ni(en),(NO,),], Inorg. Chim. Acta 26, L15-L17 (1978). 

68a] GRENTHE and E. NorDIn, Nitrito—nitro linkage isomerization in the solid state. Part 1. X-ray 

crystallographic studies of trans-[Co(en),(NCS)(ONO)]X and [Co(en),(NCS)(NO,)]X (X=CIO,, I), Inorg. 
Chem. 18, 1109-16 (1979). Part 2. A comparative study of the structures of nitrito- and nitro- 
pentaamminecobalt(II]) dichloride, Jnorg. Chem. 18, 1869-74 (1979). 

°8> W. G. JACKSON, G. A. LAWRANCE, P. A. Lay, and A. N. SARGESON, Base-catalysed nitrito to nitro linkage 
isomerization of cobalt(III), rhodium(III), and iridium(III) pentaammine complexes, Jnorg. Chem. 19, 904-10 
(1980). 

8° W. G. JacKsON, G. A. LAWRENCE, P. A. Lay, and A. M. SARGESON, Oxygen-17 nmr study of linkage 
isomerization in nitritopentaamminecobalt(III): Evidence for intramolecular oxygen exchange, JCS Chem. 
Comm. 1982, 70-2. 
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~ [Cu(bipy),(O,N)]NO; or quite different as in [Cu(bipy)(O,N),]: 
ae 

Examples of the unsymmetrical bridging mode (iv) are: 

The oxygen-bridging mode (v) is less common but occurs together with modes (iii) and 

(iv) in the following centrosymmetrical trimeric Ni complex and related compounds.©*) 

—M occurs in some It is possible that a sixth (symmetrical bridging) mode M—O O 
a 

complexes such as Rb3;Ni(NO,); but this has not definitely been established; an 

69D. M. L. GoopGamg, M. A. HITCHMAN, D. F. MaRsHAM, P. PHAVANANTHA, and D. RoGers, The crystal 
structure of [Ni(f-picoline),(NO,).];.C,.Hg: a linear trimer with a novel nitrite bridge, Chem. Comm. 1969, 
1383-4; see also J. Chem. Soc. A, 1971, 159-264. 
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unsymmetrical bridging mode with a trans- configuration of metal atoms is also possible, 

O M 
\ Va 

Ite: N—O [compared with (iv) ]. 
ea 

Nitric acid and nitrates 

Nitric acid is one of the three major acids of the modern chemical industry and has been 

known as a corrosive solvent for metals since alchemical times in the thirteenth 

century.'7°'7”) Tt is now invariably made by the catalytic oxidation of ammonia under 
conditions which promote the formation of NO rather than the thermodynamically more 

favoured products N, or N,O (p. 485). The NO is then further oxidized to NO, and the 

gases absorbed in water to yield a concentrated aqueous solution of the acid. The vast 

scale of production requires the optimization of all the reaction conditions and present- 

day operations are based on the intricate interaction of fundamental thermodynamics, 

modern catalyst technology, advanced reactor design, and chemical engineering aspects of 

process control (see Panel). Production in the USA alone now exceeds 7 million tonnes 

annually, of which the greater part is used to produce nitrates for fertilizers, explosives, 

and other purposes (see Panel). 

Anhydrous HNO, can be obtained by low-pressure distillation of concentrated 

aqueous nitric acid in the presence of P,O,, or anhydrous H,SO, in an all-glass, grease- 
free apparatus in the dark. The molecule is planar in the gas phase with the dimensions 

shown (microwave). The difference in N—O distances, the slight but real tilt of the NO, 

group away from the H atom by 2°, and the absence of free rotation are notable features. 

The same general structure obtains in the solid state but detailed data are less reliable. 
Physical properties are shown in Table 11.13. Despite its great thermodynamic stability 

TABLE 11.13 Some physical properties of anhydrous liquid HNO, at 25°C 

MP/°C —41.6 Vapour pressure/mmHg 57 
BP/°C 82.6 Density/g cm~3 1.504 
ANS GO Sle n/centipoise 7.46 
AG?/kJ mol”! — 80.8 k/ohm~! cm~! (20°) 3.72 x 107? 
Sc/JeKencemole 4 155.6 Dielectric constant ¢ (14°) 50+10 

7° J. W. MELLor, Nitric acid—history and occurrence, in A Comprehensive Treatise on Inorganic and 
Theoretical Chemistry, Vol. 8, pp. 555-8, Longmans, Green, London, 1928. 

7! T. K. Derry and T. I. Wittiams, 4 Short History of Technology from the Earliest Times to AD 1900, 
Oxford University Press, Oxford, 1960, 782 pp. 
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Production and uses of Nitric Acid?* ’”) 

Before 1900 the large-scale production of nitric acid was based entirely on the reaction of 
concentrated sulfuric acid with NaNO, and KNO, (p. 469). The first successful process for 
making nitric acid directly from N, and O, was devised in 1903 by E. Birkeland and S. Eyde in - 
Norway and represented the first industrial fixation of nitrogen: 

$N,+140,+4H,O(l) HNO,(l); AH°(298 K) — 30.3 kJ mol”! 

The overall reaction is exothermic but required the use of an electric arc furnace which, even with 

relatively cheap hydroelectricity, made the process very expensive. The severe activation energy 
barrier, though economically regrettable, is in fact essential to life since, in its absence, all the 
oxygen in the air would be rapidly consumed and the oceans would be a dilute solution of nitric 
acid and its salts. [Dilution of HNO,(1) to HNO,(aq) evolves a further 33.3 kJ mol! at 25°C] 

The modern process for manufacturing nitric acid depends on the catalytic oxidation of NH, 
over heated Pt to give NO in preference to other thermodynamically more favoured products (p. 
485). The reaction was first systematically studied in 1901 by W. Ostwald (Nobel Prize 1909) and 
by 1908 a commercial plant near Bochum, Germany, was producing 3 tonnes/day. However, 
significant expansion in production depended on the economical availability of synthetic 
ammonia by the Haber—Bosch process (p.482). The reactions occurring, and the enthalpy changes 
per mole of N atoms at 25°C are: 

NH, +140,——>NO+1}H,O());  AH® —292.5kJ mol! 
NO +40,’ NO); AH? —56.8 kJ mol”! 

NO, +4H,O(1) > 3HNO,(1)+ 4NO; AH® —23.3 kJ mol! 

Whence, multiplying the second and third reactions by 3 and adding: 

NH,(g)+20,(g) > HNO, (l)+H,O(l); AH° —412.6 kJ mol”! 

In a typical industrial unit a mixture of air with 10% by volume of NH; is passed very rapidly over 
a series of gauzes (Pt, 10% Rh) at-~ 850°C and 5 atm pressure; contact time with the catalyst is 
restricted to ~ 1 ms in order to minimize unwanted side reactions. Conversion efficiency is ~ 96% 
(one of the most efficient industrial catalytic reactions known) and the effluent gases are passed 
through an absorption column to yield 60% aqueous nitric acid at about 40°C. Plate 11.2a shows 
two such burner/boiler units in a plant which produces some 520-tonne-equivalent per day of 60% 
nitric acid, and Pl. 11.2b shows the layers of Pt/Rh catalyst gauze in another plant. Loss of 
platinum metal from the catalyst under operating conditions is reduced by alloying with Rh but 
tends to increase with pressure from about 50-100 mg/tonne of HNO, produced at atmospheric 
pressure to about 250 mg/tonne at {0 atm; though this is not a major part of the cost, the scale of 

operations means that about 0.5 tonne of Pt metals is lost annually in the UK from this cause and 
more than twice this amount in the USA. 

Concentration by distillation of the 60% aqueous nitric acid produced in. most modern 
ammonia-burning plants is limited by the formation of a maximum-boiling azeotrope (122°) at 
68.5% by weight; further concentration to 98% can be effected by countercurrent dehydration 
using concentrated H,SO,, or by distillation from concentrated Mg(NO,), solutions. Alterna- 
tively 99°% pure HNO, can be obtained directly from ammonia oxidation by incorporating a final 
oxidation of N,O, with the theoretical amounts of air and water at 70°C and SO atm over a period 
of 4h: 

N,O,+40,+H,0———- 2HNO, 

The largest use of nitric acid is in the manufacture of NH,,NO, for fertilizers and this accounts 
for some 80% of production. Many plants have a capacity of 2000 tonnes/day or more and great 
care must be taken to produce the NH,NO, in a readily handleable form (e.g. prills of about 
3 mm diameter); about 1% of a “conditioner” is usually added to improve storage and handling 
properties. NH,NO, is thermally unstable (p.541) and decomposition can become explosive. For 
this reason a temperature limit of 140°C is imposed on the neutralization step and pH is strictly 
controlled. The decomposition is catalysed by many inorganic materials including chloride, 
chromates, hypophosphites, thiosulfates, and powdered metals (e.g. Cu, Zn, Hg). Organic 
materials (oil, paper, string, sawdust, etc.) must also be rigorously excluded during neutralization 

72° §. SrRELZoFF and D. J. NEWMAN, Nitric acid, in Kirk-Othmer Encyclopedia of Chemical Technology, 2nd 
edn., Vol. 13, pp. 796-814, 1967. (See also 3rd edn., Vol. 15, pp. 853-871, 1981.) 
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since their oxidation releases additional heat. Indeed, since the mid-1950s NH,NO, prills mixed pe 
with fuel oil have been extensively used as a direct explosive in mining and quarrying operations 
(p. 541) and this use now accounts for up to 15% of the NH,NO, produced. 
Some 5-10% of HNO, goes to make cyclohexanone, the raw material for adipic acid and ¢- 

caprolactam, which are the monomers for nylon- 6,6 and nylon-6 respectively. A further S—10% is _ 
used in other organic nitration reactions to give nitroglycerine, nitrocellulose, trinitrotoluene, and o 
numerous other organic intermediates (p. 539). Minor uses (which still consume large quantities of — 
the acid) include the pickling of stainless steel, the etching of metals, and its use as the oxidizer in 
rocket fuels. In Europe nitric acid is sometimes used to replace sulfuric acid in the treatment of 
phosphate rock to give nitrophosphate fertilizers according to the idealized equation: 

Ca, )(PO,)¢F; + 14HNO,; + 3Ca(H,PO,), + 7Ca(NO,), + 2HF 

Another minority use is in the manufacture of nitrates (other than NH,NO,) for use in explo - 
propellants, and pyrotechnics generally; ; typical examples are: : 

explosives: gun powder, KNOw/S/powdered C (often reinforced with powdered Si) 
white smokes: ZnO/CaSi,/KNO;/C,Cl, . 
incendiary agents: Al/NaNO,/methylmethacrylate/benzene : 
local heat sources: Al/Fe,0,/Ba(NO,).; Mg/Sr(NO;),/SrC,O,/thiokol polysulfide 
photoflashes: Mg/NaNO, . 
flares (up to 10 min): Mg/NaNO,/CaC,0O,/polyvinyl chloride/varnish; Ti/NaNO, /boiled . 

linseed oil; — 
coloured flares: Mg/ oor eee rubber (red); Mg(Ba(NO aljichtoneatos rubber S| 

(green). : 

(with respect to the elements) pure HNO, can only be obtained in the solid state; in the gas 

and liquid phases the compound decomposes spontaneously to NO, and this occurs more 

rapidly in daylight (thereby accounting for the brownish colour which develops in the acid 

on standing): 

2HNO, 2NO,+H,0+40, 

In addition, the liquid undergoes seif-ionic dissociation to a greater extent than any other 

nominally covalent pure liquid (cf. BF,.2H,O, p. 224); initial autoprotolysis is followed 

by rapid loss of water which can then react with a further molecule of HNO, : 

2HNO, H,NO,* +NO,” ———=H,,0+ [NO,]* +[NO,]7 
HNO; +H,0 ———*[H,0]* +[NO,]> 

These equilibria effect a rapid exchange of N atoms between the various species and only a. 

single '°N nmr signal is seen at the weighted average position of HNO;, [NO,]*, and 
[NO3]. They also account for the high electrical conductivity of the “pure” 

(stoichiometric) liquid (Table 11.13), and are an important factor in the chemical reactions 
of nitric acid and its non-aqueous solutions (p. 539). 

The phase diagram HNO,-H,O shows the presence of two hydrates, HNO3.H,O 

mp —37.68°, and HNO3.3H,O mp — 18.47°. A further hemihydrate, 2HNO,.H,O, can 

be extracted into benzene or toluene from 6 to 16 M aqueous solutions of nitric acid, and 

a dimer hydrate, 2HNO;.3H,0, is also known, though neither can be crystallized. The 

structure of the two crystalline hydrates is dominated by hydrogen bonding as expected; 

e.g. the monohydrate is [H,0] *[NO,]~ in which the puckered layers shown in Fig. 11.15 

comprise pyramidal [H3;0]* hydrogen bonded to planar [NO3]~ so that there are 3 H 

bonds per ion. The trihydrate forms a more complex three-dimensional H-bonded 

framework. (See also p. 540 for the structure of hydrogen-nitrates. ) 
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PLATE 11.2 (b) Pt/Rh catalyst gauzes in the ammonia oxidation plant at Thames Nitrogen, 
Rainham, England; six gauzes have been rolled back to show the catchment gauze pack beneath 

them. 
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Fic. 11.15  Puckered layer structure of nitric acid monohydrate showing pyramidal H,O* 

hydrogen bonded to planar NO, . 

The solution chemistry of nitric acid is extremely varied. Redox data are summarized in 

Table 11.4 and Fig. 11.7 (pp. 500-502). In dilute aqueous solutions (<2 M) nitric acid is 

extensively dissociated into ions and behaves as a typical strong acid in its reactions with 

metals, oxides, carbonates, etc. More concentrated aqueous solutions are strongly 

oxidizing and attack most metals except Au, Pt, Rh, and Ir, though some metals which 

react at lower concentrations are rendered passive, probably because of the formation of 

an oxide film (e.g. Al, Cr, Fe, Cu). Aqua regia (a mixture of concentrated hydrochloric and 

nitric acid in the ratio of ~ 3:1 by volume) is even more aggressive, due to the formation of 

free Cl, and CINO and the superior complexing ability of the chloride ion; it has long been 

known to “dissolve” both gold and the platinum metals, hence its name. In concentrated 

H,SO, the chemistry of nitric acid is dominated by the presence of the nitrosonium ion (p. 

538): 

HNO,+H,SO, NO;*+H,0*+2HSO,7; K~22 moll"! 

Such solutions are extensively used in aromatic nitration reactions in the heavy organic 

chemicals industry. 

Anhydrous nitric acid has been studied as a nonaqueous ionizing solvent, though salts 

tend to be rather insoluble unless they produce NO, * or NO,_ ions.'’*) Addition of water 
to nitric acid at first diminishes its electrical conductivity by repressing the autoprotolysis 

reactions mentioned above. For example, at —10° the conductivity decreases from 

3.67 x 10°? ohm =! cm“? to a minimum of 1.08 x 10°? ohm! cm“! at 1.75 molal H,O 
(82.89% N,O,) before rising again due to the increasing formation of the hydroxonium ion 

according to the acid—base equilibrium 

HNO, +H,0O——==H,0* +NO,> 

By contrast, Raman spectroscopy and conductivity measurements show that N,O, 

ionizes almost completely in anhydrous HNO, to give NO* and NO,~ and such 

solutions show no evidence for the species N,O,, NO,*, or NO,” .©) N,O, is also 
extremely soluble in anhydrous nitric acid in which it is completely ionized as 

NO; NO,@ 
Nitrates, the salts of nitric acid, can readily be made by appropriate neutralization of the 

acid, though sometimes it is the hydrate which crystallizes from aqueous solution. 

73 W.H. Lex, Nitric acid, Chap. 4 in J. J. Lacowskt (ed.), The Chemistry of Non-aqueous Solvents, Vol. 2, pp. 
151-89, Academic Press, New York, 1967. 
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Anhydrous nitrates and nitrato complexes are often best prepared by use of donor 

solvents containing N,O, (p. 525). The reaction of liquid N,O, with metal oxides and 

chlorides affords an alternative route, e.g.: 

TICLckAN7O =". TNO), -2N, 0,221, 

Many nitrates are major items of commerce and aredealt with under the appropriate 

metal (e.g. NaNO3, KNO,, NH,NO,, etc.). In addition, various hydrogen dinitrates and 

dihydrogen trinitrates are known of formula M[H(NO;),] and M[H,(NO3)3] where M 

is a large cation such as K, Rb, Cs, NH,, or AsPh,. In [AsPh,][H(NO3),] 2 coplanar 

NO, ions are linked by a short H bond as shown in (a) whereas [trans- 

RhBr,(py),][H(NO;), ] features a slightly distorted tetrahedral group of 4 oxygen atoms 

in which the position of the H atom is not obvious [structure (b)]. In [NH,][H,(NO;);3] 

there is a more extended system of H bonds in which 2 coplanar molecules of HNO are 

symmetrically bridged by an NO, ion at right angles as shown in (c). 

As with the salts of other oxoacids, the thermal stability of nitrates varies markedly with 

the basicity of the metal, and the products of decomposition are equally varied.'’* Thus 
the nitrates of Group IA and ITA metals find use as molten salt baths because of their 

thermal stability and low mp (especially as mixtures). Representative values of mp and the 

temperature (7) at which the decomposition pressure of O, reaches 1 atm are: 

M Li Na K Rb Cs Ag Tl 

MP of MNO,/°C 255 307 333 310 414 212 206 
T,/°C 474 525 533 548 584 a aM 

7 B. O. FIELD and C. J. Harpy, Inorganic nitrates and nitrato-compounds, Q. Rev. 18, 361-88 (1964). 
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The product of thermolysis is the nitrite or, if this is unstable at the temperature 

employed, the oxide (or even the metal if the oxide is also unstable): 

2NaNO,-———_ > 2NaNO,+0, (see p. 532) 

2KNO, ——> K,0+N, +30, 
Pb(NO,), ———> PbO+2NO,+40, (see p. 524) 

2AgNO, Ag+2NO,+0, 

As indicated in earlier sections, NH,NO, can be exploded violently at high temperatures 

or by use of detonators (p. 538), but slow controlled thermolysis yields N,O (p. 510): 

2NH,NO;—= > ON; + Oy+4H,0 

200-260 NH{NO; => N,O+2H50 

The presence of organic matter or other reducible material also markedly affects the 

thermal stability of nitrates and the use of KNO, in gunpowder has been known for 
centuries (p. 757). 

The nitrate group, like the nitrite group, is a versatile ligand and numerous modes of 

coordination have been found in nitrato complexes.'’*) The “uncoordinated” NO,” ion 
(isoelectronic with BF ,, BO,* , CO,” , etc.) is planar with N-O near 122 pm; this value 

increases to 126 pm in AgNO, and 127 pm in Pb(NO;),. The most common mode of 

coordination is the symmetric bidentate mode Fig. 11.16a, though unsymmetrical 

bidentate coordination (b) also occurs and, in the limit, unidentate coordination (c). 

Bridging modes include the syn—syn conformation (d) (and the anti—anti analogue), and 

also geometries in which a single O atom bridges 2 or even 3 metal atoms (e), (f). 

Sometimes more than one mode occurs in the same compound. 

Symmetrical bidentate coordination (a) has been observed in complexes with 1-6 

nitrates coordinated to the central metal, eg. [Cu(NO,)(PPh;),]; [Cu(NO,),], 

[Co(NO,),(OPMe;),]; [Co(NO,),] in which the 6 coordinating O atoms define an 

almost regular octahedron (Fig. 11.17a), [La(NO,),(bipy),]; [Ti(NO,),], 

[Mn(NO,),]?, [Fe(NO,),]~, and [Sn(NO,),], which feature dodecahedral coordi- 
nation about the metal; [Ce(NO,),]?~ in which the 5 bidentate nitrate groups define a 

trigonal bipyramid leading to tenfold coordination of cerium (Fig. 11.17b); 

[Ce(NO,),]?~ and [Th(NO,),]?~, which feature nearly regular icosahedral (p. 158) 
coordination of the metal by 12 O atoms; and many lanthanide and uranyl [UO,]?* 

complexes. It seems, therefore, that the size of the metal centre is not necessarily a 

dominant factor. 

Unsymmetrical bidentate coordination (Fig. 11.16b) is observed in the high-spin d’ 

complex [Co(NO,),]?~ (Fig. 11.17c), in [SnMe,(NO,),], and also in several Cu" 
complexes of formula [CuL,(NO,),], where L is MeCN, H,O, py, or 2-MeC;H,N 

- (a-picoline). An example of unidentate coordination is furnished by K[Au(NO,),] as 

shown in Fig. 11.18, and further examples are in cis-[Pd(NO,),(OSMe;),], 

[Re(CO),(NO,)], [Ni(NO,),(H,O),4], [Zn(NO,),(H2O),], and several Cu" complexes 
such as [CuL,(NO,),] where L is pyridine N-oxide or 1,4-diazacycloheptane. It appears 

75 C_C. Appison, N. LoGAN, S.C. WALLWORK, and C. D. GARNER, Structural aspects of coordinated nitrate 
groups, Q. Rev. 25, 289-322 (1971). 
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Fic. 11.16 Coordination geometries of the nitrate group showing typical values for the 
interatomic distances and angles. Further structural details are in ref. 75. 

that a combination of steric effects and the limited availability of coordination sites in 

these already highly coordinated late-transition-metal complexes restricts each nitrate 

group to one coordination site. When more sites become available, as in 

[Ni(NO,),(H,O), ] and [Zn(NO,),(H,O), ], or when the co-ligands are less bulky, as in 

[CuL,(NO,),], where L is H,O, MeCN, or MeNO,, then the nitrate groups become 

bidentate bridging (mode d in Fig. 11.16) and a further example of this is seen in 

[a-Cu(NO,),], which forms a more extensive network of bridging nitrate groups, as 

shown in Fig. 11.19. The single oxygen atom bridging mode (e) occurs in 

[Cu(NO,),(py),],py (Fig. 11.20) and the triple-bridge (f) may occur in 

[Cu,(NO,),(OH),] though there is some uncertainty about this structure and further 

refinement would be desirable. Finally, the structure of the unique yellow solvate of 

formula [Fe(NO3)3.14N,O,] (p. 526) has been shown’®” to be [N,O0,]? *[Fe(NO3),]~ >. 
Each anion has 4 symmetrically bidentate NO, groups in which the coordinating O atoms 

lie at the corners of a trigonal dodecahedron, as is commonly found in tetranitrato species 

(N-O, 120 pm, N-O(Fe) 127 pm, angles O-N-O 113.4° and O-Fe-O 60.0°). The 

[N,0.]** cation comprises a central planar nitrate group (N-O 123 pm) surrounded by 

3 NO groups at distances which vary from 241 to 278 pm (Fig. 11.21); the interatomic 

distance in the NO groups is very short (90-99 pm) implying NO* and the distances of 

these to the central NO, group are slightly less than the sum of the van der Waals radii for 
N and O. 
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202 pm 

199 pm 

Fic. 11.18 Structure of [Au(NO;),]~. 
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Fic. 11.19 Structure of «-Cu(NO3)>. 

Fic. 11.20 Schematic diagram of the centrosymmetric dimer in [Cu,(NO3),(py), ]py showing 
the two bridging nitrato groups each coordinated to the 2 Cu atoms by a single O atom; the dimer 

also has an unsymmetrical bidentate nitrate group on each Cu. 

Fic. 11.21 The [N,0,]** cation. 
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Orthonitrates, M4NO, 

There is no free acid H;NO, analogous to orthophosphoric acid HPO, (p. 595), but 

the alkali metal orthonitrates Na,NO, and K,NO, have recently been synthesized by 

direct reaction at elevated temperatures, e.g.:’° 

Ag crucible 

NaNO,;+Na,O ———> Na,NO, 
300°C for 7 days 

The compound forms white crystals that are very sensitive to atmospheric moisture and 

CO;: 

Na,NO,+H,0+CO, _»NaNO,+NaOH +NaHCO, 

X-ray structural analysis showed that the NO,°~ ion had regular T, symmetry with the 

unexpectedly small N-O distance of 139 pm. This suggests that substantial polar 

interactions are superimposed on the N—-O single bonds since the d, orbitals on N are too 

high in energy to contribute significantly to multiple covalent bonding. It further implies 

that d,—p, interactions need not necessarily be invoked to explain the observed short 

interatomic distance in the isoelectronic oxoanions PO,* , SO,?~, and ClO,~. 

76 M. JANSEN, Crystal structure of Na,;NO,, Angew. Chem., Int. Edn. (Engl.) 18, 698 (1979). For prep. see M. 

JANSEN, ibid. 16, 534 (1977). 
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Phosphorus 

12.1 Introduction 

Phosphorus has an extensive and varied chemistry which transcends the traditional 

boundaries of inorganic chemistry not only because of its propensity to form innumerable 

covalent “organophosphorus” compounds, but also because of the numerous and crucial 

roles it plays in the biochemistry of all living things. It was first isolated by the alchemist 

Hennig Brandt in 1669 by the unsavoury process of allowing urine to putrify for several 

days before boiling it down to a paste which was then reductively distilled at high 

temperatures; the vapours were condensed under water to give the element as a white 

waxy substance that glowed in the dark when exposed to air.) Robert Boyle improved the 
process (1680) and in subsequent years made the oxide and phosphoric acid; he referred to 

the element as “aerial noctiluca”, but the name phosphorus soon became generally 

accepted (Greek wc phos, light; Greek dopoc phoros, bringing). As shown in the Panel, 

phosphorus is probably unique among the elements in being isolated first from animal 

(human) excreta, then from plants, and only a century later being recognized in a mineral. 

In much of its chemistry phosphorus stands in relation to nitrogen as sulfur does to 

oxygen. For example, whereas N, and O, are diatomic gases, P and S have many 

allotropic modifications which reflect the various modes of catenation adopted. Again, the 

ability of P and S to form multiple bonds to C, N, and O, though it exists, is less highly 

developed than for N (p. 478), whereas the ability to form extended networks of 

P-O-P-O- and -S-O-S-—-O- bonds is greater; this is well illustrated by comparing the 

'M. E. Weeks, Discovery of the Elements, Journal of Chemical Education Publ., Easton, Pa., 1956; 
Phosphorus, pp. 109-39. 
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Introduction 

Time Chart for Phosphorus Chemistry 

Phosphorus isolated from urine by H. Brandt. 
Process improved by R. Boyle who also showed that air was necessary for the 

phosphorescence of P. 
Phosphorus first detected in the vegetable kingdom (by B. Albino). 
P,O,, and H;PO, first made by R. Boyle. 
Phosphorus shown by J. G. Gahn and C. W. Scheele to be an essential constituent in the 

bones of man and animals, thereby revealing a plentiful source of fertilizers. 
Phosphorus first discovered in a mineral by J. G. Gahn (pyromorphite, a lead 

phosphate); subsequently found in the much more abundant apatite by T. Bergman 
and J. L. Proust. 

PH, first prepared by P. Gengembre (and independently in 1786 by R. Kirwan). 
PCI, and PCI, made by J. L. Gay Lussac and L. J. Thenard (and by H. Davy). 
N. L. Vauquelin isolated the first organic P compound (lethicin) from brain fat; it was 

characterized as a phospholipid by Gobbley in 1850. 
P. L. Dulong first clearly demonstrated the existence of two oxides of P. 
First synthesis ofan organo-P compounds by J. L. Lassaigne who made alkyl phosphites 

from H,PO,+ ROH. 
T. Graham, later to become the first President of the Chemical Society, classified 

phosphates into 3 groups—ortho, pyro, and meta, following J. J. Berzelius’s 
preparation of pyrophosphoric acid by heat. 

(PNC1,), made by F. Wohler and J. von Liebig (originally formulated as P,N,Cl,). 
J. Murray patented his production of “superphosphate” fertilizer (a name coined by him 

for the product of H,SO, on phosphate rock). 
A. Albright started the manufacture of elemental P in England (for matches); 0.75 tonne 

in 1844, 26.5 tonnes in 1851. 
Polyphosphoric acids made by T. Fleitmann and W. Henneberg. 
Red (amorphous) P discovered by A. Schr6tter. 
First commercial production of “wet process” phosphoric acid. 
E. F. Hoppe-Seyler and F. Miescher isolated “nuclein”, the first nucleic acid, from puss 

cells. 
Modern cyclic formulation of tetrametaphosphate anion suggested by A. Glatzel (Ring 

structure of metaphosphate definitely established by L. Pauling and J. Sherman 1937.) 
Electrothermal process for manufacturing P introduced by J. B. Readman (Edinburgh). 
“Strike-anywhere” matches devised by H. Sévéne and E. D. Cahen in France; previously 

the brothers Lundstrom had exhibited “safety matches” in 1855, and the first 
P-containing striking match had been invented by F. Dérosne in 1812. 

C.H. Fiske and Y. Subbarow discovered adenosine triphosphate (ATP) in muscle fibre; 
synthesized some 20 y later by A. Todd et al. (Nobel Prize 1957). 

Elucidation of the glycolysis process (by G. Embden and by O. Meyerhof) followed by 
the glucose oxidation process (H. A. Krebs, 1937) established the intimate 
involvement of P compounds in many biochemical reactions. 

Radioactive >7P made by (n,y) reaction on *!P. 
Highly polymeric phosphate esters (nucleic acids) present in all cells and recognized as 

essential constituents of chromosomes. 
First ?!P nmr chemical shifts measured by W. C. Dickinson (for POCI,, PCI,, and PBr, 

relative to aqueous H,PO,). 
Detergents (using polyphosphates) overtake soap as main washing agent in the USA. 

(Heavy duty liquid detergents with polyphosphates introduced in 1955.) 
F. H.C, Crick, J. B. Watson, and M. H. F. Wilkins (with Rosalind Franklin) establish 

the double helix structure of nucleic acids (Nobel Prize 1962). 
Concept of “pseudorotation” introduced by R. S. Berry to interpret the stereochemical 

non-rigidity of trigonal bipyramidal PF, (and SF,, CIF,); the 5F atoms are 
equivalent (1953) due to interconversion via a square pyramidal intermediate. 

First 2-coordinate compound of P prepared by A. B. Burg (Me,P==PCF,). First 1- 
coordinate P compound (HC=P) made by T. E. Gier. 

First heterocyclic aromatic analogue of pyridine (Ph,C,H,P) prepared by G. Markl, 
followed by the parent compound C,H.P in 1971 (A. J. Ashe). 

G. Wittig shared the Chemistry Nobel Prize for his development of the Wittig reaction 
(first published with G. Geissler in 1953). 

547 
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oxides and oxoanions of N and P. “Valency expansion” is another point of difference 

between the elements of the first and second periods of the periodic table for, although 

compounds in which N has a formal oxidation state of +5 are known, no simple “single- 

bonded” species such as NF, or NCI, have been prepared, analogous to PF; and PCI, . 

This finds interpretation in the availability of 3d orbitals for bonding in P (and S) but not 

for N (or O). The extremely important Wittig reaction for olefin synthesis (p. 635) is 

another manifestation of this property. Discussion of more extensive group trends in 

which N and P are compared with the other Group V elements As, Sb, and Bi, is deferred 

until the next chapter (pp. 642-646). 
Because of the great importance of phosphorus and its compounds in the chemical 

industry, several books and reviews on their preparation and uses are available.°-°® 

Some of these applications reflect the fact that P is a vital element for the growth and 

development of all plants and animals and is therefore an important constituent in 
many fertilizers. Phosphorus compounds are involved in energy transfer processes (such 

as photosynthesis (p. 139), metabolism, nerve function, and muscle action), in heredity 

(via DNA, p. 611),-and in the production of bones and teeth.” 

12.2 The Element 

12.2.1 Abundance and distribution 

Phosphorus is the eleventh element in order of abundance in crustal rocks of the earth 

and it occurs there to the extent of ~ 1120 ppm (cf. H ~ 1520 ppm, Mn ~ 1060 ppm). All its 

known terrestrial minerals are orthophosphates though the reduced phosphide mineral 

schriebersite (Fe,Ni),P occurs in most iron meteorites. Some 200 crystalline phosphate 

minerals have been described, but by far the major amount of P occurs in a single mineral 

family, the apatites, and these are the only ones of industrial importance, the others being 

? J. Emstey and D. HALL, The Chemistry of Phosphorus, Harper & Row, London 1976, 534 pp. 
3 A.D. F. Toy, Phosphorus Compounds in Everyday Living, Am. Chem. Soc., Washington, DC, 1976, 238 pp. 
* H. HaRNIsH, New developments in the field of the preparation and uses of inorganic phosphorus products, 

Pure Appl. Chem. 44, 439-57 (1975) (in German). 

4a VJ. Kosyakov and I. G. VAsIL’EvaA, Phosphorus rings, clusters, chains, and layers, Russian Chem. Rev. 48, 

153-61 (1979). : 
> D. E. C. CorsripGE, Phosphorus: An Outline of its Chemistry, Biochemistry, and Technology, Elsevier, 

Amsterdam, 1978, 464 pp.; 2nd edn., 560 pp., 1980. 

® A. F. Cups, Phosphorus, phosphoric acid, and inorganic phosphates, in The Modern Inorganic Chemicals 
Industry, (R. THOMPSON, ed.), pp. 375-401, The Chemical Society, London, 1977. 

°@ Proceedings of the First International Congress on Phosphorus Compounds and their Non-fertilizer 
Applications, 17-21 October 1977 Rabat, Morocco, IMPHOS (Institut Mondial du Phosphat), Rabat, 1978, 
767 pp. 

6° L. D. Quin and J. D. VeRKADE (eds.), Phosphorus Chemistry: Proceedings of the 1981 International 
Conference, ACS Symposium Series No. 171, 1981, 640 pp. 

°° E. C. Aryea and D. W. MEEK (eds.), Catalytic Aspects of Metal Phosphine Complexes, ACS Symposium 
Series No. 196, 1982, 421 pp. 

64H. GoLpwuite, Introduction to Phosphorus Chemistry, Cambridge University Press, Cambridge, 1981, 
113 pp. 

7J. R. VAN Wazer (ed.), Phosphorus and its Compounds, Vol. 2, Technology, Biological Functions and 
Applications, Interscience, New York, 1961, 2046 pp. 

72 F. H. PortuGAL and J. S. CoHEN, A Century of DNA. A History of the Discovery of the Structure and 
Function of the Genetic Substance, MIT Press, Littleton, Mass., 1977, 384 pp. 
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rare curiosities. Apatites (p. 606) have the idealized general formula 3Ca;(PO,),.CaX;, 

that is Ca, 9(PO,),X>, and common members are fluorapatite Ca;(PO,)3F, chloroapatite 

Ca,;(PO,)3Cl, and hydroxyapatite Ca,(PO,)3(OH). In addition, there are vast deposits of 

amorphous phosphate rock, phosphorite, which approximates in composition to 

fluoroapatite.”’ These deposits are widely spread throughout the world as indicated in 
Table 12.1 and reserves are adequate for several centuries. With present technology, the 

phosphate content of commercial phosphate rock generally falls in the range 

(72+10)% BPL [i.e. “bone phosphate of lime”, Ca3;(PO,),] corresponding to 

(3345)% P4O,9 or 12-17% P. The USA is the principal producer, the mines of Florida 

alone having produced one-third of the total world output in 1975. Morocco is the largest 

exporter, mainly to the UK and continental Europe which no longer have significant 

reserves.t World production is a staggering 110 million tonnes of phosphate rock per 

annum, equivalent to some 15 million tonnes of contained phosphorus (p. 554). 

TABLE 12.1 Estimated reserves of phosphate rock (in gigatonnes of contained P)® 

Continent Main areas Reserves/i0° tonnes P 

Africa - Morocco, Senegal, Tunisia, Algeria, Sahara, Sh) 
Egypt, Togo, Angola, South Africa 

North America USA (Florida, Georgia, Carolina, Tennessee, 1.4 

Idaho, Montana, Utah, Wyoming) Mexico 

South America Peru, Brazil, Chile, Columbia 0.2 

Asia/Middle East USSR (Kola Peninsula, Kazakhstan, Siberia), 0.4 

Jordan, Israel, Saudi Arabia, India, Turkey 

Australasia Queensland, Nauru, Makatea 0.2 

Total Shi/ 

Phosphorus also occurs in all living things and the phosphate cycle, including the 

massive use of phosphatic fertilizers, is of great current interest.®*° '°” The movement of 
phosphorus through the environment differs from that of the other non-metals essential to 

life (H, C, N, O, and S) because it has no volatile compounds that can circulate via the 

atmosphere. Instead, it circulates via two rapid biological cycles (weeks and years) 

superimposed on a much slower primary inorganic cycle (millions of years) as shown 

schematically in Fig. 12.1. 
In the inorganic cycle, phosphates are slowly leached from the igneous or sedimentary 

rocks by weathering, and transported by rivers to the lakes and seas where they are 

+ The price of Moroccan phosphate rock which had been stable at $12 per tonne (70-72 % BPL) for several 
years, rose sharply to $40 per tonne in October 1973; by 1975 it had reached $65 per tonne but subsequently fell 
considerably, thus improving the economics of phosphorus compounds in Europe. 

8 B. H. SVENSSON and R. SODERLUND (eds.), Nitrogen, Phosphorus, and Sulfur—Global Biogeochemical Cycles, 

SCOPE Report, No. 7, Sweden 1976, 170 pp.; also SCOPE Report No. 10 on Environmental Issues, Wiley, New 
York, 1977, 220 pp. ; 

9 J. Ems.ey, Phosphate Cycles, Chem. Br. 13, 459-63, 1977. 
10 RB J. GrirritH, A. BEETON, J. M. SPENCER, and D. T. MITCHELL (eds.), Environmental Phosphorus 

Handbook, Wiley, New York, 1973, 718 pp. 

108 Ciba Foundation Symposium 57 (New Series), Phosphorus in the Environment: Its Chemistry and 
Biochemistry, Elsevier, Amsterdam, 1978, 320 pp. 
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Rocks and soils 

Land-based 
biosphere 

Lakes and seas 

Aquatic 
biosphere 

Sediments 

=< Primary inorganic cycle \ millions of years 

Fic. 12.1. The phosphate cycles. 

precipitated as insoluble metal phosphates or incorporated into the aquatic food chain. 

The solubility of metal phosphates clearly depends on pH, salinity, temperature, etc., but 

in neutral solution Ca;(PO,), (solubility product ~ 10° 7° mol? 1” °) may first precipitate 
and then gradually transform into the less soluble hydroxyapatite [Ca;(PO,)3(OH)], 

and, finally, into the least-soluble member, fluoropatite (solubility product 

~107°° mol? 1~?). Sedimentation follows and eventually, on a geological time scale, 
uplift to form a new land mass. Some idea of actual concentrations of ions involved may be © 
obtained from the fact that in sea water there is one phosphate group per million water 

molecules; at a salinity of 3.3%, pH 8, and 20°C, 87% of the inorganic phosphate exist as 

[HPO,]*~, 12% as [PO,]°, and 1% as [H,PO,] . Of the [PO,]*~ species, 99.6% is 
complexed with cations other than Na*.“”) 

The secondary biological cycles stem from the crucial roles that phosphates and 

particularly organophosphates play in all life processes. Thus organophosphates are 

incorporated into the backbone structures of DNA and RNA (p. 612) which regulate the 

reproductive processes of cells, and they are also involved in many metabolic and energy- 

transfer processes either as adenosine triphosphate (ATP) (p.611) or other such 

compounds. Another role, restricted to higher forms of life, is the structural use of calcium 

‘! E. T. Decens, Molecular mechanisms on carbonate, phosphate, and silica deposition in the living cell, 
Topics in Current Chem. 64, 1-112 (1976). 
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phosphates as bones and teeth. Tooth enamel is nearly pure hydroxyapatite and its 

resistance to dental caries is enhanced by replacement of OH” by F” (fluoridation) to give 

the tougher, less soluble [Ca,(PO,)3,F]. It is also commonly believed that the main 

inorganic phases in bone are hydroxyapatite and an amorphous phosphate, though many 

crystallographers favour an isomorphous solution of hydroxyapatite and the carbo- 

nate—apatite mineral dahlite, [(Na,Ca);(PO,,CO3)3(OH)], as the main crystalline phase 

with little or no amorphous material. Young bones also contain brushite, 

[CaHPO,.2H,O], and the hydrated octacalcium phosphate [CagH,(PO,),.5H,O] 

which is composed, essentially, of alternate layers of apatite and water oriented parallel to 

(001). 

The land-based phosphate cycle is shown in Fig. 12.2.°) The amount of phosphate in 
untilled soil is normally quite small and remains fairly stable because it is present as the 

insoluble salts of Ca", Fe', and Al". To be used by plants, the phosphate must be released 
as the soluble [H,PO,]~ anion, in which form it can be taken up by plant roots. Although 

acidic soil conditions will facilitate phosphate absorption, phosphorus is the nutrient 

which is often in shortest supply for the growing plant. Most mined phosphate is thus 

destined for use in fertilizers and this accounts for up to 75% of phosphate rock in 

technologically advanced countries and over 90% in less advanced (more agriculturally 

based) countries. Moderation in all things, however: excessive fertilization of natural 

waters due to detergents and untreated sewage in run-off water can lead to heavy 

Rural man, animals 
birds and insects 

Plants and 
Organic debris micro-organisms 

Available soil 
phosphate 

(H,PO, ) 

Fixed soil 
phosphate 

(HPO4,PO,°) 

= — = 

Fic. 12.2. The land-based phosphate cycle. 
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overgrowth of algae and higher plants, thus starving the water of dissolved oxygen, killing 

fish and other aquatic life, and preventing the use of lakes for recreation, etc. This 

unintended over-fertilization and its consequences has been termed eutrophication (Greek 

eb, eu, well; tpédetv, trephein, to nourish) and is the subject of active environmental 

legislation in several countries.“ ?) Reclamation of eutrophied lakes can best be effected by 
addition of soluble Al" salts to precipitate the phosphates. 

As just implied, the land-based phosphorus cycle is connected to the water-based cycle 

via the rivers and sewers. It has been estimated that, on a global scale, about 2 million 

tonnes of phosphate are washed into the seas annually from natural processes and rather 

more than this amount is dumped from human activities. For example in the UK some 

200 000 tonnes of phosphate enters the sewers each year: 100 000 tonnes from detergents, 

75 000 from human excreta, and 25 000 tonnes from industrial processes. Details of the 

subsequent water-based phosphate cycle are shown schematically in Fig. 12.3. The water- 

based cycle is the most rapid of the three phosphate cycles and can be completed within 

weeks (or even days). The first members of the food chain are the algae and experiments 

with radioactive **P (p. 558) have shown that, within minutes of entering an aquatic 

Phytoplankton 
(e.g. algae) 

Inorganic phosphate e oS Jj , Zooplankton 
PO,2-HPO? +H,PO, | : oe oe (herbivores) 

Food chain 

Colloidal Soluble 4 | Carnivores 
. organic — . 

ve phosphates co (e.g. fish) 

Fic. 12.3 The water-based phosphate cycle.” 

‘2 G. F. Leg, Eutrophication, in Kirk-Othmer Encyclopedia of Chemical Technology, 2nd edn., pp. 315-38, 
Supplement Volume, 1971. 
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environment, inorganic phosphate is absorbed by algae and bacteria (50% uptake in 

1 min, 80% 1n 3 min). In the seas and oceans the various phosphate anions form insoluble 

inorganic phosphates which gradually sink to the sea bed. The concentration of 

phosphate therefore increases with depth (down to about 1000 m, below which it remains 

fairly constant); by contrast the sunlight, which is necessary for the primary photo- 

synthesis in the food chain, is greatest at the surface and rapidly diminishes with depth. It is 

significant that those regions of the sea where the deeper phosphate-rich waters come 

welling up to the surface support by far the greatest concentration of the world’s fish 

population; such regions, which occur in the mid-Pacific, the Pacific coast of the 

Americas, Arabia, and Antartica, account for only 0.1% of the sea’s surface but support 

50% of the world’s fish population. 

12.2.2 Production and uses of elemental phosphorus 

For a century after its discovery the only source of phosphorus was urine. The present 

process of heating phosphate rock with sand and coke was proposed by E. Aubertin and L. 

Boblique in 1867 and improved by J. B. Readman who introduced the use of an electric 

furnace. The reactions occurring are still not fully understood, but the overall process can 

be represented by the idealized equation: 

2Ca,(PO,), + 6SiO, + 10C ——> 6CaSi0, + 10CO+P,; AH = — 3060 kJ/mol P, 

The presence of silica to form slag which is vital to large-scale production was perceptively 

introduced by Robert Boyle in his very early experiments. Two apparently acceptable 

mechanisms have been proposed and it is possible that both may be occurring. In the first, 

the rock is thought to react with molten silica to form slag and P,O,, which is then 

reduced by the carbon: 

2Ca,(PO,), + 6SiO, 6CaSiO;+P,0;5 

P,0,o+10C ———> 10CO+P, 

In the second possible mechanism, the rock is considered to be directly reduced by CO and 

the CaO so formed then reacts with the silica to form slag: 

2Ca;(PO,), + 10CO —_—_> 6CaO + 10CO, + Py 

6CaO + 6Si0, 6CaSiO, 

19CO;+ 0G" > 2660 

Whatever the details, the process is clearly energy intensive and, even at 90% efficiency, 

requires ~ 15 MWh per tonne of phosphorus (see Panel). 

12.2.3 Allotropes of phosphorus» 

Phosphorus (like C and S) exists in many allotropic modifications which reflect the 
variety of ways of achieving catenation. At least five crystalline polymorphs are known 

13D. BE. C. Corsripce, The Structural Chemistry of Phosphorus, Elsevier, Amsterdam, 1974, 542 pp. 
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Production of Phosphorus‘: ” 

A typical modern phosphorus furnace (12 m diameter) can produce some 4 tonnes per hour and 
is rated at 60-70 MW (i.e. 140 000 A at 500 V). Three electrodes, each weighing 60 tonnes, lead in 
the current. The amounts of raw material required to make 1 tonne of white phosphorus depend on 
their purity but are typically 8 tonnes of phosphate rock, 2 tonnes of silica, 1.5 tonnes of coke, and 
0.4 tonnes of electrode carbon. The phosphorus vapour is driven off from the top of the furnace 
together with the CO and some H,; it is passed through a hot electrostatic precipitator to remove 
dust and then condensed by water sprays at about 70° (P,, melts at 44.1°). The byproduct CO is 
used for supplementary heating. 

As most phosphate rock approximates in composition to fluoroapatite, [Ca,(PO,)3F], it 
contains 3-4 wt % F. This reacts to give the toxic and corrosive gas SiF,, which must be removed 
from the effluent. The stoichiometry of phosphate rock might suggest that about | mole of SiF, is 
formed for each 3 moles of P,, but only about 20% of the fluorine reacts in this way, the rest being 
retained in the slag. Nevertheless, since a typical furnace can produce over 30000 tonnes of 
phosphorus per year this represents a substantial waste of a potentially useful byproduct (~ 5000 - 
tonnes SiF, yearly per furnace). In some plants the SiF, is recovered by treatment with water and 
soda ash (Na,CO;) to give Na,SiF, which can be used in the fluoridation of drinking water. 

Another troublesome impurity in phosphate rock (1-5%) is Fe,O, which is reduced in the 
furnace to “ferrophosphorus”, an impure form of Fe,P. This is a dense liquid at the reaction 
temperature; it sinks beneath the slag and can be drained away at intervals. As every tonne of 
ferrophosphorus contains ~0.25 tonne of P, this is a major loss, but is unavoidable since the 
Fe,O, cannot economically be removed beforehand. The few uses of ferrophosphorus depend on 
its high density (~ 6.6 g cm *). It can be mixed with dynamite for blasting or used as a filler in 
high-density concrete and in radiation shields for nuclear reactors. It is also used in the 
manufacture of special steels and cast-irons, especially for non-sparking railway brake-shoes. The 
other substantial byproduct, CaSiO, slag, has little economic use and is sold as hard core for road- 
fill or concrete aggregate; about 7-9 tonnes are formed per tonne of P produced. 

World capacity for the production of elemental P is ~1.2 million tonnes per year of which 
about half is in the USA. Some figures for 1976 are as follows: 

Country USA USSR = Netherlands Canada Germany France 
: (FRG) 

ktonne/y 528 a0 90 85 80 39 

Country China Japan Germany : India | South 
(DDR) Africa 

ktonne/y 35 0 io 6 6 

About 80-90% of the elemental P produced is reoxidized to (pure) phosphoric acid (p. 599). 
The rest is used to make phosphorus sulfides (p. 585), phosphorus chlorides and oxochloride 
(p. 569), and organic P compounds. Bulk price (USA 1981) was ca. $1.50-1.75 per kg. 

and there are also several “amorphous” or vitreous forms (see Fig. 12.4). All forms, 

however, melt to give the same liquid which consists of symmetrical P, tetrahedral 

molecules, P-P 225 pm. The same molecular form exists in the gas phase (P—P 221 pm), 

but at high temperatures (above ~ 800°C) and low pressures P, is in equilibrium with the 

diatomic form P=P (189.5 pm). At atmospheric pressure, dissociation of P, into 2P, 

reaches 50% at ~1800°C and dissociation of P, into 2P reaches 50% at ~2800°. 

The commonest form of phosphorus, and the one which is usually formed by 

condensation from the gaseous or liquid states, is the waxy, cubic, white form «-P, 

(d 1.8232 gcm 3 at 20°C). This, paradoxically, is also the most volatile and reactive solid 

form and thermodynamically the least stable. It is the slow phosphorescent oxidation of 
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the vapour above these crystals that gives white phosphorus its most characteristic 

property.t At —76.9°C and atmospheric pressure the a-form converts to the very similar 

white hexagonal f-form (d 1.88 g cm 3), possibly by loss of rotational disorder; AH (a— B) 

—15.9 kJ (mol P,)~ +. White phosphorus is insoluble in water but exceedingly soluble (as 

P,,) in CS, (~880 g per 100 g CS, at 10°C). It is also very soluble in PCl;, POCI,, liquid 

SO,, liquid NH, and benzene, and somewhat less soluble in numerous other organic 

solvents. The B form can be maintained as a solid up to 64.4°C under a pressure of 

11 600 atm, whereas the «-form melts at 44.1°C. White phosphorus is highly toxic and 

ingestion, inhalation or even contact with skin must be avoided; the fatal dose when taken 

internally is about 50 mg. 

Amorphous red phosphorus was first obtained in 1848 by heating white P, out of 

contact with air for several days, and is now made on a commercial scale by a similar 

process at 270°—300°C. It is denser than white P, (~ 2.16 g cm”), has a much higher m.p. 

(~ 600°C), and is much less reactive; it is therefore safer and easier to handle, and is 

essentially non-toxic. The amorphous material can be transformed into various crystalline 

red modifications by suitable heat treatment, as summarized on the right hand side of Fig. 

12.4. It seems likely that all are highly polymeric and contain three-dimensional networks 

formed by breaking one P—P bond in each P, tetrahedron and then linking the remaining 

P, units into chains or rings of P atoms each of which is pyramidal and 3 coordinate as 

shown schematically below: 

a 
Sa 

This is well illustrated by the crystal structure of Hittorfs violet monoclinic allotrope 

(d 2.35 gcm  *) which was first made in 1865 by crystallizing phosphorus in molten lead. 
The structure is exceedingly complex !* and consists of P, and P, groups linked alternately 

by pairs of P atoms to form tubes of pentagonal cross-section and with a repeat unit of 21P 

(Fig. 12.5). These tubes, or complex chains, are stacked (without direct covalent bonding) 

to form sheets and are linked by P—P bonds to similar chains which lie at right angles to 

the first set in an adjacent parallel layer. These pairs of composite parallel sheets are then 

stacked to form the crystal. The average P—P distance is 222 pm (essentially the same as in ~ 

P,) but the average P-P-—P angle is 101° (instead of 60°). 

Black phosphorus, the thermodynamically most stable form of the element, has been 

prepared in three crystalline forms and one amorphous form. It is even more highly 

polymeric than the red form and has a correspondingly higher density (orthorhomic 2.69, 

rhombohedral 3.56, cubic 3.88 g cm™ *). Black phosphorus (orthorhombic) was originally 

made by heating white P, to 200° under a pressure of 12 000 atm (P. W. Bridgman, 1916). 

Higher pressures convert it successively to the rhombohedral and cubic forms (Fig. 12.4). 

ea ol 
Nel Sao 

+ The emission of yellow-green light from the oxidation of P, is one of the earliest recorded examples of 
chemiluminescence, but the details of the reaction mechanism are still not fully understood. The primary 
emitting species in the visible region of the spectrum are probably (PO), and HPO; and ultraviolet emission 
from excited states of PO also occurs (R. J. van Zee and A. U. Khan, J. Am. Chem. Soc. 96, 6805-6 (1974). 

'* von H. THurN and H. Kress, The crystal structure of Hittorf’s phosphorus, Acta Cryst. B25, 125-35 
(1969) (in German). 
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Fic. 12.5 Structure of Hittorfs violet monoclinic phosphorus showing (a) end view of one 
pentagonal tube, (b) the side view of a single tube (dimensions in pm), and (c) schematic 

representation of the stacking of the tubes in the crystal structure. 

Orthorhombic black P (mp ~ 610°) has a layer structure which is based on a puckered 
hexagonal net of 3-coordinate P atoms with 2 interatomic angles of 102° and 1 of 96.5° 
(P—P 223 pm). The relation of this form to the rhombohedral and cubic forms is shown in 

Fig. 12.6. Comparison with the rhombohedral forms of As, Sb, and Bi is also instructive in 

showing the increasing tendency towards octahedral coordination and metallic properties 

(p. 643). Black P is semiconducting but its electrical properties are probably significantly 

affected by impurities introduced during its preparation. 

12.2.4 Atomic and physical properties’ ° 

Phosphorus has only 1 stable isotope, 75P, and accordingly (p. 20) its atomic weight is 

'S Mellor’s Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vol. 8, Suppl. 3, Phosphorus, 
Longman, London, 1971, 1467 pp. 
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213 pm 

238 pm 

(d) 

Fic. 12.6 ‘ The structures of black phosphorus: (a) portion of one layer of orthorhombic P 
(idealized), (b) rhombohedral form, portion of one hexagonal layer, (c) cubic form, 4 unit cells, (d) 

distortion of (a) to the cubic form, and (e) distortion of (b) to the cubic form. 

known with extreme accuracy, 30.973 76. Six radioactive isotopes are known, of which 3*P 

is by far the most important; it is made on the multikilogram scale by the neutron 

irradiation of 3*S(n,p) or 7!P(n,y) in a nuclear reactor, and is a pure f-emitter of half life 

14.28 days, E,,,, 1.709 MeV, E,,.., 0.69 MeV. It finds extensive use in tracer and 

mechanistic studies. The stable isotope *!P has a nuclear spin quantum number of $ and 

this is much used in nmr spectroscopy."®) Chemical shifts and coupling constants can 
both be used diagnostically to determine structural information. 

‘© PS. PREGOSIN and L. M. VENANz1, Multinuclear nmr and the preparative coordination chemist, Chem. in 
Br. 14, 276-81 (1978). 
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In the ground state, P has the electronic configuration [Ne]3s?3p3p}3p: with 3 
unpaired electrons; this, together with the availability of low-lying vacant 3d orbitals, 

accounts for the predominant oxidation states III and V in phosphorus chemistry. 

Ionization energies, electronegativity, and atomic radii are compared with those of N, As, 

Sb, and Bion p. 642. White phosphorus (@-P,) has mp 44.1° (or 44.25° when ultrapure), bp 

280.5°, and a vapour pressure of 0.122 mmHg at 40°C. It is an insulator with an electrical 

resistivity of ~ 10’! ohm cm at 11°C, a dielectric constant of 4.1 (at 20°), and a refractive 

index np(29.2°) 1.8244. The heat of combustion of P, to P,O,, is —2971 kJ mol”! and 

the heat of transition to amorphous red phosphorus is —29 kJ (mol P,)"!. 

12.2.5 Chemical reactivity 

The spontaneous chemiluminescent reaction of white phosphorus with moist air was 

the first property of the element to be observed and was the origin of its name (p. 546); its 

spontaneous ignition temperature in air is ~35°. We have already seen (p. 556) that the 

reactivity of phosphorus depends markedly upon which allotrope is being studied and 

that increasing catenation of the polymeric red and black forms notably diminishes both 

reactivity and solubility. The preference of phosphorus for these forms rather than for the 

gaseous form P,,, which is its most obvious distinction from nitrogen, can be rationalized 

in terms of the relative strengths of the triple and single bonds for the 2 elements. Reliable 

values are hard to obtain but generally accepted values are as follows: 

E (N=N)/kJ per mol of N 946 E (P=P)/kJ per mol of P 490) 

E(> N—N <)/kJ per mol of N 159 (o1 296) E(> P—P <)/kJ per mol of P 200 

Ratio 5.95 Ratio 2.45 
(or 3.20) 

It is clear that, for nitrogen, the triple bond is preferred since it has more than 3 times the 

energy ofa single bond, whereas for phosphorus the triple-bond energy is less than 3 times 

the single-bond energy and so allotropes having 3 single bonds per P atom are more stable 

than that with a triple bond. 

Phosphorus forms binary compounds with all elements except Sb, Bi, and the inert 

gases. It reacts spontaneously with O, and the halogens at room temperature, the 

mixtures rapidly reaching incandescence. Sulfur and the alkali metals also react 

vigorously with phosphorus on warming, and the element combines directly with all 

metals (except Bi, Hg, Pb) frequently with incandescence (e.g. Fe, Ni, Cu, Pt). White 

phosphorus (but not red) also reacts readily with heated aqueous solutions to give a 

variety of products (pp. 564 and 589 ff), and with many other aqueous and nonaqueous 

reagents. 
The stereochemistry and bonding of P are very varied as will become apparent in later 

sections: the element is known in at least 14 coordination geometries with CN up to 9, 

though the most frequently met have CN 3, 4, 5, and 6. Some typical coordination 

geometries are summarized in Table 12.2 and illustrated in Fig. 12.7. Many of these 

compounds will be more fully discussed in later sections. 
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TABLE 12.2 Stereochemistry of phosphorus 

CN Geometry Examples 

0 = P(g)—in equilibrium with P,(g) above 2200°C 
1 = P,(g}~in equilibrium with P,(g) above 800°C; HC=P; FC=P; 

MeC=P (p. 633) 
2 Bent‘!®) HP=CH,,"'’”) [P(CN),.]~,¢7” [{CsH4S(NR)C},P]*X~ (p. 635), 

cyclo-C;HsP, 2,4,6-Ph,C,;H,P; Me,;P=PCF;; P,°~ anion’? 
(isoelectronic with P,S;) in Sr3P,4; P,,°> anion in Na3P,;; 
diazaphospholes”® 

3 Planar [PhP{Mn(n°-C;H,) (CO),},]°™ 
Pyramidal P,, PH3, PX3, P,O., [PhP{Co(CO),},]°” 

4 Tetrahedral PH,*, C1,PO, P,O,9, PO,°-, polyphosphates, MP (zinc blende 
type, M=B, Al, Ga, In), [Co3(CO) (u3-PPh)],0” 

[(P,)Ni{(Ph,PCH,CH,),N}];’" many complexes of PR;, etc., 
with metal centres 

Local C,, PBr,~, [PBr.(CN),]-°) [u(n?-P3){Ni(triphos)}, ]?* °° 

5 Trigonal bipyramidal PF. PPh, 

Square pyramidal [Co,4(CO)s(u-CO), (u4-PPh),], [Oss(CO), s(44-POMe)]°” 
6 Octahedral PF, , PCl, , MP (NaCl-type, M=La, Sm, Th, U, etc.) 

Trigonal primsatic Rh,P3, Hf;P, (also contains seven- and eight-fold coordination of P 
by M) 

Irregular (4+2) [Co,(CO), 4(u-CO),P]~ 
7 Bicapped trigonal Ta,P, Hf,P (contains P in seven-, eight-, and nine-fold coordination 

prismatic by M) 

8 Cubic M,P (antifluorite type (p. 129), M=Ir, Rh) 
9 Tricapped trigonal M,3P (M=Ti, V, Cr, Mn, Fe, Ni, Zr, Nb, Ta) 

prismatic 
Monocapped square 

M,P (PbCl,-type, M=Fe, Co, Ru) 

[Rh (CO),,P]?~ ©”) 
antiprismatic 

'©a FE. FLACK, Compounds of phosphorus with coordination number 2, Topics in Phosphorus Chemistry 10, 
193-284 (1980). 

'7W. DaHLMANN and H. G. vON SCHNERING, Sr3P,,. A phosphide with isolated P,*~ groups, 
Naturwissenschaften 59, 420 (1972). See also W. WICHELHAUs and H. G. VON SCHNERING, Na,P,,. A phosphide 
with isolated P, ,*~ groups, ibid. 60, 104 (1973). 

17a G. HuTTNer, H.-D. MULLER, A. FRANK, and H. Lorenz, [PhP{Mn(C;H;)(CO),},], a phosphinidene 
complex with trigonal planar coordinated phosphorus, Angew. Chem., Int. Edn. (Engl.) 14, 705-6 (1975). 

7» H.W. Krorto, J. F. Nixon, K. OHNO, and N. P. C. Simmons, The microwave spectrum of phosphaethene, 
HP=CH,’, JCS Chem. Comm. 1980, 709. 

'7e W. S. SHELDRICK, J. KRONER, F. ZWASCHKA, and A. SCHMIDPETER, Structure of the dicyanophosphide ion 
in a crown-ether sodium salt, Angew. Chem., Int. Edn. (Engl.) 18, 934-5 (1979). 

‘74 J. H. WEINMAIER, A. SCHMIDPETER, ef al., Diazaphospholes, Angew. Chem., Int. Edn. (Engl.) 18, 412° 
(1979); Chem. Ber. 113, 2278-90 (1980); J. Organometallic Chem. 185, 53-68 (1980). 

'7e P. Dapporto, S. MIDOLLINI, and L. SACcoNI, Tetrahedro-tetraphosphorus as a monodentate ligand ina 
nickel(0) complex, Angew. Chem., Int. Edn. (Engl.) 18, 469 (1979). 

‘8 J. C. Burt and G. Scumip, Synthesis of p-phenylphosphine-diyl-bis(tetracarbonylcobalt) and 
1,1,1,2,2,2,3,3,3-nona-carbonyl-y,-phenylphosphinediyl-triangulo-dicobaltiron, JCS Dalton 1978, 1385-7. 

"9 L. MarKO and B. MarKO, Paramagnetic phosphido cobalt carbonyl clusters, Inorg. Chim. Acta 14, L39 
(1975). 

192 WS. SHELDRICK, A. SCHMIDPETER, F. ZWASHKA, K. B. DILLON, A. W. G. PLATT, and T. C. WADDINGTON, 

The structures of hypervalent phosphorus(III) anions P(CN),_,Br,. Transition from w-trigonal-bipyramidal 
to w-octahedral coordination and deviation from valence shell electron pair repulsion theory, JCS Dalton 1981, 
413-18; see also Angew. Chem., Int. Edn. (Engl.) 18, 935-6 (1979). 

20M. Dr VarrA, S. MIDOLLINI, and L. SACCONI, cyclo-Triphosphorus and cyclo-triarsenic as ligands in 
“double sandwich” complexes of cobalt and nickel, J. Am. Chem. Soc. 101, 1757-63 (1979). For analogous 
complexes in which p-(y?-P3) bridges RhCo, RhNi, IrCo, and RhRh, see C. BIANCHINI, M. Dr Varra, A. MELI, 
and L. Sacconi, Angew. Chem., Int. Edn. (Engl.) 19, 405-6 (1980). 

21 J. M. FERNANDEZ, B. F. G. JOHNSON, J. Lewis, and P. R. RAITHBY, Synthesis and molecular structure of 
[Os,(CO), (POMe)], JCS Chem. Comm. 1978, 1015-16. 

2 J. L. Vipat, W. E. Wacker, R. L. Pruett, and R. C. ScHoENniNG, [Rh,P(CO),,]?~. Example of 
encapsulation of phosphorus by transition-metal-carbonyl clusters, Inorg. Chem. 18, 129-36 (1979). 
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Fic. 12.7 Schematic representation of some of the coordination geometries of phosphorus. 
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12.3 Compounds 

12.3.1 Phosphides?**°* 

Phosphorus forms stable binary compounds with almost every element in the periodic 

table and those with metals are called phosphides. Like borides (p. 162) they are known in 

a bewilderingly large number of stoichiometries, and typical formulae are M,P, M;P, 

M,2P;,M-P3,M,P,M-;P4,M-sP3,M3P,,M.P3,Ms5P4, MeP;, MP, M3P4, MP3, MP2, 

M,P;, MP3, M;P;;, M3P,4, MP;, MP,, and MP,,;. Many metals (e.g. Ti, Ta, W, Rh) 

form as many as 5 or 6 phosphides and Ni has at least 8 (Ni;P, Ni;P,, Ni;2Ps5, NiP, 
Ni;P,, NiP, NiP,, and NiP;). Ternary and more complex metal phosphides are also 

known. 

The most general preparative route to phosphides (Faraday’s method) is to heat the 

metal with the appropriate amount of red P at high temperature in an inert atmosphere or 

an evacuated sealed tube: 

heat 

nM +mP M,.P in 

An alternative route (Andrieux’s method) is the electrolysis of fused salts such as molten 

alkali-metal phosphates to which appropriate metal oxides or halides have been added: 

electrol 

{(NaPO;),/NaCl/WO}fused ———> WP 

Variation in current, voltage, and electrolyte composition frequently results in the 

formation of phosphides of different stoichiometries. Less-general routes (which are 

nevertheless extremely valuable in specific instances) include: 

(a) Reaction of PH; with a metal, metal halide, or sulfide, e.g.: 

800° 
PH, +2Ti Ti,P 

H,0 further 

2PH,+3Ni(O,CMe), Ni,P,+6HOAc NisP, 
reaction 

(b) Reduction of a phosphate such as apatite with C at high temperature, e.g.: 

1200° 
Ca,(PO,),+8C Ca,P,+8CO 

(c) Reaction of a metal phosphide with further metal or phosphorus to give a product 

of different stoichiometry, e.g.: 

The, ithe ATH 

4RuP + P,(g) "> 4RuP, 

4irP, —1*° 5 21r,P + 14P,(g) 
~ (low press) 

°° A. WILson, The metal phosphides, Chap. 3 (pp. 289-363) in ref. 15; see also p. 256. 
°** A. D. F. Toy, “Phosphorus”, Chap. 20 in Comprehensive Inorganic Chemistry, Vol. 2, pp. 389-545, 

Pergamon Press, Oxford, 1973 (Section 20.2, Phosphides, pp. 406-14). 
>> Ref. 13, Chap. 3, “Phosphides’’, pp. 25-64. 
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Phosphides resemble in many ways the metal borides (p. 162), carbides (p. 318), and 

nitrides (p. 479), and there are the same difficulties in classification and description of 

bonding. Perhaps the least-contentious procedure is to classify according to 

stoichiometry, 1.e. (a) metal-rich phosphides (M/P > 1), (b) monophosphides (M/P = 1), 

and (c) phosphorus-rich phosphides (M/P <1): 

(a) Metal-rich phosphides are usually hard, brittle, refractory materials with metallic 
lustre, high thermal and electrical conductivity, great thermal stability, and general 

chemical inertness. Phosphorus is often in trigonal prismatic coordination being 

surrounded by 6 M, or by7, 8, or9 M (see Fig. 6.7 on p. 166 and Fig. 12.7). The antifluorite 

structure of many M, P also features eightfold (cubic) coordination of P by M. The details 

of the particular structure adopted in each case are influenced predominantly by size 

effects. 

(b) Monophosphides adopt a variety of structures which appear to be influenced by 

both size and electronic effects. Thus the Group IIIA phosphides MP adopt the zinc- 

blende structure (p. 1405) with tetrahedral coordination of P, whereas SnP has the NaCl- 

type structure (p. 273) with octahedral coordination of P, VP has the hexagonal NiAs- 

type structure (p. 649) with trigonal prismatic coordination of isolated P atoms by V, and 

MoP has the hexagonal WC-type structure (p. 321) in which both Mo and P have 

a trigonal prismatic coordination by atoms of the other kind. More complicated 

arrangements are also encountered, e.g.:'?° 

TiP, ZrP, HfP: half the P trigonal prismatic and half octahedral; 

MP (M=Cr, Mn, Fe, Co, Ru, W): distorted trigonal prismatic coordination of P 

by M plus two rather short contacts to P atoms in adjacent trigonal prisms, thus 

building up a continuous chain of P atoms; NiP is a distortion of this in which the 

P atoms are grouped in pairs rather than in chains (or isolated as in VP). 

(c) Phosphorus-rich phosphides are typified by lower mps and much lower thermal 

stabilities when compared with monophosphides or metal-rich phopshides. They are often 

semiconductors rather than metallic conductors and feature increasing catenation of the P 

atoms (cf. boron rich borides, p. 166). P, units occur in FeP,, RuP,, and OsP,, (marcasite- 

type, p. 804) and in PtP, (pyrites type, p. 804) with P-P 217 pm. Planar P, rings (square 
or rectangular) occur in several MP, (M =Co, Ni, Rh, Pd, Ir) with P—P typically 223 pm 

in the square ring of RhP. Structures are also known in which the P atoms form chains 
(PdP,, NiP,, CdP,, BaP), double chains (ZnPbP,,4, CdPbP,,, HgPbP,,), or layers 

(CuP,, AgP,, CdP,); in the last 3 phosphides the layers are made up by a regular fusion of 

puckered 10-membered rings of P atoms with the metal atoms in the interstices. The 

double-chained structure of MPbP,, is closely related to that of violet phosphorus 

(DP557): 

In addition, phosphides of the electropositive elements in Groups IA, IIA, and the 

lanthanoids form phosphides with some degree of ionic bonding. The compounds Na3P, , 
and Sr;P,, have already been mentioned (p. 560) and other somewhat ionic phosphides 

are M,P (M=Li, Na), M;P, (M=Be, Mg, Zn, Cd), MP (M=La, Ce), and Th,P,. 

However, it would be misleading to consider these as fully ionized compounds of P?~ and 

there is extensive metallic or covalent interaction in the solids. Such compounds are 
characterized by their ready hydrolysis by water or dilute acid to give PH. 

Few industrial uses have so far been found for phosphides. “Ferrophosphorus” is 

produced on a large scale as a byproduct of P, manufacture, and its uses have been noted 
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(p. 554). Phosphorus is also much used as an alloying element in iron and steel, and for 

improving the workability of Cu. Group IIIA monophosphides are valuable semi- 

conductors (p. 288) and Ca;P, is an important ingredient in some navy sea-flares since its 

reaction with water releases spontaneously flammable phosphines. By contrast the 

phosphides of Nb, Ta, and W are valued for their chemical inertness, particularly their 

resistance to oxidation at very high temperatures, though they are susceptible to attack by 

oxidizing acids or peroxides. 

12.3.2 Phosphine and related compounds 

The most stable hydride of P is phosphine (phosphane), PH3. It is the first of a 

homologous series P,,H,,,,. (n= 1-6) the members of which rapidly diminish in thermal 

stability, though P,H, and PH, have been isolated pure. Other (unstable) homologous 

series are P,H, (n= 2-9), P,H,_ > (n=4-7), and P,H,_4 (n=6-8); in all of these there is a 

tendency to form cyclic and condensed polyphosphanes at the expense of open-chain 

structures. Phosphorane, PH.,, has not been prepared or even detected, despite numerous 
attempts. 

PH, is an extremely poisonous, highly reactive, colourless gas which has a faint garlic 

odour at concentrations above about 2 ppm by volume. It is intermediate in thermal 
stability between NH; (p. 483) and AsH, (p. 650). Several convenient routes are available 

for its preparation: 

1. Hydrolysis of a metal phosphide such as AIP or Ca3P,,; the method is useful even up 

to the 10-mole scale and can be made almost quantitative 

2. Pyrolysis of phosphorous acid at 205—210°; under these conditions the yield of PH; 

is 97°%% though at higher temperatures the reaction can be more complex (p. 589) 

4H.PO. +> PHE GHP Os 

3. Alkaline hydrolysis of PH,I (for very pure phosphine): 

P,+ 21, +8H,0 ———=> 2PH,I+2HI+2H;PO, 

PH,I+ KOH(aq) ———> PH,+KI+H,O 

4. Reduction of PCl, with LiAlH, or LiH: 

Et, 0/ <0° 

PCl6 3H RH inc! 

5. Alkaline hydrolysis of white P, (industrial process): 

P,+3KOH + 3H,0 ———> PH,+3KH,PO, 

Phosphine has a pyramidal structure, as expected, with P-H 142 pm and the H-P-H 
angle 93.6° (see p. 650). Other physical properties are mp — 133.5°, bp —87.7°, dipole 
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- moment 0.58 D, heat of formation AH? —9.6kJ mol™! (uncertain), and mean P-H 

bond energy 320kJ mol‘. The free energy change (at 25°C) for the reaction 

}P,(«-white) +2H,(g)=PH,(g) is — 13.1 kJ mol !, implying a tendency for the elements 

to combine, though there is negligible reaction unless H, is energized photolytically or by 

a high-current arc. The inversion frequency of PH, is about 4000 times less than for NH, 
(p. 484); this reflects the substantially higher energy barrier to inversion for PH, which is 

calculated to be ~ 155 kJ mol"! rather than 24.7 kJ mol”! for NH3. 

Phosphine is rather insoluble in water at atmospheric pressure but is more soluble in 

organic liquids, and particularly so in CS, and CCI1,CO,H. Some typical values are: 

Solvent (TC) H,0 (17°) CH,CO,H (20°) Grn 22) ES 5.213) CCI,CO,H 
Solubility/ml PH,(g) 26 319 726 1025 1590 

per 100 ml solvent 

Aqueous solutions are neutral and there is little tendency for PH, to protonate or 

deprotonate:(?° 

PH, +H,O——=PH,~ +H,0*; K,=1.6x 10729 

PH, +H,O——=PH,* +OH~; K,=4x 10728 

In liquid ammonia, however, phosphine dissolves to give NH,*PH,~ and with potas- 

sium gives KPH, in the same solvent. Again, phosphine reacts with liquid HCI to give 

the sparingly soluble PH,*Ci~ and this reacts further with BCI, to give PH,BCl,. The 

corresponding bromides and PH,|I are also known. More generally, phosphine readily 

acts as a ligand to numerous Lewis acids and typical coordination complexes are 

[BH,3(PH3)], [(BF3(PH3)], [AICI,(PH3)], [Cr(CO),(PH3),], [Cr(CO)3(PH3)s3], 
[Co(CO),(NO)(PH,)], [Ni(PF,),(PH;),], and [CuCl(PH,)]. Further details are in 

the Panel and other aspects of the chemistry of PH; have been extensively reviewed.'?°” 

Phosphine is also a strong reducing agent: many metal salts are reduced to the metal 

and PCI, yields PCl;. The pure gas ignites in air at about 150° but when contaminated 

with traces of P,H, it is spontaneously flammable: 

When heated with sulfur, PH; yields H,S and a mixture of phosphorus sulfides. Probably 

the most important reaction industrially is its hydrophosphorylation of formic acid in 

aqueous hydrochloric acid solution: 

PH,+4HCHO+HCI —> [P(CH,OH),]Cl 

The tetrakis(hydroxymethyl)phosphonium chloride so formed is the major ingredient 

with urea-formaldehyde or melamine-formaldehyde resins for the permanent flame- 
proofing of cotton cloth. 

Of the other hydrides of phosphorus only diphosphane (diphosphine), P,H,, has been 

much studied. P,H, is best made (30-50% yield) by passing PH, through an electric 

discharge at 5-10 kV. An older method, which involved passing products of hydrolysis of 

Ca,P, through a cold trap, gave lower and rather unpredictable yields. P,H, is a 

26 R. E. WESTON and J. BIGELEISEN, Kinetics of the exchange of hydrogen between phosphine and water: a 
kinetic estimate of the acid and base strengths of phosphine, J. Am. Chem. Soc. 76, 3074-5 (1954). 

262 FE. Fuck, Chemistry of phosphine, Topics in Current Chem. 35, 1-64 (1973). A review with 493 references. 
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Phosphine and its Derivatives as Ligands®* ?7: 28: 28, 28°) 

A wide variety of 3-coordinate phosphorus(III) compounds are known and these have been 
extensively studied as ligands because of their significance in improving our understanding of the 
stability and reactivity of many coordination complexes. Among the most studied of these ligands 
are PH;, PF, (p. 568), PCi; (p. 569), PR, (R=alkyl), PPh3, and P(OR);, together with a large 

mber of “mixed” ligands such as Me, NPF,, PMePh,, etc., and many multidentate (chelating) 
igands such as Ph,PCH,CH,PPh.,, etc. 

_ In many of their complexes PF, and PPh, (for example) resemble CO (p. 349) and this at one 
time encouraged the belief that their bonding capabilities were influenced not only by the factors 
(p. 223) which affect the stability of the ¢ PM interaction which uses the lone-pair of electrons 
on P™ and a vacant orbital on M, but also by the possibility of synergic x back-donation from a 

onbonding” d, pair of electrons on the metal into a “vacant” 3d, orbital on P. It is, however, not 
clear to what extent, if any, the o and x bonds reinforce each other,?® and more recent 

descriptions are based on an MO approach which uses all (o and z) orbitals of appropriate 
y on both the phosphine and the metal-containing moiety. To the extent that o and x 

bondin effects on the stability of metal-phosphorus bonds can be isolated from each other and 
from steric factors (see below) a orenind sequence of effects is as follows: 

PB P(OR),> PR = PPh. PH,>PF, >P(OPh), 
ok bonding: PF ,>P(OPh), > PH, > P(OR),>PPh,~PR,>PBu; 
a Steric ee -PBu§ > PPh, > Ons = PMe, > P(OR),>PF,>PH, 

Continued 

*” Chapter 5 in ref. 2, Phosphorus(III) ligands in transition-metal complexes, pp. 177-207. 
28 C. A. McAULIFFE and W. LEvason, Phosphine, Arsine, and Stibine Complexes of the Transition Elements, 

Elsevier, Amsterdam, 1979, 546 pp. A review with over 2700 references, mainly to literature since 1971. Earlier 

work was comprehensively reviewed in C. A. MCAULIFFE (ed.), Transition-Metal Complexes of Phosphorus, 
Arsenic, and Antimony Donor Ligands, Macmillan, London, 1972. 

28a O. STELZER, Transition metal complexes of phosphorus ligands, Topics in Phosphorus Chemistry 9, 1-229 
(1977). An extensive review with over 1700 references arranged element-by element and technique-by-technique 
but with no assessment or generalizations. 

78> R. Mason and D. W. Meek, The versatility of tertiary phosphine ligands in coordination and 
organometallic chemistry, Angew. Chem., Int. Edn. (Engl.), 17, 183-94 (1978). 

°° A. J. Carty, N. J. TayLor, A. W. COLEMAN, and M. F. Lappert, The chromium-heavy Group 5 donor 
bond: a comparison.of structural changes within the series [Cr(CO)(XPh,)] (X =P, As, Sb, or Bi) via their X- 
ray crystal structures, JCS Chem. Comm. 1979, 639-40. 
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and will, of course, be dependent on the actual interatomic distance between M and P. For the 
particular case of Ni, for which a standard value of a8 pm was adopted for Ni-P, the calculated 
values for the cone angle are: 

Ligand PH, PF, P(OMe), —— P(OEt); PMe, P(OPh), 
Cone angle ike 104° 107° 109° 118° 121° 

Ligand PCl, PEt, PPh, Pre PBu} 
Cone angle 25° 12 145° 160° 182° 

Bulky tertiary phosphine ligands exert both steric and electronic influences when they form 
_ complexes (since an increase in bulkiness of a substituent on P increases the inter-bond angles and 
this in turn can be thought of as an increase in “p-character” of the lone-pair of electrons on P). For 
example, the sterically demanding di-t-butylphosphines, PBu>;R (R=alkyl or aryl), promote 

- spatially less-demanding features such as hydride formation, coordinative unsaturation at the 
metal centre, and even the stablization of unusual oxidation states, such as Ir". They also favour 
internal C- or O- metallation reactions for the same reasons. Indeed, the metallation of C-H and 

C-P bonds of coordinated tertiary phosphines can be considered as examples of intramolecular 
oxidative addition, and these have important mechanistic implications for homogeneous and 
heterogeneous catalysis.?°*) A possible mechanism would be by concerted 3-centre addition: 

C c 

oo ve — 
a ~ 

H H 

Other notable examples are the orthometallation (orthophenylation) reactions of many 

complexes of aryl phosphines (PAr,) and aryl phosphites P(OAr), with platinum metals in 
particular, e.g.: 

heat (—H,) 

[RuClH { P(OPh); }4] a RuCl {P(OPh)s 3 

O-— P(OPh), 

colourless, volatile liquid (mp — 99°) which is thermally unstable above room temperature 

and is decomposed slowly by water. Its vapour pressure at 0°C is 70.2 mmHg but partial 

decomposition precludes precise determination of the bp (63.5° extrap). Electron- 

diffraction measurements on the gas establish the gauche—C, configuration (p. 491) with 

P-P 222 pm, P-H 145 pm, and the angle H-P-H 91.3", though vibration spectroscopy 

suggests a trans-C,, configuration in the solid phase. These results can be compared with 
those for the halides P,X, on p. 571. 

12.3.3 Phosphorus halides 

Phosphorus forms three series of halides P,X,, PX3, and PXs, and all 12 compounds 

are now known, the most recent additions being P,Br, (1973) and PI, (1978). Numerous 

mixed halides PX,Y and PX,Y, are also known as well as various pseudohalides such as 

29a G_ PARSHALL, Homogeneous catalytic activation of C-H bonds, Acc. Chem. Res. 8, 113-17 (1975). 
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P(CN);, P(CNO),, P(CNS)3, and their mixed halogeno-counterparts. The compounds 

form an extremely useful extended series with which to follow the effect of progressive 

substitution on various properties, and the pentahalides are particularly significant in 
spanning the “ionic-covalent” border, so that they exist in various structural forms 

depending on the nature of the halogen, the phase of aggregation, or the polarity of the 

solvent. Some curious polyhalides such as PBr, and PBr,, have also been characterized. 

Some physical properties of the binary halides are summarized in Table 12.3. Ternary 

(mixed) halides tend to have properties intermediate between those of the parent binary 

halides. 

TABLE 12.3. Some physical properties of the binary phosphorus halides 

Compound Physical State at 25°C MP/°C BP/°C P-X/pm Angle X-P-X 

RES Colourless gas —151.5 —101.8 156 968" 
PCI, Colourless liquid —93.6 76.1 204 100° 
PBr, Colourless liquid —41.5 Bee 222 101° 
PI, Red hexagonal crystals 61.2 decomp > 200 243 102° 

legal a Colourless gas — 86.5 —6.2 159 991° 
(P-P 228) (F—P—P 95.4°) 

PoC Colourless oily liquid —28 ~ 180 (d) = == 
Pal syer 2 — — a — 
Poli Red triclinic needles 12525 decomp 248 10235 

(P-P 221) (I-P-P 94.0°) 

Pi. Colourless gas —93.7 — 84.5 153 (eq) 120° (eq-eq) 
158 (ax) 90° (eq-ax) 

REle Off-white tetragonal 167 160 (subl) See text 
crystals 

PBr, Reddish-yellow < 100 (d) 106 (d) See text 
rhombohedral crystals 

PI, Brown-black crystals 41 = a 

Phosphorus trihalides 

All 4 trihalides are volatile reactive compounds which feature pyramidal molecules. 

The fluoride is best made by the action of CaF,, ZnF,, or ASF; on PCl;, but the others 

are formed by direct halogenation of the element. PF, is colourless, odourless, and does 

not fume in air, but is very hazardous due to the formation of a complex with blood 

haemoglobin (cf. CO, p. 1279). It is about as toxic as COCI,. The similarity of PF; and CO 

as ligands was first noted by J. Chatt°® and many complexes with transition elements are 

now known,°!) eg. [Ni(CO),(PF3)4_,] (n=0-4), [Pd(PF;),], [Pt(PF3),], 

[CoH(PF3),4], [Co2(u-PF,).(PF3),], etc. Such complexes can be prepared by ligand 

replacement reactions, by fluorination of PCl, complexes, by direct reaction of PF; with 

°° J. CuatT, The coordinate link in chemistry, Nature 165, 637-8 (1950); J. CHatt and A. A. WILLIAMS, 
Complex formation by phosphorus trifluoride, J. Chem. Soc. 1951, 3061-7. 

31 T. KRUCK, Trifluorophosphine complexes of transition metals, Angew. Chem., Int. Edn. (Engl.) 6, 53-67 

(1967); J. F. Nixon, Recent progress in the chemistry of fluorophosphines, Adv. Inorg. Chem. Radiochem. 13, 
363-469 (1970); R. J. CLARKE and M. A. Buscu, Stereochemical studies of metal carbonyl-phosphorus 
trifluoride complexes, Acc. Chem. Res. 6, 246-52 (1973). 
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metal salts, or even by direct reaction of PF; with metals at elevated temperatures and 

pressures. 

PF, unlike the other trihalides of phosphorus, hydrolyses only slowly with water, the 

products being phosphorous acid and HF: 

PF,+3H,0 —>H;PO,+3HF 

The reaction is much more rapid in alkaline solutions, and in dilute aqueous KHCO, 

solutions the intermediate monofluorophosphorous acid is formed: 

2% aq KHCO, 
PF; + 2H,0 ————————»> QO=— P —F + 2HF 

PCI, is the most important compound of the group and is made industrially on a large 

scalet by direct chlorination of phosphorus suspended in a precharge of PCl,—the 

reaction is carried out under reflux with continuous take-off of the PCl, formed. PCI, 

undergoes many substitution reactions, as shown in the diagram, and is the main source 

of organophosphorus compounds. Particularly notable are PR;, PR,Cl;_,, PR,(OR)3_,, 

(PhO); PO, and (RO)3PS. Many of these compounds are made on the 1000-tonne scale 

pa, and the major uses are as oil additives, plasticizers, flame retardants, fuel additives, and 

intermediates in the manufacture of insecticides.” PCI, is also readily oxidized to the 

important phosphorus(V) derivatives PCI,, POCI;, and PSCl;. It is oxidized by As,O, to 

P,O, though this is not the commercial route to this compound (p. 578). It fumes in moist 

air and is more readily hydrolysed (and oxidized) by water than is PF;. With cold N,O, 

(— 10°) it undergoes a curious oxidative coupling reaction to give Cl, P—=N—POCI,, mp 

35.5°; this compound had previously been formulated as P,O4Cl,o, i.e. 

Cl Cle CHCl Cl 

(er || | 
O12 —— Opt PO) VK) 

| gaa oranans 
Cl CCl Cl Cl 

but was shown to be 

Cl Cl 

Cl=- P—— No P=) 

Cl Cl 

with two different 4-coordinate P‘”) atoms by *!P nmr and other techniques.°* Other 

+ World production exceeds a quarter of a million tonnes pa; of this the US produces ~ 150 000 tonnes, the 
UK and Europe ~90 000, and Japan ~ 33 000 tonnes pa. 

3? D. H. CHaDwick and R. S. Watt, Manufacture of phosphate esters and organic phosphorus compounds, 
Chap. 19 in ref. 7, pp. 1221-79. 

33M. BECKE-GOEHRING, A. Depo, E. FLuck, and W. Goetze, Concerning trichlorophosphornitrido- 
phosphoryl dichloride and the reaction between phosphorus trichloride and dinitrogen tetroxide, Chem. Ber. 94, 
1383-7 (1961). 

CTE-T 
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notable reactions of PCI, are its extensive use to convert alcohols to RCI and carboxylic 

acids to RCOCI, its reduction to P,I, by iodine, and its ability to form coordina- 

tion complexes with Lewis acids such as BX, and Ni. 
PI, is emerging as a powerful and versatile deoxygenating agent.°°” For example 

solutions of PI, in CH,Cl, at or below room temperature convert sulfoxides (RR‘SO) into 

diorganosulfides, selenoxides (RR’SeO) into selenides, aldehyde oximes (RCH=NOH) 

into nitriles, and primary nitroalkanes (RCH,NO,) into nitriles, all in high yield 

(75-95%). The formation of nitriles, RCN, in the last two reactions requires the presence 

of triethylamine in addition to the PI. 

334 JN. Denis and A. Krier, Phosphorus triiodide (PI,), a powerful deoxygenating agent, JCS Chem. Comm. 
1980, 544-S. 
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Diphosphorus tetrahalides 

The physical properties of P,X,, in so far as they are known, are summarized in Table 

12.3. P,F, was first made in other than trace amounts in 1966, using the very effective 

method of coupling two PF, groups at room temperature under reduced pressure: 

86% yield 

2PF1+ 2He —_—_>P.F, + Hg], 

The compound hydrolyses to F, POPF, which can also be prepared directly in 67% yield 

by the reaction of O, on P,F4. 
P,Cl, can be made (in low yield) by passing an electric discharge through a mixture of 

PCl, and H, under reduced pressure or by microwave discharge through PCI, at 

1-5 mmHg pressure. The compound decomposes slowly at room temperature to PCl, 

and an involatile solid, and can be hydrolysed in basic solution to give an equimolar 

mixture of P,H, and P,(OH),. 

Little is known of P,Br,, said to be produced by an obscure reaction in the system 

C,H,-PBr,-Al,Br,.°* By contrast, P,I, is the most stable and also the most readily 
made of the 4 tetrahalides; it is formed by direct reaction of I, and red P at 180° or by I, 

and white P, in CS, solution, and can also be made by reducing PI, with red P, or PCI, 

with iodine. Its X-ray crystal structure shows that the molecules of P,1, adopt the trans-, 

centrosymmetric (C,) form (see N,H4g, p. 491, N,F4, p. 504). Reaction of P51, with sulfur 

in CS, yields P,1I,S,, which probably has the symmetrical structure 

but most reactions of P,I, result in cleavage of the P—P bond, e.g. Br, gives PBrI, in 90% 

yield. Hydrolysis yields various phosphines and oxoacids of P, together with a small 

amount of hypophosphoric acid, (HO),(O)PP(O)(OH),. 

Phosphorus pentahalides 

Considerable theoretical and stereochemical interest attaches to these compounds 

because of the variety of structures they adopt; PCI, is also an important chemical 

intermediate. Thus, PF is molecular and stereochemically non-rigid (see below), PCI; is 

molecular in the gas phase, ionic in the crystalline phase, [PCl,]*[PCl,]~, and either 

molecular or ionically dissociated in solution, depending on the nature of the solvent. 

- PBr; is also ionic in the solid state but exists as [PBr,]*[Br]~ rather than 

[PBr,]*[PBr,] . The iodide, which was first made only in 1978 (by the reaction of HI, 

34 R J. PyrkKIN, YA.A. Levin, and E. I. GOLDFARB, Reactions in the system ethylene-phosphorus tribromide- 
aluminium bromide, J. Gen. Chem. USSR 43, 1690-6 (1973). See also A. HinKE, W. KuCHEN, and J. KUTTER, 

Stabilization of diphosphorus tetrabromide as the bis(pentacarbonylchromium) complex, Angew. Chem. Int. 
Ed. (Engl.) 20, 1060 (1981). 
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Lil, Nal, or KI on PCI, dissolved in Mel), appears also to be [PI,]*I-, at least in 

solution.'?° 
PF, is a thermally stable, chemically reactive gas which can be made either by 

fluorinating PCI; with AsF, (or CaF,), or by thermal decomposition of NaPFg, 

Ba(PF,)., or the corresponding diazonium salts. Electron diffraction, after early incorrect 

conclusions, firmly establishes the molecular structure as trigonal bipyramidal with the 

axial P-F bond distances (158 pm) longer than the equatorial (153 pm). This implies that 

the “static” structure, as obtained by techniques which monitor the structure on a very fast 

(“instantaneous”) time scale, involves two geometrically different types of F atom. 

However, the ‘°F nmr spectrum, as recorded down to — 100°C, shows only a single 

fluorine resonance peak (split into a doublet by *'P—'°F coupling) implying that on this 
longer time scale (milliseconds) all 5 F atoms are equivalent. This can be explained if the 

axial and equatorial F atoms interchange their positions more rapidly than this, a process 

termed “pseudorotation” by R. S. Berry (1960); indeed, PF, was the first compound to 

show this effect.°° The proposed mechanism is illustrated in Fig. 12.8 and is discussed 
more fully in ref. 37. 

Fic. 12.8 Interchange of axial and equatorial positions by Berry pseudorotation (BPR). 

The mixed chlorofluorides PC1,F (mp — 59°, bp +67°) and PCI;F, (mp — 63°) are also 

trigonal bipyramidal with axial F atoms; likewise PCI,F3; (mp — 125°, bp +7.1°) has 2 

axial and 1 equatorial F atoms, and PCIF, (mp — 132°, bp —43.4°) has both axial 

positions occupied by F atoms. These compounds are obtained by addition of halogen to 

the appropriate phosphorus(III) chlorofluoride, but if PCI, is fluorinated in a polar 

solvent, ionic isomers are formed, e.g. [PCl,] *[PCl,F,]~ (colourless crystals, subl 175°) 

and [PCl,]*[PF,.]~ (white crystals, subl 135° with decomposition). The crystalline 

hemifluoride [PCl,]*[PCI,F]~ has also been identified. The analogous parallel series of 

°° 'N. G. FESHCHENKO, V. G. Kostina, and A. V. Kirsanov, Synthesis of PI,, J. Gen. Chem. USSR 48, 195-6 
(1978). 

°° R.S. BERRY, Correlation of rates of intramolecular tunnelling processes, with application to some group V 
compounds, J. Chem. Phys. 32, 933-8 (1960). 

37, R. LUCKENBACH, Dynamic Stereochemistry of Pentacoordinate Phosphorus and Related Elements, 
G. THIEME, Stuttgart, 1973, 259 pp. 
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covalent and ionic bromofluorides is less well characterized but PBr,F is known both as 

an unstable molecular liquid (decomp 15°) and as a white crystalline powder 

[PBr,]*[PF,]~ (subl 135° decomp). 
PCI, is even closer to the ionic-covalent borderline than is PF, the ionic solid 

[PCl,]*[PCl,]~ melting (or subliming) to give a covalent molecular liquid (or gas). 

Again, when dissolved in non-polar solvents such as CCl, or benzene, PCl, is monomeric 
and molecular, whereas in ionizing solvents such as MeCN, MeNO,, and PhNO, there 

are two competing ionizing equilibria:°® 

SPC [PC ]* 4+ (PC) 

PCl,=—=[PCl,]* +Cl- 

As might be expected, the former equilibrium predominates at higher concentrations of 

PCI, (above about 0.03 mol 1~') whilst the latter predominates below this concentration. 

The P—Cl distances (pm) in these various species are: 

PCI, 214 (axial), 202 (equatorial); [PCl,]* 197; [PCl,]~ 208 pm 

Ionic isomerism is also known and, in addition to [PCl,]*[PCl,]~, another (metastable) 

crystalline phase of constitution [PCl,]3; [PCl,]~ Cl” can be formed either by application 

of high pressure or by crystallizing PCl, from solutions of dichloromethane containing 

Br, or SCl,.°8” When gaseous PCI, (in equilibrium with PCI, +Cl,) is quenched to 15 K 
the trigonal-bipyramidal molecular structure is retained; this forms an ordered molecular 

crystalline lattice on warming to ~130K, but further warming towards room 

temperature results in chloride-ion transfer to give [PCl,]*[PCl,]~.°®” 

The delicate balance between ionic and covalent forms is influenced not only by the 

state of aggregation (solid, liquid, gas) or the nature of the solvent, but also by the effect of 

substituents. Thus PhPCl, is molecular with Ph equatorial whereas the corresponding 
methyl derivative is ionic, [MePCl,]*Cl~. Despite this the [PhPCl,]* is known and can 

readily be formed by reacting PhPCl, with a chlorine ion acceptor such as BCI3, SbCl,, or 

even PCI, itself:°% 

PhPCl, + PCls ——>[PhPCl,]*[PCI,]7 

Likewise crystalline Ph,PCl, is molecular whereas the corresponding Me and Et 

derivatives are ionic [R,PCI,]~ Cl. However, all 3 triorganophosphorus dihalides are 

ionic [R,PCl]*Cl” (R=Ph, Me, Et). The pale-yellow, crystalline mixed halide P, BrCl, 

appears tobe (PCL, WEP Caer; [Pele lg [Btls (i.e. P 5 BroCl.,). °°” 

38 R.W. Suter, H. C. KNACHEL, V. P. Petro, J. H. Howatson, and S. G. SHorE, Nature of phosphorus(V) 
chloride in ionizing and non-ionizing solvents, J. Am. Chem. Soc. 95, 1474-9 (1973). 

384 A Fincu, P. N. Gates, H. D. B. JENKINS, and K. P. THAKUR, Ionic isomerism in phosphorus(V) chloride, 
JCS Chem. Comm. 1980, 579-80. 

38> A Fincu, P. N. Gates, and A. S. Muir, Variable-temperature Raman spectra of phosphorus(V) chloride 
and bromide deposited at 15 K, JCS Chem. Comm. 1981, 812-4. See also H. D. B. JENKINS, K. P. THAKUR, A. 
Fincu, and P. N. Gates, Ionic isomerism. 2. Calculations of thermodynamic properties of phosphorus(V) 
chloride isomers: AH;(PCl,*(g)) and AH;(PCl, (g)), Inorg. Chem. 21, 423-6 (1982). 

39 KB. Ditton, R.J. LYNCH, R. N. REEVE, and T. C. WADDINGTON, Solid-state >'P nmr and *°Cl nqr studies 
of some alkyl- and aryl-chlorophosphoranes and their addition compounds with Lewis acids, J. Chem. Soc. 
(Dalton) 1976, 1243-8. 

394 FF. BENTLEY, A. FINCH, P. N. Gates, F. J. RYAN, and K. B. DILLon, The structure of P,;Cl,Br, J. /norg. 
Nucl. Chem. 36, 457-9 (1974). See also JCS Dalton 1973, 1863-6. 
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Phosphorus pentabromide is rather different. The crystalline solid is [PBr,]*Br~ but 

this appears to dissociate completely to PBr; and Br, in the vapour phase; rapid cooling 

of this vapour to 15 K results in the formation of a disordered lattice of PBr, and PBr, (i.e. 

[PBr,]*[Br;]~) and this mixture reverts to [PBr,]*Br~ on being warmed to 180 K fo?) 

WEE IS 273K 
2(PBrs |" By te) = 2P Brae) + 2Br (8) 
ordered lattice 

warm to quench 

298K to 15K 

2(PBr,4]*Br~ (c) wamto  [PBr4]*[Br3]~ + PBr3 (c) 

dissordered lattice ~ 180K dissordered lattice 

PCI, is made on an industrial scale by the reaction of Cl, on PCI, dissolved in an equal 

volume of CCl,. World production probably exceeds 20 000 tonnes pa. On the laboratory 

scale Cl, gas (or liquid) can be passed directly into PCl,. PCl, reacts violently with water 

to give HCl and H,PO, but in equimolar amounts the reaction can be moderated to-give 

POCI,: 

PCI, +H,O > POCI, + 2HCI 

PCI, chlorinates alcohols to alkyl halides and carboxylic acids to the corresponding 

RCOCI. When heated with NH,ClI the phosphonitrilic chlorides are obtained (p. 625). 

These and other reactions are summarized in the diagram.© The chlorination of 
phosphonic and phosphinic acids and esters are of considerable importance. PCl, can 

also act as a Lewis acid to give 6-coordinate P complexes, e.g. py PCl,, and pyz PCl, where 

py=C,H;N (pyridine) and pyz=cyclo-1,4-C,H,N, (pyrazine).°?”) 

Pseudohalides of phosphorus(III)¢° 

Paralleling the various phosphorus trihalides are numerous pseudohalides and mixed 

pseudohalide-halides of which the various isocyanates and isothiocyanates are perhaps 

the best known. Most are volatile liquids, e.g. 

Compound P(NCO), PF(NCO), PF,(NCO) — PCI(NCO), 

MP/°C =) =f; 108 —50 
BP/°C 169.3 98.7 12.3 134.6 

Compound PCI,(NCO) P(NCS), PF,(NCS) PCI,(NCS) 

MP/°C —99 <4 ~95 ~16 
BP/°C 104.5 ~ 120/1 mmHg 90.3 148 

(decomp) 

39» B. N. Meyer, J. N. IsHLEY, A. V. FRaTINI, and H. C. KNACHEL, Addition compounds of phosphorus(V) 
chloride and aromatic nitrogen bases. Crystal structure and 'H nmr and Raman spectra of pyrazine- 
phosphorus(V) chloride, Jnorg. Chem. 19, 2324-7 (1980) and references therein. 

4° A. F. Cuitps, “Phosphorus pseudohalides”, Section 19 of ref. 15, pp. 582-95. 



§12.3.4 =. 3 ~Oxohalides and Thiohalides S75 

Cl;P=N—N=PC1, PCl4* PEs 

Pir, Pi Oc PCE 

Cl;P=NPOCI, 

Some reactions of phosphorus pentachloride. 

The corresponding phosphoryl and thiophosphory] pseudohalides are also known, i.e. 

PO(NCO),, PS(NCO),, etc. Preparations are by standard procedures such as those on 

the diagram for PCI, (p. 570). As indicated there, P(CN), has also been made: it is a highly 

reactive white crystalline solid mp 203° which reacts violently with water to give mainly 

phosphorous acid and HCN. 

12.3.4 Oxohalides and thiohalides of phosphorus 

The propensity of phosphorus(III) compounds to oxidize to phosphorus(V) by 

formation of an additional P—O bond is well illustrated by the ease with which the 

trihalides are converted to their phosphoryl analogues POX,. Thus, PCI, reacts rapidly 
with pure O, (less rapidly with air) at room temperature or slightly above and this 

reaction is used on an industrial scale. Alternatively, a slurry of P,O,, in PCI, can be 

chlorinated, the PCl, so formed reacting instantaneously with the P,O,9: 

P4O;0 +6PCI, Sa iaic 10POCI, 

POBr, can be made by similar methods, but POF, is usually made by fluorination of 

POCI, using a metal fluoride (e.g. M=Na, Mg, Zn, Pb, Ag, etc.). POI, was first made in 

1973 by iodinating POCI, with Lil, or by reacting ROPI, with iodine 
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(ROPI, + 1,-RI+POI,).4”) Mixed phosphoryl] halides, POX, Y 3 _,, and pseudohalides 
(e.g. X= NCO, NCS) are known, as also are the thiophosphoryl halides PSX;, e.g.: 

AICI; 
PCI,+S >PSCl, 

CS,/dark 

PLS. > Ps 

Most of the phosphoryl and thiophosphoryl compounds are colourless gases or volatile 

liquids though PSBr, forms yellow crystals, mp 37.8°, POI, is dark violet, mp 53°, and 

PSI, is red-brown, mp 48°. All are monomeric tetrahedral (C,,,) or pseudotetrahedral. 

Some physical properties are in Table 12.4. The P—O interatomic distance in these 

compounds generally falls in the range 154-158 pm, the small value being consistent with 

considerable “double-bond character”. Likewise the P-S distance is relatively short 

(185-194 pm). 

TABLE 12.4 ‘Some phosphoryl and thiophosphoryl halides and pseudohalides 

Compound MP/°C Compound 

POF, —39.1 239.7 POF,Cl —~96.4 3.1 
POCI, 1.25 105.1 POFCI, —80.1 52.9 
POBr, 55 191.7 POF,Br — 84.8 31.6 
POI, 53 = POFBr, = 1742 110.1 
PO(NCO), 5.0 193.1 POCI,Br 11 52/3 mmHg 
PO(NCS), 13.8 300.1 POCIBr, 31. 49/12 mmHg 
PSF, ~ 148.8 E57 PSF,Cl 21552 6.3 
PSCl, 235 = 125 PSFCl, —~96.0 64.7 
PSBr, 37.8 212 (d) PSF, Br ~ 136.9 35.5 
PSI, 48 d PSFBr, sy) 125.3 
PS(NCO), 8.8 215 PO(NCO)FCI e 103 
PS(NCS), 123/0.3 mmHg PS(NCS)F, 

The phosphoryl and thiophosphoryl halides are reactive compounds that hydrolyse 

readily on contact with water. They form adducts with Lewis acids and undergo a variety © 

of substitution reactions to form numerous organophosphorus derivatives and phosphate 

esters. Thus, alcohols give successively (RO)POCI,, (RO);POCI, and (RO),PO; phenols 

react similarly but more slowly. Likewise, amines yield (RNH)POCI,, (RNH),POCI, and 

(RNH);PO whereas Grignard reagents yield R,POCI,_, (n=1-3). Many of these 

compounds find extensive use as oil additives, insecticides, plasticizers, surfactants, or 

flame retardants, and are manufactured on the multikilotonne scale. 

In addition to the monophosphorus phosphoryl and thiophosphoryl compounds 

discussed above, several poly-phosphoryl and -thiophosphoryl halides have been 

characterized. Pyrophosphoryl fluoride, O=PF,—O—P(=O)F, (mp —0.1°, bp 72° 

extrap) and the white crystalline cyclic tetramer LO= PF) Ola were obtained by 

*! A.V. Kirsanov, ZH. K. GORBATENKO, and N. G. FESHCHENKO, Chemistry of phosphorus iodides, Pure 
Appl. Chem. 44, 125-39 (1975). 
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~ subjecting equimolar mixtures of PF, and O, to a silent electric discharge at —70°. 

Pyrophosphoryl chloride, O=PCl,—O—P(=O)CI,, is conveniently prepared by 

passing Cl, into a boiling suspension of P,O,,) and PCI, diluted with CCl,: 

P04 +4PCl, +4Cl, ——> 2P,0,Cl,+4POCI, 

It is a colourless, odourless, non-fuming, oily liquid, mp — 16.5°, bp 215° (decomp), with 

reactions similar to those of POCI,. Sealed-tube reactions between P,O,,) and POCI, at 

200—230° give more highly condensed cyclic and open-chain polyphosphoryl chlorides. A 

rather different structural motif occurs in P,S,F,; this compound is obtained by 

fluorinating PS, with an alkali-metal fluoride to give the anion [S,PF,]~ whichis then 

oxidized by bromine to P,S,F, (bp 60° at 10 mmHg). Vibrational and nmr spectra are 
consistent with the structure F,(S)PSSP(S)F,. 

Bromination of P,S, in cold CS, yields, in addition to PBr, and PSBr;,, two further 

thiobromides P,S,Br, (mp 118° decomp) and P,S,Br, (mp 90° decomp). The first of these 

has the cyclic structure shown in which the ring adopts a skew-boat configuration. An 

even more complex, bicyclic arrangement is found in the orange-yellow compound P,S,I, 

(mp 120° decomp) which is formed (together with several other products) when equi- 
atomic amounts of P, S, and J are allowed to react. The P and S atoms are arranged in two 

5-membered rings having acommon P-S-P group as shown; in each there is a PP group 

and the I atoms are bonded in cis- configuration to the P atoms not common to the two 

rings. The orange compound P,,S,I, (mp 94°) was mentioned on p. 571. 

12.3.5 Phosphorus oxides, sulfides, and oxosulfides 

The oxides and sulfides of phosphorus are amongst the most important compounds of 

the element. At least 6 binary oxides and 6 well-defined sulfides are known, together with 

several oxosulfides. It will be convenient to discuss first the preparation and structure of 

~ each group of compounds and then mention the chemical reactions of the more important 
members in so far as they are known. 

Oxides 

PO, is obtained by controlled oxidation of P, in an atmosphere of 75% O, and 25% 
N, at 90 mmHg and ~SO0° followed by distillation of the product from the mixture. 

CTE-T* 
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Careful precautions are necessary if good yields are to be obtained.'4” It forms soft white 

crystals, mp 23.8°, bp 175.4°, and is soluble in many organic solvents. The molecular 

structure has tetrahedral symmetry and comprises 4 fused 6-membered PO, heterocycles 

each with the chair conformation as shown in Fig. 12.9.¢7*) When P,Og is heated to 
200-400” in a sealed, evacuated tube it disproportionates into red phosphorus and a solid- 

solution. series of composition P,O, depending on conditions. The «-phase has a 

composition in the range P,O, ,-P,O,. and comprises a solid solution of oxides in 

which one or two of the “external” O atoms in P,O,, have been removed. The f-phase has 

a composition range P,O, »>—P,O,., and appears to be a solid solution of P,O, and P,O,, 

the latter compound having only one O atom external to the P,O, cluster (C3, symmetry). 

P,O, is now best prepared from P,O, dissolved in thf, using Ph, PO as a catalyst (not an 

oxidant) at room temperature. The molecular structure and dimensions of P,O, are given 

in Fig. 12.9 from which it is apparent that there is a gradual lengthening of P—O distances 

in the sequence PY-O, < PY-O,,< PO... Similar trends are apparent in the dimensions 
of the other members of the series P,O, ,, Shown in Fig. 12.9.4?” In addition, ring angles 
at P (96-103°) are always less than those at O (122-132°), as expected. 

o> 

P,O, hydrolyses in cold water to give H;PO; (i.e. H—P—OH); this is interesting in 

Nou 
view of the structure of P,O, and implies an oxidative rearrangement of 

ye 

P--OH: “toreP 

H 

(p. 591). The oxide itself ignites and burns when heated in air; the progress of the reaction 

depends very much on the-purity of the oxide and the conditions employed, and, when 

traces of elemental phosphorus are present in the oxide, the reaction is spontaneous even 

at room temperature. P,O, reacts readily (often violently) with many simple inorganic 

and organic compounds but well-characterized products have rarely been isolated until 

recently.) It behaves as a ligand and successively displaces CO from [Ni(CO),] to give 

compounds such as [P,O,{Ni(CO);}4], [Ni(CO),(P40,),], and [Ni(CO)(P,0¢)3]. 

With diborane adducts of formula [P,0,(BH;),,] (n= 1-3) are obtained. 

“Phosphorus pentoxide”, P,O,9, is the commonest and most important oxide of 

phosphorus. It is formed as a fine white smoke or powder when phosphorus burns in air 
and, when condensed rapidly from the vapour phase in this way, is obtained in the H 

(hexagonal) form comprising tetrahedral molecules as shown in Fig. 12.9. This compound 

and the other phosphorus oxides are the first we have considered that feature the {PO,} 
group as a structural unit; this group dominates most of phosphate chemistry and will 

recur repeatedly during the rest of this chapter. The common hexagonal form of P,O,9 is, 

in fact, metastable and can be transformed into several other modifications by suitable 

thermal or high-pressure treatment. A metastable orthorhombic (O) form is obtained by 

heating H for 2 h at 400° and the stable orthorhombic (O’) form is obtained after 24 h at 

*? D. HEINZE, Chemistry of phosphorus(III) oxide, Pure Appl. Chem. 44, 141-72 (1975). 
42a M. JANSEN and M. Voss, Crystal structure of P,O,, Angew. Chem. Int. Ed. (Engl.) 20, 100-01 (1981), and 

references therein to crystal structure determinations on the other members of the series P,O,.,,. 
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450°. Both consist of extensive sheet polymers of interlocking heterocyclic rings composed 

of fused {PO,} groups. There is also a high-pressure form and a glass, which probably 

consists of an irregular three-dimensional network of linked {PO,} tetrahedra. These 

polymeric forms are hard and brittle because of the P-O-—P bonds throughout the lattice 

and, as expected, they are much less volatile and reactive than the less-dense molecular H 

form. For example, whilst the common H form hydrolyses violently, almost explosively, 

with evolution of much heat, the polymeric forms react only slowly with water to give, 

finally, H3PO,. Some properties of the various polymorphs are compared in Table 12.5. 

The limpid liquid obtained by rapidly heating the H form contains P,O,, molecules but 

these rapidly polymerize and rearrange to layer or three-dimensional polymeric forms 

with a concomitant drop in the vapour pressure and an increase in the viscosity and mp. 

TABLE 12.5 Some properties of crystalline polymorphs of P,0; 

Pressure at 

Polymorph Density/gcm™>  MP/°C _ triple pt/mmHg AHN ikl (moliP; One 

H: hexagonal P,O,, 2.30 420 3600 95 
O: metastable (P,O5),, 212 562 437 152 
O’': stable (P,Os),, 2.74-3.05 580 555 142 

Because of its avidity for water, P,O,, is widely used as a dehydrating agent, but its 

efficacy as a desiccant is greatly impaired by the formation of a crusty surface film of 

hydrolysis products unless it is finely dispersed on glass wool. Its largest use is in the 

industrial production of ortho- and poly-phosphoric acids (p. 600) but it is also an 

intermediate in the production of phosphate esters. Thus, triethylphosphate is made by 

reacting P,O,, with diethyl ether to form ethylpolyphosphates which, on subsequent 

pyrolysis and distillation, yield the required product: 

P,O,9+6Et,0 ——>4 PO(OEt), 

Direct reaction with alcohols gives mixed mono- and di-alkyl phosphoric acids by. 
cleavage of the P-O-P bonds: 

‘65° 
P,0,,+6ROH 2(RO)PO(OH), + 2(RO),PO(OH) 

Under less-controlled conditions P,O,, dehydrates ethanol to ethene and methylaryl- 

carbinols to the corresponding styrenes. H,SO, is dehydrated to SO;, HNO; gives N,O,, 

and amides (RCONH,) yield nitriles (RCN). In each of these reactions metaphosphoric 

acid HPO, is the main P-containing product. PO, reacts vigorously with both wet and 

dry NH; to form a range of amorphous polymeric powdery materials which are used 

industrially for water softening because of their ability to sequester Ca ions; composition 
depends markedly on the preparative conditions employed but most of the commercial 
products appear to be condensed linear or cyclic amidopolyphosphates which can be 

represented by formulae as those at the top of the next page: 
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n | | 
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Other oxides of phosphorus are less well characterized though the suboxide PO and the 

peroxide P,O, seem to be definite compounds. PO was obtained as a brown cathodic 

deposit when a saturated solution of Et; NHCI in anhydrous POCI, was electrolysed 

between Pt electrodes at 0°. Alternatively it can be made by the slow reaction of POBr, 

with Mg in Et,O under reflux: 

2POBr;+3Mg ——> 2PO0+3MgBr, 

Its structure is unknown but is presumably based on a polymeric network of P—O-P links. 
It reacts with water to give PH, and is quantitatively oxidized to P,O, by oxygen at 300°. 

The peroxide PO, is thought to be the active ingredient in the violet solid obtained when 

P,O,, and O, are passed through a heated discharge tube at low pressure. The compound 

has not been obtained pure but liberates I, from aqueous KI, hydrolyses to a 

peroxophosphoric acid, and liberates O, when heated to 130° under reduced pressure. Its 

structure may be 

oe Y O 

P —O—o—P 
Yl S 

O O 

or, in view of the variable composition of the product, it may be a mixture of P,O,, and 

P,O,, obtained by replacing P—O-P links by P-O-O-P in P,O,o. 

Sulfides*?”) 

The sulfides of phosphorus form an intriguing series of compounds which continue to 

present puzzling structural features. The compounds P,4S,o, P4So9, P4S,, P4S5, «-P4S,, B- 

P,S,, and P,S; are all based on the P, tetrahedron but only P,S,, (and possibly P,S,) is 

structurally analogous to the oxide, and P,S, is conspicuous by its absence. Structural 

data are summarized in Fig. 12.10 and some physical properties are in Table 12.6. 

P,S, is the most stable compound in the series and can be prepared by heating the 

required amounts of red P and sulfur above 180° in an inert atmosphere and then 

42> H. HOFFMANN and M. BECKE-GOEHRING, Phosphorus sulfides, Topics in Phosphorus Chemistry 8, 193-271 
(1976); an excellent modern review of the history, phase equilibria, preparation, properties, and applications of 
the various phosphorus sulfides (466 refs.). 
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Fic. 12.10 Structures of phosphorus sulfides and oxosulfides (schematic). 
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TABLE 12.6 Physical properties of some phosphorus sulfides 

Property P3835 a-P4S, PaSe PES, PaSio 

Colour Yellow Pale yellow Bright yellow Very pale yellow Yellow 
MP/°C 174 230 (d) 170-220 (d) 308 288 
BP/°C 408 — a 523 514 
Density/g cm? 2.03 DDD Dele 2:19 2.09 
Solubility in CS, (17°)/ 100 sol 0.5 0.029 0.222 

g per 100g CS, 

purifying the product by distillation at 420° or by recrystallization from toluene.t The 

retention of a P, ring in the structure is notable. Its reactions and commercial application 

in match manufacture are discussed on p. 585. 

PS, is the most recent sulfide to be isolated and characterized (1976) and it exists in 

two structurally distinct forms.* *°) Each can be made in quantitative yield by reacting 
the appropriate isomer of P,S3I, (p. 577) with [(Me,Sn),S] in CS, solution: 

[(Me,Sn),S]/CS, 
—_—_—_—___—_—_> 

a-P4S3l, a-P4S4 

‘ \ \ 
Lf \ 4 x 
Sy ie Ne ns) Sy j pias) 

// | \ {(Me,Sn),S]/CS, ify x 
eal \ | [| ————> /s \ 

/ : N FA a | x 

P—| Pp —|- = 
| at a 

AN U pices ~ (ee WA 
Pp p——s 

I g-P,Sal, B-P 4S, 

+ The curious phase relations between phosphorus, sulfur, and their binary compounds are worth noting. 
Because both P, and S, are stable molecules the phase diagram, if studied below 100°, shows only solid solutions 
with a simple eutectic at 10° (75 atom % P). By contrast, when the mixtures are heated above 200° the elements 

react and an entirely different phase diagram is obtained; however, as only the most stable compounds P,,S,, 
P,S,, and P,S,, melt congruently, only these three appear as compounds in equilibrium with the melt. Careful 
work at lower temperatures is needed to detect peritectic equilibria involving P,S,, P,S; (and possibly even 

P,S,),‘**) and it is notable that these compounds are normally prepared by low-temperature reactions involving 
addition of 2S to P,S, and PS, respectively. Likewise there is no sign of P,S, on the phase diagram, and claims 
to have detected it in this way“** have been shown to be erroneous.) 

43H. VINCENT, Phosphorus-sulfur phase diagram, Bull. Soc. Chim. France 1972, 4517-21; R. FORTHMANN 

and A. SCHNEIDER, The system sulfur—phosphorus, Z. Phys. Chem. (NF) 49, 22-37 (1966). 
44H. VINCENT and C. VINCENT-ForRaT, Phosphorus sulfides P,S,, P,S,, and P,S,, Bull. Soc. Chim. France 

1973, 499-502. 
45 A.M. GriFFIN, P. C. MINSHALL, and G. M. SHELDRICK, Two new molecular phosphorus sulfides: a-P4S,4 

and B-P,S,; X-ray crystal structure of «-P,S,, JCS Chem. Comm. 1976, 809-10. 
46 C.-C. CHANG, R. C. HaLTIwancer, and A. D. NorMaN, Synthesis of new phenylimido- and sulfido- 

tetraphosphorus ring and cage compounds, Inorg. Chem. 17, 2056-62 (1978). 
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As seen from Fig. 12.10 the structure of «-P,S, resembles that of As,S, (p. 676) rather than 

N,S, (p. 856). The 4 P atoms are in tetrahedral array and the 4 S atoms form a slightly 

distorted square. The 2 P—P bonds are long (as also in P,S, and P,S,) when compared 
with corresponding distances in P,S, (225 pm) and P, itself (221 pm). The structure of 

B-P,S, has not been determined by X-ray crystallography but spectroscopic data indicate 

the absence of P=S groups and the C, structure shown in Fig. 12.10 is the only other 

possible arrangement of 3 coordinate P for this composition. 

PS, disproportionates below its mp (2P,S;—P,S; + P,S-,) and so cannot be obtained 

directly from the melt. It is best prepared by irradiating a solution of P,S; and S in CS, 

solution using a trace of iodine as catalyst. Its structure is quite unexpected and features a 

single exocyclic P=S group and 3 fused heterocycles containing, respectively, 4, 5, and 6 

atoms; there are 2 short P—P bonds and the 4-membered PS ring is almost square planar. 

P,S, is the second most stable sulfide (after P,S,) and can be obtained by direct 

reaction of the elements. Perhaps surprisingly the structure retains a P—P bond and has 

two exocyclic P=S groups. P,S, is formed reversibly by heating P,S,+2P,S,, and has 

the structure shown in Fig. 12.10. 

P,S,, is commercially the most important sulfide of P and is formed by direct reaction 

of liquid white P, with a slight excess of sulfur above 300°. It can also be made from 

byproduct ferrophosphorus (p. 554). 

4Fe,P + 18FeS, P4819 +26FeS 

It has essentially the same structure as the H form of P,O,, and hydrolyses mainly 

according to the overall equation 

P,S,)+ 16H,0 ———>4H,PO, + 10H,S 

heat 

Presumably intermediate thiophosphoric acids are first formed and, indeed, when the 

hydrolysis is carried out in aqueous NaOH solution at 100°, substantial amounts of the 

mono- and di-thiophosphates are obtained. P—S bonds are also retained during reaction 
of P,S, ) with alcohols or phenols and the products formed are used extensively in 

industry for a wide variety of applications (see Panel). P,S,, is also widely used to replace 

O by S in organic compounds to form, e.g., thioamides RC(S)NH,, thioaldehydes RCHS, 

and thioketones R,CS. 

A rather different series of cyclic thiophosphate(III) anions [(PS,),]" isemerging from - 

a study of the reaction of elemental phosphorus with polysulfidic sulfur. Anhydrous 

compounds M![cyclo-P,S,.] and M&[cyclo-P,S,,] were obtained using red phosphorus, 

whereas white P, yielded [NH,],[cyclo-P,S,].2H,O as shiny platelets. This unique 

P,S,*~ anion is the first known homocycle of 4 tetracoordinated P atoms and X-ray 

studies reveal that the P atoms form a square with rather long P—P distances (228 pm).‘°) 

Oxosulfides 

When P,O,, and P,S, are heated in appropriate proportions above 400°, P,O,S, is 
obtained as colourless hygroscopic crystals, mp 102°. 

3P,, Ove 22S gic OPaOeS 3 

“ea H. Fatius, W. Krause, and W. S. SHELDRICK, [NH,4]4[P4S3].2H,0, the salt of a “‘square” phosphoric 
acid, Angew. Chem. Int. Ed. (Engl.) 20, 103-4 (1981). 
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Phosphorus Sulfides in Industry 

- The two compounds of importance are PS, and PS, ,. The former is made on a large scale for 
use in “strike anywhere” matches according to a formula evolved by Sévéne and Cahen in France 
in 1898. The ignition results from the violent reaction between PS, and KCIO, which is initiated 

__ by friction of the match against glass paper (on the side of the box) or other abrasive material, A 
_ typical formulation for the match head is: 

Fillers (moderators) : 

Ground glass Fe,O, 120 

14% oe 7%, 

_ Reactants Adhesives 

Glue Water — 

10% 29% 

_ Formulations of this type have completely replaced earlier “strike anywhere” matches based on 
_ (poisonous) white P,, sulfur, and KCIO,, though “safety matches” still use a match head which is 
predominantly KCIO, struck against the side of the match-box which has been covered with a 

_ paste of (non-toxic) red P (49.5%), antimony sulfide (27.6%), Fe,O; (1.2%), and gum arabic 
(21.7%). About 10!! matches are used annually in the UK alone. 

_ PS, is made on an even larger scale than PS, and is the primary source of a very wide range 
_ of organic P-S compounds. World production of P,S,, exceeds 250 000 tonnes annually of which 
about half is made in the USA, one-third in the UK/Europe, and the remaining 30 000 tonnes 

__ elsewhere (Japan, Romania, the USSR, Mexico, etc.). The most important reaction of P4Sio is 
_ with alcohols. or phenols to give dialkyl or diaryl dithiophosphoric acids: 

P,Sio+8ROH ——— 4(RO),P(S)SH +2H,S 
The zine salts of these acids are extensively used as additives to lubricating oils to improve their 

__ extreme-pressure properties. The compounds also act as antioxidants, corrosion inhibitors, and 
detergents. Short-chain dialkyl dithiophosphates and their sodium and ammonium salts are used 
as flotation agents for zinc and lead sulfide ores. The methyl and ethyl derivatives (RO),P(S)SH 

_ and (RO),P(S)Cl are of particular interest in the large-scale manufacture of pesticides such as 

parathion, malathion, dimethylparathion, etc.°?) For example parathion, which first went into 
: Poe as an insecticide i in Germany in 1947, is made by the following reaction sequence: 

(EtO),P(S)SH+Cl, ———® HCI +S + (EtO),P(S)CI 

- (EtO),P(S)CI + NaO- NO, ——> (Et0),P(S)0— -—NO, 

ae a monothiophosphate ester 

oi ipaationt is the gorresponding dimethyl dereauve hater (1952) malathion found faveu: 
_ because of its decreased toxicity to mammals; it is readily made in 90% yield by the addition of 

_ dimethyldithiophosphate to diethylmaleate in the presence of NEt;. as a catalyst and 
Hyseequnone as a polymerization inhibitor: 

CCHOE! yg MeD)s 1S) SCHCO, Et 
(Meo) + || 60% 

CHCO,Et CH, CO, Et 
‘galathion a dithiophosphate ester 

_ The scale of manufacture of these organophosphorus pesticides can be guaged from data referring 
_ to the USA annual production in 1975 (tonnes): methylparathion 46 000, parathion 36 000, and 

malathion 16 000. In addition, some 15 other thioorganophosphorus insecticides are manu- 
_ factured in the USA on a scale exceeding 2000 tonnes pa each.” They act by inhibiting 
enone erase, thus preventing the natural hydrolysis of the neurotransmitter acetylcholine in the 

_ insect... * 
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The structure is shown in Fig. 12.10. The related compound P,,O0,S, is said to be formed 

by the reaction of H,S with POCI, at 0° (A. Besson, 1897) but has not been recently 

investigated. An amorphous yellow material of composition P,O,S; is obtained when 

a solution of P,S, in CS, or organic solvents is oxidized by dry air or oxygen. Other 
oxosulfides of uncertain authenticity such as P,O,)S; have been reported but their 

structural integrity has not been established and they may be mixtures. However, the 
following series can be prepared by appropriate redistribution reactions: P,O,S,(n= 1-4), 

P,O,Se, (n=1-3), P,O,SSe, P,O-,S, (n=1-3), P,O,Se, P,O,S, (n=1, 2).4°” 

12.3.6 Oxoacids of phosphorus and their salts 

The oxoacids of P are more numerous than those of any other element, and the number 

of oxoanions and oxo-salts is probably exceeded only by those of Si. Many are of great 

importance technologically and their derivatives are vitally involved in many biological 

processes (p. 611). Fortunately, the structural principles covering this extensive array of 

compounds are very simple and can be stated as follows:t 

(i) All P atoms in the oxoacids and oxoanions are 4-coordinate and contain at least 

one P=O unit. 

O 

| 
Ve 

(ii) All P atoms in the oxoacids have at least one P—OH group and this often occurs in 

the anions also; all such groups are ionizable as proton donors. 

0 
| —> | + Ht 
P P 

see es ee \\ 

(i) Some species also have one (or more) P—H group; such directly bonded H atoms 

are not ionizable. 

1B 

as 
+ Heteropolyacids containing P fall outside this classification and are treated, together with the isopolyacids 

and their salts, on p. 1184. Organic esters such as P(OR), are also excluded. 

46> M. L. WaLKeR, D. E. PECKENPAUGH, and J. L. MILLS, Mixed phosphorus(III)-phosphorus(V) oxide 
chalcogenides, Inorg. Chem. 18, 2792-6 (1979). 
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(iv) Catenation is by P—O-P links or via direct P-P bonds; with the former both open 

chain (“linear”) and cyclic species are known but only corner sharing of tetrahedra 

occurs, never edge- or face-sharing. 

lesaoacaah aga 
P 

ee. oe “So na cs <a 

(v) Peroxo compounds feature either 

>P—OOH grou SPOOPE link = groups or > = links. 

It follows from these structural principles that each P atom is 5-covalent. However, the 

oxidation state of P is 5 only when it is directly bound to 4 O atoms; the oxidation state is 

reduced by | each time a P—OH is replaced by a P—P bond and by 2 each time a P—OH is 

replaced by a P-H. Some examples of phosphorus oxoacids are listed in Table 12.7 

together with their recommended and common names. It will be seen that the numerous 

structural types and the variability of oxidation state pose several problems of 

nomenclature which offer a rich source of confusion in the literature. 

The oxoacids of P are clearly very different structurally from those of N (p. 528) and this 

difference is accentuated when the standard reduction potentials (p. 500) and oxidation- 

state diagrams (p. 501) for the two sets of compounds are compared. Some reduction 

potentials (E°/V) in acid solution are in Table 12.8*”) and these are shown schematically 
below, together with the corresponding data for alkaline solutions: 

The alternative presentation as an oxidation state diagram is in Fig. 12.11 which shows 

the dramatic difference to N (p. 502). 

The fact that the element readily dissolves in aqueous media with disproportionation 

into PH, and an oxoacid is immediately clear from the fact that P lies above the line 

47 G. CHARLOT, A. COLLUMEAU, and M. J.C. MARCHON, Selected Constants: Oxidation-Reduction Potentials 

of Inorganic Substances in Aqueous Solution, Butterworths, London 1971, 73 pp. G. MiLAzzo and S. CAROLI, 
Tables of Standard Electrode Potentials, Wiley, New York, 1978, 421 pp. 
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Formula”) 

HPO, 

H,P,0, 

H5P30;0 

Hy+2P,O3n4 1 

(HPO;); 

(HPO), 

(HPO,),, 

Phosphorus 

TABLE 12.7 Some phosphorus oxoacids 

Name 

Ch. 12 

(a) 

Structure”) 

(Ortho)phosphoric acid 

Diphosphoric acid 
(pyrophosphoric acid) 

Triphosphoric acid 

Polyphosphoric acid 
(n up to 17 isolated) 

Cyclo-trimetaphosphoric acid 

Cyclo-tetrametaphosphoric acid 
(anions known in both “boat” 

and “chair” forms) 

Polymetaphosphoric acid (see text for 
various conformations in salts) 

0:57 10 0 
| | | 

(HO),P—O— P—O— P(OH), 

OH 

O OH O OH 

I | I | 
P 

Ak NEARS HONE LISS 
OH 0 OH O 

Continued 
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Formula” 

H,PO, 

H,P,O0, 

H,P,0, 

HPO, (2) 

HPO, (2) 

HPO, (1) 

Oxoacids and their Salts 

TABLE 12.7 Some phosphorus oxoacids” 

Name 

Peroxomonophosphoric acid 

Peroxodiphosphoric acid 

Hypophosphoric acid 
[diphosphoric(IV) acid] 

Isohypophosphoric acid 
{diphosphoric(III,V) acid] 

Phosphonic acid 
(phosphorous acid) 

Diphosphonic acid 
(diphosphorous or 
pyrophosphorous acid) 

Phosphinic acid 
(hypophosphorous acid) 

Structure) 

i 
P 

tee OOH 

O Oo OH on 
i. PA 

1 ay I 

O 
IN Va 

HO— P — P —OH 

OH OH 

O 
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) Some acids are known only as their salts in which one or more —OH group has been replaced by O-. 
(>) The number in parentheses after the formula indicates the maximum basicity, where this differs from the 

total number of H atoms in the formula. 
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TABLE 12.8 Some reduction potentials in acid solution (pH 0) 

Reaction E°/V 

P+3H* +3e =—PH;(g) —0.063 

P+2H* +2e-—4P,H,(g) —0.097 
\P,H,+H* +e" =PH, +0.006 
H,PO,+H* +e =—P+2H,0 —0.508 

H,PO,+3H* +3e =P+3H,O —0.502 
H,PO,+5H* +5e-=P+4H,O —04ll 
H,PO, 42H? +2e-=H;PO,+H,O —0.499 
H,PO,+2H* +2e--H,PO,+H,O ~ 0.276 
H,PO,+H* +e-=}H,P,0,+H,O 0.933 

\H,P,0,+H* +e-=H,PO, +0.380 

) P refers to white phosphorus, $P,(s). 

Fic. 12.11 Oxidation state diagram for phosphorus. (Note that all the oxoacids have a covalency 
of 5.) 

joining PH, and either H,PO, (hypophosphorous acid), H;PO; (phosphorous acid), or - 

H,PO, (orthophosphoric acid). The reaction is even more effective in alkaline solution. 

Similarly, H,P,O, disproportionates into H,PO, and H,PO,. Figure 12.11 also 

illustrates that H,PO, and H,PO, are both effective reducing agents, being readily 

oxidized to H;PO,, but this latter compound (unlike HNO;) is not an oxidizing agent. 

A comprehensive treatment of the oxoacids and oxoanions of P is inappropriate but 

selected examples have been chosen to illustrate interesting points of stereochemistry, 

reaction chemistry, or technological applications. The treatment begins with the lower 

oxoacids and their salts (in which P has an oxidation state less than +5) and then 

considers phosphoric acid, phosphates, and polyphosphates. The peroxoacids H,PO, 

and H,P,Og, and their salts will not be treated further,*®) nor will the peroxohydrates of 
orthophosphates obtained from aqueous H,O, solutions.?” 

48 71. CREASER and J. O. Eowarps, Peroxophosphates, Topics in Phosphorus Chemistry 7, 379-435 (1972). 

ee 
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Hypophosphorous acid and hypophosphites [H,PO(OH) and H,PO, 7] 

The recommended names for these compounds (phosphinic acid and phosphinates) 

have not yet gained wide acceptance for inorganic compounds but are generally used for 

organophosphorus derivatives. Hypophosphites can be made by heating white phos- 

phorus in aqueous alkali: 

warm 

P,+40H~ +4H,O 4H,PO,~ +2H, 
[NaOH/Ca(OH)5] 

Phosphite and phosphine are obtained as byproducts (p. 564) and the former can be 

removed via its insoluble calcium salt: 

P,+40H- + 2H,0——_ > Ca(HPO.), + 2PH, 

Free hypophosphorous acid is obtained by acidifying aqueous solutions of hypo- 

phosphites but the pure acid cannot be isolated simply by evaporating such solutions 

because of its ready oxidation to phosphorous and phosphoric acids and dispropor- 

tionation to phosphine and phosphorous acid (Fig. 12.11). Pure H;PO, is obtained by 

continuous extraction from aqueous solutions into Et,O; it forms white crystals mp 26.5° 

and is a monobasic acid pK 1.1. 

During the past 10-20 y hydrated sodium hypophosphite, NaH, PO,.H,O, has been 

increasingly used as an industrial reducing agent, particularly for the electroless plating of 

Ni onto both metals and non-metals.‘*?: +? This developed from an accidental discovery 
by A. Brenner and Grace E. Riddel at the National Bureau of Standards, Washington, in 

1944. Acid solutions (E ~ —0.40 V at pH 4-6 and T>90°) are used to plate thick Ni layers 

on to other metals, but more highly reducing alkaline solutions (pH 7-10; T 25—50°) are 

used to plate plastics and other non-conducting materials: 

HPO,;? +2H,0+2e ———-H,PO, +30H>; E~ -1.57V 

Typical plating solutions contain 10-30 g/l of nickel chloride or sulfate and 10—SO g/l 

NaH,PO.,,; with suitable pump capacities it is possible to plate up to 10 kg Ni per hour 

from such a bath (i.e. 45 m? surface to a thickness of 25 ym). Chemical plating is more 

expensive than normal electrolytic plating but is competitive when intricate shapes are 

being plated and is essential for non-conducting substrates. 

Phosphorous acid and phosphites [HPO(OH), and HPO, ] 

Again, the recommended names (phosphonic acid and phosphonates) have found more 

general acceptance for organic derivatives such as RPO,” ~, and purely inorganic salts are 

still usually called phosphites. The free acid is readily made by direct hydrolysis of PCI, in 

cold CCl, solution: i 

PCl,+3H,0 ——_> HPO(OH), + 3HCl 

49 7. NIEDERPRUM, Chemical nickel plating, Angew. Chem. Int. Edn. (Engl.) 14, 614-20 (1975); see also use of 
BH, in this connection (p. 190). 

49a G_ A. KRULIK, Electroless plating, Kirk-Othmer Encyclopedia of Chemical Technology, 3rd edn., Vol. 8, 

pp. 738-50, Wiley, New York, 1979. 
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On an industrial scale PCI, is sprayed into steam at 190° and the product sparged of 

residual water and HCl using nitrogen at 165°. Phosphorous acid forms colourless, 

deliquescent crystals, mp 70.1°, in which the structural units shown are H bonded to give a 

complex network with O—H---~260 pm. In aqueous solutions phosphorous acid is 

dibasic (pK, 1.3, pK, 6.7), and forms two series of salts: phosphites and hydrogen 

phosphites (acid phosphites), e.g. 

“normal”: | [NH,],[HPO,].H,O, Li,[HPO,], Na,[HPO,].5H,O, K,[HPO,] 
“acid”: [NH,] [HPO,(OH)], Li[HPO,(OH)], | Na[HPO,(OH)].23H,0, 

K[HPO,(OH)], and M[HPO,(OH)], (M=Mg, Ca, Sr). 

Dehydration of these acid phosphites by warming under reduced pressure 

leads to the corresponding pyrophosphites M5[HP(O),-O-P(O),H] and 

M"[HP(O),—O-P(O),H]. 

Organic derivatives fall into 4 classes RPO(OH),, HPO(OR),, R‘'PO(OR),, and the 

phosphite esters P(OR),; this latter class has no purely inorganic analogues, though it is, 
of course, closely related to PCl,. Some preparative routes have already been indicated. 

Reactions with alcohols depend on conditions: 

PCI, +3ROH ——> HPO(OR), + RCI+2HCI 

PCI, + 3ROH + 3R,N —— P(OR), + 3R4 NHCI 

Phenols give triaryl phosphites P(OAr), directly at ~160° and these react with 

phosphorous acid to give diaryl phosphonates: 

2P(OAr); + HPO(OH), ——> 3HPO(OAr), 

Trimethyl phosphite P(OMe), spontaneously isomerizes to methyl dimethylphosphonate 

MePO(OMe),, whereas other trialkyl phosphites undergo the Michaelis-Arbusov 

reaction with alkyl halides via a phosphonium intermediate: 

P(OR);+R’X—{[R’P(OR);]X} ——> R’PO(OR), + RX 

Further discussion of these fascinating series of reactions falls outside our present scope.’ 

Hypophosphoric acid (H,P,0,) and hypophosphates 

There has been much confusion over the structure of these compounds but their 
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diamagnetism has long ruled out a monomeric formulation, H,PO3. In fact, as shown in 

_ Table 12.7, isomeric forms are known: (a) hypophosphoric acid and hypophosphates in 
which both P atoms are identical and there is a direct P—P bond; (b) isohypophosphoric 

acid and isohypophosphates in which 1 P has a direct P—H bond and the 2 different P 
atoms are joined by a P™-O—PY link.) 

Hypophosphoric acid, (HO), P(O)-P(O)(OH),, is usually prepared by the controlled 

oxidation of red P with sodium chlorite solution at room temperature: the tetrasodium 

salt, Na,P,0,.10H,O, crystallizes at pH 10 and the disodium salt at pH 5.2: 

2P + 2NaClO, +8H,0——> Na,H,P,0,.6H,0+ 2HC! 

Ion exchange on an acid column yields the crystalline “dihydrate” H,P,O0,.2H,O which 

is actually the hydroxonium salt of the dihydrogen hypophosphate anion 

[H,0]3 [(HO)P(O),—P(O),(OH)]?~ ; it is isostructural with the corresponding am- 
monium salt for which X-ray diffraction studies establish the staggered structure shown. 

The anhydrous acid is obtained either by the vacuum dehydration of the dihydrate over 

P,O,, or by the action of H,S on the insoluble lead salt Pb,P,0,. As implied above, the 

first proton on each -PO(OH), unit is more readily removed than the second and the 

successive dissociation constants at 25° are pK, 2.2, pK, 2.8, pK; 7.3, pK, 10.0. Both 
H,P,O, and its dihydrate are stable at 0° in the absence of moisture. The acid begins to 

melt (with decomposition) at 73° but even at room temperature it undergoes 

rearrangement and disproportionation to give a mixture of isohypophosphoric, 

pyrophosphoric, and pyrophosphorous acids as represented schematically below: 
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Hypophosphoric acid is very stable towards alkali and does not decompose even when 

heated with 80% NaOH at 200°. However, in acid solution it is less stable and even at 25° 

hydrolyses at a rate dependent on pH (e.g. t, 180 days in 1 M HCl, t,<1 hin 4 mM HCl): 

OO O O 

ll || pH<o | | 
HO—P—P—OH + H,OQ ———— HO—-P—H + HO—P—OH 

| 
HO i ue I 

The presence of P—H groups amongst the products of these reactions was one of the earlier 

sources of confusion in the structures of hypophosphoric and isohypophosphoric acids. 

The structure of isohypophosphoric acid and its salts can be deduced from *!P nmr 

which shows the presence of 2 different 4-coordinate P atoms, the absence of a P—P bond, 

and the presence of a P-H group (also confirmed by Raman spectroscopy). It is made by 

the careful hydrolysis of PCl, with the stoichiometric amounts of phosphoric acid and 

water at 50°: 

50° PCI, +H,PO,+2H,O iso-[H,(HP,O,)]+3HCl 

The trisodium salt is best made by careful dehydration of an equimolar mixture of 

hydrated disodium hydrogen phosphate and sodium hydrogen phosphite at 180°: 

180° Na,HPO,.12H,0+NaH,PO,.24H,O Na3;[HP,0,]+ 153H,O 

The structural relation between the reacting anions and the product is shown 
schematically below: 

Other lower oxcacids of phosphorus 

The possibility of P-H and P—P bonds in phosphorus oxoacids, coupled with the ease 

of polymerization via P-O-P linkages enables innumerable acids and their salts to be 

synthesized. Frequently mixtures are obtained and these can be separated by paper 
chromatography, paper electrophoresis, thin-layer chromatography, ion exchange, or gel 
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chromatography.°’ Much ingenuity has been expended in designing appropriate 

syntheses but no new principles emerge. A few examples are listed in Table 12.9 to 

illustrate both the range of compounds available and also the abbreviated notation, which 

proves to be more convenient than formal systematic nomenclature in this area. In this 

notation the sequence of P-P and P—O-P links is indicated and the oxidation state of each 

P is shown as a superscript numeral which enables the full formula (including P—H 

groups) to be deduced. 

The phosphoric acids 

This section deals with orthophosphoric acid (H;PO,), pyrophosphoric acid 

(H,P,0,), and the polyphosphoric acids (H,,,P,03,,). Several of these compounds 

can be isolated pure but their facile interconversion renders this area of phosphorus 

chemistry far more complex than might otherwise appear. The corresponding phosphate 

salts are discussed in subsequent sections as also are the cyclic metaphosphoric acids 

(HPO,),, the polymetaphosphoric acids (HPO;),, and their salts. 

Orthophosphoric acid is a remarkable substance: it can only be obtained pure in the 

crystalline state (mp 42.35°C) and when fused it slowly undergoes partial self-dehydration 

to diphosphoric acid: 

2H3PO,, = H,0+H,P.,0, 

The sluggish equilibrium is obtained only after several weeks near the mp but is more 

rapid at higher temperatures. This process is accompanied by extremely rapid 

autoprotolysis (see below) which gives rise to several further (ionic) species in the melt. As 

the concentration of these various species builds up the mp slowly drops until at 

equilibrium it is 34.6°, corresponding to about 6.5 mole% of diphosphate.©!) Slow 
crystallization of stoichiometric molecular H;PO, from this isocompositional melt 

gradually reverses the equilibria and the mp eventually rises to the initial value. 

Crystalline H,;PO, has a hydrogen-bonded layer structure in which each PO(OH), 

molecule is linked to 6 others by H bonds which are of two lengths, 253 and 284 pm. The 

shorter bonds link OH and O=P groups whereas the longer H bonds are between 2 OH 

groups on adjacent molecules. 

5° §. OHASHI, Chromatography of phosphorus oxoacids, Pure Appl. Chem. 44, 415-38 (1975). 
>! N,N. GrEENWoop and A. THompson, The mechanism of electrical conduction in fused phosphoric and 

trideuterophosphoric acids, J. Chem. Soc. 1959, 3485-92; Anomalous conduction in phosphoric acid 
hemihydrate, J. Chem. Soc. 1959, 3864-7. 
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TABLE 12.9 Some lower oxoacids of phosphorus 

(Superscript numerals in the abbreviated notation indicate oxidation states) 
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Extensive H bonding persists on fusion and phosphoric acid is a viscous syrupy liquid 

that readily supercools. At 45°C (just above the mp) the viscosity is 76.5 centipoise (cP) 
and this increases to 177.7 cP at 25°. These values can be compared with 1.00 cP for H,O 

at 20° and 245cP for anhydrous H,SO, at 25°. As shown in Table 12.10, 

trideuterophosphoric acid has an even higher viscosity and deuteration also raises the mp 

and density. 

TABLE 12.10 Some physical properties of orthophosphoric acid, trideuterophosphoric 
acid, and the hemihydrate, H,PO,.4H,0°" 

Property HPO, D,;PO, H,PO, .3H,0 

MP/°C 42.35 46.0 29.30 
Density (25°C); supercooled/g cm~ 3 1.8683 1.9083 1.7548 
yn (25°C)/centipoise 177.5 231.8 70.64 

k/ohm™=! cm=! 4.68 x 10°? 2.82 x 107? MOO s 2 

Despite this enormous viscosity, fused H,;PO, (and D;PO,) conduct electricity 

extremely well and this has been shown to arise from extensive self-ionization 

(autoprotolysis) coupled with a proton-switch conduction mechanism for the H,PO,~ 
5 (5:1, 5,2) ion: 

2H POy = HPO p +H POL (1) 

In addition, the diphosphate group is also deprotonated: 

2H,PO, =——=H,O> H,P,0,=—— H,0* +H3P,0,— 

H;P,074-+H,PO), =H POS +H,P30527 

ke, 3H,PO, ——-H,0* + H,PO,* +H,P,0,7— (2) 

At equilibrium, the concentration of H,O* and H,P,0,*~ are each ~0.28 molal and 

H,PO,~ is ~0.26 molal, thereby implying a concentration of 0.54 molal for H,PO,”. 

These values are about 20-30 times greater than the concentrations of ions in molten 

H,SO,, namely [HSO,~] 0.0178 molal, [H,SO, *] 0.0135 molal, and [HS,O,~ ] 0.0088 

molal (see p. 843). Because of the very high viscosity of molten H;PO, electrical 

conduction by normal ionic migration is negligible and the high conductivity is due 

almost entirely to a rapid proton-switch followed by a relatively slow reorientation 

involving the H,PO,~ ion H-bonded to the solvent structure (Fig. 12.12).°!) Note that 
the tetrahedral H,PO, * ion, i.e. [P(OH),]*, like the NH,* ion in liquid NH;, does not 
contribute to the proton-switch conduction mechanism in H,PO, because, having no 

dipole moment, it does not orient preferentially in the applied electric field; accordingly 

any proton switching will occur randomly in all directions independently of the applied 

field and therefore will not contribute to the electrical conduction. 
Addition of the appropriate amount of water to anhydrous H3PO,, or crystallization 

from a concentrated aqueous solution of syrupy phosphoric acid, yields the hemihydrate 

52 R. A. MuNsoN, Self-dissociative equilibria in molten phosphoric acid, J. Phys. Chem. 68, 3374-7 (1964). 
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Fic. 12.12 Schematic representation of proton switch conduction mechanism involving 
{H,PO,]~ in molten phosphoric acid. 

2H,PO,.H,O as a congruently melting compound (mp 29.3°). The crystal structure?) 
shows the presence of 2 similar H,PO, molecules which, together with the H,O molecule, 
are linked into a three-dimensional H-bonded network: each of the nine O atoms 

participates in at least 1 relatively strong O-H---O bond (255-272 pm) and the 

interatomic distances P=O (149 pm) and P—OH (155 pm) are both slightly shorter than 

the corresponding distances in H,PO,. Hydrogen bonding persists in the molten 

compound, and the proton-switch conductivity is even higher than in the anhydrous acid 

(Table 12.10). 
In dilute aqueous solutions H;PO, behaves as a strong acid but only one of the 

hydrogens is readily ionizable, the second and third ionization constants decreasing 

successively by factors of ~ 10° (see p. 54). Thus, at 25°: 

H,PO,+H,0.—— H,0*+H,PO,°>; K,=7.11«x107*? ; pK,=2:15 

H,PO,° +H,O0 ——H,0* +HPO,? ; Ko =63 104 : DAN 20 

HPO,” +H,0 == H,O* +PO,3"; © K,3=4.22«10713;  pK3=12:37 

Accordingly, the acid gives three series of salts, e.g. NaH,PO,, Na,HPO,, and Na;PO, 

(p. 603). A typical titration curve in this system is shown in Fig. 12.13: there are three steps 

with two inflexions at pH 4.5 and 9.5. The first inflexion, corresponding to the formation 

of NaH,PO,, can be detected by an indicator such as methyl orange (pK; 3.5) the second, 

corresponding to Na,HPO,, is indicated by the phenolphthalein end point (pK, 9.5). The 
third equivalence point cannot be detected directly by means of a coloured indicator. 

Between the two inflexions the pH changes relatively slowly with addition of NaOH and 

°° A. D. MIGHELL, J. P. SmirH, and W. E. Brown, The crystal structure of phosphoric acid hemihydrate, 
H,PO,.}H,O, Acta Cryst. B25, 776-81 (1969). 
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<«—— ml 0.1 M HCl ml 0.1 M NaOH ——_» 

Fic. 12.13.-Neutralization curve for aqueous orthophosphoric acid. For technical reasons the 
curve shown refers to 10 cm? of 0.1 M NaH, PO, titrated (to the left) with 0.1 m aqueous HCI and 
(to the right) with 0.1 M NaOH solutions. Extrapolations to points corresponding to 0.1 MH,PO, 

(pH 1.5) and 0.1 M Na,PO, (pH 12.0) are also shown. 

this is an example of buffer action.t Indeed, one of the standard buffer solutions used in 

analytical chemistry comprises an equimolar mixture of Na,HPO, and KH,PO,. 

Another important buffer, which has been designed to have a pH close to that of blood, 

consists of 0.030 43 M Na,HPO, and 0.008 695 Mm KH,PO,, i.e. a mole ratio of 3.5: 1 (pH 
LA132at. 25°). 

Concentrated H;PO, is one of the major acids of the chemical industry and is 

manufactured on the multimillion-tonne scale for the production of phosphate fertilizers 

and for many other purposes (see Panel). Two main processes (the so-called “thermal” 

and “wet” processes) are used depending on the purity required. The “thermal” (or 

“furnace”) process yields concentrated acid essentially free from impurities and is used in 

applications involving products destined for human consumption (see also p. 604); in this 

process a spray of molten phosphorus is burned in a mixture of air and steam in a stainless 

steel combustion chamber: 

6H,0 
PirEsOy P4010 4H,PO, 

Acid of any concentration up to 84 wt % P,O,, can be prepared by this method (72.42% 

P,0,, corresponds to anhydrous H;PO,) but the usual commercial grades are 75-85% 

_ (expressed as anhydrous H,PO,). The hemihydrate (p. 597) corresponds to 91.58% 

H,PO, (66.33% P,O,,). The somewhat older “wet” (or “gypsum”) process involves the 

+ A buffer solution is one that resists changes in pH on dilution or on addition of acid or alkali. It consists of a 
solution of a weak acid (e.g. H,PO, ) and its conjugate base (HPO, ) and is most effective when the 
concentration of the two species are the same. For example at 25° an equimolar mixture of Na, HPO, and 
KH,PO, has pH 6.654 when each is 0.2 Mm and pH 6.888 when each is 0.01 M. The central section of Fig. 12.13 
shows the variation in pH of an equimolar buffer of Na, HPO, and NaH,PO, at aconcentration of 0.033 m (you 
should check this statement). Further discussion of buffer solutions is given in standard textbooks of volumetric 

analysis. 
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: Industrial Production and use of (11,PO." 
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A zinc phosphatized coating is on about 6 am ‘thick ie é. 0.025 pho ucandihs of an inch) 
corresponding to about 22gm™?, 

Another important process is “bright dip” or chemical polishing of Al metal which is now 
replacing chrome plating for car trims and other uses: the metal is immersed at 91-99°C ina _ 
solution containing 95 parts by weight of 85% | H,PO,, 4 parts of 68% HNO,, and 0.01% 
Cu(NQ3),, followed by electrolytic anodization to ze the Faron the surface a Protecive 
coating of transparent Al,O,. 
Polyphosphoric acid supported on discuss anh (p. 394) i isa ee catalyst for 

the polymerization, alkylation, dehydrogenation, and low-temperature isomerization of hydro- 
carbons. Phosphoric acid is also used in the production of activated carbon (p. 301). In addition to 
its massive use in the fertilizer industry (p. 605) free phosphoric acid can be used as a stabilizer for 
clay soils: small additions of H;PO, under moist conditions gradually leach out Al and Fe from 
the clay and these form polymeric phosphates which bind the clay particles together. An allied, 
though more refined use is in the setting of dental cements. 
By far the greatest consumption of pure aqueous phosphoric acid is in the preparation of 

various salts for use in the food, detergent, and tooth-paste industries (p. 603). When highly 
diluted the free acid is non-toxic and devoid of odour, and is extensively used to impart the sour or 
tart taste to many soft drinks (“carbonated beverages”) such as the various colas (~0.05% 
H;PO,, pH 2.3), root beers ee ee oe >) and rae (~0.01% H.PO,, 

pH ~4.5),_ oo : 

treatment of rock phosphate (p. 549) with sulfuric acid, the idealized stoichiometry being: 

The gypsum is filtered off together with other insoluble matter such as silica, and the 

fluorine is removed as insoluble Na,SiF,. The dilute phosphoric acid so obtained 

(containing 35-70% H,PO, depending on the plant used) is then concentrated by 

evaporation. It is usually dark green or brown in colour and contains many metal 

impurities (e.g. Na, Mg, Ca, Al, Fe, etc.) as well as residual sulfate and fluoride, but is 

suitable for the manufacture of phosphatic fertilizers, metallurgical applications, etc. (see 

Panel). 

Diphosphoric acid H,P,0, becomes an increasingly prevalent species as the 

stoichiometry in the system P,0,,./H,O becomes increasingly more concentrated; 
indeed, the phase diagram shows that, in addition to the hemihydrate (mp 29.30°) and 

orthophosphoric acid (mp 42.35°) the only other congruently melting phase in the system 

is H,P,0,. The compound is dimorphic with a metastable modification mp 54.3° and a 

stable form mp 71.5°, but in the molten state it comprises an isocompositional mixture of 

various polyphosphoric acids and their autoprotolysis products. Equilibrium is reached 

only sluggishly and the actual constitution of the melt depends sensitively both on the 

precise stoichiometry and the temperature (Fig. 12.14).°* For the nominal stoichiometry 
corresponding to H,P,O, typical concentrations of the species H,,,,P,03,,4, fromn=1 

(ie. H;PO,) to n=8 are as follows:t 

n 1 2 3 4 5 6 7 8 
mole% 35.0 42.5 14.6 5.0 1.8 0.7 0.3 0.1 

+ Note that this table indicates mole °% of each molecular species present whereas the graphs in Fig. 12.14 plot 

weight percentage of P,O, present as each acid shown. 

°4 R. F. JAMESON, The composition of the ‘‘strong” phosphoric acids, J. Chem. Soc. 1959, 752-9. The term 
“strong” phosphoric acids refers to those mixtures containing more P,O, than required for the stoichiometry 
PH,PO)”’: 

CTE-U 
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Fic. 12.14 Thecomposition of the strong phosphoric acids shown as the weight per cent of P,O; 
present in the form of each acid plotted against the overall stoichiometric composition of the 
mixture. The overall stoichiometries corresponding to the three congruently melting species 
H,PO.4H,0,H,PO,, and H,P,O, are indicated. Compositions above 82 wt% P,O, are shown 
on an expanded scale in the inset using the mole ratio [P,O,;]/[H,O] as the measure of 
stoichiometry. (For comparison, H,P,O, corresponds to a mole ratio of 0.500, H;P3;0,) toa 
ratio 0.600, H,P.O, ; to 0.667, etc.). In both diagrams the curves labelled 1, 2, 3,.. . refer to ortho-, 

di-, tri-. .. phosphoric acids, and “highpoly” refers to highly polymeric material hydrolysed from 
the column. 

Thus, although H,P,O, is marginally the most abundant species present, there are 

substantial amounts of H,;PO,, H;P3;0;9, H¢P,0,3, and higher polyphosphoric 

acids. 
In dilute aqueous solution H,P,O, is a somewhat stronger acid than H,PO,: the 4 

dissociation constants at 25° are: K, ~10°-', K, ~1.5x10°*, K,2.7x10~’, and 
K,2.4x 10 '°, and the corresponding negative logarithms are: pK, ~1.0, pK, ~1.8, 
pK, 6.57, and pK, 9.62. The P-O-P linkage is kinetically stable towards hydrolysis in 
dilute neutral solutions at room temperature and the reaction half-life can be of the order 

of years. Such hydrolytic breakdown of polyphosphate is of considerable importance in 

certain biological systems (p. 611) and has been much studied. Some factors which affect 
the rate of degradation of polyphosphates are shown in Table 12.11. 

TABLE 12.11 Factors affecting the rate of polyphosphate 
degradation 

Factor Approximate effect on rate 

Temperature 10°—10° faster from 0° to 100° 
pH 10°-10* slower from strong acid to base 
Enzymes Up to 10°—10° faster 
Colloidal gels Up to 10*—10° faster 
Complexing cations Often very many times faster 
Concentration Roughly proportional 
Ionic environment in solution Several-fold change 
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Orthophosphates"*: 7 

Phosphoric acid forms several series of salts in which the acidic H atoms are 

successively replaced by various cations; there is considerable commercial application for 

many of these compounds. 

Lithium orthophosphates are unimportant and differ from the other alkali metal 

phosphates in being insoluble. At least 10 crystalline hydrated or anhydrous sodium 

orthophosphates are known and these can be grouped into three series: 

Na3PO,.nH,O (n=0, }, 6, 8, 12) 
Na,HPO,.nH,O (n=0, 2, 7, 8, 12) 
NaH, PO,.nH,O (n=0, 1, 2), NaH,PO,.H;PO, [ie. NaH,(PO,),] 
NaH,PO,.Na,HPO, [ie. Na3H;(PO,),], and 2NaH,PO,.Na,HPO,.2H,O 

Likewise, there are at least 10 well-characterized potassium orthophosphates and several 

ammonium analogues. The presence of extensive H bonding in many of these compounds 

leads to considerable structural complexity and frequently confers important properties 

(see later). The mono- and di-sodium phosphates are prepared industrially by 

neutralization of aqueous H,PO, with soda ash (anhydrous Na,CO,, p. 102). However, 

preparation of the trisodium salts requires the use of the more expensive NaOH to replace 

the third H atom. Careful control of concentration and temperature are needed to avoid 

the simultaneous formation of pyrophosphates (diphosphates). Some indication of the 

structural complexity can be gained from the compound Na;PO,.12H,O which actually 

crystallizes with variable amounts of NaOH up to the limiting composition 

4(Na,PO,.12H,O).NaOH. The structure is built from octahedral [Na(H,O),] units 

which join to form “hexagonal” rings of 6 octahedra which in turn form a continuous two- 

dimensional network of overall composition {Na(H,O),}; between the sheets lie {PO,} 
connected to them by H bonds (Fig. 12.15 on p. 607).°* The positions (000) and (004) are 
at the centres of large (octahedral) voids which are statistically occupied by Na* and 

OH upto the maximum allowed by the limiting formula. Some industrial, domestic, and 

scientific applications of Na, K, and NH, orthophosphates are given in the Panel. 

Uses of Orthophosphates‘*? 

Phosphates are used in an astonishing variety of domestic and industrial applications but their 
ubiquitous presence and their substantial impact on everyday life is frequently overlooked. It will 
be convenient first to indicate the specific uses of individual compounds and the properties on 
which they are based, then to conclude with a brief summary of many different types of application 
and their interrelation. The most widely used compounds are the various phosphate salts of Na, K, 
NH,, and Ca. The uses of diphosphates, triphosphates, and polyphosphates are mentioned on 
pp. 609 and 617. 
Na;PO, is strongly alkaline in aqueous solution and is thus a valuable constituent of scouring 

powders, paint strippers, and grease saponifiers. Its complex with NaOCl 

[(Na,;PO,.11H,O),. NaOCl], is also strongly alkaline (a 1% solution has pH 11.8) and, in 
addition, it releases active chlorine when wetted; this combination of scouring, bleaching, and 
bacterial action makes the adduct valuable in formulations of automatic dishwashing powders. 
Na,HPO, is widely used as a buffer component (p. 599). The use of the dihydrate (~2°% 

concentration) as an emulsifier in the manufacture of pasteurized processed cheese was patented 

55 BR. TiLLMANNS and W. H. Baur, On the stoichiometry of trisodium orthophosphate dodecahydrate, /norg. 

Chem. 9, 1957-8 (1970). 
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by JL. Krafti in 1916 oud: is still used, together with insoluble sodium metaphosphate or the mixed 
phosphate Na, 5Al;(PO,)., to process cheese on the multikilotonne scale daily—despite much 
study, the reason why phosphate salts act as emulsifiers is still not well understood in detail. 
Na, HPO, is also added (~0.1 %) to evaporated milk to maintain the correct Ca/PO, balance and 
to prevent gelation of ilk powder to a mush. Its addition at the 5% level to brine (15-20% 
NaCl solution) for the ing of | ham makes the product more tender and juicy by preventing the 
exudation of juices , subsequent cooking. Another major use in the food industry is as a 

i : io enhance the ability to form stable cold-water gels (e.g. instant 
Z, to farinaceous See raises the pH to slightly above 7 
ast Paes 

i asa ‘constituent. in the undercoat for metal paints. 
ine in aqueous solution and is used to absorb H,S from 

enerated simply by heating. K ,PO, is also used as a regulating 
electrolyte to’ contro! of synthetic latex during the polymerization of styrene- 

_ butadiene rubbers. The action of K HPO, has already been mentioned (p. 599) and this 
is the reason for its addition as a corrosion inhibitor to car-radiator coolants which otherwise tend 
to become acidic due to slow oxidation of the glycol antifreeze. KH,PO, is a piezoelectric 
(pp. 60-2) and finds use in submarine sonar systems. For many applications, however, the cheaper 
sodium salts are preferred unless there is a ‘specific advantage for the potassium salt; one example 
is the specialist balanced commercial fertilizer formulation [KH,PO,. (NH,),HPO,] which 
contains 10.5% N, 53% P.O., and 17.2% K,O (ie. N-P-K 10-53-17). 

(NH,),HPO, and (NH,)H,PO, can be used interchangeably as specialist fertilizers and 
- nutrients in fermentation broths; though expensive, their high concentration of active ingredients 

ameliorate this, particularly in localities where transportation costs are high. Indeed, 
_ (NH,),HPO, in granulated or liquid form consumes more phosphate rock than any other single 

_ end-product (over 8 million tonnes pa in the USA alone in 1974). Ammonium phosphates are also 
much used as flame retardants for cellulosic materials, about 3-5°% gain in dry weight being the | 

_ optimum treatment. Their action probably depends on their ready dissociation into NH, and 
HPO, on heating; the H,PO, then catalyses the decomposition of cellulose to a slow-burning _ 

_ char (carbon) and this, together with the suppression of flammable volatiles, smothers the flame. _ 
As the ammonium phosphates are soluble, they are used mainly for curtains, theatre scenery, and — 
disposable paper dresses and costumes. The related compound urea phosphate 

_ (NH,CONH,.H,PO,) has also been used to flameproof cotton fabrics: the material is soaked in — 
a concentrated aqueous solution, dried (15% weight gain), and cured at 160° to bond the 
retardant to the cellulose fibre. The advantage is that the retardant does not Wash out, but the 

_ strength of the fabric is somewhat reduced by the process. 
Calcium phosphates have a broad range of applications both in the food a and as bulk 

fertilizers. The vast scale of the phosphate rock industry has already been indicated (p. 549) and 
this is further elaborated i in Fig. A for the particular case of the USA. 

The crucial i importance of Ca and PO, as nutrient supplements for the healthy growth of bones, 
teeth, muscle, and nerve cells has long been recognized. The non-cellular bone structure of an 
average adult human consists of ~ 60% of some form of “tricalcium phosphate” [Ca,(PO,);0H]; 
teeth likewise compris 10% and the average person carries 3.5 kg of this material in his body. 
Phosphates i in the body are replenished by a continuous cycle, and used P is carried by the blood 

eted in urine, mainly as Na(NH, )HPO,. An average adult eliminates 
ily (cf. th discovery of P in urine by Brandt, p. 546). 

sed ir aking acids, toothpastes, mineral supplements, and stock 
lasa leavening acid in the late nineteenth century (to replace 

the monohydrate (introduced in the 1930s) finds more use 
re of Ca(H,PO,),.H,O and NaHCO, with some 40% 

too quickly during dough mixing and so “combination — 
tes a slow-acting acid such as NaAl(SO,),. i is preferred. 
eee now use such combinations, e.g.: 

gas streams; the ahs 

( 3 ——> 200, +3H,0+‘Na,Ca(HPO,),’ 

: INalICO, — 3CO, +Al(OH);+2Na,SO, 



§12.3.6 Oxoacids and their Salts 605 

Total 

31 330 (100%) © 

Industrial 

5270 (17.2%) 

Ferrophosphorus Elemental P 

439 (1.5%) 4931 (15.7%) 

Anhydrous Element Furnace 

derivatives 676 (2.2%) H3PO, 

304 (1.0%) 3951 (12.6%) | | 

Sodium ~- Dicalcium 

tripolyphosphate — phosphate 

2533 (8.1%) 1418 (4.5%) 

* Note that ammoniation of H3PO, to give granulated or 
liquid ammonium phosphates consumes more phosphate _ 
rock in US than any other single end product. _ 

Fic. A US Phosphate rock usage (1974)/kilotonnes pa (%) (excluding 12610 kilotonnes 
exported). 

A typical powder contains 28% NaHCO,, 10.7% Ca(H,PO,),.H,O, 21.4% NaAl(SO,),, 
and 39.9% starch and the scale of manufacture approaches 10° tonnes pa. 

In toothpastes, CaHPO, .2H,O was first used to replace chalk as a mild abrasive and polishing 
agent in the early 1930s. It is still widely used provided the toothpaste does not also contain 
fluoride, since this would precipitate as CaF, and effectively eliminate the desired anion. Some 
25 000 tonnes of CaHPO, .2H,O are used in this way annually in the USA and the compound 
typically comprises 50% by weight of the paste. The first important fluoride toothpaste contained 
39% of the diphosphate Ca,P,0, which is the most insoluble and inert of all the calcium 
phosphates. It is made by careful dehydration of CaHPO, .2H,O at 150° and then above 400°. It 
was first used in Procter and Gamble’s “Crest” which also contained 0.4% SnF, and 
1% Sn P5303. 

Synthetic Ca,(PO,),OH is added to table salt (1-2 %) to impart free-flowing properties and it is 
likewise added to granulated sugar, baking powders, and even fertilizers. It is prepared by adding 
H,PO, toa slurry of hydrated lime—this is the reverse order of addition to that used for making 
Ca(H,PO,), and CaHPO, since the aim is to deprotonate all three OH groups. The compound is 
extremely insoluble and precipitates as very fine particles (~0.5-3 wm diameter). 

The idea of converting insoluble “tricalcium phosphate” or phosphate rock into soluble 
“monocalcium phosphate” Ca(H,PO,), dates back to the 1830s when J. von Liebig observed that 
acidulated bones made good fertilizer. The limited supply of bones (including those from old 
battlefields!) was soon replaced by Suffolk coprolites and apatites, though the vast North African 
deposits were still unknown. The phosphate fertilizer industry originated in England (Lawes, 
1843); it grew rapidly as shown by the dramatic increase in world production of phosphate rock, 
which leapt from 500 tonnes to over | million tonnes in less than 40 y and now exceeds 110 million 
tonnes (p. 549): 

Year 1847 1850 1860 1870 1880 1890 1900... 1974 
Kilotonnes 0.5 1.0 66 270 500 1600 - 3100... 110 000. 
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Fic. B. Applications of phosphoric acid and its derivatives. 

Calcium orthophosphates are particularly important in fertilizer technology, in the 

chemistry of bones and teeth, and in innumerable industrial and domestic applications 

(see Panel). They are also the main source of phosphorus and phosphorus chemicals and 

occur in vast deposits as apatites and rock phosphate (p. 549). The main compounds 

occurring in the Ca@O-H,O-P,,0,, phase diagram are: 

Ca(H,PO,),, Ca(H,PC,),.H,O0, Ca(HPO,).nH,O (n=0, 4, 2), 

Ca3(PO,),, Ca,PO,(OH).2H,O, Ca;(PO,),0OH (ie. apatite), 

Ca,P,0, [probably Ca,(PO,),.CaO], and Ca,H,(PO,),.5H,O 
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Fic. 12.15 The structure of Na,PO,.12H,O.4NaOH viewed down the c-axis perpendicular to 
the “hexagonal” sheets of fused {Na(H,O),} octahedra. Octahedral sites such as A—at (000)—are 
occupied statistically by Na* and OH” up toa maximum allowed by the formula (and structure). 
The orientation of the PO, tetrahedra above and below the plane of corner-linked octahedra is 

also shown. 

In all of these alkali-metal and alkaline earth-metal orthophosphates there are discrete, 

approximately regular tetrahedral PO, units in which P-—O is usually in the range 

153+3 pm and the angle O-P-—O is usually in the range 109 +5°. Extensive H-bonding 

and M-O interactions frequently induce substantial deviations from a purely ionic 

formulation (p. 94). This trend continues with the orthophosphates of tervalent elements 
M''PO, (M=B, Al, Ga, Cr, Mn, Fe) which all adopt structures closely related to the 

polymorphs of silica (p. 393). NaBePO, is similar, and YPO, adopts the zircon (ZrSiO,) 

structure. The most elaborate analogy so far revealed is for AIPO, which can adopt each 

of the 6 main polymorphs of silica as indicated in the scheme on p. 608. The analogy covers 

not only the structural relations between the phases but also the sequence of 
transformation temperatures (°C) and the fact that the «—f-transitions occur readily 
whilst the others are sluggish (p. 394). Similarly, the orthophosphates of B, Ga, and Mn 

are known in the $-quartz and the «- and f-cristobalite forms whereas FePO, adopts 

either the a- or B-quartz structure. Numerous hydrated forms are also known. The 

Al-PO,-H,O system is used industrially as the basis for many adhesives, binders, and 

cements.°° 

5¢ J. H. Morris, P. G. Perkins, A. E. A. Rose, and W. E. Smitu, The chemistry and binding properties of 
aluminium phosphates, Chem. Soc. Revs. 6, 173-94 (1977). 
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Rea 1470" 1713 
quartz — tridymite —=> cristobalite =—— > melt 

SiO, , ; 
573 117 163 220 
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berlinite = —— => tridymite-form == cristobalite-form ——— melt 

AIPO, | : 
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Chain polyphosphates“? ?# 

A rather different structure-motif is observed in the chain polyphosphates: these feature 

corner-shared {PO,} tetrahedra as in the polyphosphoric acids (p. 601). The general 

formula for such anions is [P,O3,4,]"*”~, of which the diphosphates, P,O,*~, and 
tripolyphosphates, P,0,,.° , constitute the first two members. Chain polyphosphates 

have been isolated with n up to 10 and with n “infinite”, but those of intermediate chain 

length (10<n< S50) can only be obtained as glassy or amorphous mixtures. As the chain 

length increases, the ratio (3n+ 1)/n approaches 3.00 and the formula approaches that of 

the polymetaphosphates [PO, ].,,. 

Diphosphates (pyrophosphates) are usually prepared by thermal condensation of 

dihydrogen phosphates or hydrogen phosphates: 

2MH,PO, ——_> M,H,P,0,+H,O 

2M,HPO, > M,P,0,+H,O 

They can also be prepared in specialized cases by (a) metathesis, (b) the action of H,PO, 

on an oxide, (c) thermolysis of a metaphosphate, (d) thermolysis of an orthophosphate, or 

(e) reductive thermolysis, e.g.: 

(a) Na,P,0,+4AgNO, Ag,P,0,|+4NaNO, 

(b) 2H ,PO, + PbO,> PbP,,O,, | +3H,,O 

(c) 4Cr(PO,)— > Cres) eo. 

(d) 2Heg,(PO,), ——> 2Hg,P,0,+2Hg+0, 

(e) 2FePO, +H, ———> Fe,P,0,+H,O 

Many diphosphates of formula M'YP,O,, M3P,O,, and hydrated M4P,O, are 
known and there has been considerable interest in the relative orientation of the two 

linked {PO,} groups and in the P-O-P angle between them.°°) For small cations the 2 

°° G. M. Cvark and R. Mor-ey, Inorganic pyro compounds, M,[(X,0,),], Chem. Soc. Revs. 5, 269-95 
(1976). 
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{PO,} are approximately staggered whereas for larger cations they tend to be nearly 

eclipsed>The P-O-P angles large and variable, running from 130° in Na,P,0,.10H,O 

to 156° in a-Mg,P,O,. The apparent colinearity in the higher-temperature (8) form of 

many diphosphates, which was previously ascribed to a P-O-P angle of 180°, is now 

generally attributed to positional disorder. Bridging P—O distances are invariably longer 

than terminal P—O distances, typical values (for Na,P,O,.10H,O) being P-O, 161 pm, 
P-O, 152 pm. 

As diphosphoric acid is tetrabasic, four series of salts are possible though not all are 

always known, even for simple cations. The most studied are those of Na, K, NH,, and Ca, 

Cie 

Na,P,0,.10H,O (mp 79.5°), Na,P,O, (mp 985°) 

30-35° 150° Na;HP,0O,.9H,O Na3HP,O,.H,O Na,HP,O, 

Na,H,P,0,.6H,O —" >Na,H,P,0, 

NaH,P,0, (mp 185°) 

Before the advent of synthetic detergents, Na,P,O0, was much used as a dispersant for 

lime soap scum which formed in hard water, but it has since been replaced by the 
tripolyphosphate (see below). However, the ability of diphosphate ions to form a gel with 

soluble calcium salts has made Na,P,O, a useful ingredient for starch-type instant 

pudding which requires no cooking. The main application of Na,H,P,O, is as a 

leavening acid in baking: it does not react with NaHCO, until heated, and so large 

batches of dough or batter can be made up and stored. Ca,P,0,, because of its 

insolubility, inertness, and abrasive properties, is used as a toothpaste additive compatible 

with Sn" and fluoride ions. 
Of the tripolyphosphates only the sodium salt need be mentioned. It was introduced in 

the mid-1940s as a “builder” for synthetic detergents, and its production for this purpose is 

now measured in megatonnes per annum (see Panel). On the industrial scale Na;P3;0,, is 
usually made by heating an intimate mixture of powdered Na,HPO, and NaH,PO, of 

the required stoichiometry under carefully controlled conditions: 

UE SE PO, NasP3010+2H,0 

: - Uses Sodium Tp I I yphosphate - 

Many ae daca contain 25-45 
than in Europe because of the problems of et ‘opt ato in some areas (p. 552). It acts mainly as 
a water softener, by chelating and seques * in hard water. Indeed, the 
a constants of its complexes with these ions are pesky one million-fold greater than with 

: (NaP;Ojo* pK ~28; MgP30,.° pK ~8.6; CaP;0,.° pK ~8.1). In addition, 
ae. O,o increases the efficiency. of the surfactant by lowering the critical micelle concentration, 
and by its ability to suspend and peptize dirt particles by building up a large negative charge on the 
particles by adsorption; it also. furnishes a suitable alkalinity for cleansing action without 
irritating eyes or skin and it pr¢ fering action at these pHs. The dramatic growth 
of synthetic detergent powders during th s is shown in Fig. A (p. 610). 
NasP 30, is also used as a dispersing agent i in clay suspensions used in oil-well drilling. Again, 

addition of x 1% NasP 0, to the slurries used in manufacturing cement and bricks enables 
much less water to be used to attain n workability, and thus less to be removed during the setting or 
calcining processes. : 

O10 though the amount is lower in the USA 

CTE-U* 
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The low-temperature form (I) converts to the high-temperature form (II) above 417°C and 

both forms react with water to give the crystalline hexahydrate. All three materials contain 

the tripolyphosphate ion P;0,,° witha trans- configuration of adjacent tetrahedra and 

a twofold symmetry axis; forms (I) and (II) differ mainly in the coordination of the sodium 

ions and the slight differences in the dimensions of the ion in the three crystals are 
probably within experimental error. Typical values are: 

The complicated solubility relations, rates of hydrolysis, self-disproportionation, and 

interconversion with other phosphates depends sensitively on pH, concentration, 

temperature, and the presence of impurities. Though of great interest academically and of 

paramount importance industrially these aspects will not be further considered 

here.‘’: 13:24. 57) Triphosphates such as adenosine triphosphate (ATP) are also of vital 
importance in living organisms (see Panel). 

°7 E. J. GrirFitH, The chemical and physical properties of condensed phosphates, Pure Appl. Chem. 44, 
173-200 (1975). 
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: eonlhess, genetic Lay phamaniiet: atone fixation, and 
num rable other metabolic oy ae Gr rhe biophosphorus compound on which all life 

denosin { TP); its name is derived from adenine, f-p-ribose, and the 
20;0° as shown below: 

5741 §. KuLaev, The Biochemistry of Inorganic Polyphosphates, Wiley, Chichester, 1980, 225 pp. 
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Fic. A_ A “representative” section of one of the polymeric phosphate diester chains of DNA 
showing the 4 constituent nucleosides formed by combination of deoxyribose with the 4 bases 

adenine, cytosine, guanine and thymine. 
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Oxygen 
polyhedra 

— 

Deoxyribose 
—> 

Cytosine or 
thymine —» 

Hydrogen 
bonding —” 
Guanine or 
adenine 

Deoxyribose 

Oxygen : 
polyhedra 

Fic.B Model of DNA (schematic) showing metal-coordinated phosphate groups. A sodium ion 
is bonded by ionic forces between 2 phosphate tetrahedra (After E. T. Degens‘'”.). 

in Fig. B. Clearly the detailed conformation of the chain will depend on the nature of the cations 
present. 

A related series of compounds, the ribonucleic acids (RNA), are based on the sugar ribose rather 

than 2’-deoxyribose as in DNA. The same four bases occur in the nucleosides which then form the 
polymeric phosphate diester chains. RNA molecules serve as a template for synthesizing protein 
molecules from amino acids. They are of three distinct types: 

ribosomal RNA (rRNA): the combination of an RNA with a protein is called a ribosome; these 
occur in the cytoplasm of a cell surrounding the nucleus and are the site of protein synthesis. 

messenger RN A (mRNA): this carries the code from the DNA which determines the amino-acid 
sequence in the polypeptide chain of the protein. 

transfer RNA (tRNA): these are relatively small nucleotides containing about 80 {PO,} units. 
Each tRNA carries 1 specific amino acid and 3 specific consecutive nucleotides with their _ 
bases: these bases serve as a code-word which fits exactly with the 3 consecutive 
complementary N-bases along the long mRNA strand. 

As befits their function as templates, RNA molecules afé mostly single helices. It should be noted, 
however, that protein structures are much more complex than the mere sequence of amino-acid 
residues in the polypeptide chain. Indeed, 4 elements of protein structure are now recognized. The 
primary structure refers to the sequence of amino acids; the secondary structure relates to the 
conformation of the polypeptide chain (random coil or #-helix, maintained by H bonds between 
the NH and CO groups); the tertiary structure involves the whole protein molecule and is 
maintained by various interactions including S-S covalent bonds between two cysteine residues, 
electrostatic forces, coordination to metal ions, H bonding, and even van der Waals’ forces; finally, 

the quaternary structure concerns the subunit structure of the protein, e.g. haemoglobin has 4 
subunits (2 x-chains and 2 f-chains). 

Some other biochemically important phosphate esters are listed below together with their 
functions and structures (opposite): 

phosphocreatine: an aminophosphate ester used to regenerate ATP; 
uridine triphosphate, UTP:synthesis of the polysaccharide molecule glycogen from surplus 

carbohydrate; 
nicotinamide-adenine dinucleotide {NAD * ): degradation of citric acid to succinic acid in the 

Krebs’ cycle; 
nicotinamide-adenine dinucleotide-2-phosphate (NADP * ): photosynthesis of carbohydrates 

from CO, in the presence of chlorophyll. 
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i 
Me—N—C—N— P02- 

CH,CO,H 

_ Phosphocreatine 

H NH, 

“Nn 

H ee 

OH (OH) (or OPO,7°) 

NAD* (or NADP*) 

Long-chain polyphosphates, M!,,P,O3,,,, approach the limiting composition 

M'PO, as n— oo and are often called linear metaphosphates to distinguish them from the 

cyclic metaphosphates of the same composition (p. 617). Their history extends back 

nearly 150 y to the time when Thomas Graham described the formation of a glassy 

sodium polyphosphate mixture known as Graham’s salt. Various heat treatments 

converted this to crystalline compounds known as Kurrol’s salt, Maddrell’s salt, 

etc., and it is now appreciated, as a result of X-ray crystallographic studies, that these 

and many related substances all feature unbranched chains of corner-shared {PO,} units 
which differ only in the mutual orientations and repeat units of the constituent 

tetrahedra."° ’» These, in turn, are dictated by the size and coordination requirements of 

the counter cations present (including H). Some examples are shown schematically in Fig. 

12.16 and the geometric resemblance between these and many of the chain metasilicates 
(p. 404) should be noted. In most of these polyphosphates P-O, 161+5 pm, P-O, 

576 J. MALING and F. Hanic, Phase chemistry of condensed phosphates, Topics in Phosphorus Chemistry 10, 
341-502 (1980). Contains many phase diagrams for metaphosphates and polyphosphates plus detailed 
structural diagrams of repeat units in condensed phosphate chains. 
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Fic. 12.16 Types of polyphosphate chain configuration. The diagrams indicate the relative 
orientations of adjacent PO, tetrahedra, extended along the chain axes. (a) (RbPO;), and 
(CsPO,),, (b) (LiPO;), low temp, and (KPO3),, (c) (NaPO3), high-temperature Maddrell salt 
and [Na,H(PO;),],, (d) [Ca(PO;),], and [Pb(PO3),],, (e) (NaPO3),, Kurrol A, and (AgPO3),, 
(f) (NaPO,),, Kurrol B, (g) [CuNH,(PO;)3], and isomorphous salts, (h) [CuK,(PO3;),], and 
isomorphous salts. Each crystalline form of Kurrol salt contains equal numbers of right-handed 

and left-handed spiralling chains. 

150 +2 pm, P-O,—P 125-135° and O,-P-O, 115-120° (i.e. very similar to the dimensions 

and angles in the tripolyphosphate ion, p. 610). 

The complex preparative interrelationships occurring in the sodium polyphosphate 

system are summarized in Fig. 12.17. Thus anhydrous NaH,PO,, when heated to 170° 

under conditions which allow the escape of water vapour, forms the diphosphate 

Na,H,P,O,, and further dehydration at 250° yields either Maddrell’s salt (closed system) 

or the cyclic trimetaphosphate (water vapour pressure kept low). Maddrell’s salt converts 

from the low-temperature to the high-temperature form above 300°, and above 400° 

reverts to the cyclic trimetaphosphate. The high-temperature form can also be obtained 

(via Graham’s and Kurrol’s salts) by fusing the cyclic trimetaphosphate (mp 526°C) and 

then quenching it from 625° (or from 580° to give Kurrol’s salt directly). All these linear 
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Monophosphate ~ 
h 

Trimetaphosphate 

Kurrol s salt 
(helical chains) 

Graham’s salt 
(mixture of 
polymers) 

Fic. 12.17 Interrelationship of metaphosphates. (From CIC, Vol. 2, p. 521.) 

polyphosphates of sodium revert to the cyclic trimetaphosphate on prolonged annealing 
at ~ 400°C. 

Fuller treatments of the phase relations and structures of polyphosphates, and their 

uses as glasses, ceramics, refractories, cements, plasters, and abrasives, are 

available. 7> 58) 

Cyclo-polyphosphoric acids and cyclo-polyphosphates®® 

These compounds were formerly called metaphosphoric acids and metaphosphates but 

the IUPAC cyclo- nomenclature is preferred as being structurally more informative. The 

only two important acids in the series are cyclo-triphosphoric acid H;P30, and cyclo- 
tetraphosphoric acid H,P,O, >, but well-characterized salts are known with heterocyclic 

anions [cyclo-(PO3;),,]"._ (n=3-8), and larger rings are undoubtedly present in some 

mixtures. 

58 A. E. R. WESTMAN, Phosphate ceramics, Topics in Phosphorus Chemistry 9, 231-405, 1977. A 
comprehensive account with 963 references. 

5° §. Y. KALLINEY, Cyclophosphates, Topics in Phosphorus Chemistry 7, 255-309, 1972. 
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The structural relationship between the cyclo-phosphates and PO, (p. 578) is shown 

schematically below. 

Structural O 

In P,O,, all 10 P-O(-P) bridges are equivalent and hydrolytic cleavage of any one 

leads to “H,P,O,,” in which P—O(-P) bridges are now of two types. Cleavage of “type a” 

leads to cyclo-tetraphosphoric acid or its salts (as shown in the upper line of the scheme), 

whereas cleavage of any of the other bridges leads to a cyclo-triphosphate ring with a 

pendant -OP(O)OH group which can subsequently be hydrolysed off to leave (HPO;), 

or its salts (lower line of scheme). Cyclo-(HPO;), can, indeed, be made by careful 

hydrolysis of hexagonal P,O,, with ice-water, and similar treatment with iced NaOH or 

NaHCO; gives a 75% yield of the corresponding salt cyclo-(NaPO,),. The preparation of 
cyclo-(NaPO;), by controlled thermolytic dehydration of NaH,PO, was mentioned in 

the preceding section and acidification yields cyclo-triphosphoric acid. The cyclo- 

(PO;)3;° anion adopts the chair configuration with dimensions as shown; cyclo- 
(PO;),* is also known in this configuration though this can be modified by changing the 
cation. The crystal structure of the cyclo-hexaphosphate anion in Na,P,O,,.6H,O 
shows that all 6 P atoms are coplanar and that bond lengths are similar to those in the 
P,0,°., and. PO, anions: 
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Higher cyclo-metaphosphates can be isolated by chromatographic separation from 

Graham’s salt in which they are present to the extent of ~1%. 

12.3.7 Phosphorus—nitrogen compounds 

The P—N bond is one of the most intriguing in chemistry and many of its more subtle 

aspects still elude a detailed and satisfactory description. It occurs in innumerable 

compounds, frequently of great stability, and in many of these the strength of the bond and 

the shortness of the interatomic distance have been interpreted in terms of “partial double- 

bond character”. In fact, the conventional symbols P—N and P=N are more an aid to 
electron counting than a description of the bond in any given compound (see p. 628). 

Many compounds containing the P—N link can be considered formally as derivatives of 
the oxoacids of phosphorus and their salts (pp. 586-619) in which there has been 

isoelectronic replacement of: 

PH [or P(OH)] by P(NH,) or P(NR,) 

P=O [or P=S] by P=NH or P=NR 

PO bye -P—NH—P: or P—NR—P, etc.©°:2°) 

Examples are phosphoramidic acid, H,NP(O)(OH),; Phosphordiamidic acid, 

(H,N),P(O)(OH); phosphoric triamide, (H,N)3,PO; and their derivatives. There are an 

enormous number of compounds featuring the 4-coordinate group shown in structure (1) 

including the versatile nonaqueous solvent hexamethylphosphoramide (Me,N); PO; this 

is readily made by reacting POCI, with 6Me,NH, and dissolves metallic Na to give 

paramagnetic blue solutions similar to those in liquid NH; (p. 88). 

1 i ee 
NR, OH OH 

(1) (2) (3) 

6° D. A. PALGRAVE, Amido- and imido-phosphoric acids and their salts, Section 28, pp. 760-815, in ref. eI 
60a M. L. NIELSEN, Phosphorus-nitrogen compounds (excluding cyclic phosphonitrilic compounds), Chap. 5 

in C. B. CotBurN (ed.), Developments in Inorganic Nitrogen Chemistry, Vol. 1, pp. 307-469, Elsevier, 

Amsterdam, 1966. 
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Another series includes the cyclo-metaphosphimic acids, which are tautomers of the cyclo- 

polyphosphazene hydroxides (p. 632). Similarly, halogen atoms in PX, or other P-X 

compounds can be successively replaced by the isoelectronic groups -NH,, NHR, -NR;, 

etc., and sometimes a pair of halogens can be replaced by =NH or =NR. These, in turn, 

can be used to prepare a large number of other derivatives as indicated schematically 

below for P(NMe,);.” 

dl, { P(NMe, ) 3} 

Ni(CO)2,3 { P(NMe,)3} 2 , 

(Me.N).P—P(NMe2) 

Although such compounds all formally contain P-—N single bonds, they frequently 

display properties consistent with more extensive bonding. A particularly clear example is 

PF,(NMe,) which features a short interatomic P—N distance and a planar N atom as 

indicated in the diagram opposite. (In the absence of this additional z bonding the P"™'-N 
single-bond distance is close to 177 pm.) Again, the proton nmr of such compounds 

sometimes reveals restricted rotation about P-N at low temperatures and typical energy 

barriers to rotation (and coalescence temperatures of the non-equivalent methyl proton 

signals) are PCl,(NMe,) 35 kJ mol! (— 120°), P(CF3).(NMe,) 38 kJ mol * (— 120°), 
PCIPh(NMe,) 50 kJ mol™* (—50°). 
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Cyclophosphazanes 

Many heterocyclic compounds contain formally single-bonded P-—N groups, the 

simplest being the cyclo-diphosphazanes (X;PNR), and {X(O,S)PNR},. These contain 

PY and have the structures shown in Fig. 12.18. A few phosph(II])azane dimers are also 

known, e.g. (RPNR’),. A more complex example, containing fused heterocycles of 

alternating P'™ and N atoms, is the interesting hexamethyl derivative P,(NMe), mp 122°. 
This stable compound (Fig. 12.19a) is readily obtained by reacting PCl, with 6MeNH.,; it 

is isoelectronic with and isostructural with P,O, (p. 579) and undergoes many similar 

reactions. The stoichiometrically similar compound P,(NPr'), can be prepared in the non- 

adamantane-type structure shown in Fig. 12.19b, though it converts to structure-type a 

on being heated at 157° for 12 days.©° A different sequence of atoms occurs in P,(NMe), 
(Fig. 12.19c) and many other “saturated” heterocycles featuring either P™ or PY have been 
made. A recent example, made by slow addition of PCl; to PhNH, in toluene at 0°, is 

[PhNHP,(NPh),],NPh; the crystal structure of the 1:1 solvate of this compound with 

CH,Cl, (mp 250°) reveals that all N atoms are essentially planar with distances to P as 

indicated in the following diagram.©!? 

606 OQ. J. SCHERER, K. ANDRES, C. KRUGER, Y.-H. Tsay, and G. WoLMERHAUSER, P4(N-i-C,H,),, a P4X, 
molecule with and without adamantane structure, Angew. Chem., Int. Edn. (Engl.) 19, 571-2 (1980). 

6! M. L. THompson, R. C. HALTIWANGER, and A. D. Norman, Synthesis and X-ray structure of a dinuclear 

cyclodiphosph(III)azane [(PhNH)P,(NPh),],NPh, JCS Chem. Comm. 1979, 647-8. 
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Fic. 12.18 - Structures of (a) (Cl, PNMe),, and (b) {Cl(S)PNMe},. Note the difference in length of 
the axial P-N and-equatorial P-N bonds (and of the axial and equatorial PCI bonds) about the 

~ trigonal bipyramidal P atoms in (a). 

Fic. 12.19 Structures of (a) P,(NMe),, (b) P,(NPr'),, and (c) P,(NMe),° 

Phosphazenes 

Formally “unsaturated” PN compounds are called phosphazenes and contain P¥ in 
the grouping => P=N-—. A few phosph(II])azenes are also known. Phosphazenes can 
be classified into monophosphazenes (e.g. X3,P—=NR), diphosphazenes (e.g. 

X,P—N—P(O)X,), polyphosphazenes containing 2,3,4,... co —X,P—=N— units, and 
the cyclo-polyphosphazenes [—X,P—=N—],, n=3, 4,5... 17. 

Monophosphazenes, particularly those with organic substituents, R,P—NR’, derive 

great interest from being the N analogues of phosphorus ylides R3P—=CR, (p. 635). They 

were first made by H. Staudinger in 1919 by reacting an organic azide such as PhN, with 
PR, (R=Cl, OR, NR,, Ar, etc.), e.g.: 

PPh,+PhN, > N,+Ph,P=NPh; mp 132° 

a 2. eee 

a 
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~More recently they have been ‘made via a reaction associated with the name of A. V. 

_ Kirsanov (1962), e.g.: ae, Z 

Ph,PCl, + PhNH, ——— Ph,P=NPh+2HCI 

_ As expected, the P—N distance is short and the angle at N is ~ 120°, eg.: 

_ Over 600 such compounds are now known, especially those with the Cl,P—=N— 
group.©”? 

Diphosphazenes can be made by reacting PCl, with NH,Cl in a chlorohydrocarbon 

solvent under mild conditions:f 

solvent 3PCl, +NH,Cl "> 4HC1+[C],P=N—PCI,]*PCl,~; mp 310° 

NH,Cl 

4HCl+[Cl,P=N~PCI,=N—PCl,]*Cl- 

+ The inverse of these compounds are the phosphadiazene cations, prepared by halide ion abstraction from 
diaminohalophosphoranes in CH,Cl, or SO, solution, e.g.: 

(R,N),PCl+ AlCl, —>[(R,N),P]*[AICl,]~ 

An X-ray crystal structure of the Pr, N-derivative shows the presence of a bent, 2-coordinate P atom, equal P-N 
distances, and accurately planar 3-coordinate N atoms (A. H. Cowley, M. C. Cashner, and J. S. Szobota, J. Am. 

Chem. Soc. 100, 7784-6 (1978).) 

62 M. BERMANN, Compilation of physical data of phosphazo trihalides, Topics in Phosphorus Chemistry 7, 
311-78, 1972. 
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In liquid ammonia ammonolysis also occurs: 

2PCl1, + 16NH;(lig.) ———>[(H,N),;P—=N—P(NH,)3]* Cl” + 9NH,Cl 

The P=N and P—N bonds are equivalent in these compounds and they could perhaps 

better be written as [X,P--N--PX;]”, etc. Like the parent phosphorus pentahalides 

(p. 571), these diphosphazenes can often exist in ionic and covalent forms and they are 

part of a more extended group of compounds which can be classified into several general 

series Cl(C1,PN),,PCl,, fEl(Cl,PN), PCLT Cla, (OVC PN), PCL" PClam 

Cl(C1,PN),,POCI,, etc., where n=0, 1, 2,3... .Some examples of the first series are PCI, 

(i.e. n=0), 

: . “ 4 . 

P,NCI, (ic. ties ic! P3N,Cly (ie. ae aes 

Cea a 

Cl Cl Cl Cl 

and P,N;Cl,, (i.e. Gee es ae is oh 

d oaoaia 
and some of these can exist in the ionic form represented by the second series 

Cl 

oman payer 

Cl 

Likewise, the third series runs from n=0 (i.e. PCl,* PCl,~) through P,;NCI,,, P4N>Cl,4, 

and P;N3Cl,,_ to P6N,4Cl,. 

. fi 

(ie: Pa ie "PCE =); 

Cl Cl 

In the limit, polymeric phosphazene dichlorides are formed (—NPCI,—),, where n can 

exceed 10* and these polyphosphazenes and their cyclo-analogues form by far the most 
extensive range PN compounds. 

Polyphosphazenes 

The grouping 

R R 

—N=P — is isoelectronic with the silicone grouping —O—Si— (p. 422) 

R R 
and, after the silicones, the polyphosphazenes form the most extensive series of covalently 
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~ bonded polymers with a non-carbon skeleton. This section will describe their preparation, 

structure, bonding, and potential applications.? >: °?~®* 

Preparation and structure. Polyphosphazenes have a venerable history. (NPCI,), 

oligomers were first made in 1834 by J. von Liebig and F. Wohler who reacted PCI, with 

NH, but their stoichiometry and structure were not elucidated until much later. The 

fluoro analogues (NPF, ), were first made in 1956 and the bromo compounds (NPBr,), in 

1960. The synthesis of (NPCI),, was much improved by R. Schenk and G. Romer in1924 

and their method remains the basis for present-day production on both the laboratory 

and industrial scales: 

solvent 

nPCl; +nNH4Cl— > (NPCI,), + 4nHCl 

Appropriate solvents are 1,1,2,2-tetrachloroethane (bp 146°), PhCl (bp 132°), and 1,2- 

dichlorobenzene (bp 179°). By varying the conditions, yields of the cyclic trimer or 

tetramer and other oligomers can be optimized and the compounds then separated by 

fractionation. Highly polymeric (NPCI,),, can be made by heating cyclo-(NPCl,), to 

150-300°, though heating to 350° induces depolymerization. Polycyclic compounds are 

rarely obtained in these preparations, one exception being N7P,Cl,, mp 237.5°, which can 

be obtained in modest yield from the direct thermolytic reaction of PCl, and NH,Cl. The 

tricyclic structure is strongly distorted from planarity though the central NP; group 

features an accurately planar 3-coordinate N atom with much longer N-P bonds than 

63 H.R. ALLCOCK, Phosphorus Nitrogen Compounds, Academic Press, New York, 1972, 498 pp.; H.R. 

ALLCocK, Recent advances in phosphazene (phosphonitrilic) chemistry, Chem. Rev. 72, 315-56 (1972) (475 

oe A. SHAw, Aspects of the structure and bonding in inorganic phosphorus compounds, Pure Appl. Chem. 

44, 317-41 (1975). 
65 § §. KRISNAMURTHY, A. C. Sau, and M. Woops, Cyclophosphazenes, Adv. Inorg. Chem. Radiochem: 21, 

41-112 (1978) (499 refs.). 
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those in the peripheral macrocycle. The 2 sorts of P—Cl bonds are also noticeably different 
in length and the 3 central Cl atoms are all on one side of the NP; plane with 2 NPC 104°. 

Many details of the preparative reaction mechanism remain unclear but it is thought 

that NH,Cl partly dissociates into NH, and HCl, and that PCI, reacts in its ionic form 

PCl,* PCI,” (p.573). Nucleophilic attack by NH; on PCI, * then occurs with elimination 
of HCl and the {HN=PCl,} attacks a second PCl,* to give [Cl;P=N—PCl3]* 
and HCl. After 1h the major (insoluble) intermediate product is 

[Cl,P—=N—PCl,]*PCl,~ (ie. P3NCl,5, p. 624) and this then slowly reacts 

with more NH, to give HCl and {Cl,P=N—PCI,=NH}, etc. It is probable that 
NH, Br and PBr,*Br~ react similarly to give (NPBr,), but NH,F fluorinates PCI, to 

NH, PF, and the fluoroanalogues (NPF,), are best prepared by fluorinating (NPCI,), 

with KSO,F/SO, (i.e. KF in liquid SO,). Similarly, standard substitution reactions lead 

to many derivatives in which all (or some) of the Cl atoms are replaced by OMe, OFt, 

OCH,CF,, OPh, NHPh, NMe,, NR,, R, Ar, etc. Partial replacement leads to geminal 

derivatives (in which both Cl on 1 P atom are replaced) and to non-geminal derivatives 

which, in turn, can exist as cis- or trans- isomers. 

The cyclic trimer (NPF,)3, mp 28°, has an accurately planar 6-membered ring (D3, 

symmetry) in which all 6 P—N distances are equal (Fig. 12.20). Most other trimers are also 

more-or-less planar with equal P-N distances. Perhaps surprisingly, the cyclic tetramer 
(NPF,),, mp 30.4°, is also a planar heterocycle (D,, symmetry) with even shorter P-N 

bonds (151 pm) and with ring angles of 122.7° and 147.4° at P and N respectively. 

However, other conformations are found in other derivatives, e.g. chair (C,,), saddle 

(D,,), boat (S,), crown tetrameric (C,,), and hybrid. Thus (NPCI,), exists in the 

metastable K form (in which it has the boat conformation) and the stable T form (chair 

configuration) as shown in Fig. 12.21. The remarkable diversity of molecular conform- 

ations observed for the 8-membered heterocycle {P,N,} suggests that the particular 
structure adopted in each case results from a delicate balance of intra- and inter-molecular 

forces including the details of skeletal bonding, the orientation of substituents and their 

polar and steric nature, crystal-packing effects, etc. The mps for various series of cyclo- 

(NPX,), frequently shows an alternation, with values for n even being greater than those 
for adjacent n odd. Some examples are in Fig. 12.22. 

Fic. 12.20 Molecular structure and dimensions of (NPF;),; the ring is accurately planar with all 
6 P-N distances equal. (NPCI, ), is almost planar (pseudo-chair) with P-N 158 pm, P-C1 197 pm 

ZL NPN 118.4°, 2 PNP 121.4°, 2 CIPCI 102°. 
c) 
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i Fic. 12.21 Molecular structure and dimensions of the two forms of (NPCI,), and of (NPCI,).. 

Bonding. All phosphazenes, whether cyclic or chain, contain the formally unsaturated 
xX - 

| ] es 

PrOupsu pe =a with 2-coordinate N and 4-coordinate P. The experimental facts 

Peeps 
that have to be interpreted by any acceptable theory of bonding are: 

(i) the rings and chains are very stable; 

(ii) the skeletal interatomic distances are equal around the ring (or along the chain) 

unless there is differing substitution at the various P atoms; 

(iii) the P—N distances are shorter than expected for a covalent single bond (~ 177 pm) 

and are usually in the range 158 +2 pm (though bonds as short as 147 pm occur in 

some compounds); 

(iv) the N-P-N angles are usually in the range 120+2° but the P-N-P angles in 

various compounds span the range from 120-148.6°; 
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Fic. 12.22 Melting points of various series of cyclo-polyphosphazenes (NPX,),, showing the 
higher values for n even. 

(v) skeletal N atoms are weakly basic and can be protonated or form coordination 

complexes, especially when there are electron-releasing groups on P; 

(vi) unlike many aromatic systems the phosphazene skeleton is hard to reduce 

electrochemically; 

(vii) spectral effects associated with organic m-systems (such as the bathochromic 

ultraviolet shift that accompanies increased electron delocalization) are not found. 

In short, the bonding in phosphazenes is not adequately represented by a sequence of 

alternating double and single bonds —N=P—N=P-— yet it differs from aromatic o-z 

systems in which there is extensive electron delocalization via p,—p, bonding. The 

possibility of p,-d, bonding in N—P systems has been considered by many authors since 

the mid-1950s but there is still no consensus, and for nearly every argument that can be 

mounted in favour of P(3d)-orbital contributions another can be raised against it.‘ It 
seems generally agreed that 2 electrons on N occupy an sp” lone-pair in the plane of the 

ring (or the plane of the local PNP triangle) as in Fig. 12.23a. The situation at P is less clear 

mainly because of uncertainties concerning the d-orbital energies and the radial extent 

(size) of these orbitals in the bonding situation (as distinct from the free atom). In so far as 

symmetry is concerned, the sp? lone-pair on each N can be involved in coordinate bonding 

in the xy plane to “vacant” d,2_,2 and d,,, orbitals on the P (Fig. 12.23b); this is called z’- 
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Fic. 12.23 

_bonding. Involvement of the out-of-plane d,, and d,, orbitals on the phosphorus with the 

singly occupied p, orbital on N gives rise to the possibility of heteromorphic (N-P) 

“pseudoaromatic” p,-d, bonding (with d,.), or homomorphic (N—-N) p,-p, bonding 

(through d,,) as in Fig. 12.23c. The controversy hinges in part on the relative contributions 

of the x’ in-plane and of the two z out-of-plane interactions; approximately equal 

contributions from these latter two 2 systems would tend to separate the z orbitals into 

localized 3-centre islands of a character interrupted at each P atom, and broad 
delocalization effects would not then be expected. This is shown schematically in Fig. 
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Fic. 12.24 Schematic representation of possible 3-centre islands of x bonding above and below 
the ring plane for (NPX,);. 

12.24. The possibility of exocyclic x bonding between P(d,2) and appropriate orbitals on 

the substituents X has also been envisaged. 

Reactions. The N atom in cyclo-polyphosphazenes can act as a weak Bronsted base 

(proton acceptor) towards such strong acids as HF and HCIO,; compounds with alkylor — 

NR, substituents on P are more basic than the halides, as expected, and their adducts with 

HCI have been well characterized. There is usually a substantial lengthening of the two 

N-P bonds adjacent to the site of protonation and a noticeable contraction of the next- 

nearest N-P bonds. For example, the relevant distances in [HN,P,Cl,(NHPr'),]Cl and 
the parent compound are:©® 

Typical basicities (pK,’ measured against HCIO, in PhNO,) for ring-N protonation are: 

N3P3(NHMe), | N3P3(NEt,), | N3P3Et, N3P3Ph, N3P3(OEt), — trans-N;P3Cl,(NMe,); 
ws 8.2 6.4 1.5 EO? =A 

°° N. V. Mani and A. J. WaGNgR, The crystal structure of compounds with (N-P),, rings. Part 8. 
Dichlorotetrakisisopropylamino-cyclotriphosphaza-triene hydrochloride, N,P,Cl,(NHPr'),.HCl, Acta 
Cryst. 27B, 51-58 (1971). 
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Cyclo-polyphosphazenes can also act as Lewis bases (N donor-ligands) to form 
complexes such as [TiCl,(N3;P3Me,)], [SnCl,N,P3;Me,)], [AIBr3(N3P3Br,)], and 
[2AIBr;.(N3P3Br,)]. Not all such adducts are necessarily ring-N donors and the 1:1 
adduct of (NPCI,); with AICI, is thought to be a chloride ion donor, 
[N3P3Cl;] *[AICI,] ~. By contrast, the complex [Pt"Cl,(n?-N,P,Meg)].MeCN features 
transannular bridging of 2 N atoms by the PtCl, moiety.©® An intriguing example of a 
cyclo-polyphosphazene acting as a multidentate macrocyclic ligand occurs in the bright 
orange complex formed when N,P,(NMe,),,. reacts with equal amounts of CuCl, and 
CuCl. The crystal structure of the resulting [NjP.(NMe,),,CuCl]*[CuCl,]~ has been 
determined (Fig. 12.25b) and detailed comparison with the conformation and interatomic 
distances in the parent heterocycle (Fig. 12.25a) gives important clues as to the relative 
importance of the various x and 7’ bonding interactions involving N (and P) atoms.” 
Incidentally, the compound also affords the first example of the linear 2-coordinate Cu! 
complex [CuCl,]~. 

Fic. 12.25 Structure of (a) the free ligand N,P,(NMe,),>, and (b) the 7* complex cation 
[CuCl{N,P.(NMe,),2}]* showing changes in conformation and interatomic distances in the 
phosphazene macrocycle. The Cl is obscured beneath the Cu and can be regarded as occupying 
either the apical position of a square pyramid or, since 4 N(1)-Cu-N(1’) is large (160.9°), an 
equatorial position of a distorted trigonal bipyramid. Note that coordination tightens the ring, 
already somewhat crowded in the uncomplexed state, the mean angles at P being reduced from 
120.0° to 107.5°, and the mean angles at N being reduced from 147.5° to 133.6°. The lengthening of 
the 8 P_N bonds contiguous to the 4 donor N atoms from 156 to 162 pm is significant, the other 

P_-N distances (mean 156 pm) remaining similar to those in the free ligand. 

66a J. P. O'BRIEN, R. W. ALLEN, and H. R. ALLcock, Crystal and molecular structures of two 
(cyclophosphazene)platinum compounds: [N,P,Meg]Pt"Cl,.MeCN and [H,N,P,Me,]**[PtCl,]?~, Jnorg. 
Chem. 18, 2230-5 (1979). 

°7 W. C. Marsu, N. L. Pappock, C. J. Stewart, and J. TROTTER, Dodeca(dimethylamido)cyclohexaphos- 
phonitrile as a macrocyclic ligand, JCS Chem. Comm. 1970, 1190-1. 
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Many of the cyclic and chain dichloro derivatives (NPCI,), can be hydrolysed to n- 

basic acids and the lower members form well-defined salts frequently in the tautomeric 

metaphosphimic-acid form, e.g.: 

oN Al. i ys 

i N= x —_— ie ze 

3,4 3,4 

The dihydrate of the tetramer is particularly stable and is, in fact, the bishydroxonium salt 

of tetrametaphosphimic acid [H;0]}[(NH),P,0,(OH),]?~ the anion of which has a 

boat configuration and is linked by short H bonds (246 pm) into a two-dimensional sheet 

(Fig. 12.26). The related salts M)[NHPO,),].nH,O show considerable variation in 

conformation of the tetrametaphosphimate anion, as do the 8-membered heterocyclic 

tetraphosphazenes (NPX,), (p. 626), e.g. 

[NH,]4[N,H,P,0,].2H,O boat conformation 

K,[N,H,P,0,].4H,O chair conformation 

Cs,[N,H,P,0,].6H,;O saddle conformation. 

Applications. Many applications have been proposed for polyphosphazenes, par- 

ticularly the non-cyclic polymers of high molecular weight, but those with the most 

desirable properties are extremely expensive and costs will have to drop considerably 

before they gain widespread use (cf. silicones, p. 424). The cheapest compounds are the 

chloro series (NPCI,), but these readily hydrolyse in moist air to polymetaphosphimic 

Fic. 12.26 Schematic representation of the boat-shaped anion [(NH),P,0,(OH),]*~ showing 
important dimensions and the positions of H bonds. 
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acids. Greater stability is displayed by amino, alkoxy, phenoxy, and especially fluorinated 

derivatives, and these are attracting increasing interest as rigid plastics, elastomers, plastic 

films, extruded fibres, and expanded foams.©’® Such materials are water-repellent, 
solvent-resistant, flame-resistant, and flexible at low temperatures (Fig. 12.27). Possible 

applications are as fuel hoses, gaskets, and O-ring seals for use in high-flying aircraft or for 

vehicles in Arctic climates. Their extraordinary dielectric strength makes them good 

candidates for metal coatings and wire insulation. Other applications of poly- 

phosphazenes include their use to improve the high-temperature properties of phenolic 

resins, and their use as composites with asbestos or glass for non-flammable insulating 

material. Some of the more reactive derivatives have been proposed as pesticides and even 

as ultra-high capacity fertilizers. 

12.3.8 Organophosphorus compounds 

A general treatment of the vast domain of organic compounds of phosphorus falls 

outside the scope of this book though several important classes of compound have already 

been briefly mentioned, e.g. tertiary phosphine ligands (p. 566), alkoxyphosphines and 

their derivatives (p. 569), organophosphorus halides (p. 573), phosphate esters in life 

processes (p. 611) and organic derivatives of PN compounds (preceding section). Within 

the general realm of organic compounds of phosphorus it is convenient to distinguish 

organophosphorus compounds as a particular group, i.e. those which contain one or more 

direct P-C bond. In such compounds the coordination number of P can be 1, 2, 3, 4, or 5 

(p. 560). 

Coordination number | is represented by the relatively unstable compounds HCP, 

FCP, and MeCP (cf. HCN, FCN, and MeCN). HC=P was first made in 1961 by 

subjecting PH, gas at 40 mmHg pressure to a low-intensity rotating arc struck between 

graphite electrodes ;‘©® it is a colourless, reactive gas, stable only below its triple point of 

— 124° (30 mmHg). Monomeric HCP slowly polymerizes at — 130° (more rapidly at 

— 78°) to a black solid, and adds 2HCl at — 110° to give MePCl, as the sole product. Both 

monomer and polymer are pyrophoric in air even at room temperature. More recently®* 

MeCP was made by pyrolysing MeCH, PCI, at 930° in a low-pressure flow reactor and 

trapping the products at — 78°. Dramatic stabilization of a phospha-alkyne has been 

achieved by complexation to a metal centre: 

CeH 

Bu'C=P +[Pt(C,H,)(PPh3),] —_>C,H, +[Pt(y?-Bu'CP)(PPh,),].CgH, 
room temp 

The translucent, cream-coloured benzene solvate was characterized by single-crystal 

X-ray analysis and by *'P nmr spectroscopy. 

67a H.R. ALLCOCK, Polyphosphazenes and the inorganic approach to polymer chemistry, Sci. Progr. Oxf. 66, 

355-69 (1980). 
°8 T. E. Gier, HCP, a unique phosphorus compound, J. Am. Chem. Soc. 83, 1769-70 (1961). 
69 N. P. C. Westwoon, H. W. Kroro, J. F. Nixon, and N. P. C. Simmons, Formation of 1-phosphapropyne, 

CH,C=P, by pyrolysis of dichloro(ethyl)phosphine: a He(I) photoelectron spectroscopic study, JCS Dalton 
1979, 1405-8. 

69a JC. T. R. BuRKETT-ST. LAURENT, P. B. Hircucock, H. W. Kroto, and J. F. Nixon, Novel transition 
metal phospha-alkyne complexes; X-ray crystal and molecular structure of a side-bonded Bu'C=P complex of 
zerovalent platinum, [Pt(Bu'CP)(PPh,),], JCS Chem. Comm. 1981, 1141-3. 

CTE-V 
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The first 2-coordinate P compound also appeared in 1961 :’°) Me,P—=PCF; was made 
as a white solid by cleaving cyclo-[P(CF3)],,,5 with PMe,; it is stable at low 

temperatures but readily dissociates into the starting materials above room temperature. 
More stable is the bent 2-coordinate phosphocation occurring in the orange salt‘’? 

The aromatic heterocycle phosphabenzene C;H;P (analogous to pyridine) was 

reported in 1971,’*) some years after its triphenyl derivative 2,4,6-Ph,;C,H,P. See also 
HP=CH,"7°) and [P(CN),]~ “7” (p. 560). The growing field of phospha-alkynes and 
phospha-alkenes has been fully reviewed.’ 

The most common coordination numbers for organophosphorus compounds are 3 and 

4 as represented by tertiary phosphines and their complexes, and quaternary cations such 

as [PMe,]* and [PPh,]*. Also of great significance are the 4-coordinate P ylidest 

R,P=CH,; indeed, few papers have created so much activity as the report by G. Wittig 

and G. Geissler in 1953 that methylene triphenylphosphorane reacts with benzophenone 

to give Ph,PO and 1,1-diphenylethylene in excellent yield.”» 

Ph,P=CH, + Ph,CO ———> Ph,PO + Ph,C=CH, 

The ylide Ph,P—=CH, can readily be made by deprotonating a quaternary phosphonium 
halide with n-butyliithium and many such ylides are now known: 

LiBu® 

[Ph,PCH,]*Br> ——-—> Ph, P=CH, + LiBr + Bu"H 

thf/O° 
[PMe,]* Br” + NaNH, Me,P=CH, + NaBr+ NH, 

+ An ylide can be defined as a compound in which a carbanion is attached directly to a heteroatom carrying a 
high degree of positive charge: 

ee +> a 

Thus Ph,P=CH, is triphenylphosphonium methylide (see pp. 274-304 of reference 2, or textbooks of organic 
chemistry for a fuller treatment of the Wittig reaction). 

70 A. BurG and W. Mauer, Bicoordinate phosphorus: Base-PCF , adducts, J. Am. Chem. Soc. 83, 2388-9 
(1961). 

7! K. DimroTtH and P. HorrMANN, Phosphamethincyanins, a new class of organic phosphorus compounds, 

Chem. Ber. 99, 1325-31 (1966); R. ALLMANN, The crystal structure of bis(N-ethylbenzthiazol-(2)] phospha- 
methincyanin perchlorate, Chem. Ber. 99, 1332-40 (1966). 

72 A. J. AsHe, Phosphabenzene and arsabenzene, J. Am. Chem. Soc. 93, 3293-5 (1971). 
72a R. APPEL, F. KNOLL, and I. RUPPERT, Phospha-alkenes and phospha-alkynes: Genesis and properties of 

the (p—p)z-multiple bond, Angew. Chem. Int. Ed. (Engl.) 20, 731-44 (1981). 

73 G. WitTiG and G. GEIssLeR, Reactions of pentaphenylphosphorus and several of its derivatives, Annalen 
580, 44-57 (1953). 
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The enormous scope of the Wittig reaction and its variants in affording a smooth, high- 

yield synthesis of C=C double bonds, etc., has been amply delineated by the work of 

Wittig and others and culminated in the award of the 1979 Nobel Prize for Chemistry 

(jointly with H. C. Brown for hydroboration, p. 192). The reaction of P ylides with many 
inorganic compounds has also led to some fascinating new chemistry.'’*) The curious 

yellow compound Ph,P=C=PPh, should also be noted:*) unlike allene, 
H,C=C=CH,, which has a linear central carbon atom, the molecules are bent and the 

structure is unique in having 2 crystallographically independent molecules in the unit cell 

which have substantially differing bond angles, 130.1° and 143.8°. The short P=C 

distances (163 pm as compared with 183.5 pm for P-C(Ph)) suggest double bonding, but 

the nonlinear P—C=P unit and especially the two values of the angle, are hard to 

rationalize (cf. the isoelectronic cation [Ph,P—N—PPh,]* which has various angles in 

different compounds). 

Pentaorgano derivatives of P are rare. The first to be made (by G. Wittig and M. Rieber 

in 1948) was PPh.: 

Ph,PO ae [PPhy Ch == S)PPatt =e PPh dea) 

Unlike SbPh, (which has a square-pyramidal structure p. 697), PPh, adopts a trigonal 
bipyramidal coordination with the axial P—C distances (199 pm) being appreciably 

longer than the equatorial P—C distances (185 pm). More recently (1976) P(CF3),Me, 

and P(CF),Me, were obtained by methylating the corresponding chlorides with PbMe,. 

There are also many examples of 5-coordinate P in which not all the directly bonded 

atoms are carbon. One such is the dioxaphenylspiro-phosphorane shown in Fig. 12.28; 

the local symmetry about P is essentially square pyramidal, and the factors which affect 

the choice between this geometry and trigonal bipyramidal is a topic of active current 

interest.‘’° 
Many organophosphorus compounds are highly toxic and frequently lethal. They have 

been actively developed for herbicides, pesticides, and more sinister purposes such as 

nerve gases which disorient, harass, paralyse, or kill. 

Fic. 12.28 Schematic representation of the molecular structure of [P(C;HMe;)(O,C,H,)Ph] 
showing the rectangular-based pyramidal disposition of the 5 atoms bonded to P; the P atom is 

44 pm above the C,O, plane. 

’* H. ScHMIpBAUR, Inorganic chemistry with ylides, Acc. Chem. Res. 8, 62-70 (1975). 
78 A. T. Vincent and P. J. WHEATLEY, Crystal structure of bis(triphenylphosphoranylidene)methane 

[hexaphenylcarbodi-phosphorane, Ph,P:C:PPh,], J. Chem. Soc. (D), Chem. Comm. 1971, 592. 
7° W. ALTHOFF, R. O. Day, R. K. Brown, and R. R. Hotes, Molecular structure of 1,4-dioxa-5-phenyl- 

6,6,7,8,8-pentamethyl-52°-phosphaspiro[3 . 4Joctane. Structural preferences of four-membered rings in phos- 
phoranes, Inorg. Chem. 17, 3265-70 (1978); see also the immediately following two papers, pp. 3270-6 and 
3276-85. 



Arsenic, 
Antimony, and Bismuth 

13.1 Introduction 

The three elements arsenic, antimony, and bismuth, which complete Group V of the 

periodic table, were amongst the earliest elements to have been isolated and all were 

known before either nitrogen (1772) or phosphorus (1669) had been obtained as the free 

elements. The properties of arsenic sulfide and related compounds have been known to 

physicians and professional poisoners since the fifth century Bc though their use is no 

longer recommended by either group of practitioners. Isolation of the element is 

sometimes credited to Albertus Magnus (AD 1193-1280) who heated orpiment (As,S,) 

with soap, and its name reflects its ancient lineage.t Antimony compounds were also 

known to the ancients and the black sulfide, stibnite, was used in early biblical times as a 

cosmetic to darken and beautify women’s eyebrows; a rare Chaldean vase of cast 

antimony dates from 4000 Bc and antimony-coated copper articles were used in Egypt 

2500-2200 Bc. Pliny (~ AD 50) gave it the name stibium and writings attributed to Jabir 

(~ AD 800) used the form antimonium; indeed, both names were used for both the element 
and its sulfide until the end of the eighteenth century (Lavoisier). The history of the 

element, like that of arsenic, is much obscured by the intentionally vague and misleading 

descriptions of the alchemists, though the elusive Benedictine monk Basil Valentine may 

have prepared it in 1492 (about the time of Columbus). N. Lémery published his famous 

Treatise on Antimony in 1707. Bismuth was known as the metal at least by 1480 though its 

previous history in the Middle Ages is difficult to unravel because the element was 

sometimes confused with Pb, Sn, Sb, or even Ag. The Gutenberg printing presses (1440 

onwards) used type that had been cut from brass or cast from Pb, Sn, or Cu, but about 

1450 a secret method of casting type from Bi alloys came into use and this particular use is 

still an important application of the element (p. 640). The name derives from the German 

Wismut (possibly white metal or meadow mines) and this was latinized to bisemutum by 

the sixteenth-century German scientist G. Bauer (Agricola) about 1530. Despite the 

difficulty of assigning precise dates to discoveries made by alchemists, miners, and metal 

workers (or indeed even discerning what those discoveries actually were), it seems clear 

+ Arsenic, Latin arsenicum from Greek &poevixdvy (arsenicon) which was itself derived (with addition of ov) 

from Persian az-zarnikh, yellow orpiment (zar= gold). 

637 
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that As, Sb, and Bi became increasingly recognized in their free form during the 
thirteenth-fifteenth centuries; they are therefore contemporary with Zn and Co, and 

predate all other elements except the 7 metals and 2 non-metallic elements known from 

ancient times (Au, Ag, Cu, Fe, Hg, Pb, Sn; C and S).”? 
Arsenic and antimony are classed as metalloids or semi-metals and bismuth is a typical 

B subgroup metal like tin and lead. 

13.2 The Elements 

13.2.1 Abundance, distribution, and extraction 

None of the three elements is particularly abundant in the earth’s crust though several 

minerals contain them as major constituents. As can be seen from Table 13.1, arsenic 

occurs about half-way down the elements in order of abundance, grouped with several 

others near 2 ppm. Antimony has only one-tenth of this abundance and Bi, down by a 

further factor of 20 or more, is about as unabundant as several of the commoner platinum 

metals and gold. In common with all the B subgroup metals, As, Sb, and Bi are 

chalcophiles, i.e. they occur in association with the chalcogens S, Se, and Te rather than as 

oxides and silicates. 

TaBLe 13.1 Abundances of elements in crustal rocks (g tonne ') 

Eu Be As Ta Ge 

Da asl 2.0 1.8 17 15 

48 48 50 51 52 53 

In Sb Cd] Pd Pt Bi Os Au 
0.24 02 0.16) 0.015 0.01 0.008 0.005 0.004 
61 62 63 67 68 69 70 71 

Element | Sn 

PPM 

Arsenic minerals are widely distributed throughout the world and small amounts of the 

free element have also been found. Common minerals include the two sulfides realgar 

(As,S,) and orpiment (As,S;) and the oxidized form arsenolite (As,O3). The arsenides of 

Fe, Co, and Ni and the mixed sulfides with these metals form another set of minerals, e.g. 

loellingite (FeAs,), safforlite (CoAs), niccolite (NiAs), rammelsbergite (NiAs,), arseno- 

pyrite (FeAsS), cobaltite (CoAsS), enargite (Cu3AsS,), gerdsorfite (NiAsS), and the - 

quaternary sulfide glaucodot [(Co,Fe)AsS]. Elemental As is obtained on an industrial 

scale by smelting FeAs, or FeAsS at 650-700°C in the absence of air and condensing the 
sublimed element: 

FeAsS —22 > FeS + As(g) > As(s) 

Residual As trapped in the sulfide residues can be released by roasting them in air and 
trapping the sublimed As,O, in the flue system. The oxide can then either be used directly 
for chemical products or reduced with charcoal at 700-800° to give more As. As,O; is also 
obtained in large quantities as flue dust from the smelting of Cu and Pb concentrates; 

because of the huge scale of these operations (pp. 1366, 432) this represents the most 

"M. E. WEEKS, Discovery of the Elements, Chap. 3, pp. 91-119, Journal of Chemical Education, Easton, Pa, 
1956. 
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important industrial source of As. Some production figures and major uses of As and its 

compounds are listed in the Panel. 

Stibnite Sb,S3, is the most important ore of antimony and it occurs in large quantities in 

China, South Africa, Mexico, Bolivia, and Chile. Other sulfide ores include ullmanite 

(NiSbS), livingstonite (HgSb,S,), tetrahedrite (Cu,SbS;), wolfsbergite (CuSbS,), and 

jamesonite (FePb,Sb,S,,). Indeed, complex ores containing Pb, Cu, Ag, and Hg are an 

Production and Uses of Arsenic, Antimony, and Bismuth?) 

The major producers of “white arsenic”, i.e. As,OQ3, are the USA, Sweden, France, the USSR, 
Mexico, and South-west Africa. World production (of which the USA accounted for some 70°) 
has been fairly steady at about 50 000 tonne pa during the past decade. Refined oxide (99.5°/) was 
quoted at $230 per tonne (23 ¢ per kg in 1974 and commercial grade As (99°) cost about $4.00 per 
kg in 1976. Semiconductor grade As (> 99.999) obtained by zone refinement was considerably 
more expensive. 

The main use of elemental As is in alloys with Pb and to a lesser extent Cu. Addition of small 

concentrations of As improves the properties of Pb/Sb for storage batteries (see below), up to 
0.75% improves the hardness and castability of type metal, and 0.5-2.0° improves the sphericity 
of Pb ammunition. Automotive body solder is Pb (92%), Sb (5.0%), Sn (2.5%), and As (0.5%). 
Intermetallic compounds with Al, Ga, and In give the III-V semiconductors (p. 288) of which 

GaAs and InAs are of particular value for light-emitting diodes (LEDs), tunnel diodes, infrared 
emitters, laser windows, and Hall-effect devices (p. 290). 

Arsenic compounds find extensive use in agriculture as herbicides for weed and pest control, e.g. 
MSMaA (monosodium methylarsonate, NaMeHAsO,), DSMA (the disodium salt Na, MeAsO,); 
and cacodylic acid (dimethylarsenic acid, Me,AsO(OH)). Arsenic acid itself, AsO(OH);, is used 
as a desiccant for the defoliation of cotton bolls prior to harvesting, and as a wood preservative; 
sodium arsenite is used in sheep and cattle dips and for aquatic weed control. Medicinal and 
veterinary uses are declining: most arsenicals are to be considered as poisonous, though no toxic 
episodes have been reported for the element itself or its (very insoluble) sulfide, As,S,. The oxide is 
used to decolorize bottle-glass. The overall pattern of commercial uses in the USA 1974 is 
summarized in Table A, in terms of the amount of contained oxide. 

TABLE A Some uses of arsenic compounds 

Wood Alloys and Miscel- 
Use Pesticides preservatives Glass electronics laneous 

As,O,/tonnes 34 000 9500 5000 1500 2000 
Percentage 65 18 10 3 4 

83 

The estimated world production of Sb and its compounds is about 80 000 tonnes pa of 
contained Sb and the price for the commercial grade metal was $3-—5 per kg in 1975-6. The main 
supplies prior to 1934 came from China but production thereafter was disrupted for several 
decades and supplies are only now returning to significant proportions. More recent distribution 
of production (1974) is: South Africa (21.4%), Bolivia (18.5%), China (16.7%), the USSR (10.3%), 
Thailand (6.0%), Turkey (4.8%), Mexico (3.4%), and others (18.9%). US consumption in 1975 
was 11 800 tonnes and this was dominated by the production of antimonial lead for use in storage 
batteries (4143 tonnes); the grid metal formerly contain 4-5% Sb to impart fluidity, creep 
resistance, fatigue strength, and electrochemical stability, but more recently alloys with 2.5-3°% Sb 
and a trace of As have been preferred as this minimizes self-discharge, gassing, and poisoning of the 

? Kirk—Othmer Encyclopedia of Chemical Technology, 3rd edn., Vol. 3, Wiley, New Y ork, 1978; Arsenic and 
arsenic alloys (pp. 243-50); Arsenic compounds (251-66); Antimony and antimony alloys (96-105); Antimony 
compounds (105-28); Bismuth and bismuth alloys (912-21); Bismuth compounds (921-37). 
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negative apiecttode Other ypc so of sb alloys in the USA, 1975 5 (tonnes of contained Sb), areas 

_ shown in Table B. : : 

tee Some uses of en dio 

Sb/P> —S—=«C*Ammuni-- «S—=<C~*é‘~rTpe:~S=«Sheet. «= Other ~—Non- 
Use batteries Bearings tion Solder metal pipe =— metal ~_— metal 

: — a _ products 

Sbitonnes 4143 365 le 5 Mt 0887 
_ Percentage (35.2 35. 18. - : 10. ; 06 05 12. 365 

Ag wit arsenic, seancopsecior oot sb is ae by oe ee of phy: vitrified 

- compounds. AlSb, GaSb, and InSb have applications in infrared devices, diodes, and Hall-effect 

_ devices. ZnSb has good thermoelectric properties. Applications of various os s ee he 
___ be mentioned when the compounds themselves are discussed. _ 
World annual production of bismuth and its compounds has hovered around 4000 tonnes of | 

_ contained Bi for the past several years and production has been dominated by Japan (21.5%), 
Peru (17.2%), Bolivia 067%), Mexico (15.4%), and Australia (5. 5%) which, between them, - 

_ account for over 16% of all supplies. Prices have fluctuated wildly and quotes for the freeelement 

on the London Metal Exchange moved from $14 per kg to $31 and back to $14 during 1974. 

Consumption of the metal and its compounds h has also been unusual, usage in the USA dropping _ 

bya factor + of 2 from 1973 to 1975, for example. This is shown in Table C which also indicates that 
the main uses are in- pharmaceutic als, able ae pene ee metal, ia 637 and 

_ oo additives. : 

important industrial source of Sb. Small amounts of oxide minerals formed by weathering 

are also known, e.g. valentinite (Sb,O0;), cervantite (Sb,O,), and_ stibiconite 

(Sb,0,.H,O), and minor finds of native Sb have occasionally been reported. Commercial 

ores have 5-60% Sb, and recovery methods depend on the grade. Low-grade sulfide ores 

(5-25% Sb) are volatilized as the oxide (any As,O, being readily removed first by virtue 

of its greater volatility). The oxide can be reduced to the metal by heating it in a 
reverberatory furnace with charcoal in the presence of an alkali metal carbonate or sulfate 

as flux. Intermediate ores (25-40%) are smelted in a blast furnace and the oxide recovered 

from the flue system. Ores containing 40-60% Sb are liquated at 550-600° under reducing 
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conditions to give Sb,S, and then treated with scrap iron to remove the sulfide. 

Sb,S;+3Fe—~2Sb + 3FeS 

Some complex sulfide ores are treated by leaching and electro-winning, e.g. the electrolysis 

of alkaline solutions of the thioantimonate Na,SbS,, and the element is also recovered 
from the flue dusts of Pb smelters. Impure Sb contains Pb, As, S, Fe, and Cu; the latter two 

can be removed by stibnite treatment or heating with charcoal/Na,SO, flux; the As and S 

can be removed by an oxidizing flux of NaNO, and NaOH (or Na,CO;); Pb is hard to 

remove but this is unnecessary if the Sb is to be used in Pb alloys (see below). Electrolysis 

yields >99.9°% purity and remaining impurities can be reduced to the ppm level by zone 

refining. The scale of production and the various uses of Sb and its compounds are 

summarized in the Panel. 

Bismuth occurs mainly as bismite («-Bi,O;), bismuthinite (Bi,S,), and bismutite 

[(BiO),CO,]; very occasionally it occurs native, in association with Pb, Ag, or Co ores. 

The main commercial source of the element is as a byproduct from Pb/Zn and Cu plants, 

from which it is obtained by special processes dependent on the nature of the main 

product.) Sulfide ores are roasted to the oxide and then reduced by iron or charcoal. 

Because of its low mp, very low solubility in Fe, and fairly high oxidative stability in air, Bi 

can be melted and cast (like Pb) in iron and steel vessels. Like Sb, the metal is too brittle to 

roll, draw, or extrude at room temperature, but above 225°C Bi can be worked quite well. 

13.2.2 Atomic and physical properties 

Arsenic and Bi (like P) each have only 1 stable isotope and this occurs with 100% 

abundance in all natural sources of the elements. Accordingly (p. 20) their atomic weights 

are known with great precision (Table 13.2). Antimony has 2 stable isotopes (like N); 

however, unlike N, which has 1 predominantly abundant isotope, the 2 isotopes of Sb are 

approximately equal in abundance ('*’Sb 57.25%, 1°Sb 42.75%) and consequently 
(p. 20) the atomic weight is known only to 1 part in 4000. It is also noteworthy that ?°?Bi 
is the heaviest stable isotope of any element; all nuclides beyond 723Bi are radioactive. 

The ground-state electronic configuration of each element in the group is ns*np? with 

an unpaired electron in each of the three p orbitals, and much of the chemistry of the group 

can be interpreted directly on this basis. However, smooth trends are sometimes modified 

(or even absent altogether), firstly, because of the lack of low-lying empty d orbitals in N, 
which differentiates it from its heavier congeners, and, secondly, because of the 

countervailing influence of the underlying filled d and f orbitals in As, Sb, and Bi. Such 

perturbations are apparent when the various ionization energies in Table 13.2 are plotted 
as a function of atomic number. Table 13.2 also contains approximate data on the 

conventional covalent single-bond radii for threefold coordination though these values 

vary by about +4 pm in various tabulations and should only be used as a rough guide. 

The 6-coordinate “effective ionic radii” for the + 3 and + 5 oxidation states are taken from 

R. D. Shannon’s most recent tabulation,‘ but should not be taken to imply the presence 

of M?* and M°** cations in many of the compounds of these elements. 

3R. D. SHANNON, Revised effective ionic radii and systematic studies of interatomic distances in halides and 
chalcogenides, Acta Cryst. A32, 751-67 (1976). 

CTE-V* 
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Arsenic, Sb, and Bi each exist in several allotropic forms though the allotropy is not so 

extensive as in P (p. 555). There are three crystalline forms of As, of which the ordinary, 

grey, “metallic”, rhombohedral, «-form is the most stable at room temperature. It consists 

of puckered sheets of covalently bonded As stacked in layers perpendicular to the 

hexagonal c-axis as shown in Fig. 13.1. Within each layer each As has 3 nearest neighbours 

at 251.7 pm and the angle As—As-As is 96.7°; each As also has a further 3 neighbours at 

312 pmin an adjacent layer. The «-forms of Sb and Bi are isostructural with w-As and have 

the dimensions shown in Table 13.3. It can be seen that there is a progressive diminution in 

the difference between intra-layer and inter-layer distances though the inter-bond angles 

remain almost constant. 
In the vapour phase As is known to exist as tetrahedral As, molecules (with As—As 

243.5 pm) and when the element is sublimed, a yellow, cubic modification is obtained 

which probably also contains As, units though the structure has not yet been determined 

because the crystals decompose in the X-ray beam. The mineral arsenolamprite is another 

polymorph, ¢-As; it is possibly isostructural with “metallic” orthorhombic P. 

Antimony exists in 5 forms in addition to the ordinary «-form which has been discussed 

above. The yellow form is unstable above —90°; a black form can be obtained by cooling 

Fic. 13.1 Puckered layer structure of As showing pyramidal coordination of each As to 3 
neighbours at a distance r, (252 pm). The disposition of As atoms in the next layer (r, 312 pm) is 

shown by dashed lines. 

TABLE 13.3. Comparison of black P and a-rhombohedral 
arsenic, antimony, and bismuth 

Angle 
r,/pm r,/pm r,/, M-M-M 

Black P 223.1 (av) 332.4 (av) 1.490 2 at 96.3° 
(1 at 102.1°) 

a-As Dial 312.0 1.240 96.7° 
a-Sb 290.8 33555 1.153 96.6° 
a-Bi 307.2 352.9 1.149 OSS 

4 J. Donouue, The Structure of the Elements, Wiley, 1974, 436 pp. 
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TABLE 13.4 Some physical properties of Group V elements 

Property N, Pe a-As a-Sb a-Bi 

MP/°C —210.0 44.1 816 (38.6 atm) 630.7 271.4 

BP/°C —195.8 280.5 615 (subl) 1587 1564 

Density (25°C)/g cm? 0.879 (—210°) 1.823 52178) 6.697 9.808 

Hardness (Mohs) == a= 25) 3-3.5 7 (HB) 

Electrical resistivity (20°C)/uohm cm = — 33:3 41.7 120 

Contraction on freezing/% — —- 10 0.8 — 3.32 

®) Yellow As, has d,, 1.97 gcm  ?; cf. difference between the density of rhombohedral black P (3.56 gcm~ 5) 

and white P,, (1.823 g cm™ ?) (p. 554). 

gaseous Sb, and an explosive (impure?) form can be made electrolytically. The two 

remaining crystalline forms are made by high-pressure techniques: Form I has a primitive 
cubic lattice with ay 296.6 pm: it is obtained from a-Sb at 50 kbar (5GPa, ie. 5 x 10° 

N m 7”) by increasing the rhombohedral angle from 57.1° to 60.0° together with small 

shifts in atomic position so that each Sb has 6 equidistant neighbours. Further increase in 

pressure to 90 kbar yields Form IJ which is hep with an interatomic distance of 328 pm for 

the 12 nearest neighbours. 

Several polymorphs of Bi have been described but there is as yet no general agreement 

on their structures except for «-Bi (above) and ¢-Bi which forms at 90 kbar and has a bec 

structure with 8 nearest neighbours at 329.1 pm. 

The physical properties of the «-rhombohedral form of As, Sb, and Bi are summarized in 

Table 13.4. Data for N, and P, are included for comparison. Crystalline As is rather 

volatile and the vapour pressure of the solid reaches 1 atm at 615° some 200° below its mp 

of 816°C (at 38.6 atm, i.e. 3.91 MPa). Antimony and Bi are much less volatile and also 

have appreciably lower mps than As, so that both have quite long liquid ranges at 

atmospheric pressure. 

Arsenic forms brittle steel-grey crystals of metallic appearance. However, its lack of 

ductility and comparatively high electrical resisitivity (33.3 wohm cm), coupled with its 

amphoterism and intermediate chemical nature between that of metals and non-metals, 

have lead to its being classified as a metalloid rather than a “true” metal. Antimony is also 

very brittle and forms bluish-white, flaky, lustrous crystals of high electrical resistivity 

(41.7 wohm cm). These values of resistivity can be compared with those for “good” metals — 

such as Ag (1.59), Cu (1.72), and Al (2.82 nohm cm), and with “poor” metals such as Sn 

(11.5) and Pb (22 wohm cm). Bismuth has a still higher resistivity (120 ohm cm) which 

even exceeds that of commercial resistors such as Nichrome alloy (100 wohm cm). 

Bismuth is a brittle, white, crystalline metal with a pinkish tinge. It is the most diamagnetic 

of all metals (mass susceptibility 17.0 x 10°? m3? kg~!—to convert this SI value to cgs 

multiply by 103/4z, i.e. 1.35 x 10° cm? g *). It also has the highest Hall effect coefficient 
of any metal. It is also unusual in expanding on solidifying from the melt, a property which 
it holds uniquely with Ga and Ge among the elements. 

13.2.3 Chemical reactivity and group trends 

Arsenic is stable in dry air but the surface oxidizes in moist air to give a superficial 

golden bronze tarnish which deepens to a black surface coating on further exposure. 
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When heated in air it sublimes and oxidizes to As,O, with a garlic like odour (poisonous). 

Above 250-300° the reaction is accompanied by phosphorescence (cf. P4, p. 546). When 

ignited in oxygen, As burns brilliantly to give As,O, and As,O,,. Metals give arsenides (p. 

646), fluorine enflames to give AsF; (p. 655), and the other halogens yield AsX, (p. 652). 

Arsenic is not readily attacked by water, alkaline solutions, or non-oxidizing acids, but dil 

HNO, gives arsenious acid (HAsO), hot conc HNO, yields arsenic acid (H,AsO,), and 

hot conc H,SO, gives As,O,. Reaction with fused NaOH liberates H,: 

As +3NaOH ——>Na,AsO, +3H, 

One important property which As has in common with its neighbouring elements 

immediately following the 3d transition series (i.e. Ge, As, Se, Br) and which differentiates 

it from its Group VB neighbours P and Sb, is its notable reluctance to be oxidized to the 

group valence of +5. Consequently As,O,,. and HAsO, are oxidizing agents and 

arsenates are used for this purpose in titrimetric analysis (p. 674). 

The ground-state electronic structure of As, as with all Group VB elements features 3 

unpaired electrons ns?np?; there is a substantial electron affinity for the acquisition of 1 

electron but further additions must be effected against considerable coulombic repulsion, 

and the formation of As?” is highly endothermic. Consistent with this there are no “ionic” 

compounds containing the arsenide ion and compounds such as Na,As are intermetallic 

or alloy-like. However, despite the metalloidal character of the free element, the ionization 

energies and electronegativity of As are similar to those of P (Table 13.2) and the element 

readily forms strong covalent bonds to most non-metals. Thus AsX, (X =H, hal, R, Ar, 

etc.) are covalent molecules like PX, and the tertiary arsines have been widely used as 

ligands to b-class transition elements (p. 1065).‘°) Similarly, As,O, and As,O,, resemble 

their P analogues in structure; the sulfides are also covalent heterocyclic molecules though 

their stoichiometry and structure differ from those of P. 

Antimony is in many ways similar to As, but it is somewhat less reactive. It is stable to 

air and moisture at room temperature, oxidizes on being heated under controlled 

conditions to give Sb,03, Sb,Ou,, or Sb,Os, reacts vigorously with Cl, and more sedately 

with Br, and I, to give SbX;3, and also combines with S on being heated. H, is without 

direct reaction and SbH; (p. 650) is both very poisonous and thermally very unstable. 
Dilute acids have no effect on Sb; concentrated oxidizing acids react readily, e.g. conc 

HNO, gives hydrated Sb,O., aqua regia gives a solution of SbCl, and hot conc H,SO, 
gives the salt Sb,(SO,);3. 

Bismuth continues the trend to electropositive behaviour and Bi,O, is definitely basic, 

compared with the amphoteric oxides of Sb and As and the acidic oxides of P and N. There 

is also a growing tendency to form salts of oxoacids by reaction of either the metal or its 

oxide with the acid, e.g. Bi,(SO,)3 and Bi(NO;)3. Direct reaction of Bi with O,, S, and X, 

at elevated temperatures yields Bi,O3, Bi,S3, and BiX, respectively, but the increasing size 

of the metal atom results in a steady decrease in the strength of covalent linkages in the 

sequence P> As>Sb> Bi. This is most noticeable in the instability of BiH, and of many 
organobismuth compounds (p. 697). 

Most of the trends are qualitatively understandable in terms of the general atomic 

properties in Table 13.2 though they are not readily deducible from them in any 

>C. A. McAuLirre (ed.), Transition Metal Complexes of Phosphorus, Arsenic, and Antimony Ligands, 

Macmillan, London, 1973, 428 pp. 
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quantitative sense. Again, the +5 oxidation state in Bi is less stable than in Sb for the 

reasons discussed on p. 250; not only is the sum of the 4th and 5th ionization energies for 

Bi greater than for Sb (9.78 vs. 9.63 MJ mol~') but the promotion energies of one of the 

ns? electrons to a vacant nd orbital is also greater for Bi (and As) than for Sb. The 

discussions on redox properties (p. 673) and the role of d orbitals (p. 250) are also relevant. 
Finally, Bi shows an interesting resemblance to La in the crystal structures of the chloride 

oxide, MOCI, and in the isomorphism of the sulfates and double nitrates; this 

undoubtedly stems from the very similar ionic radii of the 2 cations: Bi>* 103, La** 

103.2 pm. 
The most frequently met coordination numbers are 3, 4, 5, and 6, though instances of 

coordination number 2 occur, for example, in the cluster anions As;*~,Sb,?~, and As, ,°~ 
(p. 686) and in organo heterocycles such as arsa-benzene, -naphthalene, and -anthracene 

(p. 690). Coordination number 1 is represented by the recently characterized “isolated” 

tetrahedral anions SiAs,8~ and GeAs,®~ in the lustrous, dark, metallic Zintl phases 

Ba,SiAs, and Ba,GeAs,.°” High coordination numbers are exemplified by encapsulated 

As and Sb atoms in rhodium carbonyl cluster anions: for example As is surrounded by a 

bicapped square antiprism of 10 Rh atoms in [Rh, As(CO),,]° ,°” and Sb is 
surrounded by an icosahedron of 12 Rh in [Rh,,Sb(CO),,]°~ .©° In each case the anion 

is the first example of a complex in which As or Sb acts as a 5-electron donor (cf. P as a 5- 

electron donor in [Rh,P(CO),,]°~ ): all these clusters then have precisely the appropriate 

number of valence electrons for closo structures on the basis of Wade’s rules (pp. 185, 198). 

13.3. Compounds of Arsenic, Antimony, and Bismuth 

13.3.1 Intermetallic compounds and alloys‘°” 

Most metals form arsenides, antimonides, and bismuthides, and many of these 

command attention because of their interesting structures or valuable physical properties. 

Like the borides (p. 162), carbides (p. 318), silicides (p. 386), nitrides (p. 479), and 

phosphides (p. 562), the multitude of stoichiometries, the complexities of the structures, 
and the intermediate nature of the bonding make classification difficult. The compounds 

are usually prepared by direct reaction of the elements in the required proportions, and 

typical compositions are M,As, M;As, M,As, M3As, M;3As,, M,As, M;As3, M;3As,, 

M,As3, M;As,, MAs, M3As,, M,As3, MAs,, and M;As,. Antimony and bismuth are ~ 

similar. Many of these intermetallic compounds exist over a range of composition, and 

nonstoichiometry is rife. 

The (electropositive) alkali metals of Group IA form compounds M;3E (E=As, Sb, Bi) 

and the metals of Groups IIA and IIB likewise form M,E,. These can formally be written as 

°@ B. EISENMANN, H. JORDAN, and H. SCHAFER, Ba,SiAs, and Ba,GeAs,, Zintl phases with isolated SiAs,°~ 
and GeAs,°~ anions, Angew. Chem. Int. Ed. (Engl.) 20, 197-8 (1981). 

°® J. L. VipAL, [Rh, pAs(CO),,]°~. Example of encapsulation of arsenic by transition metal carbonyl clusters, 
Inorg. Chem. 20, 243-9 (1981). 

°© J.L. VipaLand J. M. Troup, [Rh, ,Sb(CO), ,]°>~. An example of encapsulation of antimony by a transition 
metal carbonyl cluster, J. Organometallic Chem. 213, 351-63 (1981). 

° J. D. Situ, Arsenic, antimony, and bismuth, Chap. 21 in Comprehensive Inorganic Chemistry, Vol. 2, pp. 
547-683, Pergamon Press, Oxford, 1973. 

’ F. HULLIGER, Crystal chemistry of chalcogenides and pnictides of the transition elements, Struct. Bond. 4, 
83-229 (1968). A comprehensive review with 532 references. 
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M*,E*” and M?* E*~, but the compounds are even less ionic than Li,N (p. 88) and 
have many metallic properties. Moreover, other stoichiometries are found (e.g. LiBi, 

KBi,, CaBi;) which are not readily accounted for by the ionic model, and conversely, 

compounds ME are formed by many metals that are not usually thought of as univalent, 

e.g. Ti, Zr, Hf; V, Nb, Ta; Mn. Despite this, there are clearly strong additional interactions 

between unlike atoms as indicated by the structures adopted and the high mp of many of 

the compounds, e.g. Na;Bi melts at 840°, compared with Na 98° and Bi 271°C. Many of 

the M,E compounds have the hexagonal Na;As (anti-LaF) structure (Fig. 13.2) in which 

equal numbers of Na and As form hexagonal nets as in boron nitride and the remaining 

Na atoms are arranged in layers on either side of these nets. Each As has 5 neighbours at 

the corners of a trigonal bipyramid (3 at 294 and 2 at 299) and 6 other Na atoms at 330 pm 

form a trigonal prism (i.e. 11-coordinate). The Na atoms are of two sorts: type a in the 

NaAs net has 3 As at 294 pm and 6 Na at 330 pm whereas type b has 4 As at the corners of 

a distorted tetrahedron (1 at 299 and 3 at 330) together with 6 Na at 328 or 330 pm. The 

structure thus involves high coordination numbers typical of metals and all the Na—Na 

distances are less than in Na metal (371.6 pm). The compounds show either metallic 

conductivity or are semiconductors. An even more compact metal structure (cubic) is 

adopted by £-Li,Bi, B-Li,Sb, and by M3E, where M=Rb, Cs, and E=Sb, Bi. 

Some of the alkali metal-group V element systems give compounds of stoichiometry 

ME. Of these LiBi and NaBi have typical alloy structures and are superconductors below 

2.47 K and 2.22 K respectively. Others, like LiAs, NaSb, and KSb, have parallel infinite 

spirals of As or Sb atoms, and it is tempting to formulate them as M*,,(E,)"” in which the 

(E,)" spirals are isoelectronic with those of covalently catenated Se and Te (p. 887); 

however, their metallic lustre and electrical conductivity indicate at least some metallic 

@ Na 

Fic. 13.2. The hexagonal structure of Na;3As (see text). This is adopted by M3E where M=Li, 
Na, K and E=P, As, Sb, Bi, and by Rb3As and Rb,Sb. 
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bonding. Within the spiral chains As—As is 246 pm (cf. 252 pm in the element) and Sb-Sb is 

~ 285 pm (cf. 291 pm in the element). 
Compounds with Sc, Y, lanthanoids, and actinoids are of three types. Those with 

composition ME have the (6-coordinated) NaCl structure, whereas M3E, (and 

sometimes M,E,) adopt the body-centred thorium phosphide structure (Th3P,) with 8- 

coordinated M, and ME, are like ThAs, in which each Th has 9 As neighbours. Most of 

these compounds are metallic and those of uranium are magnetically ordered. Full details 

of the structures and properties of the several hundred other transition metal Group VB 

element compounds. fall outside the scope of this treatment, but three particularly 

important structure types should be mentioned because of their widespread occurrence 

and relation to other structure types, namely CoAs3, NiAs, and structures related to those 

adopted by FeS, (marcasite, pyrites, loellingite, etc.). 

CoAs;, occurs in the mineral skutterudite; it is a diamagnetic semiconductor and has a 

cubic structure related to that of ReO, (p. 1219) but with a systematic distortion which 

results in the generation of well-defined planar rings of As,. The same structure motif is 

found in MP,, (M=Co, Ni, Rh, Pd), MAs; (M =Co, Rh, Ir), and MSb, (M=Co, Rh, Ir). 

The unit cell (Fig. 13.3) contains 8Co and 24As (i.e. 6As,), and it follows from the 

directions in which the various sets of atoms move, that 2 of the 8 original ReO, cells do 

not contain an As, group. Each As has a nearly regular tetrahedral arrangement of 2 Co 

and 2 As neighbours and each Co has a slightly distorted octahedral coordination group 

of 6 As. The planar As, groups are not quite square, the sides of the rectangle being 246 

and 257 pm (cf. 244 pm in the tetrahedral As, molecule). The distortions from the ReO, 

structure (in which each As would have had 8 equidistant neighbours at about 330 pm) 

thus permit the closer approach of the As atoms in groups of 4 though this does not 

proceed so far as to form 6 equidistant As—As links as in the tetrahedral As, molecule. The 

P—P distances in the P, rectangles of the isostructural phosphides are 223 and 231 pm (cf. 

225 pm in the tetrahedral P, molecule). 

The NiAs structure is one of the commonest MX structure types, the number of 

compounds adopting it being exceeded only by those with the NaCl structure. It is 

peculiar to compounds formed by the transition elements with either As, Sb, Bi, the 

chalcogens (p. 883), or occasionally Sn.® Examples with the Group V elements are Ti(As, 
Sb), V(P, Sb), CrSb, Mn(As, Sb, Bi), FeSb, Co(As, Sb), Ni(As, Sb, Bi), RhBi, Ir(Sb, Bi), 

PdSb, Pt(Sb, Bi). The structure is illustrated in Fig. 13.4a: each Ni is 8-coordinate, being 

surrounded by 6 As and by 2 Ni (which are coplanar with 4 of the As); the As atoms forma ~ 

hep lattice in which the interstices are occupied. by Ni atoms in such a way that each As is 

surrounded by a trigonal prism of 6 Ni. Another important feature of the NiAs structure is 

the close approach of Ni atoms in chains along the (vertical) c-axis. The unit cell (Fig. 

13.4b) contains Ni,As,, and if the central layer of Ni atoms is omitted the Cdl, structure is 

obtained (Fig. 13.4c). This structural relationship accounts for the extensive ranges of 

composition frequently observed in compounds with this structure, since partial filling of 

the intermediate layer gives compositions in the range M,,,X, (0<x<1). With the 

chalcogens the range sometimes extends the whole way from ME to ME, but for As, Sb, 

and Bi it never reaches ME, and intermetallic compounds of this composition usually 
have either the marcasite or pyrites structures of FeS, (p. 804) or the compressed 

8 N. N. GREENWOOD, Jonic Crystals, Lattice Defects, and Nonstoichiometry, Butterworths, London, 1968, 
194 pp. 
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Fic. 13.3 The cubic structure of skutterudite (CoAs;). (a) Relation to the ReO; structure; (b) 
unit cell (only sufficient Co—As bonds are drawn to show that there is a square group of As atoms 
in only 6 of the 8 octants of the cubic unit cell, the complete 6-coordination group of Co is shown 
only for the atom at the body-centre of the cell); and (c) section of the unit cell showing {CoAs,} 

octahedra corner-linked to form As, squares. 

Fic. 13.4 Structure of nickel arsenide showing (a) 3 unit cells, (b) a single unit cell Ni,As, and its 
relation to (c) the unit cell of the layer lattice compound Cdl], (see text). 
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marcasite (loellingite) structure of FeAs,. All three structure types contain the E, group. 

Examples are: 

marcasite type: 

pyrites type: 

loellingite type: 

ternary compounds: 

NiAs,, NiSb, 
PdAs,, PdSb,, PtAs,, PtSb,, PtBi,, AuSb, 
CrSb,, FeP,, FeAs,, FeSb,, RuP,, RuAs,, RuSb,, 

OsP,,, OsAs,, OsSb, 

CoASssS (i.e. “pyrites” Co,As,S,), 

NiSbS {i.e. “pyrites” Ni(Sb-S)}, 
NiAsS (i.e. pyrites with random As and S on the S positions) 

Compounds of As, Sb, and Bi with the metals in main Group III (Al, Ga, In, TI) 

comprise the important III-V semiconductors whose structures, properties, and extensive 

applications have already been discussed (pp. 288-290). Group IVB elements also readily 

form compounds of which the following serve as examples: GeAs mp 737°C, GeAs, 

mp 732°C, SnAs (NaCl structure, superconductor below 3.5 K), Sn,As3 (defect NaCl 

structure, superconductor below 1.2 K). The many important industrial applications of 

dilute alloys of As, Sb, and Bi with tin and lead were mentioned on pp. 430 and 432. 

13.3.2 Hydrides of arsenic, antimony, and bismuth 

AsH;, SbH;, and BiH; are exceedingly poisonous, thermally unstable, colourless gases 

whose physical properties are compared with those of NH; (p. 481) and PH; (p. 564) in 
Table 13.5. The absence of H bonding is apparent; in addition the proton affinity is 

essentially zero and there is no tendency to form the onium ions MH,~* analogous to 

NH,” . The gradually increasing densities of the liquids near their bp is expected, as is the 

increase in M-H distance. There is a small diminution in the angle H-M-H with 

increasing molecular weight though the difference for ASH, and SbH; is similar to the 

experimental uncertainty. The rapid diminution in thermal stability is reflected in the 

standard heats of formation AH; ; ASH; decomposes to the elements on being warmed to 

250-300°, SbH; decomposes steadily at room temperature, and BiH, cannot be kept 

above —45°. 

Arsine, AsH3, is formed when many As-containing compounds are reduced with 

nascent hydrogen and its decomposition on a heated glass surface to form a metallic 

mirror formed the basis of Marsh’s test for the element. The low-temperature reduction of 
AsCl, with LiAlH, in diethyl ether solution gives good yields of the gas as does the dilute 

TABLE 13.5 Comparison of the physical properties of AsH3, SbH3, and BiH, with those of 
NH, and PH, - 

Property NH, PH, AsH, SbH, BiH; 

MP/°C —778 — 133.5 —116.3 —88 — 
BP/°C — 34.5 — 87.5 —62.4 —18.4 + 16.8 (extrap) 
Density/g cm7 3(T°C) 0.683 (—34°} 0.746 (—90°) 1.640 (—64°) 2.204 (— 18°) — 
AH?/kJ mol! — 46.1 —9.6(?) 66.4 145.1 277.8 
Distance (M-H)/pm 101.7 141.9 151.9 170.7 — 
Angle H-M-H 107.8° 93.6° 91.8° O38 -- 
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acid hydrolysis of many arsenides of electropositive elements (Na, Mg, Zn, etc.). Similar 
reactions yield stibine, e.g.: 

Zn3,Sb,+6H,0+ —“"" _,2SbH, +3Zn?* + 6H,O 
14% yield 

SbO,°~- +3Zn+9H,0* 

SbCl,(in aq NaCl) + NaBH, 

SbH, +3Zn?* + 12H,O 

SbH;, (high yield) 

Both AsH, and SbH; oxidize readily to the trioxide and water, and similar reactions occur 

with S and Se. AsH; and SbH, form arsenides and antimonides when heated with metals 

and this reaction also finds application in semiconductor technology; e.g. highly purified 

SbH, is used as a gaseous n-type dopant for Si (p. 383). 

Bismuthine, BiH, is extremely unstable and was first detected in minute traces by F. 

Paneth using a radiochemical technique involving *!?Bi,Mg,. These experiments, carried 
out in 1918, were one of the earliest applications of radiochemical tracer experiments in 

chemistry. Later work using BH, to reduce BiCl, was unsuccessful in producing 

macroscopic amounts of the gas and the best preparation (1961) is the disproportionation 

of MeBiH, at —45° for several hours; Me,BiH can also be used: 

45° 

Me, _,, BiH, ———> 3 BiH, +33“ BiMe, 

Lower hydrides such as As,H, have occasionally been reported as fugitive species but 

little is known of their properties (cf. N,H4, p. 489; P,H4, p. 565). 

13.3.3. Halides and related complexes 

The numerous halides of As, Sb, and Bi show highly significant gradations in physical 

properties, structure, bonding, and chemical reactivity. Distinctions between ionic, 

coordinate, and covalent (molecular) structures in the halides and their complexes 

frequently depend on purely arbitrary demarcations and are often more a hindrance than 

a help in discerning the underlying structural and bonding principles. Alternations in the 

stability of the + 5 oxidation state are also illuminating. It will be convenient to divide the 

discussion into five subsections dealing in turn with the trihalides MX,, the pentahalides 

MxX.,, other halides, halide complexes of M' and MY, and oxohalides. 

Trihalides, MX, 

All 12 compounds are well known and are available commercially; their physical 

properties are summarized in Table 13.6 Comparisons with the corresponding data for 

NX; (p. 503) and PX; (p. 568) are also instructive. Trends in mp, bp, and density are far 

from regular and reflect the differing structures and bond types. Thus AsF, AsCl,, AsBr3, 
SbCl;, and SbBr; are clearly volatile molecular species, whereas AsI3, SbF 3, and BiX, 
have more extended interactions in the solid state. Trends in the heats of formation from 
the elements are more regular being ca. —925 kJ mol” * for MF, ca. —350 kJ mol” for 

MCl,, ca. —245 kJ mol”! for MBr3, and ca. — 100 kJ mol for MI,. Within these average 

values, however, AsF;, is noticeably more exothermic than SbF, and BiF3, whereas the 
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TABLE 13.6 Some physical properties of the trihalides of arsenic, antimony, and bismuth 

REPL BOER NR rie ie RULE itp CG eee Me Meany nae epee decade Ps Oe 

Colour and d/g cm~? AH;/ 

Compound state at 25°C MP/°C BP/°C (Ee) kJ mol“! 

ASF, Colourless liquid — 6.0 62.8 2.666 (0°) —956.5 

AsCl, Colourless liquid — 16.2 130.2 2.205 (0°) — 305.0 

AsBr, Pale-yellow crystals +31.2 Die 3.66 (15°) — 197.0 

AsI, Red crystals 140.4 ~ 400 4.39 (15°) — 58.2 

SbF, Colourless crystals 290 ~ 345 4.38 (25°) —915.5 
SbCl, White, deliquescent crystals 73.4 223 3.14 (20°) — 382.2 
SbBr, White, deliquescent crystals 96.0 288 4.15 (25°) — 259.4 
Sbl, Red crystals 170.5 401 4.92 (22°) — 100.4 

BiF; Grey-white powder 649) 900 ~5.3 —900 
BiCl, White, deliquescent crystals 233.5 441 4.75 —379 
BiBr, Golden, deliquescent crystals 219 462 Su/2 —2/6 
Brl, Green-black crystals 408.6 ~ 542 5.64 — 150 

(extrap) 

‘) BiF , is sometimes said to be “infusible” or to have mp at varying temperatures in the range 725-770°, but 
such materials are probably contaminated with the oxofluoride BiOF (p. 667). 

reverse is true for the chlorides; there is also.a regular trend towards increasing stability in 

the sequence As<Sb< Bi for the bromides and for the iodides of these elements. 

The trifluorides are all readily prepared by the action of HF on the oxide M,O; (direct 

fluorination of M or M,O, with F, gives MF, p. 655). Because AsF , hydrolyses readily, 

the reaction is best) done under anhydrous conditions using H,SO,/CaF, or 

HSO,F/CaF,, but aqueous HF can be used for the others. The trichlorides, tribromides, 

and triiodides of As and Sb can all be prepared by direct reaction of X, with M or M,O3, 

whereas the less readily hydrolysed BiX; can be obtained by treating Bi,O; with the 

aqueous HX. Many variants of these reactions are possible: e.g., AsCl, can be made by 

chlorination of As,O,4 with Cl,, S,Cl,, conc HCl, or H,SO,/MCI. 

The trihalides of As are all pyramidal molecular species in the gas phase with angle 

X-As-X in the range 96—100%. This structure persists in the solid state, and with AsI, the 

packing is such that each As is surrounded by an octahedron of six I with 3 short and 3 © 

long As-I distances (256 and 350 pm; ratio 1.37, mean 303 pm). The I atoms form a 

regular hcp lattice. A similar layer structure is adopted by SbI, and Bil, but with the metal 

atoms progressively nearer to the centre of the I, octahedra: 

3 Sb-I at 287 pm and 3 at 332 pm; ratio 1.16, mean 310 pm 
all 6 Bi-I at 310 pm;\“ratio” 1.00 

This is sometimes described as a trend from covalent, molecular AsI, through intermediate 
SbI, to ionic Bil,, but this exaggerates the difference in bond-type. Arsenic, Sb, and Bi 
have very similar electronegativities (p. 642) and it seems likely that the structural trend 
reflects more the way in which the octahedral interstices in the hcp iodine lattice are filled 

by atoms of gradually increasing size. The size of these interstices is about constant (see 

mean M-X distance) but only Bi is sufficiently large to fill them symmetrically. 

Discrete molecules are apparent in the crystal structure of the higher trihalides of Sb, 

and, again, these pack to give 3 longer and 3 shorter interatomic distances (Table 13.7). 
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TABLE 13.7 Structural data for antimony trihalides 

SbF, SbCl, o-SbBr3 B-SbBr, SbI, 

Sb-X in gas molecule/pm % 233 251 251 272 
Three short Sb—X in crystal/pm 192 236 250 249 287 
Three long Sb—X in crystal/pm 261 >350 >375 > 360 852 
Ratio (long/short) 1.36 > 1.48 > 1.50 > 1.44 1.16 
Angle X—Sb-X in crystal 87° 955 96° 95% 96° 

The structure of BiF, is quite different: 6-BiF, has the “ionic” YF structure with 

tricapped trigonal prismatic coordination of Bi by 9 F. BiCl; has an essentially molecular 

structure (like SbX) but there is a significant distortion within the molecule itself, and the 

packing gives 5 (not 3) further Cl at 322-345 pm to complete a bicapped trigonal prism. As 

a consequence of this structure BiCl, has smaller unit cell dimensions than SbCI, despite 

the longer Bi—Cl bond (250 pm, as against 236 pm for Sb-Cl). The eightfold coordination 

has been rationalized by postulating that the ninth position is occupied by the 

stereochemically active lone-pair of electrons on Bi". On this basis, the 3 long and 3 short 

M-x< distances in octahedrally coordinated structures can also be understood, the lone- 

pair being directed towards the centre of the more distant triangle of 3X. However, it is 

hard to quantify this suggestion, particularly as the X-M-X angles are fairly constant at 

97 +2° (rather than 109.5° for sp? hybrids), implying little variation in hybridization and a 

lone-pair with substantial s? character. The effect is less apparent in SbI, and absent Bil, 

(see above) and this parallels the diminishing steric influence of the lone-pair in some of 

the complexes of the heavier halides with Sn" (p. 443) and Te'Y (p. 892). 
Many of the trihalides of As, Sb, and Bi hydrolyse readily but can be handled without 

great difficulty under anhydrous conditions. AsF; and SbF; are important reagents for 
converting non-metal chlorides to fluorides. SbF in particular is valuable for preparing 
organofluorine compounds (the Swarts reaction): 

CCl,CCl, + SbF; ———>. CCI, FCC, F 
SiCl, + SbF; > SiCI,F, SiC1,F,, SiCIF, 

ChabGlostSbEsceameaeckebkn 
R,PS+SbF,-———> R PF, 
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Sometimes the reagents simultaneously act as mild oxidants: 

3PhPCl, + 4SbF , > 3PhPF,, + 2Sb + 2SbCl, 
3Me,P(S)P(S)Me, + 6SbF, —-—> 6Me,PF; + 2Sb + 2Sb,S; 

AsF3, though a weaker fluorinating agent than SbF;, is preferred for the preparation of 

high-boiling fluorides since AsCl, (bp 130°) can be distilled off. SbF, is preferred for low- 

boiling fluorides, which can be readily fractionated from SbCl, (bp 223°). Selective 

fluorinations are also possible, e.g.: 

[PCl,] *[PCl,]~ +2AsF,——>[PCl,]*[PF,]7 +2AsCl, 

AsCl, and SbCl, have been used as non-aqueous solvent systems for a variety of 

reactions.: }°) They are readily available, have convenient liquid ranges (p.652), are fairly 
easy to handle, have low viscosities 7, moderately high dielectric constants ¢, and good 

solvent properties (Table 13.8). 

TABLE 13.8 Some properties of liquid AsCl, and SbCl, 

n/centipoise é k/ohm *cm—! 

AsCl, at 20°C 1.23 12.8 Asa ¢ 
SbEl;(atz/57C 2.58 332 AS 10n 

The low conductivities imply almost negligible self-ionization according to the formal 

scheme: 
2MCh—— === MCL. #4 MEI, = 

Despite this, they are good solvents for chloride-ion transfer reactions, and solvo-acid— 

solvo-base reactions (p. 968) can be followed conductimetrically, voltametrically, or by 

use of coloured indicators. As expected from their constitution, the trihalides of As and Sb 

are only feeble electron-pair donors (p. 223) but they have marked acceptor properties, 

particularly towards halide ions (p. 659) and amines. 

AsX, and SbX; react with alcohols (especially in the presence of bases) and with 

sodium alkoxide to give arsenite and antimonite esters, M(OR); (cf. phosphorus, 
(p.. 592): 

AsCl; +3PhOH As(OPh); + 3HCl 

SbCl, + 3Bu'OH + 3NH, Sb(OBu'); + 3NH,Cl 

SbCl; + 3NaOSiEt, > Sb(OSiEt;)3 +3NaCl 

Halide esters (RO),MX and (RO)MX, can be made similarly: 

AsCl, + 2NaOEt > (EtO),AsCl + 2NaCl 

AsCl, + EtOH <-> (EtO)AsCl, + HC! 

As(OPr); + MeCOCl ——-> (PrO),AsCl+ MeCO,Pr 

°’ D. S. PAYNE, Halides and oxyhalides of Group V elements as solvents, Chap. 8 in T. C. WADDINGTON (ed.), 
Nonaqueous Solvent Systems, pp. 301-25, Academic Press, London, 1965. 

'° E. C. BAUGHAN, Inorganic acid chlorides of high dielectric constant (with special reference to antimony 
trichloride), Chap. 5 in J. J. LaGowski (ed.), The Chemistry of Nonaqueous Solvents, Vol. 4, pp. 129-65, 
Academic Press, London, 1976. 
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Amino derivatives are obtained by standard reactions with secondary amines, lithium 

amides, or by transaminations: 

AsCl, +6Me,NH As(NMe,)3+3[Me,NH, ]Cl 
SbCl, + 3LiNMe, > Sb(NMe,); + 3LiCl 

As with phosphorus (p. 620) there is an extensive derivative chemistry of these and related 

compounds."©) 

Pentahalides, MX; 

Until recently only the pentafluorides and SbCl, were known, but the exceedingly 

elusive AsCl, was finally prepared in 1976 by ultraviolet irradiation of AsCl, in liquid Cl, 

at —105°C."'") Some properties of the 5 pentahalides are given in Table 13.9. 

TABLE 13.9 Some properties of the known pentahalides 

Property AsF, SbF, BiF; AsCl, SbCl, 

MP/°C —79.8 8.3 154.4 ~ —50 (d) 4 
BP/°C —52.8 141 230 — 140 (d) 
Density (T°C)/g cm~ > 2.33 (—53,), Siiil (SP)) 5.40 (25°) — 2S S21) 

The pentafluorides are prepared by direct reaction of F, with the elements (As, Bi) or 

their oxides (As,0O3, Sb,0;). AsCl;, as noted above, has only a fugitive existence and 

decomposes to AsCl, and Cl, at about — 50°. SbCl, is more stable and is made by reaction 

of Cl, on SbCl,. No pentabromides or pentaiodides have been characterized, presumably 

because M’ is too highly oxidizing for these heavier halogens (cf. TII,, p.269). The relative 

instability of AsCl; when compared with PCI, and SbCl, is a further example of the 

instability of the highest valency state of p-block elements following the completion of the 

first (3d) transition series (p. 645). This can be understood in terms of incomplete shielding 

of the nucleus which leads to a “d-block contraction” and a consequent lowering of the 

energy of the 4s orbital in As and AsCl,, thereby making it more difficult to promote one 

of the 4s” electrons for the formation of AsCl,. There is no evidence that the As—Cl bond 

strength itself, in AsCl., is unduly weak. The non-existence of BiCl, likewise suggests that 

itis probably less stable than SbCl,, due the analogous “f-block contraction” following the 

lanthanide elements (p. 1431). 

Evidence from vibration spectroscopy suggests that gaseous AsF., solid AsCl,, and 

liquid SbCl, are trigonal bipyramidal molecules like PF; (D3,). By contrast SbF; is an 

extremely viscous, syrupy liquid with a viscosity approaching 850 centipoise at 20°: the 

liquid features polymeric chains of cis-bridged {SbF} octahedra in which the 3 different 

types of F atom (a, b, c) can be distinguished by low-temperature '°F nmr spectroscopy.(”) 
As shown in Fig. 13.5, F, are the bridging atoms and are cis to each other in any one 

octahedron; F,, are also cis to each other and are, in addition, cis to 1 F, and trans to the 

'1 K. SepPELT, Arsenic pentachloride, AsCl,, Angew. Chem., Int. Edn. (Engl.) 15, 377-8 (1976). 
12 TK. Davies and K. C. Moss, Nuclear magnetic resonance studies on fluorine-containing compounds. 

Part 1. SbF, and its reaction with SbF, AsF3, and NbF,, J. Chem. Soc. (A) 1970, 1054-8. 



656 Arsenic, Antimony, and Bismuth Chel3 

other, whereas F, are trans to each other and cis to both F,,. In the crystalline state the cis 

bridging persists but the structure has tetrameric molecular units (Fig. 13.6) rather than 

high polymers."!) There are two different Sb-F-Sb bridging angles, 141° and 170°, and 

the terminal Sb-F, distances (mean 182+5 pm) are noticeably less than the bridging 

Sb-F , distances (mean 203 + 5 pm). Yet another structure motif is adopted in BiF ;; this 

crystallizes in long white needles and has the «-UF;; structure in which infinite linear 

chains of trans-bridged {BiF,} octahedra are stacked parallel to each other. The Bi-F—Bi 

bridging angle between adjacent octahedra in the chain is 180°. 

The pentafluorides are extemely powerful fluorinating and oxidizing agents and they 

also have a strong tendency to form complexes with electron-pair donors. This latter 

property has already been presaged by the propensity of SbF; to polymerize and is 

discussed more fully on p. 662. Some typical reactions of SbF, and SbCl, are as follows: 

CICH, PC, SbF,:4+-+>CICH;PF; 

Me;As+ SbCl, ———> Me, AsCl, + SbCl, 

R,P + SbCl, ———>[R;PCI]*[SbCl,]~ (R=Ph, Et,N, Cl) 

SbC], —“%> Sb(OR), —“* > Na[Sb(OR);X] (X=OR, Cl) 

Perhaps the most reactive compound of the groups is BiF's. It reacts explosively with H,O 
to form O3, OF,, and a voluminous brown precipitate which is probably a hydrated 

bismuth(V) oxide fluoride. At room temperature BiF, reacts vigorously with iodine or 

sulfur; above 50° it converts paraffin oil to fluorocarbons; at 150° it fluorinates UF, to 

UF,; and at 180° it converts Br, to BrF; and BrF,, and Cl, to CIF. 

Mixed halides and lower halides 

Unlike phosphorus, which forms a large number of readily isolable mixed halides of 

both P" and PY, there is little tendency to form such compounds with As, Sb, and Bi, and 
few mixed halides have been characterized. AsF, and AsCl, are immiscible below 19°C, 

but at room temperature ‘°F nmr indicates some halogen exchange; however equilibrium 

constants for the formation of AsF,Cl and AsFCl, are rather small. Likewise, Raman 

spectra show the presence of AsCl,Br and AsCIBr, in mixtures of the parent trihalides, 

though rapid equilibration prevents isolation of the mixed halides. It is said that SbBrl, © 

(mp 88°) can be obtained by eliminating EtBr from EtSbI,Br,. 

Mixed pentahalides are more readily isolated and are of at least two types: ionic and 

tetrameric. Thus, chlorination of a mixture of AsF/AsCl, with Cl,, or fluorination of 

AsCl, with CIF, (p. 969) gives [AsCl,]*[AsF,]~ [mp 130°(d)]. Similarly, 

AsCl,+SbCl,+Cl,->[AsCl,]*[SbCl,]~. Antimony chloride fluorides have been 

known since the turn of the century but the complexity of the system, the tendency to form 

mixtures of compounds, and their great reactivity have conspired against structural 
characterization until very recently.’* It is now clear that fluorination of SbCl, depends 
crucially on the nature of the fluorinating agent. Thus, with AsF, it gives SbC1,F (mp 83°) 

‘3 A. J. Epwarps and P. Taytor, Crystal structure of antimony pentafluoride, JCS Chem. Comm. 1971, 
1376-7. 

'4 J. G, BALLARD, T. BIRCHALL, and D. R. SLIM, X-ray crystal structure of tetra-antimony(V) tridecachloride 
heptafluoride, (SbCl, ;F3.5)2, JCS Dalton 1979, 62-65, and references therein. 
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Fic. 13.5 Schematic representation of part of the cis-bridged polymer in liquid SbF; showing the 
three sorts of F atom.” 

Fic. 13.6 Structure of the tetrameric molecular unit in (SbF), showing the cis-bridging of 4 
{SbF,} octahedra.) 
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which is a cis-F-bridged tetramer as in Fig. 13.6 with the terminal F atoms replaced by Cl. 

Fluorination of SbCl, with HF also gives this compound but, in addition, SbCI1,F, mp 68° 

(cis-F-bridged tetramer) and SbCl,F; mp 62°, which turns out to be 

[SbCl,]*[Sb,Cl,F,]~. The anion is F-bridged, i.e. [CIF,Sb-F-SbF,Cl]~ with angle 

Sb-F-Sb 163°. Even more extensive fluorination occurs when SbCI, is reacted with SbF; 

and the product is [SbCl,] *[Sb2F,,]~. By contrast, fluorination of (SbCL,F) with SbF, 

in liquid SO, yields Sb,Cl, ;F7 (mp ~ 50°) which is a cis-F-bridged tetramer of SbCI,F, 

with two of the Sb atoms having a Cl atom partially replaced by F, i.e. (Sb,Cl¢_5F 3.5). and 

bridge angles Sb-F-Sb of 166-168. 

The attention which has been paid to the mixed chloride fluorides of Sb” is due not only 

to the intellectual problem of their structure but also to their importance as industrial 

fluorinating agents (Swarts reaction). Addition of small amounts of SbCl, to SbF; results 

in a dramatic decrease in viscosity (due to the breaking of Sb—F-Sb links) and a 

substantial increase in electrical conductivity (due to the formation of fluoro-complex 

ions). Such mixed halides are often more effective fluorinating agents than SbF ,, provided 

that yields are not lowered by oxidation, e.g. SOCI, gives SOF,; POCI, gives POFCI,; 

and hexachlorobutadiene is partially fluorinated and oxidized to give CF,CCI=CCICF , 

which can then be further oxidized to CF;CO,H: 

“SbF,C1,” KMnO,/ 
CCl,=CCICCI=CC1, —*> CF ;CCI=CCICF; ——*> 2CF ,CO,H 

The use of SbF, in the preparation of “superacids” such as (HSO3F + SbF; +SQO3) is 

described in the following subsection. 

The only well-established lower halide of As is As,1, which is formed as red crystals (mp 

137°) when stoichiometric amounts of the 2 elements are heated to 260° in a sealed tube in 

the presence of octahydrophenanthrene. The compound hydrolyses and oxidizes readily 

and disproportionates in warm CS, solution but is stable up to 150° in an inert 

atmosphere. Disproportionation is quantitative at 400°: 

3As,1,  __ 4AsI, + 2As 

Sb,1, is much less stable: it has been detected by emf or vapour pressure measurements on 

solutions of Sb in SbI, at 230° but has not been isolated as a pure compound. The lower 

halides of Bi are rather different. The diatomic species BiX (X=Cl, Br, I) occur in the 

equilibrium vapour above heated Bi—BiX, mixtures. A black crystalline lower chloride of — 

composition BiCl, ,¢7 is obtained by heating Bi-BC1, mixtures to 325° and cooling them 
during 1-2 weeks to 270° before removing excess BiCl, by sublimation or extraction into 

benzene. The compound is diamagnetic and has an astonishing structure which involves 

cationic clusters of bismuth and 2 different chloro-complex anions: 

[(Bi,°* ),(BiCl,?~ ),(Bi,Cl,?” )], ie. Bi,,Cl,, or Bi,Cl,. The Bi,°* cluster is a tricapped 
trigonal prism (p. 688); the anion BiCl,”~ has square pyramidal coordination of the 5 Cl 

atoms around Bi with the sixth octahedral position presumably occupied by the lone-pair 

of electrons, and Bi,Cl,”" has two such pyramids trans-fused at a basal edge (p. 660). The 

compound is stable in vacuum below 200° but disproportionates at higher temperatures. 

It also disproportionates in the presence of ligands which coordinate strongly to BiCl, 

and hydrolyses readily to the oxide chloride. 

'S A. HersuHaFt and J. D. Corsett, the crystal structure of bismuth subchloride. Identification of the ion 
Bi.°*, Inorg. Chem. 2, 979-85 (1963). 



§13.3.3 Halides and Related Complexes 659 

The first unambiguous identification of Bi* in the solid state came in 1971 when the 

structure of the complex halide Bi, jHf,Cl,, was shown by X-ray diffraction analysis“® to 
be (Bi*)(Bi,°* )(HfCI,?),. The compound was made by the oxidation of Bi with 
H{CI,/BiCl,. 

Halide complexes of M"' and MY 

The trihalides of As, Sb, and Bi are strong halide-ion acceptors and numerous 

complexes have been isolated with a wide variety of compositions. They are usually 

prepared by direct reaction of the trihalide with the appropriate halide-ion donor. 

However, stoichiometry is not always a reliable guide to structure because of the 

possibility of oligomerization which depends both on the nature of M and X, and often 

also on the nature of the counter cation.’©:!” Thus the tetra-alkylammonium salts of 
MCl,°, MBr, , and MI,” may contain the monomeric C,,, ion as shown in Fig. 13.7a 

(cf. isoelectronic SeF,, p. 905), whereas in NaSbF, there is a tendency to dimerize by 

formation of subsidiary F---Sb interactions (Fig. 13.7b) cf. Bi,Cl,?~ in the preceding 

subsection. With KSbF, association proceeds even further to give tetrameric cyclic anions 

(Fig. 13.7c). In both NaSbF, and KSbF, the Sb atoms are 5-coordinate but coordination 

rises to 6 in the polymeric chain anions of the pyridinium and 2-methylpyridinium salts 

pyHSbCl,, (2-MeC;H,NH)BiBr,, and (2-MeC,;H,NH)Bil,. The structure of (SbCI,),,”"_ is 

shown schematically in Fig. 13.7d and the three differing Sb—Cl distances reflect, in part, 

the influence of the lone-pair of electrons on Sb"". It will be noted that the shortest bonds 
are cis to each other, whereas the intermediate bonds are trans to each other; the longest 

bonds are cis to each other and trans to the short bonds. Corresponding distances in the 

Bi!” analogues are: 

(BiBr,),,” : short (2 at 264 pm); intermediate (283, 297 pm); long (308, 327 pm) 

(Bil,),” : short (2 at 289 pm); intermediate (2 at 310 pm); long (331, 345 pm). 

Complexes of stoichiometry MX,” can feature either discrete 5-coordinate anions as 

in K,SbF, and (NH,),SbCl, (Fig. 13.8a), or 6-coordinate polymeric anions as in the 

piperidinium salt (C,H,)NH,),BiBr, (Fig. 13.8b). In the discrete anion SbCl,?~ the 

Sb-Cl,,-x distance (236 pm) is shorter than the Sb-Cl,,,. distances (2 at 258 and 2 at 

269 pm) and the Sb atom is slightly below the basal plane (by 22 pm). The same structure 

is observed in K,SbCl,. 
In addition to the various complex fluoroantimonate(III) salts M'SbF, and M}SbF, 

mentioned above, the alkali metals form complexes of stoichiometry M'Sb,F,, M'Sb3F jo, 
and M'Sb,F,3, i.e. [SbF,~ (SbF3),,] (n= 1, 2, 3) but the mononuclear complexes M5SbF, 

have not been found. The structure of M'Sb,F, depends on the strength of the Sb—F---Sb 

bridge between the 2 units and this, in turn is influenced by the cation. Thus, in KSb,F, 
there are distorted trigonal-bipyramidal SbF, ions (Fig. 13.9a) and discrete pyramidal 
SbF, molecules (Sb-F 194 pm) with 2 (rather than 3) contacts between these and 

neighbouring SbF, units of 241 and 257 pm (cf. SbF; itself, p. 653). By contrast CsSb,F, 

16 RM. FRIEDMAN and J. D. CorseTt, Bismuth(I) in the solid state. The crystal structure of 

(Bit)(Bi,°*)\(HfCl¢2~)3, JCS Chem. Comm. 1971, 422-3. 
17 AF, WELLS, Structural Inorganic Chemistry, 4th edn., pp. 704-10 and 715-17, Oxford University Press, 

Oxford, 1975. 
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(c) Sb,F,2° in KSbF, (d) 6-coordinate polymeric anion in 

(Sb-F 200-230 pm) pyHSbCl,, showing 2 short, 

2 intermediate, and 2 long 

Sb-Cl distances 

Fic. 13.7 Structures of some complex halide anions of stoichiometry MX,~. 
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(a) SbF” in K, SbF, (b) 6-coordinate polymeric anion 
(Rb, Cs, Tl, and NH, in (C;H,2N),.BiBr,, showing 2 short, 
salts are isostructural) 2 intermediate, and 2 long Bi-Br distances 

Fic. 13.8 Structures of some complex halide anions of stoichiometry MX,?~. 
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Fic. 13.9 Structures of SbF,” and Sb,F, ions in KSbF4(SbF3) and CsSb,F, respectively. 

has well-defined Sb,F,~ anions (Fig. 13.9b) formed from 2 distorted trigonal bipyramidal 

{SbF} groups sharing a common axial F atom with long bridge bonds. 

Similar structural diversity characterizes the heavier halide complexes of the group. The 

[MX,]°” group occurs in several compounds, and these frequently have a regular 

octahedral structure like the isoelectronic [Te'’X,]?~ ions (p. 908), despite the formal 14- 

electron configuration on the central atom. For example the jet-black compound 

(NH,),SbBr, is actually [(NH,*),(Sb™Br,)°~ (SbYBr,)] with alternating octahedral 
_ Sb" and Sb’ ions. The undistorted nature of the SbBr,*~ octahedra suggests that the 
lone-pair is predominantly 5s” but there is a sense in which this is still stereochemically 

active since the Sb-Br distance in [Sb"Br,]?~ (279.5 pm) is substantially longer than in 
[SbYBr,]~ (256.4 pm). Similar dimensional changes are found in (pyH),Sb,Br,, which is 

[(pyH* ),(Sb™Br,)?~ (SbYBr,~ )3]. In (Me,NH,);BiBr, the (Bi Br,)?~ octahedron is 
only slightly distorted. Sixfold coordination also occurs in compounds such as Cs3Bi,I, 

and [(pyH*),(Sb,Br,)*~ (Br ),] in which M,X,°~ has the confacial bioctahedral 
structure of T1,Cl,>~ (p. 270) (Fig. 13.10). In B-Cs,Sb,Cl, and Cs,Bi,Cl,, however, there 

are close-packed Cs* and Cl” with Sb™ (or Bi™) in octahedral interstices. In Cs3As,Cl 
the {AsCl,} groups are highly distorted so that there are discrete AsCl, molecules (As—Cl 

225 pm) embedded between Cs* and Cl~ ions (As—Cl~ 275 pm). 

No completely general and quantitative theory of the stereochemical activity of the 

lone-pair of electrons in complex halides of tervalent As, Sb, and Bi has been developed 

but certain trends are discernible. The lone-pair becomes less decisive in modifying the 

am 

Sb-Br, 263 pm 
xX 

‘C a va Sb-Br, 300 pm 

x exe Wi ds Bi-Br, 294 pm 
xX; X, x 

xX 

M 

Bi-Br, 324 pm 

Fic. 13.10 Structure of M,X,°". 
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stereochemistry (a) with increase in the coordination number of the central atom from 4 

through 5 to 6, (b) with increase in the atomic weight of the central atom (As > Sb > Bi), 

and (c) with increase in the atomic weight of the halogen (F >Cl>Br>I). The relative 

energies of the various valence-level orbitals may also be an important factor: the F(c) 

orbital of F lies well below both the s and the p valence orbitals of Sb (for example) 

whereas the o orbital energies of Cl, Br, and I lie between these two levels, at least in the free 
atoms. It follows that the lone pair is likely to be in a (stereochemically active) metal-based 

sp* hybrid orbital in fluoro complexes of Sb but in a (stereochemically inactive) metal- 

based a, orbital for the heavier halogens.”?) 
In the +5 oxidation state, halide complexes of As, Sb, and Bi are also well established 

and the powerful acceptor properties of SbF, in particular have already been noted (p. 
655). Such complexes are usually made by direct reaction of the pentahalide with the 

appropriate ligand. Thus KAsF, and NOAsF,, have octahedral ASF, groups and salts of 

SbF, and SbCl,” (as well as [Sb(OH),]~) are also known. Frequently, however, 

there is strong residual interaction between the “cation” and the “complex anion” and the 

structure is better thought of as an extended three-dimensional network. For example the 

adduct SbCI,.ICI,; (i.e. ISbClg) comprises distorted octahedra of {SbCl,} and angular 

{ICl,} groups but, as shown in Fig. 13.11, there is additional interaction between the 

groups which links them into chains and the structure is intermediate between 

[ICl,]*[SbCl,]~ and [SbC1,]*[ICl,]~. Complexes are also formed by a variety of 
oxygen-donors, e.g. [SbClI,(OPCI,)] and [SbF;(OSO)] as shown in Fig. 13.12. 

Fluoro-complexes in particular are favoured by large non-polarizing cations, and 

polynuclear complex anions sometimes then result as a consequence of fluorine bridging. 

For example irradiation of a mixture of SbF,, F,, and O, yields white crystals of 

O,Sb,F,, which can be formulated"® as O,*[Sb,F, ,]~, and this complex, when heated 
under reduced pressure at 110°, loses SbF; to give O,*SbF,~. The dinuclear 

anion probably has a linear Sb-F-Sb bridge as in [BrF,]*[Sb,F,,]~ (p. 976), but in 
[XeF]*[Sb,F,,]~ and [XeF3]*[Sb,F,,]~ (p. 1054) the bridging angle is reduced to 150° 

Fic. 13.11 Schematic representation of the structure of ISbCl, (see text). 

isi E. SHUSTOROVICH and P. A. Dososu, Perturbation theory and “‘quasi-lone pairs” in main group angular 
and trigonal pyramidal compounds, J. Am. Chem. Soc. 101, 4090-5 (1979). B. M. Gimarc, Molecular Structure 
and Bonding, Academic Press, New York, 1979, 240 pp. 

"8D. E. McKee and N. BartLett, Dioxygenyl salts O,*SbF,~ and O,*Sb,F,,~ and their convenient 
laboratory synthesis, Inorg. Chem. 12, 2738-40 (1973). 
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and 155° respectively. Even more extended coordination occurs in the 1:3 adduct 

_PF,.3SbF, which has been formulated as [PF,]*[Sb3F,,]~ on the basis of vibrational 
spectroscopy."*) The same anion occurs in the scarlet paramagnetic complex 

[Br,]*(Sb3F,,] for which X-ray crystallography has established the trans-bridged 

octahedral structure shown in Fig. 13.13.°7°) The compound (mp 69°) was prepared by 
adding a small amount of BrF, to a mixture of Br, and SbF,. The structure of the 

compound AsF.SbF, can be described either as a molecular adduct, F,AsF>SbF,, or 
as an ionic complex, [AsF,]*[SbF,]~ ; in both descriptions the alternating As and Sb 

units are joined into an infinite network by further F bonding.?’) Another mixed valency 
adduct, which can be formulated as 6SbF,.5SbF,, has also recently been prepared by 

direct fluorination of Sb. This compound, Sb,, F,;, was obtained as a white, high-melting 

crystalline solid; it contains the polymeric chain cation [Sb¢'F,,;° ],, and 5 [SbYF,]~ 
anions.27) The 1:1 adduct SbF;.SbF,; has the pseudo-ionic — structure 
[Sb!"F,]?*[SbYF,~ ],; however, the [F,Sb—F---SbF]** cation features 5 different Sb-F 
distances (185, 187, 199, 201, and 215 pm) and can be regarded either as an SbF? * cation 

coordinated by SbF;, or as a fluorine-bridged dinuclear cation [F,Sb-F-SbF]?*, or as 

part of an infinite three-dimensional polymer [(SbF,),], when even longer Sb''—F 
contacts are considered.??” 

19 G. S. H. CuHen and J. Passmore, Preparation and characterization of perfluorophosphonium 
hexadecafluoroantimonate(V) [PF,]*[Sb3F,.]~, JCS Chem. Comm. 1973, 559. 

20 A. J. Epwarps and G. R. Jones, Fluoride crystal structures. Part XVI. Dibromine hexadecafluorotri- 

antimonate(V) [Br,]*[Sb,F,,]~, J. Chem. Soc. A 1971, 2318-20. 
2! A J. Epwarps and R. J. C. SILLs, Fluoride crystal structures. Part XV. Arsenic trifluoride-antimony 

pentafluoride, J. Chem. Soc. A 1971, 942-5. 

22 AJ. Epwarpsand D. R. SLIM, Crystal structure of tridecafluorohexa-antimony(III) pentakis[hexafluoro- 
antimonate(V)], JCS Chem. Comm. 1974, 178-9. 

22a J, GILLEspPiIE, D. R. Stim, and J. E. VeKRIs, The crystal structure of the 1:1 adduct of antimony 
trifluoride and antimony pentafluoride, JCS Dalton 1977, 971-4. 
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Fic. 13.12 Schematic representation of the pseudo-octahedral structures of [SbCI;(OPCI;)] 
and [SbF,(OSO)]. 

Fic. 13.13 Structure of the anion [Sb3F,,]~ showing the trans arrangement of the 2 bridging F, 
atoms. The Sb-F, distances are significantly longer than Sb—F, and the asymmetry of the bridge is 
well outside the standard deviation (+4 pm). The mean bridging distance (203 pm) is close to the 

value of 201 pm in [Sb,F,,]~. 

The great electron-pair acceptor capacity (Lewis acidity) of SbF, has been utilized in 

the production of extremely strong proton donors (Bronsted acids, p. 51). Thus the 

acidity of anhydrous HF is substantially increased in the presence of SbF: 

2HF + SbF, ——=[H,,F] *[SbF,]~ 

An even stronger acid results from the interaction of SbF, with an oxygen atom in 

fluorosulfuric acid HSO,F (i.e. HF/SO;): 

F * F ze 
i | ae ye i | 5 

SbF, +HSO,F <> oe eae S ak page 

oo \/ 

fF aes 
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Many other equilibria occur in these solutions and the acidity is enhanced even further by 

the addition of 3 or more moles of SO3.*) Such solutions SbF ,/HSO3F/nSO, have been 
termed “super-acid media” and they are, indeed, the strongest known proton donors at the 

present time. They have been extensively studied, particularly because they are able to 

protonate virtually all organic compounds.” 

Oxide halides 

The stable molecular nitrosyl halides NOX (p. 507) and phosphoryl halides POX, 

(p. 575) find few counterparts in the chemistry of As, Sb, and Bi. AsOF has been reported 

as a product of the reaction of As,O, with AsF; in a sealed tube at 320° but has not been 

fully characterized. ASOF, is known only as a polymer. Again, just as AsCl, eluded 

preparation for over 140 y after Liebig’s first attempt to make it in 1834, so ASOCI, defied 

synthesis until 1976 when it was made by ozonization of AsCl, in CFCI,/CH,Cl, at 

— 78°: it is a white, monomeric, crystalline solid and is one of the few compounds that can 

be said to contain a “real” As=O double bond.?*) AsOCI, is thermally more stable than 
AsCl, (p. 655) but decomposes slowly at —25° to give As,O,Cl,: 

3AsOCI, 25> AsCl; + Cl, + As,03Cl, 

The compound As,O,Cl, is polymeric and is thus not isostructural with 

Cl,P(O)OP(O)CI,. 
SbOF and SbOCI can be obtained as polymeric solids by controlled hydrolysis of SbX 3. 

Several other oxide chlorides can be obtained by varying the conditions, e.g.: 

Sh hOGA sSisbOLCL, ae a shO.g Cl; 
H,0 H,O 

An alternative dry-way preparation which permits the growth of large, colourless, single 

crystals suitable for ferroelectric studies (p. 60) has recently been devised :°°” 

TS 

vac 
5Sb,0; + 2SbCl, 3Sb,0;Cl, (mp 590°) 

The compounds Sb,0,(OH),Cl, and SbgOCl,, have also been reported. SbOCl itself 

comprises polymeric sheets of composition [Sb;O,Cl,]** (formed by linking Sb atoms 

via O and Cl bridges) interleaved with layers of chloride ions. In addition to polymeric 

species, finite heterocyclic complexes can also be obtained. For example partial hydrolysis 

of the polymeric [pyH],[Sb3'Cl, ] in ethanol leads to [pyH *],[Sb3'OCI,]?~ in which the 
anion contains 2 pseudo-octahedral {:SbOC1,} units sharing a common face {3-OClI,} 
with the lone-pairs trans to the bridging oxygen atom (Fig. 13.14).°® Another novel 

23 R. J. GitespiE, Fluorosulfuric acid and related superacid media, Acc. Chem. Res. 1, 202-9 (1968). 
24 G. A. OLAH, A. M. Wuite, and D. H. O’Brien, Protonated heteroaliphatic compounds, Chem. Rev. 70, 

561-91 (1970). 
25K. SeppELT, Arsenic oxide trichloride, ASOCI,, Angew. Chem., Int. Edn. (Engl.) 15, 766-7 (1976). 
?5a-Y,a, P. KUTSENKO, Preparation and properties of Sb,O;Cl, single crystals, Kristallografiya (Engl. 

transl.) 24, 349-51 (1979). 

26M. HALL and D. B. Sowersy, Preparation and crystal structure of bis(pyridinium-,:-dichloro-ju-oxo- 
tetrachlorodiantimonate(III); a discrete antimony(III) oxychloro anion, JCS Chem. Comm. 1979, 1134-5. 

CTE-W 
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Fic. 13.14 Structure of the binuclear anion [Sb!"OCI,]?~ showing the bridging oxygen and 
chlorine atoms and the pseudooctahedral coordination about Sb; the O atom is at the common 
apex of the face-shared square pyramids and the lone-pairs are trans- to this below the {SbCI,} 
bases. The bridging distances Sb-Cl, are substantially longer than the terminal distances Sb-Cl,. 

polynuclear antimony oxide halide anion has very recently been established in the dark- 

blue ferrocenium complex {[Fe(7°-C;H;)],[Sb,Cl,,O]},.2C,H, which was made by 
photolysis of benzene solutions of ferrocene (p. 000) and SbCl, in the presence of 

oxygen: the anion (Fig. 13.15) contains 2 square-pyramidal {Sb™Cl,} units sharing a 
common edge and joined via a unique quadruply bridging Cl atom to 2 pseudo trigonal 

bipyramidal {Sb'C1,O} units which share a common bridging O atom and the unique Cl 
atom. The structure implies the presence of a lone-pair of electrons beneath the basal 
plane of the first 2 Sb atoms and in the equatorial plane (with O,, and Cl,) of the second 2 

Sb atoms. 

Other finite-complex anions occur in the oxyfluorides. For example the hydrated salts 

K,[As,F, 9O].H,O and Rb,[As,F,.0].H,O contain the oxo-bridged binuclear anion 

[F;As-O-AsF,]*~ as shown in Fig. 13.16? and the anhydrous salt Rb,[Sb,F,,O] 
contains a similar anion with angle Sb—-O-Sb 133°, Sb-F 188 pm, and Sb—O 191 pm.?”? 
The compound of empirical formula CsSbF,O is, in fact, trimeric with a 6-membered 
heterocyclic anion in the boat configuration, ie. Cs,[Sb3F,,0;],°° whereas the 

7 A. L. RHEINGOLD, A. G. LaNpers, P. DAHLSTROM, and J. ZuBiETA, Novel antimony cluster displaying a 
quadruply bridging chloride. X-ray crystal structure of {[Fe(7°-C;H;),],[Sb,Cl,sO]},.2C,H,. JCS Chem. 
Comm. 1979, 143-4. 

28 W. Haase, The crystal structure of dirubidium- and dipotassium--oxo-bis(pentafluorodiarsenate) 
monohydrate, M;[As,F,,O].H,O, Acta Cryst. B30, 1722-7 (1974). 

7° W. Haase, Dirubidium--oxo-bis(pentafluoroantimonate), Acta Cryst. B30, 2508-10 (1974). 
°° W. Haase, Structure of tricdesium-cyclo-tri-u-oxo-tris(tetrafluoroantimonate), Cs,[Sb,F,,0,], Acta 

Cryst. B30, 2465-9 (1974). 
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Fic. 13.15 Schematic representation of the structure of the complex anion [Sb,Cl,,0]?~ 
showing the two different coordination geometries about Sb and the unique quadruply bridging 

Cl atom. 

Fic. 13.16 Schematic representation of the anion structure in M,[As,F,,O].H,O. 

corresponding arsenic compound®"? has a dimeric anion [As,F,O,]?~ (Fig. 13.17). In 
both cases the Group VB element is octahedrally coordinated by 4 F and 2 O atoms in the 

cis- configuration. 

Bismuth oxide halides BiOX are readily formed as insoluble precipitates by the partial 

hydrolysis of the trihalides (e.g. by dilution of solutions in concentrated aqueous HX). 
BiOF and BiOI can also be made by heating the corresponding BiX, in air. BiOJ, which 

itself decomposes above 300°, is brick-red in colour; the other 3 BiOX are white. All have 

31. W. Haase, The crystal and molecular structure of dicaesium-octafluoro-bis(j-oxodiarsenate), 

Cs,[As,F,O,], and a three-dimensional refinement of the structures of K,[As,F,0,] and Rb,[As,F,O,], Chem. 
Ber. 107, 1009-18 (1974). 
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Fic. 13.17 Schematic representation of the structure of (a) the trimeric anion [SOLE ,05 1-5, 
and (b) the dimeric anion [As,F,O,]?~. 

complex layer-lattice structures."’”? When BiOCI or BiOBr are heated above 600° oxide 
halides of composition Bi,,03,X 9 are formed, i.e. replacement of 5 O atoms by 10 X in 

Bi, 4036, (BizO3). 

13.3.4 Oxides and oxo compounds 

The amphoteric nature of As,O, and the trends in properties of several of the oxides 

and oxoacids of As, Sb, and Bi have already been mentioned briefly on p. 645. Because of 

the trend towards greater basicity in the sequence As <Sb< Bi and the trend towards 

greater acidity in the sequence M'"!< MY, coupled with the difficulty of isolating some of 
the oxides from their “hydrated” forms, it is not convenient to have separate sections on 

oxides, hydrous oxides, hydroxides, acids, oxoacid salts, polyacid salts, and mixed oxides. 

Accordingly, all these types of compound will be considered in the present section: M'"! 
compounds will be discussed first then intermediate M"'/MY systems, and, finally, MY 
Oxo- compounds. 

Oxo compounds of M™" 

As,O, (diarsenic trioxide) is the most important compound of As (Panel, p. 639). It is 

made (a) by burning As in air, (b) by hydrolysis of AsCl;, or (c) industrially, by roasting 

sulfide ores such as arsenopyrite, FeAsS. Sb,O, and Bi,O, are made similarly. All 3 oxides 
exist in several modifications as shown in the subjoined scheme.) In the vapour phase 

As,O, exists as As,O, molecules isostructural with P,O, (p. 579), and this unit also 

occurs in the cubic crystalline form. Above 800° gaseous As,O, partially dissociates to an 

equilibrium mixture containing both As,O, and As,O, molecules. The less-volatile 

monoclinic form of As,O, has a sheet-like structure of pyramidal {AsO} groups sharing 
common O atoms. This transformation from molecular As,O, units to polymeric As,O, 

is accompanied by an 8.7% increase in density from 3.89 to 4.23 g cm °. A similar change 
from cubic, molecular Sb,O, to polymeric Sb,O; results in an 11.3% density increase 
from 5.20 to 5.79 g cm ?. 
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cubic, arsenolit monoclinic, claudetite 

as 

ey 

Sb,03 orthorhombic 
valentinite : 

” precipitated oxide 
(mixture of both forms) 

“ pi sence 

Polymorphs of M,O,; (M=As, Sb, Bi). 

The structural relationships in Bi,O, are more complex. At room temperature the 

stable form is monoclinic «-Bi,03 which has a polymeric layer structure featuring 

distorted, 5-coordinate Bi in pseudo-octahedral {:BiO,;} units. Above 717°C this 
transforms to the cubic 6-form which has a defect fluorite structure (CaF, p. 129) with 
randomly distributed oxygen vacancies, i.e. [Bi,0,()]. The B-form and several oxygen- 

rich forms (in which some of the vacant sites are filled by O?~ with concomitant oxidation 

of some Bi!" to Bi’) are related to the 6-Bi,O, structure. There are also numerous double 
oxides pMO,,.qBi,O;, e.g. Bi, ,GeO 49 (i.e. GeO ,.6Bi,O;), and other mixed oxides can be 

made by fusing Bi,O, with oxides of Ca, Sr, Ba, Cd, or Pb; these latter have (BiO),, layers 
as in the oxide halides, interleaved with M" cations. 
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The oxides M,O, are convenient starting points for the synthesis of many other 

compounds of As, Sb, and Bi. Some reactions of As,O, are shown in the scheme; Sb,0,; 

reacts similarly, but Bi,O; is more basic, being insoluble in aqueous alkali but dissolving 

in acids to give Bi! salts. 

Some reactions of As,O3. 

The solubility of As,O, in water, and the species present in solution, depend markedly 

on pH. In pure water at 25°C the solubility is 2.16 g per 100 g; this diminishes in dilute 

HCl to a minimum of 1.56 g per 100 g at about 3 M HCl and then increases, presumably 

due to the formation of chloro-complexes. In neutral or acid solutions the main species 

is probably pyramidal As(OH);, “arsenious acid”, though this compound has never 

been isolated either from solution or otherwise (cf. carbonic acid, p. 329). The solubility is © 
much greater in basic solutions and spectroscopic evidence points to the presence of such 

anions as [AsO(OH),] , [AsO,(OH)]?~, and [AsO,]*~, corresponding to successive 
deprotonation of H;AsO3. The first stage dissociation constant at 25° is 

K,=[AsO(OH), ] [H*]/[H;AsO;]~6 x 10° 1°, pK, 9.2; ortho-arsenious acid is there- 

fore a very weak acid (as expected from Pauling’s rules, p. 54) and is comparable in 

strength to boric acid (p. 230). Dissociation as a base is even weaker: 
K,=[As(OH),* ][OH~ ]/[As(OH)3]~ 10° **. There now seems to be less evidence for 
other species that were formerly considered to be present in solution, e.g. the monomeric 

meta-acid HAsO,, ie. [AsO(OH)] (by loss of 1 H,O) and the hexahydroxoacid 

H,[As(OH),] or its hydrate. 

Arsenites of the alkali metals are very soluble in water, those of the alkaline earth metals 

less so, and those of the heavy metals are virtually insoluble. Many of the salts are obtained 

as meta-arsenites, e.g. NaAsO,, which comprises polymeric chain anions formed by 
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corner linkage of pyramidal {AsO} groups and held together by Na ions: 
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The sparingly soluble yellow Ag AsO, is an example of an orthoarsenite. Copper(II) 

arsenites were formerly used as fine green pigments, e.g. Paris green, which is an acetate 

arsenite [Cu,(MeCO,)(AsO;)], and Scheele’s green, which approximates to the 

hydrogen arsenite CuHAsO, or the dehydrated composition Cu,As,Os. 

Antimonious acid H,SbO,; and its salts are less well characterized but a few meta- 
antimonites and polyantimonites are known, e.g. NaSbO,, NaSb,0,.H,O, and 

Na,Sb,0,. The oxide itself finds extensive use as a flame retardant in fabrics, paper, 

paints, plastics, epoxy resins, adhesives, and rubbers. The scale of industrial use can be 

gauged from the US statistics which indicate an annual consumption of Sb,O, of some 

10 000 tonnes in that country. 
The corresponding Bi compound Bi(OH), is definitely basic rather than acidic. It 

dissolves readily in acid giving solution of Bi" ions but an increase in pH causes 
precipitation of oxo-salts. Before precipitation, however, polymeric oxocations can be 
detected in solution of which the best characterized is [Bi,(OH),,]°* in perchlorate 

solution. The species (Fig. 13.18) resembles [Ta,Cl,,]? * and has 6 Bi at the corners of an 

octahedron with bridging OH groups above each of the 12 edges. The shortest Bi-O 

Fic. 13.18 The structure of the oxocation [Bi,(OH),,]°* obtained by hydrolysis of aqueous 
perchlorate solution. 
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distance is 233 pm and the (nonbonding) Bi---Bi distance is 370 pm (307 and 353 in Bi 

metal). This contrasts with the bicapped tetrahedral distribution of metal atoms in 

[Pb,O(OH),]** (p.458) where there is an O atom at the centre of the central tetrahedron 

and OH groups above the faces of the capping tetrahedra. 

Mixed-valence oxides 

The intermediate diamagnetic oxide «-Sb,O, (i.e. Sb'"SbYO,) has long been known as 
the massive, fine-grained, yellow, orthorhombic mineral cervantite and more recently a 

monoclinic B-form has been recognized. a-Sb,O, can also be obtained by heating Sb,O; 
in dry air at 460-540°C, and further heating in air or oxygen at 1130° produces B-Sb,O,. 
Both forms have similar structures with equal numbers of Sb and Sb’. «-Sb,O, is 
isostructural with SoONbO, and SbTaO, and consists of corrugated sheets of slightly 

distorted {SbYO,} octahedra sharing all their vertices (as in the plane layer in K,NiF,); 

the Sb!" lie between the layers in positions of irregular pyramidal fourfold coordination, 

all four O atoms lying on the same side of the Sb". Further oxidation to anhydrous Sb,0; 
has not been achieved (see below). For oxygen-rich Bi,O3,, see p. 669. 

Oxo compounds of MY 

Arsenic(V) oxide, As,Os, is one of the oldest-known oxides, but structural analysis has 

been thwarted until very recently because of poor thermal stability, ease of hydrolysis, and 

the difficulty of growing a single crystal. It is now known to consist of equal numbers of 

{AsO,} octahedra and {AsO,} tetrahedra completely linked by corner sharing to give 

cross-linked strands which define tubular cavities (cf. the corner sharing in ReO, 

octahedra, p. 1219, and SiO, tetrahedra, p. 394).°?) The structure accounts for the 
reluctance of the compound to crystallize and also for the observation that only half the As 

atoms can be replaced by Sb (6-coordinate) and P (4-coordinate) respectively. As,O,; can 
be prepared either by heating As (or As,O;) with O, under pressure or by dehydrating 

crystalline H,AsO, at about 200°C. It is deliquescent, exceedingly soluble in water (230 g 

per 100 g H,O at 20°), thermally unstable (loosing O, near the mp, ca. 300°C), and a 

strong oxidizing agent (liberating Cl, from HC)). 

Arsenic acid, H,AsO,, can be obtained in aqueous solution by oxidizing As,O, with — 

concentrated HNO; or by dissolving As,O, in water. Crystallization below 30° yields 

2H3AsO,.H,O (cf. phosphoric acid hemihydrate, p. 597), whereas crystallization at 

100°C or above results in loss of water and the formation of As,O,.3H,O, ie. ribbon-like 

polymeric (H;As,O,,),, All these materials are strongly H-bonded. Arsenic acid, like 

HPO, (p. 598), is tribasic with pK, 2.2, pK 6.9, pK, 11.5 at 25°. M'H,AsO, (M=K, 

Rb, Cs, NH,) are ferroelectric (p. 60). The corresponding sodium salt readily dehydrates 

to give meta-arsenate NaAsYO,: 

NaH,AsO,—> NaAsO,+H,O 

NaAsO; has an infinite polymeric chain anion similar to that in diopside (pp. 403, 616) 

but with a trimeric repeat unit; LiAsO, is similar but with a dimeric repeat unit whereas f- 

32M. JANSEN, The crystal structure of As,O., Angew. Chem., Int. Edn. (Engl.) 16, 214 (1977). 
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_ KAsO, appears to have a cyclic trimeric anion As,O,°~ which resembles the cyclo- 

_trimetaphosphates (p.617). There is thus a certain structural similarity between arsenates 

and phosphates, though arsenic acid and the arsenates show less tendency to catenation 

(p.608). The tetrahedral {AsYO,} group also resembles {PO,} in forming the central unit 

in several heteropolyacid anions (p. 1184). 

One striking difference between arsenates and phosphates is the appreciable oxidizing 

tendency of the former. This is clear from the oxidation state diagram for the Group V 

elements shown in Fig. 13.19, which summarizes a great deal of relevant information (p. 

498). Antimony is seen to resemble arsenic quite closely but BiY—Bi™ is a much more 
strongly oxidizing couple and, indeed (as is clear from Fig. 13.19), it is able to oxidize water 

to oxygen. It is also clear that the +3 oxidation states of As, Sb, and Bi do not 

disproportionate in solution. Nor do the elements themselves, so there are no reactions 

comparable to that of P, with alkali to give phosphine and hypophosphite (p. 589). Redox 

Volt equivalent/V 
—AG/kJ mol"! 

Oxidation state 

Fic. 13.19 Oxidation state diagram for As, Sb, and Bi in acid and alkaline solutions, together 
with selected data on N and P for comparison. 

CTE-W* 
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reactions have proved a useful volumetric method of analysis for both As and Sb. For 

example As"! is quantitatively oxidized in aqueous solution by I, or by potassium 

bromate, iodate, or permanganate. Such reactions can be formally represented as follows: 

As!!! |, ——_>As" 4 21, etc. 

Thus, in an acid buffer such as borax—boric acid or Na, HPO,—-NaH,PO, (p. 599): 

1As,O,(aq)+I, +H,0 ———> }As,O,(aq) + 2H* (aq) + 217 

Such reactions are not available for Bil but this can readily be determined by 
complexometric titration using ethylenediaminetetraacetic acid or similar complexones: 

Bi + H,EDTA ———> [Bi(EDTA)]~ +4H* 

Antimony(V) oxide has been obtained as a poorly characterized pale-yellow powder of 

ill-defined stoichiometry by hydrolysing SbCl; with aqueous ammonia solution and 

dehydrating the product at 275°. Antimonates generally feature pseudooctahedral 

{SbO,} units but polymerization by corner, edge, or face sharing is rife. Some compounds 

which have been structurally characterized are NaSb(OH),, LiSbO,; (edge-shared), 

Li,SbO, (NaCl superstructure with isolated lozenges of {Sb,O,,}'?~), NaSbO, 
(ilmenite, p. 1122), MgSb,O, (trirutile, p. 1120), AlISbO, (rutile, 2MO, with random 

occupancy), and Zn7Sb,O, » (defect spinel, i.e. 3AB,Ox,, p. 279). 

Bismuth(V) oxide and bismuthates are even less well established. Strong oxidizing 

agents give brown or black precipitates with alkaline solutions of Bi! which may be an 
impure higher oxide, and NaBiYO, can be made by heating Na,O and Bi,O, in O,. Such 

bismuthates of alkali and alkaline earth metals, though often poorly characterized, can be 

used as strong oxidizing agents in acid solution. Thus Mn in steel can be quantitatively 

determined by oxidizing it directly to permanganate and estimating the concentration 
colorometrically. 

13.3.5 Sulfides and related compounds 

Despite the venerable history of the yellow mineral orpiment, As,S3, and the orange-red __ 

mineral realgar, As,S, (p. 637), it is only during the last decade that the structural 

interrelation of the numerous arsenic sulfides has emerged. As,S, has a layer-structure 

analogous to As,O, (p. 668) with each As bonded pyramidally to 3 S atoms at 224 pm and 

angle S-As-S 99°. It can be made by heating As,O, with S or by passing H,S into an 
acidified solution of the oxide. It sublimes readily, even below its mp of 320°, and the 
vapour has been shown by electron diffraction studies to comprise As,S, molecules 
isostructural with P,O, (p. 579). The structure can be thought of as being derived from the 

As, tetrahedron by placing a bridging S atom above each edge thereby extending the 
As---As distance to a nonbonding value of ~ 290 pm. If instead of 6 As—-S—As bridges there 
are 3, 4, or 5, then, as illustrated in Fig. 13.20, the compounds As,4S3, As,S, (2 isomers) and 
As,S5 are obtained. The molecule As,S, is seen to be isostructural with P,S, and P,Se, 
(p. 581); it occurs in both the a- and the B-form of the orange-yellow mineral dimorphite 
(literally “two forms”, discovered by A. Scacchi in volcanic fumaroles in Italy in 1849), the 
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Fic. 13.20 Molecular structure of some sulfides of arsenic, stressing the relationship to the As, 
tetrahedron (point group symmetry in parentheses). 

two forms differing only in the arrangement of the molecular units.°*) The compound can 
be synthesized by heating As and S in the required proportions and purifying the product 

by sublimation, the B-form being the stable modification at room temperature and the a- 
form above 130°. The same molecular form occurs in the recently synthesized isoelectronic 

cationic clusters As,S,* (yellow) and As,Se,* (orange)°” and in the isoelectronic 
clusters P,>~, As,>, and Sb,* (p. 686). 

33H. J. WHITFIELD, The crystal structure of tetra-arsenic trisulfide, J. Chem. Soc. (A) 1970, 1800-3; Crystal 
structure of the f-form of tetra-arsenic trisulfide, ibid. 1973, 1737-8. 

332 BH. CuRIsTIAN, R. J. GILLESPIE, and J. F. Sawyer, Preparation, X-ray crystal structures, and vibrational 
spectra of some salts of the As,S,* and As,Se,* cations, Inorg. Chem. 20, 3410-20 (1981). 
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With As,S, there are two possible geometrical isomers of the molecule depending on 

whether the 2 As—As bonds are skew or adjacent, as shown in Fig. 13.20. Realgar (mp 307°) 

adopts the more symmetric D,, forms with skew As—As bonds and, depending on how the 
molecules pack in the crystal, either «- or B-As,S, results.°” In addition to the tetrahedral 

disposition of the 4 As atoms, note that the 4 S atoms are almost coplanar; this is precisely 
the inverse of the D,, structure adopted by N,S, (p. 856) in which the 4 S atoms form a 

tetrahedron and the 4 N atoms a coplanar square. It is also instructive to compare As,S4 

with S, (p. 772): each S atom has 2 unpaired electrons available for bonding whereas each 

As atom has 3; As,S, thus has 4 extra valency electrons for bonding and these form the 2 

transannular As—As bonds. The structure of the second molecular isomer As,S,(II) was 

recently elucidated°) and parallels the analogous geometrical isomerism of PS, (p. 582). 

It was obtained as yellow-orange platy crystals by heating equi-atomic amounts of the 

elements to 500-600°, then rapidly cooling the melt to room temperature and 

recrystallizing from CS,. 

Orange needle-like crystals of As,S, occasionally form as a minor product when As,S, 

is made by heating As,S, with a solution of sulfur in CS,. Its structure®® (Fig. 13.20) 
differs from that of P,S, and P,Se, (p. 582) in having only 1 As—As bond and no exocyclic 

chalcogen As=S;; this is a further illustration of the reluctance of As to oxidize beyond 

As". The compound can also be made by heterolytic cleavage of the As,S,?~ anion. This 
anion, which is itself made by base cleavage of one of the As—As bonds in realgar, probably 

has the structure shown in Fig. 13.20 and this would certainly explain the observed 

sequence of reactions :°” 
piperidine (or hexa- 
methylenetetramine) rubato gues aman 
in MeNHCH,CH,0H 

As4Sq [pipH *],[As,S,]?~ —"*— 2pipHX + H,S+As,S, 

The structure of As¥S, is unknown. It is said to be formed as a yellow solid by passing a 

rapid stream of H,S gas into an ice-cold solution of an arsenate in conc HCI; slower 

passage of H,S at room temperature results in reduction of arsenate to arsenite and 

consequent precipitation of As,S3. It decomposes in air above 95° to give As,S, and 
sulfur. 

Reactions of the various sulfides of arsenic call for little further comment. As,S, burns 

when heated in air to give As,O, and SO,. Chlorine converts it to AsCl, and S,C1,. It is 

** E. J. Porter and G. M. SHELDRICK, The crystal structure of a new crystalline modification of As,S,, JCS 
Dalton 1972, 1347-9. 

°° A. KUTOGLU, Preparation and crystal structure of a new isomeric form of As,S,, Z. anorg. Chem. 419, 
176-84 (1976). 

°° H. J. WHITFIELD, Crystal and molecular structure of tetra-arsenic pentasulfide, JCS Dalton 1973, 1740-2. 
°7'W. LauER, M. BECKE-GOEHRING, and K. SomMER, Studies on realgar. Part II, Z. anorg. Chem. 371, 

193-200 (1969). 
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insoluble in water but dissolved readily in aqueous alkali or alkali—metal sulfide solutions 

to give thioarsenites: 
aq 

As,S3;+Na,S 2NaAs"S, 

Reacidification reprecipitates As,S, quantitatively. With alkali metal or ammonium 
polysulfides thioarsenates are formed which are virtually insoluble even in hot conc HCI: 

aq (NH4))S,, 

As,S3 (NH,)3As‘S, 

When As,S; is treated with boiling sodium carbonate solution it is converted to As,S,; 

this latter compound can also be made by fusing As,O, with sulfur or (industrially) by 

heating iron pyrites with arsenical pyrites. As,S, is scarcely attacked by water, inflames in 

Cl,, and is used in pyrotechny as it violently enflames when heated with KNO;. Above 

about 550° As,S, begins to dissociate reversibly and at 1000° the molecular weight 

corresponds to As,S, (of unknown structure). 

Three selenides of arsenic are known: As,Se3, As,Se3, and As,Se,; each can be made by 

direct heating of the elements in appropriate proportions at about 500° followed by 

annealing at temperatures between 220-280°. As,Se; is a stable, brown, semiconducting 

glass which crystallizes when annealed at 280°; it melts at 380° and is isomorphous with 

As,S3. «-As,Se3 forms fine, dark-red crystals isostructural with w-As,S3(C;,) and the 

lighter-coloured £-form almost certainly contains the same molecular units.°® Similarly, 

As,Se, is isostructural with realgar, «-As,S,, and the directly linked As—As distances are 

very similar in the 2 molecules (257 and 259 pm respectively); other dimensions are 
As-Se(av) 239 pm, angle Se-As-—Se 95°, angle As—Se—As 97°, and angle As—As-—Se 102° (cf. 

Fig. 13.20). The cationic cluster As,Se,* was mentioned on p. 675, and the heterocyclic 

anion As,Se,?_ has very recently been isolated as its orange [Na(crypt)]* salt:°’® the 
anion comprises a 6-membered heterocycle {As,Se,} in the chain conformation and each 

As carries a further exocyclic Se atom to give overall C,, symmetry, i.e. 

Se 
Nas( L-Se,).As : 2/2 Nge 

The chalcogenides of Sb and Bi are also readily prepared by direct reaction of the 

elements at 500-900°. They have rather complex ribbon or layer—lattice structures and 

have been much studied because of their semiconductor properties. Both n-type and p- 

type materials can be obtained by appropriate doping (pp. 290, 383) and for the 

compounds M,X, the intrinsic band gap decreases in the sequence As>Sb> Bi for a 

given chalcogen, and in the sequence S>Se>Te for a given Group VB element. Some 

typical properties of these highly coloured compounds are in Table 13.10, but it should be 
mentioned that mp, density, and even colour are often dependent on crystalline form and 

purity. The large thermoelectric effect of the selenides and tellurides of Sb and Bi finds use 

378 CH. E. BELIN and M. M. CHARBONNEL, Heteroatomic polyanions of post transition elements. Synthesis 
and structure of a salt containing the diarsenichexaselenate(2—) anion, As,Se,?, Inorg. Chem. 21, 2504-6 

(1982). 
38 TJ. Bastow and H. J. WHITFIELD, Crystal data and nuclear quadrupole resonance spectra of tetra-arsenic 

triselenide, JCS Dalton 1977, 959-61. 

39 T. J. Basrow and H. J. WHITFIELD, Crystal structure of tetra-arsenic tetraselenide, JCS Dalton 1973, 

1739-40. 
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in solid-state refrigerators. Sb,S, occurs as the black, or steely grey mineral stibnite and 
is made industrially on a moderately large scale for use in the manufacture of safety 

matches, military ammunition, explosives, and pyrotechnic products, and in the 

production of ruby-coloured glass. It reacts vigorously when heated with oxidizing agents 

but is also useful as a pigment in plastics such as polythene or polyvinylchloride because of 

its flame-retarding properties. Golden and crimson antimony sulfides (which comprise 

mixtures of Sb,S,, Sb,S,, and Sb,OS,) are likewise used as flame-retarding pigments in 

plastics and rubbers. A poorly characterized higher sulfide, sometimes said to be Sb,S., 

can be obtained as a red solid by methods similar to those outlined for As,S. (p. 676). It is 

used in fireworks, as a pigment, and to vulcanize red rubber. 

Of the more complex chalcogenide derivatives ofthe Group VB elements a single 

example must suffice to indicate the great structural versatility of these elements, 

particularly in the +3 oxidation state where the nonbonding electron pair can play an 

important stereochemical role. Thus, the compound of unusual stoichiometry 

Ba,Sb4'Se,, was found to contain within 1 unit cell: one trans-[Sb,Se,]*~ (1), two cis- 
[Sb,Se,]?~ (2), two pyramidal [SbSe,]*~ (3), and two Se,?~ (4) ions together with the 
requisite 8 Ba?* cations.°? 

(1) trans-Sb,Se,q?7 (2) cis-Sb,Seq?~ 

(3) SbSe2> (4)'Sey~ 

13.3.6 Metal—metal bonds and clusters 

The limited tendency of N and P to catenate into homonuclear chains and rings has 
already been noted. The ability to form long chains is even less with As, Sb, and Bi, though 
numerous compounds containing one M—-M bond are known. The Group V elements 

°°8 G. CorpieR, R. Cook, and H. SCHAFER, Novel Selenoantimonate(III) anions in Ba,Sb,Se,,, Angew. 
Chem., Int. Edn. (Engl.) 19, 324-5 (1980). 
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TABLE 13.10 Some properties of Group VB chalcogenides M,X ; 

Property As,S3 SbS5 Bi,S, Asse, Sb>Se," Bi,Se; Bi,Te; 

Colour Yellow Black Brown-! Brown Grey Black — Grey Grey 
black 

MP/-C 320 546 850 380 612 706 360 620 580 
Density/ 3.49 4.61 6.78 4.80 5.81 7.50 6.25 6.50 7.74 
gcm > 

E,/eV® oa 

© 1 eV per atom=96.485 kJ mol” ’. 

therefore differ from C and the other Group IV elements, on the one hand (p. 436), and 

S and the Group VI elements, on the other (p. 887). However, As (like P) forms a well- 

defined set of triangulo-M , and tetrahedro-M, compounds, whilst Bi in particular has a 
propensity to form cluster cations Bi,,"* reminiscent of Sn and Pb clusters (p. 457) and 

closo-borane anions (p. 172). Before discussing these various classes of compound it is 

convenient to recall that a particular grouping of atoms may well have strong interatomic 

bonds yet still be unstable because of disproportionation into even more stable groupings. 

A pertinent example concerns the bond dissociation energies of the diatomic molecules of 

the Group V elements themselves in the gas phase. Thus, the ground state electronic 

configuration of the atoms (ns”np?) allows the possibility of triple bonding between pairs 

of atoms M, (g), and it is notable that the bond dissociation energy of each of the Group V 

diatomic molecules is much greater than for those of neighbouring molecules in the same 

period (Fig. 13.21). Despite this, only N, is stable in the condensed phase because of the 

even greater stability of M, or M,,..,, for the heavier congeners (p.643). A notable advance 

has, however, recently been signalled in the isolation and X-ray structural characteriz- 

ation of Sb homologues of N, and azobenzene as complex ligands: the red compounds 

[(usn?-Sb=Sb){W(CO)s;}3] and [(n*,y’,(u,n7)-(PhSb=SbPh){W(CO);}3] are both 
stable at room temperature, even on exposure to air.°°») 

Diarsane, As,H,, is obtained in small yield as a byproduct of the formation of AsH , 

when an alkaline solution of arsenite is reduced by BH,” upon acidification: 

2H,AsO,” + BH, +3H*—> As,H, + BOH),+H,0+H, 

Diarsane is a thermally unstable liquid with an extrapolated bp ~ 100°; it readily 

decomposes at room temperature to a mixture of AsH, and a polymeric hydride of 

approximate composition (As,H),. Sb,H, (SbCl; + NaBH,/dil HC1) is even less stable. 

Both compounds can also be prepared by passing a silent electric discharge through MH , 

gas in an ozonizer at low temperature. Mass spectrometric measurements give the 

thermochemical bond energy E39, (M—M) as 128 kJ mol * for Sb,H, and 167 kJ mol“! 

for As,H,, compared with 183 kJ mol” ' for P,H,4. Of the halides, As,I, is known (p. 658) 

but no corresponding compounds of Sb or Bi have yet been isolated (cf. P,X4, p. 571). 

Organometallic derivatives M,R, are rather more stable than the hydrides and, indeed, 

dicacodyl, Me,AsAsMe,, was one of the very first organometallic compounds to be made 

39> G Huttner, U. WEBER, B. SIGWARTH, and O. SCHEIDSTEGER, Antimony homologues of dinitrogen and 
azobenzene as complex ligands: preparation and _ structure of [Sb=Sb{W(CO),},3] and 
[PhSb=SbPh{W(CO),},], Angew. Chem., Int. Edn. (Engl.) 21, 215-6 (1982). 
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Fic. 13.21 Bond dissociation energies for gaseous, homonuclear diatomic molecules (data from 
J. A. Kerr and A. F. Trotman-Dickenson, Strengths of Chemical Bonds, pp. F.220—F.229, 
Handbook of Chemistry and Physics, 60th edn., 1979-80, CRC Press, Boca Raton, Florida). (Note 

that in this compilation the published value for Pb, already in kJ mol’, has incorrectly been 
multiplied by 4.184.) 

(L. C. Cadet, 1760; R. Bunsen, 1837): it has mp — 1°, bp 78°, is extremely poisonous, and 

has a revolting smell, as indicated by its name (Greek kaxmodia, cacodia, stink). It is now 

readily made by the reaction 

2Me,AsI + 2Li —™ > As,Me, + 2Lil 

Other preparative routes to As,R, include reaction of R,AsH with either R,AsX or 

R,AsSNH,, and the reaction of R,AsCl with MAsR, (M = Li, Na, K). In addition to alkyl 

derivatives numerous other compounds are known, e.g. As,Ph, mp 127°. As,(CF3),4 
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bp 106° has the trans (C,,) structure whereas As,Me, has a temperature-dependent 

mixture of trans and gauche isomers (p. 491). Corresponding Sb compounds are of more 

recent lineage, the first to be made (1931) being the yellow crystalline Sb,Ph, mp 122°. 

Other derivatives have R = Me, Bu', CF;, cyclohexyl, p-tolyl, cyclopentadieny], etc. Little is 

known of organodibismuthanes Bi,R, despite sporadic attempts to prepare them. 
More extensive catenation occurs in the cyclo-polyarsanes (RAs), which can readily be 

prepared from organoarsenic dihalides or from arsonic acids as follows: 

Na/Et,O 
6PhAsCl, ——~-> (PhAs), + 12NaCl 

Hg (fast) Hg (slow) 
———> 6PhAsI, ———> 3PhIAsAsIPh (PhAs), 

HPO, 
nPhAsO(OH), ——>(PhAs), n=5,6 

In addition to the 6-membered ring in (PhAs),, 5-membered rings have been obtained 

with R = Me, Et, Pr, Ph, CF3, SiH3, GeH3, and 4-membered rings occur with R =CF;, Ph. 

A 3-membered As, ring has recently been made and is the first all-cis organocyclotriarsane 
(40) to be characterized. 

The factors influencing ring size and conformation have not yet become clear. Thus, the 

yellow (MeAs), has a puckered As, ring with As—As 243 pm and angle As—As—As 102°; 

there is also a more stable red form. (PhAs), has a puckered As, (chair form) with As—As 

246 pm and angle As—As-—As 91°. 

In view of the excellent donor properties of tertiary arsines, it is of interest to inquire 

whether these cyclo-polyarsanes can also act as ligands. In this connection it has recently 

been shown that (MeAs), can displace CO from metal carbonyls to form complexes in 

which it behaves as a uni-, bi-, or tridentate ligand. For example, direct reaction of 

(MeAs); with M(CO), in benzene at 170° (M=Cr, Mo, W) yielded red crystalline 

compounds [M(CO);3(n?-As,;Me;)] for which the structure in Fig. 13.22a has been 

proposed,‘*!) whereas reaction at room temperature with the ethanol derivative 
[M(CO),(EtOH)] gave the yellow dinuclear product [{M(CO),},-u-(y'n'-As,Me,)] for 
which a possible structure is given in Fig. 13.22b. Reaction can also lead to ring 

degradation; e.g. reaction with Fe(CO), cleaves the ring to give dark-orange crystals of 

the catena-tetraarsane [{Fe(CO)3},(As,Me,)] whose structure (Fig. 13.23a) has been 

40 J, ELLERMANN and H. ScHOssner, Synthesis of an all-cis-organocyclotriarsane derivative, Angew. Chem., 
Int. Edn. (Engl.) 13, 601-2 (1974). 

41 PS. E_mes and B. O. West, The coordinating properties of pentamethylcyclopenta-arsine, Coord. Chem. 

Rev. 3, 279-91 (1968). 
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Fic. 13.22 Proposed structures for (a) the tridentate cyclo-polyarsine complex 
[Cr(CO),(As,;Me.)], and (b) the bismonodentate binuclear complex [{Cr(CO)s;},(As;Mes)]. 

Fic. 13.23 Crystal structures of (a) [{Fe(CO)3}.{(AsMe),}], and (b) [Fe(CO),{(AsC,F'),}]. In 
(a) the distance between the 2 terminal As atoms is 189 pm, suggesting some “residual interaction” 

but no direet o bond. ; 

established by X-ray crystallography.” Even further degradation of the cyclo- 

polyarsane occurs when (C,F As), reacts with Fe(CO), in benzene at 120° to give yellow 
plates of [Fe(CO),{(AsC.F).}] mp 150° (Fig. 13.23b).¢* In other reactions homoatomic 
ring expansion or chain extension can occur. For example (AsMe), when heated with 

Cr(CO), in benzene at 150° gives crystals of [Cr;(CO),-y-{°-cyclo(AsMe),}], whereas 

(AsPr"); and Mo(CO), under similar conditions yield crystals of [Mo,(CO),-u-{n*- 
catena(AsPr"),}]. The molecular structures were determined by X-ray analysis and are 

shown in Fig. 13.24.¢°*) In the first, each Cr is 6-coordinate and the As, ring is hexahapto, 

42 B. M. GaTEHOuSsE, The crystal structure of [{Fe(CO),',(AsCH,),]; a compound with a noncyclic 
tetramethyltetra-arsine ligand, JCS Chem. Comm. 1969, 948-9. 

43 PS. E-mes, P. LevereT, and B. O. West, X-ray determination of the structure of [Fe(CO),(AsC,F.),], a 
complex containing ‘‘decafluoroarsenobenzene”, JCS Chem. Comm. 1971, 747-8. 

43a PS. E-mes, B. M. GATEHOUSE, D. J. LLoyp, and B. O. West, X-ray structures of [Cr,(CO),(AsMe),] and 
[Mo,(CO),(AsPr"),]: the stabilization of an As, ring and an As, chain by coordination, JCS Chem. Comm. 
1974, 953-4. 
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(b) Mo-As(1) 255 pm, Mo-As(4) 262 pm 
Mo-Mo 310 pm 
As-As 243 pm 

Fic. 13:24 Structures of (a) [Cr,(CO).-p{y°-cyclo(AsMe),}], and (b) [Mo,(CO),-u{n*- 
catena(AsPr"),}]. In both structures the alkyl group attached to each As atom has been omitted 

for clarity. 

(a) Cr-As 244 pm, As-As 244 pm 

donating 3 pairs of electrons to each Cr atom. In the second the As atom at each end of the 

As, chain bridges the 2 Mo atoms whereas the 2 central As atoms each bond to 1 Mo atom 

only and there is an Mo—Mo bond. 

Some of the compounds mentioned in the preceding paragraph can be thought of as 

heteronuclear cluster compounds and it is convenient to consider here other such 

heteronuclear cluster species before discussing compounds in which there are homonu- 

clear clusters of Group VB atoms. Compounds structurally related to the As, cluster 

include the complete series [As,_,,{Co(CO)3},,] n=0, 1, 2, 3, 4. It will be noted that the 
atom As and the group {Co(CO),} are “isoelectronic” in the sense that each requires 3 
additional electrons to achieve a stable 8- or 18-electron configuration respectively. 

Yellow crystals of [As,Co(CO),] are obtained by heating (MeAs); with Co,(CO), in 

hexane at 200° under a high pressure of CO.“ The red air-sensitive liquid 
[As,{Co(CO)3},] mp — 10° is obtained by the milder reaction of AsCl, with Co,(CO), in 

thf.'*°) Substitution of some carbonyls by tertiary phosphines is also possible under 
ultraviolet irradiation. Typical structural details are in Fig. 13.25. In the first compound 

the 7°-triangulo-As, group can be thought of as a 3-electron donor to the cobalt atom; in 

the second, the very short As—As bond suggests multiple bonding and the structure closely 
resembles that of the “isoelectronic” acetylene complex [{Co(CO);},PhC=CPh] (p. 

691). Phosphorus analogues are also known, e.g. the recently synthesized sand-coloured 

44 A §. Foust, M. F. Foster, and L. F. DAHL, Synthesis, structure, and bonding of new organometallic 
arsenic-metal atom clusters containing a metal-bridged multiply bonded As, ligand: [(Co,(CO),(As,)] and 
[Co,(CO).(PPh;)As,)], J. Am. Chem. Soc. 91, 5633-5 (1969); Preparation and structural characterization of the 
triarsenic-cobalt atom cluster system [As ;Co(CO),]. The first known X ,-transition metal analogue of Group V 
tetrahedral X, molecules, ibid. 5631-3. 

45 AS. Foust, C. F. CAMPANA, J. D. SINcLairR, and L. F. DAHL, Preparation and structural characterization 
of the mono- and bis-(triphenylphosphine)-substituted derivatives of [Co,(CO),(-As,)], Inorg. Chem. 18, 
3047-54 (1979). 
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Fic. 13.25 Structures of [As,Co(CO),] and [As,{Co(CO);}{Co(CO),(PPh;3)}]. 

or colourless complexes [M(n?-P3)L*], where M =Co, Rh, or Ir, and L* is the tripod-like 

tris(tertiary phosphine) ligand MeC(CH,PPh,)3.° Likewise the first example of an 7?- 
P, ligand symmetrically bonded to 2 metal atoms to give a tetrahedral {P,Co,} cluster 

was recently established by the X-ray structure determination of [(u-P,) 

{Co(CO)3}{Co(CO),(PPh3)}].*” If the y-P, (or u-As,) ligand is replaced by p-S, (or 
p-Se,), then isoelectronic and isostructural clusters can be obtained by replacing Co by Fe, 

as in [(u-S,){Fe(CO)3},] and [(u-Se,){Fe(CO)s}.] (p. 894). 
Even more intriguing are the “double sandwich” complexes which feature {y°-P' and 

{n>-As3} as symmetrically bridging 3-electron donors. Thus As, reacts smoothly with Co" 

or Ni" aquo ions and the triphosphane ligand L*=MeC(CH,PPh,), in thf/ethanol/ 

acetone mixtures to give the exceptionally air-stable dark-green paramagnetic cation 

[L*Co-y-(y?-As,)CoL*]** with the dimensions shown in Fig. 13.26.4®) The structure of 
the related P; complex [L*--(n?-P)NiL*]?* (prepared in the same way using white P,,) 

is closely similar?) with P—P distances of 216 pm (smaller than for P, itself, 221 pm). 
Indeed, a whole series of complexes has now been established with the same structure- 

Fic. 13.26 Structure of the cation [L*Co-p-(y>-As;)CoL*]?*. 

*© C. BIANCHINI, C. MEALLI, A. MELI, and L. SACCONI, Synthesis and crystal structure of two isomorphous Rh 
and Ir complexes with cyclo-triphosphorus and 1,1,1-tris(diphenylphosphinomethy])ethane, /norg. Chim. Acta 
37, L543-L544 (1979). 

47 C, F. CAMPANA, A. ViziI-Orosz, G. PALyi, L. MARKO, and L. F. DAHL, Structural characterization of 

[Co,(CO),(PPh;)(u-P,)]: a tricyclic complex containing a bridging P ligand, Jnorg. Chem. 18, 3054-9 (1979). 
*8 M. pi VAIRA, S. MIDOLLINI, L. SACCONI, and F. ZANOBINI, cyclo-Triarsenic as a ,y-ligand in transition- 

metal complexes, Angew. Chem., Int. Edn. (Engl.) 17, 676-7 (1978). 

“9M. pi VarRA, S. MIDOLLINI, and L. Saccont, cyclo-Triphosphorus and cyclo-triarsenic as ligands in 
“double-sandwich” complexes of cobalt and nickel, J. Am. Chem. Soc. 101, 1757-63 (1979). 
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TABLE 13.11 — Electronic configurations of the isostructural series of complexes containing bridging 
n°-P3 and °-As, ligands { L* is the tridentate tertiary phosphine MeC(CH,PPh,);} 

Electrons 
Valence Unpaired in highest 

(7°-P) complex Colour electrons electrons (e) orbital Colour (y3-As;) complex 

[Pe Cos (PS) Bright green 30 0 0 EL* ;Cos(Ass)}2* 
[e*,Co5(P;)]%7 31 1 1 Dark green [L*,Co,(As3)]?* 
pe Cos(Pay j 32 » 2 [L*,Co,(As3)]* 
(LE SCoNi(PS I Red-brown 32 2 D — 

[L*,Ni,(P3)]°* 33 1 3 [L*,Ni,(As3)]?* 
[L*,Ni,(P3)]* Dark 34 0 4 RLEASNig(Ass)] © 

Fic. 13.27. Structure of the cubane-like mixed metal-metal cluster complex [Sb,{Co(CO),},]. 

motif and differing only in the number of valency electrons in the cluster; some of these are 

summarized in Table 13.11.'49:°® The number of valence electrons in all these complexes 
falls in the range 30-34 as predicted by R. Hoffmann and his colleagues.) 

With Sb even larger clusters can be obtained. For example reaction of 

Co(OAc),.4H,O and SbCl, in pentane at 150° under a pressure of H,/CO gave black 
crystals of [Sb,{Co(CO),',] which was found to have a cubane like structure with Sb and 

Co at alternate vertices of a grossly distorted cube (Fig. 13.27).©?? 

5° F. FaBBrizzi and L. Saccont, Electrochemical behaviour of the triple-decker sandwich cobalt and nickel 
complexes with cyc/o-triphosphorus and cyclo-triarsenic, Inorg. Chim. Acta, 36, L407-L408 (1979). 

5! JW. Launer, M. ELIAN, R. H. SUMMERVILLE, and R. HOFFMANN, Triple-decker sandwiches, J. Am. Chem. 

Soc. 98, 3219-24 (1976). 
52 A. §. Foust and L. F. DAHL, Preparation, structure, and bonding of the tetrameric antimony-cobalt cluster 

system Co,(CO),,Sb,: the first known (main group element)-(metal carbonyl) cubane-type structure, J. Am. 
Chem. Soc. 92, 7337-41 (1970). 
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In addition to the heteronuclear clusters considered in the preceding paragraphs, As, 

Sb, and Bi also form homonuclear clusters. We have already seen that alkaline earth 

phosphides M!P,, contain the [P,]°*~ cluster isoelectronic and isostructural with P,S,, 
and the analogous clusters [As;]*~ and [Sb,]*~ have also recently been synthesized. 
Thus, when As was heated with metallic Ba at 800°C, black, lustrous prisms of Ba3As,4 

were obtained, isotypic with Ba,P,,; these contained the [As,]*~ anion with 

dimensions as shown in Fig, 13.28.°%) Again, when powdered NaSb or NaSb; were 

treated with crypt, [N(C,H,OC,H,OC,H,)3N] (p. 109) in dry ethylenediamine, a deep- 
brown solution was obtained from which brown needles of [Na(crypt)*]3[Sb7]*~ were 

isolated with a C,, anion like [As,]?>~ and Sb-Sb distances 286 pm (base), 270 pm (side), 

and 278 pm (cap).°* Isostructural, neutral molecular clusters can be obtained by re- 
placing the 3 S or 3 Se atoms in PS, or As,Se, by PR or AsR rather than by P” or As~ 

For example reaction of Na/K alloy with white P, and Me3SiCl in monoglyme gave P,R;, 

P,,R,, and P,,R,. Similarly, Cs,P,, and Rb3As, react with Me3SiCl in toluene to give 

good yields of the bright-yellow crystalline compounds P,,(SiMe3), and As,(SiMe;,)3. 

This latter compound is stable to air and moisture for several hours and has the structure 

shown in Fig. 13.27b.©°? 
In all the cluster compounds discussed above there are sufficient electrons to font 2- 

centre 2-electron bonds between each pair of adjacent atoms. Such is not the case, 

however, for the cationic bismuth species now to be discussed and these must be 

considered as “electron deficient”. The unparalleled ability of Bi/BCI, to form numerous 

low oxidation-state compounds in the presence of suitable complex anions has already 

been mentioned (p. 658) and the cationic species shown in Table 13.12 have been 

unequivocally identified. 

TABLE 13.12 Cationic bismuth clusters 

Formal oxidation Point group 
Cation state Cluster structure symmetry 

Bi* 1.00 — _ 
Bing 0.33 Triangle Dd; 
Bi,” 0.60 Trigonal bipyramid Dan 
Bi,?* 0.25 Square antiprism Die 
Bisce 0.56 Tricapped trigonal prism C3, (~D3,) 

The structure of the last 3 cluster cations are shown in Fig. 13.29. In discussing the 

structure and bonding of these clusters it will be noted that Bi* (6s76p7) can contribute 2 p 

electrons to the framework bonding just as {BH} contributes 2 electrons to the cluster 
bonding in boranes (p. 181). Hence, using the theory developed for the boranes, it can be 

seen that [B,H,]?~ is electronically equivalent to (Bi*),?~ i.e. [Bi,]"~?. This would 
account for the stoichiometries Bi,* and Bi,** but would also lead one to expect Big®* 

°° W. ScHMETTOW and H. G. vON SCHNERING, Ba,As,,, the first compound with the cluster anion As,>~ 
Angew. Chem., Int. Edn. (Engl.) 16, 857 (1977). 

°* J.D. Corsett, D. G. ADOLPHSON, D. J. MERRIMAN, P. A. Epwarps, and F. J. ARMATIS, Synthesis of stable 
homopolyatomic anions of Sb, Bi, Sn, and Pb. The crystal structure of a salt containing the heptaantimonide- 
(3—) anion, J. Am..Chem. Soc. 97, 6267-8 (1975). 

°° H. G. VON SCHNERING, D. FENSKE, W. HONLE, M. BINNEwIES, and K. Peters, Novel polycyclic phosphanes 
and arsanes: P,,(SiMe;), and As,(SiMe3),, Angew. Chem., Int. Edn. (Engl.) 18, 679 (1979). 

> 
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Fic. 13.28 (a) Structure of the anion As,°~, isoelectronic with As,Se; (p. 677). The sequence of 

As~As distances (base > cap > side) is typical for such cluster anions but this alters to the sequence 
base>side>cap for neutral species such as As,(SiMe3), shown in (b). 

and Bi,’* for the larger clusters. However, these charges are very large and it seems likely 
that the lowest-lying nonbonding orbital would also be occupied in (Bi*),?~. For 

(Bi* )g? this is an e, orbital which can accommodate 4 electrons, thereby reducing the 
charge from Bi,®* to Big?* as observed. In (Bi*))*~ the lowest nonbonding orbital is a4 
which can accommodate 2 electrons, thus reducing the charge from Bi,’* to Bi,°* as 
observed.©° It will also be noted that Bi,** is isoelectronic with Sn,?~ and Pb,?~ 

5° J.D. Corsett, Homopolyatomic ions of the post-transition elements—Synthesis, structure, and bonding, 

Prog. Inorg. Chem. 21, 129-58 (1976). 
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Dia Fic. 13.29 The structures of cationic clusters of Bi,,"*. The dimensions cited for Bi,°* were 
obtained from an X-ray study on [(Bi,° * )(Bi* )(HfCI,~ )]; the corresponding average distances 
for Big? * in BiCl, ,¢7 i.e. [(Big>* ),(BiCl,?~ ),(Bi,Cl,?~ )] are 310, 320, and 380 pm respectively. 
[The square antiprismatic structure proposed for Bi.** has now been established by an X-ray 
study of Bi,[AICI,],;°°” The Bi-Bi distances are 309 pm (square ends) and 311 pm (sides). ] 

(p. 457); these penta-atomic species all have 12 valence electrons (not counting the “inert” 

s? electrons on each atom), i.e. n+ 1 pairs (n= 5) hence a closo-structure would be expected 

by Wade’s rules (p. 185). 

The Bi,** ion was discovered in 1963 as a result of work by A. Herschaft and J. D. 

Corbett on the structure of the black subhalide “BiC!” (p. 658) and more recently was also 

found in Bi, gHfCl,,.7© The diamagnetic compound Bi,(AICl,),; was prepared by 
reaction of BiCl,/AICl, with the stoichiometric amount of Bi in fused NaAICl, (mp 
151°).©” With an excess of Bi under the same conditions Bi,(AICI,), was obtained. More 
recently it has been found that AsF,, and other pentafluorides oxidize Bi in liquid SO, first 

to Bi,?* and then to Bi,?7:©” 

10Bi + 9AsF; > > 2Bi,(AsF.,)3.2SO,,+ 3ASF; 
(bright yellow) 

Very recently an “electron-deficient” polyarsenide anion has been synthesized by 

reaction of KAs, with crypt in ethylenediamine: deep-red crystals of 

[K(crypt)*]3[As,,]°~ were obtained and X-ray diffractometry established the detailed 

structure of the As,,°>~ anion as shown in Fig. 13.30a.°8*) This is very similar to the 
structure of the P,,°~ anion in Na3P,,, and can be thought of as being derived from the 

17-vertex polyhedron in Fig. 13.30b by removal of the 6 vertices shown as open circles; the 

resulting As,,° ion has approximate D, symmetry with eight 3-coordinate As atoms 

forming a bicapped twisted triangular prism with a “waist” of three 2-coordinate bridging 

°°a B. Kress, M. Hucke, and C. J. BRENDEL, Structure of the octabismuth(2+) cluster in crystalline 
Bi,(AICI,),, Angew. Chem., Int. Edn. (Engl.) 21, 445-6 (1982). 

°7 J. D, CorBETT, Homopolyatomic ions of the heavy post-transition elements. The preparation, properties 
and bonding of Bi,(AIC1,); and Bi,(AICI,), Inorg. Chem. 7, 198-208 (1968). 

°° R. C. Burns, R. J. GILLesPig, and Woon-CHUNG Luk, Preparation, spectroscopic properties, and 
structure of the pentabismuth(3+) cation Bi;**, Inorg. Chem. 17, 3596-604 (1978). 

°84 C.H. E. BELIN, Polyarsenide anions. Synthesis and structure of a salt containing the undecaarsenide(3 — ) 
ion, J. Am. Chem. Soc. 102, 6036-40 (1980). 
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(a) As,>" (b) 

Fic. 13.30 (a) Structure of the anion As,,*~ ; note that the As—As distances involving the 3 2- 
coordinate As atoms are significantly shorter than those between pairs of 3-coordinate As atoms. 
(b) A 17-vertex polyhedron having the same (D,) symmetry as the anion As,,°~ (see text). 

atoms (Fig. 13.30a). In terms of Wade’s rules (p. 185) the cluster can be rationalized by 

assuming that each As has 1 lone-pair of electrons and thus contributes 3 electrons to the 

cluster which thus has 36 bonding electrons [(11 x 3)+3]; these 18 bonding pairs imply a 

17 vertex closo-polyhedron. 

13.3.7 Other inorganic compounds 

The ability to form stable oxoacid salts such as sulfates, nitrates, perchlorates, etc., 

increases in the order As <Sb < Bi. As" is insufficiently basic to enable oxoacid salts to be 
isolated though species such as [As(OH)(HSO,),] and [As(OH)(HSO,)]* have been 

postulated in anhydrous H,SO, solutions of As,O3. In oleum, species such as 

[As(HSO,)3], [{(HSO,),As},O], and [{(HSO,),As},SO,] may be present. By contrast, 
Sb,(SO,)3 can be isolated, as can the hydrates Bi,(SO,)3.nH,O and the double sulfate 

KBi(SO,),, though all are readily hydrolysed to basic salts. 

The pentahydrate Bi(NO,),.5H,O can be crystallized from solutions of Bi™ oxide or 
carbonate in conc HNO. Dilution causes the basic salt BiO(NO3) to precipitate. 

Attempts at thermal dehydration yield complex oxocations by reactions which have been 

formulated as follows: 

Bi(NO,);.5H,O °° 5 [Bi,O,],(NO3),;(OH).6H,O "8 

[Bi,<O,](NO;),.3H,O 

400-450" a-Bi,O; 

The [Bi,O,]°* ion is the dehydrated form of [Bi,(OH),,]°* (p. 671). Treatment of the 
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pentahydrate with N,O, yields an adduct which decomposes to oxide nitrates on heating: 

Bi(NO,);.N,O0, "> Bi,O(NO3), > Bi,O,(NO3), 

N,O, also yields a 1:1 adduct and this has been formulated as [NO,]*[Bi(NO3),]~. 

Bi reacts with NO, in dimethyl sulfoxide to give the solvate Bi(NO;)3.3Me,SO, whereas 

Sb gives the basic salt SoO(NO,).Me,SO. 
Bi(C1O,);.5H,O dissolves in water to give complex polymeric oxocations such as 

[Bi,(OH),.]°* (p. 671). 

13.3.8 Organometallic compounds: >: °: °°: >? °°. 8) 

All 3 elements form a wide range of organometallic compounds in both the +3 and the 

+5 state, those of As being generally more stable and those of Bi less stable than their Sb 

analogues. For example, the mean bond dissociation energies D(M—Me)/kJ mol~! are 

238 for AsMe3, 224 for SbMe, and 140 for BiMe;. For the corresponding MPh;, the 

values are 280, 267, and 200 kJ mol~! respectively, showing again that the M—C bond 
becomes progressively weaker in the sequence As >Sb> Bi. Comparison with organo- 

phosphorus compounds (p. 633) is also apposite. In most of the compounds the metals are 

3, 4, 5, or 6 coordinate though a few multiply-bonded compounds are known in which As 

has a coordination number of 2.0%?) 

Organoarsenic(III) compounds 

Some examples of 2-coordinate organoarsenic(III) compounds are: 

SAS Rees 
As” Ree hee 

Arsabenzene _1-Arsanaphthalene 9-Arsa-anthracene 

The first such compound to be prepared was the deep-yellow unstable compound 9- 

arsa-anthracene®”) but the thermally stable colourless arsabenzene (arsenin) can now 

conveniently be made by a general route from 1,4-pentadiyne:©* 

oe thf/ 
Co Cy“ Bussare AsCly fae PES 

VA \ | | | | Diaza- | 

C C Sn fe bicyclo- “a 
H H Bie i" undecene As 

°° G. E. Coates and K. Wabe, Antimony and bismuth, Chap. 5 in Organometallic Compounds, Vol. 1, The 
Main Group Elements, 3rd edn., pp. 510-44, Methuen, London, 1967. 

°° B. J. AYLETT, Arsenic, antimony, and bismuth in Organometallic Compounds, 4th edn., Vol. 1, The Main 
Group Elements, Part 2, Groups IV and V, pp. 387-521, Chapman & Hall, London, 1979. 

°° G. E. Coates, M. L. H. GREEN, P. PowELL, and K. Wape, Group VB elements, in Principles of 
Organometallic Chemistry, pp. 143-9, Methuen, London, 1968. 

°! F.G. Mann, The Heterocyclic Derivatives of P, As, Sb, and Bi, 2nd edn., Wiley, New York, 1970, 716 pp. 
°2 Pp. Juziand K. DEUCHERT, 9-Arsa-anthracene, Angew. Chem., Int. Edn. (Engl.) 8, 991 (1969). H. VERMEER 

and F. BICKELHAUPT, Dibenze[b,eJarsenin (9-arsa-anthracene), ibid. 992. 

C35 AW Jae ASHES Phosphabenzene and arsabenzene, J. Am. Chem. Soc. 93, 3293-5 (1971). 
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AsC.H, is somewhat air sensitive but is distillable and stable to hydrolysis by mild acid or 

base. Using the same route, PBr3; gave PCH, as a colourless volatile liquid (p.635), SbCl, 

gave SbC.;H, as an isolable though rather labile substance which rapidly polymerized at 

room temperature, and BiCl, gave the even less-stable BiC;H, which could only be 

detected spectroscopically by chemical trapping.©*°*) Arsanapththalene is an air- 
sensitive yellow oil.°°) No 1-coordinate organoarsenic compound RC=As (analogous 
to RCN and RCP, p. 633) has yet been isolated, though the compounds 

[(MeCAs)Co, (CO), ] and [(PhCAs)Co,(CO),] both have tetrahedral cluster structures 

like those in Fig. 13.24 and can be regarded as acetylene-type complexes analogous to 

[(RC=CR)Co,(CO),].°" (See also p. 646 for 1-coordinate As in the “isolated” 
tetrahedral anions SiAs,°~ and GeAs,°~.) 

Most organoarsenic(III) compounds are readily prepared by standard methods 

(p. 570) such as the treatment of AsCl, with Grignard reagents, organolithium reagents, 

organoaluminium compounds, or by sodium—alkyl halide (Wurtz) reactions. As,O, can 

also be used as starting material as indicated in the scheme. AsR, and AsAr, are widely 

used as ligands in coordination chemistry.©) Common examples are the 4 compounds 

AsMe;3_,Ph, (n=0, 1, 2, 3). Multidentate ligands have also been extensively studied 

particularly the chelating ligand “o-phenylenebis(dimethylarsine)” i.e. 1,2-bis(dimethyl- 

arseno)benzene which can be prepared from cacodylic acid (dimethylarsinic acid) 

Me,AsO(OH) (itself prepared as indicated in the general scheme): 

AsMe, 
Zn/HCl Na/thf 1,2-ClaCeH4 

Me,AsO(OH) ———*» Me,AsH ————> NaAsMe, rar 

AsMe, 

Arsine complexes are especially stable for b-class metals such as Rh, Pd, and Pt, and such 

complexes have found considerable industrial use in hydrogenation or hydroformylation 

of alkenes, oligomerization of isoprene, carbonylation of «-olefins, etc. 

Haloarsines R,AsX and dihaloarsines RAsX, are best prepared by reducing the 

corresponding arsinic acids R,AsO(OH) or arsonic acid RAsO(OH), with SO, in the 

presence of HCI or HBr and a trace of KI. The actual reducing agent is I~ and the resulting 

I, is in turn reduced by the SO,. Fluoro compounds are best prepared by metathesis of the 

chloro derivative with a metal fluoride, e.g. AgF. 

Hydrolysis of R,AsX yields arsinous acids R,AsOH or their anhydrides (R,As),O. An 

alternative route employs a Grignard reagent and As,O;3, eg. PhMgBr affords 
(Ph,As),O. Hydrolysis of RAsX, yields either arsonous acids RAs(OH), or their 

anhydrides (RAsO),. These latter are not arsenoso compounds RAs=O analogous to 

nitroso compounds (p. 478) but are polymeric. Indeed, all these As" compounds feature 
pyramidal 3-coordinate As as do the formally As' compounds (RAs), discussed on p. 681. 
Very recently a series of planar 3-coordinate arsenic(I) compounds have been prepared 

and these are discussed on p. 695. 

64 A.J. AsHE, The Group V heterobenzenes, Acc. Chem. Res. 11, 153-7 (1978). 
©5 A. J. AsHE, D. L. BELLVILLE, and H. S. FriepMAN, Synthesizing |-arsanaphthalene, JCS Chem. Comm. 

1979, 880-1. 
©© TD). SEYFERTH and J. S. MEROLA, Arsa-acetylenes, RC=As, as ligands in dicobalt hexacarbonyl complexes: 

novel main group element-transition metal hybrid cluster compounds, J. Am. Chem. Soc. 100, 6783-4 (1978). 
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Organoarsenic(V) compounds 

Among the compounds of As can be noted the complete series R;_,AsX,, (n=0-5) 

where R can be alkyl or aryl. Thus AsPh, (mp 150°) can be prepared by direct reaction of 

LiPh on either [AsPh, ]I, Ph,AsCl,, or Ph,As=O. Similarly, AsMe, has recently been 

prepared as a colourless, volatile, mobile liquid (mp —6°):°” 

Me;3AsCl, oa [AsMe,]Cl aS AsMe, 

The preparation is carried out in Me,O at —60° to avoid formation of the ylide 

Me3As=CH, (mp 35°) by elimination of CH,. AsMe, decomposes above 100° by one of 

two routes: 

eens C,H. ah AsMe3 

AsMe, 

Ne Wace CH, aie { Me; As=CH, } —— AsMe3 ata (CH3), 

It is stable in air and hydrolyses only slowly: 

ae [AsMe,]OH + CH, 

AsMe, 

HCl 
ei BHC oy [ AsMe, ] Cl + CH, 

The aryl analogues are rather more stable. 

Of the quaternary arsonium compounds, methyltriaryl derivatives are important as 

precursors of arsonium ylides, e.g. 

[Ph,AsMe]Br+ NaNH, —“™ > Ph,As=CH, + NaBr + NH, 
(mp 74°) 

Such ylides are unstable and react with carbonyl compounds to give both the Wittig 

product (p. 635) as well as AsPh, and an epoxide. However, this very reactivity is 

sometimes an advantage since As ylides often react with carbonyl compounds that are 

unresponsive to P ylides. Substituted quaternary arsonium compounds are also a useful 

source of heterocyclic organoarsanes, e.g. thermolysis of 4-(1,7-dibromohepty])trimethyl- 

arsonium bromide to 1-arsabicyclo[3.3.0]octane: 
+ NG Br(CH, )3 ——C — (CH, )3 Br Lk A 

| : Br ———» + 3MeBr 

AsMe3 As 

Arsonic acids RAsO(OH) are amongst the most important organoarsonium com- 

pounds. Alkyl arsonic acids are generally prepared by the Meyer reaction in which an 

alkaline solution of As,O, is heated with an alkyl halide: 

As(ONa),+RX —"—> NaX + RAsO(ONa), —“"“"” > RAsO(OH), 

67 kK -H. MITSCHKE and H. SCHMIDBAUR, Pentamethylarsenic, Chem. Ber. 106, 3645—S1 (1973). 
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Aryl.arsonic acids can be made from a diazonium salt by the Bart reaction: 

As(ONa)3, + ArN,X ——> NaX+N,+ArAsO(ONa), 

Similar reactions on alkyl or aryl arsonites yield the arsinic acids R,AsO(OH) and 

Ar,AsO(OH). Arsine oxides are made by alkaline hydrolysis of R3AsX, (or Ar,AsX,) or 

by oxidation of a tertiary arsine with KMnO,, H,O,, or I). 

Physiological activity of arsenicals 

In general As!" organic derivatives are more toxic than As” derivatives. The use of 
organoarsenicals in medicine dates from the discovery in 1905 by H. W. Thomas that 

“atoxyl” (first made by A. Béchamp in 1863) cured experimental trypanosomiasis (e.g. 

sleeping sickness). In 1907 P. Erlich and A. Bertheim showed that “atoxyl” was sodium 

hydrogen 4-aminophenylarsonate 

ONa 

and the field was systematically developed especially when some arsenicals proved 

effective against syphilis. Today such treatment is obsolete but arsenicals are still used 

against amoebic dysentery and are indispensable for treatment of the late neurological 

stages of African trypanosomiasis. 

Organoantimony and organobismuth compounds 

Organoantimony and organobismuth compounds are closely related to organoarsenic 

compounds but have not been so extensively investigated. Similar preparative routes are 
available and it will suffice to single out a few individual compounds for comment or 

comparison. MR, (and MAr;) are colourless, volatile liquids or solids having the expected 

pyramidal molecular structure. Some properties are in Table 13.13. As expected (p. 223) 

tertiary stibines are much weaker ligands than phosphines or arsines.©) Tertiary 

bismuthines are weaker still: among the very few coordination complexes that have been 

reported are [Ag(BiPh,)]ClO,, Ph,BiNbCl,, and Ph,BiM(CO), (M=Cr, Mo, W). 

An intriguing 3-coordinate organoantimony compound, which is the first example of 

trigonal-planar Sb’, has recently been characterized.°’? The stibinidene complex 

TABLE 13.13 Some physical properties of MMe, and MPh, 

Property AsMe,; SbMe,; BiMe, AsPh,; SbPh,  BiPh, 

MP/°C —87 —62 — 86 61 55 78 
BP/°C 50 80 109 a —- a 
Bond angle at M 96° = oie 102° w= 94° 
Mean M-C bond energy/kJ mol7! 229 215 143 267 244 177 

74 J. VON SEYERL and G. HuTTNER, PhSb[Mn(CO),(7°-C;H)],—the first compound containing a trigonal- 
planar coordinated antimony(I), Angew. Chem., Int. Edn. (Engl.) 17, 843-4 (1978). 
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Fic. 13.31 Planar structure of (a) [PhSb{Mn(CO),(y°-C,H;)}], and (b) [PhAs{Cr(CO),},]. 
Note the relatively short So-Mn and As—Cr bonds. 

[PhSb{Mn(CO),(n4°-C;H5)},] has been isolated as shiny golden metallic crystals (mp 
128°) from the crown-ether catalysed reaction: 

K/thf 

[(15-C.H.)(CO),MnSbPhI,] +[(n3-CsH,)Mn(CO),].thf ———> 
7 [18]crown—6 

[PhSb{Mn(CO),(43-CsH;)},]+2KI+-- 

The structure is shown in Fig. 13.31a: the interatomic angles and distances suggest that the 

bridging {PhSb!} group is stabilized by Sb—Mn z interactions. A similar route leads to 3- 

coordinate planar organoarsinidine complexes which can also be prepared by the 

following reaction sequence: 

cyclohexyl- 
NCl, 

[Cr(CO);(AsPhH,)] ——-—> [Cr(CO).(AsPhLi,)] ——2-> 
PhAsH, 

[Cr(CO)¢] 

yellow orange 

[{Cr(CO),},AsPh] dark violet (mp 104°) 

The chloro-derivative [CIAs{Mn(CO),(4°-C5H;)},] (shiny black crystals, mp 124°) can 
now be much more readily obtained by direct reaction of AsCl, with [Mn(CO),(n°- 

as Nell bod a) ty Sl 
Halostibines R,SbX and dihalostibines RSbX, (R =alkyl, aryl) can be prepared by 

standard methods. The former hydrolyse to the corresponding covalent molecular oxides 

(R,Sb),O, whereas RSbX, yield highly polymeric “stiboso” compounds (RSbO),. The 

stibonic acids, RSbO(OH),, and stibinic acids, R,SbO(OH), differ in structure from 

phosphonic and phosphinic acids (p. 591) or arsonic and arsinic acids (p. 691) in being 

high molecular weight materials of unknown structure. They are probably best considered 

as oxide hydroxides of organoantimony(V) cations. Indeed, throughout its organometal- 

lic chemistry Sb shows a propensity to increase its coordination number by dimerization 

or polymerization. Thus Ph,SbF consists of infinite chains of F-bridged pseudo trigonal- 

bipyramidal units as shown in Fig. 13.32.®) The compound could not be prepared by the 

676 J. VON SEYERL, U. MOERING, A. WAGNER, A. FRANK, and G. HutTner, Facile new synthesis of 
chloroarsinidene complexes, Angew Chem., Int. Edn. (Engl.) 17, 844-5 (1978). 

©8'S. P. Bone and D. B. SowersBy, Diphenylantimony(IIJ) fluoride: preparation and crystal structure, JCS 

Dalton 1979, 1430-3. 
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Fic. 13.32 Structure of Ph,SbF, showing polymeric chains of apex-shared pseudo trigonal 
bipyramidal units {Ph,FSb---F}. 

normal methods of fluorinating Ph,SbCl or phenylating SbF; but was recently made as a 

white, air-stable, crystalline solid mp 154° by the following sequence of steps: 

PhSiCl, — PhSiF, 1", [NH,],[PhSiF s] —~ > Ph, SbF 

Again, Me,SbCl, is monomeric with equatorial methyl groups (C,,,) in solution (CH,Cl,, 

CHCl,, or C,H.) but forms Cl-bridged dimers with trans methyl groups (D,,) in the 

solid: 

A similar Cl-bridged dimeric structure was established by X-ray analysis for Ph,SbCl,.7 
Pentaphenylantimony, SbPh, (mp 171°), has attracted much attention as the first 

known example of a 10-valence-electron molecule of a main group element that has a 

square pyramidal rather than a trigonal bipyramidal structure.}‘’!) It can conveniently be 

prepared from SbPh, by chlorination to give Ph3;SbCl, and then reaction with LiPh: 

H,0 
Ph SbCl, + 3LiPh_——> 2 iC + Li[SbPh,] LiOH + C,H, + SbPh; 

+ The anion InCl,?~ also has this arrangement (p. 268). 

°° N. BeRTAzzI, T. C. Giss, and N. N. Greenwoop, Antimony-121 Mossbauer spectra of some six- 

coordinate mono- and di-organoantimony(V) compounds, JCS Dalton 1976, 1153-7. K. DEHNICKE and 
H. G. NADLER, Structural isomerism of dimethylantimony trichloride, Chem. Ber. 109, 3034-8 (1976). 

7° J. BORDNER, G. O. Doak, and J. R. PETERS, Structure of the dimer of diphenylantimony trichloride, J. Am. 
Chem. Soc. 96, 6763-5 (1974). 

7! Pp. J. WHEATLEY, An X-ray diffraction determination of the crystal and molecular structure of 
pentaphenylantimony, J. Chem. Soc. 1964, 3718-23. 
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Fic. 13.33 Molecular geometry of SbPh, showing the distorted square-pyramidal structure. The 
Sb atom is 46 pm above the mean basal plane of the 4C (phenyl) atoms which themselves 

alternate above and below this plane by some 16 pm. 

The structure, shown in Fig. 13.33, is based on two-dimensional data and is somewhat 

imprecise, standard deviations on the Sb-C distances being 7 pm and on C-Sb-C angles 

3°. The molecule appears to deviate slightly from true square-pyramidal geometry but has 

at least a twofold axis of symmetry. Thus the phenyl groups are bonded to antimony via C 

atoms that deviate alternately above and below the mean basal plane by some 16 pm and 

there are two basal diagonal C-Sb-C angles (147° and 163°). There is no significant 

difference between the Sb-C,,;,, and mean Sb-C,,.,, distances though more precise 

data may reveal such a difference. The reason why SbPh, does not adopt the trigonal 

bipyramidal structure found for PPh, and AsPh, is not clear. It may be related in part to 

crystal-packing forces since SbPh,.4C;H,, has an almost undistorted trigonal bipyram- 

idal structure as does Sb(4-MeC,H,),.’?) However, vibrational spectroscopy suggests 
that SbPh, retains its square pyramidal configuration even in solution, and the same 

structure is apparently also adopted by the yellow cyclo-propyl derivative Sb(cyclo- 

C3H,);.’» The pentamethyl compound, SbMe,, is surprisingly stable in view of the 
difficulty of obtaining AsMe, and BiMe,; it melts at — 19°, boils at 127°, and does not 

inflame in air, though it oxidizes quickly and is hydrolysed by water. It resembles SbPh, in 

reacting with LiMe (LiPh) to give Li*[SbR,]~ and in reacting with BPh, to give 

[SbR,]*[RBPh,]~. 

Organobismuth(V) compounds are in general similar to their As and Sb analogues but 

are less stable and there are few examples known; e.g. [ BiR, ]X and R,BiX, are known but 

not R,BiX, or RBiX,, whereas all 4 classes of compound are known for P, As, and Sb. 

Similarly, no pentaalkylbismuth compound is known, though BiPh, has been prepared as 

a violet-coloured crystalline compound by treating [BiPh,]Cl or Ph,BiCl, with LiPh at 

— 75°. It decomposes spontaneously over a period of days at room temperature and reacts 

readily with HX, X,, or even BPh, by cleaving 1 phenyl to form quaternary bismuth 

compounds [BiPh,]X and [BiPh,][BPh,]; this latter compound (mp 228°) is the most 

stable bismuthonium salt yet known. 

72C, BRABANT, J. Hupert, and A. L. BEAUCHAMP, The crystal and molecular structure of penta-p- 
tolylantimony (p-MeC,H,);Sb, Can. J. Chem. 51, 2952-7 (1973). 

73 A.H. Cow ey, J. L. MILLs, T. M. Logue, and T. V. Lona, Synthesis and laser-Raman and infrared spectra 
of pentacyclopropyl-antimony(V)—a new square-pyramidal molecule, J. Am. Chem. Soc. 93, 2150-3 (1971). 
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14.1 The Element 

14.1.1 Introduction 

Oxygen is the most abundant element on the earth’s surface: it occurs both as the free 

element and combined in innumerable compounds, and comprises 23 % of the atmosphere 

by weight, 46% of the lithosphere, and more than 85% of the hydrosphere (~ 85.8% of the 

oceans and 88.81% of pure water). It is also, perhaps paradoxically, by far the most 

abundant element on the surface of the moon where, on average, 3 out of every 5 atoms are 

oxygen (44.6% by weight). 

The “discovery” of oxygen is generally credited to C. W. Scheele and J. Priestley 

(independently) in 1773-4, though several earlier investigators had made pertinent 

observations without actually isolating and characterizing the gas."~*) Indeed, it is 

difficult to ascribe a precise meaning to the word “discovery” when applied to a substance 

so ubiquitously present as oxygen; particularly when (a) experiments on combustion and 

respiration were interpreted in terms of the phlogiston theory, (b) there was no clear 

consensus on what constituted “an element”, and (c) the birth of Dalton’s atomic theory 

was still far in the future. Moveover, the technical difficulties before the mid-eighteenth 

century of isolating and manipulating gases compounded the problem still further, and it 

seems certain that several investigators had previously prepared oxygen without actually 
collecting it or recognizing it as a constitutent of “common air”. Scheele, a pharmacist in 

Uppsala, Sweden, prepared oxygen at various times between 1771-3 by heating KNO,, 

Mg(NO;3),, Ag,CO3, HgO, and a mixture of H,AsO, and MnO.,,. He called the gas 

“vitriol air” and reported that it was colourless, odourless, and tasteless, and supported 
combustion better than common air, but the results did not appear until 1777 because of 

his publisher’s negligence. Priestley’s classic experiment of using a “burning glass” to 

' J. W. MELLor, A Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vol. 1, pp. 344-51, 
Longmans, Green, 1922. History of the discovery of oxygen. 

2M. E. Weeks, Discovery of the Elements, 6th edn., pp. 209-23, Journal of Chemical Education, Easton, Pa, 
1956. (Oxygen.) 

3 J. R. PARTINGTON, A History of Chemistry, Vol. 3, Macmillan, London, 1962; Scheele and the discovery of 

oxygen (pp. 219-22); Priestley and the discovery of oxygen (pp. 256-63); Lavoisier and the rediscovery of oxygen 
(pp. 402-10). 

* Gmelin’s Handbuch der Anorganischen Chemie, 8th edn., pp. 1-82. “‘Sauerstoff’ System No. 3, Vol. 1, 
Verlag Chemie, 1943. (Historical.) 

698 



§14.1.1 Introduction 699 

calcine HgO confined in a cylinder inverted over liquid mercury was first performed in 

Colne, England, on Monday, 1 August 1774; he related this to A. L. Lavoisier and others 

at a dinner party in Paris in October 1774 and published the results in 1775 after he had 

shown that the gas was different from nitrous oxide. Priestley’s ingenious experiments 

undoubtedly established oxygen as a separate substance (“dephlogisticated air”) but it 

was Lavoisier’s deep insight which recognized the new gas as an element and as the key to 

our present understanding of the nature of combustion. This led to the overthrow of the 

phlogiston theory and laid the foundations of modern chemistry. Lavoisier named the 

Oxygen: Some Important Dates 

{5th century Leonardo da Vinci noted that air has several constituents, one of which supports 
combustion. 

1773-4 C. W. Scheele and J. Priestley independently discovered oxygen, prepared it by 

several routes, and studiéd its properties. 
1775-7 A. L. Lavoisier recognized oxygen as an element, developed the modern theory of 

combustion, and demolished the phlogiston theory. 
ATI] A. L. Lavoisier coined the name “oxygen” (acid former). 
1781 Composition of water as a compound of oxygen and hydrogen established by 

H. Cavendish. 
W. Nicholson and A. Carlisie decomposed water electrolytically into hydrogen and 
oxygen which they then recombined by explosion to resynthesize water. 
Hydrogen peroxide discovered by L.-J. Thenard. 
C. F. Schénbein detected and named ozone from its smell (see 1857). 

M. Faraday noted that oxygen was paramagnetic, correctly ascribed to the triplet 
*X, ground state by R. S. Mulliken (in 1928). 

1857 W. Siemens constructed the first machine to use the ozonator-discharge principle to 
generate ozone. 

1877 Oxygen first liquefied by L. Cailletet and R. Pictet (independently). 
1881 Oxygen gas first produced industrially (from BaO.) by A. Brin and L. W. Brin’s 

Oxygen Company. 
1896 First production of liquid oxygen on a technical scale (C. von Linde). 
1903 Ozonolysis of alkenes discovered and developed by C. D. Harries. 

1921-3 The water molecule, previously thought to be linear, shown to be bent. 
1929 Isotopes '’O and 2 discovered by W. F. Giauque and H. L. Johnston (see 1961). 
1931 Singlet state of O,, 'Z,', discovered by W. H. J. Childe and R. Mecke. 
1934 A lower lying singlet state ‘A, discovered by G. Herzberg. 
1931-9 H. Kautsky pointed out the significance of singlet O, in organic reactions; his views 

were discounted at the time time but the great importance of singlet O, was 
rediscovered in 1964 by (a) C. S. Foote and S. Wexler, and (b) E. J. Corey and 
W. C. Taylor. 

1941 18Q-tracer experiments by S. Ruben and M. D. Kamen showed that the oxygen 
oS atoms in photosynthetically produced O, both come from H,O and not CO,; 

Oo confirmed in 1975 by A. Stemler. 

A951 First detection of !7Q nmr signal by H. E. Weaver, B. M. Tolbert and R. C. La 
: Force. 

1961 Dual atomic-weight scales based on oxygen=16 (chemical) and '°O=16 
(physical) abandoned in favour of a unified scale based on '?C = 12. 

1963 First successful launch of a rocket propelled by liquid H,/liquid O, (Cape 
Kennedy). 

1963 Reversible formation of a dioxygen complex by direct reaction of O, with trans- 
[Ir(CO)CI(PPh,),] discovered by L. Vaska. 

1967 Many crown ethers synthesized by C. J. Pederson who also studied their use as 
complexing agents for alkali metal and other cations. 

5A. L. Lavoisier, La Traité Elémentaire de Chemie, Paris, 1789, translated by R. Kerr, Elements of 
Chemistry, London, 1790; fascimile reprint by Dover Publications, Inc., New York, 1965. 
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element “oxygéne” in 1777 in the erroneous belief that it was an essential constituent of all 

acids (Greek 6&0c, oxys, sharp, sour; yeivopat, geinomai, I produce; i.e. acid forming). 

Some other important dates in oxygen chemistry are in the Panel. 

14.1.2 Occurrence 

Oxygen occurs in the atmosphere in vast quantities as the free element O, (and 

O;, p. 707) and there are also substantial amounts dissolved in the oceans and surface 

waters of the world. Virtually all of this oxygen is of biological origin having been 

generated by green-plant photosynthesis from water (and carbon dioxide). The net 

reaction can be represented by: 

chlorophyl 

H,04+CO,+hv pemrence + {CH,O} (i.e. carbohydrates, etc.) 

However, this is misleading since isotope-tracer experiments using’®O have shown that 

both the oxygen atoms in O, originate from H,O, whereas those in the carbohydrates 

come from CO,. The process is a complex multistage reaction involving many other 

species,” and requires 469 kJ mol” ' of energy (supplied by the light). The reverse process, 
combustion of organic materials with oxygen, releases this energy again. Indeed, except 

for very small amounts of energy generated from wind or water power, or from nuclear 

reactors, all the energy used by man comes ultimately from the combustion of wood or 

fossil fuels such as coal, peat, natural gas, and oil. Photosynthesis thus converts inorganic 

compounds into organic material, generates atmospheric oxygen, and converts light 

energy (from the sun) into chemical energy. The 1.5 x 10? km? of water on the earth is split 
by photosynthesis and reconstituted by respiration and combustion once every 2 million 

years or so.’®) The photosynthetically generated gas temporarily enters the atmosphere 

and is recycled about once every 2000 years at present rates. The carbon dioxide is partly 

recycled in the atmosphere and oceans after an average residence time of 300 years and is 

partly fixed by precipitation of CaCO,, etc. (p. 302). 
There was very little, if any, oxygen in the atmosphere 3000 million years ago. Green- 

plant photosynthesis probably began about 2500 My ago and O, first appeared in the 

atmosphere in geochemically significant amounts about 2000 My ago (this is signalled by 

the appearance of red beds of iron-containing minerals that have been weathered in an 

oxygen-containing atmosphere). 8) The O, content of the atmosphere reached ~2°% of 
the present level some 800 My ago and ~ 20% of the present level about 580 My ago. This 

can be compared with the era of rapid sea-floor spreading to give the separated continents 

which occurred 110-85 My ago. The concentration of O, in the atmosphere has probably 

remained fairly constant for the past 50 My, a period of time which is still extensive when 

compared with the presence of homo sapiens, <1 My. The composition of the present 

atmosphere (excluding water vapour which is present in variable amounts depending on 

locality, season of the year, etc., is given in Table 14.1.) The oxygen content corresponds 

° J.C. G. Waker, Evolution of the Atmosphere, pp. 318, Macmillan, New York, 1977. 
’ R. Govindgee, Photosynthesis, McGraw Hill Encyclopedia of Science and Technology, 4th edn., Vol. 10, pp. 

200-10, 1977. An excellent authoritative introductory article with bibliography for further reading. 
* P. Coup and A. Gipor, The oxygen cycle, Article 4 in Chemistry in the Environment, pp. 31-41, Readings 

from Scientific American, W. H. Freeman, San Francisco, 1973. 
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to 21.04 atom % and 23.15 wt%. The question of atmospheric ozone and pollution of the 

stratosphere is discussed on p. 708. 
In addition to its presence as the free element in the atmosphere and dissolved in surface 

waters, Oxygen occurs in combined form both as water, and a constituent of most rocks, 

minerals, and soils. The estimated abundance of oxygen in the crustal rocks of the earth is 

455 000 ppm (i.e. 45.5% by weight): see silicates, p. 399; aluminosilicates, p. 399; 

carbonates, p. 119; phosphates, p. 548, etc. 

TABLE 14.1 Composition of the atmosphere (excluding HO, variable) 

Constituent Vol% Total mass/tonnes Constituent Vol% Total mass/tonnes 

Dry air 100.0 5.119(8) x 10'° CH, ~1.5x 1074 ~43x 10° 
N, 78.084(4) 3.866(6) x 10!5 lsh ~5x 1075 ~1.8x 108 
O, 20.948 (2) 1.185(2) x 10'° N,O ~3x107> ~2.3 x 10° 

CO ~1.2x 1075 ~5.9 x 108 
Ar 0.934(1) 6.59(1) x 1013 NH, ~1x10°° ~3x 10’ 
CO, _0.0315(10) 2.45(8) x 1012 NO, ~1x1077 ~8 x 10° 
Ne 1.818(4) x 1073 6.48(2) x 101° SO, ~2x10°8 ~2~x 10° 
He 5.24(5) x 10° * 3.71(4) x 10? H,S Soa. ~1x 10° 
Kr 1.14(1) x 1074 1.69(2) x 101° O, Variable ~3.3 x 10° 
Xe 8.7(1) x 10>° 2.02(2) x 10? 

‘) Total mass: 5.136(7) x 10'° tonnes; H,O 0.017(1) x 10° tonnes; dry atmosphere 5.119(8) x 10'* tonnes. 
Figures in parentheses denote estimated uncertainty in last significant digit. 

14.1.3. Preparation 

Oxygen is now separated from air on a vast scale (see below) and is conveniently 

obtained for most laboratory purposes from high-pressure stainless steel cylinders. Small 

traces of N, and the rare gases, particularly argon, are the most persistent impurities. 

Occasionally, small-scale laboratory preparations are required and the method chosen 

depends on the amount and purity required and the availability of services. Electrolysis of 
degassed aqueous electrolytes produces wet O,, the purest gas being obtained from 30% 

potassium hydroxide solution using nickel electrodes. Another source is the catalytic 
decomposition of 30° aqueous hydrogen peroxide on a platinized nickel foil. 

Many oxoacid salts decompose to give oxygen when heated (p. 1011). A convenient 

source is KCIO, which evolves oxygen when heated to 400—500° according to the 

simplified equation ; 

2K ClO sess OK GIO, 

The decomposition temperature is reduced to 150° in the presence of MnO, but then the 

product is contaminated with up to 3% of ClO, (p. 992). Small amounts of breathable 

oxygen for use in emergencies (e.g. failure of normal supply in aircraft or submarines) can 

be generated by decomposition of NaClO, in “oxygen candles”. The best method for the 

controlled preparation of very pure O, is the thermal decomposition of recrystallized, 
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predried, degassed KMnO, in a vacuum line. Mn¥' and Mn’ are both formed and the 
reaction can formally be represented as: 

215-235 
2KMnO, = = K3MnO;+ MnO, +O, 

Oxygen gas and liquid oxygen are manufactured on a huge scale by the fractional 
distillation of liquid air at temperatures near — 183°C. Although world production 

approaches 100 million tonnes pa this is still less than one ten-millionth part of the oxygen 

in the atmosphere; moreover, the oxygen is continuously being replenished by 

photosynthesis. Further information on the industrial production and uses of oxygen are 

in the Panel. 

Industrial Production and Uses of Oxygen 

Air can be cooled and eventually liquified by compressing it isothermally and then allowing it 
to expand adiabatically to obtain cooling by the Joule-Thompson effect. Although this process _ 
was developed by C. von Linde (Germany) and W. Hampson (UK )at the end of the last century, it — 
is thermodynamically inefficient and costly in energy. Most large industrial plants now use the 
method developed by G. Claude (France) in which air is expanded isentropically in an engine from 
which mechanical work can be obtained; this produces a much greater cooling effect than that _ 
obtained by the Joule-Thompson effect alone. Because N, (bp — 195.8°C) is more volatile than _ 
O, (bp —183.0°C) there is a higher concentration of N, in the vapour phase above boiling liquid 
air than in the liquid phase, whilst O, becomes progressively enriched in the liquid phase. — 
Fractional distillation of the liquified air is usually effected in an ingeniously designed double-_ 
column dual-pressure still which uses product oxygen from the upper column at a lower pressure 
(lower bp) to condense vapour for reflux at a higher pressure in the lower column. This is shown © 
schematically in the Figure. The most volatile constituents of air (He, H,, Ne) do not condense but _ 
accumulate as a high-pressure gaseous mixture with N, at the top of the lower column. Argon, 
which has a volatility between those of O, and N,, concentrates in the uppercolumnfromwhichit 
can be withdrawn for further purification in a separate column, whilst the least-volatile 
constituents (Kr, Xe) accumulate in the oxygen boiler at the foot of the upper column. Typical 
operating pressures are 5 atm at the top of the lower column and 0.5 atm at the bottom of the © 
upper column. A large plant might produce 700 tonnes per day of separated products. A rather _ 
different design is used if liquid (rather than gaseous) N, is required in addition to the liquid and/ _ 
or gaseous O),. > 

From modest beginnings at the turn of the century, oxygen has now become the third aoe L 
volume chemical produced in the USA (after H,SO, and lime and ahead of NH, and N,). 
Production in 1979 was 16.7 million tonnes (USA), 2.5 Mt (UK), and almost 100 Mt worldwide. 
About 20%, of the USA production is as liquid O,. This phenomenal growth derived mainly from 
the growing use of O, in steelmaking; the use of O, rather than air in the Bessemer process was 
introduced in the late 1950s and greatly increased the productivity by hastening the reactions.In 
many of the major industrial countries this use alone now accounts for 65-85°/ of the oxygen _ 
produced, Much of this is manufactured on site and is simply piped from the ait-separation plant — 
to the steel converter. 

Oxygen is also used to an increasing extent in iron blast furnaces since enrichment of the blast — 
enables heavy fuel oil to replace some of the more expensive metallurgical coke. Other furnace _ 
applications are in ferrous and non-ferrous metal smelting and in glass manufacture, where — 
considerable benefits accrue from higher temperatures, greater productivity, and longer furnace — 
life. Related, though smaller-scale applications, include steel cutting, oxy-gas welding, and Loney 
lancing (concrete drilling). 

In the chemical industry oxygen is used on a large scale in the production of TO; by the 
chloride process (p. 1118), in the direct oxidation of ethene to ethylene oxide, a the 

° W. J. Grant and S. L. REDFEARN, Industrial Gases, in R. Thompson (ed.), The Modern Inorganic Chemicals 
Industry, pp. 273-301, Chem. Soc. Special Publ. No. 31, 1978. 
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manufacture of synthesis gas (H,+CO), propylene oxide, vinyl chloride, vinyl acetate, etc. 
Environmental and biomedical uses embrace sewage treatment, river revival, paper-pulp 
bleaching, fish farming, artificial atmospheres for diving and submarine work, oxygen tents in 
hospitals, etc. Much of the oxygen for these applications is transported either in bulk liquid 
carriers or in high-pressure steel cylinders. 

A final, somewhat variable outlet for large-scale liquid oxygen is as oxidant in rocket fuels for 
space exploration, satellite launching, and space shuttles. For example, in the Apollo mission to 
the moon, each Saturn 5 launch rocket used 1270 m? (ie. 1.25 million litres or 1450 tonnes) of 

liquid oxygen in Stage 1, where it oxidized the kerosene fuel (195 000 I, or about 550 tonnes) in the 
almost unbelievably short time of 2.5 min. — 2 and 3 had ae and 76.3 m? of he a 
respenavely, and the oo was liquid ae 

14.1.4 Atomic and physical properties 

Oxygen has 3 stable isotopes of which *°O (relative atomic mass 15.994 915) is by far 
the most abundant (99.763 atom %). Of the others, ‘”O (16.999 134) has an abundance of 
only 0.037% and '8O (17.999 160) is 0.200% abundant. These values vary slightly in 
differing natural sources (the ranges being 0.035-0.041°% for '’O and 0.188-0.209 % for 
180) and this variability prevents the atomic weight of oxygen being quoted more 

precisely than 15.9994 +0.0003 (see p. 20). Artificial enrichment of '7O and '°O can be 
achieved by several physical or chemical processes such as the fractional distillation of 

water, the electrolysis of water, and the thermal diffusion of oxygen gas. Heavy water 

enriched to 20 atom% 170 or 98% '8O is available commercially, as is oxygen gas 
enriched to 95% in !7O0 or 99% in '8O. The '8O isotope has been much used in kinetic and 
mechanistic studies.‘??) Several radioactive isotopes are also known but their very short 

half-lives make them unsuitable for tracer work. The longest lived, '°O, decays by 
positron emission with t, 122 s; it can be made by bombarding 1©O with *He particles— 
'6OCHe, a)! 50. 

The isotope '’O is important in having a nuclear spin (J =3) and this enables it to be 
used in nmr studies. '°:!!) The nuclear magnetic moment is — 1.8930 nuclear magnetons 
(very similar to the value for the free neutron, — 1.9132 NM) and the relative sensitivity for 

equal numbers of nuclei is 0.0291, compared with 'H 1.00, '1B 0.17, 1°C 0.016, 3!P 0.066, 

etc. In addition to this low sensitivity, measurements are made more difficult because the 

quadrupolar nucleus leads to very broad resonances, typically 107—10° times those for 1H. 

The observing frequency is ~0.136 times that for proton nmr. The resonance was first 

observed in 1951”) and the range of chemical shifts extended in 1955."*) The technique 
has proved particularly valuable for studying aqueous solutions and the solvation 

equilibria of electrolytes. Thus the hydration numbers for the diamagnetic cations Be", 

Al", and Ga'" have been directly measured as 4, 6, and 6 respectively, and several 

°8 1. D. DostRovsky and D. SAMUEL, Oxygen-18, in R. H. Herber (ed.), Inorganic Isotopic Syntheses, Chap. 5, 
pp. 119-42, Benjamin, New York, 1962. 

10 B. L. Sitver and Z. Luz, Chemical application of oxygen-17 nuclear and electron spin resonance, Q. Rev. 
21, 458-73 (1967). 

'l C. ROGER, N. SHEPPARD, C. MCFARLANE, and W. MCFARLANE, Oxygen-17, Chap. 12A in R. H. Harris and 
B. E. Mann (eds.). NMR and the Periodic Table, pp. 383-400, Academic Press, London, 1978. 

‘2 F. ALDER and F. C. Yu, On the spin and magnetic moment of '70, Phys. Rev. 81, 1067-8 (1951). 

13 HE. WEAVER, B. M. TOLBERT, and R. C. LAForceE, Observation of chemical shifts of !7O nuclei in various 
chemical environments, J. Chem. Phys. 23, 1956-7 (1955). 
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exchange reactions between “bound” and “free” water have been investigated. Chemical 

shifts for '’O in a wide range of oxoanions [XO,,]”~ have been studied and it has been 

found that the shifts for terminal and bridging O atoms in[Cr,O,]?~ differ by as much as 

760 ppm. The technique is proving increasingly valuable in the structure determination of 

complex polyanions in solution; for example all seven different types of O atoms in 

[V:cQr1° (p. 1149) have been detected."* The exchange of '7O between H,'’O and 
various oxoanions has also been studied. Less work has been done so far on transition 

metal complexes of CO and NO though advances in techniques are now beginning to yield 

valuable structural and kinetic data.'4*) Attempts to obtain '’O nmr spectra for dioxygen 
complexes (p. 718) have so far been unsuccessful, perhaps because the signals were too 

broad to be detected. 
The electronic configuration of the free O atom is 1s?2s?2p*, leading to a 7P, ground 

state. The ionization energy of O is 1313.5 kJ mol‘ (cf. S on p. 782 and the other Group 

VI elements on p. 890). The electronegativity of O is 3.5; this is exceeded only by F 

and the high value is reflected in much of the chemistry of oxygen and the oxides. The 

single-bond atomic radius of O is usually quoted as 73—74 pm, ie. slightly smaller than for 

Cand N, and slightly larger than for F, as expected. The ionic radius of O? ~ is assigned the 

standard value of 140 pm and all other ionic radii are derived from this.“ ° 

Molecular oxygen, O,, is unique among gaseous diatomic species with an even number 

of electrons in being paramagnetic. This property, first observed by M. Faraday in 1848, 

receives a satisfying explanation in terms of molecular orbital theory. The schematic 

energy-level diagram is shown in Fig. 14.1; this indicates that the 2 least-strongly bound 

electrons in O, occupy degenerate orbitals of m symmetry and have parallel spins. This 

leads to a triplet ground state, oa As there are 4 more electrons in bonding MOs than in 

antibonding MOs, O, can be formally said to contain a double bond. If the 2 electrons, 

whilst remaining unpaired in separate orbitals, have opposite spin, then a singlet excited 

state of zero resultant spin results, 'A,. A singlet state also results if the 2 electrons occupy a 

single x* orbital with opposed spins, 'Z’. These 2 singlet states lie 94.72 and 157.85 kJ 

mol ' above the ground state and are extremely important in gas-phase oxidation 

reactions (p. 716). The excitation is accompanied by a slight but definite increase in the 

internuclear distance from 120.74 pm in the ground state to 121.55 and 122.77 pm in the 

excited states. The bond dissociation energy of O, is 493.4(2) kJ mol7?; this is 

substantially less than for the triply bonded species N, (945.4 kJ mol” *) but is much 
greater than for F, (158.8 kJ mol’). 

Oxygen is a colourless, odourless, tasteless, highly reactive gas. It dissolves to the extent 

of 3.08 cm? (gas at STP) in 100 cm? H,O at 20° and this drops to 2.08 cm? at 50°. 
Solubility in salt water is slightly less but is still sufficient for the vital support of marine 

and aquatic life. Solubility in many organic solvents is about 10 times that in water and 

necessitates careful degassing if these solvents are to be used in the preparation and 

handling of oxygen-sensitive compounds. Typical solubilities (expressed as gas volumes 

dissolved in 100 cm? of solvent at 25°C and 1 atm pressure) are Et,O 45.0, CCl, 30.2. 

Me,CO 28.0 and C,H, 22.3 cm?. 

'4.W.G. KLEMPERER and W. SuHuM, Charge distribution in large polyanions: determination of protonation 
sites in [V, )O5,]° by '’O nuclear magnetic resonance, J. Am. Chem. Soc. 99, 3544-5 (1977). 

‘4a RL. Kumpand L. J. Topp, Oxygen-17 nmr studies of '’O-enriched transition metal carbonyl complexes, 
JCS Chem. Comm. 1980, 292-3. 

'’ R. D. SHANNON, revised effective ionic radii and systematic studies of interatomic distances in halides and 
chalcogenides, Acta Cryst. A32, 751-67 (1976). 

CTE-x* 
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Fic. 14.1 Schematic molecular—orbital energy level diagram for the molecule O, in its ground 
state, oo . The internuclear vector is along the z-axis. 

Oxygen condenses to a pale blue, mobile, paramagnetic liquid (bp — 183.0°C at 1 atm). 

The viscosity (0.199 centipoise at — 183.5° and 10.6 atm) is about one-fifth that of water at 

room temperature. The critical temperature, above which oxygen cannot be liquidified by 

application of pressure alone, is —118.4°C and the critical pressure is 50.15 atm. Solid 

oxygen (pale blue, mp —218.8°C) also comprises paramagnetic O, molecules but, in the 

cubic y-phase just below the mp, these are rotationally disordered and the solid is soft, 

transparent, and only slightly more dense than the liquid. There is a much greater increase 

in density when the solid transforms to the rhombohedral B-phase at — 229.4° and there is 

a further phase change to the monoclinic a-form at — 249.3°C; these various changes and 

the accompanying changes in molar volume AV,, are summarized in Table 14.2. 

TABLE 14.2 Densities and molar volumes of liquid and solid O, 

The blue colour of oxygen in the liquid and solid phases is due to electronic transitions 

by which molecules in the triplet ground state are excited to the singlet states. These 
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transitions are normally forbidden in pure gaseous oxygen and, in any case, they occur in 
the infrared region of the spectrum at 7918 cm ' ('A,) and 13 195 cm! (‘Z," ). However, 
in the condensed phases a single photon can elevate 2 colliding molecules simultaneously 

to excited states, thereby requiring absorption of energy in the visible (red-yellow—green) 

regions of the spectrum.”® For example: 

205(22, )--hvi—_—> 20,(*A,); v=15 800 cem~*, ie, 4A=631.2 nm 

205-2, hv 0,('A,)+0,(25); -vy~21 100 em?) Le. 2=473.7 nm 

The blue colour of the sky is, of course, due to Rayleigh scattering and not to electronic 

absorption by O, molecules. 

14.1.5 Other forms of oxygen 

Ozone 

Ozone, O,, is the triatomic allotrope of oxygen. It is an unstable, blue, diamagnetic gas 

with a characteristic pungent odour: indeed, it was first detected by means of its smell, as 

reflected by its name (Greek OCe1v, ozein, to smell) coined by C. F. Schénbein in 1840. 

Ozone can be detected by its smell in concentrations as low as 0.01 ppm; the maximum 

permissible concentration for continuous exposure is 0.1 ppm but levels as high as | ppm 

are considered non-toxic if breathed for less than 10 min. 
The molecule O; is bent, as are the isoelectronic species ONCI and ONO . Microwave 

measurements lead to a bond angle of 116.8+0.5° and an interatomic distance of 127.8 

(+0.3) pm between the central O and each of the 2 terminal O atoms as shown in Fig. 

14.2a. This implies an O---O distance of only 218 pm between the 2 terminal O atoms, 

compared with the normal van der Waals O---O distance of 280 pm. A valence-bond 
description of the molecule is given by the resonance hybrids in Fig. 14.2b and a MO 

description of the bonding is indicated in Fig. 14.2c: in this, each O atom forms ao bond to 

its neighbour using an sp?-type orbital, and the 3 atomic p, orbitals can combine to give 

the 3 MOs shown. There are just sufficient electrons to fill the bonding and nonbonding 

MOs so that the m system can be termed a 4-electron 3-centre bond. The total bond order 

for each O-O bond is therefore approximately 1.5 (1 o bond and half of 1 x-bonding MO). 

It is instructive to note that SO, has a similar structure (angle O-S—O 120°): the much 

greater stability of this molecule when compared with O, has been ascribed, in part, to the 

possible involvement of d, orbitals on the S atom which would allow the filled nonbonding 

orbital in O, to become bonding in SO,. Other comparisons of O—-O bond orders, 

interatomic distances and bond energies are in Table 14.4 (p. 720). 

Ozone condenses to a deep blue liquid (bp — 111.9°C) and to a violet-black solid (mp 

— 192.5°C). The colour is due to an intense absorption band in the red region of the 
spectrum between 500-700 nm (A,,,, 557.4 and 601.9 nm). Both the liquid and the solid are 

explosive due to decomposition into gaseous O,,. Gaseous ozone is also thermodynamic- 

ally unstable with respect to decomposition into dioxygen though it decomposes only 

slowly, even at 200°, in the absence of catalysts or ultraviolet: 

30,(g) —>0O,(g); AH? +142.7kJ mol~!; AG? +163.2 kJ mol~! 

'© B.A. OGRYZLO, Why liquid oxygen is blue, J. Chem. Educ. 42, 647-8 (1965). 
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Fic. 14.2. (a) Geometry of the O, molecule, (b) valence-bond resonance description of the 
bonding in O3, and (c) orbitals used in the MO description of the bonding in O3, where w, is the 

2p, orbital of O(1), etc. 

Other properties of ozone (which can be compared with those of dioxygen on p. 706) are: 

density at —119.4°C 1.354 g cm? (liquid), density at —195.8°C 1.728 g cm? (solid), 
viscosity at — 183°C 1.57 centipoise, dipole moment 0.54 D. Liquid ozone is miscible in all 
proportions with CH,, CCI,F,, CCIF;,, CO, NF 3, OF,, and F, but forms two layers 

with liquid Ar, N,, O,, and CF,. 

A particularly important property of ozone is its strong absorption in the aiiewalen 
region of the spectrum between 220-290 nm (X,,,, 255.3 nm); this protects the surface of 

the earth and its inhabitants from the intense ultraviolet radiation of the sun, and the 

possible depletion of this shield has been the subject of urgent study during the past 

decade.‘1” 18: 18% 18») Possible chemical reactions with the oxides of nitrogen and with 

‘7B. A. THRUSH, The chemistry of the stratosphere and its pollution, Endeavour (New Series) 1, 3-6 (1977). 
18 R. J. DoNovAN, Chemistry and pollution of the stratosphere, Educ. Chem. 15, 110-13 (1978). 
184 Panel on Atmospheric Chemistry (Assembly of Mathematical and Physical Sciences, National Reasearch 

Council), Halocarbons: Effects on Stratospheric Ozone, National Academy of Sciences, Washington DC, 1976, 

352 pp. 
186 AK. Biswas (ed.), Strategy for the Ozone Layer, Pergamon Press, Oxford, 1980, 350 pp. A synthesis of 

papers based on the United Nations Environment Programme meeting on the ozone layer, Washington DC, and 
including a comprehensive survey of current research in 5 European countries and the USA, Canada, and 
Australia. 
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chlorofluoroalkanes have been identified but the extent to which they occur and whether 

the effects are irreversible have yet to be established.“1?:? See also pp. 323, 471, 904. 
Ozone is best prepared by flowing O, at 1 atm and 25° through concentric metallized 

glass tubes to which low-frequency power at 50-500 Hz and 10-20 kV is applied to 

maintain a silent electric discharge (see also p. 712). The ozonizer tube, which becomes 

heated by dielectric loss, should be kept cooled to room temperature and the effluent gas, 

which contains up to 10% O, at moderate flow rates, can be used directly or fractionated if 

higher concentrations are required. Reaction proceeds via O atoms at the surface M, via 

excited O,* molecules, and by dissociative ion recombination: 

O,+0+M —+0,+M?; AH$o3—109 kJ mol”! 

Oe On On) 

However, the reverse reaction of ozone with atomic oxygen is highly exothermic and must 

be suppressed by trapping out the ozone if good yields are to be obtained: 

0O;,+0—= 20,; AH5$o,—394 kJ mol™' 

An alternative route to O; is by ultraviolet irradiation of O, : this is useful for producing 

low concentrations of O, for sterilization of foodstuffs and disinfection, and also occurs 
during the generation of photochemical smog. The electrolysis of cold aqueous H,SO, 

(or HCIO,) at very high anode current densities also affords modest concentrations of O,, 

together with O, and H,S,O, (p. 846) as byproducts. Other reactions in which O, is 

formed are the reaction of elementary F, with H,O (p.939) and the thermal 

decomposition of periodic acid at 130° (p. 1022). 

The concentration of ozone in O,/O, mixtures can be determined by catalytic 

decomposition to O, in the gas phase and measurement of the expansion in volume. More 

conveniently it can be determined iodometrically by passing the gas mixture into an 
alkaline boric-acid-buffered aqueous solution of KI and determining the I, so formed by 
titration with sodium thiosulfate in acidified solution: 

Or oT FO 26 a DOH 

The reaction illustrates the two most characteristic chemical properties of ozone: its 
strongly oxidizing nature and its tendency to transfer an O atom with coproduction of 

O,. Standard reduction potentials in acid and in alkaline solution are: 

O,+2H*+2e =O0O,+H,0O; E°+2.076V 

O;+H,O+2e7=0;+20H>; E°+1.24.V 

The acid potential is exceeded only by fluorine (p. 939), perxenate (p. 1057), atomic O, the 

OH radical, and a few other such potent oxidants. Decomposition is rapid in acid 

solutions but the allotrope is much more stable in alkaline solution. At 25° the half-life of 

O,in 1 MNaOH is ~2 min; corresponding times for 5 Mand 20 mM NaOH are 40 min and 

83 h respectively. 

'° 1 Dotto and H. ScuirF, The Ozone War, Doubleday, Garden City, New York, 1978, 342 pp. A highly 
readable, somewhat partisan account of the debate in the USA reviewed by B. P. Block in The continuing 
controversy about ozone, Chem. Eng. News 16 July 1979, pp. 34 and 43. 

2° J. L. Fox, Atmospheric ozone issue looms again, Chem. Eny. News 15 October 1979, pp. 25-35. 
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The highly reactive nature of O, is further typified by the following reactions: 

CN” +0, ——> OCN’ +0, 

2NO, +0, —>N,0,+0, 

PbS +40, ——> PbSO, +40, 

31° +O, +2H* ——>I1, +0,+H,0O 

2Co?* +O, +2H* ——>2Co?* +0,+H,O 

An important reaction of ozone is the formation of ozonides MO}. The formation of a red 

coloration when O, is passed into concentrated aqueous alkali was first noted by C. F. 
Sch6nbein in 1866, but the presence of O,~ was not established until 1949.?") The 
compounds are best prepared by action of gaseous O, on dry, powdered MOH below 

—10°, followed by extraction with liquid ammonia (which may also catalyse their 

formation). Mechanistic studies using '*O suggest that the overall stoichiometry is: 

50, +2KOH ——> 2KO, +50, +H,O 

The compounds are red-brown paramagnetic solids (u= 1.67 BM) and they decrease in 

stability in the sequence Cs> Rb>K > Na; unsolvated LiO; has not been prepared but 
the ammine LiO,.4NH, is known. Likewise the stability of M"(O;), decreases in the 
sequence Ba>Sr>Ca. Above room temperature MO, decomposes to the superoxide 

MO, (p. 720) and the compounds are also hydrolytically unstable: 

MO,—> MO, +40, 
KO,+H,O——>KOH+0, +{OH} 

2{OH} —>H,0+40, 

The ozonide ion O;” is expected to have C,, symmetry like O, itself and the 

isoelectronic, paramagnetic molecule ClO, (p. 989). However, structural details are hard 

to obtain because of the thermal instability of the compounds and their great reactivity. So 

far, single crystals have not been obtained, but an X-ray powder diagram has shown that 

KO, is structurally related to KN,.?!) This was previously (incorrectly) taken to imply 
that O,° was linear, but subsequent work has shown that both compounds are 

structurally related to the cubic CsCl structure type, the Cl” being replaced either by a 

linear N, or a bent O; ion respectively in the now tetragonal unit cell.'?3) The angle 

O-O-O was 100° and the O—O interatomic distance 119 pm; this, again, is surprising 

since the formal bond order in O; is only 1.25 yet the interatomic distance is apparently 

less than that in O, itself (bond order 1.5, O—O 127.8 pm) or even in O, (bond order 2.0, 

O-O 121.0 pm). There is also the suggestion that a second, monoclinic form of KO, 

21 1A. KAZARNOVSKH, G. P. NIKOL’skii and T. A. ABLETsOvaA, A new oxide of potassium, Dokl. Akad. Nauk 

SSSR 64, 69-72 (1949). 

2 J. 1. Vot’Nov, V. N. CHAMova and E. I. LatysHeva, Mechanism of metal ozonide formation, Izvest. Akad. 
Nauk SSSR, Ser. Khim. 1967, 1183-7. 

>> L. V. AzArov and I. Corvin, Crystal structure of potassium ozonide, Proc. Natl. Acad. Sci. (US) 49, 1-5 
(1963). 
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exists,'?) isostructural with KNO,. The story illustrates the difficulty of obtaining reliable 
structural data on such compounds and a precise structural characterization of O,~ has 

yet to be achieved. 

Ozone adds readily to unsaturated organic compounds®**” and can cause unwanted 

cross-linking in rubbers and other polymers with residual unsaturation, thereby leading 

to brittleness and fracture. Addition to alkenes yields “ozonides” which can be reductively 

cleaved by Zn/H,O (or I” /MeQOH, etc.) to yield aldehydes or ketones. This smooth 

reaction, discovered by C. D. Harries in 1903, has long been used to determine the position 

of double bonds in organic molecules, e.g.: 

O; 
O, Hi AS 

EtCH—CH, ———> EtCHO + HCHO 

O; 
o ‘ 

butene-2: MeCH=CHMe -——_ > MeCH CH Me ——_ > 2MeCHO 

butene-1: EtCH=CH, 

Until 1950 the reaction was thought to proceed as follows: 

O3 O—O 

iy ai tt yt Nut \l \y 
po0T Z \ LEG 

Primary ozonide Final ozonide 

However, the mechanism first suggested by R. Criegie in 1951 is now more generally 

preferred: this involves electrophilic attack by O,; on a polarized double bond: 

O 

e On 4 O 

Wey \ l/ 

2 y vs 
© oO EOS ‘© vi 
=U o o—— > Cc c—»> or 

vy \ / \ 
Oo +O—O 

7) / 
@ C 

/ x 

Primary ozonide 

The primary ozonides are preparable below —70° but in the temperature range — 70° to 

—30° these rearrange to the final true ozonides. Normally, however, the ozonide is not 

isolated but is reductively cleaved to aldehydes and ketones in solution. Oxidative 

241. J. SOLOMON and A. J. KACMAREK, Sodium ozonide, J. Phys. Chem. 64, 168-9 (1960). Also deals with 
KO,. 

2da P. S. BaILey, Ozonation in Organic Chemistry, Vol. 1, Olefinic Compounds, Academic Press, New York, 

1978, 272 pp.; Vol. 2, Nonolefinic Compounds, 1982, 496 pp. 
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cleavage (air or O,) yields carboxylic acids and, indeed, the first large-scale application of 

the reaction was the commercial production of pelargonic and azelaic acids from oleic 

acid: 

O3 
Me(CH, ), CH=CH(CH, ), CO,H 

Oleic acid Me(CH,), CH .CH(CH, ). CO, 

Ozonide 

Me(CH,),CO,H | HO,C(CH,), CO,H 

Pelargonic acid | Azelaic acid 

Esters of these acids are used as plasticizers for PVC (polyvinylchloride) and other 

plastics. 
Because of the reactivity, instability, and hazardous nature of O; it is always generated 

on site. Typical industrial ozone generators operate at 1 or 2 atm, 15-20 kV, and 50 or 

500 Hz. The concentration of O, in the effluent gas depends on the industrial use 

envisaged but yields of up to 10 kg per h or 150 kg per day from a single apparatus are not 

uncommon and some plants yield over 1 tonne per day. In addition to pelargonic and 

azelaic acid production, O, is used to make peroxoacetic acid from acetaldehyde and for 

various inorganic oxidations. At low concentrations it is used (particularly in Europe) to 

purify drinking water, since this avoids the undesirable taste and smell of chlorinated 

water, and residual ozone decomposes to O, soon after treatment.?*” Of the 1039 plants 

operating in 1977 all but 40 were in Europe, with the greatest numbers in France (593), 

Switzerland (150), Germany (136), and Austria (42). Other industrial uses include the 

preservation of goods in cold storage, the treatment of industrial waste, and the 

deodorizing of air and sewage gases.'*°? 

Atomic oxygen 

Atomic oxygen is an extremely reactive, fugitive species which cannot be isolated free 

from other substances. Many methods of preparing oxygen atoms also yield other reactive 

or electronically excited species, and this somewhat complicates the study of their 

properties. Passage of a microwave or electric discharge through purified O, gas diluted 

with argon produces O atoms in the *P ground state (2 unpaired electrons). Mercury- 

sensitized photolysis of N,O is perhaps a more convenient route to ground state O atoms 

24> J. Katz (ed.), Ozone and Chlorine Dioxide Technology for Disinfection of Drinking Water, Noyes Data 
Corp., Park Ridge, New Jersey, 1980, 659 pp. R. G. Rice and M. E. BROWNING, Ozone Treatment of Industrial 
Wastewater, Noyes Data Corp., Park Ridge, New Jersey, 1981, 371 pp. 

°C. NEBEL, Ozone, Kirk—Othmer Encyclopedia of Chemical Technology, 3rd edn. 16, 683-713, Wiley, New 
York, 1981. 
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(plus inert N, molecules) though they can also be made by photolysis of O, or NO. 

Photolysis of N,O in the absence of Hg gives O atoms in the spin-paired 'D excited state, 

and this species can also be obtained by photolysis of O; or CO . 

The best method for determining the concentration of O atoms is by their extremely 

rapid reaction with NO, in a flow system: 

O+NO, O,+NO 

The NO thus formed reacts more slowly with any excess of O atoms to reform NO, and 

this reaction emits a yellow-green glow. 

NO+0O NO,* NO,+hv 

The system is thus titrated with NO, until the glow is sharply extinguished (p. 474). 

As expected, atomic O is a strong oxidizing agent and it is an important reactant in the 

chemistry of the upper atmosphere."'’: '®) Typical reactions are: 

H, +O——>0OH+H 

OH+0O OF 

O,+0——— 0, 

H,S+O H,0, SO,, SO;, H,SO, 

Cl, +O ———> CIO, ClO, 

NaCl+O —™ —. NaClO,, Cl,, NaOH 

CcCO+O0——>CO, 

HCN+0O CO, CO,, NO, H,O 

CH,+0 CO,, H,O 

Many of these reactions are explosive and/or chemiluminescent. 

14.1.6 Chemical properties of dioxygen, O, 

Oxygen is an extremely reactive gas which vigorously oxidizes many elements directly, 

either at room temperature or above. Despite the high bond dissociation energy of O, 

(493.4 kJ mol” ') these reactions are frequently highly exothermic and, once initiated, can 

continue spontaneously (combustion) or even explosively. Familiar examples are its 

reactions with carbon (charcoal) and hydrogen. Some elements do not combine with 

oxygen directly, e.g. certain refractory or noble metals such as W, Pt, Au, and the noble 

gases, though oxo compounds of all elements are known except for He, Ne, Ar, and 

possibly Kr. This great range of compounds was one of the reasons why Mendeleev chose 

oxides to exemplify his periodic law (p. 24) and why oxygen was chosen as the standard 

element for the atomic weight scale in the early days when atomic weights were 

determined mainly by chemical stoichiometry (p. 18). 
Many inorganic compounds and all organic compounds also react directly with O, 

under appropriate conditions. Reaction may be spontaneous, or may require initiation by 
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heat, light, electric discharge, chemisorption, or various catalytic means. Oxygen is 

normally considered to be divalent, though the oxidation state can vary widely and 

includes the values of + 4,0, —4, —4, — 1 and —2inisolable compounds of such species as 
O,*, O3, O;7, O,, O,?~ respectively. The coordination number of oxygen in its 

compounds also varies widely, as illustrated in Table 14.3 and numerous examples of 

TABLE 14.3 Coordination geometry of oxygen 

CN Geometry Examples 

0 — Atomic O 
1 — O,,CO, CO,, NO, NO,, SO3(g), OsO,; terminal O, in P,O, 9, [VO(acac), ], and many 

oxoanions [MO,]”"" (M=C, N, P, As, S, Se, Cl, Br, Cr, Mn, etc.) 

» Linear Some silicates, eg. [O,Si-O-SiO,]®~ in Sc,Si,0,; [Cl,Ru-O-RuCl,]*~ ; 
ReO,(WO,)-type structures; coesite (SiO,); [O(SiPh;),] 

z Bent O3, H,O, H,O;, F,O; silica structures, GeO,; P,O, and many heterocyclic 

compounds with O,; complexes of ligands which have O, as donor atom, e.g. 
[BF,(OSMe,)], [SnCl,(OSeCl,),], [{TiCl,(OPCI,)},], [HgCl,(OAsPh,), ]; 
complexes of O,, e.g. [Pt(O,)(PPh;), ] 

3 Planar [O(HgCl);]*Cl-, Mg[OB,O,(OH), ].44H,O (macallisterite); 

Sr[OB,O,(OH), ].3H,0, (tunellite); rutile-type structures, e.g. MO, 
(M=Ti; V, Nb, Ta; Cr, Mo, W; Mn, Tc, Re; Ru, Os; Rh, Ir; Pt; Ge, Sn, Pb; Te) 

3 Pyramidal [H,0]* ; hydrato-complexes, e.g. [M(H,O),]"* ; complexes of R,O and crown ethers, 
etc. 

4 Square planar NbO (see text) 

4 Tetrahedral [OBe,(O,CMe),]; CuO, AgO, PdO; wurtzite structures, e.g. BeO, ZnO; corundum 

structures, e.g. M0; (M=AI, Ga, Ti, V, Cr, Fe, Rh); fluorite structures, e.g. MO, 
(M=Zr, Hf; Ce, Pr, Tb; Th, U, Np, Pu, Am, Cm; Po) 

6 Octahedral Central O in [Mo,O,,]? ; many oxides with NaCl-type. structure, e.g. MO 

(M=Meg, Ca, Sr, Ba; Mn, Fe, Co, Ni; Cd; Eu) 

8 Cubic Anti-fluorite-type structure, e.g. M,O (M=Li, Na, K, Rb) 

stable compounds are known which exemplify each coordination number from 1 to 8 

(with the possible exceptions of 5 and 7, for which unambiguous examples are more 

difficult to find). Most of these examples are straightforward and structural details will be 

found at appropriate points in the text. Linear 2-coordinate O occurs in the silyl ether 

[O(SiPh,), ].?°” Planar 3-coordinate O occurs in both cationic and anionic complexes 
(Fig. 14.3a, b), in two-dimensional layer lattices (Fig. 14.3c) and in the three-dimensional 

rutile structure (p. 1120). Planar 4-coordinate O occurs uniquely in NbO which can be 

considered as a defect-NaCl-type structure with O and Nb vacancies at (000) and (444) 
respectively, thereby having only 3 NbO (rather than 4) per unit cell as shown in Fig. 
14.4 Tetrahedral, 4-coordinate O is featured in “basic beryllium acetate” (p. 135) and in 

*°@ C. GLIDEWELL and D.C. Lites, A neutral silicon ether containing linear Si-O-Si, JCS Chem. Comm. 1977, 
682. 
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(c) 

other O-B 146 pm mean central O—B 151 pm (+3) 
i mean O—B 147 pm 

O-B 1 tetr 
plan 136 pm mean O-B,,,, 136 pm 

Fic. 14.3. Examples of planar 3-coordinate O: (a) the cation in [O(HgCl);]Cl, (b) the central O 
atom in the discrete borate anion [OB,O,(OH),]?~ in macallisterite—the three heterocycles are 
coplanar but the 6 pendant OH groups lie out of the plane, and (c) the repeat unit in the polymeric 

anion [OB,O,(OH),]2"~ in tunellite. 

Fic. 14.4 Square-planar 4-coordinate O in the defect NaCl-type structure of NbO. 
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many binary oxides as mentioned in Table 14.3. The detailed structure depends both on 

the stoichiometry and on the coordination geometry of the metal, which is planar in CuO, 

AgO and PdoO, tetrahedral in BeO and ZnO, octahedral in M,O, and cubic in MO). 

Much of the chemistry of oxygen can be rationalized in terms of its electronic structure 

(2s?2p*), high electronegativity (3.5), and small size. Thus, oxygen shows many 

similarities to nitrogen (p. 473) in its covalent chemistry, and its propensity to form H 

bonds (p. 57) and p, double bonds (p. 478), though the anionic chemistry of O?~ and 

OH~ is much more extensive than for the isoelectronic ions N°~, NH?” and NH, . 
Similarities to fluorine and fluorides are also notable. Comparisons with the chemical 

properties of sulfur (p. 782) and the heavier chalcogens (p. 890) are deferred to Chapters 

15 and 16. 
One of the most important reactions of dioxygen is that with the protein haemoglobin 

which forms the basis of oxygen transport in blood (p. 1276).?°» Other coordination 
complexes of O, are discussed in the following section (p. 718). 

Another particularly important aspect of the chemical reactivity of O, concerns the 

photochemical reaction of singlet O, (p. 705) with unsaturated or aromatic organic 
compounds.??°:*7:?7" The pioneering work was done in 1931-9 by H. Kautsky who 
noticed that oxygen could quench the fluorescence of certain irradiated dyes by excitation 

to the singlet state, and that such excited O, molecules could oxidize compounds which 

did not react with oxygen in its triplet ground state. Although Kautsky gave essentially the 

correct explanation of his observations, his views were not accepted at the time and the 
work remained unnoticed by organic chemists for 25 years until the reactivity of singlet 

oxygen was rediscovered independently by two other groups in 1964 (p. 699). With the 

wisdom of hindsight it seems remarkable that Kautsky’s elegant experiments and careful 

reasoning failed to convince his contemporaries. 

Singlet oxygen, 'O,, can readily be generated by irradiating normal triplet oxygen, 7O,, 
in the presence of a sensitizer, S, which is usually a fluorescein-type dye, a polycyclic 

hydrocarbon, or other strong absorber of light. A spin-allowed transition then occurs: 

SOR tip 5 19, 285 

Provided that the energy gap in the sensitizer is greater than 94.7 kJ mol ', the aN singlet 

state of O, is generated (p. 705). Above 157.8 kJ mol” ' some ‘ZX O, is also produced 

and this species predominates above 200 kJ mol !. The BA. singlet state can also be 

conveniently generated chemically in alcoholic solution by the reaction 

H,0,+ClO~ C1+H,0+0,('A,) 

Another chemical route is by decomposition of solid adducts of ozone with triaryl and 
other phosphites at subambient temperatures: 

—78° =aT153 

O;+P(OPh), O;P(OPh), O,(!A,)+ OP(OPh), 

25® T. G. Spiro (ed.), Metal Ion Activation of Dioxyyen, Wiley, New York, 1980, 247 pp. Focuses on metal 
ions in biological systems including haem proteins, cytochrome-P450, dioxygenases, cytochrome c-oxidase, 
superoxide dismutases and oxygen toxicity. 

26 B. RANBy and J. F. RABEK (eds.) Singlet Oxygen: Reactions with Organic Compounds and Polymers, 
Wiley, Chichester, 1978, 331 pp. 

>7 A. A. FRIMER, Reactions of singlet oxygen with olefins, Chem. Rev. 79, 359-87 (1979). 
278 H. H. WASSERMAN and R. W. Murray (eds.), Singlet Oxyyen, Academic Press, New York, 1979, 688 pp. 



§14.1.6 Chemical Properties of Dioxygen, O, TT 

Reactions of 'O, can be classified into three types: 1,2 addition, 1,3 addition and 1,4 

addition. The 1,2 addition reaction converts sterically hindered alkenes into dioxetanes 

which can readily be cleaved either thermolytically or photolytically into two carbonyl- 

containing species: 

R R.O—-O. RY 

ee spurns onmeati | 
fie \ +10, —»> yaar ——+> RCO + RCO 

R R' R R’ 

Other electron-rich compounds that undergo this [2 + 2] cycloaddition of singlet oxygen 

are strained alkynes, ketenes, allenes, sulfines, oximes, etc. 

The second type of reaction (1,3 addition or “ene” reaction) occurs with alkenes having 

at least one allylic hydrogen: allylic hydroperoxides are formed in which the double bond 

has shifted to an adjacent position, e.g.: 

R, 
CR 1 C 

ee g 

RICA O RIC No 

| SA il arm ore 
RIG CH 0 Eg WG 

H 

Me Me Me 

Me Me 

(10%) (90%) 

The third type of reaction involves 1,4 addition of 'O, to a cisoid 1,3-diene to produce an 

endo-peroxide, e.g.: 

ae 

5 
| 

o=—@ 
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This reaction type is analogous to a photo-induced Diels—Alder reaction, with 'O, as the 

dienophile. 

In addition to its importance in synthetic organic chemistry, singlet oxygen plays an 

important role in autoxidation (i.e. the photodegradation of polymers in air), and 

methods of improving the stability of commercial polymers and vulcanized rubbers to 

oxidation are of considerable industrial significance. Reactions of singlet oxygen also 

feature in the chemistry of the upper atmosphere. 

14.2 Compounds of Oxygen 

14.2.1 Coordination chemistry: dioxygen as a ligand 

Few discoveries in synthetic chemistry during the past two decades have caused more 

excitement or had more influence on the direction of subsequent work than L. Vaska’s 

observation in 1963 that the planar 16-electron complex trans-[Ir(CO)CI(PPh;), | can act 

as a reversible oxygen carrier by means of the equilibrium?® 

[Ir(CO)Cl(PPh;),] +O, —— [Ir(CO)Cl(O,)(PPh;), ] 

Not only were the structures, stabilities, and range of metals that could form such 

complexes of theoretical interest, but there were manifest implications for an understand- 

ing of the biochemistry of the oxygen-carrying metalloproteins haemoglobin, myoglobin, 

haemerythrin, and haemocyanin. Such complexes were also seen as potential keys to an 

understanding of the interactions occurring during homogeneous catalytic oxidations, 

heterogeneous catalysis, and the action of metalloenzymes. Several excellent reviews are 

available: °°» 294°. 44) these record the rapid increase in structural, spectroscopic, and 

°8 L. Vaska, Oxygen-carrying properties of a simple synthetic system, Science 140, 809-10 (1963). 
°° L.H. Voct, H. M. FaiGensaum, and S. E. WIBERLEY, Synthetic reversible oxygen-carrying chelates, Chem. 

Revs. 63, 269-77 (1963). 

°° J. A. Connor and E. A. V. EssworTu, Peroxy compounds of transition metals, Adv. Inorg. Chem. 
Radiochem. 6, 279-381 (1964). 

°! E. BAYER and P. SCHRETZMANN, Reversible oxygenation of metal complexes, Struct. Bond. 2, 181-250 
(1967). (in German). 

3? A. G. Sykes and J. A. WEIL, The formation, structure, and reactions of binuclear complexes of cobalt, Prog. 
Inorg. Chem. 13, 1-106 (1970). 

33. R. G. WILKINS, Uptake of oxygen by cobalt(II) complexes in solution, Adv. Chem. Ser. 100, 111-34 
(1971). 

**'V. J. Cuoy and C. J. O’Connor, Chelating dioxygen compounds of platinum metals, Coord. Chem. Rev. 9, 
145-70 (1972/3). 

°° J. S. VALENTINE, The dioxygen ligand in mononuclear Group VIII transition metal complexes, Chem. Revs. 
73, 235-45 (1973). 

°° G. Henricl-Ouivé and S. OLivé, The activation of molecular oxygen, Angew. Chem., Int. Edn. (Engl.) 13, 
29-38 (1974). 

°7M. J. Norte, E. SINGLETON, and M. LarnG, Redetermination of the structure of [Ir(O,)- 
(Ph,PCH,CH,PPh,),][PF¢], J. Am. Chem. Soc. 97, 6396-6400 (1975). An important paper showing how errors 
can arise even in careful single crystal X-ray studies, leading to incorrect inferences. 

*® F. Basoo, B. M. HorrMan, and J. A. IBers, Synthetic oxygen carriers of biological interest, Acc. Chem. 
Res. 8, 384-92 (1975). 

°° L. Vaska, Dioxygen—metal complexes: toward a unified view, Acc. Chem. Res. 9, 175-83 (1976). 
*°'R. W. Erskine and B. O. Fie, Reversible oxygenation, Struct. Bond. 28, 1-50 (1976). 
*' G. MOLENDON and A. E. MarTELL, Inorganic oxygen carriers as models for biological systems, Coord. 

Chem. Rev. 19, 1-39 (1976). 
*? J. P. COLLMAN, Synthetic models for the oxygen-binding of hemoproteins, Acc. Chem. Res. 10, 265-72 

(1977). 
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mechanistic data available, and reveal the developing perceptions of the nature of the 

bonding involved. This extensive bibliography also affords an instructive case history of 

how at least one area of chemistry is at present advancing—the later reviews incorporate 

corrections to earlier data and, being based on a much greater range of information, 
present a more synoptic view of the field as at present delineated. 

Dioxygen—metal complexes in which there is a 1:1 stoichiometry of O,:M are of two 

main types, usually designated Ia (or superoxo) and Ila (or peroxo) for reasons which will 

shortly become apparent (Fig. 14.5). Dioxygen can also form 1:2 complexes in which O, 

Superoxo Peroxo 

em O 

| ae oa Aes M < 7 PSO : 

O 

la Ib Ila IIb 

Fic. 14.5° The four main types of O,-M geometry. The bridging modes Ib and IIb appear 

superficially similar but differ markedly in dihedral angles and other bonding properties. See also 
footnote to Table 14.5 for the recently established u,7'-superoxide bridging mode. 

adopts a bidentate bridging geometry, labelled Ib and IIb in Fig. 14.5. Of these four classes 

of complex, the Vaska-type Ila peroxo complexes, are by far the most widespread amongst 

the transition metals, though many are not reversible oxygen carriers and some are 

formed by deprotonation of H,O, (p. 747) rather than coordination of molecular O,. By 

contrast, the bridging superoxo type Ib is known only for the green cobalt complexes 

formed by 1-electron oxidation of the corresponding IIb peroxo compounds. In all cases 

complex formation is accompanied by a significant increase in the O-O interatomic 

distances and a considerable decrease in the v(O—O) vibrational stretching frequency. 

Both effects are more marked for the peroxo (type II) complexes than for the superoxo 

(type I) complexes and have been interpreted in terms of a transfer of electrons from M 
into the antibonding orbitals of O, (p. 706) thereby weakening the O-O bond. The 

magnitude of the effects to be expected can be gauged from Table 14.4.¢°) Comparative 
data for a wide range of dioxygen—imetal complexes is in Table 14.5.9? *® It will be noted 

+3 RS. DRAGO, T. BEUGELSDIK, J. A. BREESE and J. P. CANNADY, The relationship of thermodynamic data for 
base adduct formation with cobalt protoporphyrin IX dimethyl ester to the corresponding enthalpies of forming 
dioxygen adducts with implications to oxygen binding cooperativity, J. Am. Chem. Soc. 100, 5374-82 (1978). 
(This discusses an alternative description of the Co—O, bonding in terms of the coupling of the spin of an 
unpaired electron in the d,. orbital of cobalt(II) with one electron in the z-antibonding orbital of O,.) 

44 AB. P. Lever and H. B. Gray, Electronic spectra of metal-dioxygen complexes, Acc. Chem. Res. 11, 
348-55 (1978). 

45 TD) A. SUMMERVILLE, R. D. Jones, B. M. HorrMaN and F. Basoto, Assigning oxidation states to dioxygen 
complexes, J. Chem. Educ. 56, 157-62 (1979). 

+6 RD. Jones, D. A. SUMMERVILLE and F. BAsoLo, Synthetic oxygen carriers related to biological systems, 

Chem. Revs. 79, 139-79 (1979). 

40a AB. P. Lever, G. A. Ozin and H. B. Gray, Electron transfer in metal—dioxygen adducts, /nory. Chem. 
19, 1823-4 (1980). 
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TABLE 14.4 Effect of electron configuration and charge on the bond properties of dioxygen species 

Species Bond order Compound d(O-O)/pm Bond energy/ (O-O)/cm“' 
kJ mol“! 

O5= 2.5 O.[AsF.] 112'3 625.1 1858 
O,@25) 2 O,(g) 120.7 490.4 1554.7 
O,('A,) 2 O,(g) 121.6 396.2 1483.5 
O,” (superoxide) ES K[O,] 128 — 1145 
O,?- (peroxide) 1 Na,[O,] 149 204.2 842 
-OO- 1 H,O,  (cryst) 145.3 213 882 

that the O—O distances and vibrational frequencies are rather insensitive to the nature of 

the metal or its other attached ligands, or, indeed, as to whether the O, is coordinated to 1 

or 2 metal centres. Both classes of superoxo complex, however, have d(O—O) and v(O-—O) 

close to the values for the superoxide ion, whereas both classes of peroxo complex have 

values close to those for the peroxide ion. (However, see footnote to Table 14.5 for an 

important recent caveat to this generalization.) 

TABLE 14.5 Summary of properties of known dioxygen-metal complexes® 

Complex type O,: M ratio Structure d(O-O)/pm v (O-O)/cm7! 
(normal range) (normal range) 

ee, 
superoxo Ia lec fe 125-135 1130-1195 

M 

superoxo Ib | are) O. M 126-136 1075-1122 
ao 

Ul it See 130-155 800-932 peroxo Ila : — - Ay) 
peroxo IIb 2 Fea hes 144-149 790-884 

® Reaction of K,O with Al, Me, in the presence of dibenzo-18-crown-6 (p. 107) yields the surprisingly stable 
anion [(u,y'-O,)(AlMe3).]~ in which one O of the superoxo ion bridges the 2 Al atoms (angle AlI-O-Al 128°): 

O 
| 
O 

A” Nal 
In this new type of coordination mode d(O-O) is long (147 pm) and the weakness of the O-O linkage is also 
shown by the very low value of 851 cm™ * for v(O—O), both values being more characteristic of peroxo than of 
superoxo complexes.‘*°) 

Superoxo complexes having a nonlinear M—O-O configuration are known at present 

only for Fe, Co, Rh and perhaps a few other transition metals, whereas the Vaska-type 

O 
Me | S 

O 

complexes are known for almost all the transition metals except those in the Sc and Zn 

6» D. C. HRNcir, R. D. Rocers, and J. L. Atwoop, New bonding mode for a bridging dioxygen ligand: 
crystal and molecular structure of [K(dibenzo-18-crown-6)][Al,Me,(O,)].1.5C,H,, J. Am. Chem. Soc. 103, 
4277-8 (1981). 



§14.2.1 Coordination Chemistry: Dioxygen as a Ligand Wad 

groups and possibly Mn, Cr, Fe, and Cu. The two modes of formation are illustrated in 

Fig. 14.6 for the two reactions: 

O2/py 

[Co(3-Bu'Salen),] > [Co(3-Bu'Salen),(O)py] 

[Ir(CO)CIPPh,),] — “> [Ir(CO )Cl(O,)(PPh)5] 

O 
135 ye 

r PF ° ii 

187 pm O)116 H 

i GC) else) 
O2/py if Dre Ser cis / 

Seams oe ae if 
als } N L“SN , 

i / 
/ | / 
/ / 
= ; J 

N 

Ruby red (a) Dark red oS 

PPh, 

Yellow (b) Orange 

Fic. 14.6 (a) Reaction of N,N’-ethylenebis(3-tert-salicylideniminato)cobalt(II) with dioxygen 

and pyridine to form the superoxo complex [Co(3-Bu'Salen),(O,)py]; the py ligand is almost 
coplanar with the Co-O-O plane, the angle between the two being 18°.*”) (b) Reversible 
formation of the peroxo complex [Ir(CO)Cl(O,)(PPh3).]. The more densely shaded part of the 

complex is accurately coplanar.*®) 

The sensitivity of the reaction type to the detailed nature of the bonding in the metal 

complex can be gauged from the fact that neither the PMe, analogue of Vaska’s iridium 

complex, nor the corresponding rhodium complex [Rh(CO)CI(PPh,;),] react with 

47 W. P. SCHAEFFER, B. T. Hute, M. G. Kurita and S. E. EaLick, Oxygen-carrying cobalt complexes. 10. 
Structures of N,N’-ethylenebis(3-/ert-butylsalicylideniminato)cobalt(II) and its monomeric dioxygen adduct. 

Inorg. Chem. 19, 340-4 (1980). 

48S. J. LaPLaca and J. A. Ipers, Structure of [Ir(CO)C\(O,)(PPh,),]. The oxygen adduct of a synthetic 
reversible molecular oxygen carrier, J. Am. Chem. Soc. 87, 2581-6 (1965). 
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dioxygen in this way. By contrast, the closely related red complex [RhCl(PPh3),] reacts 

readily with O, in CH,C1, solution with elimination of PPh, to give the brown dinuclear 

doubly bridging complex: [(Ph3,P),RhCl(u-O,)],.CH,Cl, the structure of which is 

shown in Fig. 14.7a.*9) With [Pt(PPh,),] reaction also occurs with elimination of PPh, 
but the product is the yellow, planar, mononuclear complex [Pt(O,)(PPh3),] 

(Fig. 14.7b).0 

Fic. 14.7 Structure and key dimensions of (a) the complex [(Ph,P),RhCl(u-O,)], as obtained 
from an X-ray diffraction study of its 1:1 solvate with CH,Cl,, and (b) the complex 
[Pt(O,)(PPh;),] as obtained from a (photographic) X-ray diffraction study of its 1:1 solvate with 
toluene. The data in (b) are of poor quality because of the difficulty of growing suitable crystals 

and their instability in the X-ray beam (distances +5 pm angles +2°). 

An example of a singly-bridging peroxo complex is the dinuclear cation 

[{Co(PYDIEN)},0,]** where PYDIEN is the pentadentate ligand 1,9-bis(2-pyridyl)- 
2,5,8-triazanonane, NC;H,CH,N(CH,CH,N),CH,C;H,N. The complex is readily 

formed by mixing ethanolic solutions of CoCl,.6H,O, Nal, and the ligand, and then 

exposing the resulting solution to oxygen.©!) Some structural details are in Fig. 14.8. Such 

ut-O, complexes are formed generally among the “Group VIII” metals (Fe), Ru, Os; Co, 

Rh,. Ir; Ni, Pd,..Pt: } 

Many mono- and di-nuclear peroxo-type dioxygen complexes can also be made by an 

alternative route involving direct reaction of transition metal compounds with H,O, and 
it is, in fact, quite arbitrary to distinguish these complexes from those made directly from 

O,. Many such compounds are discussed further on p. 745 and under the chemistry of 

49M. J. BENNETT and P. B. DoNALDsoN, Molecular oxygen as a bridging ligand ina transition metal complex, 
J. Am. Chem. Soc. 93, 3307-8 (1971). 

5° C. D. Cook, P.-T. CHENG and S. C. NysurG, Molecular oxygen complexes of bis(triphenylphosphine- 
platinum(0), J. Am. Chem. Soc. 91, 2123 (1969). 

5! J. H. Timmons, R. H. NiswaAnper, A. CLEARFIELD and A. E. MARTELL, Crystal and molecular structure of 

-peroxo-bis[(1,9-bis(2-pyridyl)-2,5,8-triazanonane)cobalt(III) tetraiodide. Effect of chelate ring size on 
the structures and stabilities of dioxygen complexes, Jnorg. Chem. 18, 2977-82 (1979). 
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s 
J 

Fic. 14.8 Schematic representation of the structure of the dinuclear cation in 
[{Co(PYDIEN)},0,]I, showing some important dimensions. 

individual transition metals, but one very recent example calls for special mention since it 

is the first structurally characterized peroxo derivative to feature a symmetrical, doubly 

bidentate (side on) bridge linking two metal centres.©*) The local coordination geometry 

and dimensions of the central planar {LaO,La} group are shown in Fig. 14.9; the very 
long O-O distance is particularly notable, being substantially longer than in the O,?~ ion 

itself (p. 720). The compound [La{N(SiMe;),},(OPPh3)],O,, which is colourless, was 

Fic. 14.9 Schematic representation of the planar central portion of the y-peroxo complex 

[La{N(SiMe;)},(OPPh3)],O>. 

52 D.C. BRADLEY, J. S. GHorra, F. A. Hart, M. B. HurstHouse and P. R. RaitHBy, Low coordination 
numbers in lanthanoid and actinoid compounds. Part 2. Synthesis, properties, and crystal and molecular 
structures of triphenylphosphine oxide and peroxo-derivatives of [bis(trimethylsilyl)amido] lanthanoids, JCS 
Dalton 1977, 1166-72. 
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made by treating [La{N(SiMe;),},] with Ph,PO, but the origin of the peroxo group 
remains obscure. Similar complexes of Pr (which is also, surprisingly, colourless), Sm (pale 

yellow), Eu (orange red), and Lu (colourless), were obtained in good yield either by a 

similar reaction or by treating [Ln{N(SiMe;),};] with a half-molar proportion of 

(Ph,PO)77H,0;: 
The nature of the metal-oxygen bonding in the various types of dioxygen complex has 

been the subject of much discussion. °°” 39: 424° 46) The electronic structure of the O, 
molecule (p. 706) makes it unlikely that coordination would be by the usual donation of 

an “onium” lone-pair (from O, to the metal centre) which forms an important component 

of most other donor-acceptor adducts (p. 223). Most discussion has centred on the extent 

of electron transfer from the metal into the partly occupied antibonding orbitals of O,. 

There now seems general agreement that there is substantial transfer of electron density 

from the metal d,, orbital into the z* antibonding orbitals of O, with concomitant 

increase in the formal oxidation state of the metal, e.g.: 

{Col} +O,—>{Com(O," )} 
Whether the resulting bonding between dioxygen and the metal atom is predominantly 

ionic or partly covalent may well depend to some extent on the nature of the metal centre 

and is largely a semantic problem which gradually disappears the more precisely one can 

define the detailed MOs or the actual electron distribution. * The difficulty is reminiscent 
of the discussion in Section 4.3.1 (p. 91):-For those who like MO diagrams, the formal 

schematic energy level scheme for Fe"—O, and Co"—O, complexes in Fig. 14.10 should 
suffice; the overall sequence of energy levels is probably correct, but the detailed energy 

levels and the precise coefficients that describe the actual distribution of electron density 

are not known with any certainty. However, the drift of electron density from metal-based 
orbitals to oxygen-based orbitals seems well established. 

In addition to their great importance for structural and bonding studies, dioxygen 

complexes undergo many reactions. As already indicated, some of these reactions are of 

unique importance in biological chemistry? ’* °* and in catalytic systems. Some of the 
simpler inorganic reactions can be summarized as follows: aqueous acids yield H,O, and 

reducing agents give coordinatively unsaturated complexes. Frequently the dioxygen 

complex can oxidize species that do not readily react directly with free molecular O,, e.g. 

CO, CO,, CS,, NO, NO,, SO;, RNC, RCHO, R,CO, PPh, etc. Illustrative Pee 

of these reactions are: 

a 
Le 

O 

[Pt (O,)(PPh3), ] ee oe {(Ph3P), Pt 

RO 

CO; La 
[Pt (O,)(PPh3;),] ————> [(Ph30), sai a 

°3S. SAKAKI, K. Hort, and A. Oxyosul, Electronic structures and stereochemistry of some side-on dioxygen 
complexes, Inorg. Chem. 17, 3183-8 (1978). 

** E.-I. Ocuial, Bioinorganic chemistry of oxygen, J. Inorg. Nucl. Chem. 37, 1503-9 (1975). See also Oxygen 
and Life: Second BOC Priestley Conference, Roy. Soc. Chem. Special Publ. No. 39, London, 1981, 224 pp. 
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[Ir(CO)C1(O,)(PPh;),) —2N@-» 

[1n(CO)C1(O,) (PPh) pt 
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[Pt(PPhs)2 (S,CO)] 

[Pt(NO,)> (PPh; ) | 

[Ir (CO)CI(NO3 )2 (PPh )2 J 

[Ir(CO)CI(PPh3 )2 (SO4)] 

[ RuCl (NO) (PPh3)2 (SOq)] 

[Ni(CNBut),] + 2RNCO 

O=—0) 

CHM ee 
Q——©) 

[(Ph3P),Pt 

[(PhsP)2Pt CMe, | 
O 

[Ni (CNBu'), (PPh3)2] + 2Ph3;PO 

Fic. 14.10 Schematic representation of the energy levels in {Fe"-O,,} and {Co"-O,,} complexes. 
Note that the higher nuclear charge on Co" tends to lower its energy levels and thus favour 
Co(d_,)-O,(z*) o interaction. Electron spin resonance studies suggest that the unpaired electron 
in (xz, 2*),« resides almost completely on O,; as the xy, yz, and (xz, 2*), orbitals in the complex 
are predominantly localized on Co whilst (2*, 2*), and (xz, 2*),« are predominantly associated 
with O,, the coordinative interaction is sometimes said to involve oxidation of Co''(d’) to Col(d°) 

and reduction of O, toO,-. 
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Explanations that have been advanced to explain the enhanced reactivity of coordinated 

dioxygen include: 

(1) The diamagnetic nature of most O, complexes might facilitate reactions to form 

diamagnetic products which would otherwise be hindered by the requirement of 

spin conservation; 

(2) the metal may hold O, and the reactant in cis positions thereby lowering the 

activation energy for oxidation, particularly with coordinatively unsaturated 

complexes; 
(3) coordinated O, is usually partially reduced (towards O,~ or O,7~) and this 

increased electron density on the molecule might activate it. 

Detailed kinetic and mechanistic studies will be required to assess the relative importance 

of these and other possible factors in specific instances. 

14.2.2 Water 

Introduction 

Water is without doubt the most abundant, the most accessible, and the most studied of all 

chemical compounds. Its omnipresence, its crucial importance for man’s survival, and its 

ability to transform so readily from the liquid to the solid and gaseous states has ensured 

its prominence in man’s thinking from the earliest times. Water plays a prominent role in 

most creation myths and has a symbolic purifying or regenerating significance in many 

great religions even to the present day. In the religion of ancient Mesopotamia, the oldest 

of which we have written records (ca. 2000 Bc), Nammu, goddess of the primaeval sea, was 

“the mother who gave birth to heaven and earth”; she was also the mother of the god of 

water, Enki, one of the four main gods controlling the major realms of the universe. In the 

Judaic-Christian tradition®* “the Spirit of God moved upon the face of the waters” and 
creation proceeded via “a firmament in the midst of the waters” to divide heaven from 

earth. Again, the Flood figures prominently®® as it does in the legends of many other 

peoples. The activities of John the Baptist°’) and the obligatory washing practised by 
Muslims before prayers are further manifestations of the deep ritual significance of water. 

Secular philosophers also perceived the unique nature of water. Thus, Thales of Miletus, 

who is generally regarded as the initiator of the Greek classical tradition of philosophy, 

ca. 585 BC, considered water to be the sole fundamental principle in nature. His celebrated 

dictum maintains: “It is water that, in taking different forms, constitutes the earth, 

atmosphere, sky, mountains, gods and men, beasts and birds, grass and trees, and animals 

down to worms, flies, and ants. All these are but different forms of water. Meditate on 

water!” Though this may sound quaint or even perverse to modern ears, we should reflect 

that some marine invertebrates are, indeed, 96-97 °%% water, and the human embryo during 

its first month is 93% water by weight. Aristotle considered water to be one of the four 

elements, alongside earth, air, and fire, and this belief in the fundamental and elementary 

°5 Holy Bible, Genesis, Chap. 1, verses 1-10. 
5° Holy Bible, Genesis, Chaps. 6-8. 
°” Holy Bible, Gospels according to St. Matthew, Chap. 3; St. Mark, Chap. 1; St. Luke, Chap. 3, St. John, 

Chap. 1. 
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nature of water persisted until the epoch-making experiments of H. Cavendish and others 

in the second half of the eighteenth century (pp. 39, 699) showed water to be a compound 

of hydrogen and oxygen.©®) 

Distribution and availability 

Water is distributed very unevenly and with very variable purity over the surface of the 

earth (Table 14.6). Desert regions have little rainfall and no permanent surface waters, 

TABLE 14.6 Estimated world water supply 

Source Volume/10° km? °% of total 

Salt water 

Oceans 1 348 000 97.33 
Saline lakes and inland seas 105 0.008 

Fresh water 
Polar ice and giaciers 28 200 2.04 
Ground water 8 450 0.61 

Lakes 125) 0.009 
Soil moisture 69 0.005 

Atmospheric water vapour 1335 0.001 
Rivers eS 0.0001 

Total 1 385 000 100.0 

®) The Caspian Sea accounts for 75°% of this. 
) More than half of this is in the four largest lakes: Baikal 26 000; 

Tanganyika 20 000; Nyassa 13 000; and Superior 12 000 km’. 

whereas oceans, containing many dissolved salts, cover vast tracts of the globe; they 

comprise 97 % of the available water and cover an area of 3.61 x 10° km? (i.e. 70.8% of the 

surface of the earth). Less than 2.7% of the total surface water is fresh and most of this is 

locked up in the Antartic ice cap and to a much lesser extent the Arctic. The Antartic ice 

cap covers some 1.5 x 10’ km?, i.e. larger than Continental Europe to the Urals (1.01 x 10’ 
km?), the USA including Alaska and Hawaii (0.94 x 10’ km?), or Australia (0.77 x 107 
km7): it comprises some 2.5—2.9 x 10’ km? of fresh water which, if melted, would supply all 
the rivers of the earth for more than 800 years. Every year some 5000 icebergs, totalling 
10!? m? of ice (i.e. 101? tonnes), are calved from the glaciers and ice shelves of Antarctica. 
Each iceberg consists (on average) of ~ 200 Mtonnes of pure fresh water and, if towed at 

1-2 kmh!) could arrive 30% intact in Australia to provide water at one-tenth of the cost 

of current desalination procedures.°* Transportation of crushed ice by ship from the 
polar regions is an alternative that was used intermittently towards the end of the last 

century. 

58 J. W. MELLoR, A Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vol. 1, Chap. 3. 
Hydrogen and the composition of water, pp. 122-46, Longmans Green, London, 1922. 

59 F. FRANKS, /ntroduction—Water, the Unique Chemical, Vol. 1, Chap. 1, of F. FRANKS (ed.), Water, a 

Comprehensive Treatise in 7 Volumes, Plenum Press, New York, 1972-82. 
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Surface freshwater lakes contain 1.25 x 10° km? of water, more than half of which is in 

the four largest lakes. Though these huge lacustrine sources dwarf the innumerable 

smaller lakes, springs, and rivers of the earth, human habitation depends more on these 

widely distributed smaller sources which, in total, still far exceed the needs of man and the 

animal and plant kingdoms. Despite this, severe local problems can arise due to prolonged 

drought, the pollution of surface waters, or the extension of settlements into more arid 

regions. Indeed, droughts have been endemic since ancient times, and even pollution of 

local sources has been a cause of concern and the subject of legislation since at least 1847 

(UK). Michael Faraday’s letter to The Times of 7 July 1855, and the ensuing cartoon in 

Punch (Fig. 14.11) remind us of how long it can be before effective action is taken on urgent 

environmental problems. Fortunately, it now appears that the quality of water supplies 

and amenities is rising steadily in most communities since the nadir of 20-30 years ago, 

and public concern is now increasingly ensuring that funds are available on an 

appropriate scale to deal with the massive problems of water pollution.°°°*) (See also 
De dods) 

Water purification and recycling is now a major industry.©° The method of treatment 

depends on the source of the water, the use envisaged, and the volume required. Luckily 

the human body is very tolerant to changes in the composition of drinking water, and in 

many communities this may contain 0.5 g1~* or more of dissolved solids (Table 14.7). 

TABLE 14.7. World Health Organization drinking-water standards 

Maximum desirable Maximum permissible 
Material conc/mg |! conc/mg |! 

Total dissolved solids 500 1500 

Mg 30 150 
Ca 75 200 

Chlorides 20 60 
Sulfates 200 400 

Prior treatment may consist of coagulation (by addition of alum or chlorinated FeSO, to 

produce flocs of Al(OH); or Fe(OH);), filtration, softening (removal of Mg" and Ca"! by 

ion exchange), and disinfection (by chlorination, p. 924, or addition of ozone, p. 712). In 

°° H. B. N. Hynes, The Biology of:Polluted Waters, Liverpool Univ. Press, 4th impression 1973, 202 pp. 
(Probably the best textbook at present available on water pollution.) 

°' A.D. MCKNIGHT, P. K. MARSTRAND and T. C. SINCLAIR (eds.), Environmental Pollution Control, Chap. 5: 
Pollution of inland waters; Chap. 6: The Law relating to pollution of inland waters; George, Allen and Unwin 
1974. 

©? C. E. WarreEN, Biology and Water Pollution Control, Saunders, Philadelphia, 1971, 434 pp. (A good 
introductory book, encyclopaedic but readable.) 

°° B. CoMMoneR, The killing of a great lake, in The 1968 World Book Year Book, Field Enterprises Educ. 
Corp., 1968; Lake Erie water, Chap. 5 in The Closing Circle, London, Jonathan Cape, 1972. 

°*A. NisBeTT, The myths of Lake Erie, New Scientist, 23 March 1972, pp. 650-52, Argues that the views in ref. 
63 and elsewhere are unfounded: Lake Erie is not dead but it is damaged. 

®5 M. Worpoys, P. K. MARSTRAND and P. D. Lowe, Science and the Environment-Unit Two, Vol. 15 in the 
SISCON (Science in a Social Context) Project, 1975,21 pp. Contains useful documentation on sources of water 
pollution and its treatment, and an anotated bibliography. 

°° T. V. ARDEN, Water purification and recycling, in R. THOMPSON (ed.), The Modern Inorganic Chemicals 
Industry, pp. 69-105, Chemical Society Special Publication, No. 31, 1977. 

> 
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most developed countries industrial needs for water are at least 10 times the volume used 

domestically. Moreover, some industrial processes require much purer water than that for 

human consumption, and for high-pressure boiler feedwater in particular the purity 

standard is 99.999 998%, i.e. no more than 0.02 ppm impurities. This is far purer than for 

reactor grade uranium, the finest refined gold, or the best analytical reagents, and is 

probably exceeded only by semiconductor grade germanium and silicon. In contrast to Ge 

and Si, however, water is processed on a megatonne-per-day scale at a cost of only about 

£1 per tonne. 

The beneficiation of sea water and other saline sources to produce fresh water is also of 

increasing importance. Normal freshwater supplies from precipitation cannot meet the 

needs of the increasing world population, particularly in the semi-arid regions of the 

world, and desalination is being used increasingly to augment normal water supplies, or 

even to provide all the fresh water in some places such as the arid parts of the Arabian 

Peninsula. The most commonly used methods are distillation (e.g. multistage flash 

distillation processes) and ion-exchange techniques, including electrodialysis and reverse 

osmosis (hyperfiltration). The enormous importance of the field can be gauged from the 

fact that Gmelin’s volume on Water Desalting,©”) which reviewed 14 000 papers published 
up to 1973/4, has already had to be supplemented by a further 360-page volume®®) dealing 
with the 4000 papers appearing during the following 4 years. An excellent example of the 

scale of modern desalination schemes is the Yuma Plant being built on the 

California—Arizona—Mexico border. Irrigation waters from the Imperial Dam across the 

Colorado River above Yuma have been percolating through porous soil, leaching out 

saline components and then collecting in a shallow aquifer below the irrigation region. By 

1961 the water-level had begun to reach the root zone of the fields; wells were dug and the 

saline water (3200 mg 1’ dissolved solids) pumped back into the river, but this merely 

transferred the problem across the border where the Mexicans were unable to use the now 
brackish water for their own irrigation projects. The 1973 US-Mexico treaty set a limit of 

no more than 115 mg1~! salinity above that of the Imperial Dam waters, and this has 

necessitated the construction of a huge reverse osmosis desalting plant that will process 

nearly 100 million gallons (US) per day and deliver over 90 000 acre-feet of product water 

annually for blending with the raw Colorado River water in Mexico. When completed in 

the mid-1980s the Yuma Plant will be the largest single desalting installation in the world, 

built at a cost of $190 million and with an annual operating cost of $12.4 million at 1977 

prices.©*) A far cry from the first recorded use of desalination techniques in biblical 
times.’ 

Physical properties and structure 

Water is a volatile, mobile liquid with many curious properties, most of which can be 

ascribed to extensive H bonding (p. 57). In the gas phase the H,O molecule has a bond 

6? Gmelin Handbook of Inorganic Chemistry, 8th edn. (in English), O: Water Desalting, 1974, 339 pp. 
°8 Gmelin Handbook of Inorganic Chemistry, 8th edn. (in English), O: Water Desalting, Supplement Vol. 1, 

1979, 360 pp. 
6° Water desalination gets another look, Chem. Eng. News, 4 February 1980, p. 26-30. 
7° Holy Bible, Exodus, Chap. 15, verses 22-25: “*. . . so Moses brought the sons of Israel from the Red Sea and 

they went into the desert of Sur. And they marched three days in the wilderness and found no water to drink. 

And then they arrived at Merra and they could not drink from the waters of Merra because they were bitter. 
... And the people murmured against Moses saying: What shall we drink? And Moses cried unto the Lord. And 
the Lord showed him a wood and he put it into the water and the water became sweet”’. 
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angle of 104.5° (close to tetrahedral) and an interatomic distance of 95.7 pm. The dipole 

moment is 1.84 D. Some properties of liquid water are summarized in Table 14.8 together 

TABLE 14.8 Some physical properties of H,O, D,O, and T,O (at 25°C unless otherwise stated)” 

Property H,O D,O T,O 

Molecular weight 18.0151 20.0276 22.0315 
MP/°C 0.00 3.81 4.48 
BP/°C 100.00 101.42 101.51 

Temperature of maximum 3.98 23 13.4 
density/°C 

Maximum density/g cm? 1.0000 1.1059 1.2150 
Density (25°)/g cm? 0.997 01 1.1044 1.2138 
Vapour pressure/mmHg 23.75 20.51 ~ 19.8 
Viscosity/centipoise 0.8903 1.107 +e 
Dielectric constant ¢ 78.39 78.06 = 
Electrical conductivity (20°C)/ SG E — _ 
ohm~! cm7! 

Ionization constant [H*][OH~]/mol* 1~?__ 1.008 x 10° '* 1:95:xdOm +> ~6x 107 1° 
Ionic dissociation constant Meets 4S Bd 10a ee ~11x10717 
K=[H*][OH ]/[H,O]/mol 1"! 

Heat of ionization/kJ mol ~* 56.27 60.33 = 
AH?/kJ mol7! — 285.85 — 294.6 — 

AG?/kJ mol! — 23719 — 243.5 — 

‘) Heavy water (p. 47) is now manufactured on the multikilotonne scale for use both as a coolant and 

neutron-moderator in nuclear reactors: its absorption cross-section for neutrons is much less than for normal 
water: 6, 332, op 0.46 mb (1 millibarn= 10>?! cm’). 

with those of heavy water D,O and the tritium analogue T,O (p. 48). The high bp is 

notable (cf. H,S, etc.) as is the temperature of maximum density and its marked 

dependence on the isotopic:composition of water. The high dielectric constant and 

measurable ionic dissociation equilibrium are also unusual and important properties. The 

ionic mobilities of [H,0]* and [OH]~ in water are abnormally high (350 x 107* and 

192 x 10°*cms~! per Vcm ? at 25° compared with 50-75 x 10° * cm? V~! s~! for most 
other ions). This has been ascribed to a proton switch and reorientation mechanism 

involving the ions and chains of H-bonded solvent molecules. Other properties which 

show the influence of H bonding are the high heat and entropy of vaporization (AH es 

44.02 kJ mol’, AS,,,, 118.8 J deg” * mol” '), high surface tension (71.97 dyne cm“, ice. 
71.97 mN m~') and relatively high viscosity. The strength of the H bonds has been 

variously estimated at between 5-50 kJ per mol of H bonds and is most probably close to 

20 kJ mol” *. The structured nature of liquid water in which the molecules are linked to a 

small number of neighbours (2-3) by H bonds also accounts for its anomalously low 

density compared with a value of ~ 1.84 g cm? calculated for a normal close-packed 

liquid with molecules of similar size and mass. Details of the structure of liquid water have 
been probed for nearly five decades since the classic paper of J. D. Bernal and R. H. Fowler 

proposed the first plausible model.'’’) Despite extensive work by X-ray and neutron 

"| J. D. BERNAL and R. H. Fow cer, A theory of water and ionic solution, with particular reference to 
hydrogen and hydroxyl ions, J. Chem. Phys. 1, 515-48 (1933). 
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diffraction, Raman and infrared spectroscopy, and the theoretical calculation of 

thermodynamic properties based on various models, details are still controversial and 

there does not even appear to be general agreement on whether water consists of a mixture 

of two or more species of varying degrees of polymerization, or whether it is better 

described on a continuous model of highly bent H-bond configurations.’ 
When water freezes the crystalline form adopted depends upon the detailed conditions 

employed. At least nine structurally distinct forms of ice are known and the phase relations 

between them are summarized in Fig. 14.12. Thus, when liquid or gaseous water 

100 

80 

TEC 

p/kbar 

Fic, 14.12 Partial phase diagram for ice (metastable equilibrium shown by broken lines). 

crystallizes at atmospheric pressure normal hexagonal ice I, forms, but at very low 

temperatures (— 120° to — 140°) the vapour condenses to the cubic form, ice I,. The 

relation between these structures is the same as that between the tridymite and cristobalite 

forms of SiO, (p. 394), though in both forms of ice the protons are disordered. Many of the 

high-pressure forms of ice are also based on silica structures (Table 14.9) and in ice II, VIII, 

and IX the protons are ordered, the last 2 being low-temperature forms of ice VII and III 

respectively in which the protons are disordered. Note also that the high-pressure 

polymorphs VI and VII can exist at temperatures as high as 80°C and that, as expected, 
the high-pressure forms have substantially greater densities than that for ice I. A vitreous 

form of ice can be obtained by condensing water vapour at temperatures of — 160°C or 

below. 

72 P. KRINDEL and I. ELIEZER, Water structure models, Coord. Chem. Rev. 6, 217-46 (1971). 
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TABLE 14.9 Structural relations in the polymorphs of ice”* 

Ordered (O) or 

Polymorph Analogous silica d/(g cm~ 3) disordered (D) 
polymorph positions 

ae Tridymite 0.92 D 
ie Cristobalite 0.92 D 
II — ib iG/ O 
1 Keatite 1.16 
IX Keatite O 
IV See footnote” = = 
V No obvious analogue 1223) D 
VI Edingtonite® ° 1.31 D 
VII Cristobalite® 1.50 D 
VIII Cristobalite® O 

‘@) Metastable for H,O, but firmly established for D,O. 
(>) Edingtonite is BaAl,Si,0,..4H,O (see p. 828 of ref. 73). 
‘) Structure consists of two interpenetrating frameworks. 

In “normal” hexagonal ice I,, each O is surrounded by a nearly regular tetrahedral 

arrangement of 4 other O atoms (3 at 276.5 pm and 1, along the c-axis, at 275.2 pm). The 

O-O-O angles are all close to 109.5° and neutron diffraction shows that the angle HH-O-H 

is close to 105°, implying that the H atoms lie slightly off the O—O vectors. The detailed 

description of the disordered H atom positions is complex. In the proton-ordered phases II 

and IX neutron diffraction again indicates an angle H-O-H close to 105° but the O-O-O 

angles are now 88° and 99° respectively. More details are in the papers mentioned in 

Kel Mey, 

As indicated in Tables 14.8 and 14.9, ice I, is unusual in having a density less than that of 

the liquid phase with which it is in equilibrium (a property which is of crucial significance 

for the preservation of aquatic life). When ice I,, melts some of the H bonds (possibly about 

1 in 4) in the fully H-bonded lattice of 4-coordinate O atoms begin to break, and this 

process continues as the liquid is warmed, thereby enabling the molecules to pack 

progressively more closely with a consequent increase in density. This effect is opposed by 

the thermal motion of the molecules which tends to expand the liquid, and the net result is 

a maximum in the density at 3.98°C. Further heating reduces the density, though only 
slowly, presumably because the effects of thermal motion begin to outweigh the 

countervailing influence of breaking more H bonds. Again the qualitative explanation is 

clear but quantitative calculations of the density, viscosity, dielectric constant, etc., of 

H,O, D,O, and their mixtures remain formidable. 

Until recently it was thought that pure ice had a low but measurable electrical 

conductivity of about 1 x 10~'° ohm! cm~' at — 10°C. This conductivity is now thought 
to arise almost exclusively from surface defects, and when these have been removed ice is 

essentially an insulator with an immeasurably small conductivity.” 

73 A. F. WELLS, Water and hydrates, Chap. 15 in Structural Inorganic Chemistry, 4th edn., pp. 537-69, 
Oxford University Press, Oxford, 1975. 

74 A. VON HippeEL, From atoms towards living systems, Mat. Res. Bull. 14, 273-99 (1979). 
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Water of crystallization, aquo complexes, and solid hydrates 

Many salts crystallize from aqueous solution not as the anhydrous compound but as a 

well-defined hydrate. Still other solid phases have variable quantities of water associated 
with them, and there is an almost continuous gradation in the degree of association or 

“bonding” between the molecules of water and the other components of the crystal. It is 

convenient to recognise five limiting types of interaction though the boundaries between 

them are vague and undefined, and many compounds incorporate more than one type. 

(a) H,0 coordinated in a cationic complex. This is perhaps the most familiar class and 
can be exemplified by complexes such as [Be(OH,),]SO,, [Mg(OH,),]Cl, 

[Ni(OH,)¢](NO3)>, etc.; the metal ion is frequently in the + 2 or +3 oxidation state and 

tends to be small and with high coordination power. Sometimes there is further interaction 
via H bonding between the aquocation and the anion, particularly if this derives from an 

oxoacid, e.g. the alums {[M(OH,)¢]* [Al(OH,),]°*[SO,],7~ } and related salts of Cr?*, 
Fe?*, etc. The species H30*, H,O,*,H,0;*,and H,O,* area special case in which the 
cation is a proton, i.e. [H(OH,),]*, and are discussed on p. 738. 

(b) H,0 coordinated by H bonding to oxoanions. This mode is relatively uncommon but 

occurs in the classic case of CuSO, .5H,O and probably also in ZnSO,.7H,O. Thus, in 

hydrated Cu sulfate, 1 of the H,O molecules is held much more tenaciously than the other 

4 (which can all be removed over P,O,, or by warming under reduced pressure); the fifth 

can only be removed by heating the compound above 350°C (or to 250° in vacuo). The 

crystal structure shows that each Cu atom is coordinated by 4H,O and 2SO, groups in a 

trans octahedral configuration (Fig. 14.13) and that the fifth H,O molecule is not bound to 

SO; 

Onan eo 2 ‘H Se 

i LN oH | 

Oa Dee, 
\_-H / Teta 

HONS ve Cs | ONS 

Cu H 
nies aT Ne, OSO; 

2 oN 

OSORn EH 

©) = Oxygen of Soe 

O = Oxygen of 5th water 

©) = Oxygen of H,O 

Fic. 14.13 Two representations of the repeating structural unit in CuSO,.5H,O showing the 
geometrical distribution of ligands about Cu and the connectivity of the unique H,O molecule. 

Cu but forms H (donor) bonds to 2 SO, groups on neighbouring Cu atoms and 2 further 

H (acceptor) bonds with cis-H,O molecules on 1 of the Cu atoms. It therefore plays a 
cohesive role in binding the various units of the structure into a continuous lattice. 
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(c) Lattice water. Sometimes hydration of either the cation or the anion is required to 

improve the size compatibility of the units comprising the lattice, and sometimes voids in 

the lattice so formed can be filled by additional molecules of water. Thus, although LiF 

and NaF are anhydrous, the larger alkali metal fluorides can form definite hydrates 

MF .nH,O (n=2 and 4 for K; 14 for Rb; 2 and 14 for Cs). Conversely, for the chlorides: 
KCl, RbCl, and CsCl are always anhydrous whereas LiCl can form hydrates with 1, 2, 3, 

and 5H,O, and NaCl. 2H,0O is also known. The space-filling role of water molecules is 

even more evident with very large anions such as those of the heteropoly acids (p. 1184), 

e.g: H3[PWi,O.9 29H 30. 
(d) Zeoltic water. The large cavities of the framework silicates (p. 414) can readily 

accommodate water molecules, and the lack of specific strong interactions enables the 

“degree of hydration” to vary continuously over very wide ranges. The swelling of ion- 

exchange resins and clay minerals (p. 407) are further examples of non-specific hydrates of 

variable composition. 

(e) Clathrate hydrates. The structure motif of zeolite “hosts” accommodating “guest” 

molecules of water can be inverted in an intriguing way: just as the various forms of ice 

(p. 732) are formally related to those of silica (p. 394), so (H,O), can be induced to generate 

various cage-like structures with large cavities, thereby enabling the water structure itself 

to act as host to various guest molecules. Thus, polyhedral frameworks, sometimes with 

cavities of more than one size, can be generated from unit cells containing 12H,O, 46H,O, 

136H,O, etc. In the first of these (Fig. 14.14) there is a cubic array of 24-cornered cavities, 

“es = Re we ties = ENS Fase Saws 

Fic. 14.14. Crystal structure of HPF,.6H,O showing the cavity formed by 24 H,O molecules 
disposed with their O atoms at the vertices of a truncated octahedron. The PF, octahedra occupy 

centre and corners of the cubic unit cell, ie. one PF, at the centre of each cavity.(’>) 
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each cavity being a truncated octahedron with square faces of O atoms and each H,O 

being common to 2 adjacent cavities (i.e. 24/2=12H,O). There is space for a guest 

molecule G at the centre of each cavity, i.e. at the centre of the cube and at each corner 

resulting in a stoichiometry G(8G),,/g.12H,O, ie. G.6H,O as in HPF,.6H,O. The 

structure should be compared with the aluminosilicate framework in ultramarine (p. 416). 

With the more complicated framework of 46H,O there are 6 cavities of one size and 2 

slightly smaller. If all are filled one has 46/8H,O per guest molecule, i.e. G.53H,O as in the 

high-pressure clathrates with G=Ar, Kr, CH,, and HS. If only the larger cavities are 

filled, the stoichiometry rises to G.73H,O: this is approximated by the classic chlorine 
hydrate phase discovered by Humphry Davy and studied by Michael Faraday. The 

compound is now known to be Cl, .74H,O, implying that up to 20% of the smaller guest 

sites are also occupied. 

With the 136H,O polyhedron there are 8 larger and 16 smaller voids. If only the former 

are filled, then G.17H,O results (17 = 136/8) as in CHCl,.17H,O and CHI,.17H,O, 

whereas if both sets are filled with molecules of different sizes, compounds such as 

CHCl,.2H,S.17H,O result. Many more complicated arrays are possible, resulting from 

partial filling of the voids or partial replacement of H,O in the framework by other species 

capable of being H-bonded into the network, e.g. [NMe,]F.4H,O, [NMe,]OH.5H,O, 

Bu3SF.20H,O, and [N(i-C,H,,),]F.38H,O. Further structural details are in ref. 73. 

Chemical properties 

Water is an excellent solvent because of its high dielectric constant and very strong 

solvating power. Many compounds, whether hydrated or anhydrous, dissolve to give 

electrolytic solutions of hydrated cations and anions. However, detailed treatments of 
solubility relations, free energies and enthalpies of ionic hydration, temperature 

dependence of solubility, and the influence of dissolved ions on the H-bonded structure of 

the solvent, fall outside the scope of the present treatment. Even predominantly covalent 

compounds such as EtOH, MeCO,H, Me,CO, (CH;,),0, etc. can have high 

solubility or even complete miscibility with water due to H-bonded interaction with the 

solvent. Again, covalent compounds such as HCI can dissolve to give ionic solutions by 

heterolytic cleavage (e.g. to aquated H,O* Cl ), and the process of dissolution sometimes 

also results in ionic cleavage of the solvent itself, e.g. [H,;0]*[BF,(OH)]~ (p. 223). 

Because of the great affinity that many elements have for oxygen, solvolytic cleavage 

(hydrolysis) of “covalent” or “ionic” bonds frequently ensues, e.g.: 

P4Oi9(s) + XH,O ————» 4H3PO, (aq) (p. 580) 

AICI; (s) + xH,0 ————* [AI(OH,),]* (aq) + 3CI (aq) (p. 254) 

Such reactions are discussed at appropriate points throughout the book as each 

individual compound is being considered. A particularly important set of reactions in this 

category is the synthesis of element hydrides by hydrolysis of certain sulfides (to give H,S), 

nitrides (to give NH;), phosphides (PH3), carbides (C,H,,,), borides (B,H,,), etc. 

Another important reaction (between H,O, I,, and SO,) forms the basis of the 

quantitative determination of water when present in small amounts. The reaction, 

CTE-Y* 
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originally investigated by R. Bunsen in 1835, was introduced in 1935 as an analytical 

reagent by Karl Fischer who believed, incorrectly, that each mole of I, was equivalent to 2 

moles of H,O: 

MeOH/py 

2H,0+ 1, + SO, —====== 2H + H, SO, 

In fact, the reaction is only quantitative in the presence of pyridine, and the methanol 

solvent is also involved leading to a 1:1 stoichiometry between I, and H,O: 

SO, 
La MeOH 

The stability of the reagent is much improved by replacing MeOH with 

MeOCH,CH,OH, and this forms the basis of the present-day Karl Fischer reagent. 

In addition to simple dissolution, ionic dissociation, and solvolysis, two further classes 

of reaction are of pre-eminent importance in aqueous solution chemistry, namely 

acid-base reactions (p. 51) and oxidation-reduction reactions. In water, the oxygen atom 

is in its lowest oxidation state (— 2). Standard reduction potentials (p. 498) of oxygen in 

acid and alkaline solution are listed in Table 14.10'7*) and shown diagramatically in the 

TABLE 14.10 Standard reduction potentials of oxygen 

Acid solution (pH 0) BP]. Alkaline solution (pH 14) E°/N 

O,+4H* +4e° =2H,O 1.229 O,+2H,0+4e =40H- 0.401 
O,+2H* +2e =H,0O, 0.695 O,+H,0+2e =HO, +OH- — 0.076 

O,+H* +e =HO, —0.105 O,+e =0,~ —0.563 
HO,+H* +e =H,O, 1.495 O, +H,0+e =HO, +OH™ 0.413 

H,0O,+2H* +2e =2H,O 1.776 HO, +H,0+2e =30H~ 0.878 
H,0,+H* +e =OH+H,0 0.71 HO, +H,0+e =OH+20H— —0.245 
OH+H*+e =H,O 2.85 OH+e =OH™ 2.02 

scheme opposite. It is important to remember that if H* or OH” appear in the electrode 

half-reaction, then the electrode potential will change markedly with the pH. Thus for the 

first reaction in Table 14.10: O,+4H* +4e”° =2H,0O, although E° = 1.229 V, the actual 
potential at 25°C will be given by 

E/volt = 1.229 +0.05916 log {[H*]/mol 1~'} {P,/atm}* 

which diminishes to 0.401 V at pH 14 (Fig. 14.15). Likewise, for the half-reaction 

H* +e =4H,, E° is zero by definition at pH 0, and at other concentrations 

E/volt= —0.05916 log{P,,/atm}?/{[H*]/mol 1 *} 

7’ G. MILazzo and S. Carout, Tables of Standard Electrode Potentials, p. 229, Wiley-Interscience, New 
York, 1978. 
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Reduction potential/ V 

0 7 14 

pH 

Fic. 14.15 Variation of the reduction potentials of the couples O,/H,O and H*/H, asa function 
of pH (full lines). The broken lines lie 0.5 V above and below these full lines and give the 
approximate practical limits of oxidants and reductants in aqueous solution beyond which the 

solvent itself is oxidized to O3(g) or reduced to H,(g). 
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and the value falls to — 0.828 at pH 14. Theoretically no oxidizing agent whose reduction 

potential lies above the O,/H,O line and no reducing agent whose reduction potential 

falls below the H*/H, line can exist in thermodynamically stable aqueous solutions. 

However, for kinetic reasons associated with the existence of over-potentials, these lines 

can be extended by about 0.5 V as shown by the dotted lines in Fig. 14.15, and these are a 

more realistic estimate of the region of stability of oxidizing and reducing agents in 
aqueous solution. Outside these limits more strongly oxidizing species (e.g. Fj, E° 2.866 V) 

oxidize water to O, and more strongly reducing agents (e.g. K retains E° — 2.931 V) liberate 

H,. Sometimes even greater activation energies have to be overcome and reaction only 

proceeds at elevated temperatures (e.g. C+H,O—-CO+ Hj; p. 326). 

The acid-base behaviour of aqueous solutions has already been discussed (p. 51). The 

ionic self-dissociation of water is well established (Table 14.8) and can be formally 

represented as 

21,0 =H.0* 40H 

On the Bronsted theory (p. 52), solutions with concentrations of H,O°* greater than that 

in pure water are acids (proton donors), and solutions rich in OH are bases (proton 

acceptors). The same classifications follow from the solvent-system theory of acids and 

bases since compounds enhancing the concentrations of the characteristic solvent cation 

(H,0*) and anion (OH - ) are solvo-acids and solvo-bases (p. 487). On the Lewis theory, 

H* is an electron-pair acceptor (acid) and OH ~ an electron-pair donor (base, or ligand) 

(p. 223). The various definitions tend to diverge only in other systems (either nonaqueous 

or solvent-free), particularly when aprotic media are being considered (e.g. N,Ou, p. 523; 

BrF, p. 972; etc.). 

In considering the following isoelectronic sequence (8 valence electrons) and the 

corresponding gas-phase proton affinities (A,,,/kJ mol” 1):”® 
Zi Ht i H+ H+ 0? OH >H,O >H,0+ 

(— 2860) (— 1650) (-— 695) 

it will be noted that only the last three species are stable in aqueous solution. This is 

because the proton affinity of O?~ is so huge that it immediately abstracts a proton from 

the solvent to give OH; as a consequence, oxides never dissolve in water without 

reaction and the only oxides that are stable to water are those that are completely 

insoluble in it: 

O?~(s)+H,O(aq)——> 20H ~ (aq); _K > 102? J? 

There has been considerable discussion about the extent of hydration of the proton and 

the hydroxide ion in aqueous solution.’® There is little doubt that this is variable (as for 

many other ions) and the hydration number derived depends both on the precise 

definition adopted for this quantity and on the experimental method used to determine 

it. H,O* has definitely been detected by vibration spectroscopy, and by 170 nmr 
spectroscopy on a solution of HF/SbF./H,'’O in SO,; a quartet was observed at — 15° 
which collapsed to a singlet on proton decoupling, J(‘7O-'H) 106 Hz.‘’” In crystalline 

7° R. E. Kari and I. G. Csizmapia, A systematic study of the ionization potentials and electron, proton, 
hydrogen and hydride affinities of OH, molecules and ions, J. Am. Chem. Soc. 99, 4539-45 (1977). 

76a PA. GIGUERE, The great fallacy of the H* ion, J. Chem. Educ. 56, 571-5 (1979). 

77 G. D. Meteescu and G. M. BENEDIKT, The hydronium ion (H,O*). Preparation and characterization by 
high resolution oxygen-17 nuclear magnetic resonance, J. Am. Chem. Soc. 101, 3959-60 (1979). 
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hydrates there are a growing number of well-characterized hydrates of the series H,O~, 

H,O,*, H,O;*, H.O,* and H,,0,*, ie-[H(OH,),]* n=1-4, 6. Thus X-ray studies 
have established the presence of H,;O* in the monohydrates of HCl, HNO;3, and HCIO,, 

and in the mono- and di-hydrates of sulfuric acid, [H,;O][HSO,] and [H;0],[SO,]. As 

expected, H,O°* is pyramidal like the isoelectronic molecule NH3, but the values of the 

angles H—O-H vary considerably due to extensive H bonding throughout the crystal, e.g. 

117° in the chloride, 112° in the nitrate, and 101°, 106°, and 126° in [H,O][HSO,].” 

Likewise the H-bonded distance O-H-:-O varies: it is 266 pm in the nitrate, 254-265 

in [H3;0][HSO,], and 252-259 in [H,0],[SO,]. The most stable hydroxonium salt yet 
known is the white crystalline complex [H,0]*[SbF,]~, prepared by adding the 

stoichiometric amount of H,O to a solution of SbF, in anhydrous HF;;'’® it decomposes 
without melting when heated to 357°C. The analogous compound [H,O]*[AsF.]~ 

decomposes at 193°C. 

The dihydrated proton [H,O,]* was first established in HCI.2H,O (1967) and 

HC10,.2H,O (1968), and is now known in over a dozen compounds. The structure is 

shown schematically in the diagram though the conformation varies from staggered in the 

a = 

OS hao) 

perchlorate, through an intermediate orientation for the chloride to almost eclipsed for 

[H,O,]Cl.H,O. In the case of [H;0,]*3[PW,,04.]*~, an apparently planar arrange- 

ment of all 7 atoms in the cation is an artefact of disorder in the crystal. The O-H---O 

distance is usually in the range 240-245 pm though in the deep-yellow crystalline 

compound [NEt,],[H;O,][Mo,ClgsH][MoCl,O(OH,)] it is only 234 pm, one of the 

shortest O-H---O bonds known.” 
The ions [H,O,]* and [H,O,]* are both featured in the compound HBr.4H,O which 

has the unexpectedly complicated formulation [H,O,]*[H;O3]*[Br]~5.H,O. The 
structure of the cations are shown schematically in Fig. 14.16 which indicates that a 

bromide ion has essentially displaced the fourth water molecule of the second cation to 

give an effectively neutral H-bonded unit [((H,O);H* Br]. The discrete [H;O3]* ion is 
now known in about half-a-dozen complexes of which the most recent example is the 

deep-green complex [NEt,],[H7O3],[Ru3Cl,,] in which the 2 O-H---O distances are 

245 and 255 pm and the O-O.:-O angle is 115.9°.8° 

78K. O. Cnreiste, C. J. ScHack and R. D. WILSON, Novel onium salts. Synthesis and characterization of 
OH,*SbF,~ and OH,*AsF,”, /norg. Chem. 14, 2224-30 (1975). 

79 A. Brno and F. A. Corton, Structural characterization of the hydrido-bridged [Mo,Cl,H]*~ ion, the 
[MoCl,0(OH,)] ion and an [H;O,]* ion with an exceptionally short hydrogen bond, J. Am. Chem. Soc. 101, 

4150-4 (1979). 

80 A Binoand F. A. Corton, A linear, trinuclear, mixed valence chloro complex of ruthenium [Ru,Cl, ,]*~, 
J. Am. Chem. Soc. 102, 608-11 (1980). 
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Fic. 14.16 Schematic representation of the structures of the [HgO,]* and [H,O 3]*-:-Br~ units 

in HBr.4H,O, showing bond angles and O-H---O (O-H.---Br) distances. 

The largest protonated cluster of water molecules yet characterized is the discrete unit 

[H,30,]* formed serendipidously when the cage compound [(C,H,g)3(NH) Cl] Cl was 
crystallized from a 10°% aqueous hydrochloric acid solution.®”) The structure of the cage 
cation is shown in Fig. 14.17 and the unit cell contains 4{[C,H,g),(NH),CIJCI- 

[H,3;0,]Cl}. The hydrated proton features a short symmetrical O-H—-O bond at the 

Fic. 14.17 (a) Schematic representation of the structure of the cage cation 
[(CoH,g)3(NH),Cl]*, and (b) detailed structure of the [H, ;0,]* ion showing its H bonding to 
surrounding Cl” anions. The ion has C,, symmetry with the very short central O-H—O lying 

across the centre of symmetry. 

centre of symmetry and 4 longer unsymmetrical O-H---O bonds to 4 further H,O 

molecules, the whole [H, ;0,]* unit being connected to the rest of the lattice by H bonds 
of normal length to surrounding chloride ions. It is clear from these various examples that 

the stability of the larger proton hydrates is enhanced by the presence of large co-cations 

and/or counter-anions in the lattice. 

8! R.A. BELL, G. G. Curistopn, F. R. FRONCZEK and R. E. MarsH, The cation [H, ,O,]*:a short symmetric 
hydrogen bond, Science 190, 151-2 (1975). 
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Hydrated forms of the hydroxide ion have been much less well characterized though the 
monohydrate [H;0,]~ has recently been discovered in the mixed salt Na,[NEt;Me]- 

[Cr{PhC(S)=N(O)};].4NaH,O,.18H,O which formed when [NEt;Me]I was added 

to a solution of tris(thiobenzohydroximato)chromate(III) in aqueous NaOH.®?) The 
compound tended to loose water at room temperature but an X-ray study identified the 

centro-symmetric [HO-H-OH]~ anion shown in Fig. 14.18. The central O-H-O bond is 

Fic. 14.18 Structure of the centrosymmetric [H,0,]~ ion showing the disposition of longer H 
bonds to neighbouring water molecules. 

very short indeed (229 pm) and is probably symmetrical, though the central H was not 

located on the electron density map. It will be noted that [H,O,]7 is isoelectronic with the 

bifluoride ion [F—H-F]~ which also features a very short, symmetrical H bond with F---F 

227 pm (p. 64). 

Polywater 

The saga of polywater forms a fascinating and informative case history of the massive 

amount of work that can be done, even in modern times, on the preparation and 

characterization of a compound which was eventually found not to exist. Between 1966 

and 1973 over 500 scientific papers were published on polywater following B. V. 

Deryagin’s description of work done in the USSR during the preceding years.‘**) The 
supposed compound, variously called anomalous water, orthowater, polywater, super- 

water, cyclimetric water, superdense water, water II, and water-X, was prepared in minute 

amounts by condensing purified “ordinary water” into fine, freshly drawn glass capillaries 

of diameter 1-3 ym. The thermodynamic difficulties inherent in the very existence of such 

a compound were soon apparent and it was proposed that polywater was, in fact, a 

dispersion of a silica gel leached from the glass capillaries,°*) despite the specific rejection 
of this possibility by several groups of earlier workers. The full panoply of physicochem- 

ical techniques was brought to bear on the problem, and it was finally conceded that the 

82 J. Apu-Dari, K. N. RAYMOND, and D. P. FREYBERG, The bihydroxide [H,0,]~ anion. A very short 
symmetric hydrogen bond, J. Am. Chem. Soc. 101, 3688-9 (1979). 

83 BV. DeRYAGIN, Effect of lyophile surfaces on the properties of boundary liquid films, Discussions Faraday 
Soc. 42, 109-19 (1966). 

84 A CHERKIN, Anomalous water—a silica dispersion?, Nature 224, 1293 (1969). (See also Nature 222, 159-61 
(1969)). 
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anomalous properties were caused by a mixture of colloidal silicic acid and dissolved 

compounds of Na, K, Ca, B, Si, N (nitrate), O (sulfate), and Cl leached from the glass by 

the aggressive action of-freshly condensed water.°) A very informative annotated 

bibliography is available which traces the course of this controversy and analyses the 

reasons why it took so long to resolve.®° 

14.2.3. Hydrogen peroxide 

Hydrogen peroxide was first made in 1818 by J. L. Thenard who acidified barium 

peroxide (p. 132) and then removed excess H,O by evaporation under reduced pressure. 

Later the compound was prepared by hydrolysis of peroxodisulfates obtained by 

electrolytic oxidation of acidified sulfate solutions at high current densities: 

Boe 2H,0 
2HSO,," (aq) === HOSOOSO,, Haq) == 2HSO) 2H.0,; 

Such processes are now no longer used except in the laboratory preparation of D,O,, ¢.g.: 

K,S,O0¢ + 215 Orr a ea 2KDSO, + DO, 

On an industrial scale H,O, is now almost exclusively prepared by the autoxidation of 

2-alkylanthraquinols (see Panel). 

Physical properties 

Hydrogen peroxide, when pure, is an almost colourless (very pale blue) liquid, less 

volatile than water and somewhat more dense and viscous. Its more important physical 

properties are in Table 14.11 (cf. H,O, p. 730). The compound is miscible with water in all 

TABLE 14.11 Some physical properties of hydrogen 
peroxide 

Property Value 

MP/°C — 0.43 
BP/°C (extrap) 150.2 

Vapour pressure (25°)/mmHg 1.9 
Density (solid at —4.5°)/g cm 3 1.6434 
Density (liquid at 25°)/g cm 3 1.4425 
Viscosity (20°)/centipoise 1.249 

Dielectric constant ¢ (25°) 70.7 

Electric conductivity (25°)/ohm~! cm~! Ses 
AH?/kJ mol7} — 187.6 
AG?/kJ mol”! —118.0 

® For D,O,: mp +1.5°; dyo 1.5348 g cm~ 3; n59 1.358 centipoise. 

°° B. V. DeryaGin and N. V. Cuuraev, Nature of anomalous water, Nature 244, 430-31 (1973); B. V. 
DERYAGIN, The state-of-the-art in liquids’ modification by condensation, Recent Advances in Adhesion, 1973, 
23-31. 

°° F. Percivat and A. H. JOHNSTONE, Polywater—A Library Exercise for Chemistry Deyree Students, The 
Chemical Society, London, 1978, 24 pp. [See also B. F. POWELL, Anomalous water—fact or figment? J. Chem. 

Educ. 48, 663—7 (1971). H. FREIZER, Polywater and analytical chemistry—a lesson for the future, J. Chem. Educ. 
49, 445 (1972). F. FRANKS, Polywater, MIT Press, Cambridge, Mass., 1981, 208 pp.] 
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"Preparation and Uses of ydrogen rox” a 

2 oH ydrogen peronide isa major industrial chemical manufactured ona uh sletanne aa by ar an 
_ ingenious cycle of reactions introduced by I. G. Farbenindus' e about 40 years ago. Since the 

value of the solvents and organic substrates used are several hundred times that of the H,O, 
produced, the economic viability of the process depends on keeping losses very small indeed. The 
basic process consists of dissolving 2-ethylanthaquinone in a mixed ester/hydrocarbon or 
_alcohol/hydrocarbon solvent and reducing it by a Raney nickel or supported palladium catalyst to 

» the corresponding quinol. The catalyst is ne SS a the ane) Sey 
reoxidized in a stream of air: 

H,0, ( 1% conc) 

The H,O, is extracted by water and concentrated to 330% (oy cane by distillation under 
reduced pressure. Further low-pressure eolislion: to concentrations ap to (85% are not 
uncommon. 
World production (excluding the USSR) expressed as 100% eo. was some 520 000 tonnes in 
975 of which two-thirds was in Europe, one-fifth i in the USA, and one-seventh in Japan. The 

earliest and still the largest industrial use for H,O, is as each for textiles, paper pulp, straw, 
leather, oils and fats, etc. Domestic use as a hair bleach a: id disinfectan : 
somewhat. Hydrogen peroxide is also extensively used to manufacture chemicals, notably sodium 
perborate (p. 234) and percarbonate (p. 102), which are major constituents of most domestic 
etergents at least in the UK and Europe. Normal formulations include 15-25% of such 
roxoacid salts, though the practice is much less ‘widespread i in the USA, and the concentrations, 
en included at all, are usually less than 10%. 
in the organic chemicals industry, HO, is used in the production of eporides propylene oxide, 

nd weep pe for abe ess and Diate saaaieres in the manulaciots of econ peroxy 

x Continued 

87. C. A. CRAMPTON, G. FABER, R. JoNEs, J. P. LEAVER and S. SCHELLE, The manufacture, properties, and uses 
of hydrogen peroxide and other inorganic peroxy compounds, in R. THompsoN (ed.), The Modern Inorganic 
Chemicals Industry, pp. 232-66. Chemical Society Special Publications, No. 31, 1977. 
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Chemicals 

Hydrometallurgy 6% 

a 
Includes personal care products, 

food processing, and furniture 

Source: Interox America 

proportions and forms a hydrate H,O,.H,O, mp —52°. Addition of water increases the 

already high dielectric constant of H,O, (70.7) to a maximum value of 121 at ~35% 

H,O,, i.e. substantially higher than the value of water itself (78.4 at 25°). 
In the gas phase the molecule adopts a skew configuration with a dihedral angle of 

111.5° as shown in Fig. 14.19. This is due to repulsive interaction of the O-H bonds with 

the lone-pairs of electrons on each O atom. Indeed, H,O, is the smallest molecule known 

to show hindered rotation about a single bond, the rotational barriers being 4.62 and 
29.45 kJ mol ~' for the trans and cis conformations respectively. The skew form persists in 

the liquid phase, no doubt modified by H bonding, and in the crystalline state at — 163°C 

the most recent neutron diffraction study® gives the dimensions shown in Fig. 14.19b. 

The dihedral angle is particularly sensitive to H bonding, decreasing from 111.5° in the gas 

phase to 90.2° in crystalline H,O,; in fact, values spanning the complete range from 90° to 

180° (i.e. trans planar) are known for various solid phases containing molecular H,O, 

88 J.-M. SAVARIAULT and M. S. LEHMANN, Experimental determination of the deformation electron density in 
hydrogen peroxide by combination of X-ray and neutron diffraction measurements, J. Am. Chem. Soc. 102, 
1298-1303 (1980). 
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(Table 14.12). The O—O distance in H,O, corresponds to the value expected for a single 
bond (p. 720). 

(a) Gas phase (b) Solid phase 

Fic. 14.19 Structure of the H,O, molecule (a) in the gas phase, and (b) in the crystalline state. In 
the crystal the dihedral angle diminishes appreciably due to H bonding, and the O-O-H bond 
angle expands somewhat; changes in the interatomic distances are much smaller but are probably 

real. 

_ TABLE 14.12 Dihedral angle of H,O, in some crystalline phases 

Compound Dihedral angle Compound Dihedral angle 

H,O,(s) 90.2° L5G, O7.H,O5 180° 
K7 C1 O7- HO; 101.6° Na, ©, OHO; 180° 
Rb5C,0,.H,0; 103.4° NH,F.H,0,°” 180° 
H,0O,.2H,O 129° 

Chemical properties 

In H,O, the oxidation state of oxygen is — 1, intermediate between the values for O, 

and H,O, and, as indicated by the reduction potentials on p. 736, aqueous solutions of 

H,O, should spontaneously disproportionate. For the pure liquid: H,O,(1)>H,O(1)+ 
40,(g); AH° = —98.2 kJ mol 1, AG° = — 119.2 kJ mol™?. In fact, in the absence of catalysts, 

the compound decomposes negligibly slowly but the reaction is strongly catalysed by 

metal surfaces (Pt, Ag), by MnO,, or by traces of alkali (dissolved from glass), and for this 

reason H,O, is generally stored in wax-coated or plastic vessels with stabilizers such as 
urea; even a speck of dust can initiate explosive decomposition, and all handling of the 

anhydrous compound or its concentrated solutions must be carried out in dust-free 

conditions and in the absence of metal ions. A useful “carrier” for H,O, in some reactions 

is the adduct (Ph,PO),.H,O3. 

Hydrogen peroxide has a rich and varied chemistry which arises from (i) its ability to act 
either as an oxidizing or a reducing agent in both acid and alkaline solution, (ii) its ability 

to undergo proton acid/base reactions to form peroxonium salts (H,OOH)*, hydro- 

peroxides (OOH), and peroxides (O,)~, and (iii) its reactions to give peroxometal 

complexes and peroxoacid anions. 

89 V_A. SARIN, V. YA. DuDAREV, T. A. DoBRYNINA and V. E. ZAVODNIK, An X-ray structure investigation of 
NH,F.H,O, crystals, Soviet Phys. Crystallogr. 24, 472-3 (1979), and references therein. 
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The ability of H,O, to act both as an oxidizing and a reducing agent is well known in 

analytical chemistry. Typical examples (not necessarily of analytical utility) are: 

Oxidizing agent in acid solution: 

2[Fe(CN),]*~ +H,O,+2H *——>2[Fe(CN),]°~ +2H,O 

Likewise Fe?*—Fe?*, SO,?~—-SO,?-, NH,OH-—HNO; etc. 

Reducing agent in acid solution: 

MnO, +24!H,O,+3H *——>Mn?* +4H,0+ 240, 

2Ce** + H,O,—>2Ce*?* + 2H* +0, 

Oxidizing agent in alkaline solution: 

Mn?* +H,0,—>Mn‘** +20H~ 

Reducing agent in alkaline solution: 

2[Fe(CN),]?~ +H,0,+20H ——>2[Fe(CN),]*~ +2H,0+0, 

2Fe?* +H,0,+2O0H ——>2Fe’?* +2H,0+0, 

KIO, + H,O,——> KIO, + H,0+ 0, 

It will be noted that O, is always evolved when H,O, acts as a reducing agent, and 

sometimes this gives rise to a red chemiluminescence if the dioxygen molecule is produced 

in a singlet state (p. 705), e.g.: 

Acid solution: 

HOCI+H,0,——+H,0* + Cl" +'O,*——>hv 

Alkaline solution: 

Cl, +H,0,+20H - >2Cl~ + 2H,0+'O,* ———> hv 

The catalytic decomposition of aqueous solutions H,O, alluded to on p. 745 can also be 

viewed as an oxidation—reduction process and, indeed, most homogeneous catalysts for 

this reaction are oxidation—reduction couples of which the oxidizing agent can oxidize (be 

reduced by) H,O, and the reducing agent can reduce (be oxidized by) H,O,. Thus, using 

the data on p. 736, any complex with a reduction potential between + 0.695 and + 1.776 V 

in acid solution should catalyse the reaction. For example: 

Fe3+ /Fe?*,E°+0.771 V Br,/2Br~,E° + 1.078 

2Fe? tit: HO, > 0Fe-* £0, Br, +H,O, —?" = Br. 0; 

Fe? * + H,0;,— > 2Fe?" 42H,0 2Br +HO5- Be EO 

Net: 2H,O, —->2H,0+0, Net: 2H,0, ———> 2H,0+0, 

In many such reactions, experiments using '*O show negligible exchange between H,O, 

and H,O, and all the O, formed when HO, is used as a reducing agent comes from the 
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H,O,, implying that oxidizing agents do not break the O-O bond but simply remove 

electrons. Not all reactions are heterolytic, however, and free radicals are sometimes 

involved, e.g. Ti?*/H,O, and Fenton’s reagent (Fe? */H,O,). The most important free 

radicals are OH and O,H. 

Hydrogen peroxide is a somewhat stronger acid than water, and in dilute aqueous 

solutions has pK, (20°) = 11.75 + 0.02, i.e. comparable with the third dissociation constant 

Gh PO <(p. 598): 
4 : 

HO, +H,O ——= H,0" + 00H ;K, = eon = 1/8 x10 smolts 
[H,0,] 

Conversely, H,O, is a much weaker base than H,O (perhaps by a factor of 10°), and the 
following equilibrium lies far to the right: 

H,0, i +H,O = H,O, +H,0° 

As a consequence, salts of H;0,* cannot be prepared from aqueous solution but they 

have very recently (1979) been obtained as white solids from the strongly acid solvent 

systems anhydrous HF/SbF, and HF/AsF,, e.g.:°° 

H,O, +HF + MF, ——>[H;0,]*[MF¢]~ 

H,O, + HF + 2SbF,——> [H,0,]* [Sb,F,,]~ 

The salts decompose quantatively at or slightly above room temperature, e.g.: 

2[H ,O,][SbF,] —> 2[H,O][SbF,] +0, 

The ion [H,OOH]* is isoelectronic with H,NOH and vibrational spectroscopy shows it 

to have the same (C,) symmetry. 

Deprotonation of H,O, yields OOH , and hydroperoxides of the alkali metals are 

known in solution. Liquid ammonia can also effect deprotonation and NH,OOH is a 

white solid, mp 25°; infrared spectroscopy shows the presence of NH,* and OOH” ions 

in the solid phase but the melt appears to contain only the H-bonded species NH, and 

H,O,.°!) Double deprotonation yields the peroxide ion O,7~, and this is a standard 
route to transition metal peroxides.°°) Many such compounds are noted under the 

individual transition elements and it is only necessary here to note that the chemical 

identity of the products obtained is often very sensitive to the conditions employed 

because of the combination of acid—base and redox reactions in the system. For example, 

treatment of alkaline aqueous solutions of chromate(VI) with H,O, yields the stable red 

paramagnetic tetraperoxochromate(V) compounds [Cr‘(O,),]*~ (uw 1.80 BM), whereas 

treatment of chromate(VI) with H,O, in acid solution followed by extraction with ether 

and coordination with pyridine yields the neutral peroxochromate(VI) complex 

[CrO(O,),py] which has a small temperature-independent paramagnetism of about 

0.5 BM. The structure of these two species is in Fig. 14.20 which also includes the structure 

°° K.O. CurisTe, W. W. WILSON, and E. C. Curtis, Novel onium salts. Synthesis and characterization of the 
peroxonium cation H,OOH™, /norg. Chem. 18, 2578-86 (1979). 

°' O. Knop and P. A. GIGUERE, Infrared spectrum of ammonium hydroperoxide, Canad. J. Chem. 37, 1794-7 

(1959). 
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Fic. 14.20 Structures of (a) the tetraperoxochromate(V) ion [Cr¥(O,),]°~, (b) the pyridine 
oxodiperoxochromium(VI) complex [CrY'O(O,),py], and (c) the triamminodiperoxo- 
chromium(IV) complex [Cr'Y(NH)3(O,)2] showing important interatomic distances and angles. 
(This last compound was originally described as a chromium(II) superoxo complex 
[Cr"(NH)3(O)>] on the basis of an apparent O-O distance of 131 pm,°” and is a salutory 
example of the tratiial and interpretative errors that can arise even in quite recent X-ray diffraction 

studies.?>) 

of the brown diperoxochromium(IV) complex [Cr'Y(NH;)3(O,),] (u 2.8 BM) prepared 
by treating either of the other two complexes with an excess of aqueous ammonia or more 

directly by treating an aqueous ammonical solution of [NH,],[Cr,0,] with H,O. 

Besides deprotonation of H,O,, other routes to metal peroxides include the direct 

reduction of O, by combustion of the electropositive alkali and alkaline earth metals in 

oxygen (pp. 98, 132) or by reaction of O, with transition metal complexes in solution 

(p. 719).e” 

Peroxoanions are described under the appropriate element, e.g. peroxoborates (p. 232), 

peroxonitrates (p. 528), peroxophosphates (p. 588), peroxosulfates (p. 846), and peroxo- 

disulfates (p. 846). 

14.2.4 Oxygen fluorides” 

Oxygen forms several binary fluorides of which the most stable is OF ,. This was first 

made in 1929 by the electrolysis of slightly moist molten KF/HF but is now pata) 

made by reacting F, gas with 2% aqueous NaOH solution: 

2F,+2NaOH—-> OF, + 2NaF+H,O 

Conditions must be controlled so as to minimize loss of the product by the secondary 
reaction: 

OF,+20H ——>0,+2F +H,0O 

°? E.H. McLaren and L. HeLMHOLz, The crystal and molecular structure of triamminochromium tetroxide, 
J. Chem. Phys. 63, 1279-83 (1959). 

°3'R. STROMBERG, The crystal and molecular structure of diperoxotriamminechromium(IV) 
[Cr(O,,),(NH;)3], Arkiv Kemi 22, 49-64 (1974). 

°*N.-G. VANNERBERG, Peroxides, superoxides, and ozonides of the metals of Groups IA, IIA, and IIB, Prog. 
Inorg. Chem. 4, 125-97 (1962). 

°° E. A. V. EssworTu, J. A. CoNNor, and J. J. TURNER, Oxygen fluorides, in J. C. BAILAR, H. J. EMELEUus, 
R. S. NYHOLM, and A. F. TROTMAN-DICKENSON (eds.), Comprehensive Inorganic Chemistry, Vol. 2, Chap. 22, 
Section 5, pp. 747-71. Pergamon Press, Oxford, 1973. 
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Oxygen fluoride is a colourless, very poisonous gas that condenses to a pale-yellow liquid 

(mp — 223.8°, bp — 145.3°C). When pure it is stable to 200° in glass vessels but above this 

temperature decomposes by a radical mechanism to the elements. Molecular dimensions 
(microwave) are in Fig. 14.21, where they are compared with those of related molecules. 

F F H 

140.5 pm 144.2 pm 

O }103° O97, O )104.5° 

96.4 pm 95.7 pm 

EF H H 

Fic. 14.21 Comparison of the molecular dimensions of various gaseous molecules having O-F 

and O-H bonds. 

The heat of formation has been given as AH? 24.5 kJ mol’, leading to an average O-F 

bond energy of 187 kJ mol’. Though less reactive than elementary fluorine, OF, is a 

powerful oxidizing and fluorinating agent. Many metals give oxides and fluorides, 

phosphorus yields PF; plus POF3;, sulfur SO, plus SF,, and xenon gives XeF, and 

oxofluorides (p. 1056). HS explodes on being mixed with OF, at room temperature. OF, 

is formally the anhydride of hypofluorous acid, HOF, but there is no evidence that it reacts 

with water to form this compound. Indeed, HOF had been sought for many decades but 

has only recently been prepared and fully characterized.©® 
HOF was first identified by P. N. Noble and G. C. Pimentel in 1968 using matrix 

isolation techniques: F,/H,O mixtures were frozen in solid N, and photolysed at 

14-20 K: 

F,+H,0O HOF+HF 

A more convenient larger-scale preparation was devised in 1971 by M. H. Studier and E. 

H. Appleman, who circulated F,, rapidly through a Kel-F U-tube filled with Raschig rings 

of polytetrafluoroethylene (Teflon) which had been moistened with water and cooled to 
—40°. An essential further condition was the presence of traps at —50° and —79° to 
remove H,O and HF (both of which react with HOF), and the product was retained in a 

trap at — 183°. HOF is a white solid, melting at — 117° toa pale yellow liquid which boils 

°° EH. ApPpELMAN, Nonexistent compounds: two case histories, Acc. Chem. Res. 6, 113-17 (1973). 
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below room temperature. Molecular dimensions are in Fig. 14.21; the small bond angle is 

particularly notable, being the smallest yet recorded for 2-coordinate O in an open chain. 

HOF is stable with respect to its elements: AH?(298)= —98.2, AG;(298)= —85.7 kJ 

mol‘. However, HOF decomposes fairly rapidly to HF and O, at room temperature (t, ; 

~ 30 min at 100 mmHg in Kel-F or Teflon). Decomposition is accelerated by light and by 

the presence of F,, or metal surfaces. HOF reacts rapidly with water to produce HF, H,O,, 

and O,; with acid solutions H,O is oxidized primarily to H,O,, whereas in alkaline 

solutions O, is the principal oxygen-containing product. Ag! is oxidized to Ag" and, in 

alkaline solution, BrO,~ yields the elusive perbromate ion BrO,~ (p. 1020). All these 

reactions parallel closely those of F, in water, and it may well be that HOF is the reactive 

species produced when F, reacts with water (p. 1003). No ionic salts of hypofluorous acid 

have been isolated but covalent hypofluorites have been known for several decades as 

highly reactive (sometimes explosive) gases, e.g.: 

KNO,+F, KF+0,NOF (bp —45.9°) 

SOF, 42h, =r SOF (bp —35.1°) 

HClO, (conc) +F; HF+0,CIOF (bp —15.9°) 

Dioxygen difluoride, O,F,, is best prepared by passing a silent electric discharge 

through a low-pressure mixture of F, and O,: the products obtained depend markedly on 

conditions, and the yield of O,F, is optimized by using a 1: 1 mixture at 7-17 mmHg anda 

discharge of 25-30 mA at 2.1-2.4 kV. Alternatively, pure O,F, can be synthesized by 

subjecting a mixture of liquid O, and F, in a stainless steel reactor at — 196° to 3 MeV 

bremstrahlung radiation for 1-4 h. O,F, is a yellow solid and liquid, mp — 154°, bp — 57° 

(extrapolated). It is much less stable than OF, and even at — 160° decomposes at a rate of 

some 4% per day. Decomposition by a radical mechanism is rapid above — 100°. The 

structure of O,F, (Fig. 14.21) resembles that of H,O, but the remarkably short O-O 

distance is a notable difference in detail (cf. O, gas 120.7 pm). The O-F distance is, 

conversely, unusually long. These features are paralleled by the bond dissociation 

energies: 

D(FO-OF) 430 kJ mol” ', D(F-OOF) ~75 kJ mol~!. 

Accordingly, mass spectrometric, infrared, and electron spin resonance studies confirm 

dissociation into F and OOF radicals, and low-temperature studies have also established 

the presence of the dimer O,F,, which is a dark red-brown solid, mp — 191°C. Impure 

O,F, can also be prepared by silent electric discharge but the material previously thought 

to be O,F, is probably a mixture of O,F, and O,F 3. Dioxygen difluoride, as expected, is a 

very vigorous and powerful oxidizing and fluorinating agent even at very low 

temperatures (— 150°). It converts CIF to CIF3, BrF, to BrF,, and SF, to SF,. Similar 

products are obtained from HCl, HBr, and H,S, e.g.: 

H,S+40,F, ———> SF, +2HF +40, 

Interest in the production of high-energy oxidizers for use in rocket motors has 

stimulated the study of peroxo compounds bound to highly electronegative groups during 
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the past few decades. Although such applications have not yet materialized, numerous 

new compounds of this type have been synthesized and characterized, e.g.: 

160°/AgF, catalyst 
2SO, + Ee i oor INiEld FO,SOOSO,F 

hy ; 

F.SOOSF, +Cl, 2SF.C1+0, 

CsF 

2CLF,+0F, F,COOOCF; 

Such compounds are volatile liquids or gases (Table 14.13) and their extensive reaction 

chemistry has been very fully reviewed.” 

TABLE 14.13 Properties of some fluorinated peroxides 

Compound MP/°C BP/°C Ak Compound MP/°C BEEG 

FO,SOOSO,F — 55.4 67.1 F,COONO, — 0.7 
FO,SOOF  _ _- 0 F,COOP(O)F, — 88.6 1S. 
FO,SOOSF, — 54.1 F,COOCI — 132 —22 
F.,SOOSF, —95.4 49.4 (eC); GOOG(CE-); 12 98.6 
F,;SOOCF, — 136 Well F,COOOCF, — 138 —16 

14.2.5 Oxides 

Various methods of classification 

Oxides are known for all elements of the periodic table except the lighter noble gases 
and, indeed, most elements form more than one binary compound with oxygen. Their 
properties span the full range of volatility from difficultly condensible gases such as CO 

(bp —191.5°C) to refractory oxides such as ZrO, (mp 3265°C, bp ~4850°C). Likewise, 

their electrical properties vary from being excellent insulators (e.g. MgO), through semi- 

conductors (e.g. NiO), to good metallic conductors (e.g. ReO3). They may be precisely 

stoichiometric or show stoichiometric variability over a narrow or a wide range of 

composition. They may be thermodynamically stable or unstable with respect to their 

elements, thermally stable or unstable, highly reactive to common reagents or almost 

completely inert even at very high temperatures. With such a vast array of compounds and 
such a broad spectrum of properties any classification of oxides is likely to be either too 

simplified to be reliable or too complicated to be useful. One classification that is both 

convenient and helpful at an elementary level stresses the acid—base properties of oxides; 

this can be complemented and supplemented by classifications which stress the structural 

relationships between oxides. General classifications based on redox properties or on 

presumed bonding models have proved to be less helpful, though they are sometimes of 

use when a more restricted group of compounds is being considered. 

°7R. A. DE Marco and J. M. SHREEVE, Fluorinated peroxides, Adv. Inorg. Chem. Radiochem., 16, 109-76 
(1974); J. M. Sureeve, Fluorinated peroxides, Endeavour xxxv, No. 125, 79-82 (1976). 
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The acid-base classification®®) turns essentially on the thermodynamic properties of 

hydroxides in aqueous solution, since oxides themselves are not soluble as such (p. 738). 

Oxides may be: 

acidic: e.g. most oxides of non-metallic elements (CO,, NO2, P4O;9, SOs, etc.); 

basic: e.g. oxides of electropositive elements (Na,O, CaO, T1,0, La,O3, etc.); 

amphoteric: oxides of less electropositive elements (BeO, Al,O3, Bi,03, ZnO, etc.); 

neutral: oxides that do not interact with water or aqueous acids or bases (CO, NO, 

etc.). 

Periodic trends in these properties are well documented (p. 31). Thus, in a given period, 

oxides progress from strongly basic, through weakly basic, amphoteric, and weakly acidic, 

to strongly acidic (e.g. Na,O, MgO, Al,O3, SiO0;, P,O;9, SO3, ClO,). Acidity also 

increases with increasing oxidation state (eg. MnO<Mn,O;<MnO,<Mn,0O,). A 
similar trend is the decrease in basicity of the lanthanide oxides with increase in atomic 

number from La to Lu. In the main groups, basicity of the oxides increases with increase in 

atomic number down a group (e.g. BEO < MgO < CaO < SrO < BaO), though the reverse 

tends to occur in the later transition element groups. 

The thermodynamic and other physical properties of binary oxides (e.g. AH;, AG}, mp, 

etc.) show characteristic trends and variations when plotted as a function of atomic 

number, and the preparation of such plots using readily available compilations of data®*) 

can be a revealing and rewarding exercise. ° 
Structural classifications of oxides recognize discrete molecular species and structures 

which are polymeric in one or more dimensions leading to chains, layers, and ultimately, to 

three-dimensional networks. Some typical examples are in Table 14.14; structural details 

TABLE 14.14 Structure types for binary oxides in the solid state 

Structure type Examples 

Molecular structures CO, CO,, OsO,, Tc,07, Sb,0¢, P4,Oio 
Chain structures HgO, SeO,, CrO;, Sb,0, 
Layer structures SnO, MoO,, As,O,. Re,O, 
Three-dimensional structures See text 

are given elsewhere under each individual element. The type of structure adopted in any 

particular case depends (obviously) not only on the stoichiometry but also on the relative 

sizes of the atoms involved and the propensity to form p, double bonds to oxygen. In 

structures which are conventionally described as “ionic”, the 6-coordinate radius of O7~ 

(140 pm) is larger than all 6-coordinate cation radii except for Rb! Cs! Fr', Ra", and TI! 

°8-C. S. G. PHILuips and R. J. P. WiLiams, Jnorganic Chemistry, Vol. 1, Oxford University Press, Oxford 
1965; Section 14.1, Acid, base, and amphoteric character, pp. 516—23; see also ref. 95, pp. 722-29, Acid—base 
character of simple oxides. 

°° M. C. BALL and A. H. Norsury, Physical Data for Inorganic Chemists, Longmans, London, 1974, 175 pp. 
G. H. Ay-warp and T. J. V. Finpvay, S/ Chemical Data, 2nd edn., Wiley, Sydney, 1975, 136 pp. 

100 R. V. Parisu, The Metallic Elements, Longmans, London 1977, 254 pp. (see particularly pp. 25-28, 40-44, 
66-74, 128-33, 148-50, 168-77, 188-98. 

5) 
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though it is approached by K! (138 pm) and Ba"! (135 pm).“°”” Accordingly, many oxides 
are found to adopt structures in which there is a close-packed oxygen lattice with cations 

in the interstices (frequently octahedral). For “cations”, which have very small effective 

ionic radii (say <50 pm), particularly if they carry a high formal charge, the structure type 

and bonding are usually better described in covalent terms, particularly when zx 

interactions enhance the stability of terminal M=O bonds (M=C,N, PY, S¥! etc.). Thus, 
for oxides of formula MO, a coordination number of 1 (molecular) is found for CO and 

NO though the latter tends towards a coordination number of 2 (dimers, p. 513). With the 

somewhat larger Be" and Zn" the wurtzite (4:4) structure is adopted, and monoxides of 
still larger divalent cations tend to adopt the sodium chloride (6:6) structure (e.g. 

M"=Mg, Ca, Sr, Ba, Co, Ni, Cd, Eu, etc.). 

A similar trend is observed for oxides of M'YO, in Group IV of the periodic table. The 
small C atom, with its propensity to form p,—p, bonds to oxygen, adopts a linear, 

molecular structure O=C=O. Silicon, being somewhat larger and less prone to double 

bonding (p. 419), is surrounded by 4 essentially single-bonded O in most forms of SiO, 

(p. 393) and the coordination geometry is thus 4:2. Similarly, GeO, adopts the quartz 
structure; in addition a rutile form (p. 1120) is known in which the coordination is 6:3. 

SnO, and PbO, also have rutile structures as has TiO, but the largest Group IVA cations 
Zr and Hf adopt the fluorite (8:4) structure (p. 129) in their dioxides. Other large cations 

with a fluorite structure for MO, are Po; Ce, Pr, Tb; Th, U, Np, Pu, Am, and Cm. 

Conversely, the antifluorite structure is found for the alkali metal monoxides M,O 

(p. 97). Such simple ideas are capable of considerable further elaboration.'°?? 

Nonstoichiometr y 

Transition elements, for which variable valency is energetically feasible, frequently 
show nonstoichiometric behaviour (variable composition) in their oxides, sulfides, and 

related binary compounds. For small deviations from stoichiometry a thermodynamic 

approach is instructive, but for larger deviations structural considerations supervene, and 

the possibility of thermodynamically unstable but kinetically isolable phases must be 

considered. These ideas will be expanded in the following paragraphs but more detailed 

treatment must be sought elsewhere.‘10; 104 1042, 104») 
Any crystal is contact with the vapour of one of its constituents is potentially a 

nonstoichiometric compound since, for true thermodynamic equilibrium, the compos- 

ition of the solid phase must depend on the concentration (pressure) of this constituent in 

the vapour phase. If the solid and vapour are in equilibrium with each other (AG=0) at 

101 R D. SHANNON, Revised effective ionic radii and systematic studies of interatomic distances in halides and 

chalcogenides, Acta Cryst. A32, 751-67 (1976). 
102 A F. WELLS, Structural Inorganic Chemistry, 4th edn., Oxford University Press, Oxford, 1975; Chap. 12, 

Binary metal oxides, pp. 439-75; Chap. 13, Complex oxides, pp. 476-515. 
103 N. N. GREENWOOD, Ionic Crystals, Lattice Defects, and Nonstoichiometry, Chaps. 6 and 7, pp. 111-81, 

Butterworths, London, 1968. 
104 TD) J. M. BevaN, Nonstoichiometric compounds: an introductory essay, Chap. 49 in J. C. BAILaR, 

H. J. Emecéus, R. S. NyHoLM, and A. F. TROTMAN-DICKENSON (eds.), Comprehensive Inorganic Chemistry, Vol. 

4, pp. 453-40, Pergamon Press, Oxford, 1973. 

104a T SoRENSEN, Nonstoichiometric Oxides, Academic Press, New York, 1981, 441 pp. 
1046 § TRasatTTl, Electrodes of Conductive Metallic Oxides, Elsevier, Amsterdam, Part A, 1980, 366 pp.; Part 

B, 1981, 336 pp. 
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a given temperature and pressure, then a change in this pressure will lead to a change 

(however minute) in the composition of the solid, provided that the activation energy for 

the reaction is not too high at the temperature being used. Such deviations from ideal 

stoichiometry imply a change in valency of at least some of the ions in the crystal and are 

readily detected for many oxides using a range of techniques such as pressure-compos- 

ition isotherms, X-ray diffraction, neutron diffraction, electrical conductivity (semi- 

conductivity), visible and ultraviolet absorption spectroscopy (colour centres),°*) and 

Mossbauer (y-ray resonance) spectroscopy."'°* 
If the pressure of O, above a crystalline oxide is increased, the oxide-ion activity in the 

solid can be increased by placing the supernumerary O7 ~ ions in interstitial positions, e.g. : 

1150,/€ 

The electrons required to reduce 40, to O?” come from individual cations which are 

thereby oxidized to a higher oxidation state. Alternatively, if suitable interstitial sites are 

not available, the excess O*~ ions can build on to normal lattice sites thereby creating 

cation vacancies which diffuse into the crystal, e.g.: 

(i—2)Cu, O45 O07, > CuO 

In this case the requisite electrons are provided by 2Cu! becoming oxidized to 2Cu"™. 

Conversely, if the pressure of O, above a crystalline oxide is decreased below the 

equilibrium value appropriate for the stoichiometric composition, oxygen “boils out” of 

the lattice leaving supernumerary metal atoms or lower-valent ions in interstitital 

positions, e.g.: 

(1+ x)ZnO —-= Zn,,,0+450, 

The absorption spectrum of this nonstoichiometric phase forms the basis for the formerly 

much-used qualitative test for zinc oxide: “yellow when hot, white when cold”. 
Alternatively, anion sites can be left vacant, e.g.: 

In both cases the average oxidation state of the metal is reduced. It is important to 

appreciate that, in all such examples, the resulting nonstoichiometric compound is a 

homogeneous phase which is thermodynamically stable under the prevailing ambient 
conditions. 

Sometimes the lattice defects form clusters amongst themselves rather than being 

randomly distributed throughout the lattice. A classic example is “ferrous oxide”, which is 

unstable as FeO at room temperature but exists as Fe,_.O (0.05<x<0.12): the NaCl- 
type lattice has a substantial number of vacant Fe" sites and these tend to cluster so that 

Fe'' can occupy tetrahedral sites within the lattice as shown schematically in Fig. 14.22. 
Such clustering can sometimes nucleate a new phase in which “vacant sites” are eliminated 

by being ordered in a new structure type. For example, PrO,_. forms a disordered 

"0S N. N. GREENWOOD and T. C. Grips, Méssbauer Spectroscopy, Chapman & Hall, London, 1971, 659 pp. 
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(a) 

Fic. 14.22 Schematic representation of defect clusters in Fe,_,O. The normal NaCl-type 
structure (a) has Fe" (small open circles) and O~"' (large dark circles) at alternate corners of a 

cube. In the 4:1 cluster (b), four octahedral Fe" sites are left vacant and an Fe" ion (grey) occupies 
the cube centre, thus being tetrahedrally coordinated by the 40". In (c) a more extended 13:4 
cluster is shown in which, again, all anion sites are occupied but the 13 octahedral Fe" sites are 

vacant and four Fe'" occupy a tetrahedral array of cube centres. 

nonstoichiometric phase (0< x <0.25) at 1000°C but at lower temperatures (400—700°C) 

this is replaced by a succession of intermediate phases with only very narrow (and non- 
overlapping) composition ranges of general formula Pr,O,,_, with n=4, 7, 9, 10, 11, 12 

and oo as shown in Fig. 14.23 and Table 14.15. 

TABLE 14.15 Intermediate phases formed by ordering of defects in 
the praseodymium—oxygen system 

Formula Nonstoichiometric 

n Ri@ye, yin PrO, limits of x at T°C iG 

4 Pr,O, 1.500 1.500-1.503 1000 

7 PreOi> 1.714 1.713--1.719 700 

9 ProOi, 1.778 1.776-1.778 500 
10 Pr;O, 1.800 1.799 1.801 450 
11 Pi (056 1.818 1.817-1.820 430 

12 Pr,O,; 1.833 1.831-1.836 400 

0) Pro, 2.000 1.999-2.000 400 
1.75 —2.00 1000 

Oxygen (oxide ions) in crystal lattices can be progressively removed by systematically 

replacing corner-shared {MO,} octahedra with edge-shared octahedra. The geometrical 

principles involved in the conceptual generation of such successions of phases (chemical- 
shear structures) are now well understood, but many mechanistic details of their 

formation remain unresolved. Typical examples are the rutile series Ti,O,,,_, (n=4, 5, 6, 7, 

8, 9, 10, co) between TiO, ,, and TiO,, and the ReO, series M,O;,-, which leads to a 

succession of 6 phases with n=8, 9, 10, 11, 12, and 14 in the narrow composition range 

MO, 75 to MO, 929 (M=Mo or W). 



756 Oxygen “ Chet 

1000 

, onstoichiometric | 
800 = | phase PrO, — 

Line 600 

400 

200 L714 1.778 

1.800 

iS 1.6 L377 1.8 19 2.0 

Composition (yin PrO,) 

Fic. 14.23 Part of the Pr-O phase diagram showing the extended nonstoichiometric « phase 
PrO,_, at high temperatures (shaded) and the succession of phases Pr,Q,,-, at lower 

temperatures. 

Nonstoichiometric oxide phases are of great importance in semiconductor devices, in 

heterogeneous catalysis, and in understanding photoelectric, thermoelectric, magnetic, 

and diffusional properties of solids. They have been used in thermistors, photoelectric 
cells, rectifiers, transistors, phosphors, luminescent materials, and computer components 

(ferrites, etc.). They are crucially implicated in reactions at electrode surfaces, the 

performance of batteries, the tarnishing and corrosion of metals, and many other reactions 

of significance in catalysis.10%- 104, 1042, 104») 
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15.1 The Element 

15.1.1 Introduction 

Sulfur occurs uncombined in many parts of the world and has therefore been known 

since prehistoric times. Indeed, sulfur and carbon were the only two non-metallic elements 

known to the ancients. References to sulfur occur throughout recorded history from the 

legendary destruction of Sodom and Gomorrah by brimstone") to its recent discovery 

(together with H,SO,) as a major component in the atmosphere of the planet Venus. The 
element was certainly known to the Egyptians as far back as the sixteenth century Bc and 

Homer refers to its use as a fumigant.?) Pliny the Elder® mentioned the occurrence of 
sulfur in volcanic islands and other Mediterranean locations, spoke of its use in religious 

ceremonies and in the fumigation of houses, described its use by fullers, cotton-bleachers, 

and match-makers, and indicated fourteen supposed medicinal virtues of the element. 

Gunpowder, which revolutionized military tactics in the thirteenth century, was the sole 

known propellant for ammunition until the mid-nineteenth century when smokeless 

powders based on guncotton (1846), nitroglycerine (1846), and cordite (1889) were 

discovered. Gunpowder, an intimate mixture of saltpeter (NaNO,), powdered charcoal, 

and sulfur in the approximate ratios 75:15:10 by weight, was discovered by Friar Roger 

Bacon about 1245 though the Chinese and Arabs had produced incendiary mixtures 

somewhat earlier. It was first used in action at the Battle of Crécy (26 August 1346), but the 

guns lacked all power of manouevre and the devastating victory of Edward III was due 
chiefly to the long-bow men whom the French were also encountering for the first time. By 

1415, however, gunpowder was decisive in Henry V’s siege of Harfleur, and its increasing 

use in mobile field guns, naval artillery, and hand-held firearms was a dominant feature of 

world history for the next 500 y. Parallel with these activities, but largely independent of 

them, was the growing development of the alchemy and chemistry of sulfur and the growth 

of the emerging chemical industry based on sulfuric acid (p. 838). Some of the key points in 

" Genesis /9, 24: ‘‘Then the Lord rained upon Sodom and Gomorrah brimstone and fire from the Lord out of 

heaven.”’ Other biblical references to brimstone are in Deuteronomy 29, 23: Job 18, 15; Psalm //, 6; Isaiah 30, 
33; Ezekiel 38, 22; Revelation 19, 20; etc. 

> Homer, Odyssey, Book 22, 481: “Bring me sulfur, old nurse, that cleanses all pollution and bring me fire, 
that I may purify the house with sulfur.” 

3G. PLiny (the Elder), AD 23-79, mentions sulfur in several of the many books of his posthumously published 
major work, Naturalis Historia. 
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this story are summarized in the Panel and a fuller treatment can be found in standard 

references.*~ 7) 

Developments in the Chemistry of Sulfur 

Prehistory Sulfur (brimstone) mentioned frequently in the Bible.” 
~ 800 BC Fumigating power of burning S mentioned by Homer.” 
~AD 79 Occurrence and many uses of S recorded by G. Pliny.‘ 
AD 940 Sulfuric acid mentioned by Persian writer Abu Bekr al Rases. 
~1245 Gunpowder discovered independently in Europe by Roger Bacon (England) and 

-_ Berthold Swartz. 
1661 Effects of SO, pollution in London dramatically described to Charles II by John 

Evelyn (p. 825). 
1746 Lead chamber process for H,SO, introduced by John Roebuck (Birmingham, 

UK); this immediately superseded the cumbersome small-scale glass bell-jar 
process (p. 838). 

L777 Elemental character of S proposed by A.-L. Lavoisier though even in 1809 
experiments (presumably on impure samples) led Humphry Davy to contend that 
oxygen and hydrogen were also essential constituents of S. 

1781 Sulfur first detected in plants by N. Deyeux (roots of the dock, horse-radish, and 
cochlearia). : 

1809 Sulfur firmly established as an element by J. L. Gay Lussac and L. J. Thenard. 
1813 Sulfur detected in the bile and blood of animals by H. A. Vogel. 
1822 Xanthates (e.g. EtOCSSK) discovered by W. C. Zeise who also prepared the first 

mercaptan (EtSH) in 1834 (see also p. 357). 
1831 Contact process for SO;/H,SO, patented by P. Philips of Bristol, UK (the original 

platinum catalyst was subsequently replaced by ones based on V,Q,). 
1835 -_-$,N, first made by M. Gregory (S,Cl,-+NH,); X-ray structure by M. J. Bueger, 

1936. 
1839 Vulcanization of natural rubber latex by heating it with S discovered by Charles 

Goodyear (USA). 
1865 _ Prospectors boring for petroleum in Louisiana discovered a great S deposit 

beneath a 150-m thick layer of quicksand. 
1891-4 H. Frasch developed commercial recovery of S by superheated water process. 
1912 E. Beckmann showed that rhombohedral. sulfur was S, by cryoscopy in molten 

iodine. 
1923 V. B. Goldschmid’s geochemical classification includes “chalcophiles” (p. 760) 
1926 Isotopes **S and °4S discoveréd by F. W. Aston who previously (1920) had only 

detected *?S in his mass spectrometer. 
1935 Molecular structure of cyclo-S, established by X-ray methods (B. E. Warren and 

J. T. Burwell). 
1944 Sulfur first produced from sour natural gas; by 1971 this source, together with crude 

oil, accounted for nearly one-third of world production. 
1950 SF, first isolated by G. A. Silvery and G. H. Cady. 
1951 _ Sulfur nmr signals (from 34S) first detected by S. S. Dharmatti and H. E. Weaver. 
1972 Sulfur and H,SO, detected in the atmosphere of the planet Venus by USSR’Venera 

: (subsequently confirmed in 1978 by US Venus Pioneer 2). 
1973 S13 and S,9 syutlicsized and characterized by M. Schmidt, A. Kutoglu, and their 

coworkers. | 
195 The metallic and superconducting properties of polymeric (SN), discovered 

independently by two groups in the USA (p. 860), 

* J. W. MELLoR, A Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vol. 10, Chap. 57, 
pp. 1-692, Longmans, Green, London, 1930. 

° Gmelins Handbuch der Anorganischen Chemie, System Number 9A Schwefel, pp. 1-60, Verlag Chemie, 
Weinheim/Bergstrasse, 1953. 

° M. E. WEEKS, Discovery of the Elements, Sulfur, pp. 52-73, Journal of Chemical Education, Easton, 1956. 

’T. K. Derry and T. I. Wittiams, A Short History of Technology, Oxford University Press, Oxford, 1960 
(consult index). 
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15.1.2. Abundance and distribution 

Sulfur occurs, mainly in combined form, to the extent of about 340 ppm in the crustal 

rocks of the earth. It is the sixteenth element in order or abundance, closely following 

barium (390 ppm) and strontium (384 ppm), and being about twice as abundant as the 

next element carbon (180 ppm). Earlier estimates placed its global abundance in the range 

300-1000 ppm. Sulfur is widely distributed in nature but only rarely is it sufficiently 

concentrated to justify economic mining. Its ubiquity is probably related to its occurrence 

in nature in both inorganic and organic compounds, and to the fact that it can occur in at 
least five oxidation states: —2 (sulfides, H,S, and organosulfur compounds), —1 

(disulfides, S,*~ ), 0 (elemental S), +4 (SO,), and +6 (sulfates). The three most important 

commercial sources are: 

(1) elemental! sulfur in the caprock salt domes in the USA and Mexico, and the 

sedimentary evaporite deposits in south-eastern Poland; 

(2) H,S in natural gas and crude oil, and organosulfur compounds in tar sands, oil 

shales, and coal (the latter two also contain pyrites inclusions); 

(3) pyrites (FeS,) and other metal-sulfide minerals. 

Volcanic sources of the free element are also widespread; they have been of great 

economic importance until this century but are now little used. They occur throughout the 

mountain ranges bordering the Pacific, particularly in South and Central America, New 

Zealand, and the Philippines, Japan, Taiwan, the Kamchatka Peninsula, and the Kurile 

Islands. They also occur in Iceland and in the Mediterranean region, notably in Turkey, 

Italy, and formerly also in Sicily and Spain. 

Elemental sulfur in the caprock of salt domes was almost certainly produced by the 

anaerobic bacterial reduction of sedimentary sulfate deposits (mainly anhydrite or 

gypsum, p. 761). The strata are also associated with hydrocarbons; these are consumed as 

a source of energy by the anaerobic bacteria, which use sulfur instead of O, as a hydrogen 

acceptor to produce CaCO3, H,O, and H,S. The H,S may then be oxidized to colloidal 

sulfur, or may form calcium hydrosulfide and polysulfide, which reacts with CO, 

generated by the bacteria to precipitate crystalline sulfur and secondary calcite. 

Alternatively, H,S may escape from the system and the limestone caprock will then be free 

of sulfur. Indeed, of over 400 salt-dome structures known to exist in the coastal and off- 

shore area of the Gulf of Mexico, only about 12 contain commercial deposits of sulfur (5 in 

Louisiana, 5 in Texas, and 2 in Mexico). The mining operations are described in the 

Section 15.1.3. 
The great evaporite basin deposits of elemental sulfur in Poland were discovered only in 

1953 but have already had a dramatic impact on the economy of that country which is 

now third after the USA and Canada in the production of elemental sulfur. The deposits 

occur in the upper valley of the Vistula River near Tarnobrzeg in association with 
secondary limestone, gypsum, and anhydrite, and extend into the Ukraine where it is now 

also mined. The origin of the sulfur is believed to be derived from hydrocarbon reduction 
of sulfates assisted by bacterial action. The H,S so formed is consumed by other bacteria 

to produce sulfur as waste—this accumulates in the bodies of the bacteria until death, 

when the sulfur remains. 
The next great natural occurrence of sulfur is as H,S in sour natural gas and as 

organosulfur compounds -in crude oil. Again, distribution is widespread. Although 

CTE-Z 
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commercial production of elemental sulfur from such sources was first effected only in 

1944 (in the USA) it now represents a major source of the element in the USA, Canada, 
and France, and this growth has been one of the most significant trends in world sulfur 

production during the past two decades. Sulfur, of course, also occurs in many plant and 

animal proteins, and three of the principal amino-acid residues contain sulfur: cysteine, 

HSCH,CH(NH,)CO,H; cystine {—SCH,CH(NH,)CO,H},; and methionine, 

MeSCH,,CH,CH(NH,)CO,H. 

Oil shales represent a further source of sulfur though here (unlike the tar sands which 

yield crude oil and H,S) the sulfur is predominantly in the form of pyrites. US oil shales 

contain about 0.7% S of which about 80% is pyritic; other major reserves are in Brazil, the 

USSR, China, and Africa, though these do not at present seem to be used as an industrial 

source of sulfur. Coal also contains about 1—-2°% S and is thus as huge a potential source of 

the element as it is an actual present source of air pollution (p. 825). From over 

3 x 10° tonnes of coal mined annually, only some 500 000 tonnes of sulfur are recovered 

(as H,SO,) from a potential 50 million tonnes. 
The third great source of sulfur and its compounds is from the mineral sulfides. V. M. 

Goldschmid’s geochemical classification of the elements (1923), which has formed the 

basis of all subsequent developments in the field, proposed four main groups of elements: 

chalcophile, siderophile, lithophile, and atmophile.® Of these the chalcophiles (Greek 

yar«os, chalcos, copper; dtA0<, philos, loving) are associated with copper, specifically as 

sulfides. Elements which occur mainly as sulfide minerals are predominantly from Groups 

IB-VIB of the periodic table (together with iron, molybdenum, and to a lesser extent, 

some of the platinum metals as shown in Fig. 15.1. Some examples of the more important 

sulfide minerals are listed in Table 15.1, and a further discussion of the structural 

chemistry and reactivity of metal sulfides is on p. 798. Pyrites (fool’s gold, FeS,) is one of 

the most abundant of all sulfur minerals and is a major source of the element (see above). It 

often occurs in massive lenses but may also appear in veins or in disseminated zones. The 

Fic. 15.1 Position of the chalcophilic elements in the periodic table: these elements (particularly 
those in white) tend to occur in nature as sulfide minerals; the tendency is much less pronounced 

for the elements in normal black type. 

8 R. W. FAIRBRIDGE, Encyclopedia of Geochemistry and Environmental Sciences, Van Nostrand, New York, 
1972. See sections on Geochemical Classification of the Elements; Sulfates; Sulfate Reduction—Microbial; 
Sulfides; Sulfosalts; Sulfur; Sulfur Cycle; Sulfur Isotope Fractionation in Biological Processes, etc., pp. 
1123-58. 
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largest commercial deposits extend from Seville (Spain) westward into Portugal, and, at 

the Rio Tinto mines in Huelva Province, one of the lenses is 1.5 km long and 240 m wide 

with a sulfur content of 48°% (pure FeS, has 53.4% S). Other major deposits are in the 
USSR (the world’s largest producer of pyrites), Japan, Italy, Cyprus, and Scandinavia. 

The most important non-ferrous metal sulfides are those of Cu, Ni, Zn, Pb, and As. 

Finally, sulfur occurs in many localities as the sulfates of electropositive elements (see 

Chapters 4 and 5) and to a lesser extent as sulfates of Al, Fe, Cu, and Pb, etc. Gypsum 

(CaSO, .2H,O) and anhydrite (CaSO,) are particularly notable but are little used as a 

source of sulfur because of high capital and operating costs. Similarly, by far the largest 

untapped source of sulfur is in the oceans as the dissolved sulfates of Mg, Ca, and K. It has 

been calculated that there are some 1.5 x 10° cubic km of water in the oceans of the world 

and that 1 cubic km of sea-water contains approximately 1 million tonnes of sulfur 

combined as sulfate. 

TABLE 15:1 Some sulfide minerals (those in bold are the more prevalent or important) 

Name Idealized formula Name Idealized formula 

Molybdenite MoS, Galena (Pb glance) PbS 
Tungstenite WS, Reaigar As,S, 
Alabandite MnS Orpiment As,S, 
Pyrite (fool’s gold) FeS, Dimorphite As,S3 
Marcasite FeS, Stibnite Sb,S, 
Pyrrhotite Fe,_S Bismuthinite Bi,S, 
Laurite RuS, Pentlandite (Fe,Ni)oS¢ 
Linnaeite Co3S,4 Chalcopyrite CuFeS, 
Millerite NiS Bornite Cu,FeS, 
Cooperite PtS Arsenopyrite FeAsS 
Chalcocite (Cu glance) Cu,S Cobaltite CoAsS 
Argentite (Ag glance) Ag,S Enargite Cu,AsS, 
Sphalerite (Zn blende) ZnS Bournoite CuPbSbS, 
Wurtzite ZnS Proustite Ag3AsS, 
Greenockite CdS Pyrargyrite Ag,SbS, 
Cinnabar (vermillion) HgS Tetrahedrite™ Cu,,As,8,,° 

‘®) There is a second series in which As is replaced by Sb; in both series Cu is often substituted in part by Fe, Ag, 
Zn, Hg, or Pb. 

15.1.3 Production and uses of elemental sulfur 

Sulfur is produced commercially from one or more sources in over seventy countries of 
the world, and production of all forms in 1974 amounted to 51.67 million tonnes. The 

main producers are shown in Table 15.2. Until the beginning of this century, sulfur was 
obtained mainly by mining volcanic deposits of the element, but this only continues to bea 

major source in Japan, Turkey, Mexico, Italy, and the Andean countries of South 

America. During the first half of this century the prime method of production was the 

process developed by H. Frasch in 1891-4. This involves forcing superheated water into 

submerged sulfur-bearing strata and then forcing the molten element to the surface by 

compressed air (see Panel). This is the method used to obtain sulfur from the caprock of 
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TABLE 15.2 Main producers of sulfur in 1974 (expressed in millions of tonnes of 
contained S) 

USA USSR Canada Poland Japan Mexico _ France FRG Spain China 

11.60 8.26 TS 4.37 2.81 239, 195 1.34 132. 1.17 

salt domes in the Gulf Coast region of the USA and Mexico, and from the evaporite basin 

deposits in west Texas, Poland, the USSR, and Iraq. 

Recovery from sour natural gas and from crude oil was first developed in the USA in 

1944, and by 1970 these sources exceeded the total volume of Frasch-mined sulfur for the 

first time. Canada (Alberta) and France are the principal producers from sour natural gas, 

which contains 15-20% H,S. The USA and Japan are the largest producers from 

petroleum refineries. The phenomenal growth of these sources is clear from the following 

figures (in 10° tonnes): <0.5 (1950); 2.5 (1960); > 15 (1972). Recovery from sour natural 

The Frasch Process for Mining pe a Sulfur®?: 1° 

The ingeneous process of melting subterranean sulfur with superheated water and forcing it to a. 
the surface with compressed air was devised and perfected by Herman Frasch in the period 
1891-4. Originally designed to overcome the problems of recovering sulfur from the caprock of — 
salt domes far below the swamps and quicksands of Louisiana, the method is now also sek: - 
used in Poland and elsewhere to extract native sulfur. oe 

The caprock typically occurs some 150-750 m beneath the surface and the cule eee zone : 
is typically about 30 m thick and contains 20-40% S. A diagrammatic representation of the strat a 
is in Fig. 15,2. Using oil-well drilling techniques a cased 200 mm (8-inch) pipe is sunk through the 
caprock to the bottom of the S-bearing layer. Its lower end is perforated with small holes. Inside — 
this pipe a 100 mm (4-inch) pipe is lowered to within a short distance of the bottom and, finally, a _ 
concentric 25-mm (1-inch) compressed-air pipe is lowered to a point rather more than half-way — - 
down to the bottom of the well as shown in Fig. 15.3a. Superheated water at 165°C isforceddown 

the two outer pipes and melts the surrounding sulfur (mp 119°C). As liquid sulfurisabouttwiceas 
dense as water under these conditions, it flows to the bottom of the well; the pumping of water _ 
down the 100-mm pipe is discontinued, but the static pressure of the hot water being pumped __ 
down the outer 200-mm pipe forces the liquid sulfur some 100 m up the 100-mm pipe as shownin 
Fig. 15.3b. Compressed air is then forced down the central 25-mm pipe to aerate the molten sulfur 
and carry it to the surface where it emerges from the 100-mm annulus. One well canextract sulfur 
(~35 000 tonnes) from an area of about 2000 m? (0.5 acre) and new wells must continually be 
sunk. Bleed-water wells must also be sunk to remove the excess of water pumped into the strata, 

A Frasch mine can produce as much as 2.5 million tonnes of sulfur per annum. Such massive __ 
operations clearly require huge quantities of mining water (up to 5 million gallons daily) and << 
abundant power supplies for the drilling, pumping, and superheating operations. = «s— ~ 

The sulfur can be piped long distances in liquid form or transported molten in ships, barges, or. 
rail cars. Alternatively it can be prilled or handled as nuggets or chunks. The photos i 
give some idea of these handling techniques."° 

Despite the vast bulk of liquid sulfur mined by the Frasch process it is obtai 
form. There is virtually no sen, tellurium, or arsenic ne and Oe Pp 
99.5-99.9°%% pure. 

° W. Haynes, Brimstone: The Stone that Burns, Van Nostrand, Princeton, 1959, 308 pp. (The story of the 
Frasch sulfur industry.) 

'° Freeport Sulfur Company, Sulfur, Ally of Agriculture and Industry, an informative 20-page colour 
brochure obtainable from the Company, PO Box 61520, New Orleans, Louisiana 70160, USA. 
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Fic. 15.3. (a)-(c) The Frasch Process. 



Fic. 15.4 

(a) Bulk handling of solid sulfur. 
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(b) The world’s first offshore sulfur mine (Frasch) at Grans Isle, Louisiana, USA. 
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(c) Ships, barges, and rail-cars used to transport sulfur. 
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(d) “Sulfur nuggets” (produced by spraying molten sulfur into a water bath) have low dusting 
properties and other advantages when compared with slates, lumps, or prills. 

CTE-Z* 
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gas involves first separating out the H,S by absorption in mono-ethanolamine and then 

converting it to sulfur by a process first developed by C. F. Claus in Germany about 1880. 

In this process one-third of the H,S is burned to produce SO), water vapour, and sulfur 
vapour; the SO, then reacts with the remaining H,,S in the presence of oxide catalysts such 

as Fe,O; or Al,O, to produce more H,O and S vapour: 

HS. 30, 
combustion 

Hos 110, = > SO, 4 H.0 

oxide 

2H,S+SO, 38, +2H,O 
catalyst/300° 

Multiple reactors achieve 95-96 °% conversion and recovery, and stringent air pollution 

legislation has now pushed this to 99°%. A similar sequence of reactions is used for sulfur 

production from crude oil except that the organosulfur compounds must first be removed 

from the refinery feed and converted to H,S by a hydrogenation process before the sulfur 

can be recovered. 
The third major source of sulfur is pyrite and related sulfide minerals. The ore is roasted 

to secure SO, gas which is then usually used directly for the manufacture of H,SO, 

(p. 838). Again air pollution by SO, gas emissions has been the subject of increasing 

legislation and control during the past two decades (p. 825). 

The proportion of sulfur and S-containing compounds recovered by these various 

methods has been changing rapidly and frequently depends on the nature of local sources 

available. The comparative figures for 1971 in Table 15.3 give some indication of the 

global scene at that time. Estimated reserves on the basis of present technology and prices 
are summarized in Table 15.4; these can increase more than tenfold if coal, gypsum, 

TABLE 15.3 World production of sulfur in 1971 by 
source (expressed in million tonnes of contained S) 

Source 10° tonnes _ Percentage 

Native deposits 13.2 31 
Salt dome (Frasch) V3) 

Evaporite (Frasch) 3.5 
Evaporite (mined) 2.3 
Volcanic ‘ 0.3 

Natural gas and crude oil 10.7 25 
Sour natural gas 7.8 
Crude oil and tar sands 2.9 

Metal sulfides Vege 41 

Ferrous 12.3 
Nonferrous 4.9 

Miscellaneous 12 3 
Sulfates 0.7 
Other 0.5 

Total, all sources 42.3 100 
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TABLE 15.4 Estimated world reserves of sulfur 

Source Natural gas Petroleum Native ore Pyrite Sulfide ore Dome Total 

S$/10° tonne 450 560 380 270 150 2500 

anhydrite, and sea-water are included. At present these latter sources are economic only 

under special conditions though, as we have already seen (p. 760), vast quantities of SO, 

are lost from industrial coal each year. Recovery of useful sulfur compounds from 

anhydrite (and gypsum) can be achieved by two main routes. The Miuller—Kiihne process 

used in the UK and Austria involves the roasting of anhydrite with clay, sand, and coke in 
a rotary kiln at 1200-1400°: 

The emergent SO, is then fed into a contact process for H,SO, (p. 838). Alternatively, 

ammonia and CO, can be passed into a gypsum slurry to give ammonium sulfate for use 

in fertilizers: 

CaSO,+(NH,),CO;——> CaCO, + (NH,),SO, 

This double decomposition route was developed in Germany and has been used in the UK 

since 1971. 

The pattern of uses of sulfur and its compounds in the chemical industry is illustrated in 

the flow chart on p. 771. Most sulfur is converted via SO;/SO; into sulfuric acid which 

accounts, for example, for some 88% of the contained sulfur used in the USA. The 

proportion of sulfur used in making the extensive number of end products is shown in Fig. 

15.5 Indeed, the uses of sulfur and its principal compounds are so widely spread 

throughout industry that a nation’s consumption of sulfur is often used as a reliable 

measure of its economic development. Thus, the USA, the USSR, Japan, and Germany 

lead the world in industrial production and rank similarly in the consumption of sulfur. 

Further details of industrial uses will be found in subsequent sections dealing with specific 
compounds of sulfur, and two recent review books have appeared on the subject.!:!” 

15.1.4 Allotropes of sulfur!>-'°) 

The allotropy of sulfur is far more extensive and complex than for any other element. 

This arises partly because of the great variety of molecular forms that can be achieved by 

-S-S- catenation and partly because of the numerous ways in which the molecules so 

formed can be arranged within the crystal. In fact, S-S bonds are very variable and 

1 JR. West (ed.), New Uses of Sulfur, Advances in Chemistry Series No. 140, Am. Chem. Soc., Washington, 
DC, 1975, 230 pp. 

121. J. Bourne (ed.), New Uses of Sulfur—til, Advances in Chemistry Series No. 165, Am. Chem. Soc., 
Washington, DC 1978, 282 pp. 

13 J Dononue, The Structures of the Elements, Sulfur, pp. 324-69, Wiley, New York, 1974. 
‘4B Meyer, Elemental sulfur, Chem. Revs. 76, 367-88, (1976). 
'S M. SCHMIDT, The scientific basis fer the practical applications of elemental sulfur, Chap. 1, pp. 1-12, in ref. 

IIe 
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Regenerated 

acid 

Sulfite pulp i a Phosphatic fertilizers 

CS, (rayon, cellulose) for paper 1 (NH,),SOx4 
| Insecticides . 

Fungicides _! Paints, pigments 

Pharmaceuticals : | Steel pickling 

_| Detergents, explosives 

Rayon 

flexible: interatomic distances cover the enormous range 180-260 pm (depending to some 
extent on the amount of multiple bonding), whilst bond angles S-S-S vary from 90° to 

180° and dihedral angles S-S-S-S from 0° to 180° (Fig. 15.6). Estimated S—S bond energies 

may be as high as 430 kJ mol! and the unrestrained —S—S— single-bond energy of 265 kJ 
mol! is exceeded amongst homonuclear single bonds only by those of H, (435 kJ mol *) 

and C-C (330 kJ mol"). Again, the amazing temperature dependence of the properties of 

Fic. 15.6 Portion of an unrestrained —S,— chain showing typical values for the S-S—S bond angle 
(106°) and S-S-S-S dihedral angle (85.3°). Possible alternative orientations of the bonds from the 
2 inner S atoms, and possible directions for extensions of the chain from the 2 outer S atoms are 

indicated by the black lines. (See also p. 774.) 
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liquid sulfur have attracted attention for over a century since the rapid and reversible 

gelation of liquid sulfur was first observed in the temperature range 160-195°C. Major. 

advances have been achieved during the past 15 y in our knowledge of the molecular 

structure of many of the crystalline allotropes of sulfur and of the complex molecular 

equilibrium occurring in the liquid and gaseous states. Sulfur is also unique in the extent to 

which new allotropes can now be purposefully synthesized using kinetically controlled 

reactions that rely on the great strength of the S—-S bond once it is formed, and over a dozen 
new elemental sulfur rings, cyclo-S,,, have been synthesized in the past 15 y. Fortunately, 

several excellent recent reviews are available,“'3—!>) and these can be consulted for fuller 

details and further references. It will be convenient to start with some of the classic 
allotropes (now know to contained cyclo-S, molecules), and then to consider in turn other 

cyclic oligomers (cyclo-S,) various chain polymers (catena-S,,), certain unstable small 

molecules S,, (n=2-5), and, finally, the properties of liquid and gaseous sulfur. 

The commonest (and most stable) allotrope of sulfur is the yellow, orthorhombic a- 

form to which all other modifications eventually revert at room temperature. Commercial 

roll sulfur, flowers of sulfur (sublimed), and milk of sulfur (precipitated) are all of this form. 

It was shown to contain S, molecules by cryoscopy in iodine (E. Beckmann, 1912) and was 
amongst the first substances to be examined by X-ray crystallography (W. H. Bragg, 

1914), but the now familiar crown structure of cyclo-S, was not finally established until 

1935.7) Various representations of the idealized D,, molecular structure are given in Fig. 

15.7. The packing of the molecules within the crystal has been likened to a crankshaft 

arrangement extending in two different directions and leads to a structure which is very 

complex.) Orthorhombic «-S, has a density of 2.069 gcm~°, is a good electrical 
insulator when pure, and is an excellent thermal insulator, the extremely low thermal 

Fic. 15.7 Various representations of the molecule cyclo-S, found in a-rhombohedral, 
B-monoclinic, and y-monoclinic sulfur. 
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conductivity being similar to those of the very best insulators such as mica (p. 411) and 

wood. Some solubilities in common solvents are in Table 15.5. 

At about 95.3° a-S, becomes unstable with respect to B-monoclinic sulfur in which the 

packing of the S, molecules is altered and their orientation becomes partly disordered.“ 

This results in a lower density (1.94-2.01 g cm °), but the dimensions of the S, rings in the 

two allotropes are very similar. The transition is somewhat sluggish even above 100°, and 

this enables a mp of metastable single crystals of «-S, to be obtained: a value of 112.8° is 
often quoted but microcrystals may melt as high as 115.1°. Monoclinic B-S, has a “mp” 

which is usually quoted as 119.6° but this can rise to 120.4° in microcrystals or may be as 

low as 114.6°. The uncertainty arises because the S, ring is unstable above ~ 119° and 

begins to form other species which progressively depress the mp. The situation is 

reminiscent of the equilibria accompanying the melting of anhydrous phosphoric acid (p. 

595). Monoclinic f-S, is best prepared by crystallizing liquid sulfur at about 100° and then 

cooling it rapidly to room temperature to retard the formation of orthorhombic «-S,; 

under these conditions B-S, can be kept for several weeks at room temperature before 
reverting to the more stable «-form. 

TABLE 15.5 Solubilities of «-orthorhombic sulfur (at 25°C unless otherwise shown) 

Solvent con a syGy ameconcein baiccyloacEzomsiesH QuncEIOn 

8515.) 179) 25 231 0.86 0.283 0.25 0.065 
(2) (23°) (20°) 

gS per 100g 
solvent (T~C) 

eeSpOlat 607. 997 at 110°. ) 1.94 at G0e 

A third crystalline modification, y-monoclinic sulfur, was first obtained by W. 

Muthmann in 1890. It is also called nacreous or mother-of-pearl sulfur and can be made 

by slowly cooling a sulfur melt that has been heated above 150°, or by chilling hot 

concentrated solutions of sulfur in EtOH, CS,, or hydrocarbons. However, it is best 

prepared as pale-yellow needles by the mechanistically obscure reaction of pyridine with 

copper(I) ethyl xanthate, CuSSCOEt. Like «- and f-sulfur, y-monoclinic sulfur comprises 

cyclo-S, molecules but the packing is more efficient and leads to a higher density (2.19 g 

cm °). It reverts slowly to a-S, at room temperature but rapid heating leads to a mp of 

106.8°. 
We now consider other homocyclic polymorphs of sulfur containing 6-20 S atoms per 

ring. A rhombohedral form, ¢-sulfur, was first prepared by M. R. Engel in 1891 by the 

reaction of concentrated HCI on a saturated solution of thiosulfate HS,O,~ at 0°. It was 
shown to be hexameric in 1914 but its structure as cyclo-S, was not established until 

1958-61." The allotrope is best prepared (1966) by the reaction 

dil solns in Et,O0 

H,S,+S,Cl, cyclo-S, + 2HCl 
87% yield 

The ring adopts the chair form shown in Fig. 15.8 and its dimensions are compared with 

those of other polymorphs in Table 15.6. Note that cyclo-S, has the smallest bond angles 

‘© LK. TEMPLETON, D. H. TEMPLETON, and A. ZALKIN, Crystal structure of monoclinic sulfur, Jnorg. Chem. 

15, 1999-2001 (1976). 
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Fic. 15.8 The chair configuration of cyclo-S, found in rhombohedral ¢-sulfur, and a “space- 
filling” representation of the molecule viewed down the c-axis of the crystal. 

and dihedral angles of all poly-sulfur species for which data are available and this, together 

with the small “hole” at the centre of the molecule and the efficient packing within the 
crystal, lead to the highest density of any known polymorph of sulfur (Table 15.7). 

In cyclo-S, and cyclo-S, all the S atoms are equivalent with essentially equal 

interatomic distances, angles, and conformations. This is not necessarily so for all 

homocyclic molecules. Thus, in building up cumulated —S,— bonds, addition of S atoms to 

an S, unit can occur in three ways: cis (c), d-trans (dt), and 1-trans (It): 

cis trans (d and 1) 

Both S, (chair) and S, (crown) are all -cis conformations, but larger rings have more 

complex motifs. 

TABLE 15.6 Dimensions of some sulfur molecules. Average values are 
given except for S, where deviations from the mean are more substantial 

(see text) 

Molecule Interatomic distance/pm Bond angle Dihedral angle 

S, (matrix at 20 K) 188.9 — —= 
cyclo-S, 205.7 102.2° 74.5° 
cyclo-S, 199.3-218.1 101.5°-107.5° 0.3°-107.6° 
cyclo-S.(a) 203.7 107.8° 98.3° 

cyclo-Ss(p) 204.5 107.9° —_ 
cyclo-S;o 205.6 106.2° —77° and + 123° 
cyclo-S,5 205.3 106.5° 86.1° 
cyclo-S,» 205.9 106.3° 84.4° 
cyclo-S5o 204.7 106.5° 83.0° 
catena-S , 206.6 106.0° 85.3° 
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TABLE 15.7 Some properties of sulfur allotropes 

Allotrope Colour Density/g cm~? mp or decomposition point/°C 

S,(g) or matrix at 20 K Blue-violet = Very stable at high temp 
S3(g) Cherry red = Stable at high temp 
S. Orange red 2.209 d >S0 
S; Yellow 2.182 (—110°) d 39 
a-Sg Yellow 2.069 112.8 (see text) 

B-Sg Yellow 1.94-2.01 119.6 (see text) 
y-Sg Light yellow 2.19 106.8 (see text) 
So Intense yellow — Stable below rt 
Siro Pale yellow green 2.103 (—110°C) d>0 

Sis Tas me Sa 
Si2 Pale yellow 2.036 148 
Sis Lemon yellow 2.090 m 128(d) 

Soo Pale yellow 2.016 m 124(d) 
Se Yellow 2.01 104(d) 

At least eight further cyclic modifications of sulfur have been synthesized during the 

past 15 y by the elegant work of M. Schmidt and his group. The method is to couple two 

compounds which have the desired combined number of S atoms and appropriate 

terminal groups, ¢.g.: 

Sig@,Cl +H,S, cyclo-S,,+2HCl [also for S6 S10 Sigs Soo] 

S,Cl, + [Ti(y°-C5H;),(Ss)] —— CV CO= ae ee [Ti(7°-C5H5)Cl>] 

(for S,, So, Si, Sit] 

A variant is the ligand displacement and coupling reaction: 

2[Ti(n°-C;H;),(S;)]+2SO,Cl, Ss cyclo-S,, +2[Ti(y°-C5H,;),Cl,]+2SO, 
4 yie 

The preparation and structures of the reactants are on p. 807 (H,S,), p. 815 (S,Cl,), and 

p. 791 [Ti(y?-CsHs)2(Ss)].- 

S, is known in four crystalline modifications; one of these, obtained by crystallization 

from CS, at — 78°, rapidly disintegrates to a powder at room temperature, but an X-ray 

study at — 110° showed it to consist of cyclo-S, molecules with the dimensions shown in 

Fig. 15.9.2” Notable features are the very large interatomic distance S(6)-S(7) (218.1 pm) 
which probably arises from the almost zero dihedral angle between the virtually coplanar 

atoms S(4) S(6) S(7) S(5), thus leading to maximum repulsion between nonbonding lone- 

pairs of electrons on adjacent S atoms. As a result of this weakening of S(6)-S(7), the 

adjacent bonds are strengthened (199.5 pm) and there are further alternations of bond 

lengths (210.2 and 205.2 pm) throughout the molecule. 

The structures of S, and S,, have not yet been determined but the spectroscopic and 

other properties of these allotropes indicate that they almost certainly also contain cyclic 
molecules. Cyclo-decasulfur has been prepared as thermally unstable, light-sensitive 

yellow crystals and an X-ray study at — 110°C leads to the molecular structure shown in 

17 R. STEUDEL, R. REINHARDT, and F. SCHUSTER, Crystal and molecular structure of cyc/o-heptasulfur (6-S ), 

Angew. Chem., Int. Edn. (Engl.) 16, 715 (1977). 
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Fic. 15.9 Molecular structure of cyclo-S, showing the large distance S(6)-(7) and alternating 
interatomic distances away from this bond. The point group symmetry is approximately C,. 

Fig. 15.10."®) The molecule belongs to the very rare point group symmetry D, (three 
orthogonal twofold axes of rotation as the only symmetry elements). The mean 

interatomic distance and bond angle are close to those in cyclo-S,, (Table 15.6) and the 

molecule can be regarded as composed of two identical S,; units obtained from the S, , 

molecule (Fig. 15.11). 
Cyclo-S,, occupies an important place amongst the cyclic oligomers of sulfur. In a 

classic paper by L. Pauling!’ the molecule had been predicted to be unstable, though 

Fic. 15.10 Molecular structure of cyclo-S, 9 showing interatomic distances (in pm), bond angles, 
and dihedral angles. The relationship between this structure and that of cyclo-S,, (Fig. 15.11) can 
be seen by omitting the 2 “central” S atoms in S,, and joining the 2 fragments so formed by the 
“horizontal” bonds in S, o (203.5 pm). The distance between these 2 “horizontal” bonds is 541 pm. 

"8 R. REINHARDT, R. STEUDEL, and F. SCHUSTER, X-ray structure analysis of cyclo-decasulfur, S,, Angew. 
Chem., Int. Edn. (Engl.) 17, 57-58 (1978). 

'? L. PAULING, On the stability of the S, molecule and the structure of fibrous sulfur, Proc. Natl. Acad. Sci. 
USA 35, 495-9 (1949). 
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Fic. 15.11 Various representations of the molecular structure of cyclo-S,, showing S atoms in 
three parallel planes. The idealized point group symmetry is D,, and the mean dihedral angle is 
86.1 +5.5°. In the crystal the symmetry is slightly distorted to C,, and the central group of 6S 

~ atoms deviate from coplanarity by +14 pm. 

subsequent synthesis showed it to be second only to cyclo-S, in stability. In fact, the basic 

principles underlying Pauling’s prediction remain valid but he erroneously applied them 

to two sets of S atoms in two parallel planes whereas the configuration adopted has S 

atoms in three parallel planes. Several representations of the structure are in Fig. 15.11. 

Using the nomenclature of p. 774 it can be seen that, unlike S, and Sg, the conformation of 
all S atoms is not cis: the S atoms in upper and lower planes do indeed have this 

conformation but the 6 atoms in the central plane are alternately d-trans and |-trans 

leading to the sequence: 

Cyclo-S,, was first prepared in 1966 in 3% yield by reacting H,S, with S,Cl, but a 

better route is the reaction between dilute solutions of H,S, and S,Cl, in Et,O (18% 
yield). It can also be extracted from liquid sulfur. The stability of the allotrope can be 
gauged from its mp (148°), which is higher than that of any other allotrope and nearly 30° 

above the temperature at which the S, ring begins to decompose. 

Two allotropes of cyclo-S,, are known. The structure of the first is shown in Fig. 15.12: 

if we take 3 successive atoms out of the S,, ring then the 9-atom fragment combines with a 

second one to generate the structure. Alternatively, the structure can be viewed as two 

parallel 9-atom helices (see below), one right-handed and one left-handed, mutually joined 

at each end by the cis atoms S(5) and S(14). Interatomic distances vary between 
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Fic. 15.12 The molecular structure of one form of cyclo-S,,, together with the conformational 
sequence of the two helical subunits?° 

204-211 pm (mean 206 pm), bond angles between 103.7—-108.3° (mean 106.3°), and 

dihedral angles between 79.1—90.0° (mean 84.5°). 

Cyclo-S,, is formed by the reaction between H,S, and S,,Cl, and forms lemon- 

coloured crystals, mp 128°, which can be stored in the dark for several days without 

apparent change. A second form of cyclo-S,, has the molecular structure shown in Fig. 

15.13: this has twice the 8-atom repeat motif cis-cis-trans-cis-trans-cis-trans-cis (one with 

d-trans and the other with |-trans) joined at each end by further bridging single trans-sulfur 

atoms which constitute the 2 extreme atoms of the elongated ring. 

Pale yellow crystals of cyclo-S9, mp 124° (decomp), d 2.016 g cm” °, have been made by 
the reaction of H,S,,. and S,,Cl,. The molecular structure is shown in Fig. 15.14. The 

interatomic S-S distances vary between 202.3-210.4 pm (mean 204.2 pm), the angles 

Fic. 15.13 The molecular structure of the second form of cyclo-S,, showing the trans- 
configuration of the S atoms at the extreme ends of the elongated rings.!> 

20 T. DEBAERDEMAEKER and A. KuTOGLU, The crystal and molecular structure of a new elemental sulfur, Si 
Naturwissenschaften 60, 49 (1973). 
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Fic. 15.14 Molecular structure of:cyclo-S,9 viewed along the [001] direction.*!) The 2 adjacent 
S atoms with the longest interatomic distance are shown in white. 

S-S-S between 104.6-107.7° (mean 106.4°), and the dihedrai angles between 66,.3-89.9° 

(mean 84.7°). In this case the conformation motif is -c-It-It-It-c- repeated 4 times and the 

abnormally long bond required to achieve ring closure is notable; it is also this section of 

the molecule which has the smallest dihedral angles thereby incurring increased repulsion 

between adjacent nonbonding lone-pairs of electrons. Consistent with this the adjacent 
bonds are the shortest in the molecule. 

Solid polycatenasulfur comes in many forms: it is present in rubbery S, plastic (y)S, 

lamina S, fibrous (W, @), polymeric (1), and insoluble (w)S, supersublimation S, white S, 

and the commercial product Crystex. All these are metastable mixtures of allotropes 

containing more or less defined concentrations of helices (S,), cyclo-S,, and other 
molecular forms. The various modifications are prepared by precipitating S from solution 

or by quenching hot liquid S (say from 400°C). The best-defined forms are fibrous (d 

~2.01 g cm”°) in which the helices are mainly parallel, and lamella S in which they are 
partly criss-crossed. When carefully prepared by drawing filaments from hot liquid sulfur, 

fibrous rubbery or plastic S can be repeatedly stretched to as much as 15 times its normal 

length without substantially impairing its elasticity. All these forms revert to cyclo-S,(a) at 

room temperature and this has caused considerable difficulty in obtaining their X-ray 

structures."!) However, it is now established that fibrous S consists of infinite chains of S 

atoms arranged in parallel helices whose axes are arranged on a close-packed (hexagonal) 
net 463 pm apart. The structure contains both left-handed and right-handed helices of 

radius 95 pm and features a repeat distance of 1380 pm comprising 10 S atoms in three 

turns as shown in Fig. 15.15. Within each helix the interatomic distance S-S is 206.6 pm, 

the bond angle S—-S-S is 106.0°, and the dihedral angle S-S-S-S is 85.3°. 

21 T. DEBAERDEMAEKER, E. HELLNER, A. KUTOGLU, M. Scumipr, and E. WILHELM, Synthesis, crystal- and 
molecular-structure of cyclo-icosasulfur, S39, Naturwissenschaften 60, 300 (1973). 
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Fic. 15.15 The structure of right-handed and left-handed S,, helices in fibrous sulfur (see text). 

The constitution of liquid sulfur has been extensively investigated, particularly in the 

region just above the remarkable transition at 159.4°. At this temperature virtually all 

properties of liquid sulfur change discontinuously, e.g. specific heat (A point) density, 

velocity of sound, polarizability, compressibility, colour, electrical conductivity, surface 

tension, and, most strikingly, viscosity, which increases over 10 000-fold within the 

temperature range 160-195°C before gradually decreasing again. The phenomena can 

now be interpreted at least semi-quantitatively by a 2-step polymerization theory 

involving initiation and propagation: 

cyclo-Sg == catena-Sg, 
catena-S, + cyclo-S, ——-> catena-S 6, etc. 

The polymerization is photosensitive, involves diradicals, and leads to chain lengths that 

exceed 200 000 S atoms at ~ 180°C before dropping slowly to ~ 1000 S at 400° and ~ 100 

S at 600°. Polymeric S,, is dark yellow with an absorption edge at 350 nm (cf. H,S,,, p. 807) 
but the colour is often obscured either by the presence of trace organic impurities or, in 
pure S, by the presence of other highly coloured species such as the dark cherry-red trimer 
S, or the deeper-coloured diradicals S, and S.. 

The saturated vapour pressure above solid and liquid sulfur is given in Table 15.8. The 

molecular composition of the vapour has long been in contention but, mainly as a result of 

the work of J. Birkowitz and others"*) is now known to contain all molecules S, with 
2<n<10 including odd-numbered species. The actual concentration of each species 
depends on both temperature and pressure. In the saturated vapour up to 600°C Sg is the 

most common species followed by S, and S,, and the vapour is green. Between 620-720°C 
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TABLE 15.8 Vapour pressure of crystalline cyclo-Sg(a) and liquid sulfur 

p/mmHg 10-5 10-3 107! 1 10 100 760 
ijite 39.0 Rit. M144 186 244.9 328 444.61 

p/atm 1 2 5 10 50 100 200 
TPC 44461 495 574 644 833 936 1035 

S, and S, are slightly more prevalent than S, but the concentration of all three species falls 

rapidly with respect to those of S,, S;, and S,, and above 720°C S, is the predominant 

species. At lower pressures S, is even more prominent, accounting for more than 80% of 

all vapour species at 530°C and 100 mmHg, and 99% at 730°C and 1 mmHg. This vapour 

is violet. The vapour above FeS, at 850°C is also S,. 

The best conditions for observing S; are 440°C and 10 mmHg when 10-20% of vapour 

species comprise this deep cherry-red bent triatomic species; like ozone, p. 707, it has a 

singlet ground state. The best conditions for S, are 450°C and 20 mmHg (concentration 

~20°%) but the structure is still not definitely established and may, in fact be a strained 
ring, an unbranched diradical chain, or a branched-chain isostructural with SO,(g) 
(p. 832). 

The great stability of S, in the gas phase at high temperature is presumably due to the 

essentially double-bond character of the molecule and to the increase in entropy (TAS) 
consequent on the breaking up of the single-bonded S,, oligomers. As with O, (p. 706) the 

ground state is a triplet level >, but the splitting within the triplet state is far larger than 
with O, and the violet colour is due to the transition B°Z,<X°Z; at 31 689 cm™*. The 
corresponding B-»X emission is observed whenever S compounds are burned in a 

reducing flame and the transition can be used for the quantitative analytical 

determination of the concentration of S compounds. There is also a singlet ‘A excited state 

as for O,. The dissociation energy D¢(S,) is 421.3 kJ mol‘, and the interatomic distance 

in the gas phase 188.7 pm (cf. Table 15.6). 

15.1.5 Atomic and physical properties 

Several physical properties of sulfur have been mentioned in the preceding section; they 

vary markedly with the particular allotrope and its physical state. 

Sulfur (Z = 16) has 4 stable isotopes of which *7S is by far the most abundant in nature 

(95.02%). The others are 33S (0.75%), *4S (4.21%), and °°S (0.02%). These abundances 
vary somewhat depending on the source of the sulfur, and this prevents the atomic weight 

of sulfur being quoted for general use more precisely than 32.06+0.01 (p. 20). The 
variability is a valuable geochemical indication of the source of the sulfur and the isotope 

ratios of sulfur-containing impurities can even be used to identify the probable source of 

petroleum samples.’”) In such work it is convenient to define the abundance ratio of the 2 
most important isotopes (R=°7S/**S) and to take as standard the value of 22.22 for 

>> H. NIELSEN, Sulfur isotopes, in E. JAGER and J. C. HUNZIKER (eds.), Lectures in Isotope Geology, 
pp. 283-312, Springer-Verlag, Berlin, 1979. 
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meteoritic troilite (FeS). Deviations from this standard ratio are then expressed in parts 

per thousand (sometimes confusingly called “per mil” or %,): 

0°78 =1000(Reampie— Rea Rata 

On this definition, 6°*S is zero for meteroritic troilite; dissolved sulfate in ocean water is 

enriched +20%, in **S, as are contemporary evaporite sulfates, whereas sedimentary 

sulfides are depleted in 24S by as much as — 50%, due to fractionation during bacterial 

reduction to H,S. 

In addition to the 4 stable isotopes sulfur has 6 radioactive isotopes, the one with the 
longest half-life being *°S which decays by B~ activity (E,,,, 0.167 MeV, t, 87.4 d). °°Scan 
be prepared by *°Cl(n,p), °*S(n,y), or **S(d,p) and is commercially available as Sciemenv 
H,S, SOCI,, and KSCN. The £~ radiation has a similar energy to that of '*C (Ena, 

0.155 MeV) and similar counting techniques can be used (p. 306). The maximum range is 

300 mm in air and 0.28 mm in water, and effective shielding is provided by a perspex 

screen 3-10 mm thick. The preparation of many *°S-containing compounds has been 

reviewed*>) and many of these have been used for mechanistic studies, e.g. the reactions of 

the specifically labelled thiosulfate ions *°SSO,?~ and S?°SO,?~. Another ingenious 
application, which won Barbara B. Askins the US Inventor of the Year award for 1978, is 

the use of °°S for intensifying under-exposed photographic images: prints or films are 

immersed in dilute aqueous alkaline solutions of *°S-thiourea, which complexes all the 

silver in the image (including invisibly small amounts), and the alkaline medium converts 

this to immobile, insoluble Ag**S; the film so treated is then overlayed with unexposed 

film which reproduces the image with heightened intensity as a result of exposure to the B~ 
activity.?” 

The isotope *°S has a nuclear spin quantum number J =3 and so is potentially useful in 

nmr experiments (receptivity to nmr detection 17x 10~° that of the proton). The 

resonance was first observed in 1951 but the low natural abundance of 77S (0.75%) and the 
quadrupolar broadening of many of the signals has so far restricted the amount of 

chemically significant work appearing on this resonance.'*°) However, more results are 

expected now that pulsed fourier-transform techniques are becoming widely available. 

The S atom in the ground state has the electronic configuration [Ne]3s*3p* with 2 

unpaired p electrons (?P,). Other atomic properties are: ionization energy 999.30 kJ 
mol’, electron affinities +200 and —414kJ mol~! for the addition of the first and 
second electrons respectively, electronegativity (Pauling) 2.5, covalent radius 103 pm, and 

ionic radius of S*~ 184 pm. These properties can be compared with those of the other 
elements in Group VIB on p. 890. 

15.1.6 Chemical reactivity 

Sulfur is a very reactive element especially at slightly elevated temperatures (which 

presumably facilitates cleavage of S-S bonds). It unites directly with all elements except 

>> R.H. HERBER, Sulfur-35, in R. H. HERBER (ed.), Inorganic Isotopic Syntheses, pp. 193-214, Benjamin, New 
York, 1962. 

°* ANON., NASA chemist named inventor of the year, Chem. Eng. News, 5 Feb. 1979, p. 8; see also US Patent 
4 101 780 (1978). 

2° C. RopGer, N. SHEPPARD, C. MCFARLANE, and W. McFarLang, Sulfur-33, in R. H. Harris and B. E. 
MANN (eds.), NMR and the Periodic Table, pp. 401-2, Academic Press, London, 1978. 
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the noble gases, nitrogen, tellurium, iodine, iridium, platinum, and gold, though even here 

compounds containing S bonded directly to N, Te, I, Ir, Pt, and Au are known. Sulfur 

reacts slowly with H, at 120°, more rapidly above 200°, and is in reversible 

thermodynamic equilibrium with H, and H,S at higher temperatures. It ignites in F, and 

burns with a livid flame to give SF,; reaction with chlorine is more sedate at room 
temperature but rapidly accelerates above this to give (initially) S,Cl, (p. 815). Sulfur 

dissolves in liquid Br, to form S,Br,, which readily dissociates into its elements; iodine 

has been used as a cryoscopic solvent for sulfur (p. 772) and no binary compound is 

formed even at elevated temperatures. Oxidation of sulfur by (moist?) air is very slow at 

room temperature though traces of SO, are formed; the ignition temperature of S in air is 

250-260°. Pure dry O, does not react at room temperature though O, does. Likewise 

direct reaction with N, has not been observed but, in a discharge tube, activated N reacts. 

All other non-metals (B, C, Si, Ge; P, As, Sb; Se) react at elevated temperatures. Of the 

metals, sulfur reacts in the cold with all the main group representatives of Groups I, II, III, 

Sn, Pb, and Bi, and also Cu, Ag, and Hg (which even tarnishes at liquid-air temperatures). 

The transition metals (except Ir, Pt, and Au) and the lanthanides and actinides react more 

or less vigorously on being heated with sulfur to form binary metal sulfides (p. 798). 

The reactivity of sulfur clearly depends sensitively on the molecular complexity of the 

reacting species. Little systematic work has been done. Cyclo-Sg is obviously less reactive 

than the diradical catena-S,, and smaller oligomers in the liquid or vapour phase also 

complicate the picture. In the limit atomic sulfur, which can readily be generated 

photolytically, is an extremely reactive species. As with atomic oxygen and the various 

methylenes, both singlet and triplet states are possible and these have different reactivities. 

The ground state is °P,, and the singlet state 'D, lies 110.52 kJ mol” ' above this. Triplet 
state S atoms (with 2 unpaired electrons) can be generated by the Hg-photosensitized 

irradiation of COS: 

Hg + hv (253.7 nm) —-> Hg(?P) 
He(?P,)+ COS —> Hg+CO+S(2P) 

Triplet S can also be generated by direct photolysis of CS, (hv<210 nm) or ethylene 

episulfide 

cuz CH, 

(hv 220-260 nm). Photolysis of SPF; (hv 210-230 pm) generates singlet state S atoms 
(with no unpaired electrons) but the best syntheses of these is the direct primary photolysis 
of COS in the absence of Hg; this generates mainly singlet S (75%) with the rest being in 

the triplet state (*P): 

COS + hyv-—>CO+S('D,) 

Generation of (excited state) singlet S in the presence of paraffins yields the corresponding 

mercaptan by a concerted single-step insertion: 

RH +S(!D,) ——> RSH 

By contrast, paraffins are inert to triplet (ground state) S atoms. Singlet S undergoes 

analogous insertion reactions with MeSiH;3, SiMe,, and B,H,. Olefins can undergo 

insertion of singlet S atoms on stereospecific addition of triplet S atoms; according to 
experimental conditions, the products are alkenyl mercaptans, vinylic mercaptans, or 
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TABLE 15.9 Coordination geometries of sulfur 

CN Examples 

1 S,(g), CS;, HNCS, K[SCN] and “covalent” isothiocyanates, P,O,S,, 

P,S, (terminal S), SSF,, SSO37~, Na3SbS,.9H,O, T1,;VS,, M.MoS,, 
(NH,),WS,, S=WC1,” 

2 (linear) [(n8-CsHs)(CO),Cr=S=Cr(CO),(n°-CsHs)] pont 
2 (bent) S,, H,S, H,S,, Me,S,, S,X (Cl, Br), SO, P,S, (bridging S), Se(SCN), 

and “covalent” thiocyanates 

3 (planar, D3,) SO, (g) 

a —(c) 

| Me, 

3 (T-shaped planar) Lede bode uA: 

O 
O af C0 

Mes 

3 (pyramidal) SSF, OSC, Sa@ es) SOx 5 Spun oO g (LS) Mess 2 aSban 
4 (tetrahedral) SO, (s) [ie. cyclic S,0, or fibrous (SO;),,], SO,Cl,, SO,?-, 

$j0,2= (O38SSO37 28305770 ;SOSO0 77) 58 307,25. S20, 
ZnS (blende, and M=Be, Cd, Hg), ZnS(wurtzite, and M=Cd, Mn) 

4 (w-tbp) SF, 
5 (square pyramidal) SF, , SOF, NiS (millerite structure) 

(w-octahedral) 
6 (octahedral) SF, S.F10, MS(NaCl-type, M= Mg, Ca, Sr, Ba, Mn, Pb, Ln, Th, U, Pu) 
6 (trigonal prismatic) MS(NiAs-type), (M=Ti, V, Fe, Co, Ni), Hf,S 
7 (mono-capped Ta,S,@ Ti,S® 

trigonal prismatic) 
8 (cubic) M.S (antifluorite-type, M=Li, Na, K, Rb) 

9 (mono-capped [Rh,7(CO)32(S).]}?- 
square antiprismatic) 

10 (bicapped [Rh, (CO), o(u-CO),,S}*- © 
square antiprismatic) 

(@) Ref. 26. ©) Ref. 27. ) Ref. 28. ) Ref. 29. ) Ref. 30. © Ref. 30a. ®) Ref. 31. 

2°M. G. B. Drew and R. MANDyCZzEwsky, Crystal and molecular structures of tungsten(VI) sulfide 
tetrachloride and tungsten(VI) sulfide tetrabromide, J. Chem. Soc. A 1970, 2815-18. 

27 T. J. GREENHOUGH, B. W. S. KOLTHAMMER, P. LEGzpi1ns, and J. TROTTER, Crystal and molecular structure 
of bis[(y°-cyclopentadienyl)dicarbonylchromium] sulfide, a novel organometallic complex possessing a 
Cr=S=Cr linkage, Inorg. Chem. 18, 3543-8 (1979). 

78 PH. W. Lau and J. C. MarTIN, Tricoordinate hypervalent sulfur species. Sulfuranide anions, J. Am. 
Chem. Soc. 100, 7077-9 (1978). 

°° H. F. FRANZEN and J. G. SMEGGIL, The crystal structure of Ta,S, Acta Cryst. B26, 125-9 (1970). 
°° J. P. Owens, B. R. Conarp, and H. F. FRANZEN, The crystal structure of Ti,S, Acta Cryst. 23, 77-82 

(1967). 

302 J. L. VipaL, R. A. Fiato, L. A. Crosby, and R. L. Pruett, [Rh,>(S)(CO),,]>~. 1. An example of 
encapsulation of chalcogen atoms by transition-metal-carbonyl clusters, /norg. Chem. 17, 2574-82 (1978). 

31 G. C1aNt, L. GARLASCHELLI, A. SIRONI, and S. MARTINENGO, Synthesis and X-ray characterization of the 

novel [Rh, 9S(CO),(u-CO),3]?~ anion; a bicapped square-antiprismatic cluster containing an interstitial 
sulfur atom. JCS Chem. Comm. 1981, 563-S. 
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episulfides. Analogous reactions with inorganic compounds appear to bea very promising 
field for future research. 

Sulfur compounds exhibit a rich and multifarious variety which derives not only from 

the numerous possible oxidation states of the element (from —2 to +6) but also from the 

range of bond types utilized (covalent, coordinate, ionic, and even metallic) and the 

multiplicity of coordination geometries adopted by the element. Oxidation states and 

their interrelationships as codified by oxidation state diagrams are dealt with more fully 

in the section on oxoacids of sulfur (p. 834) though the existence of several other series of 
compounds, notably the halides, also illustrates the element’s versatility. The range of 

bond types, as reflected in the physical and chemical properties of the various compounds 

of the element, will become increasingly apparent throughout the rest of the chapter. The 

multiplicity of coordination geometries is amply demonstrated by the examples in Table 

15.9. Most of these can be readily rationalized by the numerous variants of elementary 

bonding theory. 

Polyatomic sulfur cations 

As long ago as 1804 C. F. Bucholz observed that sulfur dissolves in oleum to give clear, 

brightly coloured solutions which could be yellow, deep blue, or red (or intermediate 

colours) depending on the strength of the oleum and the time of the reaction. These 

solutions are now known to contain S,** cations, the structure of which has been 

elucidated during the past decade mainly by the elegant synthetic, Raman spectroscopic, 

and crystallographic studies of R. J. Gillespie and his coworkers.°!® Selenium and 
tellurium behave similarly (p. 896). Sulfur can most conveniently be quantitatively 

oxidized using SbF, or AsF, in an inert solvent such as SO,, e.g.: 

SO, 
SuROARPiCS=="=5(S5]?? (Ase) 9 -4Ashs 

The bright-yellow solutions contain S,**, a square-planar ring whose structure has been 

confirmed by an X-ray study on the unusual crystalline compound As,F3,1,S3), i.e. 
[S,]7* [S71] * .[AsFe]- « (p. 896). The S-S interatomic distance is 198 pm compared with 

204 pm for a single-bonded species. Note also that S,** is isoelectronic with the known 
heterocyclic compound S,N, (p. 859). The pale-yellow compound [S,]? *[SbF,]~ , has 

also been isolated. 

The deep-blue solutions contain S,?*, and the X-ray structure of [S,]?*[AsF,]~, 
reveals that the cation has an exo-endo cyclic structure with a long transannular bond as 

shown in Fig. 15.16 (see also p. 857). The bright-red solutions were originally thought to 

contain the S,,<** cation and a compound thought to be S,,(AsF,), was isolated; 
however, a very recent crystallographic study has shown!» that the compound has the 
totally unexpected formulation [S,.]?*[AsF,] 2 which could not have been distin- 
guished from the earlier stoichiometry on the basis of the original analytical data. This 

314. J. Givespie, Ring, cage, and cluster compounds of main group elements, Chem. Soc. Rev. 8, 315-52 
(1979). 

31> RC. BurNs, R. J. GIespie, and J. F. Sawyer, Preparation and crystal structure of S,(AsF,), and an 
esr and absorption spectral study of solutions containing the S, ,** cation and related species, /norg. Chem. 19, 

1423-32 (1980). 
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Fic. 15.16 The structure and dimensions of the S,7* cation in [Sg]? *[AsF.]2_- 

astonishing cation consists of two 7-membered rings joined by a 5-atom chain. As shown 

in Fig. 15.17, one of the rings has a boat conformation whilst the other is disordered, 

existing as a 4: 1 mixture of chain and boat conformations. S-S distances vary greatly from 
187 to 239 pm and S-S-S angles vary from 91.9° to 127.6°. 

Solutions of sulfur in oleum also give rise to paramagnetic species, probably S,,*, but the 

nature of these has not yet been fully established. For polysulfur anions S,?~, see p. 805. 

Sulfur as a ligand 

The S atom can act either as a terminal or a bridging ligand. The dianion S,?~ is also an 

effective ligand, and chelating polysulfides —-S,— are well established. These various sulfur 

ligands will be briefly considered before dealing with the broad range of compounds in 

which S acts as the donor atom, e.g. H,S, R,S, dithiocarbamates and related anions, 1,2- 

dithiolenes etc. Ligands in which S acts as a donor atom are usually classified as class-b 

ligands (“soft” Lewis bases), in contrast to oxygen donor-atom ligands which tend to be 

class-a or hard (p. 1065). The larger size of the S atom and the consequent greater 
deformability of its electron cloud give a qualitative rationalization of this difference and 

Fic. 15.17 The structure and some of the dimensions of the disordered cation S,,7* (see text). 
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- the possible participation of d, orbitals in bonding to sulfur has also been invoked (see 

comparison of N and P, p. 478). 

Some examples of the S atom as a bridging ligand are given in Fig. 15.18. In the n, 

bridging mode S is usually regarded as a 2-electron donor, though in the recently 

characterized linear bridge [{(C;H;)(CO),Cr},S] it is probably best regarded as a 6- 
electron donor.?”) In the jz, triply bridging mode S can be regarded as a 4-electron donor, 
using both its unpaired electrons and one lone-pair.'°”? If the 3 bridged metal atoms are 

different then a chiral tetrahedrane molecule results and this has permitted the very recent 

(1980) resolution of the enantiomers of the first optically active metal cluster compound, 

the red complex [{Co(CO),' {Fe(CO)3}{Mo(y°-C;H;)(CO) }S].°» The pseudo-cubane 
structure adopted by some of the u,-S compounds is assuming added significance as a 

crucial structural unit in many biologically important systems, e.g. the {(RS)FeS}, units 

which cross-link the polypeptide chains in ferredoxins (p. 1280). In the “4-mode 6-electrons 

are involved, if the bonding is considered to be predominantly covalent, though metal- 

sulfides are sometimes treated as compounds of S*~ . No molecular compounds are known 

in which S bridges 6 or 8 metal atoms though, again, these coordinations are prevalent in 

solid-state compounds, many of which have interatomic bonding which is far from being 

purely ionic. 
The disulfur ligand S, (sometimes more helpfully considered as S,7~) is attracting 

increasing attention since no other simple ligand is as versatile in the variety of its modes of 

coordination. Moreover, in one particular mode (see Type III below) it is particularly 

effective in stabilizing metal clusters. Many ot the complexes of S, were first obtained 

accidentally, and their seemingly bizarre stoichiometries only became intelligible after 

structural elucidation by X-ray crystallography. The complexes can be prepared by 

reacting metals or their compounds with: 

(a) a positive S, group as in S,Cl,;°* 
(b) a neutral S, group, usually derived from S,; 

(c) a negative S,?~ group such as an alkaline polysulfide solution. 

Examples are 

heat 

Nb+S,Cl, NbS,Cl, (see Fig. 15.20a), (p. 793) 

Neste x, NS x ee Cl, Br E) 

aq NH, 

(NH,);Mo,0,,.4H,0 + H,S+ (NH,),S, (NH4)2[Mo,(S>)¢] 

(see Fig. 15.19g) 

The S-S bond can also be formed by a direct coupling reaction, e.g.: 

2[(H,O),Cr(SH)]?* +1, ——> [(H,0),CrSSCr(OH,)<]** +2HI 
32H. VAHRENKAMP, Sulfur atoms as ligands in metal complexes, Angew. Chem., Int. Edn. (Engl.) 14, 322-9 

(1975). A valuable review of the structure and bonding, with 121 references. 
33 F RICHTER and H. VAHRENKAMP, The first optically active cluster: resolution of enantiomers and absolute 

configuration of [SFeCoMo(C;H;)(CO)s], Angew. Chem., Int. Edn. (Engl.) 19, 65 (1980). 

34M. J. ATHERTON and J. H. Ho_toway, Thio-, seleno-, and telluro-halides of the transition metals, Adv. 
Inorg. Chem. Radiochem. 22, 171-98 (1979). 
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Fic. 15.18 The S atom as a bridging ligand. 
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At least 8 modes of coordination are known (Table 15.10);‘°°? they are all based on either 

side-on S, or bridging -S—-S~ with possible further ligation via one or two lone-pairs as 

shown schematically below: 

Rees B/ 

/ | 
Xx as 

Frequently, more than one type of coordination occurs in a given complex, e.g. Figs. 15.19b, 
c, and g. Interestingly, there appear to be no known example of terminal “end-on” 

coordination, M-S-S (see dioxygen complexes, p. 718). Detailed descriptions of all the 

structures and their bonding are beyond the scope of this treatment but it will be noted 
from Table 15.10 that the S—S interatomic distances in disulfide complexes range from 

201 to 209 pm. The following specific points of interest may also be mentioned. The 

orange-red anion [Mo,(NO),S,3]*~ (Fig. 15.19b) features two triangular arrays of Mo 

atoms joined by a common edge and with an angle of 127.6° between the two Mo; planes; 

each plane has a .,-bonded S atom above it (Mo-S 250.1 pm) and there is a further unique 

H4-bonded S atom which is 261.6 pm from each of the 4 Mo atoms. Four of the 5 S,*~ 

ligands are simultaneously bonded both end on (Mo-S 246.5 pm) and side on (Mo-S 

249.2 pm) whilst the fifth is side-on only. The complex therefore has sulfur in five different 

bonding states. In the red complex [Mn,(CO),<(S,),] (Fig. 15.19c) the 2S,?~ ligands are 

different (Types Ic and Id); the 4 Mn atoms are bonded, respectively, to 3, 3, 4, and 5 

carbonyl ligands, but each achieves a distorted octahedral coordination by being 

bonded also to 3, 3, 2, and 1 S atoms respectively. There seems no reason to suppose that 

the diamagnetic bridged dinuclear anion [(NC),Co'™SSCo"(CN).]°®~ is not a formal 
Type Ila disulfido S,*~ complex, but there is evidence® that the superficially analogous 
paramagnetic dinuclear ruthenium cation in Fig. 15.19d is, in fact, a mixed-valence 

supersulfido S,~ complex: [H,N);Ru"SSRu"[NH;);]**. The bridged dinuclear cobalt 
anion undergoes a remarkable aerial oxidation in aqueous ethanol solutions at — 15°C; 
one of the bridging S atoms only is oxidized and this results in the formation of a bridging 

thiosulfito group [(NC),;CoSSO, Co(CN);]°~ coordinated through the two S atoms to 

the two Co atoms.°>?) 
Not all disulfide complexes are discrete molecular or ionic species and several solid- 

state compounds of S,?~ are known in addition to the familiar pyrites and marcasite-type 

_ disulfides (p. 804). Examples are the chlorine-bridged polymeric NbS,Cl, mentioned on 

p. 787 (Fig. 15.20a) and the curious series of brown and red compounds formed by heating 
Mo or MoS, with S,Cl,, e.g.°*) MoS,Cl,, MoS,Cl, (Fig. 15.20b), Mo,S,Cl, (Fig. 
15.20c), Mo,S;Cl, and Mo3S,Clq. 

35 A| MULLER and W. JAEGERMANN, Disulfur ligands in transition-metal coordination and cluster 
compounds, /nory. Chem. 18, 2631-3 (1979). 

354 FR. FRONCZEK, R. E. MARSH, and W. P. SCHAEFER, A new oxygen-sulfur anion: Preparation and 
structure of potassium 1-(thiosulfito-S,S’)-decacyanodicobaltate(III), J. Am. Chem. Soc. 104, 3382-5 (1982). 
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TABLE 15.10 Types of metal-disulfide complex 
a 

Type Example d(S—S)/pm Structure 

7 (36) 

la MC | [Mo,0.S_(S»)2]?> 208(1) Figure 15.19a 
x 

S 

M 
A (37) 

a mu | [Mog(NO)4 S13] 204.8(7) Figure 15.19b 

a 

UM 
igs (38) 

Ic MC | [Mng(CO);5(S2 )2] 207 Figure 15.19¢ 

S 
ON 

M 

M M 
aie (38) 

al eas [Mn4(CO)15(S2)2] 209 Figures 49¢ 

s 
i 

M 
We (39) 

Ila | [Ru (NH3)i0S2]** 201.4(1) Figure 15.19d 
S an 

M M 
me (40) 

IIb | [Coa (n> -Cs Hs )a(u3-S)2(u3-S2 )2 | 201(3) Figure 15.19e 

S M% 
M 

M M 
ea (41) 

Me 7. «ll [{SCo3(CO)7}2S2 ] 204.2(14) Figure 15.19f 
Bos 

M M 

S (42) 
a IES (Mo, (S2)6]2” 204.3(5) Figure 15.19g 

S Vie 
M M 

36 W. Ciecc, N. Monan, A>-MULLER, A. NEUMAN, W. RITTNER, and G. M. SHELDRICK, Crystal and 

molecular structure of [NMe,],[Mo,0,S,(S,),]: a compound with two S,?~ ligands, Inorg. Chem. 19, 2066-9 
(1980). 

37 A. MULLER, W. ELTZNER, and N. MOHAN, S,?~ asa simultaneous end-on and side-on bonded ligand in the 
novel transition-metal complex [Mo,(NO),S, 3]*~, Angew. Chem., Int. Edn. (Engl.) 18, 168-9 (1979). 

38. V. KULLMeR, E. ROTTINGER, and H. VAHRENKAMP, Preparation and crystal structure of [Mn,S,(CO), ;)]; 
oxidation at sulfur of [{((CO),Mn-S-SnMe;},], JCS Chem. Comm. 1977, 782-3. 
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Complexes with chelating polysulfide ligands can be made either by reacting complex 

metal halides with solutions of polysulfides or by reacting hydrido complexes with 

elementa! sulfur, e.g.: 

boil 
H,PtCl,+(NH,),S,(aq) ———— (NH,).[Pt'*(S.)3] 

[Ti(°-CH,;),Cl,] + Na,S; ———>[Ti!¥(9°-C5H),(S5)] + 2NaCl 

[W(7°-C5H5)2H>] +383 anc vaEe LW" (q?-C5H.);(8,)1 Bi H,S 

The red dianion[PtS,,]* was first made in 1903 but its structure as a chiral tris chelating 

pentasulfido complex (Fig. 15.21a) was not established until 1969.4?) It is a rare example 

of a “purely inorganic” (carbon-free) optically active species.** [Other examples are S. 

Hefmanek and J. Plesek’s resolution of the main group element cluster compound 

i-B,,H,,.°*°) A. Werner’s first-row transition-metal complex cation [Cof(- 
OH),Co(NH;)4'3]°*,@® and F.G. Mann’s second-row complex anion cis-[Rh{n?- 
(NH),SO3},(OH,),]- J.°”] The structure of the complex [Ti(y°-C;H,),(S;)] is in Fig. 
15.21b; it has previously been mentioned in connection with the synthesis of cyclo- 

polysulfur allotropes (p. 775). The chair conformation of the 6-membered TiS, ring 

undergoes chair-to-chair inversion above room temperature with an activation energy of 

about 69 kJ‘mol~!.4® A similar ring inversion in [Pt(S;)3;]? is even more facile and 
195Pt nmr. studies lead to a value of 50.5+1.3 kJ mol! for AG? at 0°C.4%*) Other 

3° R. C. E_per and M. TRKULA, Crystal structure of [((NH,);RuSSRu(NH;).JCl,.2H,O. A structural trans 
effect and evidence for a supersulfide S,~ bridge, /norg. Chem. 16, 1048-51 (1977). 

40 VA. UcHTmaNand L. F. DaHL, Preparation and structural characterization of [Co,(1°-C;H<),S,]. A new 
mode of transition-metal bonding for a disulfide group, J. Am. Chem. Soc. 91, 3756-63 (1969). 

41 TD. L. STEVENSON, V. R. MAGNUSON, and L. F. DaHL, Structure of a hexanuclear cobalt sulfur complex, 
[{SCo3(CO),},S,], containing a tetra metal-coordinated bridging disulfide group, J. Am. Chem. Soc. 89, 

3727-32 (1967). 

+2, A | MULLER, W.-O. Notte, and B. Kreps, [(S,);Mo(S;),Mo(S;).]? . a novel complex containing only 
S,°~ ligands and a Mo-Mo bond, Angew. Chem., Int. Edn. (Engl.) 17, 279 (1978): A. MULLER. W.-O. Note. 

and B. Kress, [NH,],[(S,),Mo(S,),Mo(S;).].2H,O, a novel sulfur-rich coordination compound with two 
nonequivalent complex anions having the same point group but different structures: crystal and molecular 
structures, /nory. Chem. 19, 2835-6 (1980). 

43 PE. Jonrs and L. Katz. The crystal structure of ammonium tris(pentasulfido)platinum(IV) dihydrate. 
Acta Cryst. B25, 745—-S2 (1969). 

+4, R.D. Gittarp and F. L. Wimmer, Inorganic optical activity, JCS Chem. Comm. 1978, 936-7. 
45'S. HERMANEK and J. PLEsFK, Resolution of iso-octadecaborane(22) into optical enantiomers, Coll. Czech. 

Chem. Comm. 35, 2488-93 (1970). 

+° A. WERNER, Study of asymmetric cobalt atoms. Part 12. Optical activity of carbon-free compounds, Ber. 
47, 3057-94 (1914). 

47 FG. MANN, The complex metallic salts of sulfamide: an optically active inorganic salt, J. Chem. Soc. 1933, 
412-19. 

“8 EW. Apert, M. BootH, and K. G. OrreLt, The inversion barrier of the TiS; ring in 
di(cyclopentadienyl)titanium pentasulfide, J. Oryanometall. Chem. 160, 75-79 (1978). 

45" FG. RIDDELL, R. D. GILLARD, and F. L. Wimmer, Inorganic six-membered ring inversion. The inversion 

barrier in the tris(pentasulfane-1,5-diyl)platinate(IV) anion, JCS Chem. Comm. 1982, 332-3. 

CTE-AA 
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Fic. 15.20 Chlorine bridged polymeric structures of (a) NbS5Cl,, (b) MoS,Cl,, and (c) 
: Mo;S,Cl,. 

recent examples of chelating S,*~ ligands occur in the dark red-brown dianion“?? 

S 
LOS 

beet oie Fe @reS) Ta A 

and in the intriguing black dianion [Mo,S,,]* which features 4 different sorts of sulfur 

_ ligand and at least 6 different S-atom environments (Fig. 15.21c).©° 

49D). CoucouvaNis, D. SWENSON, P. STREMPLE, and N. C. BAENZIGER, Reactions of [Fe(SPh),]?~ with 
organic trisulfides and implications concerning the biosynthesis of ferredoxins. Synthesis and structure of the 

_ [PPh,],[Fe,S,.] complex, J. Am. Chem. Soc. 101, 3392-4 (1979). 
°° 'W. CLEGG, G. Curistou, C. D. GARNER, and G. M. SHELDRICK, [Mo,S,,]°~ ; a complex with terminal 

-sulfido, bridging sulfido, persulfido and tetrasulfido groups, Jnorg. Chem. 20, 1562-6 (1981). 
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Fic. 15.21 Structure and dimensions of (a) [Pt(y?-S;)3]?_, (b) [Ti(y>-C;H;).(7?-S;)], and (c) 
[Mo,S,,]? : this last complex can be considered as an Mo’ derivative on the basis of the 
formulation [Mo¥(S,2~ )(u-S?~ )2(n?-S,? )(n?-S4?_)]?. Note that the angles subtended by S 
atoms at Mo vary from 51.2° through 85.1° to 100.7° and 103.4°, the M-S distances from 211 pm 
through 229 and 235 pm to 241 pm, and the S-S distances from 197 to 211.5 pm with the S,?~ 2 

group being 207 pm. 

Other ligands containing sulfur as donor atom 

H,S, the simplest compound of sulfur, differs markedly from its homologue H,O in 

complex-forming ability: whereas aquo complexes are extremely numerous and 
frequently very stable (p. 733), H,S rarely forms simple adducts due to its ready oxidation 

to sulfur or its facile deprotonation to SH™ or S?~. [AIBr,(SH,,)] has long been known as 
a stable compound of tetrahedral Al®°*) but the few transition metal complexes having 

some degree of stability at room temperature are of more recent vintage: examples include 

502 A. Weiss, R. PLass, and AL. Weiss, The crystal structure and acidity of AIBr,.SH,, Z. anorg. allyem. 
Chem. 283, 390-400 (1956). 
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[Mn(y°-C;H;)(CO)3(SH,)], [W(CO),(SH,)], and the triangulo cluster complexes 

[Ru;(CO).(SH,)] and [Os3(CO),(SH,)].°7:°") Action of H,S on acidic aqueous 
solutions frequently precipitates the metal sulfide (cf. qualitative analysis separation 

schemes) but, in the presence of a reducing agent such as Eu", H,S can displace H,O from 

the pale-yellow aquopentammine ruthenium(II) ion: 

[Ru(NH ;);(OH,)]?* +H,S ——[Ru(NH;)<(SH,)]2*;  Ky93=1.5x 10731 mol7! 

In the absence of Eu", oxidative deprotonation of the pale-yellow H,S complex occurs 
to give the orange ruthenium(III) complex [Ru(NH,);(SH)]**. Other examples of 

complexes containing the SH ligand are [Cr(OH,),(SH)]?*, [W(n°- 

C.H,;)(CO)3(SH)], [Ni(y°-C;H,)(PBu3)(SH)], trans-[PtH(PEt,;),(SH)], and trans- 

[Pt(PEt;).(SH),].°* cn 
The S-donor ligands SO, S,O,, and SO, are mentioned in Section 15.2.5 and S-N 

ligands in Section 15.2.7. Thiocyanate (SCN — ) is ambidentate, but towards heavier metals 

it tends to be S-bonded rather than N-bonded. The bridging mode is also known (e.g. 

p. 344). 
Organic thio ligands are well established, examples being the thioethers SMe,, SEt,, 

tetrahydrothiophene, etc., the chelating dithioethers, e.g. MeS(CH,),SMe, and macro- 

cyclic ligands such as {-(CH,)3S—},, with n=3, 4. Thiourea, (H,N),C=S, affords a further 

example. Factors affecting the stability of the resulting complexes have already been 

reviewed (p. 223). Itis also notable that when B,,.H,, reacts with solutions of thioethers in 

OEt,, tetrahydrofuran, etc., it is the thio ligand rather than the oxygen-containing species 

which forms the stable arachno-bis adducts [B,)9H,,(SR;),] (p. 200). 

Another large class of S-donor ligands comprises the dithiocarbamates R,NCS,”~ and 

related anions YCS,  , e.g. dithiocarboxylates RCS, , xanthates ROCS, , thioxanthates 

RSCS,_, dithiocarbonate OCS,” , trithiocarbonate SCS,”~, and dithiophosphinates 
RPS, (see p. 585for applications). Dithiocarbamates can function either as unidentate 
or bidentate (chelating) ligands: 

Ne RNC ~ M} R,N—C{ > M) 
No \, et S 

In the chelating mode they frequently stabilize the metal centre in an unusually high 

apparent formal oxidation state, e.g. [Fe'Y(S,CNR,);)]* and [Ni'¥(S,CNR,)3]*. They 
also have a propensity for stabilizing novel stereochemical configurations, unusual mixed 

oxidation states (e.g. of Cu), intermediate spin states (e.g. Fe!”, S =3), and for forming a 
variety of tris chelated complexes of Fe" which lie at the 7T,-°A, spin crossover.°>” 

*' C.G. KuEHN and H. Tause, Ammine ruthenium complexes of hydrogen sulfide and related ligands, J. Am. 
Chem. Soc. 98, 689-702 (1976). 

‘27. RamasamMi and A. G._ Sykes, Further characterization and aquation of the 
thiolopentaaquochromium(III) complex, CrSH?*, and its equilibrium with thiocyanate, /norg. Chem. 15, 
1010-14 (1976). 

°31.M. BLacKLaws, E. A. V. Esswortn, D. W. H. RANKIN, and H. E. RoBertTson, Hydrides of platinum(II) 

and platinum(IV) incorporating hydrogensulfide and hydrogenselenide ligands, JCS Dalton 753-8 (1978). 

532 RL. MarTIN, Recent studies in the synthetic and structural chemistry of the transition metals, in D. 

BANERJEA (ed.), Coordination Chemistry—20, (International Conf. Calcutta, 1979) pp. 255-65, Pergamon 
Press, Oxford, 1980. 
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Dithiocarbamates and their analogues have 2 potential S-donor atoms joined to a 

single C atom and their complexes are sometimes called 1,1-dithiolato complexes. If the 2 

S atoms are joined to adjacent C atoms then the equally numerous class of 1,2-dithiolato 

complexes results. Examples of chelating dithiolene ligands (drawn for convenience with 

localized valence bonds and ionic charges) are: 

R S = 3 z 
mg a ee S 

| | Rr 
Cc AC S 

R = alkyl, aryl, CF3, H R = Me, F, Cl, H 

Complexes of these ligands have been extensively studied during the past two decades not 

only because of the intrinsically interesting structural and bonding problems that they 

pose but also because of their varied industrial applications.©*: °°) These include their use 
as highly specific analytical reagents, chromatographic supports, polarizers in sun-glasses, 

mode-locking additives in neodymium lasers, semiconductors, fungicides, pesticides, 

vulcanization accelerators, high-temperature wear-inhibiting additives in lubricants, 

polymerization and oxidation catalysts, and even finger-print developers in forensic 

investigations. 

Complexes in which dithiolenes are the only ligands present can be classified according 

to six structural types as shown schematically in Fig. 15.22. For bis(dithiolato) complexes 

the planar structure (a) with D,, local symmetry about the metal is the commonest mode 
but occasionally 5-coordinate dimers (b) are observed. The very rare metal-metal bonded 

5-coordinate dimeric bis(dithiolato) structure (c) has been found for the palladium and 

platinum complexes [{M(S,C,H;),},] with Pd—Pd 279 pm and Pt-Pt 275 pm. For 

tris(dithiolato) complexes two limiting geometries are possible: trigonal prismatic (Fig. 

15.22d) and octahedral (Fig. 15.22f ). The two geometries are related by a 30° twist of one 

triangular S, face with respect to the other, and intermediate twists are also known (Fig. 

15.22e). As a rough generalization, the less-common trigonal prismatic geometry (local 

D3, Symmetry) is adopted by “ligand-controlled” complexes which are often neutral or 

highly oxidized [e.g. M(S,C,R,)3, where M=V, Cr, Mo, W, Re], whereas the more usual 

octahedral (D,) geometry tends to be formed when the central metal dominates the 

stereochemistry as in the reduced anionic complexes. Thus reduction of the trigonal 

prismatic [V{S,C,(CN),}3] to the dianion [V{S,C,(CN),},3]? results in distortion to 
an intermediate geometry, whereas the iron analogue [Fe{S,C,(CN),!;]* has the 

chelated octahedral D, structure. Intermediate geometries (Fig. 15.22e) have also been 

found for [Mo{S,C,(CN),}3]?~ and its W analogue. 

°4 R. EISENBERG, Structural systematics of 1,1- and 1,2-dithiolato chelates, Prog. Inorg. Chem. 12, 295-369 
(1970). 

°° R. P. Burns and C. A. McAutrre, 1,2-Dithiolene complexes of transition metals, Adr. Inorg. Chem. 
Radiochem. 22, 303-48 (1979); R. P. Burns, F. P. McCuLLouGH, and C. A. McAu.trre, 1,1-Dithiolato 
complexes of the transition elements, Adv. Inorg. Chem. Radiochem. 23, 211-80 (1980). A review with 442 
references. 
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Fic. 15.22 Coordination geometries of bis- and tris-1,2-dithiolene complexes (see text). 

F. There has been much discussion about the detailed bonding in 1,2-dithiolene complexes 

because of the alternative ways that the ring system can be described, e.g.: 

S | se aoe. : he we 

The formal oxidation state of the metal differs by 2 in these two limiting formulations 

- (or by 6 in a tris complex). On this basis it is unclear whether the complex 

[V{S,C,(CN),}3] mentioned in the preceding paragraph should be formulated as V¥' (!) 
or V°: it seems probable that an intermediate value would be more likely, but the example 
emphasizes the difficulty of assigning meaningful oxidation numbers to metal atoms in a 

redox series when the electronic configuration of the ligands themselves may also be 

undergoing change during reduction. Such reversible oxidation-reduction sequences are 

a characteristic feature of many 1,2-dithiolene complexes, e.g. for L= {S,C,(CN),}: 
1 +e +e +e 

KGaA heron (Creat <aoea [Crk ]*5 Sa LGrls,. ke 
nt 

{ ane tae +e 

[NiL,]° -[NiL,]' 3 PCT, [NiL,]?~ Th ea NGL le 
amma: 
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and similarly for the Pd, Pt, and other analogues.°° Likewise for dimeric species with 

L={S,C.(CBa).- 

ae +e +2e 

[{CoL}}.]° ie {CoL,}2]'~ De nae [{CoL,}2]*~ Se ste 2[CoL,]* 

Mixed complexes in which a metal is coordinated by a dithiolene and by other ligands 

such as (y°-C;H;), CO, NO, R;P, etc., are also known. 

15.2 Compounds of Sulfur 

15.2.1 Sulfides of the metallic elements°°* 

Many of the most important naturally occurring minerals and ores of the metallic 

elements are sulfides (p. 760), and the recovery of metals from these ores is of major 

importance. Other metal sulfides, though they do no occur in nature, can be synthesized 

by a variety of preparative methods, and many have important physical or chemical 

properties which have led to their industrial production. Again, the solubility relations of 

metal sulfides in aqueous solution form the basis of the most widely used scheme of 

elementary qualitative analysis. These various more general considerations will be briefly 

discussed before the systematic structural chemistry of metal sulfides is summarized. 

General considerations 

When sulfide ores are roasted in air two possible reactions may occur: 

(a) conversion of the material to the oxide (as a preliminary to metal extraction, e.g. 

lead sulfide roasting); 

(b) formation of water-soluble sulfates which can then be used in hydrometallurgical 
processes. 

The operating conditions (temperature, oxygen pressure, etc.) required to achieve each of 

these results depend on the thermodynamics of the system and the duration of the roast is 

determined by the kinetics of the gas-solid reactions.°”) According to the Gibbs’ phase 
rule: 

F+P=C+2 

where F is the number of degrees of freedom (pressure, temperature, etc.), P is the number 

of phases in equilibrium, and C is the number of components (independently variable 

°° W_E. GieGer, T. E. Mines, and F. E. SENFTLEBER, Vacuum electrochemical studies of Ni(1) products and 
intermediates produced in the reduction of nickel dithiolenes, Inorg. Chem. 14, 2141—7 (1975); W. E. GEIGER, 

C. S. ALLEN, T. E. Mines, and F. C. SENFTLEBER, Paramagnetic M(I) complexes generated by the electrochemical 
reduction of M(II) nickel, palladium, and platinum 1,2-dithiolates, Jnorg. Chem. 16, 2003-8 (1977). 

°°4 F. JELLINEK, Sulfides, Chap. 19 in G. NickLess (ed.), /norganic Sulfur Chemistry, pp. 669-747, Elsevier, 
Amsterdam, 1968. A comprehensive review with 631 references. 

*°P DP). J. VAUGHAN and J. R. Craic, Mineral Chemistry of Metal Sulfides, Cambridge University Press, 
Cambridge, 1978, 493 pp. A comprehensive account of the structure bonding, and properties of mineral sulfides. 

*’ C. B. ALCOCK, Principles of Pyrometallurgy, Chap. 2, pp. 15 ff., Academic Press, London, 1967. 
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chemical entities) in the system. It follows that, for a 3-component system (metal— 

sulfur—oxygen) at a given temperature and total pressure of the gas phase, a maximum of 

three condensed phases can coexist in equilibrium. The ranges of stability of the various 

solid phases at a fixed temperature can be shown on a stability diagram which plots the 

equilibrium pressure of SO, against the pressure of oxygen on a log-log graph. An 

idealized stability diagram for a divalent metal M is shown in Fig. 15.23a, and actual 

stability diagrams for copper at 950 K and lead at 1175 K are in Fig. 15.23b, and c. Note 

that, ideally, all boundaries are straight lines: those between M/MO and MS/MSO, are 

vertical whereas the others have slopes of 1.0 (M/MS), 1.5 (MS/MO), and —0.5 

(MO/MSO,).t 

1175 K 
PbSO4 

PbSO42PbO 

Log p(SO,) Log p(SO; ) 
Log p(SO, ) 

Log p(O; ) Log p(O, ) Log p(O, ) 

(a) (b) (c) 

Fic. 15.23 Stability diagrams for the systems (a) metal (M)-sulfur-oxygen (idealized), 
(b) Cu-S-O, and (c) Pb-S-O. 

The application of these generalizations to the extractive metallurgy of individual 

metals is illustrated at appropriate points in the text dealing with the chemistry of the 

various elements. 

As noted above, the roasting of most metal sulfides yields either the oxide or sulfate. 

However, a few metals can be obtained directly by oxidation of their sulfides, and these all 

have the characteristic property that their oxides are much less stable than SO,. Examples 

are Cu, Ag, Hg, and the platinum metals. In addition, metallic Pb can be extracted by 

partial oxidation of galena to form a sulfate (the “Scotch hearth” or Newnham process, 
p. 430). The oversimplified reaction is: 

PbS + PbSO, ——> 2Pb+ 2SO, 

+ These simple relations can readily be deduced from the equilibria being represented. Thus at constant 
temperature: 

M/MO boundary: MO=M+40,(g); K =p! (O,). Hence log p(O,)=2 log K =constant [i.e. independent 
of p(SO,)]. 

MS/MSO, boundary: MSO,=MS+20,(g); K =p?(O,). Hence log p(O,)=4 log K =constant. 
M/MS boundary: MS+ O,(g)=M+SO,(g); K =p(SO,)/p(O,). Hence log p(SO,)=log K +log p(O,), 

1.e. slope = 1.0. 

MS/MO_ boundary: MS+30,(g)=MO+SO,(g); K=p(SO,)/p3(O,). Hence log p(SO,)=log K 
+3 log p(O,), i.e. slope = 1.5. 

MO/MSO, boundary: MSO,=MO+SO,(g)+40;3(g): K =p(SO3).p*(O2). Hence log p(SO,)=log K 
—4 log p(O,), i.e. slope= —0.5. 

CTE-AA* 
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However, as indicated in Fig. 15.23c, the system is complicated by the presence of several 

stable “basic sulfates” PbSO, .nPbO (n= 1, 2, 4), and these can react with gaseous PbS at 

lower metal-making temperatures,°®) e.g. : 

PbSO, . 2PbO(s) + 2PbS(g) ——> SPb(1) + 3SO,,(g) 

Metal sulfides can be prepared in the laboratory or on an industrial scale by a number of 

reactions; pure products are rarely obtained without considerable refinement and 

nonstoichiometric phases abound (p. 804). The more important preparative routes 

include: 

(a) direct combination of the elements (e.g. Fe + S—FeS); 

(b) reduction of a sulfate with carbon (e.g. Na,SO,+4C— Na,S+4CO); 

(c) precipitation from aqueous solution by treatment with either acidified HS (e.g. the 

platinum metals; Cu, Ag, Au; Cd, Hg; Ge, Sn, Pb; As, Sb, Bi; Se, Te) or alkaline 

(NH,),S (e.g. Mn, Fe, Co, Ni, Zn; In, T1); 

(d) saturation of an alkali hydroxide solution with H,S to give MHS followed by 
reaction with a further equivalent of alkali (e.g. KOH(aq)+ H,S-KHS+H,O; 

KHS+KOH-—K,S+H,0O). 

This last method is particularly suitable for water-soluble sulfides, though frequently it is 

the hydrate that crystallizes, e.g. Na,S.9H,O, K,S.5H,O. The hydrogensulfides MHS 

can also be made by passing H,S into solutions of metals in liquid NH3. 
Industrial applications of metal sulfides span the full time-scale from the earliest rise of 

the emerging chemical industry in the eighteenth century to the most recent developments 

of Li/S and Na/S power battery systems (see Panel). Reduction of Na,SO, by C was the 

first step in the now defunct Leblanc process (1791) for making Na,CO; (p. 79). Na,S (or 

NaHS) is still used extensively in the leather industry for removal of hair from hides prior 
to tanning, for making organo-sulfur dyes, as a reducing agent for organic nitro 

compounds in the production of amines, and as a flotation agent for copper ores. It is 

readily oxidized by atmospheric O, to give thiosulfate: 

2Na,$+20,+H,0 —>Na,S,0,+2NaOH 

Industrial production in the USA exceeds 50000 tonnes pa. Barium sulfide (from 

BaSO,+C) is the largest volume Ba compound manufactured but little of it is sold; 

almost all commercial Ba compounds are made by first making BaS and then converting it 

to the required compound. 

Metal sulfides vary enormously in their solubility in water. As expected, the 

(predominantly ionic) alkali metal sulfides and alkaline earth metal sulfides are quite 

soluble though there is appreciable hydrolysis which results in strongly alkaline solutions 

(M,S+H,0>MSH+ MOR). Accordingly, solubilities depend sensitively not only on 

temperature but also on pH and partial pressure of H,S. Thus, by varying the acidity, As 

can be separated from Pb, Pb from Zn, Zn from Ni, and Mn from Mg. In pure water the 

solubility of Na,S is said to be 18.06 g per 100 g H,O and for Ba,S it is 7.28 g. In the case of 

some less-basic elements (e.g. Al,S3, Cr,S3) hydrolysis is complete and action of H,S on 

solutions of the metal cation results in the precipitation of the hydroxide; likewise these 

sulfides (and SiS,, etc.) react rapidly with water with evolution of H,S. 

58 See ref. 57, Chap. 10, pp. 153-7. 
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Sodium—Sulfur Batteries 

Alternatives to coal and hydrocarbon fuels as a source of power have been sought with 
increasing determination over the past two decades. One possibility is the Hydrogen Economy (p. 
46). Another possibility, particularly for secondary, mobile sources of power, is the use of storage 

_ batteries. Indeed, electric vehicles were developed simultaneously with the first internal- 
combustion-engined vehicles, the first being made in 1888. In those days, nearly a century ago, 
electric vehicles were popular and sold well compared with the then noisy, inconvenient, and 

rather unreliable petro!l-engined vehicles. In 1899 an electric car held the world land-speed record 
at 105 km per hour. In the early years of this century, taxis in New York, Boston, and Berlin were 
mainly electric; there were over 20 000 electric vehicles in the USA and some 10 000 cars and 
commercial vehicles in London. Even today battery-powered milk delivery vehicles are 
extensively used in the UK and there are now more than 50 000 in daily use. These use the 

_ traditional lead-sulfuric acid battery (p. 432), but this is extremely heavy and rather expensive. 
The Na/S system has the potential to store 5-times as much energy (for the same weight) as the 

conventional lead battery and, in addition, shares with it the advantages of being silent, cheap to 
run, and essentially pollution-free; in general it is also reliable, has a long life, and has extremely 

_ low maintenance costs. However, until very recently it lacked the mileage range between 
successive chargings when compared with the highly developed petrol- or diesel-powered vehicles 
and it has a rather low performance (top speed and acceleration). A further disadvantage is the 

__very long time taken to recharge the batteries (15-20 h) compared with the average time required 
to refill a petrol tank (1-2 min). The first work on an Na/S battery system was announced in 1966 
by J. T. Kummer and N. Weber of the Ford Motor Company, USA, and active development has 

__ proceeded in several other countries since that time. Such power sources are likely to be extended 
from milk-floats to commuter buses and private cars for urban use in the very near future. Mixed 

- power sources (petrol/electric battery) seem to be emerging as the favoured mode for 
development. 

__ Conventional batteries consist of a liquid electrolyte separating two sal electrodes. In the 
| Na/S paeye this i is inverted: a solid electrolyte separates two liquid electrodes (see figures): a 

Fic. A Beta-alumina ceramic electrolyte tube. (From the Electricity Council Research Centre, 
Sodium Sulfur Batteries for Traction, 1974.) 



802 Sulfur Ch. 15 

Airtight seal 

Stainless-steel 

case 

Na-B-alumina 

solid electrolyte 

Molten sodium 

electrode 

Molten S electrode 

(with powdered C) 

wy: 

Fic. B_ Schematic diagram of sodium-sulfur battery. 

— ceramic i. made from the solid electrolyte sodium f-alumina (p. 281) separates an inner + pool of 

~ molten sodium (mp 98°) from an outer bath of molten sulfur (mp 119°) and allows Na” ions- 
_ to pass through. The whole system is sealed and is encased in a stainless steel canister which also 
~ serves as the sulfur-electrode current collector. Within the battery, the current is passed by Na* _ 

- ions which pass through the solid oe and react with the sulfur. The cell reaction: ean be 
written formally as . 

2Na(l)+§ 35,11) > Na,S, a 

_ Inthe oe compartment molten Na gives up electrons which pass through the external circuit 
and reduce the molten S, to polysulfide ions S,7~ (p. 805). The open circuit voltage is 2.08 V at 
350°C. Since sulfur is an insulator the outer compartment is packed with porous carbon to provide _ 

efficient electrical conduction: the electrode volume is partially filled with sulfur when fully _ 
charged and is completely filled with sodium sulfide when fully discharged. To recharge, the 
polarity of the electrodes is changed and the passage of current forces the Na‘ ions back into the 

central compartment where they are discharged as Na atoms. 2 
Typical dimensions for the B-alumina electrolyte tube are 380 mm long, with an outer diameter _ 

of 28 mm, and a wall thickness of 1.5 mm. A typical battery for automotive power might contain _ 
980 of such cells (20 modules each of 49 cells) and have an open-circuit voltage of 100 V. Capacity 

exceeds 50 kWh. The cells operate at an optimum temperature of 300-350°C (to ensure that the _ 
sodium polysulfides remain molten and that the f-alumina solid electrolyte has an adequate Na* 
ion conductivity). This means that the cells must be thermally insulated to reduce wasteful loss of _ 

heat and to maintain the electrodes molten even when not in operation. Such a system is about 
one-fifth of the weight of an equivalent lead-acid traction battery and has a longer life _ 
(> 1000 cycles). Further information on this and many other potential battery systems and 
materials is contained in the Proceedings of an International Conference on Fast Ion Transport in| 
Solids: Electrodes and Electrolytes, P. Vashista, JN. — and G. K. Shenoy (eds.), North- o 
Holland, New York, 1979, 744 pp. . : 

By contrast with the water-soluble sulfides of Groups IA and IIA, the corresponding 

heavy metal sulfides of Groups IB and IIB are amongst the least-soluble compounds 

known. Literature values are often wildly discordant, and care should be taken in 

interpreting the data. Thus, for black HgS the most acceptable value of the solubility 
product [Hg?* ][S*” ] is 10°°** mol? 17%, ite. 

HgS(s) ——= Hg?* (aq)+S? (aq); pK =51.8+0.5 

59 A. RInGBoM, Solubilities of sulfides—a preliminary report to the Analytical Division of IUPAC July 1953. 
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However, this should not be taken to imply a concentration of only 10725? mol 17! for 
mercury in solution (i.e. less than 10? of 1 atom of Hg per litre!) since complex formation 

can simultaneously occur to give species such as [Hg(SH), ] in weakly acid solutions and 

[HgS,]?~ in alkaline solutions: 

HgS(s)+ H,S(1 atm) [He(SH),](aq): pK =6.2 

HgS(s) +S?” (aq) ——= [HgS,]? (aq); pK=1.5 

Hydrolysis also sometimes obtrudes. 

Structural chemistry of metal sulfides 

The predominantly ionic alkali metal sulfides M,S (Li, Na, K, Rb, Cs) adopt the 

antifluorite structure (p. 129) in which each S atom is surrounded by a cube of 8 M and 

each M by a tetrahedron of S. The alkaline earth sulfides MS (Mg, Ca, Sr, Ba) adopt the 

NaCl-type 6: 6 structure (p. 273) as do many other monosulfides of rather less basic metals 

(M = Pb, Mn, La, Ce, Pr, Nd, Sm, Eu, Tb, Ho, Th, U, Pu). However, many metals in the 

later transition element groups show substantial trends to increasing covalency leading 

either to lower coordination numbers or to layer-lattice structures.©°) Thus MS (Be, Zn, 
Cd, Hg) adopt the 4:4 zinc blende structure (p. 1405) and ZnS, CdS, and MnS also 

crystallize in the 4:4 wurtzite modification (p. 1405). In both of these structures both M and 

S are tetrahedrally coordinated, whereas PtS, which also has 4: 4 coordination, features a 

square-planar array of 4 S atoms about each Pt, thus emphasizing its covalent rather than 

ionic bonding. Group IIIB sulfides M,S, (p. 285) have defect ZnS structures with various 

patterns of vacant lattice sites. 

The final major structure type found amongst monosulfides is the NiAs (nickel 

arsenide) structure (Fig. 15.24a). Each S atom is surrounded by a trigonal prism of 6 M 

(a) (b) 

Fic. 15.24 Comparison of the nickel arsenide structure (a) adopted by many monosulfides MS 
with the cadmium iodide structure (b) adopted by some disulfides MS,. The structures are related 

simply by removing alternate layers of M from MS to give MS). 

60 N. N. GREENWOOD, Jonic Crystals, Lattice Defects, and Nonstoichiometry, Chap. 3, pp. 37-61; also 
pp. 153-55, Butterworths, London, 1968. 
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atoms whilst each M has eightfold coordination, being surrounded octahedrally by 6 S 

atoms and by 2 additional M atoms which are coplanar with 4 of the S atoms. A significant 
feature of the structure is the close approach of the M atoms in chains along the (vertical) 

c-axis (e.g. 260 pm in FeS) and the structure can be regarded as transitional between the 

6:6 NaCl structure and the more highly coordinated structures typical of metals. The 

NiAs structure is adopted by most first row transition-metal monosulfides MS (M = Ti, V, 

Cr, Fe, Co, Ni) as well as by many selenides and tellurides of these elements. 

The NiAs structure is closely related to the hexagonal layer-lattice Cdl, structure 

shown in Fig. 15.24b, this stoichiometry being achieved simply by leaving alternate M 

layers of the NiAs structure vacant. Disulfides MS, adopting this structure include those 
of Ti, Zr, Hf, Ta, Pt, and Sn; conversely, T1,S has the anti-CdI, structure. Progressive 

partial filling of the alternate metal layers leads to phases of intermediate composition as 

exemplified by the Cr/S system (Table 15.11). For some elements these intermediate 

phases have quite extensive ranges of composition, the limits depending on the 

temperature of the system. For example, at 1000°C there is a succession of non- 

stoichiometric titanium sulfides TiS, 97-TiS, 96, TiS; 294-TiS; 333, T1S;.377-T1S).. 594; 

TiS, g1o-TiS; 919-°°’ Many diselenides and ditellurides also adopt the Cdl, structure and 

in some there-is an almost continuous nonstoichiometric variation in composition, e.g. 

CoTe—CoTe,. A related 6:3 layer structure is the CdCl,-type adopted by TaS,, and the 

layer structures of MoS, and WS, are mentioned on p. 1186. 

TABLE 15.11 Some sulfides of chromium (see text) 

Proportion of 
Ratio Cr/S sites Random or 

Nominal RCE > occupied in ordered 
formula calculated observed alternate layers vacancies®) 

CrS®) 1.000 ~0.97 Leal None 
CieSe 0.875 0.88—-0.87 1:3 Random 
CreS¢ 0.833 0.85 Lee Ordered 
GrS7 0.750 0.79-0.76 1:4 Ordered 
Cr5S; 0.667 0.69-0.67 1:4 Ordered 
(CrS,) 0.500 Not observed 1:0 _ 

‘) Refers to the vacancies in the alternate metal layers. 
) Cr has a unique monoclinic structure intermediate between NiAs and PtS 

types. 

Finally, many disulfides have a quite different structure motif, being composed of 

infinite three-dimensional networks of M and discrete S, units. The predominate 

structural types are pyrites, FeS, (also for M = Mn, Co, Ni, Ru, Os), and marcasite (known 

only for FeS, among the disulfides). Pyrites can be described as a distorted NaCl-type 
structure in which the rod-shaped S, units (S—S 217 pm) are centred on the Cl positions 

but are oriented so that they are inclined away from the cubic axes. The marcasite 

structure is a variant of the rutile structure (TiO), p. 1120) in which the columns of edge- 

shared octahedra are rotated to give close approaches between pairs of S atoms in 
adjacent columns (S-S 221 pm). 
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Many metal sulfides have important physical properties.°°*°!) They range from 
insulators, through semiconductors to metallic conductors of electricity, and some are 

even superconductors, e.g. NbS, (<6.2 K), TaS, (<2.1 K), Rh,,S,; (<5.8 K), CuS 

(<1.62 K), and CuS, (<1.56K). Likewise they can be diamagnetic, paramagnetic, 

temperature-independent paramagnetic, ferromagnetic, antiferromagnetic, or 

ferrimagnetic. 

The structure of more complex ternary metal sulfides such as BaZrS, (perovskite-type, 

p. 1122), ZnAl,S, (spinel type, p. 279), and NaCrS, (NaCl superstructure) introduce no 

new principles. Likewise, thiosalts, which may feature finite anions (e.g. T1;[ VS, ]), vertex- 

shared chains (e.g. Ba,MnS,), edge-shared chains (e.g. KFeS,), double chains (e.g. 

Ba,ZnS;), double layers (e.g. KCu,S;), or three-dimensional frameworks (e.g. 

NH Cu-S,)0” 

Anionic polysulfides 

The pyrites and marcasite structures can be thought of as containing S,*~ units though 
the variability of the interatomic distance and other properties suggest substantial 

deviation from a purely ionic description. Numerous higher polysulfides S,?~ have been 

characterized, particularly for the more electropositive elements Na, K, Ba, etc. They are 

yellow at room temperature, turn dark red on being heated, and may be thought of as salts 

of the polysulfanes (p. 807). Typical examples are M,S, (n= 2-S for Na, 2-6 for K, 6 for Cs), 

BaS,, BaS,, BaS,, etc. The polysulfides, unlike the monosulfides, are low melting solids: 

published values for mps vary somewhat but representative values (°C) are: 

| ] 
Na,S —Na,S, NaS, Na,S, | K,S; K83 K,S; K,S, | BaS; 
1180° 484° 294° 255° rt 208 ~145° WK 196° =| 554° 

Structures are in Fig. 15.25.°3-*”) The S,?~ ion is bent (C,,) and is isoelectronic with SC, 
(p. 815). The S,?~ ion has twofold symmetry, essentially tetrahedral bond angles, and a 

dihedral angle of 97.8° (see p.771). The S,?~ ion also has approximately twofold 

symmetry (about the central S atom); it is a contorted but unbranched chain with bond 

angles close to tetrahedral and a small but significant difference between the terminal and 

internal S—S distances. The S,?~ ion has alternating S—S distances, and bond angles in the 

range 106.4-110.0° (mean 108.8°). Several of the references in Fig. 15.25 give preparative 

details: these can involve direct reaction of stoichiometric amounts of the elements in 

61 F HULLIGER, Crystal chemistry of chalogenides and pnictides of the transition elements, Struct. Bonding 
(Berlin) 4, 83-229 (1968). A comprehensive review with 532 references, 65 structural diagrams, and a 34-page 
appendix tabulating the known phases and their physical properties. 

62 AF. WELLS, Structural Inorganic Chemistry, 4th edn., Chap. 17, pp. 605-35, Oxford University Press, 
1975. 

°3 H. Foppi, E. BUSMANN, and F.-K. FRorATH, The crystal structures of x-Na,S, and K,S,, B-Na,S, and 
Na,Se,, Z. anorg. allgem. Chem. 314, 12-30 (1962). An early somewhat imprecise structure determination. 

64 H. G. VON SCHNERING and N.-K. Gon, The structure of the polysulfides BaS,, SrS,, BaS,, and SrS,, 
Naturwissenschaften 61, 272 (1974). 

©5 R. TEGMAN, The crystal structure of sodium tetrasulfide, Acta Cryst. B29, 1463-9 (1973). 

66 B. KELLY and P. WoopwakrbD, Crystal structure of dipotassium pentasulfide, JCS Dalton, 1976, 1314-16. 
©7 S. C. ABRAHAMS and E. Grison, The crystal structure of caesium hexasulfide, Acta Cryst. 6, 206-13 (1953). 
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Na,S,, Kk leg. SrS; NajSj{©) K,S,; (°°) Gs, 8467) 

SrS,, BaS, (4) (BaS;)(°*) 

Fic. 15.25 Structures of polysulfide anions S,?~ in M}S, and BaS,,. 

sealed tubes or reaction of MSH with S in ethanol.©® It is interesting that, despite the 

unequivocal presence of the S,;”~ ion in K,S3, BaS;, etc.,a Raman spectroscopic study of 

molten “Na,S,” showed that the ion had disproportionated into S,2~ and S,?~.©” 

15.2.2 Hydrides of sulfur (sulfanes) 

Hydrogen sulfide is the only thermodynamically stable sulfane; it occurs widely in 

nature as a result of volcanic or bacterial action and is, indeed, a prime source of elemental 

S (p. 759). It has been known since earliest times and its classical chemistry has been 

extensively studied since the seventeenth century."?) H,S is a foul smelling, very 

poisonous gas familiar to all students of chemistry. Its smell is noticeable at 0.02 ppm but 
the gas tends to anaesthetize the olefactory senses and the intensity of the smell is therefore 

a dangerously unreliable guide to its concentration. H,S causes irritation at 5 ppm, 

headaches and nausea at 10 ppm, and immediate paralysis and death at 100 ppm; it is 

therefore as toxic and as dangerous as HCN. 

H,S is readily prepared in the laboratory by treating FeS with dilute HCI in a Kipp 

apparatus. Purer samples can be made by hydrolysing CaS, BaS, or Al,S,, and the purest 

gas is prepared by direct reaction of the elements at 600°C. Some physical properties are in 

Table 15.12:’” comparison with the properties of water (p. 730) shows the absence of any 
appreciable H bonding in H,S. Comparisons with H,Se, H,Te, and H,Po are on p. 900. 

TABLE 15.12 Some molecular and physical properties of HS 

Distance (S—H)/pm 133.6(g) AH?/kJ mol! 20.1(g) 

Angle H-S-H 92.1°(g) Density (s)/g cm™ 3 1.12 (—85.6°) 
MP/°C —85.6 Density (1)/g cm~? 0.993 (—85.6°) 
BP/°C — 60.3 Viscosity/centipoise 0.547 (— 82°) 

Critical temperature/°C 100.4 Dielectric constant € 8.99 (—78°) 
Critical pressure/atm 84 Electrical conductivity/ohm~! cm~! Si lOme es (78a) 

2 

°8 G. WEDDIDEN, H. KLEINSCHMAGER, and S. Hoppe, Synthesis of sodium polysulfides, J. Chem. Res. (S), 

1978, 96; (M), 1978, 1101-12. 
©° G. J. JANz et al., Raman studies of sulfur-containing anions in inorganic polysulfides, Inorg. Chem. 15, 

1751-4, 1755-9, 1759-63 (1976). 
7° J. W. MELLOR, A Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vol. 10, Hydrogen 

sulfide, and The polysulfides of hydrogen, pp. 114-61, Longmans, London, 1930. 

7. F. Feuer, Liquid hydrogen sulfide, Chap. 4 in J. J. Lacowsk1 (ed.), The Chemistry of Nonaqueous Solvents, 
Vol. 3, pp. 219-40, Academic Press, New York, 1970. 
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HS is readily soluble in both acidic and alkaline aqueous solutions. Pure water 

dissolves 4.65 volumes of the gas at 0° and 2.61 volumes at 20°; in other units a saturated 
solution is 0.1 M at atmospheric pressure and 25°, i.e. 

H,S(g) = H,S(aq); K=0.1023 moll”! atm7™!; pK=0.99 

In aqueous solution H,S is a weak acid (p. 52). At 20°:” 

H,S(aq) ——H* (aq) + SH (aq); pK,, = 6.88 + 0.02 
SH (aq) H*(aq)+S?~ (aq); pK,,=14.15+0.05 

The chemistry of such solutions has been alluded to on p. 800. At low temperatures a 

hydrate H,S.53H,O crystallizes. In acid solution H.S is also a mild reducing agent; e.g. 

even on standing in air solutions slowly precipitate sulfur. The gas burns with a bluish 

flame in air to give H,O and SO, (or H,O and Sif the air supply is restricted). For adducts, 
see p. 794. 

In very strongly acidic nonaqueous solutions (such as HF/SbF.) H,S acts as a base 

(proton acceptor) and the white crystalline solid [SH,]*[SbF,]~ has been isolated from 

such solutions.’?) The compound, which is the first known example of a stable salt of 
SH,*, can be stored at room temperature in Teflon or Kel-F containers but attacks 

quartz. Vibrational spectroscopy confirms the pyramidal C;,, structure expected for a 

species isoelectronic with PH, (p. 564). 

Polysulfanes, H,S,, with n=2-8 have been prepared and isolated pure, and many 

higher homologues have been obtained as mixtures with variable n. Our modern 

knowledge of these numerous compounds stems mainly from the elegant work of F. Feher 

and his group in the 1950s. All polysulfanes have unbranched chains of n sulfur atoms thus 

reflecting the well-established propensity of this element towards catenation (p. 769). The 

polysulfanes are reactive liquids whose density d, viscosity, yn, and bp increase with 

increasing chain length. H,S,, the analogue of H,O,, is colourless but the others are 

yellow, the colour deepening with increasing chain length. 
The polysulfanes were at one time made by fusing crude Na,S.9H,O with various 

amounts of sulfur and pouring the resulting polysulfide solution into an excess of dilute 

hydrochloric acid at — 10°C. The resulting crude yellow oil is a mixture mainly of H,S,, 

(n=4-7). Polysulfanes can now also be readily prepared by a variety of other reactions, 

C255 

Na,S,(aq) + 2HClI(aq) ——>2NaCl(aq)+H,S, (n=4-6) 

S,,Cl,(l) + 2H,S(1I) > 2HCl|(g) + H,S,, , »(1) 

S,Cl,(1) + 2H,S,, (lI) — 2HCl(g) + H2S, + 2m(H2S¢-H2S18) 

Purification is by low-pressure distillation. Some physical properties are in Table 15.13. 

Polysulfanes are readily oxidized and all are thermodynamically unstable with respect to 

disproportionation: 

HS, (1) —>H,S(g)+*g> Ss(s) 

7? M. WipMER and G. SCHWARZENBACH, The acidity of the hydrogensulfide ion HS”, Helv. Chim. Acta 47, 
266-71 (1964). 

73K. O. Curiste, Novel onium salts. Synthesis and characterization of SH, * SbF, , Inorg. Chem. 14, 2230-3 
(1975). 
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TABLE 15.13 Some physical properties of polysulfanes" 

Compound d>./g cm? P,,/mmHg BP/°C (extrap) 

H,S, 1.334 87.7 10 
HS; 1.491 1.4 170 

HS, 1.582 0.035 240 
H,S, 1.644 0.0012 285 

HS, 1.688 a8 mn 
H,S; 1.721 se = 
HS, 1.747 as zat 

This disproportionation is catalysed by alkali, and even traces dissolved from the surface 
of glass containers is sufficient to effect deposition of sulfur. They are also degraded by 
sulfite and by cyanide ions: 

H,S, + (n—1)SO,2> > HS + (n—1)S,0327 

H,S, + (n—1)CN-——> HS + (n— 1)SCN- 

The former reaction, in particular, affords a convenient means of quantitative analysis by 

determination of the H,S (precipitated as CdS) and iodometric determination of the 
thiosulfate produced. 

15.2.3 Halides of sulfur 

Sulfur fluorides 

The seven known sulfur fluorides are quite different from the other halides of sulfur in 
their stability, reactivity, and to some extent even in their stoichiometries; it is therefore 
convenient to consider them separately. Moreover, they have proved a rich field for both 
structural and theoretical studies since they form an unusually extensive and graded series 
of covalent molecular compounds in which S has the oxidation states 1, 2, 3, 4, 5, and 6, 
and in which it also exhibits all coordination numbers from 1 to 6 (if SF;~ is also 
included). The compounds feature a rare example of structural isomerism amongst simple 
molecular inorganic compounds (FSSF and SSF.) and also a monomer—dimer pair (SF,- 
and F3SSF). The structures and physical properties will be described first, before 
discussing the preparative routes and chemical reactions. 

Structures and physical properties. The molecular structure, point group symmetries, 
and dimensions of the sulfur fluorides are summarized in Fig. 15.26." S,F, resembles 
H,0,, H,S,, O,F,, and S,X,, and detailed comparisons of bond distances, bond angles, 
and dihedral angles are instructive. The isomer SSF, (thiothionylfluoride) features 
3-coordinate S'Y and 1-coordinate S" and it is notable that the formally double-bonded 
S-S distance is very close to that in the singly bonded isomer. The fugitive species SF, has 
the expected bent configuration in the gas phase but is unique in readily undergoing 
dimerization by insertion of a second SF, into an S-F bond. The structure of the resulting 

’* M. Scumipt and W. Stepert, Sulfanes, Section 2.1 in Comprehensive Inorganic Chemistry, Vol. 2, Chap. 
23, pp. 826-42, Pergamon Press, Oxford, 1973. 

’° F. See, Lower sulfur fluorides, Adv. Inorg. Chem. Radiochem. 16, 297-333 (1974). 
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S2 F,(C,) SSE; (Ga SF3(C,,) F;SSF(S, eva) 

SF,4(C2,) S2Fio0(Daa) SF,.(On) 

Fic. 15.26 Molecular structures of the sulfur fluorides. 

molecule F SSF is, in a sense, intermediate between those of S,F, and SF,, being based on 

a trigonal bipyramid with the equatorial F atom replaced by an SF group. The fact that 

the }°F nmr spectrum at — 100° shows four distinct F resonances indicates that the 2 axial 

F atoms are non-equivalent, implying restricted rotation about the S—S bond. 

The structure of SF, is particularly significant. It is based on a trigonal bipyramid with 

one equatorial position occupied by the lone-pair; this distorts the structure by reducing 

the equatorial F-S-F bond angle from 120° to 101.6° and by repelling the axial F,, atoms 

towards F,,. There is also a significant difference between the (long) S-F,, and (short) 

S-F,, distances. Again, the low-temperature 1°F nmr spectrum is precisely diagnostic of 

the C,, structure, since the observed doublet of 1:2:1 triplets is consistent only with the 
two sets of 2 equivalent F atoms in this point group symmetry (/°F, like 'H, has nuclear 

spin 4). Thus, an axial lone-pair (C3,) would lead to a doublet and a quartet of 
integrated relative intensity 3:1, whereas all other conceivable symmetries (Ty, C4,, Daj, 

D,,4, D»,) would give a sharp singlet from the 4 equivalent F atoms. Above —98° the 

30 MHz 1°F nmr spectrum of SF, gradually broadens and it coalesces at —47° into a 

single broad resonance which gradually sharpens again to a narrow singlet at higher 

temperatures; this is due to molecular fluxionality which permits intramolecular 
interchange of the axial and equatorial F atoms. 

The structure of SF, can be rationalized on most of the simple bonding theories; the 
environment of S has 10 valency electrons and this leads to the observed structure in both 

76 F A. CotTTOoN, J. W. GEORGE, and J.S. WAuGH, Nuclear resonance spectrum and structure of SF,, J. Chem. 
Phys. 28, 944-95 (1958); E. MueTTerTIES and W. D. PHILLips, Structure and exchange processes in some 
inorganic fluorides by nuclear magnetic resonance, J. Am. Chem. Soc. 81, 1084-8 (1959). 
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valence-bond and electron-pair repulsion models. However, the rather high energy of the 

3d orbitals on S make their full participation in bonding via sp°d_2 unlikely and, indeed, 

recent calculations"’”’ show that there may be as little as 12% d-orbital participation 
rather than the 50% implied by the scheme sp,p,+p,d,2 Thus charge-transfer 

configurations or bonding via sp,p, + p, seem to be better descriptions, the p, orbital onS 

being involved in a 3-centre 4-electron bond with the 2 axial F atoms (cf. XeF, p. 1053). 

The regular octahedral structure of SF, and the related structure of S,F,, (Fig. 15.26) 

call for little comment except to note the staggered (D,,) arrangement of the two sets of 

F,, in S,F,o and the unusually long S-S distance, both features presumably reflecting 

interatomic repulsion between the F atoms. SF, is also of interest in establishing 

conclusively that S can be hexavalent. Its great stability (see below) contrasts with the 

non-existence of SH, and SH, despite the general similarity in S-F and S-H bond 

strengths; its existence probably reflects the high electronegativity of F (p. 30), which 

facilitates the formation of either polar or 3-centre 4-electron bonds as discussed above for 

SF,, and also the lower bond energy of F, compared to H,, which for SH, and SH, 
favours dissociation into H,S+nH,.'’’* For descriptions of the bonding which involve 

the use of 3d orbitals on sulfur, a net positive charge on the central atom would contract 

the d orbitals thereby making them energetically and spatially more favourable for 

overlap with the fluorine orbitals. 

Some physical properties of the more stable sulfur fluorides are in Table 15.14. All are 
colourless gases or volatile liquids at room temperature. SF, sublimes at — 63.8° (1 atm) 

and can only be melted under pressure (— 50.8°). It is notable both for its extreme thermal 

and chemical stability (see below), and also for having a higher gas density than any other 

substance that boils below room temperature (5.107 times as dense as air). 
Synthesis and chemical reactions. Disulfur difluoride, S,F,, can be prepared by the mild 

fluorination of sulfur with AgF in a rigorously dried apparatus at 125°. It is best handled in 

the gas phase at low pressures and readily isomerizes to thiothionylfluoride, SSF,, in the 

presence of alkali metal fluorides, SSF, can be made either by isomerizing SF, or directly 

by the fluorination of S,Cl,-using KF in SO): 

SSF, can be heated to 250° but is, in fact, thermodynamically unstable with respect to 

disproportionation, being immediately transformed to SF, in the presence of acid 
catalysts such as BF, or HF: 

2SSF,——> 3S, + SF, 

TABLE 15.14 Physical properties of some sulfur fluorides 

FSSF S=SFo SF, SF, SF io 

MP/°C — 133 — 164.6 =12t — 50.5 S527 
BP/°C +15 — 10.6 eae — 63.8 (subl) +30 
Density (T°C)/g cm73 = a 1.919 (—73°) 1.88 (— 50°) 2.08 (0°) 

77 Pp. J. Hay, Generalized valence bond studies of the electronic structure of SF,, SF,, and SF,, J. Am. Chem. 
Soc. 99, 1003-12 (1977). 

778 G. M. SCHWENzeER and H. F. SCHAEFFER, The hypervalent molecules sulfurane (SH,) and persulfurane 
(SH,), J. Am. Chem. Soc. 97, 1393-7 (1975). 
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_ BothS,F, and SSF, are rapidly hydrolysed by pure water to give Sz, HF, and a mixture of 

polythionic acids H,S,O, (n 4-6), e.g.: 

355F5 = 6H,O —>3S, 3 10HF ar H,S,0, 

Alkaline hydrolysis yields predominantly thiosulfate. SSF, burns with a pale-blue flame 

when ignited, to yield SO,, SOF,, and SO,F,. 

Sulfur difluoride, SF,, is a surprisingly fugitive species in view of its stoichiometric 

similarity to the stable compounds HS and SCl, (p. 815). It is best made by fluorinating 

gaseous SCI, with activated KF (from KSO,F) or with HgF, at 150°, followed by a 

tedious fractionation from the other sulfur fluorides (FSSF, SSF,, and SF,) which form 
the predominant products. The chlorofluorides CISSF and CISSF; are also formed. The 

compound can only be handled as a dilute gas under rigorously anhydrous conditions or 

at very low temperatures in a matrix of solid argon, and it rapidly dimerizes to give F;SSF. 

Sulfur tetrafluoride, SF,, though extremely reactive (and valuable) as a selective 

fluorinating agent, is much more stable than the lower fluorides. It is formed, together with 

SF,, when a cooled film of sulfur is reacted with F,, but is best prepared by fluorinating 

SCl, with NaF in warm acetonitrile solution: 

3SCl, + 4NaF “SS scl, + SF,+4NaCl 
VS 

SF, is unusual in apparently acting both as an electron-pair acceptor and an electron- 

pair donor (amphoteric Lewis acid-base). Thus pyridine forms a stable 1:1 adduct 

C.;H;NSF, which presumably has a pseudooctahedral (square-pyramidal) geometry. 

Likewise CsF (at 125°) and Me,NF (at — 20°) form CsSF; and [NMe,]*[SF;]~ (Fig. 
15.27a). By contrast, SF, behaves as a donor to form 1:1 adducts with many Lewis acids; 

(a) SF; (b) OSF, (c) HC=SF, 

Fic. 15.27 Comparison of the structures of three species in which S has 12 valence electrons: (a) 
the SF, ion in CsSF,, as deduced from vibrational spectroscopy,'’®) (b) OSF, as deduced from 
gas-phase electron diffraction'’” (note the wider angle F,,SF,, when compared with SF, (Fig. 
15.26) and the shorter distance S—F,,; the angle F,,SF,, is 178.6+0.8°), and (c) H,CSF, (X-ray 
crystal structure at — 160°).°° The angle F,,SF,, is significantly smaller than in SF, and OSF, as 
is the angle F,,SF,, (170.4°); the methylene group is coplanar with the axial SF, group as expected 

for p,-d, C=S overlap and, unlike SF,, the molecule is non-fluxional. 

78 KO. Curiste, E. C. Curtis, C. J. SCHACK, and D. Pitrpovicn, Vibrational spectra and force constants of 

the square-pyramidal anions SF, , SeF, , and TeF,; ', Inorg. Chem. 11, 1679-82 (1972). 
79 G. GUNDERSEN and K. HEDBERG, Molecular structure of thionyltetrafluoride, SOF,, J. Chem. Phys. 51, 

2500-7 (1969). 

80 H. Bock, J. E. Boccs, G. KLEEMANN, D. Lentz, H. OBERHAMMER, E. M. PETERS, K. SEPELT, A. SIMON, and 
B. SoLoUKI, Structure and reactions of methylenesulfur tetrafluoride, Angew. Chem., Int. Edn. (Engl.) 18, 
944-5 (1979). 
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the stability decreases in the sequence SbF, > AsF; > IrF; > BF 3 > PF. > AsF3. In view of 

the discussion on p. 223 it seems likely that SF, is acting here not as an S lone-pair donor 

but as a fluoride ion lone-pair donor and there is, indeed, infrared evidence to suggest that 

SF,. BF; is predominantly [SF,]*[BF,]~. 
SF, rapidly decomposes in the presence of moisture, being instantly hydrolysed to HF 

and SO,. Despite this it has been increasingly used as a powerful and highly selective 

fluorinating agent for both inorganic and organic compounds. In particular it is useful for 

converting ketonic and aldehyde =C=O groups to =CF,, and carboxylic acid groups 

—COOH to —-CF;3. Similarly, =P—=O groups are smoothly converted to =PF,, and 

=P(O)OH groups to =PF;. It also undergoes numerous oxidative addition reactions to 

give derivatives of SY'. The simplest of these are direct oxidation of SF, with F, or CIF (at 
380°) to give SF, and SCIF, respectively. Analogous reactions with N,F,(hv) and 
F;SOOSF, yield SF;NF, and cis-SF,(OSF.), respectively; likewise F;SOF (p. 814) yields 

F;SOSF,. Direct oxidation of SF, with O,, however, proceeds only slowly unless 

catalysed by NO, : the product is OSF,, which has a trigonal bipyramidal structure like 

SF, itself, but with the equatorial lone-pair replaced by the oxygen atom (Fig. 15.27b). A 

similar structure is adopted by the recently prepared methylene compound H,C=SF, 

(Fig. 15.27c);°° this is made by treating SF,-CH,Br with LiBu" at — 110° and is more 
stable than the isoelectronic P or S ylides or metal carbene complexes, being stable in the 
gas phase up to 650° at low pressures. 

Some other reactions of SF, are: 

C+ €sF 4 SP, cer Aes 

Os tos hy sess IE SOS, 

ABC 38h, ABE 381, 301s 

RCN+SF, ———> RCF,N=SF, 

NaOCN + SF,———> CF ,N=SF,,+ ... 

CsF/150° 
CF,CF=CF, +SF,——> (CF; ),CFSF; (bp 46°) 

CsF/150° 
2CF,CF=CF,+ SF, — > (CE), CE\SF, (bp = 111°) 

Disulfur decafluoride, SF, is obtained as a byproduct of the direct fluorination of 
sulfur to SF, but is somewhat tedious to separate and is more conveniently made by the 
photolytic reduction of SCIF; (prepared as above): 

2SCIF Pe Hy, Sor OOH) 

It is intermediate in reactivity between SF, and the very inert SF,. Unlike SF, it 
is not hydrolysed by water or even by dilute acids alkalis and, unlike SF,, it is extremely 
toxic. It disproportionates readily at 150° probably by a free radical mechanism involving 
SF; (note the long, weak S-S bond; Fig. 15.26): 

PA gle he py Sy 
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Similarly it reacts readily with Cl, and Br, to give SCIF,; and SBrF.. It oxidizes KI (and 

I, _) in acetone solution to give iodine (note SF, converts acetone to Me,CF,). SF i 

reacts with SO, to give F;SSO,F and with NH; to give N=SF3. 

Sulfur hexafluoride is unique in its stability and chemical inertness: it is a colourless, 

odourless, tasteless, unreactive, non-flammable, non-toxic, insoluble gas prepared by 

burning sulfur in an atmosphere of fluorine. Because of its extraordinary stability and 

excellent dielectric properties it is extensively used as an insulating gas for high-voltage 

generators and switch gear: at a pressure of 2-3 bars it withstands 1.0-1.4 MV across 

electrodes 50 mm apart without breakdown, and at 10 bars it is used for high-power 

underground electrical transmission systems at 400 V and above. SF, can be heated to 

500° without decomposition, and is unattacked by most metals, P, As, etc., even when 

heated. It is also unreactive towards high-pressure steam presumably as a result of kinetic 

factors since the gas-phase reaction SF,+3H,0—-SO,+6HF should release some 

460 kJ mol ' (AG° ~ 200 kJ mol” '). By contrast, H,S yields sulfur and HF. Hot HCl and 
molten KOH at 500° are without effect. Boiling Na attacks SF, to yield Na,S and NaF; 
indeed, this reaction can be induced to go rapidly even at room temperature or below in 

the presence of biphenyl! dissolved in glyme (1,2-dimethoxyethane). It is also reduced by 

Na/liq NH, and, more slowly, by LiAIH,/Et,O. Al,Cl, at 200° yields AIF,, Cl,, and 

sulfur chlorides. Recent experiments®™) indicate that SF, becomes much more reactive at 
higher temperatures and pressures; for example PF; is quantitatively oxidized to PF, at 

500° and 300 bars. 
Derivatives of SF, are rather more reactive: S,F,. and SCIF, have already been 

mentioned. Further synthetically useful reactions of this latter compound are: 
ns 

RC=N RCCI=NSF, 
HC=CH HCCI=CHSF; 

RCH=CH, RCHCICH, SF, 
SF,;Me 

i 
Zn/HCl 

+ Br 

CH,=C=0-—"* > sF,cH, Coc! “"™ =. sF,CH,CO,Ag ———> SF CH, Br 

LiBu(— LiF) 

v 

SF,=CH, 
(p. 812) 

SCIK, 405 => F.SOSH,--FsS@QOSF. 

SCIF, is readily attacked by other nucleophiles, e.g. OH but is inert to acids. SF,;OH and 

SF,OOH are known. 

80a 4 P. HAGEN and D. L. TERRELL, High-pressure reactions of small covalent molecules. 12. Interaction of 

PF, and SF,, /norg. Chem. 20, 1325-6 (1981). 
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The very reactive yellow SF,OF, which is one of the few known hypofluorites, can be 

made by the catalytic reaction: 

CsF/25° 

SOF, oF 2F3 "rash aeeey SF;OF 

In the absence of CsF the product is SOF, (p. 812) and this can then be isomerized in the 

presence of CsF to give a second hypofluorite, SF,;OF. Derivatives of -SF; are usually 

reactive volatile liquids or gases, e.g.: 

Compound F;SCl FSBr (F5S),0 (F5SO), F;SNF,” (F5S)2 F;SOF 

MP/°C — 64 =79 —118 —95.4 — — 52.7 — 86 
BP/°C —21 +3.1 +31 +49.4 —18 + 30.0 —35.1 

‘) See reference 80b for F;SNCIF, F,;SNHF, and F,S=NF. 

Of these, (F;SO-), is an amusing example of a compound accidentally prepared as a 

byproduct of SF, and S,F,, due to the fortuitous presence of traces of molecular oxygen 

in the gaseous fluorine used to fluorinate sulfur. A small amount of material boiling 

somewhat above S,F,, and having a molecular weight some 32 units higher was isolated. 

[How would you show that it was not SF, 9, and that its structure was F;SOOSF, rather 

than one of the 8 possible isomers of F,S(OF)-SF,(OF) or F,S(OF)-OSF,?]®%” 
Numerous other highly reactive oxofluoro-sulfur compounds have been prepared but 

their chemistry, though sometimes hazardous because of a tendency to explosion, 

introduces no new principles. Some examples are: 

Thionyl fluorides: OSF,, OSFCI, OSFBr, OSF(OM). 

Sulfuryl fluorides: O,SF;,  FSO,-O-SO,F, | FSO,-O-SO,-O-SO,F, 
FSO,-00-SO,F, FSO,-O0-SF.. 

Other peroxo compounds:®?) SF,OOC(O)F, SF;OSF,OOSF.,, 
SF,OSF,OOSF,OSF;,  CF,OSF,OOSF;, _ CF,OSF,OOSF,OCF,, 
(CF,SO,),0,, HOSO,00CF;, CF,00SO,0CF,. 

Fluorosulfuric acid:°*) FSO,(OH), FSO;7. 

Of these the most extensively studied is fluorosulfuric acid, made by direct reaction of SO, 

and HF. Its importance derives from its use as a solvent system and from the fact that its 
mixtures with SbF’; and SO, are amongst the strongest known acids (superacids, p. 665). 

Anhydrous HSO,F is a colourless, dense, mobile liquid which fumes in moist air: mp 

— 89.0°, bp 162.7°; d,5 1.726 gcm°, 4, 1.56 centipoise, x5 1.085 x 10>* ohm7~! cm~!. 

8°> D. D. DesMarTEAU, H. H. EyseL, H. OBERHAMMER, and H. GUNTHER, Novel sulfur—nitrogen-fluorine 
compounds. Synthesis and properties of SF; NCIF, SF; NHF, and FN=SF, and the molecular structure and 
vibrational analysis of FN=SF,, Inorg. Chem. 21, 1607-16 (1982). 

®" R. B. Harvey and S. H. Bauer, An electron-diffraction study of disulfur decafluoridedioxide, J. Am. 
Chem. Soc. 76, 859-64 (1954). 
os . A. De Marco and J. M. Sureeve, Fluorinated peroxides, Adv. Inorg. Chem. Radiochem. 16, 109-76 
1974). 

83 A.W. JACHE, Fluorosulfuric acid, its salts, and derivatives, Adv. Inorg. Chem. Radiochem. 16, 177-200 
(1974). 
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Chlorides, bromides, and iodides of sulfur 

Sulfur is readily chlorinated by direct reaction with Cl, but the simplicity of the 

products obtained belies the complexity of the mechanisms involved. The reaction was 

first investigated by C. W. Scheele in 1774 and has been extensively studied since because 

of its economic importance (see below) and its intrinsic physicochemical interest. Direct 

chlorination of molten S followed by fractional distillation yields disulfur dichloride 

(S,Cl,) a toxic, golden-yellow liquid of revolting smell: mp —76°, bp 138°, d(20°) 

1.677 gcm_ 3°. The molecule has the expected C, structure (like S,F,, H,O,, etc.) with S-S 

195 pm, S—Cl 206 pm, angle Cl-S-S 107.7°, and a dihedral angle of 85.2°.°*) Further 
chlorination of S,Cl,, preferably in the presence of a trace of catalyst such as FeCl;, yields 

the more-volatile, cherry-red liquid sulfur dichloride, SCl,: mp — 122°, bp 59°, d(20°) 
1.621 gcm *. SCI, resembles S,Cl, in being foul-smelling and toxic, but is rather unstable 

when pure due to the decomposition equilibrium 2SCl,—S,Cl, + Cl,. However, ii can be 

stabilized by the presence of as little as 0.01°% PCI, and can be purified by distillation at 

atmospheric pressure in the presence of 0.1% PCl,.°°) The sulfur dichloride molecule is 
nonlinear (C,,,) as expected, with S—Cl 201 pm and angle Cl-S—Cl 103°. 

S,Cl, and SCI, both react readily with H,O to give a variety of products such as HS, 

SO,,H,SO,;, H,SO,, and the polythionic acids H,S,O,. Oxidation of SCI, yields thionyl 

chloride (OSCI,) and sulfuryl chloride (O,SCI,) (see Section 15.2.4). Reaction with F, 

produces SF, and SF, (p. 811), whereas fluorination with NaF is accompanied by some 

disproportionation: 

3SCl, + SNaF ——>SF,+S,Cl, +4NaCl 

As indicated on p. 810, fluorination of S,Cl, with KF/SO, occurs with concurrent 

isomerization to SSF. Both S,Cl, and SCI, react with atomic N (p. 474) to give NSCI as 

the first step, and this can then react further with S,Cl, to give the ionic heterocyclic 

compound §,N,CI* Cl (p. 874). By contrast, reaction of S,Cl, with NH,Cl at 160° (or 

with NH,+Cl, in boiling CCl,) yields S,N, (p. 856). 

S,Cl, and SCI, are important industrial chemicals. The main use for S,Cl, is in the 

vapour-phase vulcanization of certain rubbers, but other uses include its chlorinating 

action in the preparation of mono- and di-chlorohydrins, and the opening of some 

minerals in extractive metallurgy. Some idea of the scale of production can be gauged from 

the fact that S,Cl, is shipped in 50-tonne tank cars; smaller quantities are transported in 

drums containing 300 or 60 kg of the liquid. Its less-stable homologue SCl, is notable for 

its ready addition across olefinic double bonds: e.g., thiochlorination of ethene yields the 

notorious vesicant, mustard gas: 

SCl, at 2CH »—CH, eeennniael S(CH,CH,Cl), 

The compounds SCI, and S,Cl, can be thought of as the first two members of an 

- extended series of dichlorosulfanes S,Cl,. The lower electronegativity of Cl (compared 

with F) and the lower S-Cl bond energy (compared with S-F) enable the natural 

84C_ J. MARSDEN, R. D. Brown, and P. D. Goprrey, Microwave spectrum and molecular structure of 
disulfur dichloride, $,Cl,, JCS Chem. Comm. 1979, 399-401. 

85 R. J. Rossen and F. R. WuitT, Development of a large-scale distillation process for purifying crude sulfur 
dichloride. 1. Laboratory scale investigations, J. Appl. Chem. 10, 229-37 (1960); see also the following paper 
(pp. 237-46) for large-scale distillation unit. 
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catenating propensity of S to have full reign and a series of dichlorosulfanes can be 

prepared in which S-S bonds in sulfur chains (and rings) can be broken and the resulting 

-§,- oligomers stabilized by the formation of chain-terminating S—Cl bonds. The first 

eight members with n= 1-8 have been isolated as pure compounds, and mixtures up to 

perhaps S; 9 9Cl, are known.t Specific compounds have been made by F. Fehér’s group 
using the polysulfanes as starting materials (p. 807):°°” 

H,S, +2S,Cl, 2HCI+S44.Cl, 
—80° 

H,S,+2SCl, 2HCI+S,,,Cl, 

The dichlorosulfanes are yellow to orange-yellow viscous liquids with an irritating odour. 

They are thermally and hydrolytically unstable. S,Cl, boils at 31° (10° * mmHg) and has 

a density of 1.744 g cm ? at 20°. Higher homologues have even higher densities: 

nin S,Cl, 1 2 3 4 5 6 7 8 
Density (20°)//gcm7> > 1.621. 1.677. 1.744. «1.777, s:1,802 1.822 1.84 1.85 

The higher chlorides of S (unlike the higher fluorides) are very unstable and poorly 

characterized. There is no evidence for the chloro analogues of SF4, S,F;,, and SF,, 

though SCIF, is known (p. 812). Chlorination of SCI, by liquid Cl, at —78° yields a 

powdery off-white solid which begins to decompose when warmed above —30°. It 

analyses as SCI, and is generally formulated as SCl,* Cl”, but little reliable structural 

work has been done on it. Consistent with this ionic formulation, reaction of SCl, with 

Lewis acids results in the formation stable adducts; e.g. AICI, yields the white solid 

SCI, . AICI, which has been shown by vibrational spectroscopy on both the solid and the 

melt (125°) to be [SC1,] *[AIC1,]~.°© The compound [SCI] *[ICl, 7] is also known (p. 

819).°°” As expected from a species that is isoelectronic with PCI, the cation is pyramidal; 

dimensions are: S—Cl (average) 198.5 pm, angle CI-S—Cl 101.3° (cf. PCl,: P—Cl 204.3 pm, 
angle Cl-P—Cl 100.1°). 

Sulfur bromides are but poorly characterized and there are few reliable data on them. 

SBr, probably does not exist at room temperature but has been claimed as a matrix- 

isolated product when a mixture of S,CI,/SCI,:Br,:Ar in the ratio 1:1:150 is passed 

through an 80-W microwave discharge and the product condensed on a CsI window at 

9 K.°®) The dibromosulfanes S,Br, (n=2-8) are formed by the action of anhydrous HBr 

+ Several related series of compounds are also known in which Cl is replaced by a pseudohalogen such as -CF 3 
or -C,F., ¢.g.S,(CF 3), (n= 1-4), CF3S,C,F, (n=2-4), and S,(C,F 5). (n=2-4). These can be prepared by the 
reaction of CF3I and S vapour in a glow discharge followed by fractionation and gle separation; other routes 
include reaction of CS, with IF, at 60-200°, reaction of CF 3] with sulfur at 310°, and fluorination of SCCI, or 
related compounds with NaF or KF at 150-250°. (See, for example, T. Yasumura and R. J. Lagow, Inorg. Chem. 
17, 3108-3110 (1978).) 

*°2 F, FeHer, Dichloropolysulfanes and dibromopolysulfanes, pp. 370-9 in G. BRAUER (ed.), Handbook of 
Preparative Inorganic Chemistry, 2nd edn., Vol. 1, Academic Press, New York, 1963. 

8° G. MAMANTOV, R. Marassi, F. W. POULSON, S. E. SPRINGER, J. P. W1AUx, R. HUGLEN, and N. R. Smynt, 
[SCl,] *[AIC1,]~ : improved synthesis and characterization, J. Inorg. Nuclear Chem. 41, 260-1 (1979). 
woh J. EDwarpbs, Crystal structure of trichlorosulfonium(IV) tetrachloroiodate(III), JCS Dalton 1978. 

23-5. 
88 M FEUERHAN and G. VAHL, Infrared spectra of matrix-isolated sulfur dibromide and sulfur diiodide, /norg. 

Nuclear Chem. Lett. 16, 5—8 (1980). 
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on the corresponding chlorides.°°*) The best characterized compound (which can also be 
made directly from the elements at 100°C) is the garnet-red oily liquid S, Br, isostructural 

with S,Cl, (S-S 198 pm, S—Br 224 pm, angle Br—S-S 105°, dihedral angle 84+ 11°). It has 

mp —46°, bp (0.18 mmHg) 54°, and d(20°) 2.629 g cm ?, but even at room temperature 

S,Br, tends to dissociate into its elements. Interestingly, the higher homologues have 
progressively lower densities (cf. S,Cl,). 

nin S,Br, 2 3 4 5 6 7 8 
Density (20°)/g cm~3 2.629 2.52 2.47 241 2.36 2.33 2.30 

Sulfur iodides are a topic of considerable current interest. Until recently no authentic 

binary compounds of sulfur and iodine had been established though a 1980 report'®®? 

suggests that SI, may have been made from SCI, and I, in a matrix-isolation experiment. 

S,I, has been made as a reddish-brown solid by reacting HI/N, with an 0.1 M solution of 

S,Cl, in pentane at —90°C (Sg, I,, and Cl, are also formed): the vibrational spectrum 

of S,I, was assigned on the basis of C, symmetry. The failure to prepare sulfur iodides by 
direct reaction of the elements probably reflects the weakness of the S—-I bond: an 

experimental value is not available but extrapolation from representative values for the 

bond energies of other S-X bonds leads to a value of ~170 kJ mol7!: 

Bond S 
Energy/kJ mol ! 3 

The data indicate that formation of SI, from 3S,+I, and the formation of S,I, from 
1§,+1, are both endothermic to the extent of ~35 kJ mol’, implying that successful 

synthesis of these compounds must employ kinetically controlled routes to obviate 

decomposition back to the free elements. 

It is probable that the first species unambiguously known to contain even one S-I bond 

was the curious and unexpected cation [S,I]* : this was found (1976) in the dark-orange 

compound [S,I]*[SbF,] formed when iodine and sulfur react in SbF, solution.°° The 
structure of the cation is shown in Fig. 15.28a and features an S, ring with alternating S—S 

distances and a pendant iodine atom; the conformation of the ring is the same as in S,,, Sg, 

and S,sO (p. 822). Subsequently (1980) the same cation was found in 

[S,I]* 4(S4]? *[AsF.]~ 6°”) and a similar motif forms part of the iodo-bridged species 

89. G. VAHL and R. Minkwit7z, Infrared spectroscopic investigation of solid disulfur diiodide, Inorg. 
Nuclear Chem. Lett. 13, 213-15 (1977) and references therein. 

90 J. PassMoRE, P. TayLor, T. K. WHIDDEN, and P. Wuite, Preparation and X-ray structure of 
iodocycloheptasulfur hexafluoroantimonate(V) [S;I]*[SbF,]~, JCS Chem. Comm. 1976, 689. J. PAssMORE, 

G. SUTHERLAND, P. TAYLor, T. K. WHIDDEN, and P. S. WHITE, Preparations and X-ray crystal structures of 
iodo-cyclo-heptasulfur hexafluoroantimonate(V) and hexafluoroarsenate(V), S;ISbF, and S,IAsF,, /norg. 
Chem. 20, 3839-45 (1981). The cation is also one of the products formed when an excess of S reacts with 

(I,]*[AsF,]~ or [I,]*[AssF,,]~ or AsFs/I,, or when [S,,]° *[SbF,],~ is iodinated with an excess of iodine. 

9! J, PASSMORE, G. SUTHERLAND, and P. S. WHITE, Preparation and crystal structures of [S,I],[S,] [AsF,], and 

[S,][AsF,], .0.6SO,; a convenient synthesis of hexafluoroarsenate salts of chalcogen homoatomic cations, JCS 
Chem. Comm. 330-1 (1980). (See also Inorg. Chem. 21, 2717-23 (1982).) 
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(a) (b) 

Fic. 15.28 (a) Structure of the iodocycloheptasulfur cation in [S,I]* [SbF,] . The S-S-S angles 
in the S, ring arein the range 102.5—108.4° (mean 105.6°).° (b) Structure of the centrosymmetric 
cation [(S,I),I]** showing similar dimensions to those in [S51] * ; note also the long S—I distances 

in the linear bridging S-I-S group.” 

[(S4I),1]°* (Fig. 15.28b);°” this latter cation was formed during the reaction of S, and I, 
with SbF, in the presence of AsF, according to the reaction stoichiometry: 

2 ASF 

138, + 141, + 6SbF; ———> [S, , 1]? * [SbF ¢] 3. 2ASF 3-4 (SBF 3)5SbF. 

The very long S-I,, bonds in the linear S-I-S bridge (267.5 pm) are notable and have been 

interpreted in terms of an S—I bond order of 4. Even weaker S---I interactions occur in the 

cation [S,I,]?* which could, indeed, alternatively be regarded as an S,** cation 
coordinated side-on by two I, molecules (Fig. 15.29).°* This curious right triangular 
prismatic conformation (notably at variance with that in the isoelectronic P,I, molecule) 

is associated with a very short S-S bond (bond order 24) and rather short I-I distances 

(bond order 14). The cation is formed in AsF,/SO, solution according to the equation: 

SO, 
4S, +21; + 3ASF; ———> [85 1,]? *[AsFel? > PASFY 

Other species containing S-I bonds that have recently been characterized are the 

pseudopolyhalide anions [I(SCN),]~ and [I,(SCN)] °%?? 
We conclude this section with an amusing cautionary tale which illustrates the type of 

blunder that can still appear in the pages of a refereed journal (1975) when scientists (in 

this case physicists) attempt to deduce the structure of a compound by spectroscopic 

92 J. PassMoRE, G. SUTHERLAND, and P. S. WuiTE, Preparation and X-ray crystal structure of y-iodo-bis(4- 

iodo-cyclo-heptasulfur)-tris(hexafluoroantimonate)-bis(arsenic trifluoride), [(S,I),1]** [SbF,],~ .2AsF3, JCS 

Chem. Comm. 1979, 901-2. (See also Inorg. Chem. 21, 2717-23 (1982).) 
°3 J. PassMoRE, G. SUTHERLAND, T. WHIDDEN, and P. S. Wuits, Preparation and crystal structure of 

[S,1,]? *[AsF,], containing the distorted right triangular prismatic disulfur tetraiodine(2+) cation and a 
disulfur unit of bond order greater than two, JCS Chem. Comm. 1980, 289-90. 

°34.G, A. BOwMAKER and D. A. RoGers, Synthesis and vibrational spectroscopic study of compounds 
containing the I(SCN),~, I,(SCN)~, and I(SeCN),~ ions, JCS Dalton, 1981, 1146-51. 
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Fic. 15.29 Structure of the [S,I,]** cation of C, symmetry, showing the very short S-S distance 
and the rather short I-I distances; note also the S-I distances which are even longer than in the 

weak charge transfer complex [(H,N,CS),1]* (262.9 pm). The nonbonding I---I distance is 
426.7 pm. 

techniques alone, without ever analysing the substance being investigated. The work?” 

purported to establish the presence of a new molecule Cl;SI in solid solution with an ionic 

complex [SCl,]*[ICI,]~, thus leading to an overall formula for the crystals of S,ClgI,. 

The mixed compound had apparently been made originally by M. Jaillard in 1860: he 

obtained it as beautiful transparent yellow-orange prismatic crystals by treating a mixture 

of sulfur and iodine with a stream of dry Cl,. R. Weber obtained the same material in 1866 

by passing Cl, into a solution of I, in CS, but he reported a composition of S,Cl,I rather 

than Jaillard’s SCI,I (S,Cl,I,). The implausibility of forming a stable compound 

containing an S-I bond in this way, coupled with the perceptive recognition that the 

published Raman spectrum had bands that could be assigned to [ICl,]~ rather than 

[ICl,],led P. N. Gates and A. Finch to reinvestigate the compound.® It transpired that 
the nineteenth-century workers had used S = 16 as the atomic weight of sulfur so the true 

chemical composition of the crystals was, in fact, SCI,I. The previous spectroscopic 

interpretation®* was therefore totally incorrect and the compound was shown to be 

[SCl,]*[ICl,]~. This was later confirmed by a single-crystal X-ray diffraction study (p. 

816).‘°”) In short, far from containing the new iodo-derivative Cl,SI, the compound did 

not even contain an S—I bond. 

15.2.4 Oxohalides of sulfur 

Sulfur forms two main series of oxohalides, the thionyl dihalides OS'VX, and the 
sulfuryl dihalides O,S‘'X,. In addition, various other oxofluorides and peroxofluorides 
are known (p. 814). Thionyl fluorides and chlorides are colourless volatile liquids (Table 

15.15); OSBr, is rather less volatile and is orange-coloured. All have pyramidal molecules 

°4-Y_ TAVARES-FORNERIS and R. FoORNERIS, Raman spectrum and structure of trichlorosulfonium iodide 
(C1,S1), J. Mol. Structure 24, 205-13 (1975). 

95 A. Fincu, P. N. Gates, and T. H. Pace, Trichlorosulfonium tetrachloroiodate and the constitution of 
Jaillard’s compound, Inorg. Chim. Acta 25, L49—L50 (1977). 
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ee oe 

TABLE 15.15 Some properties of thiony! bakes Oe Nao 
x 

Property OSF, OSFCl OSCI, OSBr, 

mp/°C 22706) ee) Ot —50 

bp/°C —44 lee 76 140 

d(O—S)/pm 14 ee — 145 145 (assumed) 

d(S—X)/pm 158.5 = 207 22i; 

angle O—S—X 106.8° - 106° 108° 

angle X-S—X 92.8° _ 114°(?) 96° 

(C, point group for OSX,), and OSFCI is chiral though stereochemically labile. 

Dimensions are in Table 15.15: the short O-S distance is notable. 

The most important thionyl compound is OSCl,—it is readily prepared by 

chlorination of SO, with PCI, or, on an industrial scale, by oxygen-atom transfer from 

SO, to SCI,: 

SOls, BOS e> OSC OPEI 

SO! PSG Oscieese) 

OSCI, reacts vigorously with water and is particularly valuable for drying or dehydrating 

readily hydrolysable inorganic halides: 

MX,.mH,O+mOSCl, ——> MX, +mSO, + 2mHCl 

Examples are MgCl,.6H,O, AICl,.6H,O, FeCl;.6H,O, etc. Thionyl chloride begins to 
decompose above its bp (76°) into S,Cl;, SO,, and Cl,; it is therefore much used as an 

oxidizing and chlorinating agent in organic chemistry. Fluorination with SbF,/SbF, 

gives OSF,; use of NaF/MeCN gives OSFCI or OSF,, according to conditions. Thionyl 

chloride also finds some use as a nonaqueous ionizing solvent as does SO, (p. 828) and the 

formally related dimethylsulfoxide (DMSO), Me,SO (mp 18.6°, bp 189°, viscosity 455 

1.996 centipoise, dielectric constant ¢,, 46.7). 

Sulfuryl halides, like their thionyl analogues, are also reactive, colourless, volatile 

liquids or gases (Table 15.16). The most important compound is O,SCI,, which is made 

on an industrial scale by direct chlorination of SO, in the presence of a catalyst such as 

activated charcoal (p. 301) or FeCl;. It is stable to 300° but begins to dissociate into SO, 

and Cl, above this: it is a useful reagent for introducing Cl or O,SCI into organic 

compounds. O,SClI, can be regarded as the acid chloride of H,SO, and, accordingly, slow 

hydrolysis (or ammonolysis) yields O,S(OH), or O,S(NH,),. Fluorination yields O,SF, 

(also prepared by SO,+F,) and comproportionation of this with O,SCI, and O,SBr, 

yield the corresponding O,SFX species. All these compounds have (distorted) tetrahedral 

molecules, those of formula O,SX, having C,, symmetry and the others C,. Dimensions 

arein Table 15.16: the remarkably short O-S and S-F distances in O,SF,, should be noted 
(cf. above). Indeed, the implied strength of bonding in this molecule is reflected by the fact 
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O 

S 
TABLE 15.16 Some properties of sulfuryl dihalides, Com \Fan xX 

xX 

Property O, SF, O; SFCI O,SCl, O, SFBr 

mp/°C ex = 120 Ss = --86 

bp/°C —55 7 69 4] 

d(O—S)/pm 140.5 = 143 - 
d(S—X)/pm 153.0 = 199 — 

angle O-S—O 124° = 120° 

angle X—S—X 96° — ie 

that it can be made by reacting the normally extremely inert compound SF, (p. 813) with 

the fluoro-acceptor SO;;: 

"SE 280, 5 30,SF,; -AGSos= —202kJ mol! 

A 20% conversion can be effected by heating the two compounds at 250° for 24h. 

15.2.5 Oxides of sulfur 

At least thirteen proven oxides of sulfur are known to exist@® though this profusion 

should not obscure the fact that SO, and SO, remain by far the most stable and 

unquestionably the most important economically. The six homocyclic polysulfur 
monoxides S,O (5<n< 10) are made by oxidizing the appropriate cyclo-S, (p. 774) with 

trifluoroperoxoacetic acid, CF,C(O)OOH, at —30°. The dioxides S,O, and S,O, are 

also known. In addition there are the thermally unstable acyclic oxides S,O, S,0,, SO, 

and the fugitive species SOO and SO,. Several other compounds were described in the 

older literature (pre-1950s) but these reports are now known to be in error. For example, 

the blue substance of composition “S,O,” prepared from liquid SO, and sulfur now 

appears to be a mixture of salts of the cations S,7* and S,”* (p. 785) with polysulfate 
anions. Likewise a “sulfur monoxide” prepared by P. W. Schenk in 1933 was shown by 

D. J. Meschi and R. J. Meyers in 1956 to be a mixture of S,O and SO,. The well- 

established lower oxides of S will be briefly reviewed before SO, and SO; are discussed in 

more detail. 

Lower oxides'?®? 

Elegant work by R. Steudel and his group in Berlin during the last few years has shown 

that, when cyclo-S,9, -So, and -S, are dissolved in CS, and oxidized by freshly prepared 

CF,C(O)O,H at temperatures below — 10°, modest yields (10-20%) of the corresponding 

°° Gmelin Handbuch der Anorganischen Chemie, 8th edn., Schwefel Oxide, Enganzungsband 3, 1980, 344 pp. 
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crystalline monoxides S,O are obtained. Similar oxidation of cyclo-S,, and a- and B-S, in 

CH,Cl, solution yields crystalline S,O, S;O,, and «- and B-S,O. Crystals of S,0, and S;O 

(d> —50°) have not yet been isolated but the compounds have been made in solution by 

the same technique. S,O had previously been made (1972) by the reaction of OSCI, and 

H,S, in CS, at — 40°: it is one of the most stable compounds in the series and melts (with 

decomposition) at 78°. All the compounds are orange or dark yellow and decompose with © 

liberation of SO, and sulfur when warmed to room temperature or slightly above. 

Structures are in Fig. 15.30. It will be noted that SO is isoelectronic and isostructural with 
[S,I]*. This invites the question as to whether S,S can be prepared as a new structural 

isomer of cyclo-Sg. 
SO reacts with SbCl, in CS, over a period of 9 days at — 50° to give a 71% yield of the 

S30: orange-yellow crystals, a-S,O: orange crystals, mp 39° (d) 

mp 78° (decomp ) B-S,O: dark orange, mp 34° (d) 

S,O: orange crystals, mp 55° (d) S,O,: dark orange crystals, 

d > room temp 

Fic. 15.30 Structures of Ss0, SO, S;0,, and S,O; in each case the O atom adopts an axial 
conformation. For S,O there is an alternation of S-S distances, the longest being adjacent to the 
exocyclic O atoms; S-S-S angles are in the range 102-108° and torsion angles (p. 771) vary from 
95° to 112° (+ and —). For S,O there is again an alternation in S—S distances; ring angles are in 
the range 97-106° the smallest angle again being at the S atom carrying the pendant O. The 
structure of S,O, was deduced from its Raman spectrum, the interatomic distances (d/pm) being 
computed from the relation log (d/pm) = 2.881 — 0.213 log (v/em~'). The two modifications a- and 

B-S,O have the same Raman spectrum in solution. 
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Fic. 15.31 Molecular structure and dimensions of (a) the adduct S,O.SbCI, at — 100°, and (b) 
the dimeric unit Sb,,0,.2SbCl, in Sb, ,O,.2SbC1,;.3CS, at — 115°C. 

unstable orange adduct S,O.. SbCl, :°” its structure and dimensions are in Fig. 15.31a. It 

will be noted that the S,O unit differs from molecular S,O in having an equatorially 

bonded O atom and significantly different S-O and S-S interatomic distances. The X-ray 

crystal structure was determined at — 100°C as the adduct decomposes within 5 min at 25° 

to give OSCI,, SbCl,, and Sz. When a similar reaction was attempted with f-S,O, the 

novel dimer S,,0,.2SbCI,.3CS, was obtained as orange crystals in 10% yield after 1 
_ week at — 50°?®) (Fig. 15.31b). Formation of the centrosymmetric S, ,O, molecule, which 

is still unknown in the uncoordinated state, can be explained in terms of a dipolar addition 
reaction (Fig. 15.32): 

Fic. 15.32 Possible reaction to form S,,0, by dipolar addition of 2S,O. 

°7R. STEUDEL, T. SANDOW, and J. STEIDEL, Reversible isomerization of cyclo-octasulfur monoxide; 

preparation and X-ray crystal structure of S;0.SbCl;, JCS Chem. Comm. 180-1 (1980). 
°8 R. STEUDEL, J. STEIDEL, and J. PicKaRDT, Dimerization of S,O to S,,0,: crystal structure analysis of 

$,,0,.2SbCl,.3CS,, Angew. Chem., Int. Edn. (Engl.) 19, 325-6 (1980). 
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Its conformation differs drastically from the D,, symmetry of the parent cyclo-S,, (p. 777). 

The fugitive species SO was first identified by its ultraviolet spectrum in 1929 but it is 

thermodynamically unstable and decomposes completely in the gas phase in less than 1 s. 
It is formed by reduction of SO, with sulfur vapour in a glow discharge and its 

spectroscopic properties have excited interest because of its relation to O, (?x~ ground 

state, p. 705). Molecular properties include internuclear distance 148.1 pm, dipole 

moment 1.55 D, equilibrium bond energy D, 524 kJ mol” ’. 

S,O is also an unstable species but survives for several days in the gas phase at 

<1 mmHg pressure. It is formed by decomposition of SO (above) and by numerous other 

reactions between S- and O-containing species but cannot be isolated as a pure 

compound. Typical recipes include: (a) passing a stream of OSCI, at 0.1-0.5 mmHg over 

heated Ag,S at 160°, (b) burning S, in a stream of O, at ~8 mmHg pressure, and (c) 

passing SO, at 120° and <1 mmHg through a high-voltage discharge (~5 kV). 

Spectroscopic studies in the gas phase have shown it to be a nonlinear molecule (like O, 

and SO,) with angle S-S-O 118° and the interatomic distances S-S 188, S-O 146 pm. 

S,O readily decomposes at room temperature to SO, and sulfur. 

The unstable molecule S,O, was first unambiguously characterized by microwave 

spectroscopy in 1974. It can be made by subjecting a stream of SO, gas at 0.1 mmHg 

pressure to a microwave discharge (80 W, 2.45 GHz): the effluent gas is predominantly 

SO, but also contains 20-30% SO, 5% S,0,and5%S,O,. This latter species has a planar 
C,, structure with r (S—S) 202 pm, r (S—O) 146 pm, and angle S-S—O 113°; it decomposes 

directly into SO with a half-life of several seconds at 0.1 mmHg. 

(ii) Sulfur dioxide, SO, 

Sulfur dioxide is made commercially on a very large scale either by the combustion of 

sulfur or H,S or by roasting sulfide ores (particularly pyrite, FeS,) in air (p. 768). It is also 

produced as a noxious and undesirable byproduct during the combustion of coal and fuel 

oil. The ensuing environmental problems and the urgent need to control this pollution are 

matters of considerable concern and activity (see Panel). Most of the technically produced 

SO, is used in the manufacture of sulfuric acid (p. 838) but it also finds use as a bleach, 

disinfectant (Homer, p. 757), food preservative, refrigerant, and nonaqueous solvent. 

Other chemical uses are in the preparation of sulfites and dithionites (p. 849) and, with Cl,, 
in the derivatization of hydrocarbons via sulfochlorination reactions. There is also much 

current interest in its properties as a multimode ligand (p. 829). 

SO, is a colourless, toxic gas with a choking odour. Maximum permitted atmospheric 

concentration for humans is 5 ppm but many green plants suffer severe distress in 

concentrations as low as 1-2 ppm. SO, neither burns nor supports combustion. Some 

molecular and physical properties of the compound are in Table 15.17 (p. 827). 

By far the most important chemical reaction of SO, is its further oxidation to SO, 

according to the equilibrium: 

SO, +40, ——S0,; AH®= —95.6 kJ mol7! 

The equilibrium constant, K , = p(SO3)/[p(SO3). p*(O,)], decreases rapidly with increas- 

ing temperature; for example: log K,=3.49 at 800°C and —0.52 at 1100°C. Thus for 
maximum oxidation during the manufacture of H,SO, it is necessary to work at lower 
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Atmospheric SO, and Environmental Pollution®**-°) 

The pollution of air by smoke and sulfurous fumes is no new problemt but the quickening pace 
of industrial development during the nineteenth century, and the growing concern for both 
personal health and protection of the environment generally since the 1950s, has given added 
impetus to measures required to eliminate or at least minimize the hazard. 

As indicated on p. 759, there are vast amounts of volatile sulfur compounds in the environment 
as a result of natural processes. Geothermal activity (especially volcanic) releases large amounts of 
SO, together with smaller quantities of H,S, SO;, elemental S, and particulate sulfates. From a 
global viewpoint, however, this accounts for less than 1° of the naturally formed volatile S 

compounds (Fig. A). By far the most important source is the biological reduction of S compounds 
_ which occurs most readily in the presence of organic matter and under oxygen-deficient 

conditions. Much of this is released as H,S but other compounds such as Me,S are probably also 
implicated. The final natural source of atmospheric S compounds is sea-spray (sulfate is the 
second most abundant anion in sea-water being about one-seventh the concentration of chloride). 
Though much sulfur is transported as sulfate by wind-driven sea spray and by river run off, its 
environmental impact is not severe. 

- Much more serious is the effect of volatile S compounds (mainly SO,) released into the 
atmosphere as a result of man’s domestic and industrial activities. This has been estimated to be 
some 200 million tonnes pa, and is comparable in amount to all the sulfur released by natural 
processes (~310 x 10° tonnes pa). Unfortunately, by the very nature of its origin, this SO, is 
released in the heart of densely populated areas and does great damage to the respiratory organs of 
man and animals, to buildings, and perhaps most seriously to plants, lake-waters, and aquatic life 
as a result of “acid rain”. Dispersal by means of high chimney stacks is inadequate since this merely 
transfers the problem to neighbouring regions. For example, only one-tenth of the serious 
SO,/H,SO, pollution of lakes and streams in Sweden is as a result of atmospheric SO, emissions 
in Sweden itself; one-tenth is due to emissions from the UK, and the remaining four-fifths is from 

industrial regions in northern Europe.°*”) The extent of the problem is shown by the map (Fig. B), 
which indicates the amount of dry-plus-wet-SO, deposited on Europe annually (1974). Similar 

_ problems afflict the North American continent.(?8®) 
In Europe and the USA (and presumably elsewhere) the major source of SO, pollution is in 

coal-based power generation; this, together with other coal consumption and coking operations 
accounts for some 60°, of the emissions. A further 25°, arises from oil-refinery operations, oil- 
fired power generation, and other oil consumption. Copper-smelting (together with much smaller 
amounts from zinc and lead ore processing) accounts for some 12°, of the annual release of SO). 

_ Thesulfuric acid manufacturing industry, which is the only one designed actually to make SO, on 

+ One of the earliest tracts on the matter was John Evelyn’s Fumifugium, or the Inconvenience of 
the Aer and Smoake of London Dissipated which he submitted (with little effect) to Charles IJ in 
-1661. Evelyn, a noted diarist and a founder Fellow of the Royal Society, outlined the problem as 
follows: “For when in all other places the Aer is most Serene and Pure, it is here [in London] 

Ecclipsed with such a Cloud of Sulphure, as the Sun itself, which gives day to all the World besides, 
is hardly able to penetrate and impart it here; and the weary Traveller, at many Miles distance, 
‘sooner smells than sees the City to which he repairs. This is that pernicious Smoake which sullyes 
_all her Glory, superinducing a sooty Crust or Fur upon all that it lights, spoyling the moveables, 
tarnishing the Plate, Gildings, and Furniture, and corroding the very Iron-bars and hardest 
Stones with these piercing and acrimonious Spirits which accompany its Sulphure; and executing 
more in one year than exposed to the pure Aer of the Country it could effect in some hundreds.” 

9841 M. CAMPBELL, Eneryy and the Atmosphere, pp. 202-9, Wiley, London, 1977. 
98b J HEICKLEN, Atmospheric Chemistry, Academic Press, New York, 1976, 406 pp. 
°8° BR. Meyer, Sulfur, Energy, and the Environment, Elsevier, Amsterdam, 1977, 448 pp. 
984 RB. Husar, J. P. Lopce, and D. J. Moore (eds.), Sulfur in the Atmosphere, Pergamon Press, Oxford, 

1978, 816 pp. Proceedings of the International Symposium at Dubrovnik, September 1977. 
98¢ JO. NriaGu (ed.), Sulfur in the Environment. Part 2. Ecological Impacts, Wiley, Chichester, 1979, 494 pp. 
98f BE. A. FISHER, The long range transport of sulfur dioxide, Atmospheric Environment 9, 1063-70 (1975). 

°88 7 R. Emser, Acid pollutants: hitchhikers ride the winds, Chem. and Eng. News, 14 Sept., 1981, pp. 20-31. 
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ATMOSPHERE OVER LAND - ___ ATMOSPHERE OVER OCEAN 
Wind transport 50 oe 

150 Se 
/Precipitation’ 

LE Beal ae Pee : Dissolution of — 

Vegetation | : sulfur dioxi ee 

Accumulation of 
sulfate in ocean 

Ocean sulfate content | . 

1 400 000 000 é 

Fic. A_ The sulfur budget for the land—atmosphere-ocean system. Annual turnover rates are 

indicated in units of 10° tonnes (as estimated for 1977).°°” 

Fic. B Dry plus wet deposition of SO, from all the European sources shown, expressed as 
contour lines in g (SO,) m~? y~*. The emission strengths for each country are shown in units of 

10° tonnes of SO, per year.°8" 
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270 to the nt Hoe ages because of the efficient dees of < ce 

Uk ely, Mica can ‘only be avoided by complete removal of sO, from the effluent gases, 
but this ‘eouncil’ of perfection is both technologically and economically unattainable. Many 

rocesses are — ere reduce the isa concentration to very ue iia but the vast scale of 

= 2H,S +80, ener 
2 

! a eee has become a refined analytical ee Several — 

peat! faa eced analyser using radiation in the region of 214 nm; this is specific for SO, 
is lin wide ranges on to 1 in 10°. poe instruments are available. 

TABLE 15.17 Some molecular and physical properties of SO, 

Property Value Property Value 

MP/°C —75.5 Electrical conductivity x/ohm~! cm~? < 10m 
BP/°C — 10.0 Dielectric constant « (0°) 15.4 
Critical temperature/°C SHES)? Dipole moment p/D 1.62 

Critical pressure/atm 77.7 Angle O-S-O jMIGs 
Density (—10°)/g cm? 1.46 Distance r (S-O)/pm 143.1 
Viscosity 4 (0°)/centipoise 0.403 AH? (g)/kJ mol”! — 296.9 

temperatures and to increase the rate of reaction by use of catalysts. Typical conditions 

would be to pass a mixture of SO, and air over Pt gauze or more commonly a V,O,/K,O 
contact catalyst supported on Kieselguhr or zeolite. 

Gaseous SO, is readily soluble in water (3927 cm? SO, in 100 g H,O at 20°). Numerous 

species are present in this aqueous solution of “sulfurous acid” (p. 850). At 0° a cubic 
clathrate hydrate also forms with a composition ~SO,.6H,O; its dissociation pressure 

reaches 1 atm at 7.1°. The ideal composition would be SO,.53H,O (p. 735). 
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Liquid SO, has been much studied as a nonaqueous solvent.?* *°°) Some of the early 
work (particularly on the physicai properties of the solutions) is now known to be in error 

but the solvent is especially useful for carrying out a range of inorganic reactions. It is also 

an excellent solvent for proton nmr studies. In general, covalent compounds are very 

soluble: e.g. Br,, IC], OSX,, BCl,, CS,, PCl;, OPCI3, and AsCl3; are completely miscible, 

and most organic amines, ethers, esters, alcohols, mercaptans, and acids are readily 

soluble. Many uni-univalent salts are moderately soluble, and those with ions such as the 

tetramethylammonium halides and the alkali metal iodides are freely so. The low 

dielectric constant of liquid SO, leads to extensive ion-pair and ion-triplet formation but 

the solutions have limiting molar conductances in the range 190-250 ohm~‘ cm? mol“? at 

0°. Solvate formation is exemplified by compounds such as SnBr,.SO, and 2TiCl,.SO, 

(see p. 829 for SO, as a ligand). Solvolysis reactions are also documented, e.g.: 

NbCl, +SO, ——> NbOCI, + OSCI, 

WCI, +SO, ——> WOCI, + OSCI, 

UCI, + 280, —-> UO;El,4 20seL 

Several other reaction types have also appeared in the literature but are sometimes purely 

formal schemes dating from the time when the solvent was (incorrectly) thought to 

undergo self-ionic dissociation into SO?* and SO,?~ or SO?* and S,0,?_.°?) More 
recently it has been shown that, whereas neither SO, nor OSMe, (DMSO) react with first- 

row transition metals, the mixed solvent smoothly effects dissolution of the metals 

with simultaneous oxidation of S'Y to SY‘! thereby enabling the production of 
crystalline solvated metal disulfates (S,0,7~) in high yield.?°!) Examples are: 
colourless [Ti'¥(OSMe,)¢] [S,07],, green [V"™(OSMe,),],[S,O;]3, and the salts 
[M"(OSMe,),.] [S07], where M=Mn (yellow), Fe (pale green), Co (pale pink), Ni 

(green), Cu (pale blue), Zn (white), and Cd (white). This is by far the most convenient way 

to prepare pure disulfates. Dissolution of metals in SO, mixed with other solvents such as 
DMF, DMA, or HMPA also occurs, but in these cases there is no oxidation of the S'’, and 

the product is usually the metal dithionite, M"[S,O,]. 

Sulfur oxide ligands 

Although the lower oxides SO, S,O and S,O, are unstable as free molecules, all three 

are known as ligands in stable complexes. Thus, a bridging SO group is formed in the 

violet-black complex [{Mn(y°-C;H)(CO),},SO] which can be considered as a derivative 

°° T. C. WappINGTON, Liquid sulfur dioxide, Chap. 6 in T. C. WADDINGTON (ed.), Nonaqueous Solvent 
Systems, pp. 253-84, Academic Press, London, 1965. 

100 W. KARCHER and H. HEcHT, Chemie in Flussigem Schwefeldioxid, Vol. 3, Part 2, of G. JANDER, H. 
SPAUNDAU, and C. C. AppIsON, Chemistry in Nonaqueous Ionizing Solvents, pp. 79-193, Pergamon Press, 
Oxford, 1967. See also D. F. Burow, Liquid sulfur dioxide, in J. J. LAGowsKi (ed.), Nonaqueous Solvents, Vol. 3, 
pp. 138-85, Academic Press, New York, 1970. 

oo W. D. Harrison, J. B. GILL, and D. C. GoopaLt, Reactions in mixed nonaqueous systems containing 
sulfur dioxide. Part 2. The dissolution of transition metals in the binary mixture dimethyl sulfoxide-sulfur 
dioxide, and ion-pair formation involving the sulfoxylate radical ion in mixed solvents containing sulfur 
dioxide, JCS Dalton 1979, 847-50. 
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Fic. 15.33. Molecular structure of the complex [Fe3(CO),S(SO)]. The S—O distance (147 pm) is 
close to that in free SO (148 pm). The Fe—-SO distances (214-222 pm) are significantly shorter than 
the other three Fe-S distances (223-227 pm), and the S---S distance of 272 pm indicates an 
incipient tendency to form an S,O group. The two bonding Fe-Fe contacts are 262 and 265 pm 
respectively, and the fact that the third Fe---Fe distance is nonbonding implies that both SO and S 

are acting as 4-electron donors (cf. B;H, and nido-ferraboranes, p. 197). 

of Cl,SO.°”) SO can also act as a triply-bridging ligand, e.g. in the dark red-brown cluster 
compound [Fe,(CO),.S(SO)] (Fig. 15.33), which is formed, together with the known 

cluster [Fe3(CO) S,], when aqueous solutions of H,O, and Na,SO; are successively 

added to a solution of Fe(CO), in aqueous methanolic NaOH and the mixture then 

acidified with dilute HCI.“°* Iridium complexes of S,O and SO, can be made by 
successive periodate oxidations of the corresponding S, complex :'°*) 

- + - 
O O 

S Ze so 
a LOna oo 10, Sa 

(dppe). PI ———-» |(dppe), ea eines (dppe), ln ep. 

S <= fe 

All the complexes were isolated as chlorides and the yellow S,O-compound could also be 

made by monodeoxygenation of the S,O,-complex using PPh. (See p. 789 for the S,S- 

bridging SSO, ligand.) 

The coordination chemistry of SO, as a ligand has been extensively studied during the 

past decade and at least 6 different bonding modes have been established. These are 

illustrated schematically in Fig. 15.34 and typical examples are given in Table 15.18.%°°) 

"02M. HOFLER and A. Baitz, Zur Darstellung von [Mn(y°-C;H;)(CO),(SOF;)] und [Mn(n°- 
C;H,;)(CO),],SO, Chem. Ber. 109, 3147-50 (1976). 

1037 MarKO, B. MARKO-MonostTory, T. MADACH, and H. VAHRENKAMP, First fixation of the unstable 
"species sulfur monoxide in a cluster: synthesis and structure of [Fe,(CO),S(SO)], Angew. Chem., int. Edn. 

(Engl.) 19, 226-7 (1980). 
104 G_ ScumipT and G. Ritter, Disulfur monoxide as complex ligand, Angew. Chem., Int. Edn. (Engl.) 14, 

645-6 (1975). 
'05G_ J. Kusas, Diagnostic features of transition-metal-SO, coordination geometries, /norg. Chem. 18, 

182-8 (1979) and references therein. See also subsequent papers in /norg. Chem. 18, 223-7, 227-9 (1980) and 19, 
3003-7 (1980) and references 107—9 below. A comprehensive review is given in R. R. RYAN, G. J. Kusas, D. C. 
Moopy, and P. G. ELLer, Structure and bonding of transition metal-sulfur dioxide complexes, Structure and 

Bonding, 46, 47-100 (1981). 
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The sole example so far established of SO, ligating through oxygen is the colourless main- 

group element complex SbF;.OSO (mp 66°);“°° dimensions, which can be compared 
where appropriate with those of free SO, (p. 827), are: Sb—O, 213, O,-S 145, S—O, 138 pm; 

angle Sb-O,-S 139°, angle O,-S—O, 119°. The existence of the both O-bonded and S- 

bonded SO, complexes is reminiscent of the nitro-nitrito-linkage isomerism (p. 534) of the 

NO, ion (which is formally isoelectronic with SO,). Interconversion between O- and S- 

bonded SO, complexes has not been observed but linkage isomerization from pyramidal 

yn: to side-on 7? bonding has been effected photochemically in the solid state at low 
temperatures: ultra-violet irradiation (365nm) of the red-brown compound 

[Rh"Cl(NH3),(7'-SO,,)]Cl at 25-195 K yields the deep-blue 7?-SO, isomer which, in 
turn, reverts to the original complex at room temperature."°”) The existence of both 
pyramidal and planar ny! coordination geometries for the M-SO, group is analogous to 

the bent and linear geometries for the nitrosyl complexes, M—NO (p. 514), though it has 

not yet been possible to define with certainty the stereochemical and electronic factors 

which determine the particular bonding mode adopted.''°® It is clear that nearly all the 
transition-metal complexes involve the metals in oxidation state zero or + 1. Moreover, 

SO, in the pyramidal 7'-clusters tends to be reversibly bound (being eliminated when the 

complex is heated to <200° and recombining when the system is cooled to room 

temperature) whereas this tends not to be the case for the other bonding modes. Facile 

oxidation of the SO, by molecular O, to give coordinated sulfato complexes (SO? ) is 

also a characteristic of pyramidal 4'-SO, which is not shared by the other types. 

Vibrational spectroscopy is a less-reliable criterion but, having identified pyramidal n'- 

SO, by reversible dissociation or facile oxidation, the other main bonding modes can 

often be recognized by the position of the two v(SO) stretching modes (cm~'):) 

Pyramidal n'-SO, : 

Planar n'-SO, : 

Bridging n'-SO, 

Side on n?-SO, : 

800 900 1000 1100 1200 1300 

em 

Sometimes coordination of SO, to an organometallic complex is followed by 

intramolecular insertion of SO, into the M-C oa bond, e.g. 

trans-[PtCIPh(PEt;),]+SO,——>[PtCIPh(PEt;),(SO,)] (5-coordinate) 
(4 coordinate Pt) 

trans-[PtCl(PEt;),{S(O),Ph}] (4-coordinate) 

'0e J. W. Moore, H. W. Bairp, and H. B. MILLar, The crystal and molecular structure of the 1:1 adduct of 
antimony(V) fluoride and sulfur dioxide, J. Am. Chem. Soc. 90, 1358-9 (1968). 

'°7 D. A. JOHNSON and V. C. Drew. Photochemical linkage isomerization in coordinated SO, Inorg. Chem. 
18, 3273-4 (1979). 

108 P. G. ELLER and R. R. RYAN, Gaystal and molecular structure of two square-pyramidal rhodium(I)-sulfur 
dioxide complexes. Bonding effects in pyramidal-SO, complexes, Inorg. Chem. 19, 142-7 (1980). 
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Pyramidal n' Planar n} Bridging n' M—M bridging Side-on n? O-bonded 7! 

(1966) (1965) (1973) (1967) (1976) (1968) 

Fic. 15.34 Various bonding modes of SO, as a ligand (the date in parentheses refers to the first 
unambiguous example for each mode). 

TABLE 15.18 Examples of structurally characterized complexes containing SO,“ 

Pyramidal n' Planar 7} Bridging n} 

[RhCl(CO)(PPh3),(SO,)] [Mn(C;H;)(CO),(SO,)] [{Fe(CsH5)(CO),},SO,] 
[{RhCl(PPh3),(SO,)} 2] [RuCl(NH3)4(SO,)JCI [{IrH(CO),(PPh;)},SO,] 
[IrCl(CO)(PPh3),(SO2)] [Os(CO)CIH (PCy 3),(SO,)] [{IrI,(CO)(PPh,)},SO,] 
{Iir(SPh)(CO) . [Co(NO)(PPh;),(SO,)] 

(PPh3),(SO;)] [Rh(C;5H;)(C,H,)(SO2)] 

[Pt(PPh3)3(SO})] [Ni(PPh3}3(SO,)] 
[Pt(PPh3),(SO,)2] [Ni(PPh3),(SO,),] 

M-M bridging Side-on n? 

[Fe,(CO),(u-SO,)] [Mo(CO),(phen);(4?-SO,)] 

[Fe2(CsH5).(CO)3(u-SO,)] [RuCl(NO)(PPh;)(77-SO,)] 
[Pd,Cl,(dpm),(u-SO,)] [Rh(NO)(PPh;),(n?-SO,)] 
[Pd,(CNBu'),(u-SO,), ] 

[Pt;(PPh3)3(u-SO,)s] 
[Pt(PPh3)3(u, 7'-Ph)(u-PPh,)(u-SO,)] 

@) See refs. 105-9. In addition there is the O-bonded complex [SbF ,(OSO)] (see text), and also some recent 

examples of SO, acting as a polyhapto bridging ligand via both S and O atoms.'19% 199) 
Ligand abbreviations: PCy, =tricyclohexylphosphine, dmp = bis(diphenylphosphino)methane, (Ph,P),CH,; 

phen = 1,10-phenanthroline. 

Intermolecular insertion of SO, can also occur (without prior formation of an insolable 

complex) and the general reaction can be represented by the equation:"?° 

}M-R+SO, > }M-(SO,}-R 

where ;M represents a metal atom and its pendant ligands and R is an alkyl, aryl, or 

109 TD) G. Evans, G. R. HuGues, D. M. P. MinGcos, J.-M. Bassett, and A. J. WELCH, Reactions of zero-valent 
platinum-sulfur dioxide complexes with dienes; isolation and X-ray crystal structure of a novel, u-phenyl-, ju- 
phosphido-, y-sulfur dioxide triangulo-triplatinum cluster, JCS Chem. Comm. 1980, 1255-7. 

109% GD. JARVINEN, G. J. KuBas, and R. R. RYAN, A new bridging geometry for sulfur dioxide in 
[Mo(CO),(PPh,)(pyridine)(u-SO,)],.2CH,Cl,; X-ray crystal structure, JCS Chem. Comm. 1981, 305-6. 

109b CE. BRIANT, B. R. C. THEOBALD, and D. M. P. MiNaos, Synthesis and X-ray structural characterization 
of [Rh,(u-CO),(u-SO,);{P(OPh);}4].4C,H.: A “butterfly” cluster with an unusual bridging mode for sulfur 
dioxide, JCS Chem. Comm. 1981, 963-S. 

'10 A. WoscicKI, Insertion reactions of transition-metal-carbon o-bonded compounds. Part 2. Sulfur dioxide 
and other molecules, Adv. Organomet. Chem. 12, 31-81 (1974). 
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related o-bonded carbon group. The reaction is more flexible (though less important 

industrially) than the analogous carbonylation reaction of CO (p. 329) and can, in 

principle, lead to four different types of product: 

O O 

af hee R Mies aR NMS ee Ol MeO aAN ms 

| | | NG” 
O O O 

S-sulfinate O-alkyl-S-sulfoxylate | O-sulfinate O-O'-sulfinate 

Examples of all except the second mode are known. 

Sulfur trioxide 

SO, is made on a huge scale by the catalytic oxidation of SO, (p. 824): it is not usually 

isolated but is immediately converted to H,SO, (p. 838). It can also be obtained by the 

thermolysis of sulfates though rather high temperatures are required (p. 844). SO, is 

available commercially as a liquid: such samples contain small amounts (0.03-1.5%) of 

additives to inhibit polymerization. Typical additives are simple compounds of boron (e.g. 

B,O;, B(OH);, HBO,, BX,, MBF,, Na,B,O,), silica, siloxanes, SOCI,, sulfonic acids, 
etc. The detailed mode of action of these additives remains obscure. SO; is also readily 

available as fuming sulfuric acid (or oleum) which is a solution of 25-65% SO 3 in H,SO, 

(p. 837). Because of its extremely aggressive reaction with most materials, pure anhydrous 

SO, is difficult to handle. It can be obtained on a laboratory scale by the double 

distillation of oleum in an evacuated all-glass apparatus; a small amount of KMnO, is 

sometimes used to oxidize any traces of SO,. 

In the gas phase, monomeric SO, has a planar (D3,) structure with S-O 142 pm. This 

species is in equilibrium with the cyclic trimer S,O, in both the gaseous and liquid phases: 

K,~1 atm”? at 25°, AH° = 125 kJ (mole S;0,) *. Bulk properties therefore often refer to 
this equilibrium mixture, e.g. bp 44.6°C, d(25°) 1.903 g cm ~ 3, 4(25°) 1.820 centipoise. 
Below the mp (16.86°), colourless crystals of ice-like orthorhombic y-SO, separate and 

structural studies reveal that the only species present is the trimer S,O, (Fig. 15.35). 

Traces of water (10° * mole°%) lead to the rapid formation of glistening, white, needle-like 

crystals of B-SO, which is actually a mixture of fibrous, polymeric polysulfuric acids 

HO(SO,O),H, where x is very large (~ 10°). The helical chain structure of B-SO, is shown 

in Fig. 15.35 (cf. polyphosphates, p. 615). A third and still more stable form, «-SO;, also 

requires traces of moisture or other polymerizing agent for its formation but involves 

some cross-linking between the chains to give a complex layer structure (mp 62°). The 

standard enthalpies of formation (AH?/kJ mol ') of the various forms of SO; at 25°C are: 

gas —395.2, liquid —437.9, y-crystals — 447.4, B-crystals —449.6, «-solid — 462.4. 

SO, reacts vigorously and extremely exothermically with water to give H,SO,. 

Substoichiometric amounts yield oleums and mixtures of various polysulfuric acids (p. 

845). Hydrogen halides give the corresponding halogenosulfuric acids HSO,X. SO, 
extracts the elements of H,O from carbohydrates and other organic matter leaving a 

carbonaceous char. It acts as a strong Lewis acid towards a wide variety of inorganic and 
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SO; (g) y-SO3;, ie: S3 O, B-SO, 

Fic. 15.35 Structure of the monomeric, trimeric, and chain-polymeric forms of sulfur trioxide. 

organic ligands to give adducts: e.g. oxides give SO,*~, Ph3P gives Ph,P.SO,,01% 
Ph,AsO gives Ph,AsO.SO, etc. Frequently further reaction ensues: thus, under various 

conditions reaction with NH, yields H,NSO;H, HN(SO;H),, HN(SO,;NH,),, 

NH,N(SO;NH,),, etc. SO, can also act as a ligand towards strong electron-pair 

acceptors such as AsF 3, SbF 3, and SbCl;. It is reduced to SO, by activated charcoal or by 

metal sulfides. The reaction with metal oxides (particularly Fe,O,) to give sulfates is used 

industrially to rid stack-gases of unwanted byproduct SO. 

Higher oxides 

The reaction of gaseous SO, or SO; with O, in a silent electric discharge gives 

colourless polymeric condensates of composition SO,,, (0<x<1). These materials are 

derived from B-SO, by random substitution of oxo-bridges by peroxo-bridges: 

O 

Hydrolysis of the polymers yields H,SO, and H,SO, (p. 846), with H,O, and O, as 

secondary products. 
Monomeric neutral SO, can be obtained by reaction of SO, and atomic oxygen; 

photolysis of SO,/ozone mixtures also yields monomeric SO,, which can be isolated by 

inert-gas matrix techniques at low temperatures (15-78 K). Vibration spectroscopy 

'102 RL. Beppos and O. S. MILLs, The structure of the 1: 1 complex formed between triphenylphosphine 
and sulfur trioxide, J. Chem. Research (M) 1981, 2772-89; (S) 1981, 233; see also JCS Chem. Comm. 1981, 
789-90. 
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indicates either an open peroxo C, structure or a closed peroxo C,, structure, the former 

being preferred by the most recent study, on the basis of agreement between observed and 

calculated frequencies and reasonable values for the force constants: "” 

Nee Lee 

\ 

ye 
PS O 

O 

C; Coy 

The compound decomposes spontaneously below room temperature. 

15.2.6 Oxoacids of sulfur 

Sulfur, like nitrogen and phosphorus, forms many oxoacids though few of these can be 
isolated as the free acid and most are known either as aqueous solutions or as crystalline 

salts of the corresponding oxoacid anions. Sulfuric acid, H,SO,, is the most important of 

all industrial chemicals and is manufactured on an enormous scale, greater than for any 

other compound of any element (p. 467). Other compounds, such as thiosulfates, sulfites, 

disulfites, and dithionites, are valuable reducing agents with a wide variety of applications. 

Nomenclature is somewhat confusing but is summarized in Table 15.19 which also gives 

an indication of the various oxidation states of S and a schematic representation of the 

structures. Previously claimed species such as “sulfoxylic acid” (H,SO,), “thiosulfurous 

acid” (H,S,O,), and their salts are now thought not to exist. 
Many of the sulfur oxoacids and their salts are connected by oxidation—reduction 

equilibria: some of the more important standard reduction potentials are summarized in 

Table 15.20 and displayed in graphic form as a volt-equivalent diagram (p. 498) in Fig. 

15.36. By use of the couples in Table 15.20 data for many other oxidation—-reduction 

equilibria can readily be calculated.t Several important points emerge which are 

immediately apparent from inspection of Fig. 15.36. For example, it is clear that, in acid 

solutions, the gradient between H,S and S, is less than between S, and any positive 

oxidation state, so that H,S is thermodynamically able to reduce any oxoacid of sulfur to 

the element. Again, as all the intermediate oxoacids lie above the line joining HSO,” and 

Sz, it follows that all can ultimately disproportionate into sulfuric acid and the element. 

Similarly, any moderately powerful oxidizing agent should be capable of oxidizing the 

intermediate oxoacids to sulfuric acid (sometimes with concurrent precipitation of sulfur) 

though by suitable choice of conditions it is often possible to obtain kinetically stable 

intermediate oxidation states (e.g. the polythionates with the stable S—S linkages). It 

follows that all the oxoacids except H,SO, are moderately strong reducing agents (see 
below). 

+ It is an instructive exercise to check the derivation of the numerical data given in parentheses in Fig. 15.36 
from the data given in Table 15.20 and to calculate the standard reduction potentials of other couples, e.g. 
HSO, /H,S 0.289 V, HSO, /H,SO; 0.119 V, H,SO3/S,03*~ 0.433 V, etc. 

111 P La BONVILLE, R. KUGEL, and J. R. FERRARO, Normal coordinate analysis of the neutral CO, and SO, 
molecules, J. Chem. Phys. 67, 1477-81 (1977). 
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TABLE 15.19 Oxoacids of sulfur 

Formula Name Ox. states ers Salt 
structure 

ae 

H, SO, sulfuric VI S—OH sulfate, SO4?~ 
oF OH H-sulfate, HOSO3~ 

O O 

Il I 
Ee Sy Oe disulfuric VI y — o— 8 OH disulfate, A 

ac 03SOSO3 

S 
I 

H,S,03 thiosulfuric IV, 0, (or ee OH thiosulfate OG es > 

VI, —ID) O Non SSO3? 

O 
I 

H,SO; peroxomonosulfuric VI ZA i OOH peroxomonosulfate, 
O OOSO;7~ OH 

O 

H,S,0 disulfuri VI : : f. 2820s peroxodisulfuric oO Sq OH peroxodisulfate, 

Ca ee NG 03 S00SO,?- 

I if 
H,S,0 dithionic* Vv = SS dithionate, 292 U6 ithionic ofS Sx OH = aco. 

OH O 3 3 

i 
Hz Sy +2 O06 polythionic V,0 a> (6), = S—OH polythionate, 

Omen. © es 03S(S)_pSO32~ 

H,SO; sulfurous* IV Cae OH sulfite, SO3"~ 
O OH H-sulfite, HOSO,” 

7 
H,S,0; disulfurous* V, Ill ys Ss = OH disulfite, 0; SSO, 77 

XN 

O” OH 0 

are mt 
Ill S Sele dithionite, H,S,0, dithionous* 

67 NN Se 0,SS0,2" 
OH g 

* Acids marked with an asterisk do not exist in the free state but are known as salts. 
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TABLE 15.20 Some standard reduction potentials of 
sulfur species (25°, pH 0) 

Couple EIN: 

2H,SO,+H* +2e -HS,0,° +2H,O —0.082 
\ ~Sa2Hia-+2e°=H-S +0.142 

HSO, +7H* +6e° =S+4H,O 0.339 
H,SO,+4H* +4e =S+3H,O 0.449 
S50.¢ pel 3 4e 2S 3,0 0.465 
4H,SO,+4H* +6e° =S,0,?- +6H,O 0.509 
S,0,2- +4H* +2e =2H,SO, 0.564 
SOs ou 42e = 280, 6 his 6) 

250 

200 

iG 
SS 150 
5 
for} 

= 
= 

o 100 

S 
> 

50 

0 

-0.5© ae 

(Average) Oxidation state of sulfur 

Fic. 15.36 Volt-equivalent diagram for sulfur-containing species in acid solution. 

—AG°/kJ mol! 

The formal interrelationship between the various oxoacids of sulfur can also be 

illustrated in a scheme" '?) which places less emphasis on oxidation—reduction reactions 
but which is useful in suggesting possible alternative synthetic routes to these oxoacids. 

‘1? M. SCHMIDT and W. SIEBERT, Oxyacids of sulfur, Section 2.4 in Comprehensive Inorganic Chemistry, Vol. 
2, Chapter 23, pp. 868-98. 
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Thus successive addition of SO, or SO, to H,O can be represented by the scheme: 

SO, SO; 
H,O0 ——> H,SO, ———+H,;S,0, 

sulfuric disulfuric 

|so, 

H,S,0, 

dithionic 

ee 
sO, sO, 

H,0 ——>H,SO, ——>H,S,0, 
sulfurous disulfurous 

Likewise addition of SO, to H,O,, H,S, and H,S, generates the formulae of the other 

oxoacids as follows: 

Ho Ons ers. Le SO. 
peroxomonosulfuric peroxodisulfuric 

SO, SO3 
is: H,S,0, = > H5407 

thiosulfuric trithionic 
SO3 SO, 

Sy ae H2S,,+103 HS, 4206 
polythionic 

It should be emphasized that not all the processes in these schemes represent viable 

syntheses, and other routes are frequently preferred. The following sections give a fuller 

discussion of the individual oxoacids and their salts. 

Sulfuric acid, H,SO, 

Anhydrous sulfuric acid is a dense, viscous liquid which is readily miscible with water in 

all proportions: the reaction is extremely exothermic (~ 880 kJ mol“ ' at infinite dilution) 

and can result in explosive spattering of the mixture if the water is added to the acid; it is 

therefore important always to reverse the order and add the acid to the water slowly and 

with stirring. The large-scale preparation of sulfuric acid is a major industry in most 

countries and is described in the Panel. 

TABLE 15.21. Some physical properties of anhydrous H,SO, and D,SO,® 

Property H,SO, D,SO, 

MP/°C 10.371 14.35 
BP/°C ~ 300 (decomp) — 

Density (25°)/g cm~? 1.8267 1.8572 
Viscosity (25°)/centipoise 24.55 24.88 
Dielectric constant ¢ 100 - 
Specific conductivity « (25°)/ohm~' cm~* 1.0439 x 10°? 0.2832 x 10-2 

Tn the gas phase H,SO, and D,SO, adopt the C, conformation with r(O-H) 97 pm, 
r(S-OH) 157.4 pm, r(S—O) 142.2 pm; the various interatomic and dihedral angles were also 

determined and the molecular dipole moment calculated to be 2.73 D.‘!!2) 

112aR TL. Kuczkowski, R. D. SuENRAM, and F. J. Lovas, Microwave spectrum, structure, and dipole 
moment of sulfuric acid, J. Am. Chem. Soc. 103, 2561-6 (1981). 
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Industrial Manufacture of Sulfuric Acid 

Sulfuric acid is the world’s most important industrial chemical and is the cheapest bulk acid 
available in every country of the world. It was one of the first chemicals to be produced _ 
commercially in the USA (by John Harrison, Philadelphia, 1793); in Europe the history of its _ 
manufacture goes back even further—by at least two centuries.{17° 17") Concentrated sulfyricacid 
(“oil of vitriol”) was first made by the distillation of “green vitriol”, FeSO, .nH,O and was needed 
in quantity to make Na,SO, from NaCl for use in the Leblanc Process (p. 82). This expensive _ 

_ method was replaced in the early eighteenth century by the burning of sulfur eumenapen 
in the necks of large glass vessels containing a little water. The process was patented in 1749 by 
Joshua Ward (the Quack of Hogarth’s Harlot’s Progress) though it had been in use for several 
decades previously in Germany, France, and England.The price plumeted from £2 to 2 shillings _ 

_ per pound (say $5.00 to $0.50 per kg). It dropped by a further factor of 10 by 1830 following firstly 
John Roebuck’s replacement (ca. 1755) of the fragile glass jars by lead-chambers of 200 ft? (5.7 m°) 
capacity, and, secondly, the discovery (by N. Clement and C. B. Désormes in 1793) that the © 

amount of NaNO, could be substantially reduced by admitting air for the combustion of sulfur, _ 
_ By 1860 James Muspratt (UK) was using lead chambers of 56 000 ft? capacity (1585 m*) and the — 
process was continuous. The maximum concentration of acid that could be produced by this 
method was about 78% and until 1870 virtually the only source of oleum was the Nordhausen _ 

_ works (distillation of FeSO, .nH,O). Today both processes have been almost entirely replaced by _ 
the modern contact process. This derives originally from Peregrine Philips’ observation (patented. _ 
in 1831) that SO, can be oxidized to SO, by air in the presence of a platinum catalyst. 

The modern process uses a potassium-sulfate-promoted vanadium{V) oxide catalyst onasilica _ 
or kieselguhr support. ?”) The SO, is obtained either by burning pure sulfur or by roasting sulfide _ 
minerals (p. 768) notably iron pyrite, or ores of Cu, Ni, and Zn during the production of these 
metals. On a worldwide basis about 60° of the SO, comes from the burning of sulfur andsome _ 
40% by the roasting of sulfide ores but in some countries (e.g. the UK) over 95% comes from the _ 
former 

The oxidation of SO, to SO, is exothermic and reversible: 

SO, +10, = =-50,, AH’ -98kj mol 7 

According to le Chatelier’s principle the yield of SO, will increase with increase in pressure, 
_ increase in excess O, coricentration, and removal of SO, from the reaction zone; each of these 
factors will also increase the rate of conversion somewhat (by the law of mass action). Reaction 
rate will also increase substantially with increase in temperature but this will simultaneously 
decrease the yield of the exothermic forward reaction. Accordingly, a catalyst is required to 
accelerate the reaction without diminishing the yield. Optimum conditions involve an equimolar _ 
feed of O,/SO, (ie. air/SO,:5/1) and a 4-stage catalytic converter operating at the temperatures 
shown in Fig. A."?» (The V,O, catalyst is inactive below 400°C and breaks down above 620°C; it 
is dispersed as a thin film of molten salt on the catalyst support.) Such a converter may be 13m __ 
high, 9 m in diameter, and contain 80 tonnes of catalyst pellets. A labelled model of a typical _ 
interpass absorption (IPA) sulfuric acid plant and a photograph of two identical 500-tonnes-per- _ 
day plants at ICI Billingham are shown in Figs. B and C.“?*) The gas temperature rises during 
passage through the catalyst bed and is recooled by passage through external heat-exchanger _ 

- loops between the first three stages. In the most modern “double-absorption” plants (IPA) the 
SO; is removed at this stage before the residual SO,/O, is passed through a fourth catalyst bedfor 
final conversion. The SO, gas cannot be absorbed directly in water because it would first come _ 
into contact with the water-vapour above the absorbant and so produce a stable mist of fine _ 

_ droplets of H,SO, which would then pass right through the absorber and out into the — 

'?°'T. K. Derry and T. I. WiLLiams, A Short History of Technology from the Earliest Times to AD 1900, pp. 
268, and 534-5, Oxford University Press, Oxford, 1960. 

‘2! L. F. HaBer, The Chemical Industry During the Nineteenth Century, Oxford University Press, Oxford, 
1958, 292 pp; L. F. HaBer, The Chemical Industry 1900-1930, Oxford University Press, Oxford, 1971, 452 pp. 

‘2? A. PHILLIPS, The modern sulfuric acid industry, in R. THOMPSON (ed.), The Modern Inorganic Chemicals 
Industry, pp. 183-200, The Chemical Society, London, 1977. 

"23 R. FINCH, S. NEAL, and E. Moore (eds.), Jnorganic Chemicals, pp. 33-42, ICI Educational Publications, 
The Kynock Press, London, 1978. 
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Feed gas 10% SO,, 11% O, 

Heat 

exchangers 

510° 84% 

to oleum or 
intermediate 
absorber 

from intermediate 
absorber 

to final 
absorber 

Schematic diagram of converter. 
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Fic. A Double absorption (IPA) sulfuric acid plant. 
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Fic. C. Two identical 500-tonnes-per-day sulfuric acid plants at ICI Billingham. 

atmosphere. Instead, absorption is effected by 98° H,SO, in ceramic-packed towers and 
sufficient water is added to the circulating acid to maintain the required concentration. 
Commercial conc H,SO, is generally 96-98 % to prevent undesirable solidification of the product. 
The main construction materials of the sulfur burner, catalytic converter, absorption towers, and 

ducting are mild steel and stainless steel, and the major impurity in the acid is therefore Fe!’ 
(10 ppm) together with traces of SO, and NO,. 

_ Some idea of the accelerating demand for sulfuric acid can be gained from the following UK 
production figures: 

Year .._ 1860 1870 1880 1890 1900 1917 1960 1980 
10? tonnes 260 560 900 870 1100 ~ 1400 2750 4750 
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Figures for France, Germany, and the USA were lower than these until the turn of the — 
century, but then the USA began to outstrip the rest. At about the same time superphosphate 
manufacture overtook the Leblanc soda process as the main user of H,SO,. H,SO, production is 
now often taken as a reliable measure of a nation’s industrial strength because it enters into so 
many industrial and manufacturing processes.. Thus in 1900 production was equivalent to 
4.05 million tonnes of 1007 % H,SO, distributed as follows (%): 

: a ‘USA Germany France Austria Belgium Russia Japan 
25.§ _ 232 210 15.5 49 40 3A 12 

By 1976 voile production was 113 million tonnes and the pune changed to the following 

. 7) 

USA USSR - _ Japan Germany Fetce Poland UK Canada Spain Italy Others 
256. 111 3A 4) 3.5 3.2 29 ae 25 2.4 Do 

__ US production increased still further from 29.5 to 37.2 million tonnes between 1976 and 1981. 
_ Such vast quantities require huge plants: these frequently have a capacity in excess of 2000 tonnes 

__ per day in the USA but are more commonly in the range 300-750 tonnes per day in Europe and 
_ smaller still in less industrialized countries. Even so, the energy flows are enormous as can be 
— me by cous up the following reactions: 

S+0,—-380,, AH’ —297 kJ mol"! 
- — $0,+40,——+>S0,, AH°® —9.8kJ mol”! 
,+H,0 (in 98% E H,SO,)——> H,S0,, AH® —130kJ mol”? 

For example, the oxidation of Sto SO, liberates nearly 4 x 10° J per tonne of H,SO, of which - 
~3 GJ can be sold as energy in the form of steam and much of the rest used to pump materials 

_ around the plant, etc. A plant producing 750 tonnes per day of H,SO, produces ~25 MW of 
_ byproduct thermal energy, equivalent to ~7 MW of electricity if the steam is used to drive 

_ generators. Effective utilization of this energy is an important factor in minimizing the cost of 
sulfuric acid which remains a remarkably chee? corpmmadity despite inflation ($50 per tonne in 
1976, $90 per tonne in 1980). 

Environmental legislation in the USA. requires that sulfur emitted from the stack (SO, and _ 
_ persistent H,SO, mist) must not exceed 0. % of the sulfur burned (0.5% in the UK). Despite this, _ 

_ because of the vast scal large quantities of unconverted SO, are vented to the _ 
atmosphere each year (say 0.3% of 113 x 10° tonnes x $= 220 000 tonnes SO, pa). It is a 
testament to the efficiency of the process that this represents a global impact of only some 
600 tonnes SO, per day, which is minute compared with other sources of this pollution (p. 825). 
the pattern ofuse of H,SO, varies from country to country and from decade to decade. Current 

US usage is dominated by fertilizer production (65%) followed by chemical manufacture, 
‘metallurgical uses, and petroleum refining (~ 5% each). In the UK the distribution of uses is more 
even: only 30% of the H,SO, manufactured is used in the fertilizer industry but 18% goes on 
paints, pigments, and dyestuff intermediates, 16° on chemicals manufacture, 12% on soaps and © 
detergents, 10% on natural and manmade fibres, and 2.5% on ‘metallurgical applications. o 
Petroleum refin g accounts for cuy 1% ¢ » the oak in the UK. 

Some physical properties of anhydrous H,SO, (and D,SO,) are in Table 15.21.13, 11%) 
In addition, several congruently melting hydrates, H,SO, .nH,O, are known with n= 1, 2, 
3, 4 (mps 8.5°, —39.5°, —36.4°, and —28.3°, respectively). Other compounds in the 

''3R. J. GiLvespie and E. A. Rosinson, Sulfuric acid, Chap. 4 in T. C. WADDINGTON (ed.), Nonaqueous 
Solvent Systems, pp. 117-210, Academic Press, London, 1965. A definitive review with some 250 references. 

'!*'N. N. GREENWOOD and A. THOMPSON, Comparison of some properties of anhydrous sulfuric acid and 
dideuterosulfuric acid over a range of temperatures, J. Chem. Soc. 1959, 3474-84. 
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H,O/SO, system are H,S,O, (mp 36°) and H,S,0,, (mp 4°). Anhydrous H,SO, is a 

remarkable compound with an unusually high dielectric constant, and a very high 

electrical conductivity which results from the ionic self-dissociation (autoprotolysis) of the 

compound coupled with a proton-switch mechanism for the rapid conduction of current 

through the viscous H-bonded liquid.+ It thus has many features in common with 

anhydrous H3;PO, (p. 595) but the equilibria are reached much more rapidly (almost 

instantaneously) in H,SO,: 

2H,SO,——=H,SO,*+HSO,-;  K,, (25°)=[H3SO,* ][HSO,~]=2.7 x 10-* 

This value is compared with those for other acids and protonic liquids in Table 15.22: 1 
the extent of autoprotolysis in H,SO, is greater than that in water by a factor of more than 

10'° and is exceeded only by anhydrous H,PO, and [HBF 3(OH)] (p. 223). In addition to 
autoprotolysis, H,SO, undergoes ionic self-dehydration: 

SO; ——— HO" +HS,0.-°—; Kia (25°) 5.1 x 10° 

TABLE 15.22 Autoprotolysis constants at 25° 

Compound —log K,, Compound —log K,, Compound —log K,, 

HBF,(OH) ~-1 HCO,H 6.2 H,O, 1? 
H,;PO, ~2 HF 97 H,O 14.0 
H,SO, 3.6 MeCO,H 12.6 D,O 14.8 
D,SO, 4.3 EtOH 18.9 NH, 29.8 

This arises from the primary dissociation of H,SO, into H,O and SO, which then react 

with further H,SO, as follows: 

H,0 +H,SO,——=H,0* +HSO,~;  Ky,o (25°)=[H,0* ][HSO,~]/[H,0]~1 
SOl + HesO, = HS-0" 
S04 sO) 2219-86." P86," 

Ki,s,0, 2 )= [H,SO,*][HS,0O,~ ]/[H,S,07] =14x10~? 

It is clear that “pure” anhydrous sulfuric acid, far from being a single substance in the bulk 

liquid phase, comprises a dynamic equilibrium involving at least seven well-defined 

species. The concentration of the self-dissociation products in H,SO, and D,SO, at 25° 

(expressed in millimoles of solute per kg solvent) are: 

HSO,~ H,SO,* HaOe HS,0,~ HeSOx H,O Total 
15.0 11.3 8.0 4.4 3.6 0.1 42.4 

DSO,” D,SO,* D,0* DS,0.< D,S,0, D,O Total 
Iie? 41 ney 49 7.1 0.6 39.1 

+ For example, at 25° the single-ion conductances for H,SO,* and HSO,~ are 220 and 150 respectively, 
whereas those for Na* and K* which are viscosity-controlled are only 3-5. 
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As the molecular weight of H,SO, is 98.078 it follows that 1 kg contains 10.196 mol; 

hence the predominant ions are present to the extent of about 1 millimole per mole of 

H,SO, and the total concentration of species in equilibrium with the parent acid is 

4.16 millimole per mole. Many of the physical and chemical properties of anhydrous 

H,SO, as a nonaqueous solvent stem from these equilibria.“ **) 
In the sulfuric acid solvent system, compounds that enhance the concentration of the 

solvo-cation HSO,~ will behave as bases and those that give rise to H,SO,* will behave 

as acids (p. 487). Basic solutions can be formed in several ways of which the following 

examples are typical: 

(a) Dissolution of metal hydrogen sulfates: 

H,SO, 
KHSO,——> K~ + HSO, — 

(b) Solvolysis of salts of acids that are weaker than H,SO,: 

KNO,+H5SO)—> K *4 SO, #HINO, 
NH,ClO, +H,SO,——> NH, + HSO,~ + HClO, 

(c) Protonation of compounds with lone-pairs of electrons: 

H,0+H,SO,—>H,0* + HSO,~ 

Me,CO+H,SO,—> Me,COH* +HSO,~ 

MeCOOH+H,SO, >MeC(OH), * + HSO,~ 

(d) Dehydration reactions: 

HNO, +2H,SO,——> NO,* +H,0* +2HSO,~ 

N,O,;+3H,SO,—> 2NO,* +H3;0* +3HSO,7 

The reaction with HNO, is quantitative, and the presence of large concentrations of the 

nitronium ion, NO,*, in solutions of HNO, MNO,, and N,O, in H,SO, enable a 

detailed interpretation to be given of the nitration of aromatic hydrocarbons by these 

solutions. 

Because of the high acidity of H,SO, itself, bases form the largest class of electrolytes 

and only few acids (proton donors) are known in this solvent system. As noted above, 

H,S,O, acts as a proton donor to H,SO, and HSO,F is also a weak acid: 

HSO,F+H,SO,—=H,SO,* +SO,F~ 

One of the few strong acids is tetra(hydrogen sulfato)boric acid HB(HSO,),; solutions of 

this can be obtained by dissolving boric acid in oleum: 

B(OH), +3H,S,0, —_>H,SO,* +[B(HSO,),]> +H,SO, 

Other strong acids are H,Sn(HSO,), and H,Pb(HSO,),. 

Sulfuric acid forms salts (sulfates and hydrogen sulfates) with many metals. These are 

frequently very stable and, indeed, they are the most important mineral compounds of 

several of the more electropositive elements. They have been discussed in detail under the 
appropriate elements. Sulfates can be prepared by: 

(a) dissolution of metals in aqueous H,SO, (e.g. Fe); 

(b) neutralization of aqueous H,SO, with metal oxides or hydroxides (e.g. MOH); 
(c) decomposition of salts of volatile acids (e.g. carbonates) with aqueous H,SO,; 
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(d) metathesis between a soluble sulfate and a soluble salt of the metal whose 

(insoluble) sulfate is required (e.g. BaSO,); 

(e) oxidation of metal sulfides or sulfites. 

The sulfate ion is tetrahedral (S-O 149 pm) and can act as a monodentate, bidentate 

(chelating), or bridging ligand. Examples are in Fig. 15.37. Vibrational spectroscopy is a 

useful diagnostic, as the progressive reduction in local symmetry of the SO, group from T, 

to C3,,and eventually C,,, increases the number of infrared active modes from 2 to 6 and 8 

respectively, and the number of Raman active modes from 4 to 6 and 9." (The effects of 
crystal symmetry and the overlapping of bands complicates the analysis but correct 

assignments are frequently still possible.) 

Uncoordinated (7,) Monodentate (C3,) 

Bidentate, chelate (Cz,) Bidentate, bridging (C,,) 

Fic. 15.37 Examples of SO,?~ as a ligand. 

Pairs of corner-shared SO, tetrahedra are found in the disulfates, S,O,7~ (S-O,-S 

124°, S-O,, 164.5 pm, S—O, 144 pm); they are made by thermal dehydration of MHSO,. 

Likewise the trisulfate ion S;0,)?~ is known and also the pentasulfate ion, S;0,,7~ 

whose structure indicates an alternation of S—O interatomic distances and very long O-S 

distances to the almost planar terminal SO, groups: 

115K Nakamoto, Infrared Spectra of Inorganic and Coordination Compounds, 2nd edn., Wiley, New York, 
1970, 338 pp. (See also J. Am. Chem. Soc. 79, 4904-8 (1957) for detailed correlation table.) 
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Peroxosulfuric acids, H,SO,; and H,S,08 

Anhydrous peroxomonosulfuric acid (Caro’s acid) can be prepared by reacting 

chlorosulfuric acid with anhydrous H,O, 

HOOH + CISO,(OH)——> HOOSO,, (OH) + HCI 

It is colourless, beautifully crystalline, and melts at 45°, but should be handled carefully 

because of the danger of explosions. It can also be made by the action of conc H,SO, on 

peroxodisulfates and-is formed as a byproduct during the preparation of H,S,O, by 

electrolysis of aqueous H,SO, (N. Caro, 1898). Its salts are unstable and the compound 
has few uses except those dependent on the formation of the H,O, during its 

decomposition. 

Peroxodisulfuric acid, H,S,Og, is a colourless solid mp 65° (with decomposition). The 

acid is soluble in water in all proportions and its most important salts, (NH,),S,O, and 

K,S,Og, are also freely soluble. These salts are, in fact, easier to prepare than the acid and 

both are made on an-industrial scale by anodic oxidation of the corresponding sulfates 

under carefully controlled conditions (high current density, T< 30°, bright Pt electrodes, 

protected cathode). The structure of the peroxodisulfate ion is O,S50OSO,7~ with O-O 

131 pm and S—O 150 pm. The compounds are used as oxidizing and bleaching agents. 

Thus, as can be seen from Table 15.20, the standard reduction potential S,O,*- /HSO,~ 

is 2.123 V, and E°(S,O,”? /SO,? ) is similar (2.010 V); these are more positive than for 

any other aqueous couples except H,N,O,,2H*/N,,2H,O (2.85 V), F,/2F (2.87 V) 

and F,,2H*/2HF(aq) (3.06)—see also O(g),2H*/H,O (2.42 V), OH,H*/H,O (2.8 V). 

Thiosulfuric acid, H,S,03 

Attempts to prepare thiosulfuric acid by acidification of stable thiosulfates are 

invariably thwarted by the ready decomposition of the free acid in the presence of water. 

The reaction is extremely complex and depends on the conditions used, being dominated 

by numerous redox interconversions amongst the products: these can include sulfur 

(partly as cyclo-S,), SO,, H,S, H,S,, H,SO, and various polythionates. In the absence of 

water, however, these reactions are avoided and the parent acid is more stable: it~ 

decomposes quantitatively below 0° according to the reaction H,S,0,;>H,S+SO, (cf. 
the analogous decomposition of H,SO, to H,O and SO, above its bp ~ 300°). Successful 

anhydrous syntheses have been devised by M. Schmidt and his group (1959-61), e.g.: 

Et, 0/- 78° 
H,S+SO, H,S,0,;.nEt,O 

Et,O/-—78° 
Na,S,0,+2HCI 2NaCl+H,S,0;.2Et,O 

no solvent 

HSO,CI1+H,S are HCl+ H,S,0O, (solvent-free acid) 

Combination of stoichiometric amounts of H,S and SO, at low temperature yields the 
white crystalline adduct H,S.SO, which is isomeric with thiosulfuric acid. 
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In contrast to the free acid, stable thiosulfate salts can readily be prepared by reaction of 

H,S on aqueous solutions of sulfites: 

2HS~ +4HSO,-———>3S,0,2~ +3H,O 

The reaction appears to proceed first by the formation of elemental sulfur which then 

equilibrates with more HSO,~ to form the product:'?® 

OHS 7 HSO = 35 430H- 
38+ 3HSO,7 = So, +3H* 

Consistent with this, experiments using HS” labelled with radioactive *°S (p. 782) show 
that acid hydrolysis of the S,O,”~ produces elemental sulfur in which two-thirds of the 

35S activity is concentrated. Thiosulfates can also be made by boiling aqueous solutions of 

metal sulfites (or hydrogen sulfites) with elemental sulfur according to the stoichiometry 

H0/100° 
Na,SO,+ Sz >Na,S,0, 

Aerial oxidation >f polysulfides offers an alternative industrial route: 

Na,S;5 +30, —.—'Na,S,0, +38, 

CaS, +30, ———>CaS,0, 

The thiosulfate ion closely resembles the SO,?~ ion in structure and can act as 

monodentate 7'-S ligand, a monhapto bidentate bridging ligand (u,y'-S), or a dihapto 
chelating 7?-S,O ligand as illustrated in Fig. 15.38.71”) Hydrated sodium thiosulfate 
Na,S,0,;.5H,O (“hypo”) forms large, colourless, transparent crystals, mp 48.5°; it is 

readily soluble in water and is used as a “fixer” in photography to dissolve unreacted AgBr 

from the emulsion by complexation: 

AgBr(cryst)+ 3Na,S,0;(aq) 

The thiosulfate ion is a moderately strong reducing agent as indicated by the couple 

S,0,*> +2e7 28503775 E°=0.169 V 

Thus the quantitative oxidation of S,O,?~ by I, to form tetrathionate and iodide is the 

basis for the iodometric titrations in volumetric analysis 

28,0,7° +1, S,0,7" +21- 

Stronger oxidizing agents take the reaction through to sulfate, e.g.: 

S,0,?- + 4Cl, +5H,O 2HSO, +8H* +8Cl- 

This reaction is the basis for the use of thiosulfates as “antichlorine” in the bleaching 
industry where they are used to destroy any excess of Cl, in the fibres. Bromine, being 

intermediate between iodine and chlorine, can cause S,0,7~ to act either as a 1- 
electron or an 8-electron reducer according to conditions. For example, in an amusing and 

Na.[Ag(S,03)3](aq) + NaBr(aq) 

‘16 G W. HEUNISH, Stoichiometry of the reaction of sulfides with the hydrogen sulfide ion, /norg. Chem. 16, 
1411-13 (1979) and references therein. 

'17 See p. 589 of ref. 62 for detailed references. 



848 Sulfur Ch. 15 

(a) Uncoordinated (b) Monodentate (n'-S): the SV! atoms are not 

coplanar with the { PdN,S, }group 

3n— 

(c) Monohapto bidentate bridging (d) Dihapto bidentate chelating (n?-S,O) 

(u,n* -S) 

Fic. 15.38 Structure of the thiosulfate ion and its various modes of coordination: (a) 
uncoordinated S,0,7~; (b) monodentate (7'-S) in the anion of the orange complex 
[Pd"(en), ][Pd"(en)(S,0),]; (c) monohapto bidentate bridging (u,y'-S) in the polymeric anion 
of the pale-violet mixed valence copper complex Na,[Cu"(NH;),][Cu'(S,03),],; and (d) 

dihapto chelating (7?-S,O) in the thiourea nickel complex [Ni(S,O3)(tu),].H,O. 

instructive experiment, if concentrated aqueous solutions of S,0,7~ and Br, are titrated, 

and the titration is then repeated after having diluted both the S,O,*~ and Br, solutions 

100-fold, then the titre will be found to have increased by a factor of exactly 8. 

Dithionic acid, H,S,O¢ 

In dithionic acid and dithionates, S,O,7~ , the oxidation state of the 2 S atoms has been 

reduced from VI to V by the formation of an S-S bond (Table 15.19, p. 835). The free acid 

has not been obtained pure, but quite concentrated aqueous solutions can be prepared by 

treatment of the barium salt with the stoichiometric amount of H,SO,: 

BaS,O,(aq)+H,SO,(aq) H,S,0,(aq)+ BaSO,| 
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Crystalline dithionates are thermally stable above room temperature (e.g. K,S,O, 

decomp 258° to K,SO,+SO,). They are commonly made by oxidizing the corresponding 

sulfite. On a technical scale aqueous solutions of SO, are oxidized by a suspension of 

hydrated MnO, or Fe,O,;: 

aq/O0 C 

2MnO, + 3SO, MnSO,+ MnS,0, 

aq Fe,0,+3SO, {Fe3'(SO3)3} Fe"'SO, + Fe!'S,O, 

All the dithionates are readily soluble in water and can be made by standard metathesis 

reactions. For example, addition of an excess of Ba" ions to the Mn" solution above 
precipitates BaSO,, after which BaS,O, .2H,O can be crystallized. The [O,SSO,]*~ ion 

is centrosymmetric (staggered) D,, in Na,S,O,.2H,O but in the anhydrous potassium 

salt some of the S,O,?~ ions have an almost eclipsed configuration for the two SO, 

groups (D,,). Dimensions are unremarkable: S-S 215 pm, S—O 143 pm, and angle S-S-O 

103°. Dithionates are relatively stable towards oxidation in solution though strong 

oxidants such as the halogens, dichromate, and permanganate oxidize them to sulfate. 

Powerful reductants (e.g. Na/Hg) reduce dithionates to sulfites and dithionites (S,O,7 - ). 

Polythionic acids, H,S,O0¢ 

The numerous acids and salts in this group have a venerable history and the chemistry 

of systems in which they occur goes back to John Dalton’s studies (1808) of the effect of 

H,S on aqueous solutions of SO,. Such solutions are now named after H. W. F. 

Wackenroder (1846) who subjected them to systematic study. Work during the following 

60-80 y indicated the presence of numerous species including, in particular, the 

tetrathionate S,O,?~ and pentathionate S;O,”~ ions. New perceptions have emerged 
during the past 25 y as a result of the work of H. Schmidt and his group in Germany: just 

as H,S can react with SO; or HSO,CI to yield thiosulfuric acid, H,S,O; (p. 846), so 

reaction with H,S, yields “disulfane monosulfonic acid”, HS,SO,H; likewise polysul- 

fanes H,S, (n=2-6) yield HS,SO;H. Reaction at both ends of the polysulfane chain 

would yield “polysulfane disulfonic acids’ HO3SS,SO3,H which are more commonly 

called polythionic acids (H,S,,,0,). many synthetic routes are available, though 

mechanistic details are frequently obscure because of the numerous simultaneous and 

competing redox, catenation, and disproportionation reactions that occur. Typical 

examples include: 

(a) Interaction of H,S and SO, in Wackenroder’s solution. 

(b) Reaction of chlorosulfanes with HSO,;° or HS,O,j , e.g.: 

SCl,+2HSO37 [O,SSSO,]?- +2HCI 
S,Cl,+2HSO;, [0,SS,SO,]?~ +2HCI 
SCl, +2HS,0;~ [03SS,SO,]?> +2HCl, etc. 

(c) Oxidation of thiosulfates with mild oxidants (p. 847) such as I,, Cu", S,O,?~, 
H,O,. 

(d) Specific syntheses as noted below. 
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Sodium trithionate, Na,S30,, can be made by oxidizing sodium thiosulfate with cooled 

hydrogen peroxide solution 

2Na,S,0, +4H,0,——Na,S;30, +Na,SO,+4H,O 

The potassium (but not the sodium) salt is obtained by the obscure reaction of SO, on 

aqueous thiosulfate. Aqueous solutions of the acid H,S,0, can then be obtained from 

K,S,O, by treatment with tartaric acid or perchloric acid. 

Sodium (and potassium) tetrathionate, M,S,O,, can be made by oxidation of 

thiosulfate by I, (p.847) and the free acid liberated (in aqueous solution) by addition of the 

stoichiometric amount of tartaric acid. 

Potassium pentathionate, K,S,;O,, can be made by adding potassium acetate to 

Wackenroder’s solution and solutions of the free acid H,S;O, can then be obtained by 

subsequent addition of tartaric acid. 
Potassium hexathionate, K,S,O,, is best synthesized by the action of KNO, on 

K,S,O, in conc HCl at low temperatures, though the ion is also a constituent of 

Wackenroder’s solution. 
Anhydrous polythionic acids can be made in ether solution by three general routes: 

HS,SO3H + SO, —->HS,4.0¢6 (n+2=3, 4, 5, 6, 7, 8) 

H3S,+2S8O,-—=H,S,, ,,0,. (G@+2=3,4)5; 62738) 
2HS,SO,H + 1,—— H;S,,,,0,+2HI (2n+2=4, 6, 8, 10, 12, 14) 

The structure of the trithionate ion (in K,S,O0,) is shown in Fig. 15.39a and calls for 

little comment (cf. the disulfate ion O,SOSO,’~, p. 845). The tetrathionate ion (in 

BaS,O,.2H,O and Na,S,0,.2H,O) has the configuration shown in Fig. 15.39b with 

dihedral angles close to 90° and a small, but definite, alternation in S—S distances. The 

pentathionate ion in BaS,O, .2H,O has the cis configuration in which the S, unit can be 

regarded as part of an S, ring (p. 772) from which 3 adjacent S atoms have been removed 

(Fig. 15.39c). By contrast, in the potassium salt K,S;O,.14H,O the pentathionate ion 

adopts the trans configuration in which the two terminal SO, groups are on opposite sides 

of the central S, plane (Fig. 15.39d). These structural differences persist in the seleno- and 

telluro-analogues O,;SSSeSSO,7~ and O;SSTeSSO,7  , the dihydrated Ba salts being cis 

and the potassium hemihydrates being trans."'!®) There are three possible rotameric forms 
of the hexathionate ion S,O,?~ : the extended trans-trans form analogous to spiral chains 

of fibrous sulfur (p. 779).occurs in the trans[Co™(en),Cl,]* salt (Fig. 15.39e), whereas the 
cis-cis form (analogous to cyclo-S,) occurs in the potassium barium salt (Fig. 15.39f); the 

cis-trans form of S,O0,7~ has not yet been observed in crystals but presumably occurs in 

equilibrium with the other two forms in solution since the energy barrier to rotation about 
the S-S bonds is only some 40 kJ mol™?. 

Sulfurous acid, H,SO, 

Sulfurous acid has never been isolated, and exists in only minute concentrations (if at 
all) in aqueous solutions of SO. However, its salts, the sulfites, are quite stable and many 

'18Q. Foss, Aspects of the structural chemistry of polythionates, JUPAC Additional Publication (24th 
International Congress, Hamburg, 1973), Vol. 4, Compounds of Non-Metals, pp. 103-13, Butterworths, 
London, 1974, and references therein. 
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(a) S3067- 

(b) SgO.77 

(c) cis-S;O¢27 

(e) trans-trans-S,O,2~ (above: normal to (f) cis-cis-S,O,?~" (above: normal to 

the twofold axis; below: along this axis) the twofold axis; below: along this axis) 

Fic. 15.39 Structures of some polythionate ions."'*®) 
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are known in crystalline form; a second series of salis, the hydrogen sulfites HSO, , are 

known in solution. Spectroscopic studies of aqueous solutions of SO, suggest that the 

predominant species are various hydrates, SO, .nH,O; depending on the concentration, 

temperature, and pH, the ions present are H,0*, HSO, , and S,0,”~ together with 

traces of SO,” . The undissociated acid OS(OH), has not been detected: 

SO, .nH,O H,SO3(aq); K<10~° 

The first acid dissociation constant of “sulfurous acid” in aqueous solution is therefore 
defined as: 

H,O 

SO, .nH,0O——— H,0* (aq) +HSO, (aq); K; (25°)=1.6x 10-7 mol 17! 

[H,0* ][HSO; ] 
Oa ig dictived SO,|_[HS80,, 1 [80.2.1 

The second dissociation constant is given by the equation 

HSO, (aq) === ,07 (aq) + SO,” {age K (25 N= 10 Omen 7 

K,=[H;0*][SO,* ]/[HSO, J] 

Most sulfites (except those of the alkali metals and ammonium) are rather insoluble; as 

indicated above such solutions contain the HSO,° ion predominantly, but attempts to 

isolate M'HSO, tend to produce disulfites (p. 853) by “dehydration”: 

2HSO, SO +H,O 

Only with large cations such as Rb, Cs, and NR, (R=Et, Bu®, n-pentyl) has it proved 

possible to isolate the solid sulfites MHSO,."!°) 
The sulfite ion SO,”~ is pyramidal with C,, symmetry: angle O-S-O 106°, S-O 

151 pm. The hydrogen sulfite ion also appears to have C3, symmetry both in the solid state 

and in solution,” 1°) i.e. protonation occurs at S rather than O to give H-SO, rather than 

HO-SO,  (C, symmetry). It is possible that, in solution, there is a tautomeric equilibrium 

between these two forms but there is, as yet, little evidence for the C, structure. The sulfite 

ion also coordinates through S in transition-metal complexes, e.g. [Pd(NH;)3(7'-SO3)], 

cis- and trans-[Pt(NH;),(y'-SO3),]?. The structure of hydrogen-sulfito complexes such 
as [Ru'(NH;),(HSO;),] have not yet been determined and it would be interesting to 

learn whether they, too, are S-bonded, implying a 1, 2 proton shift to give M{SO,(OH)} or 
whether they are O-bonded with the proton remaining attached to the S atom. 

Sulfites and hydrogen sulfites are moderately strong reducing agents (p. 836) and, 

depending on conditions, are oxidized either to dithionate or sulfate. The reaction with 
iodine is quantitative and is used in volumetric analysis: 

HSO,~ +1,+H,O HSO,> +2H* +217 
Conversely, sulfites can act as oxidants in the presence of strong reducing agents; e.g. 

sodium amalgam yields dithionite, and formates (in being oxidized to oxalates) yield 
thiosulfate: 

2SO,*- + 2H,0+ 2Na/Hg 
2SO,’- +4HCO,~ 

where 

S,0,27 +40H~ +2Na* 
SSO,?- +2C,0,2- +20H- +H,0 

119 R. Mayor, J. B. Git, and D. C. GoopaLt, Tetra-n-alkylammonium bisulfites: a new example of the 
existence of the bisulfite ion in solid compounds, JCS Dalton 1972, 2001-3, and references therein. 
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Thiosulfates also result from reduction of SO,7~ or HSO,~ with elemental sulfur (p. 847), 

whereas reduction with H,S in Wackenroder’s solution (p. 849) yields polythionates. 

-_ Onatechnical scale, solutions of sodium hydrogen sulfite are prepared by passing SO, 

into aqueous Na,CO,; addition of a further equivalent of Na,CO; allows the normal 
sulfite to be crystallized, whereas addition of more SO, yields the disulfite (see subsection 
vii below). 

NaHSO; (aq) Na,SO;(aq) 

Na,SO, 

crystals 

Crystallization of Na,SO, above 37° gives the anhydrous salt; below this temperature 

Na,SO,.7H,O is obtained. World production of the anhydrous salt exceeds 1 million 

tonnes pa; most is used in the paper pulp industry, but other applications are as an O, 

scavenger in boiler-water treatment, and as a reducing agent in photography. Similarly, 

K,SO,.2H,O is obtained by passing SO, into aqueous KOH until samples of the 

solution are neutral to phenolphthalein. 

Disulfurous acid, H,S,0; 

Like “sulfurous acid”, disulfurous acid is unknown either in the free state or in solution. 

However, as indicated in the preceding section, its salts, the disulfites, are readily obtained 

from concentrated solutions of hydrogen sulfite: 2HSO, —S,0,*° +H,O. Unlike 

disulfates (p. 845), diphosphates (p. 602), etc., disulfites condense by forming an S-S bond. 

As indicated in Fig. 15.40a (on p. 855) this S-S bond is rather long, but the S—O distances 

are unexceptional. 

Acidification of solutions of disulfites regenerates HSO,° and SO, again, and the 

solution chemistry of S,O,?~ is essentially that of the normal sulfites and hydrogen 

sulfites, despite the formal presence of SY and S" (rather than S'Y) in the solid state. 

Dithionous acid, H,S,0,4 

Dithionites, S,O,,”~ are quite stable when anhydrous, but in the presence of water they 

disproportionate (slowly at pH >7, rapidly in acid solution): 

TH IV —1/vl 
28,0,27 + H,O —_>2HSO,~ + SSO,2~ 

The parent acid has no independent existence and has not been detected in aqueous 

solution either. Sodium dithionite is widely used as an industrial reducing agent and can 
be prepared by reduction of sulfite using Zn dust, Na/Hg, or electrolytically, e.g.: 

IV IV IV Il 

2HSO,~ +SO,.nH,O +2Zn——> ZnSO, + ZnS,O,+ (n+2)H,O 
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The dihydrate Na,S,0,.2H,O can be precipitated by “salting out” with NaCl. Air and 

oxygen must be excluded at all stages in the process to avoid reoxidation. The dithionite 

ion can also be produced in situ on an industrial scale by reaction between NaHSO, and 

NaBH, (p. 189). Its main use is as a reducing agent in dyeing, bleaching of paper pulp, 

straw, clay, soaps, etc., and in chemical reductions (see below). 

The dithionite ion has a remarkable eclipsed structure of approximate C,, symmetry 

(Fig. 15.40b). The extraordinarily long S—S distance (239 pm) and the almost parallel SO, 

planes (dihedral angle 30°) are other unusual features. Electron-spin-resonance studies 

have shown the presence of the SO, * radical ion in solution (~ 300 ppm), suggesting the 

establishment of a monomer—dimer equilibrium $,0,7~ —=2SO, . Consistent with this, 
air-oxidation of alkaline dithionite solutions at 30-60° are of order one-half with respect 

to [S,0,?~ ]. Acid hydrolysis (second order with respect to [S,0,?~ ]) yields thiosulfate 
and hydrogen sulfite, whereas alkaline hydrolysis produces sulfite and sulfide: 

980.2 +11,0 =» SOR HsO 

Hydrated dithionites can be dehydrated by gentle warming, but the anhydrous salts 

themselves decompose on further heating. For example, Na,S,O, decomposes rapidly at 

150° and violently at 190°: 

2Na,S,0, SSS Na,S,0, a Na,SO, se SO, 

Dithionites are strong reducing agents and will reduce dissolved O,, H,O,, I,, 103 , 

and MnO, . Likewise Cr’! is reduced to Cr and TiO?* to Ti". Heavy metal ions such as 
Cu! Ag! Pb", Sb", and Bi" are reduced to the metal. Many of these reactions are useful in 
water-treatment and pollution control. 

15.2.7 Sulfur-nitrogen compounds?*—” 

The study of S-N compounds is one of the most active areas of current inorganic 

research: many novel cyclic and acyclic compounds are being prepared which have 
unusual structures and which pose considerable problems in terms of simple bonding 

theory. The recent discovery that the polymer (SN), is a metal whose conductivity 

increases with decrease in temperature and which becomes superconducting below 0.33 K 

has aroused tremendous additional interest and has stimulated still further the already 

24M. BECKE-GOEHRING and E. FLuck, Developments in the inorganic chemistry of compounds containing 
the sulfur—nitrogen bond, Chap. 3 in C. B. COLBURN (ed.), Developments in Inorganic Nitrogen Chemistry, Vol. 
1, pp. 150-240, Elsevier, Amsterdam, 1966. A substantial general review with 277 references. 

'*° T. Haipuc, The Chemistry of Inorganic Ring Systems, Part 2, (sulfur—nitrogen heterocycles), pp. 909-83, 
Wiley, London, 1970. 

"2° H. G. HEAL, The sulfur nitrides, Adv. Inorg. Chem. Radiochem. 15, 374-412 (1972). 
‘262 H_G_ HEAL, The Inorganic Heterocyclic Chemistry of Sulfur, Nitrogen, and Phosphorus, Academic Press, 

London, 1981, 271 pp. 
"27H. W. Roesky, Cyclic sulfur-nitrogen compounds, Adv. Inorg. Chem. Radiochem. 22, 239-301 (1979). 

This is the most recent review on this aspect of S-N compounds—279 references. A shortened version appears in 
H.W. Rogsky, Structure and bonding in cyclic sulfur-nitrogen compounds, Angew. Chem., Int. Edn. (Engl.) 18, 
91-97 (1979). See also R. J. GiLvespie, J. P. KENT and J. F. Sawyer, Monomeric and dimeric thiodithiazyl 

cations, S;N,~ and S,N,**. Preparation and crystal structures of (S;N,)(AsF,g), (S6N4)(S,0,F)>, and 
(S,N,)(SO3F)>, Inorg. Chem. 20, 3784-99 (1981). 
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(a) S,0577 (b) S,O,?- 

Fic. 15.40 Structure of (a) the disulfite ion S,O;?” in (NH4),S,O,, and (b) the dithionite ion 
S,0,?~ in Na,S,0,.2H,O. 

substantial activity in this area of synthetic and structural chemistry. The field is not new. 

S4N, was first prepared in an impure form by W. Gregory in 1835,+ though the 

stoichiometry and tetrameric nature of the pure compound were not established until 

1851 and 1896 respectively, and its cyclic, pseudo-cluster structure was not revealed until 

1944.7?®) Other important compounds containing S—N bonds that date from the first half 
of the nineteenth century included sulfamic acid HSO,.NH,, imidosulfonic acid 
HSO;N=NH, sulfamide SO,(NH,),, nitrilotrisulfonic acid N(HSO;)3, hydroxy nitrilo- 

sulfonic acids HSO;NH(OH) and (HSO;),N(OH), and their many derivatives (p. 878). 

It will be convenient to describe first the binary sulfur nitrides SN, and then the related 

cationic and anionic species, S,N,"*. The sulfur imides and other cyclic S-N compounds 
will then be discussed and this will be followed by sections on S-N- halogen and S-N—O 

compounds. Several compounds which feature isolated S«-N, S-N, S=N, and S=N 

bonds have already been mentioned in the section on SF,; e.g. F,S<-NC;H., F;S—NF;, 

F,S=NCF;3, and F;S=N (p. 811). However, many SN compounds do not lend 

themselves to simple bond diagrams, and formal oxidation states are often unhelpful or 

even misleading. 

Nitrogen and sulfur are diagonally related in the periodic table and might therefore be 

expected to have similar electronic charge densities for similar coordination numbers (p. 
87). Likewise, they have similar electronegativities (N 3.0, S 2.5) and these become even 

more similar when additional electron-withdrawing groups are bonded to the S atoms. 

Extensive covalent bonding into acyclic, cyclic, and polycyclic molecular structures is thus 

not unexpected. 

Binary sulfur nitrides 

There is little structural similarity between the sulfur nitrides and the oxides of nitrogen 

(p. 508). The instability of NS when compared with the great stability of NO, and the 
paucity of thionitrosyl complexes have already been mentioned (p. 520), as has the 

+ Disulfur dichloride was added to an aqueous solution of ammonia to give a yellow precipitate of sulfur 
contaminated with S,N, (J. Pharm. Chim. 21, 315 (1835).) 

128 Cyia-S1 Lu and J. Dononug, An electron diffraction investigation of sulfur nitride, arsenic disulfide 
(realgar), arsenic trisulfide (orpiment), and sulfur, J. Am. Chem. Soc. 66, 818-27 (1944). D. CLarK, The 
structure of sulfur nitride (by X-ray diffraction), J. Chem. Soc. 1615-20 (1952). 

CTE-CC 
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difference between diatomic O, and oligomeric or polymeric S,. The compounds to 

be considered in this section are S,N4, cyclo-S,N,, and catena-(SN),. polymer, together 

with cyclo-S,N, bicyclo-S,;,N,, and the higher homologues S,;N>, Si¢N2, $;7N2, and 

S,oN;. Most recently S;N, has been characterized as the first binary sulfur nitride with 

more atoms of N than S. 

(a) Tetrasulfur tetranitride, S,N,. This is the most readily prepared sulfur nitride and is 

an important starting point for the preparation of many S-N compounds. It is obtained as 

orange-yellow, air-stable crystalst by passing NH gas into a warm solution of S,Cl, (or 

SCl,) in CCl, or benzene; the overall stoichiometries of the mechanistically obscure 

reactions are: 

6S,Cl, + 16NHe =e Sat 65 12H 

6SCl, + 16NH, ———>S,N,+2S+ 14NH,Cl 

Alternatively, NH,Cl can be heated with S,Cl, at 160°: 

% yield 

6S,Cl, +4NH, Cl" 5 S,N, + 8S+ 16HCl 

The compound also results from the reversible equilibrium reaction of sulfur with 

anhydrous liquid ammonia: 

10S + 4NH, ——— S,N,, + 6H,S 

The H,S, of course, reacts with further ammonia to form ammonium sulfides but the 

reaction can be made to proceed in the forward direction as written by addition of 

(soluble) Ag] to precipitate AgS and form NH,I. 

S4N, 1s kinetically stable in air but is endothermic with respect to its elements (AH; 

460+8 kJ mol” ') and may detonate when struck or when heated rapidly. This is due 

more to the stability of elementary sulfur and the great bond strength of N, rather than to 

any inherent weakness in the S—N bonds. On careful heating S,N, melts at 178.2°. The 

structure (Fig. 15.41a) is an 8-membered heterocycle in the extreme cradle configuration; 

it has D,,symmetry and resembles that of As,S, (p. 676) but with the sites of the Group V 

and Group VI elements interchanged. The S—N distance of 162 pm is rather short when 

compared with the sum of the covalent radii (178 pm) and this, coupled with the equality 

of all the S-N bond distances in the molecule, has been attributed to some electron 

delocalization in the heterocycle. The trans-annular S---S distances (258 pm) are 

intermediate between bonding S—S (208 pm) and nonbonding van der Waals (330 pm) 

distances; this suggests a weak but structurally significant bonding interaction between 

the pairs of S atoms. It is not possible to write down a single, satisfactory, classical bonding 

diagram for S,N, and, in valence-bond theory, numerous resonance hybrids must be 

considered of which the following are typical: 

® © 
iia oir oa ees. Nae N—S=N N=S—N 

ee Ore l 
S S S S S® SO va Sisa|=2 § Valea 
| een Meroe Ro (Meee | 
N=S=N Nea Sa N N—S=N N—-S—-NO N=S—N N-—S=N etc. 

+ Crystalline S,N, is thermochromic, being pale yellow below about — 30°: the colour deepens to orange at 
room temperature and to a deep red at 100° (cf. sulfur, p. 775). 
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ta) SaN, (b) S4N4.SO; 

Fic. 15.41 Structure of (a) $,N,, and (b) S,N,-SO3. 

The extent to which each hybrid is incorporated into the full bonding description of the 

molecule will depend on the extent to which 3d orbitals on S are involved and the extent of 

trans-annular S-S bonding. More recent MO-calculations lead to semiquantitative 
_ estimates of these features and to electron charge densities on the individual atoms." It 

is also instructive to compare the structure of the 44-(valence)electron species S,N, with 

those of the 46-electron species S,”* (p. 785) and the 48-electron species Sg (p. 772): 
successive formal addition of 2 and then 4 electrons results in the progressive opening of 

the S,N, pseudocluster first to the bicyclic-S,** with a single weak trans-annular S-S 

bond and then to the open-crown structure of S, with no trans-annular bonding at all. 

Interestingly, in the N-donor adducts S,N,.BF, and S,N,.SbCl, the S,N, ring 

adopts the alternative D,, configuration of As,S,, with the 4S atoms now coplanar 

instead of the 4 N atoms; the mean S—N distance increases slightly to 168 pm but the 

(nonbonding) trans-annular S---S distances are 380 pm. The same interchange occurs in 

S,N,.SO, and Fig. 15.41b shows the substantial alternations in S—N distances and angles 

that are concurrently introduced into the ring. By contrast, in S,N,.CuCl the heterocycle 

acts as a bridging ligand between zigzag chains of (-Cu—Cl-), ; the S,N, retains the same 

conformation and almost the same dimensions as in the free molecule, with 2 of the 4 

planar N atoms acting as a cisoid bridge and the 2 trans-annular S---S distances remaining 

'=°R. C. Happon, S. R. WASSERMAN, F. WuDL, and G. R. J. WILLIAMS, Molecular orbital study of 
sulfur—nitrogen and sulfur—carbon conjugation: mode of bonding in (SN), and related compounds, J. Am. 
Chem. Soc. 102, 6687-93 (1980), and references therein. See also R. D. Harcourt and H. M. HuGcEL, 
Increased-valence structures and the bonding for some cyclic sulfur-nitrogen compounds, J. Inorg. Nuclear 
Chem. 43, 239-52 (1981), for a less rigorous treatment. Other recent references include R. GLEITER, Structure 

and bonding in cyclic sulfur-nitrogen compounds—molecular orbital considerations, Angew. Chem. Int. Edn. 
(Engl.) 20, 444-52 (1981); A. A. BHATTACHARYYA, A. BHATTACHARYYA, R. R. ADKINS, and A. G. TURNER, 
Localized molecular orbital studies of three-, four-, five-, and six-membered ring molecules and ions formed from 

sulfur and nitrogen, J. Am. Chem. Soc. 103, 7458-65 (1981). 
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short (259 and 263 pm). It is not yet clear in detail what factors determine the ring 

conformation adopted (see also p. 774). 

S,N, is insoluble in and unreactive towards water but readily undergoes base 

hydrolysis with dilute NaOH solutions to give thiosulfate, trithionate, and ammonia: 

2S,N,+6OH~ +9H,O0—-+S,0,”" +2S;0,7" + 8NH; 

More concentrated alkali yields sulfite instead of trithionate: 

S,N,+6OH~ +3H,O—>S,0,7° + 2SO,”" + 4NH3 

Milder bases such as Et,NH leave some of the S—N bonds intact to yield, for example, 

S(NEt,),. The value of S,N, as a synthetic intermediate can be gauged from the 

representative reactions in Table 15.23. It can be seen that these reactions embrace: 

(a) conservation of the 8-membered heterocycle and attachment of substituents to S or 

N (or subrogation of N by S); 

(b) ring contraction to a 7-, 6-, 5-, or 4-membered heterocycle with or without 

attachment of substituents; 

(c) ring fragmentation into non-cyclic S-N groups (which sometimes then coordinate 

to metal centres); 

(d) complete cleavage of all S-N bonds; 

(e) formation of more complex heterocycles with 3 (or more) different heteroatoms. 

The molecular structures of the products are described as indicated at appropriate points 

in the text. S,N,O, was at one time thought to be cyclic but X-ray diffraction analysis 

has revealed an open chain structure (Fig. 15.42a). The structure of [Pt(S,N,H).] (Fig. 

TABLE 15.23 Some further reactions of S,N,°?* © 

Reagents and conditions Products Ref. for structure, etc. 

Vacuum thermolysis (Ag wool 300°) S,N,, (SN), p. 859 
SnCl, (boiling C,H, + EtOH) S.(NH), p. 868 
NH, S,N,.NH, 
N,H,/SiO,(C,H,, 46°) Sg_,(NH),, n= 1-4 p. 868 
S/CS, (heat in autoclave) S.N, 
S5Cl, [SAN,}° CE 
AgF, (cold CCl,) N,(SF)4 
AgF, (hot CCl,) NSF, NSF, 
Cl(Cely) : N,(SCI)3 
Br, (neat, heat in sealed tube) [SpNe] Bsr 100°% yield“ 3)) 
Hx(G@lZ) X= FE, GClBr [SANale xe 
HI HES Nils 
OSC, S3N,0, Fig. 15.42a 
NiCl,/MeOH [Ni(S,N>H),;] (also Co, Pd) Fig. 15.42b 
Hope [Pt(S,N,H),] Fig. 15.42b 

PbI,/NH, [Pb(NSNS)(NH;)] Fig. 15.42c 

"3° U. THEWALT, S,N, bridge ligand: structure of CuCl.S,N,, Angew. Chem., Int. Edn. (Engl.) 15, 765-6 
(1976). 

'3" G. WOLMERSHAUSER and G. B. STREET, Reaction of S,N, with liquid Br, and ICI, Inorg. Chem. 17, 2685-6 
(1978). 
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Fic. 15.42 Structure of some SN compounds mentioned in Table 15.23.” 

15.42b) is typical of several such compounds. When S,N, reacts with metal carbonyls in 

aprotic media, the products are the structurally similar [M(S,N,),](M=Fe, Co, Ni). The 

pyramidal Pb" complex (Fig. 15.42c) is also notable, and features unequal S—N distances 

consistent with the bonding indicated. 

(b) Disulfur dinitrogen, S,N,. When S,N, is carefully depolymerized by passing the 

heated vapour over Ag wool at 250-300° and 0.1-1.0 mmHg, the unstable cyclic dimer 

S,N, is obtained. The main purpose of the silver is to remove sulfur generated by the 

thermal decomposition of S,N,; the Ag,S so formed then catalyses the depolymerization 

of further S,N,: 

S,N,+8Ag———> 4Ag,S+.2N, 
Ag 2S 

In the absence of Ag/Ag,S the product is contaminated with S,N, (p. 861) formed by the 

reaction of the excess sulfur with either S,N, or S,N,. S,N, forms large colourless crystals 

which are insoluble in water but soluble in many organic solvents. The molecular 

structure is a square-planar ring (D,,,) analogous to the isoelectronic cation S,?* (D4,, p. 

785). Figure 15.43 shows the structure obtained by X-ray diffraction at — 130° together 

with typical valence-bond representations :""7?) 

'32 J Weiss, Crystal and molecular structure of trisulfurdinitrogendioxide, S,N,O,, Z. Naturforsch. 16b, 477 
(1961); J. Weiss, Metal-sulfur—nitrogen compounds, Fortsch. Chem. Forsch. 5, 635-62 (1966). 
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(a) SN, (b) Four hybrids (c) Two hybrids 

Fic. 15.43 (a) Molecular structure and dimensions of S,N,, together with (b) minimal valence- 
bond representation and (c) addition valence-bond representation involving 3d S orbitals for 

extended basis set. (Note that the molecule has 6 z electrons and 4 unshared electron-pairs 
superimposed on the square-planar o-bonded structure.) 

S,N, decomposes explosively when struck or when warmed above 30°. Its chemistry 

has therefore not been extensively studied. Reactions with NH, and with aqueous alkali 

are similar to those of SN, and it forms adducts with Lewis bases, e.g. S, N,(SbC1,), ; this 

latter is a yellow crystalline N-bonded complex which reacts with further S,N, to give the 

orange crystalline monoadduct S,N,.SbCI,. The heterocycle remains planar and the S-N 

distances are almost the same as in the free S,N, molecule. 
Undoubtedly the most exciting reaction of S,N, is its slow spontaneous polymerization 

in the solid state at room temperature to give crystalline (SN),. Crystals up to several 

millimetres in length can be grown. Not only is this an unusually facile topochemical 

reaction for a solid at low temperature but it results in an unprecedented metallic 
superconducting polymer, as discussed in the following subsection. 

(c) Polythiazyl, (SN),.“3* Polymeric sulfur nitride, also known as polythiazyl, was first 
prepared by F. B. Burt in 1910 using essentially the same method as 1s still used today— 

the solid-state polymerization of crystalline S,N, at room temperature (or preferably at 

0°C over several days).f Despite the bronze colour and metallic lustre of the polymer, over 

50 y were to elapse before its metallic electrical conductivity, thermal conductivity, and 

thermoelectric effect were investigated. By 1973 it had been established that (SN), was 

indeed a metal down to liquid helium temperatures, and in 1975 the polymer was shown to 

be a superconductor below 0.26 K. (For higher-quality crystals the transition temperature 

rises to 0.33 K.) Values of the conductivity o depend on the purity and crystallinity of the 

polymer and on the direction of measurement, being much greater along the fibres (b-axis) 

than across them. At room temperature typical values of a are 1000-4000 ohm~* cm™', 

and this increases by as much as 1000-fold on cooling to 4.2 K. Typical values of the 

anisotropy ratio 0/0, are ~50 at room temperature and ~ 1000 at 40 K. 

(SN), is much more stable than its precursor S,N,. When heated in air it decomposes 

explosively at about 240°C but it sublimes readily in vacuum at about 135°. The crystal 

structure reveals an almost planar chain polymer with the dimensions shown in Fig. 15.44. 

+ Alternative high-yield syntheses have very recently been devised, ***) e.g. (SN),.can be made in 65% yield by 
the reaction of SiMe,N, with S,N3Cl;, S;N,Cl,, or S;N,Cl (p. 872) at — 15°C in MeCN solution, or by the 
reaction of S,N;Cl, with an excess of NaN3. 

"33M. M. Lases, P. Love, and L. F. NicHOLs, Polysulfur nitride—a metallic, superconducting polymer, 
Chem. Revs. 79, 1-15 (1979). A definitive review with 150 references. 

1338 RF. A. KENNETT, G. K. MACLEAN, J. Passmore, and M. N. S. Rao, Chemical synthesis of poly(sulfur 
nitride), (SN),, JCS Dalton Trans. 1982, 851-7. 
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Fic. 15.44 Structure of fibrous (SN), and its relation to S,N). 

The S and N atoms deviate by about 17 pm from the mean plane. The structure should be 
compared with that of helical S ,. (p.779), the (formal) replacement of alternate S atoms by 

N resulting both in a conformational change in the position of the atoms and an electronic 
change whereby 1 valence electron is removed for each SN unit in the chain. 

Polymerization is thought to occur by a one-point ring cleavage of each S,N, molecule 

followed by the formation of the cis-trans-polymer along the a-axis of the S,N, crystal 
which thereby transforms to the b-axis of the (SN), polymer. 

There is intense current interest in these one-dimensional metals and several related 

partially halogenated derivatives have also been made, some of which have an even higher 

metallic conductivity, e.g. partial bromination of (SN), with Br, vapour yields blue-black 

single crystals of (SNBr, 4), having a room-temperature conductivity of 2 x 10* ohm7! 
cm ' i.e. an order of magnitude greater than for the parent (SN), polymer. An even more 

facile preparation involves direct bromination of S,N, crystals (¢~ 107 '* ohm~! cm! 

at 25°) with Br, vapour at 180 mmHg over a period of hours; subsequent pumping at 

room temperature gives stoichiometries in the range (SNBr, 5), to (SNBr, 4), and further 

pumping at 80°C for 4h reduces the halogen content to (SNBry »;),. Similar highly 
conducting nonstoichiometric polymers can be obtained by treating S,N, with ICI, IBr, 

and I,, the increase in conductivity being more than 16 orders of magnitude. 

(d) Other binary sulfur nitrides. Six further sulfur nitrides can be briefly mentioned: 

SiN>, S1,N>, and (S,N),S,. (x =1, 2, 3, 5); as can be seen from Fig. 15.45, these belong to 
three distinct structural classes. (For a fourth structure class, exemplified by S;N,, see 
p. 863). 3 

S,N, is usually prepared by heating S,N, with a solution of sulfur in CS, under 

pressure at 100—-120°, though a more convenient laboratory preparation is now available 

by the reaction of activated Zn on S,N,CI." 33") The compound also results from the 
thermolyticloss of N, from S,N, which occurs when S,N, is heated under reflux in xylene 

for some hours. An alternative preparation (42% yield), which involves neither high 

133> RW. H. SMALL, A. J. BANISTER, and Z. V. HaupTMAN, Tetrasulfur dinitride; its preparation, crystal 
structure, and solid state decomposition to give poly(sulfur nitride), JCS Dalton Trans. 1981, 2188-91. T. 
Cuivers, P. W. CoppINnG, and R. T. OAKLEY, The X-ray crystal and molecular structure of tetrasulfur dinitride, 

JCS Chem. Comm. 1981, 584-5. 
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(a) S4N, (b) S; iN, 

S S eget Tens eae La 

(c) Si44x N 

Fic. 15.45 Structures of (a) S,N,"'33” showing the “half-chair” conformation with the central S 
of the S, unit tilted out of the plane of the SNSNS group by 55°; (b) S,,N,"'° showing the two 
planar N atoms; (c) S,44,.N> (x =1, 2, 3, 5)}-for x =2 the linking S-S distance is 190 pm and S-N 

is 170 pm; for x =3 the linking S-S is 204 pm and S-N 171 pm“?°). 

pressure or high temperature, is the smooth reaction of solutions of Hg;(NS), and S,Cl, 

in CS,: 
CS3/20° 

Hg; (NS), +4S,Cl, ———> Hg, Cl, + 3HgCl, + 48,N, 

In all these reactions only the 1,3-diazaheterocycle (Fig. 15.45a) is obtained: the 1,1- and 

1,4-heterocycles and acyclic isomers are unknown (cf. N,Ou,, p. 523). S,N, forms opaque 

red-grey needles or transparent dark red prisms which melt at 25° to a dark-red liquid 

resembling Br,. It decomposes explosively above 100°. S,N, appears to be a weaker 

ligand than either S,N, or S,N,: it does not react with BC], in CS, solution, and SbCl, 

gives a complex reaction mixture which contains S,N,.SbCl, and [S,N,]*[SbCl,]~ in 

addition to a poorly defined 1:1 adduct. 

S,,N, is obtained as pale amber-coloured crystals by the double condensation of 1,3- 

S.(NH), with an equimolar amount of S;Cl, in the presence of pyridine: 

: a H. GaRCIA-FERNANDEZ, H. G. HEAL, and G. TESTE DE SaGEY, Molecular structure of a new bicyclic sulfur 
nitride, S,,N,, Compt. Rend. C275, 323-6 (1972). 

"35 H. GARCIA-FERNANDEZ, H. G. HEAL, and G. TESTE DE SAGEY, Molecular structure of the bicyclic sulfur 

nitrides S,,N, and S,,N, having linked cycles and of S,,N, having condensed cycles, Compt. Rend. C282, 
241-3 (1976). 
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~ Some polymer is also formed but this can be converted into the bicyclic S, ,N, by refluxing 

in CS,. The X-ray crystal structure (Fig. 15.45b) shows that the 2 N atoms are planar." >*) 
This has been interpreted in terms of sp” hybridization at N, with some delocalization of 

the p, lone-pair of electrons into S-based orbitals, thus explaining the considerably 

diminished donor power of the molecule. S,,N, is stable at room temperature but begins 

to decompose when heated above 145°. 
The sulfur nitrides S,;N, and S,,N, are (formally) derived from cyclo-S, (or S;NH) 

and can be prepared by reacting S;NH with SCI, and S,Cl, respectively: 

2S,NH+S,Cl,. >S5N Sy NS,+2HCl 

Both are yellow crystalline materials, stable at room temperature, and readily soluble in 

CS, (Fig. 15.45c).73°) Compounds with x =3 and 5 can be prepared similarly. 
Finally, in this subsection we mention the recent discovery of S;N, which is best 

prepared (73% yield) by the reaction of S,N;_ (p. 866) with Br, in CH,Cl, at 0°C for 

several hours'* 3° Iodine reacts similarly but chlorine affords S,N<Cl (p.864). S;N, forms 
orange crystals which are stable for prolonged periods at room temperature in an inert 
atmosphere, though they immediately blacken in air. It can be sublimed unchanged at 45° 

(10°? mmHg) and decomposes above 130°. The structure (Fig. 15.46) features a 

molecular basket in which an —N=S—N-— group bridges 2 S atoms of an S,N, cradle. 

Comparison with S,N, itself (p. 856) shows little change in the S—N distances in the cradle 

(161 pm) but the trans-annular S---S distances are markedly different: one is opened up 

from 258 pm to 394 pm (nonbonding) whereas the other contracts to 243 pm suggesting 

stronger trans-annular bonding between these 2 S atoms and the incipient formation of 2 

fused 5-membered S,N, rings. 

Fic. 15.46 Structure of S;Ng. 

136 T Cuivers and J. Proctor, Preparation and crystal structure of a new sulfur nitride S;N,; a molecular 
basket, JCS Chem. Comm. 1978, 642-3. A fuller version is in Can. J. Chem. 57, 1286-93 (1979). See also W. S. 
SHELDRICK, M. N. S. Rao, and H. W. Rogsky, Bicyclic sulfur—nitrogen compounds, etc., Jnorg. Chem. 19, 

538-43 (1980). 

CTE-Cc* 
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(ii) Sulfur—nitrogen cations and anions 

Numerous charged sulfur—nitrogen species have been synthesized in recent years, 

particularly those having an odd number of N atoms which would otherwise be 

paramagnetic. However, thio analogues of nitrites (NO, , p. 531) and nitrates (NO3_, p. 

536) are unknown. 

The simplest cationic species is S,N*, prepared by oxidation of S;NH, S;NBC1,, or 1,4- 
S,<(NH), (p. 868) with SbCl,."3”) An X-ray structure determination on [S,N]*[SbCl,]~ 
showed the cation to be linear (D,,,,) as expected for a species isoelectronic with CS, and 
NO,*. The rather short N-S distance of 146.4 pm is consistent with the formulation 

[S=N=S]* 
The radical cation S,N,~ is formed in high yield from the oxidation of S,N, with the 

anhydride (CF,SO,),0:"?”) 

(CF;SO,),0+S4N, > [S3N,]*[CF3SO3]> +CF3SO,S83N; 

The product is a black-brown solid that is very sensitive to oxygen. The same cation can be 

obtained by oxidation of S,N,, with AsF,, and is unusual in being the only sulfur—nitrogen 

(paramagnetic) radical that has been obtained as a stable crystalline salt. X-ray diffraction 

analysis shows the structure to be a planar 5-membered ring with approximate C,,, 

symmetry (Fig. 15.47a). The corresponding diamagnetic dimer S,N,** was obtained in 

low yield by oxidation of S;N,Cl with CISO 3H: its structure (Fig. 15.47b) consists of 

2'symmetry-related planar S,;N,~* units linked by 2 very long S-S bonds. Alternatively, 

the central S, unit can be thought of as being bound by a 4-centre 6-electron bond. 

Cations containing 4 S atoms include S,N,*,S,N,7*,andS,N, *. The structures are in 
Fig. 15.48 and typical preparative routes are:(177: 138-139) 

S;N,3Cl, ar S,Cl, LNG | eOChs ar Sch. ata Cl, 

3S,N,Cl4-S,Cl.- = = 21S, Nab Claasel, 
SO 

S,N,+4SbF,———>[S,,N,]? *[SbF,] -[Sb3F,4]~ 

CClg, 
S,N,Cl, + (Me,SiN),S ——> [S,N,] *Cl- +. 

These compounds contain some fascinating and subtle structural and bonding problems 

and the original papers should be consulted for further details. 

An interesting structural problem also emerges from the study of the final 

sulfur—nitrogen cation to be considered, S;N;*. First made in 1972, this was originally 

thought to contain a planar, heart shaped 10-membered heterocycle on the basis of X-ray 

'S7 R. FaGGIANI, R. J. Gitcespie, C. J. L. Lock, and J. D. Tyrer, Preparation, vibrational spectra, and crystal 
structure of dithionitronium hexachloroantimonate(V), [S,N] [SbCl,], Inorg. Chem. 17, 2975-8 (1978). 

"8 R. J. Gitiespie, D. R. Sim, and J. D. Tyrer, A new cationic S—N ring system S,N,2*. The crystal 
structure of cyclotetrathiazyl bis(hexafluoroantimonate(V), [S,N,][SbCl,],, and Cyclon hexafluoro- 
antimonate(V), tetradecafluorotriantimonate, [S,N,][SbF,][Sb3F, 4], JCS Chem. Comm. 1977, 253-5. R. J. 
GILLESPIE, J. P. KENT, J. F. Sawyer, D. R. SLIM, and J. D. Tyrer, Reactions of S,N, with SbCl,, SbF, AsF,, 

PF,, and HSO,F. Preparation and crystal structures of salts of the S,N,4** cation, Inorg. Chem. 20, 3799-3812 
(1981). 
139 T. Cuivers, L. FIELDING, W. G. LaiDLaw, and M. Trsic, Synthesis and structure of salts of the bicyclic 

sulfur-nitrogen cation S,N,* and a comparison of the electronic structures of the tetrasulfur pentanitride(1 +) 
and -(1—) ions, /norg. Chem. 18, 3379-87 (1979). 



§15.2.7 Sulfur-nitrogen Compounds 865 

(a) S3N,* (b) SN?” 

Fic. 15.47 Structures of the radical cation S,;N,* and its dimer S,N4?*. 

(b) S,N,?"(A) 

(c) [S,Ns]*Cl (b) SaN,?*(B) 

Fic. 15.48 Structure of (a) planar S,N,*; (b) the two types of planar ring in 
[S,N,]?*[SbF.] [Sb3F,,]_, ring A featuring equal interatomic distances around the hetero- 
cycle and ring B alternating distances; and (c) a portion of the polymeric structure of [S,N,]*Cl~ 

showing the trans-annular bridging N atom. 
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Fic. 15.49 Structure of S;N,°. 

diffraction studies on [S;N;]*[AICI,]~ ;“'*° however, it now seems likely that this is an 
artefact of disorder within the crystals‘'*") and that the structure of the cation is as in Fig. 
15.49%42) which is .the conformation observed in [S;N5]*[S3;N3;0,] and 
[S;N,]*[SnCl,(POCI,)]~. Salts such as the yellow [S;N,]*[AICI,]~ and dark- 
orange [S;N,]*[FeCl,]~ can readily be prepared in high yield by adding AICI, (or 
FeCl,) to S,N3Cl, in SOCI, solution and then treating the adduct so formed with S,N,; 

the overall stoichiometry can be represented as: 

4(SNCI),-HAICL = > “(NS]*[AICL, | 8 Eee Pale 

though the reaction is undoubtedly more complex and proceeds via the adduct 

(SNCI);. 2AIGCE 
Sulfur—nitrogen anions are less common than S-N cations and all are of very recent 

preparation: bicyclo-S,N, (1976), cyclo-S;N, (1977), and catena-S,N~ (1979). 

Structures are in Fig. 15.50.S,N, occurs as the product in a variety of reactions of SiN, 

40 AC. Hazevt and R. G. Haze, The crystal structure of pentathiazyl tetrachloroaluminate, S;N AICI, 
Acta Chim. Scand. 26, 1987-95 (1972). 

‘41 1 RAYMENT, Some crystal structures of sulfur nitrogen and carbon boron compounds, PhD thesis, 
University of Durham, UK, 1975; A. J. BANisTER and J. A. DURRANT, Sulfur bond angle-sulfur nitrogen bond 
distance correlations, J. Chem. Res. (M) 1978, 1928-36. See also R. BARTETZKO and R. GLEITER, Inorg. Chem. 

17, 995-7 (1978); R. J. Grtvespie, J. F. Sawyer, D. R. SLIM, and J. D. Tyrer, Reactions of S,N,F, and 

S3;N3;Cl, with Lewis acids. Preparation and crystal structure of pentathiazyl hexachloroantimonate, 
(S;N;)(SbCl,), Znorg. Chem. 21, 1296-1302 (1982). 

142 HW. Roesky, W. G. BOw1nG, I. RAYMENT, and H. M. M. SHEARER, Preparation and X-ray structure of 
sulfur-nitrogen oxides, JCS Chem. Comm. 1975, 735-6; A. J. BANISTER, J. A. DURRANT, I. RAYMENT, and H. M. 

M. SHEARER, The preparation and_ structure of cyclopentathiazenium pentachloro(phosphoryl 
chloride)stannate(IV), JCS Dalton 1976, 928-30. 

143 A J, BANISTER and H. G. CLarke, The preparation of cyclopentathiazenium (S;N,*) salts and some 
observations on the structure of the cyclopentathiazenium cations, JCS Dalton 1972, 2661-3. See also A. J. 
BANISTER, A. J. FIELDER, R. G. Hey, and N. R. M. Smitn, ibid., 1457-60. 
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(a) S,Ns 

(c) SgN- 

(b) S,N5- 
Fic. 15.50 Structure of sulfur—nitrogen anions. 

with nucleophiles :“*” e.g. liquid NH3, or ethanolic solutions of R, NH, MN; (M=Li, Na, 
K, Rb), KCN, or even Na,S. The course of these reactions suggests the initial formation of 

S;N3 which then reacts with further S,N, to give S,N, . The ammonium salt 
[NH,]*[S,N,]~ isa ubiquitous product of the reaction of ammonia with S,N,, (SNCI)3, 

S,Cl,, SCl,, or SCl,."*°) Yet another route is the methanolysis of (Me,SiN),S: 

Me,Si—-N=S=N—SiMe, ——> [NH] *[S,Ns]~ 

Subsequent metathesis with Buf NOH yielded yellow crystals suitable for X-ray structure 

analysis. The structure of [S,N;]~ (Fig. 15.50a) is closely related to that of S,N, (and 

144 J Boses, T. Cuivers, I. DRUMMOND, and G. MacLean, Central role of the S,N,~ and $,N,~ ions in the 
deprotonation of S,(NH), and in the reductive or nucleophilic degradation of S,N,, Inorg. Chem. 17, 3668-72 
(1978). 

'45Q. J. ScHERER and G. WOLMERSHAUSER, Ubiquitous ammonium. tetrasulfur  pentanitride, 
[NH,] *[S,N<]~, Chem. Ber. 110, 3241-4 (1977). 
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S,N,*), one trans-annular S---S being bridged by the fifth N atom.'**° One feature of the 
structure is that all the S---S distances become almost equal so that an alternative 

description is of an S, tetrahedron with 5 of the 6 edges bridged by N atoms, angle S-N-S 

112-114°. 
The anion S,N;_ can be obtained by the action of azides (or metallic K) on S,N, or the 

reaction of KH on S,(NH),.'*” Further reaction of S;N,~ with S,N, yields S,N,~ (as 
above). The structure of S;N, (Fig. 15.50b) is a planar ring of approximate D3, 

symmetry. This has interesting bonding implications. Thus each S in a heterocycle forms a 

o bond to each of its neighbours (thereby using 2 electrons) and it also has an exocyclic 

lone-pair of electrons: this leaves 2 electrons to contribute to the 2 system of the 

heterocycle (which might or might not involve S 3d orbitals). Likewise, each N atom has 2 
electrons in o bonds, one exocyclic lone pair, and contributes one electron to the z system. 

Planar S—N heterocycles having 4-10 ring atoms are now known and all except the radical 

cation S,;N,* have (4n+ 2) z electrons where n=2, 3, or 4 as shown below: 

Ringe/size 4 5 6 7 8 10 
Species SUN; S;N,? S3N37 S,N,* SNe S;Ns* 
Number of x electrons 6 [7] 10 10 10 14 

Thermal decomposition of [N(PPh;),]*[S,N;] in MeCN yields sequentially the 

corresponding salts of S,N;, and S,N~ (50% yield). An X-ray crystallographic analysis 

of the dark-blue air-stable product [N(PPh;),]*[S,N]~ revealed the presence of the 

unique acyclic anion [SSNSS]~ whose structure is in Fig. 15.50c. The anion is planar with 

cis-trans configuration, though a different geometrical configuration occurs in the 

[AsPh,]* salt.¢*7% 

Sulfur imides, S,_,(NH),°?” 

The NH group is “isoelectronic” with S and so can successively subrogate S in cyclo-Sg. 

Thus we have already seen that reduction of S,N, with dithionite or with SnCl, in boiling 

ethanol/benzene yields S,(NH),. Again, whereas reaction of S,Cl, or SCI, with NH, in 

non-polar solvents yields S,N,, heating these 2 reactants in polar solvents such as 
dimethylformamide affords a range of sulfur imides. In a typical reaction 170 g S,Cl, and 

the corresponding amount of NH, yielded: , 

S, (32 g) 1,3-S.(NH), (0.98 g) 1,3,5-S;(NH), (0.08 g) 
S,NH (15.4 g) 1,4-S,(NH), (2.3 g) 1,3,6-Ss(NH), (0.32 g) 

1,5-Sg(NH), (0.82 g) 

‘46 W. Flues, O. J. SCHERER, J. Weiss, and G. WoLMERSHAUSER, Crystal and molecular structure of the 
tetrasulfur pentanitride anion, Angew. Chem., Int. Edn. (Engl.) 15, 379-80 (1976). 

‘#7 J. Boyes, T. Cutvers, W. G. LarpLaw, and M. Trsic, Crystal and molecular structure of [[BuZN]*[S3N3]~ 
and the vibrational assignments and electronic structure of the planar six-membered ring of the trisulfur 
trinitride anion, J. Am. Chem. Soc. 101, 4517-22 (1979), and references therein. 

'478 N. BURFORD, T. CHIVERS, A. W. Corpes, R. T. OAKLEY, W. T. PENNINGTON, and P. N. SwEPSTON, 
Variable geometry of the S,N~ anion: crystal and molecular structure of Ph,As*S,N~ anda refinement of the 
structure of PPN*S,N_, Jnorg. Chem. 20, 4430-2 (1981). See also T. Covers and C. Lau, Raman spectroscopic 

identification of the S,N~ and $,~ ions in blue solutions of sulfur in liquid ammonia, Jnorg. Chem. 21, 453-5 
(1982). 
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In no case have adjacent NH groups been observed. 

S;NH is a stable pale-yellow compound, mp 113.5°; the structure is closely related to 

that of cyclo-Sg as shown in Fig. 15.5la. The proton is acidic and undergoes many 

reactions of which the following are typical (see also p. 863): 

BX, —>'S,N-BX, +HX (X=Cl, Br) 
NaCPh, ——>'S;NNa+Ph,CH 

(Me3Si), NH ——>!S,N-SiMe, + NH, 
Hg(MeCO,,), ——>'Hg(NS,), + MeCO,H 

The 3 isomeric compounds S,(NH), form stable colourless crystals and have the 

structures illustrated in Fig. 15.51b, c, and d.“?° 148) The 1,3-, 1,4-, and 1,5-isomers melt 
at 130°, 133°, and 155° respectively. The 1,3,5- and 1,3,6-tritmides melt with decomposition 

at 128° and 133° (Fig. 15.5le and f). The tetraimide, S,(NH), (mp 145°) is structurally very 

similar (Fig. 15.51g):"*?) the N atoms are each essentially trigonal planar and the 
heterocycle is somewhat flattened, the distance between the planes of the 4 N atoms and 4 

S atoms being only 57 pm. Alkyl derivatives such as 1,4-S,(NR), and S,(NR), can be 

synthesized by reacting S,Cl, with primary amines RNH, in an inert solvent. Very 

recently the bis-adduct [Ag(S,N,H,),]* has been isolated as its perchlorate; this has a 

sandwich-like-structure and is unique in being S-bonded rather than N-bonded to the 

metal ion.49?) 

Other cyclic sulfur—nitrogen compounds“ ?>: 127) 

Incorporation of a third heteroatom into S-N compounds is now well established, e.g. 

for C, Si; P, As; O; Sn and Pb, together with the S,N, chelates of Fe, Co, Ni, Pd, and Pt 

mentioned on p. 858. The field is very extensive but introduces no new concepts into the 

general scheme of covalent heterocyclic molecular chemistry. Illustrative examples are in 

Fig. 15.52 and fuller details including X-ray structures for many of the compounds are in 

the references cited above. A selenium analogue of S,N,”~* (p. 864) has also recently been 

prepared and structurally characterized, viz. [SN,Se,Se,N,S]?*.“*9” 

Sulfur—-nitrogen halogen compounds" °°?) 

As with sulfur-halogen compounds (pp. 808-819) the stability of N-S—X compounds 

decreases with increase in atomic weight of the halogen. There are numerous fluoro and 

148 J C. VAN DE GRAMPEL and A. Vos, The structure of the three isomers S,(NH),, Acta Cryst. B25, 611-17 
(1969), and references therein. See also H. J. Postma, F. VAN BOLHutIs, and A. Vos, The molecular and crystal 

structure of cyclohexasulfur-1,3-diimide, S,(NH), isomer (III), Acta Cryst. B27, 2480-6 (1971). 
149 TM. SaBINE and G. W. Cox, A neutron structure analysis of S,N,H4, Acta Cryst. 28, 574-7 (1967). 
149a \4_ B. HURSTHOUSE, K. M. A. MALIK, and S. N. Nasi, Crystal and molecular structure of bis(tetrasulfur 

tetraimide)silver(I) perchlorate sesquihydrate, JCS Dalton 1980, 355-9. 

1496 R J. Givvespie, J. P. Kent, and J. F. Sawyer, Preparation and crystal structure of the hexafluoro- 
arsonate and hexafluoroantimonate salts of the dimeric thiodiselenazyl cation Se,S,N,°*, Inorg. Chem. 20, 
4053-60 (1981). 

‘50. GLEMSER and M. FILp, Sulfur—nitrogen—halogen compounds, in V. GuTMANN (ed.), Halogen 
Chemistry, Vol. 2, pp. 1-30, Academic Press, London, 1967. 

1S! R, Mews, Nitrogen-sulfur—fluorine ions, Adv. Inorg. Chem. Radiochem. 19, 185-237 (1976). 
"S2 OQ. GLeMSER and R. Mews, Chemistry of thiazyl fluoride (NSF) and thiazyl trifluoride (NSF): a quarter 

century of sulfur—nitrogen—fluorine chemistry, Angew. Chem., Int. Edn. (Engl.) 19, 883—99 (1980). 
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Fic. 15.51 Structures of the various cyclo sulfur imides. 

chloro derivatives but bromo and iodo derivatives are virtually unknown except for the 

nonstoichiometric (SNX,),, polymers (p. 861). Unlike the H atoms in the sulfur imides (p. 

868) the halogen atoms are attached to S rather than N. Fluoro derivatives have been 
known since 1965 but some of the chloro compounds have been known for over a century. 

The simplest compounds are the nonlinear thiazyl halides N=S—F and N=S—CT1: these 

form a noteworthy contrast to the nonlinear nitrosyl halides O=N—x. In all cases, the 

we 

=e 
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Fic. 15.52 Some heterocyclic S-N compounds incorporating a third heteroelement. 

pairs of elements directly bonded are consistent with rule that the most electronegative 

atom of the trio bonds to the least electronegative, ie. {S(NH)*,, {N(SF)}, 3.4, 
{N(SCI)},.3, O(NF), O(NCI) (formal Pauling electronegativities: H 2.1, S 2.5, N 3.0, Cl 
3.0, O 3.5, F 4.0). 

Thiazyl fluoride, NSF, is a colourless, reactive, pungent gas (mp — 89°, bp +0.4°). It is 

best prepared by the action of HgF, ona slurry of S,N, and CCl, but it can also be made 

by a variety of other reactions :{1°° 
ccl 

S,N,+4HgF, (or AgF,) ———>4NSF + 2Hg,F, 
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S,N, —"2->{S,N,(NSF)4} > SaNa + 4NSF 

SF,+NH, NSF +3HF 

NF,+3S NSF +SSF, 

S,N, can also be fluorinated to NSF (and other products) using F, at —75°, SeF, at 

—10°, or SF,. The molecular dimensions of NSF have been determined by microwave 

spectroscopy: 

There is a short N-S distance consistent with multiple bonding and the angle at S is very 

close to the angle at-N in ONX (110-117°, p. 507). NSF can be stored at room temperature 

in copper or teflon vessels but it slowly decomposes in glass (more rapidly at 200°) to form 

a mixture of OSF,, SO,, SiF,,S,N,4, and N,. At room temperature and at pressures above 

1 atm it trimerises to cyclo-N,S3;F, (see below) but at lower pressures it affords S,N, 

admixed with yellow-green crystals of S,N,F,; this latter is of unknown structure but may 

well be the nonlinear acyclic species FSN=S=NSF. N,S;F; is best made by fluorinat- 

ing cyclo-N38;Cl, with AgF,/CCl,. The tetramer cyclo-N,S,F, is not obtained by 
polymerization of NSF monomer but can be readily made by fluorinating S,N, with a hot 

slurry of AgF,/CCl,. Some physical properties of these and other N-S-F compounds (p. 

858) are compared in the following table: 

Compound | N=S—F S3N,F, N3S3F3 NiSaF4 N=SF, FN=SF, 

—89 83 74.2 153 (d) = 2 -— 
+0.4 == 92.5 = 27.1 =(e,// 

The structures of N3S3,F3 and N,S,F, are in Fig. 15.53. The former features a slightly 

puckered 6-membered ring (chair conformation) with essentially equal S-N distances. 

around the ring and 3 eclipsed axial F atoms. By contrast, N,S,F, shows a pronounced 

alternation in S—N distances and.only 2 of the F atoms are axial; it will also be noted that 

the conformation of the N,S, ring is very different to that in S,N, (p. 856) or S,(NH), (p. 

870). The chemistry of these various NSF oligomers has not been extensively studied. 

N3S3F;3 is stable in dry air but is hydrolysed by dilute aqueous NaOH to give NH,F and 

sulfate. N,S,F, is reported to form an N-bonded 1:1 adduct with BF whereas with AsF, 

or SbF, fluoride ion transfer occurs (accompanied by dethiazylation of the ring) to give 

[N3S3F,]*[MF,]” and [NS]"[MF, ]. 
In the chloro series, the compounds to be considered are N=S—Cl, cyclo-N3S,Cl;, 

cyclo-N3S3C1;03, the ionic compounds [S,N3]~ Cl”, [cyclo-N,S3C1]* Cl”, and [catena- 
N(SCl),]*[BCl,]~, together with various isomeric oxo- and fluoro-chloro derivatives. 
Thiazyl chloride, NSCI, is best obtained by vacuum pyrolysis of the trimer in vacuum at 

100°. It can also be made by the reaction of Cl, on NSF (note that NSF+F,—+NSF;) 
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(a) N3S3F; (b) N,S4F, (side view) (c) N4S4F, (top view) 

Fic. 15.53 Molecular structures of (a) N3S3F3, (b) N4S,F4 (side view), and (c) N4S,F, (top 
view). 

and by numerous other reactions." °° It is a yellow-green gas that rapidly trimerizes 
at room temperature, and is isostructural with NSF. 

By far the most common compound in the series is N3S3;Cl; (yellow needles, mp 168°) 

which can be prepared by the direct action of Cl, (or SOCI,) on S,N, in CCl,, and which is 

also obtained m all reactions leading to NSCI. The structure (Fig. 15.54) is very similar to 

that of N,S;,F3 and comprises a slightly puckered ring with equal S—N distances of 160.5 pm 

and the N atoms only 18 pm above and below the plane of the 3 S atoms. N3S;Cl;, is 
sensitive to moisture and is oxidized by SO, above 100° to N3S;Cl,0,;; at lower 

temperatures the adduct N,S,;Cl;.6SO, is formed and this dissociates at 100° to 

N,S3Cl,.3SO,. A more efficient preparation of N3S,Cl,O; is by thermal decomposition 

of the product obtained by the reaction of amidosulfuric acid with PCl.: 

H,NSO}H + 2PCl, 3HCl+ OPCI,+CISO,—N=PCl, 

heat 

3CISO, -N=PCl, —> 30PCl, + (NSCIO), 

The compound is obtained in two isomeric forms from this reaction: «, mp 145° and f, mp 

43°. The structure of the «-form is in Fig. 15.54b and is closely related to that of (NSCI), 

with uniform S—N distances around the ring. The f-form may have a different ring 

(a) N3S3Cl,; (b) a-N3S3Cl,0; (cis) (c) trans-N3S3 BOs 

Fic. 15.54 Molecular structure of (a) N,S;Cl,, (b) a-N3S3C1,O; (cis), and (c) trans-N3S,F303. 
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conformation but more probably involves cis-trans isomerism of the pendant Cl and O 

atoms. Fluorination of «-N3S;Cl,0, with KF in CCl, yields the two isomeric fluorides 

cis-N3S3F 30, (mp 17.4°) and trans-N,S,F 30, (mp —12.5°) (Fig. 15.54c). The structural 

j F F 

Cl | | Cl 
O O O 

Da S s ~ 

Aer ee ai bs aes ut 
Sa om SS 

os Noe = NGON fs we 
O O Cl | 

F 

cis-cis cis-trans trans-clS 

Fic. 15.544 Schematic representation of the three geometric isomers of N,S3;CIF,O3. The three 
isomers of the monofluoro derivative are similar but with Cl and F interchanged. 

assignment of the 2 isomers was made on the basis of }?F nmr. Fluorination with SbF, 

under reduced pressure yields both the monofluoro and difluoro derivatives N,S;Cl,FO; 

and N3S3;CIF,O3, each having 3 isomers which can be separated chromatographically 

and assigned by ‘°F nmr as indicated schematically in Fig. 15.544. Numerous other 

derivatives are known in which one or more halogen atom is replaced by —NH),, 

—N=SF,, —N=PCl,;, —N=CHPh, —OSiMe,, etc. 
A different structure motif occurs in S,N,Cl. This very stable yellow compound features 

the S,N,* cation (p. 865) and is obtained by many reactions, e.g.: 

CCl4/heat 
3S8,N,+2S,Cl, 4(S,N3]*Cl7 

The chloride ion is readily replaced by other anions to give, for example, the orange-yellow 

[S,N,3]Br, bronze-coloured [S,N3]SCN, [S,N,]NO3;, [S,N3]HSOu,, etc. 

Chlorination of S,N, with NOCI or SOCI, in a polar solvent yields S,;N,Cl,: 

S,N,+2NOC]=——->§,N,CL.+48.CL.42N,O 

The crystal structure again reveals an ionic formulation, [N,S;Cl]* Cl, this time with a 

slightly puckered 5-membered ring carrying a single pendant Cl atom as shown in Fig. 

15.55a; the alternation of S—N distances and the rather small angles at the 2 directly linked 
S atoms are notable features. Yet a further product can be obtained by the partial 

Cl Cl 

(a) [N2S3Cl]* (b) NaSsCl, (c) [N(SC1), ]* 

Fic. 15.55 Structure of (a) the cation in [N,S;,Cl]*Cl-, (b) N4S,4Cl,, and (c) [N(SCl),]*. 
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chlorination of S,N, with Cl, in CS, solution below room temperature: one of the trans- 

annular S---S “bonds” is opened to give yellow crystals of N4S,Cl, (Fig. 15.55b) and this 

derivatized heterocycle can be used to prepare several other compounds."°*? 
Reaction of NSF with BCI, yields the acyclic cation [N(SCl),]* as its BCl,~ salt (Fig. 

15.55c); the compound is very hygroscopic and readily decomposes to BCI;, SCI,, S;Cl,, 

and N,. 

The formation of highly conducting nonstoichiometric bromo and iodo derivatives of 

polythiazyl has already been mentioned (p. 861). It has recently been found that, whereas 

bromination of solid S,N, with gaseous Br, yields conducting (SNBry 4),, reaction with 

liquid bromine leads to the stable tribromide [S,N,]*[Br3] .“°” In contrast, the 
reaction of S,N, with Br, in CS, solution results in a (separable) mixture of 

[S,N,]*[Br3]~,[S,N3]* Br, and the novel ionic compound CS,N,Br, which may be 
71 ie a 

[S=C—S=N—S=N]?*[Br-], or [S=C—S=N—S(Br)}=N]*Br-. 

Sulfur-nitrogen-oxygen compounds" ** 

This is a classic area of inorganic chemistry dating back to the middle of the last century 

and only a brief outline will be possible. It will be convenient first to treat the sulfur 

nitrogen oxides and then the amides, imides, and nitrides of sulfuric acid. Hydrazides and 

hydroxylamides of sulfuric acid will also be considered. Some of these compounds have 

remarkable properties and some are implicated in the lead-chamber process for the 

manufacture of H,SO, (p. 838). The field is closely associated with the names of the great 

German chemists E. Fremy (~ 1845), A. Claus (~ 1870), F. Raschig (~ 1885-1925), W. 

Traube (~ 1890-1920), F. Ephraim (~ 1910), P. Baumgarten (~ 1925), and, in more 

recent years, M. Becke-Goehring (~ 1955) and F. Seel (~ 1955-65). 

(a) Sulfur—nitrogen oxides. Trisulfur dinitrogen dioxide, S;N,O,, is best made by 

treating S,N, with boiling OSCI, under a stream of SO,: 

S,N, + 20SCl—_>S,N,0, + 2Cl, +8,N,+S 

It is a yellow solid with an acyclic structure (Fig. 15.56a), cf N,O; (p. 526). Moist air 

converts S,N,O, to SO, and S,N, whereas SO, oxidizes it smoothly to S;N,0O.: 

S;N,0, +3SO,—> S3N,0, +3SO, 

The pentoxide S,;N,O, can also be made directly from S,N, and SO . It forms colourless, 

strongly refracting crystals which readily hydrolyse to sulfamic acid: 

S,N,0,+3H,O0—> 2H, NSO3H +SO, 

It has a cyclic structure and may be regarded as a substituted diamide of disulfuric acid, 

H,S,O, (Fig. 15.56b). 

153 H.W. Roesky, C. GraF, M.N. S. RAO, B. Kress, and G. HENKEL, S;N,(CH,),—the first spirocycle | 7°- 
thiacyclopentane derivative of a sulfur—nitrogen compound, Angew. Chem., Int. Edn. (Engl.) 18, 780—1 (1979), 

and references therein. H. W. Rogesky, M. N. S. Rao, C. GRar, A. GIEREN, and E. HApicke, 1,5- 
Bis(dimethylamino(tetrasulfur) tetranitride—a cage molecule with a non-symmetric nitrogen bridge, Angew. 
Chem. Int. Edn. (Engl.) 20, 592-3 (1981). 

154 G_ WoLMERSHAUSER, G. B. STREET, and R. D. Smitu, Reactions of tetrasulfide tetranitride with bromine. 
Reaction in carbon disulfide solution to give CS,N,Br,, Inorg. Chem. 18, 383-5 (1979). 



876 Sulfur 

SO, O,S pen 

(a) S,N,0, (b) S3N,0; (c) Sa N,O, 

Fic. 15.56 Structures of sulfur—nitrogen oxides. 

An alternative synthetic strategy for sulfur—nitrogen oxides is exemplified by the recent 

reaction :{1°°) 

S;NoCl, + SO; (NH3),——-> S,N,O3 

The product forms orange-yellow crystals, mp 166 (d), having a structure in which 1 S 

atom of an S,N, ring carries both O atoms. X-ray diffractometry shows substantial 

deviation from the parent S,N, structure, a notable feature being the coplanarity of the 

S;N, moiety furthest removed from the SO, group (Fig. 15.56c). 

(b) Amides of sulfuric acid. Amidosulfuric acid (better known as sulfamic acid, 

H[H,NSO,]), is a classical inorganic compound and an important industrial chemical. 

Formal replacement of both hydroxyl groups in sulfuric acid leads to sulfamide 

(H,N),SO, (p. 878) which is also clearly related structurally to the sulfuryl halides X,SO, 

(p. 820). 
Sulfamic acid can be made by many routes, including addition of hydroxylamine to SO, 

and addition of NH; to SO;;: 

H,NOH +SO,—_>H[H, NSO] 
NH,+SO, H[H,NSO,] 

The industrial synthesis uses the strongly exothermic reaction between urea and 

anhydrous H,SO, (or dilute oleum): 

(H,N),CO +2H,SO, —-—_>CO, + H[H,NSO,]+NH,[HSO,] 

Salts are obtained by direct neutralization of the acid with appropriate oxides, hydroxides, 

or carbonates. Sulfamic acid is a dry, non-volatile, non-hygroscopic, colourless, white, 

crystalline solid of considerable stability. It melts at 205°, begins to decompose at 210°, and 

at 260° rapidly gives a mixture of SO,, SO;, N,, H,O, etc. It is a strong acid (dissociation 

constant 1.01 x 10~' at 25° solubility ~ 25 g per 100 g H,O) and, because of its physical 

form and stability, is a convenient standard for acidimetry. Several thousand tonnes are 

"S5 H. W. Rogsky, W. SCHAPER, O. PETERSEN, and T. MULLER, Simple syntheses of sulfur—nitrogen 
compounds, Chem. Ber. 110, 2695-8 (1977). 



§15.2.7 Sulfur-nitrogen Compounds 877 

_ manufactured annually and its principal applications are in formulations for metal 

cleaners, scale removers, detergents, and stabilizers for chlorine in aqueous solution."'°® 
_ Its salts are used in flame retardants, weed killers, and for electroplating. 

In the solid state sulfamic acid forms a strongly H-bonded network which is best 

described in terms of zwitterion units *H,NSO,~ rather than the more obvious 
formulation as aminosulfuric acid, H,NSO,(OH). The zwitterion has the staggered 

configuration shown in Fig. 15.57a and the S—N distance is notably longer than in the 

sulfamate ion or sulfamide. 

Dilute aqueous solutions of sulfamic acid are stable for many months at room 

temperature but at higher temperatures hydrolysis to NH,[HSO, ] sets in. Alkali metal 

salts are stable in neutral and alkaline solutions even at the bp. Sulfamic acid is a 

monobasic acid in water (see Fig. 15.57b for structure of the sulfamate ion). In liquid 

ammonia solutions it is dibasic and, with Na for example, it forms NaNH.SO,Na. 

Sulfamic acid is oxidized to nitrogen and sulfate by Cl,, Br,, and ClO; , e.g.: 

2H[H,NSO,]+KCIO, ->N,+2H,SO,+KCI+H,O 

Concentrated HNO; yields pure N,O whilst aqueous HNO, reacts quantitatively to give 

N,: | 

H[H,NSO,]+HNO, H,SO,+H,O+N,0 

acidify 

H[H,NSO,]+NaNO, ——>NaHSO,+H,0+N, 

This last reaction finds use in volumetric analysis. The use of sulfamic acid to stabilize 

chlorinated water depends on the equilibrium formation of N-chlorosulfamic acid, which 

reduces loss of chlorine by evaporation, and slowly re-releases hypochlorous acid by the 

reverse hydrolysis: 

Cl, +H,O == HOC! + HC! 

H[H,NSO,;]+HOCI HN(Cl)SO,H+H,0 

HOC!I——> HC1+ 40, 

(a) “H,;NSO;" (b) [H,NSO;]> (c) (H,N),SO, 

sulfamic acid sulfamate ion sulfamide 

Fic. 15.57. The structures of (a) sulfuric acid, (b) the sulfamate ion, and (c) sulfamide. 

'56 DT). SANTMEYER and R. AARONS, Sulfamic acid and sulfamates, Kirk—Othmer Encyclopedia of Chemical 
Technology, 2nd edn., Vol. 19, pp. 242-9, Wiley, New York, 1969. 
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Sulfamide, (H,N),SO,, can be made by ammonolysis of SO, or O,SCl,. It is a 

colourless crystalline material, mp 93°, which begins to decompose above this 

temperature. It is soluble in water to give a neutral non-electrolytic solution but in boiling 

water it decomposes to ammonia and sulfuric acid. The structure (Fig. 15.57c) can be 

compared with those of sulfuric acid, (HO),SO, (p. 837) and the sulfuryl halides X,SO, 

(p. 820). 

(c) Imido and nitrido derivatives of sulfuric acid. In the preceding section the sulfamate 

ion and related species were regarded as being formed by replacement of an OH group in 

(HO)SO,~ or (HO),SO; by an NH, group. They could equally well be regarded as 

sulfonates of ammonia in which each H atom is successively replaced bySO,° (or SO3H): 

shy 2?- 3- 

H H H SO, 

N N N N 
PIO. POS aS S< 

H H ons H ne SO, els SO, 

Ammonia (Sulfamate) Imidodisulfate Nitridotrisulfate 

Amidosulfate Iminodisulfonate Nitrilotrisulfonate 

Aminosulfonate 

Both sets of names are used in the literature. Free imidodisulfuric acid HN(SO,;H), 

(which is isoelectronic with disulfuric acid H,S,O,, p. 835) and free nitridotrisulfuric acid 

N(SO3H), are unstable, but their salts are well characterized and have been extensively 
studied. 

Imidodisulfuric acid derivatives can be prepared from urea by using less sulfuric acid 
than required for sulfamic acid (p. 876): 

warm 

Addition of aqueous KOH liberates NH, and affords crystalline HN(SO;K), on 
evaporation. All 3 H atoms in HN(SO3H), can be replaced by NH, or M! e.g. the direct 
reaction of NH; and SO, yields the triammonium salt: 

4NH;+2SO0,;———> NH, [N(SO,3NH,),] 

Imidodisulfates can also be obtained by hydrolysis of nitridotrisulfates (see below). 
Figure 15.58 compares the structure of the imidodisulfate and parent disulfate ions, as 

Fic. 15.58 Comparison of the structures of the imidodisulfate and disulfate ions in their 
potassium salts. 
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determined from the potassium salts. Comparison with the hydroxylamine derivative 

K[LHN(OH)SO;] (below) is also instructive. 

Fluoro and chloro derivatives of imidodisulfuric acid can be made by reacting HSO,F 

or HSO,Cl (rather than H,SO,) with urea: 

(H,N),CO + 3HSO,F —-> CO, +HN(SO,F), +[NH,][HSO,]+HF 

HN(SO,F), melts at 17°, boils at 170° and can be further fluorinated with elementary F, 

at room temperatures to give FN(SO,F),, mp —79.9°, bp 60°. The chloro derivative 

HN(SO,,Cl), is a white crystalline compound, mp 37°: it is made in better yield from 

sulfamic acid by the following reaction sequence: 

2PCI, +H,NHSO, —>C1,P=NSO,Cl+ OPCI,+HCI 
C1,P=NSO,Cl+CISO,H —> HN(SO,Cl), + OPCI, 

Salts of nitridotrisulfuric acid, N(SO3M");, are readily obtained by the exothermic 

reaction of nitrites with sulfites or hydrogen sulfites in hot aqueous solution: 

KNO, +4KHSO,——> N(SO,K);+K,SO,+2H,O 

The dihydrate crystallizes as the solution cools. Such salts are stable in alkaline solution 
but hydrolyse in acid solution to imidodisulfate (and then more slowly to sulfamic acid): 

[N(SO3)3]°” +H3;0* ——»[HN(SO3).]*~ +H,SO, 

(d) Hydrazine and hydroxylamine derivatives of sulfuric acid. Hydrazine sulfonic acid, 

H,NNH.HSO, is obtained as its hydrazinium salt by reacting anhydrous N,H, with 

diluted gaseous SO, or its pyridine adduct: 

C;H,NSO,+2N,H, ——> C;H;N+[N,H;]*[H,NNHSO,]~ 

The free acid is monobasic, pK 3.85; it is much more easily hydrolysed than sulfamic acid 

and has reducing properties comparable with those of hydrazine. Like sulfamic acid it 

exists as a zwitterion in the solid state: ~H,NNHSO, . 
Symmetrical hydrazine disulfonic acid can be made by reacting a hydrazine sulfonate 

with a chlorosulfate: 

H,NNHSO,~ + CISO,~ ——> HCI+[O0,;SNHNHSO,]?~ 

Oxidation of the dipotassium salt with HOCI yields the azodisulfonate 

KO,SN=NSO,K. Numerous other symmetrical and unsymmetrical hydrazine polysul- 

fonate derivatives are known. 

With hydroxylamine, HONH,, 4 of the 5 possible sulfonate derivatives have been 

prepared as anions of the following acids: 

HONHSO,H: hydroxylamine N-sulfonic acid 

HON(SO,H),: hydroxylamine N,N-disulfonic acid 

(HSO;)ONHSO;3H: hydroxylamine O,N-disulfonic acid 

(HSO;)ON(SO3H),: hydroxylamine trisulfonic acid 

The first of these can be made by careful hydrolysis of the N,N-disulfonate which is itself 

made by the reaction of SO, and a nitrite in cold alkaline solution: 

KNO,+KHSO,+SO,——> HON(SO;K), 
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The potassium salt readily crystallizes from the cold solution thus preventing further 

reaction with the hydrogen sulfate to give nitridotrisulfate (p. 879). The structure of the 

hydroxylamine N-sulfonate ion is shown in Fig. 15.59a. The closely related N- 

nitrosohydroxylamine N-sulfonate ion (Fig. 15.59b) can be made directly by absorbing 

NO in alkaline K,SO; solution: the 6 atoms ONN(O)SO all lie in one plane and the 

interatomic distances suggest an S—N single bond but considerable additional z bonding 

in the N-N bond. 
Oxidation of hydroxylamine N,N-disulfonate with permanganate or PbO, yields the 

intriguing nitrosodisulfonate K,[ON(SO,;), ]: this was first isolated by Fremy as a yellow 

solid which was subsequently shown to be dimeric and diamagnetic due to the formation 

of long N---O bonds in the crystal (Fig. 15.59c). However, in aqueous solution the anion 

dissociates reversibly into the deep violet, paramagnetic monomer [ON(SO,),]*. 

(a) (b) (c) 

Fic. 15.59 Structures of various S-N oxoanions: (a) hydroxylamine-N-sulfonate, (b) N- 
nitrosohydroxylamine N-sulfonate, and (c) the dimeric anion in Frémy’s salt {K ,[ON(SO3),]}>. 

Hydroxylamine trisulfonates, e.g. (KO,S)ON(SO;K), are made by the reaction of 

K,SO, with potassium nitrosodisulfonate (Frémy’s salt). Acidification of the product 
results in rapid hydrolysis to the O,N-disulfonate which can be isolated as the exclusive 
product: 

(KO3,S)ON(SO3K), +H,0 ——>(KO3S)ONH(SO,K)+KHSO, 

Sulfonic acids containing nitrogen have long been implicated as essential intermediates 

in the synthesis of H,SO, by the lead-chamber process (p. 838) and, as shown by F. Seel 

and his group, the crucial stage is the oxidation of sulfite ions by the nitrosyl ion NO*: 

SO;?> +NO* =fONSO.)a-— > 2NO-4S02 

The NO* ions are thought to be generated by the following sequence of reactions: 

NO+40,—+NO, (gas phase) 

NO,+NO+H,0——>2{ONOH} 
SO,+ H,0 ——H,SO, 

H,SO,—>H* + HSO, 
{ONOH} +H* —+NO+*+H,0 

} (surface reactions) 
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The nitrososulfonate intermediate [ONSO,]~ can also react with SO,’~ to give the 

hydroxylamine disulfonate ion which can likewise be oxidized by NO*: 

[ON(SO,),]°>- + NO*—>N,0 + SO, + SO,,2~ 

In a parallel reaction the [ONSO,]~ intermediate can react with SO, to form 

nitrilotrisulfonate: 

[ON(SO,),]>- +SO,—>[N(SO3)3]°~ 

This then reacts with NO* to form N,, SO3, and SO,?~. 
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Selenium, 
Tellurium, and 
Polonium 

16.1 The Elements“ ~* 

16.1.1 Introduction: history, abundance, distribution 

Tellurium was the first of these three elements to be discovered. It was isolated by the 

Austrian chemist F. J. Miller von Reichenstein in 1782 a few years after the discovery of 

oxygen by J. Priestley and C. W. Scheele (p. 698), though the periodic group relationship 

between the elements was not apparent until nearly a century later (p. 24). Tellurium was 

first observed in ores mined in the gold districts of Transylvania; Muller called it metallum 

problematicum or aurum paradoxum because it showed none of the properties of the 

expected antimony.‘ The name tellurium (Latin tellus, earth) is due to another Austrian 

chemist, M. H. Klaproth, the discoverer of zirconium and uranium. 

Selenium was isolated some 35 y after tellurium and, since the new element resembled 

tellurium, it was named from the Greek oeAnvn, selene, the moon. The discovery was 

made in 1817 by the Swedish chemist J. J. Berzelius (discoverer of Si, Ce, and Th) and J. G. 

Gahn (discoverer of Mn); they observed a reddish-brown deposit during the burning of 

sulfur obtained from Fahlun copper pyrites, and showed it to be volatile and readily 

reducible to the new element. _ 

The discovery of polonium by Marie Curie in 1898 is a story that has been told many 

times.‘° The immense feat of processing huge quantities of uranium ore and of following 

'K. W. BAGNALL, The Chemistry of Selenium, Tellurium, and Polonium, Elsevier, Amsterdam, 1966, 200 pp. 
K. W. BAGNALL, Selenium, tellurium, and polonium, Chap. 24 in Comprehensive Inorganic Chemistry, Vol. 2, 
pp. 935-1008, Pergamon Press, Oxford, 1973. 

> R. A. ZiNGARO and W. C. Cooper (eds.), Selenium, Van Nostrand, Reinhold, New York, 1974, 835 pp. 
> W.C. Cooper (ed.), Tellurium; Van Nostrand, Reinhold, New York, 1971, 437 pp. 

+N. B. MikeeEv, Polonium, Chemiker Zeitung 102, 277-86 (1978). See also K. W. BAGNALL, The chemistry of 

polonium, Radiochim. Acta 31, in press (1982). 

*M. E. Weeks, Discovery of the Elements. 6th edn., Journal of Chemical Education, Easton, Pa., 1956: 
Selenium and tellurium, pp. 303-319; Klaproth—Kitaibel letters on tellurium, pp. 320-37. 

° Ref. 4, Chap. 29, The natural radioactive elements, pp. 803-43. See also E. FARBER, Nobel Prize Winners in 
Chemistry 1901-1961, Abelard-Schuman, London, Marie Sklodowska Curie, pp. 45-8. F. C. Woop, Marie 
Curie, in E. FARBER (ed.), Great Chemists, pp. 1263-75, Interscience, New York, 1961. 
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the progress of separation by the newly discovered phenomenon of radioactivity (together 

with her parallel isolation of radium by similar techniques, p. 118), earned her the Nobel 

Prize for Chemistry in 1911. She had already shared the 1902 Nobel Prize for Physics with 

H. A. Becquerel and her husband P. Curie for their joint researches on radioactivity. 

Indeed, this was the first time, though by no means the last, that invisible quantities of a 

new element had been identified, separated, and investigated solely by means of its 

radioactivity. The element was named after Marie Curie’s home country, Poland. 

Selenium and tellurium are comparatively rare elements, being sixty-sixth and seventy- 

third respectively in order of crustal abundance; polonium, on account of its radioactive 

decay, is exceedingly unabundant. Selenium comprises some 0.05 ppm of the earth’s crust 

and is therefore similar to Ag and Hg, which are each about 0.08 ppm, and Pd 

(0.015 ppm). Tellurium, at about 0.002 ppm can be compared with Au (0.004 ppm) and Ir 

(0.001 ppm). Both elements are occasionally found native, in association with sulfur, and 

many of their minerals occur together with the sulfides of chalcophilic metals (p. 760),'?° ») 

e.g. Cu, Ag, Au; Zn, Cd, Hg; Fe, Co, Ni; Pb, As, Bi. Sometimes the minerals are partly 

oxidized, e.g. MSeO3.2H,O0 (M=Ni, Cu, Pb); PbTeO,, Fe,(TeO3)3.2H,O, FeTeQu, 

Hg,TeO,, Bi, TeO,(OH),, etc. Selenolite, SeO,, and tellurite, TeO,, have also been found. 

Polonium has no stable isotopes, all 27 isotopes being radioactive, of these only 7)°Po 
occurs naturally, as the penultimate member of the radium decay series: 

Be ; [Be a 210 210 _ 210 206 
s2Pb 22.3 s3Bi 5.01d s4Po 138.38d s2Pb 

RaD RaE RaF RaG 

Because of the fugitive nature of 7!°Po, uranium ores contain only about 0.1 mg Po per 
tonne of ore (i.e. 10° * ppm). The overall abundance of Po in crustal rocks of the earth is 

thus of the order of 3 x 10° *° ppm. 

16.1.2 Production and uses of the elements?~*” 

The main source of Se and Te is the anode slime deposited during the electrolytic 

refining of Cu (p. 1366); this mud also contains commercial quantities of Ag, Au, and the 

platinum metals. Direct recovery from minerals is not usually economically viable because 

of their rarity. Selenium is also recovered from the sludge accumulating in sulfuric acid 

plants and from electrostatic precipitator dust collected during the processing of Cu and 

Pb. Detailed procedures for isolation and purification depend on the relative concen- 

trations of Se, Te, and other impurities, but a typical sequence involves oxidation by 

roasting in air with soda ash followed by leaching: 

650 
Ag,Se+ Na,CO,+0, 2Ag+Na,SeO,+CO, 

Cu,Se+ Na,CO; +20, ———> 2Cu0 + Na,SeO,+CO, 

Cu,Te+Na,CO,;+ 20, 2CuO + Na,TeO;+CO, 

7 Kirk-Othmer Encyclopedia of Chemical Technology, 2nd edn., 1968, Selenium, Vol. 17, pp. 809-33 (by 
E. M. ELKIN and J. L. MARGRAVE), Tellurium and tellurium compounds, Vol. 19, pp. 756-74, 1969 (by E. M. 

ELKIN). 
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In the absence of soda ash, SeO, can be volatilized directly from the roast: 

2CuO + SeO, 
300 650 

Cu,Se+30, CuO + CuSeO; 

AgaSe@ jo) 5 DAg -SeOy #40) 

Separation of Se and Te can also be achieved by neutralizing the alkaline selenite and 

tellurite leach with H,SO,; this precipitates the tellurium as a hydrous dioxide and leaves 

the more acidic selenous acid, H,SeO;, in solution from which 99.5% pure Se can be 

precipitated by SO,:t 

H,SeO,+2SO,+H,O Se+2H,SO, 

Tellurium is obtained by dissolving the dioxide in aqueous NaOH followed by electrolytic 

reduction: 
Na,TeO,+H,0 ———~Te+2Na0OH+0O, 

The NaOH is regenerated and only make-up quantities are required. However, the 

detailed processes adopted industrially to produce Se and Te are much more complex and 

sophisticated than this outline implies.'? *) 
World production of Se (and its compounds) in 1975 was ~ 1500 tonnes of contained 

Se, the largest producers being Japan (415 t), Canada (305 t), and the USA (160 t). The 

pattern of use no doubt varies somewhat from country to country, but in the USA the 

largest single use of the element is as a decolorizor of glass (0.01-0.15 kg/tonne). Higher 

concentrations (1-2 kg/tonne) yield delicate pink glasses. The glorious selenium ruby 

glasses, which are the most brilliant reds known to glass-makers, are obtained by 

incorporating solid particles of cadmium sulfoselenide in the glass; the deepest ruby 

colour is obtained when Cd(S,Se) has about 10% CdS, but as the relative concentration of 

CdS increases the colour moderates to red (40% CdS), orange (75%), and yellow (100%). 

Cadmium sulfoselenides are also widely used as heat-resistant red pigments in plastics, 

paints, inks, and enamels. Another very important application of elemental Se is in 

xerography, which has developed during the past three decades into the pre-eminent 

process for document copying, as witnessed by the ubiquitous presence of xerox machines 

in offices and libraries (see Panel). Related uses are as a photoconductor (selenium 

photoelectric cells) and as a rectifier in semiconductor devices (p. 290). Small amounts of 
ferroselenium are used to improve the casting, forging, and machinability of stainless 

steels, and the dithiocarbamate [Se(S,;CNEt,),] finds some use in the processing of 

natural and synthetic rubbers. Selenium pharmaceuticals comprise a further small outlet. 
In addition to Se, Fe/Se, Cd(S,Se), and [Se(S,;CNEt,),] the main commercially available 

compounds of Se are SeO,, Na,SeO3, Na,SeO,, H,SeO,, and SeOCl, (q.v.). 

Production of Te is on a much smaller scale: The known amount in 1975 was 150 tonnes 

pa (USA 60 t, Canada 36 t, Peru 32 t, Japan 21 t) but this does not include statistics from 

the USSR and several other producing countries. More than 90% of the Te is used in iron 

and steel production and in non-ferrous metals and alloys. A small amount of TeO, is used 

in tinting glass, and Te compounds find some use as catalysts and as curing agents in the 

rubber industry. In addition to Te, Fe/Te, and TeO,, commercially important compounds 
include Na,TeO, and [Te(S,CNEt,),]. 

t Very pure Se can be obtained by heating the crude material in H, at 650° and then decomposing the H,Se so 
formed by passing the gas through a silica tube at 1000". Any HS present, being more stable than H,Se, passes 
through the tube unchanged, whereas hydrides which are less stable than H,Se, such as those of Te, P, As, Sb, are 

not formed in the initial reaction at 650°. 
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Xerography 

The invention of xerography by C. F. Carlson (USA) in the period 1934-42 was the culmination 
_ ofa prolonged and concerted attack on the problem of devising a rapid, cheap, and dry process for 
direct document copying without the need for the intermediate formation of a permanent 
photographic “negative”, or even the use of specially prepared photographic paper for the “print”. 
The discovery that vacuum-deposited amorphous or vitreous selenium was the almost ideal 
photoconductor for xerography was made in the Battelle Memorial Institute (Ohio, USA) in 1948. 
The dramatic success of these twin developments is witnessed by the vast number of xerox 

. machines in daily use throughout the world today. However, early xerox equipment was not 
automatic. Models introduced in 1951 became popular for making offset masters, and rotary 
xerographic machines were introduced in 1959, but it was only after the introduction of the Xerox 
914 copier in the early 1960s that electrophotography came of age. the word “xerography” derives 
from the Greek 6npo, xero dry, ypuon, graphy, writing. 

The sequential steps involved in commercial machines which employ reusable photoreceptors 
for generating xerox copies are shown in the figure?) and further elucidated below. 

Sox Toner Carrier beads 
Se film PL 

Al substrate 

1. Sensitization 2. Imaging 3. Development 

Paper Heater 

eee ee 
Te PUREE TTT 
= Toner Paper 

4. Image transfer 5. Fixing 

Lamp 5 

as ee Se 
6. Cleaning 

7. Image erasure 

Process steps in reuseable xerography. 

1. Sensitization of - ee The phorereceior consists of a vacuum-deposited film of 
amorphous Se, ~ 50m thick, on an Al substrate; this is sensitized by electrostatic charging from a 
corona discharge using a field of ~ 10° V cm !. 

2. Exposure and latent image formation. The sensitized photoreceptor is exposed to a light and 
dark image pattern; in the light areas the surface potential of the photoconductor is reduced due to 
a photoconductive discharge. Since current can only flow perpendicular to the surface, this step 
produces an electrostatic-potential distribution which replicates the light-dark pattern of the 
image. 

3. Development of the image. This is on using a mixture of black (or coloured) toner particles, 
typically 10 um in diameter, and spherical carrier beads (~ 100 ym diameter). The toner particles 
become charged triboelectricaily (i.e. by friction) and are preferentially attracted either by the 
surface fringe field at light-dark boundaries or (in systems with a developing electrode) by the 
absolute potential in the dark areas; they adhere to the photoreceptor, thus forming a visible 
image corresponding to the latent electrostatic image. 

Continued 



886 Selenium, Tellurium, and Polonium Ch. 16 

4 ee This is oe done elecrosatcally by charging the print paper to attract the 

toner particles. _ 
5. Print fixing. Tt oe image is nade permanent by fusing or oie the toner paride 

into the surface © paper, either by heat, by heat and pressure, or by solvent vapours. 
_ 6. Cleaning. Any toner still left on the photoreceptor after the transfer process is removed 
mechanically w h a 2 cloth web or brush, or by a combination of electrostatic and mechanical 

means. 
7. Image erasure. , The potential Blecncs: due to latent image formation are removed by 
flooding the | photoreceptors \ with a sufficiently intense light source to drive the surface potential to _ 
some uniformly. low value (typically ~ 100 V corresponding to fields: of ~ 10 Vv cm ~1)- the 
photoreceptor is then ready for another print cycle. / 

. The elegance, cheapness, and convenience of xerography for document copying has led torapid 
~ commercial development. It would be impossible to form a precise inventory of its daily use 
throughout the world but there are probably more than 100 000 machines. Xerox or related — 

photocopying machines are in use producing perhaps 100 million xerox copies daily. Even in 1967 © 
the electrostatic copying industry exceeded $10° in sales and the current figure probably exceeds 
this one thousandfold worldwide. = 

Further reading. G. Lucovsky and M. D. feb. Selenium in electrophotography, Chapter 16in 
reference 2, pp. 788-807; J. H. Dessauer and H. E. Clark, Xerography and Related Processes, The 
Focal Press, London, 1965:R. M. Schaffert, Electrophotography, The Focal Press, London, 1965. — 

Polonium, because of its very low abundance and very short half-life, is not obtained 

from natural sources. Virtually all our knowledge of the physical and chemical properties 
of the element come from studies on ?!°Po which is best made by neutron irradiation of 

0°Bi in a nuclear reactor: 
; eae *e8Bi(n,y)°39Bi tp 749Po See ee 

t15.01d (1138.38d 

It will be recalled that 7°°Bi is 100°% abundant and is the heaviest stable nuclide of any 
element (p. 641), but it is essential to use very high purity Bi to prevent unwanted nuclear 

side-reactions which would contaminate the product 7!°Po; in particular Sc, Ag, As, Sb, 
and Te must be <0.1 ppm and Fe <10 ppm. Polonium can be obtained directly in 

milligram amounts by fractional vacuum distillation from the metallic bismuth. 
Alternatively, it can be deposited spontaneously by electrochemical replacement onto the 

surface of a less electropositive metal such as Ag. Solution techniques are unsuitable 

except on the trace scale (submicrogram amounts) because of the radiation damage 

caused by the intense radioactivity (p. 889). All applications of Po depend on its 

radioactivity: it is an almost pure a-emitter (E, 5.30 MeV) and only 0.0011% of the 

activity is due to y-rays (E,,,, 0.803 MeV). Because of its short half-life (138.38 d) this 

entails a tremendous energy output of ~ 140 W per gram of metal: in consequence, there is 

considerable self-heating of Po and its compounds. The element can therefore be used as a 
convenient light-weight heat source, or to generate spontaneous and reliable thermo- 

electric power for space satellites and lunar stations, since no moving parts are involved. 

Polonium also finds limited use as a neutron generator when combined with a light 

element of high «,n cross-section such as beryllium: ?Be(«,n)'2C. The best yield (93 
neutrons per 10° «-particles) is obtained with a BeO target. 

16.1.3 Allotropy 

At least six structurally distinct forms of Se are known: the three red monoclinic 

polymorphs («, B, and y) consist of Seg rings and differ only in the intermolecular packing 
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of the rings in the crystals; the grey, “metallic”, hexagonal crystalline form features helical 

polymeric chains and these also occur, somewhat deformed, in amorphous red Se. Finally, 

vitreous black Se, the ordinary commercial form of the element, comprises an extremely 

complex and irregular structure of large polymeric rings having up to 1000 atoms per ring. 

The w- and £-forms of red crystalline Se, are obtained respectively by the slow and rapid 

evaporation of CS, or benzene solutions of black vitreous Se; very recently a third (y) form 
of red crystalline Se, was obtained from the reaction of dipiperidinotetraselane with 

solvent CS, :®) 

2cs 
[Se,(NC5H,0)2] a [Se(S,CNC5H)2]+3Seg 

All three allotropes consist of almost identical puckered Se, rings similar to those found in 

cyclo-S, (p. 772) and of average dimensions Se-Se 233.5 pm, angle Se—Se-Se 105.7°, 

dihedral angle 101.3° (Fig. 16.1a). The intermolecular packing is most efficient for the 

Fic. 16.1 Structures of various allotropes of selenium and the structure of crystalline tellurium: 
(a) the Se, unit in «- B- and y-red selenium; (b) the helical Se chain along the c-axis in hexagonal 
grey selenium; (c) the similar helical chain in crystalline tellurium shown in perspective; and (d) 

projection of the tellurium structure on a plane perpendicular to the c-axis. 

8 O. Foss and V. JANICKIS, X-ray crystal structure of a new red, monoclinic form of cyclo-octaselenium Sey, 

JCS Chem. Comm. 1977, 834-5. 
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x-form, the volumes per Seg unit being « 0.2385 nm’, f 0.2410 nm, and y 0.2423 nm*. [It 
is interesting to note that B-Seg was at one time thought, on the basis of an X-ray crystal 

structure determination, to be an 8-membered chain with the configuration of a puckered 

ring in which 1 Se-Se bond had been broken; the error was corrected in a very perceptive 

paper by L. Pauling and his co-workers.'?”] Both a- and f-Seg (and presumably also -Ses ) 

are appreciably soluble in CS, to give red solutions. 

Grey, hexagonal, “metallic” selenium is thermodynamically the most stable form of the 

element and can be formed by warming any other modification; it can also be obtained by 

slowly cooling molten Se or by condensing Se vapour at a temperature just below the mp 

(220.5°). It is a photoconductor (p. 885) and is the only modification which conducts 

electricity. The structure (Fig. 16.1b) consists of unbranched helical chains with Se-Se 
237.3 pm, angle Se-Se-Se 103.1°, and a repeat unit every 3 atoms (cf. fibrous sulfur, 

p. 779). The closest Se---Se distance between chains is 343.6 pm, which is very close to that 

in Te, (350 pm) (see below). Grey Se, is insoluble in CS, and its density, 4.82 g cm” *, is the 

highest of any modification of the element. A related allotrope is red amorphous Se, 

formed by condensation of Se vapour onto a cold surface or by precipitation from 

aqueous solutions of selenous acid by treatment with SO, (p. 891) or other reducing 

agents such as hydrazine hydrate. It is slightly soluble in CS,, and has a deformed chain 

structure but does not conduct electricity. The heat of transformation to the stable 

hexagonal grey form has been variously quoted but is in the region of 5-10 kJ per mole of 

Se atoms. 
Vitreous, black Se is the ordinary commercial form of the element, obtained by rapid 

cooling of molten Se; it is a brittle, opaque, bluish-black lustrous solid which is somewhat 

soluble in CS,. It does not melt sharply but softens at about 50° and rapidly transforms to 

hexagonal grey Se when heated to 180° (or at lower temperatures when catalysed by 

halogens, amines, etc.). There has been much discussion about the structure but it seems to 

comprise rings of varying size up to quite high molecular weights. Presumably these rings 

cleave and polymerize into helical chains under the influence of thermal soaking or 

catalysts. The great interest in the various allotropes of selenium and their stabilization or 

interconversion, stems from its use in photocells, rectifiers, and xerography (p. 885). 

Tellurium has only one crystalline form and this is composed of a network of spiral 

chains similar to those in hexagonal Se (Fig. 16.1c and d). Although the intra-chain Te-Te 

distance of 284 pm and the c dimension of the crystal (593 pm) are both substantially 

greater than for Se, (as expected), nevertheless the closest interatomic distance between 

chains is almost identical for the 2 elements. Accordingly the elements form a continuous 

range of solid solutions in which there is a random alternation of Se and Te atoms in the 

helical chains.“ The rapid diminution in allotropic complexity from sulfur through 
selenium to tellurium is notable. 

Polonium is unique in being the only element known to crystallize in the simple cubic 

form (6 nearest neighbours at 335 pm). This e-form distorts at about 36° to a simple 

rhombohedral modification in which each Po also has 6 nearest neighbours at 335 pm. 

The precise temperature of the phase change is difficult to determine because of the self- 

°-R. E. Marsu, L. PAULING, and J. D. MCCULLOUGH, The crystal structure of f selenium, Acta Cryst. 6, 71-5 
(1953). 

'0 A. A. Kupryavtsev, The Chemistry and Technology of Selenium and Tellurium, Collet’s Publishers, 
London, 1974, 278 pp. 
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heating of crystalline Po (p. 886) and it appears that both modifications can coexist 

from about 18° to 54°. Both are silvery-white metallic crystals with substantially higher 

electrical conductivity than Te. 

16.1.4 Atomic and physical properties 

Selenium, Te, and Po are the three heaviest members of Group VIB and, like their con- 

genors O and S, have two p electrons less than the next following noble gases. Selenium is 

normally said to have 6 stable isotopes though the heaviest of these (°*Se, 9.4°% abundant) 

is actually an extremely long-lived B~ emitter, t, 1.4 x 10?° y. The most abundant isotope 

is ®°Se (49.6%), and all have zero nuclear spin except the 7.6°/ abundant 77Se (I =4), 
which i is finding increasing use in nmr experiments."’') Because of the plethora of isotopes 
the atomic weight is only known to about 1 part in 2600 (p. 19). Tellurium, with 8 

naturally occurring stable isotopes, likewise suffers some imprecision in its atomic weight 

(1 part in 4300). The most abundant isotopes are !°°Te (33.8%) and !?°Te (31.7%), and 
again all have zero nuclear spin except the nmr active isotopes '?°Te (0.91%) and '?°Te 
(7.14°%), which have spin $."!® 12°Te also has a low-lying nuclear isomer '7°™Te which 
decays by pure y emission (E 35.48 keV, t, 58 d)}— this has found much use in Mossbauer 

spectroscopy.'!) Polonium, as we have seen (p. 883), has no stable isotopes. The 3 longest 
lived, together with their modes of production and other properties, are as shown in Table 

16.1. 

TABLE 16.1 Production and properties of long-lived Po isotopes 

A, (relative 
Isotope Production ty E /MeV atomic mass) 

oe PO 209 Bi(d,3n) or (p,2n) 2.90 y Sell 207.981 
2971P0 209Bi(d,2n) or (p,n) 102 y 4.88 208.982 
3P 6 209Bi(n,y) 138.38 d 5.305 209.983 

Several atomic and physical properties of the elements are given in Table 16.2. 

The trends to larger size, lower ionization energy, and lower electronegativity are as 

expected. The trend to metallic conductivity is also noteworthy; indeed, Po resembles its 

horizontal neighbours Bi, Pb, and TI not only in this but in its moderately high density and 

notably low mp and bp. 

'! C. Roper, N. SHEPPARD, H. C. E. MCFARLANE, and W. MCFARLANE, Selenium-77 and Tellurium-125, in 
R. K. Harris and B. R. MANN (eds.), NMR and the Periodic Table, pp. 402-19, Academic Press, London, 1978. 

''4 For recent examples of the use of '**Te and '’*Te nmr spectroscopy, see refs. 22 and 23 below, and also W. 
TOTScH and F. SLADKY, Tetrafluorotellurates(VI): cis- and trans-(OH),TeF,, HOTeF,OMe, and (MeO), TeF 4, 
JCS Chem. Comm. 1980, 927-8. 

12 N. N. GREENWOOD and T. C. Gisp, Tellurium-125 in Méssbauer Spectroscopy, pp. 452-62, Chapman & 

Hall, London, 1971. 
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TABLE 16.2. Some atomic and physical properties of selenium, tellurium, and polonium 

Property Se ilie Po 

Atomic number 34 52 84 
Number of stable isotopes 6 8 0 
Electronic structure [Ar]3d1°4s74p* [Kr]4d!°5s?5p* [Xe] 4f*5d'°6s?6p* 
Atomic weight 78.96( +0.03) 127.60(+0.03) (210) 
Atomic radius (12-coordinate)/pm“ 140” 160 164 
Ionic radius/pm (M7?) 198 221 (230?) 

(M**) 50 97 94 
(M°*) 42 56 67 

Ionization energy/kJ mol! 940.7 869.0 813.0 

Pauling electronegativity 2.4 2.1 2.0 
Density (25°)/g cm 3) Hexag 4.189 6.25 49.142 

x-monoclinic 4.389 B9.352 
Vitreous 4.285 

MP/°C 217 452 246--254 
BP/°C 685 990 962 
H somisation/KJ mol~! 206.7 192 me 
Electrical resistivity (25°)/ohm cm 10100) 1 44.2 x 107° 

B4.4x 10-5 
Band energy gap E,/kJ mol ' 178 BD), 0 

‘’) The 2-coordinate covalent radius is 119 pm for elemental Se and 142 pm for Te; the 6-coordinate metallic 

radius of Po is 168 pm. 
) Depends markedly on purity, temperature, and photon flux; resistivity of liquid Se at 400° is 

13x 10° ohmecm. — 

16.1.5 Chemical reactivity and trends 

The elements in Group VI share with the preceding main-group elements the tendency 

towards increasing metallic character as the atomic weight increases within the group. 

Thus O and S are insulators, Se and Te are semiconductors, and Po is a metal. Parallel 

with this trend is the gradual emergence of cationic (basic) properties with Te, and these 

are even more pronounced with Po. For example, Se is not appreciably attacked by dilute 

HCI whereas Te dissolves to some extent in the presence of air; Po dissolves readily to 

yield pink solutions of Po" which are then rapidly oxidized further to yellow Po'Y by the 
products of radiolytic decomposition of the solvent. Likewise, the structure and bonding 

of the halides of these elements depends markedly on both the electronegativity of the 

halogen and on the oxidation state of the central element, thereby paralleling the “ionic- 
covalent” transition which has already been discussed for the halides of P (p. 573), As and 

Sb (p. 651), and S (p. 816). 

Selenium, Te, and Po combine directly with most elements, though less readily than do 

O and S. The most stable compounds are (a) the selenides, tellurides, and polonides (M?~ ) 

formed with the strongly positive elements of Groups IA, ITA, and the lanthanides, and (b) 

the compounds with the electronegative elements O, F, and Cl in which the oxidation 

states are + 2, + 4, and +6. The compounds tend to be less stable than the corresponding 

compounds of S (or O), and there are few analogues of the extensive range of 

sulfur—nitrogen compounds (p. 854). A similar trend (also noted in the preceding groups) 

is the decreasing thermal stability of the hydrides: H,O0>H,S>H,Se>H,Te>H,Po. 
Selenium and tellurium share to a limited extent sulfur’s great propensity for catenation 

(see allotropy of the elements, polysulfanes, halides, etc.). 
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As found in preceding groups, there is a marked diminution in the stability of multiple 

bonds (e.g. to C, N, O) and a corresponding decrease in their occurrence as the atomic 

number of the group element increases. Thus O=C=O and (to a lesser extent) S=C—=S 

are stable, whereas Se—C=Se polymerizes readily, Se=C=Te is unstable, and 

Te=C=Te unknown. Again, SO, is a (nonlinear) gaseous molecule, VaN , whereas 

SeO, is a chain polymer 2 . 

ee 

O 

(p. 911) and TeO, features 4-coordinate pseudo-trigonal-bipyramidal units {:TeO,} 

which are singly-bonded into extended layer or 3D structures (p. 912); in PoO, the 

coordination number increases still further to 8 and the compound adopts the typical 

“jonic” fluorite structure. It can be seen that double bonds are less readily formed between 

2 elements the greater the electronegativity difference between them and the smaller the 

sum of their individual electronegativities; this is paralleled by a diminution in double- 

bond formation with increasing size of the more electropositive element and the 

consequent decrease in bond energy. 

The redox properties of the elements also show interesting trends. In common with 

several elements immediately following the first (3d) transition series (especially Ge, As, 

Se, Br) selenium shows a marked resistance to oxidation up to its group valency, i.e. Se¥!. 

For example, whereas HNO, readily oxidizes S to H,SO,, selenium gives H,SeO,. Again 

dehydration of H,SO, with P,O,; yields SO, whereas H,SeO, gives SeO,+40),. 

Likewise S forms a wide range of sulfones, R,SO,, but very few selenones are known: 

Ph,SeO is not oxidized either by HNO; or by acidified K,Cr,O,, and alkaline KMnQ,j is 

required to produce Ph,SeO, (mp 155°). As noted in the isolation of the element (p. 888), 

SO, precipitates Se from acidified solutions of Se'Y. 

The standard reduction potentials of the elements in acid and alkaline solutions are 

summarized in the scheme below."!*) Similar data (for the acid solutions only) are shown 

in Fig. 16.2 which plots the volt equivalents (p. 499) for each oxidation state. The trends 

are obvious: e.g. 

(i) the decreasing stability of H,M from H,S to H,Po; 

(ii) the greater stability of M'Y relative to M° and M¥' for Se, Te, and Po (but not for S, 
p. 836), as shown by the concavity of the graph; 

(iii) the anomalous position of Se in its higher oxidation states, as mentioned in the 

preceding paragraph. 

The known coordination geometries of Se, Te, and Po are summarized in Table 16.3 
together with typical examples. Most of the common geometries are observed for Se and 

Te, though twofold (linear) and fivefold (trigonal bipyramidal) are conspicuous by their 

_ absence. The smaller range of established geometries for compounds of Po undoubtedly 

reflects the paucity of structural data occasioned by the rarity of this element and the 

extreme difficulty of obtaining X-ray crystallographic or other structural information. 

There appears, however, to be a clear preference for higher coordination numbers, as 

expected from the larger size of the Po atom. The various examples will be discussed more 

'3 A. J. BARD (ed.), Encyclopedia of Electrochemistry of the Elements 4, 445-54 (1975). 
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Acid: H,Se Se : H,SeO3 SeO,72 

os ene : : +0.05 
Alkali > Se? te Se sae SeO,?> eae SeO,2- 

4 is : +0.9 Acid H,Te ==Te,?-peme Te os TOs HiT, 
| +0.52 Test +1.02 

Alle Te ee Te bk | Te02- eee Teo 

+1.161 

wat = 6: | 0.79 : 1.524 | Acid) H;Po ee, Po ee Po?t ee P00, em POO: 
| +0.724 | 

e 40.857 | 

Lo 65. 40.84 1.474 1.0 | +0.65 0.847 . as 
Alkali: Po?» ———- Po ———>——_ Pot —————. P00? 

Standard reduction potentials of Se, Te, and Po." 

fully in subsequent sections but the rare pentagonal planar coordination formed in the 

ethyl xanthato complex [Te(n?-S,COEt),(7'-S,COEt)]~ should be noted (Fig. 16.3);"” 
this structure is consistent with a pentagonal bipyramidal set of orbitals on Te", 2 of which 

are occupied by stereochemically active lone-pairs directed above and below the TeS, 

plane. By contrast, the single lone-pairs in Se'YX,?~, Te'YX,?~, and Po!YI,?~_ are 
sterically inactive and the 14-(valence)electron anions are accurately octahedral, as in 

molecular Se'F,. 
Other less-symmetrical coordination geometries for Se and Te occur in the p-Se, 

complexes and the polyatomic cluster cations Se,.7* and Te,**, as mentioned below. 
The coordination chemistry of complexes in which Se is the donor atom has been 

extensively studied.'?’**) Ligands with Te as donor atom have been less widely 

'4 B. F. Hoskins and C. D. PANNaN, A novel 5-coordinate pentagonal-planar complex: X-ray structure of the 
tris(O-ethyl xanthato)tellurium(II) anion, JCS Chem. Comm. 1975, 408-9. 

‘S'S. E. LivinGsTONE, Metal complexes of ligands containing sulfur, selenium, or tellurium donor atoms, 
Q. Rev. 19, 386-425 (1965). 
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Fic. 16.2 Volt-equivalent diagram for S, Se, Te, and Po. 

TABLE 16.3. Coordination geometries of selenium, tellurium, and polonium 

Coordination number Se le Po 

1 COSe, CSe,, NCSe , COTe; CSTe Te3?~ ® 
MoSe,7 , WSe,7~ 

2 (bent) Se,, H,Se, R,Se NeBHS te Rote; Nebr; 
cyclo-Se,?* cyclo-Te,?* 

3 (trigonal planar) SeO,(?) TeO,(g) 
3 (pyramidal) (SeO3),, SEOX, TeO;* , TeMe;* 

SeMe,* 
4 (planar) — [TeBr,{SC(NH,),}5] 
4 (tetrahedral) SeO,22,SeO, Gl — CdPo (ZnS) 
4 (pseudo-trigonal R,SexX, TeO,, Me,TeCl, 

bipyramidal) 
5 (square pyramidal) [SeOCl,py,] fo Ter sire, Mel* 
5 (pentagonal planar) a [Te(S,COEt);]~ (Fig. 16.3) 
6 (octahedral) Sek. SeBre: Te(OH) areBtece Pol,?_, Po metal 

CaPo (NaCl) 
6 (trigonal prismatic) VSe, CrSe, MnSe (NiAs) ScTe, VTe, MnTe, (NiAs) MgPo (NiAs) 

8 (cubic) 2; TeE,2 9(?) Na,Po, PoO, 
(CaF,) 

‘) Te,?~ (Te-Te 270 pm, angle 113°) has been isolated as the deep-red complex [K(crypt)]* Te,” _. (A. Cisar 
and J. D. Corbett, Inorg. Chem. 16, 632 (1977).) 
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Fic. 16.3 Structure of the anion [Te(S,COEt),]”, the first authentic example of 5-coordinate 
pentagonal planar geometry. 

investigated but both sets of ligands resemble S-donor ligands (p. 794) rather than 

O-donor ligands in favouring b-class acceptors such as Pd", Pt", and Hg". The linear 
selenocyanate ion SeCN _, like the thiocyanate ion (p. 795) is ambidentate, bonding via Se 

to heavy metals and via N (isoselenocyanate) to first-row transition metals, e.g. 

[Ag(SeCN),12 . [Cda(SeGN), |, “Leb (SeCN),1*~, but [Ce"(NCSe),|- “and 
[Ni(NCSe),]*~. The isoselenocyanate ligand often features nonlinear coordination 

N=C=Se 
Ee 

but in the presence of bulky ligands it tends to become linear M —N=C-—Se . A bidentate 

bridging mode is also well established, e.g. {Cd-—Se-C-N-Cd} and {Ag-Se-C-N-Cr}. 
Monodentate organoselenium ligands include R,Se, Ar,Se, R,;P=Se, and selenourea 

(H,N),C=Se, all of which bond well to heavy metal acceptors. Tellurium appears to be 

analogous: e.g. Me,Te. HgX,, C,H,Te.HgCl,, Ph,Te.HgX,, etc. 
The structure of complexes containing the 7?-Se, ligand have recently been determined 

and, where appropriate, compared with analogous n?-S,, 7?-P,, and ?-As, complexes 
(p. 684). Examples are in Fig. 16.4 and the original papers should be consulted for further 

details.“ °®) 
The compounds of Se, Te, and Po should all be treated as potentially toxic. Volatile 

compounds such as H,Se, H,Te, and organo derivatives are particularly dangerous and 

maximum permissible limits for air-borne concentrations are 0.1 mg m7? (cf. 10 mgm? 
for HCN). The elements are taken up by the kidneys, spleen, and liver, and even in minute 

concentrations cause headache, nausea, and irritation of mucous membrane. 

'© C.F. Campana, F. Y.-K. Lo, and L. F. DAHL, Stereochemical analysis of [Fe,(CO),(,-Se,)]: a diselenium 

analogue of [Fe,(CO),(u-S,)], Inorg. Chem. 18, 3060-4 (1979); see also pp. 3047 and 3054. 
'7 DPD. H. Farrar, K.R. Grunpy, N. C. Payne, W. R. Roper, and A. WALKER, Preparation and reactivity of 

some n°-S, and 7°-Se, complexes of osmium and the X-ray crystal structure of [Os(CO),(PPh;)>-(y7-Se.)], 
J. Am. Chem. Soc. 101, 6577-82 (1979). 

'8M. G. B. Drew, G. W. A. Fowtes, E. M. Pace, and D. A. Rice, A unique triple atom bridge: X-ray 
structure of the u-selenido-y-diselenido-bis{tetrachlorotungstate(V)} ion, J. Am. Chem. Soc. 101, 5827-8 (1979). 
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(b) 

(c) 

Fic. 16.4 Structures of some y?-Se, complexes. (a) red [Fe,(CO),(u,?-Se,)],"° (b) reddish- 
purple [Os(CO),(PPh;),(y?-Se,)],"” and (c) brown [W,Cl,(u-Se)(u-Se,)]?~.4®) 

Organoselenium compounds in particular, once ingested, are slowly released over 

prolonged periods and result in foul-smelling breath and perspiration. The element is also 

highly toxic towards grazing sheep, cattle, and other animals, and, at concentrations 

above about 5 ppm, causes severe disorders. Despite this Se was found (in 1957) to play an 

essential dietary role in animals and also in humans—tt is required in the formation of the 

enzyme glutathione peroxidase which is involved in fat metabolism. It has also been found 

that the incidence of kwashiorkor (severe protein malnutrition) in children is associated 
with inadequate uptake of Se, and it may well be involved in protection against certain 

cancers. The average dietary intake of Se in the USA is said to be ~ 150 yg daily, usually in 

meat and sea food. Considerable caution should be taken in handling compounds of Se 

and Te, but the hazards should also be kept in perspective—no human fatalities directly 

attributable to either Se or Te poisoning have ever been recorded. 

Polonium is extremely toxic at all concentrations and is never beneficial. Severe 

radiation damage of vital organs follows ingestion of even the minutest concentrations 

CTE-DD* 
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and, for the most commonly used isotope, 210Bo, the maximum permissible body burden 

is 0.03 uCi, ie. ~7 x 10° +? g. Concentrations of airborne Po compounds must be kept 
below 4x 107 !! mgm ?. 

16.1.6. Polyatomic cations, M,"* 

The brightly coloured solutions obtained when sulfur is dissolved in oleums (p. 785) are 

paralleled by similar behaviour of Se and Te. Indeed, the bright-red solutions of Te in 

H,SO, were noted by M. H. Klaproth in 1798 and the coloured solutions of Se in the same 

solvent were reported by G. Magnus in 1827. Systematic studies in a range of nonaqueous 

solvents have since shown that the polycations of Se and Te are less electropositive than 

their S analogues and can be prepared in a variety of strong acids such as H,SO,, H,S,0,, 

HSO,F, SO,/AsF,, SO,/SbF;, and molten AICI;."”) Typical reactions for Se are: 

HSO3F 
4Se =f SEOnro aed [Se,]? *[SO,F] 7 2» yellow 

2+ hae 2+ [Se,]“* +4Se ———-= [Se,]*", green 

SO,/ 
Se, + 6AsF; = 2[Se,]?*[AsFe]~>, yellow 

3 (— 2AsF 

$O,/— 23 

Seg + SSbF, ee [Sey]? *[Sb,F,,]~ >, green 
=, 3 

fuse at 250 

74Se + 4SeCl, + 2AIC1, ———> [Seg]? *[AICI,]~ 5, green-black 

X-ray crystal structure studies on [Se,]**[HS,O,]~ , show that the cation is square 

planar (like S,**, p. 785) as in Fig. 16.5a. The Se-Se distance of 228 pm is significantly less 

(a) (c) 

Fic. 16.5 (a) Structure of [Se,]?*; (b) and (c) views of [Seg]?*. 

'? R. J. Giccespie and J. PassMorE, Homopolyatomic cations of the elements, Adr. Inorg. Chem. Radiochem. 
17, 49-87 (1975). M. J. TayLor, Metal—Metal Bonded States in Main Group Elements, Academic Press, London, 
1975, 211 pp. J. D. Consett, Homopolyatomic ions of the post-transition elements: synthesis, structure, and 
bonding, Prog. Inorg. Chem. 21, 121-58 (1976). 
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_ than the value of 234 pm in Se, and 237 pm in Se,,, consistent with some multiple bonding. 
The structure of [Se,]** in the salt [Seg]? *[AICI,] -, isin Fig. 16.5b and c: it comprises a 

bicyclo C, structure with the endo-exo configuration with a long trans-annular link of 

284 pm. Other Se—Se distances are very similar to those in Se, itself, but the Se-Se-Se 

angles are significantly smaller in the cation, being ~ 96° rather than 106°. Very recently ?® 

the deep-red crystalline compound Se, (SbF,), has been isolated from the reaction of 

SbF, with an excess of Se in SO, under pressure at ~ 50°. Two views of the bicyclic cation 

are shown in Fig. 16.6; it features a 6-membered boat-shaped ring linked across the middle 

Fic. 16.6 Structure of the [Se,)]?* cation Se, (SbF,), along the b- and c-axes of the crystal; 
angles Se(2)-Se(1)-Se(9) and Se(5)-Se(6)-Se(10) are each 101.7”. 

of a zigzag chain of 4 further Se atoms. The Se-Se distances vary from 225 to 240 pm and 

Se-Se-Se angles range from 97° to 106°, with 6 angles at the bridgehead atoms Se(1) and 

Se(6) being significantly smaller than the other 8 in the linking chains. 
Polyatomic tellurium cations can be prepared by similar routes. The bright-red species 

Te,’ *, like S,?* and Se,” *, is square planar with the Te-Te distance (266 pm) somewhat 
less than in the element (284 pm) (Fig. 16.7a). No analogue of Se,’ * has yet been identified 

Fic. 16.7 Structure of the cations [Te,]** and [Te,]**. 

22 RC. Burns, W.-L. CHAN, R. J. Gitcespir, W.-C. Luk, J. F. Sawyer, and D. R. Stim, Preparation and 
characterization of Se,.(AsF,)>, Se,o(SbF,)2, and Se,)(AICI,), and crystal structure of Se, ,(SbF,,).; /norg. 
Chem. 19, 1432-9 (1980). 
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but oxidation of Te with AsF, in AsF; as solvent yields the brown crystalline compound 

Te,(AsF,)4.2AsF3. X-ray studies reveal the presence of [Te,]** which is the first example 

of a simple trigonal prismatic cluster cation (Fig. 16.7b). The Te-Te distances between the 

triangular faces (313 pm) are substantially larger than those within the triangle 

(267 pm).??) 
Mixed Se/Te polatomic cations are also known. For example, when Se and Te are 

dissolved in 65% oleum at room temperature the resulting orange-brown solutions were 

shown by '7°Te and '?%Te nmr spectroscopy to contain the four species [Te,Se,_,,]?* 
(n= 1-4) and the species [Se,]?* was also presumably present.??) Likewise ’’Se and 
125Te multinuclear magnetic resonance studies on solutions obtained by oxidizing 
equimolar mixtures of Se and Te with AsF;; in SO, reveal not only [Se,]? *, [Te,]?*, and 
[Te,]** but also: [TeSe,]7 , cis--and%trans-[ Tie,Se,|*" | [ ’esse]-" +1 beuseq|- stand 
[Te,Se,]?*.2) The molecular structures of the sulfur analogue [Te,S3]7* and of 
[Te,Se,]?* have also been determined by X-ray diffractometry and found to have a boat- 

shaped 6-membered heterocyclic structure with a cross-ring bond as shown in Fig. 16.8. 

(a) (b) 
Fic. 16.8 Structures of the heteroatomic cluster cations (a) [Te3S3]?*, and (b) [Te,Se,]?*. 

As expected, these M,** species are more open than the corresponding Te,** cluster 
because of the presence of 2 extra valency-shell electrons (p. 857). 

The mixed anionic species [T1,Te,]?~ (20 valence electrons) is butterfly-shaped with 

Tl, at the “hinge” and 2Te at the “wing tips”,'?>” in contrast to the 22 valence-electron 
cationic species Te,?* and Se,?* which are square planar. 

16.2 Compounds of selenium, tellurium, and polonium 

16.2.1 Selenides, tellurides, and polonides 

All three elements combine readily with most metals and many non-metals to form 

binary chalcogenides. Indeed, selenides and tellurides are the most common mineral forms 

of these elements (p. 883). Nonstoichiometry abounds, particularly for compounds with 

>1R. C. Burns, R. J. GiLtespie, W.-C. Luk, and D. R. SLim, Preparation spectroscopic properties, and 
crystal structures of Te,(AsF,)4.2AsF, and Te,(AsF,)4.2SO,: a new trigonal-prismatic cluster cation desea 
Inorg. Chem. 18, 3086-94 (1979). 

*? C. R. Lassicne and E. J. WELLS, Identification of the species [Te,Se,_,]?* by high resolution '25Te and 
'?3Te fourier transform nmr spectroscopy, JCS Chem. Comm. 1978, 956-7. 
3G. J. SCHROBILGEN, R. C. BuRNS, and P. GRANGER, Tellurium-125 and selenium-77 multinuclear magnetic 

resonance studies of [Te,]**, [Te,_,Se,]?*, [Te.Se,]? * and [Te,Se,]** polyatomic cations, JCS Chem. Comm. 
1978, 957-60. 

*34R. C. Burns.and J. D. Corsett, Heteroatomic polyanions of post-transition metals. The synthesis and 
structure of T1,Te,”~. Skeletal requirements for bonding, J. Am. Chem. Soc. 103, 2627-32 (1981). 

> 
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the transition elements (where electronegativity differences are minimal and variable 

valency is favoured), and many of the chalcogenides can be considered as metallic alloys. 
Many such compounds have important technological potentialities for solid-state optical, 

electrical, and thermoelectric devices and have been extensively studied. For the more 

electropositive elements (e.g. Groups IA and ITA), the chalcogenides can be considered as 

“salts” of the acids, H,Se, H,Te, and H,Po (p. 900). 

The alkali metal selenides and tellurides can be prepared by direct reaction of the 

elements at moderate temperatures in the absence of air, or more conveniently in liquid 

ammonia solution. They are colourless, water soluble, and readily oxidized by air to the 

element. The structures adopted are not unexpected from general crystallochemical 

principles. Thus Li,Se, Na,Se, and K,Se have the antifluorite structure (p. 129); MgSe, 

CaSe, SrSe, BaSe, ScSe, YSe, LuSe, etc., have the rock-salt structure (p. 273); BeSe, ZnSe, 

and HgSe have the zinc-blende structure (p. 1405); and CdSe has the wurtzite structure 

(p. 1405). The corresponding tellurides are similar, though there is not a complete 1:1 

correspondence. Polonides can also be prepared by direct reaction and are amongst the 

stablest compounds of this element: Na,Po has the antifluorite structure; the NaCl 

structure is adopted by the polonides of Ca, Ba, Hg, Pb, and the lanthanide elements; 

BePo and CdPo have the ZnS structure and MgPo the nickel arsenide structure (p. 649). 

Decomposition temperatures of these polonides are about 600 + 50°C except for the less- 

stable HgPo (d 300°) and the extremely stable lanthanide derivatives which do not 

decompose even at 1000° (e.g. PrPo mp 1253°, TmPo mp 2200°C). 
Transition-element chalcogenides are also best prepared by direct reaction of the 

elements at 400—1000°C in the absence of air. They tend to be metallic nonstoichiometric 

alloys though intermetallic compounds also occur, e.g. Ti_ ,Se, Ti_ Se, TiSeg 95, TiSe, gs, 

Tip 9Se, TizSe,, Tig 7Se, TisSeg, TiSe,, TiSe3, etc.2*:?°) Fuller details of these many 
compounds are in the references cited. 

Most selenides and tellurides are decomposed by water or dilute acid to form H,Se or 

H,Te but the yields, particularly of the latter, are poor. 

Polychalcogenides are less stable than polysulfides (p. 805). Reaction of alkali metals 

with Se in liquid ammonia affords M,Se,, M,Se3, and M,Se,, and analogous 

polytellurides have also been reported (see p. 893 for structure of Te,”~ ). However, all 

these compounds are rather unstable thermally and tend to be oxidized in air. 
Reaction of GaSe with Cs results in the formation of Cs, )Ga,Se,, which contains the 

extraordinary, discrete, rectilinear, C,, anion [Ga,Se,,]'°~ ; this comprises 6 edge-fused 

{GaSe,} tetrahedra, [Se,{Ga(u-Se),};GaSe,]'°~ and is 1900 pm long (Ga-Se, 236 pm, 
Ga-Se,, 239-250 pm).?°” It therefore forms a unique link between finite edge-fused 

dimers such as Al,Cl, and the infinite chains of edge-linked tetrahedra such as occur in 
SiS,. 

16.2.2 Hydrides 

H,,Se (like H,O and H,S) can be made by direct combination of the elements (above 

350°), but H,Te and H,Po cannot be made in this way because of their thermal instablity. 

241). M. CuIzHiKov and V. P. SHCHASTLIVY1, Selenium and Selenides, Collet’s, London, 1968, 403 pp. 

25 F. HULLIGER, Crystal chemistry of chalcogenides and pnictides of the transition elements, Struct. Bonding 
(Berlin), 4, 83-229 (1968). 

75a }{ -J. DIESEROTH and H. Fu-Son, [Ga,Se,,]'° ~: A 1900 pm long, hexameric anion, Angew. Chem. Int. 
Edn. (Engl.) 20, 962-3 (1981). 
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H.Se is a colourless, offensive-smelling, poisonous gas which can be made by hydrolysis of 

Al,Se3, the action of dilute mineral acids on FeSe, or the surface-catalysed reaction of 

gaseous Se and H,: 

Al,Se; +6H,O——> 3H,,Se+ 2Al(OH), 

FeSe + 2HCI——> H,,Se + FeCl, 

Se+H,==—H,,Se 

In this last reaction, conversion at first rises with increase in temperature and then falls 

because of increasing thermolysis of the product: conversion exceeds ~40% between 

350-650° and is optimum (64%) at 520°. 

H,Te is also a colourless, foul-smelling, toxic gas which is best made by electrolysis of 

15-50% aqueous H,SO, at a Te cathode at — 20°, 4.5 A, and 75-110 V. It can also be 

made by hydrolysis of Al,Te3, the action of hydrochloric acid on the tellurides of Mg, Zn, 

or Al, or by reduction of Na,TeO, with TiCl, in a buffered solution. The compound is 

unstable above 0° and decomposes in moist air and on exposure to light. H, Po is even less 
stable and has only been made in trace amounts (~ 10° *° g scale) by reduction of Po using 

Mg foil/dilute HCl and the reaction followed by radioactive tracer techniques. 

Physical properties of the three gases are compared with those of H,O and H,,S in Table 

16.4. The trends are obvious, as is the “anomalous” position of water (p. 729). The densities 

TABLE 16.4 Some physical properties of H,O, H,S, H,Se, H,Te, and H,Po 

Property H,O H,S Hse Hote H,Po 

MP/°C 0.0 — 85.6 —65.7 —51 — 36(?) 
BREG 100.0 — 60.3 — 413 —4 +37(?) 
AH?/kJ mol”! — 285.9 + 20.1 +73.0 +99.6 — 
Bond length (M-H)/pm 95.7 133.6 146 169 — 
Bond angle (H -M-H) (g) 104.5° O2n° 91° 90° -- 
Dissociation constant: 
HM ,K, LESixelOis te i qlOeu Bec O lee 2 35a) One — 
Meeks = Tell Ope Om a SAIN — 

of liquid and solid H,Se are 2.12 and 2.45 g cm 3. H,Te condenses to a colourless liquid 

(d 4.4 gcm_3)and then to lemon-yellow crystals. Both gases are soluble in water to about 

the same extent as H,S, yielding increasingly acidic solutions (cf. acetic acid 

K,~2x 107°). Such solutions precipitate the selenides and tellurides of many metals 

from aqueous solutions of their salts but, since both H,Se and H,Te are readily oxidized 

(e.g. by air), elementary Se and Te are often formed simultaneously. 

H,Se and H,Te burn in air with a blue flame to give the dioxide (p. 911). Halogens and 

other oxidizing agents (e.g. HNO3, KMnO,) also rapidly react with aqueous solutions to 

precipitate the elements. Reaction of H,Se with aqueous SO, is complex, the products 
formed depending critically on conditions (cf. Wackenroder’s solution, p. 849): addition 

of the selenide to aqueous SO, yields a 2:1 mixture of S and Se together with oxoacids of 

sulfur, whereas addition of SO, to aqueous H,Se yields mainly Se: 

H,Se+ 6SO, + 2H,0—> 28 + Se+H,S,0, + 2H,SO, 
H,Se+ 6SO,+2H,O—> Se + H,S,0, + 2H,SO, 
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16.2.3 Halides 

As with sulfur, there is a definite pattern to the stoichiometries of the known halides of 

the heavier chalcogens. Selenium forms no binary iodides whereas the more electroposi- 

tive Te and Po do. Numerous chlorides and bromides are known for all 3 elements, 

particularly in oxidation states + 1, +2, and +4. In the highest oxidation state, +6, only 

the fluorides MF, are known for the 3 elements; in addition SeF, and TeF, have been 

characterized but no fluorides of lower oxidation states except the fugitive FSeSeF, 

Se=SeF ,, and SeF,, which can be trapped out at low temperature.'?>>: 2°°) The compound 
previously thought to be Te,F,, is now known to be O(TeF),°7°* 7°® (p. 910). Finally, 
Te forms a range of curious lower halides which are structurally related to the Te, chains 

in elementary tellurium. 

The known compounds are summarized in Table 16.5 which also lists their colour, mp, 

bp, and decomposition temperature where these have been reported. It will be convenient 

to discuss the preparation, structure, and chemical properties of these various compounds 

in ascending order of formal oxidation state. For comparable information on the halides of 

S, see pp. 808-819. 

Lower halides 

The phase relations in the tellurium—halogen systems have only recently been elucidated 

and the results show a series of subhalides with various structural motifs based on the 
helical-chain structure of Te itself. These are summarized in Fig. 16.9. Thus, reaction of Te 

and Cl, under carefully controlled conditions in a sealed tube?® results in Te,Cl, (Fig. 
16.9b) in which every third Te atom in the chain is oxidized by addition of 2 Cl atoms, 

thereby forming a series of 4-coordinate pseudo-trigonal-bipyramidal groups with axial Cl 
atoms linked by pairs of unmodified Te atoms ~Te-Te-TeCl,-Te-Te-TeCl,—.°”) Te, Br 
and Te,I consist of zigzag chains of Te in planar arrangement (Fig. 16.9c); along the chain 

is an-alternation of trigonal pyramidal (pseudo-tetrahedral) and square-planar (pseudo- 

octahedral) Te atoms. These chains are joined in pairs by cross-linking at the trigonal 

pyramidal Te atoms, thereby forming a ribbon of fused 6-membered Te rings in the boat 

configuration.*”) A similar motif occurs in B-Tel (Fig. 16.9d) which is formed by rapidly 
cooling partially melted «-Tel (see below) from 190°: in this case the third bond from the 

trigonal pyramidal Te atoms carries an J atom instead of being cross-linked to a similar 

chain.'*8) The second, more stable modification, «-Tel, features tetrameric molecules 

25> B. CoHEN and R. D. Peacock, Fluorine compounds of selenium and tellurium, Adv. Fluorine Chem. 6, 
343-85 (1970). 

*5¢ RF. ENGELBRECHT and F. SLADKY, Selenium and tellurium fluorides, Adv. Inorg. Chem. Radiochem. 24, 

189-223 (1981). This review also includes oxofluorides of Se and Te, and related anions. 

25d PM. WATKINS, Ditellurium decafluoride: a continuing myth, J. Chem. Educ., 51, 520-21 (1974). 
2© A. RABENAU and H. Rau, The systems Te-TeCl, and Te-TeBr,, Z. anorg. allgem. Chem. 395, 273-9 

= (1973). 
27 R. Kniep, D. Moorz, and A. RABENAU, Structural investigations of tellurium subhalides: modified 

tellurium structures, Angew. Chem., Int. Ed. (Engl.) 12, 499-500 (1973). M. TAKEDA and N. N. GREENWOOD, 

Tellurium-125 Mossbauer spectra of some tellurium subhalides, JCS Dalton 1976, 631-6. 
28 R. Kniep, D. Mootz, and A. RABENAU, Subhalides of tellurium: crystal structures of x-Tel and /-Tel, 

Angew. Chem., Int. Edn. (Engl.) 13, 403—4 (1973). Modified chain and ribbon structures are also observed for the 
ternary compounds z-AsSel, B-AsSel, x-AsTel, and f-AsTel, all of which are isoelectronic with Se,, and Te, 
but which have more complex chain structures (R. KNiep and H. D. ReEski, Chalcogenide iodides of arsenic, 
Angew. Chem. Int. Edn. (Engl.) 20, 212-4 (1981)). 
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TABLE 16.5 Halides of selenium, tellurium, and polonium 

Oxidation 
State Fluorides Chlorides Bromides lodides 

=<it Te,Cl Te,Br Test 

Te3El, grey needles silver grey 
silver grey mp 224 (peritectic) 
mp 238 (peritectic) 

+1 Se,el5 (B-)Se,Br, x-Te,l, 
yellow-brown liquid blood-red liquid black 
mp —85 .bp 130 (d) bp 225 (d) mp 185 (peritectic) 

(FSeSeF) and (Se=SeF,) (z-SeBr, B-Tel 

trapped at low mp +5) black 
temperature 

+2 (SeF,) (SeCl,) (SeBr,) 

trapped at low d in vapour d in vapour 
temperature (iatie C1523) (“feBr,) 

black eutectic brown d (see text) 

PoGis PoBr, (Pol,) 

dark ruby red purple-brown impure (from 

mp 355, subl 130 mp 270 (d) decomp of Pol, 

at 200 ) 

+4 Seley Sen Glin x-Se, Bry, 
colourless liquid colourless orange-red 
mp —10,bp 101° = mp 305. subl 196 mp 123° 

(also B-Se,Br,,) 
ek enGliy, en B ira ewe 

colourless pale-yellow solid, yellow Black 
mp 129 ,.d >194 maroon liquid mp 363 (under Br,) mp 280°. d 100° 

mp 228 . bp 390° bp 414 (under Br,) 
PoF ,(?) PoCl, PoBr, Pol, 

solid from decomp ~ yellow bright red black 
of PoF, d >200 to PoCl, mp 330. bp d > 200° 

mp. 300. bp ~ 390 360 200 mmHg 
extrapolated 

Mixed halides 

TeBr,Cl, yellow solid. ruby-red liquid 
mp 292°. bp 415 

TeBr,I, — garnet-red crystals 
mp 325. d 420° 

PoBr,Cl, salmon pink (PoCl,+ Br, vap) 

+6 SeF, 

colourless gas 

mp —35° (2 atm), 
subl —47 

he. 

colourless gas 

IMPya= soa 

sub] — 39° 
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3 em es 

~ (c) Te, 1 (and Te,Br) 

- (d) 6-Tel telat 

Fic. 16.9 Structural relations between tellurium and its subhalides: (a) tellurium, (b) Te3Cl,, 
id (c) Te,Br and Te,]I, (d) B-Tel, and (e) «-Tel. 
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Te,I, which are themselves very loosely associated into chains byTe-I---Te links (Fig. 

16.9e); the non-planar Te, ring comprises two non-adjacent 3-coordinate trigonal 

pyramidal Te atoms bridged on one side by a single 2-coordinate Te atom and on the 

other by a 4-coordinate planar >TelI, group. The semiconductivity and nonlinear optical 

properties of these tellurium subhalides have been much studied for possible electronic 
applications. 

The only other “monohalides” of these chalcogens are the highly coloured heavy liquids 

Se,Cl, (d,5 2.774 g cm *)and Se,Br, (d, 53.604 g cm *). Both can be made by reaction of 
the stoichiometric amounts of the elements or better, by adding the halogen to a 

suspension of powdered Se in CS,. Reduction of SeX, with 3Se in a sealed tube at 120° is 

also effective. Se,Br, has a structure similar to that of S,Cl, (p. 815) and, as shown in the 

diagram,**) features a rather short Se-Se bond (cf. 233.5 pm in monoclinic Seg and 
237.3 pm in hexagonal Se,,). The structure of Se,Cl, has not been determined but is 

probably similar. Se, Br, is, in fact, the metastable molecular form (also known as f-SeBr); 
the structure of the more stable a-SeBr is as yet unknown. 

Paradoxically, the most firmly established dihalides of the heavier chalcogens are the 
dark ruby-red PoCl, and the purple-brown PoBr, (Table 16.5). Both are formed by direct 
reaction of the elements or more conveniently by reducing PoCl, with SO, and PoBr, 
with H,S at 25°. Doubt has been cast on “TeCl,” and “TeBr,” mentioned in the older 
literature since no sign of these was found in the phase diagrams.?® However, this is not 
an entirely reliable method of establishing the existence of relatively unstable compounds 
between covalently bonded elements (cf. P/S, p. 583, and S/I, p. 817). It has been claimed 
that TeCl, and TeBr, are formed when fused Te reacts with CCI,F, or CBrF3,°° though 
these materials certainly disproportionate to TeX, and Te on being heated and may 
indeed be eutectic-type phases in the system. SeCl, and SeBr, are unknown in the solid 
state but are thought to be present as unstable species in the vapour above SeX 4. 

Tetrahalides 

All 12 tetrahalides of Se, Te, and Po are known except, perhaps, for Sel,. As with PX, 
(p. 573) and SX, (p. 816) these span the “covalent-ionic” border and numerous structural 
types are known; the stereochemical influence of the lone-pair of electrons (p. 439) is also 

°’ D. KatryNiok and R. Kniep, The molecular and crystal structure of f-SeBr, Angew. Chem., Int. Edn. 
(Engl.) 19, 645 (1980). 

°° E. E. AYNSLEY, The preparation and properties of tellurium dichloride, J. Chem. Soc. 1953, 3016-19. 
E. E. Aynstey and R. H. WaTSON, The preparation and properties of tellurium dibromide, J. Chem. Soc. 1955, 
2603-6. 
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_ prominent. SeF, is a colourless reactive liquid which fumes in air and crystallizes to a 
_ white hygroscopic solid (Table 16.5). It can be made by the controlled fluorination of Se 

(using F, at 0°, or AgF) or by reaction of SF, with SeO, above 100°. SeF,, can be handled 

in scrupulously dried borosilicate glassware and is a useful fluorinating agent. Its structure 
in the gas phase, like that of SF, (p. 809), is pseudo-trigonal-bipyramidal with C,, 

symmetry; the dimensions shown in Fig. 16.10a were obtained by microwave 
spectroscopy. 

(a) SeF, 

ALAN 
fee 
faa NA SN 

(d) Teslis e, @h. Gul 

Fic. 16.10 Structures of some tetrahalides of Se and Te: (a) SeF ,, (b) schematic representation of 
the (TeF,),, chains in crystalline TeF,, and the dimensions of one TeF,, unit, (c) the tetrameric unit 
in crystalline (TeCl,),, and (d) two representations of the tetrameric molecules in Te,I, , showing 

the shared edges of the {TeI,} octahedral subunits. 

TeF, can be obtained as colourless, hygroscopic, sublimable crystals by controlled 

fluorination of Te or TeX, with F,/N, at 0°, or more conveniently by reaction of SeF, 

with TeO, at 80°. It decomposes above 190° with formation of TeF, and is much more 
reactive than SeF,. For example, it readily fluorinates SiO, above room temperature and 

reacts with Cu, Ag, Au, and Ni at 185° to give the metal tellurides and fluorides. Adducts 

with BF,, AsF;, and SbF, are known. Although probably monomeric in the gas phase, 
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crystalline TeF, comprises chains of cis-linked square-pyramidal TeF, groups (Fig. 
16.10b) similar to those in the isoelectronic (SbF, ), chains in NaSbF, (p. 660). The 

lone-pair is alternately above and below the mean basal plane and each Te atom is 

displaced some 30 pm in the same direction. However, the local Te environment is 

somewhat less symmetrical than implied by this idealized description, and the Te-F 

distances span the range 180-226 pm. 
The other tetrahalides can all readily be made by direct reactions of the elements. 

Crystalline SeCl,, TeCl,, and B-SeBr, are isotypic and the structural unit is a cubane-like 

tetramer of the same general type as [Me3Pt(u3-Cl)], (p. 1358). This is illustrated 

schematically for TeCl, in Fig. 16.10c: each Te is displaced outwards along a threefold 

axis and thus has a distorted octahedral environment. This can be visualized as resulting 

from repulsions due to the Te lone-pairs directed towards the cube centre and, in the limit, 

would result in the separation into TeCl,* and Cl” ions. Accordingly, the 3 tetrahalides 

are good electrical conductors in the fused state, and salts of SeX,* and TeCl,~* can be 
isolated in the presence of strong halide ion acceptors, e.g. [SeCl,]*[GaCl,]~, 

[SeBr;]*[AIBr,]~,[TeCl,]*[AICI,]~. In solution, however, the structure depends on 
the donor properties of the solvent:'°”) in donor solvents such as MeCN, Me,CO, and 

EtOH the electrical conductivity and vibrational spectra indicate the structure 

[L,TeCl,]*Cl~, where L is a molecule of solvent, whereas in benzene and toluene the 

compound dissolves as a non-conducting molecular oligomer which is tetrameric at a 

concentration of 0.1 molar but which is in equilibrium with smaller oligomeric units at 

lower concentrations. Removal of one TeCl,* unit from the cubane-like structure of 

Te,Cl,, leaves the trinuclear anion Te3,Cl,; which can be isolated from benzene 

solutions as the salt of the large counter-cation Ph,C* ; the anion has the expected C,, 

structure comprising three edge-shared octahedra with a central triply bridging Cl 

atom.°?) Removal of a further TeCl,* unit yields the edge-shared bi-octahedral dianion 
Te,Cl,)* which was isolated as the crystalline salt [AsPh,]}[Te,Cl,.]?~. Notional 
removal of a final {TeCl,} unit leaves the octahedral anion TeCl,?~ (p. 908): 

_ 

=Te@ee is Techs =TeCi 
esGlie Aig ee oeCe ——+  [Te,Clio]?> a eGo 

“N,N. GREENWOOD, B. P. STRAUGHAN, and A. E. WiLson, Behaviour of tellurium(IV) chloride, bromide, 
and iodide in organic solvents, and the structure of the species present, J. Chem. Soc. (A) 1968, 2209-12. 

*° B. Kress and V. PAULAT, Preparation and properties of trimeric chlorotellurates(IV). Crystal structure of 
Ph,CTe,Cl, ,, Z. Naturforsch. 34b, 900-905 (1979), and references therein. 
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SeBr, is dimorphic: the «-form, like B-SeBr, mentioned in the preceding paragraph, has 

a cubane-like tetrameric unit (Se—Br, 237 pm, Se-Br, 297 pm) but the two forms differ in 

the spacial arrangement of the tetramers.°*) Tel, has yet another structure which involves 
a tetrameric arrangement of edge-shared {Tel,} octahedra not previously encountered in 

binary inorganic compounds (Fig. 16.10d).°*) The molecule is close to idealized C,, 

symmetry with each terminal octahedron sharing 2 edges with the 2 neighbouring central 

octahedra and each central octahedron sharing 3 edges with its 3 neighbours (Te-I, 

277 pm, Te-I,, 311 pm, Te-I,, 323 pm). There is no significant intermolecular I---I 

bonding. Comparison of the structures and bond data for the homologous series TeF ,, 

TeCl,(TeBr,), Tel, reveals an increasing delocalization of the Te!Y lone-pair. This effect is 
also observed in the compounds of other ns” elements (e.g. Sn", Pb", As!" Sb!" Bi!" IY; see 

pp. 439, 445, 661) and correlates with the gradation of electronegativities and the 

polarizing power of the halogens. 

The detailed structures of PoX, are unknown. Some properties are in Table 16.5. PoF, 

is not well characterized. PoCl, forms bright-yellow monoclinic crystals which can be 

melted under an atmosphere of chlorine, and PoBr, has a fcc lattice with a,=560 pm. 

These compounds and Pol, can be made by direct combination of the elements or 

indirectly, e.g. by the chlorination of PoO, with HCl, PCl., or SOCI,, or by the reaction of 

PoO, with HI at 200°. Similar methods are used to prepare the tetrahalides of Se and Te, 

€.g.: 

TeCh: Clh4+ Te Sese@i) on de. NeO, sor deCl,~ «CCl, + TeO, at 500° 

TeBr,: Te+Br, at room temp; aq HBr on Te or TeO, 

Tel,: Heat Te+I,; Te+Mel; TeBr,+Etl 

The two mixed tellurium(IV) halides listed in Table 16.5 were prepared by the action of 

liquid Br, on TeCl, to give the yellow solid TeBr,Cl,, and by the action of 1, on TeBr, in 

ether solution to give the red crystalline TeBr,I,; their structures are as yet unknown. 

Hexahalides 

The only hexahalides known are the colourless gaseous fluorides SeF, and TeF, and 
the volatile liquids TeCIF; and TeBrF,. The hexafluorides are prepared by direct 

fluorination of the elements or by reaction of BrF on the dioxides. Both are octahedral 

with Se-F 167-170 pm and Te-F 184 pm. SeF,, resembles SF, in being inert to water but it 

is decomposed by aqueous solutions of KI or thiosulfate. TeF, hydrolyses completely 

within 1 day at room temperature. 

The mixed halides TeCIF and TeBrF, are made by oxidative fluorination of TeCl, or 

TeBr, in a stream of F,, diluted with N, at 25°. Under similar conditions Tel, gave only 

33 P Born. R. Kniep, and D. Mootz, Phase relations in the system Se—Br and the crystal structures of 
dimorphic SeBr,, Z. anorg. allgem. Chem. 451, 12-24 (1979). 

34 Vv. PauLat and B. Kress, Tellurium(IV) iodide: tetrameric Te,1,, molecules in the solid, Anyew. Chem., 
Int. Edn. (Engl.) 15, 39-40 (1976). 
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TeF, and IF;. TeCIF, can also be made by the action of CIF on TeF 4, TeCl,, or TeO, 

below room temperature; it is a colourless liquid, mp — 28°, bp 13.5°, which does not react 

with Hg, dry metals, or glass at room temperature. 

Halide complexes 

It is convenient to include halide complexes in this section on the halides of Se, 

Te, and Po and, indeed, some have already been alluded to above. In addition, 

pentafluoroselenates(IV) can be obtained as rather unstable white solids MSeF, by 

dissolving alkali metal fluorides or TIF in SeF,. The tellurium analogues are best prepared 

by dissolving MF and TeO, in aqueous HF or SeF,; they are white crystalline solids. The 

TeF,~ ion (see diagram) has a distorted square-based pyramidal structure (C,,) in which 

the Te atom (and pendant lone-pair of electrons) is about 40 pm below the basal plane (cf. 

TeF,,, Fig. 16.10b). The resemblance to other isoelectronic MF ,"* species is illustrated in 

Table 16.6; in each case, the fact that the distance M-F,,,,, is greater than M-F,,., and that 

the angle F,,,..-M—Fyase is less than 90° can be ascribed to repulsive interaction of the 

basal M-F bonds with the lone-pair of electrons. Attempts to prepare compounds 

containing the TeF,?~ ion have not been successful though numerous routes have been 

TABLE 16.6 Dimensions of some isoelectronic square-pyramidal species 

Species M-F,,-x/pm M-Fyase/pm Angle F pec Pee 

SbF5?~ 200 204 83° 
teks 185 196 ie 
BrF, 168 181 84° 
XeF,* 181 188 79° 

tried. By contrast, compounds of the complex anions SeX,”~ and TeX,”~ (X =Cl, Br, I) 

are readily prepared in crystalline form by direct reaction (e.g. TeX,+2MX) or by 

precipitating the complex from a solution of SeO, or TeO, in aqueous HX. Their most 

notable feature is a regular octahedral structure despite the fact that they are formally 14- 

electron species; it appears that with large monatomic ligands of moderate electro- 
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negativity the stereochemistry is dominated by inter-ligand repulsions and the lone-pair 

then either resides in an ns? orbital for isolated ions or is delocalized in a low-energy solid- 

state band.©°°) Similar results were noted for octahedral Sn" (p. 443) and Sb" (p. 661). 

16.2.4 Oxohalides and pseudohalides'? 

Numerous oxohalides of Se'Y and Se‘' are known. SeOF, and SeOCl, are colourless, 
fuming, volatile liquids, whereas SeOBr, is a rather less-stable orange solid which 

decomposes in air above 50° (Table 16.7). The compounds can be conveniently made by 

TABLE 16.7 Some physical properties of selenium oxohalides 

Property SeOF, SeOCl, SeOBr, SeOsk> © (SeCORZ)5> BEESCOF™ VRsSeOOSks 

MP/°C 15 10.9 41.6 —99.5 —12 — 54 — 62.8 

BeEG 125 Nae ~ 220(d) —84 65 —29 76.3 

Density/gcm~* 2.80 (21.5°) 2.445 (16°) 3.38 (50°) _ -- — — 

Gee) 

reacting SeO, with the appropriate tetrahalide and their molecular structure is probably 

pyramidal (like SOX,, p. 820). SeOF, is an aggressive reagent which attacks glass, reacts 
violently with red phosphorus and with powdered SiO, and slowly with Si. In the solid 

state, X-ray studies have revealed that the pyramidal SeOF, units are linked by O and F 

bridges into layers thereby building a distorted octahedral environment around each Se 

with 3 close contacts (to O and 2F) and 3 (longer) bridging contacts grouped around the 

lone-pair to neighbouring units.°° This contrasts with the discrete molecular structure of 

SOF, and affords yet another example of the influence of preferred coordination number 

on the structure and physical properties of isovalent compounds, e.g. molecular BF, and 

6-coordinate AIF ;, molecular GeF,, and the 6-coordinate layer lattice of SnF,, and, toa 

less extent, molecular AsF, and F-bridged SbF. (See also the Group IV dioxides, etc.) 

SeOCl, (Table 16.7) is a useful solvent: it has a high dielectric constant (46.2 at 20°), a 

high dipole moment (2.62 D in benzene), and an appreciable electrical conductivity 

(2x 10° ohm~' cm! at 25°). This last has been ascribed to self-ionic dissociation 
resulting from chloride-ion transfer: 

2SeOEl === SeOCEl* +SeOCl, = 

*° For experimental results and theoretical discussion see I. D. BRown, The crystal structure of K,TeBr,. 
~ Can. J. Chem, 42, 2758-67 (1964). D. S. UrcH, The stereochemically inert lone pair? A speculation on the 
bonding in SbCl,,*~, SeBr,?, TeBr,? , IF, , and XeF,, J. Chem. Soc. 1964, 5775-81. N. N. GREENWooD and 
B. P. STRAUGHAN, Metal-halogen vibrations of simple octahedral ions containing tin, selenium, and tellurium, 
J. Chem. Soc. (A) 1966, 962-4. T. C. Gips, R. GREATREX, N. N. GREENWoop, and A. C. SARMA, Tellurium-125 

Mossbauer spectra of some tellurium complexes, J. Chem. Soc. (A) 1970, 212-17. J. DD. DoNALDSON, S. D. Ross, 

J. Si-ver, and P. Warkiss, Solid-state effects in the vibrational spectra of hexahalogeno-stannates(IV) and 

-tellurates(IV), J. Chem. Soc. Dalton 1975, 1980-83, and references therein. 

3° J.C. Dewan and A. J. Eowarps, Crystal structure of selenyl difluoride at —35 C, J. Chem. Soc. Dalton 
1976, 2433-5. 
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Oxohalides of Se’! are known only for fluorine (Table 16.7). SeO,F, is a readily 
hydrolysable colourless gas which can be made by fluorinating SeO, with SeF, (or KBF, 

at 70°) or by reacting BaSeO, with HSO,F under reflux at 50°. Its vibrational spectra 

imply a tetrahedral structure with C,,, symmetry as expected. By contrast SeOF, is a 

dimer [F,Se(u-O),SeF,] in which each Se achieves octahedral coordination via the 2 

bridging O atoms: the planar central Se,O, ring has Se-O 178 pm and angle Se-O-Se 
97.5°, and Se-F,, and Se-F,, are 167 and 170 pm respectively.°” 
Two further oxofluorides of SeY' can be prepared by reaction of SeO, with a mixture of 

F,/N,: at 80° the main product is the “hypofluorite” F ;SeOF whilst at 120° the peroxide 

F,SeOOSeF, predominates. The compounds (Table 16.7) can be purified by fractional 

sublimation and are reactive, volatile, colourless solids. The analogous sulfur compounds 

were discussed on p. 814. The colourless liquid F;SeOSeF, (mp — 85°, bp 53°) is made by 

a somewhat more esoteric route as follows:°°? 

0 Xe(OSeF;), —~-—> Xe + 40, + F,SeOSeF 

The corresponding tellurium analogue is made by fluorinating TeO, in a copper vessel at 

60° using a stream of F,/N, (1:10). It is a colourless, mobile, unreactive liquid, mp — 36.6°, 

bp 59.8°. The Se-O-Se angle in F;SeOSeF,, is 142.4° (+ 1.9°) as in the sulfur analogue, and 
the Te-O-Te angle is very similar (145.5+2.1°). Both the -OSeF; group and the -OTeF , 

group have very high electronegativities as can be seen, for example, by reactions of the 

ligand-transfer reagent [B(OTeF;),]:°” 

IF; +B(OTeF;); Se FI(OTeFs)4 

XeF,+ B(OTeF;); Xe(OTeF;), (see also p. 1055) 
3) 

The oxohalides of Te'Y are less well characterized.°’ Representatives are TeOBr,, and 
the white sublimate crystalline TeL’O,,Cl, formed by heating TeO, and TeCl, at 500°. 
The fluorination of Te in the presence of oxygen yields (in addition to Te,F, 9, p. 907) the 

dense colourless liquids Te}'0,F,, and Te%'O.F,,. Very recently more purposeful 
synthetic routes have been devised, leading to the isolation and structural characteriza- 

tion of the 6-coordinate Te‘! oxofluorides cis- and trans-F,Te(OTeF.),, cis- and trans- 

F,Te(OTeF,),, FTe(OTeF,);, and even Te(OTeF,),.%° Similarly, thermolysis of 
B(OTeF.,)3 at 600° in a flow system yields the oxygen-bridged dimer Te,O,F, analogous 

to Se,O,F, above. Te,O,F is a colourless liquid with a garlic-like smell, mp 28°, bp 77.5°. 

The planar central Te,O, ring has Te—O 192 pm and angle Te—O-Te 99.5°, and again the 

equatorial Te-F distances (180 pm) are shorter than the axial ones (185 pm).°”) 
Pseudohalides of Se in which the role of halogen is played by cyanide, thiocyanate, or 

selenocyanate are known and, in the case of Se" are much more stable with respect to 

*” H. OBERHAMMER and K. SeppeELT, Molecular structures of Se,O,F, and Te,O,Fg, /norg. Chem. 18, 2226-9 
(1979). 

38H. OBERHAMMER and K. SeppeLt, Eléctron diffraction study of bis(pentafluorosulfur), bis(pentafluoro- 
selenium), and bis(pentafluorotellurium) oxides, /nory. Chem. 17, 1435-9 (1978). 

*° D. Lenz and K. Seppett, Extremely high electronegativities, Angew. Chem., Int. Edn. (Engl.) 17, 355-6 
(1978); Xenon tetrakis(pentafluoroorthotellurate), ibid., pp. 356-61. 

*°D. Lentz, H. Pritzkow, and K. Seppett, Novel tellurium oxide fluorides, /norg. Chem. 17, 1926-31 
(1978). 
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disproportionation than are the halides themselves. Examples are Se(CN),, Se,(CN)>, 

Se(SeCN),, Se(SCN),, Se,(SCN),. Tellurium and polonium analogues include Te(CN), 

and Po(CN), but have been much less studied than their Se counterparts. The long- 

sought tellurocyanateion TeCN has recently been made, and isolated in crystalline form 

by the use of large counter-cations;‘*") as expected, the anion is essentially linear (angle 

Te-C-N 175°), and the distances Te-C and C-N are 202 and 107 pm respectively. 

The selenohalides and tellurohalides of both main-group elements and transition 
metals have been compared with the corresponding thiohalides in two extensive 

reviews.*1®) 

16.2.5 Oxides 

The monoxides SeO and TeO have transient existence in flames but can not be isolated 

as stable solids. PoO has been obtained as a black, easily oxidized solid by the 

spontaneous radiolytic decomposition of the sulfoxide PoSO3. 

The dioxides of all 3 elements are well established and can be obtained by direct 

combination of the elements. SeO, is a white solid which melts in a sealed tube to a yellow 

liquid at 340° (sublimes at 315°/760 mmHg). It is very soluble in water to give selenous 

acid H,SeO, from which it can be recovered by dehydration. It is also very soluble (as a 

trimer) in SeOCl, and in H,SO, in which it behaves as a weak base. SeO, is 

thermodynamically less stable than either SO, or TeO, and is readily reduced to the 

elements by NH3, N,H,4, or aqueous SO, (but not gaseous SO,). It also finds use as an 

oxidizing agent in organic chemistry. In the solid state SeO, has a polymeric structure of 

corner-linked flattened {SeO;} pyramids each carrying a pendant terminal O atom: 

TeO, is dimorphic: the yellow, orthorhombic mineral tellurite (6-TeO,) has a layer 

structure in which pseudo-trigonal bipyramidal {TeO,} groups form edge-sharing pairs 

(Fig. 16.11a) which then further aggregate into layers (Fig. 16.11b) by sharing the 

remaining vertices. By contrast, synthetic «-TeO, (“paratellurite”) forms colourless 

tetragonal crystals in which very similar {TeO,} units (Fig. 16.11c) share all vertices 

(angle Te-O-Te 140°) to form a rutile-like (p. 1120) three-dimensional structure. TeO, 

melts to a red liquid at 733° and is much less volatile than SeO,. It can be prepared by the 

action of O, on Te, by dehydrating H,TeO3, or by thermal decomposition of the basic 

nitrate above 400°. TeO, is virtually insoluble in water and, being amphoteric, shows a 

minimum in solubility (at pH ~4.0). It is very soluble in SeOCl,. 

41 AS. Foust, Tellurocyanate: X-ray crystal structure of the bis(triphenylphosphoranylid)ammonium salt, 
JCS Chem. Comm. 1979, 414-15. 

414M. J, ATHERTON and J. H. HoLtoway, Thio-, seleno-, and telluro-halides of the transition metals, Adv. 
Inorg. Chem. Radiochem. 22, 171-98 (1979). J. FENNER, A. RABENAU, and G. TRAGESER, Solid-state chemistry of 
thio-, seleno-, and telluro-halides of representative and transition elements, ibid. 23, 329-425 (1980). 
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(a) | Die ch) (c) 
Fic. 16.11 Structural units in crystalline TeO,: (a) pair of edge-sharing pseudo-trigonal 
bipyramidal {TeO,} groups in tellurite (8-TeO,) which aggregate into layers as shown in (b) by 
sharing the remaining vertices with neighbouring pairs, and (c) the {TeO,} unit in paratellurite 

(a-TeO,). 

PoO, is obtained by direct combination of the elements at 250° or by thermal 

decomposition of polonium(IV) hydroxide, nitrate, sulfate, or selenate. The yellow (low- 

temperature) fcc form has a fluorite lattice; it becomes brown when heated and can be 

sublimed in a stream of O, at 885°. However, under reduced pressure it decomposes into 

the elements at almost 500°. There is also a high-temperature, red, tetragonal form. PoO, 

is amphoteric, though appreciably more basic than TeO,: e.g. it forms the disulfate 

Po(SO,), for which no Te analogue is known. 

It is instructive to note the progressive trend to higher coordination numbers in the 

Group VIA dioxides, and the consequent influence on structure: 

Compound SO, SeO, TeO, PoO, 
Coordination number 2 3 4 8 

Structure molecule chain polymers layer or 3D 3D “fluorite” 

The difficulty of oxidizing Se to the +6 state has already been mentioned (p. 891). 

Indeed, unlike SO, and TeO;, SeO, is thermodynamically unstable with respect to the 

dioxide: ’ 

SeO,——> SeO,+40,; AH°=—46kJ mol™! 

Some comparative figures for the standard heats of formation AHf are in Table 16.8. 

TABLE 16.8 AH? (298)/kJ mol”? for MO, from elements in standard states 

SOxe 9297 SeO, 230 TeO, 325 
SO, 432 SeO, 184 TeO, 348 

Accordingly, SeO, can not be made by direct oxidation of Se or SeO, and is even hard 
to make by the dehydration of H,SeO, with P,O.; a better route is to treat anhydrous 

K,SeO with SO, under reflux, followed by vacuum sublimation at 120°. SeO, is a white, 
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_hygroscopic solid which melts at 118°, sublimes readily above 100° (40 mmHg), and 

decomposes above 165°. The crystal structure is built up from cyclic tetramers, Se,O, >, 
which have a configuration very similar to that of (PNCI,), (p. 626). In the vapour phase, 

however, there is some dissociation into the monomer. In the molten state SeO, is 

probably polymeric like the isoelectronic polymetaphosphate ions (p. 615). 

TeO, exists in two modifications. The yellow-orange «-form and the more stable, less 

reactive, grey B-form. The «-TeO, is made by dehydrating Te(OH), (p. 915) at 300-360°; 

the B-TeO, is made by heating «-TeO, or Te(OH), in a sealed tube in the presence of 

H,SO, and O, for 12 h at 350°. a-TeO, has a structure like that of FeF;, in which TeO, 

octahedra share all vertices to give a 3D lattice. It is unattacked by water, but is a powerful 

oxidizing agent when heated with a variety of metals or non-metals. It is also soluble in hot 

concentrated alkalis to form tellurates (p. 916). The B-form is even less reactive but can be 

cleaved with fused KOH. | 
PoO, may have been detected on a tracer scale but has not been characterized with 

weighable amounts of the element. 

16.2.6 Hydroxides and oxoacids 

The rich oxoacid chemistry of sulfur (pp. 834-854) is not paralleled by the heavier 
elements of the group. The redox relationships have already been summarized (p. 891). 

Apart from the dark-brown hydrated monoxide “Po(OH),”, which precipitates when 

alkali is added toa freshly prepared solution of Po(II), only compounds in the +4 and +6 

oxidation states are known. 

Selenous acid, O=Se(OH),, i.e. H,SeO3, and tellurous acid, H,TeO,, are white solids 

which can readily be dehydrated to the dioxide (e.g. in a stream of dry air). H,SeO, is best 

prepared by slow crystallization of an aqueous solution of SeO, or by oxidation of 

powdered Se with dilute nitric acid: 

3Se + 4HNO, + H,O— > 3H,SeO, +4NO 

The less-stable H,TeO, is obtained by hydrolysis of a tetrahalide or acidification of a 

cooled aqueous solution of a telluride. Crystalline H,SeO; is built up of pyramidal SeO, 
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groups (Se—-O 174 pm) which are hydrogen-bonded to give an orthorhombic layer lattice. 

The detailed structure of H,TeO, is unknown. Both acids form acid salts MHSeO, and 
MHTeO, by reaction of the appropriate aqueous alkali. The neutral salts M,SeO,; and 

M,TeO, can be obtained similarly or by heating the metal oxide with the appropriate 

dioxide. Dissociation constants have not been precisely determined but approximate 

values are: 

H5SeO32 Kae ~ 85 «107 22K. = 5% 10-8 

Alkali diselenites M5Se,O, are also known and appear (on the basis of vibrational 
spectroscopy) to contain the ion [O,Se-O-SeO, |? , with C,,, symmetry and a nonlinear 

Se—O-Se bridge (cf. disulfite 0,S-SO,?~, p. 853). Selenous acid, in contrast to H,TeO,, 

can readily be oxidized to H,SeO, by ozone in strongly acid solution; it is reduced to 

elementary selenium by H,S, SO,, or aqueous iodide solution. 

Hydrated polonium dioxide, PoO(OH),, is obtained as a pale-yellow flocculent 

precipitate by addition of dilute aqueous alkali to a solution containing Po(IV). It is 

appreciably acidic, e.g.: 

BEEoO;* J 
K,P00,+2H,O; Seon Sees PoO(OH), + 2KOH 

In the +6 oxidation state the oxoacids of Se and Te show little resemblance to each 

other. H,SeO, resembles H,SO, (p. 837) whereas orthotelluric acid Te(OH), and 
polymetatelluric acid (H,TeO,), are quite different. 

Anhydrous H,SeQ, is a viscous liquid which crystallizes to a white deliquescent solid 

(mp 62°). It loses water on being heated and combines readily with SeO, to give 

“pyroselenic acid”, H,Se,0, (mp 19°), and triselenic acid, H,Se,0,, (mp 25°). It also 

resembles H,SO, in forming several hydrates: H,SeO,.H,O (mp 26°) and 

H,SeO,.4H,O (52°). Crystalline H,SeO, (d 2.961 g cm” 3) comprises tetrahedral SeO, 

groups strongly H-bonded into layers through all 4 O atoms (Se-O 161 pm, O—H-:-O 

261-268 pm). H,SeO, can be prepared by several routes: 

(1) Oxidation of H,SeO,; with H,O,, KMnO,, or HCIO;, which can be formally 
represented by the equations: 

H,SeO, +H,0,— > H,SeO,+H,0 

8H,SeO, + 2KMnO,———> 5H,,SeO, + K,SeO;+2MnSeO,+3H,O 

SH,SeO,; + 2HCIO, 5H,SeO,+ Cl, +H,0 

(ii) Oxidation of Se with chlorine or bromine water, e.g.: 

Se +3Cl, +4H,O——_> H,SeO, + 6HCI 

(iii) Action of bromine water on a suspension of silver selenite: 

Ag,SeO,+ Br, +H,O H,SeO, + 2AgBr 

The acid dissociation constants of H,SeO, are close to those of H,SO,, e.g. K, (H,SeO,) 

1.2x 10~*. Selenates resemble sulfates and both acids form a series of alums (p. 88). 

Selenic acid differs from H,SO,, however, in being a strong oxidizing agent: this is perhaps 
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most dramatically shown by its ability to dissolve not only Ag (as does H,SO,) but also 

Au, Pd (and even Pt in the presence of Cl”): 

2Au + 6H,SeO, ———> Au, (SeO,)3 + 3H,SeO, +3H,O 

It oxidizes halide ions (except F ) to free halogen. Solutions of S, Se, Te, and Po in 

H,SeO, are brightly coloured (cf. p. 785). 

By contrast, the two main forms of telluric acid do not resemble H,SO, and H,SeO, 
and tellurates are not isomorphous with sulfates and selenates. Orthotelluric acid is a white 

solid, mp 136°, whose crystal structure is built up of regular octahedral molecules, 

Te(OH),. This structure, which persists in solution (Raman spectrum), is also reflected in 

its chemistry; e.g. breaks occur in the neutralization curve at points corresponding to 

NaH,TeO,, Na,H,TeO,, Na,H,TeO,, and Na,TeO,. Similar salts include Ag, TeO, 

and Hg,TeO,. Moreover diazomethane converts it to the hexamethyl ester Te(OMe),. In 

this respect Te resembles its horizontal neighbours in the periodic table Sn, Sb, and I 

which form the isoelectronic species [Sn(OH),]*~, [Sb(OH),]~, and IO(OH).. 

Orthotelluric acid can be prepared by oxidation of powdered Te with chloric acid solution 

or oxidation of TeO, with permanganate in nitric acid: 

5Te + 6HCIO, + 12H,0 > 5H, TeO,, + 3Cl, 

5TeO, + 2KMnO, +6HNO, + 12H,O———> 5H, TeO, + 2KNO, + 2Mn(NO,), 

Alternatively, Te or TeO, can be oxidized by CrO;/HNO; or by 30% H,O, under reflux. 

Acidification of a tellurate with an appropriate precipitating acid offers a further 

convenient route: 

BaTeO, + H,SO, + 210 — > BaSO, | + H,TeO, 

Ag, TeO,+2HCI+2H,O 2AgCl| +H,TeO, 

Crystallization from aqueous solutions below 10° gives the tetrahydrate H,TeO, .4H,O. 

The anhydrous acid is stable in air at 100° but above 120° gradually looses water to give 

polymetatelluric acid and allotelluric acid (see below). Unlike H,SO, and H,SeQ,, 

H,TeO, is a weak acid, approximate values of its successive dissociation constants being 

K, ~2x10°8,K, ~10°1!,K, ~3x 10 *°. Itisa fairly strong oxidant, being reduced to 
the element by SO, and to H,TeO, in hot HCl: 

H,TeO, <a 3SO, ——>Te ae 3H,SO, 

H,TeO, + 2HCI—_>H,, TeO, + 3H,0+ Cl, 

Polymetatelluric acid (H,TeO,) _ ,o is a white, amorphous hygroscopic powder formed 

by incomplete dehydration of H,TeO, in air at 160°. Alternatively, in aqueous solution 

the equilibrium nH,TeO,=(H,TeO,), + 2nH,O can be shifted to the right by increasing 

the temperature; rapid cooling then precipitates the sparingly soluble polymetatelluric 

acid. The structure is unknown but appears to contain 6-coordinate Te. Allotelluric acid 

“(H,TeO,)3;(H,O),” is an acid syrup obtained by heating Te(OH), in a sealed tube at 

305°: the compound has not been obtained pure but tends to revert to H,TeO, at room 

temperature or to (H,TeO,), when heated in air; indeed, it may well be a mixture of these 

two substances. 
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Tellurates are prepared by fusing a tellurite with a corresponding nitrate, by oxidizing a 

tellurite with chlorine, or neutralizing telluric acid with a hydroxide.) 
Numerous peroxoacid or thioacid derivatives of Se and Te have been reported"? but 

these add little to the discussion of the reaction chemistry or the structure types already 

described. Examples are peroxoselenous acid HOSeO(OOH) (stable at —10°) and 
potassium peroxo-orthotellurate K,H,TeO, which also loses oxygen at room 

temperature. Isomeric selenosulfates, M}SO,Se, and thioselenates, MSeO,S, are known 

and can be made by the obvious routes of [SO,”~ (aq)+Se] and [SeO,?- (aq)+S]. 

Likewise, colourless or yellow-green crystalline selenopolythionates M,Se,S,O, (x= 1, 2; 

y=2, 4) and orange-yellow telluropentathionates M}TeS,O, are known. X-ray structure 

analysis reveals unbranched chains with various conformations as found for the 

polythionates themselves (p. 851).**) Typical examples are in Fig. 16.12. It will be seen 

cis-[Se(S,03 ). }?7 cis-[-Te(S,03)2] 27 trans-[Te(S,03), ]?7 

Fic. 16.12 Structures and conformations of unbranched chain anions in (a) 

Ba[Se(S,0,),]-2H,0, (b) Ba[Te(S,03),].2H,O, and (c) (NH4)2[Te(S03)2]. 

that these compounds contain Se and Te bonded to S$ rather than O and they therefore 
form a natural link with the Group VI sulfides to be described in the next section. 

16.2.7 Other inorganic compounds 

The red compound Se,S,, obtained by fusing equimolar amounts of the elements, is a 

covalent molecular species which can be crystallized from benzene. Similar procedures 

yield Se,S,, SeS,, and TeS.,, all of which are structurally related to Sg (p. 772). 
PoS forms as a black precipitate when H.S is added to acidic solutions of polonium 

compounds. Its solubility product is ~5x 10° 7°. The action of aqueous ammonium 
sulfide on polonium(IV) hydroxide gives the same compound. It decomposes to the 

elements when heated to 275° under reduced pressure and is of unknown structure. 

Se,N, 1s an orange, shock-sensitive crystalline compound which decomposes violently 
at 160°. It resembles its sulfur analogue (p. 856) in being thermochroic (yellow-orange at 

— 195° and red at + 100°) and in having the same D,, molecular structure. Se,N, can be 

made by reacting anhydrous NH; with SeBr, (or with SeO, at 70° under pressure). 
Tellurium nitride can be prepared similarly; it is a lemon-yellow, violently explosive 

compound with a formula that appears to be Te,N, rather than Te,N,; its structure is 

unknown. 

4° Ref. 10, pp. 94-7. 
43 A. F. WELLS, Structural Inorganic Chemistry, 4th edn., pp. 596-604, Oxford University Press, Oxford, 

1975. For more recent examples see J. Chem. Soc. Dalton 1978, 1528-32 (Pb, Te,O,). Inorg. Chem. 19, a Sy 
1044-8, 1063-4 (1980) (SeS,O,7~, Se.S,0,7~, SeS,O,?7). 
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_ Theincreasing basicity of the heavier members of Group VI is reflected in the increasing 
incidence of oxoacid salts. Thus polonium forms Po(NO3),.xN,O,4, Po(SO,)5.xH,O, 

and a basic sulfate and selenate 2PoO, .SO; and 2PoO, . SeO, all of which are white, and 
a hydrated yellow chromate Po(CrO,), .xH,O. There is also fragmentary information on 

the precipitation of an insoluble polonium(IV) carbonate, iodate, phosphate, and 

vanadate. Tellurium(IV) forms a white basic nitrate 2TeO, . HNO, and a basic sulfate 
and selenate 2TeO, . XO3, and there are indications of a white, hygroscopic basic sulfate of 

selenium(IV), SeO,.SO 3 or SeOSO,. Most of these compounds have been prepared by 

evaporation of aqueous solutions of the oxide or hydrated oxide in the appropriate acid. 

There is no doubt that more imaginative nonaqueous synthetic routes could be devised, 

but the likely products seem rather uninteresting and the field has attracted little recent 
attention. 

(44-47) 16.2.8 Organo-compounds 

Organoselenium and organotellurium chemistry is a large and expanding field which 

parallels but is distinct from organosulfur chemistry. The biochemistry of organoselenium 

compounds has also been much studied (p. 894). Organopolonium chemistry is almost 

entirely restricted to trace-level experiments because of the charring and decomposition of 

the compounds by the intense « activity of polonium (p. 886). 

The principal classes of organoselenium compound are summarized in the scheme 

below which indicates the central synthetic role of the selenides R,Se and diselenides 

R,Se,." Detailed discussion of these and related tellurium compounds falls outside the 

R2 Se(NO3)2, 

Reaction scheme for the formation of organo-selenium compounds (X = halogen). 

scope of the present treatment. Other compounds such as the cyano derivatives (p. 911) 

and CSe,, COSe, COTe, and CSTe (p. 891) have already been briefly mentioned. 

44 KJ. IRGoLIc and M. V. KUDCHADKER, The organic chemistry of selenium, Chap. 8 in ref. 2, pp. 408-545. 
H. E. GANTHER, Biochemistry of selenium, Chap. 9 in ref. 2, pp. 546-614. W. C. Cooper and J. R. GLover, The 
toxicology of selenium and its compounds, Chap. 11 in ref. 2, pp. 654-74. 

#5. R. A. ZiNGARO and K. IRGOLIC, Organic compounds of tellurium, Chap. 5 in ref. 3, pp. 184-280. W. C. 
Cooper, Toxicology of tellurium and its compounds, Chap. 7 in ref. 3, pp. 313-72. 

+6 BP D Maanus, Organic selenium and tellurium compounds, in D. BARTON and W. D. OLLIs (eds.), 

Comprehensive Organic Chemistry, Vol. 3, Chap. 12, pp. 491-538, Pergamon Press, Oxford, 1979. 
*7 Specialist Periodical Reports of the Chemical Society (London), Organic Compounds of Sulfur, Selenium, 

and Tellurium, Vols. 1-5 ..., 1970-9... . 
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Tellurocarbonyl derivatives R'—C—OR? and telluroamides, e.g. Ph-—C—NMe, 
| 
Te Te 

(mp 73°) have recently been prepared*®) and shown to be similar to, though more reactive 
than, the corresponding seleno derivatives. 

Stoichiometry is frequently an inadequate guide to structure in organo-derivatives of Se 

and Te particularly when other elements (such as halogens) are also present. This arises 

from the incipient tendency of many of the compounds to undergo ionic dissociation or, 

conversely, to increase the coordination number of the central atom by dimerization or 

other oligomeric interactions. Thus Me,Sel features pyramidal ions [SeMe,]* but these 

are each associated rather closely with 1 iodide which is colinear with 1 Me—Se bond to 

give a distorted pseudotrigonal bipyramidal configuration (Fig. 16.13a).°*) A regular 

(a) Me;Sel (b) [TeMe; ]* (c) [Ph,TeCl] , 

(d) Structural units in [TeMe, ]*[TeMel, ]7 (e) Me,Tel,.1, 

(Z.1(1)Tel(2) 175°) 

Fic. 16.13 Some coordination environments of Se and Te in their organohalides. 

pyramidal cation can, however, be obtained by use of a large non-coordinating counter- 

anion, as in [TeMe3]*[BPh,]~ (Fig. 16.13b).*® By contrast, Ph;TeCl is a chloride- 
bridged dimer with 5-coordinate square-pyramidal Te (Fig. 16.13c).° The possibility of 
isomerism also exists: e.g. 4-coordinate, monomeric molecular Me,Tel, and its ionic 
counterpart [TeMe;]*[TeMelI,]~ in which interionic interactions make both the cation 

*8 K. A. LerstRuP and L. HENRIKSEN, Preparation of telluroamides and tellurohydrazides, JCS Chem. 
Comm. 1979, 1102-3, and references therein. 

*’R. F. Zioco and J. M. Troup, Threefold configuration of tellurium(IV). Crystal structure of 
trimethyltellurium tetraphenylborate, /nory. Chem. 18, 2271-4 (1979). 

°° R. F. Zioto and M. Extine, Crystal and molecular structure of unsolvated Ph,TeCl, Jnory. Chem. 19, 
2964-7 (1980). 
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and the anion pseudo-6-coordinate (Fig. 16.13d).'**) Further complications obtrude when 
the halogen itself is capable of forming polyhalide units in the crystal. Thus reaction of 

molecular Me,Tel, with iodine readily affords Me,Tel, but the chemical behaviour and 

spectra of the product give no evidence for oxidation to Te(VI), and X-ray analysis 

indicates the formation of an adduct Me,Tel, .I, in which the axially disposed iodine 
ators of the pseudo-trigonal-bipyramidal Me,Tel, are weakly bonded to molecules of 

iodine to form a network as shown in Fig. 16.13e°”) (cf. TI, p. 269). 

51H, PritzKow, Crystal and molecular structure of dimethyltellurium tetraiodide, Me,Tel,, /nory. Chem. 
18, 311-13 (1979). 

CTE-EE 
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The Halogens: 
Fluorine, Chlorine, 
Bromine, lodine, 
and Astatine 

17.1 The Elements 

17.1.1 Introduction 

Compounds of the halogens have been known from earliest times and the elements have 
played a particularly important role during the past two hundred years in the 
development of both experimental and theoretical chemistry." Some of this early history 
is summarized in Table 17.1. The name “halogen” was introduced by J. S. C. Schweigger in 
1811 to describe the property of chlorine, at that time unique among the elements, of 
combining directly with metals to give salts (Greek &Ac, sea salt, plus the root -yev, 
produce). The name has since been extended to cover all five members of Group VIIB of 
the periodic table. 

Fluorine 

Fluorine derives its name from the early use of fluorspar (CaF) as a flux (Latin fluor, 
flowing). The name was suggested to Sir Humphry Davy by A.-M. Ampere in 1812. The 
corrosive nature of hydrofluoric acid and the curious property that fluorspar has of 
emitting light when heated (“fluorescence”) were discovered in the seventeenth century. 
However, all attempts to isolate the element either by chemical reactions or by electrolysis 
were foiled by the extreme reactivity of free fluorine. Success was finally achieved on 26 
June 1886 by H. Moissan who electrolysed a cooled solution of KH F, in anhydrous liquid 
HF, using Pt/Ir electrodes sealed into a platinum U-tube sealed with fluorspar caps: the 
gas evolved immediately caused crystalline silicon to burst into flames, and Moissan 
reported the results to the Academy two days later in the following cautious words: “One 

'M. E. WEEKS, Discovery of the Elements, 6th edn., Journal of Chemical Education, Easton, 1956, Chap. 27, 
‘The halogen family’, pp. 729-77. 
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TaBLeE 17.1 Early history of the halogens and their compounds 

Archaeological evidence for the use of rock-salt 
Written records on salt (ascribed to Herodot) 

Use of salt as part payment for services (salary) 
Strabo described dyeworks for obtaining tyrian purple (dibromoindigo) in his Geographica 

Use of salt to purify noble metais 
Dilute hydrochloric acid prepared by Arabian alchemist Rhazes 
Development of aqua regia (HCI/HNO,) to dissolve gold—presumably Cl, was formed but not 

studied 
Georgius Agricola described use of fluorspar as a flux 
Chlorine recognized as a gas by Belgian physician J. B. van Helmont (see Scheele, 1774) 

Concentrated HCl prepared by J. L. Glauber (by heating hydrated ZnCl, and sand) 
H. Schwanhard (Nurnberg) found that CaF,+strong acid gave acid vapours (HF) that etched 

glass (used decoratively) 
J. S. Elsholtz described emission of bluish-white light when fluorspar was heated. Also described 

by J. G. Wallerius, 1750; see 1852 “fluorescence” 

First chemical study of fluorite undertaken by A. S. Marggraf 
Crude hydrofluoric acid prepared by C. W. Scheele 
Gaseous HCI prepared over mercury by J. Priestley 
C. W. Scheele prepared and studied gaseous chlorine (MnO, + HCl) but thought it a compound 
Chemical bleaching (eau de Javel: aqueous KOH+Cl,) introduced by C.-L. Berthollet 
N. Leblanc devised a technical process for obtaining NaOH from NaCl (beginnings of the 

chemical industry) 
Bleaching powder patented by C. Tennant (Cl, + slaked lime) following preparation of bleaching 

liquors from Cl, and lime solutions by T. Henry (1788) 
W. Cruickshank recommended use of Cl, as a disinfectant (widely installed in hospitals by 1823 

and notably effective in the European cholera epidemic of 1831 and the outbreak of puerperal 
fever in Vienna, 1845) 

Fluoride found in fossil ivory and teeth by D. P. Morichini (soon confirmed by J. J. Berzelius who 
found it also in bones) 

H. Davy announced proof of elementary nature of chlorine to the Royal Society (15 November) 
and suggested the name “chlorine” (i811) 

B. Courtois isolated iodine by sublimation (H,SO,+seaweed ash) 
The term “halogen” introduced by J. S. C. Schweigger to denote the (then) unique property of the 

element chlorine to combine directly with metals to give salts 
A.-M. Ampére wrote to H. Davy (12 August) suggesting the name le fluore (fluorine) for the 

presumed new element in CaF, and HF (by analogy with le chlore, chlorine). Adopted by Davy 
1813 

Starch/iodine blue colour-reaction described by J.-J. Colin and H.-F. Gaultier de Claubry; 

developed by F. Stromeyer in same year as an analytical test sensitive to 2-3 ppm iodine 
First interhalogen compound (ICI) prepared by J. L. Gay Lussac 

Potassium iodide introduced as a remedy for goitre by J.-F. Coindet (Switzerland), the efficacy of 

extracts from kelp having been known in China and Europe since the sixteenth century 
M. Faraday showed that “solid chlorine” was chlorine hydrate (analysis corresponded to 

Cl,.~ 10H,O with present-day nomenclature). He also liquefied Cl, (5 March) by warming the 
hydrate in a sealed tube 

First iodine containing mineral (AgI) identified by A. M. del Rio (Mexico) and N.-L. Vauquelin 

(Paris) 
Bromine isolated by A.-J. Balard (aged 23 y) 

: Daguerre’s hic pr 

fodine (as iodate) found in Chilean ealtpette rs A. 
First mineral bromide (bromyrite, AgBr) discovered in Mexics by P. Berthier—later also found in 

Chile and France 
Diaphragm cell for electrolytic generation of Cl, invented by C. Watt (London) but lack of 

practical electric generators delayed commercial exploitation until 1886-90 (Matthes and 
Weber of Duisberg) 

The term “‘fluorescence”’ coined by G. G. Stokes for light emission from fluorspar 
Bromide therapy introduced by Lacock as a sedative and anticonvulsant for treatment of epilepsy 
Discovery of Stassfurt salt deposits opened the way for bromine production (for photography and 

medicine) as a by-product of potash 
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1863 Alkali Act (UK) prohibited atmospheric pollution and enforced the condensation of by-product 
HCI from the Leblanc process 

1886 H. Moissan isolated F, by electrolysis of KHF,/HF (26 June) after over 70 y of unsuccessful 
attempts by others (Nobel Prize for Chemistry 1906—died 2 months later) 

1892-5 H. Y. Castner (US/UK) and C. Kelner (Vienna) independently developed commercial mercury- 
cathode cell for chlor-alkali production 

can indeed make various hypotheses on the nature of the liberated gas; the simplest would 

be that we are in the presence of fluorine, but it would be possible, of course, that it might be 

a perfluoride of hydrogen or even a mixture of hydrofluoric acid and ozone. . . .” For this 

achievement, which had eluded some of the finest experimental chemists of the nineteenth 

century [including H. Davy (1813-14), G. Aimé (1833), M. Faraday (1834), C. J. and T. 

Knox (1836), P. Louyet (1846), E. Fremy (1854), H. Kammerer (1862), and G. Gore 

(1870)], and for his development of the electric furnace, Moissan was awarded the Nobel 

Prize for Chemistry in 1906. 

Fluorine technology and the applications of fluorine-containing compounds have 

developed dramatically during the twentieth century.2) Some highlights are included in 

Table 17.2 and will be discussed more fully in later sections. Noteworthy events are the 

TABLE 17.2 Halogens in the twentieth century 

~ 1900 First manufacture of inorganic fluorides for aluminium industry 
1902 J.C. Downs (of E. I. du Pont de Nemours, Delaware) patented the first practical molten-salt cell 

for Cl, and Na metal 
1908 HCI shown to be present in gastric juices of animals by P. Sommerfeld 
1909 H. Friedlander showed that Tyrian Purple from Murex brandaris was 6,6'-dibromoindigo 

(synthesized by F. Sachs in 1904) 

1920 Bromine detected in blood and organs of humans and other animals and birds by A. Damiens 
1928 T. Midgley, A. L. Henne, and R.R. McNary synthesized Freon (CCI,F,) as a non-flammable, non- 

toxic gas for refrigeration 
1928 CIF made by O. Ruff et al. (Cl,+F, at 250°) 
1930 IF, made by O. Ruff and R. Keim (IF; having been made in 1871 by G. Gore) 
1930+ H.T. Deans et al. put the correlation between decreased incidence of dental caries and the presence 

of F~ in drinking water on a quantitative basis 
1931 First bulk shipment of commercial anhydrous HF (USA) 
1938 R. J. Plunket discovered Teflon (polytetrafluoroethylene, PTFE) 
1940 Astatine made via ?°°Bi(a,2n) by D. R. Corson, K. R. Mackenzie, and E. Segré 
1940/1 Industrial production of F,(g) begun (in the UK and the USA for manufacture of UF, and in 

Germany for CIF;) : 

1950 Chemical shifts for 19F and nmr signals for >°Cl and 37Cl first observed | 
1962 CIF, (the last halogen fluoride to be made) synthesized by W. Maya 
1965 LaF, crystals developed by J. W. Ross and M. S. Frant as the first non-glass membrane electrode 

(for ion-selective determination of F” ) Be! 
1965 Perchlorate ion established as a monodentate ligand (to Co) by X-ray crystallography, following 

earlier spectrosopic and conductimetric indications of coordination (1961) 
1968 Perbromates first prepared by E. H. Appelman 
1967 First example of (y',n')-ClO,~ as a bidentate bridging ligand (to Ag*); chelating n?-ClO,~ 

identified in 1974 

1971 HOF first isolated in weighable amounts (p. 1003) 

? Kirk-Othmer Encyclopedia of Chemical Technology, 3rd edn., 1980: Fluorine: inorganic fluorine 
compounds, Vol. 10, pp. 630-828; Organic fluorine compounds, Vol. 10, pp. 829-962 and Vol. 11, pp. 1-81. 
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development of inert fluorinated oils, greases, and polymers: Freon gases such as CCI,F, 
(1928) were specifically developed for refrigeration engineering; others were used as 

propellants in pressurized dispensers and aerosols; and the non-stick plastic polytetra- 

fluoroethylene (PTFE or Teflon) was made in 1938. Inorganic fluorides, especially for the 

aluminium industry (p. 247) have been increasingly exploited from about 1900, and from 

1940 UF, has been used in gaseous diffusion plants for the separation of uranium isotopes 

for nuclear reactor technology. The great oxidizing strength of F, and many of its 

compounds with N and O have attracted the attention of rocket engineers and there have 

been growing large-scale industrial applications of anhydrous HF (p. 945). 

The aggressive nature of HF fumes and solutions has been known since Schwanhard of 

Nurnberg used them for the decorative etching of glass. Hydrofluoric acid inflicts 

excruciatingly painful skin burns (p. 946) and any compound that might hydrolyse to 
form HF should be treated with great caution.°) Maximum allowable concentration for 
continuous exposure to HF gas is 2--3 ppm (cf. HCN 10 ppm). The free element itself is 

even more toxic, maximum allowable concentration for a daily 8-h exposure being 

0.1 ppm. Low concentrations of fluoride ion in drinking water have been known to 

provide excellent protection against dental caries since the classical work of H. T. Dean 

and his colleagues in the early 1930s; as there are no deleterious effects, even over many 

years, providing the concentration is kept at or below 1 ppm, fluoridation has been a 

recommended procedure in several countries for many years (p. 945). However, at 

2-3 ppm a brown mottling of teeth can occur and at 50 ppm harmful toxic effects are 

noted. Ingestion of 150 mg of NaF can cause nausea, vomiting, diarrhoea, and acute 

abdominal pains though complete recovery is rapid following intravenous or intra- 

muscular injection of calcium ions. 

Chlorine 

Chlorine was the first of the halogens to be isolated and common salt (NaCl) has been 

known from earliest times (see Table 17.1). Its efficacy in human diet was well recognized 

in classical antiquity and there are numerous references to its importance in the Bible. On 

occasion salt was used as part payment for the services of Roman generals and military 

tribunes (salary) and, indeed, it is an essential ingredient in mammalian diets (p. 75). The 

alchemical use of aqua regia (HCI/HNO,) to dissolve gold is also well documented from 

the thirteenth century onwards. Concentrated hydrochloric acid was prepared by J. L. 

Glauber in 1648 by heating hydrated ZnCl, and sand in a retort and the pure gas, free of 

water, was collected over mercury by J. Priestley in 1772. This was closely followed by the 

isolation of gaseous chlorine by C. W. Scheele in 1774: he obtained the gas by oxidizing 

nascent HCl with MnO, in a reaction which could now formally be written as: 

heat 4NaCl+2H,SO,+MnO, 2Na,SO,+MnCl, +2H,0+Cl, 

However, Scheele believed he had prepared a compound (dephlogisticated marine acid air) 

and the misconception was compounded by C.-L. Berthollet who showed in 1785 that the 

action of chlorine on water releases oxygen: [Cl,(g) + H,O—2HCI\(soln) + 40,(g)]; he 

concluded that chlorine was a loose compound of HCl and oxygen and called it 

3 A. J. FINKEL, Treatment of hydrogen fluoride injuries, Adv. Fluorine Chem. 7, 199-203 (1973). 



924 The Halogens: Fluorine, Chlorine, Bromine, Iodine, and Astatine Gh. Wi; 

oxymuriatic acid.t The two decades from 1790 to 1810 were characterized by two major 

advances in chemical theory: Lavoisier’s demolition of the phlogiston theory of 

combustion, and Davy’s refutation of Lavoisier’s contention that oxygen is a necessary 

constituent of all acids. Only when both these transformations had been achieved could 

the elementary nature of chlorine and the true composition of hydrochloric acid be 

appreciated, though some further time was to elapse (Dalton, Avogadro, Cannizaro) 

before gaseous chlorine was universally recognized to consist of diatomic molecules, Cl), 

rather than single atoms, Cl. The name, proposed by Davy in 1811, refers to the colour of 

the gas (Greek yAwpdc, chloros,-yellowish or light green—cf. chlorophy]). 

The bleaching power of Cl, was discovered by Scheele in his early work (1774) and was 

put to technical use by Berthollet in 1785. This was a major advance on the previous time- 

consuming, labour-intensive, weather-dependent method of solar bleaching, and 

numerous patents followed (see Table 17.1). Indeed, the use of chlorine as a bleach remains 

one of its principal industrial applications (bleaching powder, elemental chlorine, 

hypochlorite solutions, chlorine dioxide, chloramines, etc.).’ Another all-pervading use 

of chlorine, as a disinfectant and germicide, also dates from this period (1801), and the 

chlorination of domestic water supplies is now almost universal in developed countries. 

Again, as with fluoride, higher concentrations are toxic to humans: the gas is detectable by 

smell at 3 ppm, causes throat irritation at 15 ppm, coughing at 30 ppm, and rapid death at 

1000 ppm. Prolonged exposure to concentrations above 1 ppm should be avoided. 

Sodium chloride, by far the most abundant compound of chlorine, occurs in extensive 

evaporite deposits, saline lakes and brines, and in the ocean (p. 927). It has played a 

dominant role in the chemical industry since its inception in the late eighteenth century 

(p. 79). The now defunct Leblanc process for obtaining NaOH from NaCl signalled the 
beginnings of large-scale chemical manufacture, and NaCl remains virtually the sole 

source of chlorine and hydrochloric acid for the vast present-day chlorine-chemicals 

industry.“ This embraces not only the large-scale production and distribution of Cl, and 

HCl, but also the manufacture of chlorinated methanes and ethanes, vinyl chloride, 

innumerable chlorinated organics, aluminium trichloride catalysts, and the chlorides of 

Mg, Ti, Zr, Hf, etc., for production of the metals. Details of many of these processes are to 

be found either in other chapters or in later sections of the present chapter. 

Bromine 

The magnificent purple pigment referred to in the Bible and known to the Romans as 

Tyrian purple after the Phoenician port of Tyre (Lebanon), was shown by H. Friedlander 

+ Muriatic acid and marine acid were synonymous terms for what is now called hydrochloric acid, thus 
signifying its relation to the sodium chloride contained in brine (Latin muria) or sea water (Latin mare). Both 
names were strongly criticized by H. Davy in a scathing paper entitled “Some reflections on the nomenclature of 
oxymuriatic compounds” in Phil. Trans. R. Soc. for 1811: “To call a body which is not known to contain oxygen, 
and which cannot contain muriatic acid, oxymuriatic acid, is contrary to the principles of that nomenclature in 

which it is adopted; and an alteration of its seems necessary to assist the progress of the discussion, and to diffuse 
just ideas on the subject. If the great discoverer of this substance (i.e. Scheele) had signified it by any simple name 
it would have been proper to have referred to it; but ‘dephlogisticated marine acid’ is a term which can hardly be 
adopted in the present advanced area of the science. After consulting some of the most eminent chemical 
philosophers in the country, it has been judged most proper to suggest a name founded upon one of its most 
obvious and characteristic properties--its colour, and to call it Chlorine.” 

® *J.S. Sconce, Chlorine: Its Manufacture, Properties and Uses, Reinhold, New York, 1962, 901 pp. 
> Holy Bible, Ezekiel 27:7, 16. 
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in 1909 to be 6,6’-dibromoindigo. This precious dye was extracted in the early days from 

the small purple snail Murex brandaris, as many as 12 000 snails being required to prepare 

1.5 g of dye. The element was isolated by A.-J. Balard in 1826 from the mother liquors 

remaining after the crystallization of sodium chloride and sulfate from the waters of the 

Montpellier salt marshes; the liquor is rich in MgBr,, and the young Balard, then 23 y of 

age, noticed the deep yellow coloration that developed on addition of chlorine water. 

Extraction with ether and KOH, followed by treatment of the resulting KBr with 

H,SO,/MnO,, yielded the element as a red liquid. Astonishingly rapid progress was 

possible in establishing the chemistry of bromine and in recognizing its elemental nature 

because of its similarity to chlorine and iodine (which had been isolated 15 y earlier). 

Indeed, J. von Liebig had missed discovering the element several years previously by 
misidentifying a sample of it as iodine monochloride.") Balard had proposed the name 

muride, but this was not accepted by the French Academy, and the element was named 

bromine (Greek Bpd.oc, stink) because of its unpleasant, penetrating odour. It is perhaps 
ironic that the name fluorine had already been pre-empted for the element in CaF, and 

HF (p. 920) since bromine, as the only non-metallic element that is liquid at room 

temperature, would pre-eminently have deserved the name. 

The first mineral found to contain bromine (bromyrite, AgBr) was discovered in 

Mexico in 1841, and industrial production of bromides followed the discovery of the giant 

Stassfurt ae as ue 1858. The major use at that time was in dae and 
ed as th ey ight ; 

an in eas The scale of the present-day eee tatea of bromine and bromine chemicals 

will become clear in later sections of this chapter. 

Iodine 

The lustrous, purple-black metallic sheen of resublimed crystalline iodine was first 

observed by the industrial chemist B. Courtois in 1811, and the name, proposed by J. L. 

Gay Lussac in 1813, reflects this most characteristic property (Greek iwén¢, violet- 

coloured). Courtois obtained the element by treating the ash of seaweed (which had been 

calcined to extract saltpetre and potash) with concentrated sulfuric acid. Extracts of the 

brown kelps and seaweeds Fucus and Laminaria had long been known to be effective for 

the treatment of goitre and it was not long before J. F. Coindet and others introduced pure 

KI as a remedy in 1819. It is now known that the thyroid gland produces the growth- 
regulating hormone thyroxine, an iodinated aminoacid: 

© EB. Bootu, The history of the seaweed industry. Part 3. The iodine industry, Chem. Ind. (Lond.) 1979, 31 and 
52-55. 
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HO O CH,CH(NH,)CO,H 

If the necessary iodine input is insufficient the thyroid gland enlarges in an attempt to 

garner more iodine: addition of 0.01% Nal to table salt (iodized salt) prevents this 

condition. Tincture of iodine is a useful antiseptic. 

The first iodine-containing mineral (AgI) was discovered in Mexico in 1825 but the 

discovery of iodate as an impurity in Chilean saltpetre in 1840 proved to be more 

significant industrially. The Chilean nitrate deposits provided the largest proportion of 

the world’s iodine until overtaken in the later 1960s by Japanese production from natural 

brines (pp. 927, 933). 

In addition to its uses in photography and medicine, iodine and its compounds have 

been much exploited in volumetric analysis (iodometry and iodimetry, p. 1011). 
Organoiodine compounds have also played a notable part in the development of synthetic 

organic chemistry, being the first compounds used in A. W. von Hofmann’s alkylation of 

amines (1850), A. W. Williamson’s synthesis of ethers (1851), A. Wurtz’s coupling 
reactions (1855), and V. Grignard’s reagents (1900). 

Astatine 

From its position in the periodic table, all isotopes of element 85 would be expected to 

be radioactive. Those isotopes that occur in the natural radioactive series all have half- 

lives of less than 1 min and thus occur in negligible amounts in nature (p. 928). Astatine 

(Greek &%otat-oc, unstable) was first made and characterized by D. R. Corson, K. R. 

Mackenzie, and E. Segré in 1940: they synthesized the isotope 7’*At (¢, 7.21 h) by 
bombarding ?°°Bi with «-particles in a large cyclotron: 

20°Bi+ $He ——> *35At+2)n 

In all, some 24 isotopes from '?°At to ?!?At have now been prepared by various routes but 
all are short-lived. The only ones besides *'' At having half-lives longer than 1 h are 2°7At 
(1.8 h), 7°°At (1.63 h), 7°°At (5.4 h), and 7!°At (8.3 h): this means that weighable amounts 
of astatine or its compounds cannot be isolated, and nothing is known of the bulk physical 

properties of the element. For example, the least-unstable isotope (7!°At) has a specific 
activity corresponding to 2 curies per ug. The largest preparations of astatine to date have 
involved about 0.05 wg and our knowledge of the chemistry of this element comes from 

extremely elegant tracer experiments, typically in the concentration range 

10-'1-10°1° m. The most concentrated aqueous solutions of the element or its 
compounds ever investigated were only ~10°° m 
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17.1.2 Abundance and distribution 

Because of their reactivity, the halogens do not occur in the free elemental state but they 

are both widespread and abundant in the form of their ions, X~. Iodine also occurs as 

iodate (see below). In addition to large halide mineral deposits, particularly of NaCl and 

KCl, there are vast quantities of chloride and bromide in ocean waters and brines. 

Fluorine is the thirteenth element in order of abundance in crustal rocks of the earth, 

occurring to the extent of 544 ppm (cf. twelfth Mn, 1060 ppm; fourteenth Ba, 390 ppm; 

fifteenth Sr, 384 ppm). The three most important minerals are fluorite CaF,, cryolite 

Na,AlF,, and fluorapatite Ca;(PO,),F. Of these, however, only fluorite is extensively 

processed for recovery of fluorine and its compounds (p. 944). Cryolite is a rare mineral, 

the only commercial deposit being in Greenland, and most of the Na,AIF,, needed for the 
huge aluminium industry (p. 246) is now synthetic. By far the largest amount of fluorine in 

the earth’s crust is in the form of fluorapatite, but this contains only about 3.5°% by weight 

of fluorine and the mineral is processed almost exclusively for its phosphate content. 

Despite this, about 7% of the domestic requirement for fluorine compounds in the USA 

was obtained from fluorosilicic acid recovered as a by-product of the huge phosphate 

industry (pp. 549, 600). Minor occurrences of fluorine are in the rare minerals topaz 

Al,Si0,(OH,F),, sellaite MgF,, villiaumite NaF, and bastnaesite (Ce,La)(CO;)F (but see 

p. 1425). The insolubility of alkaline-earth and other fluorides precludes their occurrence 

at commercially useful concentration in ocean water (1.2 ppm) and brines. 

Chlorine is the twentieth most abundant element in crustal rocks where it occurs to the 

extent of 126 ppm (cf. nineteenth V, 136 ppm, and twenty-first Cr, 122 ppm). The vast 

evaporite deposits of NaCl and other chloride minerals have already been described 

(pp. 77, 83). Dwarfing these, however, are the inconceivably vast reserves in ocean 

waters (p. 79) where more than half the total average salinity of 3.4 wt% is due to 

chloride ions (1.9 wt%). Smaller quantities, though at higher concentrations, occur in 

certain inland seas and in subterranean brine wells, e.g. Great Salt Lake (23% NaCl), 

Dead Sea (8.0% NaCl, 13.0% MgCl,, 3.5% CaCl,). 
Bromine is substantially less abundant in crustal rocks than either fluorine or chlorine; 

at 2.5 ppm it is forty-sixth in order of abundance being similar to Hf 2.8, Cs 2.6, U 2.3, 

Eu 2.1, and Sn 2.1 ppm. Like chlorine, the largest natural source of bromine is the oceans, 

which contain ~6.5 x 107 3%, i.e. 65 ppm or 65 mg/I. The mass ratio Cl: Br is ~ 300: 1 in 

the oceans, corresponding to an atomic ratio of ~ 660: 1. Salt lakes and brine wells are also 

rich sources of bromine, and these are usually proportionately richer in bromine than are 

the oceans: the atom ratio Cl:Br spans the range ~ 200-700. Typical bromide-ion 

concentrations in such waters are: Dead Sea 0.4% (4 g/l), Sakskoe Ozoro (Crimea) 0.28 %, 

Searle’s Lake (California) 0.085%. 

Iodine is considerably less abundant than the lighter halogens both in the earth’s crust 

and in the hydrosphere. It comprises 0.46 ppm of the crustal rocks and is sixtieth in order 

of abundance (cf. T1 0.7, Tm 0.5, In 0.24, Sb 0.2). It occurs but rarely as iodide minerals, 

and commercial deposits are usually as iodates, e.g. lautarite, Ca(IO;),, and dietzeite, 

7Ca(IO;),.8CaCrO,. Thus the caliche nitrate beds of Chile contain iodine in this form 

(~0.02-1 wt% I). These mine workings soon replaced calcined seaweeds as the main 

source of iodine during the last century, but have recently been themselves overtaken by 

iodine recovered from brines. Brines associated with oil-well drillings in Louisiana and 

California were found to contain 30-40 ppm iodine in the 1920s, and independent 

CTE-EE* 
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subterranean brines were located at Midland, Michigan, in the 1960s, and in Oklahoma 

(1977), which is now the main US source. Natural brine wells in Japan (up to 100 ppm I) 

were discovered after the Second World War, and exploitation of these now ensures Japan 

first place among the world’s iodine producers. The concentration of iodine in ocean 

waters is only 0.05 ppm, too low for commercial recovery, though brown seaweeds of the 
Laminaria family (and to a lesser extent Fucus) can concentrate this up to 0.45% of their 

dry weight (see above). 
The fugitive radioactive element astatine can hardly be said to exist in nature though the 

punctillious would rightly point to its temporary participation in the natural radioactive 

series. Thus *'°At (t, 54s) occurs as a rare and inconspicuous branch (4 x 10? YF 
another minor branch (1.2%) of the 73°U series (see scheme). Another branch 

PHO 

(5x 10-*%) at 7!>Po yields 7)°At by B emission before itself decaying by « emission (¢, 
1.0x 10°“), likewise ?**At(t, ~2s) is a descendant of 7**U, and traces have been 
detected of ?'7At (t, 0.0323 s) and 7'°At (t, 3.0x 10° *s). Estimates suggest that the 
outermost kilometre of the earth’s crust contains no more than 44 mg of astatine 

compared with 15g of francium (p. 76) or the relatively abundant polonium (2500 
tonnes) and actinium (7000 tonnes). Astatine can therefore be regarded as the rarest 

naturally occurring terrestrial element. 

17.1.3. Production and uses of the elements 

The only practicable method of preparing F, gas is Moissan’s original procedure based 

on the electrolysis of KF dissolved in anhydrous HF. Moissan used a mole ratio KF: HF of 
about 1:13, but this has a high vapour pressure of HF and had to be operated at — 24°. 

Electrolyte systems having mole ratios of 1:2 and 1:1 melt at ~72° and ~240°C 

respectively and have much lower vapour pressures of HF; accordingly these 

compositions are now favoured and are used in the so-called medium-temperature and 
high-temperature generators. Indeed, the medium-temperature cells are now almost 

universally employed, being preferred over the high-temperature cells because (a) they 

have a lower pressure of HF gas above the cell, (b) there are fewer corrosion problems, (c) 

the anode has a longer life, and (d) the composition of the electrolyte can vary within fairly 
wide limits without impairing the operating conditions or efficiency. The highly corrosive 

nature of the electrolyte, coupled with the aggressive oxidizing power of F,, pose 

considerable problems of handling, and these are exacerbated by the explosive reaction of 

F, with its co-product H,, so that accidental mixing of the gases must be prevented at all 

costs. Scrupulous absence of grease and other flamable contaminants must also be 

ensured since they can lead to spectacular fires which puncture the protective fluoride 
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coating of the metal containers and cause the whole system to enflame. Another hazard in 

early generators was the formation of explosive graphite-fluorine compounds at the anode 

(p. 309). All these problems have now been overcome and F, can be routinely generated 

with safety both in the laboratory and on a large industrial scale.*: ”) A typical generator 

(Fig. 17.1a) consists of a mild-steel pot (cathode) containing the electrolyte KF.2HF 

which is kept at 80—100°C either by a heating jacket when the cell is quiescent or by a 

cooling system when the cell is working. The anode consists of a central rod of compacted, 

ungraphitized carbon, and the product gases are kept separate by a skirt or diaphragm 

dipping below the electrolyte surface. The temperature is automatically controlled, as is 

the level of the electrolyte by controlled addition of make-up anhydrous HF. Laboratory 

generators usually operate at about 10-50 A whereas industrial production, employing 

banks of cells, may operate at 4000-6000 A and 8-12 V (Fig. 17.1b). An individual cell in 

such a bank might typically be 3.0 x 0.8 x 0.6 m and hold 1 tonne of electrolyte; it might 

have 12 anode assemblies each holding two anode blocks and produce 3-4 kg F, per 

hour. A large-scale plant can produce ca. 9 tonnes of liquefied F, per day. The total annual 

production in the USA and Canada is about 5000 tonnes, and a similar though somewhat 

smaller amount is produced in the UK annually. 

Cylinders of F, are now commercially available in various sizes from 230-g to 2.7-kg 

capacity; 1979 price ~$50 per kg. Liquid F, is shipped in tank trucks of 2.27 tonnes 

capacity, the container being itself cooled by a jacket of liquid N, which boils 8° below F,. 

Alternatively, it can be converted to CIF, bp 11.7°C (p. 969), which is easier to handle and 

transport than F,. In fact, some 70-80% of the elemental F, produced is used captively for 

Anode connection 

F, outlet 

HF inlet H, outlet 

Cell cover 

Electrolyte 
level 

Gas 
separation skirt 

Carbon anode 

Cooling jacket 

Steel cathode 

(a) 
Fic. 17.1(a) Schematic diagram of an electrolytic fluorine-generating cell. 

7H. C. Fiecpinc and B. E. Lee, Hydrofluoric acid, inorganic fluorides, and fluorine, in R. THOMPSON (ed.), 
The Modern Inorganic Chemicals Industry, pp. 149-67, Chemical Society Special Publication No. 31, 1977. 
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(b) 

Fic. 17.1 (b) Large-scale industrial fluorine cells. (Photo by courtesy of British Nuclear Fuels Ltd.) 

the manufacture of UF, for nuclear power generation (p. 1460). Another important use is 

in the production of SF, for dielectrics (p. 813); The captive use to manufacture the 
versatile fluorinating agents CIF 3, BrF 3, and IF, is a third important outlet. Fluorination 

of W and Re to their hexafluorides is also industrially important since these volatile 

compounds are used in chemical vapour deposition of W and Re films on intricately 

shaped components. Most other fluorinations of inorganic and organic compounds avoid 

the direct use of F,. The former demand for liquid F, as a rocket-fuel oxidizer has now 

virtually ceased. 

Chlorine is rarely generated on a laboratory scale since it is so readily available in 

cylinders of all sizes from 450 g (net) to 70 kg. When required it can also be generated by 

adding concentrated, air-free hydrochloric acid (d 1.16gcm °) dropwise on to 

precipitated hydrated manganese dioxide in a flask fitted with a dropping funnel and 

outlet tube: the gas formation can be regulated by moderate heating and the Cl, thus 

formed can be purified by passage through water (to remove HCl) and H,SO, (to remove 

H,O). The gas, whether generated in this way or obtained from a cylinder, can be further 

purified if necessary by passage through successive tubes containing CaO and P,O., 

followed by condensation in a bath cooled by solid CO, and fractionation in a vacuum 
line. 

Industrial production of Cl, and chlorine chemicals is on a vast scale and comprises a 
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major section of the heavy chemical industry.‘*’®:*) Some aspects have already been 
discussed on p. 924, and further details are in the Panel. 

lectrolytic dation of the. 
See ip an asbestos 

growing interest in 
rous Nafion membrane 

nation using a 
-chloroethanes, 

inyl chloride 

®R.W. PurceLL, The chor-alkali industry, in ref. 7, pp. 106—3- CAMPBELL, Chlorine and chlorination, 

ibid., pp. 134-48. 
° Ref. 2, Vol. | (1978), pp. 799-883, Alkali and chlorine products. 
10 J. S. RosInson (ed.), Chlorine Production Processes, Noyes Data Corp., Park Ridge, New Jersey, 1981, 

388 pp. 
1! Anon., Chloralkali membrane set for market, Chem. Eng. News 20 March 1978, 20-22. 
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Bromine is invariably made on an industrial scale by oxidation of bromide ion with Cl). 

The four main sources of Br~ are Arkansas brines (4000-5000 ppm) which account for 

75% of US production, Michigan brines (~ 2000 ppm) which account for the remaining 

US production, the Dead Sea (4000-5000 ppm), and ocean waters (65 ppm). Following 

the oxidation of Br” the Br, is removed from the solution either by passage of steam 

(“steaming out”) or air (“blowing out”), and then condensed and purified. Although 

apparently simple, these unit operations must deal with highly reactive and corrosive 

materials, and the industrial processes have been ingeniously developed and refined to 

give optimum yields at the lowest possible operating costs.“ !*) 
World production of Br, is about 270 000 tonnes pa, i.e. about one-hundredth of the 

scale of the chlorine industry. The main countries for which production figures (1975) are 

known are (tonnes): USA 185 000, UK 28 000, Israel 18 000, France 15 000, Japan 11 000, 

FRG 4300, Italy 3500, Spain 450, India 270. However, this does not include several large 

producers such as the USSR for which data are not available. The production capacity of 

Israel has recently increased almost threefold because of expanded facilities on the Dead 

Sea. Historically, bromine was shipped in individual 3-kg (net) bottles to minimize 

damage due to breakage, but during the 1960s bulk transport in monel metal drums 

(100-kg capacity) or lead-lined tanks (6-27 tonnes) was developed and these are now used 

for transport by road, rail, and ship. 

The industrial usage of bromine has been dominated by the single compound ethylene 

dibromide which has been (with ethylene dichloride) a valuable gasoline (petrol) additive 
where it acts as a scavenger for lead from the anti-knock additive PbEt,. Environmental 

legislation has dramatically reduced the amount of leaded petrol produced and, 

accordingly, ethylene dibromide, which accounted for 90% of US bromine production in 

1955, declined to 75% a decade later and now represents less than 50% of the total 

bromine consumption in the USA. Fortunately this decline has been matched by a steady 

increase in other applications, and the industry worldwide has shown a modest growth. 

Most of these large-volume applications involve organic compounds, notably MeBr, 
which is one of the most effective nematocides known (i.e. kills worms) and is also used as a 

general pesticide (herbicide, fungicide, and insecticide). Ethylene dibromide and 

dibromochloropropane are also much used as pesticides. Bromine compounds are also 

extensively used as fire retardants, especially for fibres, carpets, rugs, and plastics; they are 

about 3-4 times as effective (weight for weight) as chlorocompounds which gives them a 

substantial cost advantage. Bromo compounds can be added to the fibre either during the 
spinning operation or after fabrication: one of the most widely used retardants is 

tris(dibromopropyl)phosphate, (Br,C;H;O),PO. Alternatively, the flame retardant can 

be included as a co-monomer before polymerization, e.g. vinyl bromide for acrylic fibres 

and the bis(2-hydroxyethyl ether) of tetrabromobisphenol A for polyester fibres. 

Other uses of bromo-organics include high-density drilling fluids, dyestuffs, and 

pharmaceuticals. Bromine is also used in water sanitation and to synthesize a wide range 

of inorganic compounds, e.g. AgBr for photography, HBr, alkali metal bromides, 

bromates, etc. (see later sections). A composite estimate of the scale of various end uses of 

bromine worldwide in 1975-is shown in Table 17.3?) 

'2R. B. MCDONALD and W. R. MERRIMAN, The bromine and bromine chemicals industry, ref. 7, pp. 168-82. 
"3 Ref. 2, Vol. 4 (1978), pp. 226-63, Bromine and bromine compounds. 
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TABLE 17.3 End-use pattern for compounds manufactured with Br, 

Use 10? tonnes ys Use 10° tonnes vE 

Fuel additive 150 53.6 Dyestuffs 10 3.6 
Agriculture 50 eS) Drilling fluids 5 1.8 
Flame retardants 25 8.9 Photography 5 1.8 
Cleaning agents 10 3.6 Pharmaceuticals 5 1.8 
Water sanitation 10 3.6 Other organic and 10 3.6 

inorganic syntheses 

The commercial recovery of iodine on an industrial scale depends on the particular 

source of the element. From natural brines, such as those at Midland (Michigan) or in 
Japan, chlorine oxidation followed by air blow-out as for bromine (above) is much used, 

the final purification being by resublimation. Alternatively the brine, after clarification, 

can be treated with just sufficient AgNO, to precipitate the AgI which is then treated with 

clean scrap iron or steel to form metallic Ag and a solution of Fel, ; the Ag is redissolved in 

HNO, for recycling and the solution is treated with Cl, to liberate the I,: 

a Z AgNO3 Fe Cl, 
I (brine) ———» Agl | ——> Ag {+ Fel, (soln) ——— FeCl, (soln) + I, 

HNO3 

The newest process to be developed oxidizes the brine with Cl, and then treats the solution 

with an ion-exchange resin: the iodine is adsorbed in the form of polyiodide which can be 

eluted with alkali followed by NaCl to regenerate the column. 

Recovery of iodine from Chilean saltpetre differs entirely from its recovery from brine 

since it is present as iodate. NaIO, is extracted from the caliche and is allowed to 

accumulate in the mother liquors from the crystallization of NaNO, until its 

concentration is about 6 g/l. Part is then drawn off and treated with the stoichiometric 

amount of sodium hydrogen sulfite required to reduce it to iodide: 

210," + 6HSO,~ 21- +6SO,27 +6H* 

The resulting acidic mixture is treated with just sufficient fresh mother liquor to liberate all 

the contained iodine: 

5I- +10," +6H* 31,|+3H,O 

The precipitated I, is filtered off and the iodine-free filtrate returned to the nitrate-leaching 

cycle after neutralization of any excess acid with Na,CO3. 

World production of I, in 1977 was 10 900 tonnes, the dominant producers being Japan 

56%, USSR 16°, Chile 15%, and USA 13%. Crude iodine is packed in double polythene- 

lined fibre drums of 45—90-kg capacity. Resublimed iodine is transported in lined fibre 

drums (11.3 kg) or in bottles containing 0.11, 0.45, or 2.26 kg. Unlike Cl, and Br,, iodine 

has no predominant commercial outlet. About 50% is incorporated into a wide variety of 

organic compounds and about 15% each is accounted for as resublimed iodine, KI, and 

other inorganics. The end uses include catalysts for synthetic rubber manufacture, animal- 
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and fowl-feed supplements, stabilizers, dyestuffs, colourants, and pigments for inks, 

pharmaceuticals, sanitary uses (tincture of iodine, etc.), and photographic chemicals for 

high-speed negatives. Uses of iodine compounds as smog inhibitors and cloud-seeding 

agents are small. In analytical chemistry KHgl, forms the basis for Nessler’s reagent for 

the detection of NH3, and Cu,HglI, was used in Mayer’s reagent for alkaloids. Iodides and 
iodates are standard reagents in quantitative volumetric analysis (p. 1011). AgHgI, has 

the highest ionic electrical conductivity of any known solid at room temperature but this 

has not yet been exploited on a large scale in any solid-state device. 

17.1.4 Atomic and physical properties 

The halogens are volatile, diatomic elements whose colour increases steadily with 

increase in atomic number. Fluorineisa pale yellow gas which condenses to a canary yellow 

liquid, bp —188.1°C (intermediate between N,, bp —195.8°, and O,, bp — 183.0°C). 

Chlorine is a greenish-yellow gas, bp —34.0°, and bromine a dark-red mobile liquid, 

bp 59.5°: interestingly the colour of both elements diminishes with decrease in 

temperature and at —195° Cl, is almost colourless and Br, pale yellow. Iodine is a 

lustrous, black, crystalline solid, mp 113.6°, which sublimes readily and boils at 185.2°C. 

Atomic properties are summarized in Table 17.4 and some physical properties are in 

Table 17.5. As befits their odd atomic numbers, the halogens have few naturally occurring 

TABLE 17.4 Atomic properties of the halogens 

Property IF Cl Br I At 

Atomic number 9 17 35 53 85 
Number of stable isotopes 1 2 2 1 0 
Atomic weight 18.998 403 35.453 79.904 126.9045 (210) 
Electronic configuration [He]2s?2p> [Ne]3s73p* [Ar]3d!°4s74p5 [Kr]4d!°Ss*Sp*> [Xe]4f!*5d!°6s?6p* 
Ionization energy/kJ mol‘ 1680.6 1255.7 1142.7 1008.7 [926] 
cones affinity/kJ mol! 332.6 348.5 324.7 295.5 [270] 
AH gissoc/KJ mol(X,)~? 158.8 242.58 192.77 151.10 — 
Ionic radius, X~/pm 133 184 196 220 = 
van der Waals radius/pm 135 180 195 215 a 
Distance X—X in X,/pm 143 199 228 266 = 

TABLE 17.5 Physical properties of the halogens 

Property 1 er Br, IS 

MP/°C —218.6 —101.0 —7.25 113.6 
BP/°C — 188.1 — 34.0 595 185.2°) 
d (liquid, inet cm o> 1.513 (— 188°) 1.655 (— 70°) 3.187 (0°) 3.960 (120°) 
AH sin! KD mol(X,) ? 0.51 6.41 10.57 15.52 
AH,,,/kJ mol(X 7 6.54 20.41 29.56 41.95 
Temperature (°C) for 765 975 TCS $75 

1°% dissoc at 1 atm 

) Solid iodine has a vapour pressure of 0.31 mmHg at 25°C and 90.5 mmHg at the mp (113.6°). 
(>) Solid iodine has a density of 4.940 g cm“? at 20°C. 
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isotopes (p. 4). Only one isotope each of F and I occurs in nature and the atomic weights 

of these elements are therefore known very accurately indeed (p. 20). Chlorine has two 

naturally occurring isotopes (7°C1 75.77%, 3’C1 24.23%) as also does bromine 
(7°Br 50.69%, °'Br 49.31%). All isotopes of At are radioactive. The ionization energies of 
the halogen atoms show the expected trend to lower values with increase in atomic 

number. The electronic configuration of each atom (ns*np°) is one p electron less than that 

of the next succeeding noble gas, and energy is evolved in the reaction X(g) +e —X~ (g). 

The electron affinity, which traditionally (though misleadingly) is given a positive sign 

despite the negative enthalpy change in the above reaction, is maximum for Cl, the value 

for F being intermediate between those for Cl and Br. Even more noticeable is the small 

enthalpy of dissociation for F, which is similar to that of I, and less than two-thirds of the 

value for Cl,."* In this connection it can be noted that N-N single bonds in hydrazines 
are weaker than the corresponding P—P bonds and that O-O single bonds in peroxides are 

weaker than the corresponding S-S bonds. This was explained (R. S. Mulliken and others, 

1955) by postulating that partial pd hybridization imparts some double-bond character to 

the formal P—P, S—S, and CI-Cl single bonds thereby making them stronger than their 

first-row counterparts. However, following C. A. Coulson and others (1962), it seems 

unnecessary to invoke substantial d-orbital participation and the weakness of the F—F 

single bond is then ascribed to decreased overlap of bonding orbitals, appreciable 

internuclear repulsion, and the relatively large electron-electron repulsions of the lone- 

pairs which are much closer together in F, than in Cl,.'**) The rapid diminution of bond- 
dissociation energies in the sequence N, > O, > F, is, of course, due to successive filling of 

the antibonding orbitals (p. 706), thus reducing the formal bond order from triple in 

N=N to double and single in O=O and F-F respectively. 

Radioactive isotopes of the lighter halogens have found use in the study of isotope- 

exchange reactions and the mechanisms of various other reactions." * }®) The properties 

of some of the most used isotopes are in Table 17.6. Many of these isotopes are available 

commercially. A fuller treatment with detailed references of the use of radioactive isotopes 
of the halogens, including exchange reactions, tracer studies of other reactions, studies of 

diffusion phenomena, radiochemical methods of analysis, physiological and biochemical 

applications, and uses in technology and industry is available."’”) Excited states of 77] 
and !2°I have also been used extensively in Méssbauer spectroscopy."®? 

The nuclear spin of the stable isotopes of the halogens has been exploited in nmr 

spectroscopy. The use of ‘°F in particular, with its 100% abundance, convenient spin of 4, 

and excellent sensitivity, has resulted in a vast and continually expanding literature since 

14 J BerKowlTz and A. C. WAHL, The dissociation energy of fluorine, Adv. Fluorine Chem. 7, 147-74 (1973). 
A. A. WooLF, Thermochemistry of inorganic fluorine compounds, Adr. Inorg. Chem. Radiochem. 24, 1-55 
(1981). J. J. TURNER, Physical and spectroscopic properties of the halogens, MTP International Review of 
Science: Inorganic Chemistry Series 1, Vol. 3, pp. 253-91, Butterworths, London, 1972. 

14a B Po_itzeR, Anomalous properties of fluorine, J. Am. Chem. Soc. 91, 6235-7 (1969); Some anomalous 
properties of oxygen and nitrogen, /norg. Chem. 16, 3350-1 (1977). 

'S M.F.A. Dove and D. B. Sowerby, Isotopic halogen exchange reactions, in V. GUTMANN (ed.), Haloyen 
Chemistry, Vol. 1, pp. 41-132, Academic Press, London, 1967. 

'6 R. H. HERBER (ed.), /norganic Isotopic Syntheses, W.H. Benjamin, New York, 1962; Radio-chlorine (B. J. 
Masters), pp. 215-26; Iodine-131 (M. KAHN), pp. 227-42. 

17 A J. Downs and C. J. ADAms, Chlorine, bromine, iodine, and astatine, in J.C. BAILAR, H. J. EMevéus, R. S. 

NYHOLM, and A. F. TROTMAN-DICKENSON, Comprehensive Inorganic Chemistry, Vol. 2, pp. 1148-61 (Isotopes), 
Pergamon Press, Oxford, 1973. 

18 N)_ N. GREENWOOD and T. C. GisB, Méssbauer Spectroscopy, pp. 462-82, Chapman & Hall, London, 1971. 
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TABLE 17.6 Some radioactive isotopes of the halogens 

Nuclear spin Principal mode of Principal 
Isotope and parity Half-life decay (E/MeV) source 

8 1+ 109.8 min B* (0.649) 19F(n.2n) 
36] 2+ 3.00 x 10° y B- (0.714) 35Cl(n,y) 

28] 2- 37.3 min B™ (4.81, 1.11, 2.77) 37Cl(n,y) 

SouB i; 5— 4.42 h y (internal trans) (0.086) 79Br(n,y) 
80Br 1+ 17.6 min B™ (2.02, 1.35) Som Br (11) 

82Br 5- 35:34 h B~ (0.44) 81Br(n,y) 

125] $4 60.2 d Electron capture (0.035) 123Sb(a,2n), '?*Te(d,n), 
oni22Xe(p a) 

128] rye 24.99 min Bo (2.12, 1.66) 127] (ny) 
al t+ 1.6x 107 y B~ (0.189) U fission 
131] ay 8.04 d B~ (0.806) °Te(n,y), U or 

Pu fission 

1°F chemical shifts were first observed in 1950.) The resonances for 3°Cl and 3’Cl were 
also first observed in 1950.%° Appropriate nuclear parameters are in Table 17.7. From 

this it is clear that the !°F resonance can be observed with high receptivity at a frequency 

fairly close to that for 'H. Furthermore, since J < 1 there is no nuclear quadrupole moment 
and hence no quadrupolar broadening of the resonance. The observed range of ‘°F 

chemical shifts is more than an order of magnitude greater than for 'H and spans more 

than 800 ppm of the resonance frequency. The signal moves to higher frequency with 

increasing electronegativity and oxidation state of the attached atom thus following the 

usual trends.7!) Results are regularly reviewed, the most recent report on !°F (for 1976-8) 
occupying over 500 pages and including over 750 references.” For other halogens, as 

seen from Table 17.7, the nuclear spin J is greater than 4 which means that the nuclear 

charge distribution is non-spherical; this results in a nuclear quadrupole moment, and 

resonance broadening due to quadrupolar relaxation severely restricts the use of the 

technique except for the halide ions X~ or for tetrahedral species such as ClIO,~” which 

have zero electric field gradient at the halogen nucleus. The receptivity is also much less 

than for 'H or '°F which accordingly renders observation difficult. Despite these technical 
problems, much useful information has been obtained, especially in physicochemical and 
biological investigations.?3) The quadrupole moments of Cl, Br, and I have also been 

'® 'W. C. DICKENSON, Dependence of the '°F nuclear resonance position on chemical compound, Phys. Ret. 
77, 736-7 (1950). H. S. Gutowsky and C. J. HOFFMAN, Chemical shifts in the magnetic resonance of '°F, Phys. 
Rev. 80, 110-11 (1950). 

°° 'W. G. Proctor and F. C. Yu, On the magnetic moments of '*N, '°N, >’Cl, °°Co, and *SMn, Phys. Rev. 
77, 716-17 (1950). 

21 J. W. Emscey, J. FEENEY, and L. H. Surcuirre, High Resolution Nuclear Magnetic Resonance Spectroscopy, 
Vols. | and 2, Pergamon Press, Oxford, 1966, Chap. 11, Fluorine-19, pp. 871-968. 

22 Annual Reports on NMR Spectroscopy, Vol. | (1968)-Vol. 10b (1980) (Fluorine). 
3B. LinDMANand‘S. Forsen, The halogens—chlorine, bromine, and iodine, Chap. 13 inR. K. Harrisand B. 

E. MANN (eds.), NMR and the Periodic Table, pp. 421-38, Academic Press, London, 1978. B. LINDMAN and S. 
ForsEn, Chlorine, bromine, and iodine nmr. Physicochemical and biological applications, Vol. 12 of P. DiEHL, 

E. FLuck, and R. KosFELD (eds.), NMR Basic Principles and Progress, Springer-Verlag, Berlin, 1976, 365 pp. 
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TABLE 17.7 Nuclear magnetic resonance parameters for the halogen isotopes 

NMR frequency Relative Nuclear quadrupole 
Nuclear spin rel to H(SiMe,) receptivity moment Q/ 

Isotope quantum no. J = 100.000 D® (e 10-2 m?) 

‘H 1/2 100.000 1.000 0 
PF 1/2 94.094 0.8328 0 
221 3/2 9.798 3:55 x10 —7.89 x 10°? 
27C) 3/2 8.156 6.44 x 10° * SHAS 14 
(7°Br)® 3/2 25.054 3.97 x 10°? 0.33 
31Br 3/2 27.006 4.87 x 10°? 0.28 
| 5/2 20.007 9.34x 10? —0.69 

 Receptivity D is proportional to y>NI(I + 1) where y is the magnetogyric ratio, N the natural abundance of 
the isotope, and J the nuclear spin quantum number; D, is the receptivity relative to that of the proton taken as 
1.000. 

’*) Less-favourable isotope. 

exploited successfully in nuclear quadrupole resonance studies of halogen-containing 

compounds in the solid state. 
The molecular and bulk properties of the halogens, as distinct from their atomic and 

nuclear properties, were summarized in Table 17.5 and have to some extent already been 

briefly discussed. The high volatility and relatively low enthalpy of vaporization reflect the 

diatomic molecular structure of these elements. In the solid state the molecules align to 

give a layer lattice: F, has two modifications (a low-temperature, «-form and a higher- 

temperature, B-form) neither of which resembles the orthorhombic layer lattice of the 

isostructural Cl,, Br,, and I,. The layer lattice is illustrated for I, in Fig. 17.2: the I-I 

distance of 271.5 pm is appreciably longer than in gaseous I, (266.6 pm) and the closest 

interatomic approach between the molecules is 350 pm within the layer and 427 pm 

Fic. 17.2. Two-dimensional network of I, molecules in the (100) or be plane of solid iodine. 

24 TP. Das and E. L. Haun, Nuclear Quadrupole Resonance Spectroscopy, Academic Press, New York, 
1958, 223 pp; E. A. C. Lucken, Nuclear Quadrupole Coupling Constants, Academic Press, London, 1969, 

360 pp. 
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between layers. These values are compared with similar data for the other halogens in 

Table 17.8 from which two further features of interest emerge: (a) the intralayer 

intermolecular distances Cl---Cl and Br---Br are almost identical, and (b) the differences 

between intra- and inter-layer X---X distances decreases with increase in atomic number. 

(Fluorine is not directly comparable because of its differing structure.) 

TABLE 17.8 Interatomic distances in crystalline halogens (pm) 

NoneX X-.-X 

X X-X a - Ration 
Within layer Between layers X- 

ie 149 324 284 (1.91) 
Cl 198 332, 382 374 1.68 
Br 227 335) SH 399 1.46 
I 272 8507897), 427 ee 

As expected from their structures, the elements are poor conductors of electricity: solid 

F, and Cl, have negligible conductivity and Br, has a value of ~5 x 107? ohm~! cm? 
just below the mp. Iodine single crystals at room temperature have a conductivity of 
5x10°'?ohm~!cm™! perpendicular to the bc plane but this increases to 
1.7x 10°8 ohm~‘ cm~' within the plane; indeed, the element is a two-dimensional 

semiconductor with a band gap E, ~ 1.3 eV (125 kJ mol *). Even more remarkably, when 
crystals of iodine are compressed they become metallic, and at 350 kbar have a 

conductivity of ~10* ohm~'cm~!.?°) The metallic nature of the conductivity is 
confirmed by its negative temperature coefficient. 

The ease of dissociation of the X, molecules follows closely the values of the enthalpy of 

dissociation since the entropy change for the reaction is almost independent of X. Thus F, 

at 1 atm pressure is 1% dissociated into atoms at 765°C but a temperature of 975°C is 

required to achieve the same degree of dissociation for Cl,; thereafter, the required 
temperature drops to 775°C for Br, and 575°C for I, (see also next section for atomic 
halogens). 

17.1.5 Chemical reactivity and trends 

General reactivity and stereochemistry 

Fluorine is the most reactive of all elements. It forms compounds, under appropriate 

conditions, with every other element in the periodic table except He, Ar, and Ne, 

frequently combining directly and with such vigour that the reaction becomes explosive. 

Some elements such as O, and N,j react less readily with fluorine (pp. 750, 503) and some 

bulk metals (e.g. Al, Fe, Ni, Cu) acquire a protective fluoride coating, though all metals 

react exothermically when powdered and/or heated. For example, powdered Fe (0.84 mm 

size, 20 mesh) is not attacked by liquid F, whereas at 0.14 mm size (100 mesh) it ignites 

and burns violently. Perhaps the most striking example of the reactivity of F, is the ease 

2 A. S. BALCHIN and H. G. Drickamer, Effect of pressure on the resistance of iodine and selenium, J. Chem. 
Phys. 34, 1948-9 (1961). 
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with which it reacts directly with Xe under mild conditions to produce crystalline xenon 

fluorides (p. 1049). This great reactivity of F, can be related to its small dissociation energy 

(p. 935) (which leads to low activation energies of reaction), and to the great strength of 

the bonds that fluorine forms with other elements. Both factors in turn can be related to 
the small size of the F atom and ensure that enthalpies of fluorination are much greater 

than those of other halogenations. Some typical average bond energies (kJ mol ') 

illustrating these points are: 

xX XX HX BX, AIX, CX, 

Je 158 574 645 582 456 
cl 243 428 444 427 327 
Br 193 363 368 360 272 
I 151 294 272 285 239 

The tendency for F, to give F~ ions in solution is also much greater than for the other 

halogens as indicated by the steady decrease in oxidation potential (£°) for the reaction 

X,(soln) + 2e7 =2X" (aq): 

xe F, e§ Br, T At, 
E°/V 2.866 1.395 1.087 0.615 ~0.3 

The corresponding free energy changes can be calculated from the relation AG= —nE°F 

where n=2 and F=96.485kJ mol” '. Note that E°(F,/2F~) is greater than the 
decomposition potential for water (p. 737). Note also the different sequence of values for 
E°(X,/2X~ ) and for the electron affinities of X~ (g) (p. 934). A similar “anomaly” was 

observed (p. 86) for E°(Li*/Li) and the ionization energy of Li(g), and in both cases the 

reason is the same, namely the enhanced enthalpy of hydration of the smaller ions. Other 

redox properties of the halogens are compared on p. 1000. 

It follows from the preceding paragraph that F, is an extremely strong oxidizing 

element that can engender unusually high oxidation states in the elements with which it 

reacts, e.g. IF, PtF., PuF., BiF;, TobF4,CmF,, KAg'F,, and AgF,. Indeed, fluorine (like 
the other first-row elements Li, Be, B, C, N, and O) is atypical of the elements in its group 

and for the same reasons. For all 7 elements deviations from extrapolated trends can be 

explained in terms of three factors: 

(1) their atoms are small; 

(2) their electrons are tightly held and not so readily ionized or distorted (polarized) as 

in later members of the group; 

(3) they have no low-lying d orbitals available for bonding. 

Thus the ionization energy Jy is much greater for F than for the other halogens, thereby 

making formal positive oxidation states virtually impossible to attain. Accordingly, 

fluorine is exclusively univalent and its compounds are formed either by gain of 1 electron 

to give F~ (2s”2p°) or by sharing | electron in a covalent single bond. Note, however, that 

the presence of lone-pairs permits both the fluoride ion itself and also certain molecular 

fluorides to act as Lewis bases in which the coordination number of F is greater than 1, e.g. 
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it is 2 for the bridging F atoms in As,F,, ,Sb3F,, , Nb4F 0, (HF),, and (BeF,),. The 

coordination number of F~ can rise to 3 (planar) in compounds with the rutile structure 

(e.g. MgF,, MnF,, FeF,, CoF,, NiF,, ZnF,, and PdF,,). Likewise, fourfold coordination 

(tetrahedral) is found in the zinc-blende-type structure of CuF and in the fluorite structure 

of CaF ,, SrF,, BaF ,, RaF,, CdF,, HgF,,and PbF,. A coordination number of 6 occurs in 

the alkali metal fluorides MF (NaCl type). In many of these compounds F~ resembles 

O?~ stereochemically rather than the other halides, and the radii of the 2 ions are very 

similar (F~ 133, O?~ 140 pm, cf. Cl~ 184, Br~ 196 pm). 

The heavier halogens, though markedly less reactive than fluorine, are still amongst the 

most reactive of the elements. Their reactivity diminishes in the sequence Cl, > Br, >I. 

For example, Cl, reacts with CO, NO, and SO, to give COCI,, NOCI, and SO,Cl,, 

whereas iodine does not react with these compounds. Again, in the direct halogenation of 

metals, Cl, and Br, sometimes produce a higher metal oxidation state than does I,, e.g. Re 

yields ReCl,, ReBr,, and Rel, respectively. Conversely, the decreasing 1onization energies 

and increasing ease of oxidation of the elements results in the readier formation of iodine 

cations (p. 986) and compounds in which iodine has a higher stable oxidation state than 

the other halogens (e.g. IF;). The general reactivity of the individual halogens with other 

elements (both metals and non-metals) is treated under the particular element concerned. 

Reaction between the halogens themselves is discussed on p. 964. In general, reaction of 

X, with compounds containing M-M, M-H, or M-C bonds results in the formation of 

M-X bonds (M = metal or non-metal). Reaction with metal oxides sometimes requires the 

presence of C and the use of elevated temperatures. 

The stereochemistry of the halogens in their various compounds is summarized in Table 

17.9 and will be elucidated in more detail in subsequent sections. 

Reactivity is enhanced in conditions which promote the generation of halogen atoms, 

though this does not imply that all reactions proceed via the intermediacy of X atoms. The 

reversible thermal dissociation of gaseous I,—=2I was first demonstrated by Victor Meyer 

in 1880 and has since been observed for the other halogens as well (p. 938). Atomic Cl and 

Br are more conveniently produced by electric discharge though, curiously, this particular 

method is not successful for I. Microwave and radiofrequency discharges have also been 

used as well as optical dissociation by ultraviolet light. At room temperature and at 

pressures below 1 mmHg, up to 40% atomization can be achieved, the mean lives of the Cl 
and Br atoms in glass apparatus being of the order of a few milliseconds. The reason for the 
slow and relatively inefficient reversion to X, is the need for a 3-body collision in order to 

dissipate the energy of combination: f 

Xi +X" +M ——> X,+M* 

A fuller account of the production, detection, and chemical reactions of atomic Cl, Br, and 

I is in reference 17 (pages 1141-8 and 1165-72). 

Solutions and charge-transfer complexes? 

The halogens are soluble to varying extents in numerous solvents though their great 
reactivity sometimes results in solvolysis or in halogenation of the solvent. Reactions with 
water are discussed on p. 1000. Iodine is only slightly soluble in water (0.340 g/kg at 25°, 

© Ref. 17, pp. 1196-1220. 



§17.1.5 Chemical Reactivity and Trends 
TABLE 17.9 Stereochemistry of the halogens 
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CN Geometry E Cl Br I 

0 — F (g), F~ (soln) Cl'(g), Cl- (soln) Br (g), Br~ (soln) I'(g), I~ (soln) 
1 = Kol Bre. GE IG Be: Br,, IBr, BBr;, 15) Del 

BF;, RF RCI RBr RI 
2 Linear Nb, F 36 CIF,~ Braws (MeGNi)> Br 150, 1Cl,™, 

NbF;(ReO,-type) YCI3;(ReO,-type) CrBr3(ReO,-type) BrICl’, Me3NI, 
Bil,(ReO,-type) 

Bent (BeFs)=, (HE); ClO,, ClO,”, Al,Cl,, BrF,*, Al,Br, IR,*, ALl., 
Sn,F x [Nb.Clinie AGl ew Aul(polymeric) 

BeCl,(polym), PdCl, 
3s Trigonal ClO; °, CdCl,, BrO, , MgBr, HIO;, 10; , 

pyramidal [Mo,Cl, ]** Cdl, 
T-shaped CIF; BrF, RIC, 
Planar MgF, (rutile) 

4  Tetrahedral CaF, (fluorite) SrCl, (fluorite), BrO, , FBrO;, 10,7 
CuF (blende) ClO,” , FCIO;, CuCl = CuBr Cul 

Square planar Bre, Lelie Cle 

See-saw Ff ClOs fF CIOs = F{BrO; [F,BrO3)", [F,103]~, IF,* 
(G norG) 

5 Square CIF., [F,ClO]~ BrF., [F,BrO]~ IE. 
pyramidal 

Trigonal F,ClO, LOe (2) 
bipyramidal 

6  Octahedral NaF NaCl NaBr LOeeamn FIO; 
Nal, IF,* 

Distorted Bre” IF, (2) 
octahedral 

7 Pentagonal LE; 
bipyramidal 

Hexagonal CoH. Cl, C,H, Br, 
pyramidal 

8 Cubic CsCl, TIC] CsBr, TIBr CsI, TII 

4.48 g/kg at 100°). It is more soluble in aqueous iodide solutions due to the formation of 

polyiodides (p. 978) and these can achieve astonishing concentrations; e.g. the solution in 

equilibrium with solid iodine and KI,.H,O at 25° contains 67.8 wt % of iodine, 25.6% KI, 

and 6.6% H,O. Iodine is also readily soluble in many organic solvents, typical values of its 

solubility at 25°C being (gI/kg solvent): Et,O 337.3, EtOH 271.7, mesitylene 253.1, 

p-xylene 198.3, CS, 197.0, toluene 182.5, benzene 164.0, ethyl acetate 157, EtBr 146, EtCN 

141, C,H,Br, 115.1, Bu'OH 97, CHBr, 65.9, CHCI, 49.7, cyclohexane 27.9, CCl, 19.2, 
n-hexane 13.2, perfluoroheptane 0.12. 

The most notable feature of such solutions is the dramatic dependence of their colour on 

the nature of the solvent chosen. Thus, solutions in aliphatic hydrocarbons or CCl, are 

bright violet (A,,,, 520-540 nm), those in aromatic hydrocarbons are pink or reddish 
brown, and those in stronger donors such as alcohols, ethers, or amines are deep brown 

(Anax 460-480 nm). This variation can be understood in terms of a weak donor-acceptor 

interaction leading to complex formation between the solvent (donor) and I, (acceptor) 

which alters the optical transition energy. Thus, referring to the conventional molecular 

orbital energy diagram for I, (or other X,) as shown in Fig. 17.3, the violet colour of I, 

vapour can be seen to arise as a result of the excitation of an electron from the highest 

occupied MO (the antibonding 7, level) into the lowest unoccupied MO (the antibonding 
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Fic. 17.3. Schematic molecular orbital energy diagram for diatomic halogen molecules. (For F, 
the order of the upper o, and z,, bonding MOs is inverted.) 

c,, level). In non-coordinating solvents such as aliphatic hydrocarbons or their fluoro- or 

chloro-derivatives the transition energy (and hence the colour) remains essentially 

unmodified. However, in electron-donor solvents, L, the vacant antibonding o, orbital of 

I, acts as an electron acceptor thus weakening the I-I bond and altering the energy of the 

electronic transitions: 

2 1 G,°%, To, Cll, and "I,)<0,°%, (C2, ) 

Consistent with this: (a) the solubility of iodine in the donor solvents tends to be greater — 

than in the non-donor solvents (see list of solubilities), (b) brown solutions frequently turn 

violet on heating, and brown again on cooling, due to the ready dissociation and 

reformation of the complex, and (c) addition of a small amount of a donor solvent to a 

violet solution turns the colour brown. Such donor solvents can be classified as (i) weak x 

donors (e.g. the aromatic hydrocarbons and alkenes), (ii) stronger o donors such as 

nitrogen bases (amines, pyridines, nitriles), oxygen bases (alcohols, ethers, carbonyls), and 

organic sulfides and selenides. 

The most direct evidence for the formation of a complex L- 1, in solution comes from 

the appearance if an intense new charge-transfer band in the near ultraviolet spectrum. 

Such a band occurs in the region 230-330 nm with a molar extinction coefficient ¢ of the 
order of 5 x 107-5 x 10* 1 mol”! cm™! and a half-width typically of 4000-8000 cm7~?. 
Detailed physicochemical studies further establish that the formation constants of such 

complexes span the range 10° !-10* 1 mol! with enthalpies of formation 5-50 kJ mol ~'. 
Some typical examples are in Table 17.10. The donor strength of the various solvents 
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TABLE 17.10 Some iodine complexes in solution 

Charge-transfer band 
Formation constant — AH,/ 

Donor solvent K (20°C)/1 mol”! kJ mol"! Aemax/1M peas Av,/cm~! 

Benzene 0.15 SH) 292 16 000 5100 
Ethanol 0.26 18.8 230 12 700 6800 
Diethyl ether 0.97 18.0 249 5 700 6900 

Diethyl sulfide 210 32F7, 302 29 800 5400 
Methylamine 530 29.7 245 21 200 6400 
Dimethylamine 6800 41.0 256 26 800 6450 
Trimethylamine 12 100 50.6 266 31 300 8100 
Pyridine 269 32.6 235 50 000 5200 

(ligands) is rather independent of the particular halogen (or interhalogen) solute and 

follows the approximate sequence benzene <alkenes<polyalkylbenzenes ~ alkyl 

iodides ~ alcohols x ethers ~ ketones<organic sulfides<organic selenides < amines. 

Conversely, for a given solvent the relative acceptor strength of the halogens increases in 

the sequence Cl, < Br, <I, <IBr<ICi, ie. they are class b or “soft” acceptors (p. 1065). 

Further interactions may also occur in polar solvents leading to ionic dissociation which 

renders the solutions electrically conducting, e.g.: 

2pyl, ——= [py2I]* +137 

Numerous solid complexes have been crystallized from brown solutions of iodine and 

extensive X-ray structural data are available. Complexes of the type L>I—X and 

L>I—X<L (L=Me,N, py, etc.; X=I, Br, Cl, CN) feature a linear configuration as 

expected from the involvement of the o,, antibonding orbital of IX (Fig. 17.4a, b,c). When 

the ligand has 2 donor atoms (as in dioxan) or the donor atom has more than 1 lone-pair 

of electrons (as in acetone) the complexes can associate into infinite chains (Fig. 17.4d, e), 

whereas with methanol, the additional possibility of hydrogen bonding permits further 

association into layers (Fig. 17.4f). The structure of C,H¢.Br, is also included in Fig. 
17.4(g). In all these examples, the lengthening of the X-X bond from that in the free 

halogen molecule is notable. 

The intense blue colour of starch-iodine was mentioned on p. 921. 

17.2 Compounds of Fluorine, Chlorine, Bromine, and Iodine 

17.2.1 Hydrogen halides, HX 

It is common practice to refer to the molecular species HX and also the pure 

- (anhydrous) compounds as hydrogen halides, and to call their aqueous solutions 

hydrohalic acids. Both the anhydrous compounds and their aqueous solutions will be 

considered in this section. HCI and hydrochloric acid are major industrial chemicals and 

there is also a substantial production of HF and hydrofluoric acid. HBr and hydrobromic 

acid are made on a much smaller scale and there seems to be little industrial demand for 

HI and hydriodic acid. It will be cor venient to discuss first the preparation and industrial 

uses of the compounds and then to consider their molecular and bulk physical properties. 
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Fic. 17.4 Structures of some molecular complexes of the halogens. , 

; 
The chemical reactivity of the anhydrous compounds and their acidic aqueous solutions _ 

will then be reviewed, and the section concludes with a discussion of the anhydrous 

compounds as nonaqueous solvents. 

Preparation and uses ; 

Anhydrous HF is almost invariably made by the action of conc H,SO, (295%) on 
“acid grade” fluorspar (>98% CaF,): 
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CaF,(s)+H,SO, (1) CaSO, (s)+ 2HF(g) 

As the reaction is endothermic heat must be supplied to obtain good yields in reasonable 

time (e.g. 30-60 min at 200—250°C). Silica is a particularly undesirable impurity in the 

fluorspar since it consumes up to 6 moles of HF per mole of SiO, by reacting to form SiF, 

and then H,SiF.. A typical unit, producing up to 20 000 tonnes of HF pa, consists of an 

externally heated, horizontal steel kiln about 30 m long rotating at 1 revolution per 

minute. The product gas emerges at 100-150°C and, after appropriate treatment to 

remove solid, liquid, and gaseous impurities, is condensed to give a 99° pure product 

which is then redistilled to give a final product of 99.9% purity. The technical requirements 

to enable the safe manufacture and handling of so corrosive a product are consider- 

able.'?: ” In principle, HF could also be obtained from the wet-processing of fluorapatite 
to give phosphoric acid (p. 599) but the presence of SiO, preferentially yields SiF, and 

H,SiF, from which HF can only be recovered uneconomically. 

Ca,(PO,);F + 5H,SO, 5CaSO, +3H,PO,+2HF 

aq HF 

SiO, +4HF SiF,+2H,O aq H,SiF, 

Some of the H,SiF, so produced finds commercial outlets (p. 946), but it has been 

estimated that ~ 500 000 tonnes of H,SiF, is discarded annually by the US phosphoric 

acid industry, equivalent to ~1 million tonnes of fluorspar—enough to supply that 

nation’s entire requirements for HF. Production figures and major uses are in the Panel. 

Production and Uses of Hydrogen Fluoride — 

Anhydrous HF was first produced commercially in the USA in 1931 and in the UK from about 
1942. Now, some sixteen countries each produce at least 1000 tonnes pa with the USA accounting 

_- for some 300 000 tonnes of the estimated annual world production of about 1 million tonnes. In 
1979 the US price was about $1.00 per kg for anhydrous HF and about $0.75 per kg for 70%, acid. 

| ihe primary suppliers ship HF in tank-cars of 20-91-tonne capacity and the product is also _ 
repackaged in steel cylinders holding 8.0-900 kg (2.7-635 kg in the UK). Lecture bottles contain 

_ 340 g HF. The 70% acid is shipped in tank-cars of 32-80-tonne capacity, tank trucks of 20-tonne 
capacity, and in | polyethylene lined drums holding 114 or 2081. 

‘The early need for HF was in the production « of chlorofluorocarbons for i diseraton units and 
pressurizing gases. The large i increase in aluminium production in 1935-40 brought an equivalent 
requirement for HF (for synthetic cryolite, p. 247) and these t two uses still account for the bulk of 

Fj n the USA (37% and 40% ly). Other major outlets are in uranium 
processing A petroleum alkylation « alysts (6%), . and stainless steel pickling (4°%/). The 

remaining 7% is distributed amongst traditional uses (such as glass etching and the frosting of 
_ light bulbs and television tubes, and the manufacture of fluoride salts), and newer applications 
such as rocket-propellant sta bilaees prep: ation of microelectronic circuits, laundry sours, and 

stain removers. a ; 

Probably about 40 000 t tonnes of HF are eed worldwide annually - make inorganic 
compounds other than UF,/UF.. Prominent amongst these products are: 

NaF: for water fluoridation, wood preservatives, the formulation of insecticides nee ian gicides, 
_ and use as a fluxing agent. It is also u: to teove HF fi rom aa F, in the manufacture 
and pariieaton - ee : — 

Continued 

+ This includes both the use of HF to make UF, and its use to manufacture F, (p. 928) to 
convert UF, to UF,. 
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Hydrogen chloride is a major industrial chemical and is manufactured on a huge scale. 

It is also a familiar laboratory reagent both as a gas and as an aqueous acid. The industrial 

production and uses of HCI are summarized in the Panel. One important method for 

synthesis on a large scale is the burning of H,, in Cl,: no catalyst is needed but economic 

sources of the two elements are obviously required. Another major source of HCl is as a 

by-product of the chlorination of hydrocarbons (p. 931). The traditional “salt-cake” 

process of treating NaCl with conc H,SO, also remains an important industrial source of 

the acid. On a small laboratory scale, gaseous HCl can be made by treating concentrated 

aqueous hydrochloric acid with conc H,SO,. Preparation of DCI is best effected by the 

action of D,O on PhCOCI or a similar organic acid chloride; PCl;, PCl,, SiCl,, AICI,, 

etc., have also been used. 

industrial — and 

27 Anon., Chem. Eng. News 9 June 1980, 35-90. 

78 D. S. ROSENBERG, Hydrogen chloride, Kirk-Othmer’s Encyclopedia of Chemical Technology, 3rd Edn., 
Vol. 12, pp. 983-1015 (1980). 
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eighteenth eentury andi is still used to produce HCl where rock-salt mineral is cheaply available (as 
in the UK Cheshire ed ‘The Pree is endothermic and takes place in two stages: 

NaCl+ H,SO, as NaHSO, +HCI 

5 40-600. 

NaCl ae NaHSO, ————> Na,SO,+ HCl 

2. The Hargreaves process (late nineteenth century) is a variant of the salt-cake process in which 
NaCl is reacted with a gas-phase mixture of SO,, air, and H,O (i.e. “H,SO,”) in a self-sustaining 
exothermic reaction: 

430. 450. 

2NaCl+ 50,430.48, O 5 Na,S0, 42HCl 

Again the economic operation of the process depends on abundant rock-salt or the need for the 
by-product Na,SO, for the paper and glass industries. It is probably this latter need which 
accounts for the vestigial survival of the processs in countries such as the USA where other 
processes are more economic (see Table below). 

3. Direct synthesis of HCI by the burning of hydrogen in chlorine is the favoured process when 
high-purity HCl is required. The reaction is highly exothermic and requires specially designed 
burners and absorption systems. 

4. By-product HCl from the heavy organic-chemicals industry (p. 931) accounted for nearly 
90°% of the HCI produced in the USA in 1978. Where such petrochemical industries are less 
extensive this source of HCl becomes correspondingly smaller. The crude HCI so produced may 
be contaminated with unreacted Cl,, organics, chloro-organics, or entrained solids (catalyst 
supports, etc.), all of which must be removed. The growth of this source of HClin the USA, and the 
consequent relative decline of the other methods during the past 30 y, is shown in the Table. The 
1978 US bulk price was $66 per fonne, indicating the extraordinary cost-effectiveness of the major 
recovery processes. 

Production of HCl in USA expressed as 100% HCI/10° tonnes 

Year Total += NaC1/H,SO, H,+C, by-product HC! 

1950 52s 497 6S) —s«AO-G (18.14) 310 (55.2%) 
1960 880 821 134.5 / 663 (75.3%) 
1970 31836. 4137 86.2 1627 (89.1%) 
1978 2478 87.1(3.5%) ——:162.4 (6.6%) 2228 (89.9%) 

Comprising 30% from vinyl chloride, 15°% from chlorinated ethanes and ethenes, 
15% from chlorinated fluorocarbons, 14% from other chlorinated oleate, 10% from 
isocyanates and 6% from miscellaneous industrial processes, making 90% in all. 

Most of the HCI produced from salt or by direct combination of the elements (at least in the 
USA) is destined for sale, whereas much of the by-product HCI is used captively, primarily in 
oxyhydrochlorination processes for making vinyl chloride and chlorinated solvents or for Mg 
processing (p. 120). HCI gas for industrial use can be transmitted without difficulty over moderate 
distances in mild-steel piping. It is also available in cylinders of varying size down to laboratory 
scale lecture bottles containing 225 g. 

_ Industrial use of HCI gas for the manufacture of inorganic chemicals includes the preparation of 
anhydrous NH, Cl by direct reaction with NH3, and the synthesis of anhydrous metal chlorides by 
reaction with appropriate carbides, nitrides, oxides, or even the free metals themselves, e.g.: 

mond. 
SiC ——_——_> SiC, 

(NiClzcatal) : 

HCI eat 

eye ae > MCILpure) (Ti, Zr, Hf; Nb, Ta; Cr, Mo, W, etc.) MN 

: Continued 
bee 
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etc. = the dedining of hides aod chioine tanning, the desulfurizing of petroleum, ore beneficiation 
the coagulation of latex, and the production of aniline from PhNO, for dyestuffs intermediate: 

_ The manufacture of gelatine r requires large quantities of hydrochloric acid to decompose the bones — 
~ used as raw materials—high purity acid must be used since much of the gelatine is used in 

foodstuffs for human consumption. Another food-related application i is the hydrolysis of s 
glucose under pressure: this process is catalysed by small concentrations of HCl and is extensively : 
used to produce “maple syrup” from r lize toes rch. At higher ¢ poneent ations of HCi wood | 

* (lignin) can be converted to glucose : 
Other uses of HCl are legion?*®) an purification of fine silica for the ceramics 

industry, and the refining of oils, fats, and waxes, to the manufacture of chloroprene rubbers, PVC 
plastics, industrial solvents and organic i intermediates, the production of viscose rayon yarn and 
staple fibre, and the wet processing xtiles (where hydrochloric. acid is used as a sour to 
neutralize tesidual aka ang remove irapunities) 

nge from th 

Similar routes are available for the production of HBr and HI. The catalysed 

combination of H, and Br, at elevated temperatures (200-400°C in the presence of 

Pt/asbestos, etc.) is the principal industrial route for HBr, and is also used, though on a 

relatively small scale, for the energetically less-favoured combination of H, and I, (Pt 

catalyst above 300°C). Commercially HI is more often prepared by the reaction of I, with 

H.S or hydrazine, e.g.: 

H,0 

21, ++N,H, —-—~4HI+N, (quantitative) 

Reduction of the parent halogen with red phosphorus and water provides a convenient 

laboratory preparation of both HBr and HI: 

2P+6H,0+3xX,———> 6HX + 2H;PO, 

The rapid reaction of tetrahydronaphthalene (tetralin) with Br, at 20° affords an 

alternative small-scale preparation though only half the Br, is converted, the other half 

being lost in brominating the tetralin: 
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CH, CHBr 

pie cur 
| + 4Br) ———» | ear 
CH, CHBr 

wa 

Apa CHBr 

The action of conc H,SO, on metal bromides or iodides (analogous to the “salt-cake” 

process of HCI) causes considerable oxidation of the product HX but conc H;PO, is 

satisfactory. Dehydration of the aqueous acids with PO, is a viable alternative. DBr and 

DI are obtained by reaction of D,O on PBr, and PI, respectively. 

Anhydrous HBr is available in cylinders (6.8-kg and 68-kg capacity) under its own 

vapour pressure (24 atm at 25°C) and in lecture bottles (450-g capacity). Its main 

industrial use is in the manufacture of inorganic bromides and the synthesis of alkyl 

bromides either from alcohols or by direct addition to alkenes. HBr also catalyses 

numerous organic reactions. There seem to be no large-scale uses for HI outside the 

laboratory, where it is used in various iodination reactions (lecture bottles containing 

400 g HI are available). Commercial solutions contain 40-55 wt % of HI (cf. azeotrope at 

56.9% HI, p. 953) and these solutions are thermodynamically much more stable than pure 

HI as indicated by the large negative free energy of solution. 

Physical properties of the hydrogen halides 

HF is a colourless volatile liquid and an oligomeric H-bonded gas (HF),, whereas the 

heavier HX are colourless diatomic gases at room temperature. Some molecular and bulk 

physical properties are summarized in Table 17.11. The influence of H bonding on the 

TABLE 17.11 Physical properties of the hydrogen halides 

Property HF HCl HBr HI 

MP/°C — 83.4 — 114.7 — 88.6 —51.0 
BP/°C LOS — 84.2 —67.1 — 35.1 
Liquid range (1 atm)/°C 102.9 30.5 DS 15.9 

Density (T°C)/g cm? 1.002(0°)” 1.187 (—114°) 2.603 (— 84°) 2.85 (—47°) 
Viscosity (T°C)/centipoise 0.256 (0°) 0.51 (—95°) 0.83 (—67°) 1.35 (—35.4°) 

Dielectric constant, ¢“? 84 (0°) 9.28 (—95°) 7.0 (—85°) 3.39 (—50°) 

Electrical conductivity 

(T°C)/ohm~! cm~! ~10°° (0°) ~10°°(—85°) ~10°?(—85°) ~10~'° (—50°) 
AH? (298°)/kJ mol”? —271.12 —92.31 — 36.40 26.48 
AG; (298°)/kJ mol“! — 273.22 —9530 — 53.45 1.72 
S° (298°)/J mol"! K™! 173.67 186.80 198.59 206.48 
AH gissoe(H—-X)/kJ mol! 573.98 428.13 362.50 294.58 
r.(H-X)/pm 91.7 127.4 141.4 160.9 
Vibrational frequency 4138.33 2990.94(H*°Cl) 2649.65 2309.53 
w,/cm} 2988.48(H?’Cl) 

Dipole moment p4/D 1.74 1.07 0.788 0.382 

®) Vapour pressure of HF 363.8 mmHg at 0°. 
‘») Density of liquid HF 1.23 gcm~? near melting point. 
) Dielectric constant e(HF) 175 at —73°C. 
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(low) vapour pressure, (long) liquid range, and (high) dielectric constant of HF have 

already been discussed (pp. 57-9). Note also that the viscosity of liquid HF is lower than 

that of water (or indeed of the other HX) and this has been taken to imply the absence of 

a three-dimensional network of H bonds such as occurs in H,O, H,SO,4, H3POsx, ete. 

However, it should be remembered that the viscosity of HF is quoted for 0°C, i.e. some 80° 

above its mp and only 20° below its bp; a more relevant comparison might be its value of 

0.772 centipoise at — 62.5° (i.e. 19° above its mp) compared with a value of 1.00 centipoise 

for water at 20°. Hydrogen bonding is also responsible for the association of HF molecules 

in the vapour phase: the vapour density of the gas over liquid HF reaches a maximum 

value of ~86 at — 34°. At atmospheric pressure the value drops from 58 at 25° to 20.6 at 

80° (the limiting vapour density of monomeric HF is 22°°S3 =9.925). These results, 
together with infrared and electron diffraction studies, indicate that gaseous HF 

comprises an equilibrium mixture of monomers and cyclic hexamers, though chain dimers 

may also occur under some conditions of temperature and pressure: 

6HF ——=(HF),; 2HF—— (HF), 

The crystal structure of HF shows it to consist of planar zigzag chain polymers with an 

F---F distance of 249 pm and an angle of 120.1°: 

The other HX are not associated in the gaseous or liquid phases but the low-temperature 

forms of crystalline HCl] and HBr both feature weakly H-bonded zigzag chains similar to 

those in solid HF. At higher temperatures substantial disorder sets in. 

The standard heats of formation AH; of gaseous HX diminish rapidly with increase in 

molecular weight and HI is endothermic. The very small (and positive) value for the 

standard free energy of formation AG? of HI indicates that (under equilibrium conditions) 

this species is substantially dissociated at room temperature and pressure. However, 

dissociation is slow in the absence of a catalyst. The bond dissociation energies of HX 

show a similar trend from the very large value of 574 kJ mol _' for HF to little more than 

half this (295 kJ mol”) for HI. 

Chemical reactivity of the hydrogen halides 

Anhydrous HX are versatile and vigorous reagents for the halogenation of metals, non- 

metals, hydrides, oxides, and many other classes of compound, though reactions that are 

thermodynamically permissible do not always occur in the absence of catalysts, thermal 

initiation or photolytic encouragement, because of kinetic factors. For example,??) 

*° T.C. WADDINGTON, The hydrogen halides, Chap. 3 in V. GUTMANN (ed.), Main Group Elements: Group VII 
and Noble Gases, MTP International Review of Science: Inorganic Chemistry Series 1, Vol. 3, pp. 85-125, 
Butterworths, London, 1972. 
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reaction of HX(g) with elements (M) can thermodynamically proceed according to the 
equation 

M+nHX=MxX, + 4H, 

providing that AG for the reaction [1.e. AG; (MX,,) —nAG; (HX, g)] is negative. From the 

data in Table 17.11 this means that M could be oxidized to the n-valent halide MX, if: 

for the fluoride AG?(MF,,) is < — 274n kJ mol! 
for the chloride AG?(MCI,) is < —96n kJ mol™! 

for the bromide AG?(MBr,) is < —54n kJ mol”! 
for the iodide AG2(MI,) is < ~0 kJ mol~! 

Using tables of free energies of formation it is clear that most metals will react with most 

HX. Moreover, in many cases, e.g. with the alkali metals, alkaline earth metals, Zn, Al, and 

the lanthanide elements, such reactions are extremely exothermic. It is also clear that Ag 

should react with HCl, HBr, and HI but not with HF, and Cu should form CuF, with HF 

but not CuX, with the other HX. Iron should give FeC1, but in practice the reaction only 

proceeds to FeCl,. TiX, can be made, but only at high temperatures. Reactions of Si to 

form SiX, are very favourable for X =F, Cl, Br, but only HF reacts at room temperature. 

With As, reaction with HF to give AsF, is thermodynamically favourable but reactions 

with the other HX are not. Similar, though more complicated, schemes can be worked out 

for the reactions of HX with oxides, other halides, hydrides, etc. 

HF is miscible with water in all proportions and the phase diagram (Fig. 17.5a) shows 
the presence of three compounds: H,O.HF (mp —35.5°), H,O.2HF (mp —75.5°), and 

H,O.4HF (mp — 100.4°, i.e. 17° below the mp of pure HF). Recent X-ray studies have 

confirmed earlier conjectures that these compounds are best formulated as H-bonded 

Two liquid 

Liquid phases 

2 
HC1.H,O 

Freezing point/°C 

ig ro) 

—60 
Freezing point/°C 

| a >) 

—80 

0 20 40 60 80 100 0 10 20 30 640 50...90 100 

Mole % HF Mole % HCl 

Fic. 17.5 The phase diagram of the systems HF/H,O and HCI/H,O. Note that for hydrofluoric 
acid all the solvates contain > 1HF per H,O, whereas for hydrochloric acid they contain < 1HCl 
per H,O. This is because the H bonds F—H---F and F—H.-.--O are stronger than O—H-::-O, 
whereas CI—H---Cl and CI—H.---O are weaker than O—H:--O. Accordingly the solvates in the 
former system have the crystal structures [H,;0]*F~, [H;0]*[HF,]~, and [H,;0]*[H;F,]°, 
whereas the latter are [H;0]*Cl-, [H;O,]*Cl, and [H,O,]*Cl~.H,O. The structures of 

HCI.6H,O and the metastable HCIl.4H,O are not known. 

CTE-FF 
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oxonium salts [H,O]F, [H,O][HF,], and [H,O][H3F,] with three very strong H 

bonds per oxonium ion and average O---F distances of 246.7, 250.2, and 253.6 pm 

respectively.’°° Such H bonds are very relevant to the otherwise surprising observation 

that, unlike the other aqueous hydrohalic acids which are extremely strong, hydrofluoric 

acid is a very weak acid in aqueous solution. Indeed, the behaviour of such solutions is 

remarkable in showing a dissociation constant (as calculated from electrical conductivity 

measurements) that diminishes continuously on dilution. Detailed studies reveal the 

presence of two predominant equilibria:°”? 

H,O+HF—-+>[(H;0)*F ] ——=[H;0]*(aq)+F (aq); pK, 2.95 

(HF, ] 
F (aq)+ HF =—— HF, (aq); K, ~THFIF"] 

The dissociation constant for the first process is only 1.1 x 10-*1 mol”! at 25°C; this 
corresponds to pK, 2.95 and indicates a rather small free hydrogen-ion concentration (cf. 

CICH,CO,H, pK, 2.85) as a result of the strongly H-bonded, undissociated 10n-pair 

[(H;0)*F~]. By contrast, K,=2.6x10~' | mol”! (pK, 0.58), indicating that an 

appreciable number of the fluoride ions in the solution are coordinated by HF to give 

HF, rather than by H,O despite the very much higher concentration of H,O molecules. 

Numerous hydrates also occur in the HCI/H,O system (Fig. 17.5b), e.g. HC]. H,O (mp 

—15.4°), HCl.2H,0 (mp —17.7°), HC1.3H,0 (mp —24.9°), HCl.4H,O, and 

HC1.6H,O (mp —70°). The system differs from HF/H,O not only in the stoichiometry of 
the hydrates but also in separating into two liquid phases at HCl concentrations higher 

than 1:1. The weakness of the O-H---Cl hydrogen bond also ensures that there is very 

little impediment to complete ionic dissociation and aqueous solutions of HCI (and also of 
HBr and HI) are strong acids; approximate values of pK, are HCI —7, HBr —9, HI — 10. 

The systems HBr/H,O and HI/H,O also show a miscibility gap at high concentrations of 

HX and also numerous hydrates which feature hydrated oxonium ions: 

HBr.H,O: stable under pressure between —3.3° and —15.5°; [H,;0]*Br~ 

HBr.2H,O: mp —11.3°; presumably [H;O,]*Br_, i.e. [((H,O),H]* Br7 
HBr.3H,O: decomp —47.9°; structure unknown 

HBr.4H,O: mp —55.8°; {{(H,O)3H]*[(H,O),H]* (Br ),.H,O% (p. 740) 
HBr .6H,O: decomposes at — 88.2° 

The compound HI. H,O does not appear as a stable hydrate in the phase diagram, but the 

vibrational spectra of frozen solutions of this composition indicate the formulation 

[H;0]"I. Higher hydrates appear at HI.2H,O (mp ~ — 43°), HI.3H,O (mp ~ — 48°), 

and HI.4H,O (mp —36.5°C). 

Just as the solid/liquid phase equilibria in the systems HX/H,O show several points of 
interest, so too do the liquid/gas phase equilibria. When dilute aqueous solutions of HX 

are heated to boiling the concentration of HX in the vapour is less than that in the liquid 

°° D. Moortz, Crystallochemical correlate to the anomaly of hydrofluoric acid, Angew. Chem., Int. Edn. 
(Engl.) 20, 791 (1981). 

31 'L.G. SILLEN and A. E. MarTELL, Stability Constants of Metal-lon Complexes, Special Publication No. 17, 
pp. 256-7, The Chemical Society, London, 1964; Supplement No. / (Special Publication No. 17), pp. 152-3 
(1971). These tables summarize over 50 papers on these equilibria; the results are sometimes inconsistent but the 
most recent values tend towards those selected in the text. 
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phase, so that the liquid becomes progressively more concentrated and the bp 

progressively rises until a point is reached at which the liquid has the same composition as 

the gas phase so that it boils without change in composition and at constant temperature. 

This mixture is called an azeotrope (Greek &, without; Cetn, zein, to boil; tporn, trope, 

change). The phenomenon is illustrated for HF and HCl in Fig. 17.6. Conversely, when 

more concentrated aqueous solutions are boiled, the concentration of HX in the vapour is 

greater than that in the liquid phase which thereby becomes progressively diluted by 

distillation until the azeotropic mixture is again reached, whereupon distillation continues 

without change of composition and at constant temperature. The bps and azeotropic 

compositions at atmospheric pressure are listed below, together with the densities of the 

azeotropic acids at 25°C: 

Azeotrope HF HCl HBr HI 

BP (1 atm)/°C TD 108.58 124.3 126.7 
g (HX)/100 g soln 38 20.22 47.63 56.7 
Density (25°)/g cm~ 3 1.138 1.096 1.482 1.708 

Of course, the bp and composition of the azeotrope both vary with pressure, as illustrated 

below for the case of hydrochloric acid (1 mmHg =0.1333 kPa): 

P/mmHg 50 250 500 700 760 800 1000 1200 
BP/°C 48.72 81.21 97.58 106.42 108.58 110.01 116.19 122.98 
g(HX)/100 g soln 23.42 21.88 20.92 20.36 20.222 20.16 19°73 19.36 
Density(25°)/gcm~? 1.112. —-:1.104 ~——‘1.099 1.097 1.0959 1.095, 1.093 ‘1.091, 
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Fic. 17.6 Liquid/gas phase equilibria for the systems HF/H,O and HCl/H,O showing the 
formation of maximum boiling azeotropes as described in the text. 
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The occurrence of such azeotropes clearly restricts the degree to which aqueous solutions 

of HX can be concentrated by evaporation. However, they do afford a ready means of 

obtaining solutions of precisely known concentration: in the case of hydrochloric acid, its 

azeotrope is particularly stable over long periods of time and has found much use in 

analytical chemistry. 

The hydrogen halides as nonaqueous solvents 

The great synthetic value of liquid NH, as a nonaqueous solvent (p. 486) has 

encouraged the extensive study of the other neighbour of H,O in the periodic table, 

namely, HF.??: 32-34) Early studies were hampered by the aggressive nature of anhydrous 
HF towards glass and quartz, but the pure acid can now be safely handled without 

contamination using fluorinated plastics such as polytetrafluoroethylene. The self-ionic 

dissociation of the solvent, as evidenced by the residual electrical conductivity of highly 

purified HF, can be represented as HF =H*+F_; however, since both ions will be 

solvated it is more usual to represent the equilibrium as 

SHE = ee 

The fluoride ion has an anomalously high conductance, /,, as shown by the following 

values obtained at 0°: 

Ion Na* K* H,F* BF,” SbF, HF,~ 

4, /ohm~* cm? mol“! 117 117 79 183 196 273 

As the specific conductivity of pure HF is ~ 10° ohm“! cm? at 0°, these values imply 
concentrations of H,F* =HF,~ ~2.9 x 10° °® mol 1“! and an ionic product for the liquid 
of ~8x10~'? mol? 17! (cf. values of ~ 107 33 for NH, and ~ 107 '* for H,O). 

The high dielectric constant, low viscosity, and long liquid range of HF make it an 

excellent solvent for a wide variety of compounds. Whilst most inorganic fluorides give 

fluoride ions when dissolved (see next paragraph), a few solutes dissolve without 

ionization, e.g. XeF,, SO,, HSO3F, SF,, and MF, (M= Mo, W, U, Re, and Os). It is also 

probable that VF; and ReF, dissolve without ionizing. Perhaps more surprisingly liquid 
HF is now extensively used in biochemical research: carbohydrates, amino acids, and 

proteins dissolve readily, frequently with only minor chemical consequences. In 

particular, complex organic compounds that are potentially capable of eliminating the 

elements of water (e.g. cellulose, sugar esters, etc.) often dissolve without dehydration. 

Likewise globular proteins and many fibrous proteins that are insoluble in water, such as 

silk fibroin. These solutions are remarkably stable: e.g. the hormones insulin and ACTH 

were recovered after 2 h in HF at 0° with their biological activity substantially intact. 

>> H.H. Hyman and J. J. Katz, Liquid hydrogen fluoride, Chap. 2 in T. C. WADDINGTON (ed.), Nonaqueous 
Solvent Systems, pp. 47-81, Academic Press, London, 1965. 

33M. KILPATRICK and J. G. Jones, Anhydrous hydrogen fluoride as a solvent medium for chemical reactions, 
Chap. 2 in J. J. Lacowski (ed.), The Chemistry of Nonaqueous Solvents, pp. 43-99, Vol. 2, Academic Press, New 
York, 1967. 

°* T. A. O’DONNELL, Fluorine, Chap. 25 in Comprehensive Inorganic Chemistry, Vol. 2, pp. 1009-1106, 
Pergamon Press, Oxford, 1973. 
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Many of the ionic fluorides of M', M", and M" dissolve to give highly conducting 
solutions due to ready dissociation. Some typical values of the solubility of fluorides in HF 

are in Table 17.12: the data show the expected trend towards greater solubility with 
increase in ionic radius within the alkali metals and alkaline earth metals, and the expected 

decrease in solubility with increase in ionic charge so that MF>MF,>MF.,. This is 
dramatically illustrated by AgF which is 155 times more soluble than AgF,, and TIF which 

is over 7000 times more soluble than TIF3. 

TABLE 17.12 Solubility of some metal fluorides in anhydrous HF (in g/100 g HF and at 12°C 

unless otherwise stated) 

LiF NaF(11°) NH,F(17°) KF(8°) RbF(20°) — CsF(10°) AgF TIF 
10.3 30.1 32.6 36.5 110 199 83.2 580 

Hg,F, _-BeF,,(11°) MeF, CaF, StF, BaF, AgF, CaF, 
0.87 0.015 0.025 0.817 14.83 5.60 0.54 0.010 

HgF,  CdF,(14°) ZnF,(14°)  CrF,(14°) FeF, NiF, PbF, 
0.54 0.201 0.024 0.036 0.006 0.037 2.62 

AIF; CeF; TIF, MnF; FeF, CoF; SbF; BrF 
0.002 0.043 0.081 0.164 0.008 0.257 0.536 0.010 

With inorganic solutes other than fluorides, solvolysis usually occurs. Thus chlorides, 

bromides, and iodides give the corresponding fluorides with evolution of HX, and 

fluorides are also formed from oxides, hydroxides, carbonates, and sulfites. Indeed, this is 

an excellent synthetic route for the preparation of anhydrous metal fluorides and has been 

used with good effect for TiF,, ZrF,, UF,, SnF,, VOF 3, VF3, NbF.;,; TaFs, SbF;, 

MoO, F.,, etc. (Note, however, that AgCl, PdCl,, PtCl,, Au,Cl,, and ICI are apparently 

exceptions.'?3)) Less-extensive solvolysis occurs with sulfates, phosphates, and certain 

other oxoanions. For example, a careful cryoscopic study of solutions of K,SO, in HF (at 

~ —84°C) gave a value of v=5 for the number of solute species in solution, but this 

increased to about 6 when determined by vapour-pressure depressions at 0°. These 

observations can be rationalized if unionized H,SO, is formed at the lower temperature 

and if solvolysis of this species to unionized HSO,F sets in at the higher temperatures: 

K3SOy- 4h —— ke DHE pH SOy 

HS 3hr == =Sh70SHsoj;ReHEs 

Consistent with this, the '°F nmr spectra of solutions at 0° showed the presence of HSO,F, 
and separate cryoscopic experiments with pure H,SO, as the sole solute gave a value of v 

close to unity. 
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Solvolysis of phosphoric acids in the system HF/P,O,/H,O gave successively 

H,PO3F, HPO,F,, and H,0*PF,~, as shown by '°F and *'P nmr spectroscopy. 

Raman studies show that K NO, solvolyses according to the reaction 

KNO, + 6HF——_> K* + NO,* +H,0* +3HF,~ 

Permanganates and chromates are solvolysed by HF to oxide fluorides such as MnO3F 

and CrO,F,. 
Acid—base reactions in anhydrous HF are well documented. Within the Bronsted 

formalism, few if any acids would be expected to be sufficiently strong proton donors to be 

able to protonate the very strong proton-donor HF (p. 56), and this is borne out by 

observation. Conversely, HF can protonate many Brgnsted bases, notably water, alcohols 

carboxylic acids, and other organic compounds having one or more lone-pairs on O, N, 

ete 
H,O+2HF ~H,0* +HF,~ 

RCH,OH +2HF >RCH,OH,+* +HF,-~ 

RCO,H+2HF ———> RC(OH),* +HF,~ 

Alternatively, within the Lewis formalism, acids are fluoride-ion acceptors. The prime 

examples are AsF, and SbF, (which give MF,_) and to a lesser extent BF; which yields 

BF, . A greater diversity is found amongst Lewis bases (fluoride-ion donors), typical 

examples being XeF,, SF,, CIF3, and BrF;: 

MF, +HF > MF,_,*+HF,~ 

Such solutions can frequently be “neutralized” by titration with an appropriate Lewis 

acid, ¢.g.: 

BrF,*HF,~ +H,F*SbF,~ > BrF,*SbF,~ +3HF 

Oxidation-reduction reactions in HF form a particularly important group of reactions 

with considerable industrial application. The standard electrode potentials E°(M"* /M) in 

HF follow the same sequence as for H,O though individual values in the two series may 

differ by up to +0.2 V. Early examples showed that CrF, and UF, reduced HF to H, 

whereas VCI, gave VF3, 2HCI, and H,. Of more significance is the very high potential 

needed for the anodic oxidation of F~ in HF: 

F° =F, +e7; E°(F,/2F~)=2.71 V at 0°C 

This enables a wide variety of inorganic and organic fluorinations to be effected by the 

electrochemical insertion of fluorine. For example, the production of NFH,, NF,H, and 

NF, by electrolysis of NH,F in liquid HF represents the only convenient route to these 

compounds. Again, CF ;CO,H is most readily obtained by electrolysis of CH,;,CO,H in 

HF. Other examples of anodic oxidations in HF are as follows: 

Reactant Products Reactant Products 

NH,F NF, NF,H, NFH, NMe, (CF3),N 

H,O OF, (MeCO),0 CF,COF 
SCl,, SF, She SMe,, CS, CEESE a (CE)5Shy 

Naclo, ClO,F MeCN CF;CN, C,F;NF, 



§17.2.2 Halides of the Elements 957 

The other hydrogen halides are less tractable as solvents, as might be expected from their 

physical properties (p. 949), especially their low bps, short liquid ranges, low dielectric 

constants, and negligible self-dissociation into ions. Nevertheless, they have received some 

attention, both for comparison with HF, and as preparative media with their own special 

advantages.?° 3°-3©) In particular, because of their low bp and consequent ease of 
removal, the liquid HX solvent systems have provided convenient routes to BX, , 

BF;Cl-, B,Cl,?~, NO,Cl, Al,Cl,~, R,SCI*, RSCI,*, PCI,Br*, Ni,Cl,(CO); (from 

nickel tetracarbonyl and Cl,), and Ni(NO),Cl, (from nickel tetracarbonyl and NOC). 

Solubilities in liquid HX are generally much smaller than in HF and tend to be restricted 

to molecular compounds (e.g. NOCI, PhOH, etc.) or salts with small lattice energies, e.g. 

the tetraalkylammonium halides. Concentrations rarely attain 0.5moll-! (ie. 
0.05 mol/100 g HF). Ready protonation of compounds containing lone-pairs or z bonds is 

observed, e.g. amines, phosphines, ethers, sulfides, aromatic olefins, and compounds 

containing —C=N, —N=N-, nn, SP=0, etc. Of particular interest is the 

protonation of phosphine in the presence of BX, to give PH,” BCl, , PH,*BF Cl, and 

PH, *BBr,~. Fe(CO), affords [Fe(CO),H]* and [Fe(y°-C;H,;)(CO),], yields [Fe(n°- 
C,H,)(CO), ],H”*. Solvolysis is also well established: 

Ph,SnCl+ HCl ——> Ph,SnCl, + PhH 

Ph,COH+ 3HC] —_— Ph,C’ HCl,,.+.H,O Cl. 

Likewise ligand replacement reactions and oxidations, e.g.: 

Me,N*HCl, +BCl,——> Me,N*BCl, +HCl 

PCI, +Cl, +HCl —> PCl,* HCl, ~ 

The preparation and structural characterization of the ions HX, has been an important 

feature of such work.” As expected, these H-bonded ions are much less stable than HF, ~ 

though crystalline salts of all three anions and of the mixed anions HXY (except HBrI ) 

have been isolated by use of large counter cations, typically Cs* and NR,* (R=Me, Et, 

Bu")—see pp. 1313-21, of ref. 17 for further details. Neutron and X-ray diffraction studies 

suggest that [CI—H-:-Cl]” can be either centrosymmetric or non-centrosymmetric 

depending on the crystalline environment. A recent example of the latter mode involves 

interatomic distances of 145 and 178 pm respectively and a bond angle of 168° (Cl---Cl 

321:2'pm).°” 

17.2.2 Halides of the elements 

The binary halides of the elements span a wide range of stoichiometries, structure types, 

and properties which defy any but the most grossly oversimplified attempt at a unified 

35 M. E. PEACH and T. C. WADDINGTON, The higher hydrogen halides as ionizing solvents, Chap. 3 in T. C. 
WADDINGTON (ed.), Nonaqueous Solvent Systems, pp. 83-115, Academic Press, London, 1965. 

3¢ F. KLANBERG, Liquid HCl, HBr, and HI, Chap. 1 in J. J. Lacowsk1 (ed.), The Chemistry of Nonaqueous 
Solvents, Vol. 2, pp. 1-41, Academic Press, New York, 1967. 

37 W. Kucuen, D. Moorz, H. SomBerc, H. WUNDERLICH, and H.-G. Wussow, Diorganodichlorophos- 
phonium hydrogen dichlorides, a novel class of compounds containing [CIHCl]~ ions, Angew. Chem., Int. Edn. 
(Engl.) 17, 869-70 (1978). 
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classification. Indeed, interest in the halides as a class of compound derives in no small 

measure from this very diversity, and from the fact that, being so numerous, there are 

many examples of well-developed and well-graded trends between the limiting cases. Thus 

the fluorides alone include OF ,, one of the most volatile molecular compounds known 

(bp — 145°), and CaF,, which is one of the least-volatile “ionic” compounds (bp 2513°C). 

Between these extremes of discrete molecules on the one hand, and 3D lattices on the 

other, is a continuous sequence of oligomers, polymers, and extended layer lattices which 

may be either predominantly covalent [e.g. CIF, (MoF’)4, (CF,),,, (CF),,, p. 309] or 

substantially ionic [e.g. Na*F (g), (SnF,),, (BeF,),, (quartz type), SnF,, NaF(cryst)], or 

intermediate in bond type with secondary interactions also complicating the picture. The 

problems of classifying binary compounds according to presumed bond types or limiting 

structural characteristics have already been alluded to for the hydrides (p. 69), borides 

(p. 162), oxides, sulfides, etc. Such diversity and gradations are further compounded by the 

existence of four different halogens (F, Cl, Br, I) and by the possibility of numerous 

oxidation states of the element being considered, e.g. CrF,, Cr,F 5, CrF3, CrF4, CrF;, and 

CrF2 O1S5F 5,09 F > 0l a Oo Pos She 
A detailed discussion of individual halides is given under the chemistry of each 

particular element. This section deals with more general aspects of the halides as a class 

of compound and will consider, in turn, general preparative routes, structure, and 

bonding. For reasons outlined on p. 939, fluorides tend to differ from the other halides 

either in their method of synthesis, their structure, or their bond-type. For example, the 

fluoride ion is the smallest and least polarizable of all anions and fluorides frequently 

adopt 3D “ionic” structures typical of oxides. By contrast, chlorides, bromides, and 

iodides are larger and more polarizable and frequently adopt mutually similar layer- 

lattices or chain structures (cf. sulfides). Numerous examples of this dichotomy can be 

found in other chapters and in several general references.°*+*!) Because of this it is 
convenient to discuss fluorides as a group first, and then the other halides. 

Fluorides 

Binary fluorides are known with stoichiometries that span the range from C,F to IF, 

(or even, possibly, XeF,). Methods of synthesis turn on the properties of the desired 

products.'*° *?-** If hydrolysis poses no problem, fluorides can be prepared by halide 
metathesis in aqueous solution or by the reactions of aqueous hydrofluoric acid with an 

**'V. GUTMANN (ed.), Halogen Chemistry, Academic Press, London, 1967: Vol. 1, 473 pp.; Vol. 2, 481 pp; 
Vol. 3, 471 pp. 

3° R. COLTON and J. H. CANTERFORD, Halides of the First Row Transition Elements, Wiley, London, 1969, 

579 pp.; Halides of the Second and Third Row Transition Elements, Wiley, London, 1968, 409 pp. 
4° Ref. 34, pp. 1062-1106; ref. 17, pp. 1232-80. 
“! A. F. WELLS, Simple halides, in Structural Inorganic Chemistry, pp. 345-76, Oxford University Press, 

Oxford, 1975. 

42 FE. L. MuETTERTIES and C. W. TULLOCK, Binary fluorides, Chap. 7 in W. L. JoLty (ed.), Preparative 

Inorganic Reactions, Vol. 2, pp. 237-99 (1965). R. J. Lacow and L. J. MARGRAVE, Direct fluorination: a “new” 

approach to fluorine chemistry, Prog. Inorg. Chem. 26, 161-210 (1979). M. R. C. GERSTENBERGER and A. Haas, 
Methods of fluorination in organic chemistry, Angew. Chem., Int. Edn. (Engl.) 20, 647-67 (1981). 

*3 J. PorTIER, Solid state chemistry of ionic fluorides, Angew. Chem., Int. Edn. (Engl.) 15, 475-86 (1976). 
“4 R. D. PEACOCK, Transition metal pentafluorides and related compounds, Adv. Fluorine Chem. 7, 113-45 

(1973). 
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appropriate oxide, hydroxide, carbonate, or the metal itself. The following non-hydrated 

fluorides precipitate as easily filterable solids: 

LiF MeF, SnF, SbF, 

NaF CaF; PbF, 

NH,F SrF, 

BaF, 

Gaseous SiF, and GeF, can also be prepared from aqueous HF. Furthermore, the 

following fluorides separate as hydrates that can readily be dehydrated thermally, though 

an atmosphere of HF is required to suppress hydrolysis except in the case of the univalent 

metal fluorides: 

KF.2H,O CuF,.4H,O AIF,.H,O 

RbF .3H,O ZnF,.4H,O GaF>. 31,0 

CsF .14H,O CdF,.4H,O InF,.3H,O 

MHEZ2HE 4H, O. HgFs 72H30 LnF,.xH,O 

AgF.4H,O - MF,.6H,O (Ln=lanthanide metal) 

(M = Fe, Co, N1) 

By contrast BeF,.xH,O, TiF4.2H,O, and ThF,.4H,O cannot be dehydrated without 

hydrolysis. 

When hydrolysis is a problem then the action anhydrous HF on the metal (or chloride) 

may prove successful (e.g. the difluorides of Zn, Cd, Ge, Sn, Mn, Fe, Co, Ni; the trifluorides 

of Ga, In, Ti, and the lanthanides; the tetrafluorides of Ti, Zr, Hf, Th, and U; and the 

pentafluorides of Nb and Ta). However, many higher fluorides require the use of a more 

aggressive fluorinating agent or even F, itself. Typical of the fluorides prepared by 

oxidative fluorination with F, are: 

difluorides: Ag, Xe 

trifluorides: Cl, Br, Mn, Co 

tetrafluorides: Sn, Pb, Kr, Xe, Mo, Mn, Ce, Am, Cm 

pentafluorides: As, Sb, Bi, Br, I, V, Nb, Ta, Mo 

hexafluorides: S, Se, Te, Xe, Mo, W, Tc, Ru, Os, Rh, Ir, Pt, U, Np, Pu 

heptafluorides: I, Re 

octafluorides: Xe(?) 

Wherever possible the use of elementary F, is avoided because of its cost and the difficulty 

of handling it; instead one of a graded series of halogen fluorides can often be used, 

the fluorinating power steadily diminishing in the sequence: CIF,;>BrF,> 

IF,>CIF>BrF,>IF;. Other “hard” oxidizing fluorinating agents are AgF,, 

CoF3, MnF,, PbF,, CeF,, BiF,, and UF,. When selective fluorination of certain 

groups in organic compounds is required, then “moderate” fluorinating agents are 

employed, e.g. HgF,, SbF;, SbF3/SbCl,, AsF3, CaF,, or KSO,F. Such nucleophilic 

reagents may replace other halogens in halohydrocarbons by F but rarely substitute F for 

H. An electrophilic variant is ClO,F. Most recently XeF,, which is available 

commercially, has been used to effect fluorinations via radical cations: it can oxidatively 

fluorinate CC double bonds and can replace either aliphatic or aromatic H atoms with F. 

Even gentler are the “soft” fluorinating agents which do not cause fragmentation of 

functional groups, do not saturate double bonds, and do not oxidize metals to their 

CTE-FF* 
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highest oxidation states; typical of such mild fluorinating agents are the monofluorides of 

H, Li, Na, K, Rb, Cs, Ag, and Tl and compounds such as SF,, SeF,, COF,, SiF,, and 

NaSiF.¢. 
The fluorination reactions considered so far can be categorized as metathesis, 

oxidation, or substitution. Occasionally reductive fluorination is the preferred route to a 

lower fluoride. Examples are: 

2PdF , + SeF,— > 2PdF,, + SeF , 

room temp 6ReF, + W(CO), 6ReF, + WF, +6CO 

2RuF, +415 — > 2RuF, +41F, 

2EuR + H, ———_ > 2B OE 

6ReF, + Re —-—_>7ReF 

Further examples of this last type of reductive fluorination in which the element itself is 

used to reduce its higher fluoride are: 

Product CIF CrF, GeF, MoF, UF, IrF, Tek, 
Reactants Cl,/CIF, Cr/CrF; Ge/GeF, | Mo/MoF, U/UF, Ir/IrF, Te/TeF, 
URE 350 1000 300 400 1050 170 180 

The final route to fluorine compounds is electrofluorination (anodic fluorination) 

usually in anhydrous or aqueous HF. The preparation of NF,H;_, (x =1, 2, 3) has already 

been described (p. 956). Likewise the only reliable route to OF, is the electrolysis of 80% 

HF in the presence of dissolved MF (p. 748). Perchloryl fluoride has been made by 

electrolysing NaClO, in HF but a simpler route (p. 1031) is the direct reaction of a 
perchlorate with fluorosulfuric acid: 

KCIO,+HSO3F KHSO,+CIO3F 

Electrolysis of organic sulfides in HF affords a variety of fluorocarbon derivatives: 

Me,S or CS, ———> CF;SF, and (CF;).SF, 

(-CH,S-), > (-CF,SF,-);, CF,SF, and SF;CF,SF; 

R,S——> R, SF: and (R;),SF, 

where R, is a perfluoroalkyl group. 

The application of the foregoing routes has led to the preparation and characterization 

of fluorides of virtually every element in the periodic table except the three lightest noble 

gases, He, Ne, and Ar. The structures, bonding, reactivity, and industrial applications of 

these compounds will be found in the treatment of the individual elements and it is an 
instructive exercise to gather this information together in the form of comparative 
tables."2: 40, 42-44) 
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Chlorides, bromides, and iodides 

A similar set of preparative routes is available as were outlined above for the fluorides, 

though the range of applicability of each method and the products obtained sometimes 

vary from halogen to halogen. When hydrolysis is not a problem or when hydrated halides 

are sought, then wet methods are available, e.g. dissolution of a metal or its oxide, 

hydroxide, or carbonate in aqueous hydrohalic acid followed by evaporative 

crystallization: 

Fe+2HCi(aq) [Fe(H,O),]Cl, +H, 

CoCO, + 2HI(aq) ———> [Co(H,O), ]I, + H,O+ CO, 

Dehydration can sometimes be effected by controlled removal of water using a judicious 

combination of gentle warming and either reduced pressure or the presence of anhydrous 

HX: 

[M(H,0O),]Br; 22 ”°> MBr,+6H,O (M=Ln or actinide) 
reduced press 

HCl(g)/150° 

CuCl, .2H.0-—— = CuCl, + 2.0 

Hydrated chlorides that are susceptible to hydrolysis above room temperature can often 

be dehydrated by treating them with SOCI, under reflux: 

79 [Cr(H,O),]Cl, + 6SOCI, CrCl, + 12HC1+6SO, 

Alternative wet routes to hydrolytically stable halides are metathetical precipitation 

and reductive precipitation reactions, e.g.: 

Ag*(aq)+ Cl” (aq) ———=> AgCl 

Cu?" (aq) +21 (aq) > Cul + th, 

More complex is the hydrolytic disproportionation of the molecular halogens themselves 

in aqueous alkali which is a commercial route to several alkali-metal halides: 

3X,+6OH ———>5X +XO, +3H,O 

When the desired halide is hydrolytically unstable then dry methods must be used, often at 

elevated temperatures. Pre-eminent amongst these methods is the oxidative halogenation 

of metals (or non-metals) with X, or HX; when more than one oxidation state is available 

X, sometimes gives the higher and HX the lower, e.g.: 

600° Cr+ scl; CrCl, 

red heat 

Cr+ 2HCl(g) CrCl, +H, 

Similarly, Cl, sometimes yields a higher and Br, a lower oxidation state, e.g. MoCl,; and 

MoBr;3. 

Other routes include the high-temperature halogenation of metal oxides, sometimes in 
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the presence of carbon, to assist removal of oxygen; the source of halogen can be X3, a 

volatile metal halide, CX,, or another organic halide. A few examples of the many 

reactions that have been used industrially or for laboratory scale preparations are: 

Gi, 
ZrO, ZrCl, 

C+Br, 

>460 

Bry 

Nb,O, NbBr, 
Cc 

370 

CCl, =cciccl, 
YO l 

reflux z 

All 

MoO, ee OE 

The last two of these reactions also feature a reduction in oxidation state. A closely related 

route is halogen exchange usually in the presence of an excess of the “halogenating 

reagent”, e.g.: 

FeCl,+BBr; (excess) ~———> FeBr + BC], 

400-600" 
MCl,+3HBr (excess) MBr,;+3HCl (M=Ln or Pu) 

3TaCl, + SAIL, (excess) —-° > 3Tal; + 5AICI, 

Reductive halogenation can be achieved by reducing a higher halide with the parent 

metal, another metal, or hydrogen: 

thermal gradient 

630-575 

thermal gradient 

3WBrs+Al >" 3WBr,+AIBr, 
TS => 24 

MX,+3H, ———>MX,+HxX (M=Sn, Eu, Yb, etc., 
Gt © hag 3} ea 8) 

Alternatively, thermal decomposition or disproportionation can yield the lower halide: 

at “bp” Recis=—  ReG-- CI, 

Mola = sMoksitl, 

ANCL, 2" aneven 

2TaBr, pee TaBr,+ TaBr, 



§17.2.2 Halides of the Elements 963 

Many significant trends are apparent in the structures of the halides and in their 

physical and chemical properties. The nature of the element concerned, its position in the 

periodic table, the particular oxidation state, and, of course, the particular halogen 

involved, all play a role. The majority of pre-transition metals (Groups IA, IIA) together 

with Group IIIA, the lanthanides, and the actinides in the +2 and +3 oxidation states form 

halides that are predominantly ionic in character, whereas the non-metals and metals in 

higher oxidation states (> +3) tend to form covalent molecular halides. The “ionic- 

covalent transition” in the halides of Group VB (P, As, Sb, Bi) and VIB (S, Se, Te, Po) has 

already been discussed at length (pp. 568, 652, 904) as has the tendency of the refractory 

transition metals to form cluster halides (pp. 1155, 1190, etc.). The problems associated with 

the ionic bond model and its range of validity were considered in Chapter 4 (p. 91). 

Presumed bond types tend to show gradual! rather than abrupt changes within series in 

which the central element, the oxidation state, or the halogen are systematically varied. 

For example, in a sequence of chlorides of isoelectronic metals such as KCl, CaCl,, ScCl,, 

and TiCl, the first member is predominantly ionic with a 3D lattice of octahedrally 

coordinated potassium ions; CaCl, has a framework structure (distorted rutile) in which 

Ca is surrounded by a distorted octahedron of 6Cl; ScCl, has a layer structure and TiCl, 

is a covalent molecular liquid. The sudden discontinuity in physical properties at TiCl, is 

more a function of stoichiometry and coordination number than a sign of any 

discontinuous or catastrophic change in bond type. Numerous other examples can be 

found amongst the transition metal halides and the halides of the post-transition elements. 

In general, the greater the difference in electronegativity between the element and the 

halogen the greater will be the tendency to charge separation and the more satisfactory 

will be the ionic bond model. With increasing formal charge on the central atom or with 

decreasing electronegativity difference the more satisfactory will be the various covalent 

bond models. The complexities of the situation can be illustrated by reference to the bp 

(and mp) of the halides: for the more ionic halides these generally follow the sequence 

MF, >MCl,,>MBr,>MI,, being dominated by coulombic interactions which are 

greatest for the small F~ and least for the large I”, whereas for molecular halides the 

sequence is usually the reverse, viz. MI, > MBr,, >MCIl, > MF, being dictated rather by 

polarizability and London dispersion forces which are greatest for I and least for F. As 

expected, intermediate halides are less regular as the first sequence yields to the reverse, 

and no general pattern can be discerned. 

Similar observations hold for solubility. Predominantly ionic halides tend to dissolve in 

polar, coordinating solvents of high dielectric constant, the precise solubility being 

dictated by the balance between lattice energies and solvation energies of the ions, on the 

one hand, and on entropy changes involved in dissolution of the crystal lattice, solvation 

of the ions, and modification of the solvent structure, on the other: [AG (cryst— saturated 

soln) =0=AH — TAS]. For a given cation (e.g. K*, Ca**) solubility in water typically 
follows the sequence MF, < MCI, < MBr, <MI,. By contrast for less-ionic halides with 

significant non-coulombic lattice forces (e.g. Ag) solubility in water follows the reverse 

sequence MI,<MBr,<MCl,<MF,. For molecular halides solubility is determined 

principally by weak intermolecular van der Waals’ and dipolar forces, and dissolution is 

commonly favoured by less-polar solvents such as benzene, CCl,, or CS). 

Trends in chemical reactivity are also apparent, e.g. ease of hydrolysis tends to increase 

from the non-hydrolysing predominantly ionic halides, through the intermediate halides 

to the readily hydrolysable molecular halides. Reactivity depends both on the relative 



964 The Halogens: Fluorine, Chlorine, Bromine, Iodine, and Astatine Ch. 17 

energies of M-X and M-O bonds and also, frequently, on kinetic factors which may 

hinder or even prevent the occurrence of thermodynamically favourable reactions. 
Further trends become apparent within the various groups of halides and are discussed at 

appropriate points throughout the text. 

17.2.3. Interhalogen compounds*>-*”) 

The halogens combine exothermically with each other to form interhalogen com- 

pounds of four stoichiometries: XY, XY, XY;, and XY, where X is the heavier halogen. A 

few ternary compounds are also known, e.g. IFCl, and IF ,Cl. For the hexatomic series, 

only the fluorides are known (CIF., BrF,, IF;), and IF, is the sole example of the 

octatomic series. All the interhalogen compounds are diamagnetic and contain an even 

number of halogen atoms. Similarly, the closely related polyhalide anions XY,, and 

polyhalonium cations XY,,,* (n=1, 2, 3) each have an odd number of halogen atoms: 

these ions will be considered in subsequent sections (pp. 978, 983). 

Related to the interhalogens chemically, are compounds formed between a halogen 

atom and a pseudohalogen group such as CN, SCN, N3. Examples are the linear 

molecules CICN, BrCN, ICN, and the corresponding compounds XSCN and XN,. Some 

of these compounds have already been discussed (p. 336) and need not be considered 
further. A recent microwave study*®) shows that chlorine thiocyanate is CISCN (angle 
Cl-S-C 99.8°) rather than CINCS, in contrast to the cyanate which is CINCO. The 

chemistry of iodine azide has been reviewed‘*?)—1t is obtained as volatile, golden yellow, 
shock-sensitive needles by reaction of I, with AgN, in non-oxygen-containing solvents 

such as CH,Cl,, CCl,, or benzene: the structure in the gas phase (as with FN3, CIN, and 

BrN, also) comprises a linear N; group joined at an obtuse angle to the pendant X atom, 

thereby giving a molecule of C, symmetry. 

Diatomic interhalogens, XY 

All six possible diatomic compounds between F, Cl, Br, and I are known. Indeed, ICI 

was first made (independently) by J. L. Gay Lussac and H. Davy in 1813-14 soon after the 

isolation of the parent halogens themselves, and its existence led J. von Liebig to miss the 

discovery of the new element bromine, which has similar properties (p. 925). The 

compounds vary considerably in thermal stability: CIF is extremely robust; IC] and IBr 

are moderately stable and can be obtained in very pure crystalline form at room 

temperature; BrCl readily dissociates reversibly into its elements; BrF and IF 

disproportionate rapidly and irreversibly to a higher fluoride and Br, (or I,). Thus, 

*° Ref. 17, pp. 1476-1563, Interhalogens and polyhalide anions; see also D. M. MARTIN, R. Rousson, and 
J. M. WeuterssE, The Interhalogens, in J. J. LaGowsk1 (ed.), The Chemistry of Nonaqueous Solvents, Chap. 3, 
pp. 157-95, Academic Press, New York, 1978. 

*° A. I. Popov, Interhalogen compounds and polyhalide anions, Chap. 2, in V. GUTMANN (ed.), MTP 
International Review of Science: Inorganic Chemistry Series 1, Vol. 3, pp. 53-84, Butterworths, London, 1972. 

“7K. O. Curiste, Halogen fluorides, /UPAC Additional Publication 24th Int. Congr. Pure Appl. Chem., 
Hamburg, 1973, Vol. 4. Compounds of Non-Metals, pp. 115-41, Butterworths, London, 1974. 

“8 R. J. RicHarps, R. W. Davis, and M. C. L. Gerry, The microwave spectrum and structure of chlorine 
thiocyanate, JCS Chem. Comm. 1980, 915-16. 

49K. DEHNICKE, The chemistry of iodine azide, Angew. Chem., Int. Edn. (Engl.) 18, 507-14 (1979). 



§17.2.3 Interhalogen Compounds 965 

although all six compounds can be formed by direct, controlled reaction of the 

appropriate elements, not all can be obtained in pure form by this route. Typical 

preparative routes (with comments) are as follows: 

Cl,+F, eC must be purified from CIF, and reactants 

CE CIF; Be ele must be purified from excess CIF, 

gas phase 

Br, +F,——— 2BrF; _ disproportionates to Br, + BrF; (and BrF) at room temp 

Br, + BrF; ———>3BrF; __ BrF favoured at high temp 

D+F, es aa disproportionates rapidly toI,+IF,; at room temp 
a= 

in CCI3F 

au; 

0° 

1,4 AgF —_—> IF + Agl 

gas phase 2 
Br,+Cl, — 2 BrCl; compound cannot be isolated free from Br, and Cl, 

or in CCl4 

room temp 
> 21X purify by fractional crystallization of the molten 

(X =Cl, Br); compound 

In general the compounds have properties intermediate between those of the parent 

halogens, though a combination of aggressive chemical reactivity and/or thermal 

instability militates against the determination of physical properties such as mp, bp, etc., in 

some instances. However, even for such highly dissociated species as BrCl, precise 

molecular (as distinct from bulk) properties can be determined by spectroscopic 

techniques. Table 17.13 summarizes some of the more important physical properties of the 

diatomic interhalogens. The most volatile compound, CIF, is a colourless gas which 

condenses to a very pale yellow liquid below — 100°. The least volatile is IBr; it forms 
black crystals in which the IBr molecules pack in a herring-bone pattern similar to that in 

I, (p. 937) and in which the internuclear distance r(I-Br)is 252 pm, i.e. slightly longer than 

in the gas phase (248.5 pm). ICI is unusual in forming two crystalline modifications: the 

stable («) form crystallizes as large, transparent ruby-red needles from the melt and 

features zigzag chains of molecules with two different ICI] units and appreciable inter- 

chain intermolecular bonding as in Fig. 17.7a. The packing is somewhat different in the 

yellow, metastable (f) form (Fig. 17.7b) which can be obtained as brownish-red crystals 

from strongly supercooled melts. 

The chemical reactions of XY can be conveniently classified as halogenation reactions, 

donor-acceptor interactions, and use as solvent systems. Reactions frequently parallel 

those of the parent halogens but with subtle and revealing differences. CIF is an effective 
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TaBLeE 17.13 Physical properties of interhalogen compounds X Y 

Property CIF BrF IF BrCl Ic] IBr 

Form at room Colourless Pale brown Unstable Red brown Ruby red Black 
temperature gas (Br) gas crystals crystals 

MP/°C — 155.6 ca. —33 — ca. —66 27.2(a) 41 
Disprop® — Disprop Dissoc® 13.9(B) Some 

dissoc 
BP/°C — 100.1 ca. 20 = ca. 5 97-100" ~ 116°) 
AH; (298 K)/kJ mol! — 56.5 — 58.6 —95.4 + 14.6 —35.3(a) —10.5 (cryst) 
AG; (298 K)/kJ mol! —57.7 —73.6 —117.6 —1.0 —13.95(a) +3.7(gas) 
Dissociation energy/ 252.5 248.6 ~277 ANS. 207.7 175.4 

kJ mol! 
d(lig, T°C)/g em~* 1.62(— 100°) _ — — 3.095(30°) 3.762(42°) 
r(X-Y)/pm 162.81 175.6 190.9 213.8 232.07 248.5 
Dipole moment/D 0.881 1.29 — OST 0.65 Wil 
kK(lig, T°C)/ 19x 107’ — — 5.50 x 1073 3.4x 1074 
ohm~!cm=! (— 128°) 

® Substantial disproportionation or dissociation prevents meaningful determination of mp and bp; the 
figures merely indicate the approximate temperature range over which the (impure) compound is liquid at 
atmospheric pressure. 

>) Fused ICI and IBr both dissociate into the free halogens to some extent: ICI 0.4% at 25° (supercooled) and 
1.1% at 100°C; IBr 8.8% at 25° (supercooled) and 13.4% at 100°C. 

fluorinating agent (p. 959) and will react with many metals and non-metals either at room 

temperature or above, converting them to fluorides and liberating chlorine, e.g.: 

WAL6GIP == wr ae 

Se + 4CIF —_—> SeF, + 2Cl, 

It can also act as a chlorofluorinating agent by addition across a multiple bond and/or by 
oxidation, e.g.: 

(CF;),CO + CIF —~—> (CF,),CFOC] (M=K, Rb, Cs) 

CO+CIF COFCI 

RCN + 2CIF ———> RCF,,NCl, 

SO, + CIF ——>Cl0SO,F 

SO,+CIF CISO,F 

Jae ae Gy 

N=SF,-+2CIF Cl,NSF; 

Reaction with OH groups or NH groups results in the exothermic elimination of HF and 
the (often violent) chlorination of the substrate, e.g.: 

HOH + 2CIF 2HF+Cl1,0 

HONO, + CIF ———> HF+CIONO, 

HNF, + CIF ———> HF+NF,Cl 
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Fic. 17.7 Structures of «- and £-forms of crystalline ICI. 

Lewis acid (fluoride ion acceptor) behaviour is exemplified by reactions with NOF and 

MF to give [NO]*[CIF,]” and M*[CIF,]~ respectively (M =alkali metal or NH,). 
Lewis base (fluoride ion donor) activity includes reactions with BF, and AsF.: 

BF, + 2C1F —-_—> [CI,F]* [BF,]- 

AsF, + 2CIF ———> [Cl1,F]*[AsF,]~ 

The linear polyhalide anion [F—CI—F]™ and the angular polyhalonium cation 
] 

La Nay * are members of a more extensive set of ions to be treated on p. 978. CIF is 
commercially available in steel lecture bottles of 500-g capacity but must be handled with 

extreme circumspection in scrupulously dried and degreased apparatus constructed in 

steel, copper, Monel, or nickel; fluorocarbon polymers such as Teflon can also be used, but 

not at elevated temperatures. 
The reactivity of IC] and IBr, though milder than that of CIF is nevertheless still 

extremely vigorous and the compounds react with most metals including Pt and Au, but 
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not with B, C, Cd, Pb, Zr, Nb, Mo, or W. With ICI, phosphorus yields PCl, and V 

conveniently yields VCI, (rather than VCI,). Reaction with organic substrates depends 

subtly on the conditions chosen. For example, phenol and salicylic acid are chlorinated by 
ICI vapour, since homolytic dissociation of the ICI molecule leads to chlorination by Cl, 

rather than iodination by the less-reactive I,. By contrast, in CCl, solution (low dielectric 

constant) iodination predominates, accompanied to a small extent by chlorination: this 

implies heterolytic fission and rapid electrophilic iodination by I* plus some residual 

chlorination by Cl, (or ICI). In a solvent of high dielectric constant, e.g. PhNO,, 

iodination occurs exclusively.°® A similar interpretation explains why IBr almost 

invariably brominates rather than iodinates aromatic compounds due to its appreciable 

dissociation into Br, and I, in solution and the much greater rate of reaction of 

bromination by Br, compared with iodination by iodine. 

Both ICI] and IBr are partly dissociated into ions in the fused state, and this gives rise to 

an appreciable electrical conductivity (Table 17.13). The ions formed by this heterolytic 

dissociation of IX are undoubtedly solvated in the melt and the equilibria can be formally 

represented as 

3S 1X ETN nk = Clea) 

The compounds can therefore be used as nonaqueous ionizing solvent systems (p. 486). 

For example the conductivity of ICI is greatly enhanced by addition of alkali metal halides 

or aluminium halides which may be considered as halide-ion donors and acceptors 

respectively: 

ICl+MCl —>M *[ICl,]~ 

ZICIAICL = [eel], Aleuas 

Similarly pyridine gives [pyI]*[ICl,]” and SbCl, forms a 2:1 adduct which can be 

reasonably formulated as [I,Cl] *[SbCl,]~. By contrast, the 1:1 adduct with PCI, has 

been shown by X-ray studies to be [PCl,]*[ICI,]~. Solvoacid-solvobase reactions have 

been monitored by conductimetric titration; e.g. titration of solutions of RbCl and SbCl, 

in IC] (or of KCl and NbClI,) shows a break at 1:1 molar proportions, whereas titration of 

NH, Cl with SnCl, shows a break at the 2:1 mole ratio: 

Rb*(1Cl,]> + (1, Cle (SbCl a RbapsbCi + 31Cl 

K “fC, 1-6 GHENbCI,|..—--=K 4 —NbCL 1. +316! 

2NH, *[ICI,]~ +[1,Cl]* [SnCl,]?~ ——> [NH,]* ,[SnCl,]?- +61Cl 

The preparative utility of such reactions is, however, rather limited, and neither ICI or IBr 

has been much used except to form various mixed polyhalide species. Compounds must 

frequently be isolated by extraction rather than by precipitation, and solvolysis is a further 
complicating factor. 

Tetra-atomic interhalogens, XY 5 

The compounds to be considered are CIF3, BrF3, IF3, and ICI, (I,Cl,). All can be 
prepared by direct reaction of the elements, but conditions must be chosen so as to avoid 

°° F. W. BeNnneTT and A. G. SuHarp, Reactions of iodine monohalides in different solvents, J. Chem. Soc. 
1950, 1383-4. 
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formation of mixtures of interhalogens of different stoichiometries. CIF; is best formed by 

direct fluorination of Cl, or CIF in the gas phase at 200-300° in Cu, Ni, or Monel metal 

apparatus. BrF is formed similarly at or near room temperature and can be purified by 

distillation to give a pale straw-coloured liquid. With IF3, which is only stable below — 30° 

the problem is to avoid the more facile formation of IF ;; this can be achieved either by the 

action of F, on I, suspended in CCI,F at — 45° or more elegantly by the low-temperature 

fluorination of I, with XeF,: 

I,Cl, is readily made as a bright-yellow solid by reaction of I, with an excess of liquid 

chlorine at — 80° followed by the low-temperature evaporation of the Cl,; care must be 

taken with this latter operation, however, because of the very ready dissociation of I,Cl, 

into ICI] and Cl,. 

Physical properties are summarized in Table 17.14. Little is known of the unstable IF; 

but CIF, and BrF, are well-characterized volatile molecular liquids. Both have an 

unusual T-shaped structure of C,,, symmetry, consistent with the presence of 10 electrons 

in the valency shell of the central atom (Fig. 17.8). A notable feature of both structures is 

the slight deviation from colinearity of the apical F-X-F bonds, the angle being 175.0° for 

CIF, and -172.4° for BrF;; this reflects the greater electrostatic repulsion of the 

nonbonding pair of electrons in the equatorial plane of the molecule. For each molecule 

the X-F,,i.a1 distance is some 5-6% greater than the X-F.uatoria: distance but the mean 

X-F distance is very similar to that in the corresponding monofluoride. The structure of 

crystalline ICI, is quite different, being built up of planar I,Cl, molecules separated by 

normal van der Waals’ distances between the Cl atoms (Fig. 17.9). The terminal I-Cl 

distances are similar to those in ICI but the bridging I-Cl distances are appreciably longer. 

CIF, is one of the most reactive chemical compounds known?) and reacts violently 
with many substances generally thought of as inert. Thus it spontaneously ignites 

TABLE 17.14 Physical properties of interhalogen compounds XY, 

Property CIF, BrF, IF, IE Gl 

Form at room Colourless Straw-coloured Yellow solid Bright yellow 
temperature gas/liquid liquid (decomp above — 28°) solid 

MP/°C —76.3 8.8 — 101 (16 atm) 
BP/°C 11.8 125.8 — _— 
AH; (298 K)/kJ mol”! — 164 (g) — 301 (1) ca. —485 (g) calc — 89.3 (s) 
AG; (298 K)/kJ mol”? — 124 (g) — 241 (l) ca. —460 (g) calc — 21.5 (s) 
Mean X-Y bond energy 174 202 ca. 275 (calc) — 

of XY3/kJ mol! 
Density(T°C)/g cm~? 1.885 (0°) 2.803 (25°) — Sib (52)) 
Dipole moment/D 0.557 1.19 — — 
Dielectric constant 4.75 (0°) = sae ee 

&(T°) 
(liq, T°C)/ 6,5 x 10; 40°), 28.0 x 10"? (25°) — 8.6 x 10-3 (102°) 
ohm~* cm~? 

5! L. SteIN, Physical and chemical properties of halogen fluorides, in V. GUTMANN (ed.), Halogen Chemistry, 
Vol. 1, pp. 133-224, Academic Press, London, 1967. 
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Fic. 17.8 Molecular structures of CIF, and BrF; as determined by microwave spectroscopy. An 
X-ray study of crystalline CIF; gave slightly longer distances (171.6 and 162.1 pm) and a slightly 

smaller angle (87.0°). 

Fic. 17.9 Structure of I,Cl, showing planar molecules of approximate D,, symmetry. 

asbestos, wood, and other building materials and was used in incendiary bomb attacks on 

UK cities during the Second World War. It reacts explosively with water and with most 

organic substances, though reaction can sometimes be moderated by dilution of CIF; with 

an inert gas, by dissolution of the organic compound in an inert fluorocarbon solvent, or 

by the use of low temperatures. Spontaneous ignition occurs with H,, K, P, As, Sb, S, Se, 

Te, and powdered Mo, W, Rh, Ir, and Fe. Likewise, Br, and I, enflame and produce higher 

fluorides. Some metals (e.g. Na, Mg, Al, Zn, Sn, Ag) react at room temperature until a 

fluoride coating is established; when heated they continue to react vigorously. Palladium 

Pt, and Au are also attacked at elevated temperatures and even Xe and Rn are fluorinated. 

Mild steel can be used as a container at room temperature and Cu is only slightly attacked 
below 300° but the most resistant are Ni and Monel metal. Very pure CIF, has no effect on 

Pyrex or quartz but traces of HF, which are normally present, cause slow etching. 

CIF; converts most chlorides to fluorides and reacts even with refractory oxides such as 
MgO, CaO, Al,03, MnO,, Ta,O,, and MoO, to form higher fluorides, e.g.: 

NiO +2CIF, —> NiF, +4Cl, +40, 

Co,0,+ 3CIF , =e. 3CoF +3Cl, +20, 
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With suitable dilution. to moderate the otherwise violent reactions NH, gas and N,H, 

yield HF and the elements: 

NH,+CIF; 3HF+4N,+4Cl, 

N,H,+4CIF; >4HF+N,+4Cl, 

At one time this latter reaction was used in experimental rocket motors, the CIF; oxidizer 

reacting spontaneously with the fuel (N,H, or Me,N,H,). At low temperatures NH,F 

and NH,HF, react with liquid CIF, when allowed to warm from — 196 to —5S° but the 

reacuion is hazardous and may explode above — 5°: 

NH,F+3ClF, NF,Cl+4HF +4Cl, 

The same products are obtained more safely by reacting gaseous CIF with a suspension 

of NH,F or NH,HF, in a fluorocarbon oil. 

CIF, is manufactured on a moderately large scale, considering its extraordinarily 

aggressive properties which necessitate major precautions during handling and transport. 

Production plant in Germany had a capacity of ~5 tonnes/day in 1940 (~ 1500 tonnes 

pa). It is now used in the USA, the UK, France, and the USSR primarily for nuclear fuel 

processing, production in the USA being several hundred tonnes pa (in 1979). CIF, is used 

to produce UF, (g): 

50-90 
U(s)+ 3CIF;(1) UF, (1) + 3CIF(g) 

It is also invaluable in separating U from Pu and other fission products during nuclear fuel 

reprocessing, since Pu reacts only to give the (involatile) PuF, and most fission products 

(except Te, I, and Mo) also yield involatile fluorides from which the UF, can readily be 

separated. CIF; is available in steel cylinders of up to 82 kg capacity and the price in 1979 

was $30 per kg. 

Liquid CIF, can act both as a fluoride donor (Lewis base) or fluoride ion acceptor 

(Lewis acid) to give difluorochloronium compounds and tetrafluorochlorides respec- 

tively, c:2.; 

MF,+CIF; [CIF,]"[MF.] ; colourless solids: M=As, Sb 

PiF,+ClF. [CIF,]*[PtF,]~ ; orange, paramagnetic solid, mp 171° 

BF,+CIF, ———~> [CIF,]*[BF,]~; colourless solid, mp 30° 

MF+ CIF, ———> M*[CIF,]~; white or pink solids, decomp ~ 350°: M=K, Rb, Cs 

NOF + CIF; ———>[NO]"*[CIF,] ; white solid, dissociates below 25° 

Despite these reaction products there is little evidence for an ionic self-dissociation 

equilibrium in liquid CIF; such as may be formally represented by 

2CIF,—CIF,*+CIF,~, and the electrical conductivity of the pure liquid (p. 969) is only 

of the order of 10~° ohm~! cm “*. The structures of these ions is discussed more fully in 

subsequent sections. 
Bromine trifluoride, though it reacts explosively with water and hydrocarbon tap 

greases, is somewhat less violent and vigorous a fluorinating agent than is CIF. The 

sequence of reactivity usually quoted for the halogen fluorides is: 

CIF,>BrF,;>IF,>CIF>BrF,>IF,>BrF>IF,>IF 
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It can be seen that, for a given stoichiometry of XF,, the sequence follows the order 

Cl>Br>TI and for a given halogen the reactivity of XF,, diminishes with decrease in n, 1.e. 

XF,>XF,> XF. (A possible exception is CIF; this is not included in the above sequence 

but, from the fragmentary data available, it seems likely that it should be placed near the 

beginning—perhaps between CIF, and BrF.,.) BrF reacts vigorously with B, C, Si, As, Sb, 

I, and S to form fluorides. It has also been used to prepare simple fluorides from metals, 

oxides, and other compounds: volatile fluorides such as MoF,, WF,, and UF, distil 

readily from solutions in which they are formed whereas less-volatile fluorides such as 

AuF 3, PdF,, RhF,, PtF,, and BiF, are obtained as residues on removal of BrF; under 

reduced pressure. Reaction with oxides often evolves O,, quantitatively (e.g. B,03, T1,03, 

SiO, GeO,, As,O3, Sb,03, SeO3, I,0,, CuO, TiO,, UO;): 

B,O,+ 2BrF ,———_> 2BF ,, + Br, + 30,, 

SiO, +4BrF, > SiF,+4Br,+0, 

The reaction can be used as a method of analysis and also as a procedure for determining 

small amounts of O (or N) in metals and alloys of Li, Ti, U, etc. In cases when BrF; itself 

only partially fluorinates the refractory oxides, the related reagents KBrF, and BrF,SbF, 

have been found to be effective (e.g. for MgO, CaO, Al,O;, MnO,, Fe,O03, NiO, CeO,, 
Nd,03, ZrO,, ThO,). Oxygen in carbonates and phosphates can also be determined by 

reaction with BrF3. Sometimes partial fluorination yields new compounds, e.g. 

perrhenates afford tetrafluoroperrhenates: 

MReO, +4BrF; ——>MReO,F, +2Br, +0, 

M=K, Rb, Cs, Ag, 4Ca, 4Sr, $Ba 

Likewise, K,Cr,0, and Ag,Cr,O, yield the corresponding MCrOF, (i.e. reduction from 

Cr¥! to Cr’). Other similar reactions, which nevertheless differ slightly in their overall 
stoichiometry, are: 

KCIO,+3BrF, >KBrF,+4Br,+30,+ClO,F 

ClO, +4BrF, >C1O,F +4Br, 

N,0O,+4BrF; 1Br(NO3)3+NO,F 

10,F+4BrF, >IF,+2Br,+0, 

As with CIF, BrF, is used to fluorinate U to UF, in the processing and reprocessing of 
nuclear fuel. It is manufactured commercially on the multitonne pa scale and is available 
as a liquid in steel cylinders of varying size up to 91 kg capacity. The US price in 1979 was 
~ $30 per kg. 

In addition to its use as a straight fluorinating agent, BrF, has been extensively 
investigated and exploited as a preparative nonaqueous ionizing solvent. The appreciable 
electrical conductivity of the pure liquid (p. 969) can be interpreted in terms of the 
dissociative equilibrium 

2BrF;=——=BrF ,* + BrF 7 

Electrolysis gives a brown coloration at the cathode but no visible change at the anode: 
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2BrF,* +2e7 BrF,+ BrF (brown) 

2BrF,— BrF;+BrF5+2e (colourless) 

The specific conductivity decreases from 8.1x10 > ohm~! cm! at 10° to 
7.1x10~* ohm~! cm~! at 55° and this unusual behaviour has been attributed to the 
thermal instability of the BrF,* and BrF,~ ions at higher temperatures. Consistent with 

the above scheme KF, BaF, and numerous other fluorides (such as NaF, RbF, AgF, 

NOF) dissolve in BrF, with enhancement of the electrical conductivity due to the 

formation of the solvobases KBrF 4, Ba(BrF,)>, etc. Likewise, Sb and Sn give solutions of 

the solvoacids BrF,SbF, and (BrF,),SnF,. Conductimetric titrations between these 
various species can be carried out, the end point being indicated by a sharp minimum in 

the conductivity: 

BrF,* SbF,” +Ag* BrF,~ 

(BrF,*),SnF,?~ +2Ag* BrF,~ 

Ag*SbF, +2BrF; 

(Ag*),SnF,2~ +4BrF, 

Other solvoacids that have been isolated include the BrF, * compounds of AuF, , BiF,, 

NbF,, TaF,~, RuF,~, and PdF,?~ and reactions of BrF solutions have led to the 

isolation of large numbers of such anhydrous complex fluorides with a variety of 

cations.©’) Solvolysis sometimes complicates the isolation of a complex by evaporation of 
BrF , and solvates are also known, e.g. K,TiF,. BrF, and K,PtF,. BrF3. It is frequently 

unnecessary to isolate the presumed reaction intermediates and the required complex can 

be obtained by the action of BrF, on an appropriate mixture of starting materials: 

rF3 — 2BrF, 

Ag+ Au——_*-> {AgBrF, +BrF,AuF,} > AgfAuF,] 

N,0,+Sb,0,; ——2->[NO,] [SbF] 

BrF 3 

Ru KCl" > K[ RuF] 

In these reactions BrF , serves both as a fluorinating agent and as a nonaqueous solvent 

reaction medium. 

Molten I,Cl, has been much less studied as an ionizing solvent because of the high 

dissociation pressure of Cl, above the melt. The appreciable electrical conductivity may 

well indicate an ionic self-dissociation equilibrium such as 

Lc, =a, *Ic1,- 

Such ions are known from various crystal-structure determinations, e.g. K[ICI,].H,O, 

fICl,][AICI,], and [ICI,][SbCl,] (p. 983). 1,Cl. is a vigorous chlorinating agent, no 

doubt due at least in part to its ready dissociation into IC] and Cl,. Aromatic compounds, 

including thiophen, C,H,S, give chlorosubstituted products with very little if any 

iodination. By contrast, reaction of I,Cl, with aryl-tin or aryl-mercury compounds yield 

the corresponding diaryliodonium derivatives, e.g.: 

2PhSnCl, + IC1,———> Ph, ICI + 2SnCl, 



974 The Halogens: Fluorine, Chlorine, Bromine, Iodine, and Astatine Ch. 17 

Hexa-atomic and octa-atomic interhalogens, MF; and IF, 

The three fluorides CIF ;, BrF,, and IF, are the only known hexa-atomic interhalogens, 

and IF, is the sole representative of the octa-atomic class. The first to be made (1871) was 

IF, which is the most readily formed of the iodine fluorides, whereas the more vigorous 

conditions required for the others delayed the synthesis of BrF, and IF, until 1930/1 and 

CIF, until 1962. The preferred method of preparing all four compounds on a large scale is 

by direct fluorination of the element or a lower fluoride: 

excess F,, 350°C, 250 atm 

Cl, +5F, ee 2ClF 

hy, roomtemp, | atm 

CIF, +F, ae GIF; 

excess F,, above 150 

Br,+5F, — >  BrF, 

room temp 
L G45 

L(g) +7F, > IF, 

Small-scale preparations can conveniently be effected as follows: 

100—300 
MCI(s) + 3F, ———> MF(s) + CIF; 

KBr +3F, —-—> KF(s) + BrF; 

AgF, CIF3, or BrF3 
[ee Re 

CIF 3, BrF3, or SF, 

Kio 4r, ——-- > KP) Ie 

Pdl,+8F, > POE IF. 

This last reaction is preferred for IF, because of the difficulty of drying I,. (IF, reacts with 

SiO,, I,O., or traces of water to give OIF; from which it can be separated only with 

difficulty.) 

CIF, BrF, and IF, are extremely vigorous fluorinating reagents, being excelled in this 

only by CIF 3. IF; is (relatively) a much milder fluorinating agent and can be handled in 

glass apparatus: it is manufactured in the USA ona scale of several hundred tonnes pa and 

production may soon reach 1000 tpa. It is available as a liquid in steel cylinders up to 

1350 kg capacity (i.e. 14 tonnes) and the price (1979) is ca. $25 per kg. All four compounds 

are colourless, volatile molecular liquids or gases at room temperature and their physical 

properties are given in Table 17.15. It will be seen that the liquid range of IF, resembles 

that of BrF, and that BrF, is similar to CIF. The free energies of formation of these and 
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TABLE 17.15 Physical properties of the higher halogen fluorides 

Property GIFs BrF, Fic IF, 

MP/°C —103 — 60.5 9.4 6.5 (triple point) 
BREE — 13.1 41.3 104.5 4.8 (subl 1 atm) 
AH? (gas, 298 K)/kJ mol”? —255 — 429%) — 843) —962 
AG? (gas, 298 K)/kJ mol”! — 165 — 35h —775) —842 
Mean X-F bond energy/ 154 187 269 232 

kJ mol”! 
diiq(T°C)/g cem~* 2.105 (—80°) 2.4716 (25°) 3.207 (25°) 2.669 (25°) 
Dipole moment/D — 1.51 2.18 0 
Dielectric constant ¢ (TC) 4.28 (—80°) 7.91 (25°) 36.14 (25°) LeSi(252) 
K(liq at T°C)/ohm~*' cm™! 3:7'x 102° (80°) 99 x 107 * (25°) '5.4'x'107® (25°) <10~ (25°) 

For liquid BrF,: AH? (298 K) —458.6 kJ mol” 1, AG? (298 K) —351.9 kJ mol “!. 
©) For liquid IF;: AH? (298 K) —885 kJ mol +, AG? (298 K) —784 kJ mol” ?. 

the other halogen fluorides in the gas phase are compared in Fig. 17.10. The trends are 

obvious; it is also clear from the convexity (or concavity) of the lines that BrF and IF 

might be expected to disproportionate into the trifluoride and the parent halogen, 

whereas CIF3, BrF3, and IF, are thermodynamically the most stable fluorides of Cl, Br, 

and I respectively. Plots of average bond energies are in Fig. 17.11: for a given value of n in 
XF,, the sequence of energies is CIF, < BrF,,<IF,, reflecting the increasing difference in 

electronegativity between X and F. CIF is an exception. As expected, for a given halogen, 

the mean bond energy decreases as n increases in XF,, the effect being most marked for Cl 

and least for I. Note that high bond energy (as in BrF and IF) does not necessarily confer 

stability on a compound (why?). 

The molecular structure of XF, has been shown to be square pyramidal (C,,,) with the 

central atom slightly below the plane of the four basal F atoms (Fig. 17.12). The structure 

N ies) oO 

240 

200 

AG; (298 K)/kJ mol™! 
160 

Mean X—F bond energy/kJ mol 7! 

120 

Oxidation state of X in XF, 

Fic. 17.10 Free energies of formation of Fic. 17.11 Mean bond energies of halogen 
gaseous halogen fluorides at 298 K. fluorides. 
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CIF, BrF, IF’; 
(gas) (gas) — (cryst) (gas) — (cryst) 

X-F,/pm ~172 177.4 178 186.9 189 
X-F,/pm ~ 162 168.9 168 184.4 186 
<FeX-Fy *+ 90° 84.8°  84.5° 81.9°  80.9° 

(assumed) 

Fic. 17.12 The structure of XF, (X =Cl, Br, 1) showing-X slightly below the basal plane of the 
four F,. 

is essentially the same in the gaseous, liquid, and crystalline phases and has been 

established by some (or all) of the following techniques: electron diffraction, microwave 

spectroscopy, infrared and Raman spectroscopy, '?F nmr spectroscopy and X-ray 

diffractometry. This structure immediately explains the existence of a small permanent 

dipole moment, which would be absent if the structure were trigonal bipyramidal (C;,), 

and is consistent with the presence of 12 valence-shell electrons on the central atom X. 
Electrostatic effects account for the slight displacement of the 4 F,, away from the lone-pair 

of electrons and also the fact that X-F, > X-F,. The '’F nmr spectra of both BrF and 
IF, consist of a highfield doublet (integrated relative area 4) and a 1:4:6:4:1 quintet 

of integrated area 1: these multiplets can immediately be assigned on the basis of '?F-1°F 

coupling and relative area to the 4 basal and the unique apical F atom respectively. The 
molecules are fluxional at higher temperatures: e.g. spin-spin coupling disappears in IF; 

at 115° and further heating leads to broadening and coalescence of the two signals, but a 

sharp singlet could not be attained at still higher temperatures because of accelerated 

attack of IF; on the quartz tube. 

The structure of IF, is generally taken to be pentagonal bipyramidal (D,, symmetry) as 

originally suggested on the basis of infrared and Raman spectra (Fig. 17.13). Electron 

diffraction data have been interpreted in terms of slightly differing axial and equatorial 

distances and a slight deformation from D.;, symmetry due to a 7.5° puckering 

displacement and a 4.5° axial bending displacement. An assessment of the diffraction data 

permits the Delphic pronouncement”) that, on the evidence available, it is not possible to 
demonstrate that the molecular symmetry is different from D<,. 

The very great chemical reactivity of CIF; is well established but few specific 
stoichiometric reactions have been reported. Water reacts vigorously to liberate HF and 

form FCIO, (CIF, +2H,O—-FCIO,+4HF). AsF, and SbF; form 1:1 adducts which 

may well be ionic—[CIF,]*[MF,]~. A similar reaction with BrF, yields a 1:2 adduct 

which has been shown by X-ray crystallography to be [BrF,]*[Sb,F,,]~. Fluoride ion 

transfer probably also occurs with SO, to give [BrF,]*[SO3F] , but adducts with BF3, 

PF,, or TiF, could not be formed. Conversely, BrF, can act as a fluoride ion acceptor 
(from CsF) to give CsBrF, as a white, crystalline solid stable to about 300°, and this 

>? J. D. Dononue, Concerning the evidence for the molecular symmetry of IF,, Acta Cryst. 18, 1018-21 
(1965). 
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AP 

Fic. 17.13 Approximate structure of IF, (see text). 

solvobase can be titrated with the solvoacid [BrF,]*[Sb,F,,]~ according to the 

following stoichiometry: 

[BrF,]*[Sb,F,,]~ +2Cs*[BrF,]~ > 3BrF; + 2CsSbF, 

BrF, reacts explosively with water but when moderated by dilution with MeCN gives 

bromic and hydrofluoric acids: 

BrF, +3H,O0—-——_> HBrO,+5HF 

The vigorous fluorinating activity of BrF, is demonstrated by its reaction with silicates, 

C.2.: 

450°C 
KAISi,O, + 8BrF KF+AIF,+3SiF,+40,+8BrF, 

The chemical reactions of IF; have been more extensively and systematically studied 

because the compound can be handled in glass apparatus and is much less vigorous a 

reagent than the other pentafluorides. The (very low) electrical conductivity of the pure 

liquid has been ascribed to slight ionic dissociation according to the equilibrium 

21F; = IF ,* + IF, - 

Consistent with this, dissolution of KF increases the conductivity and KIF, can be 
isolated on removal of the solvent. Likewise NOF affords [NO]*[IF,]~. Antimony 

compounds yield ISbF,o, ie. [IF,]*[SbF,]~, which can be titrated with KSbF.. 
However, the milder fluorinating power of IF, frequently enables partially fluorinated 

adducts to be isolated and in some of these the iodine is partly oxygenated. Complete 

structural identification of the products has not yet been established in all cases but typical 

stoichiometries are as follows: 

CrO-5--3 CroyF; V,0, ——>2VOF;.310F, 
MoO,——> 2Mo0, 3 IF Sb,0, ——> SbF, .310,F 
WO. > WO,0IF, KMnO, ——>MnO,+IOF,+KF 
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Potassium perrhenate reacts similarly to KMnO, to give ReO3F. Similarly, the mild 

fluorinating action of IF; enables substituted iodine fluorides to be synthesized, e.g.: 

Me,;SiOMe+IF,——_> IF,OMe+ Me,SiF 

IF, is unusual as an interhalogen in forming adducts with both XeF, and XeF,: 

5° 

XeF, + 21F; XeF,.21F; 

XeF, IFS > Xe aE 4 Xe, 41k, 

It should be emphasized that the reactivity of IF; is mild only in comparison with the 

other halogen fluorides (p. 971). Reaction with water is extremely vigorous but the iodine 

is not reduced and oxygen is not evolved: 

IF; +3H,O ——>HIO,+5HF; AH=-—923 kJ mol7! 

IF, +6KOH(aq) ———> SKF (aq)+KIO,(aq)+3H,O; AH =—497.5kJ mol7! 

Boron enflames in contact with IF,; so do P, As, and Sb. Molybdenum and W enflame 

when heated and the alkali metals react violently. KH and CaC, become incandescent in 

hot IF,;. However, reaction is more sedate with many other metals and non-metals, and 
compounds such as CaCO, and Ca,(PO,), appear not to react with the liquid. 

IF, is a stronger fluorinating agent that IF, and reacts with most elements either in the 

cold or on warming. CO enflames in IF, vapour but NO reacts smoothly and SO, only 

when warmed. IF, vapour hydrolyses without violence to HIO, and HF; with small 

amounts of water at room temperature the oxyfluoride can be isolated: 

IF,+H,O IOF, +2HF 

The same compound is formed by action of IF, on silica (at 100°) and Pyrex glass: 

2IF,+ SiO, ———> 2IOF,+SiF, 

IF, acts as a fluoride ion donor towards AsF; and SbF, and the compounds 

[IF,]*[MF,]~ have been isolated. Until recently no complexes with alkali metal 

fluorides had been isolated but it now appears that CsF and NOF can form adducts which 

have been characterized by X-ray powder data, and formulated on the basis of Raman 

spectroscopy as Cs*[IF,]~ and [NO] *[IF,]~.°* 

17.2.4 Polyhalide anions 

Polyhalides anions of general formula XY,,° (n=1, 2, 3, 4) have been mentioned 

several times in the preceding section. They can be made by addition of a halide ion to an 

interhalogen compound, or by reactions which result in halide-ion transfer between 

molecular species. Ternary polyhalide anions X,,Y,Z, (m-+n-+ p odd) are also known as 

are numerous polyiodides I, . Stability is often enhanced by use of a large counter-cation, 

eg. Rb*, Cs*, NR,*, PCl,*, eic.; likewise, for a given cation, thermal stability is 

enhanced the more symmetrical the polyhalide ion and the larger the central atom (i.e. 

°> C. J. Apams, Acceptor properties of iodine heptafluoride, Inorg. Nuclear Chem. Letters 10, 831-5 (1974). 
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stability decreases inthe sequence I,°>IBr,? >ICl,” >1,Br° >Br,° >BrCl,” > 

Br,Cl ). The structures of many of these polyhalide anions have been established by 

X-ray diffractometry or inferred from vibrational spectroscopic data and in all cases the 

gross stereochemistry is consistent with the expectations of simple bond theories (p. 1053); 

however, subtle deviations from the highest expected symmetry sometimes occur, 

probably due to crystal-packing forces and residual interactions between the various ions 

in the condensed phase. e 

Typical examples of linear (or nearly linear) triatomic polyhalides are in Table 

17.16;7:°* the structures are characterized by considerable variability of interatomic 

distances and these distances are individually always substantially greater than for the 

corresponding diatomic interhalogen (p. 966). Note also that for [CI-I-Br]~ the I-Cl 

distance is greater than the I-Br distance, and in [Br-I-I] I-Br is greater than J-I. On 

dissociation, the polyhalide yields the solid monohalide corresponding to the smaller of 

the halogens present, e.g. CsICI, gives CsCl and IC! rather than CsI + Cl,. Likewise for 

CsIBrCl the favoured products are CsCl(s)+IBr(g) rather than CsBr(s)+ICl(g) or 

CsI(s)+ BrCl(g). Thermochemical cycles have been developed to interpret these 

results.°* 
Penta-atomic polyhalide anions [XY,] favour the square-planar geometry (D4,) as 

expected for species with 12 valence-shell electrons on the central atom. Examples are the 

TABLE 17.16 Triatomic polyhalides [X—Y—Z]~ 

Polyhalide Cations Structure Dimensions x/pm, y/pm Angle 

GR. NO* [F=Cl2F]~ xy ~ 180° 
Rb @sa [F-CI-F]~ x#y 

Cis NEt,*, NPr3*, NBu3* [Cl-Cl-Cl]~ Sy ~ 180° 
BrF,~ Cs* [F-Br-F]~ 
BrCl,- Cs*, NR,* (R=Me, [Cl-Br-Cl]- x=y ~ 180° 

Et, Pr’, Bu") 

Br Cl” [Br—Br-Cl] ~ x#y 
Bie Me;NH*®) [Br-Br-Br]~ = y= o4: Ite 

Cs* (and PBr,*) [Br—Br—Br]~ 244 (239) 270 (291) LSS ALT Ss) 

IF,~ NEt,* [F-I-F]- 
IBrF~ [F-I-Br]~ 
IBrCl" = NH,* [Cl-I-Br]~ 291 251 179° 
ICl,~ NMe,* (and PCl,*) [Cl-I-Cl]~ x=) =255 180° 

piperazinium”? [Cl-I-cl]~ 247 269 180° 
triethylenediammonium“ [Cl-I-Cl]~ 254 (253) 267 (263) 180° (180°) 

[Bry Gas [BrI-Br]- 262 278 178° 
IEGlis [Cl-I-I]~ 
I,Br- Csi [Br-I-I]~ 291 278 178° 

Ita AsPh,* {J-I-1]~ x=y=290 176° 
[PhCONH,],H* (1-I-~ 291 295 Lit 
NEt,* (form I) fein 293 294 180° 

(form II) 291 (& 289), 296 (& 298) 180° (& 178°) 
Cs* (and NH,*) {I-I---I]~ 283 (282) 303 (310) 16> (L774) 

) Tn the compound [Me,;NH]*,Br Br ; same dimensions for Br, in PhN,Br; and in 

(C.H,NH],[SbBr, ][Brs]. 
(>) piperazinium, [H,NC,H,NH,]?*. 
‘°) triethylenediammonium, [HN(C,H,),;NH]?*: compound contains 2 non-equivalent ICI, ~ ions. 

54 Ref. 17, pp. 1534-63, Polyhalide anions, and references therein. 
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Fic. 17.14 Structure of some polyiodides. 
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Rb* and Cs* salts of [CIF,] , and KBrF, (in which Br-F is 189 pm and adjacent angles 

F-Br-F are 90° (+ 2°). The symmetry of the anion is slightly lowered in CsIF, (C,,,) and 

also in KICI,.H,O (in which I-Cl is 242, 247, 253, and 260 pm and the adjacent angles 

Cl-I-Cl are 90.6°, 90.7°, 89.2°, and 89.5°. Other penta-atomic polyhalide anions for which 

the structure has not yet been determined are [ICI,F]~,[IBrCl,]~,[{1,Cl,],[1,BrCl,]~, 

[1,Br,Cl] , [1,Br3] , [1,Br]~, and [1,Cl]. Some of these may be “square planar” but 

the polyiodo species might well be more closely related toI,~ : the tetramethylammonium 

salt of this anion features a planar V-shaped array in which two I, units are bonded to a 

single iodide ion, i.e. [I(I,),]~ asin Fig. 17.14. The V-shaped ions are arranged in a planar 

array which bear an interesting relation to a (hypothetical) array of planar IX,” ions. This 
is illustrated in Fig. 17.15. 

Hepta-atomic polyhalide anions are exemplified by BrF,” (K*, Rb*, and Cs” salts) 
andIF, (K*,Cs*,NMe,*,and NEt,”* salts). The anions have 14 valence-shell electrons 
on the central atom and spectroscopic studies indicate non-octahedral geometry (D,, for 

BrF,_ ). Other possible examples are Br,<Cl” and I, Br but these have not been shown to 

contain discrete hepta-atomic species and may be extended anionic networks such as that 

found in Et,NI, (Fig. 17.14). 
IF, has been shown to act as a weak Lewis acid towards CsF and NOF, and the 

compounds CsIF, and NOIF, have been characterized by X-ray powder patterns and by 

Raman spectroscopy; they are believed to contain the IF, anion.©* A rather different 

structure motif occurs in the polyiodide Me,NI,; this consists of discrete units with a 

“twisted h” configuration (Fig. 17.14). Interatomic distances within these units vary from 

267 to 343 pm implying varying strengths of bonding, and the anions can be thought of as 

being built up either from I” +4I, or from a central unsymmetrical I,~ and 3I,. (The 

rather arbitrary recognition of discrete I, anions is emphasized by the fact that the 

closest interionic I---I contact is 349 pm which is only slightly greater than the 343 pm 

separating one I, from the remaining I, in the structure.) 

The propensity for iodine to catenate is well illustrated by the numerous polyiodides 

which crystallize from solutions containing iodide ions and iodine. The symmetrical and 

unsymmetrical I,” ions (Table 17.16) have already been mentioned as have the I,” and 

I, anions and the extended networks of stoichiometry I, (Fig. 17.14). The 

stoichiometry of the crystals and the detailed geometry of the polyhalide depend 

sensitively on the relative concentrations of the components and the nature of the cation. 

For example, the linear I,?~ ion may have the following dimensions: 

334 pm 280 pm 334 pm 

[I--------- |_._—1--------- I]?~ in [Cu(NHj),]1,°” 

318 pm 314 pm 318 pm 

[I = I I}?> in T1,PbI,°” 

55 PK. Hon, T. C. M. Mak, and J. Trotter, Synthesis and structure of 1-methyl-1,3,5,7-tetraazaadaman- 
tan-l-ium octaiodide, [(CH,),N,Mel],I,. A new outstretched Z configuration for the polyiodide ion I,’ ~, 
Inorg. Chem. 18, 2916-7 (1979) and references therein. 

56 F. H. HERBSTEIN and M. Kapon, I,,* ions in crystalline (theobromine),.H,I,; X-ray structure of 
(theobromine),.H5I,, JCS Chem. Comm. 1975, 677-8. 

57 BE, Duster and L. Linowsky, Proof of the existence of a linear centrosymmetric polyiodide ion I,*~ : the 
crystal structure of Cu(NH;3)414, Helv. Chim. Acta 58, 2604-9 (1978). 

574A RABENAU, H. SCHULZ, and W. StorGeR, A polyiodide with regular I,?~ chains: T1,PbI,o, 
Naturwissenschaften 63, 245 (1976). 
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Fic. 17.15 Planar array of I;~ ions showing distorted square coordination about the central I 
atom (shaded). Contraction of the 317 pm bond by, say, 17 pm to 300 pm and of the 363 pm 
distances by 63 pm to 300 pm would given an array of square-planar II,” ions separated along the 

I---I vectors by 362 pm. 

(Note, however, that the overall length of the two I,?~ ions is virtually identical.) Again, 

the I,7~ anion is found with an acute-angled planar Z configuration in its Cs* salt but 

with an outstretched configuration in the black methyltetraazaadamantanium salt (Fig. 

17.14). The largest discrete polyiodide ion so far encountered is the planar centro-— 

symmetric I,,<*~ anion; this was shown by X-ray diffractometry®®° to be present in the 
dark-blue needle-shaped crystals of (theobromine),.H,I, which had first been prepared 

over a century earlier by S. M. Jorgensen in 1869. 

The bonding in these various polyiodides as in the other polyhalides and neutral 

interhalogens has been the subject of much speculation, computation, and altercation. 

The detailed nature of the bonds probably depends on whether F is one of the terminal 

atoms or whether only the heavier halogens are involved. There is now less tendency than 

formerly to invoke much d-orbital participation (because of the large promotion energies 
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required) and Mossbauer spectroscopic studies in iodine-containing species®®) also 

suggest rather scant s-orbital participation. The bonding appears predominantly to 

involve p orbitals only, and multicentred (partially delocalized) bonds such as are invoked 

in discussions of the isoelectronic xenon halides (p. 1053) are currently favoured. However, 

no bonding model yet comes close to reproducing the range of interatomic distances and 

angles observed in the crystalline polyhalides.° 

17.2.5 Polyhalonium cations XY >,~ 

Numerous polyhalonium cations have already been mentioned in Section 17.2.3 during 

the discussion of the self-ionization of interhalogen compounds and their ability to act as 

halide-ion donors. The known species are summarized in Table 17.17.°*) Preparations are 

usually by addition of the appropriate interhalogen and halide-ion acceptor, or by 

straightforward modification of this general procedure in which the interhalogen or 

halogen is also used as an oxidant. For example Au dissolves in BrF to give 

[BrF, ][AuF,], BrF, fluorinates and oxidizes PdCl, and PdBr, to [BrF,][PdF,]; CIF; 

converts AsCl, to [CIF,][AsF,]; stoichiometric amounts of I,, Cl,, and 2SbCl, yield 

[1Cl, ][SbCl,]. The fluorocations tend to be colourless or pale yellow but the colour 

deepens with increasing atomic weight so that compounds of ICI, * are wine-red or bright 

orange whilst I,Cl* compounds are dark brown or purplish black. 

Structures are as expected from simple valency theory and the isoelectronic principle 

TABLE 17.17 Polyhalonium cations, XY >,~ 

Cation (date)™ Examples of co-anions (mp of compound in parentheses) 

CIR,” (1950)yive BR we (302) "PR on. AsHesaSbhee (782); Pith,» (171°), Snkiee. 
Cl,F* (1969) » BF,°, AsK¢= 
BrF,* (1949) Pdkas, Auk a, Asks, SbRe= (1307)) Sbo Fy, = (33:5) Bika, NbE Gy. lables, 

GeF,”~ (subl:20°); SaF,?—, PtF,7~ (136°), SO,F~ 
IF,* (1968) BF,~, AsF,~ (d—22°), SbF,” (d 45°) 
Icl;* (1959)  AICI,~ (105°), SbCl_~ (83.5°), Sb,F,,7> (62°), SO;F~ (42°), SO;CI> (8°) 
Oly (972) Ally i537), SbGlm (702) slaCl on (102>)SOLF = (407) 

IBr,* (1971)  Sb,F,,~ (65°), SO3F~ (97°), SO;CF3~ (75°) 
1,Br* (1974) SO ;F™ (70°) 

IBrCl* (1973) SbCk7,-SO,F 7 (65°) 

IER (1967)  AsF¢~, SbFe~ (88°), SbF,,~ (64°), Pt,” 
BrF,* (1957)  AsF,~, Sb,F,,~ (60°), SnF,2~ 
Tee (1950) .SbF,~ (103°), Sb,F,,~, PtF,”, SO,F~, SnF,2~ 

CIF,* (1972) PtF,~ (d140°) 

BrF,* (1973)  AsF,~, SbsF,,~ 
IF,* (1958) BF,~, AsF,~ (subl 120°), SbF,~ (175°), Sb,F,,~, [(SbFs)3F]~ (94°), AuF,~ 

‘) The date given refers to the first isolation of a compound containing the cation, or the characterization of 

the cation in solution. 

58 N. N. GREENWOOD and T. C. Gips, Mossbauer Spectroscopy, pp. 462-82, Chapman & Hall, London, 1971. 

59 J. SHAMIR, Polyhalogen cations, Struct. Bonding 37, 141-210 (1979). 

CTE-GG 
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(20 valency electrons). Thus the triatomic species are bent, rather than linear, as illustrated 

in Fig. 17.16 for CIF,*, BrF,*, and ICI,*; there is frequently some residual interionic 
interaction due to close approach of the cation and anion and this sometimes complicates 
the interpretation of vibrational spectroscopic data. In the case of [ICI,][SbF,] (Fig. 

17.16c) the very short I---F distance implies one of the strongest secondary interactions 

known between these two elements and the Sb—F---I angle deviates appreciably from 

linearity.©© The ion [Cl,F]* was originally thought to have the symmetrical bent C,, 
structure [CI-F—Cl] * but later Raman spectroscopic studies were interpreted on the basis 

of the unsymmetrical bent structure [CI-CI-F]*. Recent calculations’) suggest that the 

Fic. 17.16 Chain structures of compounds containing the triatomic cations XYou se (a) 
[CIF,][SbF,] (with dimensions for [CIF,][AsF,] in parentheses); (b) [BrF,][SbF.]; (c) 
[ICI, ][SbF,] indicating slightly bent So—F---I configuration and very short I---F distance; and 

(d) [1Cl,][SbC1,] (with dimensions for the [AICIl,]~ salt in parentheses). 

°° T. BIRCHALL and R. D. Myers, Preparation and crystal structure of {ICl,]*[SbF,]~ and iodine-127 
Mossbauer spectra of some compounds containing the [ICl,]* cation, Inorg. Chem. 20, 2207-10 (1981). 

°' B. D. JosHi and K. Morokuma, A theoretical investigation of the structure of Cl,F * and protonated CIF, 
J. Am. Chem. Soc. 101, 1714-17 (1979), and references therein. 4 

°? A. J. Epwarps and K. O. Curiste, Fluoride crystal structures. Part 26. Bis[difluorobromonium(IID} 
hexafluorogermanate(IV), JCS Dalton 1976, 175-7. 
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symmetrical C,,, structure is indeed the more stable form at least for the isolated cation 

and the question must be regarded as still open: it may well be that the configuration 

adopted is determined by residual interactions in the solid state or in solution. In fact the 

ion is rather unstable in solution and disproportionates completely in SbF ,;/HF even at 

—76°: 

2G1,E, — > CIF, "+ Cl,” 

The pentaatomic cations CIF,*, BrF,*, and IF,* are precisely isoelectronic with SF,, 

SeF,, and TeF, and adopt the same T-shaped (C,,,) configuration. This is illustrated in 

Fig. 17.17 for the case of [BrF,][Sb,F, ,]: again there are strong subsidiary interactions, 

the coordination about Br being pseudooctahedral with four short Br—F distances and 

two longer Br---F distances which are no doubt influenced by the presence of the 

stereochemically active nonbonding pair of electrons on the Br atom. In addition, the 

mean Sb-F distance in the central SbF, unit is substantially longer than the mean of the 
five “terminal” Sb—F distances in the second unit and the structure can be described 
approximately as [BrF,*---SbF, ---SbFs]. 

Of the heptaatomic cations, IF, * has been known for some time since it can be made by 

fluoride-ion transfer from IF,. Because CIF, and BrF, do not exist, alternative 

preparative procedures must be devised and compounds of CIF, * and BrF,* are of more 

recent vintage (Table 17.17). The cations have been made by oxidation of the 

pentafluorides with extremely strong oxidizers such as PtF,, KrF*, or KrF,*, e.g.:°” 

sapphire reactor 

CIF; (excess)+ PtF, (red gas) Pane Eg CIF, .Pth.,4- ClE;” Pthy, 
(bright yellow solids) 

BrF, (excess)+ KrF *AsF, > ———->Kr+BrF,* AsF,_ 

Vibrational spectra and '°F nmr studies on all three cations XF,* and the 17°] 
Mossbauer spectrum of [IF,][AsF,] establish octahedral (O,) symmetry as expected for 

species isoelectronic with SF,, SeF,, and TeF, respectively. 

Attempts to prepare CIF, and BrF, by reacting the appropriate cation with NOF 

failed; instead the following reactions occurred: 

CIF,*PtF,~ +NOF NO*PtF,~ +CIF,+F, 
StS BrF,*AsF,~ -+2NOF NO*AsF,~ +NO*BrF,~ +F, 

Fic. 17.17 Structure of [BrF,][Sb,F, ,] (see text). 
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As expected, the cations are extremely powerful oxidants, e.g.: 

O,+ BrF,*AsF,~ O,*AsF, +BrF,+4F, 

Xe+ BrF,*AsF,” ———->XeF*AsF, + BrF; 

Rn+IF,*SbF,~ ————RnF*SbF, +IF; 

17.2.6 Halogen cations®°°* °?) 

It has been known for many years that iodine dissolves in strongly oxidizing solvents 

such as oleum to give bright blue paramagnetic solutions, but only in 1966 was this 

behaviour unambiguously shown to be due to the formation of the diiodine cation I,*. 

(The production of similar brightly coloured solutions of S, Se, and Te has already been 

discussed on p. 785.) The ionization energies of Br, and Cl,, whilst greater than that for I, 

(Table 17.18), are nevertheless smaller than for O,, which can likewise be oxidized to O,* 
(p. 720). Accordingly, compounds of the bright-red cationic species Br,* are now well 

established, but Cl,* is known only from its electronic band spectrum obtained in a 

low-pressure discharge tube. Some properties of the three diatomic cations X,~* are 

compared with those of the parent halogen molecules X, in Table 17.18; as expected, 

ionization reduces the interatomic distance and increases the vibration frequency 

(vcm~‘) and force constant (k Nm~’). The principal synthetic routes to crystalline 
compounds of Br,* and I,* have been either (a) the comproportionation of BrF;, BrF., 

or IF; with the stoichiometric amount of halogen in the presence of SbF ., or (b) the direct 

oxidation of the halogen by an excess of SbF, or by SbF, dissolved in SO,, e.g.: 

$O,/20° 
M+ SSbBee = Esha Bids GSpE: 

More recently*) a simpler route has been devised which involves oxidation of Br, or I, 

TABLE 17.18 Comparison of diatomic halogens X , and their cations X ,* 

Species I/kJ mol7! r/pm v/em~! k/Nm7~!®) Armax/M 

Cl, 1110 199 554 316 330 

Ci,* ewer We amit 645 429 af 

Br, 1014 228 319 238 410 

Broa — D8} 360 305 510 

I, 900 267 215 170 520 

le — 256 238 212 640 

‘) Force constant k in newton/metre: 1 millidyne/A=100 N m-?. 

°° R. J. Gitcespie and J. PassMorE, Homopolyatomic cations of the elements, Adv. Inorg. Chem. Radiochem. 
17, 49-87 (1975). 

°*W. W. Witson, R. C. THompson, and F. AusKe, Improved synthesis of [I,]*[Sb,F,,]~ and 
[Br,]*[Sb,F,,] and magnetic, spectroscopic, and some chemical properties of the dihalogen cations I,* and 
Br,*, Inorg. Chem. 19, 1489-93 (1980). 
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with the peroxide S,O,F (p. 751) followed by solvolysis using an excess of SbFs, e.g.: 

Br, +3S,0,F; ——>(}Br, dissolved in BrSO3F) ——>[Br)]*[Sb3F 6] 
The bright-red crystals of [Br,]*[Sb3F,,]~ melt at 85.5°C to a cherry-red liquid. Dark- 

blue crystals of [I,]*[Sb,F,,]~ melt sharply at 127°C and the corresponding blue solid 

[1,]*[Ta,F,,]~ melts at 120°C. When solutions of I,* in HSO3F are cooled below 

— 60°C. When solutions of I,* in HSO,F are cooled below — 60°C there is a dramatic 

colour change from deep blue to red as the cation dimerizes: 21,*=I,?*. There is a 

simultaneous drop in the paramagnetic susceptibility of the solution and in its electrical 

conductivity. The changes are rapid and reversible, the blue colour appearing again on 

warming. 

During the past 15 y numerous other highly coloured halogen cations have been 

characterized by Raman spectroscopy, X-ray crystallography, and other techniques, as 

summarized in Table 17.19. Typical preparative routes involve direct oxidation of the 

halogen (a) in the absence of solvent, (b) in a solvent which is itself the oxidant (e.g. AsF;), 

or (c) in a non-reactive solvent (e.g. SO,). Some examples are listed below: 

Glsis (CIR aaAshy —— => Clot Ashen 

3Br,+0O,*AsF,. ———— Br,‘ AsF,_ 

Br, + BrF,+AsF; ———> Br,‘ AsF, (subl 50°, decomp 70°) 

in AsF or SO, 

31, +3AsF; 21, Ask. + AsF 

31,2 SO 1 tS0.Fo (mp 108-5”) 

1) RICLBAICh, +1, TAICH, “(mp 45°) 

dL FIC? Alei 51-7 AICI, ~ (ap 50°) 

TL, +S,0.F,; ———>21,SO,F (mp 90.5°) 

Other compounds that have recently been prepared®*? include the dark-brown gold(III) 

complexes Br;,[Au(SO,F),] (decomp~ 105°C) and Br;[Au(SO,F),] (mp 65°). 

The triatomic cations X;* are nonlinear and thus isostructural with other 20-electron 

TABLE 17.19 Summary of known halogen cations 

(cls) Br,* cherry red I,* bright blue 
Cl,* yellow Br,* brown I,* dark brown/black 

— [,?* red-brown 
Br,* dark brown I,* green/black” 

_ (I,*) black 

‘) [1 ][AICI,] is described as greenish-black needles, dark brown-red in 
thin sections. 

65K. C. Lee and F. Auske, Gold(III) fluorosulfate as fluorosulfate ion acceptor. Part 2. Compounds 
containing halogen and halogeno(fluorosulfato) cations, /norg. Chem. 19, 119-22 (1980). 
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species such as XY,* (p. 984) and SCI, (p. 815). The contrast in bond lengths and angles 

between I, * (Fig. 17.18)'°° and the linear 22-electron anion I,” (p. 979) is notable, as is its 
similarity with the isoelectronic Te;*~ anion (p. 893). The structure of the pentaatomic 
cations Br,* and I,* have not been unambiguously established. The black compound 

I,SO3F (mp 90.5°) was established©”) as a local mp maximum in the phase diagram of the 
system I,/S,O,F,, together with the known compounds I;SO03F (mp 101.5°), ISO3F 

(mp 50.2°), and I(SO3F); (mp 33.7°), but its structure has not been determined and there is 
at present no evidence for the presence of the discrete heptaatomic cation I,” in the 

crystals. 

17.2.7 Oxides of chlorine, bromine, and iodine 

Perhaps nowhere else are the chemical differences between the halogens so pronounced 

as in their binary compounds with oxygen. This stems partly from the factors that 

distinguish F from its heavier congenors (p. 939) and partly from the fact that oxygen is 

less electronegative than F but more electronegative than Cl, Br, and I. The varying 

relative strengths of O—-X bonds and the detailed redox properties of the halogens also 

ensure considerable diversity in stoichiometry, structure, thermal stability, and chemical 

reactivity of the various species. The binary compounds between O and F have already 

been described (p. 748). About 25 further binary halogen oxide species are known, which 

vary from shock-sensitive liquids and short-lived free radicals to rather stable solids. It will 

be convenient to treat the 3 halogens separately though intercomparison of corresponding 

Fic. 17.18 The structure of (a) the nonlinear I,* cation in I,AsF, and (b) the weaker 
cation—anion interactions along the chain (cf. Fig. 17.16). For comparison, the dimensions of (c) 
the linear 22-electron cation I, and (d) the nonlinear 20-electron cation Te,*~ are given. The 
data for this latter species refer to the compound [K(crypt)],Te3.en; in K Te, itself, where there 

are stronger cation-anion interactions, the dimensions are r=280 pm and angle = 104.4°). 

°° J. PassMoRE, G. SUTHERLAND, and P. S. Wuite, The crystal structure of triiodine(1 +) 
hexafluoroarsenate(V), I1,AsF,, /norg. Chem. 20, 2169-71 (1981). 

°7C. CuunG and G. H. Capy, The iodine-peroxydisulfuryl difluorite system, Jnorg. Chem. 11, 2528-31 
(1972). 
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species is instructive and the chemistry is also, at times, related to that of the oxoacids 

(p. 999) and the halogen oxide fluorides (p. 1026). 

Oxides of chlorine®®:®?? 

Despite their instability (or perhaps because of it) the oxides of chlorine have been much 

studied and some (such as Cl,O and particularly ClO.) find extensive industrial use. They 

have also assumed considerable importance in studies of the upper atmosphere because of 

the vulnerability of ozone in the stratosphere to destruction by the photolysis products of 

chlorofluorocarbons (p. 994). The compounds to be discussed are: 

Cl,O a brownish-yellow gas at room temperature (or red-brown liquid and solid at 

lower temperatures) discovered in 1834; it explodes when heated or sparked. 

Cl,O, a dark-brown solid (1967) which explodes even below 0°. 

ClO, a yellow paramagnetic gas (deep-red paramagnetic liquid and solid) discovered 

in 1811 by H. Davy; the liquid explodes above —40° and the gas at room 
temperature may explode at pressures greater than 50 mmHg (6.7 kPa); despite 

this more than 10° tonnes are made for industrial use each year in the USA alone. 

Cl,O, a pale-yellow liquid (1970), ClIOCIO;, which readily decomposes at room 

temperature into Cl,, O,, ClO,, and Cl,O,. 

Cl,O, a dark-red liquid (1843) which is in equilibrium with its monomer CIO; in the 

gas phase; it decomposes to CIO, and O,. 

Cl,O, a colourless oily liquid (1900) which can be distilled under reduced pressure. 

In addition, there are the short-lived radical ClO, the chlorine peroxide radical ClOO (cf. 

OCIO above), and the tetroxide radical ClO, (p. 990). 

Some physical and molecular properties are summarized in Table 17.20. All the 

compounds are endothermic, having large positive enthalpies and free energies of 

formation. Structural data are in Fig. 17.19. Cl,O has C,,, symmetry, as expected for a 

molecule with 20 valency-shell electrons; the dimensions indicate normal single bonds, 

and the bond angle can be compared with those for similar molecules such as OF ,, H,O, 

Fic. 17.19 Molecular structure and dimensions of gaseous molecules of chlorine oxides as 
determined by microwave spectroscopy (Cl,O and ClO,) or electron diffraction (Cl,0,). 

68 Ref. 17, pp. 1361-86, The oxides of the halogens. 
6° 1 A. Wostowicz, Chlorine monoxide, hypochlorous acid, and hypochlorites, Kirk—Othmer Encyclopedia 

of Chemical Technology, 3rd edn., Wiley, New Y ork, 1979, Vol. 5, pp. 580-611. M. G. Noack and R. L. Doerr, 
Chlorine dioxide, chlorous acid, and chlorites, ibid., pp. 612-32. 
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TABLE 17.20 Physical and molecular properties of the oxides of chlorine 

CE @z(t) 
Property Ccl;O clo, CIOCIO, (=2Cl10;3(g)) Cl,0, 

Colour and form at Yellow-brown __-Yellow-green Pale yellow Dark red Colourless 
room temperature gas gas liquid liquid liquid 

Oxidation states of Cl +1 +4 +1, +7 +6 +7 

MP/°C — 120.6 —59 —117 35 —91.5 
BP/°C 2.0 11 44.5 (extrap) 203 (extrap) 81 
d (liq, 0°C)/g cm~* — 1.64 1.806 _ 2.02 
AHF? (gas, 25°C)/ 80.3 102.6 ~ 180 (155) 272 

kJ mol“! 
AG; (gas, 25°C)/ 97.9 120.6 _— — — 

kJ mol”! 
S° (gas, 25°C)/ 265.9 256.7 327.2 —_ — 
JK~' mol"? 

Dipole moment 0.78 +0.08 1.78+0.01 — =A 0.72+0.02 
p/D” 

® 1 D=3.3356 x 10° 37° Cm. 

SCl,, etc. Chlorine dioxide, ClO, also has Cz, symmetry but there are only 19 valency- 

shell electrons and this is reflected in the considerable shortening of the CI-O bonds and 

the increase in the bond angle, which is only 1.7° less than in the 18-electron species SO, 

(p. 827). Cl, is an interesting example of an odd-electron molecule which is stable towards 

dimerization (cf. NO, p. 511); calculations suggest that the odd electron is delocalized 

throughout the molecule and this probably explains the reluctance to dimerize. Indeed, 

there is no evidence of dimerization even in the liquid or solid phases, or in solution. This 

contrasts with the precisely isoelectronic thionite ion SO,” which exists as dithionite, 

S,0,?~, albeit with a rather long S-S bond (p. 854). The trioxide ClO, is also 

predominantly dimeric in the condensed phase (see below) as probably is BrO,, (p. 996). 

The gaseous molecule of Cl,0, has C, symmetry (Fig. 17.19) the ClO, groups being 

twisted 15° from the staggered (C,,) configuration; the Cl-O,, bonds are also inclined at 

an angle of 4.7° to the three-fold axis of the CIO; groups and there is a substantial decrease 

from the (single-bonded) Cl-O,, to the (multiple-bonded) ClO, distance. The structures 
of the other oxides of chlorine have not been rigorously established but possible 
geometries are as follows: 

O cll O O 

| I O oie 9 Te O 
. O Eee! PON 

| O O O 

RS ne Cr Gl VI 
O O Gee " O “ O 

0 5 0% No o” No 
O 

C1,03 (p 994) C1, 0, (p 995) C1,O¢ (p 995) ClO, (p 995 ) 

We next consider the synthesis and chemical reactions of the oxides of chlorine. Because 

the compounds are strongly endothermic and have large positive free energies of 
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formation it is not possible to prepare them by direct reaction of Cl, and O). Dichlorine 

monoxide, Cl,O, is best obtained by treating freshly prepared yellow HgO and Cl, gas 

(diluted with dry air or by dissolution in CCl,): 

2Cl, + 2HgO —> HgCl, .HgO+ Cl,O(g) 

The reaction is convenient for both laboratory scale and industrial preparations. Another 

large-scale process is the reaction of Cl, gas on moist Na,CO, in a tower or rotary tube 

reactor: 

2Cl, +2Na,CO,+H,O0 ——> 2NaHCO, + 2NaCl+Cl,0(g) 

C1,O is very soluble in water, a saturated solution at —9.4°C containing 143.6 g Cl,O per 

100 g H,O; in fact the gas is the anhydride of hypochlorous acid, with which it is in 

equilibrium in aqueous solutions: 

Much of the Cl,O manufactured industrially is used to make hypochlorites, particularly 

Ca(OCl),, and it is an effective bleach for wood-pulp and textiles. C1,O is also used to 
prepare chloroisocyanurates (p. 339) and chlorinated solvents (via mixed chain reactions 

in which Cl and OCI are the chain-propagating species).'’° Its reactions with inorganic 

reagents are summarized in the subjoined scheme. 

[ClO}*[C10}]*[$30 40]? 

SCHEME Some reactions of dichlorine monoxide. *[In addition AsCl,>AsO,Cl; 

SbCl, SbO,Cl; P(NCI,)>PO,Cl; VOCI,>VO,Cl; TiCl,> TiOCl,.] 

70 J. J. RENARD and H. I. BoLKer, The chemistry of dichlorine monoxide, Chem. Revs. 76, 487-505 (1976). 

CTE-GG* 
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Gaseous mixtures of Cl,O and NH, explode violently: the overall stoichiometry of the 

reaction can be represented as 

3C1,0 + 10NH, —>2N, + 6NH,C1+3H,O 

Chlorine dioxide, ClO,, was the first oxide of chlorine to be discovered and is now 

manufactured on a massive scale for the bleaching of wood-pulp and for water 

treatment;'°?: 7") however, because of its explosive character as a liquid or concentrated 

gas, it must be made at low concentrations where it is to be used. For this reason, 

production statistics can only be estimated, but it is known that its use in the US wood- 

pulp and paper industry increased tenfold from 7800 tonnes in 1955 to 78 800 tonnes in 

1970; thereafter captive production for this purpose levelled off at about 80 000 tonnes pa 

and the total US production of this gas for all purposes is now about 10° tonnes pa. 

Usually ClO, is prepared by reducing NaClO, with NaCl, HCl, SO,, or MeOH in 

strongly acid solution; other reducing agents that have been used on a laboratory scale 

include oxalic acid, N,O, EtOH, and sugar. With Cl” as reducing agent the formal 

reaction can be written: 

clo, +Cl” +2H* ———_>+ClO, + 3Cl, +H,0 

Contamination of the product with Cl, gas is not always undesirable but can be avoided 

by using SO,: 

2C10,~ + SO, ——+210, +80,?~ 
sol 

On a laboratory scale reduction of KCIO; with moist oxalic acid generates the gas 

suitably diluted with oxides of carbon: 

ClO, +4C,0,?° +2H* >ClO,+CO,+H,0 

Samples of pure ClO, for measurement of physical properties can be obtained by chlorine 

reduction of silver chlorate at 90°C: 

2AgClO,+Cl, 2ClO, +O, +2AgCl 

Chlorine oxidation of sodium chlorite has also been used on both an industrial scale (by 

mixing concentrated aqueous solutions) or on a laboratory scale (by passing Cl,/air 

through a column packed with the solid chlorite): 

2NaClO, +Cl, 2ClO, + 2NaCl 

The production of ClO, obviously hinges on the redox properties of oxochlorine species 

(p. 1000) and, indeed, the gas was originally obtained simply by the (extremely hazardous) 

disproportionation of chloric acid liberated by the action of concentrated sulfuric acid on 
a solid chlorate: 

3HCIO, 2Cl0, +HClO,+H,O 

ClO, is a strong oxidizing agent towards both organic and inorganic materials and it 

reacts readily with S, P, PX 3, and KBH,. Some further reactions are in the scheme:©®) 

71 W. J. MASSCHELEIN, Chlorine Dioxide: Chemistry and Environmental Impact of Oxychlorine Compounds, 
Ann Arbor Science Publishers, Ann Arbor, 1979, 190 pp. J. Katz (ed.), Ozone and Chlorine Dioxide Technology 

for Disinfection of Drinking Water, Noyes Data Corp., Park Ridge, New Jersey, 1980, 659 pp. 
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_ Na[{NH,Cl0,] © 

[C102] [S30 10] + 

[CIO}[C1O,][S30 10] 

SCHEME Some reactions of chlorine dioxide. 

ClO, dissolves exothermically in water and the dark-green solutions, containing up to 

8 g/l, decompose only very slowly in the dark. At low temperatures crystalline clathrate 

hydrates, ClO, .nH,O, separate (n~6-10). Illumination of neutral aqueous solutions 

initiates rapid photodecomposition to a mixture of chloric and hydrochloric acids: 

hy 

clo, CcClo+0O 

Clo 
ClO 40 SS HyCioj=2 2s ACEHHCIOS 

By contrast, alkaline solutions hydrolyse vigorously to a mixture of chlorite and chlorate 

(see scheme). 

The photochemical and thermal decomposition of ClO, both begin by homolytic 

scission of a Cl-O bond: 

or hy 

ClO, —" > ClIO+.0;  AH35,=278 kJ mol~! 

Subsequent reactions depend on conditions. Ultraviolet photolysis of isolated molecules 

in an inert matrix yields the radicals CIO and CIOO. At room temperature, photolysis of 
dry gaseous ClO, yields Cl,, O,, and some ClO, which either dimerizes or is further 

photolysed to Cl, and O;: 

clo, +0 clo, 

2Cl0, ClO, 
2ClO, Se ek +30, 
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By contrast, photolysis of solid ClO, at —78°C produces some Cl,O; as well as Cl,O;: 

O 
ClO, + CIO 0-C--.0K 

O 

The ClO radical in particular is implicated in environmentally sensitive reactions which 

lead to depletion of ozone and oxygen atoms in the stratosphere.’”) Thus (as was first 

pointed out by M. J. Molina and F. S. Rowland in 1974‘’*) chlorofluorocarbons such as 

CFCI, and CF,Cl,, which have been increasingly used as aerosol spray propellants, 

refrigerants, solvents, and plastic foaming agents (p. 823), are beginning to penetrate the 

stratosphere (10-50 km above the earth’s surface) where they are photolysed or react with 
electronically excited O('D) atoms to yield Cl atoms and chlorine oxides: this leads to the 

continuous removal of O, and O atoms via such reactions as: 

Cl+0O,; Cclo+0O, 

Clo +0 ——>C]1+0O, 

1e.O0+0, 20, plus regeneration of Cl 

Depletion of O, results in an increased penetration of ultraviolet light with wavelengths in 

the range 290-320 nm which may in time effect changes in climate and perhaps lead also to 

an increased incidence of skin cancer in humans. The alarming increase in the release of 

chlorofluorocarbons into the atmosphere is illustrated by the following figures: 

CFCI,: 2270 tonnes in 1948 ————> 302 000 tonnes in 1973 

CF,Cl,: 2220 tonnes in 1948 ————> 383 000 tonnes in 1973 

Calculations suggested that this might eventually produce a 7°% depletion in the steady- 

state concentration of O,, though more recent studies taking into account the formation 

of chlorine nitrate (ClIO+-NO,-CIONO,) suggest this is an overestimate. Environ- 

mental legislation restricting the use of chlorofluorocarbons has also halted and, indeed, 

reversed the rapid increase in atmospheric concentration of these materials. The use of Al 

powder/NH,CIlO, as a propellent in the US Space Shuttle will not remove significant 

amounts of ozone from the stratosphere. 

The great importance of the short-lived ClO radical has stimulated numerous 

investigations of its synthesis and molecular properties. Several routes are now available 

to this species (some of which have already been indicated above): : 

(a) thermal decomposition of ClO, or ClO;; 

(b) decomposition of FCIO, in an electric discharge; 

(c) passage of a microwave or radio-frequency discharge through mixtures of Cl, and 

O2; 

(d) reactions of Cl atoms with ClO or O, at 300 K; 

(e) gas-phase photolysis of Cl,0, ClO,, or mixtures of Cl, and O,. 

It is an endothermic species with AH;(298K) 101.8kJmol~', AG?(298 K) 

72 R. J. DONOVAN, Chemistry and pollution of the stratosphere, Educ. in Chem. 15, 110-13 (1978). B. A. 
THRUSH, The chemistry of the stratosphere and its pollution, Endeavour (New Series) 1, 3-6 (1977), and 
references therein. 

73M. J. Moina and F. S. RowLAND, Stratospheric sink for chlorofluoromethanes: chlorine-atom catalysed 

destruction of ozone, Nature 249, 810-12 (1974). 
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98.1 kJ mol™', S°(298K) 2265JK~! mol7!. The interatomic distance Cl-O is 
156.9 pm, its dipole moment is 1.24D, and the bond dissociation energy Dp is 

264.9 kJ mol™* (cf. BrO p. 997, IO p. 999). 
Chlorine perchlorate CIOCIO; is made by the following low-temperature reaction: 

458 
MCI1O,+ ClOSO,F MSO,F+CIOCIO,; (M=Cs, NO,) 

Little is known of its structure and properties; it is even less stable than ClO, and 

decomposes at room temperature to Cl,, O,, and Cl,O,. 

Dichlorine hexoxide, Cl,O,, is best made by ozonolysis of ClO,: 

2C1O, £20. => (1,0, +20; 

The dark-red liquid freezes to a solid which is yellow at — 180°C. The structure in neither 

phase is known but two possibilities that have been considered are shown on p. 990. The 

CI-Cl linked structure is superficially attractive as the product of dimerization of the 

paramagnetic gaseous species ClO 3, but magnetic susceptibility studies of the equilibrium 

Cl,0,=2Cl0, in the liquid phase were flawed by the subsequent finding that there was 

no esr signal from ClO, and that ClO, (as an impurity) was the sole paramagnetic species 

present. Accordingly, the much-quoted value of 7.24 kJ mol~' for the derived heat of 

dimerization is without foundation. The alternative oxygen-bridged dimer, though 

requiring more electronic and geometric rearrangement of the presumed pyramidal ‘ClO, 

monomers, is rather closer to the ionic formulation [CIO,]*[ClO,]~ which has been 

proposed from the vibrational spectrum of the solid. Cl,O, does, in fact, frequently 

behave as chloryl perchlorate in its reactions though experience with N,O, as “nitrosyl 

nitrate” (p. 523) engenders caution in attempting to deduce a geometrical structure from 

chemical reactions (cf. however, diborane, p. 188). 

Hydrolysis of Cl,O, gives a mixture of chloric and perchloric acids, whereas anhydrous 
HF sets up an equilibrium: 

ChO.4 HO 4 HOCIOs+-HCO, 

Cl,0,+HF ——> FCO, + HCO, 

Nitrogen oxides and their derivatives displace ClO, to form nitrosyl and nitryl 

perchlorates. These and other reactions are summarized in the scheme on p. 996. 

Dichlorine heptoxide, Cl,O,, is the anhydride of perchloric acid (p. 1013) and is 

conveniently obtained by careful dehydration of HCIO, with H,PO, at — 10°C followed 

by cautious low-pressure distillation at —35°C and 1 mmHg. The compound is a shock- 

sensitive oily liquid with physical properties (p. 990) and structure (p. 989) as already 

described. Cl,O, is less reactive than the lower oxides of chlorine and does not ignite 

organic materials at room temperature. Dissolution in water or aqueous alkalis 

regenerates perchloric acid and perchlorates respectively. Thermal decomposition (which 

can be explosive) is initiated by rupture of a Cl-O,, bond, the activation energy being 

~135kJ mol7?: 

A 
Cho. clo,+Cclo, 



996 The Halogens: Fluorine, Chlorine, Bromine, Iodine, and Astatine Gh: 17 

ClO, + [NO, ][C1O, ] 

clo, 

[C105]15[$30 10] 

SCHEME Some reactions of dichlorine hexoxide. 

Oxides of bromine 

The oxides of Br are less numerous, far less studied, and much less well characterized 

than the ten oxide species of chlorine discussed in the preceding section. The reasonably 

well established compounds are listed below. 
Br,O: a dark-brown solid moderately stable at —60° (mp —17.5° with decompos- 

ition), prepared by reaction of Br, vapour on HgO (cf. C1,O p. 991) or better, by low- 
temperature vacuum decomposition of BrO,. The molecule has C,,, symmetry. It 

oxidizes I, to 1,0, benzene to 1,4-quinone, and yields OBr™ in alkaline solution. 

BrO,: a pale yellow crystalline solid formed quantitatively by low-temperature 
ozonolysis of Br,:t 

CF3Cl/— 78°C" 
Br, +40, aan ca-a Eo 2BrO,+40, 

It is thermally unstable above — 40°C and decomposes violently to the elements at 

0°C; slower warming yields BrO, (see above). Alkaline hydrolysis leads to 

disproportionation: 

6BrO,+6O0H ———->5BrO, +Br +3H,O 

Reaction with F, yields FBrO, and with N,O, yields [NO,]*[Br(NO,),]-. 

In addition to these compounds the unstable momeric radicals BrO, BrO,, and BrO, have 

+ Ozonolysis of Br, at 0°C yields white, poorly characterized solids which, depending on the conditions used, 
have compositions close to Br,O.;, Br;O,, and BrO;; no structural data are available. 
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been made by y-radiolysis or flash photolysis of the anions OBr , BrO, _,and BrO;_. For 

BrO the imteratomic distance is 172.1 pm, the dipole moment 1.55 D, and the 
thermodynamic properties AH;(298 K) 125.8 kJ mol~ 1, AG;(298 K) 108.2 kJ mol’, 

and S°(298 K) 237.4] K~! mol7?. 

Oxides of iodine 

Iodine forms the most stable oxides of the halogens and I,O, was made (independently) 

by J. L. Gay Lussac and H. Davy in 1813. However, despite this venerable history the 

structure of the compound was not determined unambiguously until 1970. It is most 

conveniently prepared by dehydrating iodic acid (p. 1010) at 200°C in a stream of dry air 

but it also results from the direct oxidation of I, with oxygen in a glow discharge. The 

structure (Fig. 17.20a) features molecular units of O,IOIO, formed by joining two- 

pyramidal IO; groups at a common oxygen. The bridging I-O distances correspond to 

single bonds, whereas the terminal I—O distances are substantially shorter.* There are 

also appreciable intermolecular interactions which join the molecular units into cross- 

linked chains (Fig. 17.20b); this gives each iodine pseudo-fivefold coordination, the sixth 

position of the distorted octahedron presumably being occupied by the lone-pair of 

electrons on the iodine atom. 
I,0, forms white, hygroscopic, thermodynamically stable crystals: AH; 

— 158.1 kJ mol~', d 4.980 g cm 3. The compound is very soluble in water, reforming the 

parent acid HIO,. So great is the affinity for water that commercial “I,0,” consists almost 

entirely of HI,Oxg, i.e. 1,0;.HIO3. The interrelations between these compounds and the 
rather less stable oxides 1,0, and I,O, are shown in the scheme. I,O, is a hygroscopic 

(10, J [S04] 

[1O}5 [SO]? 

SCHEME Preparation and reactions of iodine oxides. 

74K. SeLte and A. Kseksuus, Iodine oxides. Part 3. The crystal structure of 1,0;, Acta Chem. Scand. 24, 
1912-24 (1970). 
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Fic. 17.20 The structure of 1,0, showing (a) the dimensions and conformation of a single 7 
molecular unit, and (b) the crystal structure projected along [010]. Note that the molecule has no 
mirror plane of symmetry so is not C,,.; also note the intramolecular interaction of one terminal O 

atom in each 1,0, unit with the I atom in the adjacent IO, group (272 pm). } 

yellow powder which decomposes to I,0; when heated above 75°; I,0, forms 
diamagnetic lemon-yellow crystals (d 4.2 g cm~ *) which start to decompose above 85° 

and which rapidly yield I,O, at 135°: 

75 21,05 80, +1, b2OR 

13:5 51,0, 41,0;+1, 

The structure of these oxides are unknown but 1,0, has been formulated as I(I1YO;), 
and I,O, as [IO]*[IO3]~. 

1,0, is notable in being one of the few chemicals that will oxidize CO rapidly and 
completely at room temperature: 

“Las OG Oxt On ae ean 
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The reaction forms the basis of a useful analytical method for determining the 

concentration of CO in the atmosphere or in other gaseous mixtures. I,O, also oxidizes 

NO, C,H,, and H,S. SO, and S,O,F, yield iodyl salts, [IO,]*, whereas concentrated 
H,SO, and related acids reduce I,O, to iodosyl derivatives, [IO]*. Fluorination of I,0, 

with F,, BrF3, SF,, or FCIO, yields IF; which itself reacts with the oxide to give IOF;. 

In addition to the stable 1,0, and moderately stable 1,0, and I,O,, several short-lived 

radicals have been detected and characterized during y-radiolysis and flash photolysis of 

iodates in aqueous alkali: 

h IO OO: 

H,0 
10,7 + OF > 10;420H; 

106 On 10 Oas 

The oe radical IO has also been studied in the gas phase: the interatomic 

distance is 186.7 pm and the bond dissociation energy ~175+20kJ mol~!. It thus 

appears that, although the higher oxides of iodine are much more stable than any oxide of 

Cl or Br, nevertheless, IO is much less stable than ClO (p. 995) or BrO (p. 997). Its 

enthalpy of formation and other thermodynamic properties are: AH;(298 K) 
175.1 kJ mol” !, AG?(298 K) 149.8 kJ mol’, S°(298 K) 245.5J.K~' mol7?. 

17.2.8 Oxoacids and oxoacid salts 

General considerations‘’>? 

The preparative chemistry and technical applications of the halogen oxoacids and their 

salts have been actively pursued and developed for over two centuries (p. 921) and can 

now be very satisfactorily systematized in terms of general thermodynamic principles. The 

thermodynamic data are codified in the form of reduction potentials and equilibrium 
constants and these, coupled with the relative rates of competing reactions, allow a vast 

range of aqueous solution chemistry of the halogens to be interrelated. Thus, although all 

the halogens are to some extent soluble in water, extensive disproportionation reactions 

and/or mutual redox reactions with the solvent can occur to an extent that depends 

crucially on conditions such as pH and concentration (which influence the thermo- 

dynamic variables) and the presence of catalysts or light quanta (which can overcome 

kinetic activation barriers). Fluorine is again exceptional and, because of its very high 

standard reduction potential, E°(4F,/F~ )+2.866 V, reacts very strongly with water at all 

values of pH (p. 736). Its inability to achieve formal oxidation states higher than + 1 also 

limits the available oxoacids to hypofluorous acid HOF (p. 1003). Numerous other 

oxoacids are known for the heavier halogens (Table 17.21) though most cannot be isolated 

pure and are stable only in aqueous solution or in the form of their salts. Anhydrous 

perchloric acid (HCIO,), iodic acid (HIO3), paraperiodic acid (H;IO,), and metaperiodic 

acid (HIO,) have been isolated as pure compounds. 

The standard reduction potentials for Cl, Br, and I species in acid and in alkaline 

75 Ref. 17, Chemical properties of the halogens—redox properties: aqueous solutions, pp. 1188-95; Oxoacids 

and oxoacid salts of the halogens, pp. 1396-1465. 
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TABLE 17.21. Oxoacids of the halogens 

Generic name Chlorine Bromine Iodine Salts 

Hypohalous acids” HOC!) HOBr®) HOI® Hypohalites 
Halous acids HOCIO®) (HOBrO?)®? — Halites 
Halic acids HOCIO,” HOBrO,” HOIO, Halates 
Perhalic acids HOCIO, HOBrO,” HOIO,, (HO),JO, Perhalates 

Hoe 

) Stable only in aqueous solution. 

) HOF also known (p. 1003). 

aqueous solutions are summarized in Fig. 17.21. The couples $X,/X~ are independent of 

pH and, together with the value for F,, indicate a steadily decreasing oxidizing power of 

the halogens in the sequence F,(+2.866 V)>CI,(+1.358 V)>Br,(+1.066 V)> 
I,(+0.536 V). Remembering that E°(40,/H,O)= 1.229 V these values indicate that the 

potentials for the reaction 

X,+H,O——> 40,+2H* +2X~ 

decrease in the sequence F,(+ 1.637 V)>Cl,(+0.129 V)> Br,(—0.163 V)>I,(—0.693 V). 

As already mentioned, this implies that F, will oxidize water to O, and the same 

should happen with chlorine in the absence of sluggish kinetic factors. In fact, were it not 

for the further fortunate circumstance of an appreciably higher overvoltage for oxygen, 

chlorine would not be evolved during the electrolysis of aqueous chloride solutions at low 

current densities: the phenomenon is clearly of great technical importance for the 

industrial preparation of chlorine by electrolysis of brines (p. 931). 

For all other couples in Fig. 17.21 (i.e. for all couples involving oxygenated species) an 

increase in pH causes a dramatic reduction in E° as expected (p. 498). For example, in acid 

solution the couple BrO, /4Br,(l) refers to the equilibrium reaction 

BrO,” +6H* +5e7 ———> 1 Br, +3H,O; (E® 1.495 V) 

The equilibrium constant clearly depends on the sixth power of the hydrogen-ion 

concentration and, when this is reduced (say to 10 ‘* in 1 M alkali), the potential is 
likewise diminished by an amount ~(RT/nF)In[H*]®, ie. by ca. 

(0.0592/5) x 14 x 6~0.99 V. In agreement with this (Fig. 17.21) the potential at pH 14 is 

0.519 V (calc ~0.51 V) for the reaction 

BrO,~ ae 3H,O aE Seo ————>F Br, (1)+ 60H 

The data in Fig. 17.21 are presented in graphical form in Fig. 17.22 which shows the volt- 

equivalent diagrams (p. 499) for acid and alkaline solutions. It is clear from these that Cl, 

and Br, are much more stable towards disproportionation in acid solution (concave angle 

at X,) than in alkaline solutions (convex angle). In terms of equilibrium constants: 

_(HOX](H*]EX7] 
[Xa] 
[OXI 
[X,][OH }? 

acid solution: X, +H,0O———-HOX+H*+X"; K 

alkaline solution: X,+ 20H = OX HO. cwelaar 
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eal. en 

Acid solution a(H*) = 1 

“+i .640 

cl7 +1.358 C1, (g) 4 +1,611 HOC! « +1.645 HCO, = 214 Clo; il: 189 clo," 

[Se DS es 
see ES 

+1495 

Bry qt2es_ 1Br (1) oe HOBr eso, ; = 

fe oe | 
to 

+ 1,194 

1.134 1.653 a Lo) nol <—_——___ 0, ———— 10, 

sit. 10, 

Basic solutions a(OH ) = 1 

Cl ee 1c, () 9338 C0" <0 C103 ee “COs — ClO,- | 

to . cer 

Be +1066 1 Br, (1) esse BrO- 

Fic. 17.21. Standard reduction potentials for Cl, Br, and I species in acid and alkaline aqueous 
solutions. 
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(—AG°/kJ mol”) (—AG°/kJ mol!) (—AG°/kJ mol7!) 

(1000) (1000) 

105 
Hs10, 

105 
40,/H,0 —__ 

nE°|/V 

cl, £--9c10- (E° 0.401 V) 
0 

(—100) 

Oxidation state 

Fic. 17.22 Volt-equivalent diagrams for Cl, Br, and I. 

For Cl,, Br, and I, K,, is 4.2 x 107+, 7.2 x 10° °, and 2.0 x 10° '? mol? 1? respectively, 
thereby favouring the free halogens, whereas K,, is 7.5 x 101°, 2 x 108, and 30 mol 11 
respectively, indicating a tendency to disproportionation which is overwhelming for Cl, 

but progressively less pronounced for Br, and I,. In actuality the situation is somewhat 

more complicated because of the tendency of the hypohalite ions themselves to 
disproportionate further to produce the corresponding halite ions: 

3x0 Ru BS Ok ONG 

The equilibrium constant for this reaction is very favourable in each case: 107’ for ClO’ —" 
10'° for BrO~, and 107° for IO”. However, particularly in the case of ClO ~, the rate of 

disproportionation is slow at room temperature and only becomes appreciable above 70°. 

Similarly, the disproportionation 

4010 ea NCO 

has an equilibrium constant of 107° but the reaction is very slow even at 100°. By contrast, 

as indicated by the concavity of the volt-equivalent curve at BrO, andIO,~ (Fig. 17.22), 

the bromate and iodate ions are stable with respect to disproportionation (in both acid 
and alkaline solutions), e.g.: 

710, +9H,0+7H* 

410, +30H +3H,O0 

oT SHO, 10a mole 

l-+3H310,29 + KK =10" * mole 12 

More detailed consideration of these various equilibria and other redox reactions of the 
halogen oxoacids will be found under the separate headings below. 
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The strengths of the monobasic acids increase rapidly with increase in oxidation state of 

the halogen in accordance with Pauling’s rules (p. 54). For example, approximate values 

of pK, are: HOC! 7.52, HOCIO 1.94, HOCIO, —3, HOCIO, —10. The pK, values of 

related acids increase in the sequence Cl < Br<I. 

Hypohalous acids, HOX, and hypohalites, XO °?: 7” 

Hypofluorous acid is the most recent of the halogen oxoacids to be prepared.'’®) Traces 

were obtained in 1968 by photolysis of a mixture of F, and H,O in a matrix of solid N, at 

14-20 K but weighable amounts of the compound were first obtained by M. H. Studier 

and E. H. Appelman in 1971 by the fluorination of ice: 

-40°C 

F,+H,O HOF+HF 

The isolation of HOF depends on removing it rapidly from the reaction zone so that it is 

prevented from reacting further with HF, F ,, or H,O (see below). The method used was to 

recirculate F, at ~ 100 mmHg through a Kel-F U-tube filled with moistened Raschig 

rings cut from Teflon “spaghetti” tubing (Kel-F is polymerized chlorotrifluoroethene; 

Teflon is polymerized tetrafiuoroethene). The U-tube was held at about — 40°C and the 

effluent was passed through U-tubes cooled to — 50° and —79° to remove water and HF, 

and, finally, through a U-tube at — 183° to trap the HOF. The use of the — 50° trap was 

found to be critical because without it all of the HOF was caught in the —79° with the 

H,O, from which it could not be isolated because of subsequent reaction. 

HOF is a white solid which melts at — 117° to a pale-yellow liquid. Its bp (extrap) is 

somewhat below room temperature and its volatility is thus comparable to that of HF 

with which it is always slightly contaminated. Spectroscopic data establish a nonlinear 

structure with H-O 96.4 pm, O-F 144.2 pm, and bond angle H-O-F 97.2°: this is the 

smallest known bond angle at an unrestricted O atom (cf. H-O-H 104.7°, F-O-F 103.2°). 

It has been suggested that this arises in part from electrostatic attraction of the 2 terminal 

atoms, since nmr data lead to a charge of ~ +0.5e on H and ~ —0.5e on F. The negative 

charge on F is intermediate between those estimated for F in HF and OF, and this 

emphasizes the strictly formal nature of the +1 oxidation state for F in HOF. 

The most prominent chemical property of HOF is its instability. It decomposes 

spontaneously to HF and O, with a half-life of ca. 30 min in a Teflon apparatus at room 

temperature and 100 mmHg. It reacts rapidly with water to produce HF, H,O,, and O,; 

in dilute aqueous acid HO, is the predominant product whereas in alkaline solution O, 

is the principal O-containing product. It reacts with HF to reverse the equilibrium used in 

its preparation. It does not dehydrate to its formal anhydride OF , but in the presence of 
H,O it reacts with F, to form this species. 

H,0 
F,+HOF OF, +HF 

This reaction does not occur in the gas phase, however, in the absence of H,O. 

By contrast with the elusive though isolable HOF, the history of HOCI goes back over 

76 B. H. ApPpELMAN, Nonexistent compounds: two case histories, Acc. Chem. Res. 6, 113-17 (1973). 
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two centuries to the earliest experiments of C. W. Scheele with Cl, in 1774 (p. 923), and the 

bleaching and sterilizing action of hypochlorites have long been used both industrially 

and domestically. HOC], HOBr, and HOI are all highly reactive, relatively unstable 

compounds that are known primarily in aqueous solutions. The most convenient 

preparation of such solutions is by perturbing the hydrolytic disproportionation 

equilibrium (p. 1000): 

H*+xX~ +HOX X,+H,0 

by addition of HgO or Ag,O so as to remove the halide ions. On an industrial scale, 

aqueous solutions of HOCI (containing Cl”) are readily prepared by reacting Cl, with 

aqueous alkali. With strong bases {NaOH, Ca(OH),} the reaction proceeds via the 

intermediate formation of hypochlorite, but this intermediate product is not formed with 

weaker bases such as NaHCO, or CaCO: 

ClyOHr — "=> ClO“ Cant 0) === MOeT oC l= 

Chloride-free solutions (up to 5 M concentration) can be made by treating Cl,O with 

water at 0° or industrially by passing Cl,O gas into water. In fact, concentrated solutions 

of HOCI also contain appreciable amounts of Cl,O which can form a separate layer and 

which is probably the source of the yellow colour of such solutions: 

2HOCI(aq) Cl,O(aq)+H,O(); K (0°C)=3.55 x 1073 mol7! 1 

Organic solutions can be obtained in high yield by extracting HOCI from Cl -containing 

aqueous solutions into polar solvents such as ketones, nitriles, or esters. Electrodialysis 

using semipermeable membranes affords an alternative route. 

Solutions of the corresponding hypohalites can be made by the rapid dispro- 

portionation of the individual halogens in cold alkaline solutions (p. 1000): 

X 20H => Xk (OX SHO 

Such solutions are necessarily contaminated with halide ions and with the products of any 

subsequent decomposition of the hypohalite anions themselves. Alternative routes are the 

electrochemical oxidation of halides in cold dilute solutions or the chemical oxidation of 
bromides and iodides: 

Xi OE)]>——= > OX 1+ Git | s(X=Br, I) 

in OB we ———> ©le- Bre 

Hypochlorites can also be made by careful neutralization of aqueous solutions of 
hypochlorous acid or Cl,O. 

The most stable solid hypochlorites are those of Li, Ca, Sr, and Ba (see below). NaOCl 

has only poor stability and cannot be isolated pure; KOCI is known only in solution, Mg 
yields a basic hypochlorite, and impure Ag and Zn hypochlorites have been reported. 

Hydrated salts are also known. Solid, yellow, hydrated hypobromites NaOBr.xH,O 

(x=5, 7) and KOBr.3H,O can be crystallized from solutions obtained by adding Br, to 

cold conc solutions of MOH but the compounds decompose above 0°C. No solid metal 

hypoiodites have yet been isolated. 
HOC is more stable than HOBr and HOI and its microwave spectrum in the gas phase 

confirms the expected nonlinear geometry with H-O 97 pm, O-Cl 169.3 pm, and angle 
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H-O-C] 103 +3° (cf. HOF, p. 1003). All three hypohalous acids are weak and solutions of 

their salts are therefore alkaline since the equilibrium 

Ox HO HOx On 

lies well to the right. Except at high pH, hypohalite solutions contain significant amounts 

of the undissociated acid. Approximate values for the acid dissociation constants K, at 

room temperature are HOCI 2.9 x 10° 8, HOBr 5 x 10° ?, HOI ~ 107 '!: these values are 
close to those of many a-aminoacids and may also be compared with carbonic acid K, 

43x 10-7’, which is some 10 times stronger than HOCI, and phenol, which has K, 

1.3 x 1007°, 
The manner and rate of decomposition of hypohalous acids (and hypohalite ions) in 

solution are much influenced by the concentration, pH, and temperature of the solutions, 

by the presence or absence of salts which can act as catalysts, promotors, activators, and 

by light quanta. The main competing modes of decomposition are: 

SHOOK == Ht Ax On) oor 2OX = 3 2X 4 On) 

and 3HOX =——=> 3H * #2XR4XO,> ‘Or 30K" 2 KOo) 

The acids decompose more readily than the anions so hypohalites are stabilized in basic 

solutions. The stability of the anions diminishes in the sequence CIO’ > BrO >IO-. 

Hypochlorites are amongst the strongest of the more common oxidizing agents and 

they react with inorganic species, usually by the net transfer of an O atom. Kinetic studies 

suggest that the oxidizing agent can be either HOCI or OCI ina given reaction, but rarely 

both simultaneously. Some typical examples are in Table 17.22. Hypochlorites react with 

TABLE 17.22 Oxidation of inorganic substrates with HOCI or OCI~ 

HOCI Ocl- 

Substrate Products Substrate Products 

HCO, ~ COs CcloO- ClO,” 

HC,O,— co, GlOse ClO3* 
OCN~ CO;2=,,N5, NOs” CN- OCN™ 

NH, NCI, NH, NH,Cl 

NO,” NO, SO,7— SO,77 

H,0, O, IO,” 10,” 

S SO; Mn?* MnO,” 
Br Br, (acid) Br- OBr , BrO,” (alkaline) 

I~ I, (acid) 1 OI, 10,” (alkaline) 

ammonia and organic amino compounds to form chloramines. The characteristic 

“chlorine” odour of water that has been sterilized with hypochlorite is, in fact, due to 

chloramines produced from attack on bacteria. By contrast, hypobromites oxidize amines 

quantitatively to N,, a reaction that is exploited in the analysis of urea (p. 342): 

(NH,),CO+30Br- + 20H” —_—->N,+CO,”?" +3Br- +3H,O 

Other uses of hypohalous acids and hypohalites are described in the Panel. 
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: Som ses of Hypohalous Acids and Hypohalites 

"In addition to the applications just indicated, hypohalous acids are useful halogenating agents 
for both aromatic and aliphatic compounds. HOBr and HOI are usually generated in situ. The _ 
ease of aro oe ene 1¢ sequence oc” = OBr™ > OI and is facilitated by / 

hoch, and es : 

oe es + HOC! | ae sa +HCI 

— ie be 

nO oO Chiorhydrin 

oe ee +HCI — 

- -Byfar the largest tonnage of hypochioniies is used for bleaching and sterilizing. “Liquid bleach” 
isan alkaline solution of NaOCl Co = I 1) domestic bleaches have about 5% “available chlorine” 

tallations such as laundries use ~ 10° concentration. 
s a crystalline efflorescent product of approximate 

po 20),.NaOCl, has 3.5-4.5% available Cl and is used in — 
automatic dishwasher detergents, scouring powders, and acid metal cleaners for dairy equipment. 
Paper and pulp bleaching is effected by “bleach liquor”, a solution of Ca(OCl), and CaCl,, 
es ~85g17! of “available chlorine”. Powdered calcium hypochlorite, Ca(OCl),.2H,O 
— (10% available Cl), is for swimming-pool sanitation whereas “bleaching powder” 
ene CaCl, .Ca(Ok HO (obtained by the action of Cl, gas on slaked lime) contains 
33 % available Cl and is used for general bleaching and sanitation: 

3Ca(OH), + LS Ca(OCl), .CaCl, .Ca(OH), .2H,O 

The speciality chemical LiOCl (40% “ri 1S used when calcium is con tra-indicated, such as in the 
f ha 

Liocl ~ 500 eo oa 

NaOCl > 180 000 tpa (on a dry basis) af which about 250 tonnes per day (say 63 000 tpa) is for 
household liquid bleach and the rest for laundries, disinfection of swimming pools, municipal 

water supplies and ; ge, and the industrial manufacture of NH, and organic chemicals. 
- NaOCl. (Na,PO,.11H,O a was commercialized in 1930 and demand rose to 81 000 tonnes in 

1973. 

_Ca(OCl), ~67 000 i a production facilities i in numerous other countries (e.g. the USSR 
~ 26 ~~ tonnes). 

ler is now much less used t an formerly in highly industrialized countries butis still _ 
on a large scale in less-d veloped regions. In the USA its production peaked at 
in 1923 but had fallen to 23 600 tonnes by 1955. 

t “Available chlorine” content is defined as the wei ight of Cl, which liberates the same amount 
_ of I, from HI as does a given veight of the compound; it is often expressed as a percentage. For 
_ example from the two (p bly hypothetical) stoichiometric equations Cl, + 2HI-1, + 2HC1 

d LiOCl+ 2HI>1, + [+H,0 it can be seen that 1 mol of I, is liberated by 70.92 g Cl, 
or by 584g LiOCl Whence the “available chlorine” content of pure LiOC! is 
00 92/58.4) x 100= 121%. The commercial precoct | is usually diluted by sulfates to about one- _ 

_ third of thi vee im Paes : 
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This section concludes with a reminder that, in addition to the hypohalous acids HOX 

and metal hypohalites M(OX),, various covalent (molecular) hypohalites are known. 

Hypochlorites are summarized in Table 17.23. All are volatile liquids or gases at room 

temperature and are discussed elsewhere (see index). Organic hypohalites are unstable 

and rapidly expel HX or RX to form the corresponding aldehyde or ketone: 

ROH +HOX ——» ROX +H,O 

RCH,OX ———> RCHO+ HX 

RR’'CHOX ——> RR'C=0 + HX 

RR’R"COX —"—> RR'C=O + R’X 

TABLE 17.23 Physical properties of some molecular hypochlorites 

Compound MP/°C BREE Compound MP/°C BP/°C 

CIONO, — 107 18 ClOSeF , —115 BIE 
CcIOCIO, —117 44.5 ClOTeF, =121 38.5 
CIOSO,F ~ — 84.3 45.1 CIOOSF, — 130 26.4 
CIOSF, = 8.9 CIOOCF, = 132 —22 

Halous acids, HOXO, and halites, XO,~ ‘©? 75:77) 78) 

Chlorous acid is the least stable of the oxoacids of chlorine; it cannot be isolated but is 

known in dilute aqueous solution. HOBrO and HOIO are even less stable, and, if they 

exist at all, have only a fleeting presence in aqueous solutions. Several chlorites have been 

isolated and NaClO, is sufficiently stable to be manufactured as an article of commerce on 

the kilotonne pa scale. Little reliable information is available on bromites and still less is 

established for iodites which are essentially non-existent. 

HClO, is formed (together with HCIO,;) during the decomposition of aqueous 

solutions of ClO, (p. 993) but the best preparation is to treat an aqueous suspension of 
Ba(CIO,), with dilute sulfuric acid: 

Ba(OH),(aq)+ H,O0,+(ClO, 

Ba(CIO,),(suspension) + dil H,SO, 

Ba(ClO,), +2H,0+0, 

BaSO,| +2HCIO, 

Evidence for the undissociated acid comes from spectroscopic data but the solutions 

cannot be concentrated without decomposition. HCIO, is a moderately strong acid K, 

(25°C) 1.1.x 1072 (ef HySeO, K, 1:2 x. 1097, H{P,0> K, 2.61057), 
The decomposition of chlorous acid depends sensitively on its concentration, pH, and 

the presence of catalytically active ions such as Cl” which is itself produced during the 

77 G. Gorpon, R. G. Kierrer, and D. H. RosenBLaTT, The chemistry of chlorine dioxide, Progr. Inorg. 

Chem. 15, 201-86 (1972). The first half of this review deals with the aqueous solution chemistry of chlorous acid 
and chlorites. 

78 F. So_ymost, Structure and Stability of Salts of the Halogen Oxyacids in the Solid Phase, Wiley, UK, 1978, 
468 pp. 
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decomposition. The main mode of decomposition (particularly if Cl~ is present) is to form 

ClO, : 

SHCIO, 4C1O,+Cl- +H* +2H,0; AG° —144 kJ mol7! 

Competing modes produce ClO,~ or evolve O,: 

3HClO, ———> 2ClO, +Cl”" +3H*; AG° —139 kJ mol’ 

HClO, -——> Cl" +0,+H*; AG° —123 kJ mol”! 

Metal chlorites are normally made by reduction of aqueous solutions of ClO, in the 

presence of the metal hydroxide or carbonate. As with the preparation of Ba(ClO,), 

above, the reducing agent is usually a peroxide since this adds no contaminant to the 

resulting chlorite solution: 

2005-20, 26s CIO pec OF 

The ClO,” ion is nonlinear, as expected, and X-ray studies of NH,CIO, (at —35°) and 

AgClO, lead to the dimensions Cl-O 156 pm, angle O-Cl-O 111°. The chlorites of the 

alkali metals and alkaline earth metals are colourless or pale yellow. Heavy metal chlorites 

tend to explode or detonate when heated or struck (e.g. those of Ag*, Hg*, Tl*, Pb?*, 

and also those of Cu?* and NH,*). Sodium chlorite is the only one to have sufficient 
stability and to be sufficiently inexpensive to be a major article of commerce. 

Anhydrous NaClO, crystallizes from aqueous solutions above 37.4° but below this 

temperature the trihydrate is obtained. The commercial product contains about 80% 

NaClO,. The anhydrous salt forms colourless deliquescent crystals which decompose 

when heated to 175-—200°: the reaction is predominantly a disproportionation to ClO, — 

and Cl” but about 5°% of molecular O, is also released (based on the ClO,” consumed). 

Neutral and alkaline aqueous solutions of NaClO, are stable at room temperature 

(despite their thermodynamic instability towards disproportionation as evidenced by the 

reduction potentials on p. 1001). This is a kinetic activation-energy effect and, when the 

solutions are heated near to boiling, slow disproportionation occurs: 

3ClO, —-——> 2ClO,,7> + Cl> 

Photochemical decomposition is rapid and the products obtained depend on the pH of the 

solution; 

at pH’ 84> 6ClO, ==" SCI acl 30; 

at pH 4.0: 10CIO,~ —’->2ClO,~ +6C1- +2C10,~ +30, 

The stoichiometry in acid solution implies that, in addition to the more usual 

disproportionation into ClO,” and Cl, the following disproportionation also occurs: 

IClO; CCl: 

The mechanisms of these various reactions have been the object of many studies.©* 75-77) 
The main commercial applications of NaClO, are in the bleaching and stripping of 

textiles, and as a source of CIO, where required volumes are comparatively small. It is also 

used as an oxidant for removal of nitrogen oxide pollutants from industrial off-gases. The 
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specific oxidizing properties of NaClO, towards certain malodorous or toxic compounds 
such as unsaturated aldehydes, mercaptans, thioethers, H,S, and HCN have likewise led 

to its use for scrubbing the off-gases of processes where these noxious pollutants are 

formed. Production statistics are rather sparse but the main non-communist production 

plants are in the EEC, which produced some 18 000 tonnes pa in 1977 (mostly in France); 

Japan, whose production rate was about 6000 tpa in the mid 1970s; and the USA, where 

the 1976 price for technical grade (80%) NaClO, was ca. $1.30 per kg. 

Crystalline barium bromite Ba(BrO,),.H,O was first isolated in 1959; it can be made 

by treating the hypobromite with Br, at pH 11.2 and 0°C, followed by slow evaporation. 

Sr(BrO,),.2H,O was obtained similarly. 

Halic acids, HOXO,, and halates, XO,~ ‘7?’ ®® 

Disproportionation of X, in hot alkaline solution has long been used to synthesize 

chlorates and bromates (see oxidation state diagrams, p. 1002): 

3XCE60OH ===> XO," 65k + 3HLO 

For example, J. von Liebig developed the technical preparation of KCIO, by passing Cl, 

into a warm suspension of Ca(OH), and then adding KCI to enable the less-soluble 

chlorate to crystallize on cooling: 

6Ca(OH), + 6Cl, ———> Ca(C1O,), + 5CaCl, + 6H,0 

Ca(ClO;), +2KCl 2KCIO,+CaCl, 

However, only one-sixth of the halogen present is oxidized and alternative routes are more 

generally preferred for large-scale manufacture. Thus, the most important halate, 

NaClO,, is manufactured on a huge scalet by the electrolysis of brine in a diaphragmless 

cell which promotes efficient mixing. Under these conditions, the Cl, produced by anodic 

oxidation of Cl” reacts with cathodic OH™ to give hypochlorite which then either 

disproportionates or is itself further anodically oxidized to ClO, : 

anode: Cl —>4Cl,+e ; cathode: H,O+e —~4H,+OH 

mixing: Cl,+2O0H —~Cl” +OCl +H,O 
further disproportionation: 30Cl° >~ClO; +2Cl~ 

further anodic oxidation: OCI +2H,O0—-ClO, +2H, 

+ NaClO, production approaches 400 000 tonnes pa in the USA alone. Its major use (78%) is for conversion 
to ClO, for bleaching paper pulp—this gives superior whiteness without degrading the cellulose fibre. A second 
important use (12%) is as an intermediate in making other chlorates and perchlorates. Some 4500 tonnes of 
NaClO, are used annually in the USA as a herbicide and it also finds large-scale application as a defoliant for 
cotton and a desiccant for soyabeans (to remove the leaves before mechanical picking). The use of NaClO, in 
pyrotechnic formulations is hampered by its hygroscopicity. KCIO, does not suffer this disadvantage and is 
unexcelled as an oxidizer in fireworks and flares, the colours being obtained by admixture with salts of Sr (red), 
Ba (green), Cu (blue), etc. In addition KCIO; is a crucial component in head of “safety matches” (KCIO,, S, 
Sb,S,, powdered glass, and dextrin paste). The US match industry consumes some 11 500 tonnes of KCIO; 

annually. Representative prices (1977) for bulk lots of these commodities are $0.33 per kg for NaClO, and $0.32 
per kg for KCIO3. 

7 Ref. 17, pp. 1418-35, Halic acids and halates. 
8° T. W. Clapper, Chloric acid and chlorates, Kirk-Othmer Encyclopedia of Chemical Technology, 3rd edn., 

Vol. 5, pp. 633-45, Wiley, New York, 1979. 
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Modern cells employ arrays of anodes (TiO, coated with a noble metal) and cathodes 

(mild steel) spaced 3 mm apart and carrying current at 2700 A m7? into brine 

(80-100 g 17!) at 60-80°C. Under these conditions current efficiency can reach 93% and 1 

tonne of NaClO, can be obtained from 565 kg NaCl and 4535 kWh of electricity. The off- 

gas H, is also collected. 
Bromates and iodates are prepared on a much smaller scale, usually by chemical 

oxidation. For example, Br~ is oxidized to BrO,” by aqueous hypochlorite (conveniently 

effected by passing Cl, into alkaline solutions of Br™ ). lodates can be prepared either by 

direct high-pressure oxidation alkali metal iodides with oxygen at 600° or by oxidation of 

I, with chlorates: 

I, +NaClO, ———> 2NalO,+Cl, 

Salts of other metals are obtained by metathesis, and aqueous solutions of the 

corresponding acids are obtained by controlled addition of sulfuric acid to the barium 

salts: 

Ba(XO,),+H,SO, 

Chloric acid, HCIO; is fairly stable in cold water up to about 30% concentration but, on 

being warmed, such solutions evolve Cl, and ClO,. Evaporation under reduced pressure 

can increase the concentration up to about 40% (~HCIO;.7H,O) but thereafter it is 

accompanied by decomposition to HCIO, and the evolution of Cl,, O,, and ClO,: 

sHClO, 4HCIO, +2H,0 + 2Cl, +30, 
3HCIO, HClO, +H,0+2Cl0, 

Likewise, aqueous HBrO, can be concentrated under reduced pressure to about 50% 

concentration (~HBrO,.7H,O) before decomposition obtrudes: 

4HBrO, 2H,0 +2Br, +50, 

2HXO, + BaSO, 

Both chloric and bromic acids are strong acids in aqueous solution (pK,<0) whereas 

iodic acid is slightly weaker, with pK, 0.804, i.e. K, 0.157. 

Iodic acid is more conveniently synthesized by oxidation of an aqueous suspension of I, 

either electrolytically or with fuming HNO. Crystallization from acid solution yields 

colourless, orthorhombic crystals of «-HIO, which feature H-bonded pyramidal 
molecules of HOIO,: r(I-O) 181 pm, r(I-OH) 189 pm, angle O-I-O 101.4°, angle 

O-I-(OH) 97°. When heated to ~ 100°C iodic acid partly dehydrates to HI,Ox¢ (p. 997); 

this comprises an H-bonded array of composition HOIO, .1,0, in which the HIO, has 

almost identical dimensions to those in a-HIO . Further heating to 200° results in 

complete dehydration to I,05. In concentrated aqueous solutions of HIO;, the iodate 

ions formed by deprotonation react with undissociated acid according to the equilibrium 

10,” +HIO, [H(IO3),]>; Kx41mol7! 

Accordingly, crystallization of iodates from solutions containing an excess of HIO, 

sometimes results in the formation of hydrogen biiodates, M'H(IO;),, or even dihydrogen 
triiodates, M'H,(IO3);3. 

Chlorates and bromates feature the expected pyramidal ions XO, with angles close to 

the tetrahedral (106—107°). With iodates the interatomic angles at iodine are rather less 

(97-105°) and there are three short I-O distances (177-190 pm) and three somewhat 
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longer distances (251-300 pm) leading to distorted perovskite structures (p. 1122) with 

pseudo-sixfold coordination of iodine and piezoelectric properties (p. 62). In 

Sr(IO;),.H,O the coordination number of iodine rises to 7 and this increases still further 

to 8 (square antiprism) in Ce(IO,;), and Zr(IO3),. 

The modes of thermal decomposition of the halates and their complex oxidation- 

reduction chemistry reflect the interplay of both thermodynamic and kinetic factors. On 
the one hand, thermodynamically feasible reactions may be sluggish, whilst, on the other, 

traces of catalyst may radically alter the course of the reaction. In general, for a given 

cation, thermal stability decreases in the sequence iodate > chlorate > bromate, but the 

mode and ease of decomposition can be substantially modified. For example, alkali metal 

chlorates decompose by disproportionation when fused: 

4ClO,~ Cl- +3Cl0,7 

e.g. LiClO3, mp 125° (d 270°); NaClO3, mp 248° (d 265°); KCIO;, mp 368° (d 400°). 
However, in the presence of a transition-metal catalyst such as MnO, decomposition of 

KCIO, to KCI and oxygen begins at about 70° and is vigorous at 100° 

2Cl0,~ IO +30, 

This is, indeed, a classic laboratory method for preparing small amounts of oxygen 

(p. 701). For bromates and iodates, disproportionation to halide and perhalate is not 

thermodynamically feasible and decomposition occurs either with formation of halide 

and liberation of O, (as in the catalysed decomposition of ClO,” just considered), or by 

formation of the oxide: 

4XO,7 20?~ + 2X, +50, 

For all three halates (in the absence of disproportionation) the preferred mode of 

decomposition depends, again, on both thermodynamic and kinetic considerations. Oxide 

formation tends to be favoured by the presence of a strongly polarizing cation (e.g. 

magnesium, transition-metal, and lanthanide halates), whereas halide formation is 

observed for alkali-metal, alkaline-earth, and silver halates. 

The oxidizing power of the halate ions in aqueous solution, as measured by their 

standard reduction potentials (p. 1001), decreases in the sequence bromate 2 chlorate > 

iodate but the rates of reaction follow the sequence iodate>bromate> chlorate. In 

addition, both the thermodynamic oxidizing power and the rate of reaction depend 

markedly on the hydrogen-ion concentration of the solution, being substantially greater 
in acid than in alkaline conditions (p. 1000). 

An important series of reactions, which illustrates the diversity of behaviour to be 
expected, is the comproportionation of halates and halides. Bromides are oxidized 

quantitatively to bromine and iodides to iodine, this latter reaction being much used in 

volumetric analysis: 

Rl 5X OH ee HO (X= CL Be 

+ Note, however, that thermal decomposition of NH,CIO, begins at 50°C and the compound explodes on 
further heating; this much lower decomposition temperature may result from prior proton transfer to give the 
less-stable acid 

NH,CIO,——> NH,+HCIO, 

A similar thermal instability afflicts NH,BrO3; (d —5S°) and NH,IO, (d ~ 100°). 
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Numerous variants are possible, e.g.: 

ClO,~ +6Br~ (or I~) +6H* ——> C1” 43Br, (or I,)+3H,O 
BrO, +61” +6H* ——>Br +31,+3H,O 
10, +5Br” +6H* ———-> 2Br, + IBr + 3H,O 

2ClOF 261-4 re 2ClO; 2rO (p99) 
2BrO, +2Cl” + 12H* ———> Br, + Cl, +6H,O 

10, +3Cl- +6H* ——> ICI+Cl,+3H,0 

The greater thermodynamic stability of iodates enables iodine to displace Cl, and Br, 

from their halates: 

I,+2xX0,° ———> X,+2I0;— (X=C, Br) 

With bromate at pH 1.52.5 the reaction occurs in four stages: 

(1) an induction period in which a catalyst (probably HOBr) is produced; 

(2) I,+BrO,° ———+IBr+IO, ; 

(3) 3IBr+2BrO,° +3H,O 
(4) 5Br- + BrO,” +6H* 

5Br- +310," + 6H"; 
3Br, + 3H,O. 

The dependence of reaction rates on pH and on the relative and absolute 

concentrations of reacting species, coupled with the possibility of autocatalysis and 
induction periods, has led to the discovery of some spectacular kinetic effects such as 

H. Landolt’s “chemical clock” (1885): an acidified solution of Na,SO,j is reacted with an 

excess of iodic acid solution in the presence of starch indicator—the induction period 

before the appearance of the deep-blue starch-iodine colour can be increased systematic- 

ally from seconds to minutes by appropriate dilution of the solutions before mixing. With 

an excess of sulfite, free iodine periodically appears and disappears as a result of the 

following sequence of reactions: 

(1) 10, 4 380,—7 kL +380,7— 

(2) 5SI- +10, +6H* 31,+3H,O 

(3) 31,+3SO,?- +3H,O- 61- +6H* +3SO,?— 

Another periodic reaction, discovered by W. C. Bray in 1921, concerns the reduction of 

iodic acid to I, by H,O, followed by the reoxidation of I, to HIO,;: 

2HIO,+5H,O, 50,+1,+6H,O 

I,+5H,0, ———> 2HI0,+4H,O 

The net reaction is the disproportionation of H,0, toH,0+40, and the starch indicator 

oscillates between deep blue and colourless as the iodine concentration pulsates. 

Even more intriguing is the Belousov—Zhabotinskii class of oscillating reactions some 

of which can continue for hours. Such a reaction was first observed in 1959 by B. P. 

Belousov who noticed that, in stirred sulfuric acid solutions containing initially KBrO,, 

cerium(IV) sulfate and malonic acid, CH,(CO,H),, the concentrations of Br” and Ce** 

underwent repeated oscillations of major proportions (e.g. tenfold changes on a time-scale 

which was constant but which could be varied from a few seconds to a few minutes 

depending on concentrations and temperature). These observations were extended by 

A.M Zhabotinskii in 1964 to the bromate oxidation of several other organic substrates 

containing a reactive methylene group catalysed either by Ce!¥/Ce!! or Mn'™/Mn". Not 
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surprisingly these reactions have attracted considerable attention, but detailed studies of 

their mechanisms are beyond the scope of this chapter.1~*°) 
The various reactions of bromates and iodates are summarized in the following 

schemes on p. 1014.'79) 

The oxidation of halates to perhalates is considered further in the next section. 

Perhalic acid and perhalates 

Because of their differing structures, chemical reactions, and applications, perchloric 

acid and the perchlorates are best considered separately from the various periodic acids 

and their salts; the curious history of perbromates also argues for their individual 
treatment. 

Perchloric acid and perchlorates®*-*”) 

The most stable compounds of chlorine are those in which the element is in either its 
lowest oxidation state (—I) or its highest (VII): accordingly perchlorates are the most 

stable oxo-compounds of chlorine (see oxidation-state diagram, (p. 1002) and most are 

extremely stable both as solids and as solutions at room temperature. When heated they 

tend to decompose by loss of O, (e.g. KCIO, above 400°). Aqueous solutions of perchloric 

acid and perchlorates are not notable oxidizing agents at room temperature but when 

heated they become vigorous, even violent, oxidants. Considerable CAUTION should 

therefore be exercised when handling these materials, and it is crucial to avoid the presence 

of readily oxidizable organic (or inorganic) matter since this can initiate reactions of 

explosive intensity. 

On an industrial scale, perchlorates are now invariably produced by the electrolytic 

oxidation of NaClO, (see Panel). Alternative routes have historical importance but are 

now only rarely used, even for small-scale laboratory syntheses. For example, perchlorates 

were first discovered in 1816-18 by F. von Stadion who treated fused KCIO, with H,SO,: 

ClO, was evolved and KCIO, crystallized. Likewise, von Stadion isolated perchloric acid 

by distilling mixtures of KCIO3/H,SO,. As previously noted (p. 1002) chlorates can be 

thermally disproportionated to give perchlorates, and they can also be chemically 

oxidized to perchlorates by ozone, peroxodisulfates, or PbO,. 
Perchloric acid is best made by treating anhydrous NaClO, or Ba(ClO,), with 

81 C. VipaL, J. C. Roux, and A. Rosst, Quantitative measurements of intermediate species in sustained 

Belousov—Zhabotinskii oscillations, J. Am. Chem. Soc. 102, 1241-5 (1980), and references therein. 
82 R. J. Fietp, E. KOr6s, and R. M. Noyes, Oscillations in chemical systems. Il. Thorough analysis of 

temporal oscillations in the bromate-cerium—malonic acid system, J. Am. Chem. Soc. 94, 8649-64 (1972). 
83 DO. Cooke, Homogeneous oscillating reactions, Educ. in Chem. 14, 53-56 (1977); see also J. Chem. Educ. 

49, 302-7, 308-11, 312-14 (1972); 50, 357-8, 496 (1973). 
84 Ref. 17, pp. 1435-60, Perhalic acids and perhalates. 
85 F. SoLymosl, Structure and Stability of Salts of Halogen Oxyacids in the Solid Phase, Wiley, New York, 

1978, 468 pp. 
8© A. A. SCHILT, Perchloric Acid and Perchlorates, Northern Illinois University Press, 1979, 189 pp. 
87 R.C. Lees, Perchloric acid and perchlorates, Kirk-Othmer Encyclopedia of Chemical Technology, 3rd edn., 

Vol. 5, pp. 646-67, Wiley, New York, 1979. 
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concentrated HCl, filtering off the precipitated chloride and concentrating the filtrate by 

distillation. The azeotrope (p. 953) boils at 203°C and contains 71.6% HClO, (i.e. 
HClO,.2H,O). The anhydrous acid is obtained by low-pressure distillation of the 

azeotrope (p< 1 mmHg=0.13 kPa) in an all-glass apparatus in the presence of fuming 

sulfuric acid. Commercially available perchloric acid is usually 60-62% (~3.5 H,O) or 

70-72% (~2 H,O); more concentrated solutions are hygroscopic and are also unstable 

towards loss of Cl,O, or violent decomposition by accidental impurities. 

Pure HCIO, is a colourless mobile, shock-sensitive, liquid: d(25°) 1.761 g cm *. At 
least 6 hydrates are known (Table 17.24). The structure of HCIO,, as determined by 

electron diffraction in the gas phase, is as shown in Fig. 17.23. This molecular structure 

persists in the liquid phase, with some H bonding. The (low) electrical conductivity and 

other physical properties of anhydrous HCIO, have been interpreted on the basis of slight 

dissociation according to the overall equilibrium: 

3HCIO, ——> C1,0, + H,0* + ClO,~;  K(25°) 0.68 x 107° 

CTE-HH 
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TABLE 17.24 Perchloric acid and its hydrates 

nin 

HCIO,.nH,O Structure MP/°C BP/°C AH?/kJ mol! 

0 HOCIO, —112 110 (expl) — 40.6 (liq) 
0.25 (HCIO,),.H,O d —73.1 — — 

1 [H,0]*[(ClO,]~ 49.9 decomp — 382.2 (cryst) 
2 [H;O,]*[ClO,]~ —20.7 203 — 688 (liq) 
DS —_ > —33.1 — — 
3 ee FEROS MK Otte —40.2 — — 

3:5 _- —45.9 — — 

(cf. H,SO,, p. 843; H3POu, p. 597, etc.). The monohydrate forms an H-bonded crystalline 

lattice [H,0]*[ClO,]~ that undergoes a phase transition with rotational disorder above 

— 30°; it melts toa viscous, highly ionized liquid at 49.9°. The other hydrates also feature 
hydroxonium ions [(H,O),H]* as described more fully on p. 739. It is particularly — 

notable that hydration does not increase the coordination number of Cl and in this 

perchloric acid differs markedly from periodic acid (p. 1022). This parallels the difference 

between sulfuric and telluric acids in the preceding group (p. 915). 
Anhydrous HCIO, is an extremely powerful oxidizing agent. It reacts explosively with 

most organic materials, ignites HI and SOCI,, and rapidly oxidizes Ag and Au. Thermal 

decomposition in the gas phase yields a mixture of HCl, Cl,, Cl,O, ClO,, and O, 

depending on the conditions. Above 310° the decomposition is first order and 

homogeneous, the rate-determining step being homolytic fission of the CI-OH bond: 

HOCIO, ——> HO’ + ClO, 

The hydroxyl radical rapidly abstracts an H atom from a second molecule of HCIO, to 

Fic. 17.23 Structure of HCIO, and ClO, ~. 
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give H,O plus ClO,’ and the 2 radicals CIO; and ClO,” then decompose to the elements 
via the intermediate oxides. Above 450° the Cl, produced reacts with H,O to give 2HCI 

plus 40, whilst in the low-temperature range (150-310°) the decomposition is 

heterogeneous and second order in HCIO,. 

Aqueous perchloric acid solutions exhibit very little oxidizing power at room 

temperature, presumably because of kinetic activation barriers, though some strongly 

reducing species slowly react, e.g. Sn", Ti, V" and V'") and dithionite. Others do not, e.g. 
H,S, SO,, HNO,, HI, and, surprisingly, Cr" and Eu". Electropositive metals dissolve with 

liberation of H, and oxides of less basic metals also yield perchlorates, e.g. with 72% acid: 

Mg+2HClO, —° >[Mg(H,0),] (ClO,), +H, 

Ag,O+HCIO, AgClO,+H,O 

NO and NO, react to give NO* CIO,” and F, yields FOCIO, (p. 750). P,O,; dehydrates 

the acid to Cl,O, (p. 995). 

Perchlorates are known for most metals in the periodic table.°: ®”) The alkali-metal 
perchlorates are thermally stable to several hundred degrees above room temperature but 

NH, ClO, deflagrates with a yellow flame when heated to 200°: 

2NH,ClO, ———> N,+Cl, +20,+4H,O 

NH, ClO, has a solubility in water of 20.2 g per 100 g solution at 25° and 135 g per 100 g 

liquid NH, at the same temperature. Aqueous solubilities decrease in the sequence 

Na>Li>NH,>K>Rb>Cs; indeed, the low solubility of the last 3 perchlorates in this 

series has been used for separatory purposes and even for gravimetric analysis (e.g. KCIO, 

1.99 g per 100 g H,O at 20°). Many of these perchlorates and those of M" can also be 

obtained as hydrates. AgClO, has the astonishing solubility of 557 g per 100 g H,O at 25° 

and even in toluene its solubility is 101 g per 100 g PhMeat 25°. This has great advantages 

in the metathetic preparation of other perchlorates, particularly organic perchlorates, e.g. 

RI yields ROCIO;, Ph3CCl yields Ph,C*ClO,~, and CCl, affords CC1,0CIO,. 

Oxidation-reduction reactions involving perchlorates have been mentioned in several 

of the preceding sections and the reactivity of aqueous solutions is similar to that of 

aqueous solutions of perchloric acid. 
The perchlorate ion has for long been considered to be a non-coordinating ligand and 

has frequently been used to prepare “inert” ionic solutions of constant ionic strength for 

physicochemical measurements. Though it is true that ClO,” is a weaker ligand than 

H,O it is not entirely toothless and, as shown schematically in Fig. 17.24, examples are 

known in which the perchlorate acts as a monodentate (7'), bidentate chelating (y”), and 

bidentate bridging (y,7?) ligand. The first unambiguous structural evidence for 
coordinated ClO,” was obtained in 1965 for the 5 coordinate cobalt(II) complex 

[Co(OAsMePh,),(7!-OCIO,),]°® and this was quickly followed by a second example, 
the red 6-coordinate trans complex [Co(yn?-MeSCH,CH,SMe),(n'-OCIO;),].°” The 
two structures are shown in Fig. 17.25. The perchlorate ion has now been established as a 

88 P_ PAULING, G. B. ROBERTSON, and G. A. RODLEY, Coordination of transition metals by the perchlorate 

ion: the crystal structure of [((Co(Ph,MeAsO),(ClO,),], Nature 207, 73-74 (1965). 
89 FA. CoTTon and D. L. WEAVER, An authenticated perchlorate complex, J. Am. Chem. Soc. 87, 4189-90 

(1965). 
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Fic. 17.24 Coordination modes of ClO,” as determined by X-ray crystallography. 

Fic. 
[Co(OAsMePh,),(y'-OCIO3)]C1O,, and (b) 

dithiahexane cobalt(II). 

17.25 The structures of monodentate perchlorate complexes: (a) the cation in 
trans-bis(perchlorato)bis(2,5- 

monodentate ligand towards an s-block element (Ba),°° a p-block element (Sn" and 
Sn!V),°") and an f-block element (Sm™)®?) as well as to the d-block elements Co", Ni"! 
Cu", and Ag!.89: 9%) It is also known to function as a bidentate ligand towards Na,°* 
Sn!V,°1) Sm""©2) and perhaps Ba,°® sometimes both 71 and n? modes occurring in the 

°° D. L. HuGues, C. L. Mortimer, and M. R. TRUTER, Acta Cryst. B34, 800-7 (1978) [Ba(dibenzo-24-crown- 
8) (y'-OCIO;) (y'*!-O,C10,)); Inorg. Chim. Acta 29, 43-55 (1978) [Ba(benzo-18-crown-6) (n'- 
OCIO ;),.(H,0),]. 

°'' R. C. Exper, M. J. HeeG, and E. Deutscu, Inorg. Chem. 17, 427-31 (1978) [Cl,Sn"(y'-OCIO,)}°~. 
C. BELIN, M. CHAABOUNI, J.-L. PascAL, J. PoTieR, and J. RozieReE, JCS Chem. Comm. 1980. 105-6 
[Sn¥O,Cl,(17'-OCIO;). (77-OCIO5)5]>- 

°2 M. CIAMPOLINI, N. NARDI, R.CINI, S. MANGANI, and P. OrI0LI, JCS Dalton 1979 1983-6 [Sm(dibenzo- 18- 
crown-6) (n'-OCIO,),(y?-O,Cl0O,)]. 

°3 F. MADAULE-AuUBRY and G. M. Brown, Acta Cryst. B24, 745-53 (1968) [Ni(3,5-dimethylpyridine),(y'- 
OCIO,),]. F. BiGotl, M. A. PELLINGHELLI, and A. TiRIPICCHIO, Cryst. Struct. Comm. 4, 123-6 (1976) 
[Cu{S=C(NHNH.), \(7'-OCIO,).,]. E. A. HALL GriFFITH and E. L. Amma, J. Am. Chem. Soc. 93, 3167-72 
(1971) [Ag(cyclohexylbenzene) ,(7'-OCIO,)]. 

H. MivBurn, M. R. TRuTER, and B. L. VICKERY, JCS Dalton 1974, 841-6 [Na(n?-O,ClO,) {Cu'(salen)},]. 
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Fic. 17.26 Structures of compounds having monodentate, chelating, or bridging perchlorate 
ligands. 

same compound. The bidentate bridging mode occurs in the silver complex [Ag{u,y?- 
OCI(O),O-}(m-xylene),].°°) The structure of appropriate segments of some of these 
compounds are in Fig. 17.26. The distinction between coordinated and non-coordinated 
(“ionic”) perchlorate is sometimes hard to make and there is an almost continuous 

gradation between the two extremes. Similarly it is sometimes difficult to distinguish 

unambiguously between y' and unsymmetrical 4? and, in the colourless complex 
[Ag(cyclohexylbenzene),(ClO,)], the 7’ bonding between Ag and OCIO, (Ag-O 

266 pm) is accompanied by a further weak symmetrical y” bonding from each ClO, to the 
neighbouring Ag (2Ag-O 284 pm) thereby generating a weakly-bridged chain-like 

structure involving pseudo-y? coordination of the perchlorate group:°*) 

°> |. F. Taytor, E. A HALL, and E. L. Amma, J. Am. Chem. Soc. 91, 5745-9 (1969) [Ag(m-xylene), {j,7?- 
OCI(O),0-}]. 
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Because of its generally rather weak coordinating ability quite small changes can 

determine whether or not a perchlorate group coordinates and if so, in which mode. For 

example, the barium crown-ether dihydrate complex illustrated in Fig. 17.26 features 10- 

coordinate Ba with 6 oxygen atoms from the crown ring (Ba—O 280-285 pm), two H,O 

molecules (Ba—O 278 and 284 pm), and one of the perchlorates (Ba—O 294 pm) all on one 
side of the ring, and the other perchlorate (Ba—O 279 pm) below it. By contrast, the 

analogous strontium complex is a trihydrate with 9-coordinate Sr (six Sr—-O from the 

crown ring at 266-272 pm, plus two H,O at 257, 259 pm, on one side of the ring, and one 

H,O on the other side at 255 pm); the ClO,” ions are uncoordinated though they are H- 

bonded to the water molecules. 
Aneven more dramatic change occurs with nickel(II) perchlorate complexes. Thus, the 

complex with 4 molecules of 3,5-dimethylpyridine (Fig. 17.26a) is blue, paramagnetic, and 

6-coordinate with trans-(y'-OCIO;) ligands, whereas the corresponding complex with 

3,4-dimethylpyridine is yellow and diamagnetic with square-planar Ni" and uncoordinated 
ClO,” ions.°?:?® There is no steric feature of the structure which prevents the four 3,4- 

ligands from adopting the propeller-like configuration of the four 3,5-ligands thereby 

enabling Ni to accept two 7'-OCIO,, or vice versa, and one must conclude that subtle 

differences in secondary valency forces and energies of packing are sufficient to dictate 

whether the complex that crystallizes is blue, paramagnetic, and octahedral or yellow, 
diamagnetic, and square planar. 

Perbromic acid and perbromates 

The quest for perbromic acid and perbromates and the various reasons adduced for 

their apparent non-existence make fascinating and salutory reading.°”) The esoteric 

radiochemical synthesis of BrO,” in 1968 using the B-decay of radioactive ®3Se, whilst 

not providing a viable route to macroscopic quantities of perbromate, proved that this 

previously elusive species could exist, and this stimulated the search for chemical 
syntheses: 

Hirt PRE UA ite Fai BS 
83SeO0,2> ———> ®°BrO,” ———> {®?Kr+20 4 4 2} 

t) 22.5 min t12.39h 

°° F. MADAULE-AuBRY, W. R. BusiNG, and G. M. Brown, Crystal structure of tetrakis(3,4-dimethyl- 
pyridine)nickel(II) perchlorate, Acta Cryst. B24, 754-60 (1968). 

°7 E. H. APPELMAN, Nonexistent compounds: two case histories, Acc. Chem. Res. 6, 113-17 (1973). 
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Electrolytic oxidation of aqueous LiBrO, produced a 1% yield of perbromate, but the first 

isolation of a solid perbromate salt (RbBrO,,) was achieved by oxidation of BrO,~ with 
aqueous XeF,:®) 

10% yield 
oo BrO, +XeF,+H,O BrO, +Xe+2HF 

The best synthesis is now by oxidation of alkaline solutions of BrO,~ using F, gas under 

rather specific conditions: 

20% yield 
BrO,” +F,+20H™ Sat = BELO +2F- +H,O 

In practice, F, is bubbled in until the solution is neutral, at which point excess bromate 

and fluoride are precipitated as AgBrO,, and CaF; the solution is then passed through a 

cation exchange column to yield a dilute solution of HBrO,. Several hundred grams at a 

time can be made by this route. The acid can be concentrated up to 6 M (55%) without 

decomposition and such solutions are stable for prolonged periods even at 100°. More 

concentrated solutions of HBrO, can be obtained but they are unstable; a white solid, 

possibly HBrO, .2H,O, can be crystallized. 

Pure KBrO, is isomorphous with KCIO, and contains tetrahedral BrO,” anions 

(Br—O 161 pm, cf. CI-O 145 pmin ClO,” and I-O 179 pm in IO, 7 ). Oxygen-18 exchange 

between 0.14 MKBrO, and H,O proceeds to less than 7% completion during 19 days at 

94° in either acid or basic solutions and there is no sign of any increase in coordination 

number of Br; in this BrO,” resembles ClO,” rather than IO,”. KBrO, is stable to 

275—280° at which temperature it begins to dissociate into KBrO,; and O,. Even 

NH,,BrO, is stable to 170°. Dilute solutions of BrO,~ show little oxidizing power at 25°; 

they slowly oxidize I” and Br” but not Cl”. More concentrated HBrO, (3 M) readily 

oxidizes stainless steel and 12 m acid rapidly oxidizes Cl”. The general inertness of BrO,~ at 
room temperature stands in sharp contrast to its high thermodynamic oxidizing power, 

which is greater than that of any other oxohalogen ion that persists in aqueous solution. 

The oxidation potential calculated from thermochemical data is 

BrO,7 +2H*+2e- ——_s BrO;»,7 +H,O; E°+1.74V 

(cf. 1.23 V and 1.64 V for CIO,” and IO, ~ respectively). Accordingly, only the strongest 

oxidants would be expected to convert bromates to perbromates. As seen above, F,/H,O 

(E°~2.87 V) and XeF,/H,O (E° ~2.64 V) are effective, but ozone (E° 2.07 V) and 

S,0,2~ (E° 2.01 V) are not, presumably for kinetic reasons. Thermochemical measure- 

ments°° further show that KBrO, is thermodynamically stable with respect to its 
elements, but less so than the corresponding KCIO, and KIO,,: this is not due to any 

significant difference in entropy effects or lattice energies and implies that the Br-O bond 

in BrO,~ is substantially weaker than the X-O bond in the other perhalates. Some 

98 EF. H. APPELMAN, The synthesis of perbromates, J. Am. Chem. Soc. 90, 1900-1 (1968); Inorg. Chem. 8, 
223-7 (1969). 

99 E. H. APPELMAN, Perbromic acid and potassium perbromate, Jnorg. Synth. 13, 1-9 (1972). 
100 F. SCHREINER, D. W. Osporne, A. V. Poctus, and E. H. APPELMAN, The heat capacity of potassium 

perbromate, KBrO,, between 5 and 350 K, Jnorg. Chem. 9, 2320-4 (1970). 
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comparative data (298.15 K) are: 

KCIO, KBrO, KIO, 
AH?/kJ mol~? 4319 — 287.6 — 460.6 
AG?/kJ mol”! val -1741 ~ 349.3 

No entirely satisfactory explanation of these observations has been devised, though they 

are paralleled by the similar reluctance of other elements following the completion of the 

3d subshell to achieve their highest oxidation states—see particularly Se (p. 891) and As 

(p. 645) immediately preceding Br in the periodic table. The detailed kinetics of several 
oxidation reactions involving aqueous solutions of BrO, have been studied.“°!) In 
general, the reactivity of perbromates lies between that of the chlorates and perchlorates 

which means that, after the perchlorates, perbromates are the least reactive of the known 

oxohalogen compounds. It has even been suggested'?”’ that earlier investigators may 

actually have made perbromates, but not realized this because they were expecting a 

highly reactive product rather than an inert one. 

Periodic acids and periodates®* 

At least four series of periodates are known, interconnected in aqueous solutions by a 

complex series of equilibria involving deprotonation, dehydration, and aggregation of the 

parent acid H;,lO,—cf. telluric acids (p. 915) and antimonic acids (p. 674) in the 

immediately preceding groups. Nomenclature is summarized in Table 17.25, though not 
all of the fully protonated acids have been isolated in the free state. The structural 

relationship between these acids, obtained mainly from X-ray studies on their salts, are 

shown in Fig. 17.27. H;IO, itself (mp 128.5° decomp) consists of molecules of (HO);IO 

linked into a three-dimensional array by O—H---O bonds (10 for each molecule, 

260-278 pm). 

Periodates can be made by oxidation of I", I,, or IO,” in aqueous solution. Industrial 

processes involve oxidation of alkaline NaIO, either electrochemically (using a PbO, 
anode) or with Cl,: 

10, +6OH~ —2e7 
10,°+6OH~ + Cl, 

10,5" +3H,O 
IO,°- +2Cl” +3H,O 

TABLE 17.25 Nomenclature of periodic acids 

Formal relation to 
Formula Name Alternative H,1O, 

HAl@z Orthoperiodic Paraperiodic Parent 
HIO, Periodic Metaperiodic H,1O,-2H,O 
“HJO,” Mesoperiodic Diperiodic Oitio sata 

H,1;0,, Triperiodic 3H,IO,4H,0 

'°! E.H. APPELMAN, U. K. KLANING, and R. C. THoMPson, Some reactions of the perbromate ion in aqueous 
solution, J. Am. Chem. Soc. 101, 929-34 (1979). 
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Fic. 17.27 Structures of periodic acids and periodate anions. 
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The product is the dihydrogen orthoperiodate Na3H,IO«, which is a convenient starting 

point for many further preparations (see Scheme). Paraperiodates of the alkaline earth 

WS 

- NaH,10g H,0 x 

> [Ag,H10,] = 
(greenish 

low) 

metals can be made by the thermal disproportionation of the corresponding iodates, e.g.: 

A 
5Ba(IO;), Ba;(1O,).+41,+90, 

Aqueous solutions of periodic acid are best made by treating this barium salt with 

concentrated nitric acid. White crystals of Hj;IO, can be obtained from these solutions. 
Dehydration of H;IO, at 120° can be obtained from these solutions. Dehydration of 

H,IO, at 120° yields H,I,0,,, whereas heating to 100° under reduced pressure affords 

HIO,. Attempts to dehydrate further do not yield the non-existent I,O, (p. 997); oxygen 

is progressively evolved to form the mixed oxide 1,0, .1,0, and finally I,0,. Protonation 

of orthoperiodic acid with concentrated HCIO, yields the cation [I(OH),]*. Similarly, 

dissolution of crystalline H,IO, in 95% H,SO, (or H,SeO,) at 120° yields colourless 

crystals of [I(OH),] [HSO,] on slow cooling to room temperature and prolonged 

digestion of these with trichloroacetic acid extracts H,SO, to give the white, hygroscopic 
powder [I(OH),],SO,."°*) These compounds thus complete the series of octahedral 
hexahydroxo species [Sn(OH),]*~, [Sb(OH),]~, [Te(OH),], and [I(OH),]*. 

In aqueous solution increase in pH results in progressive deprotonation, dehydration, 

and dimerization, the principal species being [(HO),IO,]~, [(HO),IO,]?, 

[(HO),1O,]°, [10,]~, and [(HO),I,O,]*~. The various equilibrium constants are: 

'02 1. SIEBERT and U. WoERNER, Hexahydroxoiodine(VII) salts, Z. anorg. allgem. Chem. 398, 193-7 (1973). 
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K(25°C) pK 
H,]O,* —=H,1O,+H* 6.3 —0.80 
HJO{=—=H,10,- +H* 5.1x 1074 3.29 

H,IO,- ——=H,10,2> +H* 4.9 x 10-9 8.31 
H310,2~> —=H,,10,?>- + H* 2:5x10712 > -11.60 
H,1O,” ——IO, > + 2H,O 29 — 1.46 

2H,10,2~> —H,,],0,,*> +2H,O 820 Ol 

Periodates are both thermodynamically potent and kinetically facile oxidants. The 

oxidation potential is greatest in acid solution (p. 1000) and can be progressively 

diminished by increasing the pH of the solution. In acid solution it is one of the few 

reagents that can rapidly and quantitatively convert Mn" to Mn‘"O,~. In organic 
chemistry it specifically cleaves 1,2-diols (glycols) and related compounds such as «- 

diketones, «-ketols, «-aminoalcohols, and a-diamines, e.g.: 

0 
Me,C—OH zs Va Me aay OF alle 207 eee lest 

Me,C-—OH INo Megas | on Meco ees 
O OH 

ne | 
| :O——CMe | O——CMe Me,CO 2 2 2 2 

VA NG : ———— 5@——1 a4 + +103; 

of | O A ays tsa ae MeCO,H 

Me : e 

In rigid systems only cis-difunctional groups are oxidized, the specificity arising from the 

formation of the cyclic intermediate. Such reactions have been widely used in 
carbohydrate and nucleic acid chemistry. 

Periodates form numerous complexes with transition metals in which the octahedral 

10,°~ unit acts as a bidentate chelate. Examples are: 

ivi adOst ENT dO.) (re UO ,. [Comoe : 
[M'(1O,),]°> (M'Y=Pad, Pd, Ce); [M"(IO,),]7~ (M"™= Fe, Co, Cu, Ag, Au) 
[Mn lOn jal == LrenOs)31> ,9LC 04 Os); | 

The stabilization of Ni'’, Cul”, and Ag" is notable and many of the complexes have very 
high formation constants, e.g. [Cu(IO,),]’- ~10!°, [Co(IO,),]’~ ~10!%. The high 
formal charge on the anion is frequently reduced by protonation of the {I(u-O),O0,} 

moiety, as in orthoperiodic acid itself. For example H, ,[Mn(IO,);] is a heptabasic acid 

with pK, and pK,<0, pK, 2.75, pK, 4.35, pK, 5.45, pK, 9.55, and pK, 10.45. The 

crystal structure of Na,[H,Mn(IO,)3].17H,O features a 6-coordinate paramagnetic 

Mn!” anion (Fig. 17.28a) whereas the diamagnetic compound Na3;K[H3Cu(IO,)>]- 
14H,O has square-planar Cu" (Fig. 17.28b). 
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(b) [H3Cu(IO¢)2]*” 

Fic. 17.28 Structure of the anions in (a) Na,[H4Mn(IO,)3].17H,O, and 

(b) Na,;K[H3Cu(IO,), ].14H,O. 

17.2.9 Halogen oxide fluorides and related compounds" °> 

This section considers compounds in which X (Cl, Br, or I) is bonded to both O and F, 

ie. F,XO,,. Oxofluorides -OF and peroxofluorides -OOF have already been discussed 

(p. 748) and halogen derivatives of oxoacids, containing -OX bonds are treated in the 

following section (p. 1037). 

Chlorine oxide fluorides °» 

Of the 6 possible oxide fluorides of Cl, 5 have been characterized: they range in stability 

from the thermally unstable FCI"O to the chemically rather inert perchloryl fluoride 
FCIY"O,. The others are FCIYO,, F,ClIYO, and F,;C1IY"O,. The remaining compound 

103 Ref. 17, pp. 1386-96, The oxyfluorides of the halogens. 
104 KO. Curiste and C. J. ScHack, Chlorine oxyfluorides, Adv. Inorg. Chem. Radiochem. 18, 319-98 (1976). 
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F 5C1Y"O has been claimed but the report could not be confirmed. Fewer bromine oxide 
fluorides are known, only FBrO,, F,BrO, and possibly FBrO, being characterized. The 

compounds of iodine include the IY derivatives FIO, and FIO, and the I" derivatives 
FIO;, F310,, and FIO. All the halogen oxide fluorides resemble the halogen fluorides (p. 

964), to which they are closely related both structurally and chemically. Thus they tend to 

be very reactive oxidizing and fluorinating agents and several can act as Lewis acids or 

bases (or both) by gain or loss of fluoride ions, respectively. 

The structures of the chlorine oxide fluorides are summarized in Fig. 17.29, together 

with those of related cationic and anionic species formed from the neutral molecules by 

gain or loss or F_. The first conclusive evidence for free FCIO in the gas phase came in 

1972 during a study of the hydrolysis of CIF, with substoichiometric amounts of H,O ina 

flow reactor: 

CIF,;+H,O FCIO.+2HF 

: . F F F 

| | | | A es 
Cl ee ae ier sire 

om \g CAN vee e | | ‘i 
w “ F F 

(a) FCIO (C,) (b) FCIO, (C3) —(c) FCIO3 (Cx) (@) F3C1IO(C,)._—(&) F3C10y (Cry) 

ipa atese 
| Lew es, Cl [ose FID. TF ee rs ae 

O O 
F 

(f) [F2Cl02]}° (C2v) (g) [FaClO] (Cay) (h) [F2ClO]* (Cs) (i) [F,Cl02]* (Cry) 

Fic. 17.29 Structures of chlorine oxide fluorides and related cations and anions. 

The compound is thermally unstable, and decomposes with a half-life of about 25 s at 

room temperature: 

rt/t; 25s 

2FClIO ——> FCIO, + CIF 

The compound can also be made by photolysis of a mixture of CIF and O, in Ar at 

4-15K; evidence for the expected nonlinear by structure comes from vibration 

spectroscopy (Fig. 17.29a). 

F,CIlO was discovered in 1965 but not published until 1972 because of US security 

classification. It has low kinetic stability and is an extremely powerful fluorinating and 
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oxidizing agent. It can be made in yields of up to 80% by fluorination of Cl,O in the 

presence of metal fluorides, e.g. NaF: 

MF GLO-ek, i F,ClIO+ CIF 
-7 

However, the unpredictably explosive nature of Cl,O in the liquid state renders this 

process somewhat hazardous and the best large-scale preparation is the low-temperature 

fluorination of CIONO, (p. 1038): 

GIONO, + 2F, ——_—> -F,ClO+FNO, 
(> 80% yield) 

F;CIO is a colourless gas or liquid: mp —43°, bp 28° d(l, 20°) 1.865 g cm’ °. The 

compound is stable at room temperature: AH?(g) —148 kJ mol~’, AH?(1) —179 kJ 

mol !. It can be handled in well-passivated metal, Teflon, or Kel-F but reacts rapidly with 

glass or quartz. Its thermal stability is intermediate between those of CIF, and CIF, 

(p. 975) and it decomposes above 300°C according to 

F;ClO CIF; +40, 

F,CIO tends to react slowly at room temperature but rapidly on heating or under 

ultraviolet irradiation. Typical of its fluorinating reactions are: 

CaF CO. = 3ClF 440. 

Cl,O + F,ClO ——2CIF + FCIO, 

ClOSO,F+F;ClO SO,F,+FCIO,+CIF 

2C1OSO,F + F3ClO S,0.F,+FCIO,+2CIF 
Combined fluorinating and oxygenating capacity is exemplified by the following (some of 

the reactions being complicated by further reaction of the products with F,CIO): 

SF, -F,ClO<—— >SF-ck CIOs, SF.Cl SEO 

MoF,+F;ClO MoF., MF,O 

2N|F, + F,ClO——> 3NF, + FNO + CIF 

HNF, + F,ClO "> NF,0, NF,Cl, NF,, FCIO,, HF 

F,NC(O)F + F;ClIO ———> NF,O, CINF,, N,F, 

It reacts as a reducing agent towards the extremely strong oxidant PtF;: 

F;ClO + Ptr, ———> [F,ClO]*[PtF,]° +4F, 

Hydrolysis with small amounts of water yields HF but this can react further by fluoride 
ion abstraction: 

F,ClIO+H,O FCIO, + 2HF 
F3,ClO + HF ——-> [F,ClO]*[HF,]~ 
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This last reaction is typical of many in which F ;ClO can act as a Lewis base by fluoride ion 

donation to acceptors such as MF, (M =P, As, Sb, Bi, V, Nb, Ta, Pt, U), MoF,O, SiF 4, 

BF;, etc. These complexes are all white, stable, crystalline solids (except the canary yellow 

PtF, ) and contain the [F,CIO]* cation (see Fig. 17.29h) which is isostructural with the 

isoelectronic F,SO. Chlorine trifluoride oxide can also act as a Lewis acid (fluoride ion 

acceptor) and is therefore to be considered as amphoteric (p. 253). For example KF, RbF, 

and CsF yield M*[F,CIO]~ as white solids whose stabilities increase with increasing size 
of M*. Vibration spectroscopy establishes the C,,, structure of the anion (Fig. 17.29g). 

The other ClY oxide fluoride FCIO, (1942) can be made by the low-temperature 

fluorination of ClO, but is best prepared by the reaction: 

rt/1 day 

6NaClO,+4CIF, ———-> 6FCIO, + 6NaF + 2Cl, +30, 
(high yield) 

The C, structure and dimensions (Fig. 17.29b) were established by microwave 

spectroscopy which also yielded a value for the molecular dipole moment p 1.72 D. Other 

physical properties of this colourless gas are mp — 115° (or — 123°), bp ~ —6°, AH (g, 

298 K) —34+10kJ mol} [or —273 kJ mol™ ' when corrected for AH? (HF, g)!]. FCO, 
is thermally stable at room temperature in dry passivated metal containers and quartz. 

Thermal decomposition of the gas (first-order kinetics) only becomes measurable above 

300° in quartz and above 200° in monel: 

300° 
FCIO,(g) ———> CIF(g) + O2(g) 

It is far more chemically reactive than FCIO, (p. 1031) despite the lower oxidation state of 

Cl. Hydrolysis is slow at room temperature and the corresponding reaction with 

anhydrous HNO, results in dehydration to the parent N,O.: 

2FCIO, + H,0 ———> 2HF +2ClO,, +40, 
2FCIO, + 2HONO, > 2HF + 2C10, + 40, +N,0, 

Other reactions with protonic reagents are: 

20H~ (aq) + FCIO, ———> ClO,- + F- +H,0 

NH, (1) +FCIO, => NH,Cl, NH,F 

HCI()+ FCIO, —*° > HF + C10, +4Cl, 

~78° 
HOSO,F + FCIO, HF+ClIO,OSO,F 

HOCIO,(anhydrous) + FCIO, ———> HF + ClO,O0CIO, 

SO,+FCIO, —° >ClO,0SO,F(insertion) 

FCIO, explodes with the strong reducing agent SO, even at —40° and HBr likewise 

explodes at —110°. 

Chlorine dioxide fluoride is a good fluorinating agent and a moderately strong oxidant: 



1030 The Halogens: Fluorine, Chlorine, Bromine, Iodine, and Astatine Ch. 17 

SF, is oxidized to SF, SF,O, and SF,O, above 50°, whereas N,F, yields NF3, FNO,, 

and FNO at 30°. UF, is oxidized to UF, at room temperature and to UF, at 100°. 

Chlorides (and some oxides) are fluorinated and the products can react further to form 

fluoro complexes. Thus, whereas AICI, yields AIF 3, B,O, affords [CIO,]* BF, , and the 
Lewis acid chlorides SbCl,, SnCl,, and TiCl, yield [CIlO,]*[SbF,]’, 

[ClO,]*,[SnF,]?~, and [ClO,]* ,[TiF,]?~. Such complexes, and many others can, of 
course, be prepared directly from the corresponding fluorides either with or without 

concurrent oxidation, e.g.: 

AGES OE CIO. "3" iO. Ask 1. 42010, 
SbF; + FCIO, ———> [ClO] *[SbF,]~ (mp 220°) 

2SbF, + FC1IO, ———= [ClO,]*[Sb,F,,3- 

An X-ray study on this last compound showed the chloryl cation to have the expected 

nonlinear structure, with angle OCIO 122° and Cl-O 131 pm. FCIO, can also act as 
a fluoride ion acceptor, though not so readily as F,ClO above. For example CsF reacts at 

room temperature to give the white solid Cs[F,CIO, ]; this is stable at room temperature 

but dissociates reversibly into its components above 100°. The C,, structure of 
[F,ClO,]~ (Fig. 17.29f) is deduced from its vibration spectrum. 

The two remaining Cl‘" oxide fluorides are F,;C1O, and FCIO,. At one time F,CIlO, 
was thought to exist in isomeric forms but the so-called violet form, previously thought to 

be the peroxo compound F,CIOOF has now been discounted.''°*) The well-defined 
compound F,CIlO, was first made in 1972 as an extremely reactive colourless gas: mp 

—81.2°, bp —21.6°. It is a very strong oxidant and fluorinating agent and, because of its 

corrosive action, must be handled in Teflon or sapphire apparatus. It thus resembles the 

higher chlorine fluorides. The synthesis of F,;ClO, is complicated and depends on an 
ingenious sequence of fluorine-transfer reactions as outlined below: 

2FCIO, + 2PtF; > [F,, C1O;] *[PtF,.]> £[£ClO,] *[PtF)7 
] 2FNO, 

F,ClO, + FCIO, + 2[NO,]* [PtF,]7> <—— 

Fractional condensation at —112° removes most of the FCIO,, which is slightly less 

volatile than F,ClO,. The remaining FCIO, is removed by complexing with BF, and then 

relying on the greater stability of the F,ClIO, complex: 

[ClO, ]* [BF,4 ]~ (dissoc press | atm at 44°C) 
FCIO, 
(mixture) {+ 2BF3 

F;Cl0, 
[F, ClO, ]* [BF,]- stable at room temperature 

Pumping at 20° removes [CIO,]*[BF,]~ as its component gases, leaving [F,ClO,]* 
[BF,]~ which, on treatment with FNO,, releases the desired product: 

[F,ClO,]*[BF,]° +FNO, [NO,]*[BF,]° +F;Clo, 

The whole sequence of reactions represents a tour de force in the elegant manipulation of 

extremely reactive compounds. F3CIO, is a violent oxidizing reagent but forms stable 
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adducts by fluoride ion transfer to Lewis acids such as BF 3, AsF;, and PtF,. The structures 

of F;ClO, and [F,CIO,]” have C,, symmetry as expected (Fig. 17.27e and i). 

In dramatic contrast to F3;ClO,, perchloryl fluoride (FCIO;) is notably inert, 

particularly at room temperature. This colourless tetrahedral molecular gas (Fig. 17.29c) 

was first synthesized in 1951 by fluorination of KCIO, at — 40° and it can also be made (in 

50% yield) by the action of F, on an aqueous solution of NaClO3. Electrolysis of NaClO, 

in anhydrous HF has also been used but the most convenient route for industrial scale 

manufacture is the fluorination of a perchlorate with SbF., SbF,/HF, HOSO,F, or 

perhaps best of all HOSO,F/SbF;: 

HOSO,F/SbF, 
KCIO, ——— FCIO, (97% yield) 

rt (or above) 

Because of its remarkably low reactivity at room temperature and its very high specific 

impulse, the gas has been much studied as a rocket propellent oxidizer (e.g. it compares 

favourably with NO, and with CIF; as an oxidizer for fuels such as N,H,, Me, NNH,, 

and LiH). FCIO, has mp —147.8°, bp —46.7°, d(l, —73°C) 1.782 g cm ~?, viscosity 7 
(— 73°) 0.55 centipoise. The extremely low dipole moment (u=0.023 D) is particularly 

noteworthy. FCIO, has high kinetic stability despite its modest thermodynamic 

instability: -AH;(g, 298 K) —23.8 kJ mol” ', AG?(g, 298 K) +48.1 kJ mol7?. FCIO, 
offers the highest known resistance to dielectric breakdown for any gas (30% greater than 

for SF,, p. 813) and has been used as an insulator in high-voltage systems. 

Perchloryl fluoride is thermally stable up to about 400°. Above 465° it undergoes 

decomposition with first-order kinetics and an activation energy of 244kJ mol”. 

Hydrolysis is slow even at 250-300° and quantitative reaction is only achieved with 

concentrated aqueous hydroxide in a sealed tube under high pressure at 300°C: 

FCIO,+2NaOH ———>NaClO, + NaF+H,O 
However, alcoholic KOH effects a similar quantitative reaction at 25°C. Reaction with 

liquid NH, is also smooth particularly in the presence of a strong nucleophile such as 

NaNH,: 

FCIO,+3NH,——_>[NH, ]* [HNCIO,]~ +NH,F 

Metallic Na and K react only above 300°. 

FCIO, shows no tendency to form adducts with either Lewis acids or bases. This is in 

sharp contrast to most of the other oxide fluorides of chlorine discussed above and has 

been related to the preferred tetrahedral (C3,,) geometry as compared with the planar 

(D3,) and trigonal bipyramidal (D3,) geometries expected for [CIO3]* and [F,ClO,]~ 

respectively. Conversely the pseudo-trigonal bipyramidal C, structure F;ClO gains 

stability when converted to the pseudo-tetrahedral [F,CIO]* or pseudo-octahedral 

[F,ClO]~ (see Fig. 17.29). 
In reactions with organic compounds FCIO, acts either as an oxidant or as a 1- or 2- 

centre electrophile which can therefore be used to introduce either F, a — ClO; group, or 

both F and O into the molecule. As FCIO, is highly susceptible to nucleophilic attack at 

Cl it reacts readily with organic anions: 

FCIO, + LitPh> ———® PhCIO, + LiF 

FOO) Fue CrH so eee // \ 
Filled LiCIOs 

S 
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Compounds having a cyclic double bond conjugated to an aromatic ring (e.g. indene) 

undergo oxofluorination, with FCIO, acting as a 2-centre electrophile: 

e, + FClO, ———> F + HCIO, 

O 

FCIO, also acts as a mild fluorinating agent for compounds possessing a reactive 

methylene group, e.g.: 

FCIO; 
CH,(CO,R)2 ——>CF,(CO,R), 

It is particularly useful for selective fluorination of steroids. 

Bromine oxide fluorides°*) 

These compounds are less numerous and rather less studied than their chlorine 

analogues; indeed, until 15 y ago only FBrO, was well characterized. The known species 

are: 

Oxidation state of Br Cations Neutral species Anions 

Vv [BrO,]* FBrO, (1955) [F,BrO,]~ 
[F,BrO]* F,BrO (1976) [F,BrO]~ 

VII FBrO, (1969) 

Despite several attempts at synthesis, there is little or no evidence for the existence of 

FBrO, F3;BrO,, or F,;BrO. The bromine oxide fluorides are somewhat less thermally 

stable than their chlorine analogues and somewhat more reactive chemically. The 
structures are as already described for the chlorine oxide fluorides (Fig. 17.29). 

Bromyl fluoride, FBrO, is a colourless liquid, mp —9°, which attacks glass at room 

temperature and which undergoes rapid decomposition above 55°: 

3FBrO, ——> BrF + Br, +30, 

It is best prepared by fluorine transfer reactions such as 

The K[F,BrO, ] can be prepared by fluorination of KBrO, with BrF, in the presence of a 
trace of HF: 

KBrO,+BrF, ———> FBrO, + K[F,BrO] 
K[F,BrO]+KBrO, 2K[F,BrO,] 

"°° R, J, GILLespie and P. H. SPEKKENS, Oxyfluoro compounds of bromine, /srael J. Chem. 17, 11-19 ( 1978). 
R. Boucon, T. B. Huy, P. CHARPIN, R. J. GILLESPIE, and P. H. SPEKKENS, Preparation and characterization of 
some salts of the difluoro-oxo-bromine(V) cation, JCS Dalton 1979, 6-12. 
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However, the most convenient method of preparation of K[F,BrO,] is by reaction of 

KBrO, with KBrF, in MeCN: 

MeCN 
KBrO;+ KBrF, K[F,BrO,]| + K[F,BrO] (sol) 

Bromyl fluoride is also produced by fluorine-oxygen exchange between BrF,; and 
oxoiodine compounds (p. 1034), e.g.: 

FIO, + BrF, FBrO, + IF; 
2F 10 + BrF, FBrO, + 21F, 
21,0; + 5BrF; 5FBrO, +4IF; 

As with FCIO, and FIO. hydrolysis regenerates the halate ion, the reaction with FBrO, 

being of explosive violence. Hydrolysis in basic solution at 0° can be represented as 

FBrO, + 20H — BrO, +F +H,O 

Organic substances react vigorously, often enflaming. Co-condensation of FBrO, with 

the Lewis acid AsF; produced [BrO,]*[AsF,]~. Vibrational spectra establish the 

expected nonlinear structure of the cation (3 bands active in both Raman and infrared). 

FBrO, can also react as a fluoride ion acceptor (from KF). 

Bromine oxide trifluoride, F,BrO, is made by reaction of K[F,BrO] with a weak Lewis 

acid: 

Kir BOT 10 1 (ace. 2 == SF Brow KACE EO. ak. 

K[F,BrO] + HF(anhydr) —_-—> F,BrO + KHF, 

The product is a white solid which melts to a clear liquid at about —5°; it is only 

marginally stable at room temperature and slowly decomposes with loss of oxygen: 

F,BrO BrF; +40, 

The molecular symmetry is C, (like F;ClO; Fig. 17.29d) and there is some evidence for 

weak intermolecular association via F,,—Br---F,, bonding. Fluoride ion transfer 

reactions have been established and yield compounds such as [F,BrO]*[AsF,]~, 

[F,BrO]*[BF,]~, and K[F,BrO], though this last compound is more conveniently 

made independently, e.g. by the reaction of KBrO; with KBrF, mentioned above, or by 

direct fluorination of K[F,BrO,]: 

K[F,BrO,]+F, 

Perbromy] fluoride, FBrO, is made by fluorinating the corresponding perbromate ion 

with AsF,, SbF, BrF,, or [BrF;]*[AsF,]~ in HF solutions. The reactions are smooth 

and quantitative at room temperature: 

K[F,BrO]+40, 

KBrO,+2AsF,+3HF FBrO,+[H,0]*[AsF.<]7 +KAsF, 
2KBrO,+ BrF,+2HF 2FBrO,+FBrO,+2KHF, 

KBrO,+[BrF,]*[AsF,]~ FBrO,+ BrF;+40,+KAsF, 

Perbromy] fluoride is a reactive gas which condenses to a colourless liquid (bp 2.4°) and 

then solidifies to a white solid (mp ca. — 110°). It has the expected C3,, symmetry Fig. 17.30 
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Fic. 17.30 Structure of FBrO,; as determined by gas-phase electron diffraction. 

and decomposes slowly at room temperature; it is more reactive than FCIO, and, unlike 

that compound, it reacts rapidly with water, aqueous base, and even glass: 

FBrO, + H,O —_—>BrO,, +HF+H* 

FBO, £200 =". Bro, + FL HLO 

Fluoride ion transfer reactions have not been established for FBrO, and may be unlikely, 

(see p. 1031). 

Iodine oxide fluorides 

The compounds to be considered are the IY derivatives FIO, and FIO, and the IY" 
derivatives FIO;, F,1O,, and F,1O. Note that, unlike Cl, no I" compound FIO has been 
reported and that conversely, F;JO (but not F,;ClIO) has been characterized. 

FIO, has been prepared both by direct fluorination of I,O, in anhydrous HF at room 

temperature and by thermal dismutation of F,IO: 

HF/20° 

110° 
2F 10 FIO, +IF; 

Unlike gaseous molecular FCIO,, it is a colourless polymeric solid which decomposes 
without melting when heated above 200°. Like the other halyl fluorides it readily 

undergoes alkaline hydrolysis and also forms a complex with F- : 

FIO, +20H~ 10, +F~+H,0 

HF FIO, +KF K*[F,IO,]~ 

An X-ray study of this latter complex reveals a C,,, anion as in the chlorine analogue (Fig. 

17.31a). This is closely related to the C, structure of the neutral molecule FIO (Fig. 
17.31b). 

FIO is prepared as colourless crystals by dissolving 1,0, in boiling IF; and then 
cooling the mixture: 

105° 
1,0, +3IF, 5F,10 

Above 110° it dismutates into FIO, and IF, as mentioned above. 

Of the 1Y" oxide fluorides FIO, has been prepared by the action of F;/liquid HF on 
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Fic. 17.31 Structures of iodine oxide fluorides. 

HIO,,. It is a white, crystalline solid, stable in glass but decomposing with loss of oxygen on 

being heated: Ae 

100° 
FIO; FIO, +40, 

Unlike its analogue FCIO, it forms adducts with BF and AsF., possibly by F~ donation 

to give [IO,]*[BF, ] and [I1O,]*[AsF,]~, though the structures have not yet been 
determined. Alternatively, the coordination number of the central I atom might be 

increased. SO, reduces FIO; to iodyl fluorosulfate: 

FIO,+SO, 10,S0,F+0, 

Like FCIO, it reacts with NH, but the products has not been fully characterized. 

F,IO.,, first made in 1969, has posed an interesting structural problem. The yellow solid, 

mp 41°, can be prepared by partial fluorination of a periodate with fluorosulfuric acid: 

HSO3F S03 
Ba3H,(10.). [HIO,F,] F310, 

Unlike monomeric F3;CIO, (p. 1030) the structure is oligomeric not only in the solid state 

but also in the gaseous and solution phases. This arises from the familiar tendency of 

iodine to increase its coordination number to 6. Fluorine-19 nmr and Raman 
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spectroscopy of FIO, dissolved in BrF, at — 48° have been interpreted in terms of a cis- 

oxygen-bridged trimer with axial terminal O atoms and a C3, boat conformation (Fig. 
17.31c)."°° On warming the solution to 50° there is a fast interconversion between this 
and the C, chair conformer. The vibration spectrum of the gas phase at room temperature 

has been interpreted in terms of a centrosymmetric dimer (Fig. 17.31d). There is significant 

dissociation into monomers at 100° and this is almost complete at 185°. The 

centrosymmetric dimer has also been found in an X-ray study of the crystalline solid at 

— 80° (Fig. 31.7d).“°”) Complexes of F;IO, with AsF;, SbF, NbF;, and TaF, have been 
studied :“°®) they are oxygen-bridged polymers with alternating {F,IO,} and {O,MF,} 
groups. For example, the crystal structure of the complex with SbF, shows it to be dimeric 

(Fig. 17.32a).2°” A similar structure motif is found in the adduct F3;IO.F;1O, which 
features alternating 5- and 6-coordinate I atoms (Fig. 17.32b);"!° the structure can be 
regarded as a cyclic dimer of the ion pair [F,IO]*[F,IO,]~. 

Fic. 17.32 Structures of dimeric adducts of F;IO,. 

Finally in this section we mention iodine oxide pentafluoride, F;1O, obtained as a- 
colourless liquid, mp 45°, when IF, is allowed to react with water, silica, glass, or 1,0. As 
implied by its preparation from water, FIO is not readily hydrolysed. Vibrational 
spectroscopy and '°F nmr studies point to the 6-coordinate C,, geometry in Fig. 17.3le 
(ie. IY") rather than the alternative 5-coordinate structure F,IYOF. Microwave 
spectroscopy yields a value of 1.08 D for the molecular dipole moment. 

°° R. J. GILLespieE and J. P. Krasznal, A fluorine-19 nmr and Raman spectroscopic investigation of the 
structure of F,IO,, Inorg. Chem. 15, 1251-6 (1976). 

*°7 L. E. Smart, X-ray crystal structure of iodine trifluoride dioxide, JCS Chem. Comm. 1977, 519-20. 
‘08 R. J. GIcespie and J. P. KRasznat, Lewis acid-base properties of iodine(VII) dioxide trifluoride, /norg. 

Chem. 16, 1384-92 (1977). 
'09 A. J. Epwarps and A. A. K. HANA, Fluoride crystal structures. Part 34. Antimony pentafluoride—iodine 

trifluoride dioxide, JCS Dalton 1980, 1734-6. 
‘TOR, J. Giese, J. P. Krasznat, and D. R. Suim, Crystal structure of (IOF;. 10,F;),, JCS Dalton 1980, 

481-3. 
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17.2.10 Halogen derivatives of oxoacids 

Numerous compounds are known in which the H atom of an oxoacid has been replaced 

by a halogen atom. Examples are: 

halogen(I) perchlorates XOCIO, (X=F, Cl, Br, 71) 

halogen(I) fluorosulfates XOSO,F (X=F, Cl, Br, I) 

halogen(I) nitrates XONO, (X=F, Cl, Br, I) 

In addition, halogen(III) derivatives such as Br(ONO,);, (ONO,)3, Br(OSO,F);, and 

I(OSO,F); are known, as well as complexes M'[X'(ONO,),], M'{I'"(ONO,),], 
M'[X"(OSO,F),] (X=Br, I). In general, thermal stability decreases with increase in 
atomic number of the halogen. 

The properties of halogen(I) perchlorates are in Table 17.26. FOCIO, was originally 

prepared by the action of F, on concentrated HOCIO,, but the product had a pronounced 

TABLE 17.26 Properties of halogen(I) perchlorates 

Property FOCIO, CIOCIO, BrOClO, IOCIO, 

Colour Colourless Pale yellow Red Not obtained pure 
MP/°C — 167.3 —117 < —78 
BP/°C —15.9 44.5 — 
Decomp temp/°C ~ 100 20 — 20 

tendency to explode on freezing. More recently,“’*) extremely pure FOCIO, has been 
obtained by thermal decomposition of NF,ClO, and such samples can be manipulated 

and repeatedly frozen without mishap. Thermal decomposition occurs via two routes: 

CIF +20, 

FOCIO, 

FCIO, + 0, 

It readily oxidizes iodide ions: 

FOCIO,+ 21° ———> ClO, +F +I, 

FOCIO, also adds to C=C double bonds in fluorocarbons to give perfluoroalkyl 

perchlorates: 

CF,=CF,+FOCIO, 
-45° 

CF,CF,OCIO, 

—45° 

CF,CF,CF,0CIO,+CF;CF(OCIO,)CF; 
68% 32%, 

CF,CF=CF,+ FOCI, 

1! C_ J. ScHACK and K. O. CurisTE, Reactions of fluorine perchlorate with fluorocarbons and the polarity of 
the O-F bond in covalent hypofluorites, Jmorg. Chem. 18, 2619-20 (1979). For vibrational spectra, 
thermodynamic properties, and confirmation of C, structure see K. O. CuristeE and E. C. Curtis, Inorg. Chem. 
21, 2938-45 (1982). 
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The formation of isomers in this last reaction implies a low bond polarity of FO- in 

FOCIO3. 
Chlorine perchlorate, CIOCIO,, is made by low-temperature metathesis: 

—45° MCIO,+CIOSO,F ClIOCIO;+MSO3F (M=Cs, NO,) 

The bromine analogue can be made similarly using BrOSO,F at —20° or by direct 

bromination of CIOCIO; with Br, at —45°. Both compounds are thermally unstable and 

shock sensitive; e.g. CIOCIO , decomposes predominantly to Cl,O, with smaller amounts 

of ClO,, Cl,, and O, on gentle warming. Direct iodination of ClOCIO, at — 50° yields the 

polymeric white solid I(OCIO;), rather than IOCIO,; this latter compound has never 

been obtained pure but is among the products of the reaction of I, with AgClO, at — 85°, 

the other products being I(OCIO;)3, Ag[ 1(OCIO;),], and Agl. 

Halogen nitrates are even less thermally stable than the perchlorates: they are made by 

the action of AgNO, on an alcoholic solution of the halogen at low temperature. With an 

excess of AgNO;, bromine and iodine yield X(ONO,)3. Numerous other routes are 

available; e.g., the reaction of CIF on HONO, gives a90% yield of CIONO, and the best 

preparation of this compound is probably the reaction 

0° 

C1,O+N,0; 2CIONO, 

Some physical properties are in Table 17.27. Both FONO, and CIONO, feature planar 

NO, groups with the halogen atom out of the plane. CIONO, has been used to convert 

metal chlorides to anhydrous metal nitrates, e.g. Ti(NO3),. Likewise IC]; at — 30° yields 

I(ONO,),.. CIONO, and IONO, add across C=C double bonds, e.g.: 

CH,=CMe, + CI-ONO, —"* > CICH,C(Me,)ONO, 

TABLE 17.27 Some properties of halogen(1) nitrates 

Property FONO, CIONO, BrONO, IONO, 

Colour Colourless Colourless Yellow Yellow 

MP/°C —175 —107 —42 — 
BP/°C —459 18 — — 
Decomp temp/°C Ambient Ambient <0 <0 
AH? (g, 298 K)/kJ mol”! + 10.5 + 29.2 — — 
AG?(g, 298 K)/kJ mol~! +73.5 +92.4 — — 

Several other reactions have been studied but the overall picture is one of thermal 

instability, hazardous explosions, and vigorous chemical reactivity leading to complex 
mixtures of products. 

The halogen fluorosulfates are amongst the most stable of the oxoacid derivatives of the 

halogens. FOSO,F is made by direct addition of F, to SO, and the others are made by 

direct combination of the halogen with an equimolar quantity of peroxodisulfuryl 

difluoride, S,O,F, (p. 751). With an excess of S,O,F,, bromine and iodine yield 
X(OSO,F)3. An alternative route to CIOSO,F is the direct addition of CIF to SO, whilst 

BrOSO,F and IOSO,F can be made by thermal decomposition of the corresponding 
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TABLE 17.28 Some physical properties of halogen fluorosulfates™ 

Property FOSO,F CIOSO,F  BrOSO,F JOSO,F 

Colour Colourless Yellow Red-brown Black 

State at room temp Gas Liquid Liquid Solid 
MP/°C — 158.5 — 843 — 31.5 SS 
BP/°C — 31.3 45.1 117.3 _ 

‘) Br(OSO,F), is a pale yellow solid, mp 59°; I(OSO,F), is a pale yellow solid, mp 32°. 

X(OSO,F),. The halogen fluorosulfates are thermally unstable, moisture sensitive, highly 

reactive compounds. Some physical properties are summarized in Table 17.28. The 

vibrational spectra of FOSO, and CIOSO,,F are consistent with C, molecular symmetry 

as in HOSO,F: 

1 

~ 
O 

| 
Aw 

Much of the chemistry of the halogen fluorosulfates resembles that of the interhalogens 

(p. 964) and in many respects the fluorosulfate group can be regarded as a pseudohalogen 

(p. 336). There is some evidence of ionic self-dissociation and reactions can be classified as 

exchange, addition, displacement, and complexation. This is illustrated for the iodine 

fluorosulfates in the following scheme: 

OSO,F 
e(G-0 1 IC],0SO,F KICl, 

S206F 2 

S206F2 S206F2 KSO3F 

I1,0SO,F ——— 1080, Fe — I(OSO,F)3 Mare K[I(OSO,F),] 

2 2 2V6h2 

SCHEME 

17.3. The Chemistry of Astatine > 

All isotopes of element 85, astatine, are intensely radioactive with very short half-lives 

(p. 926). As a consequence weighable amounts of the element or its compounds cannot be 

‘12 Ref. 17, pp. 1466-75, Halogen derivatives of oxyacids. 
113 BH. APPELMAN, Astatine, Chap. 6 in M7P International Review of Science, Inorganic Chemistry, Series 

1. Vol. 3, Main Group Elements Group VII and Noble Gases, pp. 181-98, Butterworths, London, 1972; see 

also ref. 17, pp. 1573-94, Astatine. 
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prepared and no bulk properties are known. The chemistry of the element must, of 

necessity, be studied by tracer techniques on extremely dilute solutions, and this 
introduces the risk of experimental errors and the consequent possibility of erroneous 
conclusions. Nevertheless, a picture of the element is gradually emerging as outlined 

below. The synthesis of the element (p. 926), its natural occurrence in rare branches of the 

35 decay series (p. 928), and its atomic properties (p. 934) have already been mentioned. 
The chemistry of At is most conveniently studied using 7**At (¢, 7.21 h). This isotope is 

prepared by a-particle bombardment of ?°?Bi using acceleration energies in the range 
26-29 MeV. Higher energies result in the concurrent formation of *!°At and ?°’At which 
complicate the subsequent radiochemical assays. The Bi is irradiated either as the metal or 

its oxide and the target must be cooled to avoid volatilization of the At produced. Astatine 

is then removed by heating the target to 300-600° (i.e. above the mp of Bi, 217°) in a stream 

of N, and depositing the sublimed element on a glass cold finger or cooled Pt disc. 

Aqueous solutions of the element can be prepared by washing the cold finger or disc with 

dilute HNO, or HCl. Alternatively, the irradiated target can be dissolved in perchloric 

acid containing a little iodine as carrier for the astatine; the Bi is precipitated as phosphate 

and the aqueous solution of AtI used as it is or the activity can be extracted into CCl, or 

CHCI,. 

Three oxidation states of At have been definitely established (—I, 0, V) and two 

others have been tentatively identified [+I(or III?) and VII]. The standard oxidation 

potentials connecting these states in 0.1 m acid solution are E°/V): 

ne HONS +1.0 +1.5 _ >+1.6 
At~ <——— At(0) <——HOAt(?) ——"—- AtO,,~ <- _ H At, (? 

These values should be compared with those for the other halogens (in 1 m acid) (p. 1001). 
Noteworthy features are that At is the only halogen with an oxidation state between 0 and 

V that is thermodynamically stable towards disproportionation, and that the smooth 

trends in the values of E°(4X,/X~ ) and E°(HOX/4X,) continue to At. 

The astatide ion At” (which coprecipitates with Ag, I, or PdI,) can be obtained 

from At(0) or AtI using moderately powerful reducing agents, e.g. Zn/H*, SO,, 

SO,’ /OH, [Fe(CN),.]*~, or As". Reoxidation to At(0) can be effected by the weak 
oxidants [Fe(CN),]*~, As’, or dilute HNO . Oxidants of intermediate power (e.g. Cl,, 
Br,, Fe?*, Cr,0,7~, VO?*) convert astatine to an intermediate oxidation state which 
may be either AtO™ or AtO, and which does not extract into CCl,. Powerful oxidants 
(Ce'Y, NaBiO3, S,0,”, IO,” ) convert At(0) directly to AtO;~ (carried by AglO;, 
Ba(IO3),, etc., and not extractable into CCl,). 

TABLE 17.29 Formation constants for trihalide ions at 25°C 

Reaction K/\ mol"! Reaction K/| mol~?! 

Gl Che— Clam 0.12 AtI+ Br =AtIBr~ 120 
Br, +Cl-=Br,Cl- 1.4 1a+Ce sic 170 
i Cla —ICle 3 AtBr+Br =AtBr,~ 320 

Atl>Cl =AtICl~ 9 IBr+ Br =IBr,~ 440 
Br,+Br =Br,~ 17 I,+1 =I, 800 

IBr+Cl” =IBrCl~ 43 Ath+1I° =Atl,~ 2000 



§17.3 The Chemistry of Astatine 1041 

At(0) reacts with halogens X, to produce interhalogen species AtX, which can be 

extracted into CCl,, whereas halide ions X~ yield polyhalide ions AtX,~ which are not 

extracted by CCl, but can be extracted into Pr',O. The equilibrium formation constants 

of the various trihalide ions are intercompared in Table 17.29. 
A rudimentary chemistry of organic derivatives of astatine is emerging, but the 

problems of radiation damage, product separation, and tracer identification, already 

severe for inorganic compounds of astatine, are even worse with organic derivatives. 

Various compounds of the type RAt, RAtCI,, R,AtCl, and RAtO, (R= phenyl or p-tolyl) 

have been synthesized using astatine-labelled iodine reagents, e.g.: 

Ph,II ——*—» Ph, 1At —_——» Phl + Phat 

Phi eS Py At 

At_ Phi <> PhAt 
130—200 

7 HgPh 
Phn, cl —At > phat =» Ph, AtCl 

. Cl, PhAt —“2-» Phatcl, 

NOC). PhAtoO, 

70—100 

Astatine has been shown to be superior to radio-iodine for the destruction of abnormal 

thyroid tissue (p. 925) because of the localized action of the emitted «-particles which 

dissipate 5.9 MeV within a range of 70 xm of tissue, whereas the much less energetic f-rays 

of radio-iodine have a maximum range of ca. 2000 um. However, its general inaccessibility 

and high cost render its extensive application unlikely. 
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18 

The Noble Gases: 
Helium, Neon, Argon, 
Krypton, Xenon, and 
Radon 

18.1 Introduction 

In 1785 H. Cavendish in his classic work on the composition of air (p. 466) noted that, 

after repeatedly sparking a sample of air with an excess of O,, there was a small residue of 

gas which he was unable to remove by chemical means and which he estimated with 

astonishing accuracy to be “not more than ;3>th part of the whole”. He could not further 

characterize this component of air, and its identification as argon had to wait for more 

than a century. But first came the discovery of helium, which is unique in being the only 

element discovered extraterrestrially before being found on earth. During the solar eclipse 

of 18 August 1868, a new yellow line was observed close to the sodium D lines in the 

spectrum of the sun’s chromosphere. This led J. N. Lockyer (founder in 1869 of the journal 

Nature) and E. Frankland to suggest the existence of a new element which, appropriately, 

they named helium (Greek 1A1oc, the sun). The same line was observed by L. Palmieri in 

1881 in the spectrum of volcanic gas from Mount Vesuvius, and the terrestrial existence of 

helium was finally confirmed by W. Ramsay"? in the course of his intensive study of 
atmospheric gases which led to the recognition of a new group in the periodic table. This 

work was initiated by the physicist, Lord Rayleigh, and was recognized in 1904 by the 

award of the Nobel Prizes for Chemistry and Physics to Ramsay and Rayleigh 
respectively. 

In order to test Prout’s hypothesis (that the atomic weights of all elements are multiples 

of that of hydrogen) Rayleigh made accurate measurements of the densities of common 

gases and found, to his surprise, that the density of nitrogen obtained from air by the 

removal of O,, CO,, and H,O was consistently about 0.5% higher than that of nitrogen 

obtained chemically from ammonia. Ramsay then treated “atmospheric nitrogen” with 
heated magnesium (3Mg+N,—Mg,N,), and was left with a small amount of a much 

1M. W. Travers, Life of Sir William Ramsay, E. Arnold, London, 1956. 

1042 
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denser, monatomic gast which, in a joint paper (Proc. R. Soc. 57, 265 (1895), was 
identified as a new element which was named argon (Greek &pyov, idle or lazy) because of 

its inert nature. Unfortunately there was no space for a new and unreactive, gaseous, 

element in the periodic table (p. 24), which led to Ramsay’s audacious suggestion that a 

whole new group might be accommodated. By 1898 Ramsay and M. W. Travers had 

isolated by the low-temperature distillation of liquid air (which had only recently become 

available) and characterized by spectroscopic analysis, the further new elements: krypton 

(Greek xpvrtov, hidden, concealed), neon (Greek véov, new), and xenon (Greek Eévov, 

strange). 

In 1895 Ramsay also identified helium as the gas previously found occluded in uranium 

minerals and mistakenly reported as nitrogen. Five years later he and Travers isolated 

helium from samples of atmospheric neon. 

Element 86, the final member of the group, is a short-lived, radioactive element, 

formerly known as radium-emanation or niton or, depending on which radioactive series 

it originates in (i.e. which isotope) as radon, thoron, or actinon. It was first isolated and 

studied in 1902 by E. Rutherford and F. Soddy and is now universally known as radon 

(from radium and the termination -on adopted for the noble gases; Latin radius, ray). 

Once the existence of the new group has been established it was apparent that it did not 

merely fit into the periodic table but actually improved it by providing a bridge between 

the strongly electronegative halogens and strongly electropositive alkali metals. The 

elements became known as “inert gases” comprising Group 0, though A. von Antropoff 

suggested that a maximum valency of eight might be attainable and designated them as 

Group VIIIB. They have also been described as the “rare gases” but, since the lighter 

members are by no means rare and the heavier ones are not entirely inert, “noble” gases 

seems a more appropriate name and has come into general use during the past two 

decades. 

The apparent inertness of the noble gases gave them a key position in the electronic 

theories of valency as developed by G. N. Lewis (1916) and W. Kossel (1916) and the 

attainment of a “stable octet” was regarded as a prime criterion for bond formation 

between atoms (p. 25). Their monatomic, non-polar nature makes them the most nearly 

“perfect” gases known, and has led to continuous interest in their physical properties. 

18.2 The Elements 

18.2.1 Distribution, production, and uses: *? 

Helium is the second most abundant element in the universe (76% H, 23% He) as a 

result of its synthesis from hydrogen (p. 11) but, being too light to be retained by the 

earth’s gravitational field, all primordial helium has been lost and terrestrial helium, like 

+ The molecular weight (mean relative molecular mass) was obtained by determination of density but, in order 
to determine that the gas was monatomic and its atomic and molecular weights identical, it was necessary to 
measure the velocity of sound in the gas and to derive from this the ratio of its specific heats: kinetic theory 
predicts that C,/C,=1.67 for a monatomic and 1.40 for a diatomic gas. 

2 Helium group gases, in Kirk-Othmer Encyclopedia of Chemical Technology, 3rd edn, Vol. 12, pp. 249-87, 

Interscience, New York, 1980. 
3.W. J. Grant and S. L. REDFEARN, Industrial gases, in The Modern Inorganic Chemicals Industry, 

pp. 273-301. The Chemical Society, London, 1977. 
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argon, is the result of radioactive decay (*He from «-decay of heavier elements, *°Ar from 
electron capture by *°K (p. 21)). 

The noble gases make up about 1°% of the earth’s atmosphere in which their major 

component is Ar. Smaller concentrations are occluded in igneous rocks, but the 

atmosphere is the principal commercial source of Ne, Ar, Kr, and Xe, which are obtained 

as by-products of the liquefaction and separation of air (p. 702). Some Ar is also obtained 

from synthetic ammonia plants in which it accumulates after entering as impurity in the 

N, and H, feeds. World production of Ar in 1975 was 700 000 tonnes for use mainly as an 

inert atmosphere in high-temperature metallurgical processes and, in smaller amounts, for 

filling incandescent lamps. Along with Ne, Kr, and Xe, which are produced on a much 

smaller scale, Ar is also used in discharge tubes—the- so-called neon lights for 

advertisements—(the colour produced depending on the particular mixture of gases 

used). They are also used in fluorescent tubes, though here the colour produced depends 

not on the gas but on the phosphor which is coated on the inside walls of the tube. 

Although the concentration of He in the atmosphere is five times that of Kr and sixty 

times that of Xe (see Table 18.1), its recovery from this source is uneconomical compared 

to that from natural gas if more than 0.4% He is present. This concentration is attained in 

a number of gases in the USA (concentrations as high as 7% are known) and in eastern 

Europe (mainly Poland), and, by the liquefaction of the hydrocarbon and other gases 

present, about 20 x 10° m? (3400 tonnes) and 6 x 10° m? (1020 tonnes), respectively, 
are produced each year. The former use of He as a non-flammable gas (it has a lifting 

power of approximately 1 kg per m°) in airships is no longer important, though it is still 

employed in meteorological balloons, and, as with Ar, its main use is in metallurgical 

processes such as arc welding. The choice between Ar and He for these purposes is 

determined by cost and, except in the USA, this generally favours Ar. Smaller, but 

important, uses are: 

(a) as a substitute for N, in synthetic breathing gas for deep-sea diving (its low 

solubility in blood minimizes the degassing which occurs with N, when divers are 

depressurized and which produces the sometimes fatal “bends”); 

(b) as acryogen (He has the lowest bp of any substance and liquid He provides the only 

practicable means of studying and applying such low-temperature phenomena as 

superconductivity); 

(c) as a coolant in HTR nuclear reactors (p. 1459); 

(d) as a flow-gas in gas—liquid chromatography; 

(e) for deaeration of solutions and as a general inert diluent or inert atmosphere. 

Radon has been used in the treatment of cancer and as a radioactive source in testing 

metal castings but, because of its short half-life (3.824 days) it has been superseded by more 
convenient materials. Such small quantities as are required are obtained as a decay 
product of ??°Ra (1 g of which yields 0.64 cm? in 30 days). 

18.2.2 Atomic and physical properties of the elements‘?—* 

Some of the important properties of the elements are given in Table 18.1. The 

* A. H. CocketTt and K. C. Smit, The monatomic gases: physical properties and production, Chap. 5 in 

Comprehensive Inorganic Chemistry, Vol. 1, pp. 139-211, Pergamon Press, Oxford, 1973. G. A. Cook (ed.), 
Argon, Helium and the Rare Gases, 2 vols, Interscience, New York, 1961, 818 pp. 
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imprecision of the atomic weights of Kr and Xe reflects the natural occurrence of several 

isotopes of these elements. For He, however, and to a lesser extent Ar, a single isotope 

predominates (*He, 99.999 86%; *°Ar, 99.600%) and much greater precision is possible. 

The natural preponderance of *°Ar is indeed responsible for the well-known inversion of 

atomic weight order of Ar and K in the periodic table (p. 36), and the position of Ar in 

front of K was only finally accepted when it was shown that the atomic weight of He 

placed it in front of Li. The second isotope of helium, 3He, has only been available in 

significant amounts since the 1950s when it began to accumulate as a B-decay product of 

tritium stored for thermonuclear weapons. 

All the elements have stable electronic configurations (Is? or ns*np®) and, under normal 

circumstances are colourless, odourless, and tasteless monatomic gases. The non-polar, 

spherical nature of the atoms which this implies, leads to physical properties which vary 

regularly with atomic number. The only interatomic interactions are weak van der Waals 

forces. These increase in magnitude as the polarizabilities of the atoms increase and the 

ionization energies decrease, the effect of both factors therefore being to increase 

the interactions as the sizes of the atoms increase. This is shown most directly by the 

enthalpy of vaporization, which is a measure of the energy required to overcome the 

interactions, and increases from He to Rn by a factor of over 200. However, AH,,, is in 

all cases small and bps are correspondingly low, that of He being the lowest of any 

substance. 
The stability of the electronic configuration is indicated by the fact that each element 

has the highest ionization energy in its period, though the value decreases down the group 

as a result of increasing size of the atoms. For the heavier elements is it actually smaller 

than for first-row elements such as O and F with consequences for the chemical reactivities 

of the noble gases which will be considered in the next section. 

As the first member of this unusual group He has, of course, a number of unique 

properties. Among these is the astonishing transition from so-called Hel to HeII which 

occurs around 2.2 K (the 4-point temperature) when liquid He (*He to be precise, since 

3He does not behave in this way) is cooled by continuous pumping. The transition is 

clearly seen as the sudden cessation of turbulent boiling, even though evaporation 

continues. Hel is a normal liquid but at the transition the specific heat increases abruptly 

by a factor of 10, the thermal conductivity by the order of 10°, and the viscosity, as 

measured by its flow through a fine capillary, becomes effectively zero (hence its 

description as a “superfiuid”). Hell also has the curious ability to cover, with a film a few 

hundred atoms thick, all solid surfaces which are connected to it and are below the A point. 

This can be spectacularly demonstrated by dipping the bottom of a suitable container 
into a bath of Hell. Once the vessel has cooled, liquid He flows, apparently without 

friction, up and over the edge of the container until the levels inside and outside are equal. 

These phenomena are evidently the result of quantum effects on a macroscopic scale, and 

Hell is believed to consist of two components: a true superfluid with zero viscosity 

and entropy, together with a normal fluid, the fraction of the former increasing to 1 at 

absolute zero. No completely satisfactory explanation of these phenomena is yet 
available. 

Finally, a property of practical importance which may be noted is the ability of noble 

gases, especially He, to diffuse through many materials commonly used in laboratories. 

Rubber and PVC are cases in point, and He will even diffuse through most glasses so that 

glass Dewar vessels cannot be used in cryoscopic work involving liquid He. 
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18.3 Chemistry of the Noble Gases: >*° °°) 

The discovery of the noble gases was a direct result of their unreactive nature, and early 

unsuccessful attempts to induce chemical reactions reinforced the belief in their inertness. 

Nevertheless, attempts were made to make the heavier gases react, and in 1933 Linus 

Pauling, from a consideration of ionic radii, suggested that KrF, and XeF, should be 

preparable. D. M. Yost and A. L. Kaye attempted to prepare the latter by passing an 

electric discharge through a mixture of Xe and F,, but failedt and, until “XePtF,” was 

prepared in 1962, the only compounds of the noble gases which could be prepared were 

clathrates. 

While investigating the chemistry of PtF,, N. Bartlett noticed that its accidental 

exposure to air produced a change in colour, and with D. H. Lohmann he later showed 

this to be O, *[PtF,]~.‘” Recognizing that PtF,, must therefore be an oxidizing agent of 

unprecedented power, he noted that Rn and Xe should similarly be oxidizable by this 

reagent since the first ionization energy of Rn is less than, and that of Xe is comparable to, 

that of molecular oxygen (1175 kJ mol~* for O,>0,* +e7 ). He quickly proceeded to 
show that deep-red PtF vapour spontaneously oxidized Xe to produce an orange-yellow 

solid and announced this in a brief note.’® Within a few months XeF,, and XeF,, had been 
synthesized in other laboratories. Noble-gas chemistry had begun. 

Isolable compounds are obtained only with the heavier noble gases Kr and Xe; no 

doubt Rn would be included as well, were it not for its intense radioactivity which is not 

only hazardous but also decomposes the reagents involved. The compounds almost 

always involve bonds to F or O, in most cases exclusively so. A few compounds involving 

bonds to Cl, N, and even C are, however, known (p. 1058). Chemical combinations 

involving the lighter noble gases have been observed but are very unstable, and frequently 

occur only as transient species. 

18.3.1 Clathrates 

Probably the most familiar of all clathrates are those formed by Ar, Kr, and Xe with 

quinol, 1,4-C;H,(OH),, and with water. The former are obtained by crystallizing quinol 

from aqueous or other convenient solution in the presence of the noble gas at a pressure 

of 10-40 atm. The quinol crystallizes in the less-common f-form, the lattice of which is 

held together by hydrogen bonds in such a way as to produce cavities in the ratio | cavity: 

3 molecules of quinol. Molecules of gas (G) are physically trapped in these cavities, there 

being only weak van der Waals interactions between “guest” and “host” molecules. The 

+ By what must have seemed to these workers a cruel irony, essentially the same method, but using sunlight 
instead of a discharge, when tried 30 years later produced XeF). 

5.N. BARTLETT and F. E. SLapky, The chemistry of krypton, xenon and radon, Chap. 6, in Comprehensive 
Inorganic Chemistry, Vol. 1, pp. 213-330, Pergamon Press, Oxford, 1973. 

54D. T. Hawkins, W. E. FALCONER and N. BARTLETT, Noble Gas Compounds, A Bibliography 1962-1976, 
Plenum Press, New York, 1978. 

© J. H. Hottoway, Noble-yas Chemistry, Methuen, London, 1968, 213 pp. 
°@ Helium group gases, compounds, pp. 288-97 of ref. 2. 
6> K. SEPPELT and D. Lentz, Novel developments in noble gas chemistry, Progr. Inorg. Chem. 29, 167-202 

(1982). 
7N. BARTLETT and D. H. LOHMANN, Dioxygenyl hexafluoroplatinate(V), O,*[PtF,]~, Proc. Chem. Soc. 

1962, 115-16. 
7@ N. BARTLETT, Xenon hexafluoroplatinate(V), Xe*[PtF,]~, Proc. Chem. Soc. 1962, 218. 

CTE-I1 
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clathrates are therefore nonstoichiometric but have an “ideal” or “limiting” composition 

of [G{C,H,(OH),}3]. Once formed they have considerable stability but the gas is 

released on dissolution or melting. Similar clathrates are obtained with numerous other 

gases of comparable size, such as O,, N», CO, and SO, (the first clathrate to be fully 

characterized, by H. M. Powell in 1947) but not He or Ne, which are too small or 

insufficiently polarizable to be retained. 
Noble gas hydrates are formed similarly when water is frozen under a high pressure of 

gas (p. 735). They have the ideal composition, [Gg(H,O),4¢], and again are formed by Ar, 

Kr, and Xe but not by He or Ne. A comparable phenomenon occurs when synthetic 

zeolites (molecular sieves) are cooled under a high pressure of gas, and Ar and Kr have 

been encapsulated in this way (p. 415). Samples containing up to 20% by weight of Ar 

have been obtained. 
Clathrates provide a means of storing noble gases and of handling the various 

radioactive isotopes of Kr and Xe which are produced in nuclear reactors. 

18.3.2 Compounds of xenon 

The chemistry of Xe is much the most extensive in this group and the known oxidation 

states of Xe range from +2 to +8. Details of some of the more important compounds are 

given in Table 18.2. There is clearly a rich variety of stereochemistries, though the 

description of these depends on whether only nearest-neighbour atoms are considered or 

whether the supposed disposition of lone-pairs of electrons is also included. Weaker 

secondary interactions in crystalline compounds also tend to increase the number of 

atoms surrounding a central Xe atom. For example, [XeF;]*[AsF,] has 5 F at 179-182 

pm and three further F at 265-281 pm, whereas [XeF,]*[RuF,]~ has 5 F at 179-184 pm 

TABLE 18.2 Some compounds of xenon with fluorine and oxygen 

Stereochemistry of Xe 

Oxidation Pseudo (i.e. electron lone- 

State Compound MP/°C Actual pairs included, in parentheses) 

+2 XeF, 129 D.,,, linear Trigonal bipyramidal (3) 
+4 XeF, 117.1 D4, square planar Octahedral (2) 
+6 Keke 49.5 Distorted octahedral Pentagonal bipyramidal or 

(fluxional) capped octahedral (1) 
[XeF,]*[AsF.]~ 130.5 C4,, Square pyramidal Octahedral (1) 
CsXeF, Dec > 50 

[NO]* ,[XeF,]?~ D4 Square (Lone-pair inactive) 
antiprismatic 

XeOF, (—46)  C4,, square pyramidal Octahedral (1) 
XxeO3F, 30.8 C,,, “seee-saw” Trigonal bipyramidal (1) 

CsXeOF, Distorted octahedral Capped octahedral (1) 
KXeO,F Square pyramidal Octahedral (1) 

(chain) 

XeO, Explodes C;,, pyramidal Tetrahedral (1) 
+8 XeO, — 35.9 T,, tetrahedral (No lone-pair) 

XeO3F, —54.1 D,,, trigonal Trigonal bipyramidal 
bipyramidal 

Ba,XeO, Dec >300 O,, octahedral (No lone-pair) 
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TABLE 18.3 Stereochemistry of xenon 

CN _ Stereochemistry Examples Structure 

0 = Xe(g) Xe 

1 = [XeF]*, [XeOTeF,]~ xXe— 

2 Linear XeF,, [FXeFXeF]*, FXeOSO,F SKE = 

3 Pyramidal XeO, xm ae x 

T-shaped [XeF,]*, XeOF, — Xe— 

; | 

4 Tetrahedral XeO, Xe, 
x bees \ 

; | 
Square XeF, YS 

| 

C3, “see-saw” XeO,F, —— Xe —— 

5) Trigonal bipyramidal 

Square pyramidal 

6 Octahedral 

Distorted octahedral 

TAD (2) 

8 Square antiprismatic 

XeO3F > st Oe 

XeOF,, [XeF,]* 

[XeO,]*> Ree 

XeF,(g), [XeOF,]~ 

CsXeF, 

[XeF 3]? 

and four further F at 255—292 pm. If only the most closely bonded atoms are counted, then 

Xe is known with all coordination numbers from 0 to 8 as shown schematically in 

Table 18.3. 
The three fluorides of Xe can be obtained by direct reaction but conditions need to be 

carefully controlled if these are to be produced individually in pure form. XeF, can be 

prepared by heating F, with an excess of Xe to 400°C in a sealed nickel vessel or by 
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irradiating mixtures of Xe and F, with sunlight. The product is a white, crystalline solid 

consisting of parallel linear XeF, units (Fig. 18.1). It is sublimable and its infrared and 

Raman spectra show that the linear molecular structure is retained in the vapour. XeF, is 

a mild fluorinating agent and will, for instance, difluorinate olefins (alkenes). It dissolves in 

water to the extent of 25 gdm~ ? at 0°C, the solution being fairly stable (half-life ~7 h at 

0°C) unless base is present, in which case almost instantaneous decomposition takes 

place: 

2XeF, +2H,O——>2Xe+ 4HF +0, 

The aqueous solutions are powerful oxidizing agents, converting 2Cl~ to Cl,, Cel to Ce'Y, 
Cr to Cr¥!, Ag! to Ag", and even BrO, to BrO,™ (p: 1021). 

XeF, is best prepared by heating a 1:5 volume mixture of Xe and F, to 400°C under 6 

atm pressure in a nickel vessel. It also is a white, crystalline, easily sublimed solid; the 

molecular shape is square planar (Xe—F 195.2 pm) and is essentially the same in both the 

solid and gaseous phases. Its properties are similar to those of XeF, except that it is a 
rather stronger fluorinating agent, as shown by the reactions: 

2Hg + XeF, —— Xe+ 2HgF, 

Pt+XeF,—— Xe+ PtF, 

2SF, + XeE,—— Xe+ 2SF, 

It is also hydrolysed instantly by water, yielding a variety of products which include XeO,: 

XeF, + 2H,0—-> 4XeO,+ 4Xe+40,+4HF 

Fic. 18.1 The unit cell of crystalline XeF,. 
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This reaction is indeed a major hazard in Xe/F chemistry, since XeO, is highly explosive, 

and the complete exclusion of moisture is therefore essential (see p. 165 of ref. 6). 

Interestingly, the maximum yield of XeO, is 33% rather than the 50% that would be 

expected from a simple disproportionation of 2Xe'Y>Xe%'+ Xe", and the following 
reaction sequence has been suggested to explain this: 

Decomposition in solution 
2 kelanOs 

3XelVF, +6H,0 —* 2{Xello}+ {XeV0,}+ 12HF 

| Decomposition 
XeV!IO, +40, 

The stoichiometry of the reaction also depends sensitively on the precise conditions of 

hydrolysis. 
XeF, is produced by the prolonged heating of 1:20 volume mixtures of Xe and F, at 

250-300°C under 50-60 atm pressure in a nickel vessel. It is a crystalline solid, even more 

volatile than XeF,, and XeF,, and although colourless in the solid it is yellow in the liquid 

and gaseous phases. It is also more reactive than the other fluorides, being both a stronger 

oxidizing and a stronger fluorinating agent. Hydrolysis occurs with great vigour and the 

compound cannot be handled in glass or quartz apparatus because of a stepwise reaction 

which finally produces the dangerous XeQO,: 

2XeOF, + SiO, —~>2XeO,F,+SiF, 

2XeO,F,+Si0,—>2XeO,+SiF, 

The structure of XeF, has been the source of continuing controversy since its discovery 

in 1963. This is partly a result of the obvious problems associated with a substance which 

attacks most of the materials used to construct apparatus for structural determinations. It 

is now clear that in the gaseous phase this seemingly simple molecule is not a regular 

octahedron; it appears to be a non-rigid, distorted octahedron although, in spite of 

numerous theoretical studies, the precise nature of the distortion is uncertain (see, for 

instance, p. 299 of ref. 5). In the crystalline state at least four different forms of XeF, are 

known comprising square-pyramidal XeF;* ions bridged by F~ ions. Three of these 

forms are tetramers, [(XeF;*)F~ ],, while in the fourth and best-characterized cubic 

form,®” the unit cell comprises 24 tetramers and 8 hexamers, [(XeF,*)F~ ], (Fig. 18.2). 

The nature of the bonding in these xenon fluorides is discussed in the Panel on p. 1053. 
Apart from XeF, which has been produced as an unstable free radical by y-irradiation of 

XeF, at 77 Kt, there is no evidence for the existence of any odd-valent fluorides. Reports of 

XeF, have not been confirmed. Of the other halides, XeCl,, XeBr,, and XeCl, have been 

+ Excited XeF is the light-emitting species in certain lasers where it is produced by the action of a beam of 
400 keV electrons on Xe/F, mixtures. 

8 J. L. Huston, Chemical and physical properties of some xenon compounds, /norg. Chem. 21, 685-8 (1982). 
8a RD. BURBANK and G. R. Jones, Structure of the cubic phase of xenon hexafluoride at 193 K, J. Am. 

Chem. Soc. 96, 43-48 (1974). 
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@ Xenon C) Bridging F 

(b) 

Fic.18.2 (a) Tetrameric, and (6) hexameric units in the cubic crystalline form of XeF,. In (a) the 
Xe atoms form a tetrahedron, with the apical F atoms of the square-pyramidal XeF,~ ions 
pointing outwards, approximately from the centre, and the bridging F~ ions near four of the six 
edges of the tetrahedron: Xe-F{1—5) 184 pm, Xe-F(6), 223 pm and 260 pm, angle Xe-F(6}-Xe 
120.7°- In (b) the Xe atoms form an octahedron with the apical F atoms of the XeF,~ ions pointing 
outwards from the centre, and the briding F” ions over six of the eight faces of the octahedron: 
Xe-F(7) 175 pm, Xe—F(8) 188 pm, Xe-F(9) 256 pm, angle Xe-F(9}-Xe 118.8°. XeF,~ ions are 

shown in skeletal form for clarity. 
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its not cinvolability of their electronic configurations, the discovery thatcompoundscould _ 
t be prepared, immediately necessitated a description of the bonding involved. A variety of _ 

: approaches has been suggested,“ none of which is universally: applicable. The simplest molecular- 
description is that of the 3-centre, 4-electron o bond in XeF,, which involves only valence 

p orbitals and eschews the use of higher energy d orbitals. The orbitals involved are the 
ear bital of Xe, which contains 2 electrons, and the 2p, orbitals from 

each of the F atoms, each containing 1 electron. The possible combinations of these orbitals are 
shown i in Fig. A and yield 1 bonding, 1 nonbonding, and | antibonding orbital. A single bonding 

ectrons is responsible for binding all 3 atoms, and the occupation of the nonbonding 
=¢ rbital, situated largely on the F atoms, implies significant ionic character. The scheme should be 

(a) 

Consimied 

°C. A. CouLson, The nature of the bonding in xenon fluorides and related molecules, J. Chem. Soc. 1964, 

1442-54. J. G. MAL, H. SELIG, J. JonTNER and S. A. Rice, The chemistry of xenon, Chem. Revs. 65, 199-236 

(1965). 
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A similar treatment, involving two 3-centre bonds accounts satisfactorily for the planar 
structure of XeF, but fails when applied to XeF, since three 3-centre bonds would produce a 

_ regular octahedron instead of the distorted structure actually found. Animprovement is possible if 
involvement of the Xe 5d orbitals is invoked,'*®’ since this produces a triplet level which would be 
subject to a Jahn-Teller distortion (p. 1087). However, the approach which has most consistently 
‘rationalized the stereochemistries of noble-gas compounds, and provides the most readily 
visualized description of their shapes (as distinct from their bonding) i is the electron-pair repulsion 
theory of Gillespie and Nyholm."') This assumes that stereochemistry is determined by the — 
repulsions between valence-shell electron-pairs, both nonbonding and bonding, and that the 
former exert the stronger effect. Thus, in XeF, the Xe is surrounded by 10 electrons (8 from Xe and 
1 from each F) distributed in 5 pairs; 2 bonding and 3 nonbonding. The 5 pairs are directed to the 

corners of a trigonal bipyramid and, because of their greater mutual repulsions, the 3 nonbonding 
pairs are situated in the equatorial plane at 120° to each other, leaving the 2 bonding pairs 
perpendicular to the plane and so producing a linear F-Xe-F molecule. 

In the same way XeF,, with 6 electron-pairs, is considered as pseudo- octahedral with its 2 
nonbonding pairs trans to each other, leaving the 4 F atoms in a plane around the Xe. More 
distinctively, the 7 electron-pairs of XeF, suggest the possibility of a non-regular octahedral 
geometry and imply a distorted structure based on either a monocapped octahedral or a 
pentagonal pyramidal arrangement of ‘electron-pairs, with the Xe-F bonds bending away from the 
projecting nonbonding pair. 

: It is an instructive exercise to devise similar rationalizations for the xenon oxides and 
he es in Table 18.3. : 

detected by Mossbauer spectroscopy as products of the B-decay of their 1231 analogues, 

for instance: 

1291C],- ——* , 129xeCI, 

XeCl, has also been trapped in a matrix of solid Xe after Xe/Cl, mixtures had been passed 

through a microwave discharge, but these halides are too unstable to be chemically 

characterized. 

It is from the binary fluorides that other compounds of xenon are prepared, by reactions 

which fall mostly into four classes: 

(a) with F~ acceptors, yielding fluorocations of xenon; 

(b) with F~ donors, yielding fluoroanions of xenon; 

(c) F/H metathesis between XeF, and an anhydrous acid; 

(d) hydrolysis, yielding oxofluorides, oxides, and xenates. 

(a) Reactions with F~ acceptors. XeF, has a more extensive F- donor chemistry than 

has XeF,; it reacts with the pentafluorides of P, As, Sb, I, as well as with metal 

pentafluorides, to form salts: of the types [XeF]*[MF,]~, [XeF]*[M>F,,]~, and 

[Xe,F,]*[MF,]~. The [XeF]* ions are apparently always weakly attached to the 

counter-anion forming linear F—Xe---F—M units with one short and one long Xe-F bond, 

while the [Xe,F;]* ions are V-shaped (cf. isoelectronic I,~ with central angle 95°, p. 980). 

10 G. L. Goopman, Electronic states and molecular geometry of xenon hexafluoride: case of electronic 

isomerism, J. Chem. Phys. 56, 5038-41 (1972). 
'' R. J. GiLtespie, Molecular Geometry, van Nostrand Rheinhold, London, 1972, 228 pp. 
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With SbF, the bright-green paramagnetic Xe,* cation has recently been identified as a 
further product.”7) MOF, (M=W, Mo) are also weak F acceptors and form 
[XeF]*[MOF.]~, which again contain linear F-Xe---F-M units.“ 

Although the orange-yellow solid prepared by Bartlett (p. 1047) was originally 

formulated as Xe*[PtF,]~, it was subsequently found to have the variable composition 

Xe(PtF,),, x lying between 1 and 2. The material has still not been fully characterized but 

probably contains both [XeF]*[PtF,]~ and [XeF]*[Pt,F,,]~. 

XeF, forms comparable complexes only with the strongest F~ acceptors such as SbF; 

and BiF ,, but XeF,, combines with a variety of pentafluorides to yield 1:1 adducts. In view 

of the structure of XeF,, (see Fig. 18.2) it is not surprising that these adducts contain XeF, * 
cations, as for instance in [XeF;]*[AsF,]~ and [XeF,]*[PtF,]~. In a similar manner, 

reactions with FeF; and CoF; yield [XeF; ][ MF, ] in which layers of corner-sharing FeF, 
octahedra are separated by [XeF,]* ions.” 

(b) Reactions with F~ donors. F~ acceptor behaviour of xenon fluorides is evidently 

confined to XeF, which reacts with alkali metal fluorides to form MXeF, (M=Rb, Cs) 

and M,XeF, (M=Na, K, Rb, Cs). These compounds lose XeF, when heated: 

2MXeF,——> M XeF g + XeF, 

Their thermal stability increases with molecular weight. Thus the Cs and Rb octafluoro 

complexes only decompose above 400°C, whereas the Na complex decomposes below 

100°C. NaF can therefore conveniently be used to separate XeF, from XeF, and XeF,, 
with which it does not react, the purified XeF, being regenerated on heating. 

A similar product, [NO]* ,[XeF,]?, is formed with NOF and its anion has been shown 

by X-ray crystallography to be a slightly distorted square antiprism“ >) (probably due to 

weak F:-- NO* interactions). The absence of any clearly defined ninth coordination 

position for the lone-pair of valence electrons which is present, implies that this must be 

stereochemically inactive. 

(c) F/H metathesis between XeF, and an anhydrous acid: 

XeF, + HL —> F-Xe-L+HF 

where L=OSO,F, OCIO;, OTeF;, or OC(O)CF; (see also p. 1058 for an analogous 

reaction with HN(SO,F),). The fluorosulfate and perchlorate are colourless and the others 

are pale yellow. Many of these compounds are thermodynamically unstable and the 

perchlorate (mp 16.5°) is dangerously explosive. The fluorosulfate (mp 36.6°) can be 

stored for many weeks at 0° but decomposes with a half-life of a few days at 20°: 

2FXeOSO,F ——> XeF, + Xe+S,0,F, 

The molecular structure of FXeOSO,F is in Fig. 18.3. 

'2 L. STEIN and W. H. HENpDeERSON, Production of dixenon cation by reversible oxidation of xenon, J. Am. 

Chem. Soc. 102, 2856-7 (1980). 
'3 J. H. HoLtoway and G. J. SCHROBILGEN, Fluorine-19 and xenon-129 NMR studies of the XeF,.1WOF, 

and XeF,.nMoOF, (n= 1-4) adducts: examples of nonlabile xenon-fluorine-metal bridges in solution, /norg. 

Chem. 19, 2632-40 (1980). 
14 J. SLivNiK, B. ZEMvA, M. Boutnc, D. HANZEL, J. GRANNEC and P. HAGENMULLER, On the synthesis and 

some properties of xenon(VI) fluoroferrate(III) and fluorocobaltate(III), J. Inorg. Nucl. Chem. 38, 997-1000 
1976). 
2 ‘i W. PETERSON, J. H. HoLtoway, B. A. Cove and J. M. Wittiams, Antiprismatic coordination about 

xenon. Structure of nitrosonium octafluoroxenate(VI), Science, 173, 1238-9 (1971). 

CTE-I1I* 
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Fic. 18.3. The molecular structure of FXeOSO,F. Precision of bond lengths is ca. 1 pm 
(uncorrected for thermal motion). The angles F(1)}-Xe-O(1) and Xe-O(1)-S are 177.5+0.4° and 

123.4+0.6°. 

(d) Hydrolysis and related reactions. Two Xe’! oxofluorides, XeOF, and XeO,F,, have 

been characterized, and the XeY" derivative XeO 3F,, is also known (see below). XeOF,, is 
acolourless volatile liquid with a square-pyramidal molecular structure, the O atom being 

at the apex. It can be prepared by the controlled hydrolysis of XeF,: 

XeF, +H,O——> XeOF, +2HF 

Its most pronounced chemical characteristic is its propensity to hydrolyse further to 
XeO,F, and then XeO, (p. 1057). This reaction is difficult to control, and the low-melting, 

colourless solid, XeO,F>, is more reliably obtained by the reaction: 

XeO,+ XeOF,——> 2XeO,F, 

An analogous reaction with XeO, (see p. 1057) is: 

XeO, Se XeF,—->XeQ;F , ae XeOF, 

Indeed, many of the reactions of the xenon oxides, fluorides, and oxofluorides can be 

systematized in terms of generalized acid—base theory in which any acid (here defined as 

an oxide acceptor) can react with any base (oxide donor) lying beneath it in the sequence 

of descending acidity: XeF,>XeO,F,>XeO3F,>XeO,> XeOF, > XeF,>XeO,F, > 
XeO3= Ker}. 

In addition, oxofluoro anions may be produced by treating hydrolysis products with 

F. Thus aqueous XeO, and MF (M=K, Cs) yield the stable white solids M[XeO3F] in 

which the anion consists of chains of pseudo-octahedral Xe atoms (the lone-pair of valence 

electrons occupying one of the six positions) linked by angular F bridges. More 
recently,"® the reaction of XeOF, and dry CsF has been shown to yield the labile 
Cs[ (XeOF,,)3F] in which the anion consists of three equivalent XeOF, groups attached to 

'® G. J. SCHROBILGEN, D. M. Rovet, P. CHARPIN, and M. LANCE, XeOF,~ and [(XeOF,),F]~ Anions, JCS 
Chem. Comm. 894-7 (1980). 
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acentral F ion. The ready loss of 2XeOF, produces the more stable CsKeOF, the anion 

of which has a distorted octahedral geometry, the lone-pair of electrons again being 

stereochemically active and apparently occupying an octahedral face. 

Complete hydrolysis of XeF, is the route to XeO3. The most effective control of this 
potentially violent reaction is achieved by using a current of dry N, to sweep XeF,, vapour 
into water:"”) 

XeF, a 3H6Ots +, XeO, Ge 6HF 

The HF may then be removed by adding MgO to precipitate MgF, and the colourless 

deliquescent solid XeO, obtained by evaporation. The aqueous solution known as “xenic 

acid” is quite stable if all oxidizable material is excluded, but the solid is a most dangerous 

explosive (reported to be comparable to TNT) which is easily detonated. The X-ray 

analysis, made even more difficult by the tendency of the crystals to disintegrate in an X- 

ray beam, shows the solid to consist of trigonal pyramidal XeO, units, with the xenon 

atom at the apex“'®) (cf. the isoelectronic iodate ion 103” ; p. 1010). 
In aqueous solution XeO, is an extremely strong oxidizing agent (for 

XeO,+6H* +6e —Xe+3H,O; E° =2.10 V), but may be kinetically slow; the oxidation 

of Mn" takes hours to produce MnO, and days before MnO, is obtained. Treatment of 
aqueous XeO, with alkali produces xenate ions: 

XeO,+OH™ HXeO,” ; /K=1.5x 10? 

However, although some salts have been isolated, alkaline solutions are not stable and 

immediately, if slowly, begin to disproportionate into Xe’ (perxenates) and Xe gas by 
routes such as: 

2HXeO,° + 20H” - ——> XeO,*° + Xe+O,+2H,O 

Similar results are obtained by the alkaline hydrolysis of XeF;: 

2XeF, + 160H ——~>XeO,* + Xe+O0,+12F +8H,O 

The most efficient production of perxenate is the treatment of XeO, in aqueous NaOH 

with ozone, when Na,XeO,.24H,O precipitates almost quantitatively. The crystal 

structures of Na,XeO,.6H,O and Na,XeO,.8H,O show them to contain octahedral 

XeO,*~ units with Xe-O 184 pm and 186.4 pm respectively. Perxenates of other alkali 

metals (Li*, K * ) and of several divalent and trivalent cations (e.g. Ba? *, Am** ) have also 
been prepared. They are colourless solids, thermally stable to over 200°C, and contain 

octahedral XeO,*~ ions. They are powerful oxidizing agents, the reduction of XeY™ to 

Xe’! in aqueous acid solution being very rapid. The oxidation of Mn" to MnO,” by 
perxenates, unlike that by XeO3, is thus immediate and is accompanied by evolution of 

O,: 

2H,XeO,?— ah 2H * a 2xXeOn7 ai O, =F 2H,O 

The addition of solid Ba, XeO, to cold conc H,SO, produces the second known oxide 

of xenon, XeO,. This is an explosively unstable gas which may be condensed in a liquid 

'7 B. JASELSKIS, T. M. SPITTLER, and J. L. Huston, Preparation and properties of monocesium xenate, J. Am. 
Chem. Soc. 88, 2149-50 (1966). 

18 DH. Templeton, A. ZALKIN, J. D. FORRESTER and S. M. WILLIAMSON, Crystal and molecular structure of 
xenon trioxide, J. Am. Chem. Soc. 85, 817 (1963). 
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nitrogen trap. The solid tends to detonate when melted but small sublimed crystals have 

been shown to melt sharply at — 35.9°C. XeO, has only been incompletely studied, but 
electron diffraction and infrared evidence show the molecule to be tetrahedral. 

Whilst the great bulk of noble-gas chemistry concerns Xe-F or Xe—O bonds, attempts 

to bond Xe to other atoms have not been entirely unsuccessful. Compounds containing 

Xe-N bonds have been produced by the replacement of F atoms by —N(SO,F), 

groups.) The relevant reactions may be represented as: 

in CF,Cl, 
2XeF, + 2HN(SO,F), 2F-Xe-N(SO,F), 

Fue Ct : 0 
OC, 4 days White solid 

-10C | 2AsF, 

[F{Xe-N(SO,F)>},]*AsF ss 2[FXe(NSO,F), .AsFs] 
pale yellow solid vee“ unstable, bright yellow solid 

The first (white) product has been characterized by X-ray diffraction at —55° and 

features a linear F-Xe-N group and a planar N atom (Fig. 18.4).? On the basis of 
Raman and !°F nmr data, the cation of the final (pale yellow) product is believed to be 
essentially like the V-shaped [Xe,F]~* cation but with the 2 terminal F atoms replaced by 

—N(SO,F), groups.” 
The Xe-C bond too has apparently been synthesized recently: reaction of XeF, vapour 

Fic. 18.4 The structure of FXeN(SO,F), (point group symmetry C,) showing essentially linear 
Xe and planar N. Other bond angles are OSO 122.6°, OSF 106.3°, NSO 107.2° and 111.2°, NSF 

d LOUD? 

'° D. D. DesMarTEAU, An unusual xenon cation containing xenon--nitrogen bonds, J. Am. Chem. Soc. 100, 
6270-1 (1978). D. D. DesMarTEAU, R. D. LEBLOND, S. F. Hossain, and D. Norue, J. Am. Chem. Soc. 103, 
7734-9 (1981). 

°° J. F. Sawyer, G. J. SCHROBILGEN, and S. J. SUTHERLAND, X-ray crystal and multinuclear NMR study of 
FXeN(SO,F),; the first example of a xenon—nitrogen bond, JCS Chem. Comm. 1982, 210-11. 
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with CF: radicals yields a volatile, waxy, white solid thought to be Xe(CF;), with a half- 
life at room temperature of about 30 min. (2!) 

plasma 
XeF, + CF. ees Me(Ch a); an BS 

Ke(CFg pas XeF et CF 
t; 30 min 

18.3.3 Compounds of other noble gases 

No stable compounds of He, Ne, or Ar are known. Radon apparently forms a difluoride 

and some complexes, but the evidence is based solely on radiochemical tracer techniques 

since Rn has no stable isotopes. The remaining noble gas, Kr, has an emerging chemistry 
though this is far less extensive than that of Xe. 

Apart from the violet free radical KrF, which has been generated in minute amounts by 
y-radiation of KrF, and exists only below — 153°C, the chemistry of Kr is confined to the 

difluoride and its derivatives. An early claim for KrF, remains unsubstantiated. The 

volatile, colourless solid, KrF, is produced when mixtures of Kr and F, are cooled to 

temperatures near — 196°C and then subjected to electric discharge, or irradiated with 

high-energy electrons or X-rays. It is a thermally (and thermodynamically) unstable 

compound which slowly decomposes even at room temperature. It has the same linear 

molecular structure as XeF, (Kr—F 188.9 pm) but, consistent with its lower stability, is a 

stronger fluorinating agent and is rapidly decomposed by water without requiring the 

addition of a base. 
Complexes of KrF, are analogous to those of XeF, and are confined to cationic species 

formed with FF acceptors. Thus, such compounds as [KrF]*[MF,]-, 

[Kr,F,]*[MF,]* (M=As, Sb) are known, and more recently [KrF] *[MoOF,]~ and 

[KrF]*[WOF,]~ have been prepared and characterized by ‘°F nmr and Raman 
spectroscopy.” 

217. J. TurBini, R. E. AIKMAN and R. J. Lacow, Evidence for the synthesis of a ‘‘stable” o-bonded 

xenon-carbon compound: bis(trifluoromethyl)xenon, J. Am. Chem. Soc. 101, 5833-4 (1979). 

22 J. H. Hottoway and G. J. SCHROBILGEN, Preparation and study by Raman spectroscopy of KrF,.MOF,, 
XeF,.MOF, and XeF,.2MOF, (M=Mo, W) and a solution '°F NMR study of KrF,.nMoOF, (n= 1-3) and 
KrF,.WOF,, Jnorg. Chem. 20, 3363-8 (1981). 



Coordination 
Compounds 

19.1 Introduction 

The three series of elements arising from the filling of the 3d, 4d, and 5d shells, and 

situated in the periodic table following the alkaline earth metals, are commonly described 

s “transition elements”, though this term is sometimes also extended to include the 

lanthanide and actinide (or inner transition) elements. They exhibit a number of 

characteristic properties which together distinguish them from other groups of elements: 

(i) They are all metals and as such are lustrous and deformable and have high 

electrical and thermal conductivities. In addition, their melting and boiling points 

tend to be high and they are generally hard and strong. 

(ii) Most of them display numerous oxidation states which vary by steps of 1 rather 

than 2 as is usually the case with those main-group elements which exhibit more 

than one oxidation state. 

(ii) They have an unparalleled propensity for forming coordination compounds with 

Lewis bases. 

(i) and (ii) will be dealt with more fully in later chapters but it is the purpose of the 

present chapter to expand the theme of (iii). 

A coordination compound, or complex, is formed when a Lewis base (ligand) is 
attached to a Lewis acid (acceptor) by means of a “lone-pair” of electrons. Where the 

ligand is composed of a number of atoms, the one which is directly attached to the 

acceptor is called the “donor atom”. This type of bonding has already been discussed (p. 

223) and is exemplified by the addition compounds formed by the trihalides of the 
elements of Group IIIB (p. 267); it is also the basis of much of the chemistry of the 

transition elements. The precise nature of the bond between a transition metal ion and a 

ligand varies enormously and, though inevitably the line of demarcation is rather ill- 

defined, it is conventional to distinguish two extremes. On the one hand, are those cases in 

which the bond may be considered profitably as a single o bond and in which the metal has 

an oxidation number of +2 or higher. On the other hand, are those cases where the 

' W.H. Brock, K. A. JENSEN, C. K. JoRGENSEN, and G. B. KAUFFMAN, The origin and dissemination of the 
term “ligand” in Chemistry, Ambix 27, 171-83 (1981). 

1060 
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bonding is multiple, the ligand acting simultaneously as both a o donor and a z acceptor 

(p. 1100). This situation is typified by the carbonyls (p. 349) and other organometallic 

compounds (p. 345) and often involves formal metal oxidation numbers of +1 or less, 

though the significance of these values is often unclear. It is convenient to restrict the term 

“complex” to the former type of compound, and it was through the investigation of such 

materials that A. Werner in the period 1893-1913 laid the foundations of coordination 

chemistry‘*”) (see also p. 1068). 

19.2 Types of Ligand 

Ligands are most conveniently classified according to the number of donor atoms 

which they contain and are known as uni-, bi-, ter-, quadri-, quingi-, and sexa-dentate 

accordingly as the number is 1, 2, 3, 4, 5, or 6. Unidentate ligands may be simple 

monatomic ions such as halide ions, or polyatomic ions or molecules which contain a 

donor atom from Groups VI or V, or even IV (e.g. CN — ). Bidentate ligands are frequently 

chelating ligands (from Greek ynAn, crab’s claw) and, with the metal ion, produce chelate 

rings») which in the case of the most commonly occurring bidentate ligands are 5- or 
6-membered, e.g.: see p. 1062. Terdentate ligands produce 2 ring systems when 

coordinated to a single metal ion and in consequence may impose structural limitations 

on the complex, particularly where rigidity is introduced by the incorporation of 

conjugated double bonds within the rings. Thus diethylenetriamine, dien (1), being flexible 

is stereochemically relatively undemanding, whereas terpyridine, terpy (2), can only 

coordinate when the 3 donor nitrogen atoms and the metal ion are in the same plane. 

(1) (2) (3) (4) 

Quadridentate ligands produce 3, and in some cases 4, rings on coordination, and so 

even greater restrictions on the stereochemistry of the complex may be imposed by 

an appropriate choice of ligand. The open-chain ligand triethylenetetramine, trien (3), 

is, like dien, flexible and undemanding, whereas triethylaminetriamine, tren, 1.e. 

N(CH,CH,NH,);, is one of the so-called “tripod” ligands which are quite unable to give 

planar coordination but instead favour trigonal bipyramidal structures (4). By contrast, 

the highly conjugated phthalocyanine (5), see p. 1063, which is an example of the class of 
macrocyclic ligands of which the crown ethers have already been mentioned (p. 107), 

forces the complex to adopt a virtually planar structure and has proved to be a valuable 

model for the naturally occurring porphyrins which, for instance, are involved in haem 

(p. 1277), B, 2 (p. 1322), and the chlorophylls (p. 139). Another well-known ligand, which 

'@G. B. KAuFFMAN, Alfred Werner Founder of Coordination Theory, Springer, Berlin, 1966, 127 pp. 

'© C.F. BELL, Principles and Applications of Metal Chelation, Oxford University Press, Oxford, 1977, 147 pp. 
'©G. A. MELSON (ed.), Coordination Chemistry of Macrocyclic Compounds, Plenum Press, New York, 1979, 

664 pp. 
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Ethylenediamine, en: 

1,10-phenanthroline, phen: 

o-phenylenebis(dimethylarsine), diars: 
[1,2-bis(dimethylarsino)benzene] 

B-diketonates (e.g. R= Me: 
acetylacetonate, acac) 

Tropolonate: 

Oxalate: 
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(S) 

has been used to synthesize oxygen-carrying molecules, is bis(salicylaldehyde)ethylene- 
diimine, salen (6). Quinquidentate and sexadentate ligands are most familiarly 

exemplified by the anions derived from ethylenediaminetetraacetic acid, EDTAH, i.e.: 

(HO,CCH,),N(CH,).N(CH,CO,H), 

which is used with remarkable versatility in the volumetric analysis of metal ions. As the 

fully ionized anion, EDTA‘, it has 4 oxygen and 2 nitrogen donor atoms and has the 

flexibility to wrap itself around a variety of metal ions to produce a pseudo-octahedral 
complex involving five 5-membered rings as in (7): 

(6) (7) 

In the incompletely ionized form, EDTAH? , one of the oxygen atoms is no longer able to 

coordinate to the metal and the anion is quinquidentate. 

Ambidentate ligands possess more than 1 donor atom and can coordinate through 

either one or the other. This leads to the possibility of “linkage” isomerism (p. 1081). The 

commonest examples are the ions NO,” (p. 534) and SCN” (p. 342). Such ligands can 

also coordinate via both donor sites simultaneously, thereby acting as bridging ligands. 
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19.3 Stability of Coordination Compounds 

Because complexes are not generally prepared from their components in the gaseous 

phase, measurements of their stability necessarily imply a comparison with the stability of 

some starting material. The overwhelming majority of quantitative measurements have 

been made in aqueous solutions when the complex in question is formed by the ligand 

displacing water from the aquo complex of the metal ion. If, for simplicity, we take the case 

where L is a unidentate ligand and ignore charge, then the process can be represented as 

a succession of steps for which the stepwise stability (or formation) constants K are as 

shown:T 

_[ML(H,0),-1] 
' [M(H,0),] (L] 

__[ML,(H,9),-2] 

M(H,0), +L === ML(H,0),-; +H,0;~ K 

———— e = 
ML(H,0O),- 1 + ML,(H,0), 2 +H,0; M [ML(H,0),,- A [L] 

. = [ML,] 
ML,_,H,O+L == ML, +H,0; * IML. HOV [L] 

os [ML,] 
M(H,0), +nL <= ML, +nH,0; Po TM(H,0),] CLT" 

By convention the displaced water is ignored since its concentration can be assumed to be 

constant. The overall stability (or formation) constant £, can clearly be expressed in terms 

of the stepwise constants: 

p,=K, XK, xX ck, 

These are thermodynamic constants which relate to the system when it has reached 

equilibrium, and must be distinguished from any considerations of kinetic lability or 

inertness which refer to the speed with which that equilibrium is attained. 

A vast amount of data”) has been accumulated from which a number of generalizations 

can be inferred concerning the factors which determine the stabilities of such complexes. 

Some of these are as follows: 

(i) The metal ion and its charge. For a given metal and ligand the stability is generally 

greater if the oxidation state of the metal is +3 rather than +2. Furthermore, the 

stabilities of corresponding complexes of the bivalent ions of the first transition series, 

+ These constants are expressed here in terms of concentrations which means that the activity coefficients have 
been assumed to be unity. When pure water is the solvent this will only be true at infinite dilution, and so stability 

constants should be obtained by taking measurements over a range of concentrations and extrapolating to zero 
concentration. In practice, however, it is more usual to make measurements in the presence of a relatively high 
concentration of an inert electrolyte (e.g. 3 M NaClO,) so as to maintain a constant ionic strength, thereby 
ensuring that the activity coefficients remain essentially constant. Stability constants obtained in this way 
(sometimes referred to as “concentration quotients” or “stoichiometric stability constants”) are true 
thermodynamic stability constants referred to the standard state of solution in 3 M NaClO, (aq), but they will, of 
course, differ from stability constants referred to solution in the pure solvent as standard state. 

> L. G. SILLEN and A. E. MARTELL, Stability Constants of Metal-ion Complexes, The Chemical Society, 
London, Special Publications No. 17, 1964, 754 pp., and No. 25, 1971, 865 pp. Stability Constants of Metal-Ion 
Complexes, Part A. Inorganic Ligands (E. Hogfeldt ed.), 1982, pp. 310, Part B. Organic Ligands (D. Perrin ed.), 
1979, pp. 1263. Pergamon Press, Oxford. 
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irrespective of the particular ligand involved, usually vary in the Irving—Williams™ order 
(1953): 

Mn"! <Fe!<Co!<Ni!<Cu!>Zn!! 

which is the reverse of the order for the cation radii (p. 1497). These observations are 

consistent with the view that, at least for metals in oxidation states +2 and +3, the 

coordinate bond is largely electrostatic. This was a major factor in the acceptance of 

crystal field theory which will be discussed shortly (p. 1084). 

(ii) The relationship between metal and donor atom. Some metal ions (known as class-a 

acceptors or alternatively as “hard” acids) form their most stable complexes with ligands 

containing N, O, or F donor atoms. Others (known as class-b acceptors or alternatively as 

“soft” acids) form their most stable complexes with ligands whose donor atoms are the 

heavier elements of the N, O, or F groups. The metals of Groups IA and IIA along with the 

inner transition elements and the early members of the transition series (Groups 

IITA— VA) fall into class-a. The transition elements Rh, Pd, Ag, and Ir, Pt, Au, Hg 

comprise class-b, while the remaining transition elements may be regarded as borderline 

(Fig. 19.1). The difference between the class-a elements of Group IIA and the borderline 

class-b elements of Group IIB is elegantly and colourfully illustrated by the equilibrium 

[CoCl,]?~ +6H s0=== == [CoH O),]?7* +4Cl- 
Call 

Blue Pink 

D 
He 

3 4 
Li | Be 

Lie 9 
Na | Mg 

9  |20 J21 {22 [23 [24 [2 — a i 
K | Ca|{ Sc} Ti | V | Cr | Mn “Zn oS _ Br Kr 

3751381590 C400 4 pa? 
— Es - Zr | Nb es Sb "Te Xe 

mae 73 
Cs Ba | He Ta 

04 fi0s [106 
"Ra at Unq | Unp|Unh 

La Borderline 

Fic. 19.1 Classification of acceptor atoms in their common oxidation states. 

fies Class a 

3H. M.N.H. IrRvinG and R. J. P. WiLiaMs, The stability of transition-metal complexes, J. Chem. Soc. 1953, 

3192-210. 
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If Ca! is added it pushes the equilibrium to the left by bonding preferentially to H,O, 

whereas Zn", with its partial b character, prefers the heavier Cl~ and so pushes the 
equilibrium to the right. 

It seems that, as suggested by Ahrland et al.'* in 1958, this distinction can be explained 

at least partly on the basis that class-a acceptors are the more electropositive elements 

which tend to form their most stable complexes with ligands favouring electrostatic 

bonding, so that, for instance, the stabilities of their complexes with halide ions should 

decrease in the order 

Pe Cl Br he 

Class-b acceptors, on the other hand, are less electropositive, have relatively full d orbitals, 

and form their most stable complexes with ligands which, in addition to possessing lone- 
pairs of electrons, have empty z orbitals available to accommodate some charge from the 

d orbitals of the metal. The order of stability will now be the reverse of that for class-a 

acceptors, the increasing accessibility of empty d orbitals in the heavier halide ions for 

instance, favouring an increase in stability of the complexes in the sequence 

Peal < Bry ale 

(11) The type of ligand. In comparing the stabilities of complexes formed by different 

ligands, one of the most important factors is the possible formation of chelate rings. If L is 

a unidentate ligand, L-L a bidentate ligand, the simplest illustration of this point is 
provided by comparing the two reactions: 

[ML,] 
[M][L]? 

M(aq) + 2L(aq) === ML ,(aq)_ for which f, = 

and 

[ML-L] 

[M]LL-L] 

or alternatively by considering the replacement reaction obtained by combining them: 

[ML-LILL? _ Bia 
[ML JILL] A 

Experimental evidence shows overwhelmingly that, providing the donor atoms of L and 

L-L are the same element and that the chelate ring formed by the coordination of L-L does 

not involve undue strain, L-L:will replace L and the equilibrium of the replacement 

reaction will be to the right. This stabilization due to chelation is known as the chelate 

effect and is of great importance in biological systems as well as in analytical chemistry. 

The effect is frequently expressed as B, , >8, or K>1 and, when values of AH® are 
available, AG®° and AS° are calculated from the thermodynamic relationships 

AG°=—RTInfB and AG°=AH°—TAS° 

M(aq) + L-L(aq) ——=— ML -L(aq)_ for which fy = 

ML,(aq) + L-L(aq) ———>> ML -L(aq) + 2L(aq) for which K = 

On the basis of the values of AS° derived in this way it appears that the chelate effect is 

usually due to more favourable entropy changes associated with ring formation. However, 

* S. AHRLAND, J. CHaTT, and N. R. Davies, The relative affinities of ligand atoms for acceptor molecules and 
ions, Q. Revs. 12, 265-76 (1958). 

° D. C. Munro, Misunderstandings over the chelate effect, Chem. Br. 13, 100-5 (1977). 
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the objection can be made that f, and f,, as just defined have different dimensions 
and so are not directly comparable. It has been suggested that to surmount this objection 

concentrations should be expressed in the dimensionless unit “mole fraction” instead of 

the more usual mol dm~ °. Since the concentration of pure water at 25°C is approximately 

55.5 mol dm~°, the value of concentration expressed in mole fractions=conc in mol 

dm */55.5. Thus, while B, is thereby increased by the factor (55.5), B, , is increased by the 
factor (55.5) so that the derived values of AG° and AS° will be quite different. The effect of 

this change in units is shown in Table 19.1 for the Cd" complexes of L=methylamine and 
L-L=ethylenediamine. It appears that the entropy advantage of the chelate, and with it 

the chelate effect itself, virtually disappears when mole fractions replace mol dm~ ?. 

TaBLe 19.1 Stability constants and thermodynamic functions for some complexes of Cd" at 25°C 

AH° AG° TAS° 

Complex log B (kJ mol’) (kJ mol~') (kJ mol?) 

(a) [(Cd(NH;Me),]?* 6.55 5732 23741 ~19.91 
Hsyoys —72.20 + 19.98 

(b) [Cd(en),]?* 10.62 ~ 56.48 ~ 60.67 44.19 
; 14.11 — 80.51 + 24.04 

Difference (b)—(a) 4.07 + 0.84 — 23.26 + 24.1 

0.58 —3.31 + 4.06 

Values in roman type are based on concentrations measured in mol dm~ °. 
Values in italics are based on concentrations measured in mole fractions. 

The difference (b)—(a) corresponds to the replacement reaction 

[Cd(NH,Me), ]? *(aq) + 2en(aq)———=[Cd(en),]” *(aq) + 4NH,Me(aq) 

The resolution of this paradox lies in the assumptions about standard, or reference, 

states which are unavoidably involved in the above definitions of 6; and B,,. In order to 
ensure that B, and B, , are dimensionless (as they have to be if their logarithms are to be 

used) when concentrations are expressed in units which have dimensions, it is necessary to 

use the ratios of the actual concentrations to the concentrations of some standard state. 

Accordingly, the expression for any f should incorporate an additional factor composed 

of standard state concentrations, and the expression AG°= — RT In B should have an 

additional term involving the logarithm of this factor. Not to include this factor and this 

term inevitably implies the choice of standard states of concentration = 1 in whatever units 

are being used. Only in this way can the factor associated with f be 1 and its logarithm 

zero. It should be stressed, however, that irrespective of these definitional niceties, it 

remains true as stated above that chelating ligands which form unstrained complexes 

always tend to displace their monodentate counterparts under normally attainable 

experimental conditions. . 
Probably the most satisfactory model with which to explain the chelate effect is that 

proposed by G. Schwarzenbach in 1952. If L and L-L are present in similar 
concentrations and are competing for two coordination sites on the metal, the probability 

of either of them coordinating to the first site may be taken as equal. However, once one 

end of L-L has become attached it is much more likely that the second site will be won by 

© G. SCHWARZENBACH, Der Chelateffekt, Helv. Chim. Acta 35, 2344-59 (1952). 
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its other end than by L, simply because its other end must be held close to the second site 

and its effective concentration where it matters is therefore much higher than the 

concentration of L. Because AG° refers to the transfer of the separate reactants at 

concentrations = | to the products, also at concentrations = 1, it is clear from this model 

that the advantage of L-L over L, as denoted by AG or f, will be greatest when the units of 

concentration are such that a value of 1 corresponds to a dilute solution. Conversely, 

where a value of 1 corresponds to an exceedingly high concentration, the advantage will be 

much less and may even disappear. In normal practice even a concentration of 1 mol 

dm” >is regarded as high, and a concentration of 1 mole fraction is so high as to be of only 

hypothetical significance, so it need cause no surprise that the choice of the latter unit 

should lead to rather bizarre results. 
The chelate effect is usually most pronounced for 5- and 6-membered rings. Smaller 

rings generally involve excessive strain while increasingly large rings offer a rapidly 

decreasing advantage for coordination to the second site. Naturally the more rings there 

are in a complex the greater the total increase in stability. 

19.4 The Various Coordination Numbers‘’? 

In 1893 at the age of 26, Alfred Werner} produced his classic coordination theory."* ®) It 
is said that, after a dream which crystallized his ideas, he set down his views and by midday 

had written the paper which was the starting point for work which culminated in the 

award of the Nobel Prize for Chemistry in 1913. The main thesis of his argument was that 

metals possess two types of valency: (i) the primary, or ionizable, valency which must be 

satisfied by negative ions and is what is now referred to as the “oxidation state”; and (i1) 

the secondary valency which has fixed directions with respect to the central metal and can 

be satisfied by either negative ions or neutral molecules. This is the basis for the various 

stereochemistries found amongst coordination compounds. Without the armoury of 

physical methods available to the modern chemist, in particular X-ray crystallography, 
the early workers were obliged to rely on purely chemical methods to identify the more 

important of these stereochemistries. They did this during the next 20 y or so, mainly by 

preparing vast numbers of complexes of various metals of such stoichiometry that the 

number of isomers which could be produced would distinguish between alternative 

stereochemistries. 
The term “secondary valency” has now been superseded by the term “coordination 

number”. This may be defined as the number of donor atoms associated with the central 

metal atom or ion. For many years a distinction was made between coordination number 

in this sense and in the crystallographic sense, where it is the number of nearest-neighbour 

ions of opposite charge in an ionic crystal. Though the former definition applies to species 

+ Born in Mulhouse, Alsace, in 1866, he was French by birth, German in upbringing, and, working in Ziirich, 
he became a Swiss citizen in 1894. 

’ B. F. G. JOHNSON, Transition metal chemistry, Chap. 52 in Comprehensive Inorganic Chemistry, Vol. 4, pp. 
673-779, Pergamon Press, Oxford, 1973; E. L. MUETTERTIES and C. M. WRIGHT, Molecular polyhedra of high 
co-ordination number, Q. Revs. 21, 109-94 (1967). 

8 J.C. BatLar (ed.), Chemistry of the Coordination Compounds, Reinhold, New York, 1956, 834 pp.; Werner 

Centennial, Am. Chem. Soc., Adv. in Chemistry Series No. 62 (ed. R. F. GouLD), Washington, 1967, 661 pp. 
G. B. KaurrMan, Alfred Werner’s research on structural isomerism, Coord. Chem. Rers. 11, 161-88 (1973); 
Alfred Werner’s research on optically active coordination compounds, Coord. Chem. Revs. 12, 105-49 (1974). 
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which can exist independently in the solid or in solution, while the latter applies to 

extended lattice systems, the distinction is rather artificial, particularly in view of the fact 

that crystal field theory (one of the theories of bonding most commonly applied to 

coordination compounds) assumes that the coordinate bond is entirely ionic! Indeed, the 

concept can be extended to all molecules. TiCl,, for instance, can be regarded as a complex 

of Ti** with 4 Cl” ions in which one lone-pair of electrons on each of the latter is 

completely shared with the Ti** to give essentially covalent bonds. 
The most commonly occurring coordination numbers for transition elements are 4 and 

6, but all values from 2 to 9 are known and a few examples of even higher ones have been 
established. The stereochemistries found for each of these coordination numbers, together 

with representative examples, will be discussed shortly. 

The more important factors determining the most favourable coordination number for 

a particular metal and ligand are summarized below. However it is important to realize 

that, with so many factors involved, it is not difficult to provide facile explanations of 

varying degrees of plausibility for most experimental observations, and it is therefore 

prudent to treat such explanations with caution. 

(i) If electrostatic forces are dominant the attractions between the metal and the ligands 

should exceed the destabilizing repulsions between the ligands. The attractions are 
proportional to the product of the charges on the metal and the ligand whereas the 

repulsions are proportional to the square of the ligand charge. High cation charge and low 

ligand charge should consequently favour high coordination numbers, e.g. halide ions 

usually favour higher coordination numbers than does O7~. 

(ii) There must be an upper limit to the number of molecules (atoms) of a particular 

ligand which can physically be fitted around a particular cation. For monatomic ligands 

this limit will be dependent on the radius ratio of cation and anion, just as is the case with 

extended crystal lattices. 

(iii) Where covalency is important the distribution of charge is equalized by the 

transference of charge in the form of lone-pairs of electrons from ligands to cation. The 

more polarizable the ligand the lower the coordination number required to satisfy the 

particular cation though, if back-donation of charge from cation to ligand via suitable z 

orbitals is possible, then more ligands can be accommodated. Thus the species most 

readily formed with Fe" in aqueous solutions are [FeF ;(H,O)]?~ for the non-polarizable 
F~, [FeCl,]~ for the more polarizable Cl~, but [Fe(CN),]°~ for CN~ which is even more 

polarizable but which also possesses empty antibonding z orbitals suitable for back- 

donation. 

(iv) The availability of empty metal orbitals of suitable symmetries and energies to 

accommodate electron-pairs from the ligands must also be important in covalent 

compounds. This is probably one of the main reasons why the lowest coordination 

numbers (2 and 3) are to be found in the Ag, Au, Hg region of the periodic table where the d 

shell has been filled. However, it would be unwise to draw the converse conclusion that the 

highest coordinations are found amongst the early members of the transition and inner- 

transition series because of the availability of empty d or f orbitals. It seems more likely 

that these high coordination numbers are achieved by electrostatic attractions between 

highly charged but rather large cations and a large number of relatively non-polarizable 

ligands. 
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Coordination number 2 

Examples of this coordination number are virtually confined to linear D,,, complexes of 

Cu', Ag!) Au', and Hg" of which a well-known instance is the ammine formed when 

ammonia is added to an aqueous solution of Ag”: 

[H3;N—Ag—NH3]* 

Coordination number 3*) 

This is rather rare and even in [HgI,]~, the example usually cited, the coordination 

number is dependent on the counter cation. In [SMe; ][HgI,] the Hg" lies at the centre of 

an almost equilateral triangle of iodide ions (D3,) whereas in [NMe, ][Hgl,] the anion 

apparently polymerizes into loosely linked chains of 4-coordinate Hg". Other ex- 

amples feature bulky ligands, eg. [Fe{N(SiMe;),}3], [Cu{(SC(NH,)}3]Cl, and 

[Cu(SPPh,)3]ClO,4. 

Coordination number 4 

This is very common and usually gives rise to stereochemistries which may be regarded 

essentially as either tetrahedral 7, or (square) planar D,,. Where a complex may be 

thought to have been formed from a central cation with a spherically symmetrical electron 

configuration, the ligands will lie as far from each other as possible, that is they will be 

tetrahedrally disposed around the cation. This has already been seen in complex anions 

such as BF,” and is also common amongst complexes of transition metals in their group 

oxidation states and of d° and d'° ions. [MnO,]~, [Ni(CO),], and [Cu(py),]* exemplify 
these types. Central cations with other d configurations, in particular d®, may give rise to a 

square-planar stereochemistry and the complexes of Pd" and Pt" are predominantly of 

this type. Then again, the difference in energy between tetrahedral and square-planar 

forms may be only slight, in which case both forms may be known or, indeed, 

interconversions may be possible as happens with a number of Ni" complexes (p. 1347). In 

the M5CuX, series of complexes of Cu", variation of M! and X gives complex anions with 
stereochemistries ranging from square planar, e.g. (NH,),CuCl,, to almost tetrahedral, 

e.g. (Cs,CuBr,). Figure 19.2 shows that the change from square planar to tetrahedral 

requires a 90° rotation of one L,L pair and a 194° change in the LML angles, and a 

continuous range of distortions from one extreme to the other would appear to be feasible. 

Four-coordinate complexes provide good examples of the early use of preparative 

methods for establishing stereochemistry. For complexes of the type [Ma,b,], where a 

and b are unidentate ligands, a tetrahedral structure cannot produce isomerism whereas a 

planar structure leads to cis and trans isomers (see opposite). The preparation of 2 isomers 

of [PtCl,(NH;),], for instance, was taken as good evidence for their planarity.+ 

+ On the basis of this evidence alone it is logically possible that one isomer could be tetrahedral. Early 
coordination chemists, however, assumed that the directions of the “secondary valencies” were fixed, which 
would preclude this possibility. X-ray structural analysis shows that, in the case of Pt" complexes, they were 
correct. 

‘ap. G. ELver, D. C. BRADLEY, M. B. HursTHousg, and D. W. MEEK, Three coordination in metal 
complexes, Coord. Chem. Revs. 24, 1-95 (1977). 
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Fic. 19.2 Schematic interconversion of square planar and tetrahedral geometries. 

Coordination number 5° 

Five-coordinate complexes are far more common than was once supposed and are now 

known for all configurations from d’ to d?. Two limiting stereochemistries may be 

distinguished (Fig. 19.3). One of the first authenticated examples of 5-coordination was 

[ VO(acac),] which has the square-pyramidal C,, structure with the =O occupying 

the unique apical site. However, many of the complexes with this coordination number 
have structures intermediate between the two extremes and it appears that the energy 

required for their interconversion is frequently rather small.°) Because of this 

stereochemical non-rigidity a number of 5-coordinate compounds behave in a manner 

described as “fluxional”. That is, they exist in two or more configurations which are 

chemically equivalent and which interconvert at such a rate that some physical 
measurement (commonly nmr) is unable to distinguish the separate configurations and 

instead “sees” only their time-average. If ML, has a trigonal bipyramidal D,, structure 

then 2 ligands must be “axial” and 3 “equatorial”, but interchange via a square-pyramidal 
intermediate is possible (Fig. 19.4). This mechanism has been suggested as the reason why 

the ‘°C nmr spectrum of trigonal bipyramidal Fe(CO), (p. 1282) fails to distinguish two 

different kinds of carbon nuclei. See also the discussion of PF, on p. 572. 

cis trans 

8> J. S. Woop, Stereochemical and electronic structural aspects of five coordination, Prog. Inorg. Chem. 16, 

227-486 (1972). 
° E. L. Muetrerties and R. A. ScHUNN, Pentaco-ordination, Q. Revs. 20, 245-99 (1966). 
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Square pyramidal Trigonal bipyramidal 

Fic. 19.3 Limiting stereochemistries for 5-coordination. 

Fic. 19.4. The interconversion of trigonal bipyramidal configurations via a square-pyramidal 
intermediate. Notice that the L, ligands, which in the left-hand tbp are axial, become equatorial in 
the right-hand tbp and simultaneously 2 of the L, ligands change from equatorial to axial. 

Coordination number 6°? : 

This is the most common coordination number for complexes of transition elements. It 

can be seen by inspection that, for compounds of the type (Ma,b,), the three symmetrical 

structures (Fig. 19.5) can give rise to 3, 3, and 2 isomers respectively. Exactly the same is 

true for compounds of the type [Ma;b;]. In order to determine the stereochemistry of 6- 

coordinate complexes very many examples of such compounds, particularly with 

M =Cr"' and Co", were prepared, and in no case were more than 2 isomers found. This, of 
course, was only negative evidence for the octahedral structure, though the sheer volume 

of it made it rather compelling. More positive evidence was provided by Werner, who in 

°a TD. L. KEPERT, Aspects of the stereochemistry of six-coordination, Prog. Inorg. Chem. 23, 1-66 (1977). 
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Planar Trigonal prismatic : Octahedral 

Fic. 19.5 Possible stereochemistries for 6-coordination. 

1914 achieved the first resolution into optical isomers of an entirely inorganic compound, 

6+ 

OH 

[EON 
Co Co(NH3 )4 

OH f 

since neither the planar nor trigonal prismatic structures can give rise to such optical 

isomers. 

Nevertheless, it cannot be assumed that every 6-coordinate complex is octahedral. ® In 

1923 the first example of trigonal prismatic coordination was reported for the infinite layer 
lattices of MoS, and WS,,. A limited number of further examples are now known following 
the report in 1965%!) of the structure of [Re(S,C,Ph,);] (Fig. 19.6). Intermediate 
structures also occur and can be defined by the “twist angle” which is the angle through 

which one face of an octahedron has been rotated with respect to the opposite face as 

“viewed along” a threefold axis of the octahedron. A twist angle of 60° suffices to convert 
an octahedron into a trigonal prism: 

10R. A. D. WenTWorTH, Trigonal prismatic vs. octahedral stereochemistry in complexes derived from 
innocent ligands, Coord. Chem. Revs. 9, 171-87 (1972-3). 

'! R. EISENBERG and J. A. IBers, Trigonal prismatic coordination: the molecular structure of tris(cis-1,2- 
diphenylethene-1,2-dithiolato)rhenium, J. Am. Chem. Soc. 87, 3776-8 (1965). 
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Fic. 19.6 Trigonal prismatic structure of [Re(S,C,Ph,)3]. 

In fact the vast majority of 6-coordinate complexes are indeed octahedral or distorted 

octahedral. In addition to the twist distortion just considered distortions can be of two 

other types: trigonal and tetragonal distortions which mean compression or elongation 
along a threefold and a fourfold axis of the octahedron respectively (Fig. 19.7). 

Coordination number 7“}*) 

There appear to be three main stereochemistries for complexes of this coordination 

number: pentagonal bipyramidal D.;,, capped trigonal prismatic C,,, and capped 

octahedral C,,, the last two being obtained by the addition of a seventh ligand above one 

of the rectangular faces of a trigonal prism or above a triangular face of an octahedron 

respectively. These structures may conveniently be visualized within circumscribed 

spheres (Fig. 19.8). 

As with other high coordination numbers, there seems to be little difference in energy 

between these structures. Factors such as the number of counter ions and the 

stereochemical requirements of chelating ligands are probably decisive and a priori 

arguments are unreliable in predicting the geometry of a particular complex. [ZrF,]°~ 

and [HfF,]*~ have the pentagonal bipyramidal structure, whereas the bivalent anions, 

[NbF,]?~ and[TaF,]*~ are capped trigonal prismatic. The capped octahedral structure 

is exemplified by [NbOF, ]. 

Coordination number 8») 

The most symmetrical structure possible is the cube O, but, except in extended ionic 

lattices such as those of CsCl and CaF,, it appears that inter-ligand repulsions are nearly 

''@ PD. L. KEperT, Aspects of the stereochemistry of seven-coordination, Prog. Inorg. Chem. 25, 41-144 
(1979); M. G. B. Drew, Seven-coordination chemistry, ibid. 23, 67-210 (1977). 

''® TD. L. KEpErT, “Aspects of the stereochemistry of eight-coordination, Prog. Inorg. Chem. 24, 179-249 
(1978). 
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Trigonal elongation 

Tetragonal elongation 

Fic. 19.7 Distortions of octahedral geometry. 

Pentagonal Capped trigonal Capped 
bipyramidal prismatic octahedral 

Fic. 19.8 The three main stereochemistries for 7-coordination. 

always (but see p. 1480) reduced by distorting the cube, the two most important resultant 

structures being the square antiprism D,, and the dodecahedron D,, (Fig. 19.9). 

Again, these forms are energetically very similar; distortions from the idealized 

structures make it difficult to specify one or other, and the particular structure actually 

found must result from the interplay of many factors. [TaF,]* , [ReF,]?~, and 
[Zr(acac),] are square antiprismatic, whereas [ZrF,]*~ and [Mo(CN),]*~ are dodeca- 
hedral. The nitrates [Co(NO;),]? and Ti(NO), may both be regarded as dodecahedral, 

the former with some distortion.!® Each nitrate ion is bidentate but the 2 oxygen atoms 

are necessarily close together so that the structure of the complexes is probably more 

easily visualized from the point of view of the 4 nitrogen atoms which form a flattened 

tetrahedron around the metal (p. 1126). 

‘le © C. Appison, N. Locan, S. C. WALLWorK, and C. D. Garner, Structural aspects of co-ordinated 
nitrate groups, Q. Revs. 25, 289-322 (1971). 
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Fic. 19.9 (a) Conversion of cube to square antiprism by rotation of one face through 45°. (b) 

Conversion of cube into dodecahedron. 

Coordination number 9”) 

The stereochemistry of most 9-coordinate complexes approximates to the tri-capped 

trigonal prism D,,, formed by placing additional ligands above the three rectangular faces 

of a trigonal prism: 

Amongst the known examples of this arrangement are a number of [M(H,O),]°* 

hydrates of lanthanide salts and [ReH,]*~. The latter is interesting in that it is 

presumably only the small size of the H ligand which allows such a high coordination 
number for rhenium. Very occasionally 9-coordination results in a capped square 
antiprismatic C,,, arrangement in which the ninth ligand lies above one of the square faces, 

e.g. the Cl-bridged [{LaCl(H,0),},]**. 

2M. C. Favas and D. L. Kepert, Aspects of the stereochemistry of nine-coordination, ten-coordination, 
and twelve-coordination, Prog. Inorg. Chem. 28, 309-67 (1981). 
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Coordination numbers above 9?) 

Such high coordination numbers are not common and it is difficult to generalize about 

their structures since so few have been accurately determined. They are found mainly with 

ions of the early lanthanide and actinide elements and it is therefore tempting to assume 

that the availability of empty and accessible f orbitals is necessary for their formation. 
However, it appears that the bonding is predominantly ionic and that the really important 

point is that these are the elements which provide stable cations with charges high enough 

to attract a large number of anions and yet are large enough to ensure that the inter- 

ligand repulsions are not unacceptably high. K,[Th(O,CCO,),(H,O),].2H,O (bicap- 

ped square antiprism D,,) and [La(EDTA) (H,O), ] afford examples of 10-coordination. 

Higher coordination numbers are reached only by chelating ligands such as NO, , 

SO,* , and 1,8-naphthyridine with donor atoms close together (i.e. ligands with only a 

small “bite”).”?° [La(DAPBAH)(NO;);],t is a good example'!?” (see also p. 1482). In it 

the 5 donor atoms of the DAPBAH are situated in a plane, with the N atoms (but not the 

donor oxygens) of the 3 bidentate nitrates in a second plane at right angles to the first. 

Ce,Mg,(NO;),>.24H,O contains 12-coordinate Ce in the complex ion [Ce(NO;),]°-. 

This has a distorted icosahedral stereochemistry, though it is more easily visualized as an 

octahedral arrangement of the nitrogen atoms around the Ce". Another example is 
[Pr(naph),]** where naph is 1,8-naphthyridine, 

Saas 

eens 
No. N 

Higher coordination numbers (up to 16) are known, particularly among organometal- 

lic compounds (pp. 374-78) and metal borohydrides (p. 189). 

19.5 Isomerism" ?) 

Isomers are compounds with the same chemical composition but different structures, 

and the possibility of their occurrence in coordination compounds is manifest. Their 
importance in the early elucidation of the stereochemistries of complexes has already been 

+ DAPBAH =2,6-diacetylpyridinebis(benzoic acid hydrazone): 

Uys 

12a JE. Tuomas, R. C. PALENIK, and G. J. PALENIK, A decahexahedral lanthanum complex: synthesis and 

characterization of the eleven coordinate trisnitrato[2,6-diacetylpyridinebis(benzoic acid hydrazone)]- 

lanthanum(III), Jnorg. Chim. Acta 37, L459-L460 (1979). 

"3 JC. BAILAR JR. (ed.), Chemistry of the Coordination Compounds, Chaps. 7 and 8, pp. 261-353, Reinhold, 

New York, 1956. 
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referred to and, though the purposeful preparation of isomers is no longer common, the 

preparative chemist must still be aware of the diversity of the compounds which he may 

produce. The more important of the various types of isomerism are listed below. 

Conformational isomerism 

In principle this type of isomerism (also known as “polytopal” isomerism) is possible 
with any coordination number for which there is more than one known stereochemistry. 

However, to actually occur the isomers need to be of comparable stability, and to be 

separable there must be a significant energy barrier preventing their interconversion. This 

behaviour is confined primarily to 4-coordinate nickel(II), an example being 

[NiCl,(Ph,PCH,Ph),] which is known in both planar and tetrahedral forms (p. 1347). 

Geometrical isomerism 

This is of most importance in square-planar and octahedral compounds where ligands, 
or more specifically donor atoms, can occupy positions next to one another (cis) or 
opposite each other (trans) (Fig. 19.10). 

A similar type of isomerism occurs for [Ma3b; ] octahedral complexes since each trio of 

donor atoms can occupy either adjacent positions at the corners of an octahedral face 

(facial) or positions around the meridian of the octahedron (meridional). (Fig. 19.10a.) 

Geometrical isomers differ in a variety of physical properties, amongst which dipole 

moment and visible/ultraviolet spectra are often diagnostically important. 

Octahedral 

cis trans 

Fic. 19.10 Cis and trans isomerism. 
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fac mer 

Fic. 19.104 Facial and meridional isomers. 

Optical isomerism 

Optical isomers, enantiomorphs or enantiomers, as they are also known, are pairs of 

molecules which are non-superimposable mirror images of each other. Such isomers have 

the property of chirality (from Greek ye.p, hand), i.e. handedness, and virtually the only 
physical or chemical difference between them is that they rotate the plane of polarized 

light, one of them to the left and the other to the right. They are consequently designated as 

laevo (! or —) and dextro (d or +) isomers. 

A few cases of optical isomerism are known for planar and tetrahedral complexes 

involving unsymmetrical bidentate ligands, but by far the most numerous examples are 

afforded by octahedral compounds of chelating ligands, e.g. [Cr(oxalate),]*~ and 

[Co(EDTA)]~ (Fig. 19.11). 

Where unidentate ligands are present, the ability to effect the resolution of an 

octahedral complex (i.e. to separate 2 optical isomers) is proof that the 2 ligands are cis to 

each other. Resolution of [PtCl,(en),]*~ therefore shows it to be cis while of the 2 known 

geometrical isomers of [CrCl,en(NH,).,]* the one which can be resolved must have the 

cis-cis structure since the trans forms would give superimposable, and therefore identical, 

mirror images: 

Nee WENNER aa 

CTE-JJ 
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Wh 

Fic. 19.11 Non-superimposable mirror images 

Ionization isomerism 

This type of isomerism occurs when isomers produce different ions in solution, and 

is possible in compounds which consists of a complex ion with a counter ion which is 

itself a potential ligand. The pairs: [Co(NH,;),;,NO,;]SO,, [Co(NH;);SO,]NO, 

and [PtCl,(NH;),]Br,, [PtBr,(NH3),]Cl,, and the series [CoCl(en),(NO,)]SCN, 

[CoCl(en),(SCN)]NO,, [Co(en),(NO,)(SCN)]CI are examples of ionization isomers. 

A subdivision of this type of isomerism, known as “hydrate isomerism”, occurs when 

water may be inside or outside the coordination sphere. It is typified by CrCl,.6H,O which 
exists in the three distinct forms [Cr(H,O),]Cl; (violet), [CrCl(H,O),]Cl,.H,O (pale 

green), and [CrCl,(H,O), ]Cl.2H,O (dark green). These are readily distinguished by the 

action of AgNO, in aqueous solution which immediately precipitates 3, 2, 1 chloride ions 

respectively. 
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Linkage isomerism 

This is in principle possible in any compound containing an ambidentate ligand. 

However, that such a ligand can under different circumstances coordinate through either of 

the 2 different donor atoms is by no means a guarantee that it will form isolable linkage 

isomers with the same cation. In fact, in only a very small proportion of the complexes of 

ambidentate ligands can linkage isomers actually be isolated, and these are confined 
largely to complexes of NO, (p. 534) and, to a lesser extent, SCN” (p. 342). Examples 

are: 

[Co(en),(NO,).]~, [Co(en),(ONO),]” and [Pd(PPh ;),(NCS),], [Pd(PPh3)2(SCN)2] 

It should be noted that, by convention, the ambidentate ligand is always written with its 

donor atom first, i.e. NO, for the nitro, ONO for the nitrito, NCS for the N-thiocyanato 

and SCN for the S-thiocyanato complex. Differences in infrared spectra arising from the 

differences in bonding are often used to distinguish between such isomers. 

Coordination isomerism 

In compounds made up of both anionic and cationic complexes it is possible for the 

distribution of ligands between the ions to vary and so lead to isomers such as: 

[Co(en);][Cr(CN),] and [Cr(en);][Co(CN)6¢] 
[Cu(NH,),][PtCl,] and [Pt(NH;),][CuCl,] 
[Pt"(NH,),][Pt%Cl,] and [Pt'Y(NH;),Cl,][Pt"Cl,] 

It can be seen that other intermediate isomers are feasible but in the above cases they have 

not been isolated. Substantial differences in both physical and chemical properties are to 

be expected between coordination isomers. 

When the two coordinating centres are not in separate ions but are joined by bridging 

groups, the isomers are often distinguished as “coordination position isomers” as is the 

case for: 

H H 
O 

aN eX 
ah dares CONE CLS and [CIl(NH3)3;Co gli a 

\ 
O 
H H 

Polymerization isomerism 

Compounds whose molecular compositions are multiples of a simple stoichiometry are 

_ polymers, strictly, only if they are formed by repetition of the simplest unit. However, the 

name “polymerization isomerism” is applied rather loosely to cases where the same 
stoichiometry is retained but where the molecular arrangements are different. The 

stoichiometry PtCl,(NH3), applies to the 3 known compounds, [Pt(NH3),4][PtCl4], 

[Pt(NH;),][PtCl,(NH;3)],, and [PtCl(NH3)3],[PtCl,] (in addition to the cis and trans 

isomers of monomeric [PtCl,(NH;3),]). There are actually 7 known compounds with the 

stoichiometry Co(NH;)3,(NO,);. Again it is clear that considerable differences are to be 

expected in the chemical properties and in physical properties such as conductivity. 
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Ligand isomerism 

Should a ligand exist in different isomeric forms then of course the correspond- 

ing complexes will also be isomers, often described as “ligand isomers”. In 

[CoCl(en),(NH,C,H,Me)]CL,, for instance, the toluidine may be of the 0-, m-, or p- form. 

19.6 The Coordinate Bond (see also p. 223) 

The concept of the coordinate bond as an interaction between a cation and an ion or 

molecule possessing a lone-pair of electrons can be accepted before specifying the nature 

of that interaction. Indeed, it is now evident that in different complexes the bond can span 

the whole range from electrostatic to covalent character. This is why the various theories 

which have been accorded popular favour at different times have been acceptable and 
useful even though based on apparently incompatible assumptions; a dichotomy reflected 

in the now obsolete adjectives “dative-covalent”, “semi-polar”, and “co-ionic”, which have 

been used to describe the coordinate bond. The first of these descriptions arises from the 

idea advanced by N. V. Sidgwick in 1927, that the coordinate bond is a covalent bond 

formed by the donation of a lone-pair of electrons from the donor atom to the central 

metal. Since noble gases are extremely unreactive, and compounds in which atoms have 

attained the electronic configuration of a noble gas either by sharing or transferring 

electrons also tend to be stable, Sidgwick further suggested that, in complexes, the metal 

would tend to surround itself with sufficient ligands to ensure that the number of electrons 
around it (its “effective atomic number” or EAN) would be the same as that of the next 

noble gas. If this were true then a metal would have a unique coordination number for 

each oxidation state, which is certainly not always the case. However, the EAN rule is still 

of use in rationalizing the coordination numbers and structures of simple metal carbonyls. 

In his valence bond theory (VB), L. Pauling extended the idea of electron-pair donation 

by considering the orbitals of the metal which would be needed to accommodate them, 

and the stereochemical consequences of their hybridization (1931-3). He was thereby able 

to account for much that was known in the 1930s about the stereochemistry and kinetic 

behaviour of complexes, and demonstrated the diagnostic value of measuring their 

magnetic properties. Unfortunately the theory offers no satisfactory explanation of 
spectroscopic properties and so was eventually superseded by crystal field theory (CF). 

About the same time that VB theory was being developed, CF theory was also being 

used by H. Bethe, J. H. van Vleck, and other physicists to account for the colours and 

magnetic properties of hydrated salts of transition metals (1933-6). It is based on what, to 

chemists, appeared to be the outrageous assumption that the coordinate bond is entirely 

electrostatic. Nevertheless, in the 1950s a number of theoretical chemists used it to 

interpret the electronic spectra of transition metal complexes. It has since been 

remarkably successful in explaining the properties of M" and M"" ions of the first 
transition series, especially when modifications have been incorporated to include the 

possiblity of some covalency. (The theory is then often described as ligand field theory, but 
there is no general agreement on this terminology.) 

In order to take full account of both ionic and covalent character, recourse must be 

made to molecular orbital theory (MO) which, like the VB and CF theories, originated in 

the 1930s. The reason why it has not totally displaced the other bonding theories is that 
quantitative calculations are difficult and it is not as pictorially intelligible as CF theory. 
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Valence bond theory“ 

In this theory the formation of a coordination compound is described by the 

hypothetical sequence: 

(i) removal of electrons from the metal to give the appropriate cation; 

(1) hybridization of those metal atomic orbitals which will provide a set of equivalent 

hybrid orbitals directed towards the ligands; 

(i11) where necessary, rearrangement of the metal’s electrons in order to ensure that the 

hybrid orbitals are empty; 

(iv) formation of o covalent bonds by overlap of the hybrid orbitals with the ligand 

orbitals containing the lone-pairs of electrons. 

The common types of hybridization and the spatial distribution of the hybrid orbitals 

are given in Table 19.2 and examples of the way in which these are involved in the VB 

description of complexes are illustrated by the following diagrams of the electronic 

configurations of Co" in 4- and 6-coordinate complexes: 

4s 4p 3d 

Cot atta ibe 

sp? 
dsp? x x{x x] 
sped? (tdi tal t | ttt | 
d?sp? 

TABLE 19.2 The spatial arrangements of different types of hybrid 
orbitals 

CN Atomic orbitals Hybrid orbitals Spatial arrangement 

2 S Pp, sp Linear 

3 S Px Py sp? Trigonal planar 
4 S Px Py P: sp° Tetrahedral 
4 S Px Py dy2_,2 dsp? or sp?d Square planar 
5 S Px Py P- d.2 dsp? or sp3d Trigonal bipyramidal 
5 S Px Py P: dy2_y2 dsp? or sp°d Square pyramidal 
6 S Px Py Pz dy2-y2d.2 d?sp* or sp*d? Octahedral 

®) Despite the rather definite language used in this section for clarity of 
presentation, it is important to remember that hybridization is not a phenomenon 
but a mathematical manipulation, and that hybrid orbitals have no physical 
existence in reality. 

Two kinds of octahedral complex are apparent, one which uses only 3d orbitals and the 

other which makes use of 4d orbitals for bonding. These have been described as “covalent” 
or “inner orbital” and “ionic” or “outer orbital”, respectively. In the former case the 

necessary promotion of a single electron to an unspecified outer orbital is consistent with 

141. PauLiNnG, The Nature of the Chemical Bond, 3rd edn., Chap. 5, pp. 145-82, Cornell University Press, 
New York, 1960. 
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the fact that Co" complexes are indeed easily oxidized to Co™. It can also be seen that the 
two forms of 6-coordinate and also of 4-coordinate complexes differ in the number of 

unpaired, nonbonding electrons present. Since the magnetic moment of a complex is 

dependent on the number of unpaired electrons, it follows that magnetic measurements 
can provide useful indications of structure and bond type. Unfortunately, VB theory 

provides no means of explaining other aspects of magnetic behaviour, such as the 

variation of magnetic moment with temperature, and provides no explanation whatever 

for spectroscopic properties. In view of the fact that the variety of colours found amongst 

complexes of transition metals is one of the most immediately obvious contrasts with 

compounds of main group elements, this is a serious deficiency. It is remedied to a large 

extent by crystal field theory, as indicated in the next section. 

19.7 Crystal Field Theory 

In this approximation the coordinate bond is assumed to consist entirely of the 

electrostatic attraction between a positively charged cation and a ligand which, even if not 

actually having a net charge, at least presents a negative charge in the form of its lone-pair 

of electrons towards the cation. 

A secondary, but often crucial, effect is that the electrostatic field produced by the 

ligands splits the previously degenerate d orbitals of the metal (see Appendix 1). To 

understand why this happens it is necessary to examine the shapes (angular dependence 

functions) of the d orbitals (Fig. 19.12). These are of two types, the d,._,2 and d,2, which 

have lobes lying along the mutually perpendicular x-, y-, and z-axes, and the d,,, d,,, and 

d..., whose lobes point between the axes. An octahedral complex, for instance, can now be 

imagined to be formed by 6 ligands (represented by negative point charges) approaching 

Fic. 19.12 Directional properties of d orbitals; see also Appendix I, p. 1487. 
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the cation along the x-, y-, and z-axes until they reach their final equilibrium positions. As 

they approach, the electrons in the metal d orbitals will be repelled, that is to say the energy 

of the d orbitals will be increased—but not equally. The d,2_,2 and d_» orbitals which 

point directly towards the ligands will be affected more than the d,,, d,., d,,, which point 
between the approaching ligands. The effect can be considered in two parts as shown in 

Fig. 19.13. First, there is an average increase in the energy of the d orbitals which is what 

Fic. 19.13 The effect of imposing an octahedral crystal field on the d orbitals of a free ion. 

would be observed if the d orbitals were individually spherically symmetrical and so were 

each affected identically. Secondly, the energies of the d orbitals split into two sets because 

two are axial and three are non-axial and so are affected by the ligands differently. Relative 

to the “average” energy the axial orbitals (described as the e, set) increase in energy while 

the non-axial orbitals (described as the t,, set) decrease in energy. Their separation is 

given the symbol A, or 10Dq. The major change in energy occurs during the first stage, but 

the second stage is important because it introduces the possibility of rearranging the metal 

d electrons. Since energy is required to force 2 electrons to occupy a single orbital, these d 
electrons will tend to remain unpaired in accordance with Hund’s rules (p. 1090). However, 

they will also tend to occupy the orbitals of lowest energy. If A, is large enough then 
electrons which would otherwise remain unpaired in the e, orbitals may instead be forced 

to pair in the lower t,, orbitals. This poses no problem for d’, d?, and d* configurations 
(since the t,, set remain degenerate), nor for d® and d? configurations in which electrons 

are necessarily paired in the t,, set. But for the d*, d°, d°, and d’ configurations two 
possibilities arise depending on the magnitude of A,. If A, is small (compared with 

electron-electron repulsion energies within one orbital), i.e. the crystal field is weak, then 

the maximum possible number of electrons remain unpaired and the configurations are 
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Fic. 19.14 The possible high-spin and low-spin configurations arising as a result of the 
imposition of an octahedral crystal field on a transition metal ion. 

known as “spin-free” or “high-spin”. If A, is large, that is the crystal field is strong, then 

electrons are forced to pair in the lower t,, set and the configurations are known as “spin- 

paired” or “low-spin”. This is summarized in Fig. 19.14. 
These arrangements correspond to the “outer orbital” and “inner orbital” types of VB 

theory, the e, orbitals which in CF theory are avoided by nonbonding electrons being just 

that pair of inner d orbitals used for bonding in VB theory. The d’ configuration is 

somewhat different in the two theories, since the nonbonding electron which VB theory 

promotes to some higher orbital, remains in an e, orbital according to CF theory. 

The formation of a tetrahedral complex can be imagined to occur in essentially the same 

way as the octahedral. To see the relationship between the approaching ligands and the d 

orbitals of the metal it is helpful to define the tetrahedron by reference to a cube. Now the 

axial e orbitals point towards the centres of the 6 faces of this cube, while the non-axial t, 

orbitals point towards the centres of the edges. (By convention, the g subscripts are 

omitted in the tetrahedral case.) The ligands then approach towards four corners of the 

cube (Fig. 19.15) and, though they do not approach any orbital along the direction of 

maximum electron density, it is quite clear that electrons in t, will be more strongly 

repelled than those in e. The d orbital splitting (Fig. 19.16) is therefore inverted as 

compared to the octahedral case and it can be shown that for the same metal, ligands and 

metal—ligand distances, A,~ —§A,. The occurrence of high- and low-spin configuration, 

this time for d°, d*, d°, and d® ions, is again possible in principle, but in practice examples 
of low spin are very rare because of the smaller crystal field splittings involved. 

Four-coordinate complexes with the alternative, square planar, stereochemistry can be 

described as distorted octahedral complexes in which the 2 trans ligands on the z-axis have 

been removed. This produces a great stabilization of the d,, orbital relative to the 
octahedral case, a smaller stabilization of the d,, and d,, pair and, because the loss of 2 

ligands allows the remaining 4 to move closer to the metal, a destabilization of the d,2_ ,2 
and d,,, orbitals (Fig. 19.17). In square-planar complexes of the d’ ion, Co", and the d® ions 
Ni", Pd", and Pt", electrons are forced to pair in the lower 4 orbitals leaving the top dy2 52 
orbital empty. This corresponds closely to the VB result where this orbital is used for 
bonding. 
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Fic. 19.15 Hypothetical formation of a tetrahedral complex. 

Fic. 19.16 The effect of imposing a tetrahedral field on the d orbitals of a free ion. 

Tetragonally distorted octahedral complexes are intermediate between the octahedral 

and square-planar extremes and may arise, for instance, because the 6 ligands are not 
identical or because of the effect of ions outside the coordination sphere. Another 

important reason for such distortions is believed to be the Jahn-Teller effect. This is a 

manifestation of the theorem due to H. A. Jahn and E. Teller (1937) which states that a 

molecule in a degenerate electronic state will be unstable and will undergo a geometrical 

CTE-JJ* 
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Fic. 19.17 The effect on the energy of an atom’s d orbitals caused by removing 2 trans-ligands 
from an octahedral complex to produce a square-planar complex. 

distortion that lowers its symmetry and splits the degenerate state. It can most easily be 

understood by considering complex formation from the point of view of the ligands.“'*?) 

The repulsion of metal d electrons by octahedrally disposed ligands has just been shown to 

split the d orbitals into e, and t,, sets—however, the ligands experience a corresponding 

repulsion from the d electrons. If the d orbitals are symmetrically occupied then the 

repulsions are also symmetrical and no distortion occurs. If, on the other hand, the d 

orbitals are unsymmetrically occupied then the repulsions are unsymmetrical and 

distortion will result because some ligands will be prevented from approaching as close to 

the metal as the others. The effect will be greatest when the asymmetry is in the e, orbitals 
since these point directly towards the ligands, and the configurations for which the largest 
distortions are expected are: i 

t>,°e,! (high-spin Cr" and Mn") 
tog° €,' (low-spin Co" and Ni") 
i> 6 e 3 (Cu") 

If it is the d,. orbital which contains 1 electron more than the d,2_,2, then the distortion 

should consist of an elongation of the octahedron along the z-axis. If, however, it is the 

d,2_,2 which contains the extra electron, then elongations along the x- and y-axes 

(equivalent to compression along the z-axis) are expected. It is not possible to predict 

which type of distortion will occur but, in fact, elongation along one axis is the more 

commonly observed. 

‘4a 7B. BERSUKER, Jahn-Teller effects in crystal chemistry and spectroscopy, Coord. Chem. Rev. 14, 357-412 
(1975). 
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The similarity of the predictions of VB and CF theories regarding the number of 

unpaired electrons shows that the use of magnetic measurements to distinguish different 

oxidation states and stereochemistries is still valid. In addition, however, CF theory offers 

the possibility of interpreting the colours of transition metal complexes. 

19.8 Colours of Complexes’? 

In general a substance is coloured if it is capable of some internal energy change 

requiring an amount of energy E which can be supplied by a quantum of visible light. The 

frequency v of this light is defined by E = hy, or E=hc/d, where h is Planck’s constant and c 

is the velocity of light. The values of E corresponding to the frequency range of visible light 

are such as occur in electronic transitions (Fig. 19.18), and it is the possible electronic 

transitions which must therefore be examined if the colours of transition metal 

compounds are to be explained. 
The simplest situation is the d' configuration, exemplified by the Ti™ ion, which in 

aqueous solution is reddish violet. This information is given more fully by its absorption 

spectrum (see Fig. 19.20, p. 1095) which shows that the observed colour arises because of 

absorption of the green portion of the incident white light. This can be satisfactorily 

explained if we assume that the aqueous solution of Ti! contains octahedral 

Fic. 19.18 Colours of the visible spectral region. 

'S BN. Ficais, /ntroduction to Ligand Fields, Chap. 9, pp. 203-47, Interscience, New York, 1966. 
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[Ti(H,O,]°*, and that absorption of light at ~20000cm™' (or ~500 nm) causes 

the promotion of the single d electron from a lower t,, to a higher e, orbital. Further- 
more it indicates the value of A, (=hcN,/4): substituting the values for h=6.626 

x 10737 kJ s, c=2.998x 108 ms~!, Avogadro’s constant =6.022 x 107° mol~', and 
500 nm = 500 x 10~? m gives A,~ 239 kJ mol’. [In practice it is usual simply to say 
A,=20 000 cm~', though of course cm“? is not a real unit of energy.] 

Values of A, are usually of the same order of magnitude as bond energies, and in fact this 

one is very similar to that of the Cl-Cl bond in Cl, (242 kJ mol” *). 

The d? system, being 1 electron short of a filled d shell, is very similar to the d’ because 

its single “positive hole” is the inverse of an electron and requires an energy A, to move it 

from an e, to a t,, orbital. 

Configurations d? to d® are not so simple and require a rather more complicated 

treatment. The proper CF theory explanation of their spectra requires an understanding 

of the way an electrostatic field splits the spectroscopic terms of a metal ion, and the details 

of this are beyond the scope of this account. Accepting some loss of precision, however, it 

is possible to relate these terms to electron configurations and so obtain a more readily 

understandable account. 

Just as the angular momentum of an individual electron is characterized by quantum 

numbers / and m, (see Chap. 2), so the angular momentum of a multi-electron atom can 

be characterized by the analogous quantum numbers L and S. The angular momenta 

associated with L and S are derived by the vectorial summation of the angular momenta 

associated with the / and m, of the individual electrons, according to what is known as the 
Russell-Saunders (or LS) coupling scheme.t A spectroscopic term is simply a 

conventional symbol used to specify a particular pair of L and S values which defines the 

angular momentum and hence (in part) the energy of the atom. The ground termis the term 

which describes that electronic arrangement of the atom which has the lowest energy, and 

it is the action of the CF on the ground term of the isolated transition metal ion (free ion) 

which is largely responsible for the observed spectrum. The summations necessary to 

deduce this free-ion ground term, resolve themselves into the following procedure. 

The overall spin quantum number S is the sum of the spin quantum numbers of 

individual electrons (m,= +3), i.e. S is equal to half the number of unpaired electrons. 

According to Hund’s first rule, S takes the maximum value it can, which is to say that 

the number of unpaired electrons is the maximum possible. The overall quantum number 

L is the sum of the magnetic quantum numbers (m,). Hund’s second rule states that L will 

take the maximum value possible, consistent with the first rule. The application of these 

rules is readily demonstrated using a common box diagram with each box (orbital) 

labelled with an m, value. Both of Hund’s rules are then automatically satisfied by filling 
these boxes singly from left to right. 

For example, in the case of.d° this gives S=3 and L=2+1+0=3 

m, = Seemed Oy ll 5? 

ee es 

+ This coupling scheme works well for the 3d transition elements but is less satisfactory for the 4d and 5d 
transition elements. 
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These values of L and S define the spectroscopic ground term of a d? ion and the 

_ conventional symbolism describes it as *F. The superscript is the “spin multiplicity”, 
2S +1 and the letter arises from the value of L in exactly the same way that the symbols for 

orbitals arise from the value of |, viz.: 

Daa tee correspond to. L=0..1. 2) 3... 2 

In this way the free-ion ground terms of d* ions can readily be shown to be: 

i 1 2 3 4 5 6 1 8 9 

Ground term= 2D 3F 4 5D eS yD) 4F 3F 2D 

Besides the spin multiplicity already noted, each of these terms has an orbital 

multiplicity of 2L + 1. This is analogous to the multiplicity 2/+ 1, which tells us how many 

degenerate orbitals there are of a particular kind (s, p, d, or f) in a free-ion. Just as CF lifts 

the degeneracy of atomic orbitals, so it lifts the orbital degeneracy of the ground terms and 

produces a number of component terms as shown in Fig. 19.19. 

The symbols used for the component terms and the subscripts appended are related to 

the symmetries of the atomic wave functions and g should be added to the subscript in the 
octahedral case. It is sufficient for present purposes if the subscripts are ignored and it is 

simply understood that A is an orbitally non-degenerate term, E is doubly degenerate, and 

Fic. 19.19 The splitting of free-ion spectroscopic terms by a cubic crystal field. 
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T is triply degenerate. It is then plain that the orbital multiplicity of the free-ion terms is 

always retained in the aggregate of the component terms into which it splits. The spin 

multiplicity, which is the same for the component terms as for the parent term, is added as 

a superscript as before. 
The splitting of the D and F terms under the action of a cubic CF is not always as shown 

above; it may be inverted and it is important to know when this will be. The problem is 

that, whereas for the splitting of d orbitals it is only necessary to know whether the cubic 

CF is octahedral or tetrahedral in order to decide whether t,, or e orbitals lie lowest, for D 

and F terms it is also necessary to know the number of electrons involved before the 

splitting can be described. 

For a d! ion in an octahedral field, the ground configuration is t,,' and the single 

electron can occupy any of the 3 degenerate t,, orbitals. It therefore has an orbital 

degeneracy of 3, corresponding to a ground T term. If the electron is excited to an e, orbital 

it then has an orbital degeneracy of only 2, so that the excited e,' configuration 

corresponds to an E term at anenergy A ages the T. Conversely, ad’ ion in an octahedral 

field has the ground configuration t,,°e,°, when the “positive hole” can occupy either of 

the 2 degenerate e, orbitals. This is an orbital degeneracy of 2, corresponding to an E term. 

If a t,, electron is excited to the e, set, then the “hole” is era transferred to a f,, 

orbital and has an orbital degorericy of 3. The excited t,,°e,* configuration therefore 

corresponds to a T term at an energy of A above the E. In other ora the ground term of 

d° is inverted with respect to that of d!. The d! and d? configurations, however, are just 
those whose spectra can most easily be accounted for on the basis of a single electron 

“jump”, and it is with the d? configuration that complications arise. 
In an octahedral field, the ground configuration t,,”7 permits three degenerate 

arrangements and so corresponds to a T ground term. If 1 electron is excited it will be able 

to occupy either of the e, orbitals while the unexcited electron will be able to occupy any of 

the three t,, orbitals. ne indicates an orbital multiplicity of 2 x 3=6, i.e. enough for two 

T terms. With the T ground term already described, this makes three T terms with a total 

orbital multiplicity of 9, yet we started with a free-ion F ground term which has an orbital 

multiplicity of only 7. This implies that the free ion F term is in fact accompanied by an 

excited P term of the same spin multiplicity. That this is true for every ion with an F 

ground term can readily be checked, and it means that a total orbital multiplicity of 

7+3=10 (of which 9 have so far been explained) must be accounted for. The remaining 

term must be a non-degenerate A and corresponds to the promotion of both electrons to 

the excited e, orbitals where, since the spin multiplicity of the component term does not 

change, they remain unpaired so only one arrangement is possible. On this basis it is to be 

expected that both separations between adjacent components of the F term will be A, 

corresponding to the promotion of first one, and then the other electron from f,, to e, 

orbitals. It is a measure of the approximations involved in equating terms with electron 

configurations that, whereas the A and middle T terms are indeed separated by A, the two 

T terms are only 4A/5 (8Dq) apart. Exactly the same consideration can be applied to all the 

d* ions and Table 19.3 summarizes the results. 
Before continuing further it is necessary to refer briefly to a rule, known as the spin 

selection rule which simplifies matters considerably. This rule states that only electronic 

transitions which do not involve a change in the number of unpaired electrons are allowed. 

This means that only transitions between terms of the same (maximum) spin multiplicity 

as the ground term need be considered and other (excited) terms can be ignored. Now, 
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TABLE 19.3. Correlation of spectroscopic ground terms with electron configuration for d* ions in 
octahedral CF (for simplici ity, g subscripts are omitted) 

1 electron in 2 orbitals .”. orbital degeneracy =2 

1 electron in 3 orbitals .. orbital degeneracy =3 

as for >T,(F) below 

2 electrons in 2 orbitals ... orbital degeneracy = 1 

1 electron in 2 orbitals and 1 electron in 3 orbitals 
.. orbital multiplicity =6 (also accounts for *T,(P) 
above) 

2 electrons in 3 orbitals ... orbital degeneracy =3 

1 electron in 3 orbitals and 2 electrons in 2 orbitals 
.. orbital degeneracy =3 

2 electrons in 3 orbitals and 1 electron in 2 orbitals 
.. orbital multiplicity =6 

3 electrons in 3 orbitals .. orbital degeneracy = 1 

2 electrons in 3 orbitals .. orbital degeneracy =3 

3 electrons in 3 orbitals and 1 electron in 2 orbitals 
.. orbital degeneracy = 2 

f 

5 electrons in 5 orbitals .”. orbital degeneracy = 1 

imagine 4 “positive holes” and d® is then the exact 
inverse of d* 

imagine 3 “positive holes” and d’ is then the exact 
inverse of d? 

inverse of d? and d! on basis of “positive holes” 

Tn every case the splitting is reversed for tetrahedral CFs. 
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careful inspection of Table 19.3 reveals that for each d* ion all possible electron 

arrangements involving the maximum number of unpaired electrons have been 

considered, and therefore all the terms needed to explain the major features of the d-d 

spectra of 3 ions are given. 
It is apparent that d', d*, d°, and d® ions should produce one spin-allowed d-d 

absorption band. Likewise d*, d*, d’, and d® should produce three spin-allowed 
absorption bands, while d° should produce none. 

The actual spectra of some typical octahedral [M(H,O), ]"~ ions are given in Fig. 19.20. 

They agree reasonably well with the above predictions and so allow values of A, to be 

estimated, but it is noticeable that the bands are broad and many show clear signs of fine 

structure. Molecular vibrations cause A to oscillate continuously and so broaden the 

bands, while interaction between the spin and orbital angular momenta (spin-orbit 

coupling) of the ion causes splitting of some of the terms and so is one reason for the fine 

structure. 
The spectra dealt with so far have all been for d* cations in weak octahedral fields. In 

tetrahedral fields the splitting of D and F terms is inverted, but this does not alter the 

number of possible transitions. The main change is that tetrahedral fields are generally 

smaller than octahedral so that the absorption bands are at lower energies. Also, for 

reasons associated with the orbital selection rule, the bands are usually about 10 times 

more intense. 

As has already been seen, the d* to d’ ions adopt spin-paired, or low-spin, 
configurations in strong octahedral crystal fields. These correspond to changes in the 

ground terms and, although it is a complicated business to work out these new ground 

terms from first principles, it is a simple matter to use the reasoning already outlined to 

deduce them from the known electron configurations (Table 19.4). 

Spin-pairing of a particular ion can therefore be imagined as arising from the 

progressive lowering of an excited low-spin term until, as the CF increases from “weak” to 

“strong”, it finally replaces the high-spin term as the ground term. In cases where the CF is 

very close to the crossover point, a temperature-dependent distribution of ions between 

TaBLe 19.4 Ground terms of d* to d’ ions in strong octahedral crystal fields 

Low-spin Number of 
Ion configuration unpaired electrons ..2S+1 Orbital degeneracy .. Ground term” 

d* bore 2 3 2 “holes” in 3 orbitals ST 
.. orbital degeneracy =3 

d° Poa 1 2 1 “hole” in 3 orbitals ale 
.. orbital degeneracy =3 

dé tee 0 1 Non-degenerate "A 
d’ pales 1 2 1 electron in 2 orbitals Ze 

.. orbital degeneracy =2 

+ A second rule, known as the orbital (or Laporte) selection rule, states that transitions involving only a 
redistribution of electrons within the same set of atomic orbitals are forbidden. This apparently forbids all 
transitions between the terms just described, but in fact there are mechanisms by which the rule is partly relaxed. 
Nevertheless, this rule is the reason why, for instance, simple salts of transition metals are far less intensely 

coloured than compounds such as KMnQ,, the colour of which arises from the fully allowed transfer of charge 
between the oxygen and manganese atoms (p. 1222). 
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Free-ion ground term is *D -. 1 main aborption 
A~ 21 000 cm! 

Free-ion ground term is wD ia .. 3 main absorptions 
expected, the third band being obscured by 
charge transfer in the ultraviolet 
(See p 1161 for analysis of spectrum) 

Free-ion ground term is *F -. 3 main 
absorptions expected, the third band being 
obscured by charge transfer in the 
ultraviolet. 
(See p 1198 for analysis of spectrum) 

Free-ion ground term is *D.. 1 main 
absorption 
A~ 14100 cm! 

| Free-ion ground term 6S: no spin-allowed 

absorptions and the obscured, spin-forbidden 
bands are extremely weak 
(See p 1232 for analysis of spectrum) 

Free-ion ground term is °D -. 1 main 
absorption 
A~ 10500 cm! 

Free-ion ground term is *F -. 3 main 
absorptions expected 
(See p 1313 for analysis of spectrum) 

Free-ion ground term is °F .. 3 main 
absorptions expected 
(See p 1345) 

Free-ion ground term is 7D -. 1 main 
absorption 
A ~ 12 500 cm! but see p 1386 

5000 10000 15000 20000 25000 30000 35000 
-1 

cm 

Fic. 19.20 The absorption spectra of aqueous solutions of first transition series ions. (From 
Introduction to Ligand Fields, B. N. Figgis, Interscience, 1966.) 



1096 Coordination Compounds ChA9 

the two energy levels can occur, leading to rather complicated magnetic properties.’ 

Examples of this will be found in later chapters. 
The spectra of strong-field complexes, which include most complexes of the elements of 

the second and third transition series, arise from transitions from these ground terms to 

higher terms of the same spin multiplicity. These terms are not identifiable by this simple 

treatment. Suffice it to say that the spin-allowed transitions are more numerous but the 
absorption bands they give rise to are frequently obscured by more intense charge transfer 

bands. 
By the analysis of a large number of spectra, several generalizations can be made about 

the factors which determine the size of the CF splitting A. The importance of the number 

and disposition of the ligands has already been noted (p. 1086), and the importance of their 

nature is evident when ligands are arranged in ascending order of the A which they 

produce when complexed to a given metal ion. Such lists can be made for different metals 

and it is found that, with very few exceptions, the order is the same in every case. In honour 

of two pioneers in the field this order is known as the Fajans-Tsuchida Spectrochemical 

Series," 

k’=<Br <Cl <NO,° <F" <OH” <C,0,2" <H.O=NH,=py= vipy- CN 

Attempts to rationalize this order have met with only partial success. The ionization 

constants of hydrogen halides in aqueous solution lie in the order HI >HBr>HCI>HF, 

indicating that the abilities of the halides to associate with H”* are in the same order as 

their abilities to coordinate to metal ions. However, this agreement does not by any means 
extend throughout the series and other factors are evidently involved. 

The important characteristics of the metal ions are the oxidation state and effective 

nuclear charge. Obviously, the electrostatic attraction between a given metal and ligand 

will increase with the formal charge (i.e. oxidation state) on the metal, and this will lead to 

their closer approach and so to a greater repulsion experienced by the metal d electrons. 

For first-series transition metal ions the change from M" to M"! roughly doubles A. For 
metals within the same vertical group it is found that A increases by about a third from first 

series to second and also from second to third. This is attributable to an increasing 

attraction for the ligand as a result of increases in the effective nuclear charges of the 
metals, and is a major cause of the prevalence of low-spin (strong field) complexes in the 

second and third series. 

19.9 Thermodynamic Effects of Crystal Field Splitting”®? 

It was shown in Section 19.7 that CF splitting makes some d orbitals more stable and 

some less stable than they would be if they were individually spherically symmetrical. A t,, 

'° E. K. BAREFIELD, D. H. Buscu, and S. M. NELson, Iron, cobalt, and nickel complexes having anomalous 
magnetic moments, Q. Revs. 22, 457-98 (1968). R. L. MARTIN and A. H. Wuite, The nature of the transition 
between high-spin and low-spin octahedral complexes of the transition elements, Transit. Met. Chem. 4, 113-98 

(1968). H. A. Goopwin, Spin transitions in six-coordinate iron(II) complexes, Coord. Chem. Rers. 18, 293-325 
(1976). 

'” K. Fasans, Struktur und Deformation der Elektronenhiillin in ihrer Bedeutung fiir die chemischen und 
optischen Eigenschaften anorganischer Verbindungen, Naturwissenschaften 11, 165-72 (1923). R. Tsucuipa, 
Absorption spectra of co-ordination compounds, Bull. Chem. Soc. Japan 13, Part I, 388-400; Part II, 434-450: 
Part III, 471-80 (1938). C. K. JORGENSEN, Absorption Spectra and Chemical Bonding in Complexes, Chap. 7, 
pp. 107-33, Pergamon Press, Oxford, 1962. 

'® P. GeorGeE and D. S. McCure, The effect of inner orbital splitting on the thermodynamic properties of 
transition metal compounds and coordination complexes, Prog. Inorg. Chem. 1, 381-463 (1959). 
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electron increases the stability of an octahedral complex by 2A, and an e, electron 

decreases it by 2A,. The net effect of all the d electrons represents the additional stability 

which may be thought to accrue because the CF splits the d orbitals and is known as the 

crystal field stabilization energy (CFSE). 

No. of d electrons 0 1 2 3 4 5 6 7 8 9 10 

CFSE/A, (for high-spin 0 2 4 g 2 0 2 ¢ 8 3 0 
octahedral ions) 

This extra stability manifests itself in the experimental values of such thermodynamic 

quantities as ligation energies, lattice energies, and standard reduction potentials. The 

most complete set of data is the hydration energies of bivalent ions 

M?*(g)+c0oH,O —> M?*aq+AH° 

As shown in Fig. 19.21, the experimental values of AH° lie on an irregular double-humped 

curve. 

If, however, the CFSE is in each case subtracted from AH’*, then the “corrected” values 

fall very nearly on a smooth curve passing through the points for the spherically 

symmetrical d°, d°, and d’° ions. CFSE therefore affords a ready explanation“ of the 
Irving—-Williams order of stability (p. 1065) and was taken by many to indicate the 

essential correctness of the electrostatic CF model. It was, indeed, one of the major reasons 

why chemists accepted it. 

—AH/kJ mol! 2600} 

2500} 

Fic. 19.21 Hydration energies of bivalent ions. 

19 J. ByERRUM and C. K. JoRGENSEN, Crystal field stabilization and tendency towards complex formation of 
first transition group elements, Rec. Trav. Chim. 75, 658-64 (1956). 
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19.10 Magnetic Properties 

Measurements of effective magnetic moment ,, can be used to estimate the number of 

unpaired electrons n and hence the stereochemistry, bond type, or oxidation state of a 

coordinated metal ion by means of either the VB or CF theory. At its simplest this has 

meant using the so-called “spin-only” formula: 

l= Vn(n+2) BM (i.e. Bohr magnetons) 

This equality, as its name implies, is derived by assuming that the spin angular momentum 

alone is effective in producing a magnetic moment. In fact the orbital angular momentum 

also contributes to a greater or lesser extent, and experimental values of u. differ from the 

spin-only value accordingly. It is a distinct advantage of CF over VB theory that it offers 

an explanation for this. 

Orbital angular momentum (i.e. the rotation of electronic charge around the nucleus) 

can be generated and so produce an orbital contribution to j, if at least 2 degenerate 

orbitals of the same shape are unequally occupied. Under these circumstances an electron 

is able to rotate about a particular axis by interconversion of the degenerate orbitals. 

These are actually the very same circumstances which produce a T ground term, whereas 

A and E ground terms are produced when orbital contribution is excluded. It has already 

been remarked that octahedral and tetrahedral CFs produce mutually inverted term- 

splittings so that for every d* ion, one of these stereochemistries produces a T ground term 

and the other an A or E ground term (Table 19.5). If an orbital contribution can be 

detected, then the stereochemistries can be distinguished. In some cases values of yu, in 

excess of the spin-only value are sufficient to indicate orbital contribution. However, this is 

rarely reliable and a better method is to measure yu, Over a range of temperature. The 

spin-orbit coupling, already mentioned as a cause of the fine structure of absorption 

spectra (p. 1094), actually causes T terms to split by an amount which for first series 

transition elements is of the same order of magnitude as the thermal energy. Thermal 

distribution of population between these component levels of the T term gives rise to a 
temperature-dependent magnetic moment which is much the best indication of the 

presence of orbital contribution (see also p. 1262). 

TABLE 19.5 Orbital contributions (OC) of octahedral and tetrahedral d* ions 

Free-ion d* Low-spim octahedral High-spin octahedral Tetrahedral 

Ground 
x term OC No OC OC No OC O€ No OC 

1 2D AT 2 
2 3F ST 3A 
3 Be +4 3 
a SD oH 5E ae 
5 eS ca & SA 64 
6 =D "A Se SE 
7 ag 2E sei [ +A 
8 3F 34 Radi 
9 2D 2E By i 
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19.11 Ligand Field Theory 

In spite of the not inconsiderable success of the electrostatic CF model in interpreting 

physical properties of a number of transition metal compounds, there is much evidence to 

suggest that covalency also plays an essential part in coordinate bonding. Some of the 

most direct evidence is provided by electron spin resonance and nuclear magnetic 

resonance measurements, showing that appreciable unpaired electron density lies on the 

ligand and not the metal; the order of ligands in the spectrochemical series cannot be 

explained on purely electrostatic grounds, and it is clear that any satisfactory explanation 

must involve a variety of factors of which covalency is one; the variation of heats of 

hydration of M" ions is very well explained by the CFSE but, for M"™ ions with which a 
higher degree of covalency is to be expected, this is not adequate to explain the observed 

variation. 

In order to make allowance for a degree of covalency within a basically electrostatic 

description, a number of adjustments have been made. In magnetic theory the “orbital 

reduction factor” or “electron delocalization factor” k is introduced to account for the 

reduction in orbital contribution due to the delocalization of d-electron density from 

metal to ligand. The Racah “interelectron repulsion parameter” B is similarly introduced 

in the analysis of absorption spectra. The further the value of B in a complex is reduced 

below that in the free ion, the more the d-electron charge is assumed to have expanded. In 

1958 C. E. Schaffer and C. K. Jorgensen®® arranged a list of ligands in order of decreasing 
B and called it the nephelauxetic (cloud expanding) series: 

F~, H,0, NH;, C,0,2~, en, Cl”, CN”, Br-, I 

Like the spectrochemical series it is more or less independent of metal ion but, unlike the 

spectrochemical series, it is much more nearly the order (left to right) to be expected for 

increasing covalency. 

19.12 Molecular Orbital Theory 

This is undoubtedly the most complete theory, encompassing as it does all possibilities 

from the electrostatic to the covalent extreme. Unfortunately, it is also the most 

complicated, and quantitative calculations are made only with difficulty. However, 

modern computing techniques have gone a long way to overcoming this disadvantage and 

the results of various MO calculations are becoming increasingly available. 
The fundamental assumption of MO theory is that metal and ligand orbitals will 

overlap and combine, providing they are of the correct symmetries to do so. In one 

approximation the appropriate AOs of the metal and atomic or molecular orbitals of the 

ligand, are used to produce the MOs by the linear combination of atomic orbitals (LCAO) 

method. Since combination of metal and ligand orbitals of widely differing energies can be 

neglected, only valence orbitals are considered. 
In the case of an octahedral complex ML, the metal has 6 o orbitals, i.e. the e, pair of 

the nd set, together with the (n+ 1)s and the three (n+ 1)p. The ligands each have one o 

orbital (containing the lone-pair of electrons) and these are combined to give orbitals with 

the correct symmetry to overlap with the metal o orbitals (Fig. 19.22). The 6 electron pairs 

20 CE. SCHAFFER and C. K. JoRGENSEN, The nephelauxetic series of ligands corresponding to increasing 

tendency of partly covalent bonding, J. Inorg. Nuclear Chem. 8, 143-8 (1958). 
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th 

Fic. 19.22 Molecular orbital diagram for an octahedral complex of a first series transition metal 
(only o interactions are considered in this simplified diagram). 

from the ligands are placed in the 6 lowest MOs, leaving the nonbonding metal t,, and the 

antibonding e,* orbitals to accommodate the electrons originally on the metal. This 

central portion of the figure is indeed much the same as the e,/t,, splitting described in CF 
theory, with the difference that the e,* orbitals now have some ligand character which 

implies covalency. The lower in energy the ligand orbitals are with respect to the AOs of 

the metal the nearer is the bonding to the electrostatic extreme. 

If the ligand possesses orbitals of 2 as well as o symmetry the situation is drastically 

changed because of the overlap of these orbitals with the t,, orbitals of the metal. Two 
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Fic. 19.23 Possible effects of 7 bonding on A,: (a) when ligand z orbitals are empty, and (b) when 
ligand z orbitals are filled. 

situations may arise. Either the ligand z orbitals are empty and of higher energy than the 

metal t,,, or they are filled and of lower energy than the metal t,, orbitals (Fig. 19.23). The 

former in effect increases A, and is the most important case, including ligands such as CO, 

NO*, and CN. This type of covalency, called x bonding or back bonding, provides a 

plausible explanation of the position of these ligands in the spectrochemical series and, 

more importantly, for the stability of such compounds as the metal carbonyls discussed in 

Chapter 8 (p. 349). 

Similar MO treatments are possible for tetrahedral and square planar complexes but 

are increasingly complicated. . 
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Scandium, Yttrium, 
Lanthanum, 
and Actinium 

20.1 Introduction 

In 1794 the Finnish chemist J. Gadolin, while examining a mineral recently discovered 

in a quarry at Ytterby, near Stockholm, isolated what he thought was a new oxide (or 

“earth”) which A. G. Ekeberg in 1797 named yttria. In fact this was a mixture of a number 

of metal oxides from which yttrium oxide was separated by C. G. Mosander in 1843. This 

is actually part of the fascinating story of the “rare earths” to which we shall return in 

Chapter 30. The first sample of the metal, albeit very impure, was obtained by F. Wohler in 

1828 by the reduction of the trichloride by potassium. 

Four years before isolating yttria, Mosander extracted lanthanum oxide as an impurity 

from cerium nitrate (hence the name from Greek Aav@&vetv, to hide), but it was not until 

1923 that metallic lanthanum in a relatively pure form was obtained by electrolysis of 

fused halides. 

Scandium is also present in the Swedish ores from which yttrium and lanthanum had 
been extracted, but in only very small amounts and, probably for this reason, its discovery 
was delayed until 1879 when L. F. Nilsen isolated a new oxide and named it scandia. A few 

years later and with larger amounts at his disposal, P. T. Cleve prepared a large number of 

salts from this oxide and was able to show that it was the oxide of a new element whose 
properties tallied very closely indeed with those predicted by D. I. Mendeleev for eka- 
boron, an element missing from his classification (p. 32). It was only in 1937 that the 

metal itself was prepared by the electrolysis of molten chlorides of potassium, lithium, and 

scandium, and only in 1960 thai the first pound of 99°%% pure metal was produced. 

The final member of the group, actinium, was identified in uranium minerals by A. 

Debierne in 1899, the year after P. and M. Curie had discovered polonium and radium in 

the same minerals. However, the naturally occurring isotope, ?”’Ac, isa B~ emitter witha 
half-life of 21.77 y and the intense y activity of its decay products makes it difficult to study. 

1102 
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20.2 The Elements!) 

20.2.1 Terrestrial abundance and distribution 

With the exception of actinium, which is found naturally only in traces in uranium ores, 

these elements are by no means rare though they were once thought to be so: Sc 25, Y 31, 

La 35 ppm of the earth’s crustal rocks, (cf. Co 29 ppm). This was, no doubt, at least partly 

because of the considerable difficulty experienced in separating them from other 
constituent rare earths. As might be expected for class-a metals, in most of their minerals 

they are associated with oxoanions such as phosphate, silicate, and to a lesser extent 

carbonate. 

Scandium is very widely but thinly distributed and its only rich mineral is the rare 

thortveitite, Sc,Si,0, (p. 401), found in Norway, but since scandium has no significant 

commercial use, this poses no great problem. In any case, considerable amounts of Sc,O, 

are now available as a byproduct of the extraction of uranium. Yttrium and lanthanum are 

invariably associated with lanthanide elements, the former (Y) with the heavier or 

“yttrium group” lanthanides in minerals such as xenotime, M''PO,, and gadolinite, 
M'M4Si,0,. (M"=Fe, Be), and the latter (La) with the lighter or “cerium group” 

lanthanides in minerals such as monazite, M™PO,, and bastnaesite, M™CO,F. This 
association of similar metals is a reflection of their ionic radii. While La" is similar in size 
to the early lanthanides which immediately follow it in the periodic table, Y", because of 
the steady fall in ionic radius along the lanthanide series (p. 1431), is more akin to the later 

lanthanides. 

20.2.2 Preparation and uses of the metals 

Because of its very slight technological importance, little scandium is produced. Some is 

obtained from thortveitite, which contains 35-40% Sc,O;, but a major source is as a 
byproduct in the processing of uranium ores which contain only about 0.02% Sc,03. 

Although a number of uses have been suggested they are all apparently such as can 
adequately be performed by cheaper alternatives. 

Yttrium and lanthanum are both obtained from lanthanide minerals and the method of 

extraction depends on the particular mineral involved. Digestions with hydrochloric acid, 
sulfuric acid, or caustic soda are all used to extract the mixture of metal salts. Prior to the 

Second World War the separation of these mixtures was effected by fractional 

crystallizations, sometimes numbered in their thousands. However, during the period 
1940-45 the main interest in separating these elements was in order to purify and 

characterize them more fully. The realization that they are also major constituents of the 

products of nuclear fission effected a dramatic sharpening of interest in the USA. As a 
result, ion-exchange techniques were developed and, together with selective complexation 

and solvent extraction, have now completely supplanted the older methods of separation 

(p. 1425). In cases where the free metals are required, reduction of the trifluorides with 

metallic calcium can be used. 

1 R.C. VICKERY, Scandium, yttrium and lanthanum, Chap. 31 in Comprehensive Inorganic Chemistry, Vol. 3, 
pp. 329-53, Pergamon Press, Oxford, 1973, and references therein. C. T. Horovitz (ed.), Scandium: Its 
Occurrence, Chemistry, Physics, Metallurgy, Biology and Technology, Academic Press, London, 1975, 598 pp. 

The most recent and comprehensive account of scandium. 
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In recent years yttrium has achieved some importance in the field of electronics. It is the 

basis of the phosphors used to produce the red colour on television screens, and yttrium 

garnets such as Y,Fe,O,, are employed as microwave filters in radar. The related 

YA1,O,, is used as a gemstone and has been used as a substitute for the famous Cartier 

diamond. Because of its low neutron cross-section, yttrium has considerable potential as a 

moderator in nuclear reactors though this use has yet to be developed. 

Lanthanum has also found modest uses. Its oxide is an additive in high-quality optical 

glasses to which it imparts a high refractive index (sparkle). “Mischmetal”, an 

unseparated mixture of lanthanide metals containing about 25% La, is used in making 

lighter flints, and some mixed oxide systems have been suggested as cheaper alternatives 

to platinum as catalysts in the pollution control of exhaust emissions from cars. 

Actinium occurs naturally as a decay product of ?°°U: 

Bar a Bo 235 S 231 231p 2274 22? ay “nba, oaletase psa 
> —— a ———> ¢ ——> 

SUE err y soTh 25.52h °°! © 3.28x104y 89 bunmwe 22 

but the half-lives are such that one tonne of the naturally occurring uranium ore contains 

on average only about 0.2 mg of Ac. An alternative source is the neutron irradiation of 

226Ra in a nuclear reactor: | 

ee 
22¢Ra + 4n ———> 73,Ra > 227AC- ===> 

42.2 min 

In either case, ion-exchange or solvent extraction techniques are needed to separate the 

element and, at best, it can be produced in no more than milligram quantities. Large-scale 

use is therefore impossible even if desired. 

20.2.3. Properties of the elements 

A number of the properties of Group IIIA elements are summarized in Table 20.1. Each 

of the elements has an odd atomic number and so has few stable isotopes. All are rather 

soft, silvery-white metals, and they display the gradation in properties that might be 

expected for elements immediately following the strongly electropositive alkaline-earth 

metals and preceding the transition elements proper. Each is less electropositive than its 

predecessor in Group IIA but more electropositive than its successors in transition series, 

while the increasingly electropositive character of the heavier elements of the group is in 

keeping with the increase in size. The inverse trends in electronegativity are illustrated in 

Fig. 20.1. 
As is the case for boron and aluminium, the underlying electron cores are those of the 

preceding noble gases and indeed, as was pointed out in Chapter 7, a much more regular 

variation in atomic properties occurs in passing from B and Al to Group IIIA than to 

Group IIIB (p. 251). However, the presence of a d electron on each of the atoms of this 

group (in contrast to the p electron in the atoms of B, Al, and Group IIB) has 

consequences which can be seen in some of the bulk properties of the metals. For instance, 

the mps and bps (Fig. 20.2), along with the enthalpies associated with these transitions, all 

show discontinuous increases in passing from Al to Sc rather than to Ga, indicating that 

the d electron has a more cohesive effect than the p electron. It appears that this is due to d 
electrons forming more localized bonds within the metals. Thus, although Sc, Y, and La 

have typically metallic (hcp) structures (with other metallic modifications at higher 
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TABLE 20.1 Some properties of Group IIIA elements 

Property Sc NC La Ac 

Atomic number 21 39 57 89 
Number of naturally occurring isotopes 1 aul 2 (2) 

Atomic weight 44.9559 88.9059 138.9055 227.0278 
Electronic configuration [Ar]3d'4s?__ [Kr]4d'5s?__ [Xe]5d‘6s*_ [Rn ]6d17s 
Electronegativity 1.3 ile 1.1 ie 

Metal radius (12-coordinate)/pm 162 180 187 == 
Ionic radius (6-coordinate)/pm 74.5. 90.0 103.2 112 
E° (M?* +3e7 =M(s))/V —2.077 —2.372 —2.522 —2.6 
MP/°C 1539 1530 920 817 
BP/°C 2748 3264 3420 2470 
AH,,,/kJ mol7} 15.77 11.5 8.5 (10.5) 
AH,,,/kJ mol~* 332.71 367 402 (293) 
AH, (monatomic gas)/kJ mol”! 376 (+20) 425 (+8) 423 (+6) = 
Density (20°C)/g cm 3 3.0 4.5 6.17 — 
Electrical resistivity (20°C)/wohm cm 50-61 57-70 57-80 == 

) Reliable to +3 in last.digit; other atomic weights are reliable to +1 in the last digit. 
(>) This value is for the radioisotope with the longest half-life (??7Ac). 

Electronegativity 

0 2.10 20 30 40 50 60 70/14) @80 90 
Atomic number, Z 

Fic. 20.1 Electronegativity of Group III elements. 

temperatures), their electrical resistivities are much higher than that of Al (Fig. 20.3). 
Admittedly, resistivity is a function of thermal vibrations of the crystal lattice as well as of 

the degree of localization of valence electrons, but even so the marked changes between Al 
and Sc seem to indicate a marked reduction in the mobility of the d electron of the latter. 

20.2.4 Chemical reactivity and trends 

The general reactivity of the metals increases down the group. They tarnish in air—La 

rapidly, but Y much more slowly because of the formation of a protective oxide coating— 
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and all burn easily to give the oxides M,O;. They react with halogens at room 

temperature and with most non-metals on warming. They reduce water with evolution of 

hydrogen, particularly if finely divided or heated, and all dissolve in dilute acid. Strong 

acids produce soluble salts whereas weak acids such as HF, H ae H,C,0O,, produce 

sparingly soluble or insoluble salts. 

In the main, the chemistry of these elements concerns the retina of a predominantly 

ionic +3 oxidation state arising from the loss of all 3 valence electrons and giving a well- 

defined cationic aqueous chemistry. Because of this, although each member of this group 

is the first member of a transition series, its chemistry is largely atypical of the transition 

elements. The variable oxidation states and the marked ability to form coordination 

compounds with a wide variety of ligands are barely hinted at in this group. Differences in 

chemical behaviour within the group are largely a consequence of the differing sizes of the 
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M" ions. Scandium, the lightest of'these elements, with the smallest ionic radius, is the least 
basic and the strongest complexing agent, with properties not unlike those of 

aluminium. Its aqueous solutions are appreciably hydrolysed and its oxide has some acidic 
properties. On the other hand, lanthanum and actinium (in so far as its properties have 

been examined) show basic properties approaching those of calcium. 

20.3 Compounds of Scandium, Yttrium, Lanthanum, and Actinium 

20.3.1 Simple compounds 

The oxides, M,O3, are white solids which can be prepared directly from the elements. In 

Sc,O, and Y,O, the metals are 6-coordinate but the larger La™ ion adopts this structure 
only at elevated temperatures, a 7-coordinate structure being normally more stable. When 

water is added to La,O,; it “slakes” like lime with evolution of much heat and a hissing 

sound. The hydroxides, M(OH);, (or in the case of scandium possibly the hydrated oxide) 

are obtained as gelatinous precipitates from aqueous solutions of the metal salts by 

addition of alkali hydroxide. In the case of scandium only, this precipitate can be dissolved 

in an excess of conc NaOH to give anionic species such as [Sc(OH),]?~. Yttrium and 

lanthanum hydroxides possess only basic properties, and the latter especially will absorb 

atmospheric CO, to form basic carbonates. 
Dissolution of the oxide or hydroxide in the appropriate acid provides the most 

convenient method for producing the salts of the colourless, diamagnetic M™ ions. Such 
solutions, especially those of Sc'", are significantly hydrolysed with the formation of 
polymeric hydroxy species. 

With the exception of the fluorides, the halides are all very water-soluble and 

deliquescent. Precipitation of the insoluble fluorides can be used as a qualitative test for 

these elements. The distinctive ability of Sc! to form complexes is illustrated by the fact 

that an excess of F~ causes the first-precipitated ScF; to redissolve as [ScF,]° ; indeed, 

M,[ScF, ], M=NH,g, Na, K, were isolated as long ago as 1914. The anhydrous halides are 

best prepared by direct reaction of the elements rather than by heating the hydrates which 

causes hydrolysis. Heating the hydrated chlorides, for instance, gives Sc,O3, YOCI, and 

LaOCl respectively, though to produce AcOCl it is necessary to use superheated steam. 

Sulfates and nitrates are known and in all cases they decompose to the oxides on 
heating. Double sulfates of the type M3"(SO,)3,.3Na,SO,.12H,O can be prepared, and 

La (unlike Sc and Y) forms a double nitrate, La(NO;),.2NH,NO;.4H,0, which is of the 

type once used extensively in fractional crystallization procedures for separating 

individual lanthanides. 
Reaction of the metals with hydrogen”) produces highly conducting materials with the 

composition MH,, similar to the metallic nonstoichiometric hydrides of the subsequent 

transition elements (pp. 72-3). Except in the case of ScH3, further H, can then be absorbed 

causing loss of electrical conductivity until materials similar to the ionic hydrides of the 

alkaline-earth metals, and with the limiting composition MH;, are produced. The 

dihydrides, though ostensibly containing the divalent metals, are probably best 

considered as pseudo-ionic compounds of M?* and 2H” with the extra electron in a 

conducting band. However, the question of the type of bonding is highly controversial, as 

was explained more fully in Chapter 3 (p. 73). 

2 W. G. Bos, Bonding in Group IIIb hydrides: an empirical approach, Acc. Chem. Res. 5, 342-7 (1972). 
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Another example of a “divalent” metal of this group, but which in fact is probably 
entirely analogous to the dihydrides, is LaI,. More recently,’ the blue-black compound 

CsScCl;, prepared by prolonged heating of 3CsCl+2ScCl, with an excess of scandium 

metal at 700°C, has been claimed to contain divalent Sc" in linear [ScCl,~],, chains. 
Indeed, on heating Sc and ScCl, at temperatures up to 900°C in a sealed tantalum 

container, no less than five different reduced phases have been recognized, containing 

scandium in formal oxidation states down to +1 and being sensitive to oxygen and 

moisture. The structures of two of these phases have been examined in some detail by X- 
ray diffraction and it is clear that extensive metal-metal bonding is present. ScCl is a grey- 

black graphite-like substance made up of close-packed layers of Sc and Cl atoms in the 
sequence, Cl-Sc-Sc-Cl. Each Sc atom has 6 near neighbours in the same layer and 3 in the 

next layer (at 347 and 322 pm respectively compared to 336 and 326 pm in scandium 

metal). ScCl, 43 (or Sc;Cl, 9) is composed of two parallel chains of Sc octahedra, sharing a 

common edge and with even shorter Sc-Sc distances (314.7 and 315.3 pm) than in ScCl or 

the metal. However, the precise electronic structures of these materials are still unclear and 

the assignment of low oxidation numbers is therefore only formal. Evidence of similar 

chemistry in Y/YCl, and La/LaCl, systems is also emerging; e.g. the compounds YC, 

YBr, Y,Cl;, Y,Br3, LaBr, and La,I,, have recently been prepared and structurally 

characterized.@*) 

20.3.2 Complexes”) 

The complex anion [ScF,]°~ has already been mentioned and other complexes such as 

[Sc(bipy);]°*, [Sc(bipy),(NCS),]*, [Sc(bipy),Cl,]*, and [Sc(DMSO),]°* (where 
DMSO is dimethylsulfoxide, Me,SO) exhibit scandium’s usual coordination number of 6. 

However, compared to later elements in their respective transition series, scandium, 

yttrium, and lanthanum have rather poorly developed coordination chemistries and form 

weaker coordinate bonds, lanthanum generally being even less inclined to form strong 

coordinate bonds than scandium. This is reflected in the stability constants of a number of 

relevant 1:1 metal, EDTA complexes: 

Metal ion — Sci! ym La"! Fell Col 
logig Ky 23.1 18.1 15.5 25.5 36.0 

This may seem somewhat surprising in view of the charge of +3 ions, but this is coupled 

with appreciably larger ionic radii and also with greater electropositive character which 

> K. R. POEPPELMEIER and J. D. CorBeTT, CsScCl,: A new linear metal chain compound containing divalent 
scandium. A paper presented at the ACS meeting, Chicago, 1977, INOR 08. K. R. POEPPELMEIER, J. D. CORBETT, 
T. P. McCMULLIN, D. R. ToRGESON, and R. G. BARNES, Study of the crystal structures and nonstoichiometry in 
the system Cs,Sc,Cly—CsScCl,, Inorg. Chem. 19, 129-34 (1980). 

*K.R. POEPPELMEIER and J. D. CorsetT, Metal—metal bonding in reduced scandium halides: synthesis and 
crystal structure of scandium monochloride, /norg. Chem. 16, 294-7 (1977); Synthesis and characterization of 
heptascandium decachloride (Sc,;Cl,,): a novel metal chain structure, ibid. 16, 1107-11 (1977). 

49H. J. MaTTAUSCH, J. B. HENDRICKS, R. Eicer, J. D. CorBeTT, and A. Simon, Reduced halides of yttrium 

with strong metal-metal bonding: yttrium monochloride, monobromide, sesquichloride, and sesquibromide, 
Inorg. Chem. 19, 2128-32 (1980), and references therein. 

5G. A. MELSON and R. W. Srotz, The coordination chemistry of scandium, Coord. Chem. Revs. 7, 133-60 
(1971). 
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inhibits covalent contribution to their bonding. Lanthanum of course exhibits these 

characteristics more clearly than Sc, and, while La and Y closely resemble the lanthanide 

elements, Sc has more similarity with Al. 

The gradation of properties within this group is well illustrated by the oxalates and p- 

diketonates which are formed. On addition of alkali-metal oxalate to aqueous solutions of 

M"!, oxalate precipitates form but their solubilities in an excess of the alkali-metal oxalate 

decrease very markedly down the group. Scandium oxalate dissolves readily with evidence 

of such anionic species as [Sc(C,O,),]. Yttrium oxalate also dissolves to some 

extent but lanthanum oxalate dissolves only slightly. All three elements form acetyl- 

acetonates: that of scandium is usually anhydrous, [Sc(acac),], and presumably pseudo- 

octahedral: [Y(acac),H,O] is 7-coordinate with a capped trigonal prismatic structure 

(p. 1074); [Y(acac),(H,O),]H,O and [La(acac),(H,O), ] are 8-coordinate with distorted 

square-antiprismatic structures (p. 1075); the scandium compound can be sublimed 

without decomposition whereas the yttrium and lanthanum compounds decompose at 

about 500°C and dehydration without decomposition or polymerization is difficult. 

By far the most common donor atom is oxygen, particularly in chelating ligands, and 

moving down the group the complexes are found to be increasingly ionic, and 

coordination numbers greater than 6 become the rule rather than the exception as used to 

be thought. Indeed, [Y(NCS),]*~ and [La(NCS),]*~ are amongst the few well- 
authenticated, 6-coordinate complexes of Y and La, and it seems likely®* that in aqueous 

solutions, in the absence of other preferred ligands, Y"" is directly coordinated to 8 water 
molecules and La" to 9. Similarly high coordination numbers are common in many 

simple binary compounds; in LaX,; (X =F, Cl) and in M(OH);, (M = Y, La) the metal ion 

is 9-coordinate with a stereochemistry approximating to tri-capped trigonal prismatic. 
A coordination number of 8 is probably the most characteristic of La and possibly even 

of Y, with the square antiprism and the dodecahedron being the preferred stereochemis- 

tries. The acac complexes referred to above are good examples of the former type, while 

Cs[Y(CF,;COCHCOCF;,),] typifies the latter. On the basis of ligand—ligand repulsions 

the cubic arrangement is expected to be much less favoured in discrete complexes, but, 

nonetheless, the complex [La(bipyO,),]ClO,, in which bipyO, is 2,2’-bipyridine dioxide, 

OO) 
OO 

has been shown to be very nearly cubic. 
EDTA complexes of La and the lanthanides have been examined.) K[La(EDTA) 

(H,O),].5H,O is a 9-coordinate complex but steric constraints imposed by the EDTA 

produce deviations from a tricapped trigonal prismatic structure. [La(EDTAH) 

(H,O),].3H,O is 10-coordinate and its structure is probably best regarded as being based 

on the same structure but with an extra water “squeezed” between the three coordinated 

water molecules. 

54 J. BurGess, Metal Ions in Solution, Ellis Horwood, Chichester, 1977, 481 pp. 
© A. R. AL-KARAGHOULI, R. O. Day, and J. S. Woop, Crystal structure of [La(2,2-bipyridine- 

dioxide}](CIO,),: an example of cubic eight co-ordination, /norg. Chem. 17, 3702-6 (1978). 
7 J. L. Hoarp, B. Lee, and M. D. Linp, Structure and bonding in a ten-coordinate lanthanum(III) chelate of 

ethylenediaminetetraacetic acid, J. Am. Chem. Soc. 87, 1611-12 (1965). 
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The highest coordination numbers of all are attained only with the aid of chelating 

ligands, such as SO,?” and NO;,_, with very small “bites” (p. 1077). In La,(SO,)3.9H,O 

there are actually two types of La", one being coordinated to 12 oxygens in SO,?~ ions 
while the other is coordinated to 6 water molecules and 3 oxygens in SO,?~ ions. In 

[Y(NO;);]?~ the Y™ is 10-coordinate and in [Sc(NO;);]*~, even though one of the 
nitrate ions is only unidentate (p. 541), the coordination number of 9 is extraordinarily 

high for scandium. 

The low symmetries of many of the above highly coordinated species, which appear to 

be determined largely by the stereochemical requirements of the ligands, together with the 

fact that these high coordination numbers are attained almost exclusively with oxygen- 

donor ligands, are consistent with the belief that the bonding is essentially of an 

electrostatic rather than a directional covalent character. 

20.3.3. Organometallic compounds'®? 

In view of the electronic structures of the elements of this group it is not surprising that z 

bonding is of no importance in their chemistry and that consequently they form 

comparatively few organometallic compounds. The best characterized are the ionic 

cyclopentadienides, M(C5H;)3, prepared by the reactions of anhydrous MCI, with 

NaC.H, in tetrahydrofuran. They are crystalline solids, stable in dry air up to ~ 400°C 

but sensitive to water. Indenyl compounds, M(C,H,)3, have also been prepared. 

Treatment of the anhydrous chlorides with LiPh yields polymeric phenyl compounds, 

highly unstable to air and moisture and with the stoichiometries MPh, (M=Sc, Y), and 

LiLaPh,. Monomeric alkyl compounds of the form MR; have also been obtained for Sc 

and Y, where the alkyl groups are of the types Me,SiCH, and Me,CCH, which are bulky 

and contain no f hydrogen atoms (p. 348). 

* H. GysLinc and M. Tsutsui, Organolanthanides and organoactinides, Adv. Organometallic Chem. 9, 
361-95 (1970). 

° P. J. Davipson, M. F. LAPPERT and R. PEARCE, Stable homoleptic metal alkyls, Acc. Chem. Res. 7, 209-17 
(1974). 



Titanium, Zirconium, 
and Hafnium 

21.1 Introduction 

In 1791 William Gregor,“’) a Cornish vicar and amateur chemist, examined sand from 

the local river Helford. Using a magnet he extracted a black material (now called ilmenite) 

from which he removed iron by treatment with hydrochloric acid. The residue, which 

dissolved only with difficulty in concentrated sulfuric acid, was the impure oxide of a new 

element, and Gregor proceeded to discover the reactions which were to form the basis of 

the production of virtually all TiO, up to about 1960. Four years later the German 

chemist M.H. Klaproth independently discovered the same oxide (or “earth”), in a 

sample of ore now known to be rutile, and named the element titanium after the Titans 

who, in Greek mythology, were the children of Heaven and Earth condemned to live 

amongst the hidden fires of the earth. Klaproth had previously (1789) isolated the oxide of 

zirconium from a sample of zircon, ZrSiO,. Various forms of zircon (Arabic zargun) have 

been known as gemstones since ancient times. Impure samples of the two metals were 

prepared by J. J. Berzelius (Sweden) in 1824 (Zr) and 1825 (Ti) but samples of high purity 

were not obtained until much later. M. A. Hunter (USA) reduced TiCl, with sodium in 

1910 to obtain titanium, and A. E. van Arkel and J. H. de Boer (Netherlands) produced 

zirconium in 1925 by their iodide-decomposition process (see below). 

The discovery of hafnium was one of chemistry’s more controversial episodes. In 1911 

G. Urbain, the French chemist and authority on “rare earths”, claimed to have isolated the 

element of atomic number 72 from a sample of rare-earth residues, and named it celtium. 

With hindsight, and more especially with an understanding of the consequences of 

H. G. J. Moseley’s and N. Bohr’s work on atomic structure, it now seems very unlikely 

that element 72 could have been found in the necessary concentrations along with rare 

earths. But this knowledge was lacking in the early part of the century and, indeed, in 1922 

Urbain and A. Dauvillier claimed to have X-ray evidence to support the discovery. 

However, by that time Niels Bohr had developed his atomic theory and so was confident 

that element 72 would be a member of Group IVA and was more likely to be found along 

with zirconium than with the rare earths. Working in Bohr’s laboratory in Copenhagen in 

' E.R. WILLIAMS, William Gregor, 1761-1817, Educ. Chem. 11, 115 (1974). 

2?R. T. ALLsop, Element 72—the great controversy, Educ. Chem. 10, 222-3 (1973). 

CTE-KK 
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1922/3, D. Coster (Netherlands) and G. von Hevesy (Hungary) used Moseley’s method of 

X-ray spectroscopic analysis to show that element 72 was present in Norwegian zircon, 

and it was named hafnium (Hafnia, Latin name for Copenhagen). The separation of 

hafnium from zirconium was then effected by repeated recrystallizations of the complex 

fluorides and hafnium metal was obtained by reduction with sodium. 

21.2 The Elements 

21.2.1 Terrestrial abundance and distribution 

Titanium, which comprises 0.63% (i.e. 6320 ppm) of the earth’s crustal rocks, is a very 

abundant element (ninth of all elements, second of the transition elements), and of the 

transition elements only Fe, Ti, and Mn are more abundant than zirconium (0.016%, 

162 ppm). Even hafnium (2.8 ppm) is as common as Cs and Br. 

That these elements have in the past been considered unfamiliar has been due largely to 

the difficulties involved in preparing the pure metals and also to their rather diffuse 

occurrence. Like their predecessors in Group IIIA, they are classified as type-a metals and 

are found as silicates and oxides in many silicaceous materials. These are frequently 

resistant to weathering and so often accumulate in beach deposits which can be profitably 

exploited. 

The two most important minerals of titanium are ilmenite (FeTiO;) and rutile (TiO,). 

The former is a black sandy material mined in Canada, the USA, Australia, Scandinavia, 

and Malaysia, while the latter is mined principally in Australia. Zirconium’s main 

minerals are zircon (ZrSiO,) and baddeleyite (ZrO,) found in the USA, Australia, and 

Brazil, and invariably containing hafnium, most commonly in quantities around 2% of 

the zirconium content. Only in a few minerals, such as alvite, MSiO,.xH,O (M = Hf, Th, 

Zr), does the hafnium content occasionally exceed that of zirconium. As a result of the 

lanthanide contraction (p. 1431) the ionic radii of Zr and Hf are virtually identical and 

their association in nature parallels their very close chemical similarity. 

21.2.2 Preparation and uses of the metals 

Viable methods of producing the metals from oxide ores have to surmount two 

problems. In the first place, reduction with carbon is not possible because of the formation 

of intractable carbides (p. 321), and even reduction with Na, Ca, or Mg is unlikely to 

remove all the oxygen. In addition, the metals are extremely reactive at high temperatures 

and, unless prepared in the absence of air, will certainly be contaminated with oxygen and 
nitrogen. 

In 1932 Wilhelm Kroll of Luxembourg produced titanium by reducing TiCl, with 

calcium and then later (1940) with magnesium and even sodium. The expense of this 

process was a severe deterrent to any commercial use of titanium. However, the metal has 

a very low density (~57% that of steel) combined with good mechanical strength and, in 

fact, when alloyed with small quantities of such metals as Al and Sn, has the highest 

strength: weight ratio of any of the engineering metals. Accordingly, about 1950, a 

demand developed for titanium for the manufacture of gas-turbine engines, and this 

demand has rapidly increased as production and fabrication problems have been 
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overcome. Its major uses are still in the aircraft industry for the production of both engines 

and airframes, but it is also widely used in chemical processing and marine equipment. Its 

world production now approaches 10° tonnes pa (45 000 tonnes in the USA pa). The 

Kroll method? still dominates the industry: in this ilmenite or rutile is heated with 

chlorine and carbon, e.g.: 

900°C 2FeTiO; +7Cl, +6C — “> 2TICl, + 2FeCl; + 6CO 

The TiC, is fractionally distilled from FeCl, and other impurities and then reduced with 

molten magnesium in a sealed furnace under Ar, 

TiGl poe oe Tie OM eels 

The MgCl, and any excess of magnesium are removed by leaching with water and dilute 

hydrochloric acid or by distillation, leaving titanium “sponge” which, after grinding and 

cleaning with aqua regia (1:3 mixture of concentrated nitric and hydrochloric acids), is 

melted under argon or vacuum and cast into ingots. The use of sodium instead of 

magnesium requires little change in the basic process but gives a more readily leached 

product. This yields titanium metal in a granular form which is fabricated by somewhat 

different techniques and is preferred by some users. 

Zirconium, too, is produced commercially by the Kroll process,” but the van Arkel-de 

Boer process is also useful when it is especially important to remove all oxygen and 

nitrogen. In this latter method the crude zirconium is heated in an evacuated vessel with a 

little iodine, to a temperature of about 200°C when ZrI, volatilizes. A tungsten or 

zirconium filament is simultaneously electrically heated to about 1300°C. This 
decomposes the ZrI, and pure zirconium is deposited on the filament. As the deposit 

grows the current is steadily increased so as to maintain the temperature. The method is 

applicable to many metals by judicious adjustment of the temperatures. Zirconium has a 

high corrosion resistance and in cértain chemical plants is preferred to alternatives such as 
stainless steel, titanium, and tantalum. It is also used in a variety of alloy steels and, when 

added to niobium, forms a superconducting alloy which retains its superconductivity in 

strong magnetic fields. The small percentage of hafnium normally present in zirconium is 

of no detriment in these cases and may even improve its properties, but zirconium’s major 

use is as a cladding for uranium dioxide fuel rods in water-cooled nuclear reactors. When 

alloyed with ~1.5% tin, its corrosion resistance and mechanical properties, which are 

stable under irradiation, coupled with its extremely low absorption of “thermal” neutrons, 

make it an ideal material for this purpose. Unfortunately, hafnium is a powerful absorber 

of thermal neutrons (600 times more so than Zr) and its removal, though difficult,© is 

therefore necessary. Solvent extraction methods, taking advantage of the different 

_ solubilities of, for instance, the 2 nitrates in tri-n-butyl phosphate or the thiocyanates in 

hexone (methyl isobutyl ketone) have been developed and reduce the hafnium content to 

3G. Brauer, Handbook of Preparative Inorganic Chemistry, 2nd edn., pp. 1161-72, Academic Press, New 

York, 1965. 
4G. L. MILLER, Zirconium, 2nd edn., Chaps. 3-7, pp. 31-142, Butterworths, London, 1957. 

> W. FISCHER, B. DEIERLING, H. HeEITscH, G. Otto, H.-P. POHLMANN, and K. REINHARDT, The separation of 

zirconium and hafnium by liquid-liquid partition of their thiocyanates, Angew. Chem. Int. Edn. (Engl.) 5, 15—23 

(1966). 
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less than 100 ppm. The neutron absorbing ability of hafnium is not always disadvan- 

tageous, however, since it is the reason for hafnium’s use for reactor control rods in nuclear 

submarines. Hafnium is produced in the same ways as zirconium but on a much smaller 

scale—about 200 tonnes pa worldwide in 1978. 

21.2.3 Properties of the elements 

Table 21.1 summarizes a number of properties of these elements. The difficulties in 

attaining high purity has led to frequent revision of the estimates of several of these 

properties. Each element has a number of naturally occurring isotopes and, in the case of 

zirconium and hafnium, the least abundant of these is radioactive, though with a very long 

half-life @eZr, 2.76%,3.6x 10-9; "24H Ole 7, 2.010 y) 

TABLE 21.1 Some properties of Group IVA elements 

Property Ti Jise Hf 

Atomic number Ze 40 72 
Number of naturally occurring isotopes 5 5 6 
Atomic weight 47.88) 91.22 178.49 
Electronic configuration [Ar]3d74s7 [Kr]4d75s2_ [Xe ]4f1*5d?6s? 
Electronegativity 1.5 1.4 13 
Metal radius/pm 147 160 159) 
Ionic radius (6-coordinate)/pm M(IV) 60.5 72 71 

M(II) 67.0 — — 
M(II) 86 = — 

MP/°C 1667 1857 2222 (or 2467) 
BP/°C 3285 4200 4450 
AH,,,/kJ mol7! 18.8 192 (25) 
AH,,,/kJ mol~! 425 (+11) 567 $71 (+25) 
AH, (monatomic gas)/kJ mol7} 469 (+4) 612 (+11) 611 (+17) 
Density (25°C)/g cm™! : 4.50 6.51 13.28 
Electrical resistivity (20°C)/wohm cm 42.0 40.0 Sul 

‘) Atomic weight reliable to +3 in the last digit. 

The elements are all lustrous, silvery metals with high mps and they have typically 

metallic hcp structures which transform to bec at high temperatures (882°, 870°, and 

1760°C for Ti, Zr, and Hf). They are better conductors of heat and electricity than their 

predecessors in Group IIIA but are not to be regarded as “good” conductors in 

comparison with most other metals. The enthalpies of fusion, vaporization, and 
atomization have also increased, indicating that the additional d electron has in each case 

contributed to stronger metal bonding. As was noticed for Group III, the d electrons of the 

A subgroup contribute more effectively to the metal-metal bonding in the bulk materials 

than do the p electrons of the B subgroup (Ge, Sn, Pb). Figure 21.1 illustrates the 

consequent discontinuous increases in mp, bp, and enthalpy of atomization in passing 

from C and Si to Ti, Zr, and Hf, rather than to Ge, Sn, and Pb. 
The mechanical properties of these metals are markedly affected by traces of impurities 

such as O, N, and C which have an embrittling effect on the metals, making them difficult 

to fabricate. 
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Fic. 21.1 Trends in some properties of Group IV elements. 
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The effect of the lanthanide contraction on the metal and ionic radii of hafnium has 

already been mentioned. That these radii are virtually identical for zirconium and hafnium 

has the result that the ratio of their densities, like that of their atomic weights, is very close 

to Zr: Hf=1:2.0. Indeed, the densities, the transition temperatures, and the neutron- 

absorbing abilities are the only properties of these two elements which differ significantly. 

This close similarity of second and third members is noticeable in all subsequent groups of 

the transition elements but is never more pronounced than here. 

21.2.4 Chemical reactivity and trends 

The elements of this group are relatively electropositive but less so than those of Group 

IIIA. If heated to high temperatures they react directly with most non-metals, particularly 

oxygen, hydrogen (reversibly), and, in the case of titanium, nitrogen (Ti actually burns in 

N,). When finely divided the metals are pyrophoric and for this reason care is necessary 

when machining them to avoid the production of fine waste chips. In spite of this inherent 

reactivity, the most noticeable feature of these metals in the massive form at room 

temperature is their outstanding resistance to corrosion, which is due to the formation ofa 

dense, adherent, self-healing oxide film. This is particularly striking in the case of 
zirconium. With the exception of hydrofluoric acid (which is the best solvent, probably 

because of the formation of soluble fluoro complexes) mineral acids have little effect unless 

hot. Even when hot, aqueous alkalis do not attack the metals. The presence of oxidizing 

agents such as nitric acid frequently reduces the reactivity of the metals by ensuring the 

retention of the protective oxide film. 

The chemistry of hafnium has not received the same attention as that of titanium or 

zirconium, but it is clear that its behaviour follows that of zirconium very closely indeed 
with only minor differences in such properties as solubility and volatility being apparent in 

most of their compounds. The most important oxidation state in the chemistry of these 

elements is the group oxidation state of + 4. This is too high to be ionic, but zirconium and 

hafnium, being larger, have oxides which are more basic than that of titanium and give rise 

to a more extensive and less-hydrolysed aqueous chemistry. In this oxidation state, 

particularly in the case of the dioxide and tetrachloride, titanium shows many similarities 
with tin which is of much the same size. A large number of coordination compounds of the 
M!Y metals have been studied’ and complexes such as [MF]? and those with O- or N- 
donor ligands are especially stable. 

The M’Y ions, though much smaller than their triply charged predecessors in Group 

IIIA, are, nonetheless, sufficiently large, bearing in mind their high charge, to attain a 

coordination number of 8 or more, which is certainly higher than is usually found for most 

transition elements. Eight is not a common coordination number for the first member, 

titanium, but is very well known for zirconium and hafnium, and the spherical symmetry 

of the d° configuration allows a variety of stereochemistries. 

Lower oxidation states are not very well documented for Zr and Hf. Even for Ti they are 

readily oxidized to +4 but they are undoubtedly well defined and, whatever arguments 

may be advanced against applying the description to Sc, there is no doubt that Ti is a 

“transition metal”. In aqueous solution Ti™ can be prepared by reduction of Til’, either 
with Zn and dilute acid or electrolytically, and it exists in dilute acids as the violet, 

© D. L. Kepert, The Early Transition Metals, Chap. 2, pp. 62-141, Academic Press, London, 1972. 
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- octahedral [Ti(H,O),]** ion (p. 1131). Although this is subject to a certain amount of 

hydrolysis, normal salts such as halides and sulfates can be separated. Zr! and Hf" are 
only known as the trihalides or their derivatives and have no aqueous chemistry since they 

reduce water. Table 21.2 gives the oxidation states and stereochemistries found in the 

complexes of Ti, Zr, and Hf along with illustrative examples. 

M-C o bonds are not strong and, as might be expected for metals with so few d 

electrons, little help is available from synergic x bonding: for instance, of the simple 

carbonyls only Ti(CO), has been reported, and that only on the basis of spectroscopic 

evidence. However, as will be seen on p. 1134, the discovery that titanium compounds can 

be used to catalyse the polymerization of alkenes (olefins) turned organo-titanium 

chemistry into a topic of major commercial importance. 

TABLE 21.2 Oxidation states and stereochemistries of titanium, zirconium, and hafnium 

Oxidation Coordination 

state number  Stereochemistry Ti Zr/Hf 

—1(d>) 6 Octahedral [Ti(bipy);]~ — 
0 (d*) 6 Octahedral [Ti(bipy);] [Zr(bipy);] 
2 (d?) 6 Octahedral TiCl, Layer structures and 

clusters 

12 ed [Ti(y°-CsHs)2(CO),] 
3 (d') 3 Planar [Ti{N(SiMe;)>}5] 

5 Trigonal bipyramidal [TiBr,(NMe;),] 
6 Octahedral [Ti(urea),]** ZrX, (Cl, Br, 1), Hf1, 

4 (d°) 4 Tetrahedral TiCl, ZrCl,(g) (solid is 
octahedral) 

5 Trigonal bipyramidal [TiOCI,(NMe;),] — 
Square pyramidal [TiOC1,]?~ — 

6 Octahedral len oe [ZrF,]?~, ZrCl,(s) 
7 Pentagonal [TiCl(S,;CNMe;)5] (NH,]*3[ZrF,]°~ 

bipyramidal 

Capped trigonal [TiF,(O,)]?~ [ZnB silon 
prismatic 

8 Dodecahedral [Ti(7?-NO3)a] [Zr(C,0,4)4]*~ 
Square antiprismatic — [Zr(acac),] 

1 a“ [Ti(n?-CsH5)(S,CNMe,)3] 
12 a5 eT [M(n°-BH.4)a] 

21.3 Compounds of Titanium, Zirconium, and Hafnium 

The binary hydrides (p. 69), borides (p. 162), carbides (p. 321), and nitrides (p. 480) are 

hard, refractory, nonstoichiometric materials with metallic conductivities. They have 

already been discussed in relation to comparable compounds of other metals in earlier 

chapters. 

21.3.1 Oxides'” and sulfides 

The main oxides are the dioxides, and TiO, is by far the most important compound 

7C. N. R. Rao and G. V. S. Rao, Transition Metal Oxides, National Standard Reference Data System 
NSRDS-NBS49, Washington, 1974, 130 pp. 
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formed by the elements of this group, its importance arising predominantly from its use as 

a white pigment (see Panel). It exists at room temperature in three forms—rutile, anatase, 

and brookite, each of which occurs naturally. Each contains 6-coordinate titanium but 

rutile is the most common form, both in nature and as produced commercially, and the 

others transform into it on heating. The rutile structure is based on a slightly distorted hcp 

of oxygen atoms with half the octahedral interstices being occupied by titanium atoms. 

The octahedral coordination of the titanium atoms and trigonal planar coordination of 

the oxygen can be seen in Fig. 21.2. This is a structure commonly adopted by ionic 

Titanium Dioxide as a Pigment 

> Of all white pigments, TiO, is now the most widely used: the impressive growth in demand is 
_ shown in Table A: 

TaBLeE A Annual world production of TiO, 

Year 1925 1937 1975 1980 
TiO,/tonnes 5000 100 000 2 000 000 3 000 000 

Well over half of this is used in the manufacture of paint, and other major uses are as a surface 

coating on paper (25%) and as a filler in rubber and plastics (15%). 
The value of TiO, as a pigment is due to its exceptionally high refractive index in the visible 

region of the spectrum. Thus although large crystals are transparent, fine particles scatter light 
so strongly that they can be used to produce films of high opacity. Table B gives the refractive 
indices of a number of relevant materials. In the manufacture of TiO, either the anatase or the 
rutile form is produced depending on modifications in the process employed. Because of its 
slightly higher refractive index, rutile has a somewhat greater opacity and most of the Ti0, 
currently produced is of this form. 

__Inaddition to these optical properties, 16. > is chemically inert which is why it displaced “white 
lead”, 2PbCO,.Pb(OH),: in industrial atmospheres this formed PbS (black) during the pro- 
duction of or weathering of the paint and was also a toxic hazard. Unfortunately the naturally 
occurring forms of TiO, are invariably coloured, sometimes intensely, by impurities, and 

expensive processing is required to produce pigments of acceptable quality. The two main 
processes in use are the ek process and the chloride process (Fig. A), which account for 
approximately 70% and 30% respectively of total world production. The principal reactions of the 
chloride process are: 

2710, o3ee 4c 2 a. CO,+2CO 

and 

TiC, £0, Oo eg ~2Ch, 

It is operated mainly in the USA where it is responsible for about 60% of the production and is 
most economical when high-grade ores are used, becoming less economical with poorer feed 
materials containing iron, because of the production of chloride wastes from which the chlorine _ 

_ cannot be recovered. By contrast the sulfate process cannot make use of rutile and other high- 
_ grade ores which do not dissolve in sulfuric acid, but it has the advantage of being able to use the 
_ more plentiful ilmenite, as well as slags from which much of the iron has already been recovered. - 

__ The physical properties of the base pigments produced from both processes are further 
improved by slurrying in water and selectively precipitating on the finely divided particles a 
surface coating of SiO,, Al,O3;, or TiO, itself. 

8 R. S. Darpy and J. LEIGHTON, Titanium dioxide pigments, in The Modern Inorganic Chemicals Industry, 

pp. 354-74, Special Publication No. 31, (1977), The Chemical Society, London. World Mineral Statistics 
1976-80, Inst. of Geological Sciences, HMSO, London, 1982. 
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| Fe,(SO,); + TiOSO,) © 

FeSO, + TiOSO, 

O,.xH, Of} 

Fic. A Flow diagrams for the manufacture of TiO, pigments. 

— TaBLe B_ Refractive indices of some pigments and other materials 

oF Refractive — Refractive Refractive 
eS Substance — index. = Substance index ———— Substance index 

Nal = 154 | aS, 64-165 Diamond 14d 
== CaCO, — 153-168 ZnO “20, 120) (anatase) = 2A9-255. 
J) SIC, | 154-056) ans 236-238 

TiO, (rutile) 261-290 

dioxides and difluorides where the relative sizes of the ions are such as to favour 6- 

coordination (i.e. when the ratio of cation: anion lies in the range 0.73 to 0.41). Anatase 
and brookite are both based on cubic rather than hexagonal close packing of oxygen 

atoms, but again the titanium atoms occupy half the octahedral interstices. TiO, melts at 

1892 + 30°C when heated in an atmosphere of O,; when heated in air the compound tends 

to loose oxygen and then melts at 1843+15°C (TiO, og5). 

Though it is unreactive, rutile can be reduced with difficulty to give numerous 

nonstoichiometric oxide phases, the more important of which are the Magnéli-type phases 

Ti,O>,—1 (4<n<9), the lower oxides T1,0,, and T1,03, and the broad, nonstoichiometric 

phase TiO,, (0.70 <x < 1.30). The Magnéli phases Ti,O,,,_, are built up of slabs of rutile- 
type structure with a width of nTiO, octahedra and with adjacent slabs mutually related 
by a crystallographic shear which conserves oxygen atoms by an increased sharing 

between adjacent octahedra. Ti,O, is metallic at room temperature but the other 

members of the series tend to be semiconductors. 

° A. F. WELLS, Structural Inorganic Chemistry, 4th edn., Chap. HI, pp. 65-92, Oxford University Press, 

Oxford, 1975. 

CTE-KK* 
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Fic. 21.2 The tetragonal unit cell of rutile, TiO,. 

Of the lower oxides Ti,0, is a blue-black material prepared by the reduction TiO, with 

H, at 900°C; it shows a transition from semiconductor to metal at 175°C. Ti,O3 is a dark- 

violet material with the corundum structure (p. 274); it is prepared by reacting TiO, and 

Ti metal at 1600°C and is generally inert, being resistant to most reagents except oxidizing 

acids. It has a narrow composition range (x =1.49-1.51 in TiO,) and undergoes a 

semiconductor-to-metal transition above ~ 200°C. 

TiO, a bronze coloured, readily oxidized material, is again prepared by the reaction of 

TiO, and Ti metal. It has a defect rock-salt structure which tolerates a high proportion of 
vacancies (Schottky defects) in both Ti and O sites and so is highly nonstoichiometric with 

a composition range at 1700°C of TiO, ;, to TiO, 55. This range diminishes somewhat at 

lower temperatures and, at equilibrium below about 900°C, various ordered phases 
separate with smaller ranges of composition-variation, e.g. TiO) 9-Ti0, , and TiO, 5; 

(i.e. Ti,O5). In this latter compound the tetragonal unit cell can be thought of as being 

related to the NaCl-type structure: there are 10 Ti sites and 10 oxygen sites but 2 of the Ti 

sites are vacant in a regular or ordered way to generate the structure of Ti,O,. Further 

details of these various oxide structures and their interrelations are given in refs. 7 and 9a. 

Finally, oxygen is soluble in metallic titanium up to a composition of TiO, ; with the 

oxygen atoms occupying octahedral sites in the hcp metal lattice: distinct phases that have 

been crystallographically characterized are Ti,O, Ti1;0, and Ti,O. It seems likely that in 

all these reduced oxide phases there is extensive metal-metal bonding. 
In the case of zirconium and hafnium there is little evidence of stable phases other than 

MO,, and at room temperature ZrO, (baddeleyite) and the isomorphous HfO, have a 

structure in which the metal is 7-coordinate (Fig. 21.3). ZrO, has at least two more high- 

temperature modifications (tetragonal above 1100°C and cubic, fluorite-type, above 

°8:D. J. M. Bevan, Nonstoichiometric compounds: an introductory essay, Chap. 49, in Comprehensive 
Inorganic Chemistry, Vol. 3, Pergamon Press, Oxford, 1973; see especially pp. 485-6, 511-20, 538-40. 
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Fic. 21.3. The coordination of Zr'Y in baddeleyite ZrO,; the 3 O atoms in the upper plane are 
each coordinated by 3 Zr atoms in a plane, whereas the 4 lower O atoms are each tetrahedrally 

coordinated by 4 Zr atoms. 

2300°C) but it is notable that, presumably because of the greater size of Zr compared to Ti, 

neither of them has the 6-coordinate rutile structure. ZrO, is unreactive, has a low 

coefficient of thermal expansion, and a very high melting point (2710+25°C) and is 

therefore a useful refractory material, being used in the manufacture of crucibles and 

furnace cores. However, the phase change at 1100° severely restricts the use of pure ZrO, 

as a refractory because repeated thermal cycling through this temperature causes cracking 

and disintegration—the problem is avoided by using solid solutions of CaO or MgO in 

the ZrO, since these retain the cubic fluorite structure throughout the temperature range. 

ZrO, has also recently been produced in fibrous form suitable for weaving into fabrics, as 

already mentioned for Al,O, (p. 275), and its chemical inertness and refractivity—coupled 

with an apparent lack of toxicity—can be expected to lead to increasing applications as an 

insulator and for the filtration of corrosive liquids. Production of ZrO, concentrates in 

1980 exceeded 600 000 tonnes, of which more than 75% was mined in Australia. 

The sulfides have been less thoroughly examined than the oxides but it is clear that a 

number of stable phases can be produced and nonstoichiometry is again prevalent (p. 

804). The most important are the disulfides, which are semiconductors with metallic 

lustre. TiS, and ZrS, have the CdI, structure (p. 1407) in which the cations occupy the 

octahedral sites between alternate layers of hcp anions. 

21.3.2 Mixed, or complex, oxides 

Although the dioxides, MO,, are notable for their inertness, particularly if they have 

been heated, fusion or firing at high temperatures (sometimes up to 2500°C) with the 

stoichiometric amounts of appropriate oxides produces a number of “titanates”, 

“zirconates”, and “hafnates”. The titanates are of two main types: the orthotitanates 

M3TiO, and the metatitanates M"TiO,. The names are misleading since the compounds 

almost never contain the discrete ions [TiO,]*~ and [TiO,]?~ analogous to phosphates 
or sulfites. Rather, the structures comprise three-dimensional networks of ions which are 
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of particular interest and importance because two of the metatitanates are the archetypes 

of common mixed metal oxide structures. 

When M" is approximately the same size as Ti!Y (ic. M=Mg, Mn, Fe, Co, Ni) the 
structure is that of ilmenite, FeTiO3, which consists of hcp oxygens with one-third of the 

octahedral interstices occupied by M" and another third by Ti'Y. This is essentially the 
same structure as corundum (Al,O3, p. 274) except that in that case there is only one type 

of cation which occupies two-thirds of the octahedral sites. 

If, however, M" is significantly larger than Ti! (e.g. M =Ca, Sr, Ba), then the preferred 
structure is that of perovskite, CaTiO3. This can be envisaged as a ccp array of calcium 

and oxygen atoms, with the former regularly disposed, and the titanium atoms then 

occupying octahedral sites formed by oxygen atoms only and so being as remote as 

possible from the calciums (Fig. 21.4). The Ba" ion is so large and expands the perovskite 

Fic. 21.4 Tworepresentations of the structure of perovskite, CaTiO ;, showing (a) the octahedral 
coordination of Ti, and (b) the twelve-fold coordination of Ca by oxygen. Note the relation of (b) 

to the cubic structure of ReO; (p. 1219). 

lattice to such an extent that the titanium is too small to fill the octahedral interstice which 

accommodates it. This leads to ferroelectric and piezoelectric behaviour as discussed in 

Chapter 3 (p. 60). In consequence, BaTiO; has found important applications in the 

production of compact capacitors (because of its high permittivity) and as a ceramic 
transducer in devices such as microphones and gramophone pick-ups. For such purposes it 
compares favourably with Rochelle salt (sodium potassium tartrate, NaKC,H,0O,) in 
terms of thermal stability, and with quartz in terms of the strength of the effect. 
M5TiO, (M =Mg, Zn, Mn, Fe, Co) have the spinel structure (MgAl,O,, p. 279) which is 

the third important structure type adopted by many mixed metal oxides; in this the 
cations occupy both octahedral and tetrahedral sites in a ccp array of oxide ions. Ba, TiO,, 
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although having the same stoichiometry, is unique amongst titanates in that it contains 

discrete [TiO,]*~ ions“ which have a somewhat distorted tetrahedral structure. 
High-temperature reduction of Na,TiO,; with hydrogen produces nonstoichiometric 

materials, Na,TiO, (x=0.20-0.25), called titanium “bronzes” by analogy with the 

better-known tungsten bronzes (p. 1185). They have a blue-black, metallic appearance 

with high electrical conductivity and are chemically inert (even hydrofluoric acid does not 

attack them). 

“Zirconates” and “hafnates” can be prepared by firing appropriate mixtures of oxides, 

carbonates, or nitrates. None of them are known to contain discrete [MO,]*~ or 

[MO,]?~ ions. Compounds M"ZrO, usually have the perovskite structure whereas 
M3ZrO, frequently adopt the spinel structure. 

21.3.3 Halides™'> }) 

The most important of these are the tetrahalides, all 12 of which are well characterized. 

The titanium compounds (Table 21.3) show an interesting gradation in colour, the charge- 

transfer band moving steadily to lower energies (i.e. absorbing increasingly in the visible 

region of the spectrum) as the anion becomes more easily oxidized (F~ toI_ ) by the small, 

highly polarizing titanium cation. The larger Zr'Y and Hf'’, however, do not have the same 
polarizing effect and their tetrahalides are all white solids; the fluorides are involatile but 

the other tetrahalides sublime readily at temperatures in the range 320-430°C. 

TABLE 21.3. Some physical properties of 
titanium tetrahalides 

Compound Colour MP/°C_ BP/°C 

ike, White 284 — 
TiCl, Colourless — 24 136.5 
TiBr, Orange 38 D330) 
Til, Dark brown 155 377 

Though numerous preparative methods are possible, convenient general procedures 

are as follows: 

tetrafluorides by the action of anhydrous HF on the tetrachloride; 

tetrachlorides and tetrabromides by passing the halogen over the heated dioxide in the 

presence of a reducing agent such as carbon (this reaction is central to the chloride 

process for manufacturing TiO,, p. 1118); 
tetraiodides by the iodination of the dioxide with aluminium triiodide at a 

temperature of 130-400° depending on the metal (33MO,+4AlI,—-3MI,+ 

2A1,03). 

10 J A. BLAND, The crystal structure of barium orthotitanate, Ba,TiO,, Acta Cryst. 14, 875-81 (1961). 
TR. J. H. Crark, The Chemistry of Titanium and Vanadium, Chaps. 2, 3, and 4, pp. 63-131, Elsevier, 

Amsterdam, 1968. 
12. R. CoLTon and J. H. CANTERFORD, Halides of the First Row Transition Metals, Chap. 2, pp. 37-106, Wiley, 

London, 1969; and Halides of the Second and Third Row Transition Metals, Chap. 4, pp. 110-45, Wiley, 
London, 1968. 
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Not all the structures have been determined but in the vapour phase all the tetrahalides 

of titanium and probably all those of zirconium and hafnium have monomeric, tetrahedral 

structures. In the solid, TiF, is probably a fluoride-bridged polymer with 6-coordinate 

titanium, but the other tetrahalides of titanium retain the tetrahedral configuration 

around the metal even in the solids. In those cases where data are available, the larger 

zirconium (and presumably hafnium) exhibit higher coordination numbers. Thus 

solid ZrF, contains 8-coordinate (square antiprismatic) zirconium while ZrCl, is a 

polymer consisting of zigzag chains of [ZrCl,]?~ octahedra. 

All the tetrahalides, but especially the chlorides and bromides, behave as Lewis acids 

dissolving in polar solvents to give rise to series of addition compounds; they also form 

complex anions with halides. They are all hygroscopic and hydrolysis follows the same 
pattern as complex formation, with the chlorides and bromides being more vulnerable 

than the fluorides and iodides. TiCl, fumes in and is completely hydrolysed by moist air 
(TiCl, +2H,O0- TiO, + 4HCl); a variety of intermediate hydrolysis products, such as the 

oxochlorides MOCI,, can be formed with aqueous HCI of varying concentration. Even 

in concHCl, ZrCl, gives ZrOCl,.8H,O. This contains the tetrameric cation 

[Zr,(OH),(H,O),,]°* in which the 4 zirconium atoms are connected in a ring by 4 pairs 

of OH” bridges and each zirconium atom is dodecahedrally coordinated to 8 oxygen 

atoms. The fluorides are less susceptible to hydrolysis and, though aqueous HF produces 

the oxofluorides, MOF,, the hydrates TiF,.2H,O, MF,.H,O, and MF,.3H,O (M=Zr, 

Hf) can be produced. Rather curiously the trihydrates of ZrF, and HfF, actually have 

different structures,“’*) though both contain 8-coordinated metal atoms. The zirconium 
compound is essentially dimeric 

PE aL Oy | [(H,O)3F3Zr <p, 

with dodecahedral Zr, whereas the hafnium compound consists of infinite chains of 

F 
[> HfF,(H,0).<,>] 

with the third water molecule held in the lattice. 

Besides being important as an intermediate in one of the processes for making TiO,, 

TiC, is also used to produce Ziegler—Natta catalysts (p. 1134) for the polymerization of 

ethylene (ethene) and is the starting point for the production of most of the commercially - 

important organic titanium compounds (in most cases these are actually titanium 

alkoxides rather than true organometallic compounds). The iodides MI, are all utilized in 

the van Arkel-de Boer process for producing pure metals (p. 1113). 
All the trihalides except HfF , have been prepared,"’® the most general method being the 

high-temperature reduction of the tetrahalide with the metal, though a variety of other 

methods have been used especially for the titanium compounds. Since the tetrahalides are 

quite stable to reduction, lower halides are not easily prepared in a pure state, incomplete 
reactions and the presence of excess metal being common. Apart from TiF3, which, as 
expected for a d* ion has a magnetic moment of 1.75 BM at room temperature, all the 

'S D. HALL, C. E. F. RICKARD, and T. N. Waters, The crystal structure of catena-di-y-fluorodifluorodi- 
aquohafnium(IV) monohydrate, HfF,.3H,O, J. Inorg. Nuclear Chem. 33, 2395-401 (1971). 

‘4D. A. MILLER and R. D. BEREMAN, The chemistry of d' complexes of niobium, tantalum, zirconium, and 
hafnium, Coord. Chem. Revs. 9, 107-43 (1972). 
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titanlum compounds have low magnetic moments, indicative of appreciable M—M 

bonding, and this is even more the case with the zirconium and hafnium compounds. All 

are coloured, halogen-bridged polymers with 6-coordinate metal and, apart from TiF , 

which is stable in air unless heated, all show reducing properties; indeed, ZrX, and HfX, 

reduce water and so have no aqueous chemistry, but aqueous solutions of TiX, are 

stable if kept under an inert atmosphere. Hexahydrates of TiX,.6H,O are well known 

and the chloride is notable in that, like its chromium(III) analogue, it exhibits hydrate 

isomerism, existing as violet [Ti(H,O),]**Cl~, and green [TiCl,(H,O),]* Cl” .2H,O. 
TiX, (X=Cl, Br, I) have been characterized and are black solids with the Cdl, 

structure (p. 1407) but their low magnetic moments again indicate extensive M-M 

bonding. They are very strongly reducing and decompose water. There have been 

numerous reports of similar black, solid dihalides of zirconium and hafnium but 

difficulties in preparing them and a tendency for them to disproportionate at high 

temperatures have made their characterization difficult. The chlorides and bromides 

Ti,X,,, which are the first halides of titanium with a stoichiometry between TiX, and 
TiX3, have recently been reported.“*) They are black crystalline solids sensitive to 
hydrolysis and oxidation and can be regarded as being composed of octahedrally 

coordinated Ti'Y and Ti" in the ratio of 1: 6 (i.e. TiCl, . 6 TiC, ) with the bivalent metal ions 
arranged in triangular groups involving Ti-Ti bonds. A novel ZrCl phase has been 

prepared”® by reducing ZrCl, with Zr foil in a sealed tantalum container at 600-800°C. It 
has a layer structure, and strong metallic bonding is evidenced by Zr—Zr separations of 

303 and 342 pm (compared to 319 pm in the metal itself) and metallic conduction in the 

plane of the sheets. 

21.3.4 Compounds with oxoanions 

Because of the high ratio of ionic charge to radius, normal salts of Ti!” cannot be 

prepared from aqueous solutions, which only yield basic, hydrolysed species. Even with 

Zr'Y and Hf'’, normal salts such as Zr(NO3)4.5H,O and Zr(SO,),.4H,O can only be 
isolated if the solution is sufficiently acidic. Several oxometal(IV) compounds (i.e. 

“titanyl”, “zirconyl”) have been isolated and were originally thought to contain discrete 

MO7?* ions. This, however, now seems to be incorrect” and the compounds are actually 
polymeric in the solid state. Thus, TiOSO,.H,O contains chains of -Ti-O-Ti-O- with 

each Ti being approximately octahedrally coordinated to 2 bridging oxygen atoms, 1 

water molecule and an oxygen atom from each of 3 sulfates; ZrO(NO;), is also an oxygen- 

bridged chain, though hydroxy bridging, as in ZrOCI,.8H,O mentioned above, is more 

common. By contrast, ion-exchange studies on aqueous solutions of Ti'Y in 2 MHCIO, are 
consistent with the presence of monomeric doubly-charged cationic species rather than 

polymers, though it is not clear whether the predominent species is [TiO]** or 
LInOH) 772" 

'S H. SCHAFER, R. LAUMANNS, B. Kress, and G. HENKEL, Novel titanium halides containing metal-metal 
bonds: Ti,Cl,, and Ti,Br,,, Angew, Chem., Int. Edn. (Engl.) 18, 325-6 (1979). 

16 TD). G. ADOLPHSON and J. D. CorseTT, Crystal structure of zirconium monochloride: a novel phase 
containing metal-metal bonded sheets, /norg. Chem. 15, 1820-3 (1976). 

17 TE. MacDermott, The structural chemistry of zirconium compounds, Coord. Chem. Revs. 11, 1-20 

(1973). 
‘Jay DPD. Extuis and A. G. Sykes, Kinetic studies on the vanadium(II)-titanium(IV) and 

titanium (I1])}-vanadium(IV) redox reactions in aqueous solutions, JCS Dalton 1973, 537-43. 
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Fic. 21.5 The molecular structure of Ti(NO;),. Eight O atoms form a dodecahedron around the 
- Ti and the 4 N atoms form a flattened tetrahedron. 

The SO,?~ ion hasa strong affinity for Zr'Y and, besides the normal sulfate, forms many 

anionic complexes and basic salts, all of which appear to contain 7- or 8-coordinate 

zirconium.” 8) ‘ 
The anhydrous nitrates can be prepared by the action of N,O; on MCl,. Ti(NO3), is a 

white sublimable and highly reactive compound (mp 58°C) in which the bidentate nitrate 

ions are disposed tetrahedrally around the titanium which thereby attain a coordination 

number of 8 (Fig. 21.5). Infrared evidence suggests that Zr(NO;), is isostructural but 

hafnium nitrate sublimes under vacuum at 100°C as the adduct Hf(NO;),.N,Os. 

In oxidation states lower than +4, only Ti" forms a sulfate and this gives rise to the 
alums, MTi(SO,),.12H,O (M =Rh, Cs), containing the octahedral hexaquotitanium(III) 

ion. 

21.3.5 Complexes 

Oxidation state IV (d°) 

A very large number of these complexes, particularly of titanium, have been prepared 

and, as is to be expected for the d° configuration, they are invariably diamagnetic. 

Hydrolysis, resulting in polymeric species with -OH- or —O- bridges, is common 

especially with titanium and is still a preparative problem with zirconium and hafnium. A 

coordination number of 6 is the most usual for Ti!” but 7- and even 8-coordination is 

possible. However, these high coordination numbers are much more characteristic of Zr!Y 

and Hf!', whose complexes are more labile (consistent with greater electrostatic character 

in the bonding). Furthermore, because changes in geometry entail smaller 

changes in energy for higher coordination numbers, these include a greater variety of 

stereochemistries. 

‘81. J. Bear and W. G. Mumme, Normal sulphates of zirconium and hafnium, Rev. Pure Appl. Chem. 
(Austral.) 21, 189-211 (1971). 
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The neutral and anionic adducts of the halides constitute a large proportion of the 

complexes of Ti'Y, and the alkoxides (also prepared from TiCl,) are of commercial 
importance (p. 1128). 

TiF, forms 6-coordinate adducts mainly with O- and N-donor ligands, and complexes 

of the type TiF,L have all the appearances of fluorine-bridged polymers. TiC], and TiBr, 

are especially prolific and are clearly “softer” acceptors than the fluoride. They form 

mainly yellow to red adducts of the types [MX,L,] and [MX,(L-L)] with ligands such as 

ethers, ketones, OPCI,, amines,‘'®) imines, nitriles, thiols, and thioethers. Apparently 

similar zirconium and hafnium analogues are known but are often less well characterized 

because of insolubility and also difficulty in preparing samples suitable for X-ray analysis. 
Phosphorus- and As-donor ligands also complex readily with the chlorides of all three 

metals, particularly as chelates, and are of interest in that they produce coordination 

numbers which, for titanium, are unusually high. Thus o-phenylenebis(dimethyldiarsine), 

diars, and its phosphorus analogue form not only the 6-coordinate [MX,(L-L)] but also 

the 8-coordinate [MX,(L-L),]. [TiCl,(diars),] (Fig. 21.6) was in fact one of the first 

examples of an 8-coordinate complex of a first-row transition element.?° The terdentate 

arsine, MeC(CH,AsMe,)3, forms a 1:1 adduct with TiCl, which is monomeric and so 
presumably 7-coordinate. [TiCl,L] adducts are usually 6-coordinate dimers with double 

chloride bridges. 

Octahedral, anionic complexes, [MX,]?_, show a marked increase in susceptibility to 

hydrolysis and consequent difficulty in preparation, in passing from the stable fluorides to 

the heavier halides, with the result that the hexaiodo complexes cannot be isolated. The 

fluorozirconates and fluorohafnates display considerable variety,‘'”’*') complexes of 

the types [MF,]*-,[M,F,,4]° , and [MF,]*~ having been prepared, often by fusion of 
the appropriate fluorides. In Na,ZrF, the anion has the 7-coordinate pentagonal 
bipyramidal structure; in Li,[BeF,][ZrF,] the zirconium anion is 8-coordinate, do- 

decahedral (distorted); in Cu,[ZrF,].12H,O it is 8-coordinate, square antiprismatic, 

and in Cu,[Zr,F,,].18H,O dimerization by the edge-sharing of two square antiprisms 

maintains 8-coordination. Stoichiometry does not, however, define coordination type, 

and this is very well illustrated by the ostensibly [MF]? complexes which may contain 

6-, 7-, or 8-coordinate Zr'Y or Hf'Y depending on the counter anion. In Rb,MFg, M is 
indeed octahedrally coordinated, but in (NH,),MF, and K,MF, polymerization occurs 

to give respectively 7- and 8-coordinate species. 

Alkoxides of all 3 metals are well characterized but it is those of titanium which are of 

particular importance. The solvolysis of TiCl, with an alcohol yields a dialkoxide: 

TiCl, + 2ROH—-TIiCl1,(OR), + 2HCl 

If dry ammonia is added to remove the HCl, then the tetraalkoxides can be produced: 

TiCl, + 4ROH + 4NH, —->Ti(OR), +4NH,Cl 

These alkoxides are liquids or sublimable solids and, unless the steric effects of the alkyl 

chain prevent it, apparently attain octahedral coordination of the titanium by 

19 G. W. A. Fow.es, Reaction by metal halides with ammonia and aliphatic amines, Prog. Inorg. Chem. 6, 

1-36 (1964). 
20R. J. H. CrarK, J. Lewis, R. S. NYHOLM, P. PAULING, and G. B. ROBERTSON, Eight-coordinate diarsine 

complexes of quadrivalent metal halides, Nature 192, 222-3 (1961). 

21'S. A. Corton and F. A. Hart, The Heavy Transition Elements, Chap. 1, pp. 3-4, Macmillan, London, 
1975. 
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Fic. 21.6 Molecular structures of [TiCl,(diars), ]. The dodecahedral coordination is produced 
by two interpenetrating tetrahedra (slightly distorted) of chlorine and arsenic atoms. 

polymerization (Fig. 21.7). The lower alkoxides are especially sensitive to moisture, 

hydrolysing to the dioxide. Application of these “organic titanates” (as they are frequently 

described) can therefore give a thin, transparent, and adherent coating of TiO, to a variety 

of materials merely by exposure to the atmosphere. In this way they are used to waterproof 

fabrics and also in heat-resistant paints. They are also used on glass and enamels which 

after firing retain a coating of TiO, which confers a resistance to scratching and often 

enhances the appearance. However, the most important commercial application is in the 

production of “thixotropic” paints which do not “drip” or “run”. For this the Ti(OR), is 

chelated with ligands such as f-diketonates to give products of the type [Ti(OR),(L-L),] 

which are water soluble and more resistant to hydrolysis. In concentrations of 1% or less, 

they form gels with the cellulose ether colloids used to thicken latex paints and so produce 
the desired characteristics. ji 

One of the most sensitive methods for estimating titanium (or, conversely, for 

estimating H,O,) is to measure the intensity of the orange colour produced when H,,O, is 

added to acidic solutions of titanium(IV). The colour is probably due to the peroxo 

complex, [Ti(O,)(OH)(H,O),]*, though alkaline solutions are needed before crystalline 

solids such as ML[Ti(O,)F;] or M}[Ti(O,)(SO,),] can be isolated. The peroxo ligand is 



921.35 L > BD snComplonts sept’ 1129 

Fic. 21.7. Two representations of the tetrameric structure of [Ti(OEt), ],. 

apparently bidentate, the 2 oxygen atoms being equidistant from the metal (see also 

p. 719). Bent o bonds have been suggested,'*?) as shown in Fig. 21.8. 
Not surprisingly, in view of their greater size, zirconium and hafnium show a greater 

preference than titanium for O-donor ligands as well as for high coordination numbers, 

and this is shown by the greater variety of B-diketonates, carboxylates, and sulfato 

complexes which they form. Bis-6-diketonates such as [MCIl,(acac), ] of all 3 metals are 

made by the reaction of MCI, and the f-diketone in inert solvents such as benzene. They 

Fic. 21.8 Diagrammatic representation of bent o bonds in complexes of the bidentate peroxo 
ligand. In many peroxo complexes the geometry is pentagonal bipyramidal, with the peroxo 
ligand situated in the pentagonal plane, for which the undistorted L-M-L angle (i.e. the angle 
between the metal sp*d°? hybrid orbitals) is 72° as shown here. The same situation occurs in 5- 
coordinate pentagonal pyramidal complexes (e.g. [Cr(O,)spy]); likewise in 8-coordinate, 
dodecahedral complexes (e.g. [M(O,),]°>, (M=V, Nb, Ta, Cr)) virtually identical undistorted 

angles of 71° are found. 

22 W. P. GRIFFITH, Studies on transition-metal peroxy-complexes. Pt. II]. Peroxy complexes of Groups IVA, 
VA, VIA, J. Chem. Soc. 1964, 5248-53. 
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are octahedral with cis-chlorides. In addition, Zr and Hf form the monomeric, 7- 

coordinate [MCl(acac);] complexes which have a distorted pentagonal bipyramidal 

stereochemistry. Also, providing alkali is present to remove the labile proton, Zr and Hf 

will yield the tetrakis complexes in aqueous solution: 

4acacH 
MOC, Bae acac), | 

These too are monomeric, and the 8-coordinate structure has a square-antiprismatic 

arrangement of oxygen atoms around M. 

Monocarboxylates of the types [Zr(carbox), ], [ZrO(carbox)3;(H,O),] and [ZrO(OH) 

(carbox)(H,O),] are well known, as are the corresponding dicarboxylates. It is interesting 

that the tetrakis(oxalates), Na,[M(C,O,),].3H,O, adopt the dodecahedral stereochem- 

istry in contrast to the square-pyramidal stereochemistry of [M(acac),]. It has been 

pointed out?) that for 8-coordination the dodecahedron is favoured in comparison with 

the square pyramid by ligands with a smaller “bite”. It may therefore be significant that the 

5-membered chelate ring formed by the oxalate ion features a smaller “bite” than does the 

6-membered ring formed by acac. It may also be noted that, although optical and 

geometrical isomerism is conceivable for these stereochemistries, intramolecular rear- 

rangement of the ligands is too rapid for sets of isomers of the above compounds (or, 

indeed, of any compound of Zr'Y of Hf'’) to have been isolated.” 
Intramolecular rearrangement evidently also occurs in the borohydride, [Zr(BH,), ] 

(p. 189). X-ray analysis of a single crystal at — 160°C, at which temperature thermal 

vibrations are sufficiently reduced to allow the positions of the hydrogen atoms to be 
determined, showed it to have T,, symmetry* (Fig. 21.9), with triple-hydrogen bridges, 
implying two types of hydrogen. Yet the proton nmr distinguishes only one type of proton, 

so that rapid intramolecular rearrangement is indicated. The structure of the hafnium 
compound has not been determined but its properties are so similar that its structure may 

be assumed to be the same. Both compounds are rather unstable, have virtually the same 

mp (~ 29°C) and are the most volatile compounds yet known for zirconium and hafnium. 

The type of bonding involved is a matter of some uncertainty.**) The volatility is 

indicative of covalency, but.how many electrons the borohydride groups should be 

regarded as donating to the metal is open to doubt. 

Oxidation state III (d’) 

The coordination chemistry ‘of this oxidation state is virtually confined to that of 

titanium. Reduction of zirconium and hafnium from the quadrivalent to the tervalent state 

is not easy and cannot be attempted in water which is itself reduced by Zr™ and Hf". 
Only a handful of complexes of these two elements therefore are known in this oxidation 

state’* and these are confined almost entirely to adducts of the trihalides with N-donor 

>:D. G. Buicut and D. L. Kepert, The stereochemistry of eight coordination: the effect of bidentate ligands, 
Inorg. Chem. 11, 1556-61 (1972). 

24 P_H. Birp and M. R. CHURCHILL, The crystal structure of zirconium(IV) borohydride (at — 160°), JCS 
Chem. Comm. 1967, 403. 

25 A. DAVISON and S. S. WREFORD, Some comments on the bonding of tetrahydroborate ion to transition 
metals, /norg. Chem. 14, 703 (1975). T. A. KEIDERLING, W. T. Wozniak, R. S. Gay, D. JARKowi7z, E. R. 

BERNSTEIN, S. J. LippaARD, and T. G. Spiro, Raman and infrared spectra of Hf(BH,), and Hf(BD,).4: evidence 
for Hf-B bonding, /norg. Chem. 14, 576-9 (1975). 
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Fic. 21.9 Molecular structure of [Zr(BH,),] showing 4 trihapto BH, groups. 

ligands such as pyridine, 2,2’-bipyridyl and 1,10-phenanthroline. Structural data are 

sparse. Even Til" is prone to aerial oxidation, and its compounds must be prepared 
under anaerobic conditions. However, because of the simplicity of its electronic 

configuration, it has been the focus of considerable attention, and the interpretation?® of 
the electronic spectrum of aqueous Ti" was an early landmark in the development of 

crystal field theory (p. 1084). 

Most of the complexes of titanium(III) are octahedral and are produced by reacting 

TiCl, with an excess of the ligand, giving rise to stoichiometries such as [TiL,]X;, 

[TiL,X,]X, [TiL,X], and M5[TiX,] (L=neutral unidentate ligand, X =singly charged 

anion) (Table 21.4) together with corresponding complexes involving multidentate 

ligands. 

The first of these types is most familiarly represented by the hexaquo ion which is 

present in acidic aqueous solutions and, in the solid state, in the alum 

CsTi(SO,),.12H,O. In fact few other neutral ligands besides water form a [TiL,]°* 

complex. Urea is one of these few and [Ti(OCN,H,),]I;, in which the urea ligands 

coordinate to the titanium via their oxygen atoms, is one of the compounds of 

titanium(III) most resistant to oxidation. 

Hydrate isomerism of TiCl,.6H,O, yielding [TiCl,(H,O),]* Cl as one of the isomers, 

has already been referred to (p. 1125) and analogous complexes are formed by a variety of 

alcohols. Neutral complexes, [TiL3X;] have been characterized for a variety of ligands 

such as tetrahydrofuran (C,H,O), dioxan (C,H,O,), acetonitrile, pyridine, and picoline, 

26 FE. ILse and H. HarTMAN, Termsysteme elektrostatischer Komplexionen der Ubergangsmetalle mit 
einem d-Elektron, Z. Phys. Chem. 197, 239-46 (1951). 
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TABLE 21.4 Spectroscopic and magnetic properties of some complexes of titanium(III) 

p (room temperature)/ 

Complex Colour ?E,<—*T>,/(cm_') BM 

[Cs(H,O), ][Ti(H,0),][SO4]. Red-purple 19 900, 18 000 1679 

[Ti(urea), JI; Blue 17 550, 16 000 1.77 
[TiCl,(NCMe),] Blue 17 100, 14 700 1.68 
[TiCl,(NC.H;)3] Green 16 600, Asym®) 1.63 
[TiCl; (thf); ] Blue-green 14 700, 13 500 1.70 
[TiCl,(dioxan), ] Blue-green 15 150, 13 400 1.69 
(NH, ]3[TiF 6] Purple 19 000, 15 100 1.78 
[C5H;NH]3[TiCl,] Orange 12 750, 10 800 1.78 
[C5H;NH]3[TiBr, ] Orange 11 400, 9 650 1.81 
[NBu",]3[Ti(NCS)g] Dark violet 18 400, Asym® 1.81 

‘) The band “envelope” is asymmetrical with insufficient resolution to identify the position of the weaker 

component. 

while anionic complexes [TiX,]*> (X=F , Cl’, Br, NCS_) have been prepared by 

electrolytic reduction of melts or by other nonaqueous methods. 
It has already been shown (pp. 1089 and 1092) that the electronic spectrum of Ti™ in 

aqueous solution is due to the promotion of an electron from a f,, to an e, orbital which 

can alternatively be described as the transition 7E,—* T,,. However, the absorption band 

actually observed for this and for other octahedral complexes of Ti’ is never of the 
symmetrical shape expected for a single transition, but is rather an asymmetrical peak 

with a (usually) distinct shoulder on the low-energy side. The whole absorption 

“envelope” is apparently made up of two superimposed bands whose positions are 

indicated in Table 21.4 and which are generally assumed to be a consequence of the 

Jahn-Teller effect—not acting on the ground term, as was discussed in Chapter 19, but 

acting in this case on the excited term. Although this is actually rather complicated, the 

result is that the excited 7E, term splits into two components,*”) corresponding to the 
(d,2)' and (d,2_,2)' configurations, and so engenders two distinct excitations. The value of 

10Dq is usually identified with the energy of the stronger of the two bands rather than an 

average, and the results in Table 21.4 indicate that this varies with the ligand in the order: 

Br <Cl> <urea <NCs> <E "<0 

which agrees with the spectrochemical series established for other metals (p. 1096). 

Magnetically, the t}, ground configuration in an octahedral crystal field is expected 

(p. 1098) to produce an “orbital contribution” to the magnetic moment which varies with 
temperature. The observed magnetic moments do indeed vary with temperature, but by 

no means as much as would be expected for precisely octahedral fields, and, as is borne out 

by Table 21.4, only rarely do the magnetic moments at room temperature exceed the spin- 

only value of 1.73 BM. These discrepancies have been attributed'?®) to distortions which 
split the 7T,, ground term by a few hundred cm“ ' along with some delocalization of the 
single electron from the metal, due to partial covalent character of the metal—ligand bond. 

27S. F. A. Kettie, Coordination Compounds, pp. 109-14, Nelson, London, 1969. 
28 B. N. Ficais, The magnetic properties of transition metal ions in asymmetric ligand fields, Pt. 2. Cubic field 

?T, terms, Trans. Faraday Soc. 57, 198-203 (1961); but see also M. GeRLocn, J. Chem. Soc. (A) 1968, 2023-8, for 
details of the over-simplifications sometimes involved in this treatment. 
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Amongst the few complexes of Ti" which have been shown to be non-octahedral are 
[TiBr3(NMe3),] and [Ti{N(SiMe;),!3]. The former has a 5-coordinate, trigonal 

bipyramidal structure while the latter is one of a series of complexes of tervalent metals 

which have a 3-coordinate, planar structure.” It appears that the silylamide ligands are 

simply too bulky for the Ti" ion to accommodate more than three of them, and this 
consideration overrides any preference which the metal might have for a higher 

coordination number. 

Lower oxidation states 

With the exception of TiO and the lower halides already mentioned, very little 

chemistry has yet been established for any of these metals in oxidation states lower than 3. 

TiCl, has a polymeric structure involving extensive metal-metal bonding and, although 

addition compounds of the type [TiCl, L, ] can be formed with difficulty with ligands such 

as dimethylformamide and acetonitrile,°° magnetic moments in the range 1.0 to 1.2 BM 
at room temperature (compared to a spin-only value of 2.83 BM for 2 unpaired electrons) 

suggest that they also are polymeric with appreciable metal-metal bonding. However, the 

electronic spectra of Ti! in TiCl,/AICI, melts’) and also of Ti" incorporated in NaCl 
crystals%*) (prepared by the reaction of CdCl, and titanium in molten NaCl and 

subsequent sublimation of Cd metal) have been shown to be as expected for a d? ion in an 

octahedral field. 

Perhaps the most interesting of the complexes of these metals in low oxidation states are 

those formed when MC, is reduced in tetrahydrofuran by lithium in the presence of 

bipyridyl. Compounds of the type [M(bipy),], Li[M(bipy),], and Li,[M(bipy),] with 

varying amounts of solvent of crystallization have been isolated, implying oxidation states 

of 0, — 1, and —2. Such magnetic evidence as is available suggests that, if these oxidation 

states are realistic, then the consequent f3,, t3,, and t$, configurations are all low-spin. 
However, it seems?) that there is very considerable delocalization of charge in the x* 

orbitals of the ligands, so that reduction of the ligands may well be more important than 

reduction of the metal, and assigning oxidation states to the metals is a purely formal 

exercise. A more “realistic” claim to zero valency in Zr and Hf compounds is provided by 

[M(y-PhMe),(PMe;)]. Metal vapour was produced from an “electron-gun furnace” and 

condensed with an excess of toluene and trimethylphosphine at — 196°C. On warming up, 

a dark-green solution was produced from which the pure solids were isolated.°* 

21.3.6 Organometallic compounds 

Until the 1950s this was an unexplored area of chemistry, but then two events occurred: 

29 DC. BRADLEY, Steric control of metal coordination, Chem. Br. 11, 393-7 (1975). 
30 GW. A. Fow es, T. E. Lester, and R. A. WALTON, Co-ordination complexes of titanium(II), J. Chem. 

Soc. (A) 1968, 1081-S. 
31H. A. Mye and D. M. Gruen, Octahedral absorption spectra of the dipositive 3d metal ions in molten 

aluminium chloride, /norg. Chem. 3, 836-41 (1964). 
32 W. E. Smitu, The spectrum of Ti’ * ions isolated in a sodium chloride crystal, JCS Chem. Comm. 1972, 

1121-2. 
33 L. E. OrGEL, Double bonding in chelated metal complexes, J. Chem. Soc. 1961, 3683-6. 
34 FG. N. CLarKE and M. L. H. GREEN, Synthesis of zerovalent (y-arene)(PMe,)-hafnium and -zirconium 

compounds using metal vapours, JCS Chem. Comm. 1979, 127-8. 
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ferrocene was discovered (pp. 345, 1286) and K. Ziegler>) catalysed the polymerization of 

ethylene using an organo-titanium derivative. The first event initiated a systematic study 
of cyclopentadienyl compounds, and so led to the preparation of the most stable of the 

organometallic compounds of this group, while the second event provided a strong 

commercial incentive for the investigation of this field (see Panel). 

Ziegler—-Natta Catalysts?>” 

The original ICI process for producing polythene involved the use of high temperatures and 
pressures but K. Ziegler discovered>*? that, in the presence of a mixture of TiCl, and AIEt, ina 
hydrocarbon solvent, the polymerization will take place at room temperature and atmospheric 
pressure. G. Natta®® then showed that by suitable modification of the catalyst stereoregular 
polymers of almost any alkene (olefin), CH,=CHR, can be produced. In general, these catalysts 
can be formed from an alkyl of Li, Be, or Al together with a halide of one of the metals of Groups 
IVA to VIA in an oxidation state less than its maximum. As a result of their work, Ziegler and — 
Natta were jointly awarded the 1963 Nobel Prize for Chemistry. Because of its commercially 
sensitive nature, much of the voluminous literature on this subject is in the form of patents, but a 
great deal of work has also been directed at ascertaining the mechanism of the catalyst.°” The _ 
initial reaction of TiCl, and AIEt produces insoluble TiCl, (alternatively, preformed TiC], canbe 
used). The most plausible sequence of events on the surface of this catalyst is then as illustrated in _ 
Fig. A: 

ie Et 

CH, 

Surface 

Fic. A_ Possible mechanism of Ziegler—Natta catalyst. 

(a) one of the chlorine atoms coordinated to a titanium atom is replaced by an ethyl group 
from AIEt,, . 

(b) then, because the titanium atom on the surface of the solid has a vacant coordination site, 
a molecule of ethylene (ethene) can attach itself; ‘ 

(c) migration of the ethyl group to the ethylene by a well-known process known as “cis- 
insertion” occurs. 3 

The result of this cis-insertion is that a vacant site is left behind, and this can be occupied by — 
another ethylene molecule and steps (a) and (b) repeated indefinitely. 

The efficacy of the catalyst seems to lie in the fact that in the case of propylene — 
(CH,=CH—CH,), for instance, the steric hindrance inherent in the surface coordination sites _ 
ensures that the polymer which is produced is stereoregular. Such a stereoregular polymer is 
stronger and has a higher mp than the non-regular (so-called “atactic”) polymer. Furthermore, _ 
while the titanium provides bonds sufficiently strong to be able to hold the olefin and the alkyl in 
the correct orientations for reaction, they are not so strong as to prevent the migration which is 
essential to the reaction. For an alternative suggestion for the mechanism of catalysis, see p. 293. 

3° K. ZieGLeR, E. HoLZKAMP, H. BREILAND and H. Martin, Das Miilheimer Normaldruck-Polyathylen- 
Verfahren, Angew. Chem. 67, 541-7 (1955). 

*°4 J. Boor, Ziegler-Natta Catalysts and Polymerizations, Academic Press, New York, 1979, 670 pp. 
°°G. Natta, Une nouvelle classe de polymeres d! -olefines ayant une Regularité de Structure 

Exceptionnelle, J. Polymer Sci. 16, 143-54 (1955). 

*7R. Fetp and P. L. Cowe, The Organic Chemistry of Titanium, Chap. 11, pp. 149-67, Butterworths, 
London, 1965. 
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In sharp contrast to the Group IVB elements Ge, Sn, Pb, Group IVA metals form 

few alkyl and aryl compounds and those which are known are very unstable to both air 

and water. MMe, can be prepared by the reactions of LiMe and MCI, in ether at low 

temperatures, but the yellow titanium and the red zirconium compounds decompose to 

the metals at temperatures above —20 and —15°C respectively. Phenyltitanium 

triisopropoxide, (C,H)Ti(OPr'),, containing only one Ti-C bond, is thermally stable up 

to 10°C and was the compound with the first authenticated Ti-C bond. 
Perhaps because of inadequate or non-existent back-bonding (p. 1101), the only binary 

carbonyl so far reported is Ti(CO), which has been produced by condensation of titanium 

metal vapour with CO in a matrix of inert gases at 10-15 K, and identified 

spectroscopically.°®) Cyclopentadienyls, however, are much more stable and common, 

and are known for metal oxidation states of IV, ITI, and II. The compounds M(C,H;), are 

prepared from MCl, and NaC.;H, and the structure of the green-black titanium 

compound is shown in Fig. 21.10. It is therefore formulated as [Ti(y'-C;H;),(n°-C;H;),] 

(p. 373). Rather surprisingly, the 'H nmr distinguishes only one type of proton at room 

temperature. Studies at lower temperatures suggest that two fluxional processes occur. 

Firstly, the mono- and pentahapto- (i.e. c- and z-bonded) rings rapidly interchange their 

roles, and secondly, the point of attachment of each of the monohapto rings changes 

continually between the 5 carbons of each ring (“ring whizzing”). The result of these time- 
averaging processes is that all 20 protons become indistinguishable. Reports of the 

structures of the yellow-orange Zr, and yellow Hf compounds have been somewhat 

confused but it is now known that the Hf compound, like that of Ti, contains 2 

monohapto- and 2 pentahapto-rings°* whereas that of Zr contains 1 monohapto- and 3 
pentahapto-rings, [Zr(y'-C;H5)(y°-C;H;)3]°° This formulation is unexpected since it 
entails a formally 20-electron configuration; the two compounds also provide the first 

authenticated example of a structural difference in the organometallic chemistries of Zr 

and Hf. 
Best known of all are the bis(cyclopentadienyls) of the type [M(y°-C;H;),X,], the 

halides being prepared again by the action of NaC,H,; on MCl,. Replacement of X by 
SCN~,N3~, —NR,,—OR, or -SR is also possible and [M(7°-C;H;),(CO),] are the only 

well-characterized carbonyls of Group IVA“ (Fig. 21.11). In all cases the structures are 

distorted tetrahedral with both rings pentahapto-. Interesting derivatives of the type 

[(C5H;),Ti(CH,),] have also been produced.*") Amongst the many other reactions of the 

dihalides, ring replacement to give compounds such as [Ti(C,;H,)X,] and reductions to 
[Ti(C;H,;),X] and [Ti(C5H;), ] may be noted. The last of these is of interest as a potential 

analogue of ferrocene. Several preparative routes have been suggested,” and the usual 

38 R. Busspy, W. KiorzBtcuer, and G. A. Ozin, Titanium hexacarbonyl Ti(CO), and titanium 
hexadinitrogen, Ti(N,),: synthesis using titanium atoms and characterization by matrix infrared and 
ultraviolet-visible spectroscopy, /norg. Chem. 16, 822-8 (1977). 

3° R.D. Rocers, R. V. Bynum, and J. L. Arwoop, First authentic example of a difference in the structural 

organometallic chemistry of zirconium and hafnium: crystal and molecular structure of (y°-C;H,),Hf(n'- 
C;H,),, J. Am. Chem. Soc. 103, 692-3 (1981). 

39a R. D. Rocers, R. V. Bynum, and J. L. ATwoop, Crystal and molecular structure of tetra(cyclopenta- 
dienyl)zirconium, J. Am. Chem. Soc. 100, 5238-9 (1978). 

40 TD. J. Sikora, M. D. Ruascu, R. D. RoGers, and J. L. Atwoop, Structure and reactivity of the first 

hafnium carbonyl, [(7°-C;H,),Hf(CO),], J. Am. Chem. Soc. 101, 5079-81 (1979). 
41 JS. McDermor?t, M. E. WILSON, and G. M. WuiTESsIDE, Synthesis and reactions of bis(cyclopentadieny]) 

titanium(IV) metallocycles, J. 4m. Chem. Soc. 98, 6529-36 (1976). 
42 GW. Watt, L. J. Bave, and F.O. DRummMonp, Concerning the status of bis(cyclopentadienyl)titanium, J. 

Am. Chem. Soc. 88, 1138-40 (1966). 
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Fic. 21.10 Molecular structure of Ti(C;H5),. \ 

Fic. 21.11 Molecular structure of [M(n°-C,H;),(CO),]. For M=Ti the C.H, rings are 
“eclipsed” as shown here, but for M=Hf they are “staggered”. 

Fic. 21.12 Dimeric Ti(C5Hs). Actually (u-(y°,7°-fulvalene(-di-(u-hydrido)-bis(7>-cyclopenta- 
dienyltitanium). | 
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product is a dark-green, pyrophoric, diamagnetic dimer, though a monomeric isomer may 

be produced in some cases as an intermediate.“*) The structure of the dimer has only 

recently been shown by ‘3C nmr to be that in Fig. 21.12.¢* The black, pyrophoric and 

diamagnetic zirconium compound is prepared similarly and is isomorphous with the 
titanium compound; it may therefore be presumed to be isostructural. A number of 

cyclopentadienyl and related compounds of titanium and zirconium have been found to 

absorb molecular nitrogen which in some cases can be recovered in a reduced form (i.e. as 

ammonia or hydrazine) upon hydrolysis. While this has obvious interest as a potential 

route to nitrogen fixation, a compound which can be regenerated and so act catalytically 

has so far proved elusive. 

43. R. H. MarvIcH and H. H. BRINTZINGER, A metastable form of titanocene. Formation from a hydride 
complex and reaction with hydrogen, nitrogen, and carbon monoxide, J. Am. Chem. Soc. 93, 2046-8 (1971). 

44 A Davison and S. S. WREFORD, The structure of “‘titanocene”’: clarification by carbon-13 nuclear magnetic 

resonance, J. Am. Chem. Soc. 96, 3017-8 (1974). 



Vanadium, Niobium, 

and Tantalum 

22.1 Introduction 

The discoveries of all three of these elements were made at the beginning of the 

nineteenth century and were marked by initial uncertainty and confusion due, in the case 

of the heavier pair of elements, to the overriding similarity of their chemistries. 

A. M. del Rio in 1801 claimed to have discovered the previously unknown element 23 in 

a sample of Mexican lead ore and, because of the red colour of the salts produced by 

acidification, he called it erythronium. Unfortunately he withdrew his claim when, 4 

years later, it was (incorrectly) suggested by the Frenchman, H. V. Collett-Desotils, that 
the mineral was actually basic lead chromate. In 1830 the element was “rediscovered” by 
N. G. Sefstrém in some Swedish iron ore. Because of the richness and variety of colours 

found in its compounds he called it vanadium after Vanadis, the Scandinavian goddess of 

beauty. One year later F. Wohler established the identity of vanadium and erythronium. 

The metal itself was isolated in a reasonably pure form in 1867 by H. E. Roscoe who 

reduced the chloride with hydrogen and was then responsible for much of the early work 

on the element. 

In the same year that del Rio found his erythronium, C. Hatchett examined a mineral 

which had been sent to England from Massachusetts and had lain in the British Museum 

since 1753. From it he isolated the oxide of a new element which he named columbium, 

and the mineral columbite, in honour of its country of origin. Meanwhile in Sweden A. G. 

Ekeberg was studying some Finnish minerals and in 1802 claimed to have identified a new 

element which he named tantalum because of the difficulty he had had in dissolving the 

mineral in acids.t It was subsequently thought that the two elements were one and the 

same, and this view persisted until at least 1844 when H. Rose examined a columbite 

sample and showed that two distinct elements were involved. One was Ekeberg’s tantalum 

and the other he called niobium (Niobe was the daughter of Tantalus). Despite the 

chronological precedence of the name columbium, IUPAC adopted niobium in 1950, 

+ The classical allusion refers to Tantalus, the mythical king of Phrygia, son of Zeus and a nymph, who was 
condemned for revealing the secrets of the gods to man: one of his punishments was being made to stand in 
Tartarus up to his chin in water, which constantly receded as he stooped to drink. As Ekeberg wrote (1802): 
“This metal I call tantalum . . . partly in allusion to its incapacity, when immersed in acid, to absorb any and be 
saturated.” 

1138 
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though the former is still used widely in US industry. Impure niobium metal was first 

isolated by C. W. Bloomstrand in 1866 by the reduction of the chloride with hydrogen, but 

the first pure samples of metallic niobium and tantalum were not prepared until 1907 

when W. von Bolton reduced the fluorometallates with sodium. 

22.2 The Elements 

22.2.1 Terrestrial abundance and distribution 

The abundances of these elements decrease by approximately an order of magnitude 

from V to Nb and again from Nb to Ta. Vanadium has been estimated to comprise about 

136 ppm (i.e. 0.0136 %) of the earth’s crustal rocks, which makes it the nineteenth element in 

order of abundance (between Zr, 162 ppm, and Cl, 126 ppm); it is the fifth most abundant 
transition metal after Fe, Ti, Mn, and Zr. It is widely, though sparsely, distributed; thus 

although more than 60 different minerals of vanadium have been characterized, there are 

few concentrated deposits and most of it is obtained as a coproduct along with other 

materials. One of its important minerals is the polysulfide, patronite, VS,, but, being a 

class-a metal, it is more generally associated with oxygen. Thus vanadinate approximates 

to lead chloride vanadate, PbCl,.3Pb3;(VO,),, and carnotite to potassium uranyl 

vanadate, K(UO,)(VO,).1.5H,O. Vanadium is also found in some crude oils, in 

particular those from Venezuala and Canada, and can be recovered from the oil residues 
and from flue dusts after burning. Of considerable biochemical interest is the astonishing 

ability of certain invertebrates to accumulate vanadium in their blood. For example, the 

ascidian seaworm Phallusia mammilata has a blood concentration of V up to 1900 ppm, 

which represents more than a millionfold concentration with respect to the sea-water in 
which it lives. The related organism Ascidia nigra has an even more spectacular 

accumulation with concentrations up to 1.45% V (i.e. 14 500 ppm) in its blood cells, which 

also contain considerable concentrations of sulfuric acid (pH ~0). Vanadium also occurs 

in the protein haemovanadin (which is not in fact a haem protein). However, the earlier 

suggestion that V plays a part in the oxygen transport cycle is now less accepted, and 

definite evidence concerning its role is still lacking. One possibility that has been mooted is 

that the ascidia accumulates vanadate and polyvanadate ions in mistake for phosphate 

and polyphosphates (p. 611). 

The crustal abundances of niobium and tantalum are 20 ppm and 1.7 ppm, comparable 

to N (19 ppm), Ga (19 ppm), and Li (18 ppm), on the one hand, and to As (1.8 ppm) and 

Ge (1.5 ppm), on the other. Of course, in view of their chemical similarities, Nb and Ta 

invariably occur together, and their chief mineral, (Fe,Mn)M,O, (M=Nb, Ta), is known 

as columbite or tantalite, depending on which metal preponderates. Deposits are 

widespread but rarely very concentrated, and significant amounts of the metals are 

obtained as a byproduct in the extraction of tin in Malaysia and Nigeria. 

22.2.2 Preparation and uses of the metals"? 

Because it is usually produced along with other metals, the availability of vanadium and 

the economics of its production are intimately connected with the particular coproduct 

' Kirk—Othmer Encyclopedia of Chemical Technology, 2nd edn., Vol. 21, pp. 157-66. Interscience, New York, 

1970. 
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involved. This is dramatically illustrated by its extraction in the USA. Up to the 1950s the 

USA was the world’s chief importer of vanadium ores, but then the US Atomic Energy 

Commission initiated an intensive programme of uranium production using domestically 

available carnotite containing 1-2°% vanadium. This provided large quantities of 

vanadium concentrates with the result that about 1956 the USA became a net exporter. 

The main sources of the metal are South Africa, the USSR, China and the USA. 

The usual extraction procedure is to roast the crushed ore, or vanadium residue, with 

NaCl or Na,CO; at 850°C. This produces sodium vanadate, NaVO3, which is leached out 

with water. Acidification with sulfuric acid to pH 2-3 precipitates “red cake”, a 

polyvanadate which, on fusing at 700°C, gives a black, technical grade vanadium 

pentoxide. Reduction is then necessary to obtain the metal, but, since about 80% of 

vanadium produced is used as an additive to steel, it is usual to effect the reduction in an 

electric furnace in the presence of iron or iron ore to produce ferrovanadium, which can 

then be used without further refinement. Carbon was formerly used as the reductant, but it 

is difficult to avoid the formation of an intractable carbide, and so it has been superseded 

by aluminium or, more commonly, ferrosilicon (p. 381)in which case lime is also added to 

remove the silica as a slag of calcium silicate. If pure vanadium metal is required it can be 

obtained”) by reduction of VCl, with H, or Mg, by reduction of V,O, with Ca, or by 
electrolysis of partially refined vanadium in fused alkali metal chloride or bromide. 

The benefit of vanadium as an additive in steel is that it forms V,C, with any carbon 

present, and this disperses to produce fine-grained steel which has increased resistance to 

wear and is stronger at high temperatures. Such steels are widely used in the manufacture 

of springs and high-speed tools. Annual world production of vanadium metal, alloys and 

concentrates exceeded 35,000 tonnes of contained vanadium in 1980. 

Production of niobium and tantalum is on a smaller scale and the processes involved 

are varied and complicated. Alkali fusion, or digestion of the ore with acids can be used 
to solubilize the metals, which can then be separated from each other. The process 

originally developed by M. C. Marignac in 1866 and in use for a century utilized the fact 

that in dil HF tantalum tends to form the sparingly soluble K,TaF,, whereas niobium 

forms the soluble K,NbOF,.2H,O. Nowadays it is more usual to employ a solvent 

extraction technique. For instance, tantalum can be extracted from dilute aqueous HF 

solutions by methyl isobutyl ketone, and increasing the acidity of the aqueous phase 

allows niobium to be extracted into a fresh batch of the organic phase. The metals can then 

be obtained, after conversion to the pentoxides, by reduction with Na or C, or by the 

electrolysis of fused fluorides. Annual world production of Nb/Ta concentrates in 1980 

(80% of which came from Brazil) incorporated 14 000 tonnes of contained Nb and 500 

tonnes of contained Ta. . 

Niobium finds use in the production of numerous stainless steels for use at high 

temperatures, and Nb/Zr wires are used in superconducting magnets. The extreme 

corrosion-resistance of tantalum at normal temperatures (due to the presence of an 

exceptionally tenacious film of oxide) leads to its application in the construction of 

chemical plant, especially where it can be used as a liner inside cheaper metals. Its 

complete inertness to body fluids makes it the ideal material for surgical use in bone repair 

and internal suturing. It is widely used by the electronics industry in the manufacture of 

* G. BRAUER, Handbook of Preparative Inorganic Chemistry, 2nd edn., pp. 1252-5, Academic Press, New 
York, 1965. 

> F. FAIRBROTHER, The Chemistry of Niobium and Tantalum, pp. 7-15, Elsevier, Amsterdam, 1967. 
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capacitors, where the oxide film is an efficient insulator, and as a filament or filament 

support. Indeed, it was for a while widely used to replace carbon as the filament in 

incandescent light bulbs but, by about 1911, was, itself superseded by tungsten. 

22.2.3 Atomic and physical properties of the elements 

Some of the important properties of Group VA elements are summarized in Table 22.1. 

Having odd atomic numbers, they have few naturally occurring isotopes; Nb only 1 and V 

and Ta 2 each, though the second ones are present only in very low abundance (°°V 
0.250%, *®°Ta 0.012%). As a consequence (p. 20) their atomic weights have been 
determined with considerable precision. On the other hand, because of difficulties in 

removing all impurities, reported values of their bulk properties have often required 

revision. 
TABLE 22.1 Some properties of Group VA elements 

Property Vv Nb Ta 

Atomic number 23 41 73 
Number of naturally occurring isotopes 2 1 2 

Atomic weight ~ 50.9415 92.9064 180.9479 
Electronic configuration [Ar]3d°4s? [Kr]4d*5s? [Xe]4f!*5d36s? 
Electronegativity 1.6 1.6 1.5 
Metal radius (12-coordinate)/pm 134 146 146 

Ionic radius (6-coordinate)/pm V 54 64 64 
IV 58 68 68 
Ill 64 72 72 
II 719 ae = 

MP/°C 1915 2468 2980 
BP/°C 3350 4758 5534 
AH,,,/kJ mol”! 17.5 26.8 24.7 
AH,,,/kJ mol”! 459.7 680.2 758.2 
AH, (monoatomic gas)/kJ mol~! 510 (+29) 724 782 (+6) 

Density (20°C)/g cm? 6.11 8.57 16.65 
Electrical resistivity (20°C)/u ohm cm ~25 ~12.5 (12.4) 

All three elements are shiny, silvery metals with typically metallic bcc structures. When 

very pure they are comparatively soft and ductile but impurities usually have a hardening 

and embrittling effect. When compared to the elements of Group IVA the expected trends 
are apparent. These elements are slightly less electropositive and are smaller than their 

predecessors, and the heavier pair Nb and Ta are virtually identical in size as a consequence 
of the lanthanide contraction. The extra d electron again appears to contribute to stronger 

metal-metal bonding in the bulk metals, leading in each case to a higher mp, bp, and 

enthalpy of atomization. Indeed, these quantities reach their maximum values in this and 

the following group. In the first transition series, vanadium is the last element before some 

of the (n— 1)d electrons begin to enter the inert electron-core of the atom and are therefore 

not available for bonding. As a result, not only is its mp the highest in the series but it is the 

last element whose compounds in the group oxidation state (i.e. involving all (n— 1)d and 

ns electrons) are not strongly oxidizing. In the second and third series the entry of (n—1)d 

electrons into the electron core is delayed somewhat and it is molybdenum and tungsten in 

Group VIA whose mps are the highest. 



1142 Vanadium, Niobium, and Tantalum Ch. 22 

22.2.4 Chemical reactivity and trends 

The elements of Group VA are in many ways similar to their predecessors in Group 

IVA. They react with most non-metals, giving products which are frequently interstitial 

and nonstoichiometric, but they require high temperatures to do so. Their general 

resistance to corrosion is largely due to the formation of surface films of oxides which are 

particularly effective in the case of tantalum. Unless heated, tantalum is appreciably 

attacked only by oleum, hydrofluoric acid or, more particularly, a hydrofluoric/nitric acid 

mixture. Fused alkalis will also attack it. In addition to these reagents, vanadium and 

niobium are attacked by other hot concentrated mineral acids but are resistant to fused 

alkali. 
The most obvious factor in comparing the chemistry of the three elements is again the 

very close similarity of the second and third members although, in this group, slight 

differences can be discerned as will be discussed shortly. The stability of the lower 

oxidation states decreases as the group is descended. As a result, although each element 

shows all the formal oxidation states from +5 down to — 1, the most stable one in the case | 

of vanadium under normal conditions is the +4, and even the +3 and +2 oxidation 

states (which are admittedly strongly reducing) have well-characterized cationic aqueous 

chemistries; by contrast most of the chemistries of niobium and tantalum are confined to 

the group oxidation state +5. Of the halogens, only the strongly oxidizing fluorine 

produces a pentahalide of vanadium, and the other vanadium(V) compounds are based 

on the oxohalides and the pentoxide. The pentoxide also gives rise to the complicated but 

characteristic aqueous chemistry of the polymerized vanadates (isopolyvanadates) which 

anticipates the even more extensive chemistry of the polymolybdates and polytungstates; 

this is only incompletely mirrored by niobium and tantalum. 

The +4 oxidation state, which for Nb and Ta is best represented by their halides, is 

most notable for the uniquely stable VO?* (vanadyl) ion which retains its identity 

throughout a wide variety of reactions and forms many complexes. Indeed it is probably 

the most stable diatomic ion known. The M'Y ions have only slightly smaller radii than 

those of Group IVA, and, again, coordination numbers as high as 8 are found. In the +5 

state, however, only Nb and Ta are sufficiently large to achieve this coordination number 

with ligands other than bidentate ones with very small “bites”, such as the peroxo group. 

Table 22.2 illustrates the various oxidation states and stereochemistries of compounds of 

V, Nb, and Ta. : 

Niobium and tantalum provide no counterpart to the cationic chemistry of vanadium 

in the +3 and +2 oxidation states. Instead, they form a series of “cluster” compounds 

based on octahedral M,X,, units. The occurrence of such compounds is largely a 

consequence of the strength of metal-metal bonding in this part of the periodic table (as 

reflected in high enthalpies of atomization), and similar cluster compounds are found also 

for molybdenum and tungsten (see also discussion on p. 1145). 

Compounds containing M-C o-bonds are frequently unstable and do not give rise to an 

extensive chemistry (p. 1163). Vanadium forms a neutral (paramagnetic) hexacarbonyl 

which, though not very stable, contrasts with that of titanium in that it can at least be 

prepared in quantity. All three elements give a number of 7°-cyclopentadieny]l derivatives. 

Nevertheless, lacking the commercial incentives which have been so important in the case 

of titanium (p. 1134), the organometallic chemistry of this group has not been so actively 

studied, and is not yet so extensive. 



§22.3 Compounds of Vanadium, Niobium, and Tantalum 1143 

TABLE 22.2 Oxidation states and stereochemistries of compounds of vanadium, niobium, 

and tantalum 

Oxidation Coordination 

state number Stereochemistry Vv Nb/Ta 

=3)(d") 5 a [V(CO).}°~ = 
—1 (d°) 6 Octahedral [V(CO),]~ [M(CO),]~ 
0 (d°) 6 Octahedral [V(CO),] — 
1 (d*) 6 Octahedral [V(bipy)3]* — 

7 Capped octahedral — [TaH(CO),(diphos), ] 
2 (d?) 4 Square planar — NbO 

6 Octahedral [V(CN),]*~ TaO(?) 
Trigonal prismatic VS NbS 

3 (d’) 3 Planar [V{N(SiMe;3)>}3] = 
4 Tetrahedral [VCl,]~ 
5 Trigonal bipyramidal [VCI,(NMe3)>] 
6 Octahedral [V(C,0,)3]>~ [Nb,Cl,]*~ 

Trigonal prismatic — LiNbO, 
Th Complex — [Ta(CO)CI,(PMe,Ph),]. EtOH 
8 Dodecahedral = [Nb(CN),]>~ 

4 (d') 4 Tetrahedral VCl, [Nb(NEt,),] (not Ta) 
5 Trigonal bipyramidal [VOCI,(NMe;), ] 

Square pyramidal [VO(acac), ] 
6 Octahedral [VCl,(bipy)] [MCl,]?~ 
7 Pentagonal bipyramidal — [NbF,]°~ 
8 Dodecahedral [VCl,(diars), ] [NbCl,(diars),] (not Ta) 

Square antiprismatic — [Nb(f-diketonate), } 
5 (d°) 4 Tetrahedral VOCI, ScNbO}; 

5 Trigonal bipyramidal VCl,(g) MF. (g) 
Square pyramidal [VOF,]~ [M(NMe,);] 

6 Octahedral [VEO : [IMF els 
Trigonal prismatic — [M(S,C,H4)3]~ 

7 Pentagonal bipyramidal [VO(S,CNEt,),] [TaS(S,CNEt,)3] 
Capped trigonal prismatic ae [MF,]?— 

8 Dodecahedral LV(O,)ale= [M(O,),]37~ 
[Ta(S,CNMe,),]* 

Square antiprismatic — [MF,]°~ 

22.3 Compounds of Vanadium, Niobium, and Tantalum“: >? 

The binary hydrides (p. 73), borides (p. 165), carbides (p. 321), and nitrides (p. 480) of 
these metals have already been discussed and will not be described further except to note 

that, as with the analogous compounds of Group IVA, they are hard, refractory, and 

nonstoichiometric materials with high conductivities. The intriguing cryo-compound 

[ V(N..)¢] has been isolated by cocondensing V atoms and N, molecules at 20-25 K; it has 

an infrared absorption at 2100 cm‘ and its d—d and charge-transfer spectra are strikingly 

similar to those of the isoelectronic 17-electron species [V(CO),].°? 

4D. L. Kepert, The Early Transition Metals, Chap. 3, V, Nb, Ta, pp. 142-254, Academic Press, London, 

1972, 
5R. J. H. Crark, Vanadium, Chap. 34, pp. 491-551, and D. BRown,The chemistry of niobium and 

tantalum, Chap. 35, pp. 553-622, in Comprehensive Inorganic Chemistry, Vol. 3, Pergamon Press, Oxford, 1973. 
54H. Huser, T. A. Forp, W. KLoTzBucuer, and G. A. Ozin, Direct synthesis with vanadium atoms. Part 2. 

Synthesis and characterization of vanadium hexadinitrogen, [V(N;),], in low-temperature matrices, J. Am. 
Chem. Soc. 98, 3176-8 (1976). 

CTE-LL 
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22.3.1 Oxides? 

Table 22.3 gives the principal oxides formed by the elements of this group. Besides the 4 

oxides of vanadium shown, a number of other phases of intermediate composition have 

been identified and the lower oxides in particular have wide ranges of homogeneity. V,O; 

is orange yellow when pure (due to charge transfer) and is the final product when the metal 

is heated in an excess of oxygen, but contamination with lower oxides is then common and 

a better method is to heat ammonium “metavanadate”: 

INH, Vs. Va0; ar 2NH, ar H,O 

TABLE 22.3 Oxides of Group VA metals 

Oxidation state: +5 +4 +3 +2 

Vv V,0; vo, V,05 vo 

Nb Nb,O,; NbO, — NbO 
Ta Ta,05 TaO, = (TaO) 

On the basis of simple radius ratio arguments, vanadium(V) is expected to be rather large 

for tetrahedral coordination to oxygen, but rather small for octahedral coordination.” 

It is perhaps not surprising therefore that, though the structure of V,O, is somewhat 

complicated, it consists essentially of distorted trigonal bipyramids of VO, sharing edges 

to form zigzag double chains. It is homogeneous over only a small range of compositions 

but loses oxygen reversibly on heating, which is probably why it is such a versatile 

catalyst. For instance, it catalyses the oxidation of numerous organic compounds by air 

or hydrogen peroxide, and the reduction of olefins (alkenes) and of aromatic 

hydrocarbons by hydrogen, but most importantly it catalyses the oxidation of SO, toSO, 

in the contact process for the manufacture of sulfuric acid (p. 838). For this purpose it 

replaced metallic platinum which, besides being far more expensive, was also prone to 

“poisoning” by impurities such as arsenic. V,O. is amphoteric. It is slightly soluble in 

water, giving a pale yellow, acidic solution. It dissolves in acids producing salts of the pale- 

yellow dioxovanadium(V) ion, [VO,]*, and in alkalis producing colourless solutions 

which, at high pH, contain the orthovanadate ion, VO,°. At intermediate pHs a series of 
hydrolysis-polymerization reactions occur yielding the isopolyvanadates to be discussed 

in the next section. It is also a mild oxidizing agent and in aqueous solution is reduced by, 

for instance, hydrohalic acids to vanadium(IV). In the solid, mild reduction with CO, SO,, 

or fusion with oxalic acid gives the deep-blue VO,. 

At room temperature VO, has a rutile-like structure (p. 1118) distorted by the presence 
of pairs of vanadium atoms bonded together. Above 70°C, however, an undistorted rutile 

structure is adopted as the atoms in each pair separate, breaking the localized V—-V bonds 

and releasing the bonding electrons, so causing a sharp increase in electrical conductivity 

and magnetic susceptibility. It is again amphoteric, dissolving in non-oxidizing acids to 

give salts of the blue oxovanadium(IV) (vanadyl) ion[VO]?*, and in alkali to give the 

°C. N.R. Rao and G. V. S. Rao, Transition Metal Oxides, National Standard Reference Data System 
NSRDS-NBS49, Washington, 1964, 130 pp. 

’L. E. OrGEL, Ferroelectricity and the structure of transition-metal oxides, Faraday Soc. Dis. 26, 138-44 
(1958). 
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_ yellow to brown vanadate(IV) (hypovanadate) ion [V,O,]? , or at high pH [VO,]*~. 
Between V,O, and VO, is a succession of phases V,O,,4,; of which V;0,, V,Oo, and 
V,O,3 have been characterized. 

Further reduction with H,, C, or CO produces a series of discrete chemical-shear phases 

(Magnéli phases) of general formula V,O,,,_, based on a rutile structure with periodic 

defects (p. 1119), before the black, refractory sesquioxide V,O,; is reached. Examples are 
V,0,, V50o, V6O;,, V7O,3, and V,O,,. The oxides VO, V,03, and V;0, also conform 

to the general formula V,O.,,,_,, but this is a purely formal relation and their structures are 

not related by chemical-shear to those of the Magnéli phases. 

V,O, has acorundum structure (p. 273) and is notable for the transition occurring as it 

is cooled below about 170 K when its electrical conductivity changes from metallic to 

insulating in character. Chemically it is entirely basic, dissolving in aqueous acids to give 

blue or green vanadium(III) solutions which are strongly reducing. On still further 

reducing the oxide system, the corundum structure is retained down to compositions as 

low as VO, 3;, after which the grey metallic monoxide VO, with a defect rock-salt 

structure, is formed. This too is markedly nonstoichiometric with a composition range 

from VO g g to VO, 3. In all, therefore, at least 13 distinct oxide phases of vanadium have 

been identified between VO_, and V,O.. 
Niobium and tantalum also form different oxide phases but they are not so extensive or 

well characterized as those of vanadium. Their pentoxides are relatively much more stable 

and difficult to reduce. As they are attacked by conc HF and wiil dissolve in fused alkali, 

they may perhaps be described as amphoteric, but inertness is the more obvious 

characteristic. Their structures are extremely complicated and Nb,O, in particular 

displays extensive polymorphism. It is interesting to note that the polymorphs of Nb,O; 

and Ta,O, are by no means all analogous. 

High temperature reduction of Nb,O, with hydrogen gives the bluish-black dioxide 

NbO, which has a distorted rutile structure. As in VO, the distortion is caused by pairs of 

metal atoms evidently bonded together, but the distortion is in a different direction. 

Between Nb,O, and NbO, there is a homologous series of structurally related phases of 

general formula Nb;,,,Og,_. with n=5S, 6, 7, 8 (i.e. NbgO,9, Nb, 9O4.6, Nb,,O,7, and 
Nb,;O,>,). In addition, oxides of formula Nb, ,O,, and Nb,,O,,, have been reported: 

the numerical relationship to Nb,O, is clear since Nb,,O,, is (12Nb,0O,-20) and 

2Nb,70,,.6 (or Nbo,O,3>) is (47 Nb,O,;-30). Further reduction produces the grey 

monoxide NbO which has a cubic structure and metallic conductivity but differs 

markedly from its vanadium analogue in that its composition range is only NbO,) 9g. to 

NbO, oo0g- The structure is a unique variant of the rock-salt NaCl structure (p. 273) in 

which there are vacancies (Nb) at the eight corners of the unit cell and an O vacancy at its 

centre (see structure). The structure could therefore be described as a vacancy-defect NaCl 

structure Nbog 75fo.25O0.75EJ0.25, but as all the vacancies are ordered it is better to 

consider it as a new structure type in which both Nb and O form 4 coplanar bonds. The 

central feature is a 3D framework of Nb, octahedral clusters (Nb—Nb 298 pm, cf. Nb—-Nb 

285 pm in Nb metal) and this accounts for the metallic conductivity of the compound: 

Kk~ 10° ohm™!cm~! at 77 K and ~ 10° ohm™! cm~! at room temperature. The structure 
is reminiscent of the structure-motif of the lower halides of Nb and Ta (p. 1155). It is also 

instructive to compare the structures adopted by NbO and MgO (NaCl-type) in terms of 

the Born-Haber model for ionic compounds (p. 91). The ionic radius for Nb" would be 
expected (p. 1141) to be only slightly larger than that for Mg" (72 pm). The sum of the first 
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NaCl (MgO) showing all sites oc- | NbO showing planar coordination NbO showing octahedral Nb, 
cupied by M(@) and O(O) of Nb (and O) and vacancies at the _ cluster (joined by corner sharing to 

cube corners (Nb) and centre (O) neighbouring unit cells) 

two ionization energies is more favourable for Nb by 142.6 kJ mol”! (Mg! 737.6, Mg" 
1450.5; Nb! 664.0, Nb" 1381.5 kJ mol” '). All other terms in the lattice energy equation are 
equal for the two compounds except for the heat of sublimation of the metal, which is 

dramatically less favourable for Nb [AH,(monatomic vapour): Mg 146.4, Nb 724 kJ 

mol” ']. This difference of more than 577 kJ mol™' can thus be taken as the dominant 
reason for the retention of Nb, clusters in the structure rather than the adoption of the 

true NaCl-type structure Nb"O~". 
The heavier metal tantalum is distinctly less inclined than niobium to form oxides in 

lower oxidation states. The rutile phase TaO, is known but has not been studied, and a 

cubic rock-salt-type phase TaO with a narrow homogeneity range has also been reported 

but not yet confirmed. Ta,O,; has two well-established polymorphs which have a 

reversible transition temperature at 1355°C but the detailed structure of these phases is 

too complex to be discussed here.‘° 

22.3.2 Isopolymetallates®:° 

The amphoteric nature of V,O, has already been noted. In fact, if the colourless 
solution produced by dissolving V,O, in strong aqueous alkali such as NaOH is 

gradually acidified, it first deepens in colour, becoming orange to red as the neutral point is 

passed; it then darkens further and, around pH = 2, a brown precipitate of hydrated V,O, 
separates and redissolves at still lower pHs to give a pale-yellow solution. As a result of 

spectrophotometric studies there is general agreement that the predominant species in the 

initial colourless solution is the tetrahedral VO,°~ ion and, in the final pale-yellow 

solution, the angular VO," ion. In the intervening orange to red solutions a complicated 

series of hydrolysis-polymerization reactions occur, which have direct counterparts in the 

chemistries of Mo and W and to a lesser extent Nb, Ta, and Cr. The polymerized species 
involved are collectively known as isopolymetallates or isopolyanions. The determination 

of the equilibria involved in their formation, as well as their stoichiometries and structures, 

has been a confused and disputed area, some aspects of which are by no means settled even 

8 D. L. Kepert, Isopolyanions and heteropolyanions, Chap. 51 in Comprehensive Inorganic Chemistry, Vol. 
4, pp. 607-72, Pergamon Press, Oxford, 1973. 

°M. T. Pope and B. W. Date, Isopoly-vanadates, -niobates, and -tantalates, Q. Revs. 22, 527-48 (1968). 
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now. That this is so is perfectly understandable because: 

(i) Some of the equilibria are reached only slowly (possibly months in some cases) and 

it is likely that much of the reported work has been done under non-equilibrium 

conditions. 

(ii) Often in early work, solid species were crystallized from solution and their 

stoichiometries, quite unjustifiably as it turns out, were used to infer the stoich- 

iometries of species in solution. 

(iii) When a series of experimental measurements has been made it is usual to see what 

combination of plausible ionic species will best account for the observed data. 

However, the greater the complexity of the system, the greater the number of 

apparently acceptable models there will be, and the greater the accuracy required if 

the measurements are to distinguish reliably and unambiguously between them. 

Of the many experimental techniques which have been used in this field, the more 

important are: pH measurements, cryoscopy, ion-exchange and _ ultraviolet/visible 

spectroscopy for studying the stoichiometry of the equilibria, and infrared/Raman and 

nmr spectroscopy for studying the structures of the ions in solution. Oxygen-17 and metal 

atom nmr spectroscopy are also beginning to play an increasingly important role. 

Probably the best summary of our current understanding of the vanadate system is given 

by Fig. 22.1. This shows how the existence of the various vanadate species depends on the 

pH and on the total concentration of vanadium. Their occurrence can be accounted for by 

protonation and condensation equilibria such as the following: 

In alkaline solution: 

[vO,}>> +H* ———HVO,,]?= 

2fHVO,]?-> ——[ V,,0,]*" +H,0 

PHYO)?" He Sf 4, V0757- 

3[H,VO,]~ [V,0,]°>" +3H,O 

4[H,VO,]~ [Vi0_5\* +4H,0 

In acid solution: 

10[V3;0,]° + 15H* 3[HV,.028]° +6H,O 

[EL VO7 He ——-->H., VO, 

fHVaOre see =F VeOos 

H,VO,+H*=———VO,,* + 2H,0 

[H,V;.02.]* + 14H* 10VO,* +8H,O 

In these equilibria the site of protonation in the species [HVO,]?~ , [H,VO,] , etc., is an 

oxygen atom (not vanadium); a more precise representation would therefore be 
[VO;(OH)]?~, [VO,(OH),] , etc. However, the customary formulation is retained for 

convenience (cf. HNO,, HSO,° , H,SOug, etc.). 

It is evident from Fig. 22.1 that only in very dilute solutions are monomeric vanadium 

ions found and any increase in concentrations, particularly if the solution is acidic, leads to 
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—-log(V/mol 17!) 

10 

pH 

Fic.22.1 Occurrence of various vanadate and polyvanadate species as a function of pH and total 
concentration of vanadium. 

polymerization. °!V nmr work indicates“ that, starting from the alkaline side, the 
various ionic species are all based on 4-coordinate vanadium(V) in the form of linked VO, 

tetrahedra until the decavanadates appear. These evidently involve a higher coordination 

number, but whether or not it is the same in solution as in the solids which can be 

separated is uncertain. However, it is interesting to note that similarities between the 

vanadate and chromate systems cease with the appearance of the decavanadates which 

have no counterpart in chromate chemistry. The smaller chromium(VI) is apparently 

limited to tetrahedral coordination with oxygen, whereas vanadium(V) is not. 
More information is of course available on the structures of the various crystalline 

vanadates which can be separated from solution."!) Traditionally, the colourless salts 

obtained from alkaline solution were called ortho-, pyro-, or meta-vanadates by analogy 
with the phosphates of corresponding stoichiometry. “Ortho”-vanadates, MVO,(aq), 

apparently contain discrete, tetrahedral, VO,° ions; “pyro”-vanadates, M!,V,O,(aq), 

contain dinuclear [V,O,]*~ ions consisting of 2 VO, tetrahedra sharing a corner; the 

structure of “meta”-vanadates depends on the state of hydration (Fig. 22.2) but in no cases 

do they involve discrete VO; ions. Anhydrous metavanadates such as NH, VO, contain 

infinite chains of corner-linked VO, tetrahedra, while hydrated metavanadates, such as 

KVO,.H,O, contain infinite chains of approximately trigonal bipyramidal VO, units, 

"0.0. W. Howartu and R. E. RICHARDS, Nuclear magnetic resonance study of polyvanadate equilibria by use 
of vanadium-51, J. Chem. Soc. 1965, 864-70. 

' H. T. Evans and S. BLock, The crystal structures of potassium and cesium trivanadates, Inorg. Chem. 5, 
1808-14 (1966). 
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\ 

(a) Anhydrous metavanadates, consisting of (b) Hydrated metavanadates, consisting of 
infinte chains of corner-shared VO, infinite chains of edge-shared VO, trigonal 
tetrahedra. bipyramids. 

SS 

(c) The decavanadate, [V,)0 ,]° , ion made 
up of 10 VO, octahedra (2 are obscured). 

(d) An alternative representation of 
[V ,9O28]° emphasizing the V-O bonds. 

(e) The [M,O,,]® (M=Nb, Ta) ions made 
up of 6 MO, octahedra (one is obscured). 

Fic. 22.2 The structures of some isopoly-anions in the solid state using the conventional 
representation in which each polyhedron contains a metal atom and each vertex of a polyhedron 

represents an oxygen atom. 
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not unlike those in V,O,. From the bright orange, acidic solutions, orange, crystalline 

decavanadates such as Nag V,.0>..18H,O are obtained: the anion [V;,O,]° is made 

up of 10 VO, octahedra, two representations of which are shown in Fig. 22.2. 

By careful control of pH, temperature, and rate of evaporation, yet other compounds 

may be obtained, but the above examples are the more important ones. 

Fusion of Nb,O,; and Ta,O, with an excess of alkali hydroxides or carbonates, 

followed by dissolution in water, produces solutions of isopolyanions but not in the 
variety produced with vanadium. It appears that, down to pH=11, [M,O,9]®~ ions are 

present; in the case of niobium protonation occurs at lower pH to give [HNb,O,9]’~. 

The presence of discrete MO,°~ ions in strongly alkaline solutions is uncertain. Below pH 

~7 for Nb and pH ~ 10 for Ta, precipitation of the hydrous oxides occurs. Salts such as 
K,M,O,5.16H,O can be crystallized from the alkaline solutions and contain 

[M,O,,]® ions which are made up of octahedral groupings of 6 MO, octahedra 

(Fig. 22.2). Other stoichiometries have been claimed but it is possible that they were based 

on samples merely contaminated with alkali. 

Most niobates and tantalates, however, are insoluble and may be regarded as mixed 

oxides in which the Nb or Ta is octahedrally coordinated and with no discrete anion 

present. Thus KMO,, known inaccurately (since they have no discrete MO, anions) as 

metaniobates and metatantalates, have the perovskite (p. 1122) structure. Several of these 

perovskites have been characterized and some have ferroelectric and piezoelectric 

properties (p. 60). Because of these properties, LINbO; and LiTaO; have been found to 

be attractive alternatives to quartz as “frequency filters” in communications devices. 

A number of nonstoichiometric “bronzes” are also known“) which, like the titanium 
bronzes already mentioned (p. 1123) and the better known tungsten bronzes (p. 1185), are 

characterized by very high electrical conductivities and characteristic colours. For 

instance, Sr,.NbO; (x =0.7-0.95) varies in colour from deep blue to red as the Sr content 

increases. 

In conclusion, it is opportune to mention the existence of a further type of polyanion. 

These are the heteropolyanions which contain a further cationic element in addition 

to that present in the isopolyanions. Although the greatest variety of such ions is 

found in Group VIA (p. 1184) a few examples, such as Na,[PV,,03,].38H,O and 

Na,.[MnNb, ,O3,].50H,O, are known for vanadium and niobium and it seems likely 
that others could be obtained. 

22.3.3 Sulfides, selenides, and tellurides> '2*) 

All three metals form a wide variety of binary chalcogenides which frequently differ 

both in stoichiometry and in structure from the oxides. Many have complex structures 

which are not easily described, ?* '7®) and detailed discussion is therefore inappropriate. 

'? P HAGENMULLER, Tungsten bronzes, vanadium bronzes and related compounds, Chap. 50 in 
Comprehensive Inorganic Chemistry, Vol. 4, pp. 541-605, Pergamon Press, Oxford, 1973. 

'2a F. HULLINGER, Crystal chemistry of chalcogenides and pnictides of the transition elements, Structure and 
Bonding 4, 83-229 (1968). Includes a valuabie appendix summarizing crystal structures, electrical and magnetic 
properties. 

'?® A. F. WELLS, Structural Inorganic Chemistry, 4th edn., pp. 187, 606-26, Oxford University Press, Oxford, 
1975. 
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The various sulfide phases are listed in Table 22.4: phases approximating to the 

stoichiometry MS have the NiAs-type structure (p. 648) whereas MS, have layer lattices 

related to MoS, (p. 1186), Cdl,, or CdCl, (p. 1407). Sometimes complex layer-sequences 

occur in which the 6-coordinate metal atom is alternately octahedral and trigonal 

prismatic. Most of the phases exhibit metallic conductivity and magnetic properties range 

from diamagnetic (e.g. VS,), through paramagnetic (VS, V,S;), to antiferromagnetic 

(V7Sg). Selenides and tellurides show a similar profusion of stoichiometries and structural 

types (Table 22.5). 

TABLE 22.4 Sulfides of vanadium, niobium, and tantalum 

TABLE 22.5 Selenides and tellurides of vanadium, niobium and tantalum 

VS — — oo - _ 

V;Se4 Nb.Se, = V5le, Nb, Te, a 

VSe NbSe — Villers — TaTe 
V7Se, = — — — — 

WeSen Nb Se, — Vis ben Nb,Te, — 
(V,Se3) Nb,Se; Ta,Se; V,Te; — _— 

V5Se, —- ee V le, as = 

= Nb, , Se, Ta,,,Se, VisxTe, Nb, 4,Te, Ta,_,Te, 
VSe, NbSe, TaSe, VTe, NbTe, TaTe, 
= = TaSe, — — — 

— NbSe, —_ — NbTe, TaTe, 

In addition to these binary chalcogenides, many of which exist over wide ranges of 

composition because of the structural relation between the NiAs and Cdl], structure types 

(p. 648), several ternary phases have been studied. Some, like BaVS; and BaTaS, have 

three-dimensional structures in which the Ba and V(Ta) are coordinated by 12 and 6S 

atoms respectively. In other compounds, such as T1,VS,, there are discrete tetrahedral 

[VS,]°>~ anions. Very recently a thiovanadyl complex containing the coordinated 

(V=S)** unit has been prepared by the reaction of solid BS; on a solution of the 

corresponding vanadyl complex in CH,Cl,."7° Thus, using the ligands salen 
[H,salen = N,N’-ethylenebis(salicylideneamine), p. 1063] and acen [H,acen=N,N’- 

ethylenebis(acetylacetonylideneamine)], deep magenta crystals of the square pyramidal 
v'Y complexes [VS(salen)] and [VS(acen)] were obtained; these were stable to the 

atmosphere in the solid state but acutely sensitive to oxygen and moisture in solution. 

'2¢ K.P. CALLAHAN, P. J. DURAND, and P. H. RiEGER, Synthesis and characterization of thiovanadyl 
(V=S)°* complexes, JCS Chem. Comm. 1980, 75-76. 

CTE-LL* 
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22.3.4 Halides and oxohalides“ 

The known halides of vanadium, niobium, and tantalum, are listed in Table 22.6. 

These are illustrative of the trends within this group which have already been alluded 

to. Vanadium(V) is only represented at present by the fluoride, and even vanadium(IV) 

does not form the iodide, though all the halides of vanadium(III) and vanadium(IJ) are 

known. Niobium and tantalum on the other hand, form all the halides in the high 

oxidation state, and are in fact unique (apart only from protoactinium) in forming 

pentaiodides but, even in the + 4 state, tantalum fails to form a fluoride and neither metal 

produces a trifluoride. In still lower oxidation states, niobium and tantalum give a number 

TABLE 22.6 Halides of vanadium, niobium, and tantalum®) 

Oxidation 
state Fluorides Chlorides Bromides Iodides 

+5 VF, — — = 
colourless 
mp 19.5°, bp 48.3° 

NbF, NbCl, NbBr, NbI, 
white yellow orange brass coloured 
mp 79°, bp 234° mp 203°, bp 247° mp 254°, bp 360° 

TaF, TaCl, TaBr, Tal, 
white white pale yellow black 
mp 97°, bp 229° mp 210°, bp 233° mp 280°, bp 345° mp 496°, bp 543° 

+4 VF, ViEIz VBr, — 
lime green red-brown magenta 
(subl > 150°) mp = — 26°, bp 148° (d —23°) 

NbF, NbCl, NbBr, NblI, 
black (d >350°) violet-black dark brown dark grey 

mp 503° 

=== TaCl, TaBr, Tal, 
black dark blue 

+3 VF, VCl, VBr, VI, 
yellow-green red-violet grey-brown brown-black 
mp 800° 

NbF,,(?) NbCl, NbBr, NbI, 
blue black dark brown 

TaF;(?) TaCl, TaBr, — 
blue black 

+2. VE, vCcl, VBr, VI, 
blue pale green orange-brown red-violet 

(subl 910°) (subl 800°) 

‘”) Niobium and Ta form a number of polynuclear halides in which the metal has non-integral oxidation states 
(see text). 

"> R. A. WALTON, Halides and oxyhalides of the early transition series and their stability and reactivity in 
nonaqueous media, Prog. Inorg. Chem. 16, 1-226 (1972). 

# R. Cotton and J. H. CANTERFORD, Halides of the First Row Transition Metals, Chap. 3, pp. 107-60, Wiley, 
London 1969; and Halides of the Second and Third Row Transition Metals, Chap. 5, pp. 145-206, Wiley, 
London, 1968. 
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of (frequently nonstoichiometric) cluster compounds which can be considered to involve 

fragments of the metal lattice. 

VF, and all pentahalides of Nb and Ta can be prepared conveniently by direct 

action of the appropriate halogen on the heated metal. They are all relatively volatile, 

hydrolysable solids (indicative of the covalency to be anticipated in such a high oxidation 

state) in which the metals attain octahedral coordination by means of halide bridges (Fig. 

22.3). VF is an infinite chain polymer, whereas NbF,, and TaF, are tetramers, and the 

chlorides and bromides are dimers. The colours vary from white fluorides, yellow 

chlorides, and orange bromides, to brown iodides. The decreasing energy of the charge- 

transfer bands responsible for these colours is a reflection of the increasing polarizability 

of the anions from F~ to I, and for each anion it is the least readily reduced Ta which 

produces the palest colour. All the pentahalides can be sublimed in an atmosphere of the 

appropriate halogen and they are then monomeric, probably trigonal bipyramidal. 

Potentially they are all Lewis acids but their ability to form adducts (LMX,) diminishes 

and the iodides rarely do so. 
The tetrahalides can be prepared by direct action of the elements. However, whereas 

VF, tends to disproportionate into VF, + VF and must be sublimed from them, VCl, and 

VBr, tend to dissociate into VX,+4X, and so require the presence of an excess of 

halogen. Even so, VBr, has only been isolated by quenching the mixed vapours at — 78°C. 

pee “ee 
pt. be 
a te 

(ce) 

Fic. 22.3 Alternative representations of: (a) infinite chains of vanadium atoms in VF., (b) 
tetrameric structures of NbF, and TaF., and (c) dimeric structure of MX; (M=Nb, Ta; 

X=Cl, Br). 
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VF,, is a bright-green hygroscopic solid, probably consisting of fluorine-bridged VF, 

octahedra. VCl, is a red-brown oil, rapidly hydrolysed by water to give solutions of 

oxovanadium(IV) chloride, and magnetic and spectroscopic evidence indicate that it 

consists of unassociated tetrahedral molecules. As far as its properties are known, the 

magneta-coloured VBr, is similar. 

The Nb and Ta tetrahalides (except TaF, which is unknown, and NblI, which is 

prepared by thermal decomposition of NbI;) are generally prepared by reduction of the 

corresponding pentahalide and are all readily hydrolysed. NbF, is a black involatile solid 

and its low magnetic moment suggests extensive metal-metal interaction, presumably via 

the intervening F~ ions since it consists of infinite sheets of NbF,, octahedra (Fig. 22.4a). 

The chlorides, bromides, and iodides are brown to black solids with a chain structure (Fig. 

22.4b) in which pairs of metal atoms are displaced towards each other, so facilitating the 

interaction which leads to their diamagnetism. 

(a) (a’) 

Gerotel 
Fic. 22.4 Alternative representations of: (a) the sheet structure of NbF,, and (b) the chain 

structure of MX, (M=Nb, Ta; X =Cl, Br, I) showing the displacement of the metal atoms which 
leads to diamagnetism. 

The vanadium trihalides are all crystalline, polymeric solids in which the vanadium is 6- 

coordinate. VF, is prepared by the action of HF on heated VCI, and this, along with VBr, 

and VI;, can be prepared by direct action of the elements under appropriate conditions. 

They are coloured and have magnetic moments slightly lower than the spin-only value of 

2.83 BM corresponding to 2 unpaired electrons. Apart from the trifluoride, which is not 
very readily oxidized nor very soluble in water, they are easily oxidized by air and are very 

hygroscopic, forming aqueous solutions of [V(H,O),]**. As with the other lower halides 

of Nb and Ta, the trihalides are obtained by reduction or thermal decomposition of their 

pentahalides. Despite claims for the existence of NbF and TaF; it is probable that these 

blue materials are actually oxide fluorides but, because O?~ and F- are isoelectronic and 

very similar in size, they are difficult to distinguish by X-ray methods. The remaining 5 

known trihalides of this pair of metals are dark coloured, rather unreactive materials. The 

Nb-Cl system has been the most thoroughly studied but the others appear to be entirely 

analogous. They are nonstoichiometric and the composition “MX,” is best considered as 



§22.3.4 ; Fai Ren. avdOxshalides 1155 

a single unexceptional point within a broad homogeneous phase based on hcp halide ions. 

At one extreme is M3 Xg i.e. MX, ,,)in which one-quarter of the octahedral sites are empty 

~ and the others occupied by triangular groups of metal atoms. Of the 15 valence electrons 

provided by the 3 metal atoms, 8 are lost by ionization and transfer to the 8 Cl atoms and, 

of the remaining 7 available for metal-metal bonding, 6 are considered to be in bonding 

orbitals and 1 in a nonbonding orbital.) This accounts for the magnetic moment of 1.86 
BM for each trinuclear cluster in Nb,Cl,. Metal deficiency then produces stoichiometries 

to somewhat beyond MX, (ie. M, ¢67_-,Xg) after which the MX, phase separates, 

containing pairs of interacting metal atoms, as already mentioned (i.e. M,X¢g). 

In the still lower oxidation state, +2, the halides of vanadium on the one hand, and 

niobium and tantalum, on the other, diverge still further. The dihalides of V are prepared 

by reduction of the corresponding trihalides and have simple structures based on the 

close-packing of halide ions: the rutile structure (p. 1118) for VF,, and the CdI, structure 

(p. 1407) for the others. They are strongly reducing and hygroscopic, dissolving in water to 

give lavender-coloured solutions of [V(H,O),]?*. By contrast, high-temperature 

reductions of NbX, or TaX, with the metals (or Na or Al) have been shown to yield a 

series of phases based on [M,X,,]"* units consisting of octahedral clusters of metal atoms 

with the halogen atoms situated above each edge of the octahedra (Fig. 22.5). These may 

Fic. 22.5 [M.,X,.]"* cluster with X bridges over each edge of the octahedron of metal ions. 

15 F. A. Cotton, Metal atom clusters in oxide systems, /norg. Chem. 3, 1217-20 (1964). 
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be surrounded by: 

(a) Four similar units, with each of which a halogen atom is shared, producing a sheet 

structure with the composition [M.X,7]X4)2=Me6X14 (ie. MX, 3). These com- 

pounds are diamagnetic as a result of the metal-metal bonding. 

(b) Six similar units, with each of which a halogen atom is shared, producing a three- 

dimensional array with the composition [M¢X12]X6/2 =M6X15 (i.e. MX2_5). These 

have magnetic moments corresponding to 1 unpaired electron per hexamer and so 

indicate the same metal-metal bonding within the cluster as in (a). 

In one other case (Nb,I, , ) the octahedron of metal atoms has iodine atoms above each 

face and is then joined to 6 similar units by shared iodines giving a three-dimensional array 

with the composition [NbgI¢]I¢,2 =Nb.I,;. The magnetic behaviour is complicated but 

suggests the presence of 1 unpaired electron at low temperatures and 3 at higher 

temperatures. The formation of these Nb and Ta clusters, in contrast to the more ionic 

structures adopted by VX,, can be related to the much higher heats of sublimation of the 

heavier metals (Table 22.1) and the effect of this term in the Born—Haber cycle (p. 94) for 

simple mononuclear halides. 
Many of these cluster compounds are water-soluble and yield solutions in which the 

clusters are retained throughout chemical reactions. Thus, [M,X,,]** (diamagnetic) can 

be oxidized to [M¢X,,]°* (1 unpaired electron) and then to [M,X,,]** (diamagnetic), 
and compounds such as M,X,4, M.X;5, and M,X,., usually with 7 or 8 molecules of 

H,O, can be crystallized. 

The known oxohalides are listed in Table 22.7. They are generally prepared from the 

TABLE 22.7 Oxohalides of vanadium, niobium, and tantalum 

Oxidation 

State Fluorides Chlorides Bromides Iodides 

+5 VOF,; VO,F VOCI, Vvo,Cl VOBr, — 
yellow brown yellow orange deep red 
mp 300° mp —77° (d 180°) 
bp 480° bp 127° 

NbO,F NbOCI; NbO,Cl NbOBr, NbOI, NbO,I 
white white white yellow-brown black red 

TaOF, TaO,F TaOCl, TaO,Cl TaOBr, aS TaO,I 
white white pale yellow 

+4 VOF, voc, VOBr, 
yellow green yellow-brown 

(d 180°) 

NbOCI, NbOI, 
black black 

TaOCl, 

+3 7 vocl VOBr 
yellow- violet 

brown (d 480°) 
bp 127° 
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oxides but are not particularly well known and, as can be seen, are limited almost entirely 

to the oxidation states of +4 and +5. Those in the former oxidation state are relatively 

_ stable but those in the latter are notably hygroscopic and hydrolyse vigorously to the 

hydrous pentoxides. The Nb(V) and Ta(V) compounds are rather volatile, though less so 

than the pentahalides. NbOCI, is the best known, mainly because of its propensity for 

occurring as an unwanted impurity in the preparation of VCI, if O, is not rigorously 

excluded or, more specially, if V,O, is used. 

22.3.5 Compounds with oxoanions 

The group oxidation state of + 5 is too high to allow the formation of simple ionic salts 

even for Nb and Ta, and in lower oxidation states the higher sublimation energies of these 

heavier metals, coupled with their ease of oxidation, again militates against the formation 

of simple salts of the oxoacids. As a consequence the only simple oxoanion salts are the 

sulfates of vanadium in the oxidation states +3 and +2. These can be crystallized from 

aqueous solutions as hydrates and are both strongly reducing. They give rise to blue-violet 

alums, MV(SO,),.12H,O, the ammonium alum being air-stable when dry, and to the 

reddish-violet Tutton’s salts, M,V(SO,),.6H,O, the ammonium analogue of which is 

again relatively more stable to oxidation. 

In the higher oxidation states partially hydrolysed species dominate the aqueous 

chemistry, the most important being the oxovanadium(IV), or vanadyl, ion VO?*. This 

gives the sulphate VOSO,.5H,O, containing monodentate sulphate and octahedrally 

coordinated vanadium, and the polymeric VOSO,. Oxovanadium(V) species are not well 

characterized, outside the oxohalides VOX;, but in strongly acid solutions VO,” is 

formed and reportedly gives the nitrate VO,(NO;). The VO, * ion is also found in anionic. 

complexes such as [VO,,(oxalate),]>~ and in all cases the oxygens are mutually cis as they 

are in the isoelectronic MoO,”* (p. 1192). Niobium and tantalum produce a variety of 

complicated and ill-defined, but probably polymeric, species which include the nitrates, 

MO(NO,);, sulfates such as Nb,O(SO,), and double sulfates such as 

(NH,),Nb,O(SO,),, all of which are extremely readily hydrolysed. 

22.3.6 Complexes 

Oxidation State V (d°) 

Vanadium(V) forms few complexes and probably the best known are the white, 

diamagnetic hexafluorovanadates, MVF,; however, even these are extremely sensitive to 

moisture. In aqueous solutions of vanadium(V), various peroxocomplexes can be formed 

by the addition of H,O,. In neutral or alkaline solutions the yellow diperoxo- 

orthovanadate ion [VO,(O,),]°~ is formed whereas in strongly acid solution the red- 

brown peroxovanadium cation [V(O,)]** predominates. The yellow “acid salts” 

KH,[VO,(O,),].H,O and (NH,),H[VO,(O,),].nH,O have been isolated and, at 0°, 

strongly alkaline solutions containing an excess of H,O, deposit blue-violet needles of 

M3[V(O,)4].nH,0 (M'=Li, Na, K, NH,). K3[V(O,)4] is isomorphous with the 

corresponding Cr compound, which is known to be 8-coordinate and dodecahedral, 

(p. 748) but such a high coordination number is not common for vanadium. Niobium and 

tantalum produce similar peroxo-compounds, e.g. pale yellow K3[Nb(O,),] and white 
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K,[Ta(O,),]. However, most of the currently known complexes are derived from the 

pentahalides, especially the pentafluorides, which act as Lewis acids and form complexes 

of the type MX.L with O, S, N, P, and As donor ligands. Though most of these and other 6- 

coordinate complexes are no doubt octahedral, [AsPh,] [Ta(benzenedithiolate),] has 

been shown to possess a trigonal prismatic stereochemistry. ‘'® 
NbF, and TaF, dissolve in aqueous solutions of HF to give [MOF.,]*~ and, if the 

concentration of HF is increased, [MF,]~. This is normally the highest coordination 

number attained in solution though some [NbF,] may form, and [TaF,]~ definitely 

does form, in very high concentrations of HF. However, by suitably regulating the 

concentration of metal, fluoride ion, and HF, octahedral [MF,]~, capped trigonal 

prismatic [MF,]?~, and even square-antiprismatic [MF,]°~ salts can all be isolated. 

By contrast with the fluorides, aqueous solutions of MCI; and MBr,; (M =Nb, Ta) yield 

only oxochloro- and oxobromo-complexes. Niobium(V) is generally considered to be a 

class-a metal, but a recent nmr study using °°Nb has shown that the SCN” ligand yields a 

series of both N-bonded thiocyanato and S-bonded isothiocyanato complexes, e.g. [ Nb- 

(NCS), (SCN)5 sb (n=0, 2, 4, 5, 6).0° 

Oxidation State IV (d') 

In this oxidation state there are considerable similarities between this group and the 

preceding group but, by and large, the complexes of this group have until recently 

received much less attention. Again, the tetrahalides are Lewis acids and produce a 

number of adducts with a variety of donor atoms, the most common coordination number 

being 6, though this and the precise geometry have often not been determined. Thus 

[VF,L] (L=NH,, py) are insoluble in common organic solvents, have magnetic moments 

of about 1.8 BM, and are thought to be fluorine-bridged polymers. [VCl,2L] (L=py, 

MeCN, aldehydes, etc.) and VCl,(L-L) (L-L=bipy, phen, diars) are brown paramag- 

netic, readily hydrolysed compounds assumed to be 6-coordinate monomers. Similar 

compounds of Nb and Ta are also paramagnetic and the metal-metal bonding which led 

to the diamagnetism of the parent tetrahalides is presumed to have been broken to give 

adducts which again are 6-coordinate monomers. Hexahalo-complexes [MX,]*~ 

(M=V, X=F, Cl; M=Nb, Ta, X=Cl, Br) are known, the vanadium compounds being 

especially sensitive to moisture though stable to air. 

Higher coordination numbers are also found. Vanadium and Nb produce the 

dodecahedral [MCI,(diars),]“” just like the Group IVA metals. This is probably the 
most common stereochemistry for this coordination number but others are 

possible; differences in energy are slight and this facilitates non-rigidity. For example the 
yellow-coloured solid K,[ Nb(CN), ].2H,O has recently been shown by X-ray analysis to 

contain dodecahedral niobium(IV) (like its molybdenum isomorph), whereas esr and 

infrared data suggest that, in solution, the anion has the square-antiprismatic 

"ej. L. Martin and J. Takats, Crystal and molecular structure of tetraphenylarsonium 
tris(benzenedithiolato)tantalate(V), Inorg. Chem. 14, 1358-64 (1975). 

'®4R. G. Kipp and H. G. Spinney, The ambidentate thiocyanate ligand. Niobium-93 nuclear magnetic reson- 
ance detection of thiocyanato- and isothiocyanato-niobium(V) complexes, J. Am. Chem. soc. 103, 4759-63 
1981). 

a J. H. Crark, J. Lewis, and R. S. NyHoM, Diarsine complexes of quadrivalent-metal halides, J. Chem. 
Soc. 1962, 2460-5; and J. C. Dewan, D. L. Kepert, C. L. RALSTON, and A. H. Wuite, Addition complexes of 

niobium and tantalum pentachlorides with o-phenylenebis(dimethylarsine), JCS Dalton, 1975, 2031-38. 
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configuration."*) Likewise, the deep-red niobium(III) complex K;[Nb(CN),] adopts a 
dodecahedral (D,,) configuration for the anion in the crystal whereas the single '*C nmr 

signal in aqueous solution implies either a square-pyramidal (D,,) or fluxional (D,,) 
structure. (18?) 

The major contrast with the Group IVA metals is the stability of VO?* complexes 

which are the most important and the most widely studied of the vanadium(IV) 
complexes, and are the usual products of the hydrolysis of other vanadium(IV) complexes. 

VO** behaves are a class-a cation, forming stable compounds with F (especially), Cl, O, 

and N donor ligands. These “vanadyl” complexes are generally green or blue-green and 

can be cationic, neutral, or anionic.) They are very frequently 5-coordinate in which case 

the stereochemistry is almost invariably square pyramidal. [VO(acac),] (Fig. 22.6) is the 

prime example?® of this geometry in coordination compounds. In this and in similar 

Fic. 22.6 The square-pyramidal structure of [VO(acac), ]. 

compounds the V=O bond length is ~ 157-168 pm which is about 50 pm shorter than the 

4 equatorial V-O bonds. This, as well as spectroscopic evidence, is consistent with the 

formulation of the bond as double. A sixth ligand may be weakly bonded trans to the 

V=O to produce a distorted octahedral structure; the concommitant reduction in the 

stretching frequency of the V=O bond’) has been interpreted in terms of electron 

donation from this sixth ligand, thereby making the vanadium atom less able to accept 

charge from the oxygen and so reducing the bond order. Tetradentate Schiff bases, 

produced for instance by the condensation of salicylaldehyde with primary diamines, in 

most cases give entirely analogous compounds, but some are yellow and may be polymeric 

with the vanadium attaining 6-coordination by “stacking” so that the sixth position of 

each vanadium is occupied by the oxygen from the V=O beneath. The corresponding 

thiovanadyl complexes were mentioned on p. 1151. 

In spite of the evident proclivity of VO?* to form square pyramidal or distorted 

octahedral complexes, it must not be assumed that 5-coordination inevitably results in the 

'8 M. LaING, G. GAFNER, W. P. GRIFFITH and P. M. KIERNAN, The X-ray crystal structure of an eight co- 
ordinate cyanide complex of niobium, K,[Nb(CN),]2H,O, /norg. Chim. Acta 33, L119 (1979). 

18a WM. B. HurstHouse, A. M. Gatas, A. M. Soares, and W. P. GrirFiTH, X-ray crystal structure of 
K.[Nb(CN),], and a change in the structure of [Nb(CN),]°~ in solution, JCS Chem. Comm. 1980, 1167-8. 

'9 J, SELBIN, Oxovanadium(IV) complexes, Coord. Chem. Revs. 1, 293-314 (1966). 
20 PK. Hon, R. L. BELForD, and C. E. PFLuGER, Vanadyl bond-length variations, J. Chem. Phys. 43, 

3111-15 (1965). 
21 CJ. Popp, J. H. NELSON, and R. O. RAGSDALE, Thermodynamic and infrared studies of tertiary amine 

oxides with bis(2,4-pentanedionato)oxovanadium(IV), J. Am. Chem. Soc. 91, 610-14 (1969). 
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Fic. 22.7 The trigonal bipyramidal structure of [VOCI,(NMe3), ]. 

former shape. [VOCI,(NMe;),] is in fact trigonal bipyramidal?” (Fig. 22.7), no doubt 
because of a dominant steric effect of the bulky trimethylamine ligands rather than any 

electronic effect. 

Most oxovanadium(IV) complexes are magnetically simple, having virtually “spin- 

only” moments of 1.73 BM corresponding to 1 unpaired electron, but their electronic 

spectra are less easily understood. This is primarily due to the presence of a strong 2 

contribution to the bond between the vanadium and the oxygen which makes it difficult to 
assign an unequivocal sequence to the molecular orbitals involved. 

Oxidation State III (d”) 

Of the members of this group, only vanadium provides a significant coordination 

chemistry: even so the majority of vanadium(III) compounds are easily oxidized and must 

be prepared with air rigorously excluded. The usual methods are to use VCI, as the 
starting material, or to reduce solutions of vanadium(V) or (IV) electrolytically. 

The chemistry of vanadium(III) closely parallels that of titanium(III) and it likewise 

favours octahedral coordination. The interpretation of the electronic spectra of its 

complexes, as the prime examples of d* ions in an octahedral field, has provided the 

°? J. E. Drake, J. VEKRIS, and J. S. Woop, The crystal and molecular structure of bis(trimethylamine) 
oxovanadium(IV) dichloride, J. Chem. Soc. (A) 1968, 1000-5. 
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stimulus for much of the preparative work in this area. In general, the spectra are 

characterized by two bands in the visible region with a further much more intense 

absorption in the ultraviolet. The two former bands are believed to arise from d-d 

transitions and others from charge-transfer. Since the d? configuration in a cubic field is 
expected to give rise to three spin-allowed transitions (p. 1094) it is assumed that the most 

energetic of these is obscured by the charge-transfer band. Table 22.8 gives data for some 

octahedral vanadium(III) complexes. It turns out, on examination of data such as these, 

that a coherent interpretation of the spectra is only possible if the bands are assigned as: 

Vy =*T>,(F)<T,,(F) 

V2 = "Ty (Py Tf) 

and the third, obscured one, therefore as: 

v3=°A,,(F)<°*T,,(F) 

TABLE 22.8 Typical octahedral complexes of vanadium(IIT) 

L/BM 
Complex Colour v,/em~! y,/em~! 10Dq/cem~'! B/cm~! (room temperature) 

[NH,J[V(H20.J[SO,]>- 
6H,O Blue-violet 17 800 25 700 19 200 620 2.80 

[VCl,;(MeCN),] Green 14 400 21 400 15 500 540 29 

[VCl,(thf);] Orange 13300 19900 14000 553 2.80 
K [VF] Green 14800 23250 16100 649 2.79 
[pyH],[VCl,] Purple-pink 16650 18350 12650 513 271 

Now in the absence of this last band the simple and direct method of deriving the crystal 

field splitting, A, or 10Dq, by measuring the difference between v, and v,, is not possible. 

Instead, A, can be obtained by fitting the two observed bands to the appropriate 

“Tanabe-Sugano” diagram) (Fig. 22.8). In these diagrams the calculated energy 

difference between each term and the ground term 7,,,(F) is plotted as a function of the 

strength of the crystal field. B is the “interelectronic repulsion parameter” already 
introduced in connection with the nephelauxetic series (p. 1099). It is included in Fig. 22.8 

in order to retain generality and obviate the necessity of drawing separate diagrams for 

each d? metal ion. If we take as an example the [V(H,O),]** ion in the ammonium alum, 

we have: 

Pn S00 

This can only be fitted to Fig. 22.8 at Dq/B ~3.1 when v,/B=28.7 and v, = 41.7. It follows 

that v,/B=28.7 = 17 800/B, where B=620 cm _' and 10Dq= 10 x 3.1 x 620=19 200 cm“. 

This value of B should be compared to that of 860 cm“! for the free V" ion, the difference 
being a measure of the extent to which the d-electron charge of the metal is assumed to have 

expanded on complexation. 

23 B.N. Ficais, Introduction to Ligand Fields, Chap. 7, pp. 145-72, Chap. 9, pp. 203-48, Wiley, New York, 
1966. 



1162 Vanadium, Niobium, and Tantalum Ch.322 

E/B 

Dq/B 

Fic. 22.8 Tanabe-Sugano diagram for a d? ion in an octahedral crystal field. 

Cationic complexes of the type [VL,]** of which [V(H,O,]%* is the best-known 

example are actually rather rare. Anionic [VX,]* and neutral [VCI,L,] are more 
common. In general the electronic spectra of these 6-coordinate complexes are accounted 

for moderately well on the assumption of basically octahedral crystal fields, but the 

inclusion of trigonal distortions gives more satisfactory results. The magnetic moments of 

d? ions in perfectly octahedral fields are expected to involve “orbital contribution” which 

varies with temperature. In practice the moments at room temperature rarely exceed the 

spin-only value and their variation with temperature is less than anticipated for a T 

ground term. This also is in accord with the presence of some distortion which splits the 

°T,, ground term and so reduces the temperature dependence of the magnetic moment. 

In spite of the preponderance of 6-coordinate complexes, other coordination numbers 

are known: the ions [VCl,]” and [VBr,] are tetrahedral and are notable in that 4- 

coordination with ligands other than O-donors is common only later in the transition 

series. Their spectra exhibit two bands in the regions of 9000 cm! and 15 000cm7! which 
are assigned to *7,(F)<°A, and *T,(P)<—*A, transitions respectively, corresponding 
quite reasonably to values of A, of about 5000 to 5500 cm’. Their magnetic moments too 

are about 2.7 BM and independent of temperature, as expected. 

Neutral complexes of the type [VX3,(NMe;),] (X=Cl, Br) are trigonal bipyramidal 

with the trimethylamines occupying the axial positions.?* By contrast [V{N(SiMe;),}3] 

4M. W. Duckworth, G. W. A. Fow es, and P. T. GREENE, Five-coordinate complexes, J. Chem. Soc. (A) 
1967, 1592-7. 
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has a 3-coordinate, planar structure,?°) presumably because the bis(trimethylsilyl amido 
ligands are too big for the V' to accommodate more. 

Finally, the 7-coordinate K,[V(CN),].2H,O has been shown to have a pentagonal 

bipyramidal structure?® and is probably the first known example of a 7-coordinated 

transition metal complex which persists in solution and in which the ligand is not F. 

Oxidation State II (d?) 

Again, vanadium is the only member of the group to provide any significant 

coordination chemistry in this oxidation state, and even this is somewhat unfamiliar. 

Vanadium(II) complexes are usually prepared by electrolytic or zinc reduction of acidic 

solutions of vanadium in one of its higher oxidation states. The resulting blue-purple 

solutions are strongly reducing, and reduction of the water is, in general, only prevented 

by the presence of acid. Several salts and double sulfates have been prepared?” and 
contain the [V(H,O),]** ion. Adducts of VCI, of the type [VCI,L,], where L is one of a 

number of O- or N-donor ligands, have also been prepared.'?®) The spectroscopic and 
magnetic properties of these compounds are typical of a d? ion and their interpretation 

follows closely that for the chromium(III) ion which, being far more familiar, will be 

discussed more fully (p. 1197). Also typical of a d? ion is the fact that vanadium(I]) is 

kinetically inert and undergoes substitution reactions only slowly. 

Other complexes of the type [VCI,L,] are distinguished by their colour (green) and 

magnetic moment (~3.2 BM), well below the spin-only value for 3 unpaired electrons. 

They are therefore thought to be halogen-bridged polymers of V". 
Organometallic compounds apart, oxidation states below +2 are best represented by 

complexes with tris-bidentate nitrogen-donor ligands such as 2,2’-bipyridyl. Reduction by 

LiAIH, in thf yields tris(bipyridyl) complexes in which the formal oxidation state of 

vanadium is +2 to —1. Magnetic moments are compatible with low-spin configurations 

of the metal but, as with the analogous compounds of titanium, it may well be that they 

would be better regarded as complexes with reduced, i.e. anionic, ligands. 

22.3.7 Organometallic compounds 

In spite of increasing interest recently, the organometallic chemistry of this group has 

not received a great deal of attention and most of it can be divided into the chemistry of the 
carbonyls and cyanides, on the one hand, and of the cyclopentadienyls, on the other. The 

chemistry of o alkyls or aryls is less well developed than for many other elements but 

[V"{CH(SiMe;),}3], [V'Y(CH,SiMe3),], and [VYO(CH,SiMe3)3] have been iso- 
lated.'2%) In these compounds the possibility of decomposition by alkene elimination or 

25D. C. BRADLEY, Steric control of metal coordination, Chem. Br. 11, 393-7 (1975). 
26R_ L. R. Towns and R. A. LevENSON, The structure of the seven-coordinate cyano complex of 

vanadium(III), J. Am. Chem. Soc. 94, 4345-6 (1972). 
27 LF. LARKWorTHY, K. C. PaTeL and D. J. PHILLips, Vanadium(II) chemistry. Part III. Spectroscopic and 

magnetic properties of the double chlorides, J. Chem. Soc. (A), 1971, 1347-SO. 

28 HJ. SEIFERT and T. AUEL, Elektrolytische reduktion héherer metallchloride in nichwasserigen medien-II, 
J. Inorg. Nuclear Chem. 30, 2081-6 (1968). 

29 G. Yacupsky, W. Mowat, A. SHORTLAND and G. WILKINSON, Trimethylsilylmethyl compounds. of 
transition metals, JCS Chem. Comm. 1970, 1369-70. 
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other routes is circumvented by the absence of f hydrogen atoms (p. 348) and the 

bulkiness of the trimethylsilylmethyl groups. Complexes such as [MMe,(dmpe)] 

(M=Nb, Ta; dmpe=Me,PCH,CH,PMe,) decompose spontaneously above room 

temperature’° 3°) and, although free TaMe, has been isolated, it can explode spon- 
taneously at room temperature even in the absence of air.°° Despite this instability, 

the Ta—Me bond itself is rather strong: thermochemical studies have shown that the mean 

bond dissociation energy D(Ta—Me) in TaMe, is 261 +6 kJ mol” ', which is substantially 

greater than, for example, the mean dissociation energy D(W-CO) of 178 +3 kJ mol~? in 

the kinetically much more stable W(CO),.°°° 
Reduction of VCl, by Na in pyridine or diglyme under CO at 200 atm yields a salt of 

[V(CO),]~ which on acidification and extraction with petroleum ether yields volatile, 

blue-green, pyrophoric crystals of V(CO),. Unlike other, formally odd-electron, 

transition metal carbonyls, this does not attain the noble gas configuration by 

dimerization and the formation of a M—M bond. It is in fact monomeric and isomorphous 

with Group VIA octahedral hexacarbonyls (p. 1208); it undergoes substitution reactions 

typical of metal carbonyls, but is unique amongst simple carbonyls in being paramagnetic 

with a moment at room temperature of 1.81 BM. The noble gas configuration is, however, 

attained in the isolable anionic intermediate [V(CO),]. Further reduction of 

[Na(diglyme),][V(CO),] with Na metal in liquid NH, yields the super-reduced 18- 

electron species [V(CO), ]?~ which contains V in its lowest known formal oxidation state 

(—3).°® Although the Li, Na, and various onium salts of [V(CO),]*~ decompose above 
O°C, the trianion can be isolated as the thermally rather stable Rb and Cs salts. 

K,3[V(CO),] is treacherously shock sensitive. Reaction of [V(CO),]? with 

[AuCl(PPh,)] in thf gives good yields of the novel, robust, tetrahedral cluster compound 

[(Ph3PAu); V(CO),].°°° Significantly, the Nb and Ta hexacarbonyl anions are also 
known, though these metals do not afford simple neutral carbonyls. A direct synthesis of 

V(CO). and possibly also of the M-M bonded dimer, V,(CO),,, by condensation of 

vanadium vapour with CO in a matrix of noble gases has recently been reported.°!) The 
same technique has also been used?) to prepare the hexakis(dinitrogen) compound, 
[LV(N2)6] (p. 1143) which is probably isoelectronic and isostructural with the 
hexacarbonyl. 

Vanadium forms the  bis(cyclopentadienyl) compounds: [(V(y°-C;H,),Cl,], 

°° R. R. SCHROCK and P. MEAKIN, Pentamethyl complexes of niobium and tantalum, J. Am. Chem. Soc. 96, 
5288-90 (1974). 

°°? R. R. ScHrock, The preparation of NbH,(Me,PCH,CH,Me,), and NbHL.(Me,PCH,CH,PMe,), 
(L=CO or C,H,), J. Organometallic Chem. 121, 373-9 (1976). 

°° K. MerTIS, L. GALYER and G. WILKINSON, Permethyls of tantalum, tungsten, and rhenium: a warning, 
J. Organometallic Chem. 97, C65 (1975). 

30°F. A. Apepest, J. A. Connor, H. A. SKINNER, L. GALYER, and G. WILKINSON, Heat of formation of 
pentamethyltantalum and hexamethyltungsten, JCS Chem. Comm. 1976, 159-60. 

*°¢ J. E. Evuis, K. L. Fyare, and T. G. Hayes, Highly reduced organometallics. 4. Synthesis and chemistry of 
pentacarbonylvanadate(3-) ion, [V(CO).]>~, J. Am. Chem. Soc. 103, 6100-106 (1981). 

*°* J. E. Exuis, Highly reduced organometallics. 5. Synthesis, properties and the molecular structure of 
[((Ph,;PAu), V(CO),], a gold-vanadium cluster, J. Am. Chem. Soc. 103, 6106-10, (1981). 

3! T. A. Forp, M. Huser, W. K. KLOTZBUCHER, M. Moskovits, and G. A. Ozin, Direct synthesis with 
vanadium atoms. |. Synthesis of hexacarbonylvanadium and dodecacarbonyldivanadium, Inorg. Chem. 15, 
1666-9 (1976). 

*? H. Huser, T. A. Forp, W. KLorzpucuer, and G. A. Ozin, Direct synthesis with vanadium atoms. II. 
Synthesis and characterization of vanadium hexadinitrogen, V(N,),, in low-temperature matrices, J. Am. 
Chem. Soc. 98, 3176-8 (1976). 
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Fic. 22.9 (a) The structure of dimeric [Nb(y°-C;H;)H-y-(n°, n'-C;H,)],. The observed 
diamagnetism of this compound is consistent with the Nb-Nb bond shown. Each of the two 
bridging rings is 7°-bonded to one Nb and y'-bonded to the other. (b) The structure of [Ta(n°- 

CsH5)2(CH3)(=CHz)]. 

[V(n°-C5H,),Cl], and [V(y°-C;H;),]. The last of these is the dark-violet, paramagnetic 

and extremely air-sensitive “vanadocene”. Unlike the titanium compound (p. 1135), this is a 

simple “sandwich” compound (p. 367). Niobium and tantalum form [M(C;H5),] 

(p. 373), in which two rings are 7°- and two n'-bonded, and also [M(y°-C;H;),X3] and 
[M(n°-C,H,;).X>] (X =Cl, Br). They do not, though, form simple sandwich compounds. 

“Niobocene” is actually a dimer and a hydride®*) (Fig. 22.9a), while [Ta(y°-C,H,),H3] is 
shown by its nmr spectrum to be one of an interesting class of bis(cyclopentadienyl) 

compounds in which the two rings are not parallel.@*) Another important compound is 

the mixed methylmethylene derivative of bis(cylopentadienyl)tantalum(V) prepared by 

the following sequence of high-yield reactions:°°) 

Ph-C" BES + Me,P=CH 

[Ta(n°-C;H;).Me,] ——— [Ta(n°-C;H;),Me,] —~—>’ 

[Ta(n°-CsH;),(CH3)(=CH,)] 

33 L. J. GUGGENBERGER and F. N. Tepe, Structure of the dimer of niobocene, J. Am. Chem. Soc. 93, 5924-5 
(1971). 

34 JW. LAUHER and R. HoFFrMAN, Structure and chemistry of bis(cyclopentadienyl)-ML, complexes, J. Am. 
Chem. Soc. 98, 1729-42 (1976). 

35 R.R. Scurock, The first isolable transition metal methylene complex and analogues: characterization 
mode of decomposition, and some simple reactions, J. Am. Chem. Soc. 97, 6577-8 (1978). 
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The structure of the pale buff-coloured product is shown in Fig. 22.9b and this allows a 

direct comparison between the 3 Ta-C distances:°°) Ta=CH, 203 pm, Ta-CH, 225 pm, 
and Ta—C(C,H,) 216 pm. It will also be noted that the two cyclopentadienyl rings are 

eclipsed and that the CH, group orients perpendicular to the C-Ta-C plane. 

°° L. J. GUGGENBERGER and R. R. SCHROCK, Structure of bis(cyclopentadienyl)methylmethylenetantalum 
and the estimated barrier to rotation about the tantalum—methylene bond, J. Am. Chem. Soc. 97, 6578-9 ( 1975). 
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Chromium, Molybdenum, 
and Tungsten 

23.1 Introduction 

The discoveries of these elements span a period of about 20 y at the end of the 

eighteenth century. In 1778 the famous Swedish chemist C. W. Scheele produced from the 

mineral molybdenite (MoS,) the oxide of a new element, thereby distinguishing the 

mineral from graphite with which it had hitherto been thought to be identical. 

Molybdenum metal was isolated 3 or 4 y later by P. J. Hjelm by heating the oxide with 

charcoal. The name is derived from the Greek word for lead (udAvBd0¢, molybdos), owing 

to the ancient confusion between any soft black minerals which could be used for writing 

(this is further illustrated by the use of the names “plumbago” and “black lead” for 

graphite). 

In 1781 Scheele, and also T. Bergmann, isolated another new oxide, this time from the 

mineral now known as scheelite (CaWO,) but then called “tungsten” (Swedish tung sten, 

heavy stone). Two years later the Spanish brothers J. J. and F. d’Elhuyar showed that the 

same oxide was a constituent of the mineral wolframite and reduced it to the metal by 

heating with charcoal. The name “wolfram”, from which the symbol of the element is 

derived, is still widely used in the German literature and is recommended by IUPAC, but 

the allowed alternative “tungsten” is used in the English-speaking world. 

Finally, in 1797, the Frenchman L. N. Vauquelin discovered the oxide of a new element 

in a Siberian mineral, now known as crocoite (PbCrO,), and in the following year isolated 

the metal itself by charcoal reduction. This was subsequently named chromium (Greek 

x pwc, chroma, colour) because of the variety of colours found in its compounds. Since 

their discoveries the metals and their compounds have become vitally important in many 

industries and, as one of the biologically active transition elements, molybdenum has been 

the subject of a great deal of attention in recent years, especially in the field of nitrogen 

fixation (p. 1205). 

23.2 The Elements 

23.2.1 Terrestrial abundance and distribution 

Chromium, 122 ppm of the earth’s crustal rocks, is comparable in abundance with 

vanadium (136 ppm) and chlorine (126 ppm), but molybdenum and tungsten (both 

1167 
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~ 1.2 ppm) are much rarer, and the concentration in their ores is low (cf. Ho 1.4 ppm, Tb 

1.2 ppm). The only ore of chromium of any commercial importance is chromite, FeCr,O,, 

which is produced principally in the USSR, southern Africa (where 96% of the known 

reserves are located), and the Philippines. Other less plentiful sources are crocoite, 

PbCrO,, and chrome ochre, Cr,O,, while the gemstones emerald and ruby owe their 

colours to traces of chromium (pp. 117, 273). 

The most important ore of molybdenum is the sulphide molybdenite, MoS,, of which the 

largest known deposit is in Colorado, USA, but it is also found in Canada and Chile. Less 

important ores are wulfenite, PoMoO,, and powellite, Ca(Mo,W)O,. 

Tungsten occurs in the form of the tungstates scheelite, CaWO,, and wolframite, 

(Fe,Mn)WO,, which are found in China (thought to have perhaps 75% of the world’s 

reserves), the USA, South Korea, Bolivia, the USSR, and Portugal. 

23.2.2 Preparation and uses of the metals 

Chromium is produced in two forms:"”? 

(a) Ferrochrome by the reduction of chromite with coke in an electric arc furnace. A 

low-carbon ferrochrome can be produced by using ferrosilicon (p. 381) instead of 

coke as the reductant. This iron/chromium alloy is used directly as an additive to 

produce chromium-steels which are “stainless” and hard. 
(b) Chromium metal by the reduction of Cr,O3. This is obtained by aerial oxidation of 

chromite in molten alkali to give sodium chromate, Na,CrO,, which is leached out 

with water, precipitated, and then reduced to the Cr(III) oxide by carbon. The oxide 
can be reduced by aluminium (aluminothermic process) or silicon: 

Cr,0;+2Al 2Cr + ALO; 

2Cr,0; + 3Si———> 4Cr + 3SiO, 

The main use of the chromium metal so produced is in the production of non-ferrous 

alloys, the use of pure chromium being limited because of its low ductility at ordinary 

temperatures. Alternatively, the Cr,O,; can be dissolved in sulphuric acid to give the 

electrolyte used to produce the ubiquitous chromium-plating which is at once both 

protective and decorative. 

The sodium chromate produced in the isolation of chromium is itself the basis for the- 

manufacture of all industrially important chromium chemicals. World production of 
chromite ores approached 94 million tonnes in 1980. 

Molybdenum is obtained both as a primary product and as a byproduct in the 

production of copper. In either case MoS, is separated by flotation and then roasted to 

MoO, . In the manufacture of stainless steel and high-speed tools, which account for about 

85% of molybdenum consumption, the MoO, may be used directly or after conversion to 

ferromolybdenum by the aluminothermic process. Otherwise, further purification is 

possible by dissolution in aqueous ammonia and crystallization of ammonium molybdate 
(sometimes as the dimolybdate, [NH,],[Mo,O-,], sometimes as the paramolybdate, 

[NH,],[Mo70,,].4H,O, depending on conditions), which is the starting material for 

' Kirk-O thmer, Encyclopedia of Chemical Technology, 3rd edn., Vol. 6, pp. 54-120, Interscience, New York, 
1979. 
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the manufacture of molybdenum chemicals. Pure molybdenum, which finds important 

applications-as a catalyst in a variety of petrochemical processes and as an electrode 

material, can be obtained by hydrogen reduction of ammonium molybdate. In 1980 the 

world production of molybdenum ores was equivalent to 108 000 tonnes of contained Mo. 

The isolation of tungsten’? is effected by the formation of “tungstic acid” (hydrous 

WO,), but the chemical route chosen depends on the ore being used. After pulverization 

and concentration of the ore: 

(a) Wolframite is converted to soluble alkali tungstate either by fusing with NaOH and 

leaching the cooled product with water, or by protracted boiling with aqueous 

alkali. Acidification with hydrochloric acid then precipitates the tungstic acid. 

(b) Scheelite is converted to insoluble tungstic acid by direct treatment with 

hydrochloric acid and separated from the soluble salts of other metals. 

Tungstic acid is then roasted to WO, which is reduced to the metal by heating with 

hydrogen at 850°C. Half of the tungsten produced is used as the carbide, WC, which is 

extremely hard and wear-resistant and so ideal as a tool-tip. Other major uses are in the 

production of numerous heat-resistant alloys, but the most important use of the pure 

metal is still as a filament in electric light bulbs, in which role it has never been bettered 

since it was first used in 1908. In 1980, world production of tungsten ores contained 

50 000 tonnes of tungsten. 

Both molybdenum and tungsten are obtained initially in the form of powders and, since 

fusion is impracticable because of their high mps, they are converted to the massive state 

by compression and sintering under H, at high temperatures. 

23.2.3 Properties of the elements 

As can be seen from Table 23.1, which summarizes some of the important properties of 

Group VIA, each of these elements has several naturally occurring isotopes which imposes 

limits on the precision with which their atomic weights have been determined, especially 

for Mo and W. 
The elements all have typically metallic bcc structures and in the massive state are 

lustrous, silvery, and (when pure) fairly soft. However, the most obvious characteristic at 

least of molybdenum and tungsten, is their refractive nature, and tungsten has the highest 

mp of all metals—indeed, of all elements except carbon. For this reason, metallic Mo and 

W are fabricated by the techniques of powder metallurgy, and, in consequence, many of 

their bulk physical properties depend critically on the nature of their mechanical history. 

As in the preceding transition-metal groups, the refractory behaviour and the relative 

stabilities of the different oxidation states can be explained by the role of the (n—1)d 

electrons. Compared to vanadium, chromium has a lower mp, bp, and enthalpy of 

atomization which implies that the 3d electrons are now just beginning to enter the inert 

electron core of the atom, and so are less readily delocalized by the formation of metal 

bonds. This is reflected too in the fact that the most stable oxidation state has dropped to 

+3, while chromium(VI) is strongly oxidizing: 

107 a+cHi ee Cr3+ +34H,O; E°=133 V 

2S. W.H. Yin and C. T. WANG, Tungsten: Sources, Metallurgy, Properties and Applications, Plenum Press, 
New York, 1979, 500 pp. M. Hupson, Tungsten: its sources, extraction and uses, Chem. Br. 18, 438-42 (1982). 
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TABLE 23.1 Some properties of Group VIA elements 

Property Gi Mo W 

Atomic number 24 42 74 
Number of naturally occurring isotopes 4 7 5 
Atomic weight 51.996 95.94 183.85 +0.03 
Electronic configuration [Ar]3d°4s! [Kr]4d°5s!  [Xe]4f!*5d*6s? 
Electronegativity 1.6 1.8 isd 
Metal radius (12-coordinate)/pm 128 139 139 

Ionic radius (6-coordinate)/pm VI 44 59 60 
Vv 49 61 62 
IV 5) 65 66 
Ill 61.5 69 a= 
KY 73 (Is), 80 (hs) — — 

MP/°C 1900 1620 (3380) 
BP/°C 2690 4650 (5500) 
AH,,,/kJ mol! 21(+2) 28(+3) (35) 
AH .p/kJ mol™! 342(+6) 590( +21) 824(+21) 
AH, (monatomic-gas)/kJ mol! 397(+3) 664(+ 13) 849(+ 13) 
Density (20°C)/g cm? 7.14 10.28 19.3 
Electrical resistivity (20°C)/wohm cm 13 ~5 ~5 

) Radius depends on whether Cr(II) is low-spin (ls) or high-spin (hs). 

For the heavier congenors, tungsten in the group oxidation state is much more stable to 

reduction, and it is apparently the last element in the third transition series in which all the 

5d electrons participate in metal bonding. 

23.2.4 Chemical reactivity and trends 

At ambient temperatures all three elements resist atmospheric attack, which is why 

chromium is so widely used to protect other more reactive metals. They become more 

susceptible to attack at high temperatures, when they react with many non-metals giving 

frequently interstitial and nonstoichiometric products. Chromium reacts more readily 

with acids than does either molybdenum or tungsten though its reactivity depends on its 

purity and it can easily be rendered passive. Thus, it dissolves readily in dil HCI but, if very 

pure, will often resist dil H,SO,; again, HNO, whether dilute or concentrated, and aqua 

regia will render it passive for reasons which are by no means clear. In the presence of 

oxidizing agents such as KNO; or KCIO3;, alkali melts rapidly attack the metals 

producing MO,?~. 
Once again the two heavier elements are closely similar to each other and show marked 

differences from the lightest element. This is reflected particularly in the relative stabilities 

of the oxidation states, all of which are known from +6 down to —2. 

The stability of the group oxidation state +6 was referred to above and it may be 

further noted that, while chromium(VI) tends to form poly oxoanions, the diversity of 

these is but a pale shadow of that of the polymolybdates and polytungstates (p. 1175). 

Oxidation states +5 and +4 are represented by chromium largely as unstable 

intermediates, whereas molybdenum and tungsten provide a significant aqueous 

chemistry. For chromium, +3 is much the most stable oxidation state, the symmetrical 
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t>, configuration leading to a coordination chemistry, the fecundity of which is exceeded 

only by that of cobalt(III), and which has no counterpart in the chemistries of 

molybdenum or tungsten. Chromium(II]) is strongly reducing (Cr3*/Cr?*, E°—0.41 V) 

but it still has an extensive cationic chemistry while molybdenum(II) and tungsten(II) are 

stabilized only by the retention of appreciable metal-metal bonding, as in the cluster 

compounds based on the [M,X,]** unit (p. 1190). However, the formation of strong M-M 

multiple bonds occurs with each of the divalent elements (though less extensively with 

tungsten than the other two). In the still lower oxidation states, found in compounds with 

m-acceptor ligands, the metals are quite similar. 

Table 23.2 lists the oxidation states of the elements along with representative examples of 

their compounds. Coordination numbers as high as 12 can be attained, but those over 7 in 

the case of Cr and 9 in the cases of Mo and W involve the presence of the peroxo ligand or 
n-bonded aromatic rings systems such as y°-C;H, or 4°-C,H,. 

23.3. Compounds: +: >) 

The binary borides (p. 162), carbides (p. 321), and nitrides (p. 480) have already been 

discussed. Suffice it to note here that the chromium atom is too small to allow the ready 

insertion of carbon into its lattice, and its carbide is consequently more reactive than those 

of its predecessors. As for the hydrides, only CrH is known which is consistent with the 

general trend in this part of the periodic table that hydrides become less stable across the d 

block and down each group. 

23.3.1 Oxides of chromium, molybdenum, and tungsten 

The principal oxides formed by the elements of this group are given in Table 23.3. 

CrO,, as is to be expected with such a small cation, is a strongly acidic and rather 

covalent oxide with a mp of only 197°C. Its deep-red crystals are made up of chains of 

corner-shared CrO, tetrahedra. It is commonly called “chromic acid” and is generally 

prepared by the addition of conc H,SO, to a saturated aqueous solution of a dichromate. 

Its strong oxidizing properties are widely used in organic chemistry. CrO, melts with 

some decomposition and, if heated above 220-250", it loses oxygen to give a succession of 

lower oxides until the green Cr,O; is formed. 

Like the analogous oxides of Ti, V, and Fe, Cr,O, has the corundum structure (p. 274), 

and it finds wide applications as a green pigment. It is a semiconductor and is 

antiferromagnetic below 35°C. Cr,O; is the most stable oxide of chromium and is the 

final product of combustion of the metal, though it is more conveniently obtained by 

heating ammonium dichromate: 

(NH,),Cr,0, ee Cr,O, +N, +4H,O 

3D. L. Kepert, Chromium, molybdenum, tungsten, Chap. 4 in The Early Transition Metals, pp. 255-374, 

Academic Press, London, 1972. 
4+ C. L. ROLLINSON, Chromium, molybdenum and tungsten, Chap. 36 in Comprehensive Inorganic Chemistry, 

Vol. 3, pp. 623-769, Pergamon Press, Oxford, 1973. 
5 Z. Dori, The coordination chemistry of tungsten, Progr. Inorg. Chem. 18, 239-307 (1981). 

©C.N.R. Rao and G. V. S. Rao, Transition Metal Oxides, National Standard Reference Data System 
NSRDS-NBS49, Washington, 1964, 130 pp. 
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TABLE 23.2. Oxidation states and stereochemistries of compounds of chromium, molybdenum, and 

tungsten 

Oxidation Coordination 
state number Stereochemistry Cr Mo/W 

—2 (d8) 5 Trigonal [Cr(CO),]?~ [M(CO),]?~ 
bipyramidal? 

ae) 6 Octahedral [Cr,(CO)zo 12, [M2(CO); 0]? 
(d°) 6 Octahedral [Cr(bipy)3] [M(CO),] 

9 “ay [Cr(n°-C5H.)(CO)s] is 
12 7s [Cr(n°-CeH6)2] Pi 4 

1 (d°) 6 Octahedral [Cr(CNR),]* [MoCl(N, )(diphos), ] 
8 = as [Mo(n°-C;H;)(CO)5] 

11 fm a [Mo(n°-C5Hs)(n°-CoHo)] 

12 7 * [Mo(n°-CoHo)2]* 
2 (d*) 4 Tetrahedral [CrI,(OPPh;),] — 

5 Trigonal 

bipyramidal [CrBr{N(C,H,NMe,)3}]* = 
Square pyramidal — [Mo,Cl,]*~, [W2Meg]*~ 

6 Octahedral [Cr(en)3]?* [M(diars),I,] 
7 Capped trigonal [Cr(CO),(diars),X]* [Mo(CNR),]?*+ 

prismatic 
Pentagonal == [MoH(n?-O,CCF;) 

bipyramidal {P(OMe)3}4] 

8 fan) [Cr(n°-C5H;)CI(NO),] ae 

2 a ea [W(n°-CsH;)(CO)3Cl], 
M,Cl,, clusters 

10 a [Cr(q°-CsHs)2] a 
3 (d?) 3 Planar [Cr(NPr,)3] = 

4 Tetrahedral [CrCl,]~ [(RO);Mo=Mo(OR);], 
[(R,N);W=W(NR;)3] 

5) Trigonal 

bipyramidal [CrCl,(NMe3), ] pare 
6 Octahedral [Cr(NH;),]°* [M,Cl,]>~ 
Wl ? — [WBr,(CO),(diars)] * 
8 Dodecahedral? = [Mo(CN),(H,O)]*~ 

8 or 12 -- — [Mo(n'-C;H;)(7*-C;H;), 
(NO)], x= 3 or 5 

4 (d?) 4 Tetrahedral [Cr(CO),]*~ [Mo(NMe;)q] 
6 Octahedral KGa pMGialas 

Trigonal prismatic — MS, 
8 Dodecahedral — [M(CN),]*~ 

Square — Mo(S,CNMe;),], 
antiprismatic(?) [M (picolinate), ] 

12 on Sr [M(n°-CsH5).X2] 
5 (d!) 4 Tetrahedral _ kCr@ = 

5) Square pyramidal [CrOClI,]~ — 
Trigonal 

bipyramidal — MoCl.(g) 
6 Octahedral [CrOCl,]?~ [MF.]~ 
8 Dodecahedral [Cr(O,),]>~ [M(CN)x]3~ 

13 — — [W(n°-C;H;),H3] 
6 (d°) 4 Tetrahedral ErOnles [MO,]?— 

5 ? — [MOX,] 
Square pyramidal = [W(=CCMe,)(—=CHCMes) 

(CH,CMe;3){(PMe,CH,-)>} ] 
6 Octahedral = {MO,} in polymetallates 

Trigonal prismatic — [M(S,C,H,)3] Continued 

+ The structure of these complexes is not regular and has recently?“ been described as “4:3 (C,) piano stool”, 
which is obtained by slight distortion of a capped trigonal prism (C,,.). 

2 J. C. Dewan and S. J. Lipparp, Structure of a homoleptic seven-coordinate molybdenum(II) aryl 
isocyanide complex [Mo(CNPh),](PF,),, /norg. Chem. 21, 1682-4 (1982). See also Inorg. Chem. 20, 3851-57 
(1981) and J. Am. Chem. Soc. 104, 133-6 (1982). 
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TABLE 23.2—continued 

' Oxidation Coordination 

state number Stereochemistry Chr Mo/W 

il Pentagonal — [WOCI,(diars) ] 
bipyramidal 

8 ? — [MF,]?~ 
9 Tricapped trigonal a= [WH,(PPhPr',);] 

prismatic (C3,.) 

TABLE 23.3. Oxides of Group VIA 

Oxidation state: +6 Intermediate +4 +3 

Cr CrO; Cr,03, Cr,0.;, Cr;O, 5, etc. CrO, Cr,0, 
Mo MoO, Mo,036, Mo,0,3, Mo;0,4, Mo,,045, Mo,0O,;, MoO, — 

W WoO, W 400110; W 500148; W00ss, W 13049 wo, ae 

When produced by such dry methods it is frequently unreactive but, if precipitated as 

the hydrous oxide (or “hydroxide”) from aqueous chromium(III) solutions it is 

amphoteric. It dissolves readily in aqueous acids to give an extensive cationic chemistry 

based on the [Cr(H,O),]** ion, and in alkalis to produce complicated, extensively 
hydrolysed chromate(III) species (“chromites”). 

The third major oxide of chromium is the brown-black, CrO,,, which is an intermediate 

product in the decomposition of CrO; to Cr,O, and has a rutile structure (p. 1120). It has 

metallic conductivity and its ferromagnetic properties lead to its commercial importance 

in the manufacture of magnetic recording tapes which are claimed to give better resolution 

and high-frequency response than those made from iron oxide. Other more- or less-stable 

phases with compositions between CrO, and CrO, have been identified but are of little 
importance. An example is Cr,O, 5, which can be considered as Cr}'Cr}$'O, ,: its structure 
comprises pairs of edge-shared octahedra (presumably involving the larger Cr ions) 
linked by corner sharing with tetrahedra (presumably {Cr¥'O,}) into a three-dimensional 

framework. 

The trioxides of molybdenum and tungsten differ from CrO, in that, though they are 

acidic and dissolve in aqueous alkali to give salts of the MO,” ions, they are insoluble in 

water and have no appreciable oxidizing properties, being the final products of the 

combustion of the metals. MoO, and WO, have mps of 795 and 1473°C respectively (1.e. 

much higher than for CrO ;) and their crystal structures are different. The white MoO, has 

an unusual layer structure composed of distorted MoO, octahedra while the yellow WO, 

(like ReO;) consists of a three-dimensional array of corner-linked WO, octahedra. In fact, 

WO, is known in at least seven polymorphic forms and is unique in being the only oxide of 

any element that can undergo numerous facile crystallographic transitions near room 

temperature. Thus the monoclinic ReO;-type phase (which is slightly distorted from cubic 

by W-W interactions) transforms to a ferroelectric monoclinic phase when cooled to 

— 43°C, and transforms to another monoclinic variety above + 20°C; there are further 
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transitions to an orthorhombic phase at 325° and to a succession of tetragonal phases at 

125°; -9002,-and 1225°C. 
If either MoO, or WO; is heated in vacuo or is heated with the powdered metal, reduction 

occurs until eventually MO, with a distorted rutile structure (p. 1120) is formed. 

In between these extremes, however, lie a variety of intensely coloured (usually violet or 

blue) phases whose structural complexity has excited great interest over many years.'7’®) 

Following the pioneer work of the Swedish chemist A. Magnéli in the late 1940s these 

materials, which were originally thought to consist of a comparatively small number of 

rather grossly nonstoichiometric phases, are now known to be composed of a much larger 

number of distinct and accurately stoichiometric phases with formulae such as Mo,O,,, 

Mo,70,7, MogO,3, W,,049, and W5,.O05,. As oxygen is progressively eliminated, a 
whole series of M,O3, , stoichiometries are feasible between the MO, structure 

containing corner-shared MO, octahedra and the rutile structure consisting of edge- 

shared MO, octahedra. These are produced as slabs of corner-shared octahedra move so 
as to share edges with the octahedra of identical adjacent slabs (Fig. 23.1). This is the 

phenomenon of crystallographic shear and occurs in an ordered fashion throughout the 

solid.) The situation is further complicated by the formation of structures involving (a) 
7-coordinate, and (b) 4-coordinate, alongside the more prevalent 6-coordinate, metal 

atoms. The reasons for the formation of these intermediate phases is by no means fully 
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(a) A plane of oxygen and metal 
atoms. Planes of oxygen atoms 
above and below this, complete 
the octahedral coordination of 
each metal atom. Note the corner 

sharing of adjacent MO, octa- 
hedra (for clarity some are 

shaded) 

Fic 23.1 

(b) Oxygen atoms in a plane 

. perpendicular to the page are 
removed, temporarily producing 
a plane of vacant sites, and de- 

stroying the octahedral coor- 
dination of metal atoms adjacent 

to it 

(c) Octahedral coordination is 

retrieved by the movement ofa 
slab of the crystal so as to 
produce edge sharing between 
adjacent MO, _ octahedra 
(shaded) along the shear plane 

Formation of a crystallographic shear plane. 

” D. J. M. Bevan, Non-stoichiometric compounds, Chap. 49 in Comprehensive Inorganic Chemistry, Vol. 4, 
pp. 491-7, Pergamon Press, Oxford, 1973. 

*.N. N. GreENwoop, Jonic Crystals, Lattice Defects, and Nonstoichiometry, pp. 140-7, Butterworths, 
London, 1968. 

’R. V. ParisH, The Metallic Elements, pp. 223-5, Longman, London, 1977. 
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understood but, although their “nonstoichiometric”? M:O ratios imply mixed valence 

compounds, their largely metallic conductivities suggest that the electrons released as 
oxygen is removed are in fact delocalized within a conduction band permeating the whole 

lattice. 
Reduction of a solution of a molybdate(VI), or of a suspension of MoO,, in water or 

acid by a variety of reagents including Sn", SO,, N,H,, Cu/acid, or Sn/acid, leads to the 
production of intense blue, sometimes transient, and probably colloidal products, referred 

to rather imprecisely as molybdenum blues."’°) They appear to be oxide/hydroxide species of 
mixed valence, forming a series between the extremes of MoY'O, and MoYO(OH);, but a 
precise explanation of their colour is lacking. Their formation can be used as a sensitive 

test for the presence of reducing agents. The behaviour of tungsten is entirely analogous to 

that of molybdenum and, as will be seen presently, the reduction of heteropolyanions of 

these metals produces similar coloured products which may be distinguished from the 

above “blues” as “heteropoly blues” (though this is not always done). 

The dioxides of molybdenum (violet) and tungsten (brown) are the final oxide phases 

produced by reduction of the trioxides with hydrogen; they have rutile structures 

sufficiently distorted to allow the formation of M—M bonds and concomitant metallic 

conductivity and diamagnetism. Strong heating causes disproportionation: 

3MO, M+2MO, 

No other oxide phases below MO, have been established but a yellow “hydroxide”, 

precipitated by alkali from aqueous solutions of chromium(II), spontaneously evolves H, 

and forms a chromium(III) species of uncertain composition. The sulfides, selenides, and 

tellurides of this triad are considered on p. 1186. 

(ht. 12) 23.3.2 Isopolymetallate 

Acidification of aqueous solutions of the yellow, tetrahedral chromate ion, CrO,?~, 

initiates a series of labile equilibria involving the formation of the orange-red dichromate 

ion, Cr,O,?" : 

HcrO,7 CrO 77" F He Sie 10 a8? 
H,CrO, == HCrO,- +H*; KK 10+26 

Cr,0,?- +H,O 2HCrO,  ; KulOimize? 
Hp Of} === = C077 SE Hs... BK 10°*> 
Hy CrO, = HCr, 07.5 +H"; -K: large 

Above pH 8 only CrO,”~ ions exist in appreciable concentration but, as the pH is 
lowered, the equilibria shift and between pH 2-6 the HCrO,~ and Cr,O,?~ ions are in 

equilibrium. Because of the lability of these equilibria the addition of the cations Ag', Ba", 
or Pb" to aqueous dichromate solutions causes their immediate precipitation as insoluble 

chromates rather than their more soluble dichromates. Polymerization beyond the 

10 NV. Sipcwick, The Chemical Elements and their Compounds, pp. 1046-7, Oxford University Press, 

Oxford, 1950. 
'! K.-H. TyTKo and O. GLeEMSsER, Isopolymolybdates and isopolytungstates, Adv. Inorg. Chem. Radiochem. 

19, 239-315 (1976). 
12 T). L. Kepert, Isopolyanions and heteropolyanions, Chap. 51 in Comprehensive Inorganic Chemistry, Vol. 

4, pp. 607-72, Pergamon Press, Oxford, 1973. 

CTE-MM 
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dichromate ion is apparently limited to the formation of tri- and tetra-chromates 

(Cr,;0, 9? and Cr,O,,”~ ), which can be crystallized as alkali-metal salts from very 

strongly acid solutions. These anions, as well as the dichromate ion, are formed by the 

corner sharing of CrO, tetrahedra, giving Cr-O-Cr angles very roughly in the region of 

120° (Fig. 23.2). The simplicity of this anionic polymerization of chromium, as compared 

to that shown by the elements of the preceding groups and the heavier elements of the 

present triad, is probably due to the small size of Cr’. This evidently limits it to tetrahedral 
rather than octahedral coordination with oxygen, whilst simultaneously favouring Cr—-O 

double bonds and so inhibiting the sharing of attached oxygens. 

Sodium dichromate, Na,Cr,O,.2H,O, produced from the chromate is commercially 

much the most important compound of chromium. It yields a wide variety of pigments 

used in the manufacture of paints, inks, rubber, and ceramics, and from it are formed a host 

of other chromates used as corrosion inhibitors and fungicides, etc. It is also the oxidant in 

many organic chemical processes; likewise, acidified dichromate solutions are used as 

strong oxidants in volumetric analysis: 

Cr,0,*- + 14H* + 6e— 2Cr> + JHLOn, Ee = 133 4 

For this purpose the potassium salt K,Cr,O, is preferred since it lacks the hygroscopic 

character of the sodium salt and may therefore be used as a primary standard. 

The polymerization of acidified solutions of molybdenum(VI) or tungsten(VI) yields 

the most complicated of all the polyanion systems and, in spite of the fact that the tungsten 

system has been the most intensively studied, it is still probably the least well understood. 

This arises from the problem inevitably associated with studies of such equilibria, and 

which were noted (p. 1147) in the discussion of the Group VA isopolyanions. It must also 

be admitted that, whilst the observed structures of individual polyanions are reasonable, 

it is often difficult to explain why, under given circumstances, a particular degree of 

aggregation or a particular structure is preferred over other alternatives. 

When the trioxides of molybdenum and tungsten are dissolved in aqueous alkali, the 

resulting solutions contain tetrahedral MO,?~ ions and simple, or “normal”, molybdates 

and tungstates such as Na,MO, can be crystallized from them. If these solutions are 

made strongly acid, precipitates of yellow “molybdic acid”, MoO,.2H,O, or white 

Fic. 23.2. (a) CrO,?~ ion, and (b) Cr,0,7 ion. 
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“tungstic acid”, WO,.2H,O are obtained which convert to the monohydrates if warmed. 
At pHs between these two extremes, however, polymeric anions, made up almost 

invariably of MO, octahedra, are formed and their salts can be crystallized. A plethora of 

physical techniques'') has been used to characterize these species and unravel the 

complexity of their structures. Examination of the alkali metal (or ammonium) and 

alkaline earth salts, particularly by X-ray analysis, forms the basis of classical studies of the 

isopoly-molybdates and -tungstates. Providing that it can be shown that the anion in a 

solid is also the predominant species in the solution from which the solid crystallizes (and 

this is not necessarily so as evidenced by the very simple example of the precipitation of 

PbCrO,, etc., from dichromate solutions), then experimental results obtained on the solid 

are taken to be applicable also to the species in solution. 

Important differences distinguish the molybdenum and tungsten systems. In aqueous 

solution, equilibration of the molybdenum species is complete within a matter of minutes 

whereas for tungsten this may take several weeks; it also transpires that there is scarcely a 

polyanion in one system which has a precise counterpart in the other. The two must 

therefore be considered separately. 

Undoubtedly the first major polyanion formed when the pH of an aqueous molybdate 

solution is reduced below about 6 is the heptamolybdate [Mo,O,,]° , traditionally 

known as the paramolybdate. Anions with 8 and 36 Mo atoms are also formed before the 

increasing acidity suffices to precipitate the hydrous oxide. The formation of these 

isopolyanions may be represented by the net equations: 

7[MoO,]2~ + 8H* [Mo,0,,]° +4H,O 
8[MoO,]?~ +12H* [Mo,0,.]*~ +6H,O 
36[MoO,]?~ + 64H* [Mo,.0,,5]°° +32H,O 

Of course many intermediate reactions occur: in particular, hydration (which raises the 

coordination number of the molybdenum from 4 to 6) and protonation (which reduces the 

high charges on some of the ions). Of the ions mentioned, [MoO,]?_, [Mo70O,,]° , and 

[Mo3,0,;,]® are known to have the same structures in solids and in solution, whereas 

[Mo,0,.]* forms two different isomers in solids and its structure in solution is 

uncertain."'*) Careful adjustment of acidity, concentration, and temperature, often 
coupled with slow crystallization, can produce solids containing many other ions which 

are apparently not present in solution. Mixtures abound, but amongst the distinct species 

which have been characterized are: the dimolybdate,“’°) [Mo,0,]?~; the hexa- 

molybdate,"© [Mo,Q, 9]? ; and the decamolybdate,"© [Mo,.03,4]® . Figure 23.3 
depicts the structures of some of these ions and it can be seen that the basic units are MoO, 

octahedra which are joined by shared corners or shared edges, but not by shared faces. 

MoO, tetrahedra are also involved in some of the ions. The structure of 

[Mo3,0,,2(H,O),,.]® , the largest isopolyanion yet known, has recently been re- 

ported" ”) and consists predominantly of MoO, octahedra but includes, uniquely in the 

'3 Ref. 11, pp. 245-65. 
14 WG. KLEMPERER and W. SHuM, Synthesis and interconversion of the isomeric x- and f-Mo,O,, ions, J. 

Am. Chem. Soc. 98, 8291-3 (1976). 

'S A.W. Armour, M.G. B. Drew, and P. C. H. MITCHELL, Crystal and molecular structure and properties of 
ammonium dimolybdate, JCS Dalton 1975, 1493-6. 

‘6 J. Fucus, H. Hartu, W. D. Hunnius, and S. Mansour, Anion structure of ammonium decamolybdate 
UE eae Angew. Chem., Int. Edn. (Engl.) 14, 644 (1975). 

P. BOSCHEN, X-ray crystallographic determination of the structure of the isopolyanion 

ees 11 2(H,0),,]®~ in the compound K,[Mo,,0, , (HO), ¢].36H,O, JCS Chem. Comm. 1979, 780-2. 
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isopolymolybdates, MoO, pentagonal bipyramids. As noted in the equations above, the 
condensation of MoO, and MoO, polyhedra to produce these large anions requires large 

quantities of strong acid, as the supernumerary oxygen atoms are removed in the form of 

water molecules. 

The most important species produced by the progressive acidification of normal 

tungstate solutions are the paratungstates which, indeed, were the only ones reported 

prior to the mid-1940s. They are generally less soluble than the normal tungstates and can 

Polymeric chain of pairs of MoO, octahedra linked by double bridges 
of MoO, tetrahedra (note difference from Cr,0,?-, p. 000) 

[Mo¢Q 4p |?” 

(The sixth octahedron is obscured) Paramolybdate, [Mo,05, ]® 
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B-[MogO2¢]* (one MoO, unit is obscured) 

Fic. 23.3 Idealized structures of isopolymolybdate ions. (In general the polyhedra are distorted 
so that the Mo atoms lie closest to oxygen atoms which are unshared). 

be crystallized over a period of several days. Further acidification produces meta- 

tungstates which are rather more soluble but will crystallize either on standing for some 

months or on prolonged heating of the solution. It seems that comparatively rapid 

condensation produces relatively soluble species which, if left, will very slowly condense 

further into less-soluble species. The much-simplified reaction scheme below contains 

only those species whose existence is generally accepted; even so, it must be noted that the 

degree of hydration of these ions is uncertain and the hexatungstates have not been 

characterized with certainty. The best characterized are the dodeca-, para-, and meta- 

tungstates which have been crystallized as salts such as (NH4),9[ H.W, 20,,]. 10H,O 
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Reaction scheme for the condensation of tungstate ions in aqueous solution. 

and Na,[H,W, .040].29H,O, respectively, and whose structures} are described in Fig. 
23.4. In view of the way in which these structures can be built-up from smaller aggregates 

of WO, octahedra, many attempts have been made to detect such smaller species, 

especially di- and tri-tungstates. In spite of numerous claims of success, however, these and 

many other intermediate species remain poorly characterized, although the solids, 

Li, 4(WO,)(W,0,,¢).4H,O and K4W, 03 .4H,O have been isolated and shown to 
contain the discrete ions [W,0,,]® and [W, ,03.]* whose structures are also included 

in Fig. 23.4. Attempts have been made to rationalize these and other polyanion structures, 

and it seems that the electrostatic repulsions between the metal ions are a dominant 

factor."'®) These repulsions cause the metal ions to move off-centre in the MO, octahedra 

which are connected to each other. The effect increases as the mode of attachment changes 

from corner-sharing to edge-sharing to face-sharing (i.e. the order in which the centres of 

adjacent octahedra move closer together) though the last of these does not occur in the 

polyanions. Thus, while the avoidance of unfavourably high, overall anionic charge 

favours edge-sharing as opposed to corner-sharing (thereby reducing the number of O?~ 

ions), the consequent distortion arising from electrostatic repulsions between the metal 

atoms becomes increasingly difficult to accommodate as the size of the polyanion 

increases. Ultimately edge-sharing is no longer possible, and this stage is reached by WY! 

before it occurs with the smaller Mo%!. Inspection of Figs. 23.3 and 23.4 shows the greater 

incidence of corner-sharing in the higher polytungstates than in the polymolybdates. Also, 

+ It is instructive to recall a particular problem facing early workers in establishing these structures by X-ray 
diffraction. Large scattering by the heavy tungsten atoms made it extremely difficult to locate the positions of the 
lighter oxygen atoms and this sometimes led to ambiguity in the assignment of precise structures (relative 
scattering O/W = (8/74)? = 1/85, cf. H/C=(1/6)? = 1/36). This is no longer a problem because of the greater 

precision of modern techniques of X-ray data acquisition and processing, but good-quality crystals are still 
necessary and these may be very difficult to produce. 

‘8 Ref. 3, pp. 46-60. 



1181 Isopolymetallates §23.3.2 

istortions are most 

ing preferred. lar M-—---M sets be 

[Mo,0,,]° , linear sets of 3 MO, octahedra on which the d 

difficult to accommodate are not found, triangu 

except in 



Chromium, Molybdenum, and Tungsten Che23 1182 

) d ( 

N 

Pu
y 



§23.3.2 2 Isopolymetallates 1183 

(g) [W,0,6]*-. 

Fic. 23.4 The structures of some isopolytungstate ions. The metatungstate ion[H,W,,O,9]° , 
is composed of four identical “tritungstate” groups. Each of these “tritungstate” groups is made up 
of 3 WO, octahedra joined by shared edges in such a way as to display, on opposite sides, the 
characteristic composite faces shown in (a) and (b). These four “tritungstate” groups are then 
attached to each other by corner sharing with their (a) faces directed inwards, and their (b) faces 
directed outwards. As can be seen in (c), an inner cavity is thereby produced and this is almost 
certainly where the 2 protons of the metatungstate ion are situated. The cavity is more clearly seen 
in (d) where one “tritungstate” group has been removed. The structure is generally known as the 
“Keggin structure” after its discoverer (J. F. Keggin, Proc. R. Soc. A 144, 75-100 (1934). 

The 1:12 tetrahedral heteropolyanions are isomorphous with the metatungstates, the hetero- 
atom being simply incorporated inside the cavity. The nearest neighbours to the hetero-atom are 
those oxygen atoms (marked by dots in (d)) which lie at the centres of (a) faces of the “tritungstate” 
groups, and they are tetrahedrally disposed around the hetero-atom. 

The paratungstate (B or Z), [H,W;,0,,]'° , ion is also composed of four “tritungstate 
groups, but these are now of two different types. The top and bottom groups in (e) are the same as 
those in the metatungstate ion, but the two groups making up the central layer are different in that 
the 3 WO, octahedra in each of these groups form a chain, so that there is no longer any | oxygen 
atom common to all 3. 

” 

CTE-MM* 
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23.3.3 Heteropolymetallates” 

In 1826 J. J. Berzelius found that acidification of solutions containing both molybdate 

and phosphate produced a yellow crystalline precipitate. This was the first example of a 

heteropolyanion and it actually contains the phosphomolybdate ion, [PMo,,0O,4]° , 

which can be used in the quantitative estimation of phosphate. Since its discovery a host of 

other heteropolyanions have been prepared, mostly with molybdenum and tungsten but 

with at least 35 different heteroatoms, which include many non-metals and most 

transition metals—often in more than one oxidation state. Unless the heteroatom 

contributes to the colour, the heteropoly-molybdates and -tungstates are generally of 

varying shades of yellow. The free acids and the salts of small cations are extremely soluble 

in water but the salts of large cations such as Cs!, Ba", and Pb" are usually insoluble. The 
solid salts are noticeably more stable thermally than are the salts of isopolyanions. 

Heteropoly compounds have been applied extensively as catalysts in the petrochemicals 
industry, as precipitants for numerous dyes with which they form “lakes”, and, in the case 

of the Mo compounds, as flame retardants. 

In these ions the heteroatoms are situated inside “cavities” or “baskets” formed by MO, 

octahedra of the parent M atoms and are bonded to oxygen atoms of the adjacent MO, 

octahedra. The stereochemistry of the heteroatom is determined by the shape of the cavity 

which in turn depends on the ratio of the number of heteroatoms to parent atoms. Four 

major classes are found. : 

1:12, tetrahedral. These occur with small heteroatoms such as PY, As’, Si!”, and Ti!¥ 
which yield tetrahedral oxoanions, and they are the most readily obtained and best known 

of the heteropolyanions. Their structure is that of the metatungstate ion (Fig. 23.4(c)) in 

which the heteroatom is situated in the tetrahedral inner cavity. Their isomorphism with 

metatungstates had been known") since the early years of this century, and it was the 

determination of the structure of phosphotungstic acid in 1934 which indicated the 

structure of the metatungstate ion. An interesting member of this class. is the Co! 

derivative, [Co"W,,0.49]° . This is readily formed, since tetrahedrally coordinated Co! 
is not unusual, but oxidation yields [Co™W,,0,)]° in which the very unusual, high- 
spin, tetrahedral Co" is trapped. 

2:18, tetrahedral. If solutions of the 1:12 anions [KYM,,0,,.]°>~ (X=P, As; M=Mo, 

W) are allowed to stand, the 2:18 [X,M,,0,,]° ions are gradually produced and can be 

isolated as their ammonium or potassium salts. The ion is best considered to be formed 

from two 1:12 anions, each of which loses 3 MO, octahedra (the 3 “basal” octahedra in 
Fig. 23.4(c)) before fusing together. 

1 : 6, octahedral. These are formed with larger heteroatoms such as Te¥!, IY", Co") and 
Al" which coordinate to 6 edge-sharing MO, octahedra in the form of a hexagon around 
the central XO, octahedron. It is noticeable that tungsten forms this type of ion less 

frequently than does molybdenum, which again probably reflects a greater readiness of 

molybdenum to form large structures based solely on edge-sharing, rather than corner- 

sharing, of octahedra. A comparison of the structures shown in Figs. 23.3 and 23.4 tends to 
reinforce this conclusion. 

1: 9, octahedral. The structures of these ions are also based solely on edge-sharing MO, 

octahedra and tungsten apparenily forms none. The best characterized examples are 
[Mn'YMo,O,,]° and [Ni'YMo,035]°. 

'? Ref. 10, p. 1042. 
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Mild reduction of 1:12 and 2:18 heteropoly-molybdates and -tungstates produces 

characteristic and very intense blue colours (“heteropoly blues”) which find application in 

the quantitative determinations of Si, Ge, P, and As, and commercially as dyes and 

pigments. The reductions are most commonly of 2 electron equivalents but may be up to 6 

electron equivalents. Many of the reduced anions can be isolated as solid salts in which the 

unreduced structure apparently remains essentially unchanged. The reduction evidently 

occurs on individual M atoms, producing a proportion of MY ions. Transfer of electrons 

from MY to M¥! ions is then responsible for the intense “charge-transfer” absorption. 

23.3.4 Tungsten and molybdenum bronzes 

These materials owe their name to their metallic lustre and are used in the production of 

“bronze” paints. They provide a further example of the formation of intense and 

characteristic colours by the reduction of oxo-species of Mo and W. The tungsten 

bronzes’? were the first to be discovered when, in 1823, F. Wohler reduced a mixture of 
Na,WO, and WO, with H, at red heat. The product was the precursor of a whole series of 

nonstoichiometric materials of general formula Mi! WO, (x <1) in which M' is an alkali 
metal cation and W has an oxidation state between + 5 and + 6. Corresponding materials 

can also be obtained in which M is an alkaline earth or lanthanide metal. The alkali-metal 

molybdenum bronzes are analogous to, but less well-known than, those of tungsten, being 

less stable and requiring high pressure for their formation; they were not produced until 

the 1960s. The lower stability of the molybdenum bronzes may be a consequence of the 

greater tendency of Mo’ to disproportionate as compared to WY. 

Tungsten bronzes can be prepared by a variety of reductive techniques but probably the 

most general method consists of heating the normal tungstate with tungsten metal. They 

are extremely inert chemically, being resistant both to alkalis and to acids, even when hot 

and concentrated. Their colours depend in the proportion of M and W present. In the case 

of sodium tungsten bronze the colour varies from golden yellow, when x ~0.9, through 

shades of orange and red to bluish-black when x ~0.3. Within this range of x-values the 

structure consists of corner-shared WO, octahedrat as in WO, (p. 1173), with Na! ions in 

the interstices—in other words an M-deficient perovskite lattice (p. 1122). The observed 

electrical conductivities are metallic in magnitude and decrease linearly with increase in 

temperature, suggesting the existence of a conduction band of delocalized electrons.) 

Measurements of the Hall effect (used to measure free electron concentrations) indicate 

that the concentration of free electrons equals the concentration of sodium atoms, 

implying that the conduction electrons arise from the complete ionization of sodium 

atoms. Several mechanisms have been suggested for the formation of this conduction band 

but it seems most likely that the t,, orbitals of the tungsten overlap, not directly (since 

adjacent W atoms are generally more than 500 pm apart) but via oxygen pz orbitals, so 

+ This corner-sharing in tungsten bronzes is to be compared with a mixture of corner and edge-sharing in 
molybdenum bronzes which presumably occurs, as in the case of the polymetallates, because the increased 
electrostatic repulsion entailed in edge-sharing is less disruptive when the smaller Mo is involved. The prevalence 
of edge-sharing is still more marked in the vanadium and titanium bronzes (pp. 1150, 1123) where the smaller 
charges on the metal ions produce correspondingly smaller repulsions. 

20 P| HAGENMULLER, Tungsten bronzes, vanadium bronzes, and related compounds, Chap. 50 in 
Comprehensive Inorganic Chemistry, Vol. 4, pp. 541-605, Pergamon Press, Oxford, 1973. 

*' Ref. 8, pp. 177-9. 
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forming a partly filled x* band permeating the whole WO; framework. If the value of x is 

reduced below about 0.3 the resulting electrical properties are semiconducting rather than 

metallic. This change coincides with structural distortions which probably disrupt the 

mechanism by which the conduction band is formed and instead cause localization of 

electrons in t,, orbitals of specific tungsten atoms. 

23.3.5 Sulfides, selenides, and tellurides 

The sulfides of this triad, though showing some similarities in stoichiometry to the 

principal oxides (p. 1171), tend to be more stable in the lower oxidation states of the metals. 

Thus Cr forms no trisulfide and it is the di- rather than the tri-sulfides of Mo and W which 

are the more stable. However, tungsten (unlike Cr and Mo) does not form M,S;. Many of 

the compounds are nonstoichiometric, most are metallic (or at least semiconducting), and 

they exhibit a wide variety of magnetic behaviour encompassing diamagnetic, para- 

magnetic, antiferro-, ferri-, and ferro-magnetic.?'” 
Cr,S, is formed by heating powered Cr with sulfur, or by the action of H,S(g) on 

Cr,O3, CrCl;, or Cr. It decomposes to CrS on being heated, via a number of intermediate 

phases which approximate in composition to Cr3S,, Cr5;S,, and Cr,S,. The structural 

relationship between these various phases can be elegantly related to the CdI,—NiAs 

structure motif (pp. 648 and 1407). Removal of M atoms from alternate layers of the NiAs 

structure yields the CdI, layer lattice. Thus, in Cr,S, one-quarter of the Cr atoms in every 

second metal layer are randomly removed: the composition range is Cro ggS to Cro 7S. 

With Cr.S, one-third of the Cr atoms in every second metal layer are absent in an ordered 

way and with Cr,S, (i.e. Cr,S,) two-thirds of the Cr atoms in every second metal layer are 

missing in an ordered way. Because of the stringent geometric criteria for this ordering, 

these two phases are truly stoichiometric and show no detectable range of composition 

variation. By contrast, in Cr,S, every second Cr atom in alternate layers is missing but, 

because it is not possible for every second atom in a trigonal array to be missing in a regular 

pattern and still preserve trigonal symmetry, there is some disordering, the symmetry is 

lowered, and a small range of composition variation is permitted (Crp 7 >S—Cry 7,8). Of 

these various phases Cr,S, and CrS are semiconductors, whereas Cr7S,, Cr;S,, and Cr3S4 

are metallic, and all exhibit magnetic ordering. The corresponding selenides CrSe, Cr,Se,’ 

Cr3Se4, Cr.Se3, CrsSeg, and CrjSe,, are broadly similar, as are the tellurides CrTe, 

Cr,iTeg, Crs Tegi@r; Fex,Cr; Fes,Cr, Tesnand. Crile. 
Of the many molybdenum sulfides which have been reported, only MoS, MoS,, and 

Mo,S, are well established. A hydrated form of the trisulfide of somewhat variable 

composition is precipitated from aqueous molybdate solutions by H,S in classical 

analytical separations of molybdenum, but it is best prepared by thermal decomposition 

of the thiomolybdate, (NH,),MoS,. MoS is formed by heating the calculated amounts of 

Mo and S in an evacuated tube. The black MoS,, however, is the most stable sulfide and, 

besides being the principal ore of Mo, is much the most important Mo compound 

commercially. In 1923 its structure was shown by R. G. Dickinson and L. Pauling (in the 

latter’s first research paper) to consist of layers of MoS, in which the molybdenum atoms 

are each coordinated to 6 sulfides, but forming a trigonal prism rather than the more usual 

714 F HULLIGER, Crystal chemistry of chalcogenides and pnictides of the transition elements, Struct. Bonding 
4, 83-229 (1968). 
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octahedron. This layer structure promotes easy cleavage and graphite-like lubricating 

properties, which have led to its widespread use as a lubricant both dry and in suspensions 

in oils and greases. It also has applications as a catalyst?'» in many hydrogenation 
reactions and, even when the original catalyst takes the form of an oxide, it is likely that 

impurities (which often “poison” other catalysts) quickly produce a sulfide catalytic 

system. 

WS, and WS, are similar to their molybdenum analogues and all 4 compounds are 

diamagnetic semiconductors. 

Selenides and tellurides are, again, broadly similar to the sulfides in structure and 
properties.? 1?) 

23.3.6 Halides and oxohalides?? 

The known halides of chromium, molybdenum, and tungsten are listed in Table 23.4. 

The observed trends are as expected. The group oxidation state of +6 is attained by 

chromium only with the strongly oxidizing fluorine, and even tungsten is unable to form a 

hexaiodide. Precisely the same is true in the + 5 oxidation state, and in the + 4 oxidation 

state the iodides have a doubtful or unstable existence. In the lower oxidation states all the 

chromium halides are known, but molybdenum has not yet been induced to form a 

difluoride nor tungsten a di- or tri-fluoride. Similarly, in the oxohalides (which are 

largely confined to the + 6 and + 5 oxidation states, see p. 1192) tungsten alone forms an 

oxoiodide, while only chromium (as yet) forms an oxofluoride in the lower of these 

oxidation states. 
All the known hexahalides can be prepared by the direct action of the halogen on the 

metal and all are readily hydrolysed. The yellow CrF,, however, requires a temperature of 

400°C and a pressure of 200-300 atms for its formation, and reduction of the pressure 

causes it to dissociate into CrF, and F, even at temperatures as low as — 100°C. The 

monomeric and octahedral hexafluorides MoF, and WF, are colourless liquids and the 

former is strongly oxidizing. Only tungsten is known with certainty to produce other 

hexahalides and these are the dark-blue solids WCl, and WBrg, the latter in particular 

being susceptible to reduction. 

Of the pentahalides, chromium again forms only the fluoride which is a strongly 

oxidizing, bright red, volatile solid prepared from the elements using less severe conditions 

than for CrF;. MoF, and WF, can be prepared by reduction of the hexahalides with the 

metal but the latter dissociates into WF, and WF, if heated above about 80°C. They are 

yellow volatile solids, isostructural with the tetrameric (NbF.), and (TaF.), (Fig. 22.3b, 

p. 1153). Similarity with Group VA is again evident in the pentachlorides of Mo and W, 

MoCl, being the most extensively studied of the pentahalides. These, respectively, black 

and dark-green solids are obtained by direct reaction of the elements under carefully 

controlled conditions and have the same dimeric structure as their Nb and Ta analogues 

(Fig. 22.3c, p. 1153). WBr, can be prepared similarly but is not yet well characterized. 

21© J. Less Common Metals 36, 277-404 (1974). A series of papers on catalysis presented to the Ist 
International Conference on the Chemistry and Uses of Molybdenum at Reading, 1973. 

22, R. CoLTon and J. H. CANTERFORD, Halides of the First Row Transition Metals, Chap. 4, pp. 161-211, 
Wiley, London, 1969; and Halides of the Second and Third Row Transition Metals, Chap. 6, pp. 206-72, Wiley, 

London, 1968. 
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TABLE 23.4 Halides of Group VIA (mp/°C) 

Oxidation 

state Fluorides Chlorides Bromides Iodides 

ca shh DA ala ae RD ct A Ec ht 

+6 CrF, 
yellow (d> — 100°) 

MoF, (MoCl,) 

colourless (17.4°) black 

bp 34° 
WF, WCl, WBr, 

colourless (1.9°) dark blue (275°) dark blue (309°) 

bp 17.1° bp 346° 

+5 CrF, 
red (34°) 

bp 117° 
MoF, MoCl, 

yellow (67°) black (194°) 

bp 213° bp 268° 
WF, WCl, WBr, 

yellow dark green (242°) black 
bp 286° 

+4 CrF, CrCl, CrBr,? Cr; 

green (277°) (d> 600°, gas 
phase) 

MoF, MoCl, MoBr, MolI,? 

pale green black black 
WF, WCl, WBr, WI,? 

red-brown black black 

+3 CrF, CrCl, CrBr, Cri, 
green (1404°) red-violet (1150°) very dark green very dark green 

(1130°) 
MoF, MoCl, MoBr, Mol, 

brown (> 600°) very dark red green (977°) black (927°) 

(1027°) 
WCl, WBr,; WI, 

red black (d> 80°) 

+132 CrF, CrCl, CrBr, Cri, 
green (894°) white (820°) white (842°) red-brown (868°) 

MoCl, MoBr, Mol, 

yellow (d> 530°) yellow-red 

(d>900°) 
WCl, WBr, WI, 

yellow yellow brown 

The tetrahalides are scarcely more numerous or familiar than the hexa- and penta- 

halides, the 3 tetraiodides together with CrBr, and CrCl, being either of uncertain 

existence or occurring only at high temperatures in the gaseous phase. The most stable 

representatives are the fluorides: CrF, is an unreactive solid which melts without 

decomposition at 277°; MoF, is an involatile green solid; and WF, begins to decompose 
only when heated above 800°. MoCl, exists in two crystalline modifications: a-MoCl, is 

probably made up of linear chains of edge-shared octahedra, whereas B-MoCl, has 
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recently been found to have a unique structure comprised of hexameric cyclic molecules 

(MoCl,), generated by edge-shared {MoCI,} octahedra with Mo-Cl, 220 pm, Mo-Cl,, 243 

and 251 pm and Mo---Mo 367 pm.??* General preparative methods include controlled 
reaction of the elements, reduction of higher halides, and halogenation of lower halides. 

The tetrahalides of Mo and W are readily oxidized and hydrolysed and produce some 

adducts of the form MX,L),. 

The trihalides show major differences between the 3 metals. All 4 of the chromium 

trihalides are known, this being much the most stable oxidation state for chromium; they 

can be prepared by reacting the halogen and the metal, though CrF; is better obtained 

from HF and CrCl, at 500°C. The fluoride is green, the chloride red-violet, and the 

bromide and iodide dark green to black. In all cases layer structures lead to octahedral 

coordination of the metal. CrCl, consists of a ccp lattice of chloride ions with Cr" ions 
occupying two-thirds of the octahedral sites of alternate layers. The other alternate layers 

of octahedral sites are empty and, without the cohesive effect of the cations, easy cleavage 

in these planes is possible and this accounts for the flaky appearance. Stable, hydrated 

forms of CrX, can also be readily obtained from aqueous solutions, and CrCl,.6H,O 

provides a well-known example of hydrate isomerism, mentioned on p. 1080. In view of this 

clear ability of Cr" to aquate it may seem surprising that anhydrous CrCl, is quite 

insoluble in pure water (though it dissolves rapidly on the addition of even a trace of a 

reducing agent). It appears that the reducing agent produces at least some Cr" ions. 

Solubilization then follows as a result of electron transfer from [Cr(aq)]?* in solution via 

a chloride bridge to Cr™ in the solid, which leaves [Cr(aq)]** in solution and Cr" in the 
solid. The latter is kinetically far more labile than Cr" and can readily leave the solid and 
aquate, so starting the cycle again and rapidly dissolving the solid. 

The Mo trihalides are obtained by reducing a higher halide with the metal (except for 

the triiodide which, being the highest stable iodide, is best prepared directly). They are 

insoluble in water and generally inert. MoCl, is structurally similar to CrCl, but is 

distorted so that pairs of Mo atoms lie only 276 pm apart which, in view of the low and 

temperature-dependent magnetic moment, is evidently close enough to permit appreci- 

able Mo—Mo interaction. Electrolytic reduction of a solution of MoO; in aqueous HCl 

changes the colour to green, then brown, and finally red, when complexes of the 

octahedral [MoCl,]*?~, [MoCl,(H,O)]?, and [Mo,Cl,]*~ can be isolated using 
suitable cations. The diversity of the coordination chemistry of molybdenum(III) is, 

however, in no way comparable to that of chromium(III). 

By contrast, the tungsten trihalides (the trifluoride is not known) are “cluster” 

compounds similar to those of Nb and Ta. The trichloride and tribromide are prepared by 

halogenation of the dihalides. The structure of the former is based on the [M,X,,]"~* 

cluster (Fig. 22.5) with a further 6 Cl atoms situated above the apical W atoms. WBr;, on 

the other hand, has a structure based on the [M,X,]"* cluster (see Fig. 23.6), but as it is 

formed by only a 2-electron oxidation of [W,Br,]** it does not contain tungsten(III) and 

is best formulated as [W,Br,]°* (Br,?~ )(Br~ ), where (Br,?~ ) represents a bridging 
polybromide group. Electrolytic reduction of WO; in aqueous HCI fails to produce the 

mononuclear complexes obtained with molybdenum, but forms the green [W,Cl,]*~ 

ion. This and its Cr and Mo analogues provide an interesting reflection of the increasing 

tendency to form cluster compounds in the order Cr'!<Mo''<W" The structure 

224 UY. MULLER, Hexameric molybdenum tetrachloride, Angew. Chem. Int. Edn. (Engl.) 20, 692-3 (1981). 
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Ow Oa 
Fic. 23.5 Structure of [M,Cl,]*~ showing the M-M bond through the shared face of two 
inclined MCI, octahedra. See also Fig. 7.8, p. 270, for an alternative representation of the confacial 

bioctahedral structure. 

consists of 2 MCl, octahedra sharing a common face (Fig. 23.5) which allows the 

possibility of direct M—M bonding. In the Cr ion the Cr atoms are 312 pm apart, being 

actually displaced in their CrO, octahedra away from each other. The magnetic moment 

of [Cr,Cl,]*~ is normal for a metal ion with 3 unpaired electrons and indicates the 

absence of Cr—Cr bonding. In [Mo,Cl,]*~ the Mo atoms are 267 pm apart and the 

magnetic moment is low and temperature dependent, indicating appreciable Mo—Mo 

bonding. Finally, [W,Cl,]*~ is diamagnetic: the metal atoms are displaced towards each 

other, being only 242 pm apart (compared to 274 pm in the metal itself), clearly indicating 

stronger W—W bonding. 

Anhydrous chromium dihalides are conveniently prepared by reduction of the 

trihalides with H, at 300—-S00°C, or by the action of HX (or I, for the diiodide) on the 

metal at temperatures of the order of 1000°C. They are all deliquescent and the hydrates 

can be obtained by reduction of the trihalides using pure chromium metal and aqueous 

HX. All have distorted octahedral structures as anticipated for a metal ion with the d* 

configuration which is particularly susceptible to Jahn-Teller distortion. This is typified 

by CrF,, which adopts a distorted rutile structure in which 4 fluoride ions are 200 pm from 

the chromium atom while the remaining 2 are 243 pm away. The strongly reducing 

properties of chromium(II) halides contrast, at first sight surprisingly, with the redox 

stability of the molybdenum(II) halides. Even the tungsten(II) halides, which admittedly 

are also strong reducing agents (being oxidized to their trihalides), may by their very 

existence be thought to depart from the expected trend. 

Of the various preparative methods available for the dihalides of Mo and W, thermal 

decomposition or reduction of higher halides is the most general. The reason for their 

enhanced stability lies in the prevalence of metal—atom clusters, stabilized by M-M 

bonding. All 6 of these dihalides (Mo and W do not form difluorides) are isomorphous, 

with a structure based on the [M,Xz]** unit briefly mentioned above for WBr3. It can be 

seen (Fig. 23.6) that in this cluster each metal atom has a free coordination position. These 
6 positions can be occupied by the counter ions X , providing that for each [M,X,]** 

unit 4 of them bridge to the other such units. The precise details of the bonding scheme are 

not settled but, since all these compounds are diamagnetic, it is clear that in each cluster 
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Fic. 23.6 [M,X,]** clusters with X bridges over each face of the octahedron of metal ions. 

the 6 metals contribute 6 x 6=36 valence electrons of which 4 are transferred to the 
counter anions, so producing the net charge, and 8 are used in bonding to the 8 chlorines of 

the cluster. Twenty-four electrons remain which can provide M-M bonds along each of 

the 12 edges of the octahedron of metal atoms. The observed chemical reactions, through a 

variety of which the [M,Xg,]** persists as a stable hexanuclear centre, are entirely 

consistent with this. 

The oxohalides of all three elements (Table 23.5) are very susceptible to hydrolysis and 

their oxidizing properties decrease in the order Cr>Mo>W. They are yellow to red 

liquids or volatile solids; probably the best known is the deep-red liquid, chromyl 

chloride, CrO,Cl,. It is most commonly encountered as the distillate in qualitative tests 
for chromium or chloride and can be obtained by heating a dichromate and chloride in 

conc H,SO,; it is an extremely aggressive oxidizing agent. The Mo and W oxohalides 

are prepared by a variety of oxygenation and halogenation reactions which frequently 

produce mixtures, and many specific preparations have therefore been devised.?*) They 

are possibly best known as impurities in preparations of the halides from which air or 

moisture have been inadequately excluded, and their formation is indicative of the 

readiness with which metal—oxygen bonds are formed by these elements in high oxidation 

states. 

23.3.7 Complexes of chromium, molybdenum, and tungsten °) 

Oxidation state VI (d°) 

No halo complexes of the type [MX,,,.]* are known and, apart from adducts of the 

oxohalides such as [MoO,F,]?_ and [WOCI,] , the coordination chemistry of this 

23 Ref. 3, pp. 275-81. 
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TaBLe 23.5 Oxohalides of Group VIA (mp/°C) 

Oxidation 
state Fluorides Chlorides Bromides Iodides 

+6 CrOF, CrO,F, CrO,Cl, CrO,Br, 
red (55°) violet (32°) red red (d<rt) 

(—96.5°) 
bp 117° 

MoOF, MoO,F, MoOCl, MoO,Cl, MoO, Br, 
white (97°) white green pale yellow purple- 
bp 186° (subl 270°) (101°) (igi) brown 

bp 159° bp 250° 
WOF, WO,F, WOCcl, Wwo,Cl, WOBr, WO.,Br, WO,I, 

white white red (209°) — pale yellow dark brown red 
(101°) bp 224° (265°) (i) 
bp 186° or black 

(B21) 

+5  (CrOF;) GrOG 
dark red 

MoOCl, MoO,Cl MoOBr, 
black black 
(d> 200°) (subl 270° 

vac) 

WOCcl, WOBr, wo.,I 
olive green dark brown 

+3 Croc} CrOBr 

green 

oxidation state is centred mainly on oxomolybdenum compounds and the peroxo 

complexes of all three metals. The former class, along with similar complexes of MoY and 

Mol’, are of interest because of their possible role in the catalytic behaviour of 
molybdenum. Most are apparently octahedral chelates of the type [Mo™'O,(L-L ),] 

with the oxygens mutually cis, thereby maximizing O(p,)— Mo(d,) bonding, and in which 

the MoO,?* group is reminiscent of the uranyl UO,** ion (p. 1478), though its chemistry 
is by no means as extensive and the latter is a linear ion. The best-known example of this 

type of compound is [MoO,(oxinate),] used for the gravimetric determination of 

molybdenum; oxine is 8-hydroxyquinoline, i.e. 

The peroxo-complexes provide further examples of the ability of oxygen to coordinate 

to the metals in their high oxidation states. The production of blue solutions when 

acidified dichromates are treated with H,O, is a qualitative test for chromium.+ The 

colour arises from the unstable CrO, which can, however, be stabilized by extraction into 

ether, and blue solid adducts such as [CrO;(py)] can be isolated. This is more correctly 

formulated as [CrO(O,),py] and has an approximately pentagonal pyramidal structure 

+ The acidity is important. In alkaline solution [CrY(O,),]°~ is produced, but from neutral solutions 

explosive violet salts, probably containing [CrY'0(O,),OH] , are produced. 
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Fic. 23.7 Molecular structures of (a) [CrO(O,),py] and (b) [CrO(O,),(bipy)]. 

(Fig. 23.7a). Bidentate ligands, such as phenanthroline and bipyridyl produce pentagonal 

bipyramidal complexes in which the second N-donor atom is loosely bonded trans to the 
=O (Fig. 23.7b). This 7-coordinate structure is favoured in numerous peroxo-complexes 

of Mo and W, and the dark-red peroxo anion [Mo(O,),]? is 8-coordinate, with Mo-O 

197 pm and O-O 155 pm. 

Oxidation state V (d') 

This is an unstable state for chromium and, apart from the fluoride and oxohalides 

already mentioned, it is represented primarily by the blue to black chromates of the alkali 

and alkaline earth metals and the red-brown tetraperoxochromate(V). The former 

contain the tetrahedral [CrO,]*~ ion and hydrolyse with disproportionation to Cr(III) 

and Cr(VI). The latter can be isolated as rather more stable salts from alkaline solutions 

of dichromate treated with H,O,. These red salts contain the paramagnetic 8-coordinate, 

dodecahedral, [Cr(O,),]°~ ion, which is isomorphous with the corresponding complex 

ions of the Group VA metals (p. 1157). The 7?-O, groups are unsymmetrically 

coordinated, with Cr—O 185 and 195 pm and the O-O distance 141 pm. 

The heavier elements have a much more extensive + 5 chemistry including, in the case of 

molybdenum, a number of compounds of considerable biological interest which will 

be discussed separately (p. 1205). A variety of reactions involving fusion and nonaqueous 

solvents have been used to produce octahedral hexahalo complexes. These are very 

susceptible to hydrolysis, and the affinity of Mo’ for oxygen is further demonstrated by 

the propensity of MoCl, to produce green oxomolybdenum(V) compounds by oxygen- 

abstraction from appropriate oxygen-containing materials. This leads to a number of 

well-characterized complexes of the type [MoOCl,L] and [MoOCl,L,]. Oxomolyb- 

denum(V) compounds are also obtained from aqueous solution and include monomeric 
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species such as [MoOX.,]*~ (X=Cl, Br, NCS) and dimeric, oxygen-bridged complexes 

such as [Mo,0,(C,0,),(H,O),]? (Fig. 23.8). Whereas the monomeric compounds are 

paramagnetic with magnetic moments corresponding to 1 unpaired electron, the 

binuclear compounds are diamagnetic, or only slightly paramagnetic, suggesting 

appreciable metal-metal interaction occurring either directly or via the bridging oxygen. 

Also of interest are the octacyano complexes, [M(CN),]*>~ (M=Mo, W), which are 

commonly prepared by oxidation of the M'Y analogues (using MnO,” or Ce'Y) and 
whose structures apparently vary, according to the environment and counter cation, 

between the energetically similar square-antiprismatic and dodecahedral forms. 

Fic. 23.8 The dimeric, oxygen bridged, [Mo,0,(C,O,),(H,O),]?~ showing the close approach 
of the 2 Mo atoms and unusually large range of Mo-O distances from 165 to 222 pm. 

Oxidation state IV (d*) 

This is not dissimilar to the previous oxidation state. Chromium is again represented by 

peroxo- and fluoro-complexes, while octacyano complexes are important for Mo and W 

which also yield some oxo complexes. 

Treatment of the red CrY peroxo complex, [Cr(O,),]°~, with warm aqueous ammonia 

gives the Cr'Y complex, [Cr(O,),(NH3)3], which has a dark red-brown metallic lustre. 
The compound can also be made by the action of H,O, on ammoniacal solutions of 

(NH,),CrO, and the NH; molecules can be replaced by other ligands. The structures of 

these complexes are pentagonal bipyramidal with the peroxo-groups filling 4 of the planar 

positions. Green Ba;CrO, is also a compound of Cr’. 

Direct fluorination of anhydrous CrCl, and an alkali-metal chloride produces the very 

hydrolysable salts of [CrF,]?. Other, more or less hydrolysable, hexahalo salts of 

[MX,]*- (M=Mo, X=F, Cl, Br; M= W, X =Cl, Br) are also known, but without doubt 

the most extensively studied compounds of this oxidation state are the yellow octacyano 

complexes. These are prepared by aerial oxidation of aqueous Mo" and W"" solutions in 
the presence of KCN, and are of interest because of their structures. The classical work of 

J. L. Hoard?” in 1939 on K,[Mo(CN),].2H,O was the first authentication of an 8- 

24 JL. Hoarp and H. H. NorpsiEck, The structure of potassium molybdocyanide dihydrate, J. Am. Chem. 
Soc. 61, 2853-63 (1939). 
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coordinate complex. It was shown to have a dodecahedral structure and is diamagnetic. It 

is not a simple matter to predict the precise splitting of d orbitals caused by this 

arrangement of ligands but it is agreed that it will be such as to stabilize one of the d 

orbitals (probably the d,,) more than the others. This facilitates the pairing of the two d 

electrons and accounts for the diamagnetism. In aqueous solution, infrared and Raman 

data have been interpreted on the basis of a square-antiprismatic structure, and the '°C 

nmr spectrum shows only a single band which is indicative of 8 equivalent CN groups. 

This could, however, arise from rapid intramolecular (fluxional) rearrangement of a 
dodecahedral structure which, in view of the very slight energy barrier between the two 

structures, is a possibility which cannot be dismissed. Photolysis of the otherwise stable 

[M(CN),]*~ solutions causes loss of four CN~ ions to give octahedral oxo compounds 
such as K,[MO,(CN),].6H,O (M = Mo, W). 

Yellow, air-stable carboxylate complexes of W'Y have recently been prepared by the 

reaction of W(CO), with carboxylic acids. They have been shown®®? to be based on a 
central W,O, unit in which 3 tungsten atoms are singly bonded to each other to form a 
triangle, with 1 oxygen above and 1 below the triangle (Fig. 23.9). This appears to be a 

Fic. 23.9 [W,0,(0,CMe),(H,O);]2* 

25 A Bino, F. A. Cotton, Z. Dort, S. Kocu, H. KUppers, M. MILvar, and J. C. SEKUTOWSKI, A new class of 
trinuclear tungsten(IV) cluster compounds with W—W single bonds, /norg. Chem. 17, 3245-53 (1978). 
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unique arrangement and contrasts with the trinuclear M" and dinuclear M" carboxylates 

discussed below, which tungsten is not with certainty known to form. 

Oxidation state III (d3) 

This is by far the most stable and best-known oxidation state for chromium®® and is 

characterized by thousands of compounds, most of them prepared from aqueous 

solutions.” By contrast molybdenum(III) compounds are sparse and hardly any are 

known for tungsten(III). Thus Mo, but not W, gives rise to complexes [MOxX. | (x= Ee 

Cl, Br, NCS), and direct action of acetylacetone on the hexachloromolybdate(III) ion 

produces the sublimable [Mo(acac),] which, however, unlike its chromium analogue, is 

oxidized by air to Mo products. A black Mo" cyanide, K,Mo(CN),.2H,O, has been 
precipitated from aqueous solution by the addition of ethanol. Its magnetic moment 

(~1.75 BM) is consistent with 7-coordinate Mo™ in which the loss of degeneracy of the t, 

orbitals has caused pairing of 2 of the three d electrons. The purple, and unusually air- 

stable, Cs,[Mo,(HPO,),(H,O),] has recently been prepared’**) by the action of 
K,MoCl,.2H,O and CsCl in aqueous H3PO,. The cation has the dinuclear structure 

more commonly found in the divalent carboxylates (see below) and involves in this case a 

Mo=Méo triple bond. 
Chromium(III) forms stable salts with all the common anions and it complexes with 

virtually any species capable of donating an electron-pair. These complexes may be 

anionic, cationic, or neutral and, with hardly any exceptions, are hexacoordinate and 

octahedral, e.g.: 

[CrxX,]°~ (X=halide, CN, SCN, N3) 

[Cr(L-L),]°~ — (L-L= oxalate) 
fCEXe]>* (XX =H7O-NE.) 

[Cr(L-L)3;]°* (L-L=en, bipy, phen) 
[Cr(L-L),] (L-L=f-diketonates, amino-acid anions) 

There is also a multitude of complexes with 2 or more different ligands, such as the 

pentammines [Cr(NH,);X]"* which have been extensively used in kinetic studies. These 

various complexes are notable for their kinetic inertness, which is compatible with the 

half-filled t,, level arising from an octahedral d? configuration (see p. 1097), and is the 

reason why many thermodynamically unstable complexes can be isolated. Ligand 

substitution and rearrangement reactions are slow (half-times are of the order of hours), 

with the result that the preparation of different, solid, isomeric forms of a compound as a 

means of establishing stereochemistry (as already discussed in Chapter 19) is frequently 

possible. It is mainly for this reason that early coordination chemists devoted so much 

attention to Cr’ complexes. For precisely the same reason, however, the preparation of 

these complexes is not always straightforward. Salts such as the hydrated sulfate and 

halides, which might seem obvious starting materials, themselves contain coordinated 

26 J_E. Earvey and R. D. CANNON, Aqueous chemistry of chromium(III), Transition Metal Chem. 1, 33-109 
(1966). 

27 1. D. Brown, Stereochemistry of chromium complexes: a bibliographic history, Coord Chem. Revs. 26, 
161-206 (1978). A non-critical list of Cr compounds whose structures have been determined by X-ray diffraction. 

8 A. Bino and F. A. Corton, An easily prepared, air-stable compound with a triple metal-to-metal (MoMo) 
bond, Angew. Chem., Int. Edn. (Engl.) 18, 462-3 (1979). 
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_ water or anions and these are not always easily displaced. Simple addition of the 

appropriate ligand to an aqueous solution of a Cr" salt is therefore not a usual preparative 

method, though in the presence of charcoal it is feasible in the case, for instance, of 

[Cr(en),]°*.Some alternative routes, which avoid these pre-formed inert complexes, are: 

(1) Anhydrous methods: ammine and amine complexes can be prepared by the reaction 

of CrX, with NH, or amine, and salts of [CrX,]°~ anions are best obtained by 

fusion of CrX, with the alkali metal salt. 

(11) Oxidation of Cr(II): ammine and amine complexes can also be prepared by the 

aerial oxidation of mixtures of aqueous [Cr(H,O),]?* (which is kinetically labile) 

and the appropriate ligands. 

(iii) Reduction of Cr(VI): CrO, and dichromates are commonly used to prepare such 

complexes as K3[Cr(C,0,)3;] and NH,[Cr(NH;),(NCS),].H,O (Reinecke’s 

salt). 

The violet hexaquo ion, [Cr(H,O),]**, occurs in the chrome alums, Cr,(SO,)3- 

M}SO,.24H,O (e.g. [K(H,O),][Cr(H,O),][SO.],), but in hydrated salts and 

aqueous solutions, green species, produced by the replacement of some of the water 

molecules by other ligands, are more usual. So, the common form of the hydrated chloride 

is the dark-green trans-[CrCl,(H,O),]Cl.2H,O, and other isomers are known (see 

(p. 1080). 

Chromium(III) is the archetypal d? ion and the electronic spectra and magnetic 

properties of its complexes have therefore been exhaustively studied. In an octahedral 

field, the splitting of the free-ion ground F term, along with the presence of the excited P 

term of the same multiplicity, provides the possibility of 3 spin-allowed d-d transitions 

(see Table 19.3, p. 1093). This is much the same situation as that found for the 

vanadium(III) ion, except that the splitting of the F term now produces a ground A instead 

of a T term. This has the simplifying effect that the crystal field splitting, A or 10 Dg, is given 

directly by the energy of the lowest transition. Furthermore, the magnetic moment is 

expected to be very close to the spin-only value for 3 unpaired electrons (3.87 BM) and 

also, because of the absence of any orbital contribution, to be independent of temperature. 

In practice, providing the compounds are mononuclear, these expectations are realized 

remarkably well apart from the fact that, as was noted for octahedral complexes of 

vanadium(III), the third high-energy band in the spectrum is usually wholly or partially 

obscured by more intense charge-transfer absorption. Data for a representative sample of 

complexes are given in Table 23.6. 

TABLE 23.6 Spectroscopic data for typical octahedral complexes of chromium(III) 

Complex Colour v,/em™! v,/em~! v3/em~! 10Dq/cem~* B/em™' — y,,/BM® 

K[Cr(H,0)¢] Violet 17 400 24 500 37 800 17 400 25 3.84 

[SO,],.6H,O 
K ,[Cr(C,0,)3].3H,O Reddish- 17500 23 900 17500 620 3.84 

violet 
K ,[Cr(NCS),].4H,0 Purple 17800 23 800 17800 570 3.77 
[Cr(NH)]Br3 Yellow 21550 28 500 21550 650 3.77 
[Cr(en),]I,.H,0 Yellow 21600 28 500 21600 «650 3.84 
K3[Cr(CN),] Yellow 26700 32200 26 700 530 3.87 

‘) Room temperature value of j1,. 
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The observed bands are assigned as: 

V4 = t5(°)<————— *A,,(F)= 10Dq 

Vols pi GN . eae te) 

v3=*T,,(P)<— ak i *Aj,(F) 

The internal consistency of this interpretation can be checked and a value obtained for B, 

the interelectronic repulsion parameter, by fitting the ratio v,/v, to the appropriate 

“Tanabe-Sugano” diagram (Fig. 23.10). 

E/B 

Dq/B 

Fic. 23.10 Tanabe-Sugano diagram for d? ions in an octahedral CF. 

Using [Cr(H,O),]** as an example, we have: 

v, . 17400 
—_—= = 0.7 
v, 24500 Bere 

This fits the T-S diagram at Dq/B = 2.40 when v,/B = 24.0, v,/B=34.0, and v3/B=52.0. 
It follows that 

10Dq=v, =17 400 cm™! 
17 400 

oS en eae 
24.0 ial 

v3 =52.0 x 725=37 700 cm~! 
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_ There is indeed a shoulder on the high-energy charge transfer band at about 37 800 cm =! 

which is in excellent agreement with the value calculated above. The value of B is below 

that of the free-ion (1030 cm~') because the expansion of d-electron charge on com- 

plexation reduces the interelectronic repulsions. 
One of the most obvious characteristics of Cr" is its tendency to hydrolyse and form 

polynuclear complexes containing OH bridges. This is thought to occur by the loss of a 

proton from coordinated water, followed by coordination of the OH™ so formed to a 
second cation: 

Cr(H20),]* 

: [Cr(H,0)6] : 

The ease with which the proton is removed can be judged by the fact that the hexaquo ion 

(pK,~4) is almost as strong an acid as formic acid. Further deprotonation and 

polymerization can occur and, as the pH is raised, the final product is hydrated 

chromium(II1) oxide or “chromic hydroxide”. Formation of this is the reason why amine 

complexes are not prepared by simple addition of the amine base to an aqueous solution of 

~ Cr" By methods which commonly start with Cr", binuclear compounds such as 

/OH 
[en 20K Deven SIX 

and [(NH;),;Cr-OH-Cr(NH;3),]X,5 are obtained. These have temperature-dependent 

magnetic moments, somewhat lower than those usual for octahedral Cr", but explicable 
on the assumption of partial spin-pairing via the bridging OH groups. However, the latter 

of these compounds can be converted to an oxo-bridged complex whose magnetic 

moment at room temperature is reduced still further to 1.3 BM (and virtually to zero 

below 100 K):¢% 
OH- 

[(NH3);Cr-OH-Cr(NH;);]° < Seca aee MOSER Sag aisle 3)s]° ‘ 
ue red 

The linear Cr-O-Cr bridge evidently permits pairing of the d electrons of the 2 metal 

atoms via d,—p, bonds, much more readily than the bent Cr-OH-Cr bridge. 

Other interesting examples of an O atom providing a x pathway for the pairing of 

~ metal d electrons (but less effectively since the magnetic moments at room temperature are 

reduced only to about 2 BM) is found in a series of basic carboxylates of the general type 

[Cr,0(RCOO),L3]*. These have the structure found in the carboxylates of other M™ 
ions and shown in Fig. 23.11. 

29 E. PEDERSON, Magnetic properties and molecular structure of the j-oxo-bis{pentammine- 

chromium(III)}ion, Acta Chem. Scand. 26, 333-42 (1972). 
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Fic. 23.11 Alternative representations of the trinuclear structure of [Cr;O(O,CMe),L3]*. 

Hydrolysed, polynuclear Cr complexes are of considerable commercial importance in 

the dying and tanning industries. In the former the role is that of a mordant to the dye. 

After soaking in aqueous chrome alum or acetate, the fabric is steamed to precipitate 

colloidal hydrolysis products which will subsequently “fix” the dye. In leather production 

it is necessary to treat animal hides to prevent putrefaction and to render them supple 

when dry. This is done by using substances which have the ability to combine with the 

proteins in the gelatinous fibres of the hides. Traditionally, tannin was used, hence the 

name of the process, but this was superseded towards the end of the nineteenth century by 

solutions of chromium(III) sulfate. After soaking in sulfuric acid the hides are 

impregnated with the Cr' solution. This is subsequently made alkaline, when the 
polynuclear complexes form and bridge neighbouring chains of proteins, presumably by 

coordinating to the carboxyl groups of the proteins. 

Oxidation state II (d*) 

For chromium, this oxidation state is characterized by the aqueous chemistry of the 
strongly reducing Cr" cation, and a noticeable tendency to form dinuclear compounds 
with multiple metal-metal bonds. The tendency to form such bonds is also very marked in 

the case of molybdenum but, perhaps surprisingly, is much less so in the case of tungsten, 

+ A few compounds containing W-W quadruple bonds have been prepared recently?” and it may be that a 
major reason for their paucity is that the dinuclear acetate, which in the case of Mo is the most common starting 
material in the preparation of quadruply bonded dimeric complexes, is unknown for W. 

792 PR. SHARP and R. R. SCHROCK, Synthesis of a class of complexes containing tungsten—-tungsten 
quadruple bonds, J. Am. Chem. Soc. 102, 1430-1, (1980); F. A. Corton, T. R. FeLTHOousE, and D. G. Lay, 
Structural characterization of four quadruply bonded ditungsten compounds and a new trinuclear tungsten 
cluster, J. Am. Chem. Soc. 102, 1431-3 (1980). 
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_though single M-M bonds are present in the [M,Xg]** clusters of the dihalides of both 
Mo and W (p-1190). Due not only to the intrinsically interesting chemistry of the cluster 

‘and multiple-bonded species, but also to their potential value in the field of catalysis, there 

has been an effusion of publications in this field. This may be thought to have started in the 

late 1950s when the separate and stable identity of the [Mo,Cl,]** species was 

recognized,°° but has gained its main momentum in the 1970s.°"? 
With the exception of the nitrate, which has not been prepared because of internal 

oxidation-reduction, the simple hydrated, sky-blue, salts of chromium(III) are best 

obtained by the reaction of the appropriate dilute acid with pure chromium metal, air 

being rigorously excluded. A variety of complexes are formed, especially with N-donor 

chelating ligands which commonly produce stoichiometries such as [Cr(L-L),]?*, 

[Cr(L-L),X,], and [Cr(L-L)X,]. They (and other complexes of Cr") are generally 
extremely sensitive to atmospheric oxidation if moist, but are considerably more stable 

when dry, probably the most air-stable of all being the pale-blue hydrazinium sulfate, 

(N,H,;*),Cr"(SO,77 ),. In the solid state this consists?!” of linear chains of Cr" ions, 
bridged by SO,?~ ions: 

The majority of Cr" complexes are octahedral and can be either high-spin or low-spin. The 
former are characterized by magnetic moments close to 4.90 BM and visible/ultraviolet 

spectra consisting typically of a broad band in the region of 16 000 cm‘ with another 

band around 10 000 cm ~!. Since a d* ion in a perfectly octahedral field can give rise to 

only one d-d transition (p. 1093) it is clear that some lowering of symmetry has occurred. 

Indeed, this is expected as a consequence of the Jahn-Teller effect (p. 1087), even when the 

metal is surrounded by 6 equivalent donor atoms. The splitting of the free-ion °D term is 

shown in Fig. 23.12 and the two observed bands are assigned to superimposed °B,,<—°B,, 

and °E,<°B,, transitions and to the °A,,<—°B,, transition respectively. The low-spin, 
intensely coloured compounds such as K,[Cr(CN),].3H,O and [Cr(L-L);]X, .nH,O 

(L-L=bipy, phen; X =Cl, Br, I) have magnetic moments in the range 2.74-3.40 BM and 

electronic spectra showing clear evidence of extensive z bonding, as is to be expected with 

such ligands. 

3° J. C. SHELDON, Polynuclear complexes of molybdenum(I]), Nature 184, 1210-13 (1959). 
3! F. A. Cotton, Quadruple bonds and other multiple metal to metal bonds, Chem. Soc. Rev. 4, 27-53 (1975); 

Discovering and understanding multiple metal-metal bonds, Acc. Chem. Res. 11, 225-32 (1978); and (with M. 

H. CuIsHOLM) Chemistry of compounds containing metal-to-metal triple bonds between molybdenum and 
tungsten, Acc. Chem. Res. 11, 356-62 (1978). J. L. TEMPLETON, Metal-metal bonds of order four, Prog. Inorg. 

Chem. 26, 211-300, (1979). 

31aT). W. Hanp and C. K. Prout, The unit-cell dimensions of the metal hydrazinium sulphates 
(N,H,),M'(SO,)2, J. Chem. Soc. A, 1966, 168-70. 
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Fic. 23.12 Crystal field splitting of the °D term of a d?* ion. 

Although octahedral stereochemistry is certainly the most usual for Cr" it is not the , 

only one known. [CrI,(OPPh;),] is tetrahedral, and the quadridentate, “tripod” 

ligand N(CH,CH,NMe,), imposes. trigonal bipyramidal geometry in 

[CrBr{N(CH,CH,NMe,);}]Br as it does in analogous compounds of other divalent 

metal ions. 
One of the best known of Cr! compounds, and one which has often been used as the 

starting material in preparations of other Cr" compounds, is the acetate. The red colour of 

the hydrated acetate is in sharp distinction to the blue of the simple salts—a con- 

trast reflected in its dinuclear structure (Fig. 23.13a). The hydrated and anhydrous 

chromium(II) acetates are very nearly, but not quite, diamagnetic, which is indicative of 

appreciable metal-metal bonding. Stronger M—M bonding is evident in the completely 

diamagnetic [Mo,(n?-O,CMe),] which is obtained by the action of acetic acid on 

[Mo(CO),]. Other carboxylates of Cr and Mo are similar. The same dinuclear structure, 

but with SO,?~ rather than acetate bridges, was suggested?) for the violet, nearly 
diamagnetic, double sulfate, Cs,SO,.CrSO,.2H,O, in which case the formulation 

Cs,[Cr,(SO,),(H2O),].2H,O would be appropriate. This compound is obtained by 

partial dehydration of the hexahydrate which, like the other double sulfates of Cr", is blue 
and high spin with a magnetic moment close to 4.9 BM. The plausibility of the dinuclear 

structure involving bridging SO,7~ groups was confirmed by the X-ray determination?» 
of the structure of the pink compound, K,[Mo,(SO,),].2H,O, which is diamagnetic and 

does indeed have the structure of Fig. 23.13a. Attempted recrystallization produces 

K3[Mo,(SO,),].3.5H,O which retains the dinuclear skeleton but is paramagnetic and 

contains Mo in the formal oxidation +2.5. In view of these examples, and of the 

compound Cs,[Mo,(HPO,),(H,O),] previously noted,?®) it may well transpire that 

simple oxoanions produce the dinuclear structure more readily than once seemed likely. 

32 A. EARNSHAW, L. F. LARKWortTny, K. C. PATEL, and G. BEECH, Chromium(II) chemistry. Part 1V. Double 
sulphates, J. Chem. Soc. A 1969, 1334-9. 

> F. A. Corton, B. A. FRENZ, E. PEDERSON, and T. R. Wess, Magnetic and electrochemical properties of 
transition metal complexes with multiple metal-to-metal bonds. III. Characterization of tetrapotassium and 
tripotassium tetrasulfatodimolybdates, Jnorg. Chem. 14, 391-8 (1975). 
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soe “Hp 

Fic. 23.13 (a) [M,(7?-O,CMe),], M=Cr. Mo. In the case of Cr, but not Mo, the hydrate and 
other adducts can be formed by attachment of H,O (or in general, L) molecules as arrowed. (b) 

EMo,Cl, 1. 

The reaction of conc HCl and molybdenum acetate at 0°C produces the diamagnetic 

red anion [Mo,Cl,]*~ (Fig. 23.13b) in which the 2 MoCl, are in the “eclipsed” 

orientation relative to each other and are held together solely by the Mo—Mo bond. At 

somewhat higher temperatures (~50°C) the above reactants also produce the 

[Mo,Cl,H]*~ ion?” which has the [M3'Cl,]*~ structure (Fig. 23.5) but with 1 of the 
bridging Cl atoms replaced by a H atom. 

By now a large number of dinuclear compounds have been produced with a wide range 

of bridging groups, or like [Mo,Cl,]*~ with no bridging groups at all, and not only for 

Cr" and Mo! but for the isoelectronic Re" and Tc"! as well. Considerable attention has 
been devoted to the problem of how best to describe the M—M bonds, which are a central 
feature of these compounds, since the usual criteria by which bond order and oxidation 

state are judged are no longer wholly applicable. The best simple description of the d* 

systems is that shown in Fig. 23.14. The d.._,2 orbital is assumed to have been used in o 
bonding to the ligands and the four d electrons on each metal atom are then used to form 

a M-M quadruple bond (o +22+6). The eclipsed orientation noted in [Mo,Cl,]*~ 

provides strong confirmation of this bonding scheme since, without the 6 bond, this 
configuration would be sterically unfavourable. A variety of experimental techniques, 

33a A Bino and F. A. Cotton, A complex reaction product of dimolybdenum tetraacetate with aqueous 
hydrochloric acid. Structural characterization of the hydrido-bridged [Mo,Cl,H]°~ ion, the [Mo(O)Cl, 
(H,O)]~ ion, and an HO,” ion with an exceptionally short hydrogen bond, J. Am. Chem. Soc. 101, 4150—4 
(1979). 
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Fic. 23.14 Simplified MO diagram showing the formation of an M—M quadruple bond in M,L, 
systems of d* metal ions (the d,, _,», along with p,, p, and s, orbitals of the metal ions are assumed 

to be used in the formation of M-L o bonds). 

which includes polarized single-crystal spectroscopy, photoelectron spectroscopy, and X- 

ray emission spectroscopy,’°* has been used to further substantiate this view of the 

bonding. Accurately determined M-—M distances provide the most readily available 

indication of bond strength. Dichromium(II) compounds show the widest range of M—-M 

distances (183-253 pm), whereas dimolybdenum(II) compounds cover only the range 

203.7-218.3 pm.°**) The shortest, and therefore presumably the strongest, bonds are 

found in those compounds with no axial ligands (i.e. like Fig. 23.13b, or a without the Ls). 

It is significant that [Mo,(n?-O,CMe), ], which has an Mo-Mo distance of 211 pm, forms 
no adducts, whereas [Cr,(y?-O,CMe), ], which in spite of the smaller size of the metal has 

a larger Cr—Cr distance of 228.8 pm, forms a hydrate and many other adducts. In order to 

34D. E. Haycock, D. S. Urcn, C. D. GARNER, I. H. HiLuier, and G. R. MiTcHESON, Direct evidence for the 
quadruple metal-metal bond in the octachlorodimolybdenum(II) ion, [Mo,Cl,]*~, using X-ray emission 
spectroscopy, JCS Chem. Comm. 1978, 262-3. 

34a FA. Corton, B. E. HANSON, W. H. ItsLtey, and G. W. Rice, Tetrakis(dimethylphosphonium 
dimethylide)-dichromium and -dimolybdenum. |. Crystal and molecular structures, /norg. Chem. 18, 
2713-17 (1979). 
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_effect acceptable comparisons between compounds of different metals, F. A. Cotton has 

introduced'?°’ the concept of the “formal shortness” (FS) ratio: 

M-M distance in compound 
FS ratio = : ; 

M-—M distance in metal 

The compound with the shortest Cr—Cr distance, and indeed the shortest of all M—M 

distances, yet discovered (183.0 pm) is the yellow-orange, Li,['Cr,(0o-C,H,O),] 

Br,.Et,O. The central feature of this is the anion [Cr,(0-C,H,O),]*~ in which the 

bridging groups are: 

oO 

The FS ratiot is the lowest yet found for any homonuclear bond. It is perhaps premature 

to regard this and similar Cr=Cr bonds as being the strongest known but they are 

undoubtedly very strong. The M—M bonding discussed above may be regarded as 

“intramolecular antiferromagnetism”. In contradistinction to this, weak ferromagnetism 

has been observed in a number of chloro and bromo complexes of the type M,[CrX,] 

(M =a variety of protonated amines and alkali metal cations, X=Cl, Br), which are 

analogous to previously known copper(II) complexes (p. 1384). They have magnetic 

moments at room temperature in the region of 6 BM (compared to 4.9 BM expected for 

magnetically dilute Cr") and these increase markedly as the temperature is lowered, the 

ferromagnetic interactions evidently being transmitted via Cr—Cl-Cr bridges. The 

electronic spectra consist of the usual absorptions expected for tetragonally distorted 

octahedral complexes of Cr" but with two sharp and intense bands characteristically 

superimposed at higher energies (around 15 500 and 18 500 cm '). These are ascribed to 

spin-forbidden transitions intensified by the magnetic exchange. 

Complexes in which the metal exhibits still lower oxidation states (such as I, 0, —I, —IT) 

occur amongst the organometallic compounds (pp. 1172 and 1207). 

23.3.8 Biological activity and nitrogen fixation 

Tungsten has no known biological role but it appears that chromium(II]) is an essential 

trace element in mammalian metabolism and, together with insulin, is responsible for the 

clearance of glucose from the blood-stream. However, from the point of view of biological 

activity, the focus of interest in this group is unquestionably on the role of molybdenum in 

+ 183.0/256=0.715 compared to 110/140=0.786 and 120.6/154=0.783 for N=N and C=C, respectively, 

which are the strongest homonuclear bonds for which bond energies are known. 

35 FA. Corton, S. Kocn, and M. MILLar, Exceedingly short metal-to-metal multiple bonds, J. Am. Chem. 
Soc. 99, 7372-4 (1977). 

36 | F. LanKwortuy and A. YAVARI, Ferromagnetic monoalkylammonium tetrabromochromates(II), JCS 

Chem. Comm. 1977, 172. 
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nitrogen fixation.'3”) Estimates of the amount of nitrogen fixed biologically°® range from 

90 x 10° to 175 x 10° tonnes pa compared to a world total of about 85 x 10° tonnes pa 

fixed industrially by the Haber process (p. 482). In order to break the very stable N=N 

triple bond and convert dinitrogen to ammonia it is necessary in the Haber process to use 

energetically expensive high temperatures and pressures, whereas the biological processes 

occur under ambient conditions. The economic incentive to achieve an understanding of 

the mechanism of natural nitrogen fixation is therefore enormous. 

Nitrogen fixation takes place in a wide variety of bacteria, the best known of which is 

rhizobium which is found in nodules on the roots of leguminous plants such as peas, beans, 

soya, and clover. It has been known since 1930 that traces of molybdenum are necessary 

for the growth of these bacteria, and pasture land deficient in Mo requires the application 

of suitable fertilizer containing Mo. More recently it has been recognized that essential 

constituents of all nitrogen-fixing bacteria are: 

(i) adenosine triphosphate (ATP) which is a highly active energy transfer agent (p. 

611), operating by means of its hydrolysis which requires the presence of Mg??*; 

(ii) ferredoxin, Fe,S4(SR),4 (p. 1280), which is an efficient electron-transfer agent that 

can be replaced in artificial systems by reducing agents such as dithionite, 

[S,0,]?-; 
(iii) a metallo-enzyme. 

The best known of these metallo-enzymes is “nitrogenase” which has been isolated in an 

active form from about twenty different bacteria and in a pure form from a handful of 

these. Its activity is not specific to the reduction of N, to NH. It also effects the reduction 
of other species such as CN” and N, containing a triple bond, and reduces acetylenes to 

olefins. 
Nitrogenase consists of two distinct proteins. One of these contains both Mo and Fe 

and is therefore known as the “MoFe protein” or “molybdoferredoxin”. It is brown, air- 

sensitive, and has a molecular weight in the approximate range of 220 000 to 230 000; it 

involves 2 atoms of Mo, 24-36 atoms of Fe, and about the same number of S atoms. The 

other protein contains Fe but no Mo and is known as “Fe protein” or “azoferredoxin’” ; it is 

yellow and extremely air sensitive. Its molecular weight lies in the range 50 000 to 70 000 
and the structure involves the Fe,S, ferredoxin core. Unfortunately, investigation of the 

structures of these proteins is hampered by the extreme sensitivity of nitrogenase to 

oxygen and the inherent difficulty of obtaining pure crystalline derivatives from biological 

materials. (Bacteria evidently protect nitrogenase from oxygen by a process of respiration, 

O,-—CO,, but if too much oxygen is present the system cannot cope and nitrogen fixation 

ceases.) Physical techniques which have been used to study the system include esr, 

Mossbauer spectroscopy, and most recently X-ray absorption spectroscopy (analysis of 

the “extended X-ray absorption fine structure” or EXAFS). 

In addition to work on nitrogenase itself, attention has been directed to the preparation 

and characterization of transition metal/dinitrogen complexes in general and to the 

37 E. |. STIEFEL, The coordination and bioinorganic chemistry of molybdenum, Prog. Inorg. Chem. 22, 1-223 
(1977); J. Cuatt, J. R. Di-wortn, and R. L. RicHarps, Recent advances in the chemistry of nitrogen fixation, 
Chem. Revs. 78, 589-625 (1978). M. COUGHLIN (ed.), Molybdenum and Molybdenum-containing Enzymes. 

Pergamon Press, Oxford, 1980, 577 pp. 

38 R.L. Ricnarps, Nitrogen fixation, Educ. Chem. 16, 66-69 (1979): K. J. SKINNER, Chem. Eng. News Oct. 
1976, 22-35. 
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preparation of model compounds which might simulate, if only partly, the action of 

nitrogenase. As a result it is concluded that the essential steps in nitrogen fixation are: 

(1) Binding of N, to the MoFe protein. There is no evidence of any direct interaction 

between Fe and N, and it is generally assumed that the N, interacts with the Mo. If 

this is the case then the Mo must be in a sufficiently reduced state to have electrons 

of adequate energy to donate to the high-energy, antibonding orbitals of the N,. 

Reduction of the Fe protein by ferredoxin (or artifically by [S,O,]? ). 

Electron transfer from the reduced Fe protein to the MoFe protein/N, complex, 

where the electron passes to the Mo, possibly via the Fe, and then on to the N,. 

This facilitates the protonation of the N, and its eventual reduction to ammonia, 

when H, is also produced as a byproduct. The simultaneous hydrolysis of ATP 

provides the energy for the process, by transferring it from the ultimate energy 

source, which is the oxidation of sugars to CO,. That the natural process is unlikely 

to yield a viable method for the industrial fixation of nitrogen is evident from the 

fact that the fixation of 14 g of N, requires the oxidation of no less than 1 kg of 
glucose. 

(il 
(111 SE ey 

Since reduction of N, to 2NH; involves 6 electrons it is tempting to infer that the 2 Mo 

atoms in the MoFe protein are adjacent and produce these electrons by the process 

2Mo!"'+2Mo%!+ 6e~. However, EXAFS studies°* suggest that the Mo atoms are in fact 
associated not with each other but each with an Fe atom, and that they are surrounded by 

atoms of sulfur. Compounds incorporating Mo in a “ferredoxin cube”, as shown in Fig. 

23.15, have been prepared and may possibly mirror the situation in nitrogenase. However, 

there is as yet no evidence that these synthetic materials interact in any way with 

dinitrogen. 

The most intensively studied “model compounds” of Mo are of the type trans- 

[Mo(N,).(dppe),] (dppe=Ph,PCH,CH,PPh,), but these contain Mo in the zero 

oxidation state. Whilst the molybdenum in the MoFe protein could be situated in some 

kind of protein “pocket” protecting it against oxidation by water, it seems unlikely that an 

oxidation state as low as zero is feasible. Alternatively, dinuclear, mixed-metal complexes 

such as [(MeO)Cl,MoN,Re(PR;),Cl], which involves N, with an elongated and hence 

weakened N-N bond, have been prepared and are believed to involve Mo in a high 

oxidation state. 

Obviously, ideas about the precise function of molybdenum in nitrogenase are still at a 

very speculative stage. Even if it is Mo to which the N, attaches itself, the mode of 

attachment (linear or side-on), and the oxidation state of the metal, remain controversial. 

Continued work on the enzymes themselves and on more realistic models, will no doubt 

provide answers to these questions, but whether it will ever provide a viable alternative to 

the Haber process is far less clear. 

23.3.9 Organometallic compounds 

In this group a not-insignificant number of M—C a-bonded compounds are known of 

39S§. P. CRAMER, K. O. Hopcson, W. O. Gi_Lum, and L. E. Mortenson, The molybdenum site of 
nitrogenase, preliminary structural evidence from X-ray absorption spectroscopy, J. Am. Chem. Soc. 100, 

3398-407 (1978). 

CTE-NN 
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(2) Mo Gs)8 @re 

Fic. 23.15 Idealized structure of model compounds incorporating Mo in “ferredoxin-like” 
cubes. Note the octahedral disposition of S atoms around each Mo. 

which hexamethyltungsten(VI) is conceptualiy the simplest. It is made by the reaction 

WCI, + 6MeLi———> WMe, + 6LiC1 

or still better by the reaction 

WCl, + 3Al,Me,_——> WM, + 6AICIMe, 

It is a dark-red, crystalline solid which explodes in air and can detonate in a vacuum. 

Trimethylsilylmethyl (-CH,SiMe;) derivatives are also known for all three metals but, 

whereas chromium forms the mononuclear [Cr(TMS), ], the two heavier elements form 

dimers, [(TMS),M=M(TMS);3], involving M=M triple bonds. A similar dimeric 

structure is presumed to occur in octamethylditungsten(II).4” As with the preceding 
group, however, the bulk of organometallic chemistry is concerned with carbonyl, 

cyclopentadieny], and related derivatives of the metals in low oxidation states stabilized 

by z bonding. Cyanides have been discussed on pp. 1194-1201. 

Stable, crystalline hexacarbonyls, M(CO),, are prepared by reductive carbonylation of 

compounds (often halides) in higher oxidation states and are octahedral and diamagnetic 

as anticipated from the 18-electron rule. Replacement of the carbonyl groups by either z- 

donor or o-donor ligands is possible, giving a host of materials of the form [M(CO),_,.L,] 

or [M(CO)¢-»,(L-L).]). (ag. L=NO,, -NH;,, CN,,PF3;,:L-L=bipy, butadiene)! 

4° F. A. Corton, S. Koc, K. Mertis, M. MILLAR, and G. WILKINSON, Preparation and characterization of 
compounds containing the octamethylditungsten(II) anion and partially chlorinated analogues, J. Am. Chem. 
Soc. 99, 4989-92 (1977). 
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[M(CO);X]~ ions (X=halogen, CN, or SCN) are formed in this way. The low- 

temperature reaction (— 78°) of the halogens with [Mo(CO),] or [W(CO), ] (but not with 

[Cr(CO),]) produces the M" carbonyl halides, [M(CO),X,] from which many adducts, 
[M(CO),L,X,], are obtained. Although these have not been fully characterized, they are 

diamagnetic and presumably involve 7-coordination. Reduction of the hexacarbonyls 

with a borohydride in liquid ammonia forms dimeric [M,(CO),,]? which are 

isostructural with the isoelectronic [Mn,(CO),,] (p. 1234). Hydrolysis of these dimers 

produces the hydrides [HM,(CO),)].. The chromium compound is 

[(CO);Cr-H-Cr(CO),]~ with eclipsed carbonyls and it maintains the 18-valence 

electron configuration by means ofa linear, 3-centre, electron-pair Cr-H—Cr bond. There 

is, however, evidence suggesting that M—H-—M bridges are relatively weak and may be 

bent by crystal-packing forces arising from different counter-cations. A related 

compound, [NEt,]*,[H,W (CO), |]? is of interest'*” because it has 2 hydrogen bridges 
and a W—W distance indicative of a W—W double bond (301.6 pm compared to 322.2 pm 

for a W-W single bond) (Fig. 23.16). The compound also illustrates the improved 

refinement now possible with modern X-ray methods (p. 1180) and it was, in fact, the first 

case of the successful location of hydrogens bridging third-row transition metals. 

0 O 
es 

O 
C~-+|--------=55 Hie GE SEE 210 cO 

ee Pyie rad nob ons aay 

océ <-----=-- ai eatina 2 aeons 

L me | i 

0 O 

Fic. 23.16 Structure of [H,W,(CO),]?-. 

Metallocenes, [M"(7°-C,H;),], analogous to ferrocene would have only 16 valence 
electrons and could therefore be considered “electron deficient”. Chromocene can be 

formed by the action of sodium cyclopentadienide on [Cr(CO), ]. It is isomorphous with 

ferrocene but paramagnetic and much more reactive. Under similar conditions Mo and W 

hexacarbonyls form only [(y7°-C;H,)M'(CO),]>, in which dimerization achieves the 18- 

valence-electron configuration by means of an M—M bond. The chromium analogue of 

these dimers has one of the longest M—M bonds found in dinuclear transition metal 

compounds (328.1 pm). Monomeric molybdenocene and tungstenocene are unknown but 

a red-brown polymeric solid [M"(C;H;),], can be obtained and, with CO, it produces the 
“bent” molecule [Mo(y°-C;H,),(CO)] (Fig. 23.17). 

Of greater stability than the metallocenes in this group are the dibenzene sandwich 

41 MR. CHURCHILL and S. W. Y. CHANG, X-ray crystallographic determination of the molecular structure of 

(Et,N*),[H,W,(CO),? J, Inorg. Chem. 13, 2413-19 (1974). 
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Fic. 23.17 Alternative representations of the structure of Mo(7°-C;H;) CO. 

compounds which are isoelectronic with ferrocene and of which the dark brown [Cr(n°- 

C,;H,)2] was the first to be prepared (p. 374) and remains the best known. The green 

[Mo(n°-C,H,)>] and yellow-green [W(7°-C,H,),] are also well characterized and all 
contain the metal in the formal oxidation state of zero. As the 12 C atoms in [M(7°- 
C,H,),] are equidistant from the central metal atom, the coordination number of M is 12, 

though, of course, only 6 bonding molecular orbitals are primarily involved in linking the 

2 ligand molecules to M. The compounds are more susceptible to oxidation than is the 

isoelectronic ferrocene and all are converted to paramagnetic salts of [M'(y°-C;H,).]* : 
the ease with which this process takes place increases in the order Cr< Mo< W. Since CO 

groups are evidently better z-acceptors than C,H, replacement of 1 of the benzene 

ligands in [M(C,H.).] by 3 carbonyls giving, for instance, [Cr(y°-C;H,¢)(CO)s], 

appreciably improves the resistance to oxidation because the electron density on the metal 

is lowered. [W(n°-C,H,)2] is reversibly protonated by dilute acids to give [W(n°- 

CoHo)2H]". 



Manganese, 
Technetium, and 
Rhenium 

24.1 Introduction 

In terms of history, abundance, and availability, it is difficult to imagine a greater 

contrast than exists in this group between manganese and its congeners, technetium and 

rhenium. Millions of tonnes of manganese are used annually, and its most common 

mineral, pyrolusite, has been used in glassmaking since the time of the Pharaohs. On the 

other hand, technetium and rhenium are exceedingly rare and were only discovered 

comparatively recently, the former being the first new element to have been produced 

artificially and the latter being the last naturally occurring element to be discovered. 

Metallic manganese was first isolated in 1774 when C. W. Scheele recognized that 

pyrolusite contained a new element, and his fellow Swede, J. G. Gahn, heated the MnO, 

with a mixture of charcoal and oil. The purity of this metal was low, and high-purity 

(99.9°%) manganese was only produced in the 1930s when electrolysis of Mn" solutions 

was used. 

In Mendeleev’s table, this group was completed by the then undiscovered eka- 

manganese (Z = 43) and dvi-manganese (Z =75). Confirmation of the existence of these 

missing elements was not obtained until H. G. J. Moseley had introduced the method of 

X-ray spectroscopic analysis. Then in 1925 W. Noddack, I. Tacke (later Frau Noddack), 

and O. Berg discovered element 75 in a sample of gadolinite (a basic silicate of beryllium, 

iron, and lanthanides) and named it rhenium after the river Rhine. The element was also 

discovered, independently by F. H. Loring and J. F. G. Druce, in manganese compounds, 

but is now most usually recovered from the flue dusts produced in the roasting of CuMo 

ores. 

The Noddacks also claimed to have detected element 43 and named it masurium after 

Masuren in Prussia. This claim proved to be incorrect, however, and the element was 

actually detected in 1937 in Italy by C. Perrier and E. Segré in a sample of molybdenum 

which had been bombarded with deuterons in the cyclotron of E. O. Lawrence in 

California. It was present in the form of the B~ emitters ?°Tc and ?’Tc with half-lives of 61 

and 90 days respectively. The name technetium (from Greek teywk06c, artificial) is clearly 

appropriate even though minute traces of the more stable °° Tc (half-life = 2.14 x 10° y) do 

1211 
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occur naturally as a result of spontaneous fission of uranium. As this isotope is also 

produced in the fission products of nuclear reactors, it is currently isolated from this 

source in multikilogram quantities and its chemistry is therefore more familiar than might 

perhaps have been expected. 

24.2 The Elements 

24.2.1 Terrestrial abundance and distribution 

The natural abundance of technetium is, as just indicated, negligibly small. The 

concentration of rhenium in the earth’s crust is extremely low (of the order of 7 x 10° 8%, 

i.e. 0.0007 ppm) and it is also very diffuse. Being chemically akin to molybdenum it is in 

molybdenites that its highest concentrations (0.2%) are found. By contrast, manganese 

(0.106%, i.e. 1060 ppm of the earth’s crustal rocks) is the twelfth most abundant element 

and the third most abundant transition element (exceeded only by iron and titanium). It is 

found in over 300 different and widely distributed minerals of which about twelve are 

commercially important. As a class-a metal it occurs in primary deposits as the silicate. Of 

more commercial importance are the secondary deposits of oxides and carbonates such as 

pyrolusite (MnO, ), which is the most common, hausmannite (Mn,O,), and rhodochro- 

site (MnCO,). These have been formed by weathering of the primary silicate deposits and 

are found in the USSR, Gabon, South Africa, Brazil, Australia, India, and China. 

A further consequence of this weathering is that colloidal particles of the oxides of 

manganese, iron, and other metals are continuously being washed into the sea where they 

agglomerate and are eventually compacted into the “manganese nodules” (so called 

because Mn is the chief constituent), first noted during the voyage of HMS Challenger 

(1872-6). Following a search in the Pacific organized by the University of California 

during the International Geophysical Year (1957), the magnitude and potential value of 

manganese nodules has become apparent.) More than 10!2 tonnes are estimated to cover 

vast areas of the ocean beds and a further 10’ tonnes are deposited annually. The 

composition varies but the dried nodules generally contain between 15 and 30% of Mn. 

This is less than the 35% normally regarded as the lower limit required for present-day 

commercial exploitation but, since the Mn is accompanied not only by Fe but more 

importantly by smaller amounts of Ni, Cu, and Co, the combined recovery of Ni, Cu, and 

Co, with Mn effectively as a byproduct could well be economical if performed on a 

sufficient scale. The technical, legal, and political problems involved are enormous, but 

exploration and research is currently being undertaken by several multinational groups. 

24.2.2 Preparation and uses of the metals 

Ninety-five per cent of all the manganese ores produced are used in steel manu- 

facture, mostly in the form of ferromanganese." This contains about 80° Mn and is 
made by reducing appropriate amounts of MnO, and Fe,O, with coke in a blast furnace 

' G. P. Grassy (ed.), Marine Manganese Deposits, Elsevier, Amsterdam, 1977, 523 pp. A. J. MONHEMIUs, The 
extractive metallurgy of deep-sea manganese nodules, pp. 42-69, in Critical Reports on Applied Chemistry, Vol. 
1. (A. R. BurKIN, ed.), Blackwell, Oxford, 1980. 

** Kirk—-Othmer Encyclopedia of Chemical Technology, 3rd edn., Vol. 14, pp. 824-43, Interscience, New York, 
1981. 
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or, if cheap electricity is available, in an electric-arc furnace. Dolomite or limestone is also 

added to remove silica as a slag. Where the Mn content is lower (because of the particular 

ores used) the product is known as silicomanganese (65-70% Mn, 15-20% Si) or 

spiegeleisen (5-20°% Mn). Where pure manganese metal is required it is now prepared by 

the electrolysis of aqueous managanese(II) sulfate. Ore with an Mn content of nearly 10 

million tonnes is produced annually (1980), of which 3.4 million tonnes are from the 

USSR, 2.13 from South Africa, about 1.0 from each of Gabon, Brazil, and Australia, 0.58 

from India and 0.5 million tonnes from China. 

All steels contain some Mn, and its addition in 1856 by R. Mushet ensured the success of 

the Bessemer process. It serves two main purposes. As a “scavenger” it combines with 

sulfur to form MnS which passes into the slag and prevents the formation of FeS which 

would induce brittleness, and it also combines with oxygen to form MnO, so preventing 

the formation of bubbles and pinholes in the cold steel. Secondly, the presence of Mn as an 

alloying metal increases the hardness of the steel. The hard, non-magnetic Hadfield steel 

containing about 13% Mn and 1.25% C, is the best known, and is used when resistance to 

severe mechanical shock and wear is required, e.g. for excavators, dredgers, rail crossings, 

Cic. 

Important, but less extensive, uses are found in the production of non-ferrous alloys. It is 

a scavenger in several Al and Cu alloys, while “manganin” is a well-known alloy (84% Cu, 

12% Mn, 4% Ni) which is used in electrical instruments because the temperature 

coefficient of its resistivity is almost zero. A variety of other major uses have been found for 

Mn in the form of its compounds and these will be dealt with later under the appropriate 

headings. 

Technetium™) is obtained from nuclear power stations where it makes up about 6% of 

uranium fission products and is recovered from these after storage for several years to 

allow the highly radioactive, short-lived fission products to decay. The original process 

used the precipitation of [AsPh,]*[ClO,]~ to carry with it [AsPh,]*[TcO,]~ and so 

separate the Tc from other fission products, but solvent extraction and ion-exchange 

techniques are now used. The metal itself can be obtained by the high-temperature 

reduction of either NH,TcO, or Tc,S, with hydrogen. There is at present no significant 

use for Tc although °? Tc, due to its long half-life, provides a practically invariant source of 

B~ radiation, and ammonium pertechnetate has been suggested as a good corrosion 

inhibitor. 

In the roasting of molybdenum sulfide ores, any rhenium which might be present is 

oxidized to volatile Re,O, which collects in the flue dusts and is the usual source of the 

metal via conversion to (NH,)ReO, and reduction by H, at elevated temperatures.) 

Being highly refractory and corrosion-resistant, rhenium metal would no doubt find 

widespread use were it not for its scarcity and consequent high cost. As it is, uses are 

essentially small scale. Mass spectrometer filaments, furnace heater windings, ther- 

mocouples (Pt-Re, etc.) and catalysts for hydrogenation and dehydrogenation reactions 

~ are such uses. In the USA over 95% of the Re production is for bimetallic Pt/Re catalysts 

used to produce low-Pb, high-octane gasoline. World production is about 7000 kg 

annually. 

?R. D. Peacock, Technetium, Chap. 38 in Comprehensive Inorganic Chemistry, Vol. 3, pp. 877-903, 
Pergamon Press, Oxford, 1973. 

3. R. D. PEAcocK, Rhenium, Chap. 39 in Comprehensive Inorganic Chemistry, Vol. 3, pp. 905-78, Pergamon 

Press, Oxford, 1973. 
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24.2.3 Properties of the elements 

Some of the important properties of Group VIIA elements are summarized in Table 

24.1. Technetium is an artificial element, so its atomic weight depends on which isotope 

has been produced. The atomic weights of Mn and Re, however, are known with 

considerable accuracy. In the case of the former this is because it has only 1 naturally 

occurring isotope and, in the case of the latter, because it has only 2 and the relative 

proportions of these in terrestrial samples are essentially constant (18*Re 37.4%, '®’Re 
62.67). 

TABLE 24.1 Some properties of Group VIIA elements 

Property Mn lic Re 

Atomic number 25 43 75 
Number of naturally occurring isotopes 1 ae 2 
Atomic weight 54.9380 98.906 186.207 
Electronic configuration [Ar]3d°4s? [Kr]4d°5s' [Xe] 4f!*5d56s? 
Electronegativity 1.5 1.9 £9; 
Metal radius (12-coordinate)/pm 127 136 137 

Ionic radius/pm VII 46 56 53 
(4-coordinate VI 23.0" — 55 

if marked=*s © 1 V 36% 60 58 

otherwise IV 53 64.5 63 

6-coordinate) III 58 (Is), 64.5 (hs) — — 
II 67 a a 

MP/°C 1244 2200 3180 
BP/°C 2060 4567 (5650) 
AH,,,/kJ mol! (13.4) 23.8 34(+4) 
AH,,,/kJ mol~* 221(+8) 585 704 
AH, (monatomic.gas)/kJ mol”! 281(+6) = 779( +8) 
Density (25°C)/g cm? 7.43 11.5 21.0 
Electrical resistivity (20°C)/wohm cm 185.0 — 19.3 

This refers to Tc (t, 2.13 x 10° y). For ?’Te (t, 2.6 x 10° y) and °*Tc (t, 4.2 x 10° y) the values are 96.906 
and 97.907 respectively. 

In the solid state all three elements have typically metallic structures. Technetium and 

Re are isostructural with hep lattices, but there are 4 allotropes of Mn of which the «-form 

is the one stable at room temperature. This has a bcc structure in which, for reasons which 
are not clear, there are 4 distinct types of Mn atom. It is hard and brittle, and noticeably less 
refractory than its predecessors in the first transition series. 

In continuance of the trends already noticed, the most stable oxidation state of 

manganese is + 2, and in the group oxidation state of +7 it is even more strongly oxidizing 

than Cr(VI). Evidently the 3d electrons are more tightly held by the Mn atomic nucleus 
and this reduced delocalization produces weaker metallic bonding than in Cr. The same 
trends are also starting in the second and third series with Tc and Re, but are less marked, 
and Re in particular is very refractory, having a mp which is second only to that of 
tungsten amongst transition elements. 
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_ 24.2.4 Chemical reactivity and trends 

Manganese is more electropositive than any of its neighbours in the periodic table and 

the metal is more reactive, especially when somewhat impure. In the massive state it is 

superficially oxidized on exposure to air but will burn if finely divided. It liberates 

hydrogen from water and dissolves readily in dilute aqueous acids to form manganese(IT) 

salts. With non-metals it is not very reactive at ambient temperatures but frequently reacts 

vigorously when heated. Thus it burns in oxygen, nitrogen, chlorine, and fluorine giving 

Mn,30,,Mn3N,, MnCl,, and MnF,+ MnF; respectively, and it combines directly with B, 

C, Si, P, As, and S. 

Technetium and rhenium metals are less reactive than manganese and, as is to be 

expected for the two heavier elements, they are closely similar to each other. In the massive 

form they resist oxidation and are only tarnished slowly in moist air. However, they are 

normally produced as sponges or powders in which case they are more reactive. Heated in 

oxygen they burn to give volatile heptaoxides (M,O,), and with fluorine they give 

TcF;+TcF, and ReF,+ReF, respectively. MS, can also be produced by direct action. 

Although insoluble in hydrofluoric and hydrochloric acids, the metals dissolve readily in 

oxidizing acids such as HNO, and conc H,SO, and also in bromine water, when 

“pertechnetic” and “perrhenic” acids (HMO,) are formed. 

Detailed comparisons of the stabilities of the different oxidation states of the three 

elements are not always possible owing to incomplete knowledge of the chemistry of 

technetium arising from its scarcity and the problems associated with the handling of 

radioactive materials. However, the activity consists only of weak 6” emission and, 

providing the appropriate precautions are taken, presents no major difficulty. It is 

therefore no doubt only a matter of time, as the element becomes more readily available, 

before these deficiencies are remedied. Already many of the similarities and contrasts 

expected in the chemistry of transition elements are evident in this triad. The relative 

stabilities of different oxidation states in aqueous, acidic solutions is summarized in Table 

24.2 and Fig. 24.1. 

TABLE 24.2 E° for some manganese, technetium, 
and rhenium couples in acid solution at 25°C 

CTE-NN* 

Couple E°/V 

Mn?* (aq) + 2e° =Mn(s) — 1.185 
Mn?*(aq)+ 3e° =Mn(s) —0.283 

MnO, +4H* +4e-=Mn(s)+2H,O 0.024 
MnO,2~ +8H* +4e-=Mn?* (aq) +4H,0 1.742 
MnO, +8H* +5e =Mn?*(aq)+4H,O 1.507 

Tc?* (aq) + 2e° =Tc(s) 0.400 
TcO,+4H* +4e° =Tc(s)+ 2H,O 0.272 
TcO,+2H* +2e =TcO,+H,O 0.757 

TcO, +8H* +5e~=Tc?*(aq) + 4H,O 0.500 

Re** (aq) +3e° =Re(s) 0.300 
ReO,+4H* +4e° =Re(s)+ 2H,O 0.251 
ReO,+6H* +3e~—Re** (aq) + 3H,O 0.318 

ReO,2- +8H* +3e~—=Re?* (aq) + 4H,O 0.795 
ReO,~ +8H* +4e~—Re** (aq) +4H,0 0.422 
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Fic. 24.1 Plot of volt-equivalent versus oxidation state for Mn, Tc, and Re. 

The most obvious features of Fig. 24.1 are the relative positions of the +2 oxidation 

states. For manganese this state, represented by the high-spin Mn" cation, is much the 

most stable. This may be taken as an indication of the stability of the symmetrical d° 

electron configuration. However, like the mp, bp, and enthalpy of atomization, it also 

reflects the weaker cohesive forces in the metallic lattice since for Tc and Re, which have 

much stronger metallic bonding, the + 2 state is of little importance and the occurrence of 

cluster compounds with M—M bonds is a dominant feature of rhenium(III) chemistry. 

Another marked contrast is evident in the +7 oxidation state where the manga- 

nate(VII) (permanganate) ion is an extremely strong oxidizing agent but (TcO,)~ 

and (ReO,) show only mild oxidizing properties. Indeed, the greater stability of Tc and 

Re compared to Mn in any oxidation state higher than +2 is apparent, as will be seen 

more fully in the following account of individual compounds. : 
Table 24.3 lists representative examples of the compounds of these elements in their 

various oxidation states. The wide range of the oxidation states is particularly noteworthy. 

It arises from the fact that, in moving across the transition series, the number of d electrons 

has increased and, in this mid-region, the d orbitals have not yet sunk energetically into the 

inert electron core. The number of d electrons available for bonding is consequently 
maximized, and not only are high oxidation states possible, but back donation of electrons 

from metal to ligand is also facilitated with resulting stabilization of low oxidation states. 

A further point of interest is the noticeably greater tendency of rhenium, as compared to 

either manganese or technetium to form compounds with high coordination numbers. 
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TABLE 24.3 Oxidation states and_ stere 

Oxidation Coordination 

number state 

ee (d!°) 

—2(d’) 
=i(d°) 

0 (d’) 
1 (d°) 
2i(deh} 

3 (d*) 

4 (d>) 

5 (d*) 

6 (d') 

Te(de) 

24.3 Compounds of Manganese, Technetium, and Rheniu 

RADHUND HL 

oo Dn OO ion nha 

OADM 

Stereochemistry 

Tetrahedral 

Square planar 
Trigonal bipyramidal 
Square planar 
Octahedral 
Octahedral 
Tetrahedral 
Square planar 
Trigonal bipyramidal 
Octahedral 
Capped trigonal 

prismatic 
Dodecahedral 
Square pyramidal 
Octahedral 
Pentagonal bipyramidal 
See Fig. 24.8 

Octahedral 
Tetrahedral 

Trigonal bipyramidal (?) 
Square pyramidal 
Octahedral 

Dodecahedral 
Tetrahedral 
Square pyramidal 

Trigonal prismatic 

Octahedral 
Dodecahedral 
Square antiprismatic 
Tetrahedral 
Trigonal bipyramidal 
Octahedral 
Pentagonal bipyramidal 
Tricapped trigonal 

prismatic 

Compounds of Manganese, Technetium, and Rhenium 

Mn 

[Mn(NO),(CO)] 
[Mn(phthalocyanine)]?~ 

[Mn(CO)5]- 
[Mn(phthalocyanine) ]~ 

[Mn,(CO),] 
[Mn(CN),] 
[MnBr, ]?~ 
[Mn(phthalocyanine) ] 
[MnBr{N(C,H,NMe,)3}]* 
[Mn(H,O),]? sj 
[Mn(EDTA)(H,O)]? By 

[Mn(NO3),]? 
[MnCl,]?— 
K3[Mn(CN), ] 

[Mn(NO;),(bipy)] 

[MnF.}- 
[MnO,]°- 

[MnO,]?- 

(MnO,]- 

8) 

ochemistries of manganese, technetium, and rhenium 

compounds 

Tc/Re 

[M(CO),]°~ 

[M(CO);]~ 

[M3(CO);0] 
[M(CN)_] 

[M(diars),Cl,] 

[Re;Gls}7~ 
[M(diars),Cl,]~ 

[M(CN),]*~ 
[Re(7°-CsHs).H] 
[(Me,SiCH, ),Re(N2) 
Re(CH,SiMe3), ] 

[MI,]?~ 

ReF , 
[MOCI,]~ 
[Te(NCS),.]-, 

[ReNCI,(PEt,Ph),] 
[M(diars),Cl,]* 

ReOCl, 
[Re(S,C,Ph3)3] (see p. 1227) 
Rek¢ 
[ReMe,]? 

[ReF,]?~ 

[MO,] 
cis-[ReO,Me;] 
pReO; Clas 
ReF, 

[ReH,]?~ 

m?2-5>) 

Binary borides (p. 162), carbides (p. 318), and nitrides (p. 479) have already been 

mentioned. Manganese, like chromium (and also the succeeding elements in the first 

transition series), is too small to accommodate interstitial carbon without significant 

distortion of the metal lattice. As a consequence it forms a number of often readily 

hydrolysed carbides with rather complicated structures. 

*R. D. W. Kemmitt, Manganese, Chap. 37 in Comprehensive Inorganic Chemistry, Vol. 3, pp. 771-876, 
Pergamon Press, Oxford, 1973. 

°R. D. Peacock, The Chemistry of Technetium and Rhenium, Elsevier, Amsterdam, 1966, 137 pp. 
54K SCHWOCHAU, The chemistry of technetium, Topics in Current Chemistry, 96, 109-147 (1981). 

5> M. J. CLARKE and P. H. FACKLER, The chemistry of technetium: toward improved diagnostic agents, 
Structure and Bonding 50, 57-78 (1982). 
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Hydrido complexes are well-known but simple binary hydrides are not, which is in 

keeping with the position of these metals in the “hydrogen gap” portion of the periodic 

table (p. 74). 

24.3.1 Oxides and chalcogenides 

All three metals form heptoxides but, whereas Tc,O,, and Re,O,, are the final products 

formed when the metals are burned in an excess of oxygen, Mn,O, requires prior oxidation 

of the manganese to the +7 state. It is a green explosive oil (mp 5.9°) produced by the 

action of conc H,SO, on a manganate(VII) salt. On standing, it slowly loses oxygen to 

form MnO, but detonates around 95°C and will explosively oxidize most organic 

materials. The molecule is composed of 2 corner-sharing MnO, tetrahedra with a bent 

Mn-—O-Mn bridge. The other 2 heptoxides are yellow solids whose volatility provides a 

TABLE 24.4 Oxides of Group VIIA 

Oxidation state +7 +6 +5 +4 +3 ape 

Mn Mn,O, MnO, Mn,0O, Mn,0, MnO 

Tc Tc,0, TcO,(?) TcO, 
Re Re,O, ReO, Re,O, ReO, 

useful means of purifying the elements and, as has been pointed out, is a crucial factor in the 

commercial production of rhenium (Tc,0,: mp 119.5S°, bp 310.6°; Re,O,: mp 300.3°, bp 

360.3°). In the vapour phase both consist of corner-sharing MO, tetrahedra but, whereas 

this structure is retained in the solid phase by Tc,0,, solid Re,O, has an unusual structure 

consisting of polymeric double layers of corner-sharing ReO, tetrahedra alternating with 

ReO, octahedra. The same basic unit, though this time discrete, is found in the dihydrate 

(perrhenic acid), which is therefore best formulated as O;Re-O-—ReO;(H,O),. 
Only rhenium forms a stable trioxide. It is a red solid with a metallic lustre and is 

obtained by the reduction of Re,O, with CO. ReO, has a structure in which each Re 

is octahedrally surrounded by oxygens (Fig. 24.2). It has an extremely low electrical 

resistivity which decreases with decrease in temperature like a true metal: ~3o9 x 10 wohm 

CM, P1090 0.6 wohm cm. It is clear that the single valency electron on each Re atom is 

delocalized in a conduction band of the crystal. ReO; is unreactive towards water and 

aqueous acids and alkalis, but when boiled with conc alkali it disproportionates into 

ReO, and ReO,. A blue pentoxide Re,O,; has been reported but is also prone to 
disproportionation into +7 and +4 species. 

The +4 oxidation state is the only one in which all three elements form stable oxides, 

but only in the case of technetium is this the most stable oxide. TcO, is the final product 

when any Tc/O system is heated to high temperatures, but ReO, disproportionates at 

900°C into Re,O, and the metal. Hydrated TcO, and ReO, may be conveniently prepared 

by reduction of aqueous solutions of MO,” with zinc and hydrochloric acid and are easily 

dehydrated. TcO, is dark brown and ReO, is blue-black : both solids have distorted rutile 
structures like MoO, (p. 1174). 

It is MnO,, however, which is by far the most important oxide in this group, though it 
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Fic. 24.2 The structure of ReO3. Note the similarity to perovskite (p. 1122) which can be 
understood as follows: if the Re atom, which is shown here with its full complement of 6 

surrounding O atoms, is imagined to be the small cation at the centre of Fig. 21.5(a), then the 
perovskite structure is obtained by placing the large cations (Ca") into the centre of the cube 

drawn above and in the 7 other equivalent positions around the Re. 

is not the most stable oxide of manganese, decomposing to Mn,O, above about 530°C 

and being a useful oxidizing agent. Hot concentrated sulfuric and hydrochloric acids 

reduce it to manganese(II): 

2MnO, + 2H,SO,—>2MnSO, + 0, +2H,O 
MnO, + 4HCI—>MnCl, + Cl, + 2H,O 

the latter reaction being formerly the basis of the manufacture of chlorine. It is, however, 

extremely insoluble and, as a consequence, often unreactive. As pyrolusite it is the most 

plentiful ore of manganese and it finds many industrial uses (see Panel). 

The structural history of MnO, is complex and confused due largely to the facts that 

nonstoichiometry is prevalent and in its hydrated forms it behaves as a cation-exchanger. 

Many of the various polymorphs which have been reported are probably therefore simply 

impure forms. The only stoichiometric form is the so-called B-MnO,, which is that of 

pyrolusite and possesses the rutile structure (p. 1118), but even here a range of composition 

from MnO,3 to MnO, 9 is possible. B-MnO, can be prepared by careful decomposition 

of manganese(II) nitrate“ but, when precipitated from aqueous solutions, for instance by 

reduction of alkaline MnO, , the hydrated MnO, has a more open structure which 

exhibits cation-exchange properties and cannot be fully dehydrated without some loss of 

oxygen. 
Apart from the black Re,O3.2H,O (which is readily oxidized to the dioxide and is 

prepared by boiling ReCl, in air-free water) oxides of oxidation states below +4 are 
known only for manganese. Mn3O, is formed when any oxide of manganese is heated to 

about 1000°C in air and is the black mineral, hausmannite. It has the spinel structure (p. 

279) and as such is appropriately formulated as Mn"Mn}'O,, with Mn" and Mn!!! 
occupying tetrahedral and octahedral sites respectively within a ccp lattice of oxide ions; 
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Applications of Manganese Dioxide? 

Although the primary use of manganese is in the production of steel it also finds widespread and 
important uses in non-metallurgical industries. These frequently use the manganese as MnO, but 
even where this is not the case the dioxide is invariably the starting material. 

The largest non-metallurgical use of MnO, is in the manufacture of dry-cell batteries (p. 1397) 
which in 1976 accounted for about halfa million tonnes of ore. The most common dry batteries arev 
of the carbon-zinc Leclanché type in which carbon is the positive pole. MnO, is incorporated as a 
depolarizer to prevent the undesirable liberation of hydrogen gas on to the carbon, probably by 

the reaction 

MnO,+H*t +e ——>MnO(OH) 

Only the highest quality MnO, ore can be used directly for this purpose, and “synthetic dioxide”, 
usually produced electrolytically by anodic oxidation of manganese(II) sulfate, is increasingly 

employed. 
The brick industry is another major user of MnO, since it can provide a range of red to brown — 

or grey tints. In the manufacture of glass its use as a decolourizer (hence “glassmaker’s soap’) is its 
most ancient application. Glass always contains iron at least in trace amounts, and this imparts a 
greenish colour; the addition of MnO, to the molten glass produces red-brown Mn" which 
equalizes the absorption across the visible spectrum so giving a “colourless”, i.e. grey glass. In 
recent times selenium compounds have replaced MnO, for this application, but in aise 
proportions the latter is still used to make pink to purple glass. 

The oxidizing properties of MnO, are utilized in the oxidation of aniline for the preparation of 
hydroquinone which is important as a photographic developer and also in the production of dyes 
and paints. 

In the electronics industry the advantages of higher electrical resistivity and lower cost of 
ceramic ferrites (M"Fe,0,) (p. 1256) over metallic magnets have been recognized since the 1950s 
and the “soft” ferrites (M''= Mn, Zn) are the most common of these. Between 0.3-1 kg of these are 
used on the sweep transformer and deflection yoke of every television set and, of course, MnO), 
either natural or synthetic, is required in their production. 

there is, however, a tetragonal distortion due to a Jahn-Teller effect on Mn". A related 
structure, but with fewer cation sites occupied, is found in the black y-Mn,O, which can be 

prepared by aerial oxidation and subsequent dehydration of the hydroxide precipitated 

from aqueous Mn" solutions. If MnO, is heated less strongly (say <800°C) than is 

required to produce Mn,O,, then the more stable «-form of Mn,O, results which has a 

structure involving 6-coordinate Mn but with 2 Mn—O bonds longer than the other 4. This 

is no doubt a further manifestation of the Jahn-Teller effect (p. 1087) expected for the high- 

spin d+ Mn"! ion and is presumably the reason why Mn,QO3;, alone among the oxides of 
transition metal M" ions, does not have the corundum (p. 274) structure. 

Reduction with hydrogen of any oxide of manganese produces the lowest oxide, the grey 

to green MnO. This is an entirely basic oxide, dissolving in acids and giving rise to the 

aqueous Mn" cationic chemistry. It has a rock-salt structure and is subject to 

nonstoichiometric variation (MnO;o9) to MnO,4;), but its main interest is that it is a 

classic example of an antiferromagnetic compound. If the temperature is reduced below 

about 118 K (its Néel point), a rapid fall in magnetic moment takes place as the electron 

spins on adjacent Mn atoms pair-up. This is believed to take place by the process of 

“superexchange” by which the interaction is transferred through intervening, non- 

magnetic, oxide ions. (MnO, is also antiferromagnetic below 92 K whereas the alignment 

in Mn,O, results in ferrimagnetism below 43 K.) 

° §. A. Weiss, Manganese. The other uses, Metal Bulletin Books, London, 1977, 360 pp. 
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The sulfides are fewer and less familiar than the oxides but, as is to be expected, favour 

lower oxidation states of the metals. Thus manganese forms MnS, which has the pyrite 

structure (p. 804) with discrete Mn" and S, "ions and is converted on heating to MnS and 
sulfur. This green MnS is the most stable manganese sulfide and, like MnO, has a rock-salt 

structure and is strongly antiferromagnetic (Ty — 121°C). Less-stable red forms are also 

known and the pale-pink precipitate produced when H,S is bubbled through aqueous 

Mn" solutions is a hydrated form which passes very slowly into the green variety. The 

corresponding selenides are very similar: Mn"Se, (pyrite-type), and MnSe (NaCl-type), 

antiferromagnetic with T,,— 100°C. 

Technetium and rhenium favour higher oxidation states in their binary chalcogenides. 

Both form diamagnetic heptasulfides, M,S,;, which are isomorphous and which 

decompose to M'YS, and sulfur on being heated. These disulfides, unlike the pyrite-type 

Mn'"S,, contain monatomic S~" units. The diselenides are similar. TcS,, TcSe,, and ReS, 
feature trigonal prismatic coordination of M'Y by S (or Se) in a layer-lattice structure 
which is isomorphous with a rhombohedral polymorph of MoS,. ReSe, also has a layer 
structure but the Re'Y atoms are octahedrally coordinated. 

24.3.2 Oxoanions 

The lower oxides of manganese are basic and react with aqueous acids to give salts of 

Mn" and Mn" cations. The higher oxides, on the other hand, are acidic and react with 

alkalis to yield oxoanion salts, but the polymerization which was such a feature of the 

chemistry of the preceding group is absent here. 

Fusion of MnO, with an alkali metal hydroxide and an oxidizing agent such as KNO, 

produces very dark-green manganate(VI) salts (manganates) which are stable in strongly 

alkaline solution but which disproportionate readily in neutral or acid solution (see 

Fig. 24.1): 

3MnO,2~ +4H* —>2MnO,~ + MnO, +2H,O 

The deep-purple manganate(VII) salts (permanganates) may be prepared in aqueous 

solution by oxidation of managanese(II) salts with very strong oxidizing agents such as 

PbO, or NaBiO;, and are manufactured commercially by the electrolytic oxidation of 

manganate(VI): 

2K,MnO, + 2H,0 —>2KMnO,+ 2KOH+H, 

An older and less-efficient method was to induce disproportionation of the alkaline 

K,MnO, by reducing the pH with CO,. 

The most important manganate(VII) is KMnO, of which several tens of thousands of 

tonnes are produced annually. It is a well-known oxidizing agent, used analytically: 

in acid solution: MnO, +8H* +5e> =———Mn’*+4H,O; E°=+1.51V 
in alkaline solution: MnO, +2H,0+3e¢e— MnO,+40OH~; E°=+1.23 V 

It is also important as an oxidizing agent in the industrial production of saccharin and 

benzoic acid, and medically as a disinfectant. It is increasingly being used also for purifying 
water, since it has the dual advantage over chlorine that it does not affect the taste, and the 

MnO, produced acts as a coagulant for colloidal impurities. 
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Reduction of KMnO, with aqueous Na,SO, produces the bright-blue manganate(V) 

(hypomanganate), MnO,?~, which has also been postulated as a reaction intermediate in 

some organic oxidations; it is not stable, being prone to disproportionation. 

All [MnO,]"" ions are tetrahedral with Mn—O 162.9 pm in MnO,” and 165.9 pm in 

MnO,?-. K,MnO,, is isomorphous with K,SO, and K,CrO,. By contrast, the only 

tetrahedral oxoanions of Tc and Re are the technetate(VII) (pertechnetate) and 

rhenate(VII) (perrhenate) ions. HTcO, and HReO, are strong acids like HMnO, and are 

formed when the heptoxides are dissolved in water. Careful evaporation of such solutions 

produces dark-red crystals with the composition HTcO, in the case of technetium and, in 

the case of rhenium, yellowish crystals of Re,O7.2H,O. This latter compound has the 

structure O,;Re-O-ReO,(H,O), already mentioned and is the nearest approach in this 

group to an isopolyacid. 

[TcO,]° and [ReO,]~ are produced whenever compounds of Tc and Re are treated 

with oxidizing agents such as nitric acid or hydrogen peroxide and, although reduced in 

aqueous solution by, for instance, Sn", Fe", Ti”, and I~, they are much weaker oxidizing 
agents than [MnO,]_. In further contrast to [MnO,]~ they are also stable in alkaline 

solution and are colourless whereas [MnO,]_ is an intense purple. In fact, the absorption 

spectra of the 3 [MO,]~ ions are very similar, arising in each case from charge transfer 

transitions between O*~ and MY", but the energies of these transitions reflect the relative 
oxidizing properties of MY". Thus the intense colour of [MnO,]~ arises because the 

absorption occurs in the visible region, whereas for [ReO,]~ it has shifted to the more 

energetic ultraviolet, and the ion is therefore colourless. [TcO,]~ is also normally 

colourless but the absorption starts on the very edge of the visible region and it may be that 

the red colour of crystalline HTcO,, and other transient red colours which have been 

reported in some of its reactions, are due to slight distortions of the ion from tetrahedral 

symmetry causing the absorption to move sufficiently for it to “tail” into the blue end of the 

visible, thereby imparting a red coloration. 

Fusion of rhenates(VII) with a basic oxide yield so-called ortho- and meso-perrhenates 

(M;ReO, and M;ReO,, M=Na, 3Ca, etc.) while addition of rhenium metal to the fusion 

(and exclusion of oxygen) produces rhenate(VI) (e.g. Ca,;ReO,). There is evidence 

suggesting the existence of [ReO,]° and [ReO,]°~ but it may be better to regard all 
these compounds as mixed oxides. In any case, it is clear that the coordination sphere of the 

metal has expanded compared to that of the smaller Mn in the tetrahedral [MnO, ]”" ions. 

Comparable technetium compounds have also been prepared. 

24.3.3 Halides and oxohalides” 

The known halides and oxohalides of this group are listed in Tables 24.5 and 24.6 
respectively. 

The highest halide of each metal is of course a fluoride: ReF, (the only thermally stable 

heptahalide of a transition metal), TcF,, and MnF, (indicating the diminished ability of 

manganese to attain high oxidation states when compared not only to Tc and Re but also 

to chromium, which forms CrF, and CrF,). The most interesting of the lower halides are 

7R. Cotton and J. H. CANTERFORD, Halides of the First Row Transition Metals, Chap. 5, pp. 212-70, Wiley, 

London, 1969; and Halides of the Second and Third Row Transition Metals, Chap. 7, pp. 272-322, Wiley, 
London, 1968. 
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TABLE 24.5 Halides of Group VIIA 

1223 

Oxidation 

state Fluorides Chlorides Bromides Iodides 

+7  ReF, 
yellow 

mp 48.3°, bp 73.7° 

+6. - Ick, 
yellow 
mp 37.4°, bp 55.3° — 

ReF, ReCl, 
yellow red-green 
mp 18.5°, bp 33.7° mp 29° (dichroic) 

ape dll Pg 
yellow 

mp 50°, bp (d) 

ReF , ReCl, ReBr, 
yellow-green . brown-black dark brown 

mp 48°, mp 220° (d 110°) 
bp(extrap) 221° 

+4 MnF, 
blue (d above rt) 

- TcCl, (?TcBr,) 

red (subl > 300°) (red-brown) 

ReF, Rely, ReBr, Rel, 

blue purple-black d above rt 
(subl > 300°) (d 300°) 

+3  MnF, 
red-purple 

oe [ReCl,]; [ReBr3]3 [Rel3]3 
dark red red-brown lustrous black 
(subl 500°) (d) (d on warming) 

+2 MnF, MnCl, MnBr, MnlI, 
pale pink pink rose pink 
mp 920° mp 652°, bp ~1200° =mp 695° mp 613° 

the rhenium trihalides which exist as trimeric clusters which persist throughout much of 

the chemistry of Re". 
Apart from ReF., which is produced when ReF, is reduced by tungsten wire at 600°C, 

all the known penta-, hexa-, and hepta- halides of Re and Tc can be prepared directly from 

the elements by suitably adjusting the temperature and pressure, although various specific 

methods have been suggested. They are volatile solids varying in colour from pale yellow 

(ReF,) to dark brown (ReBr,), and are readily hydrolysed by water with accompanying 

disproportionation into the comparatively more stable [MO,]~ and MO,, e.g.: 

3ReCl, +8H,O —>HReO, + 2ReO, + 1SHCI 

Because of the tendency to produce mixtures of the halides, and the facile formation of 
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TABLE 24.6 Oxohalides of Group VIIA 

Oxidation : 

state Fluorides Chlorides Bromides 

+7 = — MnO 3F MnO,Cl 
dark green vol liq r 

mp —78°, 
bp(extrap) 60° 

= — TcO3F TcO3Cl 
yellow colourless 

mp 18.3°, 

bp ~ 100° 

ReOF, ReO pk ReO3F ReO,Cl ReO,;Br 
cream yellow yellow colourless colourless 
mp 43.8°, bp 73.0° mp 90°, bp 185° mp 147°, bp 164° —s mp 4.5°, bp 130° 

+6 = MnO,Cl, 
vol liq 

COR: TcOCl, 
blue blue 
mp 134° 

bp (extrap) 165° 

ReOF, ReOCl, ReOBr, 

blue brown blue 
mp 108°, bp 171° mp 30°, 

bp(extrap) 228° 

+S = MnOCl, — 
vol liq 

= TcOCl,; TcOBr, 
black 

ReOF, focks 

black 

oxohalides if air and moisture are not rigorously excluded (or even, in some cases, also by 

attacking glass), not all of these halides have been characterized as well as might be 

desired. There is spectroscopic evidence that ReF, has a pentagonal bipyramidal 

structure, and ReX, are probably octahedral. ReCl, is actually a dimer, Cl,ReCl,ReCl,, 
in which the rhenium is octahedrally coordinated. 

The tetrahalides are made by a variety of methods. MnF,, being the highest halide 

formed by Mn, can be prepared directly from the elements, as can TcCl,, which is the only 

thermally stable chloride of Tc. TcCl, is a red sublimable solid consisting of infinite chains 

of edge-sharing TcCl, octahedra. By contrast the black ReCl,, which is prepared by 

heating ReCl, and ReCl, in a sealed tube at 300°C, is made up of pairs of ReCl, octahedra 

which share faces (as in [WCl,]°~, p. 1190), these dimeric units then being linked in chains 

by corner-sharing. The closeness of the Re atoms in each pair (273 pm) is indicative of a 

metal-metal bond though not so pronounced as the more extensive metal-metal bonding 

found in Re" chemistry. 
MnF, is a red-purple, reactive, but thermally stable solid; it is prepared by fluorinating 

any of the Mn" halides and its crystal lattice consists of MnF, octahedra which are 



§24.3.3 H alides and Oxohalides 1225 

distorted, presumably because of the Jahn-Teller effect expected for d* ions. The Re"! 
halides are obtained by thermal decomposition of ReCl,, ReBr,, and Rel. The dark-red 

chloride is composed of triangular clusters of chloride-bridged Re atoms with 1 of the 2 

out-of-plane Cl on each Re bridging to adjacent trimeric clusters (Fig. 24.3). After allowing 

for the Re-Cl bonds, each Re™ has a d* configuration and the observed diamagnetism can 
be accounted for by assuming that these four d electrons on each Re are used in forming 

double bonds («+ 2) to its 2 Re neighbours. The Re-Re distance of 249 pm is consistent 

with this (cf. 275 pm in Re metal). Re;Cl, can be sublimed under vacuum but the green 

colour of the vapour probably indicates breakdown of the cluster in the vapour phase. The 

compound dissolves in water to give a red solution which slowly hydrolyses to hydrated 

Re,O;, and in conc hydrochloric acid it gives a red solution which is stable to oxidation 

and from which can be precipitated a number of complex chlorides in which the trimeric 

clusters persist. 

Fic. 24.3 Idealized structure of Re3Cl,; in crystalline ReCl, the trimeric units are linked into 
planar hexagonal networks. 

Re,Br, is similar to Re3Cl, but the iodide, which is a black solid and is similarly 

trinuclear, differs in that it is thermally less stable and only 2 Re atoms in each cluster are 

linked to adjacent clusters, thereby forming infinite chains of trimeric units rather than 

planar networks. | 
Except for the possible existence of Rel,, the only simple dihalides of this group that are 

known (so far) are those of manganese. They are pale-pink salts obtained by simply 

dissolving the metal or carbonate in aqueous HX. MnF,j is insoluble in water and forms 

no hydrate, but the others form a variety of very water-soluble hydrates of which the 

tetrahydrates are the most common. 

The oxohalides of manganese are green liquids (except MnO,,Cl, which is brown); they 

are notable for their explosive instability. MnO,F can be prepared by treating KMnO, 
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with fluorosulfuric acid, HSO,F, whereas reaction of Mn,O, with chlorosulfuric acid 

yields MnO,Cl+ MnO,Cl, + MnOCl,. 

The oxohalides of technetium and rhenium are more numerous than those of 

manganese and are not so unstable, although all of them readily hydrolyse (with dis- 

proportionation to [MO,]~ and MO, in the case of oxidation states +5 and +6). In this 

respect they may be regarded as being intermediate between the halides and the oxides 

which, in the higher oxidation states, are the more stable. Treatment of the oxides with the 

halogens, or the halides with oxygen are common preparative methods. The structures are 

not all known with certainty, but ReOCl, may be noted as an example of a square- 

pyramidal structure. 

24.3.4 Complexes of manganese, technetium, and rhenium? 

Oxidation state VII (d°) 

The coordination chemistry of this oxidation state is confined mainly to a few readily 

hydrolysed oxohalide complexes of Re such as KReO,F,. Exceptions to this limitation are 

provided by the isomorphous hydrides K,MH, of Tc and Re which formally involve M‘" 
and H~. The rhenium analogue was the first to be prepared, as the colourless, 

diamagnetic product of the reduction of KReO, by potassium in aqueous diaminoethane 

(ethylenediamine). The elucidation of its structure illustrates vividly the problems 

associated with identifying a novel compound when its isolation in a pure form is difficult 

and when conventional chemical analysis is unable to establish the stoichiometry with 

accuracy. Only by using a wide range of physical techniques were these difficulties 

surmounted. The product was first thought to be K[Re(H,O),] containing Re ' with a 

square-planar geometry, by analogy with the isoelectronic Pt". The nmr spectrum, 

however, indicated the presence of an Re-H bond so the compound was reformulated as 
KReH,.2H,O. Fresh analytical evidence then suggested that earlier products had been 

impure and a further reformulation, this time as K,ReHg, was proposed. The observed 

diamagnetism could then only be accounted for by assuming metal—metal bonding 

between the implied d' rhenium(VI) atoms, but X-ray analysis showing the Re atoms to be 

550 pm apart, precluded this possibility. The problem was finally resolved when a neutron 

diffraction study established” the formula as K,ReH, and the structure is tricapped 

trigonal prismatic (Fig. 24.4). The nmr spectrum actually shows only one proton signal in 

spite of the existence of distinct capping and prismatic protons, and this is thought to be 

due to rapid exchange between the sites. 

Oxidation state VI (d) 

Again, fluoro and oxo complexes of rhenium predominate. The reaction of KF and ReF, 
in an inert PTFE vessel yields pink K[ ReF’,], the anion of which has a square-prismatic 

structure; hydrolysis converts it to K[ReOF.]. 

® G. Rouscuias, Recent advances in the chemistry of rhenium, Chem. Rev. 74, 531-66 (1974). 
9 IRE. Shy (x SUD. 
"© S.C. ABRAHAMS, A. P. GINSBERG, and K. KNox, The crystal and molecular structure of potassium rhenium 

hydride K,ReHg, /norg. Chem. 3, 558-67 (1964). 
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Fic. 24.4 The tricapped prismatic structure of the [ReH,]?~ anion. 

An interesting compound which is usually included in discussions of ReY! chemistry is 
the green crystalline dithiolate, [Re(S,C,Ph,),]. This was the first authenticated example 

of a trigonal prismatic complex"! (Fig. 19.6, p. 1074) but besides its structural interest 
it has, along with other complexes of such ligands, posed problems regarding the oxidation 

state of the metal. The ligand may be thought to coordinate in either of two extreme ways 

(or some intermediate state between them): 

Ph—C==S Pi==Cis5 

Re® or | ReV! 

Pie Ph—C—S 
3 3 

The difference between the two extremes is essentially that, in the former, the rhenium Re 

retains its valence electrons in its d orbitals whereas in the latter it loses 6 of them to 

delocalized ligand orbitals. In either case paramagnetism is anticipated since rhenium has 

an odd number of valence electrons. The magnetic moment of 1.79 BM corresponding to 1 

unpaired electron, and esr evidence showing that this electron is situated predominantly 

on the ligands, indicates that an intermediate oxidation state is involved but does not 

specify which one. Because of this uncertainty, dithiolate ligands, and others like them, 

have been expressively termed “non-innocent” ligands by C. K. Jorgensen.” 

Oxidation state V (d”) 

Some fluoride complexes such as the salts of [ReF,]~ are known, but in oxo compounds 
such as [ReOCI,]*~ and [ReOX,] (X=Cl, Br, I) other halides are also able to co- 

'l R. EISENBERG and J. A. IBERS, Trigonal prismatic coordination: the molecular structure of tris(cis-1,2- 
diphenylethene-1,2-dithiolato)rhenium, J. Am. Chem. Soc. 87, 3776-8 (1965). 

‘la C.K. JORGENSEN, Oxidation Numbers and Oxidation States, Springer-Verlag, Berlin, 1969, 291 pp. 
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ordinate to rhenium in this oxidation state. [ReOX,]~ is square pyramidal with apical 

Re=O and the ReO** moiety is reminiscent of VO?*, being found in other compounds 

(particularly those containing phosphines) and labilizing whatever ligand is trans to it. 

The Re=N group also stabilizes the oxidation state, probably because the x bonds are 

able to reduce the charge on the Re’; it is found in the yellow [ReNX,(PR3)3] and red 

[ReNX,(PR3),] (X=Cl, Br, I) complexes produced when [ReO,]~ in alcoholic HCl is 

reduced by hydrazine in the presence of a phosphine. Eight-coordinate and probably 

dodecahedral complexes [Re(CN),]*~ and [ReCl,(diars), ]ClO,, have been prepared and 

the Tc analogue of the latter is notable as the first example of 8-coordinate technetium. 

Oxidation state IV (d?) 

This is apparently the highest oxidation state in which manganese is able to form 

complexes. These are by no means numerous but K,[MnX,], where X=F, Cl, IO3, and 

CN, are known. For Re and Tc, perhaps because of the symmetrical 3, configuration, this 

is one of the stable oxidation states, giving rise to the oxides and halides already 

mentioned. Complexes are not especially numerous, however, the most important being 

the salts of [MX,]? [M=Tc, Re; X =F, Cl, Br, I]. The fluoro complexes are obtained by 

the reaction of HF on one of the other halogeno complexes and these in turn are obtained 

by reducing [MO,]~ (commonly by using I~ ) in aqueous HX. The corresponding Tc and 

Re complexes are closely similar, but an interesting difference between Tc'Y and Re!” is 
found in their behaviour with CN ". The reaction of KCN and K ,Rel, in methanol causes 

oxidation of Re'Y to ReY with the formation of brown diamagnetic K,[Re(CN),]. 
Assuming that each CN” ion donates an electron pair, the octacyanorhenium(IV) ion 

would contain 19 outer electrons and the loss of 1 electron is therefore easily understood. 

However, this high coordination number, and with it the stable 18-electron configuration, 

is evidently not so easily attained by technetium since the analogous reaction of KCN 

and K,TcI, produces a reddish-brown, paramagnetic precipitate, thought to be 

K,[Tc(CN)g]. 

Oxidation state III (d*) 

Manganese(III) is strongly oxidizing in aqueous solution with a marked tendency to 

disproportionate into Mn'¥ (i.e. MnO,) and Mn" (see Fig. 24.1). It is, however, stabilized 
by O-donor ligands, as evidenced by the way in which the virtually white Mn(OH), 

rapidly darkens in air as it oxidizes to hydrous Mn,O, or MnO(OH), and by the 

preparation of [Mn(acac),] via the aerial oxidation of aqueous Mn" in the presence of 
acetylacetonate. K3[ Mn(C,0O,);].3H,O is also known, while the complexing oxoanions, 

phosphate and sulfate, have a stabilizing effect on aqueous solutions. The main 

preparative routes to Mn" are by reduction of KMnO,, or oxidation of Mn". The latter 
may be effected electrolytically but a common method is by way of the red-brown 

acetate. This is similar to the basic acetate of chromium(III) and so involves the 

[Mn3;0(MeCOO),]* unit (see Fig. 23.11, p. 1200). The hydrate is prepared by oxidation 

of manganese(II) acetate with KMnO, in glacial acetic acid, and the anhydrous salt by the 

action of acetic hydride on hydrated manganese(II) nitrate. 

Nearly all manganese(III) complexes are octahedral and high-spin with magnetic 



§24.3.4 Complexes of Manganese, Technetium, and Rhenium 1229 

moments close to the spin-only value of 4.90 BM expected for 4 unpaired electrons. A good 

deal of the interest in them has been occasioned by the expectation that they might be 

subject to Jahn-Teller distortions. Complexes involving 6 equivalent donor atoms 

provide the most telling evidence and the alums, of which CsMn(SO,),.12H,O is the most 

stable, are of interest because they contain the [Mn(H,O),]°* ion. For reasons which are 

not obvious, this ion apparently shows no appreciable distortion from precise octahedral 

symmetry although distortions in solid MnF,, the octahedral Mn™ sites in Mn,O,, and 

more recently") in tris(tropolonato)manganese(III), have been ascribed to the 

Jahn-Teller effect. Earlier claims that [Mn(acac),] was undistorted have since been 

convincingly refuted.“ 
The most important low-spin octahedral complex of Mn” is the dark-red cyano 

complex, [Mn(CN),]°~, which is produced when air is bubbled through an aqueous 

solution of Mn" and CN. [MnX,]? (X=F, Cl) are also known; the chloro ion, at least 
when combined with the cation [bipyH,]**, is notable as an example of a square 
pyramidal manganese complex.'* 

Technetium(III) complexes are rather sparse: [TcCl,(diars), ]ClO,, prepared by the 

reaction of o-phenylenebisdimethylarsine and HCl with HTcO, in aqueous alcohol, is 

probably the best known. The rhenium(III) analogue is isomorphous but requires the help 

of a reducing agent such as H ,PO, to effect the reduction from [ReO,] . In general Re"is 
readily oxidized to Re'Y or ReY" unless it is stabilized by metal-metal bonding“) as in the 
case of the trihalides already discussed. Rhenium(III) complexes with Cl~ and Br~ have 

been characterized and are of two types, [Re3X,,]*° and [Re,X,]?, both of which 
involve multiple Re-Re bonds. If Re3Cl, or Re;Bry are dissolved in conc HCl or conc HBr 

respectively, stable red, diamagnetic salts may be precipitated by adding a suitable 

monovalent cation. Their stoichiometry is M'ReX, and they were formerly thought to be 

unique examples of low-spin, tetrahedral complexes. X-ray analysis, however, showed that 

the anions are trimeric with the same structure as the halides (Fig. 24.3) and likewise 

incorporating Re=Re double bonds. Their chemistry reflects the structure since 3 halide 

ions per trimeric unit can be replaced by ligands such as MeCN, Me,SO, Ph3;PO, and 

PEt,Ph yielding neutral complexes [Re;X,L3]. 

The blue diamagnetic complexes [Re,X,]?~ are produced when [ReO,]~ in aqueous 

HCI or HBr is reduced by H,PO, and they can then be precipitated by the addition of a 

suitable cation. The structure of [Re,Cl,]?~ is shown in Fig. 24.5 and, as in [Mo,Cl,]*~ 

(Fig. 23.13, p. 1203), the chlorine atoms are eclipsed. In both ions the metal has a d* 
configuration which is to be expected if a 6-bond is present. [Re,Cl,]?~ can be reduced 

polarographically to unstable [Re,Cl,]*~ and [Re,Cl,]*~ , and also undergoes a variety 

of substitution reactions (Fig. 24.5b, c, d). 

One Cl on each Re may be replaced by phosphines, while MeSCH,CH,SMe (DTH) 

takes up 4 coordination positions on 1 Re to give [Re,Cl,(DTH),]. In this case the 

average oxidation state of the rhenium has been reduced to +2.5 and the reduction in 

'2 A. AvDEEF, J. A. COSTAMAGNA, and J. E. GUERCHAIS, Crystal and molecular structure of tris(tropolonato)- 
manganese(III), Mn(O,C,H.)3, a high-spin complex having structural features consistent with Jahn—Teller 
behavior for two distinct MnO, centers, Jnorg. Chem. 13, 1854-63 (1974). 

"3. P. Fackiter and A. Avpegr, Crystal structure of  tris(2,4-pentanedionato)manganese(III), 
Mn(O,C;H,,),, a distorted complex as predicted by Jahn-Teller arguments, /norg. Chem. 13, 1864-75 (1974). 

'4 1. BERNAL, N. ELLioTt, and R. LALANCETTO, Molecular configuration of the anion MnCl,*~: a square 
pyramidal pentahalide of the 3d transition series, Chem. Comm. 1971, 803-5. 

'S F_A. Cotton, Quadruple bonds and other multiple metal to metal bonds, Chem. Soc. Rev. 4, 27-53 (1975). 
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Fic. 24.5 Some complexes of Re with multiple Re-Re bonds: (a) [Re,Cl,]?~. (b) 
[Re,Cl,(PEt;),]. (c) [Re,Cl;(DTH),]: note the staggered configuration which is now possible 
because of the loss of the 6 bond as the Re is reduced from +3 to +2.5 and the bond order 

decreased from 4 to 3. (d) [Re,(O,CR),Cl, J. 

bond order from 4 to 3.5, which the addition of a 5* electron implies, causes some 

lengthening of the Re-Re distance and the configuration is staggered. Carboxylates are 

able to bridge the metal atoms forming complexes of the type [Re,Cl,(O,CR),] which are 

clearly analogous to the dimeric carboxylates found in the previous group. 

In the octachloro technetium system, by contrast, the paramagnetic [Tc,Cl,]* is the 
most readily obtained species. The Tc has a formal oxidation state of +2.5 with a 

d(Tc-Tc) 212 pm and the configuration is eclipsed. The pale green [NBu4] *,[TcCl,]?~ 
has recently also been isolated from the products of reduction of [TcCl,]?~ with 

Zn/HCl(aq).""°*) The compound is strictly isomorphous with [NBu]],[Re,Cl,] and has 

'SaF. A. Corron, L. Danigts, A. Davison, and C. OrviG, Structural characterization of the 
octachloroditechnetate(III) ion in its tetra-n-butylammonium salt, /norg. Chem. 20, 3051-5 (1981). 
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_d(Tc-Tc) 215 pm. The reason for the increase in Tc-Tc distance on removal of the 6* 

electron, and the consequent increase in the presumed bond order from 3.5 to 4, is not 

clear. 

Oxidation state II (d°) 

The chemistry of technetium(II) and rhenium(II) is meagre and mainly confined to 

arsine and phosphine complexes. The best known of these are [MCI,(diars), ], obtained by 

reduction with hypophosphite and Sn" respectively from the corresponding Tc" and Re!” 
complexes, and in which the low oxidation state is presumably stabilized by z donation to 

the ligands. This oxidation state, however, is really best typified by manganese for which it 

is the most thoroughly studied and, in aqueous solution, by far the most stable; 

accordingly it provides the most extensive cationic chemistry in this group. 

Salts of manganese(II) are formed with all the common anions and most are water- 
soluble hydrates. The most important of these commercially and hence the most widely 

produced is the sulfate, which forms several hydrates of which MnSO,.5H,O is the one 
commonly formed. It is manufactured either by treating pyrolusite with sulfuric acid anda 

reducing agent, or as a byproduct in the production of hydroquinone (MnO, is used in the 

conversion of aniline to quinone: 

PhNH, + 2MnO, + 2}H,SO,—> OC,H,O + 2MnSO, + }(NH,),SO, +2H,0) 

It is the starting material for the preparation of nearly all manganese chemicals and is used 

in fertilizers in areas of the world where there is a deficiency of Mn in the soil, since Mn is an 

essential trace element in plant growth. The anhydrous salt has a surprising thermal 

stability; it remains unchanged even at red heat, whereas the sulfates of Fe", Co", and Ni! 

all decompose under these conditions. 

Aqueous solutions of salts with non-coordinating anions contain the pale-pink, 
[Mn(H,O),]**, ion which is one of a variety of high-spin octahedral complexes which 

have been prepared more especially with chelating ligands such as en, EDTA, and oxalate. 

As is expected, most of these have magnetic moments close to the spin-only value of 

5.92 BM. The absorption spectrum of [Mn(H,O),]?* is described in the Panel. 

The resistance of Mn" to both oxidation and reduction is generally attributed to the 

effect of the symmetrical d° configuration, and there is no doubt that the steady increase in 

resistance of M" ions to oxidation found with increasing atomic number across the first 

transition series suffers a discontinuity at Mn"! which is more resistant to oxidation than 

either Cr'' to the left or Fe" to the right. However, the high-spin configuration of the Mn" 
ion provides no CFSE (p. 1096) and the stability constants of its high-spin complexes are 

consequently lower than those of corresponding complexes of neighbouring M" ions and 

are kinetically labile. In addition, a zero CFSE confers no advantage on any particular 

- stereochemistry which must be one of the reasons for the occurrence of a wider range of 

stereochemistries than is normally found for M" ions. 
Green-yellow salts of the tetrahedral [MX,]*~ (X =Cl, Br, I) ions can be obtained from 

ethanolic solutions and are well characterized. Furthermore, a whole series of adducts 

[MnX,L,] (X =Cl, Br, I) are known where L is an N-, P-, or As-donor ligand, and both 

octahedral and tetrahedral stereochemistries are found. Of interest because of the possible 

role of manganese porphyrins in photosynthesis is [Mn"(phthalocyanine)] which is 
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Absorption Spectrum of [Mn(H,0),]?* 

This spectrum (Fig. A) differs from those of other transition metal cations (see Fig. 19.20) in two 

important ways: = 

(a) the bands (apart from those i in the ultraviolet region due to charge transfer) are of much 

lower intensity; 
(b) there are more bands. 

0.004 

0.003 

0.002 
e/m? mol"! 

15 900 20 000 25 000 30 000 35 000 

em? 

Fic. A. The electronic absorption spectrum of [Mn(H,O),]?* (approximately 2 M Mn(CIO,), 
in approximately 2 M HCIO,). 

The explanations of both these features stem from the fact that any electronic d-d transition from 
a high-spin a configuration must of necessity involve the pairing of some electron spins. It follows 

at such transitions are both spin forbidden and orbitally forbidden (p. 1094) and 
that the absorptions should be of exceedingly low intensity. That they occur at all is due to weak 

‘spin-orbit coupling. Furthermore, although there is only one possible way of arranging 5 
electrons with parallel spins in 5 orbitals, there are many more ways if 2 electrons are paired. This is 
seen more quantitatively in the Tanabe-Sugano diagram (Fig. B) in which the ground state °S 
_term corresponds to the configuration with 5 unpaired electrons and the excited “spin quadruplet” 

_ terms correspond to configurations with 2 paired electrons.t There are 4 of these in the free ion 
and in a cubic crystal field they split into no less than 10 component terms. The key to the 
assignment“® of the possible transitions to the observed bands lies in the fact that the band near 
25 000 cm™' is unusually sharp, and has a shoulder indicating that there are actually two 

y close together. It has already been pointed out in Chapter 19 that absorption 
bands are broadened by molecular vibrations which cause A to oscillate, and by spin-orbit 
coupling which splits T terms. Now, inspection of Fig. B shows that the degenerate *E,(G) and 
*A,,(G) terms are parallel to the ground °A,, term. The energy of the transition from the ground 
teem will therefore not ee affected either by molecular vibrations or, since no T term is involved, by 

+ “Doublet” icons corres; dine to don aeunstcn: wih only 1 unpaired electron are generally 
of higher energy but, since transitions to them from the °S term would be doubly spin-forbidden 
the absorptions are too weak to be observed. 

‘© L. J. Hewr, G. F. Koster, and A. M. JoHnson, Experimental and crystal field study of the absorption 

spectrum at 2000 to 8000 A of manganous perchlorate in aqueous perchloric acid, J. Am. Chem. Soc. 80, 6471-7 
(1958). 
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Fic.B Tanabe-Sugano diagram for the Mn" ion in an octahedral crystal field. All spin doublet 
terms are omitted. 

spin-orbit coupling. A sharp band is consequently to be expected and the band and shoulder near 
25.000 cm™ | may, with some confidence, be assigned to the *E,(G)<°A,, and *4,,(G)<-°A,, 
transitions. This indicates a value of 8500 cm! for A and the assignments of the other bands as 
shown in Table A. The agreement between prediction and observation indicates the reliability of 
these assignments. 

TaBLe A. The absorption bands of [Mn(H,Q),]?* in aqueous 
solution 

Band position/cm~! 

Observed Estimated Assignment 

18 600 19400. *T (G)- 4, 
22 900 22 600 4T,(G)<°A,, 
24 900 AB (G)<°A, 
25 150 a +41,(G)<°Ay, 
27 900 28 200 1, (D)—°A,, 
29 700 29 900 *E,(D)<—°A,, 
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square planar, as is the bright-yellow dithiocarbamato complex, [Mn(S,CNEt,),]. The 

reaction of aqueous EDTA with MnCO, yields a number of complex species, amongst 
them the 7-coordinate [Mn(EDTA)(H,O)]?~ which has a capped trigonal prismatic 

structure. The highest coordination number, 8, is found in the anion [Mn(y?-NO3),]*~ 
which, like other such ions, is approximately dodecahedral (p. 1075). 

Spin-pairing in manganese(II) requires a good deal of energy and is achieved only by 

ligands such as CN~ and CNR which are high in the spectrochemical series. The low-spin 

complexes, [Mn(CN),]*~ and [Mn(CNR),]** are presumed to involve appreciable 

bonding and this covalency brings with it a susceptibility to oxidation. Just as Mn" 
hydroxide undergoes aerial oxidation to Mn" so, in the presence of excess CN” , aqueous 
solutions of the blue-violet [Mn(CN),]*~ are oxidized by air to the dark red 

[Mn(CN)_]°~. 

Lower oxidation states 

Cyano complexes of the metals of this group in high oxidation states have already been 

referred to. The tolerance of CN” to a range of metal oxidation states, arising, on the one 

hand, from its negative charge and, on the other, from its ability to act as a m-acceptor, is 

further demonstrated by the formation (albeit requiring reduction with potassium 

amalgam) of the M' complexes, K ;[ M(CN),] (M=Mn, Tc, Re). However, claims for the 

formation of cyano complexes with oxidation state zero are less reliable, and doubt has 

recently been cast‘'”’ on the existence of some of the higher cyanorhenates. It may be that 

this area will require revision as further work is performed. Other examples of complexes 

in which Mn, Tc, and Re are in lower oxidation states are considered in the following 

section on organometallic com.pounds. 

24.3.5 Organometallic compounds 

Carbonyls,"*®) cyclopentadienyls, and their derivatives occupy a central position in the 

chemistry of this as of preceding groups, the bonding involved and even their 

stoichiometries having in some cases posed difficult problems. Increasingly, however, 

interest has focused on the chemistry of compounds involving M-C o bonds, of which 

rhenium probably provides the richest variety of any transition metal. 

Only one well-characterized binary carbonyl is formed by each of the elements of this 

group.t That of manganese is best prepared by reducing Mnf, (e.g. v.1th LiAIH,) in the 

presence of CO under pressure. Those of technetium and cHeaiani are made by heating 

their heptoxides with CO under pressure. They are sublimable, isomorphous, crystalline 
solids: golden-yellow for [Mn,(CO),.], mp 154°, and colourless for _Tc,(CO),.], mp 

160°, and [Re,(CO),,], mp 177°. Their stabilities in air show a regular gradation: 

manganese carbonyl is quite stable below 110°C, technetium carbonyl decomposes slowly 

+ A trinuclear carbonyl, [Tc3(CO),,]. has been reported but not characterized. 

'” W. P. GRIFFITH, P. M. KIERNAN, and J.-M. BREGEAULT, Studies on transition-metal cyano-complexes. Part 
2. Unsubstituted cyanorhenates, [Re(CN),]"", and cyanorhenates with thio-, seleno-, and nitrosyl ligands, 
JCS Dalton 1978, 1411-17. 

'§ W. P. GriFFITH, Carbonyls, cyanides, isocyanides, and nitrosyls, Chap. 46 in Comprehensive Inorganic 
Chemistry, Vol. 4, pp. 105-95, Pergamon Press, Oxford, 1973. 
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Fic. 24.6 Some carbonyls-and carbonyl hydrides of Group VIIA metals. (a) [M>(CO),9], 
M= Mn, Tc. Re (Mn-Mn 293 pm, Tc-Tc 304 pm, Re-Re 302 pm). (b) [H;Mn3(CO),,]. Mn-Mn 
311 pm. (c) [H,Re,(CO), >], Re-Re 289.6-294.5 pm. (In this structure the 4 Re atoms lie at the 
corners of a tetrahedron, the faces of which are bridged by 4 H atoms; the molecule is viewed from 
above 1 Re which obscures the fourth H. For clarity the CO groups are not shown but 3 are 
attached to each Re so as to “eclipse” the edges of the tetrahedron.) (d) [H,Re,(CO),,]* , Re-Re 

314.2-317.2 pm. (As in (c) the 4 Re atoms lie at the corners of a tetrahedron and the CO groups 
have been omitted for clarity. This time, however, the 3 CO groups attached to each Re are 
“staggered” wrt the edges of the tetrahedron, whilst the H atoms (6) are presumed to bridge these 

edges.) 

and rhenium carbonyl may ignite spontaneously. The empirical stoichiometry M(CO), 

would imply a paramagnetic molecule with 17 valence electrons, but the observed 

diamagnetism (for Mn and Re) suggests at least a dimeric structure. In fact, X-ray analysis 

reveals the structure shown in Fig. 24.6a in which two M(CO), groups in staggered 

configuration are held together by an M—M bond, unsupported by bridging ligands (cf. 

S3F 10, p. 809): 
Very many derivatives of the carbonyls of Mn, Tc, and Re have been prepared since the 

parent carbonyls were first synthesized in 1949, 1961, and 1941 respectively :°? among 
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the more important are the carbonylate anions, the carbonyl cations, and the carbonyl 

hydrides." °) Typical reactions are summarized in the following schemes. 

Ja 
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SCHEME B_ Some reactions of [Tc,(CO), 9] and its derivatives.) 
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[Re(CO), Cl], 

4- 

K [Re; (CO) 0, H] [Re(CO), Cl] 
se 

[Re(CO)aI] 2 

ee 

Os! [Re, Fe(CO), 4] 
ee + [ReFe,(CO é, or KReO,) [ReFe,(CO), 2] 

as 

te 

[Cl SiRe(CO), ] 

SCHEME C_ Some reactions of rhenium carbonyl) 

‘Sodium amalgam reductions of M,(CO),, give Na*[M(CO),]~ and, indeed, further 

reduction’? leads to the “super reduced” species [M(CO),]°~ in which the metals exhibit 
their lowest known formal oxidation state of —3. On the other hand, treatment of 

[M(CO),Cl] with AICI, and CO under pressure produces [M(CO),]* AICL,~ from which 

other salts of the cation can be obtained. Acidification of [M(CO);]~ produces the 

octahedral and monomeric, [MH(CO), ], and a number of polymeric carbonyls have been 

obtained by reduction of [M,(CO), 9], including interesting hydrogen-bridged complexes 

such as [H,Mn,(CO,,] (the first transition metal cluster in which the H atoms were 

located?!), [H,Re,(CO),,], and [H,Re,(CO),,]*~ (Fig. 24.6).¢'” 

20 J. E. Ettis and R. A. FALTYNEK, Highly reduced organometallic anions. 1. Syntheses and properties of 
tetracarbonyl-metalate(3—) anions of manganese and rhenium, J. Am. Chem. Soc. 99, 1801-8 (1977). 

°''§. W. Kirtcey, J. P. OLSEN, and R. BARR, Location of the hydrogen atoms in H,;Mn,(CO),,: a crystal 
structure determination, J. Am. Chem. Soc. 95, 4532-6 (1973). 

“'0 A. P. Humpueies and H. D. Kaesz, The hydrido-transition metal cluster complexes, Prog. Inorg. Chem. 
25, 145-222 (1979); R. HOFFMANN, B. E. R. SCHILLING, R. BAu, H. D. KAEsz, and D. M. P. MinGos, Electronic 
structure of M,(CO),,H, and M,Cp,H,, complexes, J. Am. Chem. Soc. 100, 6088-93 (1978). 
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SCHEME D Some reactions of rhenium carbonyl chloride. 

When MnCl, in thf is treated with C;H,Na, amber-coloured crystals of manganocene, 

[Mn(C,H;),], mp 172°, are produced. It is very sensitive to both air and water and has 

most unusual magnetic properties. It is antiferromagnetic with a Néel temperature of 

134°C but, in dilute hydrocarbon solutions and when “doped” with solid Mg"(C.H, _ ),, it 
has a magnetic moment of 5.86 BM, corresponding to 5 unpaired electrons. This was 

taken as evidence for a high-spin, ionic configuration with intermolecular interactions 

leading to the antiferromagnetism. On the other hand, the similarity of the infrared 

spectrum and melting point to those of ferrocene itself, and the low electrical conductivity 

of ethereal solutions are suggestive of covalency; the sandwich structure of [Mn(y°- 

C;H,),], as revealed by X-ray studies, is consistent with either type of bonding.?? 
However, [Mn(C,H,Me), ], which retains a subnormal magnetic moment (for 5 unpaired 

electrons) even in dilute solutions, has more recently been cited'**) as the first example of 

22M. L. H. Green, Organometallic Compounds, 3rd edn., Vol. 11, Methuen, London, 1967 (see p. 110). 
23M. E. Switzer, R. WANG, M. F. Rettic, and A. H. Maki, On the electronic ground state of 

manganocene and 1,1’-dimethylmanganocene, J. Am. Chem. Soc. 96, 7669-74 (1974); A. ALMENNINGEN, S. 
SAMDAL, and A. HAALAND, Molecular structure of high- and low-spin 1|,1’-dimethylmanganocenes determined 

by gas phase electron diffraction, JCS Chem. Comm. 1977, 14-15. 
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€rg (dy2_y2, dyy) 

Fic. 24.7 Spin equilibrium in [Mn(y°-C,H,Me),]: the orbitals shown here are the mainly 
metal-based orbitals in the centre of the MO diagram for metallocenes (see Fig. C, p. 371). 

an Mn" compound showing a high-spin—Jow-spin equilibrium (Fig. 24.7). In view of the 
similarity of the ligands C,H, and C,H,Me, this suggests that manganocene itself is 

electronically probably very close to the high-spin/low-spin crossover, and the bonding 

may be regarded as similar to that in ferrocene but with the MOs sufficiently close together 

to permit a high-spin configuration which is unique among metallocenes. This would 
provide another example of the known resistance of Mn" to spin-pairing. The precise 

origin of the antiferromagnetism is still undecided. 
Technetium and Re analogues of manganocene are not known. Instead, when TcCl, or 

ReCl, are treated with C;H,,Na in thf, yellow crystalline products are obtained which are 

diamagnetic and so cannot be the monomeric d* compounds [M(C;H,),], though this 

formulation is consistent with the elemental analyses. It turns out that the rhenium 

compound (and the technetium compound is presumed to be the same) is a hydride of Re! 

in which the two C,H, rings are tilted with respect to each other**) (Fig. 24.8). In spite of 
this lack of symmetry, the protons on the cyclopentadienyl rings give rise to only one nmr 

signal. This is considered to be due to rapid rotation of the rings about the metal-ring axes, 

thereby making the protons indistinguishable. 
The simplest of the c-bonded Re—C compounds is the green, paramagnetic, crystalline, 

thermally unstable ReMe,, which, after WMe,, is only the second hexamethyl transition 

metal compound to have been synthesized (1976).°) It reacts with LiMe to give the 

unstable, pyrophoric, Li,[ReMe,], which has a square-antiprismatic structure, and 

incorporation of oxygen into the coordination sphere greatly increases the stability, 

witness ReY'OMe,, which is thermally stable up to 200°C, and ReY"O,Me, which is stable 
to air.¢® 

24 JW. LAUHER and R. HOFFMANN, Structure and chemistry of bis(cyclopentadienyl)-ML, complexes, J. Am. 
Chem. Soc. 98, 1728-42 (1976). 

7° K. Mertis and G. WILKINSON, The chemistry of rhenium alkyls. Pt. III. The synthesis and reactions of 
hexamethylrhenium(VI), cis-trimethyldioxorhenium(VII), and the octamethylrhenium(VI) ion, JCS Dalton 
1976, 1488-92. 

76]. R. BEATTIE and P. J. Jones, Methyltrioxorhenium: an air stable compound containing a carbon-rhenium 
bond, /norg. Chem. 18, 2318-19 (1979). 

CTE-00 
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Fic. 248 Structure of [Re(7’-CsH5)2H]. 

Fic. 24.9 Rhenium clusters: (a) [Re;Cl,R,]: arrows indicate vacant coordination sites where 
further ligands can be attached. (b) A possible structure of [Re,Cl,(O,CR), >]: for clarity only 2 of 

the 6 bridging carboxylate groups are shown. 

A whole series of rhenium alkyl cluster compounds (especially where the alkyl is 

CH,,SiMe,) have been prepared starting from the blue trimeric Re;Cl,R, whose structure 

(Fig. 24.9a) is based on that of Re3;Cl, (see Fig. 24.3). Replacement of the 3 Cl bridges by 3 
Hil R groups gives Re3 R, to which up to 3 more ligands (e.g. phosphines) may be added in the 

Re; plane. If the additional groups are alkyls, then new Re'Y clusters Re,;R, > are obtained. 
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Alternatively, the use of bridging groups such as carboxylates’? ”) produce Re, species with 
structures which are possibly of the type shown in Fig. 24.9b though this has yet to be 

verified. The field of rhenium alkyl and cluster chemistry is currently expanding rapidly 

and compounds are being produced whose existence were quite unsuspected only a few 

years ago. 

27 PG. Epwarps, F. Fevix, K. MerTIS, and G. WILKINSON, Interaction of trirhenium(III) cluster alkyls with 
carboxylic acids, f-diketones and diphenyltriazine, JCS Dalton 1979, 361-6. 
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25.1 Introduction 

The nine elements, Fe, Ru, Os; Co, Rh, Ir; Ni, Pd, and Pt, together form Group VIII of 

Mendeleev’s periodic table. They will be treated here, like the other transition elements, in 

“vertical” triads, but because of the marked “horizontal” similarities it is not uncommon 

for Fe, Co, and Ni to be distinguished from the other six elements (known collectively as 

the “platinum” metals) and the two sets of elements considered separately. 

The triad Fe, Ru, and Os is dominated, as indeed is the whole block of transition 

elements, by the immense importance of iron. This element has been known since 

prehistoric times and no other element has played a more important role in man’s material 

progress. Iron beads dating from around 4000 BC were no doubt of meteoric origin, and 

later samples, produced by reducing iron ore with charcoal, were not cast because 

adequate temperatures were not attainable without the use of some form of bellows. 

Instead, the spongy material produced by low-temperature reduction would have had to 

be shaped by prolonged hammering. It seems that iron was first smelted by the Hittites in 

Asia Minor sometime in the third millennium BC, but the value of the process was so great 

that its secret was carefully guarded and it was only with the eventual fall of the Hittite 

empire around 1200 Bc that the knowledge was dispersed and the “Iron Age” began.) In 

more recent times the introduction of coke as the reductant had far-reaching effects, and 

was one of the major factors in the initiation of the Industrial Revolution. The name “iron” 

is Anglo-Saxon in origin (iren, cf. German Eisen). The symbol Fe and words such as 
“ferrous” derive from the Latin ferrum, iron. 

Biologically, iron plays crucial roles in the transport and storage of oxygen and also in 

electron transport, and it is safe to say that, with only a few possible exceptions in the 

bacterial world, there would be no life without iron. Again, within the last three decades, 

the already rich organometallic chemistry of iron has been enormously expanded, and 

work in the whole field given an added impetus by the discovery and characterization of 
ferrocene. 

''V. G. Cube, What Happened in History, pp. 182-5, Penguin Books, London, 1942. 
* J. S. THAYER, Organometallic chemistry: a historical perspective, Adv. Organometallic Chem. 13, 1-49 

(1975). 

1242 
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Ruthenium and osmium, though interesting and useful, are in no way comparable with 

iron and are relative newcomers. They were discovered independently in the residues left 

after crude platinum had been dissolved in aqua regia; ruthenium in 1844 from ores from 

the Urals by K. Klaus who named it after Ruthenia, the Latin name for Russia; and 

osmium in 1803 by S. Tennant who named it from the Greek word for odour (dop1h, osme) 

because of the characteristic and pungent smell of the volatile oxide, OsO,. (CAUTION: 
OsO,, is very toxic.) 

25.2 The Elements Iron, Ruthenium, and Osmium 

25.2.1 Terrestrial abundance and distribution 

Ruthenium and osmium are generally found in the metallic state along with the other 

“platinum” metals and the “coinage” metals. The major sources of the platinum metals are 

the nickel—copper sulfide ores found in South Africa and Sudbury (Canada), and in the 

river sands of the Urals, USSR. They are rare elements, ruthenium particularly so, their 

estimated abundances in the earth’s crustal rocks being but 0.0001 (Ru) and 0.005 (Os) 

ppm. However, as in Group VIIA, there is a marked contrast between the abundances of 

the two heavier elements and that of the first. 

The nuclei of iron are especially stable, giving it a comparatively high cosmic abundance 

(Chap. 1, p. 15), and it is thought to be the main constituent of the earth’s core (which has 

a radius of approximately 3500 km, i.e. 2150 miles) as well as being the major component of 

“siderite” meteorites. About 0.5%of the lunar soil is now known to be metallic iron and, 

since on average this soil is 10 m deep, there must be ~ 10? tonnes of iron on the moon’s 

surface. In the earth’s crustal rocks (6.2 %, i.e. 62 000 ppm) it is the fourth most abundant 

element (after oxygen, silicon, and aluminium) and the second most abundant metal. It is 

also widely distributed, as oxides and carbonates, of which the chief ones are: haematite 

(Fe,O03), magnetite (Fe,;0,), limonite (~2Fe,0,.3H,O), and siderite (FeCO;). Iron 

pyrite (FeS,) is also common but is not used as a source of iron because of the difficulty in 

eliminating the sulfur. The distribution of iron has been considerably influenced by 

weathering. Leaching from sulfide and silicate deposits occurs readily as FeSO, and 

Fe(HCO,), respectively. In solution, these are quickly oxidized, and even mildly alkaline 

conditions cause the precipitation of iron(III) oxide. Because of their availability, 

production of iron ores can be confined to those of the highest grade in gigantic operations. 

The world’s largest iron-ore mine is at Mt. Whaleback in Western Australia: this only 

opened in 1969 but is now producing 40 million tonnes pa of high-grade haematite 

(O07, re): 

25.2.2 Preparation and uses of the elements 

Pure iron is produced on a small scale by the reduction of the pure oxide or hydroxide 

with hydrogen, or by the carbonyl process in which iron is heated with carbon monoxide 

under pressure and the Fe(CO), so formed decomposed at 250°C to give the powdered 

metal. However, it is not in the pure state but in the form of an enormous variety of steels 

that iron finds its most widespread uses, the world’s annual production being of the order 

of 700 million tonnes. 
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The first stage in the conversion of iron ore to steel is the blast furnace (see Panel), which 

accounts for the largest tonnage of any metal produced by man. Init the iron ore is reduced 

by coke,t while limestone removes any sand or clay as aslag. The molten iron is run off to 

be cast into moulds of the required shape or into ingots (“pigs”) for further processing— 

hence the names “cast-iron” or “pig-iron”. This is an impure form of iron, containing about 

4°% of carbon along with variable amounts of Si, Mn, P, and S. It is hard but notoriously 

Iron and Steel 

About 1773, in order to overcome a shortage of timber for the production of charcoal, Abraham 
Darby developed a process for producing carbon (coke) from coal and used this instead of 
charcoal in his blast furnace at Coalbrookdale in Shropshire. The impact was dramatic. It so 
cheapened and increased the scale of ironmaking that in the succeeding decades Shropshire iron 
was used to produce for the first time: iron cylinders for steam-engines, iron rails, iron boats and 
ships, iron aqueducts, and iron-framed buildings. The iron bridge erected nearby over the River 
Severn in 1779, gave its name to the small town which grew around it and still stands, a monument 
to the process which “opened up” the iron industry to the Industrial Revolution. 

The blast furnace (Fig. A) remains the basis of ironmaking® though the scale, if not the 
principle, has changed considerably since the eighteenth century: the largest modern blast . 
furnaces have hearths 14 m in diameter and produce up to 10 000 tonnes of iron daily. 

The furnace is charged with a mixture of the ore (usually haematite), coke, and limestone, then a 

blast of hot air, or air with fuel oil, is blown in at the bottom. The coke burns and such intense heat 

is generated that temperatures approaching 2000°C are reached near the base of the furnace and 
perhaps 200°C at the top. The net result is that the ore is reduced to iron, and silicaceous gangue 
forms a slag (mainly CaSiO,) with the limestone: 

2Fe,0,+ 3C ——_ > 4Fe+3CO, 

SiO, + CaCO, ——_>CaSiO, + CO, 

The molten iron, and the molten slag which floats on the iron, collect at the bottom of the furnace 

and are tapped off separately. As the charge moves down, the furnace is recharged at the top, 
making the process continuous. Ofcourse the actual reactions taking place are far more numerous 
than this and only the more important ones are summarized in Fig. A. The details are exceedingly 
complex and still not fully understood. At least part of the reason for this complexity is the rapidity 
with which the blast passes through the furnace (~ 10s) which does not allow the gas-solid 
reactions to reach equilibrium. The main reduction occurs near the-top, as the hot rising gases 
meet the descending charge. Here too the limestone is converted to CaO. Reduction to the metal is 
completed at somewhat higher temperatures, after which fusion occurs and the iron takes up Si 
and P in addition to C. The deleterious uptake of S is considerably reduced if manganese is present, 
because of the formation of MnS which passes into the slag. For this the slag must be adequately 
fluid and to this end the ratio of base (CaO): acid (SiO, Al,O;) is maintained by the addition, if 
necessary, of gravel (SiO). The slag is subsequently used as a building material (breeze blocks, 
wall insulation) and in the manufacture of some types of cement. 

+ The actual reducing agent is, in the main, CO. Many attempts have been made to effect “direct reduction” of 
the ore using hot CO +H), gas (produced from natural gas or fossil fuels). With a much lower operating 
temperature than that of the blast furnace, reduction is confined to the ore, producing a “sponge” iron and leav- 
ing the gangue relatively unchanged. This offers a potential economy in fuel providing that the quantity and 
composition of the gangue do not adversely affect the subsequent conversion to steel—which is most commonly 
by the electric arc furnace. The direct reduction/electric arc furnace route to steel may well become increasingly 
attractive as an alternative to the usual coke-based, blast furnace/basic oxygen route, especially for small-scale 
production and where coke is not readily available. 

3K. S. Pirt, Direct reduction of iron ore, /ron and Steel Int. 242-51 and 347-53 (1973). 
* Kirk-Othmer Encyclopedia of Chemical Technology, 3rd edn, Vol. 13, pp. 735-763, Interscience, New York, 

1981, and M. Finnisron. The technological future of the steel industry, Chem. Ind. 1976, 501-8. 
°C. B. Atcock, Principles of Pyrometallurgy, pp. 186-9, Academic Press, London, 1976. 
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Fic. A. Blast furnace (diagrammatic). 

Bessemer process. Traditionally, pig-iron was converted to wrought-iron by the “puddling” 
process in which the molten iron was manually mixed with haematite and excess carbon and other 
impurities burnt out. Some wrought-iron was then converted to steel by essentially small-scale 
and expensive methods, such as the Cementation process (prolonged heating of wrought-iron bars 
with charcoal) and the crucible process (fusion of wrought-iron with the correct amount of 
charcoal). By the mid-nineteenth century demand had reached such a level that the puddling 
process had become a serious bottleneck. In 1856, however, H. Bessemer (born in Hertfordshire, 
1813, and son of a French refugee) patented the process which bears his name: in this, molten pig- 
iron is poured into a “converter” and air blown through it until the carbon content has been 
sufficiently lowered. Basic impurities form a slag with the silicaceous lining of the converter and 
the addition of manganese (in the form of spiegeleisen) controls the level of sulfur and occluded 
oxygen. The addition of manganese was suggested by R. Mushet and was absolutely vital to the 
success of Bessemer’s process. Within 10 years the price of British steel plummeted from £70 to £15 
per tonne. Even more spectacularly, Andrew Carnegie adopted the process in the USA using ores 
from the Lake Superior district and started making steel rails in 1872; by 1898 their price had 
fallen from $160 to $17 per tonne.“ The process dominated world steelmaking until about 1910. 
In 1879 the cousins S. G. Thomas and P. C. Gilchrist used limestone or dolomite as the lining of 
the converter (i.e. the “basic” Bessemer process), and this allowed the use of ores with a high 

phosphorus content by combining with the P and other acid impurities to form a basic slag (used 
as a fertilizer). 

_ Open-hearth process. This was invented by the German-born Sir William Siemens and was 
introduced a few years after the Bessemer process. The oxidation is effected on a shallow hearth 
which can also be adapted for differing types of pig-iron feed by using acid or basic linings. It 

© BERTRAND RUSSELL, Freedom and Organization 1814-1914, pp. 373-5, George Allen & Unwin, London, 
1945. 
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requires external heating and, though not immediately so popular, eventually supplanted the 
Bessemer process, largely because of the greater ease with which the composition of the steel can be 

controlled and the greater fuel economy. This, in turn has been supplanted by the BOP. 
Basic oxygen process (BOP). This process, of which there are several modifications, originated in 

Austria in 1952, and because of its greater speed has since become by far the most common means 
of producing steel. A jet of pure oxygen is blown through a retractable steel “lance” into, or over the 
surface of, the molten pig-iron which is contained in a basic-lined furnace. Impurities form a slag 
which is usually removed by tilting the converter. 

Electron arc process. Patented by Siemens in 1878, this uses an electric current through the 
metal (direct-arc), or an arc just above the metal (indirect-arc), as a means of heating. It is widely 

used in the manufacture of alloy- and other high-quality steels. 
World production of iron ore in 1980 was 904 million tonnes (Mt) (the USSR 27%, Brazil 13%, 

Australia 11%, China and the USA ~8% each). In the same year world production of raw steel 
was 706 Mt and pig-iron 507 Mt. Distribution between the major iron and steel producing 
countries (expressed in %) was as follows: 

USSR Japan USA FRG China Others 

Raw steel (706 Mt) 21.0 15.8 i4.4 6.2 5.3 373 
Pig-iron (507 Mt) 218 17.3 11.3 6.7 TS 36.1 

brittle. To eradicate this disadvantage the non-metallic impurities must be removed. This 

can be done by oxidizing them with haematite in the now obsolete “puddling process”, 

producing the much purer “wrought-iron”, which is tough and malleable and ideal for 

mechanical working. Nowadays, however, the bulk of pig-iron is converted into steel 

containing 43-14% C but very little S or P. The oxidation in this case is most commonly 

effected in one of a number of related processes by pure oxygen (basic oxygen process, or 

BOP), but open-hearth and electric arc furnaces are also used, while the Bessemer 
Converter (see Panel) was of great historical importance. This “mild steel” is cheaper than 

wrought-iron and stronger and more workable than cast-iron; it also has the advantage 

over both that it can be hardened by heating to redness and then cooling rapidly 

(quenching) in water or mineral oil, and “tempered” by re-heating to 200-300°C and 

cooling more slowly. The hardness, resilience, and ductility can be controlled by varying 

the temperature and the rate of cooling as well as the precise composition of the steel (see 

below). Alloy steels, with their enormous variety of physical properties, are prepared by 
the addition of the appropriate alloying metal or metals. 

Ruthenium and osmium are produced from “platinum concentrates” which are 

commonly obtained as anode slimes in the electrolytic refinement of nickel. Treatment 

with aqua regia removes Pt, Pd, and Au (which is also present), and Ag is removed as its 

soluble nitrate by heating with lead carbonate and treating with nitric acid. The insoluble 

residue is then worked for Ru, Os, Rh, and Ir by methods such as the one outlined in 

Fig. 25.1. The metals are obtained in the form of powder or sponge and are usually 

consolidated by powder-metallurgical techniques. The main use for ruthenium is for 
hardening platinum and palladium; osmium is also used in the production of very hard 

alloys for such things as instrument pivots. Like all the platinum metals Ru and Os have 

considerable catalytic powers and where these are specific, as in the case of certain 

hydrogenations, they may be preferred. However, industrial applications are compara- 
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Fic. 25.1 Flow diagram for the extraction of ruthenium and osmium. 

tively few, being limited by scarcity and consequent high cost (annual world production is 
only of the order of tonnes).t 

25.2.3 Properties of the aa 

Table 25.1 summarizes some of the important pk BettIss of Fe, Ru, and Os. The two 

heavier elements in particular have several naturally occurring isotopes, and difficulties in 
obtaining calibrated measurements of their relative abundances limit the precision with 
which their atomic weights can be determined. 

t Weights of Ru and Os, as of most precious metals, are generally quoted in troy ounces: 1 troy ounce = 1.097 
avoirdupois ounce = 31.103 g. 

CTE-00* 
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TABLE 25.1 Some properties of the elements iron, ruthenium, and osmium 

Property Re Ru Os 

Atomic number 26 44 76 

Number of naturally occurring isotopes 4 7 7 

Atomic weight? 55.847 101.07” 190.2 
Electronic configuration [Ar]3d°4s? [Kr]4d75s! [Xe]4f!*5d°6s7 
Electronegativity 1.8 2.2 De, 
Metal radius (12-coordinate)/pm 126 134 135 

Effective ionic radius/pm VIII — 36) 390) 
(4-coordinate if marked’, VII == 380) 525 
otherwise 6-coordinate) VI 25%) = 54.5 

Vv — 56.5 SES 
IV 58.5 62 63 
Ill 55 (Is), 64.5 (hs) 68 a 
II 61 (Is), 78 (hs) — - 

MP/°C 15935) 2282(+ 20) 3045(+ 30) 
BP/°C 2750 extrap 4050(+100) extrap 5025(+ 100) 

AH,,,/kJ mol! 13.8 ~25.5 Silay. 
AH,,,/kJ mol”! 340(+ 13) — 738 
AH , (monatomic gas)/kJ mol * 398(+17) 640 791(+13) 
Density (20°C)/g cm 3 7.874 12.41 DDS 
Electrical resistivity (20°C)/uohm cm ONT 6.71 8.12 

® Reliable to +3 in the last quoted digit when followed by an (a); otherwise, reliable to + 1 in the last quoted 

digit. °°’ Refers to coordination number 4. 

All three elements are lustrous and silvery in colour. Iron when pure is fairly soft and 

readily worked, but ruthenium and osmium are less tractable in this respect. The 

structures of the solids are typically metallic, being hcp for the two heavier elements and 

bcc for iron at room temperature («-iron). However, the behaviour of iron is complicated 

by the existence of a fec form (y-iron) at higher temperatures (above 910°), reverting to bcc 

again (d-iron) at about 1390°, some 145° below its mp. Technologically, the carbon 

content is crucial, as can be seen from the Fe/C phase diagram (Fig. 25.2), which also 

throws light on the hardening and tempering processes already referred to. The lowering 

of the mp from 1535° to 1015°C when the C content reaches 4.3 %, facilitates the fusion of 

iron in the blast furnace, and the lower solubility of Fe,C (“cementite”) in «-iron as com- 

pared to 6- and y-iron leads to the possibility of producing metastable forms by varying 

the rate of cooling of hot steels. At elevated temperatures a solid solution of Fe;C in y-iron, 

known as “austenite”, prevails. If 0.8% C is present, slow cooling below 723°C causes Fe,C 
to separate forming alternate layers with the «-iron. Because of its appearance when 

polished, this is known as “pearlite” and is rather soft and malleable. If, however, the 

cooling is rapid (quenching) the separation is suppressed and the extremely hard and 

brittle “martensite” is produced. Reheating to an intermediate temperature tempers the 
steel by modifying the proportions of hard and malleable forms. If the C content of the steel 

is below 0.8% then slow cooling gives a mixture of pearlite and a-iron and, if higher than 
0.8% a mixture of pearlite and Fe3C. Varying the proportion of carbon in the steel thereby 

further extends the range of physical properties which can be attained by appropriate heat 
treatment. 

The magnetic properties of iron are also dependent on purity and heat treatment. Up to 

768°C (the Curie point) pure iron is ferromagnetic as a result of extensive magnetic 
interactions between unpaired electrons on adjacent atoms, which cause the electron spins 

1 
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Fic. 25.2. The iron-carbon phase diagram for low concentrations of carbon. 

to be aligned in the same direction, so producing exceedingly high magnetic susceptibilities 

and the characteristic ferromagnetic properties of “saturation” and “hysteresis”. The 

existence of unpaired electrons on the individual atoms, as opposed to being delocalized in 

bands permeating the lattice, can be rationalized at least partly by supposing that in the 

bcc lattice the metal d,, and d,,_,2 orbitals, which are not directed towards nearest 

neighbours, are therefore nonbonding and so can retain 2 unpaired electrons on the 

atom. On the other hand, electrons in the remaining three d orbitals participate in the 
formation ofa conduction band of predominantly paired electrons. At temperatures above 

the Curie temperature, thermal energy overcomes the interaction between the electrons 

localized on individual atoms; their mutual alignment is broken, and normal paramagne- 

tic behaviour ensues. This is sometimes referred to as f-iron (768-910°) though the crystal 

structure remains bcc as in ferromagnetic «-iron. For the construction of permanent 
magnets, cobalt steels are particularly useful, whereas for the “soft” irons used in electric 

motors and transformer cores (where the magnetization undergoes rapid reversal) silicon 

steels are preferred. 

The mps and bps and enthalpies of atomization indicate that the (n-1)d electrons are 

contributing to metal bonding less than in earlier groups although, possibly due to an 

enhanced tendency for metals with a d° configuration to resist delocalization of their d 

electrons, Mn and to a lesser extent Tc occupy “anomalous” positions so that for Fe and 

*Ru the values of these quantities are actually higher than for the elements immediately 

preceding them. In the third transition series Re appears to be “well-behaved” and the 

changes from W->Re-—Os, are consequently smooth. 
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25.2.4 Chemical reactivity and trends 

As expected, contrasts between the first element and the two heavier congeners are 

noticeable, both in the reactivity of the elements and in their chemistry. Iron is much the 

most reactive metal of the triad, dissolving readily in dilute acids to give Fe" salts; however, 

it is rendered passive by oxidizing acids such as concentrated nitric and chromic, due to the 

formation of an impervious oxide film which protects it from further reaction but which is 

immediately removed by acids such as hydrochloric. Ruthenium and osmium, on the other 

hand, are virtually unaffected by non-oxidizing acids, or even aqua regia. Iron also reacts 

fairly easily with most non-metals whereas ruthenium and osmium do so only with 

difficulty at high temperatures, except in the case of oxidizing agents such as F, and Cl). 

Indeed, it is with oxidizing agents generally that Ru and Os metals are most reactive. Thus 

Os is converted to OsO, by conc nitric acid and both metals can be dissolved in molten 

alkali in the presence of air or, better still, in oxidizing flux such as Na,O, or KCIO; to 

give the ruthenates and osmates [RuO,]?_ and [OsO,(OH),]?~ respectively. If the 
aqueous extracts from these fusions are treated with Cl, and heated, the tetroxides distil 

off, providing convenient preparative starting materials as well as the means of recovering 

the elements. 

Ruthenium and Os are stable to atmospheric attack though if Os is very finely Aeided it 

gives off the characteristic smell of OsO,. By contrast, iron is subject to corrosion in the 

form of rusting which, because of its great economic importance, has received much 

attention (see Panel). 

In moving across the transition series, iron is the first element which fails to attain its 

group oxidation state (+ 8). The highest oxidation state known (so far) is + 6 in[ FeO, ]?~ 

and even this is extremely easily reduced. On the other hand, ruthenium and osmium do 

attain the group oxidation state of +8, though they are the last elements to do so in the 

sting of Iron’? 

~The economic importance of n scarcely be overestimated. In Britain alone it was 
nee that the cost of corrosion in 1971 was £1367 million, or 34°% of the gross national _ 
product. This was 3 times the level in the USA or Sweden and 7 times that in the Netherlands. 

Rusting of iron consists of the formation of hydrated oxide, Fe(OH), or FeO(OH), and is 
evidently. an electrochemical process. vhich requires the presence of water, oxygen, and an _ 
electrolyte—in_ the absence of any one of these rusting does not occur to any significant extent.In _ 
air, a relative humidity of over 50° provides the necessary amount of water. The mechanism is _ 

. compley and will depend i in de 1 on the prevailing conditions, but may be summarized a 

: - the cathodic reduction: 30, +6H,0+12 2e° => 120n) 

and ie anos oxidations: oo. ‘4aFe are + 8e- 

 . . and “Fe? * —_>are}? +4e- 

ie eae . te + 0; + 6H,0 ——> 4Fe** + 12(OH)” 
————— 

_ AFe(OH); « or 4FeO(OH)+4H,0 

- The, presence of the eectrolvte 1S ae to spouee a pathway for the current and, in urpana areas, oe 
: this i is s rommonly iro jasa are of eae 12 atmospheric SO, Dut in seaside - 

7U.R. Evans, An Introduction to Metallic Corrosion, Arnold, London. 3rd edn., 1981, 320 pp. 
° D. M. Yorke, More corrosion on the curriculum, Sch. Sci. Rev. 58, 235- 50 (1976): see also Report of the 

Hoare Committee on Corrosion and Protection, Department of Trade and Industry, London, HMSO, 1971. 
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cee nature, rusting may 
costae for ee perio ods at a more or less. constant te, in contrast to the formation of an _ 

own rapidly as the coating thickens. 
The anodic 0 ( urface pits and crevices which allow the _ 

formation of adherent rust over the remaining surface area. Eventually the lateral extension of the 
anodic area undermines the rust to produce loose flakes. Moreover, once an adherent film of rust 
__ has formed, simply painting over gives but poor protection. This is due to the presence of 
electrolytes such as iron(II) sulfate in the film so that painting merely seals in the ingredients for 

nodic oxidation. It then only requires the exposure of some other portion o the surface, where 
cathodic reduction can take place, for rusting beneath the paint to occur. 

with paint; coating with another metal such as zinc (galvanizing) or tin; treating with “inhibitors” 

__ coherent protective film of Fe,O3. Another method uses sacrificial anodes, most usually Mg or Zn 

The protection of iron and steel against rusting takes many forms, induding: simple covering : 

uch as chromate(VI) or (in the presence of air) phosphate or hydroxide, all of which produce a 

which, being higher than Fe in the electrochemical series, are attacked preferentially. In fea, the : 
Zn ne on atone iron is actually a sacrificial eee 

second and third transition series, and this is consequently the highest oxidation state for 

any element (see also Xe", p. 1048). Ruthenium(VIII) is significantly less stable than Os¥"™! 
and it is clear that the second- and third-row elements, though similar, are by no means as 

alike as for earlier element-pairs in the transition series. The same gradation within the 

triad is well illustrated by the reactions of the metals with oxygen. All react on heating, but 

their products are, respectively, Fe,O, and Fe,O,, Ru'YO, and OsY"O,,. In general terms 
it can be said that the most common oxidation states for the three elements are + 2 and 

+3 for Fe, +3 for Ru, and +4 for Os. And, while Fe (and to a lesser extent Ru) has an 

TABLE 25.2. Standard reduction potentials for iron, ruthenium, and osmium in acidic 
aqueous solution 

Volt- 

Half reaction E°/V equivalent 

Fe?++2e =Fe —0.447 —0.894 

Fe** +3e =Fe —0.037 = Oui 

(FeO,)?" +8H* +3e =Fe** +4H,O 2.20 6.49 

Ru?*+2e° =Ru 0.455 0.910 

Ru?* +e° =Ru?2* 0.249 1.159 

RuO,+4H* + 2e° =Ru?* + 2H,O 1.120 3.150 

(RuO,)? +8H* +4e =Ru?* +4H,O 1.563 7.162 

(RuO,)” +8H* +5e~> =Ru?* +4H,O 1.368 7.750 
RuO,+4H* +4e° =RuO,+2H,O 1.387 8.698 

OsO,+4H* +4e° =Os+2H,O0 0.687 2.748 

(OsO,)?~” +8H* +6e =Os+4H,0 0.994 5.964 

OsO,+8H* +8e =Os+4H,O 0.85 6.80 

) See also Table A (p. 1270) and Table 25.8. 

extensive aqueous cationic chemistry in its lower oxidation states, Os has none. Table 25.2 
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Fic. 25.3 Plot of volt-equivalent against oxidation state for Fe, Ru, and Os in acidic aqueous 
solution. 

and Fig. 25.3 summarize the relative stabilities of the various oxidation states in acidic 

aqueous solution. 

A selection of representative examples of compounds of the three elements is given in 

Table 25.3. As in the preceding group there is a remarkably wide range of oxidation states, 

particularly for Ru and Os, and, although it is now evident that as the size of the atoms 

decreases across each period the tendency to form compounds with high coordination 

numbers is diminishing, Os has a greater tendency than Ru to adopt a coordination 

number of 6 in the higher oxidation states. Thus OsO, expands its coordination sphere far 

more readily than RuO, to form complexes such as [OsO,(OH),]?~, and Os has no 4- 

coordinate analogues of [RuO,]~ or [RuO,]?-. 

Iron is notable for the range of electronic spin states to which it gives rise. The values of S 

which are found include every integral and half-integral value from 0 to 3 i.e. every value 

possible for a d-block element (Table 25.4). 

25.3 Compounds of Iron, Ruthenium, and Osmium’: !° 

The borides (p. 162), carbides (pp. 318, 1248), and nitrides (p. 479) have been dis- 

cussed previously. 

° D. NICHOLLS, Iron, Chap. 40 in Comprehensive Inorganic Chemistry, Vol.3, pp. 979-1051, Pergamon Press, 

Oxford, 1973. S. E. LivinGstone, The second- and third-row elements of Group VIIIA, B, and C, Chap. 43, 
ibid., pp. 1163-1370. 

© W. P. GrirFITH, The Chemistry of the Rarer Platinum Metals (Os, Ru, Ir and Rh), Interscience, London, 
1967, 491 pp. 
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TABLE 25.3 Oxidation states and stereochemistries of some compounds of iron, ruthenium, and 

Oxida- Coordina- 

tion tion 

state number 

—2 (d'9) 4 
= (de) 5 
0 (d°) 5 

6 
7 

1 (d’) 6 
9 

2 (d°) 4 

5 

6 
a 

8 
10 

3 (d>) 3 
4 

5 

6 

i 

8 
4 (d*) 6 

5 (d3) 6 

6 (d?) 4 
5 

6 

7 (d') 4 
6 
ch 

8 (d°) 4 
6 

Stereochemistry 

Tetrahedral 

Trigonal bipyramidal 
Trigonal bipyramidal 
Octahedral (D, 
Face-capped octahedral 

Octahedral 

) 

(See Fig. 25.15(a)) 

Tetrahedral 
Square planar 
Trigonal bipyramidal 
Square pyramidal 
Octahedral 

(p. 197) 

(See Fig. 25.15c) 
Sandwich 

Planar 

Tetrahedral 

Square pyramidal 
Octahedral 

Pentagonal bipyramidal 
Dodecahedral 

Octahedral 

Tetrahedral 

Octahedral 

Tetrahedral 

Square pyramidal 
Octahedral 

Tetrahedral 

Octahedral 

Pentagonal bipyramidal 
Tetrahedral 

Octahedral 

osmium 

[Fe(CO),1?= 
[Fe,(CO),}? < 

[Fe(CO).] 
[Fe(bipy)3] 
[Fe,(CO),] 
[Fe(NO)(H,O).]?* 

[{Fe(n°-CsHs)(CO)(u-CO)}] 
[EeCl]2> 
BaFeSi,0;, 

[FeBr{N(C,H,NMe,)3!]~ 

[Fe(OAsMePh,)(C1O,)]* 

[Fe(H,O),]? ‘. 

[Fe(n*-B,Hs)(CO),] 
[Fe(n'-C5H;)(7°-C,;H;)(CO),] 

[Fe(n°-C,H;)2] 

[Fe{N(SiMe;),}5] 
[Fe@hy 

[Fe(acac),Cl] 

[Fe(CN),]? 2 
[Fe(EDTA)(H,O)]~ 

[Fe(NO,),]— 
[Fe(diars),Cl,]?* 
[FeO,]?— 

[FeO,]?~ 

Ru, Os 

[M(CO),]*~ 

[M(CO)s}(?) 

[Os(NH3),]* 

[RuH{N(SiMe,),}(PPh3),] 

[RuCl,(PPh;)5] 
[M(CN),]*~ 

[M(n°-C;H;)] 

[MCI,]°~ 

[MCl,]?~ 

(MCl,]° 
[RuO,]? 
[OsNCl,]~ 

[OsO,(OH),]?~ 
[RuO,]~ 
[OsOF.] 

OsF, 

MO, 

[OsO,F,]? 

Spin quantum 
number (S) 

4 (1 unpaired e7 ) 

1(2 unpaired e- ) 

3 (3 unpaired e- ) 

2 (4 unpaired e- ) 

3 (5 unpaired ec ) 

'! P. GANGULI, V. R. MARATHI, and S. Mirra, Paramagnetic anisotropy and electronic structure of S=3 
halobis(diethyldithiocarbamate)iron(III). I. Spin Hamiltonian formalism and ground-state zero-field splitting 
of ferric ion, Jnorg. Chem. 14, 970-3 (1975). 

TABLE 25.4. Electronic spin-states of iron 

Ion 

0 (diamagnetic) Low-spin Fe" 

Low-spin Fe 

Low-spin Fe! 

I 

Low-spin Fe!Y 

Tetrahedral Fe¥! 

Distorted square 
pyramidal Fe 

High-spin Fe 

High-spin Fe 

II 

Electronic 
configuration Typical compounds 

S, K,[Fe(CN),].3H,O 
HbO, (oxygenated haemoglobin) 

tb, K,[Fe(CN),], HbCN 

las [Fe(diars)(CO),1] 

134 [Fe(diars),Cl,] (ClO), 

e? Ba[FeO,] 

COI es beats Lr x? —y: [Fe(S,CNR,),C@” 

MR [Fe(H,O),]?*, deoxyhaemoglobin 9 
Ses 

12, eg [Fe(acac),;], iron-transport proteins 

3 
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25.3.1 Oxides and other chalcogenides"'*) 
The principal oxides of the elements of this group are given in Table 25.5. 

TABLE 25.5 The oxides of iron, ruthenium, and osmium 

Oxidation state +8 +4 +3 2 

Fe He, Oe. © hic@: 
Ru RuO, RuO, 
Os OsO, OsO, 

Three oxides of iron may be distinguished, but are all subject to nonstoichiometry.”” 
The lowest is FeO which is obtained by heating iron in a low partial pressure of O, or asa 

fine, black pyrophoric powder by heating iron(II) oxalate in vacuo. Below about 575°C it is 

unstable towards disproportionation into Fe and Fe,O, but can be obtained as a meta- 

stable phase if cooled rapidly. It has a rock-salt structure but is always deficient in iron, 

with a homogeneity range of Fey ,4O to Fey 95O. Treatment of any aqueous solution of Fe" 

with alkali produces a flocculent precipitate. If air is rigorously excluded this is the vir- 

tually white Fe(OH), which is almost entirely basic in character, dissolving readily in 
non-oxidizing acids to give Fe" salts but showing only slight reactivity towards alkali. It 

gradually decomposes, however, to Fe,;O, with evolution of hydrogen and in the presence 

of oxygen darkens rapidly and eventually forms the reddish-brown hydrated iron(III) 

oxide. Fe;O, is a mixed Fe"/Fe" oxide which can be obtained by partial oxidation of FeO 
or, more conveniently, by heating Fe,0, above about 1400°C. It has the inverse spinel 

structure. Spinels are of the form M"M3'O, and in the normal spinel (p. 279) the oxide 
ions form a cep lattice with M" ions occupying tetrahedral sites and M"' ions octahedral 
sites. In the inverse structure half the M™ ions occupy tetrahedral sites, with the M" and 
the other half of the M'™ occupying octahedral sites.t Fe;O, occurs naturally as the 
mineral magnetite or lodestone. It is a black, strongly ferromagnetic substance (or, more 

strictly, “ferrimagnetic”—see p. 1256), insoluble in water and acids. Its electrical properties 

are not simple, but its rather high conductivity may be ascribed to electron transfer 

between Fe" and Fel". 
Fe,O, is known ina variety of modifications of which the more important are the a- and 

y-forms. When aqueous solutions of iron(III) are treated with alkali, a gelatinous reddish- 

brown precipitate of hydrated oxide is produced (this is amorphous to X-rays and is not 
simple Fe(OH), but probably FeO(OH)); when heated to 200°C, this gives the red- 
brown a-Fe,O3. Like V,O; and Cr,O, this has the corundum structure (p. 274) in which 
the oxide ions are hcp and the metal ions occupy octahedral sites. It occurs naturally as the 

+ Although FeO, is an inverse spinel it will be recalled that Mn,O, (p. 1219) is normal. This contrast can be 
explained on the basis of crystal field stabilization. Manganese" and Fe" are both d° ions and, when high-spin, 
have zero CFSE whether octahedral or tetrahedral. On the other hand, Mn" is a d* and Fe" a d® ion, both of 
which have greater CFSEs in the-octahedral rather than the tetrahedral case. The preference of Mn'"" for the 
octahedral sites therefore favours the spinel structure, whereas the preference of Fe" for these octahedral sites 
favours the inverse structure. 

la C, N. R. Rao and G. V. S. Rao, Transition Metal Oxides, National Standard Reference Data System 
NSRDS-NBS49, Washington, 1964, 130 pp. 

'* N. N. GreeNwoop, Chap. 6, in onic Crystals, Lattice Defects and Nonstoichiometry, pp. 111-47, 
Butterworths, London, 1968. 
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mineral haematite and, besides its overriding importance as a source of the metal (p. 1244), 

it is used (a) as a pigment, (b) in the preparation of rare earth/iron garnets and other 
ferrites (p. 1256), and (c) as a polishing agent—jewellers’ rouge. The second variety 

y-Fe,O, is metastable and is obtained by careful oxidation of Fe;Ox,, like which it is cubic 

and ferrimagnetic. If heated in vacuo it reverts to Fe,O, but heating in air converts it to 

a-Fe,O 3. It is the most widely used magnetic material in the production of magnetic 

recording tapes.'!3) 
The interconvertibility of FeO, Fe,0,, and y-Fe,O, arises because of their structural 

similarity. Unlike «-Fe,03, which is based on a hep lattice of oxygen atoms, these three 

compounds are all based on ccp lattices of oxygen atoms. In FeO, Fe" ions occupy the 

octahedral sites and nonstoichiometry arises by oxidation, when some Fe" ions are 

replaced by two-thirds their number of Fe" ions. Continued oxidation produces Fe,O, in 
which the Fe" ions are in octahedral sites, but the Fe" ions are distributed between both 

octahedral and tetrahedral sites. Eventually, oxidation leads to y-Fe,O; in which all the 

cations are Fe" which are randomly distributed between octahedral and tetrahedral sites. 
The oxygen lattice remains intact throughout but contracts somewhat as the number of 

iron atoms which it accommodates diminishes. 

Ruthenium and osmium have no oxides comparable to those of iron and, indeed, the 

lowest oxidation state in which they form oxides is + 4. RuO, is a blue to black solid, 

obtained by direct action of the elements at 1000°C, and has the rutile (p. 1118) structure. 

The intense colour has been suggested as arising from the presence of small amounts of Ru 

in another oxidation state, possibly +3. OsO, is a yellowish-brown solid, usually 

prepared by heating the metal at 650°C in NO. It, too, has the rutile structure. 

The most interesting oxides of Ru and Os, however, are the volatile, yellow tetroxides, 

RuO, (mp 25°C, bp 40°C) and OsO, (mp 40°C, bp 130°C). The latter is perhaps the best- 

known compound of osmium. It is a tetrahedral molecule and is produced by aerial 

oxidation of the heated metal or by oxidizing other compounds of osmium with nitric acid. 

It dissolves in aqueous alkali to give [OsY"'O,(OH),]?~_ and oxidizes conc (but not dil) 
hydrochloric acid to Cl,, being itself reduced to H,OsCl,. It is used in organic chemistry to 

oxidize C=C bonds to cis-diols and is also employed as a biological stain. Unfortunately, 

it is extremely toxic and its volatility renders it particularly dangerous. RuO, is presumed, 

by analogy, to be tetrahedral also. It is appreciably less stable and will oxidize dil as well as 

conc HCl, while in aqueous alkali it is reduced to [Ru%'O,]?~. If heated above 100°C it 
decomposes explosively to RuO, and is liable to do the same at room temperature if 
brought into contact with oxidizable organic solvents such as ethanol. Its preparation 

obviously requires stronger oxidizing agents than that of OsO,; nitric acid alone will not 

suffice and instead the action of KMnO,, KIO,, or Cl, on acidified solutions of a 

convenient Ru compound is used. 

The sulfides are fewer in number than the oxides and favour lower metal oxidation 

states. Iron forms 3 sulfides (p. 804). FeS is a grey, nonstoichiometric material, obtained by 

direct action of the elements or by treating aqueous Fe" with alkali metal sulfide. It has a 

NiAs structure (p. 803) in which each metal atom is octahedrally surrounded by anions 

but is also quite close to 2 other metal atoms. It oxidizes readily in air and dissolves in 

aqueous acids with evolution of H,S. FeS, can be prepared by heating Fe,O; in H,S but is 

most commonly encountered as the yellow mineral pyrites. This does not contain Fe'Y but 

"3 J. CRANGLE, The Magnetic Properties of Solids, Arnold, London, 1977, 194 pp. 
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is composed of Fe! and S,?~ ions in a distorted rock-salt arrangement, its diamagnetism 

indicating low-spin Fe" (d°). It is very unreactive unless heated, when it gives Fe.03 +SO, 

in air, or FeS +S in a vacuum. Fe,S, is the unstable black precipitate resulting when 

aqueous Fe'" is treated with S?~, and is rapidly oxidized in moist air to Fe,O3 and S. 

Ruthenium and osmium form only disulfides. These have the pyrite structure and are 

diamagnetic semiconductors; this implies that they contain M". RuSe,, RuTe,, OsSe,, 
and OsTe, are very similar. All 6 dichalcogenides are obtained directly from the elements. 

25.3.2 Mixed metal oxides and oxoanions *” 

The “ferrites” and “garnets” of iron are mixed metal oxides of considerable tech- 

nological importance. They are obtained by heating Fe,O, with the carbonate of the 

appropriate metal. The ferrites have the general form M"Fe'O,. Some adopt the normal 
spinel structure and others the inverse spinel structure (p. 280) as just described for Fe;04 

(which can itself be regarded as the ferrite Fe"Fe}'O,). In inverse spinels the unpaired 
electrons of all the cations in octahedral sites (M" and half the M'') are magnetically 
coupled parallel to give a ferromagnetic sublattice, while the unpaired electrons of all the 

cations in tetrahedral sites (the remaining M™) are similarly but independently coupled 
parallel to give a second ferromagnetic sublattice. The spins of one sublattice, however, are 

antiparallel to those of the other. If the cations in the octahedral sites have the same total 

number of unpaired electrons as those in the tetrahedral sites, then the effects of 2 

ferromagnetic sublattices are mutually compensating and “antiferromagnetism” results; 

but where the sublattices are not balanced then a type of ferromagnetism known as 

ferrimagnetism results,"’*) the explanation of which was first given by L. Néel in 1948 
(Nobel Prize for Physics, 1970). Important applications of inverse spinel ferrites are as 

cores in high-frequency transformers (where they have the advantage over metals of being 

free from eddy-current losses), and in computer memory systems. 

So-called “hexagonal ferrites” such as BaFe,,O,., are ferrimagnetic and are used to 

construct permanent magnets. A third type of ferrimagnetic mixed oxides are the garnets, 

M34'Fe;O, >, of which the best known is yttrium iron garnet (YIG) used as a microwave 
filter in radar. 

Mixed oxides of Fe!” such as M,FeO, and M}FeO, can be prepared by heating FeO 
with the appropriate oxide or hydroxide in oxygen. These do not contain discrete 

[FeO,]*~ anions and, as was seen above, mixed oxides of Fe" are generally based on 
close-packed oxide lattices with no iron-containing anions. However, oxoanions of iron 
are known and are based on the FeO, tetrahedron. Thus for iron(III), Na,FeO,, 
K,[Fe,0,] (2 edge-sharing tetrahedral), and more recently Na,4[Fe,O,,.] (rings of 6 
corner-sharing tetrahedra), have been prepared."'*) But the best-known oxoanion of iron 
is the ferrate(VI) prepared by oxidizing a suspension of hydrous Fe,O, in conc alkali with 
‘chlorine, or by the anodic oxidation of iron in conc alkali. The tetrahedral [FeO,]?~ ion is 
red-purple and is an extremely strong oxidizing agent. It oxidizes NH to N, even at room 
temperature and, although 1t can be kept for a period of hours in alkaline solution, in acid 

'*8 A. F. WELLS, Structural Inorganic Chemistry, 4th edn., Chap. 13, Complex oxides, pp. 476-515, Oxford 
University Press, Oxford, 1975. 

'*G. BRACHTEL and R. Hoppe, The first oxoferrate(III) having a ring structure: Na,,[Fe,O,,], Angew. 
Chem., Int. Edn. (Engl.) 16, 43 (1977). 
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or neutral solutions it rapidly oxidizes the water, so liberating oxygen: 

2[FeO,]*~ +5H,0——> 2Fe?* + 10(0H) +30, 

The distinction between the first member of the group and the two heavier members, 

which was seen to be so sharp in the early groups of transition metals, is much less obvious 

here. The only unsubstituted, discrete oxoanions of the heavier pair of metals are the 

tetrahedral [RuY"O,]~ and [RuY'O,]?~. This behaviour is akin to that of iron or, even 
more, to that of manganese, whereas in the osmium analogues the metal always increases 

its coordination number by the attachment of extra OH — ions. If RuO, is dissolved in cold 

dilute KOH, or aqueous K,RuO,, is oxidized by chlorine, virtually black crystals of 

K[Ru‘"O,] (“perruthenate”) are deposited. These are unstable unless dried and are 
reduced by water, especially if alkaline, to the orange [Ru‘'O,]? (“ruthenate”) by a 
mechanism which is thought to involve octahedral intermediates of the type 

[RuO,(OH),]* and [RuO,(OH),]?~. K,[RuO,] is obtained by fusing Ru metal with 
KOH and KNO,,. 

By contrast, dissolution of OsO, in cold aqueous KOH produces deep-red crystals of 

K,[Os¥'"O,(OH),] (“perosmate”), which is easily reduced to the purple “osmate”, 
K,[Os“'O,(OH),]. The anions in both cases are octahedral with, respectively, trans OH 
and trans O groups. 

By heating the metal with appropriate oxides or carbonates of alkali or alkaline earth 

metals, a number of mixed oxides of Ru and Os have been made. They include 

Na,Os¥"O,, Li,Os¥'O,, and the “ruthenites”, M"Ru'YO,, in all of which the metal is 

situated in octahedral sites of an oxide lattice. RuY (octahedral) has now also been 

established by ??Ru Méssbauer spectroscopy as a common stable oxidation state in 

mixed oxides such as Na,Ru’O,, Na,Ru}O,, and the ordered perovskite-type phases 
Mera Ru O2.0* 

25.3.3 Halides and oxohalides°*°? 

The known halides of this group are listed in Table 25.6. As in the preceding group the 

highest halide is a heptafluoride, but OsF, (unlike ReF-) is thermally unstable. It was for 

many years thought that OsF, existed but the yellow crystalline material to which the 

formula had been ascribed turned out to be OsF,, the least unstable of the platinum metal 

hexafluorides. (In view of the propensity of higher fluorides to attack the vessels containing 

them, to disproportionate, and to hydrolyse," °” it is not surprising that early reports on 

them sometimes proved to be erroneous.) The highest chloride is OsCl,"'® and, rather 

'4aT C. Grips, R. GREATREX, and N. N. GREENwoop, A novel case of magnetic relaxation in the ?’Ru 
Mossbauer spectrum of Na,RuO,, J. Solid State Chem. 31, 153-69 (1980). 1. FERNANDEZ, R. GREATREX, and N. 

N. GREENWOOD, ’’Ru Mossbauer spectra of quaternary ruthenium(V) oxides with hexagonal barium titanate 
structure, J Solid State Chem. 34, 121—8 (1980). R. GREATREX, N. N. GREENWoop, M. LAL, and I. FERNANDEZ, A 

study of ruthenium(V) perovskites M,LnRuO,, etc., J. Solid State Chem. 30, 137-48 (1979). I. FERNANDEZ, R. 
GREATREX, and N. N. GREENWOOD, A study of the new cubic, ordered perovskites BaLaMRuO,, etc., J. Solid 

State Chem. 32, 97-104 (1980). 
'S R. CoLTON and J. H. CANTERFORD, Halides of the First Row Transition Metals, Chap. 6, pp. 271-326, 

Wiley, London, 1969, and Halides of the Second and Third Row Transition Metals, Chap. 8, pp. 322-46, Wiley. 
London, 1968. 

'5a J. H. CANTERFORD and T. A. O'DONNELL, Manipulations of volatile fluorides and other corrosive 
compounds, Technique Inorg. Chem. 7, 273-306 (1968). 

"6 R. C. Burns and T. A. O’DoNNELL, Preparation and characterization of osmium pentachloride, a new 

binary chloride of osmium, /norg. Chem. 18, 3081-3 (1979). 
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TABLE 25.6 Halides of iron, ruthenium, and osmium (mp/°?C) 

Oxidation 
state Fluorides Chlorides Bromides Iodides 

+7 OsF, 
yellow 

+6 RuF, 
dark brown (54°) 

OsF, 
yellow (33°) 

+5 RuF, 
dark green (86.5°) 

OsF ; OsCl, 
blue (70°) black (d> 160°) 

+4 RuF, 
yellow 

OsF, OsCl, OsBr, 
yellow_(230°) red (also black form) black (d 350°) 

+3 FeF, FeCl, FeBr, 
pale green (> 1000°) brown-black (306°) red-brown (d > 200°) 

RuF, RuCl, RuBr, Rul, 
dark brown (d >650°) black (a) dark brown (d > 400°) black 

dark brown (f) 

OsCl, OsBr, OsI, 
dark grey (d 450°) dark grey (d 340°) black 

+2 FeF, FeCl, FeBr, Fel, 
white (> 1000°) pale yellow (674°) yellow-green (d 684°) grey 

RuCl, RuBr, Rul, 
brown black blue 

OsI, 
black 

weil OsI 
metallic 

grey 

unexpectedly perhaps, neither ruthenium nor iron form a chloride in an oxidation state 

higher than +3. Iron in fact does not form even a fluoride in an oxidation state higher 
than this and its halides are confined to the +3 and +2 states. 

OsF,, has been obtained as a yellow solid by direct action of the elements at 600°C and a 

pressure of 400 atm, but under less drastic conditions OsF, is produced, as is RuF ,. This 

latter pair are low-melting, yellow and brown solids, respectively, hydrolysing violently 

with water and with a strong tendency to disproportionate into F, and lower halides. The 

pentafluorides are both polymeric, easily hydrolysed solids obtained by specific oxidations 

or reduction of other fluorides, and their structures involve [MF], units in which 4 
corner-sharing MF, octahedra form a ring (Fig. 25.4). 

The tetrafluorides are yellow solids, probably polymeric, and are obtained by reducing 

RuF, with I,, and OsF, with W(CO),. The tetrachloride and tetrabromide of osmium 

require pressure as well as heat in their preparations from the elements and are black solids 
of uncertain structure. 

In the +3 and +2 oxidation states those halides of osmium which have been reported 
are poorly characterized, grey or black solids. Apart from RuCl, the same could 

reasonably be said of ruthenium. RuCl, however, is well known and, as the anhydrous 

compound, exists in two forms: heating Ru metal at 330°C in CO and Cl, produces the 
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Fic. 25.4 Tetrameric pentafluorides of Ru and Os, [M,F,,]. Their structures are similar to, but 

more distorted than, those of the pentafluorides of Nb and Ta (see Fig. 22.3). 

dark-brown -form which if heated above 450°C in Cl, is converted to the black a-form 

which is isomorphous with CrCl, (p. 1189). Evaporation of a solution of RuO, in 

hydrochloric acid in a stream of HCI gas, produces red RuCl,.3H,O; aqueous solutions 

contain both [Ru(H,O),]** and chloro-substituted species and are easily hydrolysed and 

oxidized to Ru'’. Where impurities due to such reactions are suspected, conversion back to 

Ru" chloride can be effected by repeated evaporations to dryness with conc HCl. This 

gives a uniform though rather poorly characterized product that is widely used as the 

starting material in ruthenium chemistry. 

The halides of iron are comparatively straightforward. All the anhydrous +3 and +2 

halides of iron are readily obtained, except for iron(III) iodide, (since the oxidizing 

properties of Fe" and the reducing properties of I~ are incompatible: even in aqueous 
solution, Fe!!+ I~ +Fe"+4I,). The other anhydrous FeX, can be prepared by heating 
the elements (though in the case of FeBr, the temperature must not rise above 200°C 

otherwise FeBr, is formed). The fluoride, chloride, and bromide are respectively white, 

dark brown, and reddish-brown. The crystalline solids all contain Fe" ions octahedrally 
surrounded by halide ions and decompose to FeX,+4X, if heated strongly under 

vacuum. FeCl, sublimes above 300°C and vapour pressure measurements show the 

vapour to contain dimeric Fe,Cl,, like Al,Cl, consisting of 2 edge-sharing tetrahedra. The 

trifluoride is sparingly soluble, and the chloride and bromide very soluble in water and 

they crystallize as pale-pink FeF,.4.5H,O, yellow-brown FeCl,.6H,O, and dark-green 

FeBr;.6H,O. The chloride is probably the most widely used etching material, being 

particularly important for etching copper in the production of electrical printed circuits. It 

is also used in water treatment as a coagulant (by producing a “ferric hydroxide” floc 

which removes organic matter and suspended solids) in cases where the SO,?~ of the 

more widely used iron(III) sulphate is undesirable. 



1260 Tron, Ruthenium, and Osmium Ch225 

Of the anhydrous dihalides of iron the iodide is easily prepared from the elements but 

the others are best obtained by passing HX over heated iron. The white (or pale-green) 

difluoride has the rutile structure the pale-yellow dichloride the CdCl, structure (based on 

cep anions, p. 1407) and the yellow-green dibromide and grey diiodide the CdI, structure 

(based on hep anions, p. 1407), in all of which the metal occupies octahedral sites. All these 

iron dihalides dissolve in water and form crystalline hydrates which may alternatively be 

obtained by dissolving metallic iron in the aqueous acid. 

A few oxohalides, mainly oxo fluorides of osmium, have been obtained by the action of 

various halogenating agents on the metal but do not appear to be well characterized. 

25.3.4 Complexes 

Oxidation state VIII (d°) 

Iron forms barely any complexes in oxidation states above + 3, and in the +8, +7, and 

+6 states those of ruthenium are less numerous than those of osmium. Ru‘" complexes 
are confined to a few unstable (sometimes explosive) amine adducts of RuO,. The 

“perosmates” (p. 1257) are, of course, adducts of OsO,, but the most stable Os’™ complexes 
are the “osmiamates”, [OsO,N]_. Pale-yellow crystals of K[OsO;N] are obtained when 

solutions of OsO, in aqueous KOH (i.e. the perosmate) are treated with ammonia: the 

compound has been known since 1847 and A. Werner formulated it correctly in 1901. The 

anion is isoelectronic with OsO, and has a distorted tetrahedral structure (C;,,), while its 

infrared spectrum shows vg, .=1023 cm~‘, consistent with an Os=N triple bond. 

Hydrochloric and hydrobromic acids reduce K[OsO,N] to red, K,[Os¥'NX.]. 

Oxidation state VII (d') 

Compounds of Ru*" and Os*" are largely confined to the fluorides and oxo compounds 
already referred to. 

Oxidation state VI (d?) 

The most important members of this class are the osmium nitrido, and the “osmyl” 

complexes. The reddish-purple K ,[OsNCI,] mentioned above is the result of reducing the 

osmiamate. The anion has a distorted octahedral structure with a formal triple bond 

Os=N (161 pm) and a pronounced “trans-influence” (p. 1353), i.e. the Os—Cl distance trans 

to Os-N is much longer than the Os—Cl distances cis to Os-N (261 and 236 pm 

respectively). The anion [OsNCI,]?~ also shows a “trans-effect” in that the Cl opposite 
the N is more labile than the others, leading, for instance, to the formation of 
[Os*'NCl,]", which has a square-pyramidal structure with the N occupying the apical 
position. 

The osmyl complexes, of which the osmate ion [Os¥'O,(OH),]?~ may be regarded as 
the precursor, are a series of diamagnetic complexes containing the linear O=Os=O 
group together with 4 other, more remote, donor atoms which occupy the equatorial 
plane. That the Os—O bonds are double (i.e. 1 ¢ and 1 z) is evident from the bond lengths of 
175 pm—very close to those of 172 pm in OsO,. The diamagnetism can then be explained 
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using the MO approach outlined in Chapter 19, but modified to allow for the tetragonal 

compression along the axis of the osmyl group (taken to define the z-axis). On this model, 

the effect of 6 o interactions produces the molecular orbitals shown in Fig. 19.22. The 

tetragonal compression then splits the essentially metallic t,, and e,* sets, as shown to the 

left of Fig. 25.5b. Two 3-centre 2 bonds are then formed, one by overlap of the metal d,, 

orbital with the p, orbitals of the 2 oxygen atoms (Fig. 25.5a), the second similarly by d,, 

and p, overlap. Each 3-centre interaction produces | bonding, | virtually nonbonding, and 

1 antibonding MO, as shown. The metal d,,, orbital remains unchanged and, in effect, the 2 

d electrons of the Os are obliged to pair-up in it since other empty orbitals are inaccessible 
to them. 

* 
eg a 
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Fic. 25.5 Proposed x bonding in osmyl complexes: (a) 3-centre x bond formed by overlap of 

ligand p, and metal d_, orbitals (a similar bond is produced by p, and d,. overlap), and (b) MO 
diagram (see text). 

The {Os¥'O,}?* group has a formal similarity to the more familiar uranyl ion [UO,]** 
and is present in a variety of octahedral complexes in which the 4 equatorial sites are 

occupied by ligands such as OH’, halides, CN~, (C,0,)*-, NO, , NH3;, and 

phthalocyanine. These are obtained from OsO, or potassium osmate. 

Corresponding “ruthenyl” complexes are known but are much less prevalent. An 

example is the deep reddish-purple, diamagnetic compound Cs,[RuCl,O, ], prepared by 

adding CsCl to a solution of RuO, in conc HCl. 

Oxidation state V (d?) 

The only established examples of coordination complexes with the metals in this 

oxidation state are[ MF] and it is clearly not a very stable state for this group of metals 
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in solution. It is, however, well-characterized and stable in numerous solid-state oxide 

systems (p. 1257). 

Oxidation state IV (d*) 

Under normal circumstances this is the most stable oxidation state for osmium and the 

[OsX,]?~ complexes (X =F, Cl, Br I) are particularly well known. [RuX,]?~ (X=F, Cl, 

Br) are also familiar but can more readily be reduced to Ru". All these [MX,]*~ ions are 
octahedral and low-spin, with 2 unpaired electrons. Their magnetic properties are 

interesting and highlight the limitations of using “spin-only” values of magnetic moments 

in assessing the number of unpaired electrons (see Panel). 

The action of hydrochloric acid on RuQO, in the presence of KCI produces a deep-red 

crystalline material, of stoichiometry K,[RuCl;(OH)], but its diamagnetism precludes 

this simple formulation. The compound is in fact K,[Cl;Ru-O-RuCl, | and is of interest 

as providing an early application of MO theory toa linear M—O-M system (not unlike the 

later treatment of the osmyl group). If the Ru-O-Ru axis is taken as the z-axis and each 

Ru!’ is regarded as being octahedrally coordinated, then the low-spin configuration of 
each Ru!’ ion is d?,d1.d.. The diamagnetism is accounted for on the basis of two 3-centre 
x bonds, one arising from overlap of the oxygen p, orbital and the two d,. orbitals of the 

Ru ions, and the other similarly from p, and d,. overlap (Fig. 25.6). 

Magnetic Properties of Low-spin, Octahedral, d* Ions” 

That halide hgands should cause spin-pairing may in itself seem surprising, but this is not all. 
The regular, octahedral complexes of Os'Y have magnetic moments at room temperature in the 
region of 1.48 BM and these decrease rapidly as the temperature is reduced. Even the moments of 
similar complexes of Ru'* (which at around 2.9 BM are close to the “spin-only” value expected for 
2 unpaired electrons) fall sharply with temperature. In the first place, low-spin configurations are 
much more common for the second- and third-row than for first-row transition elements and this 
is due to (a) the higher nuclear charges of the heavier elements which exert stronger attractions on 
the ligands so that a given set of ligands produces a greater splitting of the metal d orbitals, and (b) 
the larger sizes of 4d and 5d orbitals compared to 3d orbitals, with the result that interelectronic 

repulsions, which tend to oppose spin-pairing, are lower in the former cases. These factors explain 
why the halide complexes of Os'Y and Ru'Y are low-spin but what of the temperature dependence _ 
and their magnetic behaviour? This arises from the effect of “spin-orbit coupling”, briefly alluded _ 
to in Chapter 19 (p. 1098), and can be summarized in a plot of p, versus kT/|A| (Fig. A). 2 is the — 
spin-orbit coupling constant for a particular ion and is indicative of the strength of the coupling : 
between the angular momentum vectors associated with S and L, and also of the magnitude of the. 
splitting of the ground term of the ion (77, in the case of low-spin d*). When |A| is of comparable _ 
magnitude to kT, x, ~3.6 BM, which is the spin-only moment (2.83 BM) plus the orbital _ 
contribution which is expected (p. 1098) for a low-spin d* ion. Thus, Cr" (4= —115cm~')and Mn!" _ 
(4= —178 cm “*) at room temperature (kT ~ 200 cm !), lie on the flat portion of the curve and _ 
so have magnetic moments of about 3.6 BM which only begin to fall at appreciably lower 
temperatures. On the other hand, Ru'Y (A= —700 cm~') and Os'Y (4 ~ —2000 em™!) have — 
moments which at room temperature are already on the steep portion of the curve and so are 

'” A. EARNSHAW, Introduction to Magnetochemistry, pp. 60-72 Academic Press, London, 1968. B. N. FIGGIs, 
The magnetic properties of complex ions, Chap. 10 in Introduction to Ligand Fields, pp. 248-92, Interscience, 
New York, 1966. 
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Magnetic moment (u, BM) 

0 0.5 BO 15 2.0 

KT/IAI 

Fic. A. The variation with temperature and spin-orbit coupling constant, of the magnetic 
moments of octahedral, low-spin, d* ions. (The values of , at 300 K are marked for individual 

ions.) 

extremely dependent on temperature. In each case, as the temperature—0, so also p,-0, 
corresponding to a coupling of L and S vectors in opposition and their associated magnetic 
moments therefore cancelling each other. 

All d” configurations with T ground terms give rise to magnetic moments which are lower for - 
second- and third-row than for first-row transition elements and are temperature dependent, but 
in no case so dramatically as for low-spin d*. 

Ruthenium(IV) produces few other complexes of interest but osmium(IV) yields several 

sulfito complexes (e.g. [Os(SO;),]® and substituted derivatives) as well as a number of 

complexes, such as [Os(bipy)Cl,] and [Os(diars),X,]?* (X =Cl, Br, I), with mixed halide 

and Group V donor atoms. The iron analogues of the latter complexes (with X = Cl, Br), 

are obtained by oxidation of [Fe(diars),X,]* with conc HNO, and provide rare 

examples of complexes containing iron in an oxidation state higher than + 3. The halide 

ions are trans to each other and a reduction in the magnetic moment at 293 K from a value 

of ~3.6 BM (which might have been expected, since A= — 260 cm“ * for Fe'’—see Panel) 

to 2.98 BM is explained by a large tetragonal distortion. 

Oxidation state III (d>) 

Ruthenium(III) and osmium(III) complexes are all octahedral and low-spin with 1 

unpaired electron. Iron(III) complexes, on the other hand, may be high or low spin, and 

even though an octahedral stereochemistry is the most common, a number of other 
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d,., and Cy MOs Oxygen p, and 

orbitals of 2 Py orbitals 

Ru atoms 
(b) 

Fic. 25.6 2 bonding in [Ru,OCI,,]* : (a) 3-centre z bond formed by overlap of an oxygen p, 
and ruthenium d,. orbitals (another similar bond is produced by p, and d,. overlap), and (b) MO 

diagram. 

geometries are also found. In other respects, however there is a gradation down the triad, 

with Ru™ occupying an intermediate position between Fel and Os". For iron the 
oxidation state +3 is one of its two most common and for it there is an extensive, simple, 

cationic chemistry (though the aquo ion, [Fe(H,O),]°*, is too readily hydrolysed to be 

really common). For ruthenium it is the best-known oxidation state and, although the 

[Ru(H,O),]°* ion has not been isolated in solids, there is evidence that it can exist in 

solution. For osmium, however, Os" is a distinctly less-common oxidation state, being 

readily oxidized to Os!” or even, in the presence of m-acceptor ligands such as CN , 

reduced to Os". There is no evidence of a simple aquo ion of osmium in this, or, indeed, in 

any other oxidation state. 

Except with anions such as iodide which have reducing tendencies, iron(III) forms salts 

with all the common anions, and these may be crystallized in pale-pink or pale-violet 
hydrated forms. These presumably contain the [Fe(H,O),]** cation, and the iron alums 

certainly do. These alums have the composition Fe,(SO,),M4SO,.24H,O and can be 

formulated [M'(H,O),][Fe™(H,O),;][SO.,],. Like the analogous chrome alums they find 
use as mordants in dying processes. The sulfate is the cheapest salt of Fe™ and forms no less 

than 6 different hydrates (12, 10, 9, 7, 6, and 3 mols of H,O of which 9H,O is the most 

common); it is widely used as a coagulent in the treatment not only of potable water but 

also of sewage and industrial effluents. 

In the crystallization of these hydrated salts from aqueous solutions it is essential that a 

low pH (high level of acidity) is maintained, otherwise hydrolysis occurs and yellow 

impurities contaminate the products. Similarly, if the salts are redissolved in water, the 

solutions turn yellow/brown. The hydrolytic processes are complicated, and, in the 

presence of anions with appreciable coordinating tendencies, are further confused by 

displacement of water from the coordination sphere of the iron. However, in aqueous 
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solutions of salts such as the perchlorate the following equilibria are important: 

ee cm O) (OH) Hs, K-10. 2° 
[reir OVO) =| ke( 1,0) (OH) +H: kK=10.°2° 

and also 2[Fe(H,O),]>* [Fe(H,0),(OH)],** +2H*t+2H,O; K=10 2°! 

OH 
(The dimer in the third equation is actually’) [(H,0).FeC »Fe(H,0),]** and 

OH 

weakly coupled electron spins on the 2 metal ions reduce the magnetic moment per iron 

below the spin-only value for 5 unpaired electrons.) 

It is evident therefore that Fe'" salts dissolved in water produce highly acidic solutions 
and the simple, pale-violet, hexaquo ion only predominates if further acid is added to give 

pH ~0. At somewhat higher values of pH the solution becomes yellow due to the 

appearance of the above hydrolysed species and if the pH is raised above 2-3, further 

condensation occurs, colloidal gels begin to form, and eventually a reddish-brown 

precipitate of hydrous iron(III) oxide is formed (see p. 1254). 

The colours of these solutions are of interest. Iron(III) like manganese(IIJ), has a d° 

configuration and its absorption spectrum might therefore be expected to consist similarly 

(p. 1232) of weak spin-forbidden bands. However, a crucial difference between the ions is 

that Fe" carries an additional positive charge, and its correspondingly greater ability to 

polarize coordinated ligands produces intense, charge-transfer absorptions at much lower 

energies than those of Mn" compounds. As a result, only the hexaquo ion has the pale 

colouring associated with spin-forbidden bands in the visible region of the spectrum, while 

the various hydrolysed species have charge transfer bands, the edges of which tail from the 

ultraviolet into the visible region producing the yellow colour and obscuring weak d-d 

bands. Even the hexaquo ion’s spectrum is dominated in the near ultraviolet by charge 

transfer, and a full analysis of the d-d spectrum of this and of other Fe" complexes is 
consequently not possible. 

Iron(III) forms a variety of cationic, neutral, and anionic complexes, but an interesting 

feature of its coordination chemistry is a marked preference (not shown by Cr"! with which 
in many other respects it is similar) for O-donor as opposed to N-donor ligands. Ammines 

of Fe" are unstable and dissociate in water ; chelating ligands such as bipy and phen which 
induce spin-pairing produce more stable complexes, but even these are less stable than 

their Fe" analogues. Thus, whereas deep-red aqueous solutions of [Fe(phen),]?* are 

indefinitely stable, the deep-blue solutions of [Fe(phen),]** slowly turn khaki-coloured 

as polymeric hydroxo species form. By contrast, the intense colours produced when 

phenols or enols are treated with Fe', and which are used as characteristic tests for these 

organic materials, are due to the formation of Fe-O complexes. Again, the addition of 

phosphoric acid to yellow, aqueous solutions of FeCl, for instance, decolourizes them 

because of the formation of phosphato complexes such as [Fe(PO,),]® and 

[Fe(HPO,);]*~. The deep-red [Fe(acac),] and the green [Fe(C,O,),]°> are other 

examples of complexes with oxygen-bonded ligands although the latter, whilst very stable 

towards dissociation, is photosensitive due to oxidation of the oxalate ion by Fe" and so 
decomposes to Fe(C,O,) and CQ). 

18 T J. Morrison, A. H. Reis, G. S. KNaApp, F. Y. FRADIN, H. CHEN, and E. Kiippert, Extended X-ray 
absorption fine structure studies of the hydrolytic polymerization of iron(II1). 1. Structural characterization of 
the j-dihydroxo-octaaquodiiron(IIl) dimer, J. Am. Chem. Soc. 100, 3262-4 (1978). 
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Complexes with mixed O- and N-donor ligands such as EDTA and Schiff bases are well 
known and [Fe(EDTA)(H,O)] and [FesalenCl) are examples of 7-coordinate (penta- 

gonal bipyramidal) and 5-coordinate (square-pyramidal) stereochemistries respectively. 

As in the case of Cr", oxo- bridged species with magnetic moments reduced below the 
spin-only value (5.9 BM in the case of high-spin Fe") are known.) [Fe salen],O, for 
instance, has a moment of 1.9 BM at 298 K which falls to 0.6 BM at 80K and the 

interaction between the electron spins on the 2 metal ions is transmitted across 

an Fe-O-Fe bridge, bent at an angle of 140°. Trinuclear, basic carboxylates, 
[Fe,;0(0,CR),L3]*, are, however, entirely analogous to their Cr counterparts (p. 1200). 

Halide complexes decrease markedly in stability from F~ to Br (there are no I~ 

complexes). Fluoro complexes are quite stable and in aqueous solutions the predominant 

species is [FeF;(H,O)]?~ while isolation of the solid and fusion with KHF, yields 

[FeF,]*> . Chloro complexes are appreciably less stable, and tetrahedral rather than 

octahedral coordination is favoured. [FeCl,]~ can be isolated in yellow salts with large 

cations such as [RN,]* from ethanolic solutions or conc HCl. [FeBr,]~ is also known 

but is thermally unstable due to internal oxidation-reduction producing Fe" and Br). 
The blood-red colour produced by mixing aqueous solutions of Fe" and SCN~ (and 

which provides a well-known test for Fe™) is largely due to [Fe(SCN)(H,O),]?* but, in 
addition to this, the simple salt Fe(SCN), and salts of complexes such as [Fe(SCN), ]~ 

and [Fe(SCN),]°~ can also be isolated. 
The high-spin d° configuration of Fel", like that of Mn", confers no advantage by virtue 

of CFSE on any particular stereochemistry. Some examples of its consequent ability to 

adopt stereochemistries other than octahedral have just been mentioned and further 

examples are given in Table 25.3. These cover the range of coordination numbers from 3 

to 8. 

Further similarity with Mn" may be seen in the fact that the vast majority of the 
compounds of Fe" are high-spin. Only ligands such as bipy and phen (already mentioned) 
and CN , which are high in the spectrochemical series, can induce spin-pairing. The low- 

spin [Fe(CN),]*~ , which is best known as its red, crystalline potassium salt, is usually 

prepared by oxidation of [Fe(CN),]*~ with, for instance, Cl,. It should be noted that in 
[Fe(CN),]*~ the CN~ ligands are sufficiently labile to render it poisonous, in apparent 

contrast to [Fe(CN),]~, which is kinetically more inert. Dilute acids produce 

[Fe(CN);(H,O)]?~, and other pentacyano complexes are known. 

Fe" complexes in general have magnetic moments at room temperature which are close 
to 5.92 BM if they are high-spin and somewhat in excess of 2 BM (due to orbital contri- 

bution) if they are low-spin. A number of complexes, however, were prepared in 1931 by 

L. Cambi and found to have moments intermediate between these extremes. They are 

the iron(III)-N,N-dialkyldithiocarbamates, [Fe(S,CNR,),], in which the ligands are 

OR ve 
N—Ci © 

Ve \ 
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so that the Fe" is surrounded octahedrally by 6 sulfur atoms. They provide probably the 
best-documented examples of the high-spin/low-spin crossover (i.e. spin equilibria) 
referred to in Chapter 19 (p. 1094). 

'° K. S. Murray, Binuclear oxo-bridged iron(III) complexes, Coord. Chem. Revs. 12, 1-35 (1974). 
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d° Spin Equilibria?” 

It has been suggested that Fe" in the dithiocarbamato complexes might exist in a single 
intermediate spin state but it seems more likely that two distinct species, high-spin and low-spin, 
are present in thermal equilibrium. The simplified Tanabe-Sugano diagram (Fig. A) shows how, as 
the crystal field increases, it is designated as weak or strong (i.e. the configurations as high-spin or 
low-spin) depending on whether the ground term is a °A, (t3,e7) or *T>, (t3,) term. Where the CF is 

7A; °F, 

2 73, 

Dq 

2 Fic. A Simplified Tanabe-Sugano diagram for d° ions. 

close to this critical boundary value both terms are thermally accessible and the observed magnetic 
- moment will depend on the precise distribution between them. As this distribution will be 

temperature-dependent, so too will be the magnetic moment. For most of the dithiocarbamato 
complexes the CF is on the high-field side of the crossover, with the A term a few hundred 
wavenumbers above the T. (Note that at room temperature kT the thermal energy ~ 200 cm '.) 
At very low temperatures therefore the moments are around 2.3 BM as expected for the low-spin 
configuration but, as the temperature rises, so does the population of the A term and with it the 
magnetic moment until 1, is between 4 and 5 BM, consistent with equal populations of the two 
levels. Application of high pressure tends to reduce the moment (ie. favour the low-spin 
configuration) oe since compression will shorten the metal-donor distances and so 
increase the CF 

Expressions for the Me can be derived by assuming a Boltzmann distribution between the two 
levels, weighted according to their respective degeneracies, and allowing for the fact that the 
moment of the low-spin configuration is itself dependent on temperature. Agreement with 
experiment is, however, not exact, but can be improved considerably, principally by allowing for 
the different metal-donor vibrational energies of the two configurations. 

Continued 

20 C_ A. Tsipis, C. C. Hapsikostas, and G. E. MANoussAKIS, Mixed-ligand iron(II) dithiocarbamates. 
Calculation of ligand field parameters in electron spin crossover d° systems by combination of spectral and 
magnetic data, /norg. Chimica Acta 23, 163—71 (1977); 40 references given. 
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These compounds have been studied by a variety of physical techniques besides magnetic, 
notably Mossbauer, ir, and nmr spectroscopy. 

Similar behaviour is found in monothio-f-diketonates,”!) and other d° systems displaying this 
type of spin equilibria include a number of haem-type compounds.”) Spin cross-over transitions 
have also been observed in the d° systems Fe" and Col! {low-spin 'A,,(t5,)—high-spin °T,, 
(r3,¢2)} (p. 1272) and in the d’ Col system {7E,(t§,¢}) —*T14(t3,¢,)}- 

Ruthenium(III) forms extensive series of halide complexes, the aquo-chloro series 

being probably the best characterized of all its complexes. The Ru'/Cl”/H,O sys- 
tem has received extensive study, especially by ion-exchange techniques. The ions 

[RuCl,(H,O),_,]” *~ from n=6 to n=0 have all been identified in solution and a 
number also isolated as solids. K3,[ RuF,] can be obtained from molten RuCl3/KHF,, and 

several bromo complexes have been reported. There are, however, no iodo complexes and, 

whilst some substituted cyano complexes have been prepared, the parent [Ru(CN),]°~ is 

not known. Ru" is much more amenable to coordination with N-donor ligands than is 
Fe", and forms ammines with from 3 to 6 NH; ligands (the extra ligands making up 
octahedral coordination are commonly H,O or halides) as well as complexes with bipy 

and phen. Treatment of “RuCl,” with aqueous ammonia in air slowly yields an extremely 

intense red solution (ruthenium red) from which a diamagnetic solid can be isolated, 

apparently of the form: 

[(NH3);Ru™-O-Ru'*(NH,),-O-Ru"(NH3)5]°* 

Its diamagnetism can be explained on the basis of x overlap, producing polycentre 

molecular orbitals essentially the same as used for [Ru,OCl,,)]* (see Fig. 25.6). It is 

stable in either acid or alkali and its acid solution can be used as an extremely sensitive test 

for oxidizing agents since even such a mild reagent as iron(III) chloride oxidizes the red, 

6+ cation to a yellow, paramagnetic, 7 + cation of the same constitution (a change which is 

detectable in solutions containing less than 1 ppm Ru). 

Trinuclear basic acetates [Ru30(O0,CMe),L3]* have also been prepared apparently 

with the same constitution as the analogous Fe™ and Cr™ compounds (p. 1200). 

Oxidation state II (d°) 

This is the second of the common oxidation states for iron and is familiar for ruthenium, 

particularly with group V-donor ligands (Ru” probably forms more nitrosyl complexes 

than any other metal). Osmium(II) also produces a considerable number of complexes 

which may seem surprising in view of the paucity of Os"! complexes. 
Iron(II) forms salts with nearly all the common anions.} These are usually prepared in 

aqueous solution either from the metal or by reduction of the corresponding Fe™ salt. In 

+ Anexception is NO, which instantly oxidizes Fe" to Fe and liberates NO. Fe(BrO3), and Fe(IO,), also 
are unstable. 

*!'M. Cox, J. DARKEN, B. W. Fitzsimmons, A. W. SmitH, L. F. LARKwortuy, and K. A. Ropcers, Spin 
isomerism in tris(monothio-f-diketonato) iron(II) complexes, JCS Dalton 1972, 1192-5. 

*2 See for instance, W. R. ScHEIpT and D. K. GEIGER, Molecular stereochemistry and crystal structure of a 
“spin-equilibrium” (S=4+, S=3) haemichrome salt: bis-(3-chloropyridine)octaethylporphinatoiron(II1) per- 
chlorate, JCS Chem. Comm. 1979, 1154-5. 
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the absence of other coordinating groups these solutions contain the pale-green 

[Fe(H,O),]?*. ion which is also present in solids such as Fe(ClO,),.6H,O, 

FeSO,.7H,O, and the well-known “Mohr’s salt”, (NH,),SO,FeSO,.6H,O introduced 

into volumetric analysis by K. F. Mohr in the 1850s.+ The hydrolysis (which in the case of 
Fel" produces acidic solutions) is virtually absent, and in aqueous solution the addition of 
CO,’ does not result in the evolution of CO, but simply in the precipitation of white 
FeCO,. The moist precipitate oxidizes rapidly on exposure to air but in the presence of 

excess CO, the slightly soluble Fe(HCO;), is formed. It is the presence of this in natural 

underground water systems, leading to the production of FeCO, on exposure to air, 

followed by oxidation to iron(III) oxide, which leads to the characteristic brown deposits 

found in many streams. 

The possibility of oxidation to Fe"'is a crucial theme in the chemistry of Fe" and most of 
its salts are unstable with respect to aerial oxidation, though double sulfates are much less 

so (e.g. Mohr’s salt above). However, the susceptibility of Fe" to oxidation is dependent on 

the nature of the ligands attached to it and, in aqueous solution, on the pH. Thus the solid 

hydroxide and alkaline solutions are very readily oxidized whereas acid solutions are 

much more stable (see Panel). 

The Fe'"/Fe" Couples 

A selection of the standard reduction potentials for some iron couples is given in Table A, from 
which the importance of the participating ligand can be judged (see also Table 25.8 for biologically 
important iron proteins). Thus Fe", being more highly charged than Fe’' is stabilized (relatively) 
by negatively charged ligands such as the anions of EDTA and derivatives of 8-hydroxyquinoline, 
whereas Fe’ is favoured by neutral ligands which permit some charge delocalization in z-orbitals 
(e.g. bipy and phen). 

The value of E° for the couple involving the simple aquated ions, shows that Fe"(aq) is 
thermodynamically stable with respect to hydrogen; which is to say that Fe'"(aq) is spontaneously 
reduced by hydrogen gas (see p. 498). However, under normal circumstances, it is not hydrogen 
but atmospheric oxygen which is important and, for the process $0,+2H* +2e =H,0O, 
E° =1.229 V,i.e. oxygen gas is sufficiently strong an oxidizing agent to render [Fe(H,O),]?* (and, 
indeed, all other Fe" species in Table A) unstable wrt atmospheric oxidation. In practice the 
oxidation in acidic solutions is slow and, if the pH is increased, the potential for the Fe""/Fe" couple 
remains fairly constant until the solution becomes alkaline and hydrous Fe,O; (considered here 
for convenience to be Fe(OH);) is precipitated. But here the change is dramatic. 

The actual potential E of the couple is given by the Nernst equation, 

I 

pag igh 
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where E = E° when all activities are unity. However, once precipitation occurs, the activities of the 
iron species are far from unity; they are determined by the solubility products of the 2 hydroxides. 
These are: 

[Fe!"][OH~]?~ 10° ‘+ (mol dm~3)? and [Fe"][OH~ ]° ~ 10~ 3° (mol dm~3)* 
Continued 

+ K. F. Mohr (1806-79) was Professor of Pharmacy at the University of Bonn. Among his many inventions 

were the specific gravity balance, the burette, the pinch clamp, the cork borer, and the use of the so-called Liebig 
condenser for refluxing. In addition to his introduction of iron(II) ammonium sulfate as a standard reducing 
agent he devised Mohr’s method for titrating halide solutions with silver ions in the presence of chromate as 
indicator, and was instrumental in establishing titrimeric methods generally for quantitative analysis. 



1270 Iron, Ruthenium, and Osmium Ch. 25 

{Fe} 2 
[Fel] 

- E~0.771 —0.05916 log; o(10?*)=0.771 — 1.301 = —0.530 V 

-. when [OH~]=1 mol dm~3 

Thus by making the solution alkaline the sign of E has been reversed and the susceptibility of Fe" _ 
(aq) to oxidation (i.e. its reducing power) enormously increased. This is why white, precipitated 

Fe(OH), and FeCO; are rapidly darkened by aerial oxidation and why Fe" in alkaline solution 
will reduce nitrates to ammonia and copper(II) salts to metallic copper. 

Taste AE? at 25°C for some Fe'!'/Fe!’ couples in acid solution 

Fell! Fel! : E°/NV 

[Fe(phen),]>* +e =[Fe(phen);]?* 112 
[Fe(bipy),]}°* +e” =[Fe(bipy),]** 0.96 
[Fe(H,O),]°* +e =[Fe(H,0),]?* 0.77 
[Fe(CN),]?- +e" =[Fe(CN),]*~ 0.36 

[Fe(C,0,),]° +e =[Fe(C,0,).]?> +(C,0.4)~ 0.02 
[Fe(EDTA)]~ +e =[Fe(EDTA)]?~ 0.12 

[Fe(quin),]+e° =[Fe(quin),]+quin ® —0.30 

© quin” = 5-methyl-8-hydroxyquinolinate, Me 

~ 

Ls 
N 

o- 

Iron(II) forms complexes with a variety of ligands. As is to be expected, in view of its 

smaller cationic charge, these are usually less stable than those of Fe" but the antipathy to 

N-donor ligands is less marked. Thus [Fe(NH,),]?* is known whereas the Fe analogue 
is not; also there are fewer Fe" complexes with O-donor ligands such as acac and oxalate, 

and they are less stable than those of Fe". High-spin octahedral complexes of Fe" have a 
free-ion °D ground term, split by the crystal field into a ground °T,, and an excited °E, 
term. A magnetic moment of around 5.5 BM (i.e. 4.90 BM + orbital contribution) is 

expected for pure octahedral symmetry but, in practice, distortions produce values in the 

range 5.2—-5.4 BM. Similarly, in the electronic spectrum, the expected single band due to 
the °E, (t3,€;)<°T), (t3,e2) transition is broadened or split. Besides stereochemical 
distortions, spin-orbit coupling and a Jahn-Teller effect in the excited configuration 

(p. 1087) help to broaden the band, the main part of which is usually found between 10 000 

and 11 000 cm '. The d-d spectra of low-spin Fe" (which is isoelectronic with Co") are 
not so well documented, being generally obscured by charge-transfer absorption (p. 1309). 

Most Fe" complexes are octahedral but several other stereochemistries are known 

(Table 25.3). [FeX,]?~ (X=Cl, Br, I, NCS) are tetrahedral. A single absorption around 

4000 cm~! due to the °T,<—°E transition is as expected, but magnetic moments of these 
and other apparently tetrahedral complexes are reported to lie in the range 5.0-5.4 BM, 

and the higher values are difficult to explain. 

Low-spin octahedral complexes are formed by ligands such as bipy, phen, and CN, 
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and their stability is presumably enhanced by the symmetrical ¢§, configuration. 

[Fe(bipy);]?* and [Fe(phen),]?* are stable, intensely red complexes, the latter being 

employed as the redox indicator, “ferroin”, due to the sharp colour change which occurs 

when strong oxidizing agents are added to it: 

[Fe(phen),}? - => Fe(phen),}°* +e~ 
red blue 

Mono- and bis-phenanthroline complexes can be prepared but these are both high-spin, 

and it is noteworthy that addition of phenanthroline to aqueous Fe" leads almost entirely 

to the formation of the tris complex rather than mono or bis, even though the Fe" is 

initially in great excess. The reason lies in the relative CFSEs of the high- and low-spin 

configurations (?A, and 42A, respectively) giving an advantage of 2A, to the latter. 

Although this is partly counterbalanced by the extra energy required to pair electrons in 

the t,, set, there is nevertheless a considerable gain in forming the tris complex. Pale- 

yellow K,[Fe(CN),].3H,O can be crystallized from aqueous solutions of iron(II) sulfate 
and an excess of KCN: this is clearly more convenient than the traditional method of 

fusing nitrogeneous. animal residues (hides, horn, etc.) with iron and K,CO;. The 

hexacyanoferrate(II) anion (ferrocyanide) is kinetically inert and is said to be non-toxic, 

but HCN is liberated by the addition of dilute acids. 

Addition of K,[Fe'(CN),] to aqueous Fe'"' produces the intensely blue precipitate, 
Prussian blue. The X-ray powder pattern and Mossbauer spectrum of this are the same as 

those of Turnbull’s blue which is produced by the converse addition of K ,[Fe"(CN),] to 
aqueous Fe". By varying the conditions and proportions of the reactants, a whole range of 

these blue materials can be produced of varying composition with some, which are actually 

colloidal, described as soluble Prussian blue. They have found application as pigments in 
the manufacture of inks and paints since their discovery in 1704 and, in 1840, their 

formation on sensitized paper was utilized in the production of blueprints. It appears that 

all these materials have the same basic structure. This consists of a cubic lattice of low-spin 

Fe" and high-spin Fe" ions with cyanide ions lying linearly along the cube edges, and 
water molecules situated inside the cubes. The intense colour is due to charge-transfer 

from Fe" to Fe". Unfortunately, detailed characterizations have been bedevilled by 
difficulties in obtaining satisfactory single crystals and reproducible compositions. In a 

recent study'?®) good quality single crystals were produced and formulated as 

Fe,[Fe(CN),¢]3.xH,O (x = 14-16). This is compatible with the basic lattice arrangement if 

some of the Fe and CN“ sites are occupied by water. However these crystals were grown 

by the slow diffusion of H,O vapour into a solution of Fe" and [Fe(CN),]*~ in conc HCl. 
Less delicate methods lead to the absorption of alkali metal ions (particularly K *) and to 

formulations such as M'Fe"Fe"(CN),:xH,O. The same structure motif is found in 
Fe!"'Fel(CN), and in the virtually white, readily oxidizable K,Fe"Fe"(CN),, the former 
having no counter cations while the K * ions of the latter fill all the lattice cubes. Having all 

their iron atoms in a uniform oxidation state, however, these two compounds lack the 

intense colour of the Prussian blues. 
It is possible to replace 1 CN~ in the hexacyanoferrate(II) ion with H,O, CO, NO, ", and, 

most importantly, with NO*. The “nitroprusside” ion [Fe(CN);NO]?~ can be produced 

by the action of 30% nitric acid on either [Fe(CN),]*~ or [Fe(CN),¢]°~. That it formally 

22a HH, J. Buser, D. SCHWARZENBACH, W. PeTTER, and A. Lup1, The crystal structure of Prussian blue: 

Fe,[Fe(CN),],.xH,O (x= 14-16), Inorg. Chem. 16, 2704-10 (1973). 

CTE-PP 
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contains Fe" and NO* (rather than Fe™ and NO) is evident from its diamagnetism, 

although Mossbauer studies indicate that there is appreciable z delocalization of charge 

from the t,, orbitals of the Fe" to the nitrosyl and cyanide groups. The red colour of 
[Fe(CN);(NOS)]*~, formed by the addition of sulfide ion, is used in a common 

qualitative test for sulfur. 
Another qualitative test involving an iron nitrosyl is the “brown ring” test for NO; , 

using iron(II) sulfate and conc H,SO, in which NO is produced. The brown colour, which 

appears to be due to charge-transfer, evidently arises from a cationic iron nitrosyl com- 

plex which has a magnetic moment ~3.9 BM; it is therefore formulated as 
[Fe(NO)(H,O),]** in which the iron can be considered formally to be in the +1 

oxidation state. 

Roussin’s “red” and “black” salts, formulated respectively as K,[Fe,(NO),S,] and 

K[Fe,(NO),S,], are obtained by the action of NO on Fe" in the presence of S?~ and are 

structurally interesting. In both cases the iron atoms are pseudo-tetrahedrally coordinated 

(Fig. 25.7) and, though the assignment of formal oxidation states has only doubtful 

significance, their diamagnetism and the presence of rather short Fe—Fe distances are 
indicative of some direct metal-metal interaction.?*) 

Fic. 25.7. The structure of Roussin’s salts: (a) the ethyl ester [Fe(NO),SEt], of the red salt 
showing pseudo-tetrahedral coordination of each iron (Fe-Fe = 272 pm), and (b) the anion of the 
black salt Cs[ Fe,(NO)7S3].H,O showing a pyramid of 4 Fe atoms with an S atom above each ofits 
three non-horizontal faces (Fe,,., — Fyace=271 pm, Fepace"**Fepace 357 pm). Note that even the 
short Fe-Fe distances are appreciably greater than the Fe-Fe “single-bond” distance of ~ 250 pm. 

In addition to high-spin octahedral complexes with magnetic moments in excess of 

5 BM, and diamagnetic, low-spin octahedral complexes, Fe" affords further examples of 

high-spin/low-spin transitions within a given compound.’2*) This can be understood in 
terms of the Tanabe-Sugano diagram for d® ions (Fig. 25.8) which shows that a strong 
crystal field changes the ground term from °T) (t3,e7) to 'A, (¢,). It has already been 

> W. P. GrirFiTH, Carbonyls, cyanides, isocyanides, and nitrosyls, Chap. 46 in Comprehensive Inorganic 
Chemistry, Vol. 4, pp. 105-95, Pergamon Press, Oxford, 1973. ; 

°+ H. A. Goopwin, Spin transitions in six coordinate iron(II) complexes, Coord. Chem. Revs. 18, 293-325 
(1976). P. GUTLicH, Spin crossover in iron(II)-complexes, Structure and Bonding 44, 83-195 (1981). 
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Energy 

Bis) 

Fic. 25.8 Simplified Tanabe-Sugano diagram for d®° ions such as Fe". 

noted that a change from high-spin to low-spin accompanies the change, 

[Fe(phen),(H,O),]?*——>[Fe(phen),]”* 

so it is no great surprise that spin transitions have been found in [Fe(phen),X, ] (X =NCS, 

NCSe) complexes and their bipy analogues. These evidently lie just to the high-field side of 

the crossover since at temperatures below —125°C the compounds are almost 

diamagnetic (what paramagnetism there is is probably due to impurity), while at some 

temperature between — 125°C and —75°C depending on the compound, the moment 

quite suddenly rises to over 5 BM. Confirmation of the transition in these and other Fe" 
complexes has been provided by electronic and Mossbauer spectroscopy. 

Apart from compounds such as [RuCl,(PPh;);], which is square pyramidal because 

the sixth coordinating position is stereochemically blocked, Ru" compounds (and also 

Os" compounds) are octahedral and diamagnetic. The [Ru(H,O),]** ion can definitely 
be prepared in aqueous solution by electrolytic reduction of “RuCl,” but is readily 

oxidized to Ru'". The cyano complexes [Ru(CN),]*~ and [Ru(CN);NO]?_, analogous 
to their iron counterparts, are also known but the most notable compounds of Ru" are 

undoubtedly its complexes with Group V donor ligands, such as the ammines and 

nitrosyls. 
[Ru(NH;),]?* and corresponding tris chelates with en, bipy, and phen, etc., are 

obtained from “RuCl,” with Zn powder as a reducing agent. The hexammine is a strongly 

reducing substance and [Ru(bipy);]?*, although thermally very stable, is capable of 

photochemical excitation involving the promotion of an electron from a molecular orbital 

of essentially metal character to one of an essentially ligand character, after which its 

oxidation is possible. A number of similar complexes with substituted bipyridyl ligands 

luminesce in visible light, and considerable effort is being devoted to preparing suitable 
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derivatives which could be used to catalyze the photolytic decomposition of water, with a 

view to the conversion of solar energy into hydrogen fuel :'?°) 

2fRu(L-L),\7° +2 —— 2iRu(L-L),) He 
then 2[Ru(L-L)3]°>* +2OH~ ——> 2[Ru(L-L),]** +H,0+40, 
1.e. H,O ——=>H*+OH ——H,+30, 

The pentammine derivative, [Ru(NH,;);N,]?*, when prepared’® in 1965 by the 
reduction of aqueous RuCl, with N,H,, was the first dinitrogen complex to be produced 

(p. 475). It contains the linear Ru-N-N group (vy_n)=2140 cm~'). The dinuclear 

derivative [(NH,),Ru-N-N-Ru(NH;)5]** with a linear Ru-N-N-Ru_ bridge 

(Vn) =2100cm~ ' compared to 2331 cm7' for N; itself) is also known (see pp. 1207 and 

475 for a fuller discussion of the significance of N, complexes). 

The nitrosyl complex [Ru(NH;);NO]**, which is obtained by the action of HNO, on 
[Ru(NH;),]?*, is isoelectronic with [Ru(NH,);N,]** and is typical of a whole series of 
Ru" nitrosyls."°. 23:2” They are prepared using reagents such as HNO, and NO,” and are 
invariably mononitrosyls, the 1 NO apparently sufficing to satisfy the z-donor potential 

of Ru!. The RuNO group is characterized by a short Ru-N distance in the range 171- 

176 pm, and a stretching mode v,y_o in the range 1930-1845 cm“ ', consistent with the 

formulation Ru"=N=O. The other ligands making up the octahedral coordination 
include halides, O-donor anions, and neutral, mainly Group V donor ligands. 

The stability of ruthenium nitrosyl complexes poses a practical problem in the 

processing of wastes from nuclear power stations. '°°Ru is a major fission product of 
uranium and plutonium and is a B and y emitter with a half-life of 1 year (367d). The 

processing of nuclear wastes depends largely on the solvent extraction of nitric acid media, 

using tri-n-butyl phosphate (TBP) as the solvent (p. 1462). In the main, the uranium and 

plutonium enter the organic phase while fission products such as Cs, Sr, and lanthanides 

remain in the aqueous phase. Unfortunately, by this procedure Ru is less effectively 

removed from the U and-Pu than any other contaminant. The reason for this problem is 

the coordination of TBP to stable ruthenium nitrosyl complexes which are formed under 

these conditions. This confers on the ruthenium an appreciable solubility in the organic 

phase, thereby necessitating several extraction cycles for its removal. 
Osmium(II) forms no hexaquo complex and [Os(NH;),]?*, which may possibly be 

present in potassium/liquid NH, solutions, is also unstable. [Os(NH;);N,]** and 
other dinitrogen complexes are known but only ligands with good z-acceptor properties, 

such as CN’, bipy, phen, phosphines, and arsines, really stabilize Os", and these form 
complexes similar to their Ru" analogues. 

Lower oxidation states 

With rare exceptions, such as [Fe(bipy);]°, oxidation states lower than +2 are 

represented only by carbonyls, phosphines, and their derivatives. These will be considered 

together with other organometallic compounds in Section 25.3.6. 

25D. M. WarTKINs, Solar energy conversion using platinum group metal coordination complexes, Platinum — 
Metals Rev. 22, 118-25 (1978). 

7° A.D. ALLEN and C. SeNoFF, Nitrogenopentammineruthenium (II) complexes, Chem. Comm. 1965, 621-2. 
*7 F. BOTTOMLEY, Nitrosyl complexes of ruthenium, Coord. Chem. Revs. 26, 7-32 (1978). 
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25.3.5 The biochemistry of iron'2®) 

Iron is the most important transition element involved in living systems, being vital to 

both plants and animals. The stunted growth of the former is well known on soils which are 

either themselves deficient in iron, or in which high alkalinity renders the iron too 

insoluble to be accessible to the plants. The problem is overcome by the application of 

simple iron salts or by the addition of a complex such as [Fe(EDTA)]?~ which is 

sufficiently stable to prevent precipitation of the iron. In the case of man, iron was the first 

minor element to be recognized as being essential when, in 1681, the physician T. 

Sydenham used iron “steeped in cold Rhenish wine” to treat anaemia. The adult human 

body contains about 4 g of iron (i.e. ~ 0.005% of body weight), of which about 3 g are in 

the form of haemoglobin, and this level is maintained by absorbing a mere | mg of iron per 

day—a remarkably economical utilization. 

Proteins involving iron have two major functions: 

(a) oxygen transport and storage; 

(b) electron transfer. 

Ancillary to the proteins performing these functions are others which transport and store 

the iron itself. All these proteins are conveniently categorized according to whether or not 

they contain haem, and the more important classes found in nature are listed in Table 25.7. 

TABLE 25.7 Naturally occurring iron proteins 

Donor atoms. 

Stereochemisty Approximate No. of 
Name of Fe Function Source Mol wt Fe atoms 

Haem proteins 

Haemoglobin 5x WN Square O, transport Animals 64 500 4 
pyramidal 

Myoglobin 5 x N Square O, storage Animals 17 000 1 
pyramidal 

Cytochromes 5xN+S Electron Bacteria, plants, 12 400 4 
Octahedral transfer animals 

NHIP (non-haem iron proteins) 

Transferrin Scavenging Fe Animals 80 000 2 
Ferritin Storage of Fe Animals 460 000 20% Fe 
Ferredoxins 4xS Distorted Electron Bacteria, plants 6000-12 000 2-8 

tetrahedral transfer 
Rubridoxins 4x S Distorted Bacteria 6000 1 

tetrahedral 

“MoFe Nitrogen 220 000-230 000 24-36 
protein” fixation In nitrogenase 4 

“Fe protein” 4xS Distorted (see p. 1205) 50 000-70 000 
tetrahedral 

?8 Tron in Model and Natural Compounds, Vol. 7 of Metal Ions in Biological Systems (H. SIGEL, ed.), Marcel 
Dekker, New York, 1978, 417 pp. 
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Haemoglobin and myoglobin 

Haemoglobin is the oxygen-carrying protein in red blood-cells (erythrocytes) and is 

responsible for their colour. Its biological function is to carry O, in arterial blood from the 

lungs to the muscles, where the oxygen is transferred to the immobile myoglobin, which 

stores it so that it is available as and when required for the generation of energy by the 

metabolic oxidation of glucose. At this point the haemoglobin picks up CO,, which is a 

product of the oxidation of glucose, and transports it in venous blood back to the lungs. 

In haemoglobin which has no O, attached (and is therefore known as deoxyhaemo- 

globin or reduced haemoglobin), the iron is present as high-spin Fe" and the reversible 

attachment of O, (giving oxyhaemoglobin) changes this to diamagnetic, low-spin Fe" 
without affecting the metal’s oxidation state. This is remarkable, the more so because, if the 

globin is removed by treatment with HCl/acetone, the isolated haem in water entirely loses 

its O,-carrying ability, being instead oxidized by air to haematin in which the iron is high- 

spin Fel": 
EN 

oxyhaemoglobin 

(low-spin Fel!) 

(high-spin Fe!) high-spin Fell!) _ 

globin + haem — __heamatin + globin 
(protein) (high-spin Fell (high-spin (protein) 

The key to the explanation lies in (a) the observation that in general the ionic radius of 
Fe" (and also, for that matter, of Fe!) decreases by roughly 20°/ when the configuration 
changes from high- to low-spin (see Table 25.1), and (b) the structure of haemoglobin. 

As a result of intensive study, enough is now known about the structure of haemoglobin 
to allow the broad principles of its operation to be explained. It is made up of 4 subunits, 
each of which consists of a protein (globin), in the form of a folded helix or spiral, attached 
to 1 iron-containing group (haem). Within the haem group the iron is coordinated to 4 
nitrogen atoms of the rigidly planar molecule known as protoporphyrin IX (PIX) and the 
haem is attached to the globin by coordination of the iron to an imidazole-nitrogen of one 
of the globin’s histidine residues. Figure 25.9a shows the coordination sphere of the iron 
and Fig. 25.9b a diagramatic view of its relationship with the globin chain.2° The polar 

+ Human arterial blood can absorb over 50 times more oxygen than can water, and venous blood can absorb 
20 times more CO, than water can. 

°° M. F. PERUTZ, Stereochemistry of cooperative effects in haemoglobin, Nature 228, 726-39 (1970). 
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Fic. 25.9 Haemoglobin: (a) The haem group, composed of the planar PIX molecule and iron, 
and shown here attached to the globin via an imidazole-nitrogen which completes the square 
pyramidal coordination of the Fe", and (b) one of the 4 subunits of haemoglobin showing, 
diagrammatically, the haem group in a “pocket” formed by the folded protein. The globin chain is 
actually in the form of 8 helical sections, labelled A to H, and the haem is situated between the E 

and F sections. 

groups of the protein are on the outside of the structure leaving a hydrophobic interior. 

The haem group, which is held in a protein “pocket”, is therefore in a hydrophobic 

environment, and the high-spin Fe" within the haem, being too large to fit inside the hole 

provided by the rigid porphyrin ring, is situated about 80 pm above the ring and is 

essentially 5-coordinate. When O, is bonded to the vacant coordination site, opposite the 

imidazole-nitrogen, the Fe" becomes low-spin and the accompanying reduction in size 

allows it to slip down into the plane of the ring. 

Evidently the globin prevents the Fe" Fe" oxidation and, although the precise reasons 
are not yet certain, it appears likely that the hydrophobic environment of the iron, by 

effectively acting as a non-polar solvent of low dielectric constant, inhibits the electron 

transfer entailed in the oxidation. In addition the formation of a dimer involving an 
Fe-O-Fe or Fe-O,-Fe bridge, which is believed to be an intermediate in Fe"—Fe™ 
oxidations, would clearly be sterically hindered. 

Now the 4 subunits of haemoglobin form an approximately tetrahedral arrangement, 

held together by —NHj---OOC— “salt bridges”, and these are disturbed by the 

attachment of O, in such a way that the “pockets” holding the haem groups are opened, 

and the sixth coordination site of their iron atoms exposed. It seems that this is a result of 

the movement of the low-spin Fe" into the porphyrin plane, pulling the attached histidine 

residue with it and triggering off conformational changes throughout the globin chain 

which are then transmitted, because of the salt bridges, to the 3 adjoining subunits. A 

consequence of this is that the attachment of one O, molecule to haemoglobin actually 
increases its affinity for more. Conversely, as O, is removed from oxyhaemoglobin the 

reverse conformational changes occur and successively decrease its affinity for oxygen. 

This is the phenomenon of cooperativity, and its physiological importance lies in the fact 

that it allows the efficient transfer of oxygen from oxyhaemoglobin to myoglobin. This is 

because myoglobin contains only 1 haem group and can be regarded crudely as a single 

haemoglobin subunit. It therefore cannot display a cooperative effect and at lower partial 

pressures of oxygen it has a greater affinity than haemoglobin for oxygen. This can be seen 
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Fic. 25.10 Oxygen dissociation curves for haemoglobin and myoglobin, showing how 
haemoglobin is able to absorb O, efficiently in the lungs yet transfer it to myoglobin in muscle 

tissue. 

in Fig. 25.10 which shows that, while haemoglobin is virtually saturated with O, in the 

lungs, when it experiences the lower partial pressures of oxygen in the muscle tissue its 

affinity for O, has fallen off so much more rapidly than that of myoglobin that oxygen 

transfer ensues. Indeed, the actual situation is even more effective than this, because the 

affinity of haemoglobin for oxygen decreases when the pH is lowered (this is called the 

Bohr effect and arises in a complicated manner from the effect of pH on the salt bridges 

holding the subunits together). Since the CO, released in the muscle lowers the pH, it 

thereby facilitates the transfer of oxygen from the oxyhaemoglobin, and the greater the 

muscular activity the more the release of CO, helps to meet the increased demand for 

oxygen. Excess CO, is then removed from the tissue, predominantly in the form of soluble 

HCO, ions whose formation is facilitated by the protein chain of deoxyhaemoglobin 

which acts as a buffer by picking up the accompanying protons. 

CO, +H,O 5 HCO sg), amy 5 

The mode of bonding of the O, to Fe has understandably received much attention but, 

despite this, it is still not possible to say with absolute certainty whether the bond is end-on 
O O 

linear Fe-O-O, bent FOS. , or side-on Fe | (see p. 719). One approach 
O 

has been to study model compounds (i.e. simpler compounds containing what is hoped are 

the main features of the original) not only of Fe?* but of Co?* as well. The similarity 
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between oxyhaemoglobin and model systems which are known to have the bent structure 

in such characteristics as their Méssbauer quadrupole splitting, provides persuasive 

evidence for the bent structure. Models have been similarly used in attempts to 
understand the role of the protein, globin, in preventing oxidation of haem to haematin, 

while still allowing the reversible uptake of O,. 
The poisoning effect of molecules such as CO and PF; arises simply from their ability to 

bond reversibly to haem in the same manner as O,, but much more strongly, so that 

oxygen transport is prevented. The cyanide ion CN can also displace O, from 

oxyhaemoglobin but its very much greater toxicity at small concentrations stems not from 

this but from its interference with the action of cytochrome a. 

Cytochromes 

The haem unit was evidently a most effective evolutionary development since it is found 

not only in the oxygen-transporting substances but also in electron transporters such as 

the cytochromes which are scattered widely throughout nature. There are numerous 

varieties of cytochromes, many differing only in minor details, but they are characterized 

by iron held in a porphyrin ring with the fifth coordination site occupied by an imidazole 

N from the associated protein, just as in haemoglobin and myoglobin. However, the 

function of cytochromes being to transfer electrons not oxygen, the sixth site is in most 

cases occupied by a strongly bonded S from a methionine group in the protein, so 

rendering them inert not only to oxygen but also the poisons which effect the oxygen 

carriers. Their role is as intermediaries in the metabolic oxidation of glucose by molecular 

oxygen. This apparently is effected in a series of steps, in each of which the oxidation state 

of the iron which is normally in a low-spin configuration oscillates between +2 and +3. 

Since different cytochromes are involved in the order b, c, a, the reduction potential of each 

step is successively increased (Table 25.8), so forming a “redox gradient”. This allows 

energy from the glucose oxidation to be released gradually and to be stored in the form of 

adenosine triphosphate (ATP) (see also p. 611). The details of the sequence are far from 

clear but the link with the final electron acceptor O, is cytochrome oxidase, a complex 

material made up of two a-cytochromes and also containing copper (p. 1392). Its reducing 

ability seems to depend on the interaction of the Fe and Cu and, as the end member of the 

redox gradient, it apparently differs from the other members in bonding O, directly and so 
being extremely susceptible to poisoning by CN. 

TABLE 25.8 Reduction potentials of some iron proteins 

Iron protein Oxidation states of Fe E°/V 

Cytochrome a Fe!ll/Fel! 0.29 
Cytochrome b Fel/Fe" 0.04 
Cytochrome c Fe!"!/Fel! 0.26 
Rubredoxin Fell!/Fel! — 0.06 
2-Fe plant ferredoxins Fe!" /fractional —0.40 
4-Fe bacterial ferredoxins Fractional/fractional —0.37 
8-Fe bacterial ferredoxins Fractional/fractional —0.42 

39 R. D. Jones, D. A. SUMMERVILLE, and F. BASoLo, Synthetic oxygen carriers related to biological species, 

Chem. Revs. 79, 139-79 (1979). 

CTE-PP* 
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Tron-sulfur proteins 

In spite of the obvious importance and diversity of haem proteins, comparable 

functions, especially that of electron transfer, are performed by non-haem iron proteins 

(NHIP). These too are widely distributed, different types being involved in nitrogen 

fixation (p. 1205) and photosynthesis as well as in the metabolic oxidation of sugars prior to 
the involvement of the cytochromes mentioned above. The NHIP responsible for electron 

transfer are the iron-sulfur proteins which are of relatively low molecular weight 

(6000-12 000) and contain 1, 2, 4, or 8 Fe atoms which, in all the structures which have 

been definitely established, are each coordinated to 4 S atoms in an approximately 

tetrahedral manner. Nearly all of them are notable for reduction potentials in the 

unusually low range —0.05 to —0.49 V (Table 25.8), indicating their ability to act as 

reducing agents at the low-potential end of biochemical processes. 

The simplest NHIP is rubredoxin, in which the single iron atom is coordinated (Fig. 

25.11a) to 4S atoms belonging to cysteine residues in the protein chain, and has high- 
spin configurations in both the oxidized (Fe") and reduced (Fe") forms. It differs from the 
other Fe-S proteins in having no labile sulfur (i.e. inorganic sulfur which can be liberated 

Fic. 25.11 Some non-haem iron proteins: (a) rubredoxin in which the single Fe is coordinated, 
almost tetrahedrally, to 4 cysteine-sulfurs, (b) plant ferredoxin, [Fe,S*(S-Cys),], (c) [Fe,S¥(S- 
Cys). ] cube of bacterial ferredoxins. (This is in fact distorted, the Fe, and S* making up the two 

interpenetrating tetrahedra, of which the latter is larger than the former.) 
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as H,S by treatment with mineral acid; such sulfur is conventionally designated S* in 
abbreviated formulae ofthese proteins). 

The “labiie sulfur”-NHIP, or ferredoxins, can be classified as [Fe,S#(S-Cys),], 
[Fe,Si(S-Cys),] and [Fe,S%(S-Cys),], types. The structure of the first of these, the 
plant-type ferredoxins, has not been established with certainty but is believed to consist of 
2 Fe atoms joined by S* bridges and with terminal cysteine groups (Fig. 25.11b), the 2 irons 
in the oxidized form being high-spin Fe(III). The observed very low magnetic moment, 
implying considerable spin-spin interaction via the bridging atoms, and the operation of 

these proteins as 1-electron transfer agents, implying a formal oxidation state of +2.5 for 

the Fe in the reduced form, indicate that the dimer must be considered as a single unit 

rather than as 2 independent atoms. 

The structures of the 4-Fe and 8-Fe proteins, the bacterial ferredoxins, have been more 

definitely established. They contain, respectively, 1 and 2 Fe,S* clusters (Fig. 25.11c), the 

centres of those in the 8-Fe proteins being about 1200 pm apart. In these clusters the 4 x Fe 

and 4 x S* atoms form 2 interpenetrating tetrahedra which together make up a distorted 

cube in which each Fe atom is additionally coordinated to a cysteine sulfur to give it an 

approximately tetrahedral coordination sphere. The cluster, like the 2-Fe dimer, acts as a 

1-electron transfer agent so that the 8-Fe protein can effect a 2-electron transfer. Why 4 Fe 

atoms are required to transfer | electron is not obvious. Synthetic analogues, prepared by 

reacting FeCl,, NaHS, and an appropriate thiol (or still better!) FeCl,, elemental sulfur, 
and the Li salt ofa thiol), have properties similar to those of the natural proteins and have 

been used extensively in attempts to solve this problem.°?) The esr, electronic, and 

Mossbauer spectra, as well as the magnetic properties of the synthetic [Fe,S,(SR)4]°~ 

anions, are similar to those of the reduced ferredoxins, whose redox reaction is therefore 

mirrored by: 

[Fe,S,(SR)4] nea SS. [Fe,S,(SR)I- 
5 = * . . 

reduced ferredoxin oxidized ferredoxin 

This indicates a change in the formal oxidation state of the iron from + 2.25 to +2.5, and 

mixed Fe'l/Fe" species have been postulated. However, it is evident from various 
spectroscopic measurements that, if these do actually occur, they must be exceedingly 

short-lived and, as with the 2-Fe ferredoxins, the clusters are best regarded as 

electronically delocalized systems in which all the Fe atoms are equivalent. 

Other non-haem proteins, distinct from the above iron-sulfur proteins are involved in 

the roles of iron transport and storage, but knowledge about their structures and mode of 

operation is rather sketchy. Iron is absorbed as Fe" in the human duodenum and passes 

into the blood as the Fe™ protein, transferrin. This has a stability constant sufficiently high 
for the uncombined protein to strip Fe'’ from such stable complexes as those with 
phosphate and citrate ions, and so it very efficiently scavenges iron from the blood plasma. 

The iron is then transported to the bone marrow where it is released from the transferrin 

(presumably after the temporary reduction of Fe" to Fe" since the latter’s is a much less- 
stable complex), to be stored as ferritin, prior to its incorporation into haemoglobin. 

Ferritin is a water-soluble material consisting of a layer of protein encapsulating iron(II) 

hydroxyphosphate to give an overall iron content of about 20%. 

3) G. Curistou and C. D. Garner, A convenient synthesis of tetrakis[thiolato-j:,-sulphido-iron] (2-) 
clusters, JCS Dalton 1979, 1093-4. 

32, R. H. Ho tM, Iron-sulphur clusters in natural and synthetic systems, Endeavour 34, 38-43 (1975). 
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25.3.6 Organometallic compounds 

In this triad the simple alkyls and aryls are not known, and M-C o bonds require the 

stabilizing presence of z-bonding ligands such as CO, as in [MR(CO),(C;H;)] (M=Fe, 

Ru) and [MRX(P-P), ] (M = Ru, Os; X = halogen; P-P =chelating phosphine). The areas 

of main interest and importance are the carbonyls and the metallocenes; two fields in 

which iron has historically played a crucial central role. 

Carbonyls*) (see p. 349) 

Having the d°s? configuration, the elements of this triad are able to conform with the 18- 
electron rule by forming mononuclear carbonyls of the type M(CO),. These are volatile 

liquids which can be prepared by the direct action of CO on the powdered metal (Fe and 

Ru), or by the action of CO on the tetroxide (Os), in each case at elevated temperatures and 

pressures. 
Fe(CO), is a highly toxic substance discovered in 1891, the only previously known 

metal carbonyl being Ni(CO),. Whether its structure is trigonal bipyramidal or square 

pyramidal was the subject of prolonged debate, but it is now established to be the former 

(Fig. 25.12a) with Fe-CO,, 180.6, Fe-CO,, 183.3, C-O 114.5 pm. On the basis of their 

similar infrared spectra, the Ru and Os analogues are presumed to have the same structure. 

The '°C nmr spectrum of Fe(CO);, however, indicates that all 5 carbon atoms are 
equivalent and this is explained by the molecules’ fluxional behaviour (p. 1071). 

Exposure of Fe(CO), in organic solvents to ultraviolet light produces volatile orange 

crystals of the enneacarbonyl, Fe,(CO) . Its structure consists of two face-sharing octa- 

hedra (Fig. 25.12b).922) An electron count shows that the dimer has a total of 34 valence 

electrons, 1.e. 17 per iron atom. The observed diamagnetism is therefore explained by the 

presence of an Fe-Fe bond which is consistent with an interatomic separation virtually the 

same as in the metal itself. It is of interest that Ru and Os counterparts of Fe,(CO), have 

only recently been prepared and (the former especially) are only stable at reduced 

temperatures. The structure of Os,(CO), is suggested to involve an Os—Os bond, but with 

only 1 CO bridge. The carbonyls, which are produced along with the pentacarbonyls of 

Ru and Os and were initially thought to be enneacarbonyls, are in fact trimers, M3(CO), >, 

which also differ structurally from Fe3(CO),, (Fig. 25.12c and d).This dark-green solid, 

which is best obtained by oxidation of [FeH(CO),]~ (see below), has a triangular 

structure in which 2 of the iron atoms are bridged by a pair of carbonyl groups, and can be 

regarded as being derived from Fe,(CO), by replacing a bridging CO with Fe(CO),. The 

Ru and Os compounds (orange and yellow respectively), on the other hand, have a more 

symmetrical structure in which all the metal atoms are equivalent and are held together 

solely by M-M bonds. It has been suggested‘?*) that the reason for these structural 
differences is that cluster compounds of the larger Ru and Os entail M-M distances too 
great to support CO bridges. ; 

The chemistry of these carbonyls, especially those of iron, has been extensively studied 

and gives rise to a wide variety of products, some of which are discussed below. The 

polymerization of Os3(CO),, is also important. When this is heated at 190°C in a sealed 

32a F_ A. Cotton and J. M. Troup, Accurate determination of a classic structure in the metal carbony| field: 
nonacarbony!l di-iron, JCS Dalton 1974, 800-2. 

°°? B. F. G. Jonnson, The structures of simple binary carbonyls, JCS Chem. Comm. 211-13 (1976). 
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Fic. 25.12 Carbonyls of Fe, Ru, and Os: (a) M(CO);; M=Fe, Ru, Os. (b) Fe,(CQ) ; 

Fe-Fe=252.3 pm. (c) M3(CO),2; M=Ru, Os. (d) Fe3(CO),,; 1 Fe-Fe=256pm, 2 
Fe-Fe= 268 pm. (e) Os¢(CO),.. 
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tube, Os,(CO), , is formed in good yield along with less well-characterized Os;, Os;, and 

Os, carbonyls. Os,(CO),, is an important starting point for the preparation of 

carbonylate anions of still higher nuclearity. Its structure (Fig. 25.12e) is that of a bicapped 

tetrahedron of Os atoms, and the 2 “capping” atoms are susceptible to nucleophilic attack. 

Thus the octahedral [Os,(CO),,]?~ can be obtained by the action of I~. 

Carbonyl hydrides and carbonylate anions 

The treatment of iron carbonyls with aqueous or alcoholic alkali can, by varying 

the conditions, be used to produce a series of interconvertible carbonylate anions: 

[HFe(CO),]~, [Fe(CO),]*~, [Fe,(CO),]?~, [HFe(CO),,]". and [Fe,(CO),3]*-.°** 
Of these the first has a distorted trigonal bipyramidal structure with axial H, the second is 

isoelectronic and isostructural with Ni(CO),, the third is isoelectronic with Co,(CO), and 

isostructural with the isomer containing no CO bridges, while the trimeric and tetrameric 
anions have the cluster structures shown in Fig. 25.13. The related ruthenium 

complexes$*) [HRu,(CO),,]” and [H,Ru,(CO),,], are of interest°*) as possible 
catalysts for the “water-gas shift reaction”.+ 

Reduction of the pH of solutions of carbonylate anions yields a variety of protonated 

species and, from acid solutions, carbonyl hydrides such as the unstable, gaseous 

H,Fe(CO), and the polymeric liquids H,Fe,(CO), and H,Fe;(CO), , are liberated. Such 

reactions are amongst those used to produce a whole range of carbonyl cluster compounds 

which are typical of Group VIII metals.°* They are interesting not only for their catalytic 
potential, as instanced above, but also for the theoretical problems they pose, and 
accordingly they constitute one of the currently active fields of research. Besides the 3- and 
4-metal atom clusters referred to above, 5-, 6-, 8- and 10-metal atom clusters of Ru and Os 
have been produced. An interesting feature of clusters of such high nuclearity is that 

their structures cannot be predicted precisely by simple electron-counting arguments. The 

+ Water-gas is produced by the high-temperature reaction of water and C: 

C+H,O0—3CO+H, 

and is therefore a mixture of HO, CO, and H,. By suitably adjusting the relative proportions of CO and H,, 
“synthesis gas” is obtained which can be used for the synthesis of methanol and hydrocarbons (the 
Fischer-Tropsch process“**)). It is this catalytically controlled adjustment: 

H,0+CO H,+CO, 

which is the water-gas shift reaction (WGSR) (see p. 483). 

*°2R. GREATREX and N. N. GReEENwooD, Méssbauer spectra, structure and bonding in iron carbonyl 
derivatives, Disc. Faraday Soc. 47, 126-35 (1969). K FaRMERY, M. KitNer. R. GREATREX. and N. N. 
GREENWOOD, Structural studies of the carbonylate and carbonyl hydride anions of iron, J. Chem. Soc. (A) 1969, 
2339-345, and references therein. See also M. B. SMitH and R. Bau, Structure of the [HFe(CO),]~ anion, J. Am. 
Chem. Soc. 95, 2385-9 (1973). 

** B. F. G. Jonnson, J. Lewis, P. R. RarTHBy, and G. Suss, The triruthenium cluster anion fRu,H(CO),,]-: 
preparation, structure and fluxionality, JCS Dalton 1979, 1356-61. P. F. Jackson, B. F. G. Jonson, J. Lewis. 
M. McParTLIn, and W. J. H. Netson, [H;Ru,(CO),,]": the X-ray crystallographic determination of two 
structural isomers, JCS Chem. Comm. 1978, 920-1. 
$C, UNGERMANN, V. Lanpis, S. A. Moya, H. CoHEeN, H. WALKER, R. G. PEARSON. R. G. RINKER, and P. C. 

Forp, Homogeneous catalysis of the water gas shift reaction by ruthenium and other metal carbonyls. Studies 
in alkaline solutions, J. Am. Chem. Soc. 101, 5922-9 (1979). i 

*5" C. Masters, The Fischer-Tropsch reaction, Adv. Organomet. Chem. 17, 61-103 (1979). 
35° B. F. G. Jonnson (ed.), Transition Metal Clusters, Wiley, Chichester, 1980, 681 pp. 
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| Fic. 25.13 Some carbonylate anion clusters of Fe, Ru, and Os: (a) [HM;(CO),,]_ ;M=Fe, Ru. 
(b) [Fe,(CO), 3]? . (c) [H3Ru,4(CO),,] . The H atoms are not shown because this ion exists in 
two isomeric forms: (i) the 3 H atoms bridge the edges of a single face of the tetrahedron, and (ii) 

the 3 H atoms bridge three edges of the tetrahedron which do not form a face. 

[H,M,(CO),s, [HM,(CO),s], and [M,(CO),,]? clusters, for instance, while being 

stoichiometrically the same for M=Ru and M=Os, and having the same essentially 

octahedral skeletons, nevertheless differ appreciably in the disposition of the attached 

carbonyl groups.°° The incorporation of interstitial atoms such as C, H, S, and P into 
these clusters is now a well-established, and frequently stabilizing, feature (pp. 354-356). 

3© CR. Eapy, P. F. JACKSON, B. F. G. JOHNSON, J. Lewis, M. C. MALATESTA, M. McParTLIN, and W. J. H. 
NELSON, Improved synthesis of the hexanuclear clusters [Ru,(CO), .]?~, [HRu,(CO),s], and [H,Ru(CO), ¢]. 

The X-ray analysis of [HRu,(CO), g]~, a polynuclear carbonyl containing an interstitial hydrogen ligand, JCS 
Dalton 1980, 383-92. 
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Further details of recent work in this rapidly expanding field may be obtained from 

reference 36a and references therein. 

Carbonyl halides and other substituted carbonyls 

Numerous carbonyl halides, of which the best known are octahedral compounds of the 

type [M(CO),X,] are obtained by the action of halogen on Fe(CO);, or CO on MX, 

(M=Ru, Os). Stepwise substitution of the remaining CO groups is possible by X~ or 

other ligands such as N, P, and As donors. 
Direct substitution of the carbonyls themselves is of course possible. Besides Group V 

donor ligands, unsaturated hydrocarbons give especially interesting products. The iron 

carbonyl acetylenes provided early examples of the use of carbonyls in organic synthesis. 

From them a wide variety of cyclic compounds can be obtained’?”) as a result of 
condensation of coordinated acetylenes with themselves and/or CO. The complexes 

involving the acetylenes alone are usually unstable intermediates which are only separable 

when bulky substituents are incorporated on the acetylene. More usually, complexes of the 

condensed cyclic products are isolated. These ring systems include quinones, hydroquin- 

ones, cyclobutadienes, and cyclopentadienones, the specific product depending on the 

particular iron carbonyl used and the precise conditions of the reaction. 

Ferrocene and other cyclopentadienyls 

Bis(cyclopentadieny] iron, [Fe(y°-C.H.), ], or, to give it the more familiar name coined 

by M. C. Whiting, “ferrocene”, is the compound whose discovery in the early 1950s utterly 

transformed the study of organometallic chemistry.” Yet the two groups of organic 
chemists who independently made the discovery, did so accidentally.°*®) P. L. Pauson and 

T. J. Kealy (Nature. 168, 1039 (1951)) were attempting to synthesize fulvalene, 

a ee , by reacting the Grignard reagent cyclopentadienyl magnesium bromide 

with FeCl;, but instead obtained orange crystals containing Fe" and analysing for 
C,; H,0Fe. In a paper submitted simultaneously (J. Chem. Soc. 1952, 632), S. A. Miller, 

T. A. Tebboth, and J. F. Tremaine reported passing cyclopentadiene and N, over a 

reduced iron catalyst as part of a programme to prepare amines and they too obtained 

C, oH, Fe. —— ; 

The initial structural formulation was et | , but the correct formulation, 

an unprecedented “sandwich” compound, was soon to follow.°”) For this and for 

} In retrospect it seems likely that ferrocene was actually first prepared in the 1930s by chemists at Union 
Carbide who passed dicyclopentadiene through a heated iron tube, but the significance was not then realized. 

*°a JN. NICHOLLS, D. H. FaRRaR, P. F. JACKSON, B. F. G. JOHNSON, and J. Lewis, A high-pressure infrared 
study of the stability of some ruthenium and osmium clusters to CO and H, under pressure, JCS Dalton 1982, 
1395-1400. P. F. JAcKson, B. F. G. JoHNsoN, J. Lewis, M. McPaRTLIN, and W. J. H. NELSON, Synthesis and X- 

ray analysis of the hydrido-carbido-monoanion [HOs,9C(CO),,]~ ; a cluster compound with an interstitial 
hydrogen ligand in a tetrahedral site. JCS Chem. Comm. 1982, 49-51. 

37 B. L. SHaw and N. I. Tucker, Compounds formed by condensation of acetylenes with carbon monoxide, 
and related organometallic complexes, Chap. 53 in Comprehensive Inorganic Chemistry, Vol. 4, pp. 884-92, 
Pergamon Press, Oxford, 1973. 

°° C. B. Hunt, Metallocenes—the first 25 years, Educ. Chem. 14, 110-13 (1977). 
3° G. WILKINSON, M. RoseNBLUM, M. C. Wuitinc, and R. B. Woopwarpb, The structure of iron bis- 

cyclopentadienyl, J. Am. Chem. Soc. 74, 2125-6 (1952). 
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subsequent independent work in this field, G. Wilkinson and E. O. Fischer shared the 1973 

Nobel Prize for Chemistry. 

The structure of ferrocene and a recent MO description of its bonding have already been 

given (p. 369) but it is perhaps worth mentioning an oversimplified VB description; in 

this each C;H,;” group is assumed to donate 3 pairs of electrons (these are the electrons 

not involved in C-C or C-H o bonding) to the Fe", which accommodates the 6 pairs in 
d’sp* hybrid orbitals while its d° electrons pair-up in the remaining 3d orbitals, thus 
satisfying the 18-electron rule and explaining the observed diamagnetism. Although the 

energy barrier to rotation of the rings is small, it was thought that crystal packing forces 

favoured the staggered configuration for crystalline ferrocene. However it is now known 

(p. 368) that the rings are virtually eclipsed as they are in the analogous ruthenocene and 

osmocene. 

Ferrocene is thermally stable and is also stable to water and to air, though it can be 

oxidized to the ferricinium ion, [Fe (y°-C,H,),]*. However, its most notable chemistry 
results from the aromaticity of the cyclopentadienyl rings. This is now far too extensively 

documented to be described in full but an outline of some of its manifestations is in Fig. 

25.14. Ferrocene resists catalytic hydrogenation and does not undergo the typical 

reactions of conjugated dienes, such as the Diels—Alder reaction. Nor are direct nitration 

and halogenation possible because of oxidation to the ferricinium ion. However, 

Friedel-Crafts acylation as well as alkylation and metallation reactions, are readily 

effected. Indeed, electrophilic substitution of ferrocene occurs with such facility compared 

to, say, benzene that some explanation is called for. It has been suggested that, in general, 

electrophilic substituents (E* ) interact first with the metal atom and then transfer to the 

C.H, ring with proton elimination. Similar reactions are possible for ruthenocene and 

osmocene but usually occur less readily, and it appears that reactivity decreases with 

increasing size of the metal. 

0 
Fe ek 

A number of interesting cyclopentadienyl iron carbonyls have been prepared, the best 

known being the purple dimer, [Fe(n°-C;H,;)(CO),], (Fig. 25.15a), prepared by reacting 

Fe(CO), and dicyclopentadienyl at 135°C in an autoclave. Diamagnetism and an Fe-Fe 

distance of only 249 pm indicate the presence of an Fe-Fe bond. Prolonged reaction of the 

same reactants produces the very dark green, tetrameric cluster compound, [Fe(y°- 

C;H;)(CO)], (Fig. 25.15b), which involves CO groups which are triply bridging and so 

give rise to an exceedingly low (1620cm~') veg absorption. [Fe(y'-C;H;)(n°- 
C;H,)(CO),] (Fig. 25.15c) is also of note as an early example of a fluxional 

organometallic compound. The 'H nmr spectrum consists of only two sharp lines, one for 

each ring. A single line is expected for the pentahapto ring since all its protons are 

equivalent, but it is clear that some averaging process must be occurring for the non- 

equivalent protons of the monohapto ring to produce just one line. It is concluded that the 

0 
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Fic. 25.15 Some cyclopentadienyl iron carbonyls: (a) [(y°-C;H,;)Fe(CO),]>, 

(b) [(n°-CsHs)Fe(CO)]4, and (c) (y'-CsH5)(°-CsHs)Fe(CO)). 

point of attachment of the monohapto ring to the metal must change repeatedly and 

rapidly (“ring whizzing”) thus averaging the protons. 

Other aspects of the organometallic chemistry of iron have been referred to in Chapter 8 

but for fuller details more extensive reviews should be consulted.4° 

+9 The Organic Chemistry of Iron (E. A. K. von Gustorr, F.-W. GRreVELS, and I. FISCHER, eds), Academic 
Press, New York, Vol. 1, 1978, 673 pp.; Vol. 2, 1981, 340 pp. MTP International Review of Science, Inorganic 
Chemistry, Series 1, Vol. 6, Transition Metals, Part 2(M. J. May, ed.), Butterworths, London, 1972, 442 pp. 
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Cobalt, Rhodium, and 
Iridium 

26.1 Introduction 

Although hardly any metallic cobalt was used until the twentieth century, its ores have 

been used for thousands of years to impart a blue colour to glass and pottery. It is present 

in Egyptian pottery dated at around 2600 Bc and Iranian glass beads of 2250 Bc.+ The 

source of the blue colour was recognized in 1735 by the Swedish chemist G. Brandt, who 

isolated a very impure metal, or “regulus”, which he named “cobalt rex”. In 1780 T. O. 

Bergman showed this to be a new element. Its name has some resemblance to the Greek 

word for “mine” but is almost certainly derived from the German word Kobold for 

“goblin” or “evil spirit”. The miners of northern European countries thought that the 

spitefulness of such spirits was responsible for ores which, on smelting, not only failed 

unexpectedly to yield the anticipated metal but also produced highly toxic fumes (As,O,). 
In 1803 both rhodium and iridium were discovered, like their preceding neighbours in 

the periodic table, ruthenium and osmium, in the black residue left after crude platinum 

had been dissolved in aqua regia. W. H. Wollaston discovered rhodium, naming it after the 

Greek word poédov for “rose” because of the rose-colour commonly found in aqueous 

solutions of its salts. S. Tenant discovered iridium along with osmium, and named it after 

the Greek goddess Iris (iptc, ipt5-), whose sign was the rainbow, because of the variety of 

colours of its compounds. 

26.2 The Elements 

26.2.1 Terrestrial abundance and distribution 

Rhodium and iridium are exceedingly rare elements, comprising only 0.0001 and 
0.001 ppm of the earth’s crust respectively, and even cobalt (29 ppm, i.e. 0.0029 %), though 
widely distributed, stands only thirtieth in order of abundance and is less common than all 

other elements of the first transition series except scandium (25 ppm). 

+ “Smalt”, produced by fusing potash, silica, and cobalt oxide, can be used for colouring glass or for glazing 
pottery. The secret of making this brilliant blue pigment was apparently lost, to be rediscovered in the fifteenth 
century. Leonardo da Vinci was one of the first to use powdered smalt as a “new” pigment when painting his 
famous “The Madonna of the Rocks”. 

1290 
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More than 200 ores are known to contain cobalt but only a few are of commercial value. 

The more important are arsenides and sulfides such as smaltite, CoAs5, cobaltite (or cobalt 

glance), CoAsS, and linnaeite, Co,S,. These are invariably associated with nickel, and 

often also with copper and lead, and it is usually obtained as a byproduct or coproduct in 

the recovery of these metals. The world’s major sources of cobalt are the African continent 

and Canada with smaller reserves in Australia and the USSR. All the platinum metals are 

generally associated with each other and rhodium and iridium therefore occur wherever 

the other platinum metals are found. However, the relative proportions of the individual 

metals are by no means constant and the more important sources of rhodium are the 

nickel-copper-sulfide ores found in South Africa and in Sudbury, Canada, which contain 

about 0.1% Rh. Iridium is usually obtained from native osmiridium (Ir ~50%) or 

iridiosmium (Ir ~70°%) found chiefly in Alaska as well as South Africa. 

26.2.2 Preparation and uses of the elements 

The production of cobalt”? is usually subsidiary to that of copper, nickel, or lead and the 

details of its extraction depend on which of these it is associated with. In general the ore is 

subjected to appropriate roasting treatment so as to remove gangue material as a slag and 

produce a “speiss” of mixed metal and oxides. In the case of arsenical ores, As,Og is 

condensed and provides a valuable byproduct. Leaching the speiss with sulfuric acid 

leaves behind metallic copper but dissolves out iron, cobalt, and nickel. Iron is then 

precipitated with lime, and cobalt with sodium hypochiorite: 

2Co'!+OCl- + 40H +H,0 ——> 2Co(OH),| + Cl- 

Heating of the “hydroxide” converts it to oxide which can then be reduced to the metal by 

heating with charcoal. 

World production of cobalt ores in 1980 was 32 700 tonnes of contained cobalt, of 

which 14 700 tonnes were from Zaire, approximately 3000 tonnes each from Zambia, 

Australia, and New Caledonia, 2000 tonnes from the USSR, and 1600 tonnes from 

Canada. About 30% of the output is devoted to the production of chemicals for the 

ceramic and paint industries. In ceramics the main use now is not to provide a blue colour, 

but rather white by counterbalancing the yellow tint arising from iron impurities. Blue 

pigments are, however, used in paints and inks, and cobalt compounds are used to hasten 

the oxidation and hence the drying of oil-based paints. Cobalt compounds are also 

employed as catalysts in a range of organic reactions of which the “OXO” (or 

hydroformylation) reaction and hydrogenation and dehydrogenation reactions are the 

most important (p. 1317). 

A further 30% of output is devoted to the production of high-temperature alloys used 

primarily in the construction of gas turbines. Again, cobalt, like iron and nickel, is 

ferromagnetic, and accordingly over 20% of output is used for the manufacture of 

magnetic alloys. Of these the best known is “Alnico”, a steel containing, as its name 

implies, aluminium and nickel, as well as cobalt. It is used for permanent magnets which 

are up to 25 times more powerful than ordinary steel magnets. 

'F. PLANINSEK and J. B. Newkirk, Cobalt and cobalt alloys, Kirk-Othmer Encyclopedia of Chemical 

Technology, 3rd edn., Vol. 6, pp. 481-94; Cobalt compounds (by F. R. MorRAL), pp. 495-510, Interscience, 

New York, 1979. 
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An important, if smaller, use of cobalt is as a cement for tungsten carbide in cutting tools 

(p. 1169). The carbide is initially in the form of a powder, and to convert it to a more 

massive form suitable for a tool tip it is mixed with about 10% of powdered cobalt and 

sintered under hydrogen at 1400-1500°C. 

Rhodium and iridium, like ruthenium and osmium (p. 1246), are obtained by procedures 

designed to separate silver, gold, and all the platinum metals.) After Pt, Pd, and Au have 

been dissolved out in aqua regia and Ag removed as its soluble nitrate, the residue is 

worked for Ru, Os, Rh, and Ir, the scheme relevant to the last two metals being outlined in 

Fig. 26.1. The metals, which are in the form of a powder or sponge, can be consolidated by 

the techniques of powder metallurgy. Because of their scarcity (only a few tonnes of each 

are produced annually) the uses of these elements are essentially specialist in nature. 

Iridium, like osmium, is used in the hard alloys employed for instrument pivots and 

suchlike. It is also incorporated in long-life Pt/Ir electrodes in sparking plugs and because 

of the use of these in US helicopters demand for Ir was inflated for the duration of the 

Vietnam war. It is occasionally used to fabricate crucibles and other apparatus in cases 

where its greater resistance to chemical attack makes it preferable to platinum. 

Unquestionably the main uses of rhodium are now catalytic, e.g. for the control of 

exhaust emissions in the car (automobile) industry and, in the form of phosphine 

complexes, in hydrogenation and hydroformylation reactions where it is frequently more 

efficient than the more commonly used cobalt catalysts. 

26.2.3 Properties of the elements 

Some of the important properties of these three elements are summarized in Table 26.1. 

From an archival point of view it is interesting to note that iridium is now known to be 

the densest of all elements, surpassing osmium, which was for a long time believed to have 

this distinction, by the tiniest of margins. 

The metals are lustrous and silvery with, in the case of cobalt, a bluish tinge. Rhodium 

and iridium are both hard, cobalt less so but still appreciably harder than iron. Rhodium 
and Ir have fcc structures, the first elements in the transition series to do so; this is in 

keeping with the view, based on band-theory calculations, that the fec structure is more 

stable than either bcc or hcp when the outer d orbitals are nearly full. Cobalt, too, has an 

allotrope (the B-form) with this structure but this is only stable above 417°C; below this 

temperature an hcp, a-form is the more stable. However, the transformation between these 

allotropes is generally slow and the B-form, which can be stabilized by the addition of a few 

per cent of iron, is often present at room temperature. This, of course, has an effect on 

physical properties and is no doubt responsible for variations in reported values for some 

properties even in the case of very pure cobalt. By contrast the atomic weights of cobalt 

and rhodium at least are known with considerable precision, since these elements each 

have but one naturally occurring isotope. In the case of cobalt this is *?Co, but 

bombardment by thermal neutrons converts this to the radioactive ©°Co. The latter has a 

half-life of 5.271 y and decays by means of B~ and y emission to non-radioactive °°Ni. It is 

used in many fields of research as a concentrated source of y-radiation, and also 

2 W. P. GriFFiTH, The Chemistry of the Rare Platinum Metals (Os, Ru, Ir and Rh), Interscience, London, 1967, 

491 pp. 
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Fic. 26.1 Flow diagram for the extraction of rhodium and iridium. 



1294 Cobalt, Rhodium, and Iridium Ch. 26 

TABLE 26.1 Some properties of the elements cobalt, rhodium, and iridium 

Property Co Rh Ir 

Atomic number Dif 45 via 
Number of naturally occurring 1 1 2 

isotopes 
Atomic weight 58.9332 102.9055 192.22(+0.03) 
Electronic configuration [Ar]3d 74s? [Kr]4d°5s! [Xe]4f! 45d 76s? 
Electronegativity 1.8 Ae) ep) 

Metal radius (12-coordinate)/pm 125 134 1355 
Effective ionic radius 

(6-coordinate)/pm Vv — 55 57 

IV 53 60 62.5 
Ill 54.5 (Is), 61 (hs) 66.5 68 
II 65 (Is), 74.5 (hs) _ — 

MP/°C 1495 1960 2443 
BP/°C 3100 3760 4550( + 100) 
AH,,,/kJ mol ! 16.3 21.6 26.4 
AH,,,/kJ mol”! 382 494 612(+13) 
AH, (monatomic gas)/kJ mol”! 425(+17) 556(+ 11) 669(+8) 
Density (20°C)/g cm~ > 8.90 12.39 22.61 
Electrical resistivity (20°C)/ 

poohm cm 6.24 4.33 4.71 

medically in the treatment of malignant growths. Iridium has two stable isotopes: '?'Ir 
37.3% and *?*Ir 62:14 

The mps, bps, and enthalpies of atomization are lower than for the preceding elements in 
the periodic tables, presumably because the (n— 1)d electrons are being drawn increasingly 

into the inert electron cores of the atoms. In the first series Co, like its neighbours Fe and 

Ni, is ferromagnetic (in both allotropic forms); while it does not attain the high saturation 

magnetization of iron, its Curie point (> 1100°C) is much higher than that for Fe (768°C). 

26.2.4 Chemical reactivity and trends 

Cobalt is appreciably less reactive than iron, and so contrasts less markedly with the two 

heavier members of its triad. It is stable to atmospheric oxygen unless heated, when it is 

oxidized first to Co,0,; above 900°C the product is CoO which is also produced by the 
action of steam on the red-hot metal. It dissolves rather slowly in dil mineral acids giving 

salts of Co", and reacts on heating with the halogens and other non-metals such as B, C, P, 
As, and S, but is unreactive to H, and N). 

Rhodium and iridium will also react with oxygen and halogens at red-heat, but only 

slowly, and these metals are especially notable for their extreme inertness to acids, even 

aqua regia. Dissolution of rhodium metal is best effected by fusion with NaHSO,, a 

process used in its commercial separation. In the case of iridium oxidizing, molten alkalis 
such as Na,O, or KOH + KNO, will produce IrO,, which can then be dissolved in aqua 

regia. Alternatively, a rather extreme measure which is efficacious with both metals, is to 
heat them with conc HCl+ NaClO, in a sealed tube at 125-150°C. 

Table 26.2 is.a list of examples of compounds of these elements in various oxidation 

states. The most striking feature of this, as compared to the corresponding lists for 
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TABLE 26.2 Oxidation states and stereochemistries of some compounds of cobalt, rhodium, 
and iridium 

Oxida-  Coordina- 
tion tion 

state number Stereochemistry Co Rh/Ir 

—1 (d?°) 4 Tetrahedral [Co(CO),]- [Rh(CO),]~, [Ir(CO),(PPh;)]~ 
0 (d?) 4 Tetrahedral [Co(PMe;),] 

6 Octahedral [Co,(CO),] [M,(CO),5] 
1 (d8) 3 Planar (2) [RhCI(PCy3)>] 

T-shaped [Rh(PPh;),]* 
4 Square planar [RhCl(PPh;);] 

[Ir(CO)C\(PPh;)>] 
5 Trigonal [RhH(PF;),], 

bipyramidal [Co(NCMe),]* {Ir(CO)H(PPh;);] 
Square 

pyramidal [Co(NCPh),]* 
6 Octahedral [Co(bipy),]* 

2(d’) » Linear [Cof{N(SiMe;),}>] 
3 Planar [Co{N(SiMe;),},(PPh;)] 
4 Tetrahedral [(CoCh as 

Square planar = [Co(phthalocyanine)] [RhCl, {P(o-MeC,H,)3}>] 
5, Trigonal 

bipyramidal [CoBrN(C,H,NMe;)3]* 
Square 

pyramidal [Co(CN),]°~ [Rh,(O,CMe),] 
6 Octahedral [Co(H,O),]?* [Rh,(O,CMe),(H,0),] 
8 Dodecahedral [Co(NO;),]?~ 

3 (d°) 4 Tetrahedral [CoW,.O,0]? + 
5 Trigonal 

bipyramidal {IrH;(PR;),] 
Square planar [Co(corrole)(PPh)]” [RhI,Me(PPh;), ] 

6 Octahedral [Co(NH;),]°* [MCI,]>~ 
4 (d°) 4 Tetrahedral [Co(1-norbornyl),]® 

6 Octahedral [CoF,]?~ [MCl,]?~ 
5 (d*) 6 Octahedral [MF,]~ 

ae 9 [IrH,(PEt,Ph),] 
6 (d3) 6 Octahedral [MF.] 

) Corrole is a tetrapyrrolic macrocycle (P. B. HitcHcock and G. M. M. MCLauGHLIN, JCS (Dalton) 1976; 
1927.) 

) 1-Norbornyl is a bicyclo[2.2.1]hept-1-yl (B. K. Bower and H. G. Tennent, J. Am. Chem. Soc. 94, 2512 
(1972).) 

preceding triads, is that for the first time the range of oxidation states has diminished. This 

is a manifestation of the increasing stability of the (n—1)d electrons, whose attraction to 

the atomic nucleus is now sufficient to prevent the elements attaining the highest oxidation 

states and so to render irrelevant the concept of a “group” oxidation state. No oxidation 

states are found above +6 for Rh and Ir, or above +5 for Co and, indeed, examples of 

cobalt in +4 and +5 and of rhodium or iridium in + 5 and +6 oxidation states are rare 

and sometimes poorly characterized. 

The most common oxidation states of cobalt are +2 and +3. [Co(H,O),]?* and 

[Co(H,O),]°* are both known but the latter is a strong oxidizing agent and in aqueous 

solution, unless it is acidic, it decomposes rapidly as the Co! oxidizes the water with 
evolution of oxygen. Consequently, in contrast to Co", Co" provides few simple salts, and 
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those which do occur are unstable. However, Co"! is unsurpassed in the number of 

coordination complexes which it forms, especially with N-donor ligands. Virtually all of 

these complexes are low-spin, the ¢§, configuration producing a particularly high CFSE 

(p. 1097). 
The effect of the CFSE is expected to be even more marked in the case of the heavier 

elements because for them the crystal field splittings are much greater (p. 1096). As a result 

the +3 state is the most important one for both Rh and Ir (in contrast to the +2 state 
which is relatively unimportant) and [Rh(H,O),]** is the only simple aquo ion 

formed by either of these elements. With z-acceptor ligands the + 1 oxidation state is also 

well known for Rh and Ir. It is noticeable, however, that the similarity of these two heavier 
elements is less than is the case earlier in the transition series and, although rhodium is 

more like iridium than cobalt, nevertheless there are significant differences. One example 

is provided by the +4 oxidation state which occurs to an appreciable extent in iridium but 

not in rhodium. (The ease with which Ir'’=Ir'" sometimes occurs can be a source of 

annoyance to preparative chemists.) 

Table 26.2 also reveals a diminished tendency on the part of these elements to form 

compounds of high coordination number when compared with the iron group and, apart 

from [Co(NO,),4]?, a coordination number of 6 is rarely exceeded. Also, with the 

exception of the unstable [CoYO,]*~ and the recently made [Co"O,]*~ (p. 1300), 
oxoanions are not found in this triad, Rh and Ir being the first heavy transition elements 

not to form them. This is presumably because their formation requires the donation of z 

electrons from the oxygen atoms to the metal and the metals become progressively less 

able to act as m acceptors as their d orbitals are filled. 

26.3 Compounds of Cobalt, Rhodium, and Iridium?~~*? 

Binary borides (p. 162) and carbides (p. 318) have been discussed already. 

26.3.1 Oxides‘) and sulfides 

As a result of the diminution in the range of oxidation states which has already been 

mentioned, the number of oxides formed by these elements is less than in the preceding 

groups, being confined to two each for cobalt (CoO, Co,;0,) and rhodium (Rh,O;, RhO,) 

and to just one for iridium (IrO,) (though an impure sesquioxide Ir,O, has been 

reported—see below). No trioxides are known. 

The only oxide formed by any of these metals in the divalent state is CoO; this is 
prepared as an olive-green powder by strongly heating the metal in air or steam, or 

alternatively by heating the hydroxide, carbonate, or nitrate in the absence of air. It has the 

rock-salt structure and is antiferromagnetic below 289 K. By reacting it with silica and 
alumina, pigments are produced which are used in the ceramics industry. CoO is stable in 

> D. NICHOLLS, Cobalt, Chap. 41 in Comprehensive Inorganic Chemistry, Vol. 3, pp. 1053-1107, Pergamon 
Press, Oxford, 1973. 

*'S. E. LivinGsTong, The second- and third-row elements of Group VIII A, B, and C, Chap. 43, ibid., 
pp. 1163-1370. 

°C. N. R. Rao and G. V. S. Rao, Transition metal oxides, National Standard Reference Data System, 
NSRDS-NBS49, Washington, 1964, 130 pp. 
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air at ambient temperatures and above 900°C but if heated at, say, 600—700°C, it is 

converted into the black Co3,O4. This is Co"Co}'O, and has the normal spinel structure 
with Co" ions in tetrahedral and Co" in octahedral sites within the ccp lattice of oxide 
ions. This is to be expected (p. 1254) because of the dominating advantage of placing the d° 

ions in octahedral sites, where adoption of the low-spin configuration gives it a decisively 

favourable CFSE. The ability of Co,;O, to absorb oxygen, and possibly also the retention 

of water in preparations from the hydroxide, have led to claims for the existence of Co,O3, 

but it is doubtful if these claims are valid. Oxidation of Co(OH),, or addition of aqueous 

alkali to a cobalt(III) complex, produces a dark-brown material which on drying at 150°C 

in fact gives cobalt(III) oxide hydroxide, CoO(OH). 

Heating rhodium metal or the trichloride in oxygen at 600°C, or simply heating the 

trinitrate, produces dark-grey Rh,O; which has the corundum structure (p. 274); it is the 

only stable oxide formed by this metal. The yellow precipitate formed by the addition of 

alkali to aqueous solutions of rhodium(III) is actually Rh,O3.5H,O rather than a 

genuine hydroxide. Electrolytic oxidation of Rh™ solutions and addition of alkali gives a 
yellow precipitate of RhO,.2H,O, but attempts to dehydrate this produce Rh,O;. Black 

anhydrous RhO, is best obtained by heating Rh,O, in oxygen under pressure; it has the 

rutile structure, but it is not well characterized. 

For iridium the position is reversed. This time it is the black dioxide, IrO,, with the rutile 

structure (p. 1118), which is the only definitely established oxide. It is obtained by heating 

the metal in oxygen or by dehydrating the precipitate produced when alkali is added to an 

aqueous solution of [IrCl,]?~ . Contamination either by unreacted metal or by alkali is, 

however, difficult to avoid. The other oxide, Ir,O3, is said to be obtained by igniting 

K,IrCl, with NaCO; or, as its hydrate, by adding KOH to aqueous K,[IrCl,] under 

CO,. However, even if it is a true compound, it is always impure and is readily oxidized to 

IrO,. 

A larger number of sulfides have been reported but not all of them have been fully 

characterized. Cobalt gives rise to CoS, with the pyrites structure (p. 804), Co3S, with the 

spinel structure (p. 279), and Co, _.S which has the NiAs structure (p. 648) and is cobalt- 

deficient. All are metallic, as is CogSg and the corresponding selenides and tellurides. The 

sulfides of rhodium and iridium are notable mainly for their inertness especially towards 

acids, and most of them are semiconductors. They are the disulfides MS,, obtained from 

the elements; the “sesquisulfides” M,S3, obtained by passing H,S through aqueous 

solutions of M"!: and Rh,S, and IrS,, obtained by heating MCI, +S at 600°C. Numerous 
nonstoichiometric selenides and tellurides are also known.°?) 

26.3.2 Halides® 

The known halides of this triad are listed in Table 26.3. It can be seen that, apart from 

CoF, and the doubtful iridium tetrahalides, they fall into three categories: 

°* F. HULLIGER, Crystal chemistry of chalcogenides and pnictides of the transition elements, Struct. Bonding 

4, 83-229 (1968). 
° R. CoLTon and J. H. CANTERFORD, Halides of the First Row Transition Metals, Chap. 7, pp. 327-405, Wiley, 

London, 1969; and Halides of the Secondand Third Row Transition Metals, Chap. 9, pp. 346-58, Wiley, London, 
1968. 
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(a) higher fluorides of Ir and Rh; 

(b) a full complement of trihalides of Ir and Rh; 

(c) dihalides of cobalt 

The octahedral hexafluorides are obtained directly from the elements and both are 

volatile, extremely reactive, and corrosive solids, RhF, being the least stable of the 

platinum metal hexafluorides and reacting with glass even when carefully dried. They are 

thermally unstable and must be frozen out from the hot gaseous reaction mixtures, 

otherwise they dissociate. 

The pentafluorides of Rh and Ir may be prepared by the deliberate thermal dissociation 
of the hexafluorides. They also are highly reactive and are respectively dark-red and yellow 

solids, with the same tetrameric structure as [RuF,], and [OsF 5], (p. 1259). 
RhF,, is a purple-red solid, usually prepared by the reaction of the strong fluorinating 

agent BrF, on RhBr3. The corresponding compound IrF, has had an intriguing and 

instructive history.‘©*) It was first claimed in 1929 and again in 1956 but this material was 

shown in 1965 to be, in reality, the previously unknown IrF,. IrF, can now be made 

(1974) by reducing IrF with the stoichiometric amount of iridium-black: 

4IrF, +I¢-—-—_> 5rF, 

TABLE 26.3 Halides of cobalt, rhodium, and iridium (mp/°C) 

Oxidation 

state Fluorides Chlorides Bromides Todides 

+6 RhF, 
black (70°) 

IrF, 
yellow (44°) 
bp 53° 

“in [RhF5]4 
dark red 

[IrFs]4 
yellow (104°) 

+4 RhF, 
purple-red 

IrF, IrCl,? IrBr,? Irl,,? 
dark brown 

jac) CoF 
light brown 

RhF, RhCl, RhBr, RhlI, 
red red red-brown black 

Ick; IrCl, IrBr, Irl, 
black red red-brown dark brown 

+2 CoF, CoCl, CoBr, Col, 
pink (1200°) blue (724°) green (678°) blue-black (515°) 

©2 N. BARTLETT and A. TRESSAUD, A novel structure type for transition-metal tetrafluorides: synthesis 
crystallographic and magnetic study of IrF,, Comptes Rendus 278C, 1501-4 (1974). 
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The dark-brown product disproportionates above 400° into IrF and the volatile IF ;. The 
structure features {IrF,} octahedra which share 4 F atoms, each with one other {IrF,} 
group, leaving a pair of cis vertices unshared: this is essentially a rutile type structure 

(p. 1118) from which alternate metal atoms have been removed from each edge-sharing 

chain and was the first 3D structure to have been found for a tetrafluoride.” Claims have 
been made for the isolation of all the other iridium tetrahalides, but there is some doubt as 

to whether these can be substantiated. This is an unexpected situation since + 4 is one of 
iridium’s common oxidation states and, indeed, the derived anions [IrX,]?_ (X=F, Cl, 

Br) are well known. 

The most familiar and most stable of the halides of Rh and Ir, however, are the trihalides. 

Those of Rh range in colour from the red RhF; to black RhI, and, apart from the latter, 

which is obtained by the action of aqueous KI on the tribromide, they may be obtained in 

the anhydrous state directly from the elements. RhF, has a structure similar to that of 

ReO; (p. 1219), while RhCl, is isomorphous with AlCl, (p. 263). The anhydrous trihalides 
are generally unreactive and insoluble in water but, excepting the tri-iodide which is only 

known in this form, water-soluble hydrates can be produced by wet methods. RhF;.6H,O 

and RhF,.9H,O can be isolated from aqueous solutions of Rh" acidified with HF. Their 
aqueous solutions are yellow, possibly due to the presence of [Rh(H,O),]**. The dark- 

red deliquescent RhCl;.3H,O is the most common compound of rhodium and the usual 

starting point for the preparation of other rhodium compounds, and is itself best prepared 

from the metal sponge. This is heated with KCl in a stream of Cl, and the product 

extracted with water. The solution contains K,[Rh(H,O)CI,] and treatment with KOH 

precipitates the hydrous Rh,O, which can be dissolved in hydrochloric acid and the 

solution evaporated to dryness. RhBr3.2H,O also is formed from the metal by treating it 

with hydrochloric acid and bromine. 

The iridium trihalides are rather similar to those of rhodium. Anhydrous IrF;, is 

obtained by reducing IrF, with the metal, IrCl, and IrBr, by heating the elements, and 

Irl, by heating its hydrate in vacuo. Water-soluble hydrates of the tri-chloride, -bromide, 

and -iodide are produced by dissolving hydrous Ir,O, in the appropriate acid and, like 

its rhodium analogue, IrCl,.3H,O provides a convenient starting point in iridium 

chemistry. 

Lower halides of Rh and Ir have been reported and, whilst their existence cannot be 

denied with certainty, further substantiation is needed. Unquestionably, the divalent state 

is the preserve of cobalt. Apart from the strongly oxidizing CoF; (a light-brown powder 
isomorphous with FeCl, and the product of the action of F, on CoCl, at 250°C), the only 

known halides of cobalt are the dihalides. In all of these the cobalt is octahedrally 

coordinated. The anhydrous compounds are prepared by dry methods: CoF,, (pink) by 

heating CoCl, in HF, CoC], (blue), and CoBr, (green) by the action of the halogens on the 

heated metal, and Col, (blue-black) by the action of HI on the heated metal. The fluoride 

is only slightly soluble in water but the others dissolve readily to give solutions from which 

pink or red hexahydrates can be crystallized. These solutions can alternatively and more 

conveniently be made by dissolving the metal, oxide, or carbonate in the appropriate 

hydrohalic acid. The chloride is widely used as an indicator in the desiccant, silica gel, since 

its blue anhydrous form turns pink as it hydrates. 

The disinclination of these metals to form oxoanions has already been remarked and the 

same is evidently true of oxohalides: none have been authenticated. 
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26.3.3. Complexes 

The chemistry of oxidation states above IV is sparse. Apart from RhF, and IrF., such 

chemistry as there is, is mainly confined to salts of [IrF,]  ; these are made by fluorinating 

a lower halide of iridium with BrF; in the presence of a halide of the counter cation. In the 

case of cobalt, heating mixtures of the appropriate oxides in oxygen, or under pressure, 

produces materials with the stoichiometry, M§CoO,, which, together with their oxidizing 

properties, suggests the presence of Co’. When CoO is heated with 2.2 moles of Na,O at 

550° in a sealed tube under argon, bright-red crystals of Na,Co"O, are formed.” The 
compound hydrolyses immediately on contact with atmospheric moisture and is notable 

in containing discrete planar [CoO;]*~ ions reminiscent of the carbonate ion (Co—O 
186+6 pm) and is similar to the recently prepared-red oxoferrate(II), Na,[ FeO]. The 

lustrous red tetracobaltate(II) Na, ){Co!O,], with an anion analogous to the catena- 

tetracarbonate [C,O,]?~, is also known.©” 

Oxidation state IV(d°) 

Cobalt provides only a few examples of this oxidation state, namely some fluoro 

compounds and mixed metal oxides, but their purity is questionable. Rhodium(IV) 

complexes are somewhat better documented, but examples are confined to salts of the 

oxidizing and readily hydrolysed [RhX,]?~ (X=F, Cl). Only iridium(IV) shows ap- 

preciable stability. 

The salts of [IrX,]? (X =F, Cl, Br) are comparatively stable and their colour deepens 

from red, through reddish-black to bluish-black with increasing atomic weight of the 

halogen. [IrF,]?~ is obtained by reduction of [IrF,]~, [IrCl,]?~ by oxidation of 

[IrCl,]*~ with chlorine, and [IrBr,]?~ by Br~ substitution of [IrCl,]*~ in aqueous 
solution. The hexachloroiridates in particular have been the subject of many magnetic 

investigations. They have magnetic moments at room temperature somewhat below the 

spin-only value for the t3, configuration (1.73 BM), and this falls with temperature. This 
has been interpreted as the result of antiferromagnetic interaction operating by a 

superexchange mechanism between adjacent Ir'Y ions via intervening chlorine atoms. 

More importantly, in 1953 in a short but classic paper,‘’ J. Owen and K. W. H. Stevens 
reported the observation of hyperfine structure in the esr signal obtained from solid 

solutions of (NH,),[IrCl,] in the isomorphous, but diamagnetic, (NH,),[PtCl,]. This 
arises from the influence of the chlorine nuclei and, from the magnitude of the splitting, it 

was inferred that the single unpaired electron, which is ostensibly one of the metal d° 

electrons, in fact spends only 80% of its time on the metal, the rest of the time being divided 

equally between the 6 chlorine ligands. This was the first unambiguous evidence that metal 

d electrons are able to move in molecular orbitals over the whole complex, and implies the 
presence of z as well as o bonding. 

In aqueous solution, the halide ions of [IrX,]?~ may be replaced by solvent and a 

number of aquo substituted derivatives have been reported. Other Ir'’ complexes with 

6> W. Burow and R. Hoppe, Co! with a coordination number 3: Na,[CoO,]—the first oxocobaltate(II) with 
an island structure, Angew. Chem., Int. Edn. (Engl.) 18, 542-3 (1979). See also R. Hoppe and H. Rieck, Z. anorg. 

allgem. Chem. 437, 95-104 (1977) for Na,FeO;; W. Burow and R. Hoppe, Angew. Chem., Int. Edn. (Engl.) 18, 

61-62 (1979) for Na, oCo,Oo. 
7 J. OWEN and K. W. H. STEVENS, Paramagnetic resonance and covalent bonding, Nature 171, 836 (1953). 
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O-donor ligands are [IrCl,(C,0,)]?, obtained by oxidizing Ir™ oxalato complexes with 
chlorine, and Na,IrO;, obtained by fusing Ir and Na,CO3. 

Two interesting trinuclear complexes must also be mentioned. They are 

K, oLIr30(SO4)o].3H,O, obtained by boiling Na,IrCl, and K,SO, in conc sulfuric acid, 

and K,[Ir;N(SO,),(H,O)3], obtained by boiling Na3IrCl, and (NH,),SO, in conc 
sulfuric acid. They are believed to have the structure shown in Fig. 26.2, analogous to that 

of the basic carboxylates, [M4'O(O,CR),L3]* (see Fig. 23.11). The oxo species formally 
contains | Ir'Y and 2 Ir" ions and the nitride species 2 Ir'Y ions and 1 Irion, but in each 
case the charges are probably delocalized over the whole complex. 

Oxidation state III(d°) 

For all three elements this is the most prolific oxidation state, providing a wide variety of 

kinetically inert complexes. As has already been pointed out, these are virtually all low- 

spin and octahedral, a major stabilizing influence being the high CFSE associated with the 

t§, configuration (72A,, the maximum possible for any d* configuration). Even 

[Co(H,O),]** is low-spin but it is such a powerful oxidizing agent that it is unstable in 

aqueous solutions and only a few simple salt hydrates, such as the blue Co,(SO,)3.18H,0 

and MCo(SO,),.12H,O (M=K, Rb, Cs, NH,), which contain the hexaquo ion, and 
CoF.34H,O can be isolated. This paucity of simple salts of cobalt(III) contrasts sharply 

with the great abundance of its complexes, expecially with N-donor ligands, and it is 

Fic. 26.2 Trinuclear structure of (i) [I1r;0(SO4)9]!°~ and (ii) [Ir,;N(SO4),(HO)3]* 
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evident that the high CFSE is not the only factor affecting the stability of this oxidation 

state. 

Table 26.4 illustrates the remarkable sensitivity of the reduction potential of the 

Co''/Co" couple to different ligands whose presence renders Co" unstable to aerial 
oxidation. The extreme effect of CN~ can be thought of as being due, on the one hand, to 
the ability of its empty 2* orbitals to accept “back-donated” charge from the metal’s filled 

t>, orbitals and, on the other, to its effectiveness as a o donor (enhanced partly by its 

negative charge). The magnitudes of the changes in E° are even greater than those noted for 

the Fe"/Fel couple (p. 1269), though if the two systems are compared it must be 
remembered that the oxidation state which can be stabilized by adoption of the low-spin 

t$, configuration is +3 for cobalt but only +2 for iron. Nevertheless, the effect of 

increasing pH is closely similar, the M"! “hydroxide” of both metals being far less soluble 
than the M" “hydroxide”. In the case of cobalt this reduces E° from 1.83 to 0.17 V: 

Co"0O(OH)+H,0+e° == Co'(OH),+OH~; E°=0.17V 

thereby facilitating oxidation to the +3 state. 

Complexes of cobalt(III), like those of chromium(III) (p. 1196), are kinetically inert and 

so, again, indirect methods of preparation are to be preferred. Most commonly the ligand 

is added to an aqueous solution of an appropriate salt of cobalt(II), and the cobalt(II) 

complex thereby formed is oxidized by some convenient oxidant, frequently (if an N- 

donor ligand is involved) in the presence of a catalyst such as active charcoal. Molecular 

oxygen is often used as the oxidant simply by drawing a stream of air through the solution 

for a few hours, but the same result can, in many cases, be obtained more quickly by using 

aqueous solutions of H,O,. 

The cobaltammines, whose number is legion, were amongst the first coordination 

compounds to be systematically studied and are undoubtedly the most extensively 

investigated class of cobalt(III) complex (see Panel). Oxidation of aqueous mixtures of 

CoX,, NH,X, and NH; (X=Cl, Br, NO, etc.) can, by varying the conditions and 

particularly the relative proportions of the reactants, be used to prepare complexes of 

types such as [Co(NH;),]°*, [Co(NH;),X]?*, and [Co(NH;),X,]*. The range of these 
compounds is further extended by the replacement of X by other anionic or neutral 

ligands. The inertness of the compounds makes such substitution reactions slow (taking 

hours or days to attain equilibrium) and, being therefore amenable to examination by 

conventional analytical techniques, they have provided a continuing focus for kinetic 

TABLE 26.4 E° for some Co"/Co" couples in acid solution 

Couple EIN: 

[Co(H,O),]?*+e° =[Co(H,O),]?* 1.83 

[Co(C,0,)3]*?~ +e =[Co(C,0,)3]*~ 0.57 
[Co(EDTA)]” +e =[Co(EDTA)]*~ 0.37 

[Co(bipy),]** +e” =[Co(bipy);]** 0.31 
[Co(en),]** +e =[Co(en),]** 0.18 

[Co(NH3),]** +e° =[Co(NH3),]?* 0.108 
[Co(CN),]?~ +H,0 +e” =[Co(CN).(H,0)]?- +CN- ~0.8 

40,+2H* +2e° =H,O 1.229 
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Naming Complexes according to Colour 

The observation by B. M. Tassaert in 1798 that solutions of cobalt(II) chloride in aqueous 

ammonia gradually turn brown in air, and then wine-red on being boiled, is generally accepted as 
the first preparation of a cobalt(II) complex. It was realized later that more than one complex was 
involved and that, by varying the relative concentrations of ammonia and chloride ion, the 
complexes CoCl;.xNH; (x =6, 5, and 4) could be separated. Prior to this it had been customary 
to name compounds after their discoverer or place of discovery, but the distinctive colours of these 
ammines and other derivatives provided, for a time, another convenient system of nomenclature. 

To the name of the cobalt(III) salt, from which the ammine could be regarded as being derived, 
was added a prefix denoting its colour. Thus CoCl,.6NH; was “luteocobaltic chloride” because 
of its golden-brown colour. Further examples are given in Table A using the modern formulation 
of the complex ions. Since the corresponding chromium({Il]) complexes were frequently, if 

fortuitously, found to have similar colours, the prefixes were used to describe similarly formulated 
complexes first of chromium and then indeed of any metal regardless of colour. Thus 
{Ir(NH3),]Cl; was luteoiridium chloride and [Cr(NH,);(H,O)]Cl, was roseochromic chloride 
despite their respective white and orange colours. For modern chemists this rather whimsical 
nomenclature has clearly outgrown its usefulness though a recognition of its origin is important 
for anyone reading the earlier literature. 

TABLE A Prefixes denoting colour 

Prefix to 
: name of 

Complex ion Colour salt Derivation 

[Co(NH3).]°* ; Golden-brown _ Luteo- L. luteus (yellow) 
[Co(NH;),(H,O)]?* Bright red Roseo- L. roseus 

: (rose-coloured) 
[Co(NH;);Cl]?* Purple Purpureo- __L. purpureus : 

(purple) 
[Co(NH,);(NO,)]?* Orange Xantho- Gk. EavOdc, xanthos 

(yellow) 
cis-[Co(NH3),Cl,]~ Deep violet Violeo- Fr, violet 

—. (violet-coloured) 
trans-[Co(NH;),Cl,]* Green Praseo- Gk. npé&onos, praseos 

(leek-coloured) 
cis-[Co(NH3),(NO,),]* Golden-yellow _ Flavo- L. flavus (yellow) 
trans-[ Co(NH;),(NO3),]~ Saffron Croceo- _L. croceus 

(saffron-coloured) 

studies. The forward (aquation) and backward (anation) reactions of the pentammines: 

[Co(NH;);X]? * +H,O0 ——=[Co(NH;),(H,0)]** +X 

must be the most thoroughly studied substitution reactions, certainly of octahedral 

compounds. Furthermore, the isolation of cis and trans isomers of the tetrammines 

(p. 1072) was an important part of Werner’s classical proof of the octahedral structure of 

6-coordinate complexes. 

Compounds analogous to the cobaltammines may be similarly obtained using chelating 

amines such as ethythenediamine or bipyridyl, and these too have played an important 

CTE-QQ 
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role in stereochemical studies. Thus cis-[Co(en),(NH3)Cl]?* was resolved into d(+ ) and 

I(—) optical isomers by Werner in 1911 thereby demonstrating, to all but the most 

determined doubters, its octahedral stereochemistry.t More recently, the absolute 

configuration of one of the optical isomers of [Co(en);]*>* was determined (see Panel).©) 
Another N-donor ligand, which forms extremely stable complexes, is the NO, ion: its 

best-known complex is the orange “sodium cobaltinitrite”, Na3[Co(NO,),], aqueous 

solutions of which can be used for the quantitative precipitation of K * as K,[Co(NO;)g]. 

Treatment of this with fluorine yields K ,[CoF,], whose anion is notable not only as the 

only hexahalo complex of cobalt(III) but also for being high-spin and hence paramagnetic 

with a magnetic moment at room temperature of nearly 5.8 BM. 

Determination of Absolute Configuration 

Because they rotate the plane of polarized light in opposite directions (p. 1078) it is a relatively 

simple matter to distinguish an optical isomer from its mirror image. But to establish their absolute. 
configurations is a problem which for long defeated the ingenuity of chemists. Normal X-ray 
diffraction techniques do not distinguish between them, but J.M. Bijvoet developed the 
absorption edge, or anomalous, diffraction technique which does. In this method”) the wavelength 
of the X-rays is chosen so as to correspond to an electronic transition of the central metal atom, and 

under these circumstances phase changes are introduced into the diffracted radiation which are 
different for the two isomers. An understanding of the phenomenon not only allows theisomersto _ 
be distinguished but also their configurations to be identified. Once the absolute configuration of 
one complex has been determined in this way, it can then be used as a standard to determine the 
absolute configuration of other, similar, complexes by the relatively simpler method of comparing 
their optical rotary dispersion (ORD) and circular dichroism (CD) curves.“° 

Normal measurements of optical activity are concerned with the ability of the optically active 
_ substance to rotate the plane of polarization of plane polarized light, its specific optical rotatory 
power (q,,) being given by — 

aVv 
a, =—— rad m? kg”! me] & 

where « is the observed angle of rotation, V is the volume, m is the mass, and / is path length. 
The reason why this phenomenon occurs is that plane polarized light can be considered tobe _ 

made up of left- and of right-circularly polarized components, and the nature of an optically active 
substance is such that, in passing through it, one component passes through greater electron 
density than does the other. As a result, that component is slowed down relative to the other and © 

the two components emerge somewhat out-of-phase, i.e. the plane of polarization of the light has 
been rotated. If the wavelength of the polarized light is varied, and «,, then plotted against 
wavelength, the result is known as an optical rotary dispersion curve. For those wavelengths at 
which the substance is transparent, «,, is virtually constant, which is to say the ORD curve is flat. 

t So deep-seated at that time was the conviction that optical activity could arise only from carbon atoms that 
it was argued that the ethylenediamine must be responsible, even though it is itself optically inactive. The 
opposition was only finally assuaged by Werner’s subsequent resolution of an entirely inorganic material 
(p. 1073). 

® 'Y. Sarto, K. NaKaTsu, M. Suiro, and H. Kuroya, Determination of the absolute configuration of optically 
active complex [Co(en),]** by means of X-rays, Acta Cryst. 8, 729-30 (1955). 

’ J. M. Buvoet, Determination of the absolute configuration of optical antipodes, Endeavour 14, 71-77 
(1955). 

*° R. D. GILLarD, The Cotton effect in coordination compounds, Prog. Inorg. Chem. 7, 215-76 (1966). 
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But what happens when the wavelength of the light is such that it is absorbed by the substance in 
question? 

In absorbing light the molecules of a substance undergo electronic excitations which involve 

displacement of electron charge. Because of their differing routes through the molecules, the two 

circularly polarized components of the light produce these excitations to different extents and are 
consequently absorbed to different extents. The difference in extinction coefficients, Fret Erigny CaN 
be measured and is known as the circular dichroism. If the CD is plotted against wavelength it is 
therefore zero at wavelengths where there is no absorption but passes through a maximum, or a 
minimum, where absorption occurs. Accompanying these changes in CD it is found that the ORD 

curve is like a first derivative, passing through zero at the absorption maximum (Fig. A). Such a 
change in sign of «,, highlights the importance of quoting the wavelength of the light used when 
classifying optical isomers as (+ ) or (—), since the classification could be reversed by simply using 
light of a different wavelength.+ 

Eright 

Elett-€ right 

Extinction coefficient or a, 

Wavelength 

Fic. A Diagrammatic representation of the Cotton effect (actually “positive” Cotton effect. The 
“negative” effect occurs when the CD curve shows a minimum and the ORD curve is the reverse of 

the above). 

The behaviours of CD and ORD curves in the vicinity of an absorption band are collectively 
Known as the Cotton effect after the French physicist A. Cotton who discovered them in 1895. Their 
importance in the present context is that molecules with the same absolute configuration will 
exhibit the same Cotton effect for the same d-d absorption and, if the configuration of one 
compound is known, that of closely similar ones can be established by comparison. 

The optical isomer of [Co(en);]** referred to in the main text is the (+ )xyap isomer, which has a 
left-handed (/aevo) screw axis as shown in Fig. Ba, and according to the convention recommended 

+ The situation is perhaps not quite so bad as is implied here, since single measurements of ,, are 

usually made at the sodium D line, 589.6 nm. Nevertheless, it is clearly better to state the 
wavelength than to assume that this will be understood. 
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by IUPAC is given the symbol A. This is in contrast to its inrer image (Fis Bb) which hasa Fight : 

handed (dextro) screw axis and is given the symbol A. _ 

(a) A commep raven (b) A comeuaron 

FiG.B_ The absolute configuration of the bee isomers of a mel tris-chelates complex such 5 2 
JO) Ll ey A configuration as 4 A ee 

[Co(CN),]*~ has already been mentioned and is extremely stable, being inert to alkalis 
and, like [Fe(CN),]*~, which likewise involves the t§, configuration, is reportedly non- 
toxic. 

Complexes of cobalt(III) with O-donor ligands are generally less stable than those with 

N-donors although the dark-green [Co(acac),] and M3[Co(C,0,)3] complexes, formed 

from the chelating ligands acetylacetonate and oxalate, are stable. Other carboxylato 

complexes such as those of the acetate are, however, less stable but are involved in the 

catalysis of a number of oxidation reactions by Co" carboxylates. 
A noticeable difference between the chemistries of complexes of chromium(III) and 

cobalt(III) is the smaller susceptibility of the latter to hydrolysis, though limited 
hydrolysis, leading to polynuclear cobaltammines"’) with bridging OH groups, is well 

known. Other commonly occurring bridging groups are NH,~, NH?~, and NO, , and 

singly, doubly, and triply bridged species are known such as 

the bright-blue [(NH;);Co-NH,-Co(NH;);]°*, 

OH 
garnet-red. [(NH; 400K | > CONE yes 

NH, 

and red [(NH3 )s;Co— OH —Co(NHs3 ); ]** 

‘on 

But probably the most interesting of the polynuclear complexes are those containing 

—O-O- bridges (see also p. 719). 

In the preparation of cobalt(III) hexammine salts by the aerial oxidation of cobalt(II) in 

aqueous ammonia it is possible, in the absence of a catalyst, to isolate a brown 

". R. Davies, M. Mort, A. G. Sykes, and J. A. WEIL, Binuclear complexes of cobalt(III), Inorg. Synth. 12, 
197-214 (1970). 
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intermediate, [(NH;);Co-O,—Co(NH;),]**. This is moderately stable in conc aqueous 

ammonia and in the solid, but decomposes readily in acid solutions to Co" and O,, 

while oxidizing agents such as (S,O,)?~ convert it to the green, paramagnetic 

[(NH,);Co-O,-Co(NH;)5]°* (399~1.7 BM). The formulation of the brown com- 
pound poses no problems. The 2 cobalt atoms are in the + 3 oxidation state and are joined 

by aperoxo group, O,” , all of which accords with the observed diamagnetism; moreover, 

the stereochemistry of the central Co-O—O-Co group (Fig. 26.3a) is akin to that of H,O, 

(p. 744). By contrast, the green compound has been the subject of considerable debate.“’”) 

Werner thought that it also involved a peroxo group but in this instance bridging Co! and 
Co'Y atoms. This could account for the paramagnetism, but esr evidence shows that the 2 
cobalt atoms are actually equivalent, and X-ray evidence shows the central Co-O-O-Co 

group to be planar with an O-O distance of 131 pm, which is very close to the 128 pm of 

the superoxide, O,, ion. A more satisfactory formulation therefore is that of 2 Co!" atoms 
joined by a superoxide bridge."*) Molecular orbital theory predicts that the unpaired 
electron is situated in a x orbital extending over all 4 atoms. If this is the case, then the z 

orbital is evidently concentrated very largely on the bridging oxygen atoms. 

If [(NH3;);Co—O,-Co(NH;),]** is treated with aqueous KOH another brown 

complex, 

{(NH; ceo _- Co(NHs )a J 

is obtained and, again, a l-electron oxidation yields a green superoxo species, 

NH, 
[(NHs)sCOT DAGONH Dal? 

2 

The sulfate of this latter is actually one component of Vortmann’s sulfate—the other is the 

red 

uy NH 

[(NH3 pola Sore _7 ©CO(NHs )a (SO, ), 

Fic 26.3. O, bridges in dinuclear cobalt complexes: (a) peroxo (O,?_ ) bridge, and (b) superoxo 
(O,_ ) bridge. 

12 AG. Syxkesand J. A. WEIL, The formation, structure and reactions of binuclear complexes of cobalt, Prog. 
Inorg. Chem. 13, 1-106 (1970). 

13\V. M. Miskowsk1, J. L. Rossins, I. M. TREITEL, and H. B. Gray, Electronic structure and spectra of 
p-superoxo-dicobalt(III) complexes, Inorg. Chem. 14, 2318-21 (1975). 



1308 Cobalt, Rhodium, and Iridium Ch. 26 

They are obtained by aerial oxidation of ammoniacal solutions of cobalt(II) nitrate 

followed by neutralization with H,SO,. 

Apart from the above green superoxo-bridged complexes and the blue fluoro 

complexes, [CoF,]*>~ and [CoF,(H,O)3], octahedral complexes of cobalt(II) are low- 

spin and hence diamagnetic. Their magnetic properties are therefore of little interest but, 

somewhat unusually for low-spin compounds (p. 1096), their electronic spectra have 

received a good deal of attention (see Panel). 

Electronic Spectra of Octahedral Low-spin Complexes of Co(III) 

It is possible to observe spin-allowed, d-d bands in the visible region of the spectra of low-spin 
cobalt(III) complexes because of the small value of 10Dg, (A), which is required to induce spin- 
pairing in the cobalt(III) ion. This means that the low-spin configuration occurs in complexes with 
ligands which do not cause the low-energy charge transfer bands which so often dominate the 
spectra of low-spin complexes. 

In practice two bands are generally observed and are assigned to the transitions: 

Ve Ay, 

and v2='T,,<'A,, (see Fig. A) 

These transitions correspond to the electronic promotion t$,t3,e} with the promoted electron 
maintaining its spin unaltered. The orbital multiplicity of the t3,e} configuration is 6 and so 
corresponds to two orbital triplet terms 'T,, and 'T,,. If, on the other hand, the promoted 
electron changes its spin, the orbital multiplicity is again 6 but the two T terms are now spin 
triplets, *T,, and *7,,. A weak band attributable to the spin-forbidden °7,,<—'A ,, transition is 
indeed observed in some cases in the region of 11 000-14 000 cm™?. 

TaBLe A_ Spectra of octahedral low-spin complexes of cobalt(III) 

Complex Colour v,/em~! vj/emo. = J0Dg/em 7: = Bem a) 

[Co(H,O),]°* Blue 16 600 24 800 18 200 670 
[Co(NH,),]°>* Golden-brown 21 000 29 500 22 900 620 
[Co(C,0,)3,]>~ Dark green 16 600 23 800 18 000 540 
[Co(en),]°* Yellow 21 400 29 500 23 200 590 
[Co(CN),]}?~ Yellow 32 400 39 000 33 500 460 

Data for some typical complexes are given in Table A. The assignments are made, as described 
on p. 1197, by fitting the ratio of the frequencies of the observed spin-allowed bands to the 
Tanabe—Sugano diagram, which produces values of the interelectronic repulsion parameter B as 
well as of the crystal-field splitting, 10Dgq. 

As is evident from Table A on p. 1303, the colours of cis and trans isomers of complexes 
[CoL,X,] or [Co(L-L),X,] frequently differ and, although simple observation of colour will not 
alone suffice to establish a cis or trans geometry, an examination of the electronic spectra does 

have diagnostic value. Calculations of the effect of low-symmetry components in the crystal field 
show that the trans isomer will split the excited terms appreciably more than the cis, and the effect 
is most marked for ' T,,, the lowest of the excited terms. In practice, if L-L and X are sufficiently far 
apart in the spectromchemical series (e.g. L-L=en and X=F which has been thoroughly 
examined), the v, band splits completely, giving rise to three separate bands for the trans complex 
whereas the cis merely shows slight asymmetry in the lower energy band. Furthermore, because 
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Energy 

7H 

Pp 
A 

Fic. A Simplified Tanabe-Sugano diagram for d®° ions showing possible spin-allowed 
transitions in complexes of low-spin cobalt(II). 

(like tetrahedral complexes, p. 1094) a cis isomer lacks a centre of symmetry, its spectrum is more 

intense than that of the centrosymmetric trans isomer. 
It is relevant to note at this point that, because the metal ions are isoelectronic, the spectra of 

low-spin Fe" complexes might be expected to be similar to those of low-spin Co". However, Fe"! 
requires a much stronger crystal field to effect spin-pairing and the ligands which provide such a 
field also give rise to low-energy charge-transfer bands which almost always obscure the d-d 
bands. Nevertheless, the spectrum of the pale-yellow [Fe(CN),]*~ shows a shoulder at 
31 000 cm~! on the side of a charge transfer absorption and this is attributed to the 'T,,<—'A1, 
transition. 

Complexes of rhodium(III) are usually derived, directly or indirectly, from 

RhC1,.3H,O and those of iridium(III) from (NH,)3[IrCl,]. All the compounds of Rh" 
and Ir" are diamagnetic and low-spin, the vast majority of them being octahedral with the 

t$, configuration. Their electronic spectra can be interpreted in the same way as the 

spectra of Co" complexes, though the second d-d band, especially in the case of Ir™, is 
frequently obscured by charge-transfer absorption. The d—d absorptions at the blue end of 
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the visible region are responsible for the yellow to red colours which characterize Rh" 

complexes. 

Similarity with cobalt is. also apparent in the affinity of Rh" and Ir™ for ammonia and 
amines. The kinetic inertness of the ammines of Rh" has led to the use of several of them in 
studies of the trans effect (p. 1352) in octahedral complexes, while the ammines of Ir"! are so 
stable as to withstand boiling in aqueous alkali. Stable complexes such as [M(C,0,)3]°”, 

[M(acac)3], and [M(CN),]°~ are formed by all three metals. Force constants obtained 

from the infrared spectra of the hexacyano complexes indicate that the M—C bond strength 

increases in the order Co< Rh<Ir. 

Despite the above similarities, many differences between the members of this triad are 

also to be noted. Reduction of a trivalent compound, which yields a divalent compound in 

the case of cobalt, rarely does so for the heavier elements where the metal, univalent 
compounds, or M"' hydrido complexes are the more usual products. Rhodium forms the 
quite stable, yellow [Rh(H,O),]** ion when hydrous Rh,O, is dissolved in mineral acid, 

and it occurs in the solid state in salts such as the perchlorate, sulphate, and alums. 

[Ir(H,O),]** is less readily obtained but has been shown to occur in solutions of Ir™ in 
cone HEIO;,. G3?) 

There is also clear evidence of a change from predominantly class-a to class-b metal 

characteristics (p. 1065) in passing down this group. Whereas cobalt(III) forms few 

complexes with the heavier donor atoms of Groups VB and VIB, rhodium(III), and more 

especially iridium (III), coordinate readily with P-, As- and S-donor ligands. Thus 

infrared, X-ray, and ‘*Nnmr_ studies show that, in complexes such as 

[Co(NH;),(NCS),]*, the NCS~ acts as an N-donor ligand, whereas in [M(SCN),]°~ 

(M =Rh, Ir) it is an S-donor. Likewise in the hexahalo complex anions, [MX.]°, cobalt 

forms only that with fluoride, whereas rhodium forms them with all the halides except 

iodide, and iridium forms them with all except fluoride. 

Besides the thiocyanates, just mentioned, other S-donor complexes which are of interest 

are the dialkyl sulfides, [MC1,(SR,)3], produced by the action of SR, on ethanolic RhCl, 

or on [IrCl,]*~. Phosphorus and arsenic compounds are obtained in similar fashion, and 

the best known are the yellow to orange complexes, [ML3X 3], (M=Rh, Ir; X =Cl, Br, I; 

L=trialkyl or triaryl phosphine or arsine). For many of these complexes the measurement 

of dipole moments and, more recently of proton nmr spectra have proved convenient tools 
with which to distinguish mer and fac isomers. An especially interesting feature of their 

chemistry is the ease with which they afford hydride and carbonyl derivatives. For 

instance, the colourless, air-stable [RhH(NH3);]SO, is produced by the action of Zn 
powder on ammoniacal RhCl; in the presence of (NH,),SO,: 

[RhCI(NH;),]Cl, ——>[RhH(NH,),]SO, 

It is unusual for hydrides of metals in such a high formal oxidation state as +3 to be stable 

in the absence of z-accepior ligands and, indeed, in the presence of z-acceptor ligands such 

as tertiary phosphines and arsines, the stability of rhodium(III) hydrides is enhanced. 

Thus HPO, reduces [RhCl,L,] to either [RhHCI,L3] or [RhH,CIL,], depending on L; 

'32 P. BEUTLER and H. GAMSJAGER, Preparation and ultraviolet-visible spectrum of hexa-aquairidium(III), 
JCS Chem. Comm. 1976, 554-5; The hydrolysis of iridium(III), JCS Dalton 1979, 1415-8. ° 
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and the action of H, on [Rh'(PPh3)3;X] (X =Cl, Br, I) yields [RhH,(PPh,),X] which is, 

formally at least, an oxidation by molecular hydrogen. However, it is iridium(III) that 

forms more hydrido-phosphine and hydrido-arsine complexes than any other platinum 

metal. Using NaBH,, LiAIH,, EtOH, or even SnCl, +H * to provide the hydride ligand, 

complexes of the type [MH,L3X;3_,,] can be formed for very many of the permutations 

which are possible from L=trialky! or triaryl phosphine or arsine; X =Cl, Br, or I. 

Oxidation state II (d’) 

There is a very marked contrast in this oxidation state between cobalt on the one hand, 
and the two heavier members of the group on the other. For cobalt it is one of the two most 

stable oxidation states, whereas for the others it is of only minor importance. 

Many early reports of Rh" and Ir" complexes have not been verified and in some cases 

may have involved M"™ hydrides. The very few substantiated examples of Ir" require 
stabilization with phosphines, but Rh" is somewhat more widely represented. Besides a 

few square planar complexes, [RhCI,L,], which are paramagnetic and apparently owe 

their existence to the stabilizing effect of the bulky phosphines which block the octahedral 

fifth and sixth positions, Rh" is found in a number of green dimeric, diamagnetic 

compounds. Hydrous Rh,O; reacts with carboxylic acids to form [Rh(O,CR), |, with the 

same bridged structure as the carboxylates of Cr", Mo", and Cu"; in the case of the acetate 
this involves a Rh—Rh distance of 239 pm which is consistent with a Rh—-Rh bond. If 

rhodium acetate is treated with a strong acid such as HBF,, whose anion has little 

tendency to coordinate, green solutions apparently containing the diamagnetic Rh,** ion 

are obtained but no solid salt of this has been isolated. Why no comparable Ir" 
carboxylates, or other dimeric species stabilized by metal-metal bonding, have yet been 

prepared is not clear. 

By contrast, Co" carboxylates such as the red acetate, Co(O,CMe),.4H,O, are 
monomeric and in some cases the carboxylate ligands are unidentate. The acetate is 

employed in the production of catalysts used in certain organic oxidations, and also as a 

drying agent in oil-based paints and varnishes. Cobalt(II) gives rise to simple salts with all 

the common anions and they are readily obtained as hydrates from aqueous solutions. The 

parent hydroxide, Co(OH),, can be precipitated from the aqueous solutions by the 

addition of alkali and is somewhat amphoteric, not only dissolving in acid but also 

redissolving in excess of conc alkali, in which case it gives a deep-blue solution containing 

[Co(OH),]*~ ions. It is obtainable in both blue and pink varieties: the former is 

precipitated by slow addition of alkali at 0°C, but it is unstable and, in the absence of air, 

becomes pink on warming. 

Complexes of cobalt(II) are less numerous than those of cobalt(III) but, lacking any 

configuration comparable in stability with the ¢§, of Co, they show a greater diversity of 
types and are more labile. The redox properties have already been referred to and the 

possibility of oxidation must always be considered when preparing Co" complexes. 

However, providing solutions are not alkaline and the ligands not too high in the 

spectrochemical series, a large number of complexes can be isolated without special 

precautions. The most common type is high-spin octahedral, though spin-pairing can be 

achieved by ligands such as CN™ which also favour the higher oxidation state. 

CTE-QQ* 
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Appropriate choice of ligands can however lead to high-spin—low-spin equilibria as shown 

by the recently investigated [Co(terpy),]X.nH,0."?”) 
Many of the hydrated salts and their aqueous solutions contain the octahedral, pink 

[Co(H,O),]** ion, and bidentate N-donor ligands such as en, bipy, and phen form 

octahedral cationic complexes [Co(L-L);,]**, which are much more stable to oxidation 

than is the hexammine [Co(NH;),]?*. Acac yields the orange [Co(acac),(H,O),] which 

has the trans octahedral structure and can be dehydrated to [Co(acac),] which attains 

octahedral coordination by forming the tetrameric species shown in Fig. 26.4. This is 

comparable with the trimeric [Ni(acac),]; (p. 1343), like which it shows evidence of weak 

ferromagnetic interactions at very low temperatures. [Co(EDTA)(H,O)]?* is ostensibly 

analogous to the 7-coordinate Mn" and Fe" complexes with the same stoichiometry, but in 
fact the cobalt is only 6-coordinate, 1 of the oxygen atoms of the EDTA being too far away 

from the cobalt (272 compared to 223 pm for the other EDTA donor atoms) to be 

considered as coordinated. 

Tetrahedral complexes are also common, being formed more readily with cobalt(II) 

than with the cation of any other truly transitional element (i.e. excluding Zn"). This is 

consistent with the CFSEs (p. 1097) of the two stereochemistries (Table 26.5). Quantitative 

comparisons between the values given for CFSE(oct) and CFSE(tet) are not possible 

because of course the crystal field splittings, A, and A, differ. Nor is the CFSE by any means 

the most important factor in determining the stability of a complex. Nevertheless, where 

other factors are comparable, it can have a decisive effect and it is apparent that no 

configuration is more favourable than d’ to the adoption of a tetrahedral as 

opposed to an octahedral stereochemistry. Thus, in aqueous solutions containing 

[Co((H,O),]** there are also present in equilibrium, small amounts of tetrahedral 

[Co(H,O),]**, and in acetic acid the tetrahedral [Co(O,CMe),]*~ occurs. The anionic 

Fic. 26.4 The terameric structure of [Co(acac),],. 

'°°'S. KREMER, W. HENKE, and D. REINEN, High-spin—low-spin equilibria of cobalt(2+) in the terpyridine 
complexes Co(terpy),X ,.2H,O, Inorg. Chem. 21, 3013-22 (1982). 
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TaBLe 26.5 CFSE values for high-spin complexes of d° to d'° ions 

No. of d electrons 0 1 2 3 4 5 6 i 8 9 10 

CFSE(oct)/(A,) 0 2 $ g 3 0 2 + 8 2 0 
3 6 an 2 0 3 6 4 2 0 
5 5 5 5 S 5 5 5 CFSE(tet)/(A,) 0 

complexes [CoX,]?~ are formed with the unidentate ligands, X=Cl, Br, I, SCN, 

and OH, and a whole series of complexes, [CoL,X,] (L=ligand with group VB donor 
atom; X=halide, NCS), has been prepared in which both stereochemistries are found. 

[CoCl,py,] exists in two isomeric forms: a blue metastable variety which is monomeric 

and tetrahedral, and a violet, stable form which is polymeric and achieves octahedral 

coordination by means of chloride bridges. Ligand polarizability is an important factor 

determining which stereochemistry is adopted, the more polarizable ligands favouring the 

tetrahedral form since fewer of them are required to neutralize the metal’s cationic charge. 

Thus, if L=py, replacement of Cl” by I” makes the stable form tetrahedral and if 

L=phosphine or arsine the tetrahedral form is favoured irrespective of X. 

The most ‘obvious distinction between the octahedral and tetrahedral compounds is 

that in general the former are pink to violet in colour whereas the latter are blue, as 

exemplified by the well-known equilibrium: 

[Co(H,O),]7* +4Cl7- ——=[CoCl,]?~ +6H,0 

pink blue 

octahedral tetrahedral 

This is not an infallible distinction (as the blue but octahedral CoCl, demonstrates) but is 

a useful empirical guide whose reliability is improved by a more careful analysis of the 

electronic spectra (see Panel). 

Electronic Spectra and Magnetic Properties of High-spin Octahedral and 

Tetrahedral Complexes of Cobalt(II)" 

Cobalt(II) is the only common d’ ion and because of its stereochemical diversity its spectra have 
been widely studied. In a cubic field, three spin-allowed transitions are anticipated (p. 1094) 
because of the splitting of the free-ion, ground *F term, and the accompanying *P term. In the 
octahedral case the splitting is the same as for the octahedral d? ion and the spectra can therefore 

be interpreted by using the same Tanabe-Sugano diagram as was used for V>* (Fig. 22.8, p. 1162). 

In the present case the spectra usually consist of a band in the near infrared, which may be assigned 

as 

vy ee *T,(F)—T,,(F), 

and another in the visible, often with a shoulder on the low energy side. Since the transition 
4A, (F)— Ti (F )is essentially a 2-electron transition from t3,¢2 to t3,¢¢ it is expected to be weak, 
and the usual assignment is 

‘4 RL. CaRLIN, Electronic structure and stereochemistry of cobalt(II), Transition Metal Chemistry 1, 1-33 
(1965). 
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‘y(shoulder)=*A2,(F)<—*T, ,(F) 

V3 = 47, (FP) 1) 

Indeed, in some cases it is probable that v, is not observed at all, but that the fine structure arises 
from term splitting due to spin-orbit coupling or to distortions from regular octahedral symmetry. 

For d’ ions in tetrahedral crystal fields, the splitting of the free-ion, ground F term is the reverse 

of that in octahedral fields so that *A ag F ) lies lowest. Now it has already been shown (Table 19.3, 

p. 1093), on the basis of the positive hole formalism, that octahedral d’ splitting is the exact reverse _ 
of the octahedral d*. It therefore follows that the tetrahedral d‘ case is the same as the octahedral _ 
d? and so spectra of tetrahedral Co" complexes are to be interpreted in the same way as for 
octahedral Cr", i.e. on the basis of Fig. 23.10 (p. 1198). In fact, the observed spectra usually consist 
ofa broad, intense band in the visible region (responsible for the colour and often about 10 times as 

intense as in octahedral compounds) with a weaker one in the-infrared. The only ey e 
interpretation is to assign these, respectively, as, : yo 

v3=*T,(P)<*A,(F) 

vo = °T,(F)<* ALF) 

in which case v, =*T>(F)<*4,(F) should be in the region 3000-5000 cm“ '. Examination of this _ 
part of the infrared has sometimes indicated the presence of a band, though motes vibrational Le 
bands make interpretation difficult, | 

Table A gives data for a number of octahedral and tetrahedral coupe the values of 10Dgq and 

B having been derived as described for V" (p. 1163) and Cr'™ (p. 1198). The ability to assign the 
absorption bands reasonably in this manner, bearing in mind the greater intensity expected in the _ 
tetrahedral case (p. 1094), is a more reliable guide to stereochemistry than simple colour. It is, for — 
instance, clear from these data that the “anomolous” blue colour of octahedral CoCl, arises 
because 6 Cl” ions generate such a weak crystal field that the main band in its spectrum is at an _ 
unusually low energy, extending into the red region (hence giving a blue colour) rather than the _ 
green-blue region (which would give a red colour) more commonly observed for octahedral 

Co" compounds. 
Magnetic properties provide a complementary means of distinguishing stereochemistry. The T 

ground term of the octahedral ion is expected to give rise to a temperature-dependent orbital _ 

contribution to the magnetic moment whereas the A ground term of the tetrahedral ion is not (see __ 

Tas.e A Electronic spectra of complexes of cobalt(II) 

(a) Octahedral : 

ay 

y,/em~* y;/em 
Complex v,jom! (weak) (main) 10Dq/em"* ss B/em * 

[Co(bipy),]2* 11 300 22 000 12 670 791 
[Co(NH3)¢12* 9000 : 21100 10200 ae 
[Co(H,0),]?* 8100 16 000° 19400 9200- 
CoCl, ‘6600 13 300 17 250 6900) = 780. 

(b) Tetrahedral 

vom | 
Complex v,/em~! (main) 10Dg/em ' = B/cem™! 

[Co(NCS),]}?~ 7780 16250  — 4550 691 
[Co(N,)4}2~ 6750 14 900 3920 658 
[CoCl,]?- 5460 —=—-14. 700 3100, 7 
[Col|27 4600 13 250 2630 665 
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p. 1098). As a matter of fact, in a tetrahedral field the excited *7,(F) term is “mixed into” the 
ground *A, term because of spin-orbit coupling and tetrahedral complexes of Co"! are expected to 
have magnetic moments given by 

4) 
Me= Uspin-only le 10Dq 

where 4= —170 cm”? and 44,,;, ony = 3.87 BM. 
Thus the magnetic moments of tetrahedral complexes lie in the range 4.44.8 BM, whereas those 

of octahedral complexes are around 4.8-5.2 BM at room temperature, falling off appreciably as the 
temperature is reduced. 

Square planar complexes are also well authenticated if not particularly numerous and 

include [Co(phthalocyanine)] as well as [Co(salen)] and complexes with other Schiff 

bases.) These are invariably low-spin with magnetic moments at room temperature in 
the range 2.1=2.9 BM, indicating 1 unpaired electron. They are primarily of interest 

because of their oxygen-carrying properties, discussed already in Chapter 14 where 

numerous reviews on the subject are cited. The uptake of dioxygen, which bonds in the 

bent configuration, 6 

CA : 

is accompanied by the attachment of a solvent molecule trans to the O, and the retention 

of the single unpaired electron. There is fairly general agreement, based on esr evidence, 

that electron transfer from metal to O, occurs just as in the bridged complexes referred to 

on p. 1307, producing a situation close to the extreme represented by low-spin Col”! 
attached to a superoxide ion, O,°. (The opposite extreme, represented by Co"-O,, 
implies that the unpaired electron resides on the metal with the dioxygen being rendered 

diamagnetic by the loss of the degeneracy of its x* orbitals with consequent spin pairing.) 

However, the precise extent of the electron transfer is probably determined by the nature 

of the ligand trans to the O,. 

The difficulty of assigning a formal oxidation state is more acutely seen in the case of 

5-coordinate NO adducts of the type [Co(NO)(salen)]. These are effectively diamagnetic 

and so have no unpaired electrons. They may therefore be formulated either as Co"'-NO~ 
or Co'-NO*. The infrared absorptions ascribed to the N-—O stretch lie in the range 

1624-1724 cm ', which is at the lower end of the range said to be characteristic of NO*. 

But, as in all such cases which are really concerned with the differing polarities of covalent 

bonds, such formalism should not be taken literally. 

Other 5-coordinate Co' compounds which have been characterized include 
[CoBr{N(C,H,NMe,)3}]*, which is high-spin with 3 unpaired electrons and is trigonal 
bipyramidal (imposed by the “tripod” ligand), and [Co(CN);]*~ , which is low-spin with 1 

unpaired electron and is square pyramidal. The latter complex has only fairly recently 

been isolated" from solutions of Co(CN), and KCN as the yellow [NEt,Pr',]* salt, an 

'S ©. DauL, C. W. SCHLAPFER, and A. VON ZELEWSKY, The electronic structure of cobalt(II) complexes with 

Schiff bases and related ligands, Struct. Bonding 36, 129-71 (1979). 
6 L. D. Brown and K. N. RAYMOND, Structural characterization of the pentacyanocobaltate(II) anion in the 

salt [NEt,Pr5],[Co(CN).], Inorg. Chem. 14, 2590-4 (1975). 
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extremely oxygen-sensitive and hygroscopic material. A further difficulty which hin- 

dered its isolation is its tendency to dimerize to the more familiar deep-violet, 

[(CN),;Co-Co(CN),]°. The absence of a simple hexacyanocomplex is significant as it 

seems to be generally the case that ligands such as CN, which are expected to induce spin- 

pairing, favour a coordination number for Co" of 4 or 5 rather than 6; the planar 

[Co(diars),]CIO, is a further illustration of this. Presumably the Jahn-Teller distortion, 

which is anticipated for the low-spin t§,e; configuration is largely responsible. 

Oxidation state I (d®°) 

Oxidation states lower than + 2 require the stabilizing effect of x-acceptor ligands and 

some of these are appropriately considered along with organometallic compounds in 

Section 26.3.5. However, although + 1 isnot acommon oxidation state for cobalt, it is one 

of the two most common states for both rhodium and iridium and as such merits separate 

consideration. 
Simple ligand-field arguments, which will be elaborated when M" ions of the Ni, Pd, Pt 

triad are discussed on p. 1346, indicate that the d® configuration favours a 4-coordinate, 

square-planar stereochemistry. In the present group, however, the configuration is 

associated with a lower oxidation state and the requirements of the 18-electron rule,t 

which favour 5-coordination, are also to be considered. The upshot is that most Co! 

complexes are 5-coordinate, like [Co(CNR);]*, and square-planar Co! is apparently 

unknown. On the other hand, complexes of Rh' and Ir' are predominantly square planar, 

although 5-coordination does also occur. 

These complexes are usually prepared by the reduction of compounds such as 

RhCl1,.3H,O and K,IrCl, in the presence of the desired ligand. It is often unnecessary to 
use a specific reductant, the ligand itself or alcoholic solvent being adequate, and not 

infrequently leading to the presence of CO or H in the product. A considerable proportion 

of the complexes of Rh! and Ir' are phosphines and of these, two in particular demand 

attention. They are Wilkinson’s catalyst, [RhCl(PPh,),], and Vaska’s compound, trans- 

[IrCl(CO)(PPh,),], both essentially square planar. 

Wilkinson’s catalyst, [RhCI(PPh ;)3]. This red-violet compound, which is readily 

obtained by refluxing ethanolic RhCl;.3H,O with an excess of PPh;, was discovered”? 
in 1965. It undergoes a variety of reactions, most of which involve either replacement of a 

phosphine ligand (e.g. with CO, CS, C,H,, O, giving trans products) or oxidative addition 

(e.g. with H,, Mel) to form Rh", but its importance arises from its effectiveness as a 
catalyst for highly selective hydrogenations of complicated organic molecules which are of 

+ The filling-up of the bonding MOs of the molecule may be regarded, more simply, as the filling of the 
outer 9 orbitals of the metal ion with its own d electrons plus a pair of o electrons from each ligand. A 4-coordinate 
d® ion is thus a “16-electron” species and is “coordinatively unsaturated”. Saturation in this sense requires the 
addition of 10 electrons, i.e. 5 ligands, to the metal ion. By contrast rhodium(III) is a d° ion and so can expand its 
fies ncaa sphere to accommodate 6 ligands with important consequences in catalysis which will be seen 
elow. 

'” J. F. Youna, J. A. Osporne, F. H. JARDINE, and G. WILKINSON, Hydride intermediates in homogenous 
hydrogenation reactions of olefins and acetylenes using rhodium catalysts, Chem. Comm. 1965, 131-2. 
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great importance in the pharmaceutical industry. Its use allowed, for the first time, rapid 

homogeneous hydrogenation at ambient temperatures and pressures: 

h: ia catalyst 
G 

The precise mechanism is complicated and has been the subject of much speculation and 

controversy, but Fig. 26.5 shows a simplified but reasonable scheme. The essential steps in 

this are the oxidative addition of H, (if the hydrogen atoms are regarded as “hydridic”,, i.e. 

as H_, the metal’s oxidation state increases from +1 to +3); the formation of an alkene 

complex; alkene insertion, and, finally, the reductive elimination of the alkane (ie. the 

metal’s oxidation state reverting to +1). The rhodium catalyst is able to fulfil its role 

because the metal is capable of changing its coordination number (loss of phosphine from 

the dihydro complex being encouraged by the large size of the ligand) and it possesses 

oxidation states (+ 1.and +3) which differ by 2 and are of comparable stability. 

The discovery of the catalytic properties of [RhCl(PPh;),] naturally brought about a 

widespread search for other rhodium phosphines with catalytic activity. One of those 

which was found, also in Wilkinson’s laboratory," was trans-[Rh(CO)H(PPh;),;] which 

H H 
cl P Gl | P Cl | B 

See +H, Se 2 ee 
Rh SS —— 

oxidative 

of ans addition A | De nA > H 

+ 

+P ae 

Io H H 
Cl P -~H—C—C—H Ch | P Cl | P 
Se La aie Sie 

Rh ————— TS 
ductive | | alkene 

Pp 7 sinination Pp 7 ON esaen. H insertion P 7 | »~ H 

eral 

Fic. 26.5 The catalytic cycle for the hydrogenation of an alkene, catalysed by [RhCl(PPh,)3] in 

benzene; possible coordination of solvent molecules has been ignored and the ligand PPh, has 
been represented as P throughout, for clarity. 

18 © O’ConNoR and G. WILKINSON, Selective homogeneous hydrogenation of alk-1l-enes using hydrido- 

carbonyltris(triphenylphosphine)rhodium(I) as catalyst, J. Chem. Soc. (A) 1968, 2665-71. 
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can conveniently be dealt with here. It was found that, for steric reasons, it selectively 

catalyses the hydrogenation of alk-1-enes (i.e. terminal olefins) rather than alk-2-enes and 

it has recently been used in the hydroformylation®® of alkenes, (i.e. the addition of H and 
the formyl group, CHO) also known as the OXO process because it introduces oxygen 

into the hydrocarbon. This is a process of enormous industrial importance, being used to 

convert alk-l-enes into aldehydes which can then be converted to alcohols for the 

production of polyvinylchloride (PVC) and polyalkenes and, in the case of the long-chain 

alcohols, in the production of detergents: 

catalyst 

RCH=CH, +H, +CO——>RCH,CH,CHO 

A simplified reaction scheme is shown in Fig. 26.6. Again, the ability of rhodium to change 

its coordination number and oxidation state is crucial, and this catalyst has the great 

advantage over the conventional cobalt carbonyl catalyst that it operates efficiently at 

much lower temperatures and pressures and produces straight-chain as opposed to 

branched-chain products. The reason for its selectivity lies in the insertion step of the cycle. 

In the presence of the two bulky PPh, groups, the attachment to the metal of -CH,CH,R 

(anti-Markovnikov addition, leading to a straight chain product) is easier than the 

attachment of 

(Markovnikov addition, leading to a branched-chain product). 

Vaska’s compound, trans-[IrCl(CO)(PPh;), |. This yellow compound can be prepared 

by the reaction of triphenyl phosphine and IrCl, in a solvent such as 2-methoxyethanol 

which acts both as reducing agent and supplier of CO. It was discovered in 1961 by L. 

Vaska and J. W. di Luzio"® and recognized as an ideal material for the study of oxidative 
addition reactions, since its products are generally stable and readily characterized. It is 

certainly the most thoroughly investigated compound of Ir'. It forms octahedral Ir™ 
complexes in oxidative addition reactions with H,, Cl,, HX, Mel, and RCO,H, and 

‘H nmr shows that in all cases the phosphine ligands are trans to each other. The 4 

remaining ligands (Cl, CO, and two components of the reactant) therefore lie in a plane 

and 3 isomers are possible: 

There is apparently no simple way of predicting which of these will be formed and each 

case must be examined individually. Addition reactions with ligands such as CO and SO, 

'84R. L. Pruett, Hydroformylation, Adv. Organometallic Chem. 17, 1-60 (1979). 
'°'L. VasKa and J. W. Di Luzio, Carbonyl and hydrido-carbonyl complexes of iridium by reaction with 

alcohols. Hydrido complexes by reaction with acid, J. Am. Chem. Soc. 83, 2784-5 (1961). 
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Fic. 26.6 The catalytic cycle for the hydroformylation of an alkene catalysed by trans- 
[RhH(CO)(PPh;),]. The tertiary phosphine ligand has been represented as P throughout. 

(the addition of which as an uncharged ligand is unusual) differ in that no oxidation occurs 

and 5-coordinate 18-electron Ir' products are formed. 

The facile absorption of O, by a solution of Vaska’s compound is accompanied by a 

change in colour from yellow to orange which may be reversed by flushing with N,. This 

is one of the most widely studied synthetic oxygen-carrying systems and has been dis- 

cussed earlier (p. 718). The O-O distance of 130 pm in the oxygenated product (see Fig. 
14.6b, p. 721)is rather close to the 128 pm of the superoxide ion, O, , but this would imply 

Ir which is paramagnetic whereas the compound is actually diamagnetic. The 

oxygenation is instead normally treated as an oxidative addition with the O, acting as a 
bidentate peroxide ion, O,” , to give a 6-coordinate Ir™ product. However, in view of the 
small “bite” of this ligand the alternative formulation in which the O, acts as a neutral 

unidentate ligand giving a 5-coordinate Ir' product has also been proposed. 
Oxygen-carrying properties are evidently critically dependent on the precise charge 

distribution and steric factors within the molecule. Replacement of the Cl in Vaska’s 
compound with I causes loss of oxygen-carrying ability, the oxygenation being 
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irreversible. This can be rationalized by noting that the lower electronegativity of the 

iodine would allow a greater electron density on the metal, thus facilitating MO, x 

donation: this increases the strength of the M—O, bond and, by placing charge in 

antibonding orbitals of the O,, causes an increase in the O—O distance from 130 to 151 pm. 

Lower oxidation states 

Numerous complexes of Co, Rh, and Ir are known in which the formal oxidation state of 

the metal is zero, — 1, or even lower. Many of these compounds contain CO, CN, or RNC 

as ligands and so are more conveniently discussed under organometallic compounds 

(Section 26.3.5). However, other ligands such as tertiary phosphines also stabilize the 

lower oxidation states, as exemplified by the brown, tetrahedral, paramagnetic complex 
[Co°(PMe;),]: this is made by reducing an ethereal solution of CoCl, with Mg or Na 

amalgam in the presence of PMe;. Further treatment of the product with Mg/thf in the 

presence of N, gives [Mg(thf),][Co "(N,)(PMe3),]. Similar reactions with P(OMe),; 
and P(OEt), give both paramagnetic monomers [Co°{P(OR),},], and diamagnetic 

dimers [Co${P(OR)3},], whereas the more bulky P(OPr'), yields only the orange-red 
monomeric product. With an excess of sodium amalgam as reducing agent the product 

with this latter ligand is the white-crystalline Na[Co '{P(OPr'),‘]."°” In view of the 
ready solubility of this compound in pentane and the d!° configuration of Co! it may be 
that only 4 of the phosphite ligands are directly coordinated to the metal centre: one 

possible formulation would be 

Another technique for obtaining low oxidation states is by electrolytic reduction using 

cyclic voltametry. Some spectacular series can be achieved of which, perhaps, the most 

notable is based on [Ir"(bipy)3]**: this, when dissolved in MeCN, can be oxidized to 
[Ir'’(bipy),;]** and reduced in successive 1-electron steps to give every oxidation state 

down to [Ir~ "(bipy)3]°~, a total of 8 interconnected redox complexes. However, by no 
means all have been isolated as solid products from solution. °® Many other such redox 
series are known for these_and other elements. 

"°*M. C. Rakowski and E. L. MUETTERTIES, Low-valent cobalt triisopropyl phosphite complexes. 
Characterization of a catalyst for the hydrogenation of x,/-unsaturated ketones, J. Am. Chem. Soc. 99, 739-43 
(1977), and references therein. 

? J. L. Kant, K. W. Hanck, and K. DEARMOND, Electrochemistry of iridium—bipyridine complexes, J. 
Phys. Chem. 82, 540-5 (1978), and references therein. 



§26.3.4 The Biochemistry of Cobalt 1321 

26.3.4 The biochemistry of cobalt?) 

The wasting disease in sheep and cattle known variously as “pine” (Britain), “bush 

sickness” (New Zealand), “coast disease” (Australia), and “salt sick” (Florida) has been 

recognized since the late eighteenth century. When it was realized to be an anaemic 

condition it was thought to be due to iron deficiency and was therefore treated, with mixed 

success, by administering iron salts. Then, in the 1930s, it was found by workers in 

Australia and New Zealand that the efficacious principle in the iron treatment was actually 

an impurity (cobalt) but its role was not understood. This became more evident when 

vitamin B, , was extracted from raw liver and shown to be responsible for the latter’s well- 

known effectiveness in treating pernicious anaemia. It is now known that vitamin B,, is a 

coenzymet in a number of biochemical processes, the most important of which is the 

formation of erythrocytes (red blood-cells). It obviously functions extremely effectively, 

the human body for instance containing a mere 2-5 mg, concentrated in the liver. 

The structure of the diamagnetic, yellow-orange vitamin B,, is shown in Fig. 26.7 and it 

can be seen that the coordination sphere of the cobalt has many similarities with that of 

iron in haem (see Fig. 25.9). In both cases the metal is coordinated to 4 coplanar nitrogen 
atoms (in this case part of a “corrin” ring which is less symmetrical and not so unsaturated 

as the porphyrin in haem) with an imidazole nitrogen in the fifth position. A major 

difference is apparent, however, in the sixth coordination position which, in haemoglobin, 

is either vacant or occupied by O,. Here it is filled by a o-bonded carbon,?') making 
vitamin B, , the first, and so far the only, naturally occurring organometallic compound. 

The usual methods of isolation lead to a product known as cyanocobalamin, which is the 

same as vitamin B,, itself but with CN~™ instead of deoxyadenosine in the sixth 

coordination position. This is a labile site, and other derivatives such as aquocobalamin 

can be prepared. 

Incorporation of cobalt into the corrin ring system modifies the reduction potentials of 

cobalt giving it three accessible and consecutive oxidation states: 

OH 

| eich te Gx 
[Coll ] ——— [Coll] ———<——— [Col] 

Hydroxocobalamin Vitamin B, >, Vitamin B, >, 

purple brown blue-green 

The reductions are effected in nature by ferredoxin (p. 1281). This behaviour can be 

reproduced surprisingly well by simpler, model compounds. Some of the best known of 

+ Enzymes are proteins which act as very specific catalysts in biological systems. Their activity may depend on 

the presence of substances, often metal complexes, of much lower molecular weight. These activators are known 
as “coenzymes”. 

20D. A. Puipps, Metals and Metabolism, pp. 112-20, Oxford University Press, Oxford, 1976. G.N. 
SCHRAUZER, New developments in the field of vitamin B, ,: reactions of the cobalt atom in corrins and in vitamin 
B, , model compounds, Angew. Chem., Int. Edn. (Engl.) 15, 417-26 (1976). R. S. Young, Cobalt in Biology and 
Biochemistry, Academic Press, London, 1979, 144 pp. 

21 D. C. Hopckin, The structure of the corrin nucleus from X-ray analysis, Proc. Roy. Soc. A 288, 294-305 
(1965). 
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(a) 

= (b) 
Fic. 26.7. Vitamin B,,: (a) a corrin ring showing a square-planar set of N atoms and a 
replaceable H, and (b) simplified structure of B, 5. In view of the H displaced from the corrin ring, 
the Co-C bond, and the charge on the ribose phosphate, the cobalt is formally in the + 3 oxidation 
state. This and related molecules are conveniently represented as: R 

= Il] 

these are obtained by the addition of axial groups to the square-planar complexes of Co" 

with Schiff bases, or substituted glyoximes (giving cobaloximes) as illustrated in Fig. 26.8. 

The reduced Co! species of these, along with vitamin B, 5, are amongst the most powerful 

nucleophiles known (hence, “supernucleophiles”), liberating H, from water. 

Virtually all the biological processes, in which vitamin B, , is active, involve substituent 

exchange of the type: 

which, significantly, does not involve solvent protons. Though the precise mechanism of 

these reactions, and in particular the redox processes involved, are not yet settled, it is 

evident that vitamin B,, acts as a hydrogen carrier and the lability of the sixth 

coordination site is crucial to this. The investigation of model systems!” to distinguish 

between a variety of conceivable mechanisms is a currently very active area of research. 

26.3.5 Organometallic compounds 

Many of the organometallic compounds of the elements of this group show valuable 

catalytic activity and, as discussed above, much of the chemistry of vitamin B,, is the 

*!@ R. D. Jones, D. A. SOMMERVILLE, and F. BASOLO, Synthetic oxygen carriers related to biological systems, 
Chem. Revs. 79, 139-79 (1979). 
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Fic. 26.8 Model vitamin B,, compounds: (a) a Schiff base derivative, and (b) a cobaloxime, in 
this case derived from dimethylglyoxime. 

chemistry of the Co—C o bond. Simple homoleptic alkyls and aryls of cobalt, [(CoR,,], have 

not in fact been prepared, but this is evidently not due to thermodynamic instability of the 

Co-C bond since compounds containing such bonds can be prepared in abundance, not 

only with z-bonding ligands such as phosphines and CO but also with non-z-bonding 

ligands such as Schiff bases and glyoximes. These latter presumably owe their existence not 

to electronic but rather to steric factors, the additional ligands blocking what might 

otherwise be energetically favourable decomposition paths. 

Carbonyls”) (see p. 349) 

Because they possess an odd number of valence electrons the elements of this group can 

only satisfy the 18-electron rule in their carbonyls if M-M bonds are present. In accord 

with this, mononuclear carbonyls are not formed. Instead [M ,(CO). ], [M.4(CO), 2], and 

[M,(CO),,] are the principal binary carbonyls of these elements. But reduction of 

[Co,(CO),] with, for instance, sodium amalgam in benzene yields the monomeric and 

22,W. P. GriFFitH, Carbonyls, cyanides, isocyanides and nitrosyls, Chap. 46 in Comprehensive Inorganic 
Chemistry, Vol. 4, pp. 105-95, Pergamon Press, Oxford, 1973. 
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tetrahedral, 18-electron ion, [Co(CO),]~, acidification of which gives the hydride, 

[HCo(CO),]. 
The importance of cobalt carbonyls lies in their involvement in hydroformylation 

reactions discussed above. The original, and still most widely used, process depends on the 

use of cobalt salts rather than the newer rhodium catalysts (p. 1316). The mechanism of the 

cobalt cycle is more difficult to ascertain but it seems clear that the active agent is the 

hydride, [HCo(CO), ]. It is, moreover, plausible that the cycle is basically the same as that 

outlined in Fig. 26.6 but starting with loss of CO from [HCo(CO),] rather than loss of 

phosphine from [Rh(CO)H(PPh;);], so producing a comparable coordinatively 

unsaturated intermediate to which the alkene can attach itself. The disadvantages of the 

system, as already mentioned, are its lack of specificity, leading to branched-chain 

products, and the necessity of high temperatures (> 150°C) and pressure (~ 200 atm). In 

addition the volatility of [HCo(CO),] poses recovery problems. 

The dimeric octacarbonyls are obtained by heating the metal (or in the case of iridium, 

IrCl, + copper metal) under a high pressure of CO (200-300 atms). Co,(CO), is by far the 

best known, the other two being poorly characterized; it is an air-sensitive, orange-red 

solid melting at 51°C. The structure, which involves two bridging carbonyl groups as 

shown in Fig. 26.9a), can perhaps be most easily rationalized on the basis of a “bent” 

Co-Co bond arising from overlap of angled metal orbitals (d?sp* hybrids). However, in 
solution this structure is in equilibrium with a second form (Fig. 26.9b) which has no 

bridging carbonyls and is held together solely by a Co—Co bond. 

The most stable carbonyls of rhodium and iridium are respectively red and yellow solids 

of the form [M,(CO), >] which are obtained by heating MCI, with copper metal under 

about 200 atm of CO. The black cobalt analogue is more simply obtained by heating 

[Co,(CO)g,] in an inert atmosphere 

aCo {CO} = 1a, (CO) 4eO 

The structures are shown in Fig. 26.9c and d and differ in that, whereas the Ir compound 

consists of a tetrahedron of metal atoms held together solely by M—M bonds, the Rh and 

Co compounds each incorporate 3 bridging carbonyls. A similar difference was noted in 

the case of the trinuclear carbonyls of Fe, Ru, and Os (p. 1283) and a similar explanation 

may be invoked,?*) namely that the Ir is too large for the Ir-Ir bond to support a CO 
bridge. Of the 3 [M,(CO),,] carbonyls the very dark-brown Rh compound prepared 

simultaneously with and separated from [Rh,(CO), ,] is the best known. In the solid its 

structure consists of an octahedral array of Rh(CO), units with the remaining 4 CO’s 

bridging 4 faces of the octahedron (Fig. 26.9e). Theoretical perceptions of such clusters 
and their derivatives have been developed.) 

Prompted not only by their catalytic potential, but also by the intrinsic interest in their 

structural complexity, the cluster carbonyls of this group (especially of Rh) currently form 

an active area of research, and anionic species of very high nuclearity have been 

>3 B. F. G. JOHNSON, The structures of simple binary carbonyls, JCS Chem. Comm. 1976, 211-13. 
°° R. HOFFMANN, B. E. R. SCHILLING, R. Bau, H. D. Kaksz, and D. M. P. MinGos, Electronic structures of 

[M,(CO), >H,] and [M4(7°-C;H;)4H,] complexes, J. Am. Chem. Soc. 100, 6088-93 (1978). 



§26.3.5 Organometallic Compounds 1325 

(c) 

Metal 

@ CofCO(O omitted for clarity) 

(e) 

Fic. 26.9 Molecular structures of some binary carbonyls of Co, Rh, and Ir. (a) Co,(CO), in solid 
state, showing the formation of a “bent” Co-Co bond. (b) Co,(CO), in solution. (c) Iry(CO), >. (d) 

M,(CO),2, M=Co, Rh. (e) Rh,(CO),¢. 
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prepared.’?3© Some of these are stabilized by the incorporation of interstitial, or 

encapsulated, heteroatoms of which the carbides have already been mentioned (p. 354). 

H,?* P24) As24>) and S@5) have also been encapsulated in ions such as 

[Rh,3(CO),,H3]?, [Rho(CO),P]?~, [Rhy oAs(CO),2]°”, and [Rh, ,(CO)s32(S)2]*-, 
while in certain Rh, 3, Rh,,, and Rh,, anions’?® one of the metal atoms is situated inside 
the metal polyhedron. The largest discrete cluster yet to be characterized for any metal 

occurs in the black crown-ether alkali-cation compound of formula [Cs (18-crown- 

6),4]°* [Rh,,(CO),;H,]°>~ [Rh,,(CO),;H,.,,]*. In addition to the 2 Rh,, clusters of 
average charge 4.5, the compound also features the unprecedented “triple-decker” crown 

complex [Cs,(crown),]?* which forms part of the array of counter cations:?” 

[Cs(crown)]* ,[Cs(crown), ]* 3[Cs.(crown);]?* >. 

Other derivatives of the carbonyls are of course numerous; Ir forms many carbonyl 

halides of the types [Ir'(CO)3X], [Ir(CO),X,]~, [Irl"(CO),X,4]-, and [Ir™(CO)X,]?~, 

but the stability of carbonyl halides falls off in the sequence Ir > Rh >Co and those of Co 

are only of the type [Co(CO),X] and are very unstable. The structure of the octahedral 

anionic cluster [Irg(CO),,]?~ has recently been determined.@®) 
The bulk of derivatives are obtained by the displacement of CO by other ligands. These 

include phosphines and other group VB donors, NO, mercaptans, and unsaturated 

organic molecules such as alkenes, alkynes, and cyclopentadienyls. 

Cyclopentadienyls 

Cobaltocene, [Co"(n°-C;H;).], is a dark-purple air-sensitive material, prepared by the 
reactions of sodium cyclopentadiene and anhydrous CoCl, in THF. Having 1 more 

electron than ferrocene, it is paramagnetic with a magnetic moment of 1.76 BM and, while 

it is thermally stable up to 250°C, its most obvious characteristic is its ready loss of this 

°3> See for instance, G. Cian, A. MAGNi, A. StRONI, and S. MARTINENGO, Synthesis and X-ray 
characterization of the high-nuclearity [Rh, ,(u3-CO)3(u-CO), ;(CO), .]>~ anion containing a tetracapped 
twinned cuboctahedral cluster, JCS Chem. Comm. 1981, 1280-2; G. Ciant, A. SIRONI, and S. MARTINENGO, 
High nuclearity clusters of rhodium. Part 3. Crystal and molecular structure of hexadeca-p-carbonyl- 
enneacarbonyl-polyhedro-tetradecarhodate(4 — ) in its tetraethylammonium salt, JCS Dalton 1982, 1099-1102; 
B. T. HEATON, L. STRONA, S. MARTINENGO, D. STRUMOLO, R. J. GOODFELLOW, and J. H. SADLER, Hexanuclear 
rhodium hydrido-carbonyl clusters, JCS Dalton 1982, 1499-502. : 

?4 S. MARTINENGO, B. T. HEATON, R. J. GOODFELLOW, and P. Cun, Hydrogen and carbonyl scrambling in 
[Rh, ,(CO),,H;_,]" (1=2 and 3); a unique example of hydrogen tunnelling, JCS Chem. Comm. 1977, 39-40. 
24a JL. VipaL, W. E. Wacker, R: L. Pruett, and R. C. SCHOENING, [Rh P(CO),,]?~ . Example of 

encapsulation of phosphorus by transition-metal-carbonyl clusters, Inorg. Chem. 18, 129-36 (1979). 
24> J. L. Vipat, [Rh,)As(CO),.]>~. Example of encapsulation of arsenic by transition-metal-carbonyl 

clusters as illustrated by the structural study of the benzyltriethylammonium salt, Inorg. Chem. 20, 243-9 (1981). 
25 J. L. Vipat, R. A. Fiato, L. A. Crospy, and R. L. Pruett, [Rh, ,(S),(CO),,]>~. An example of 

encapsulation of chalcogen atoms by transition-metal-carbonyl clusters, /norg. Chem. 17, 2574-82 (1978). 
26 S. MARTINENGO, G. CIANI, A. SIRONI, and P. CHINI, Analogues of metallic lattices in rhodium-carbonyl 

cluster chemistry, J. Am. Chem. Soc. 100, 7096-8 (1978). S. MARTINENGO, G. CIANI, and A. Srront, Synthesis 
and X-ray structure of the novel high nuclearity rhodium-cluster dianion [Rh, ,(u-CO), (CO), ,]?~, JCS Chem. 
Comm. 1980, 1140-1. 

27. L. VipaL, R. C. ScCHOENING, and J. M. Troup, [Cs9(18-crown-6), 4]* *[Rh,,(CO); H,]°~- 
[Rh,,(CO);;H,,,]* . Synthesis, structure, and reactivity of a rhodium-carbonyl cluster with a body-centred 
cubic arrangement of metal atoms, /norg. Chem. 20, 227-8 (1981). 

8 F. DEMARTIN, M. MANASSERO, M. SANSONI, L. GARLASCHELLI, S. MARTINENGO, and F. CANZIANI, A new 
synthesis and the X-ray crystal structure of bis(trimethylbenzylammonium) tri-yl-carbonyl-dodecacarbonyl- 
octahedro-hexairidate(2-), JCS Chem. Comm. 1980, 903-4. 



§26.3.5 Organometallic Compounds 1327 

electron to form the yellow-green cobalticenium ion, [Co'(y>°-C,H,),]*. This resists 
further oxidation, being stable even in conc HNO, but, like the isoelectronic ferrocene, is 

susceptible to nucleophilic attack on its rings. 

Rhodocene, [Rh(y°-C;H,),], is also known but is unstable to oxidation and has a 

tendency to form dimeric species. Claims for the existence of iridocene probably refer to 

Ir'' complexes. However, the yellow rhodicenium and iridicenium cations are certainly 
known and are entirely analogous to the cobalticenium cation in their resistance to 

oxidation and susceptibility to nucleophilic attack. 
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Nickel, Palladium, and 
Platinum 

27.1 Introduction 

An alloy of nickel was known in China over 2000 years ago, and Saxon miners were 

familiar with the reddish-coloured ore, NiAs, which superficially resembles Cu,O. These 

miners attributed their inability to extract copper from this source to the work of the devil 

and named the ore “Kupfernickel” (Old Nick’s copper). In 1751 A. F. Cronstedt isolated an 

impure metal from some Swedish ores and, identifying it with the metallic component of 

Kupfernickel, named the new metal “nickel”. In 1804 J. B. Richter produced a much purer 

sample and so was able to determine its physical properties more accurately. 

Impure, native platinum seems to have been used unwittingly by ancient Egyptian 

craftsmen in place of silver, and was certainly used to make small items of jewellery by the 

Indians of Ecuador before the Spanish conquest. The introduction of the metal to Europe 

is acomplex and intriguing story." In 1736 A. de Ulloa, a Spanish astronomer and naval 

officer, observed an unworkable metal, platina (Spanish, little silver), in the gold mines of 

what is now Colombia. Returning home in 1745 his ship was attacked by privateers and 

finally captured by the British navy. He was brought to London and his papers 

confiscated, but was fortunately befriended by members of the Royal Society and was 

indeed elected to that body in 1746 when his papers were returned. Meanwhile, in 1741, 

C. Wood brought to England the first samples of the metal and, following the eventual 

publication of de Ulloa’s report in 1748, investigation of its properties began in England 

and Sweden. It became known as “white gold” (this term is now used to describe an Au/Pd 

alloy) and the “eighth metal” (the seven metals Au, Ag, Hg, Cu, Fe, Sn, and Pb having been 

known since ancient times), but great difficulty was experienced in working it because of its 

high mp and brittle nature (due to impurities of Fe and Cu). Powder metallurgical 

techniques of fabrication were developed in great secrecy in Spain by the Frenchman 

P. F. Chabeneau, and subsequently in London by W. H. Wollaston,'?’ who in the years 

1800-21 produced well over 1 tonne of malleable platinum. These techniques were 
developed because the chemica! methods used to isolate the metal produced an easily 

+ Precedence must in fact be given to the South American Indians to whom platinum was available only in the 
form of fine, hand-separated grains which must have been fabricated by ingenious, if crude, powder metallurgy. 

' L. B. Hunt, Swedish contributions to the discovery of platinum, Platinum Metals Rev. 24, 31-39 (1980). 
J. C. CHasTon, The powder metallurgy of platinum, Platinum Metals Rev. 24, 70-79 (1980). 
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powdered spongy precipitate. Not until the availability, half a century later, of furnaces 

capable of sustaining sufficiently high temperatures was easily workable, fused platinum 
commercially available. 

In 1803, in the course of his study of platinum, Wollaston isolated and identified 

palladium from the mother liquor remaining after platinum had been precipitated as 

(NH,),PtCl, from its solution in aqua regia. He named it after the newly discovered 
asteroid, Pallas, itself named after the Greek goddess of wisdom (naAA&St0v, palladion, of 

Pallas). 

27.2 The Elements 

27.2.1 Terrestrial abundance and distribution 

Nickel is the seventh most abundant transition metal and the twenty-second most 

abundant element in the earth’s crust (99 ppm). Its commercially important ores are of 
two types: 

(1) Laterites, which are oxide/silicate ores such as garnierite, (Ni,Mg),Si,0,.(OH)g, 

and nickeliferous limonite, (Fe,N1)O(OH).nH,O, which have been concentrated by 

weathering in tropical rainbelt areas such as New Caledonia, Cuba, and 

Queensland. 

(2) Sulfides such as pentlandite, (Ni,Fe))Sg, associated with copper, cobalt, and 

precious metals so that the ores typically contain about 14°% Ni. These are found in 

more temperate regions such as Canada, the USSR, and South Africa. 

Arsenide ores such as niccolite (Kupfernickel (NiAs), smaltite ((Ni,Co,Fe)As,), and 

nickel glance (NiAsS) are no longer of importance. 
The most important single deposit of nickel is at Sudbury Basin, Canada. It was 

discovered in 1883 during the building of the Canadian Pacific Railway and consists of 

sulfide outcrops situated around the rim of a huge basin 17 miles wide and 37 miles long 

(possibly a meteoritic crater). Fifteen elements are currently extracted from this region (Ni, 

Cu, Co, Fe, S, Te, Se, Au, Ag, and the six platinum metals). 

Although estimates of their abundances vary considerably, Pd and Pt (approximately 

0.015 and 0.01 ppm respectively) are much rarer than Ni. They are generally associated 

with the other platinum metals and occur either native in placer (i.e. alluvial) deposits or as 
sulfides or arsenides in Ni, Cu, and Fe sulfide ores. Until the 1820s all platinum metals 

came from South America, but in 1819 the first of a series of rich placer deposits which 

were to make Russia the chief source of the metals for the next century, was discovered in 

the Urals. Since the 1920s however, the copper-nickel ores of Canada and South Africa, in 

which the platinum metals occur as sulfides and arsenides as well as in the metallic state, 

have become major sources, supplemented more recently by similar deposits in the USSR. 

27.2.2 Preparation and uses of the elements? 

Production methods for all three elements are complicated and dependent on the 

particular ore involved; they will therefore only be sketched in outline. In the case of nickel 

> Kirk—Othmer Encyclopedia of Chemical Technology, 3rd edn., Vol. 15, pp. 787-801, Interscience, New 
York, 1981, and Vol. 18, pp. 228-253, loc. cit., 1982. 
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the oxide ores are not generally amenable to concentration by normal physical separations 

and so the whole ore has to be treated. By contrast the sulfide ores can be concentrated by 

flotation and magnetic separations, and for this reason provide the major part of the 

world’s nickel, though the use of laterite ores is increasing. 

Over a quarter of the world’s nickel comes from Sudbury and there silica is added to the 

nickel/copper concentrates which are then subjected to a series of roasting and smelting 

operations which reduce the sulfide and iron contents by converting the iron sulfide first to 

the oxide and then to the silicate which is removed as a slag. The resulting “matte” of nickel 

and copper sulfides is allowed to cool over a period of days, when Ni3S,, Cu,S, and Ni/Cu 

metalt form distinct phases which can be mechanically separated. (In the older, Orford, 

process the matte was heated with NaHSO, and coke, producing molten Na,S which 

dissolved the copper sulfide and formed an upper layer, leaving the nickel sulfide below; 

on solidification the silvery upper layer was cut from the black lower layer—hence the 

process was commonly called the “tops and bottoms” process.) Roasting the nickel sulfide 

converts it to the oxide which is then either used directly for steelmaking or is converted to 

metallic nickel and refined. The latter can be achieved electrolytically or by the Mond 

process. 
In the electrolytic process the oxide is first reduced with carbon and the impure metal 

cast into anodes. Using aqueous NiSO, and NiCl, as electrolyte with pure nickel sheet as 

cathode, electrolysis then dissolves nickel from the anode and deposits it, in a state of 

99.9% purity, on the cathode. 

Alternatively, in the process developed in 1899 by L. Mond and operated primarily at 

Clydach in Wales, the heated oxide is first reduced by the hydrogen in water gas (H, + CO). 

At atmospheric pressure and a temperature around 50°C, the impure nickel is then reacted 

with the residual CO to give the volatile Ni(CO),. This is passed over nucleating pellets of 

pure nickel at a temperature of 230°C when it decomposes, depositing nickel of 99.95% 

purity and leaving CO to be recycled. 

50 C 

Ni+4CO Ni(CO), 
Z3.O1C 

Somewhat higher pressures and temperatures (e.g. 20 atm and 150°C) are used to form the 

carbonyl in new Canadian plant, but the essential principle of the Mond process is 
retained. 

Total world production of nickel is in the region of 750 000 tonnes pa of which (1980) 

26% comes from Canada, 19% from the USSR, 11% from New Caledonia, and 8% from 

Australia. The bulk of this is used in the production of alloys both ferrous and non-ferrous. 

In 1889 J. Riley of Glasgow published a report on the effect of adding nickel to steel. This 

was noticed by the US Navy who initiated the use of nickel steels in armour plating. 

Stainless steels contain up to 8% Ni and the use of “Alnico” steel for permanent magnets 

has already been mentioned (p. 1291). 

The non-ferrous alloys include the misleadingly named nickel silver (or German silver) 

which contains 10-30% Ni, 55-65% Cu, and the rest Zn; when electroplated with silver 

(electreplated nickel silver) it is familiar as EPNS tableware. Monel (68% Ni, 32°% Cu, 

traces of Mn and Fe) is used in apparatus for handling corrosive materials such as F,; 

cupro-nickels (up to 80% Cu) are used for “silver” coinage; Nichrome (60% Ni, 40% Cr), 

+ This metallic phase is worked for precious metals which are preferentially dissolved in it. 
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which has a very small temperature coefficient of electrical resistance, and Invar, which has 

a very small coefficient of expansion are other well-known Ni alloys. Electroplated nickel 

is an ideal undercoat for electroplated chromium, and smaller amounts of nickel are used 

as catalysts in the hydrogenation of unsaturated vegetable oils and in storage batteries 

such as the Ni/Fe batteries. 

Ninety-eight per cent of the world’s supply of platinum metals comes from three 

countries—the Republic of South Africa, (45%), the USSR (45%), and Canada (8%). 

Because of the high proportion of Pt itself in this deposit, no less than 65% of the world’s Pt 

comes from the South African Merensky Reef alone, which is mined primarily for the 
platinum metals with copper and nickel as byproducts. In the other coutries it is the 

platinum metals which are byproducts. In all cases the concentration of platinum metals in 

the original ore is a mere fraction of a gramme per tonne, so that millions of tonnes of ore 

must be mined, milled, and smelted each year. Precious metal concentrates are obtained 

either from the metallic phase of the sulfide matte (see above) or as anode slimes in the 

electrolytic refinement of the baser metals. Platinum and palladium are then obtained by a 

composite process in which Ag, Au, and all six platinum metals are separated (Fig. 27.1; 

see also Figs. 25.1 and 26.1). 

Current annual world production of all platinum metals is around 200 tonnes of which 

perhaps 90 tonnes is platinum and rather less is palladium. Both metals find their most 

extensive uses as catalysts: Pd for hydrogenation and dehydrogenation reactions, Pt ina 

wide variety of processes. These include the oxidation of ammonia for the production of 

nitric acid (p. 537), petroleum reforming, and, more recently, the oxidation of noxious 

organic vapours in the control of car-exhaust emissions. In addition, platinum is used in 
the chemical and glass industries as cladding to prevent attack by particularly corrosive 

materials such as hot hydrofluoric acid or molten glass; electrically for electrodes, 

contacts, and resistance wires; and in the manufacture of jewellery.t 

27.2.3 Properties of the elements 

Table 27.1 lists some of the important atomic and physical properties of these three 

elements. Being composed of several naturally occurring isotopes, their atomic weights 

cannot be quoted with great precision though the value for Pd was improved substantially 

in 1979. Difficulties in attaining high purities have also frequently led to disparate values 

for some physical properties, while mechanical history has considerable effect on such 

properties as hardness. The metals are silvery-white and lustrous, and are both malleable 

and ductile so that they are readily worked. They are also readily obtained in finely divided 

forms which are catalytically very active. Platinum black, for instance, is a velvety-black 

powder obtained by adding ethanol to a solution of PtCl, in aqueous KOH and warming. 

Another property of platinum which has led to numerous laboratory applications is its 

coefficient of expansion which is virtually the same as that of soda glass into which it can 

therefore be fused to give a permanent seal. 

Like Rh and Ir, all three members of this triad have the fcc structure predicted by band 

+ It should not be overlooked that platinum has played a crucial role in the development of many branches of 
science even though the amounts of metal involved may have been small. Reliable Pt crucibles were vital in 
classical analysis on which the foundations of chemistry were laid. It was also widely used in the development of 

the electric telegraph, incandescent lamps, and thermionic valves. 
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Pt metal 

concentrates 

Soln of HAuCl, 
H,PdCl, H, PtCl, 

Impure Pt sponge . ] 

Impure Na, PtCl, . ] 

Soln of Na,PtCl, 

Fic. 27.1 Flow diagram for the extraction of pailadium and platinum. 

theory calculations for elements with nearly filled d shells. Also in this region of the 
periodic table, densities and mps are decreasing with increase in Z across the table: thus, 
although by comparison with the generality of members of the d block these elements are 

in each case to be considered as dense refractory metals, they are somewhat less so than 

their immediate predecessors, and palladium has the lowest density and melting point of 
any platinum metal. 

Nickel is ferromagnetic, but less markedly so that either iron or cobalt and its Curie 

point (375°C) is also lower. 
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TABLE 27.1 Some properties of the elements, nickel, palladium, and platinum 

Property Ni Pd Pt 

Atomic number 28 46 78 
Number of naturally occurring isotopes 5 6 GS 
Atomic weight 58.69 106.42 195.08(+0.03) 
Electronic configuration [Ar]3d°4s7 [Kr]4d'° [Xe]4f!*5d°6s! 
Electronegativity 1.8 DD 27, 

Metal radius (12-coordinate)/pm 124 137 138.5 
Effective ionic radius (6-coordinate)/pm V — — 57 

; 48 61.5 62.5 
Il! 56 (Is), 60 (hs) 76 _ 
II 69 86 80 

MP/°C 1455 1552 1769 
BP/°C 2920 2940 4170 
AH,,,/kJ mol * 17.2(+0.3) 17.6(+2.1) 19.7(+2.1) 
AH ,4p/kJ mol” * 375(+17) 362(+11) 469( +25) 
AH , (monatomic gas)/kJ mol”! 429(+ 13) 377(+3) 545(+21) 
Density (20°C)/g cm? 8.908 11.99 21.41 
Electrical resistivity (20°C)/wohm cm 6.84 9.93 9.85 

‘") All have zero nuclear spin except !°°Pt (33.8% abundance) which has a nuclear spin quantum number }: 
this isotope finds much used in nmr spectroscopy both via direct observation of the !°>Pt resonance and even 
more by the observation of '°°Pt “satellites”. Thus, a given nucleus coupled to '°>Pt will be split into a doublet 
symmetrically placed about the central unsplit resonance arising from those species containing any of the other 5 
isotopes of Pt. The relative intensity of the three resonances will be (3 x 33.8):66.2:(4 x 33.8), ie. 1:4:1. 

27.2.4 Chemical reactivity and trends 

In the massive state none of these elements is particularly reactive and they are indeed 

very resistant to atmospheric corrosion at normal temperatures. However, nickel 

tarnishes when heated in air and is actually pyrophoric if very finely divided (finely divided 

Ni catalysts should therefore be handled with care). Palladium will also form a film of 

oxide if heated in air. 

Nickel reacts on heating with B, Si, P, S, and the halogens, though more slowly with F, 

than most metals do. It is oxidized at red heat by steam, and will dissolve in dilute mineral 

acids: slowly in most but quite rapidly in dil HNO,. Conc HNO, on the other hand, 

renders it passive and dry hydrogen halides have little effect. It has a notable resistance to 

attack by aqueous caustic alkalis and therefore finds used in apparatus for producing 

NaOH. 
Palladium is oxidized by O,, F,, and Cl, at red heat and dissolves slowly in oxidizing 

acids. Platinum is generally more resistant to attack than Pd and is, for instance, barely 

affected by mineral acids except aqua regia. However, both metals dissolve in fused alkali 

metal oxides and peroxides. It is also wise to avoid heating compounds containing B, Si, 

Pb, P, As, Sb, or Biin platinum crucibles under reducing conditions (e.g. the blue flame of a 

bunsen burner) since these elements form low-melting eutectics with Pt which cause the 

metal to collapse. All three elements absorb molecular hydrogen to an extent which 

depends on their physical state, but palladium does so to an extent which is unequalled by 

any other metal (section 27.3.1). 

A list of typical compounds of these elements is given in Table 27.2 and it is noticeable 

that the reduction in the range of oxidation states compared to that in previous groups is 
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TABLE 27.2 Oxidation states and stereochemistries of compounds of nickel, palladium, and platinum 

a —— 

Oxida- Coordina- 

tion tion 
state number — Stereochemistry Ni Pd/Pt 

=1 4 ? [Ni,(CO)_]*- 
O(d'®) 3. Planar [Ni{P(OC,H,-2-Me} 3] [M(PPh,);] 

4 Tetrahedral [Ni(CO),] [M(PF)a] 
1 (d?) 4 Tetrahedral [NiBr(PPh,;);] 
2 (d°) 4 Tetrahedral [NiCl,]? 

Square planar [Ni(CN),]?— [MCl,]?~ 
5 Trigonal bipyramidal [Ni(PPhMe,);(CN)5] [M(QAS)I]* 

Square pyramidal [Ni(CN).]°~ [Pd(TPAS)C}]*“ 

6 Octahedral [Ni(H3O),]? ~ [Pd(diars),I,] 

Trigonal prismatic NiAs 
7 Pentagonal bipyramidal [Ni(DAPBH),(H,O),]?*” 

3 (d’) 5 Trigonal bipyramidal [NiBr,(PEt;)>] 
6  Octahedral [NiF, ]°~ 

4 (d°) 6 Octahedral [NiF.]? [MCI]? 
8 2 [Pt(7°-C,H;)Me3] 

5 (d°) 6 Octahedral EP. le 

6 (d*) 6  Octahedral Bite 

‘®) DAPBH, 2,6-diacetylpyridinebis(benzoic acid hydrazone) (see G. J. Palenik et al., Inorg. Chem. 18, 2445 

(1979). 
(>) QAS, tris-(2-diphenylarsinophenyl arsine, As(C,H,-2-AsPh,);. 
©) TPAS, 1,2-phenylenebis{(2-dimethylarsinophenyl )-methylarsine}. 

continuing and differences between the two heavier elements are becoming increasingly 

evident. The maximum oxidation state is +6 but this is attained only by the heaviest 

element, platinum, in PtF,; nickel and palladium only reach +4. At the other extreme, 

palladium and platinum provide no oxidation state below zero. The changes down the 

triad implied by these facts are also evidenced by those oxidation states which are the most 

stable for each element. For nickel, +2 is undoubtedly the most common and provides 

that element’s most extensive aqueous chemistry. For palladium, +2 is again the most 

common, and [Pd(H,O),]?* occurs in aqueous solutions from which potential ligands 

are excluded. For platinum, however, both + 2 and +4 are prolific and form a vital part of 

early as well as more recent coordination chemistry. 

Table 27.2 also reveals the reluctance of these elements to form compounds with high 
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coordination numbers, a coordination number of 6 being rarely exceeded. In the divalent 
state nickel exhibits a wide and interesting variety of coordination numbers and 
stereochemistries which often exist simultaneously in equilibrium with each other, 
whereas palladium and platinum have a strong preference for the square planar geometry. 
The kinetic inertness of Pt" complexes has led to their extensive use in studies of 
geometrical isomerism and reaction mechanisms. As will be seen presently, these 
differences between the lightest and heaviest members of the triad can be largely 
rationalized by reference to their CFSEs. 

Also in the divalent state, Pd and Pt show the class-b characteristic of preferring CN~ 

and ligands with nitrogen or heavy donor atoms rather than oxygen or fluorine (Pt forms 

no aquo ion). Platinum(IV) by contrast is more nearly class-a in character and is 

frequently reduced to Pt" by P- and As-donor ligands. The organometallic chemistry of 

these metals is rich and varied and that involving unsaturated hydrocarbons is the most 
familiar of its type. 

27.3 Compounds of Nickel, Palladium and Platinum*: > 

Such binary borides (p. 162), carbides (p. 318), and nitrides (p. 479) as are formed have 

been referred to already. The ability of the metals to absorb molecular hydrogen has also 

been alluded to above. While the existence of definite hydrides of nickel and platinum is in 

doubt the existence of definite palladium hydride phases is not. 

27.3.1 The Pd/H, system'® 

The absorption of molecular hydrogen by metallic palladium has been the subject of 

theoretical and practical interest ever since 1866 when T. Graham reported that, on being 

cooled from red heat, Pd can absorb (or “occlude” as he called it) up to 935 times its own 

volume of H,.t The gas is given off again on heating and this provides a convenient means 

of weighing H,—a fact utilized by E. W. Morley in his classic work on the composition of 

water (1895). 

As hydrogen is absorbed, the metallic conductivity falls until the material becomes a 

semiconductor at a composition of about PdH, 5. Palladium is unique in that it does not 

lose its ductility until large amounts of H, have been absorbed. The hydrogen is first 

chemisorbed at the surface of the metal but at increased pressures it enters the metal lattice 

and the so-called «- and /-phase hydrides are formed (Fig. 27.2). The basic lattice structure 

is not altered but, whereas the «-phase causes only a slight expansion, the B-phase causes 

an expansion of up to 10% by volume. The precise nature of the metal—hydrogen 

interaction is still unclear but the hydrogen has a high mobility within the lattice and 

diffuses rapidly through the metal. This process is highly specific to H, and D,, palladium 

+ This approximates to a composition of Pd,H; and represents a concentration of hydrogen approaching that 

in liquid hydrogen! 

* D. NICHOLLS, Nickel, Chap. 42 in Comprehensive Inorganic Chemistry, Vol. 3, pp. 1109-61, Pergamon Press, 

Oxford, 1973. 
°S. E. Livincstone, The second- and third-row transition elements of Group VIIIA, B, and C, in 

Comprehensive Inorganic Chemistry, Vol. 3, pp. 1163-1370, Pergamon Press, Oxford, 1973. 
°F. A. Lewis, The Palladium Hydrogen System, Academic Press, London, 1967, 178 pp. 

CTE-RR 
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being virtually impervious to all other gases, even He, a fact which is utilized in the 

separation of hydrogen from mixed gases. Industrial installations with outputs of up to 

9 million ft3/day (255 million litres/day) are operated and it is of great importance in these 

that formation of the B-phase hydride is avoided, since the gross distortions and hardening 

which accompany it may result in splitting of the diffusion membrane. This can be done by 

maintaining the temperature above 300°C (Fig. 27.2), or alternatively by alloying the Pd 

with about 20° Ag which has the additional advantage of actually increasing the 

permeability of the Pd to hydrogen (p. 45). 

20 

Approximate pressure of plateau/atm 

_ (18 mmHg) 

Ole) 505) ty sec cei Sans GeO wae 

Atomic ratio H:Pd 

Fic. 27.2 Pressure-concentration isotherms for the Pd/H, system: the biphasic region (in which 
the a- and f-phases coexist) is shaded. (From A. G. Knapton, Plat. Met. Revs. 21, 44 (1977).) 

27.3.2 Oxides” and chalcogenides’® 

The elements of this group form only one reasonably well-characterized oxide each, 

namely NiO, PdO, and PtO,, although claims for the existence of many others have been 
made. Formation of NiO by heating the metal in oxygen is difficult to achieve and 

incomplete conversion may well account for some of the claims for other nickel oxides, 

while grey to black colours probably arise from slight nonstoichiometry. It is best 

prepared as a green powder with the rock-salt structure (p. 273) by heating the hydroxide, 

carbonate, or nitrate. Ni(OH), is a green precipitate obtained by adding alkali to aqueous 

solutions of Ni" salts and, like NiO, is entirely basic, dissolving easily in acids. 

Black PdO can be produced by heating the metal in oxygen but dissociates above about 

7C. N. R Rao and G. V. S. Rao, Transition Metal Oxides, National Standard Reference Data System 

NSRDS-NBS49, Washington, 1964, 130 pp. 

7° F HULLINGER, Crystal chemistry of the chalcogenides and pnictides of the transition elements, Struct. 
Bonding 4, 83-229 (1968). 



§27.3.3 Halides 1337 

900°C. It is insoluble in acids. However, addition of alkali to aqueous solutions of 

Pd(NO;), produces a gelatinous dark-yellow precipitate of the hydrous oxide which is 

soluble in acids but cannot be fully dehydrated without loss of oxygen. No other palladium 

oxide has been characterized although the addition of alkali to aqueous solutions of Pd'Y 
produces a strongly oxidizing, dark-red, precipitate which slowly looses oxygen and, at 

200°C, forms PdO. 

Addition of alkali to aqueous solutions of Pt" produces a black precipitate which is 
rapidly oxidized by air and has been formulated as PtO,.H,O, but it is too unstable to be 

properly characterized. The stable oxide of platinum is found, instead, in the higher 

oxidation state. Addition of alkali to aqueous solutions of PtCl, yields a yellow 

amphoteric precipitate of the hydrated dioxide which redissolves on being boiled with an 

excess of strong alkali to give solutions of [Pt(OH),]?~; it also dissolves in acids. 

Dehydration by heating produces almost black PtO,, but this decomposes to the elements 

above 650°C and cannot be completely dehydrated without some loss of oxygen. 

Nickel sulfides are very similar to those of cobalt, consisting of NiS, (pyrites structure, 

p. 804), Ni3S, (spinel structure, p. 279), and the black, nickel-deficient Ni, _,S (NiAs 

structure, p. 648), which is precipitated from aqueous solutions of Ni" by passing HS. 
There are also numerous metallic phases having compositions between NiS and Ni,S,. 

Palladium and platinum both form a mono- and a di-sulfide. Brown PdS and black PtS, 

are obtained when HS is passed through aqueous solutions of Pd" and Pt'¥ respectively. 
Grey PdS, and green PtS are best obtained by respectively heating PdS with excess S and 

by heating PtCl,, Na,CO,. and S. The complex crystal chemistry and electrical (and 

magnetic) properties of these phases and the many selenides and tellurides of Ni, Pd, and 

Pt have been extensively reviewed.’’® 

27.3.3 Halides‘®? 

_ The known halides of this group are listed in Table 27.3. This list differs from that of the 

halides of Co, Rh, and Ir (Table 26.3) most obviously in that the +2 rather than the +3 

oxidation state is now well represented for the heavier elements as well as for the lightest. 

The only hexa- and penta-halides are the dark-red PtF, and (PtF;), which are both 

obtained by controlled heating of Pt and F,. The former is a volatile solid and, after RhF,, 
is the least-stable platinum-metal hexafluoride and one of the strongest oxidizing agents 

known, oxidizing both O, (to O,*[PtF,]~) and Xe (to XePtF,) (p. 1047). The 
pentafluoride is also very reactive and has the same tetrameric structure as the 

pentafluorides of Ru, Os, Rh, and Ir (Fig. 25.4). It readily disproportionates into the hexa- 

and tetra-fluorides. 
Platinum alone forms all 4 tetrahalides and these vary in colour from the light-brown 

PtF, to the very dark-brown PtlI,. PtF, is obtained by the action of BrF; on PtCl, at 

200°C and is violently hydrolysed by water. The others are obtained directly from the 

elements, the chloride being recrystallizable from water but the bromide and iodide being 

more soluble in alcohol and in ether. The only other tetrahalide is the red PdF, which is 

similar to its platinum analogue. 

8 R. COLTON and J. H. CANTERFORD, Halides of the First Row Transition Metals, Chap. 8, pp. 406-84, Wiley, 

London, 1969; and Halides of the Second and Third Row Transition Metals, Chap. 10, pp. 358-90, Wiley, 

London, 1968. See also Transit. Met. Chem., 1, 41-7 (1975). 
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TABLE 27.3. Halides of nickel, palladium, and platinum (mp/’C) 

Oxidation 
State Fluorides Chlorides Bromides lodides 

+6 PIF,” 
dark red (61.3°) 

+5  ([PtF.], 
deep red (80 ) 

+4 £4*PdF, 
brick-red 

Ptr, Pel, PtBry Ptl, 
yellow-brown (600 ) red-brown (d 370°) brown-black (d 180°) brown-black (d 130°) 

+3 PtCl, PtBr, Pri, 
green-black (d 400°) _— green-black (d 200°) black (d 310°) 

+2. NiF, NiCl, NiBr, Nil, 
yellow (1450° ) yellow (1001°) yellow (965°) black (780 ) 

PdF, a-PdCl,”? PdBr, Pdl, 
pale violet dark red (d 600°) red-black black 

a-PrCl,” PtBr, Pt, 
olive-green (d 581°) brown (d 250°) black (d 360°) 

{a) PtF, boils at 69.1%. 
>) B-PdCl, and B-PtCl, (reddish-black) contain M,Cl,, clusters (Fig. 27.3b). 

The most stable product of the action of fluorine on metallic palladium is actually 

Pd"[Pd'YF,], and true trihalides of Pd do not occur. The diamagnetic PtCl, and PtBr, 
contain Pt" and Pt!’ and the triiodide probably does also. Trihalides of nickel are confined 

to impure specimens of NiF3. 

All the dihalides, except PtF,, are known, fluorine perhaps being too strongly oxidizing 

to be readily compatible with the metal in the lower of its two major oxidation states. 

Except for NiF,, the yellow to dark-brown dihalides of nickel can be obtained directly 

from the elements; they dissolve in water from which hexahydrates containing the 

[Ni(H,O),]** ion can be crystallized. These solutions may also be prepared more 

conveniently by dissolving Ni(OH), in the appropriate hydrohalic acid. NiF, is best 

formed by the reaction of F, on NiCl, at 350°C and is only slightly soluble in water, from 

which the trihydrate crystallizes. 

Violet, easily hydrolysed, PdF, is produced when Pd"[Pd!YF,] is refluxed with SeF, 
and is notable as one of the very few paramagnetic compounds of Pd". The paramagnetism 

arises from the ¢§, e; configuration of Pd" which is consequent on its octahedral 
coordination in the rutile-type structure (p. 1120). The dichlorides of both Pd and Pt are 

obtained from the elements and exist in two isomeric forms: which form is produced 

depends on the exact experimental conditions used. The more usual «-form of PdCl, is a 

red material with a chain structure (Fig. 27.3a) in which each Pd has a square planar 

geometry. It is hygroscopic and its aqueous solution provides a useful starting point for 

studying the coordination chemistry of Pd™. B-PdCl, is also known and its structure is 
based on Pd,Cl, , units in which, nevertheless, the preferred square-planar coordination of 

the Pd" is still retained (Fig. 27.3b). Brownish-green «-PtCl, is insoluble in water but 
dissolves in hydrochloric acid forming [PtCl,]*~ ions. The dark-red B-PtCl, is 

isomorphous with B-PdCl, and the Pt,Cl, , unit is retained on dissolution in benzene. Red 

PdBr, and black PdlI,, obtained respectively by the action of Br, on Pd and the addition of 

I~ to aqueous solutions of PdCl,, are both insoluble in water but form [PdX,]?~ ions on 
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Fic. 27.3. (a) The chain structure of a-PdCl,, and (b) the M,Cl, , structural unit of B-PdCl, and 
B-PtCl,. (Note its broad similarity with the [M,X,,]"* unit of the lower halides of Nb and Ta 

shown in Fig. 22.5 and to the unit cell of the three-dimensional structure of NbO.) 

addition of HX (X=Br, I). PtBr, and PtI, are obtained by thermal decomposition of 

the tetrahalides but are rather unstable and their purity is often doubtful. 

Oxohalides in this group are apparently confined to the strongly oxidizing PtOF ,. The 

existence of PtOF, is doubtful. 

DNoI4 Complexes (4, 5,9, 10, 10a) 

} 

Apart from the few Pt‘! and Pt” fluoro and oxofluro compounds mentioned above, 
there is no chemistry in oxidation states above IV. 

Oxidation state IV (d°) 

All complexes in this oxidation state which have been characterized are octahedral and 

diamagnetic with the low-spin ¢§, configuration. 

°F R. Hartiey, The Chemistry of Platinum and Palladium, Applied Science Publishers, London, 1973, 

544 pp. 

'0'U, BeLLuco, Organometallic and Coordination Chemistry of Platinum, Academic Press, London, 1974, 

701 pp. 
'0a kK Nac and A. CHAKRAVORTY, Monovalent, trivalent, and tetravalent nickel, Coord. Chem. Rev. 33, 

87-147 (1980). 
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Fluorination of NiCl, + KCl produces red K ,NiF, which is strongly oxidizing and will 

liberate O, from water. Dark red complexes of the type [Ni'’(L)](ClO,), (H2L is a 
sexadentate oxime) have been obtained"'®” by the action of conc HNO, on 
[Ni"(H,L)](C1O,), and are stable indefinitely under vacuum but are reduced in moist air. 

Neutral complexes of the type [Ni(S,C,R,),] which formally contain Ni’ are probably 

best described as Ni" with an oxidized form of the ligand. 
Palladium(IV) complexes are rather sparse and much less stable than those of Pt'Y. The 

best known are the hexahalo complexes [PdX,]?~ (X =F, Cl, Br) of which [PdCl,]?~, 
formed when the~ metal is dissolved in aqua regia, is the most familiar. In 

all of these the Pd'Y is readily reducible to Pd" In water, [PdF,]?~ hydrolyses 
immediately to PdO. xH,O while the chloro and bromo complexes give [PdX,]*~ plus 

Ge 
By contrast Pt'Y complexes rival those of Pt" in number, and are both thermodynamic- 

ally stable and kinetically inert. Those with halides, pseudo-halides, and N-donor ligands 
are especially numerous and, of the multitude of conceivable compounds ranging from 

[PtX,]?~ through [PtX,L,] to [PtL,]**, (X=F, Cl, Br, I, CN, SCN, SeCN; L=NH;, 
amines) a large number have been prepared and characterized though, curiously, they do 

not include the [Pt(CN),]?~ ion. K,PtCl, is commerciaily the most common compound 

of platinum and the brownish-red, “chloroplatinic acid”, H,[PtCl,](aq), is the usual 

starting material in Pt'Y chemistry. It is prepared by dissolving platinum metal sponge in 
aqua regia, followed by one or more evaporations with hydrochloric acid. A route to Pt" 

chemistry also is provided by precipitation of the sparingly soluble K,PtCl, followed by 

its reduction with hydrazine to K,PtCl,. The chloroammines were extensively used by 

Werner and other early coordination chemists in their studies on the nature of the 

coordinate bond in general and on the octahedral geometry of Pt!Y in particular. 

O-donor ligands such as OH” and acac also coordinate to Pt'Y, but S- and Se-, and 

more especially P- and As-donor ligands, tend to reduce it to Pt". 

Oxidation state III (d’) 

Perhaps surprisingly, this unimportant oxidation state is better represented by nickel 

than by either palladium or platinum. K;NiF, has been prepared by fluorinating 

KCI+NiCl, at high temperatures and pressures. It is a violet crystalline material which is 

reduced by water with evolution of oxygen. The observed elongation of the [NiF,]>~ 

octahedron has been ascribed to the Jahn-Teller effect (p. 1087) to be expected for a t§,e} 
configuration although the reported magnetic moment of 2.5 BM at room temperature 

seems rather high for this configuration. Five-coordinate Ni" complexes such as 
[NiBr3(PEt3),] are known. This is a black solid with a trigonal bipyramidal structure in 

which the 3 bromine atoms form the equatorial plane. 

No Pd" or Pt'" complex has been unambiguously established, and a number of 
compounds which have in the past been claimed to contain the trivalent metals have later 
turned out to contain them in more than one oxidation state. One such is H. Wolffram’s 
red salt, Pt(EtNH,),Cl;.2H,O, which is now known to have a structure (Fig. 27.4a) 
consisting of alternate octahedral Pt'Y and square-planar Pt" linked by Cl bridges, i.e. 

LOO Ge MOHANTY, R. P. SINGH, and A. CHAKRAVORTY, Chemistry of tetravalent nickel and related species. 
1. MN, coordination octahedra generated by hexadentate oxime ligands, Inorg. Chem. 14, 2178-83 (1975). 
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N of EtNH. 
eee. O Cof CN 
@ Chlorine 

(a) (b) 

Fic. 27.4 Linear chain polymers of Pt. (a) The‘coordination of platinum in Wolffram’s red salt, 

Pt(EtNH,),Cl,.2H,O, showing alternating Pt" and Pt!’ linked by Cl bridges. Four remaining 
Cl” ions and 4 H,O are situated within the lattice. (b) Stacking of square planar units in 
[Pt(CN),]" showing the possible overlap of d.. orbitals. (Note the successive 45° rotations, or 

“staircase staggering”, of these units.) 

[Pt"(EtNH,),4]?* [trans-(u-Cl),Pt'’ (EtNH,)4]** Cl 4.4H,O. Other examples are pro- 
vided by the one-dimensional conductors of platinum,“ of which the cyano complexes 

are the best known. Thus K,[Pt(CN),].3H,O is a very stable colourless solid, but 

by appropriate partial oxidation it is possible to obtain bronze-coloured, “cation 

deficient”, K, 75;Pt(CN)4.1.5H,O, and other partially oxidized compounds such as 

K,Pt(CN),Clo.;.3H,O. In these, square-planar [Pt(CN),]"" ions are stacked (Fig. 27.4b) 

to give a linear chain of Pt atoms in which the Pt—Pt distances of 280-300 pm (compared to 

348 pm in the original K,[Pt(CN),].3H,O and 278 pm in the metal itself) allow strong 

overlap of the d,. orbitals. This accounts for the metallic conductance of these materials 
along the crystal axis. Indeed, there is considerable current interest in such “one- 

dimensional” electrical conductors. 

Oxalato complexes [e.g. K, ,Pt(C,O,), . 1.2H,O] originally prepared as long ago as 

'l JS. MILLER and A. J. Epstein, One-dimensional inorganic complexes, Prog. Inorg. Chem. 20, 1-151 

(1976). 
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1888 by the German chemist H. G. Sdderbaum, have recently also been recognized“’”) as 

being one-dimensional conductors with analogous structures. 

Oxidation state II (d®) 

This is undoubtedly the most prolific oxidation state for this group of elements. The 

stereochemistry of Ni! has been a topic of continuing interest (see Panel), and kinetic and 

mechanistic studies on complexes of Pd" and Pt" have likewise been of major importance. 
It will be convenient to treat Ni" complexes first and then those of Pd" and Pt" (p. 1349). 

Complexes of Ni!'. The absence of any other oxidation state of comparable stability for 

nickel implies that compounds of Ni" are largely immune to normal redox reactions. Ni" 
forms salts with virtually every anion and has an extensive aqueous chemistry based on 

Development of Ideas on a the Stereochemistry 0 of Nickel a) 

The way in which our present vuderstanding of the stereochemical intricacies of Ni" has evolved 
illustrates rather well the interplay of theory and experiment, On the basis of valence-bond theory, 
three types of complex of d° ions were anticipated. These were: 

(i) octahedral, eae: sp *dd-. yo eee and paramagnetism from 2 unpaired — 

electrons; 
(ii) tetrahedral, ‘involving et hybridization and, again, paramagnetism from 2 ue ace 

electrons; . 
(iii) square pioneer involving d.; (py SDD, nynedieation which implies the confinement of all 8 

electrons in four d orbitals, so producing diamagnetism. 
Since X-ray determinations of structure were too time-consuming to be widely used in the 1930s 

and 1940s and, in addition, square-planar geometry was a comparative rarity, any paramagnetic 
compound, which on the basis ote cuion sy appeared to be 4-coordinate, \ was presumed to be 
tetrahedral. 

However, with the application i in the 1950s of cual field theory to transition-metal chemistry it 
was realized that CFSEs were unfavourable to the formation of tetrahedral d® complexes, and 
previous assignments were re-examined. A typical case was [ Ni(acac),], which had often been 

cited as an example of a tetrahedral nickel complex, but which was shown“) in 1956 to be trimeric 
and octahedral. The over-zealous were then inclined to regard tetrahedral d® as non-existent until 
first L. M. Venanzi‘'* and then N. S. Gill and R. S. Nyholm“'> demonstrated the existence of 
discrete tetrahedral species which in some cases were also rather easily prepared. : 

More comprehensive examination of spectroscopic and magnetic properties of d® ions followed 
which provided an explanation for the different types of Lifschitz salts (p. 1348) and led to 
studies" of systems exhibiting anomalous properties. Rational explanations of these properties 
were eventually forthcoming, though current understanding of the factors deciding the 
stereochemistry of nickel(II) is by no means yet complete (see Table 27 2). 

'2 A.H. Reis, S. W. PETERSON, and S. C. Lin, A novel partially oxidized distorted one-dimensional platinum 
chain in K, ,Pt(C,0,),1.2H,O, J Am. Chem. Soc. 98, 7839-40 (1976). 

"3G, J. BULLEN, Trinuclear molecules in the crystal structure of bisacetylacetonatenickel(II), Nature 177, 
537-8 (1956). 

"+L. M. VENANzI, Tetrahedral nickel(II) complexes and the factors determining their formation. Pt. I. 
Bistriphenylphosphine nickel(II1) compounds, J. Chem. Soc. 1958, 719-24. 

"SN. S. Git, and R. S. NyHo_m, Complex halides of the transition metals. Pt. I. Tetrahedral nickel 
complexes, J. Chem. Soc. 1959, 3997-4007. 

"© L. Sacconl, Electronic structure and stereochemistry of nickel(II), Transit. Metal Chem. 4, 199-298 (1968). 
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the greent_[Ni(H,O),]?* ion which is always present in the absence of strongly 

complexing ligands. 

The coordination number of Ni" rarely exceeds 6 and its principal stereochemistries are 

octahedral and square planar (4-coordinate) with rather fewer examples of trigonal 

bipyramidal (5), square pyramidal (5), and tetrahedral (4). Octahedral complexes of Ni” 
are obtained (often from aqueous solution by replacement of coordinated water) 

especially with neutral N-donor ligands such as NH;, en, bipy, and phen, but also with 

NCS, NO, , and the O-donor dimethylsulfoxide, DMSO (Me,SO). 

An interesting example of the attainment of octahedral coordination by polymerization 

is provided by the green acac complex. This is obtained as the monomeric octahedral 

trans-dihydrate, [Ni(acac),(H,O), ], from aqueous solution, but on dehydration it gives 

the trimer, [Ni(acac),], (Fig. 27.5), which has been the subject of extensive magnetic 

studies by R. L. Martin and co-workers.” It behaves as a normal paramagnet down to 
about 80 K, but at lower temperatures the magnetic moment per nickel atom rises from 

about 3.2 BM (as expected for 2 unpaired electrons, i.e. S=1) to 4.1 BM at 4.3 K. This 

corresponds to the ferromagnetic coupling of all 6 unpaired electrons in the trimer (i.e. 

S’=3). Refined calculations actually suggest that, while adjacent Ni atoms experience 

weak (and hence only apparent at very low temperatures) ferromagnetic interactions, the 

2 terminal nickels experience an additional and still weaker antiferromagnetic interaction. 

Replacement of the — CH, groups of acetylacetone by the bulkier — C(CH;), apparently 

prevents the above polymerization and leads instead to the red square-planar monomer 

(Fig. 27.6a). 

Of the four-coordinate complexes of Ni", those with the square planar stereochemistry 

are the most numerous. They include the yellow [Ni(CN),]?~, the red bis(N-methyl- 

salicylaldiminato)nickel(II) and the well-known _bis(dimethylglyoximato)nickel(II) 

(Fig. 27.6b and c) obtained as a flocculent red precipitate in gravimetric determinations 

Fic. 27.5 Trimeric structure of [Ni(acac),]3. 

+ It was work on the absorption of light by solutions of nickel(II) which led A. Beer in 1852 to formulate the 
law which bears his name. 

'7— D. W. Boyp and R. L. Martin, Spin-spin interactions in polynuclear nickel(Il) complexes. 
Susceptibility and low temperature magnetization studies of [Ni,(pd),], JCS Dalton 1979, 92-95. 
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Fic. 27.6 Some typical planar complexes of nickel(II): (a) [Ni(Me,-acac), ], (b) [Ni(Me-sal), ], 
and (c) [Ni(DMGH), ]. (Note the short O-O distance which is due to strong hydrogen bonding.) 

of nickel. Actually, in the solid state, this last compound consists of planar molecules 

stacked above each other so that Ni-Ni interactions occur (Ni—Ni 325 pm), and the 
nickel atoms should therefore be described as octahedrally coordinated. However, in non- 

coordinating solvents it dissociates into the square-planar monomer, while in bis- 

(ethylmethylglyoximato)nickel(II) a much longer Ni—Ni separation (475 pm) indicates 

that even in the solid it must be regarded as square planar. 

Although less numerous than the square-planar complexes, tetrahedral complexes of 

nickel(II) also occur. The simplest of these are the blue [NiX,]?~ (X=Cl, Br, I) ions, 

precipitated"*) from ethanolic solutions by large cations such as [NR,]*, [PR4]*, and 
[AsR,]*. Other examples include a number of those of the type [NiL,X,] (L=PR3, AsR3, 
OPR,, OAsR;) amongst which were the first authenticated examples of tetrahedral 
nickel(II).0” 

The square-planar compounds are diamagnetic (see below) and commonly red to 

yellow, whereas the octahedral and tetrahedral are paramagnetic because of the 2 un- 

paired electrons in the t$ vee and e*r5 configurations respectively, and are commonly green 

to blue. Colour is not a reliable criterion however, as witnessed, for instance, by the brown- 

red, but paramagnetic and octahedral, [Ni(NO,),]*, and the green, but square-planar 

and diamagnetic, [Nil,(quinoline),]. In the absence of an X-ray analysis, satisfactory 

assignment of the electronic spectrum and confirmation of the expected magnetic 

properties may be used as a means of distinguishing these stereochemistries, as elaborated 

in the Panel. 
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Electronic Spectra and Magnetic Properties of Complexes of Nickel(II)“ ‘© 

Nickel(II) is the only common d° ion and its spectroscopic and magnetic properties have 
accordingly been extensively studied. 

In a cubic field three spin-allowed transitions are expected (p. 1094) because of the splitting of 
the free-ion, ground ?F term and the presence of the *P term. In an octahedral field the splitting is 
the same as for the octahedral d* ion and the same Tanabe-Sugano diagram (i.e. Fig. 23.10} can be 
used to interpret the spectra as was used for octahedral Cr". Spectra of octahedral Ni" usually do 
consist of three bands which are accordingly assigned as: 

v, =°T,,(F)<°A2,(F)= 10 Dq 
v,=°T,(F)—°A,(F) 

v,=°T,,(P)—°A,,(F) 

_ with v, giving the value of A, or 10Dq, directly. Quite often there is also evidence of weak spin- 
forbidden (i.e. spin triplet—singlet) absorptions and, in [Ni(H,O),]** and [Ni(DMSO), }?*, for 
instance, the v, absorption has a strong shoulder on it. This has been ascribed to the influence of 
spin-orbit coupling in “mixing” a spin singlet (’E,) with the *T, ,(F), spin triplet, thereby allowing 
the spin-forbidden transition to gain intensity from the spin-allowed transition. This effect is 
greatly enhanced when the crystal field is about Dq/B = 1, which is the case in the aquo and DMSO 
complexes, for here the 'E, and *7,,(F) terms are in close proximity.“*) 

For d® ions in tetrahedral fields the splitting of the free-ion ground term is the inverse of its 

splitting in an octahedral field, so that °*7, ,(F) lies lowest. On the basis of the positive-hole 
formalism, however, the splitting for the octahedral d? ion is also the inverse of that for the 
octahedral d® ion (see Table 19.3). Therefore tetrahedral d® ions and octahedral d? ions can be 
treated similarly, and the spectra of tetrahedral Ni! interpreted in the same way as those of 
octahedral V" (i.e. Fig. 22.8) so that three bands are to be expected, arising from the transitions: 

v, = °T2(F)—T, (F) 
v,=°A3(F)—°T, (F) 
v3=°T,(P)—°T,(F) 

In practice the spectra are a good deal more intense than those of octahedral complexes and 
bands are often split by spin-orbit coupling to an extent which can make unambiguous 
assignments difficult. The broad, or double, band around 15 000 cm“? is normally assumed to 

represent one rather than two transitions, with the corollary that v, must often be assumed to be 
beyond the lowest energies scanned in the spectrum. This, however, is reasonable in view of the 
much lower field anticipated in tetrahedral as compared with octahedral complexes. Table A gives 
data for a number of octahedral and tetrahedral complexes. 

TaBLe A_ Electronic spectra of some complexes of nickel(II) 

Complex y,/em v/em~! v,/em~! 10Dg/cm! 

Octahedral 
[Ni(DMSO),]?* T730 12.970 24 040 7 730 
[Ni(H,O),]?* ~ 8500 | 13 800 25 300 8 500 
[Ni(NH,),]?* > 10750 17 500 28 200 10 750 
[Ni(en),]?* {1 200 18 350 29 000 11 200 
[Ni(bipy),]? * 12 650 19 200 _ 

Tetrahedral 
[Nil]? 7 7 040. 14 030 3 820 
[NiBr,]?~ 7 000 13 230, 14 140 3 790 

[NiCl,]?~ 7 549 14 250, 15 240 4090 
[NiBr,(OPPh,),] 7 250 15 580 3 950 

‘) Obscured by intense charge-transfer absorptions. 

Continued 

'8.§_ F. A. KeTTLe, Coordination Compounds, pp. 116-120. Nelson, London, 1969. 
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The T ground term of the erahedesl: ion is expected to lead to a temperature-dependent orbital 
contribution to the magnetic moment, whereas the A ground term of the octahedral ion is not, 
though “mixing” of the excited ® oe ) term into ve 3A ag(F ) ground term is Dele to raise its 

moment to: | 

| 2 ) 
< ue y —— ye 10Dq 

where A= —315 cm land Viaee 83 BM. (This is the exact reverse of the situations found 
for Co'; p. 1315.) The upshot is that the magnetic moments of tetrahedral compounds are found 
to lie in the range 3.2-4.1 BM (and are dependent on temperature, and are reduced towards 

— Hspin-onty bY electron delocalization on to the ligands and by distortions from ideal tetrahedral 
symmetry) whereas those of octahedral compounds lie in the range 2.9-3.3 BM. 

Although, in principle, a square-planar d® complex could be high-spin with unpaired electrons 
in the d2_j2 and dy orbitals (see Fig. 27.7 below) this is not found, the separation of these 2 
orbitals evidently always being sufficient to force spin-pairing and consequent diamagnetism. 
Their spectra are usually characterized bya fairly strong band in the yellow to blue (Le. about 

17000-22000 cm~! or 600-450 nm) region which is responsible for the reddish colour, and 
another band near the ultraviolet. The likelihood of z-bonding and attendant charge transfer 
makes a simple crystal-field treatment inappropriate, and unambiguous assignments are difficult. 

A partial explanation, at least, can be provided for the relative abundances and ease of 

formation of the above stereochemical varieties of Ni! complexes. It can be seen from 

Table 26.5 that the CFSEs of the d® configuration, unlike those of the d’ configuration (e.g. 
Co"), favour an octahedral as gushes to a tetrahedral stereochemistry. It might also 

appear that the symmetrical t$,e7 configuration, for which the Jahn-Teller effect is 

inoperative, offers no possibility of increasing its stability by a tetragonal distortion and so 

should favour an octahedral as opposed this time to a square-planar stereochemistry. 

This, however, is an over-simplified and misleading analysis, as can be seen by reference to 

Fig. 27.7 which shows that the square-planar geometry offers the possibility, not available 

in either the octahedral or tetrahedral cases, of accommodating all 8 d electrons in 4 lower 

orbitals, thus leaving the uppermost (d,2_ ,2) orbitalt empty. Providing therefore that the 

crystal field is of sufficiently low symmetry (or is sufficiently strong) to split the d orbitals 

enough to offset the energy required to pair-up 2 electrons, then the 4-coordinate, square- 

planar extreme can be energetically preferable not only to the tetrahedral but also to the 

6-coordinate octahedral extreme. Thus, with the CN~ ligand which produces an 

exceptionally strong field, the square-planar [Ni(CN),]? is formed rather than the 

tetrahedral isomer or the octahedral [Ni(CN),]*~. Also, many compounds of the type 

[NiL,X, ], in which low-symmetry crystal fields are clearly possible, are planar. However, 

this selfsame formulation was mentioned above as including examples of tetrahedral 

complexes: evidently the factors which determine the geometry of a particular complex 

are finely balanced“ so that predictions should be made with caution. 
This balance, which apparently involves both steric and electronic factors, is well 

+ This is the d orbital used, according to VB theory, for the formation of dsp? hybrids to accommodate the 4 c- 
pairs of donated electrons in square-planar complexes. 

'? R. H. How and M. J. O'Connor, The stereochemistry of bischelate metal(II) complexes, Prog. Inorg. 
Chem. 14, 241-401 (1971). 



§27.3.4 Complexes 1347 

ie dy, 2_y2 

dey 

TY} dz2 

dyz ’ dyz 

Tetrahedral ‘“*Free ion” Octahedral Tetragonal Square 
distortion planar 

Fic. 27.7 The splitting of d orbitals in fields of different symmetries, and the resulting electronic 
configurations of the d®, Ni!" ion. 

illustrated by the series of complexes [Ni(PR;),X,] (X=Cl, Br, I). The diamagnetic, 

planar forms are favoured by R =alkyl, X=I, and the paramagnetic tetrahedral forms by 

R=aryl, X=Cl. When mixed alkylarylphosphines are involved, conformational iso- 

merism may occur. For example, [NiBr,(PEtPh,),] has been isolated in both a green, 
paramagnetic (39)9=3.20 BM), tetrahedral form and a brown, diamagnetic, planar 

form.!°®) Indeed, in solution, this and analogous compounds can exist as equilibrium 

mixtures of the 2 isomers, so giving rise to intermediate values of 1.,(0-3.2 BM). This type 

of behaviour in solution is typical of an increasing number of nickel(II) complexes which 

were considered “anomalous” until reasonable explanations were forthcoming. 

“Anomalous” behaviour of nickel(II) complexes. It is now recognized that the origin of 

this behaviour lies in one of three possible types of equilibria: 

1. Planar—tetrahedral equilibria. Besides the bis(triphosphine) derivatives just men- 

tioned, a number of sec-alkylsalicyladiminato derivatives (i.e. —CH, in Fig. 27.6b 

replaced by a sec-alkyl group) dissolve in non-coordinating solvents such as chloroform 

or toluene to give solutions whose spectra and magnetic properties are temperature- 

dependent and indicate the presence of an equilibrium mixture of planar and tetrahedral 

molecules. 
2. Planar-octahedral equilibria. Dissolution of planar Ni" compounds in coordinating 

solvents such as water or pyridine frequently leads to the formation of octahedral 

192 RG. Hayter and F. S. Humigc, Square-planar-—tetrahedral isomerism of nickel halide complexes of 

diphenylaklylphosphines, Inorg. Chem. 4, 1701-6 (1965). 
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complexes by the coordination of 2 solvent molecules. This can, on occasions, lead to 

solutions in which the Ni! has an intermediate value of y, indicating the presence of 
comparable amounts of planar and octahedral molecules varying with temperature and 

concentration; more commonly the conversion is complete and octahedral solvates can be 

crystallized out. Well-known examples of this behaviour are provided by the complexes 

[Ni(L-L),X,] (L-L=substituted ethylenediamine, X=variety of anions) generally 

known Es: the name of their discoverer I. Lifschitz. Some of these Lifschitz salts are yellow, 

diamagnetic, and planar, [Ni(L—L),]X,, others are blue, paramagnetic, and octahedral, 
[Ni(L-L),X,] or [Ni(L-L),(solvent), ]X,. Which type is produced depends on the nature 

of L-L, x. and the solvent. 

3. Monomer-oligomer equilibrium. [Ni(Me-sal), ], mentioned above as a typical planar 

complex, is a much studied compound. In pyridine it is converted to the octahedral 

bispyridine adduct (4399 =3.1 BM), while in chloroform or benzene the value of y, is 

intermediate but increases with concentration. This is ascribed to an equilibrium between 

the diamagnetic monomer and a paramagnetic dimer, which must involve a coordination 

number of the nickel of at least 5; a similar explanation is acceptable also for the 

paramagnetism of the solid when heated above 180°C. The trimerization of Ni(acac), to 

attain octahedral coordination has already been referred to but it may also be noted that it 

is reported to be monomeric and planar in dilute chloroform solutions. 

Apart from the probably 5-coordinate Ni" in the above oligomers, a number of well- 
characterized 5-coordinate complexes have been produced in recent years. These may be 

classified as either trigonal bipyramidal or square pyramidal, though the two forms are 

energetically similar and the stereochemistry is often imposed by the ligands. Thus the 

trigonal bipyramidal complexes, which are the more common, often involve tripod ligands 

(p. 1061), while the quadridentate chain ligand, 

Me,As(CH,),As-CH,-As(CH,), AsMe, 

Ph Ph 

(tetars) produces square pyramidal complexes of the type [Ni(tetars)X]*. Not 

surprisingly, since they may be considered intermediate between high-spin, paramagnetic, 

octahedral complexes and low-spin, diamagnetic, planar complexes, these 5-coordinate 

complexes can be of either high-spin or low-spin type. The former is found in 

[NiBr{N(C,H,NMe,)3}]~ but with P- or As-donor ligands low-spin configurations are 
found. 

The Ni!/CN~ system illustrates nicely the ease of conversion of the two stereochemis- 
tries. Although, as already pointed out, there is no evidence of a hexacyano complex, a 

square hace pentacyano complex is known: 

[ Ni( CN),aq ] Toate [Ni(CN) las ——_> [Ni(CN) lo 

green ppt ‘ yeliow red 

The fascinating crystalline compound [Cr(en)3 ][Ni(CN);].14H,O contains both square 

pyramidal and trigonal bipyramidal anions though each is distorted from true C,, or D3, 
symmetry as shown in Fig. 27.8.9 

Ni 

"9 K.N. RAYMOND, P. W. R. CorFIELD, and J. A. IBERS, The structure of tris(ethylenediamine)chromium(III) 
pentacyanonickelate(II) sesquihydrate, [Cr(en)3][Ni(CN).].1$H,O, /norg. Chem. 7, 1362-72 (1968). 
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(b) 

Fic. 27.8 .The structure of the distorted (a) square-pyramidal and (b) trigonal bipyramidal 
[Ni(CN),]*~ ions in [Cr(en),][Ni(CN),].13H,0. 

Another interesting cyano derivative of nickel(II) which may conveniently be 

mentioned here is the clathrate compound, [Ni(CN),(NH3)].xC,H, (x<1). If CN™ is 

added to the blue-violet solution obtained by mixing aqueous solutions of Ni" and NH, 

and this is then shaken with benzene, a pale-violet precipitate is obtained. This precipitate 

is soluble in conc NH. The benzene and ammonia can be removed by heating it above 

150°C but not by washing or by application of reduced pressure. The benzene molecule is, 

in fact, trapped inside a cage formed by the lattice in which the nickel ions are coordinated 

to 4 cyanides situated in a square plane, and half are additionally coordinated to 2 

ammonias (Fig. 27.9). The observed magnetic moment per Ni atom of 2.2 BM is entirely 

consistent with this since this average moment arises solely from the octahedrally 

coordinated Ni atoms, the square-planar Ni being diamagnetic. 

Complexes of Pd!’ and Pt"'. The effect of complexation on the splitting of d orbitals is 

much greater in the case of second- and third- than for first-row transition elements, and 
the associated effects already noted for Ni" are even more marked for Pd! and Pt!'; as a 
result, their complexes are diamagnetic and the vast majority are planar also. Not 

many complexes are formed with O-donor ligands but, of the few that are, [Pd(H,O),]?* 

present in the brown Pd(ClO,),.4H,O, and the polymeric anhydrous acetates 

[Pd(O,CMe),]3 and [Pt(O,CMe),], (Fig. 27.10), may be noted.“ Fluoro complexes 
are even less prevalent, the preference of these cations being for the other halides, cyanide, 

N- and heavy atom-donor ligands. 

The complexes [MX,]?~ (M=Pd, Pt; X=Cl, Br, I, SCN, CN) are all easily obtained 

and may be crystallized as salts of [NH,]* and the alkali metals. By using [NR,]* cations 

it is possible to isolate binuclear halogen-bridged anions [M,X,]* (X=Br, I) which 

retain the square-planar coordination of M. Aqueous solutions of yellowish-brown 

"ce AC. SKAPSKI and M. L. Smart, The crystal structure of trimeric palladium(II) acetate, Chem. Comm. 
1970, 658-9. M. A. A. F. DE C. T. CARRONDO and A. C. SkKapski, X-ray crystal structure of tetrameric 
platinum(II) acetate: a square cluster complex with short Pt-Pt bonds and octahedral co-ordination geometry, 
JCS Chem. Comm. 410-11 (1976). 
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Fic. 27.9 A “cage” in the structure of [Ni(CN),(NH3)].x(C,H,), showing a trapped benzene 
, molecule. é 

[PdCl,]?~ and red [PtCl,]?~ are common starting materials for the preparation of other 

Pd" and Pt" complexes by successive substitution of the chloride ligands. In both 

[M(SCN),]?~ complexes the ligands bond through their z-acceptor (S) ends, though in > 
the presence of stronger z-acceptor ligands such as PR, and AsR, they tend to bond 

through their N ends.+ Not surprisingly, therefore, several instances of linkage isomerism © 
(p. 1081) have been established in compounds of the type trans-[M(PR3)>(SCN),]. 

Complexes with ammonia and amines, especially those of the types [ML,]?* and | 

[ML,X,], are numerous for Pd" and even more so for Pt". Many of them were amongst 
the first complexes of these metals to be prepared and interest in them has continued since. _ 

For example, the colourless [Pt(NH;),]Cl,.H,O can be obtained by adding NH; to an 

aqueous solution of PtCl and, in 1828, was the first of the platinum ammines to be 

+ Steric, as well as electronic, effects are probably involved. When the ligand is N-bonded, M<-N=C-S is 

linear and so sterically undemanding. However, when the ligand is S-bonded, M-S-C is nonlinear, the bonding 

and nonbonding electron pairs around the sulfur being more or less tetrahedrally disposed. On purely steric — 
grounds, therefore, the latter type of bonding is expected to be less favoured than the former when bulky ligands ~ 
such as PR, and AsR, are present. 
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Fic. 27.10 Anhydrous acetates of Pd" and Pt": (a) trimeric [Pd(O,CMe), ], involving square- 
planar coordinated Pd but no metal metal bonding (average Pd-Pd=315 pm), and (b) 
tetrameric [Pt(O,CMe),], involving octahedrally coordinated Pt and metal-metal bonds 

(average Pt Pt=249.5 pm). 

discovered (by G. Magnus). Other salts of the [Pt(NH;),]*~* ion are easily derived, the 

best known being Magnus’s green salt [Pt(NH,),][PtCl,]. That a green salt should result 

from the union of a colourless cation and a red anion was unexpected and is a consequence 

of the crystal structure, which consists of the square-planar anions and cations stacked 

alternately to produce a linear chain of Pt atoms only 325 pm apart. Interaction between 

these metal atoms shifts the d-d absorption of the [PtCl,]?~ ion from the green region 

(whence the normal red colour) towards the red, so producing the green colour. 

Magnus’s salt is an electrolyte and non-ionized polymerization isomers (p. 1081) of the 

stoichiometry PtCl,(NH_), are also known which can be prepared as monomeric cis and 

trans isomers: 

[PtCl,]?- —--> cis-[PtCl, (NH;)>1 

[Pt(NH,),]2* —-—> trans-[PtCl,(NH;);] 

Their existence led Werner to infer a square-planar geometry for Pt". 
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Many substitution reactions are possible with these ammines and much work in this field 

has come from the Russian school, the contributions of I. I. Chernyaev (also transliterated 

from the Cyrillic as Tscherniaev, etc.) being particularly notable. In the 1920s he noticed 

that when there are alternative positions at which an incoming ligand might effect a 

substitution, the position chosen depends not so much on the substituting or substituted 

ligand as on the nature of the ligand trans to that position. This became known as the 

“trans-effect” and has had a considerable influence on the synthetic coordination 

chemistry of Pt"! (see Panel). 

The Trans Effect 

Because their rates of substitution are convenient for study, most work has been done with 
platinum complexes, and for these it is found that ligands can be arranged in a fairly consistent 
order indicating their relative abilities to labilize ligands trans to themselves: 

F",° OH’, H,O:° NH; py<C) 8: <1. SCN. NO,*: -C.H.> <S=CNH,),, 
CH, <H~, PR;, AsR;<CN~, CO, C,H, 

The reason why the particular substitution reactions of [PtCl,]’~ and [Pt(NH3)4]°*, 
mentioned above, produce respectively cis and trans isomers is now evident. It is because, in both 
cases, in the second of the stepwise substitutions there is a choice of positions for the substitution 
and in each case it is a ligand trans toa Cl” which is replaced in preference to a ligand trans to an 
NH;: oS 

+ Cl ——— 

Similar considerations have been invaluable in devising synthetic routes to numerous other 
isomeric complexes of Pt"! but, as can be seen in Fig. A, other considerations such as the relative 
stabilities of the different Pt-ligand bonds are also involved. 

Explanations for the trans-effect abound (ref. 10, p. 44) and it seems that either x or o effects, or 

both, are involved. The ligands exerting the strongest trans-effects are just those (e.g. C,H, CO, 
PR;, etc.) whose bonding to a metal is thought to have most z-acceptor character and which 
therefore remove most z-electron density from the metal. This reduces the electron density most at 
the coordination site directly opposite, i.e. trans, and it is there that nucleophilic attack is most 
likely. This interpretation is not directly concerned with labilizing a particular ligand but rather 
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NH3 MeNHEI> 
(SSS SSS 

trans to NO> 

MeNH) NH3 

trans to NOg 

MeNH) cr 

trans to NO2 

Fic.A Preparation of the three isomers of [ PtCl(NH;)(NH,Me)(NO,)]. Where indicated these 

steps can be explained by the greater trans-effect of the NO, ligand. Elsewhere the weakness of 
the Pt-Cl as compared to the Pt-N bond must be invoked. 

with encouraging the attachment of a further ligand. It has consequently been applied most 
successfully to explaining kinetic phenomena such as reaction rates and the proportions of 
different isomers formed in a reaction (which depend on the rates of reaction), due to the 

stabilization of S-coordinate reaction intermediates. 
On the other hand, a ligand which is a strong o-donor is expected to produce an axial 

polarization of the metal, its lone-pair inducing a positive charge on the near side of the metal anda 
concomitant negative charge on the far side. This will weaken the attachment to the metal of the 
trans ligand. This interpretation has been most successfully used to explain thermodynamic, 
“sround state” properties such as the bond lengths and vibrational frequencies of the trans ligands 
and their nmr coupling constants with the metal. 

In order to distinguish between kinetic and thermodynamic phenomena it is convenient to refer 
to the former as the “trans-effect” and the latter as the “trans-influence” or “static trans-effect”, 
though this nomenclature is by no means universally accepted. However, it appears that to 
account satisfactorily for the kinetic “trans-effect”, both x (kinetic) and o (thermodynamic) effects 

must be invoked to greater or lesser extents. Thus, for ligands which are low in the trans series (e.g. 
halides), the order can be explained on the basis of a o effect whereas for ligands which are high in 
the series the order is best interpreted on the basis of a z effect. Even so, the relatively high position 
of H~, which can have no m-acceptor properties, seems to be a result of ao mechanism or some 
other interaction. 

A resurgence of interest in these seemingly simple complexes of platinum started in 1969 

when B. Rosenberg and co-workers discovered?® the anti-tumour activity of cis- 
[PtCl,(NH;),] (“cisplatin”). Along with [PtCl,(en)] this compound provides one of the 

best current treatments for some types of cancer.'?'’ Unfortunately the mode of action is 
not properly understood, but the fact that only cis isomers of these and related compounds 

20 B. ROSENBERG, L. VAN Camp, J. E. TRaSKO, and V. H. Mansour, Platinum compounds: a new class of 
potent antitumour agents, Nature 222, 385-6 (1969). 

21 BE. WILTSHAW, Cisplatin in the treatment of cancer, Platinum Metals Rev. 23, 90-98 (1979). 
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are active suggests that the formation of a chelate ring, or at least coordination to donor 

atoms in close proximity, is an essential part of the activity. DNA is currently thought to be 

involved, possibly providing donor atoms on adjacent strands of DNA so that complex 

formation prevents the cell division inherent in the proliferation of cancer cells. 

Stable complexes of Pd" and Pt" are formed with a variety of S-donor ligands which 
includes the inorganic sulfite (SO, ) and thiosulfate (S,O,7~ apparently coordinating 

through 1 S and 1 O) as well as numerous organo-sulfur ligands. The essentially class-b 

character of Pd" and Pt" is further indicated by the ready formation of complexes with 
phosphines and arsines. [M(PR;),X,] and the arsine analogues are particularly well 

known. Zero dipole moments indicate that the palladium complexes are invariably trans, 

whereas those of platinum may be either cis or trans the latter being much the more soluble 

and having lower mps. When these bisphosphines and bisarsines are boiled in alcohol, or 
alternatively when they are fused with MX,, the dimeric complexes [MLX,], are 

frequently obtained. Again, zero dipole moments (in some cases confirmed by X-ray 

analysis) indicate that these are all of the symmetrical trans form: 

Nuclear magnetic resonance has proved to be a particularly useful tool in studying 
phosphines of platinum. The nuclear spins of *'P and '°°Pt (both equal to 4) couple, and 
the strength of this coupling (as measured by the “coupling constant” J) is affected much 
more by ligands trans to the phosphine than by those which are cis. This has helped in 
determinations of structure and also in studies of the “trans influence”. Platinum(II) also 

forms a number of quite stable monohydrido (H_) phosphines which have proved 

similarly interesting, the 'H-'?°Pt coupling constants being likewise sensitive to the trans 
ligand. 

It has already been pointed out that the overwhelming majority of complexes of Pd" and 
Pt" are square planar. However, 5-coordinate intermediates are almost certainly involved 
in many of the substitution reactions of these 4-coordinate complexes, and 5-coordinate 
trigonal bipyramidal complexes with “tripod” ligands (p. 1061) are well established. These 

ligands include the tetraarsine, As(C,H4-2-AsPh,)3 (QAS, p. 1334) and its phosphine 
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analogue'2?) and more recently 23) N(CH,CH,NMe,), i.e.(Me,tren). The somewhat less- 
rigid tetraarsine, 

Me 

| 
1,2-C,H,(As-C,H,-AsMe,), 

(TPAS), however forms a red, square-pyramidal complex [Pd(TPAS)CI]CIO, with 

palladium. 

Oxidation state I (d°) 

The only complexes of any importance formed by these elements in this oxidation state 

are the yellow to orange nickel(I) phosphines of the type [Ni(PPh,),X] (X=Cl, Br, I). 

These are relatively stable and are tetrahedral and paramagnetic, as anticipated for a d° 

configuration. Orange-red crystals of the tetrahedral Ni' complex [Ni(PMe;),] [BPh,] 
have also been structurally characterized.'?**) 

Ov iienon state 0 (d'°) 

Besides [Ni(CO), ] and organometallic compounds discussed in the next section, nickel 

is found in the formally zero oxidation state with ligands such as CN” and phosphines. 

Reduction of K,[Ni"(CN),] with potassium in liquid ammonia precipitates yellow 
K,[Ni°(CN),], which is sensitive to aerial oxidation. Being isoelectronic with [Ni(CO),] 
it is presumed to be tetrahedral. Similarity with the carbonyl is still more marked in the 

case of the gaseous [Ni(PF),], which also can be prepared directly from the metal and 

ligand: 

1000 C 
Ni+4PF;——“>[Ni(PF; Ja] 

0 

In sharp contrast to nickel, palladium and platinum form no simple carbonyls, and 
reports of K,{ M(CN),] (M =Pd, Pt) may well refer to hydrido complexes; in any event 

they are very unstable. The chemistry of these two metals in the zero oxidation state is in 

fact essentially that of their phosphine and arsine complexes and was initiated?*) by 

L. Malatesta and his school in the 1950s. Compounds of the type [M(PR;),4], of which 

[Pt(PPh,),] has been most thoroughly studied, are in general yellow, air-stable solids or 

liquids obtained by reducing M" complexes in H,O or H,O/EtOH solutions with 
hydrazine or sodium borohydride. They are tetrahedral molecules whose most important 

property is their readiness to dissociate in solution to form 3-coordinate, 

22 L. M. VENANZ1I, Complexes of tetradentate ligands containing phosphorus and arsenic, Angew. Chem., Int. 
Edn. (Engl.) 3, 453-60 (1964). 

23°C. SenorF, A five-coordinate palladium(II) complex containing tris{2-dimethylamino)ethyl\amine, 
N{CH,CH,N(CH,),!3, Inorg. Chem. 17, 2320-2 (1978). 
234 A GLeIZES, M. DARTIGUENAVE, Y. DARTIGUENAVE, J. GaLy and H. F. Kein, Nickel phosphine 

complexes. Crystal and molecular structure of a new nickel(I) complex: [Ni(PMe,),][BPh,], J. Am. Chem. Soc. 
99, 5187-9 (1977). 

24 L. MALATESTA and M. ANGOLETTA, Palladium(0) compounds. Part II. Compounds with triarylphosphines, 
triarylphosphites and triarylarsines, J. Chem. Soc. 1957, 1186-8. 
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planar [M(PR,);] and, in traces, probably also [M(PR3),] species. The latter are 
intermediates in an extensive range of addition reactions (many of which may properly be 

regarded as oxidative additions) giving such products as [Pt"(PPh,),L,], (L =O, CN, N3) 
and [Pt"(PPh;),LL'], (L,L’=H.Cl, Rp). as. well as iPt (©, Hie Phe) land 

PPercO); (PPh. ) 51: 
The mechanism by which this low oxidation state is stabilized for this triad has been the 

subject of some debate. That it is not straightforward is clear from the fact that nickel is 
alone in forming a simple binary carbonyl whereas palladium and platinum require the 

stabilizing presence of phosphines before CO can be attached. For most transition metals 

the z-acceptor properties of the ligand are thought to be of considerable importance and 

there is no reason to doubt that this is true for Ni°. For Pd® and Pt°, however, it appears 
that o-bonding ability is also important, and the smaller importance of x backbonding 

which this implies is in accord with the higher ionization energies of Pd and Pt [804 and 

865 kJ mol! respectively] compared with that for Ni [737 kJ mol ‘]. 

27.3.5 Organometallic compounds”: '° ?>:?°) 

All three of these metals have played major roles in the development of organometallic 

chemistry. The first compound containing an unsaturated hydrocarbon attached to a 

metal (and, indeed, the first organometallic compound if one excludes the cyanides) was 

[Pt(C,H,)Cl,],, discovered by the Danish chemist W. C. Zeise as long ago as 1827 and 

followed 4 years later by the salt which bears his name, K[Pt(C,H,)Cl,].H,O. 

[Ni(CO),] was the first metal carbonyl to be prepared when L. Mond and his co-workers 

discovered it in 1888. The platinum methyls, prepared in 1907 by W. J. Pope, were amongst 

the first-known transition metal alkyls, and the discovery by W. Reppe in 1940 that Ni" 

complexes catalyse the cyclic oligomerization of acetylenes produced a surge of interest 

which was reinforced by the discovery in 1960 of the z-allylic complexes of which those of 

Pd" are by far the most numerous. 

o-Bonded compounds 

These are of two main types: compounds of Pt'Y, which have been known since the 

beginning of this century and commonly involve the stable {PtMe,' group; and 

compounds of the divalent metals, which were first studied by J. Chatt and co-workers in 

the late 1950’s and are commonly of the type [ML,R,](L=phosphine). In the Pt'Y 

compounds the metal is always octahedrally coordinated and this is frequently achieved in 

interesting ways. Thus the trimethyl halides, conveniently obtained by treating PtCl, with 

MeMgxX in benezene, are tetramers, [PtMe;X],, in which the 4 Pt atoms form a cube 

>* PW. Jory and G. WILKE, The Organic Chemistry of Nickel, Academic Press, London, Vol. 1, 1974, 517 
pp.; Vol. II, 1975, 400 pp. 

26 P.M. MaitLis, The Organic Chemistry of Palladium, Academic Press, London, 1971, Vol. 1, 319 pp; 
Vol. II, 216 pp. 
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involving triply-bridging halogen atomst (Fig. 27.1 1a). The dimeric [PtMe,(acac], is also 

unusual in that the acac is both O- and C-bonded (Fig. 27.11b), while in 

[PtMe,(acac){bipy)] 7-coordination is avoided because the acac coordinates merely as a 

unidentate C donor. 

The stabilities of the [ML,R,] phosphines increase from Ni" to Pt" and for Ni" they are 

only isolable when R is an o-substituted aryl. Those of Pt", on the other hand, are 
amongst the most stable o-bonded organo-transition metal compounds while those of 
Pd" occupy an intermediate position. 

Carbonyls (see p. 349) 

On the basis of the 18-electron rule, the d°s? configuration is expected to lead to 

carbonyls of formula [M(CO),] and this is found for nickel. [Ni(CO),], the first metal 

carbonyl to be discovered (by C. Langer in L. Mond’s laboratory, 1888), is an extremely 

toxic, colourless liquid (mp — 19.3°, bp 42.2°) which is tetrahedral in the vapour and in the 

solid (Ni-C 184 pm, C—O 115 pm). Its importance in the Mond process for manufacturing 

nickel metal has already been mentioned as has the absence of stable analogues of Pd and 

Pt. It may be germane to add that the introduction of halides (which are o-bonded) 

reverses the situation: no carbonyl halides of Ni are known whereas the yellow 

[Pd"(CO)CI,],, even though unstable, has been prepared and the colourless 

[Pt"(CO),Cl,] is quite stable. 

+ The chequered history of compounds of this type makes salutory reading. H. Gilman and M. Lichtenwalter 
(1938, 1953) reported the synthesis of PtMe, in 46% yield by reacting Me,Pt] with NaMe in hexane. R. E. 
Rundle and J. H. Sturdivant determined the X-ray crystal structure of this product in 1947 and described it as a 
tetramer [(PtMe,),]}: this required the concept of a multicentred, 2-electron bond, and was one of the first 
attempts to interpret the bonding in a presumed electron-deficient cluster compound. In fact, tetra- 
methylplatinum cannot be prepared in this way and is unknown; Gilman’s compound was actually a hydrolysis 
product [{PtMe,(OH)},] and the mistaken identity of the crystal went undetected by the X-ray work because, at 
that time, the scattering curves for the 9-electron groups CH, and OH were indistinguishable in the presence of 
Pt. Interestingly, the compound PtMe,(OH) had, in reality, already been synthesized by W. J. Pope and S. J. 
Peachey as long ago as 1909, and its tetrameric structure was confirmed by subsequent X-ray work.'?°) In a 
parallel study,’?°”’ the transparent tan-coloured tetramer [(PtMe3I),] has now been shown to be the same 
compound as was previously erroneously reported in 1938 as hexamethyldiplatinum, [Me,Pt-PtMe, ]. This was 
equally erroneously described in 1949 on the basis of an incomplete X-ray structural study as a methyl-bridged 
oligomer [(PtMe;), >] or an infinite chain of methyl-bridged 6-coordinate {PtMe,}-groups. A qualitative test for 

iodine would have revealed the error 30 years earlier. 

Although PtMe, remains unknown it has recently been shown that reaction of [PtMe,(PPh;),] with LiMe 

yields the square-planar Pt" complex Li,[PtMe,], whereas reaction of [PtMe;I),] with LiMe affords the 

octahedral Pt'Y complex Li,[PtMe,].°°° The thermally stable, colourless, 8-coordinate complex [PtMe,(n>- 

C;H,)] is also known. 

201TD) O. Cowan, N. G. KrieGHorr, and G. Donnay, Reinvestigation of the reaction of 
trimethylplatinum(IV) iodide with methylsodium, Acta Cryst. B24, 287-8 (1968), and references therein. 

266 G. Donnay, L. B. CoLemMaN, N. G. KrigGuorr, and D. O. Cowan, Trimethylplatinum(IV) iodide and its 
misrepresentation as hexamethyldiplatinum, Acta Cryst. B24, 157-9 (1968), and references therein. 

26¢G W. Rice and R. S. Tosias, Synthesis of hexamethyl- and pentamethyl-platinate(1V) and tetramethyl- 
and trimethyl-platinate(II) complexes. Spectroscopic studies of organo-platinum complexes, J. Am. Chem. Soc. 

99, 2141-9 (1977). 
264 Q. HACKELBERG and A. WoJCICKI, The photolysis of 7>-cyclopentadienyltrimethylplatinum(IV), /norg. 

Chim. Acta 44, L63—L64 (1980). 
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Fic. 27.11 Schematic representation of the structures of compounds containing octahedrally 
coordinated Pt'’: (a) the tetramer, [PtMe,Cl],, and (b) the dimer, [PtMe,(acac)]). 

[Ni(CO),] is readily oxidized by air and can also be reduced by alkali metals in liquid 

ammonia to the red, dimeric carbonyl hydride, [ {Ni H(CO);},].4NH3. Other reductions 

have yielded a number of polynuclear carbonylate anion clusters of which [Ni;(CO),,]?~ 

and [Ni,(CO),,]*~ (Fig. 27.12) may be mentioned. 

Alkaline reduction of [PtCl,]?~ in an atmosphere of CO yields a series of platinum 
carbonylate anion clusters, [Pt3(CO),],” , which adopt more nearly “prismatic”, or 

“eclipsed” structures than the corresponding nickel compounds. By refluxing salts of the 

n=3 anion in acetonitrile, the spectacular, brown cluster anion [Pt, .(CO),,]*~ 

containing 2 totally encapsulated metal atoms has recently’? ”’ been obtained (Fig. 27.12e). 

Apparently it has not yet been possible to prepare any analogous palladium compounds. 

Cyclopentadienyls 

Nickelocene, [Ni"(7°-C;H;)>], is a bright green, reactive solid, conveniently prepared 

by adding a solution of NiCl, in dimethylsulfoxide to a solution of KC5H, in 1,2- 

dimethoxyethane. It has the sandwich structure of ferrocene, and is similarly susceptible to 

27D. M. WaSsHECHECK, E. J. WUCHERER, L. F. DAHL, A. Cer1oT1I, G. LoNGONI, M. MANASSERO, M. SANSONI, 
and P. Cunt, Synthesis, structure and stereochemical implications of the [Pt, (CO), 5 (44.-CO), 9]*~ tetranion, J. 
Am. Chem. Soc. 101, 6110-12 (1979). 



Fic. 27.12 Some carbonylate anion clusters of nickel and platinum: (a) [Ni,(CO),,]? , (b) 

[Ni,(CO), 2]? ~, (c) [Pt.(CO), 2], (d) [Pt.(CO), 4]? ~, and (e) the Pt,, core of [Pt 4(CO),,]*~ 
showing one of the 10 bridging COs and 2 of the 12 terminal COs (which are attached to each of 

the 6 metal atoms at each end of the ion). 
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ring-addition reactions, but its 2 extra electrons (1, = 2.86 BM) must be accommodated in 

an antibonding orbital (p. 371). The orange-yellow, [Ni(y°-C5H;)> ] * cation is therefore 

easily obtained by oxidation. An interesting development has been the production of the 

“triple-decker sandwich” cation, [Ni,(y°-C;H;)3]* (Fig. 27.13), by reacting nickelocene 

with a Lewis acid such as BF; .28 This is a 34 valence electron compound [ie. 

(2 x 8) +(3 x 6) for 2Ni" and 3C;H;_] and there are theoretical grounds for supposing 

that this, and the 30-electron configuration, will offer the same sort of stability for 

binuclear sandwich compounds that the 18-electron configuration offers for mononuclear 

compounds. 

Fic. 27.13. The “triple-decker sandwich”, [Ni,(7°-C;H,)3]* cation. Note that the C,H, rings 
are neither “staggered” nor “eclipsed”, and the nickel atoms are closer to the outer than to the 

central ring. 

The cyclopentadienyls of palladium and platinum are less stable than those of nickel, 

and while the heavier pair of metals form some monocyclopentadienyl complexes, neither 

forms a metallocene. 

Alkene and alkyne complexes?” 

These are important not only for their part in stimulating the development of bonding 

theory (for a full discussion, see p. 360) but also for their catalytic role in a number of 

important industrial processes. 

Apart from some Pd® and Pt° biphosphine complexes, the alkene and alkyne complexes 
involve the metals in the formally divalent state. Those of Ni" are few in number compared 

to those of Pd", but it is Pt" which provides the most numerous and stable compounds of 

this type. These are of the forms [PtCl,Alk], [PtCl,Alk],, and [PtCl,Alk,]. They are 

*8 H. WeRNER, New varieties of sandwich complexes, Angew. Chem., Int. Edn. (Engl.) 16, 1-9 (1977). 
2° B. L. SHaw and N. I. Tucker, Organo-transition metal compounds and related aspects of homogeneous 

catalysis, Chap. 53 in Comprehensive Inorganic Chemistry, Vol. 4, pp. 781-994, Pergamon Press, Oxford 1973. 
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generally prepared by treating an M" salt with the hydrocarbon when a less strongly 
bonded anion is displaced. Thus, Zeise’s salt (p. 357) may be obtained by prolonged 

shaking of a solution of K,PtCl, in dil HCl with C,H,, though the reaction can be 

speeded-up by the addition of a small amount of SnCl, (see p. 462 of ref. 9). Treatment of 

an ethanolic solution of the product with conc HCl then affords the orange dimer, 

[{PtCl,(C,H,)},], and if this is then dissolved in acetone at — 70°C and further treated 

with C,H,, yellow, unstable crystals of the trans-bis(ethene) are formed: 

cis-Substituted dichloro complexes are obtained if chelating dialkenes such as cis-cis- 

cycloocta-1,5-diene (COD) are used (p. 361). 

A common property of coordinated alkenes is their susceptibility to attack by 

nucleophiles such as OH”, OMe’, MeCO,,_, and Cl, and it has long been known that 

Zeise’s salt is slowly attacked by non-acidic water to give MeCHO and Pt metal, while 

corresponding Pd complexes are even more reactive. This forms the basis of the Wacker 

process (developed by J. Smidt and his colleagues at Wacker Chemie, 1959-60) for 

converting ethene (ethylene) into ethanal (acetaldehyde)—see Panel. 

Catalytic Applications of Alkene and Alkyne Complexes 

The Wacker process 

Ethanal is produced by the aerial oxidation of ethene in oe presence of PdCl,/CuCl, in 
aqueous solution. The main reaction is the oxidative hydrolysis of ethene: 

C,H,+PdCl, +H,0 ——> MeCHO +Pd| + nC 

The mechanism of this reaction is not straightforward but the crucial step appears to be 
nucleophilic attack by water or OH” on the coordinated ethene to give o-bonded —CH,CH,OH 
which then rearranges and is eventually eliminated as MeCHO with loss of a proton. 

The commercial viability of the reaction depends on the formation of a catalytic cycle by 
reoxidizing the palladium metal in situ. This is achieved by the introduction of CuCl, : 

Pd+ CuCl, ——> PdCl, + 2CuCl 

Because the solution is slightly acidic, the a itself can be regenerated by passing in oxygen: 

2CuCl+ 2HCI+40, a 2Cucl, +H,0 

The overall reaction is thus: : 

C,H, +40, > MeCHO. 

Continued 
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| The Reppe Ss vnthesis. ‘ 

Polymerization of alk nes by Nil! complexes produces @ a variet of products which depend on 
/esp | , for instance, O-donor ligands i 

as 8 aca ne or ‘salicaldehyde are lie in ¢ ; 
es are eal obs and eveloteteamicssasifon Butts to give mainly Cee 

a require fo si ee are not sudable ae cyclic iipetoied t ee predominates : 

(Fig. A). Phese yntheses are amenable to extensive variation and adaptation. Substit ted ring — 
kynes while 

Fic. A Cyclic oligomerizations of acetylene: tetramerization producing COT and trimerization 
producing benzene. 

Alkyne complexes are essentially similar to the alkenes (p. 361) and those of Pt", 
particularly when the alkyne incorporates the t-butyl group, are the most stable. Ni! 
alkyne complexes are less numerous and generally less stable but are of greater practical 

importance because of their role as intermediates in the cyclic oligomerization of alkynes, 

discovered by Reppe (see Panel). 

n-Allylic complexes?” 

The preparation and bonding of complexes of the 7°-allyl radical, CH,—=CH—CH,-—, 

has already been discussed (p. 362). This group, and substituted derivatives of it, may act 
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as o-bonded ligands, but it is as 3-electron z-donor ligands that they are most important. 

Crudely: Gis 

The z-allyl complexes of Pd", e.g. [Pd(y?-C,H;)X], (X =Cl, Br, I), are very stable and 
more numerous than for any other metal, and neither Ni nor Pt form as many of these 

complexes. Indeed, the contrast between Pd and Pt is such that in reactions with alkenes, 

where a particular compound of Pt is likely to form an alkene complex, the 

corresponding compound of Pd is more likely to form a z-allyl complex. The role of the 

Pd and Ni complexes as intermediates in the oligomerization of conjugated dienes (of 

which 1,3-butadiene, C,H,, is the most familiar) have been extensively studied, 

particularly by G. Wilke and his group. For instance in the presence of [Ni(7?-C3H;),] (or 

[ Ni(acac),]; + Al,Et,), butadiene trimerizes, probably via the catalytic cycle: 

C4H 
CH: gee BOS as 

[Ni(C3Hs )2 J Cae. 

C4He 

trans, trans, trans-cyclododeca-1,5,9-triene (CDT) 

Other isomers of CDT are also obtained and, if a coordination site on the nickel is blocked 

by the addition of a ligand such as a tertiary phosphine, dimerization of the butadiene, 

rather than trimerization, occurs. 



Copper, Silver, and Gold 

28.1 Introduction”) 

Collectively known as the “coinage metals” because of their former usage, these 

elements were almost certainly the first three metals known to man. All of them occur in 

the elemental, or “native”, form and must have been used as primitive money long before 

the introduction of gold coins in Egypt around 3400 Bc. 

Cold-hammering was used in the late Stone Age to produce plates of gold for 

ornamental purposes, and this metal has always been synonymous with beauty, wealth, 

and power. Considerable quantities were accumulated by ancient peoples. The coffin of 

Tutankhamun (a minor Pharaoh who was only 18 when he died) contained no less than 

112 kg of gold, and the legendary Aztec and Inca hoards in Mexico and Peru were a major 

reason for the Spanish conquests of Central and South America in the early sixteenth 

century. Today, the greatest hoard of gold is the 30 000 tonnes of bullion (i.e. bars) lying in 

the vaults of the US Federal Reserve Bank in New York and belonging to eighty different 

nations. 

Estimates of the earliest use of copper vary, but 5000 Bc is not unreasonable. By about 

3500 Bc it was being obtained in the Middle East by charcoal reduction of its ores, and by 

3000 Bc the advantages of adding tin in order to produce the harder bronze was 

appreciated in India, Mesopotamia, and Greece. This established the “Bronze Age”, and 

copper has continued to be one of man’s most important metals. 

The monetary use of silver may well be as old as that of gold but the abundance of the 

native metal was probably far less, so that comparable supplies were not available until a 

method of winning the metal from its ores had been discovered. It appears, however, that 

by perhaps 3000 Bc a form of cupellationt was in operation in Asia Minor and its use 

gradually spread, so that silver coinage was of crucial economic importance to all 

subsequent classical Mediterranean civilizations. 

The name copper and the symbol Cu are derived from aes cyprium (later Cuprum), since 

it was from Cyprus that the Romans first obtained their copper metal. The words silver 

and gold are Anglo-Saxon in origin but the chemical symbols for these elements (Ag and 

tT Cupellation processes vary but consist essentially of heating a mixture of precious and base (usually lead) 
metals in a stream of air in a shallow hearth, when the base metal is oxidized and removed either by blowing away 
or by absorption into the furnace lining. In the early production of silver, the sulfide ores must have been used to 
give first a silver/lead alloy from which the lead was then removed. 

'R. F. Ty.ecote, History of Metallurgy, The Metals Society, London, 1976, 182 pp. 
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Au) are derived from the Latin argentum (itself derived from the Greek &py6c, argos, shiny 
or white) and aurum, gold. 

28.2 The Elements 

28.2.1 Terrestrial abundance and distribution 

The relative abundances of these three metals in the earth’s crust (Cu 68 ppm, Ag 

0.08 ppm, Au 0.004 pm) are comparable to those of the preceding triad—Ni, Pd, and Pt. 

Copper is found mainly as the sulfide, oxide, or carbonate, its major ores being copper 

pyrite (chalcopyrite), CuFeS,, which is estimated to account for about 50°% of all Cu 
deposits; copper glance (chalcocite), Cu,S; cuprite, Cu,O, and malachite, Cu,CO,(OH)),. 

Large deposits are found in various parts of North and South America, and in Africa and 

the USSR. The native copper found near Lake Superior is extremely pure but the vast 

majority of current supplies of copper are obtained from low-grade ores containing only 

about 1% Cu. 

Silver is widely distributed in sulfide ores of which silver glance (argentite), Ag,S, is the 

most important. Native silver is sometimes associated with these ores as a result of their 

chemical reduction, while the action of salt water is probably responsible for their 

conversion into “horn silver”, AgCl, which is found in Chile and New South Wales. The 
Spanish Americas provided most of the world’s silver for the three centuries after about 

1520, to be succeeded in the nineteenth century by Russia. Appreciable quantities are now 

obtained as a byproduct in the production of other metals such as copper, and the main 

“Western” producers are Mexico, Peru, Canada, the USA, and Australia. 

Gold, too, is widely, if sparsely, distributed both nativet and in tellurides, and is almost 

invariably associated with quartz or pyrite, both in veins and in alluvial or placer deposits 

laid down after the weathering of gold-bearing rocks. It is also present in sea water to the 

extent of around 1 x 10°? ppm, depending on location, but no economical means of 

recovery has yet been devised. Prior to about 1830 a large proportion of the world’s stock 

of gold was derived from ancient and South American civilizations (recycling is not a new 

idea), and the annual output of new gold was no more than 12 tonnes pa. This supply 

gradually increased with the discovery of gold in Siberia followed by “gold rushes” in 1849 

(California: as a result of which the American West was settled), 1851 (New South Wales: 

within 7 y the population of Australia doubled to 1 million), 1884 (Transvaal), 1896 

(Klondike, North-west Canada), and, finally, 1900 (Nome area of Alaska) as a result of 

which by 1890 world production had risen to 150 tonnes pa. It is now 8 times that amount, 

~ 1200 tonnes pa. 

28.2.2 Preparation and uses of the elements? 

A few of the oxide ores of copper can be reduced directly to the metal by heating with 

coke, but the bulk of production is from sulfide ores containing iron, and they require 

+ The “Welcome Stranger” nugget found in Victoria, Australia, in 1869 weighed over 71 kg and yielded nearly 

65 kg of refined gold but was, unfortunately, exceptional. 

2 Kirk—-Othmer Encyclopedia of Chemical Technology, 3rd edn., Interscience, New York; for Cu see Vol. 6, 
1979, pp. 819-69; for Ag see Vol. 21, 1983, pp. 1-32; for Au see Vol. 11, 1980, pp. 972-95. See also G. THORSEN, 

Extractive metallurgy of copper, pp. 1-41 of Topics in Non-ferrous Extractive Metallurgy (ed. A. R. Burkin), 
Critical Reports in Applied Chemistry, Vol. 1, Blackwell, Oxford, 1980; and Gold, Mineral Dossier No. 14, 

HMSO, 1975, 66 pp. 
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more complicated treatment. These ores are comparatively lean (often ~ 4% Cu) and 

their exploitation requires economies of scale. They are therefore obtained in huge, open- 

pit operations employing shovels of up to 25 m® (900 ft*) and trucks of up to 250 tonnes 

capacity, followed by crushing and concentration (up to 15-20% Cu) by froth-flotation. 

(The environmentally acceptable disposal of the many millions of tonnes of finely ground 

waste poses serious problems.) Silica is added to the concentrate which is then heated in a 

reverberatory furnace (blast furnaces are unsuitable for finely powdered ores) to about 

1400°C when it melts. FeS is more readily converted to the oxide than is Cu,S and so, with 

the silica, forms an upper layer of iron silicate slag leaving a lower layer of copper matte 

which is largely Cu,S and FeS. The liquid matte is then placed in a converter (similar to 

the Bessemer converter) with more silica and a blast of air forced through it. This 

transforms the remaining FeS first to FeO and then to slag, while the Cu,S ts partially 

converted to Cu,O and then to metallic copper: 

2FeS 305 2FeO 4 250; 

2Cu,S+30,——>2Cu, @-.2S0, 

2Cu,0 + Cu,S—>6Cu+ SO, 

The major part of this “blister” copper is further purified electrolytically by casting into 

anodes which are suspended in acidified CuSO, solution along with cathodes of purified 

copper sheet. As electrolysis proceeds the pure copper is deposited on the cathodes while 

impurities collect below the anodes as “anode slime” which is a valuable source of Ag, Au, 

and other precious metals. 

About one-third of the copper used is secondary copper (i.e. scrap) but the annual 

production of new metal is nearly 8 million tonnes, the chief sources (1980) being the USA 

(15%), the USSR (15%), Chile (14%), Canada (9%), Zambia (8%) and Zaire (6%). The 

major use is as an electrical conductor but it is also widely employed in coinage alloys as 

weil as the traditional bronze (Cu plus 7-10% Sn), brass (Cu-Zn), and special alloys such 

as Monel (Ni-Cu). 

Most silver is nowadays produced as a byproduct in the manufacture of non-ferrous 

metals such as copper, lead, and zinc, when the silver follows the base metal through the 

concentration and smelting processes. In the case of copper production, for instance, the 

anode slimes mentioned above are treated with hot, aerated dilute H,SO,, which dissolves 

some of the base metal content, then heated with a flux of lime or silica to slag-off most of 

the remaining base metals, and, finally, electrolysed in nitrate solution to give silver of 

better than 99.9% purity. As with copper, much of the metal used is salvage but over 

10 000 tonnes of new metal were produced in 1980, mainly from Mexico and the USSR 

(14% each), Peru (12%), Canada and the USA (10% each), Australia and Poland (74% 

each). Photography accounts for the use of about one-third of this and it is also used in 

silverware and jewellery, electrically, for silvering mirrors, and in the high-capacity 

Ag-Zn, Ag-Cd batteries. A minor though important use from 1826 until recent times was 

as dental amalgam (Hg/y-Ag,Sn). 

Traditionally, gold was recovered from river sands by methods such as “panning” which 

depend on the high density of gold (19.3 g cm *) compared with sand (~2.5 g cm~3)t+ 
but as such sources are largely worked out, modern production depends on 

+ In ancient times, gold-bearing river sands were washed over a sheep’s fleece which trapped the gold. It seems 
likely that this was the origin of the Golden Fleece of Greek mythology. 



§28.2.3 Atomic and Physical Properties of the Element 1367 

the mining of the gold-containing rock (perhaps 25 ppm of Au). This is crushed to a fine 
powder to liberate the metallic grains and these are extracted either by amalgamation with 

mercury (after which the Hg is distilled off), or by the cyanide process (p. 1388). In the latter, 

the gold and any silver present is leached from the crushed rock with an aerated, dilute 
solution of cyanide. 

4Au+8NaCN + O, + 2H,O——> 4Na[Au(CN),]+4NaOH 

and then precipitated by adding Zn dust. Electrolytic refining may then be used to provide 
gold of 99.95% purity.t 

Total annual production of new gold is now about 1200 tonnes of which (1980) 56% 

comes from South Africa, 25% from the USSR, 3.8% from Canada, and 2.5% from the 

USA. Over 80% of the gold from “Western” countries now passes through the London 

Bullion Market which was established in 1666. Prices were formerly stable at $35 per troy 

oz{ but showed an astonishing increase from $225 per oz in January 1979 to $855 per oz 

one year later before settling back to ~$450 per oz in 1982. 
The two main uses for gold are in settling international debts and in the manufacture of 

jewellery, but other important uses are in dentistry, the electronics industry (corrosion- 
free contacts), and the aerospace industry (brazing alloys and heat reflection), while in 

office buildings it has been found that a mere 20 pm film on the inside face of windows cuts 

down heat losses in winter and reflects unwanted infrared radiation in summer. 

28.2.3. Atomic and physical properties of the elements 

Some important properties are listed in Table 28.1. As gold has only one naturally 

occurring isotope, its atomic weight is known with considerable accuracy; Cu and Ag each 

have 2 stable isotopes, and a slight variability of their abundance in the case of Cu prevents 

its atomic weight being quoted with greater precision. This is the first triad since Ti, Zr, 

and Hf in which the ground-state electronic configuration of the free atoms is the same for 

the outer electrons of all three elements. Gold is the most electronegative of all metals: the 

value of 2.4 equals that for Se and approaches the value of 2.5 for S and I. Estimates of 

electron affinity vary considerably but typical values (kJ mol~') are Cu 87, Ag 97, and 

Au 193. These may be compared with values for H 87, O 143, and I 296 kJ mol". 

Consistent with this the compound CsAu has many salt-like rather than alloy-like 

properties and, when fused, behaves much like other molten salts. Similarly when Au is 
dissolved in solutions of Cs, Rb, or K in liquid ammonia, the spectroscopic and other 

properties are best interpreted in terms of the solvated Au” ion (d!°s”) analogous to a 

halide ion (s?p°).?” 
The elements are obtainable in a state of very high purity but some of their physical 

properties are nonetheless variable because of their dependence on mechanical history. 

+ Gold is commonly alloyed with other metals (an appropriate mixture of Ag and Cu will maintain the golden 
hue) in order to make it harder and cheaper. The proportion of gold is expressed in carats, a carat being a twenty- 
fourth part by weight of the metal so that pure gold is 24 carats. In the case of precious stones the carat expresses 

mass not purity and is then defined as 200 mg. The term is derived from the name of the small and very uniform 
seeds of the carob tree which in antiquity were used to weigh precious metals and stones (p. 300). 
t 1 troy (or fine) oz=31.1035 g as distinct from 1 0z avoidupois = 28.3495 g. 

2a W. J. Peer and J. J. Lacowski, Metal-ammonia solutions. 11. Au”, a solvated transition metal anion, J. 

Am. Chem. Soc. 100, 6260-1 (1978), and references therein. 

CTE-SS 
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TABLE 28.1 Some properties of the elements copper, silver, and gold 

Property Cu Ag Au 

Atomic number 29 47 79 

Number of naturally occurring isotopes 2 2 1 

Atomic weight 63.546 (+0.003) 107.8682( + 3) 196.9665 

Electronic configuration fAr]3d'°4s! [Kr]4d?°5s! [Xe]4f!*+5d!%6s! 
Electronegativity 1.9 1.9 2.4 
Metal radius (12-coordinate)/pm 128 144 144 
Effective ionic radius (6-coordinate)/pm V = a 57 

Ill 54 75 85 
II 73 94 — 
I 77 115 137 

Ionization energy/kJ mol”! Ist 745.3 730.8 889.9 
2nd 1957.3 2072.6 1973.3 
3rd 3577.6 3359.4 (2895) 

MP/°C 1083 961 1064 
BRAG 2570 2155 2808 

AH,,,/kJ mol” * 13.0 11.1 12.8 
AH ap/kJ mol * 307(+6) 258(+6) 343(+11) 
AT (conaiomicigas)) Kc IDOL. 337(+ 6) 284(+4) 379(+8) 
Density® (20°C)/g cm~? 8.95 10.49 1932 
Electrical resistivity (20°C)/wohm cm 1.673 1.59 2.35 

‘) Depends on mechanical history of sample. 

Their colours (Cu reddish, Ag white, and Au yellow) and sheen are so characteristic that 

the names of the metals are used to describe them.t Gold can also be obtained in red, blue, 

and violet colloidal forms by the addition of various reducing agents to very dilute 

aqueous solutions of gold(III) chloride. A remarkably stable example is the “Purple of 

Cassius”, obtained by using SnCl, as reductant, which not only provides a sensitive test 

for Au" but is also used to colour glass and ceramics. Colloidal silver and copper are also 

obtainable but are less stable. 
The solid metals all have the fcc structure, like their predecessors in the periodic table, 

Ni, Pd, and Pt, and they continue the trend of diminishing mp and bp. They are soft, and 

extremely malleable and ductile, gold more so than any other metal. One gram of gold can 

be beaten out into a sheet of ~ 1.0 m? only 230 atoms thick (i.e. 1 cm? to 18 m7); likewise 
1 g Au can be drawn into 165 m of wire of diameter 20 um. The electrical and thermal 

conductances of the three metals are also exceptional, pre-eminence in this case belonging 

to silver. All these properties can be directly related to the d‘°s’ electronic configuration. 

28.2.4 Chemical reactivity and trends 

Because of the traditional designation of Cu, Ag, and Au as a subdivision of the group 

containing the alkali metals (justified by their respective d!°s' and p®s! electron 

+ The colours arise from the presence of filled d bands near the electron energy surface of the sp conduction 
band of the metals (Fermi surface). X-ray data indicate that the top of the d-band is ~220kJ mol! 
(2.3 eV/atom) below the Fermi surface for Cu so electrons can be excited from the d band to the s—p band by 

absorption of energy in the green and blue regions of the visible spectrum but not in the orange or red regions. 

For silver the excitation energy is rather larger (~385 kJ mol ') corresponding to absorption in the ultraviolet 
region of the spectrum. Gold is intermediate but much closer to Cu, the absorption in the near ultraviolet and 
blue region of the spectrum giving rise to the characteristic golden yellow colour of the metal. 
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~ configurations) some similarities in properties might be expected. Such similarities as do 
_ occur, however, are confined almost entirely to the stoichiometries (as distinct from the 
chemical properties) of the compounds of the +1 oxidation state. The reasons are not 
hard to find. A filled d shell is far less effective than a filled p shell in shielding an outer s 
electron from the attraction of the nucleus. As a result the first ionization energies of the 

coinage metals are much higher, and their ionic radii smaller than those of the 

corresponding alkali metals (Table 28.1 and p. 86). They consequently have higher mps, 

are harder, denser, less reactive, less soluble in liquid ammonia, and their compounds 

more covalent. Again, whereas the alkali metals stand at the top of the electrochemical 
series (with E° between —3.045 and —2.714 V), the coinage metals are near the bottom: 
Cu*/Cu +0.52i, Ag*/Ag +0.799, Au*/Au+ 1.691 V. On the other hand, a filled d shell is 
more easily disrupted than a filled p shell and the second and third ionization energies of 

the coinage metals are therefore lower than those of the alkali metals so that they are able 

to adopt oxidation states higher than +1. They also more readily form coordination 

complexes. In short, Cu, Ag, and Au are transition metals whereas the alkali metals are 

not. Indeed, the somewhat salt-like character of CsAu and the formation of the solvated 

Au ion in liquid ammonia, mentioned above, can be regarded as halogen-like behaviour 

arising because the d’°s' configuration is 1 electron short of the closed configuration 
d'°s? (cf hydrogen, p. 51). 

Copper, silver, and gold are notable in forming an extensive series of alloys with many 

other metals and many of these have played an important part in the development of 

technology through the ages (p. 1364). In many cases the alloys can be thought of as 

nonstoichiometric intermetallic compounds of definite structural types and, despite the 

apparently bizarre formulae that emerge from the succession of phases, they can readily be 

classified by a set of rules first outlined by W. Hume-Rothery in 1926. The determining 

feature is the ratio of the number of electrons to the number of atoms (“electron 

concentration”), and because of this the phases are sometimes referred to as “electron 

compounds”. 

The fcc lattice of the coinage metals has 1 valency electron per atom (d’°s' ). Admixture 
with metals further to the right of the periodic table (e.g. Zn) increases the electron 

concentration in the primary alloy («-phase) which can be described as an fec solid 

solution of M in Cu, Ag, or Au. This continues until, as the electron concentration 

approaches 1.5, the fcc structure becomes less stable than a bec arrangement which 

therefore crystallizes as the B-phase (e.g. B-brass, CuZn; see phase diagram). Further 

increase in electron concentration results in formation of the more complex y-brass phase 
of nominal formula Cu;Zng and electron concentration of {(5x 1)+(8x2)}/13= 

21/13 = 1.615. The phase is still cubic but has 52 atoms in the unit cell (i.e. 4Cu;Zng). This 

y-phase can itself take up more Zn until a third critical concentration is reached 

near 1.75 (i.e. 7/4) when the hcp e-phase of CuZn, is formed. Hume-Rothery showed that 

this succession of phases is quite general (and also held for the Group VIII and platinum 
metals to the left of the coinage metals if they were taken to contribute no electrons to 

the lattice). The results for the coinage metals are summarized in Table 28.2. 

The reactivity of Cu, Ag, and Au decreases down the group, and in its inertness gold 

resembles the platinum metals. All three metals are stable in pure dry air at room 

temperature but copper forms Cu,O at red heat.t Copper is also attacked by sulfur and 

+ It was because of their resistance to attack by air, even when heated, that gold and silver were referred to as 
noble metals by the alchemists. 
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TABLE 28.2 Hume-Rothery classification of alloy phases 

Electron 
concentration Phase (structure) Examples 

10 to ~1.4 a«-solid soln (fcc) CuM,, AgM,, AuM, 
~1.5 (i.e. 3:2 B-phase (bcc): CuBe, CuZn; Cu,Al, Cu,;Ga, Cu,In; Cu,Si, Cu,Sn 

or 21:14) AgMg, AgZn, AgCd; Ag,Al, Ag3in 
AuMg, AuZn, AuCd; Au Al (complex 

cubic f-Mn structure) 
B-phase (hcp) Ag,Ga, Au3In; Cu;Ge, Ag;Sn, Au,Sn; Ag,Sb 

~ 1.62 (ie. 21:13) — y-phase (complex cubic Cu,Zng, Cu;Cd,, Cu;Hgg; Cu Aly, Cu,Ga,, CugIn,; 
with 4x 13=52 atoms Cu,,Sig, Cu,,Sng 
in unit cell) Ag;Zny, AgsCdy, AgsHg,; AgoIn, 

AusZng, Aus;Cd,; AugIn, 

~1.75 (i.e. 7:4 é-phase (hcp) CuBe3, CuZn,, CuCd,; Cu,Si, Cu,Ge, Cu,Sn; 
or 21:12 Cu,3Sb; 

AgZn3, AgCd3; Ag;Al;; Ag3Sn; Ag, Sb; 
AuZn3, AuCd3; Aus;Al,; Au;Sn 
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halogens, and the sensitivity of silver to sulfur and its compounds is responsible for the 

familiar tarnishing of the, metal (black AgS) when exposed to air containing such 

substances. Under similar circumstances copper forms a green coating of a basic sulfate. In 

sharp contrast, gold is the only metal which will not react directly with sulfur. In general 

the reactions of the metals are assisted by the presence of oxidizing agents. Thus, in the 

absence of air, non-oxidizing acids have little effect, but Cu and Ag dissolve in hot conc 

H,SO, and in both dil and conc HNO,, while Au dissolves in conc HCl if a strong 

oxidizing agent is present (e.g. in aqua regia, a3: 1 mixture of conc HCl and conc HNO;, so 

named by alchemists because it dissolves gold, the king of metals). In addition, the metals 

dissolve readily in aqueous cyanide solutions in the presence of air or, better still, HO). 
Table 28.3 is a list of typical compounds of the elements, which reveals a further 

reduction in the range of oxidation states consequent on the stabilization of d orbitals at 

the end of the transition series. Apart from a single Cu'Y fluoro-complex, neither Cu nor 

Ag is known to exceed the oxidation state +3 and even Au does so only in a few Au’ 

fluoro-compounds (see below): these may owe their existence at least in part to the 

stabilizing effect of the ¢$, configuration. It is also significant that, in a number of 

TABLE 28.3 Oxidation states and stereochemistries of compounds of copper, 

silver, and gold 

(a\See text, p. 1385. 
>) DMGH, =dimethylglyoxime; see also Fig. 28.4. 
‘°) Higher coordination numbers for Cu" are found in the 7-coordinate pentagonal bipyramidal complex 

Coordina- 
Oxidation tion 

state number — Stereochemistry Cu Ag/Au 

=1(d'952))2 Pn [Au(NH;),]~ (liq NH3) 
0 (d'°s') 3. Planar [Cu(CO),;] (10 K) [Ag(CO),] (10 K) 

A = [(CO)3;CuCu(CO)3] (30K) [(CO);AgAg(CO)3] (30 K) 
<+1l 8 See Fig. 28.8(a) [(Ph,P)AufAu(PPh,)!,]?* 

10. ~~ See Fig. 28.8(c) [Au, ,1,{P(C,H4-4-F)3}5] 
12. Icosahedral [Au,3;Cl,(PMe,Ph),9]°* 

1 (d!2) 2 Linear [CuCl,]~, Cu,0 [M(CN),]~ 
3s Trigonal planar [Cu(CN)3]?~ [AgI(PEt,Ar), ], [AuCl(PPh;), ] 
4 Tetrahedral [Cu(py),]* [M(diars),]*, [Au(PMePh,),]*@ 

Square planar [Au{7?-Os;(CO),)H},] © 
6 Octahedral AgX (X=F, Cl, Br) 

2 (d’) 4 Tetrahedral Es, [Cue 
Square planar [EtNH,],[Cucl,]® [Ag(py)4]?* 

[Au{S,C,(CN),}2]°~ 
5 Trigonal [Cu(bipy),1]* 

bipyramidal 
Square pyramidal [{Cu(DMGH),},]® 

6° Octahedral K,Pb[Cu(NO,),] 
3 (d*) 4 Square planar [CuBr,(S;CNBu})] [AgF,]~, [AuBr,]~ 

6  Octahedral [Gur qe [AgF,]°~, [Aul,(diars),]* 
4 (d’) ie (Cok el? 
5 (d°) 6 Octahedral (?) [AuF,]~ 

[Cu(H,O),(dps)]?* (dps=2,6-diacetylpyridinebissemicarbazone) and the 8-coordinate, very distorted 
dodecahedral tetrakischelate [Cu(O,CMe),]?*. 

‘?) RC. Evper, E. H. K. Zetmer, M. ONapy, and R. R. WHITTLE, JCS Chem. Comm. 1981, 900-1. See also R. 

V. ParRIsH, O. Parry, and C. A. MCAULIFFE, JCS Dalton 1981, 2098-2104. 

‘e) B. F. G. JoHNSON, D. A. KAneR, J. Lewis, and P. Raitusy, JCS Chem. Comm. 1981, 753-S. 
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instances, the + 1 oxidation state no longer requires the presence of presumed z-acceptor 

ligands even though the M! metals are to be regarded mainly as class b in character. Stable, 

zero-valent compounds are not found, but a number of cluster compounds with the metal 

in a fractional (<1) oxidation state, especially of gold, have excited recent interest. The 

only aquo ions of this group are those of Cu! (unstable), Cu", Ag’, and Ag" (unstable), and 
the best-known oxidation states, particularly in aqueous solution, are + 2 for Cu, + 1 for 
Ag, and +3 for Au. This accords with their ionization energies (Table 28.1) though, of 

course, few of the compounds are completely ionic. Silver has the lowest first ionization 

energy, while the sum of first and second is lowest for Cu and the sum of first, second, and 

third is lowest for Au. This is an erratic sequence, however, and illustrates what is perhaps 

the most notable feature of the triad from a chemical point of view, namely that the 

elements are not well related either as three elements showing a monotonic gradation in 

properties or as a triad comprising a single lighter element together with a pair of closely 

similar heavier elements. “Horizontal” similarities with their neighbours in the periodic 

table are in fact more noticable than “vertical” ones. 
The reasons are by no means certain but no doubt involve several factors, of which size 

is probably a major one. Thus the Cu" ion is smaller than Cu' and, having twice the charge, 
interacts much more strongly with solvent water (heats of hydration are —2100 and 

— 580 kJ mol’ respectively). The difference is evidently sufficient to outweigh the second 

ionization energy of copper and to render Cu" more stable in aqueous solution (and in 

ionic solids) than Cul, in spite of the stable d’° configuration of the latter. In the case of 
silver, however, the ionic radii are both much larger and so the difference in hydration 

energies will be much smaller; in addition the second ionization energy is even greater 

than for copper. The +1 ion with its d'° configuration is therefore the more stable. For 

gold, it is evident that the effect of the lanthanide contraction is now much less than in 

preceding groups, since the ionic radii of Au are appreciably larger than those of Ag.t The 

third electron is therefore more readily removed in gold and, coupled with the high CFSE 

associated with square planar d® ions (see p. 1346), this makes + 3 the favoured oxidation 
state for gold. 

Coordination numbers in this triad are again rarely higher than 6, but the univalent 

metals provide examples of the coordination number 2 which tends to be uncommon in 

transition metals proper (i.e. excluding Zn, Cd, and Hg). 

Organometallic chemistry is not particularly extensive even though gold alkyls were 

amongst the first organo-transition metal compounds to be prepared. Those of Au" are 
the most stable in this group, while Cu! and Ag! (but not Au!) form complexes, of lower 
stability, with unsaturated hydrocarbons. 

28.3 Compounds of Copper, Silver, and Gold °°? 

Binary carbides, M,C, (i.e. acetylides), are obtained by passing C,H, through 

ammoniacal solutions of Cu* and Ag*. Both are explosive when dry but regenerate 

t Note, however, the similarity in 12-coordinate-metallic radii: Ag 144.2, Au 143.9 pm. 

> A. G. Massey, Copper, Chap. 27 in Comprehensive Inorganic Chemistry, Vol. 3, pp. 1-78, Pergamon Press, 
Oxford, 1973. 

*N. R. THompson, Silver, Chap. 28 in C/C, Vol. 3, pp. 79-128, Pergamon Press, Oxford, 1973. 

° B. F. G Jonnson and R. Davis, Gold, Chap. 29 in C/C, Vol. 3, pp. 129-86, Pergamon Press, 1973. 
°R. J. PUDDEPHAT, The Chemistry of Gold, Elsevier, Amsterdam, 1978, 274 pp. 
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acetylene if treated with a dilute acid. Copper and silver also form explosive azides while 

the even more dangerous “fulminating” silver and gold, which probably contain M,N, are 

produced by the action of aqueous ammonia on the metal oxides. None of the metals 

reacts significantly with H, but the reddish-brown precipitate, obtained when aqueous 

CuSO, is reduced by hypophosphorous acid (H,PO,), is largely CuH. 

28.3.1 Oxides and sulfides 

Two oxides of copper, Cu,O (yellow or red) and CuO (black), are known, both with 

narrow ranges of homogeneity and both formed when the metal is heated in air or O,, 

Cu,O being favoured by high temperatures. Cu,O (mp 1230°) is conveniently prepared by 

the reduction in alkaline solution of a Cu" salt using hydrazine or a sugar.t CuO is best 
obtained by igniting the nitrate or basic carbonate of Cu". Addition of alkali to aqueous 
solutions of Cu" gives a pale-blue precipitate of Cu(OH),. This will redissolve in acids but 

is somewhat amphoteric since it is also soluble in conc alkali giving deep-blue solutions 

probably containing species of the type [Cu(OH),]?~. The lower affinities of silver and 

gold for oxygen lead to oxides of lower thermal stabilities than those of copper. Ag,O is a 

dark-brown precipitate produced by adding alkali to a soluble Ag' salt ; AgOH is probably 

present in solution but not in the solid. It is readily reduced to the metal, and decomposes 

to the elements if heated above 160°C. The action of the vigorous oxidizing agent,S,O,7, 
on Ag,O or other Ag! compounds, produces a black oxide of stoichiometry AgO. That 

this is not a compound of Ag"! is, however, evidenced by its diamagnetism and by 

diffraction studies which show it to contain two types of silver ion, one with 2 colinear 

oxygen neighbours (Ag'-O 218 pm) and the other with square-planar coordination 

(Ag'"-O 205 pm). It is therefore formulated as Ag'Ag™O,. Hydrothermal treatment of 
AgO in a silver tube at 80°C and 4 kbar leads to crystals of a new oxide which was 

originally (1963) incorrectly designated as Ag,O(II). The compound has a metallic 

conductivity and a recent single-crystal X-ray study has shown that the stoichiometry is, 

in fact, Ag,O; it can be described as an anti-Bil; structure (p. 652) in which oxide ions fill 

two-thirds of the octahedral sites in a hcp arrangement of Ag atoms (Ag-O 229 pm; Ag-Ag 

276, 286, and 299 pm.” 
The action of alkali on aqueous Au” solutions produces a precipitate, probably of 

Au,0,.xH,O, which on dehydration yields brown Au,O3. This is the only confirmed 
oxide of gold. It decomposes if heated above about 160°C and, when hydrous, is weakly 

acidic, dissolving in conc alkali and probably forming salts of the [Au(OH),]~ ion. 
The sulfides are all black, or nearly so, and those with the metal in the + 1 oxidation 

state are the more stable (p. 1365). Cu,S (mp 1130°) is formed when copper is heated 

strongly in sulfur vapour or H,S, and CuS is formed as a colloidal precipitate when H,S is 
passed through aqueous solutions of Cu?*. CuS, however, is not a simple copper(II) 

compound since it contains the S, unit and is better formulated as Cu,Cu'(S,)S. Ag,S is 
very readily formed from the elements or by the action of H,S on the metal or on aqueous 

+ This is the basis of the very sensitive Fehling’s test for sugars and other reducing agents. A solution of a 
copper(II) salt dissolved in alkaline tartrate solution is added to the substance in question. If this is a reducing 

agent then a characteristic red precipitate is produced. 

©4 W. BeesK, P. G. JoNES, H. RUMPEL, E. SCHWARZMANN and G. M. SHELDRICK, X-ray crystal structure of 

Ag,O;, JCS Chem. Comm. 1981, 664-5. 
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Ag! The action of H,S on aqueous Au! precipitates Au,S whereas passing H,S through 

cold solutions of AuCl, in dry ether yield Au,S,, which is rapidly reduced to Au’ or the 

metal on addition of water. The relationships between the crystal structures of the oxides 

and sulfides of Cu, Ag, and Au and the binding energies of the metal’s d and p valence 

orbitals have been reviewed.‘ 
The selenides and tellurides of the coinage metals are all metallic and some, such as 

CuSe,, CuTe,, AgTe_ , and Au;Te, are superconductors at low temperature (as also are 

CuS and CuS,). Other phases are CuSe, CuTe; Cu;Se,, Cu;Te,; AgSe, AgTe; Ag.Se3, 

AgSe,; AgsTe;; Au,Te; and AuTe,. Most of these are nonstoichiometric. 

28.3.2 Halides°-” 

Table 28.4 is a list of the known halides: only gold forms a pentahalide and trihalides 

and, with the exception of AgF,, only copper forms dihalides (as yet). 

AuF, is an unstable, polymeric, diamagnetic, dark-red powder, produced by heating 

[O,][AuF,] under reduced pressure and condensing the product on to a “cold finger” 

370 180 /20 
Au+0O,+3F, are O,AuF, area AUFs+02+2F2 

TABLE 28.4 Halides of- copper, silver, and gold (mp/°C) 

Oxidation 
State Fluorides Chlorides Bromides lodides 

+5 AuF; 
red (d>60°) 

+3 AuF, AuCl, AuBr, 
orange-yellow red (d> 160°) red-brown 
(subl 300°) 

+2 CuF, Cucl, CuBr, 
white (785°) yellow-brown black (498°) 

(630°) 
AgF, 

brown (690°) 

+1 CuCl CuBr Cul 

white (422°) white (504°) white (606°) 
AgF AgCl AgBr Agl 

yellow (435°) white (455°) pale yellow yellow (556°) 

: (430°) 
AuCl Aul 

yellow (d>420°) yellow 
+4(0,+1) Ag,F 

yellow-green 
(d> 100°) 

®® J, A. Tassett and D. J. VAUGHAN, Relationships between valence orbital binding energies and crystal 
structure in compounds of copper, silver, gold, zinc, cadmium, and mercury, Jnorg. Chem. 20, 3333-40 (1981). 

*R. Coton and J. H. CaNTERPORD, Halides of the First Row Transition Metals, Chap. 9, pp. 485-574, Wiley, 
London, 1969; and Halides of the Second and Third Row Transition Metals, Chap. 11, pp. 390-403, Wiley, 
London, 1968: 

8M. J, Vasite, T. J. RicHaRDSON, F. A. Stevie, and W. E. FaLconer, Preparation and characterization of 
gold pentafluoride, JCS Dalten 1976, 351-3. 
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The compound tends to dissociate into AuF ; and, when treated with XeF, in anhydrous 
HF solution below room temperature, yields yellow-orange crystals of the complex 

[Xe,F3][AuF,]: 

HF/O AuFy42XeR, “3 (Xe, F,]'fAuP¢) == AuPy} Xero Xer; 

Again, in the +3 oxidation state, only gold is known to form binary halides, though 

Aul, has not been isolated. The chloride and the bromide are red-brown solids prepared 

directly from the elements and have a planar dimeric structure in both the solid and 

vapour phases. Dimensions for the chloride are as shown in Structure (1). On being heated 

(2) Unique helical chain structure 

of AuF,. 

both compounds lose halogen to form first the monohalide and finally metallic gold. 

Au,Cl, is one of the best-known compounds of gold and provides a convenient starting 

point for much coordination chemistry, dissolving in hydrochloric acid to give the stable. 

[AuCl,]~ ion. Treatment of Au,Cl, with F, or BrF; also affords a route to AuF3, a 

powerful fluorinating agent. This orange solid. consists of square-planar AuF, units which 

share cis-fluorine atoms with 2 adjacent AuF, units so as to form a helical chain 

(Structure (2)). 

No halides are known for gold in the +2 oxidation state and silver only forms the 

difluoride; this is obtained by direct heating of silver in a stream of fluorine. AgF, is 

thermally stable but is a vigorous fluorinating agent used especially to fluorinate 

hydrocarbons. For copper, on the other hand, 3 dihalides are stable and the anhydrous 

difluoride, dichloride, and dibromide can all be obtained by heating the elements. The 

white ionic CuF, has a distorted rutile structure (p. 1120) with four shorter equatorial 

distances (Cu-F 193 pm) and two longer axial distances (Cu-F 227 pm). A similar 

distortion is found in the d* compound CrF, (p. 1190). When prepared from aqueous 
solution by dissolving copper(II) carbonate or oxide in 40° hydrofluoric acid, blue 

crystals of the dihydrate are obtained; these are composed of puckered sheets of planar 

trans-[CuF,(H,O),] groups linked by strong H bonds to give distorted octahedral 

coordination about Cu with 2 Cu-O 194 pm, 2 Cu—F 190 pm, and 2 further Cu-F at 

246.5 pm; the O-H.---F distance is 271.5 pm. With anhydrous CuCl, and CuBr, their 

increasing covalency is reflected in their polymeric chain structure, consisting of planar 

CTE-SS* 
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CuX, units with opposite edges shared, and by the deepening colours of brown and black 

respectively. The chloride and bromide are both very soluble in water, and various 

hydrates and complexes can be recrystallized. The solutions are more conveniently 

obtained by dissolution of the metal or Cu(OH), in the relevant hydrohalic acid. 

Iodide ions reduce Cu" to Cu!, and attempts to prepare copper(II) iodide therefore 
result in the formation of Cul. (In a quite analogous way attempts to prepare copper(II) 

cyanide yield CuCN instead.) In fact it is the electronegative fluorine which fails to form a 

salt with copper(I), the other 3 halides being white insoluble compounds precipitated from 

aqueous solutions by the reduction of the Cu" halide. By contrast, silver(I) provides (for 
the only time in this triad) 4 well-characterized halides. All except AgI have the rock-salt 

structure (p. 273).t Increasing covalency from chloride to iodide is reflected in the 

deepening colour white— yellow, as the energy of the charge transfer (X Ag*—> XAg) is 

lowered, and also in increasing insolubility. In the latter respect, however, AgF is quite 

anomalous in that it is one of the few silver(I) salts which form hydrates (2H,O and 

4H,O). That it is soluble in water is understandable in view of its ionic character and the 

high solvation energy of the small fluoride ion, but the extent of its solubility (1800 g1~? 

25°C) is surprising. All 4 AgX can be prepared directly from the elements but it is more 

convenient to prepare AgF by dissolving AgO in hydrofluoric acid and evaporating the 

solution until the solid crystallizes; the others can be made by adding X_ to a solution of 

AgNO, or other soluble Ag' compound, when AgxX is precipitated. The most important 

property of these halides, particularly AgBr, is their sensitivity to light (AgF only to 

ultraviolet) which is the basis for their use in photography, discussed below. 

Gold, like copper, forms three monohalides, the high electronegativity of fluorine being 

incompatible with the covalency required by gold(I). AuCl and AuBr are formed by 

heating the trihalides to no more than 150°C and Aul by heating the metal and iodine. At 

higher temperatures they all dissociate into the elements. Aul is a chain polymer which 

features linear 2-coordinate Au with Au-I 262 pm and the angle Au-I—Au 72°. 

Photography is a good example of a technology which evolved well in advance of a 

proper understanding of the principles involved (see Panel). Most of the basic processes 

+ At room temperature the stable form of silver iodide is y-AgI which has the cubic zinc blende structure 
(p. 1405). B-AgI, which has the hexagonal ZnO (or wurtzite) structure (p. 1405), is the stable form between 136° and 
146°. This structure is closely related to that of hexagonal ice (p. 731) and AgI has been found to be particularly 
effective in nucleating ice crystals in super-cooled clouds, thereby inducing the precipitation of rain. B-AgI has 

another remarkable property: at 146° it undergoes a phase change to cubic «-Agl in which the iodide sublattice is . 
rigid but the silver sublattice ® ‘melts”. This has & dramatic effect on the (ionic) electrical conductivity of the solid 
which leaps from 3.4 x 10° * to 1.31 ohm” ' cm?, a factor of nearly 4000. The iodide sublattice in «-Agl is bec and 
this provides 42 possible sites for each 2Ag”, distributed as follows: 

6 sites having 21” neighbours at 252 pm 
12 sites having 31” neighbours at 267 pm 
24 sites having 41” neighbours at 286 pm 

The silver ions are almost randomly distributed on these sites, thus accounting for their high mobility. Many 

other fast ion conductors have subsequently been developed on this principle, e.g. 

Ag, Hgl, yellow hexag —~"’s orange-red cubic. 

° J. F. HAMILTON, The photographic process, Prog. Solid State Chem. 8, 167-88 (1973). C. E. K. Megs and 
T. H. James (eds.), The Theory of the Photographic Process, 3rd edn., Macmillan, New York, 1966, 591 pp. 
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: eon ane, 
History of Photography!” 

In 1727 J. H. Schulze, a German physician, found that a paste of chalk and AgNO, was 
blackened by sunlight and, using stencils, he produced black images. At the end of the eighteenth 
century Thomas Wedgwood (son of the potter Josiah) and Humphry Davy used a lens to form an 
image on paper and leather treated with AgNO,, and produced pictures which unfortunately 
faded rather quickly. 

The first permanent images were obtained by the French landowner J. N. Niépce using 
bitumen-coated pewter (bitumen hardens when exposed to light for several hours and the 
unexposed portions can then be dissolved away in oil of turpentine). He then helped the portrait 
painter, L. J. M. Daguerre, to perfect the “daguerreotype” process which utilized plates of copper 

coated with silver sensitized with iodine vapour. The announcement of this process in 1839 was 
greeted with enormous enthusiasm but it suffered from the critical drawback that each picture was 
unique and could not be duplicated. 

Reproducibility was provided by the “calotype” process, patented in 1841 by the English 
landowner W.H. Fox Talbot, which used semi-transparent paper treated with Agl and a 
“developer”, gallic acid. This produced a “negative” from which any number of “positive” prints 
could subsequently be obtained. Furthermore it embodied the important discovery of the “latent 
image” which could be fully developed later. Even with Talbot’s very coarse papers, exposure 
times were reduced to a few minutes and portraits became feasible, even if uncomfortable for the 
subject. 

Though Talbot’s pictures were undoubtedly much inferior in quality to Daguerre’s, the 
innovations of his process were the ones which facilitated further improvements and paved the 
way for photography as we now know it. Sir John Herschel, who first coined the terms 
“photography”, “negative”, and “positive”, suggested the use of “hyposulphite” (sodium 
thiosulphate) for “fixing” the image, and later the use of glass instead of paper—hence, 
photographic “plates”. F. S. Archer’s “wet collodion” process (1851) reduced the exposure time to 
about 10 sand R. L. Maddox’s “dry gelatin” plates reduced it to only 3} s. In 1889 G. Eastman used 
a roll film of celluloid and founded the American Eastman Kodak Company. 

Meanwhile the Scottish physicist, Clerk Maxwell (1861), recognizing that the sensitivities of 
the silver halides are not uniform across the spectrum, proposed a three-colour process in which 
separate negatives were exposed through red, green, and blue filters, and thereby provided the 
basis for the later development of colour photography. Actually, the sensitivity is greatest at the 
blue end of the spectrum; a fact which seriously affected all early photographs. This problem was 
overcome when the German, H. W. Vogel, discovered that sensitivity could be extended by 
incorporating certain dyes into the photographic emulsion. “Spectral sensitization” at the present 
time is able to extend the sensitivity not only across the whole visible region but far into the 
infrared as well. 

were established almost a century and a half ago, but a coherent theoretical explanation 

was not available until the publication in 1938 of the classic paper by R. W. Gurney and 

N. F. Mott.1)) Since then the subject has stimulated a vast amount of fundamental 
research in wide areas of solid-state chemistry and physics. 

A photograph is the permanent record of an image formed on a light-sensitive surface, 

and the essential steps in producing it are: 

(a) the production of the light-sensitive surface; 

(b) exposure to produce a “latent image”; 

(c) development of the image to produce a “negative”; 

(d) making the image permanent, 1.e. “fixing” it; 

(ec) making “positive” prints from the negative. 

10H. GERNSHEIM, W. H. Fox Talbot and the history of photography, Endeavour 1, 18-22 (1977). 
11 RW. Gurney andN. F. Mott, The theory of the photolysis of silver bromide and the photographic latent 

image, Proc. Roy. Soc. A164, 151-67 (1938). 
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(a) In modern processes the light-sensitive surface is an “emulsion” of silver halide in 
gelatine, coated on to a suitable transparent film, or support. The halide is carefully 

precipitated so as to produce small uniform crystals, (<1 ym diameter, containing 

~10'? Ag atoms), or “grains” as they are normally called. The particular halide used 
depends on the sensitivity required, but AgBr is most commonly used on films; AglI is used 

where especially fast film is required and AgCl and certain organic dyes are also 

incorporated in the emulsion. 

(b) When, on exposure of the emulsion to light, a photon of energy impinges on a grain 

of AgX, a halide ion is excited and loses its electron to the conduction band, through which 

it passes rapidly to the surface of the grain where it is able to liberate an atom of silver: 

X” +hv—>X+e- 

Ag* +e ——>Ag 

These steps are, in principle, reversible but in practice are not because the Ag is evidently 

liberated on a crystal dislocation, or defect, or at an impurity site such as may be provided 

by Ag,S, all of which allow the electron to reduce its energy and so become “trapped”. The 

function of the dye sensitizers is to extend the sensitivity of the emulsion across the whole 

visible spectrum, by absorbing light of characteristic frequency and providing a 

mechanism for transferring the energy to X~ in order to excite its electron. As more 

photons are incident on the grain, so more electrons migrate and discharge Ag atoms at 

the same point. A collection of just a few silver atoms on a grain (in especially sensitive 

cases a mere 4-6 atoms but, more usually, perhaps 10 times that number) constitutes a 

“speck”, too small to be visible, but the concentration of grains possessing such specks 

varies across the film according to the varying intensity of the incident light thereby 

producing an invisible “latent image”. The parallel formation of X atoms leads to the 

formation of X, which is absorbed by the gelatine. 

(c) The “development” or intensification of the latent image is brought about by the 

action of a mild reducing agent whose function is to selectively reduce those grains which 

possess a speck of silver, while leaving unaffected all unexposed grains. To this end, such 

factors as temperature and concentration must be carefully controlled and the reduction 

stopped before any unexposed grains are affected. | 

is acommon “developer” and the reduction is a good example of a catalysed solid-state 

reaction. Its mechanism is imperfectly understood but the complete reduction to metal of 

a grain (say 10’? atoms of Ag), starting from a single speck (say 10 or 100 atoms of Ag), 

represents a remarkable intensification of the latent image of about 10!! or 10!° times, 
allowing vastly reduced exposure times; this is the real reason for the superiority of silver 

halides over all other photosensitive materials, though an intensive search for alternative 
systems still continues. 

(d) After development, the image on the negative is “fixed” by dissolving away all. 
SAMARIRInGuniNCHesothan ONE ovoNiy nem ore reduction. This requires an appropriate 

complexing agent and sodiun : hate is the usual one since the reaction 

AgX(s) J, —> Na,[Ag(S,03),]+Nax 

goes essentially to completion and both products are water-soluble. 

(e) A positive print is the reverse of the negative and is obtained by passing light through 
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the negative and repeating the above steps using a printing paper instead of a transparent 

film. - 

28.3.4 Complexes'>-°: |”) 

Oxidation states above + 3 have been attained only relatively recently and are confined 

to AuF., mentioned above, together with salts of the octahedral anion [AuF,] . and to 

Cs,[Cu'YF.], prepared by fluorinating CsCuCl, at high temperature and pressure.'!?) 

Oxidation state III (d°) 

Copper(III) is generally regarded as uncommon, being very easily reduced, but it has 

recently received attention because of its apparent involvement in some biological 

processes. The pale-green, paramagnetic (2 unpaired electrons), K,CuF,, is obtained by 

the reaction of F, on 3KCl+ CuCl and is readily reduced. This is the only high-spin Cu"! 
complex, the rest being low-spin, diamagnetic, and usually square planar, as is to be 

expected for a cation which, like Ni", has a d® configuration and is more highly charged. 
Examples are violet [CuBr,(S,CNBu})], obtained by reacting [Cu(S,CNBu})] with Br, 

in CS,, and bluish MCuO, (M=alkali metal), obtained by heating CuO and MO, in 

oxygen. The oxidation of Cu" by alkaline CIO” in the presence of periodate or tellurate 

ions yields salts in which chelated ligands apparently produce square-planar coordinated 
copper: ; 

Silver(III) is quite similar to copper(III) and analogous, though more stable, periodate 

and tellurate complexes can be produced by the oxidation of Ag! with alkaline S,O,7-. 

The diamagnetic, red ethylenedibiguanide complex (Fig. 28.1) is also obtained by 

peroxodisulfate oxidation and is again quite stable to reduction. However, yellow, 

diamagnetic, square-planar fluoro-complexes such as K[AgF, ], obtained by fluorinating 

AgNO,+KCI at 300°C, are much less stable; they attack glass and fume in moist air. 

For gold, by contrast, +3 is the element’s best-known oxidation state and Au" is often 
compared with the isoelectronic Pt" (p. 1349). The usual route to gold(III) chemistry is by 

dissolving the metal in aqua regia, or the compound Au,Cl, in cone HCl, after which 
evaporation yields yellow chloroauric acid, HAuCl,.4H,O, from which numerous salts 

of the square-planar ion [AuCl,]~ can be obtained. Other square-planar ions of the type 

[AuX,] can then be derived in which X =F, Br, I, CN, SCN, and NO,, the last of these 

'2 H ScHMIDBAUER, Is gold chemistry a topical field of study?, Angew. Chem., Int. Edn. (Engl.) 15, 728-40 
(1976). 

13. W. HARNISCHMACHER and R. Hoppe, Tetravelent copper: Cs,[CuF,], Angew. Chem., Int. Edn. (Engl.) 12, 

582-3 (1973). 
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Fic. 28.1. Silver (III) ethylenedibiguanide complex ion; the counter anion can be HSO, , 
ClO, NO;7, or Ol. 

being of interest as one of the few authenticated examples of the unidentate nitrate ion.‘ 
[Au(SCN),]~ contains S-bonded SCN ~ but, as with Pt" (p. 1350), this ligand also gives 

rise to linkage isomers, this time’>) in the K* and (NEt,)* salts of [Au(CN),(SCN),]~ 

and [Au(CN),(NCS),]~. Numerous cationic complexes have been prepared with amines, 

both unidentate (e.g. py, quinoline, as well as NH;) and chelating (e.g. en, bipy, phen). 

Complexes with phosphines and arsines are also obtainable, the octahedral 

[Aul,(diars),]*, for instance, providing a rare example of Au" with a coordination 
number in excess of 4, but are generally readily reduced to Au! species. In forming the 

fluoro complex [AuF,]~ mentioned above, and indeed the simple fluoride also, Au" 
differs from Pt". A further difference is evident in the formation of complexes with 
O-donor ligands, e.g. [AuCl,(OH)]~, which is a product of the hydrolysis of salts of 

[AuCl,]~ in aqueous solution. 

Oxidation state II (d?) 

The importance of this oxidation state falls off with increase in atomic numiber in the 

group, and most of the compounds ostensibly of Au" are actually mixed valency Au!/Au'! 
compounds. Examples include the sulfate Au'Au'"(SO,), and the chlorocomplex, 
Cs,[Au'Cl, ][AuCl,], the anions of the latter being arranged so as to give linearly 

coordinated Au! and tetragonally coordinated Au" (Fig. 28.2). The analogous mixed- 
metal complex, Cs,AgAuCl,, has the same structure with Ag' instead of Au! One of the 

few authenticated examples of Au" is the maleonitriledithiolato complex 

= 

| 
NC Ss 
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'* C.D. GARNER and S. C. WALLWorK, The structure of anhydrous nitrates and their complexes. Part V. 
Potassium tetranitratoaurate(III), J. Chem. Soc. (A) 1970, 3092-5. 

"SD. Necoru and L. M. Bacoru, The synthesis of linkage isomers of the dicyanodithiocyanatoaurate(III) 
complex ion, Z. anorg. Chem. 382, 92-6 (1971). 



§28.3.4 Complexes 1381 

Fic. 28.2. The anions of the chlorocomplex of stoichiometry, CsAuCl,, showing linearly 
coordinated Au' and (4+ 2) tetragonally coordinated Aul", ie. Cs,[Au'Cl, ][Au"Cl,]. 

which has a magnetic moment at room temperature of 1.85 BM. Even here, however, esr 

evidence indicates appreciable delocalization of the unpaired electron on to the ligands 

and, in solution, the complex is readily oxidized to Au"! 

Compounds of Ag" are more familiar and are, in general, square planar and 
paramagnetic (u, ~ 1.7-2.2 BM); this is as expected for an ion which is isoelectronic with 

Cu" (see below), particularly in view of the greater crystal field splitting associated with 4d 

(as opposed to 3d) electrons. The Ag"(aq) ion has a transitory existence when an Ag' salt is 
oxidized by ozone in a strongly acid solution, but it is an appreciably stronger oxidizing 

agent than MnO,” [E°(Ag?*/Ag*)= +1.980 V in 4N HCIO,; E°(MnO, /Mn?~) 
= 1.507 V] and oxidizes water even when strongly acidic. Of the acidic solutions the most 

stable is that in phosphoric acid, no doubt because of complex formation, and even NO, — 

and ClO, ions appear to coordinate in solution since the colours of these solutions 

depend on their concentrations. A variety of complexes, particularly with heterocyclic 

amines, has been obtained by oxidation of Ag' salts with [S,O,]* in aqueous solution in 
the presence of the ligand. They include [Ag(py),]?* and [Ag(bipy),]?* and are 

comparatively stable providing the counter-anion is a non-reducing ion such as NO, , 

ClO, >, or S,O,*~. Other complexes include some with N-, O-donor ligands such as 

pyridine carboxylates, and also the violet, Ba[AgF,]. 
However, in this oxidation state it is copper which provides by far the most familiar and 

extensive chemistry. Simple salts are formed with most anions, except CN” andI_, which 

instead form covalent Cu' compounds which are insoluble in water. The salts are 

predominantly water-soluble, the blue colour of their solutions arising from the 

[Cu(H,O),]** ion, and they frequently crystallize as hydrates. The aqueous solutions are 

prone to slight hydrolysis and, unless stabilized by a small amount of acid, are liable to 

deposit basic salts. Basic carbonates occur in nature (p. 1365), basic sulfates and chlorides 

are produced by atmospheric corrosion of copper, and basic acetates (verdigris) find use 

as pigments. 
The best-known simple salt is the sulfate pentahydrate (“blue vitriol”), CuSO, .5H,O, 

which is widely used in electroplating processes, as a fungicide (Bordeaux mixture) to 

protect crops such as potatoes, and as an algicide in water purification. It is also the 

starting material in the production of most other copper compounds. It is significant, as 

will be seen presently, that in the crystalline salt 4 of the water molecules form a square 

plane around the Cu" and 2, more remote, oxygen atoms from SO,?~ ions complete an 
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elongated octahedron. The fifth water is hydrogen-bonded between one of the 

coordinated waters and sulfate ions. On being warmed, the pentahydrate looses water to 

give first the trihydrate, then the monohydrate; above about 200°C the virtually white 

anhydrous sulfate is obtained and this then forms CuO by loss of SO; above about 700°C. 

Amongst the few salts of Cu" which crystallize with 6 molecules of water and contain the 
[Cu(H,O),]?* ion are the perchlorate, the nitrate (but the trihydrate is more easily 

produced), and Tutton salts.t 
Attempts to prepare the anhydrous nitrate by dehydration always fail because of 

decomposition to a basic nitrate or to the oxide, and it was previously thought that 
Cu(NO;), could not exist. In fact it can be obtained by dissolving copper metal in a 

solution of N,O, in ethyl acetate to produce Cu(NO;),.N,O,, and then driving off the 

N,O, by heating this at 85—-100°C. The observation by C. C. Addison and B. J. Hathaway 

in 1958°° that the blue Cu(NO;), could be sublimed (at 150-200°C under vacuum) and 
must therefore involve covalently bonded NO, , was completely counter to current views 

on the bonding of nitrates and initiated a spate of work on the coordination chemistry of 

the ion (p. 541)." Solid Cu(NO;), actually exists in two forms, both of which involve 
chains of copper atoms bridged by NO; groups, but its vapour is monomeric (Fig. 28.3). 

Fic, 28.3. The Cu(NO3;), molecule in the vapour phase (dimensions are approximate). 

The most common coordination numbers of copper(II) are 4, 5, and 6, but regular 
geometries are rare and the distinction between square-planar and tetragonally distorted 

octahedral coordination is generally not easily made. The reason for this is ascribed to the 

Jahn-Teller effect (p. 1087) arising from the unequal occupation of the e, pair of orbitals (ds 

and d,._,2) when a d” ion is subjected to an octahedral crystal field. Occasionally, as in 

solid K,CuF, for instance, this results in a compression of the octahedron, i.e. “2+ 4” 

coordination (2 short and 4 long bonds). The usual result, however, is an elongation of the 

octahedron, i.e. “4+2” coordination (4 short and 2 long bonds), as is expected if the 
metal’s d_, orbital is filled and its d,»_,. half-filled, and in its most extreme form is 
equivalent to the complete loss of the axial ligands leaving a square-planar complex. The 

+ Tutton salts are the double sulfates M} Cu(SO,),.6H,O which all contain [Cu(H,O),]?* and belong to 
the more general class of double sulfates of M' and M" cations which are known as schénites after the naturally 
occurring K'/Mg" compound. 

"© C. C. AppIson and B. J. HATHAWAY, The vapour pressure of anhydrous copper nitrate and its molecular 
weight in the vapour state, J. Chem. Soc. 1958, 3099-3106. 

*” C.C. Appison, N. LoGan, and S.C. WALLWoRK, Structural aspects of co-ordinate nitrate groups, Q. Revs. 
25, 289-322 (1971). 
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effect of configurational mixing of higher-lying s orbitals into the ligand field d-orbital 
basis set is also likely to favour elongation rather than contraction.(!™ Elongation has the 
further consequence that the fifth and sixth stepwise stability constants (p. 1064) are 

invariably much smaller than the first 4 for Cu"! complexes. This is clearly illustrated by the 
preparation of the ammines. Tetraammines are easily isolated by adding ammonia to 

aqueous solutions of Cu" until the initial precipitate of Cu(OH), redissolves, and then 

adding ethanol to the deep blue solution,t when Cu(NH;),SO,.xH,O slowly 
precipitates. Recrystallization of tetrammines from 0.880 ammonia yields violet-blue 
pentammines, but the fifth NH; is easily lost; hexammines can only be obtained from 

liquid ammonia and must be stored in an atmosphere of ammonia. Pyridine and other 
monoamines are similar in behaviour to ammonia. Likewise, chelating N-donor ligands 

such as en, bipy, and phen show a reluctance to form tris complexes (though these can be 

obtained if a high concentration of ligand is used) and a number of 5-coordinate 

complexes such as [Cu(bipy),I]* with a trigonal bipyramidal structure are known. The 

macrocyclic N-donor, phthalocyanine, forms a square-planar complex and substituted 

derivatives are used to produce a range of blue to green pigments which are thermally 

stable to over 500°C, and are widely used in inks, paints, and plastics. 

In alkaline solution biuret, HN(CONH,), reacts with copper(II) suifate to give a 

characteristic violet colour due to the formation of the complexes: 

O O 2- 
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This is the basis of the “biuret test” in which an excess of NaOH solution is added to the 

unknown material together with a little CuSO, soln: a violet colour indicates the presence 

of a protein or other compound containing a peptide linkage. 

Copper(II) also forms stable complexes with O-donor ligands. In addition to the 

hexaquo ion, the square planar f-diketonates, such as [Cu(acac),] which can be 

precipitated from aqueous solution and recrystallized from non-aqueous solvents, are well 

known, and tartrate complexes are used in Fehling’s test (p. 1373). 

Mixed O,N-donor ligands such as Schiff bases‘'® are of interest in that they provide 
examples not only of square-planar coordination but also, in the solid state, examples of 

square-pyramidal coordination by dimerization (Fig. 28.4). A similar situation occurs in 

the bis-dimethylglyoximato complex, which dimerizes by sharing oxygen atoms, though 

+ This solution will dissolve cellulose which can be re-precipitated by acidification, a fact used in one of the 
processes for producing rayon. 

178 M. GERLOCH, The sense of Jahn-Teller distortions in octahedral copper(II) and other transition metal 
complexes, /nory. Chem. 20, 638-40 (1981). 

'8 HS. MASLEN and T. N. WaTeERS, The conformation of Schiff-base complexes of copper(II): A stereo- 
electronic view, Coord. Chem. Revs. 17, 137-76 (1975). 
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Fic. 28.4. Schematic representation of square-pyramidal coordination of Cu" in dimeric Schiff- 
base complexes. 

the 4 planar donor atoms are all nitrogen atoms. Copper(II) carboxylates”) are easily 
obtained by crystallization from aqueous solution or, in the case of the higher 

carboxylates, by precipitation with the appropriate acid from ethanolic solutions of the 

acetate. In the early 1950s it was found that the magnetic moment of green, copper(II) 

acetate monohydrate is lower than the spin-only value (1.4 BM at room temperature as 

opposed to 1.73 BM) and that, contrary to the Curie law, its susceptibility reaches a 

maximum around 270K but falls rapidly at lower temperatures. Furthermore, the 

compound has a dimeric structure in which 2 copper atoms are held together by 4 acetate 

bridges (Fig. 28.5a). Clearly the single unpaired electrons on the copper atoms interact, or 

“couple”, antiferromagnetically to produce a low-lying singlet (diamagnetic) and an 

excited but thermally accessible triplet (paramagnetic) level (Fig. 28.5b). The separation is 

therefore only a few kJ mol! (at room temperature, RT the thermal energy available to 

populate the higher level ~2.5kJ mol~') and as the temperature is reduced the 

population of the ground level increases and diamagnetism is eventually approached. 

Similar behaviour is found in many other carboxylates of Cu" as well as their adducts in 

Fic. 28.5. (a) Dinuclear structure of copper(II) acetate, and (b) spin singlet (2S + 1 =1) and spin 
triplet (2S + 1 =3) energy levels in dinuclear Cu" carboxylates. 

"9 J. CATTERICK and P. THORNTON, Structures and physical properties of polynuclear carboxylates, Adv. 
Inorg. Chem. Radiochem. 20, 291-362 (1977). R. J. DoeDENs, Structure and metal—metal interactions in 
copper(II) carboxylate complexes, Prog. Inorg. Chem. 21, 209-31 (1976). 
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which axial water is replaced by other O- or N-donor ligands. In spite of a continuous flow 

of work on these compounds there is still no general agreement as to the actual mechanism 

of the interaction nor on possible correlations of its magnitude with relevant properties of 

the carboxylate and axial ligands. The simplest interpretation is to assume'?®’ that the 

singlet and triplet levels arise from a single interaction between the unpaired spins of the 

copper atoms and, with B. N. Figgis and R. L. Martin,'?’) that this takes the form of “face- 
to-face” or 6 overlap of the copper d,2_,2 orbitals. However, o overlap of d,2 orbitals, or 

even a “superexchange” interaction transmitted via the z orbitals of the bridging 

carboxylates, are also feasible. A distinction should also be made'?”) between interactions 

which leave the electrons essentially on the individual metal atoms and those which 

involve covalent pairing of the 2 electrons in a single molecular orbital. This introduces an 

extra adjustable parameter into the treatment and it has been argued that this extra 

parameter, rather than any inherent correctness in the model, is the reason for any better 

agreement with experiment which might be obtained. 

It seems generally true that the magnetic interaction is greater for alkylcarboxylates 

than arylcarboxylates and for N-donor rather than O-donor axial ligands. More extensive 

correlations are unfortunately difficult to deduce from published results because of the 

existence of polymeric or other isomeric forms beside the dinuclear, and because of the 

possible presence of mononuclear impurities. Precise structural data are therefore 

desirable but are all too rarely available. 

Other copper(II) complexes of stereochemical interests are the halocuprate(II) 

anions’**) which can be crystallized from mixed solutions of the appropriate halides. The 

structures of the solids are markedly dependent on the counter cation. The compounds 

MCuCl, (M=Li, K, NH,) contain red, planar [Cu,Cl,]?~ ions, and CsCuCl, has a 
polymeric structure in which chains of CuCl, octahedra (4+2 coordination) share 

opposite faces. The [CuCl,]~ salts present an even greater variety’?* which includes 

5-coordinate trigonal bipyramidal and square-pyramidal coordination, as well as 

{dienH,][CuCl,]Cl which contains a square-planar anion and exhibits a curious 

mixture of ferro- and antiferro-magnetic properties.*) But it is the salts of [CuX,]?~ 
which have received most attention: e.g. depending on the cation, [CuCl,]?~ displays 

structures ranging from square planar to almost tetrahedral (p. 1071), the former being 

usually green and the latter orange in colour. (NH,),[CuCl, ] is an oft-quoted example of 

planar geometry, but 2 long Cu—Cl distances of 279 pm (compared to 4 Cu—Cl distances of 

230 pm) make 4+2 coordination a more reasonable description. In the [EtNH,]” salt 

the longer Cu—Cl distances increase still further to 298 pm, but the clearest example of 

20 B. BLEANEY and K. D. Bowers, Anomalous paramagnetism of copper acetate, Proc. Roy. Soc. A, 214, 

451-65 (1952). 
21 B_N. Ficais and R. L. MartTIN, Magnetic studies with copper(II) salts. Part 1. Anomalous paramagnetism 

and 6-bonding in anhydrous and hydrated copper(II) acetate, J. Chem. Soc. 1956, 3837-46. 
22, R. W. JotHam and S. F. A. Kerrie, Antiferromagnetism in transition-metal complexes. Part I. 

Metal-metal bonding and spin exchange in binuclear copper(II) complexes, J Chem. Soc. (A) 1969, 2816-20: 

Part II, ibid. 1969, 2821-S. 
23D. W. Situ, Chlorocuprates(II), Coord. Chem. Revs. 21, 93-158 (1976). 
241. ANTOLINI, G. MARCOTRIGIANE, L. MENABUE, and G. C. PELLACINI, Spectroscopic and structural 

investigation on the pentachloro- and (mixed pentahalo) cuprates(II) of the N-(2-ammoniumethy])- 
piperazinium cation. The first case of monomeric pentahalocuprate(II) having square pyramidal structure, 

J. Am. Chem. Soc. 102, 130-9 (1980). 
25D. B. Losee and W. E. HATFIELD, Field dependent magnetic susceptibilities of diethylenetriammonium 

chlorocuprate(I1), [(((NH ,;CH,CH,),NH,] [CuCl,]Cl, J. Am. Chem. Soc. 95, 8169-70 (1973). 
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square-planar [CuCl,]?~ is the recently prepared methadone salt® in which the fifth 
and sixth Cl atoms are more than 600 pm from the Cu". At the other extreme, Cs[CuX,] 

(X=Cl, Br) and [NMe,],[CuCl,] approach a tetrahedral geometry and it appears that 

this geometry is retained in aqueous solution since the electronic spectra in the two phases 

are the same. For [CuCl,]?~ the Cu-—Cl distance is close to 223 pm and the somewhat 

flattened (Jahn-Teller distorted) tetrahedron has four Cl-Cu-Cl angles in the range 

100-103° and the other 2 enlarged to 124° or 130°. The angular distortions in [CuBr,]?~ 

are almost identical: 4 at 100—-102° and the others at 126° and 130°. 

Electronic spectra and magnetic properties of copper(II)?’ 

Because the d? configuration can be thought of as an inversion of d' (see p. 1092), 

relatively simple spectra might be expected, and it is indeed true that the great majority of 

Cu" compounds are blue or green because of a single broad absorption band in the region 

11 000-16 000 cm~?. However, as already noted, the d° ion is characterized by large 

distortions from octahedral symmetry and the band is unsymmetrical, being the result ofa 

number of transitions which are by no means easy to assign unambiguously. The free-ion 

ground 7D term is expected to split in a crystal field in the same way as the°D term of the 
d* ion (p. 1202) and a similar interpretation of the spectra is likewise expected. 

Unfortunately this is now more difficult because of the greater overlapping of bands which 

occurs in the case of Cu". 
The T ground term of the tetrahedrally coordinated ion implies (p. 1098) an orbital 

contribution to the magnetic moment, and therefore a value in excess Of [,pin-onty 

(1.73 BM). But the E ground term of the octahedrally coordinated ion is also expected to 

yield a moment (U,=Mgpin-onty (1 —24/10Dq)) in excess of 1.73 BM, because of “mixing” 

of the excited T term into the ground term, and the high value of A (— 850 cm ') makes the 

effect significant. In practice, moments of magnetically dilute compounds are in the range 

1.9-2.2 BM, with compounds whose geometry approaches octahedral having moments at 

the lower end, and those with geometries approaching tetrahedral having moments at the 

higher end, but their measurements cannot be used diagnostically with safety unless 
supported by other evidence. 

Oxidation state I (d'°) 

All 3 cations are diamagnetic and, unless coordinated to easily polarized ligands, 

colourless too. In aqueous solution the Cu! ion is very unstable with respect to 

disproportionation (2Cu'=Cu"+ Cu(s)) largely because of the high heat of hydration of 
the divalent ion as already mentioned. Recent studies?®) show that at 25°C, K 
(=[Cu"][Cu'] - ”) is large, (5.38 + 0.37) x 10° | mol” ', and standard reduction potentials 

2° H.C. NELSON, S. H. SIMONSEN and G. W. Watt, Novel methadone salt containing a discrete, square- 

planar CuCl,*~ anion; X-ray crystal and molecular structure of bis(1-methyl-4-oxo-3,3-diphenylhexyl- 
dimethylammonium)tetrachlorocuprate(II), JCS Chem. Comm. 1979, 632. 

27 B. J. HATHAWAY, Stereochemistry and electronic properties of the copper(II) ion, Essays in Chemistry 2, 
61-92 (1971), Academic Press, London. 

8 L. Cravatta, D. Ferri, and R. PALoMBaRI, On the equilibrium Cu?*+ + Cu(s)=2Cu*, J. Inorg. Nucl. 
Chem. 42, 593-8 (1980). 
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were calculated to be: 

E°(Cu*/Cu)= +0.5072 Vand E°(Cu?*/Cu*)=0.1682 V 

Nevertheless, Cu' can be stabilized either in compounds of very low solubility or by 

complexing with ligands having z-acceptor character. The usual stereochemistry is 

tetrahedral as in complexes such as [Cu(CN),]°~, [Cu(py),]*, and [Cu(L-L),]* (e.g. 

L-L=bipy, phen), but lower coordination numbers are possible such as 2, in linear 

[CuCl,]~ formed when CuCl is dissolved in hydrochloric acid and 3, as in K[Cu(CN),], 

which in the solid contains trigonal, almost planar, Cu(CN), units linked in a polymeric 

chain (Fig. 28.6). Recently,2®® the first discrete planar anion [Cu(CN);]?~ has been 
established, in Na,[Cu(CN),].3H,O. 

(a) 

Fic. 28.6. (a) Chain of Cu! atoms linked by CN bridges to form the helical anion [Cu(CN),~], 
in KCu(CN),, and (b) one of the two types of [Cu(CN);]?~ ions in Na,[Cu(CN),]. 3H,O—the 

other set have Cu-C 195 pm and C-N 116 pm. 

Polymeric and oligomeric complexes of Cu! are becoming increasingly familiar, the 
most important being of the type [CuXL], (X =halide L = phosphine, arsine)?*) which 
do not involve any M-M bonds. These are made up of 

iia 
xX—Cu 

units arranged so as to produce a “cubane” type of structure consisting of a tetrahedron of 

copper atoms with halide bridges over each face or (if L and X are sufficiently bulky) of an 

open “step” (or “chair”) structure (Fig. 28.7a and b). Cu, tetrahedra are also found in 

complexes such as [Cu,(SPh),]?~ in which S-donor ligands bridge the edges of the 

tetrahedron, and in [Cu,OCI,(OPPh;),] in which Cl” ions bridge the edges and the O 
atom is situated at the centre of the tetrahedron‘?’) (Fig. 28.7c and d). 

284 C. KAPPENSTEIN and R. P. HuGeL, Existence of the monomeric [Cu(CN),]*~ anion in the solid state. 
Molecular structure and disorder of sodium tricyanocuprate(1) trihydrate, /norg. Chem. 17, 1945-9 (1978). 

2° M.R. CHURCHILL, B. G. DeBoer, and S. J. MENDAK, Molecules with an M,X, core. V. Crystallographic 
characterization of the tetrameric “‘cubane-like”’ species triethylphosphinecopper(1) chloride and triethyl- 
phosphinecopper(I) bromide, /norg. Chem. 14, 2041-7 (1975). 

3° |. DANCE and J. C. CALABRESE, The crystal and molecular structure of the hexa(,.,-benzenethiolato)tetra- 
cuprate(1) dianion, /norg. Chim. Acta 19, L41—L42 (1976). 

3!.J. A. BERTRAND and J. A. KELLEY, Preparation, structure, and properties of the tetramethylammonium 

salt of 4,-0xo-hexa-y-chloro-tetra(chlorocuprate(I1)), Jnorg. Chem. 8, 1982-5 (1969). 
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Fic. 28.7. Some Cul, cluster compounds. (a) “cubane” complexes [CuXL],; X=halide, 
L=phosphine or arsine. (b) “step” complexes, [CuXL],; X =halide, L= phosphine or arsine. 

(eu (SPh)e1- ~~ (a) (CuzOC] Ua, E—OPPhs 

The +1 state is by far the best-known oxidation state of silver and salts with most 

anions are formed. These reveal the reluctance of Ag! to coordinate to oxygen for, with the 

exceptions of the nitrate, perchlorate, and fluoride, most are insoluble in water. The last 
two of these salts are also among the very few Ag! salts which form hydrates and, 

paradoxically, their solubilities are actually noted for their astonishingly high values 

(respectively 5570 and 1800 g1~' at 25°C). The hydrated ion is present in aqueous 

solution but apparently only as the dihydrate, [Ag(H,O),]*. A coordination number of 2 

is typical of Ag', which, unlike Cu', forms 4-coordinate tetrahedral complexes less readily; 

a wide variety of linear complexes are formed with N-, P-, and S-donor ligands, some of 

them of great practical importance. The familiar dissolution of AgCl in aqueous ammonia 

is due to the formation of [Ag(NH3;).]” ; the formation of [Ag(SO3),]*~ in photographic 
“fixing” has already been discussed (p. 1378), and the cyanide extraction process depends 

upon the formation of [M(CN),] (M=Ag, Au) (contrast polymeric [Cu(CN),]_, Fig. 
28.6). AgCN itself is a linear polymer, {Ag-C=N-—Ag-C=N- } but AgSCN is non-linear 
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mainly because the sp? hybridization of the sulfur forces a zigzag structure; there is also 
slight bending about the Ag! atom. 

Because of their inability to form linear complexes, chelating ligands tend instead to 

produce polymeric species, but compounds with coordination numbers higher than 2 can 

be produced as in the almost tetrahedral diphosphine and diarsine complexes 

[Ag(L-L),]*. Four-coordination is also found in tetrameric phosphine and arsine halides 

[AgXL], which occur in “cubane” and “step” (or “chair”) forms like their copper 

analogues (Fig. 28.7). Indeed, [AgI(PPh,)], has been shown to exist in both forms.” Still 
higher nuclearity is possible for instance in the cyclohexanethiolato complex, 

[Ag(SC,H,,)],2, which was recently reported°* to consist of a 24-membered puckered 
ring of alternate Ag and S atoms. 

Like Ag’, Au! also readily forms 2-coordinate complexes of which [Au(CN),]~ is of 
great technological importance. But it is much more susceptible to oxidation and to 

disproportionation into Au and Au® which renders all its binary compounds, except 
AuCN, unstable to water. It is also more clearly a class b or “soft” metal with a preference 

for the heavier donor atoms P, As, and S. Stable, linear complexes are obtained when 

tertiary phosphines reduce Au™ in ethanol, 

PR3/EtOH 
fAuCl,]~ [AuCl(PR;)]. 

The Cl ligand can be replaced by other halides and pseudo-halides by metathetical 

reactions. Trigonal planar coordination is found in phosphine complexes of the 

stoichiometry [AuL,X] but 4-coordination, though possible, is less prevalent. Diarsine 

gives the almost tetrahedral complex [Au(diars),]~* but, for reasons which are not clear, 

the colourless complexes [AuL,]* [BPh,]~ with monodentate phosphines fail to achieve 

a regular tetrahedral geometry.°* 
Complexes with dithiocarbamates involve linear S-Au-—S coordination but are dimeric 

and the Au—Au distance of 276 pm compared with 288 pm in the metal is indicative of 

32 B-K Teo and T. C. CALABRESE, Stereochemical systematics of metal clusters. Crystallographic evidence for 
a new cubane=chair isomerism in tetrameric triphenylphosphine silver iodide, (Ph,P),Ag4I4, Inorg. Chem. 15, 
2474-86 (1976). 

33.1. G. Dance, On the molecularity of crystalline cyclohexanethiolato-silver(I), /norg. Chim. Acta 25, 

L17-L18 (1977). 
34 PG. Jones, Is regular tetrahedral geometry possible in gold(1)-phosphine complexes? X-ray crystal 

structures of three modifications of (PPh,),Au* BPh, JCS Chem. Comm. 1980, 1031-3. But see also, R. C. 
Evper, E. H. K. ZerHeR, M. ONApy and R. R. WHITTLE. Nearly regular tetrahedral geometry in a gold(1)- 

phosphine complex. X-ray crystal structure of tetrakis(methyldiphenylphosphine) gold(1) hexafluorophos- 
phate, JCS Chem. Comm. 1981, 900-1. 
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metal-metal bonding, 

In the thermal production of gold coatings on ceramics and glass, paints are used which 

comprise Au" chloro-complexes and sulphur-containing resins dissolved in an organic 

solvent. It seems likely that polymeric species are responsible for rendering the gold 

soluble. 

Gold cluster compounds"? >>? 

Polymeric complexes of the types formed by copper and silver are not found for gold but 

instead a range of variously coloured cluster compounds, with gold in an average 

oxidation state <1 and involving M—M bonds, can be obtained by the general process of 

reducing a gold phosphine halide, usually with sodium borohydride. ‘Yellow, 

[Au,{P(C,H,-4-Me)3}.]?* consists of an octahedron of 6 gold atoms with a phosphine 
attached to each. In red, [Aug(PPh,), ]* * each gold has an attached phosphine, but 1 gold 

can be regarded as central to the other 7, 6 of which form a chair-like hexagon.©® In the 
green, [Auo{P(C,H4-4-Me)3},]°* and in [Au,,{P(C,H,-4-F)3},1,] 1 metal atom is 
completely surrounded by the others and has no ligand attached to it (Fig. 28.8). The 

nucleation is approaching that in metallic gold, which is not surprising since the 

preparative methods are of the type used to produce colloidal gold. Even more recently the 

dark-red, centred icosahedral cluster cation [Au, 3Cl,(PMe,Ph),,.]°** has been isolated as 

its [PF,]~ salt following the reduction of [AuCl(PMe, Ph) with [Ti(y-C, Hs), ]. The most 

recent publications in this area‘?®) report the preparation and structural characterization 

35D. M. P. Mincos, Molecular-orbital calculations on cluster compounds of gold, JCS Dalton 1976, 1163-9. 
5° M. MANnasseRO, L. NALDINI, and M. SANSONI, A new class of gold cluster compounds. Synthesis and X-ray 

structure of the octakis(triphenylphosphinegold) dializarinsulphonate, [Aug(PPh;),|(aliz),, JCS Chem. 
Comm. 1979, 385-6. F. A. VOLLENBROEK, W. P. BosMAN, J. J. Bour, J. H. Noorpik, and P. T. BEURSKENS, 

Reactions of gold-phosphine cluster compounds. Preparation and X-ray structure determination of 

octakis(triphenylphosphine)octagold bis(hexafluorophosphate), JCS Chem. Comm. 1979, 387-8; see also 
Inorg. Chem. 19, 701-4 (1980); JCS Chem. Comm. 1979, 1162-3: C. E. BRIANT, B. R. C. THEOBALD, J. W. 
White, L. K. BELL, D. M. P. MinGcos, and A. J. WELCH, Synthesis and X-ray structural characterization of the 
centred icosahedral gold cluster compound [Au,,(PMe,Ph),,Cl.,] [PF,],; the realization of a theoretical 
prediction, JCS Chem. Comm. 1981, 201-2. 

36a JW. A. VAN DER VELDEN, J. J. Bour, W. P. Bosman and J. H. Noorpik, Synthesis and X-ray crystal 

structure determination of the cationic gold cluster compound [Au,(PPh,)-](NO;),., JCS Chem. Comm. 1981, 
1218-9. J. W. A. VAN DER VELDEN, J. J. Bour, B. F. OTTERLOO, W. P. BosMaNn, and J. H. Norpik, Synthesis of a 
new heteronuclear gold-cobalt cluster. Preparation and X-ray structure determination of tetrakis(triphenyl- 

phosphine)bis(tetracarbonyl-cobalt)hexagold, JCS Chem. Comm. 1981, 583-4. K. P. HALL, B. C. RR. THEOBOLD, 
D. I. GiLmour, D. M. P. MinGos, and A. J. WELCH, Synthesis and structural characterization of [Auy{P(p- 

C,H,OMe)3}s](BF4)3; a cluster with a centred crown of gold atoms, JCS Chem. Comm., 1982, 528-30. 
M. GREEN, A. G. ORPEN, I. D. SALTER, and F. G. A. STONE, Hydrido-bridged complexes of gold and silver: X-ray 
crystal structure of [AuCr(u-H)(CO);(PPh;)], JCS Chem. Comm. 1982. 813-4. See also L. W. BATEMAN, 
M. GREEN, J. A. K. Howarpb, K. A. MEAD, R. M. MiLLs, I. D. SALTER, F. G. A. STONE, and P. WOODWARD, 

Replacement of hydrido-ligands in [Ru3(u-H)3(u3-COMe)(CO),] and: [Ru4(u-H),(CO),,] by triphenyl- 
phosphinegold groups: X-ray crystal structures of [AuRu3(u-H),(u-COMe)(CO),(PPh;)], [Au;Ru,(u5- 
COMe)(CO),(PPh3;)3], and [Au,Ru,(u-H)(CO),,(PPh;)3], JCS Chem. Comm. 1982, 773-S. 
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cl() as Au(2) 

@ Gold id) 
Phosphorus (attached 

O groups not shown) 

lodine 

Fic. 28.8 Some gold cluster compounds. Note that a chair-like centred hexagon of gold atoms 
persists throughout these structures and is shaded in (a), (b), and (c): (a) [Au,(PPh,;),]**, (b) 

Auy{P(C,H4-4-Me)3',]°*, (c) Au, ,13{P(C.H,-4-F)3},], and (d) [Au,;Cl,(PMePh),9]°*. In 
(d) the 12th icosahedral gold atom and the 13th (central) gold atom are obscured by Au(1). 

of the dark red-brown cluster [Aug(PPh,),]?*, the dark red-brown, air-stable, mixed 

metal cluster [Au,(PPh,),Co,(CO),], the golden brown, centred-crown cluster 

[Au,{P(C,H,-4-OMe);},]**, and the first example of an H-bridged gold complex: 
yellow [AuCr(u-H)(CO),;(PPh;)]. 

Copper cluster compounds are also beginning to appear, for example the pale yellow 

salt [Li(thf),]* [Cu;Ph,]~, prepared by treating a suspension of CuBr in Et,O with LiPh 

at — 20° and recrystallizing from thf/Et,O; the anion is a “squashed trigonal bipyramid” 

of 5 Cu atoms with bridging Ph groups above the 6 slant edges: Cu,,-Cu,, 245 pm, Cu,,- 

Ou, 3itSipmie eh 

36> BG. Epwarps, R. W. GELLERT, M. W. Marks, and R. Bau, Preparation and structure of the 
[Cu.(C,H,)]~ anion, J. Am. Chem. Soc. 104, 2072-3 (1982). 
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28.3.5 Biochemistry of copper?” 

Metallic copper and silver both have antibacterial propertiest and some gold thiol 

complexes have been used to treat rheumatoid arthritis, but only copper of this group has 

a biological role in sustaining life. 
In the blood of a large number of molluscs the oxygen-carrying pigment is not 

haemoglobin but haemocyanin, a protein with a molecular weight of the order of 10° and 

apparently containing a pair of Cu" ions rendered diamagnetic by strong antiferro- 
magnetic coupling. Unfortunately, as in so much of this field, structural details are as yet 

uncertain. 

A human adult contains around 100 mg of copper, mostly attached to protein, an 

amount exceeded only by iron and zinc among transition metals, and requiring a daily 

intake of some 3-5 mg. Copper deficiency results in anaemia, and the congenital inability 

to excrete Cu, resulting in its accumulation, is Wilson’s disease. The presence of copper, 

along with haem, in the electron transfer agent cytochrome oxidase has already been 

mentioned (p. 1279). Its mode of operation is not clear but it appears to act as a Cu"/Cu! 
couple, transferring an electron from the haem to the O, molecule in order to facilitate the 

latter’s conversion to H,O. Galactose oxidase is an enzyme which catalyses the oxidation 
of -CH,OH in galactose to CHO, simultaneously reducing oxygen to H,O,. A Cu"/Cu! 

couple may well be involved here also but, although hard evidence is sparse, the fact that 

only a single Cu atom is present is circumstantial evidence for the view that the 2-electron 

transfer is this time effected by a Cu'"/Cu' couple. 
In the plant world several copper proteins (known as “blue proteins”) function as 1- 

electron transfer agents, no doubt by means of a Cu"/Cu!' couple. The puzzling feature of 

these compounds is the intensity of their colour which is at least 10 times greater than in 

simple copper peptide complexes. Since there is only 1 Cu atom involved there can be no 

question of invoking Cu—Cu charge transfer. Again there is only limited structural data, so 

explanations must be tentative. It may be that the absorptions responsible arise from 

charge transfer.across a Cu-S bond, or alternatively that they are d-d bands whose 

intensities are naturally enhanced because the Cu" is in a near-tetrahedral site. While this 

is unusual for Cu" it is the preferred geometry for Cul. 
The field is one of intense current interest and activity. 

28.3.6 Organometallic compounds’: ° '°) 

Neutral binary carbonyls are not formed by these metals at normal temperaturest{ but 

copper and gold each form an unstable carbonyl halide, [M(CO)ClI]. These colourless 

compounds can be obtained by passing CO over MCI or, in the case of copper only (since 

+ This was unknowingly utilized in ancient Persia where, by law, drinking water had to be stored in bright 
copper vessels. 

{ Some have been synthesized by the condensation of Cu or Ag vapour and CO at temperatures of 6-15 K:e.g. 
M(CO)3;,M (CO), M(CO),, and M(CO). Thus [Ag(CO),] is green, planar, and paramagnetic; above 25-30 K 
it dimerizes, perhaps by formation of an Ag-Ag bond.'3®) 

°7 H. BEINERT, Structure and function of copper proteins, Coord. Chem. Rev. 23, 119-29 (1977). H. Sigel (ed.) 
Metal Ions in Biological Systems. Vol 13 Copper Proteins. Marcel Dekker, New York, 1981, 394 pp. 

38D. McIntosw and G. A. Ozin, Synthesis using metal vapours. Silver carbonyls. Matrix infrared, 
ultraviolet-visible, and electron spin resonance spectra, structures and bonding of Ag(CO),, Ag(CO),, Ag(CO), 
and Ag,(CO),, J. Am. Chem. Soc. 98, 3167-75 (1976), and references therein. 
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the gold compound is very sensitive to moisture) by bubbling CO through a solution of 

CuCl in conc HCl or in aqueous NH3. The latter reactions can in fact be used for the 

quantitative estimation of the CO content of gases. In a similar manner complexes of the 

type [MLX], which are often polymeric, can be obtained for Cu! and Ag! with many 
olefins (alkenes) and acetylenes (alkynes) either by anhydrous methods or in solution. 

They are generally rather labile, often decomposing when isolated. The silver complexes 

have received most attention and the silver—olefin bonds are found to be thermo- 

dynamically weaker than, for instance, corresponding platinum-—olefin bonds. Since the 

former bonds are also found to be somewhat unsymmetrical it seems likely that x bonding 

is weaker for the group IB metals. Gold also forms olefin complexes, but not nearly so 

readily as silver and then only with high molecular weight olefins. 
M-C o bonds can be formed by each of the M' metals. The simple alkyls and aryls of Ag! 

are less stable than those of Cul, while those of Au' have not been isolated, the Au'-R bond 

evidently requiring the stabilizing presence of a ligand such as a phosphine. Copper alkyls 

and aryls are prepared by the action of LiR or a Grignard reagent on a Cu! halide: 

CuX + LiR —> CuR + Lix 

CuX + RMgX —> CuR + Mgx, 

CuMeisa yellow polymeric solid which explodes if allowed to dry in air, and CuPh, which 

is white and also polymeric, though more stable, is still sensitive to both air and water. 

Much greater stability is achieved by the o-cyclopentadienyl complex [Cu(n’- 

C,H,)(PEt,;)] prepared by the reaction of C;H,, CuO, and PEt, in petroleum ether; a 

similar Au’ compound, [Au(y'-C;H,Me)(PPh;)], is also known. The Au! alkyls are 
obtained like those of copper but with an appropriate ligand present, e.g.: 

[Au(PEt,)X]+LiR——>[Au(PEt,)R]+Lix 

The colourless solids are composed of linear monomers. 

The alkyl derivatives of Au", discovered by W. J. Pope and C. S. Gibson in 1907 
include some of the most familiar and stable organo compounds of the group, and are 

notable for not requiring the stabilizing presence of z-bonding ligands. They are of three 

types: 

AuR, (stable, when they occur at all, only in ether below — 35°C); 

AuR,X (much the most stable); X =anionic ligand especially Br 

AuRX, (unstable, only dibromides characterized) 

Corresponding aryl derivatives are rare and unstable. Thus, while AuMe, decomposes 

above — 35°C but is stabilized in [AuMe,(PPh,)], AuPh, is unknown. 

The dialkylgold (ITI) halides are generally prepared from the tribromide and a Grignard 

reagent: 

AuBr,+2RMgBr—> AuR,Br+ 2MgBr, 

and many other anions can be substituted by metathetical reactions with the appropriate 

silver salt: 

AuR,Br+AgxX ——> AuR,X + AgBr 

Hl In all cases where the structure has been determined, the Au” attains planar four-fold 
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coordination and polymerizes as appropriate to achieve this. The halides for instance are 
dimeric but with the cyanide, which forms linear rather than bent bridges, tetramers are 
produced: 
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Zinc, Cadmium, 
and Mercury 

29.1 Introduction 

The reduction of ZnO by charcoal requires a temperature of 1000°C or more and, 

because the metal is a vapour at that temperature and is liable to reoxidation, its collection 

requires some form of condenser and the exclusion of air. This was apparently first 

achieved in India in the thirteenth century. The art then passed to China where zinc coins 

were used in the Ming Dynasty (1368-1644). The preparation of alloyed zinc by smelting 

mixed ores does not require the isolation of zinc itself and is much more easily achieved. 

The small amounts of zinc present in samples of early Egyptian copper no doubt simply 

reflect the composition of local ores, but Palestinian brass dated 1400-1000 Bc and 

containing about 23% Zn must have been produced by the deliberate mixing of copper 

and zinc ores. Brass was similarly produced by the Romans in Cyprus and later in the 

Cologne region of Germany. 

Zinc was not intentionally made. in medieval Europe, though small amounts were 
obtained by accidental condensation in the production of lead, silver, and brass; it was 

imported from China by the East India Company after about 1605. The English zinc 

industry started in the Bristol area in the early eighteenth century and production quickly 

followed in Silesia and Belgium. The origin of the name is obscure but may plausibly be 

thought to be derived from Zinke (German for spike, or tooth) because of the appearance 

of the metal. 
Mercury is more easily isolated from its ore, cinnabar, and was used in the 

Mediterranean world for extracting metals by amalgamation as early as 500 Bc, possibly 

even earlier. Cinnabar, HgS, was widely used in the ancient world as a pigment 

(vermilion). For over a thousand years, up to AD 1500, alchemists regarded the metal as a 

key to the transmutation of base metals to gold and employed amalgams both for gilding 

and for producing imitation gold and silver. Because of its mobility, mercury is named 

after the messenger of the gods in Roman mythology, and the symbol, Hg, is derived from 

hydrargyrum (Latin, liquid silver). 

Cadmium made its appearance much later. In 1817 F. Stromeyer of Gottingen noticed 

that a sample of “cadmia” (now known as “calamine”), used in a nearby smelting works, 

was yellow instead of white. The colour was not due to iron, which was shown to be absent, 

1395 
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but arose instead from a new element which was named after the (zinc) ore in which it had 

been found (Greek kadpeia, cadmean earth, the ancient name of calamine). 

29.2. The Elements 

29.2.1 Terrestrial abundance and distribution 

Zinc (76 ppm of the earth’s crust) is about as abundant as rubidium (78 ppm) and 

slightly more abundant than copper (68 ppm). Cadmium (0.16 ppm) is similar to 

antimony (0.2 ppm); it is twice as abundant as mercury (0.08 ppm), which is itself as 

abundant as silver (0.08 ppm) and close to selenium (0.05 ppm). These elements are 

“chalcophiles” (p. 760) and so, in the reducing atmosphere prevailing when the earth’s 
crust solidified, they separated out in the sulfide phase, and their most important ores are 

therefore sulfides.” 7) Subsequently, as rocks were weathered zinc was leached out to be 

precipitated as carbonate, silicate, or phosphate. 

The major ores of zinc are ZnS (which is known as zinc blende in Europe and as 

sphalerite in the USA) and ZnCO, (calamine in Europe, smithsonite in the USAT). Large 

deposits are situated in Canada, the USA, and Australia. Less important ores are 

hemimorphite, Zn,Si,0,(OH),.H,O and franklinite, (Zn,Fe)O.Fe,0,;. Cadmium is 

found as greenockite, CdS, but its only commercially important source is the 0.2-0.4% 

found in most zinc ores. Cinnabar, Hg§, is the only important ore and source of mercury 

and is found along lines of previous volcanic activity. The most famous and extensive 

deposits are at Almaden in Spain; these contain up to 6-7°% Hg and have been worked 

since Roman times. Other deposits, usually containing <1% Hg, are situated in the 

USSR, Algeria, Mexico, Yugoslavia, and Italy. 

29.2.2 Preparation and uses of the elements‘ * 

The isolation of zinc, over 90% of which is from sulfide ores, depends on conventional 

physical concentration of the ore by sedimentation or flotation techniques, followed by 

roasting to produce the oxides; the SO, which is generated is used to produce sulfuric acid. 

The ZnO is then either treated electrolytically or smelted with coke. In the former case the 

zinc is leached from the crude ZnO with dil H,SO,, at which point cadmium is 
precipitated by the addition of zinc dust. The ZnSO, solution is then electrolysed and the 
metal deposited—in a state of 99.95% purity—on to aluminium cathodes. 

A variety of smelting processes have been employed to effect the reduction of ZnO by 
coke: 

ZnO + C—+Z7n+CoO 

+ After James Smithson, founder of the Smithsonian Institution, Washington. The name calamine is applied in 
the USA to a basic carbonate. 

'C.S. G. PHILuips and R. J. P. WiLLias, /norganic Chemistry, Vol. I, pp. 605-15, Oxford University Press, 
Oxford, 1966. 

2 R.G. Burns, Mineralogical Applications of Crystal Field Theory, Cambridge University Press, Cambridge, 
1970, 224 pp. 

* Kirk—Othmer Encyclopedia of Chemical Technology, Interscience, New York. For Zn, see Vol. 24, 3rd edn., 
1984, pp. 807-51. For Cd, see Vol. 4, 3rd edn., 1978, pp. 387-410. For Hg, see Vol. 15, 3rd edn., 1981, pp. 143-71. 

* A. W. RicHarbs, Zinc extraction metallurgy in the UK, Chem. Br. 5, 203-6 (1969). 
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These formerly involved the use of banks of externally heated, horizontal retorts, operated 

on a batch basis. They were replaced by continuously operated vertical retorts, in some 

cases electrically heated. Unfortunately none of these processes has the thermal efficiency 

of a blast furnace process (p. 1244) in which the combustion of the fuel for heating takes 

place in the same chamber as the reduction of the oxide. The inescapable problem posed 

by zinc is that the reduction of ZnO by carbon is not spontaneous below the boiling point 

of Zn (a problem not encountered in the smelting of Fe, Cu, or Pb, for instance), and the 

subsequent cooling to condense the vapour is liable, in the presence of the combustion 

products, to result in the reoxidation of the metal: 

Zn+CO,; ZnO +CO 

A major breakthrough was accomplished in the 1950s by the Imperial Smelting Co. of 

Bristol who developed a blast furnace’ which overcomes this difficulty. The zinc vapour 
leaving the top of the furnace is chilled and dissolved so rapidly by a spray of lead that 

reoxidation is minimal. The zinc then separates as a liquid of nearly 99% purity and is 

further refined by vacuum distillation to give a purity of 99.99%. Any cadmium present is 

recovered in the course of this distillation. The use of a blast furnace has the further 
advantage that the composition of the charge is not critical, and mixed Zn/Pb ores can be 

used (ZnS and PbS are commonly found together) to achieve the simultaneous 

production of both metals, the lead being tapped from the bottom of the furnace. 

World production of zinc is fairly steady at around 6 million tonnes pa (i.e. slightly 

more than that of Pb). The largest supplier of ores is Canada but most of these are refined 

elsewhere. Cadmium is produced in much smaller quantities (~ 18 000 tonnes pa) and 

these are dependent on the supply of zinc. 

Zinc finds a wide range of uses, the most important, accounting for 35-40% of output, is 

as an anti-corrosion coating. The application of the coating takes various forms: 

immersion in molten zinc (hot-dip galvanizing), electrolytic deposition, spraying with 

liquid metal, heating with powdered zinc (“Sherardizing”), and applying paint containing 

zinc powder. In addition to brasses (Cu+ 20-50% Zn), a rapidly increasing number of 

special alloys, predominantly of zinc, are used for diecasting and, indeed, the vast majority 

of pressure diecastings are now made in these alloys. Zinc sheeting is used in roof cladding 

and large quantities are used in the manufacture of dry batteries of which the carbon—zinc 

type is the most common (see Panel). 

Dry Batteries 

A portable source of electricity, if not a necessity, is certainly a great convenience in modern life 
and is dependent on compact, sealed, dry batteries. The main es are listed below and Mey 

_ incorporate the metals Zn, Ni, He, and oe as well as MnO, 

(a) Carbon-zinc cell 

The first dry battery was that patented in 1866 by the young French engineer, G. Leclanché. The 
positive pole consisted of carbon surrounded by MnO, (p. 1219) contained in a porous pot, and the 
negative pole was simply a rod of zinc. These were situated inside a glass jar containing the 
electrolyte, ammonium chloride solution thickened with sand or sawdust. This is still the basis of 
the most common type of modern dry cell in which a carbon rod is the positive pole, surrounded 



1398 Zinc, Cadmium, and Mercury Ch.29 

OH” tench 112820 
e ——> 2Mn0(OH)+ 20H~ 

O. (zach, + 2MNOIOH) oe 

' ‘pressed amalgamated zinc pce and dhe eaen s pole of micecucyaly 
be : ae aso! ee with the ae cone eee 

are fered. A crucial feitare of thec construction of this cell isi, 
ive Ee ie phateine by the side-reaction: . 

42Cd——> 204(0H), 

abination, the cell could not be sealed. 

As with zinc, the major use of cadmium, and one which would probably be even more 

extensive but for environmental concern (p. 1421) is as a protective coating. It is also used 

in small quantities in alloys and batteries, and some of its compounds are used as 

stabilizers, in PVC for instance, to prevent degradation by heat or ultraviolet radiation. 

The isolation of mercury is comparatively straightforward. The most primitive method 
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consisted simply of heating cinnabar in a fire of brushwood. The latter acted as fuel and 

condenser, and metallic mercury collected in the ashes. Modern techniques are of course 

less crude than this but the basic principle is much the same. After being crushed and 

concentrated by flotation, the ore is roasted in a current of air and the vapour condensed: 

600°C HeSst 03 Ss He-+S0, 

Alternatively, in the case of especially rich ores, roasting with scrap iron or quicklime is 

used: 

HgS+ Fe —..> Hg+FeS — 

4HgS + CaO ———-+ 4Hg+3CaS+ CaSO, 

Blowing air through the hot, crude, liquid metal oxidizes traces of metals such as Fe, Cu, 

Zn, and Pb which form an easily removable scum. Further purification is by distillation 

under reduced pressure. About 6500 tonnest of mercury are produced annually of which 

(1980) 33% comes from the USSR, 17% from Spain, and 16% each from Algeria and 

Mexico. 

The use of mercury for extracting precious metals by amalgamation has a long history 

and was extensively used by Spain in the sixteenth century when her fleet carried mercury 

from Almaden to Mexico and returned with silver. Now, however, the greatest use is in the 

Castner—Kellner process for manufacturing chlorine and NaOH (p. 81), and increasing 

amounts are consumed in the electrical and electronic industries, as, for instance, in street 

lamps and AC rectifiers. Its small-scale use in thermometers, barometers, and gauges of 

different kinds, are familiar in many laboratories. In the form of its compounds, it has 

widespread germicidal and fungicidal applications. 

29.2.3 Properties of the elements 

A selection of some important properties of the elements is given in Table 29.1. Because 

the elements each have several naturally occurring isotopes their atomic weights cannot 

be quoted with a precision much greater than 1 part in 6000. Their most noticeable 

features compared with other metals are their low melting and boiling points, 

mercury being unique as a metal whichis a liquid at room temperature. Zinc and cadmium 

are silvery solids with a bluish lustre when freshly formed. Mercury is also unusual in being 

the only element, apart from the noble gases, whose vapour is almost entirely monatomic, 

while its appreciable vapour pressure (1.9 x 10°? mmHg at 25°C), coupled with its 

toxicity, makes it necessary to handle it with care. The electrical resistivity of liquid 

mercury is exceptionally high for a metal, and this facilitates its use as an electrical 

standard (the international ohm is defined as the resistance of 14.4521 g of Hgina column 

106.300 cm long and 1 mm? cross-sectional area at 0°C and a pressure of 760 mmHg. 

The structures of the solids, although based on the typically metallic hexagonal close- 

packing, are significantly distorted. In the case of Zn and Cd the distortion is such that, 

instead of having 12 equidistant neighbours, each atom has 6 nearest neighbours in the 

close-packed plane with the 3 neighbours in each of the adjacent planes being about 10% 

+ Mercury is sold in iron flasks holding 76 1b of mercury and this is the unit in which output is normally 
measured. 

CIR=TL 
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TABLE 29.1 Some properties of the elements zinc, cadmium, and mercury 

Property Zn Cd Hg 

Atomic number 30 48 80 
Number of naturally occurring isotopes 5 8 i 

Atomic weight 65.38 112.41 200.59(+0.03) 

Electronic configuration [Ar]3d!°4s? [Kr]4d?°5s? [Xe]4f!*5d!°6s? 
Electronegativity 1.6 19) 1.9 
Metal radius (12 coordinate)/pm 134 151 151 
Effective ionic radius/pm II 74 95 ae 

I — — 11 
Ionization energies/kJ mol” 1st 906.1 876.5 1007 

2nd 1733 1631 1809 
3rd 3831 3644 3300 

E°(M?*/M)/V —0.7619 —0.4030 +0.8545 
MP/°C 419.5 320.8 — 38.9 
BP/°C 907 765 Sse) 
AH,,,./kJ mol”? 7.28(+0.01) 6.4(+0.2) 2.30( £0.02) 
AH, ,,/kJ mol * 114.2(+41.7) 100.0(+2.1) 59.1(+0.4) 
AD eee Ole 129.3(+2.9) 111.9(+2.1) 61.3 
Density (25°C)/g cm? 7.14 8.65 13.534 (1) 
Electrical resistivity (20°C)/uohm cm 5.8 ES 95.8 

more distant. In the case of (rhombohedral) Hg the distortion, again uniquely, is the 

reverse, with the coplanar atoms being the more widely separated (by some 16%). The 

consequence is that these elements are much less dense and have a lower tensile strength 

than their predecessors in Group IB. These facts have been ascribed to the stability of the d 

electrons which are now tightly bound to the nucleus: the metallic bonding therefore 

involves only the outer s electrons, and is correspondingly weakened. 

29.2.4 Chemical reactivity and trends“? 

Zinc and cadmium tarnish quickly in moist air and combine with oxygen, sulfur, 

phosphorus, and the halogens on being heated. Mercury also reacts with these elements, 

except phosphorus, and its reaction with oxygen was of considerable practical 
importance in the early work of J. Priestley and A. L. Lavoisier on oxygen (p. 698). The 

reaction only becomes appreciable at temperatures of about 350°C, but above about 

400°C HgO decomposes back into the elements. None of the three metals reacts with 
hydrogen, carbon, or nitrogen. 

Non-oxidizing acids dissolve both Zn and Cd with the evolution of hydrogen. With 

oxidizing acids the reactions are more complicated, nitric acid for instance producing a 

variety of oxides of nitrogen dependent on the concentration and temperature. Mercury is 

unreactive to non-oxidizing acids but dissolves in conc HNO, and in hot conc H,SO, 
forming the Hg" salts along with oxides of nitrogen and sulfur. Dilute HNO; slowly 
produces Hg,(NO3),. Zinc is the only element in the group which dissolves in aqueous 

alkali to form ions such as aquated [Zn(OH),]*~ (zincates). 

All three elements form alloys with a variety of other metals. Those of zinc include the 

° Chapters 30, 31, and 32, pp. 459-549, of Ref. 1. 
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brasses (p. 1369) and, as mentioned above, are of considerable commercial importance. 

Those of mercury are known as amalgams and some, such as sodium and zinc amalgams, 

are valuable reducing agents: in a number of cases, high heats of formation and 

stoichiometric compositions (e.g. Hg,Na) suggest chemical combination. Amalgams are 

most readily formed by heavy metals, whereas the lighter metals of the first transition 

series (with the exception of manganese and copper) are insoluble in mercury. Hence iron 

flasks can be used for its storage. 

Chemically, it is clear that Zn and Cd are rather similar and that Hg is somewhat 

distinct. The lighter pair are more electropositive, as indicated both by their electro- 

negativity coefficients and electrode potentials (Table /29.1), while Hg has a positive 

electrode potential and is comparatively inert. With the exception of the metallic radii, all 

the evidence indicates that the effects of the lanthanide contraction have died out by the 

time this group is reached. Compounds are characterized by the d'° configuration and, 
with the exception of derivatives of the Hg,** ion, which formally involved Hg!, they 

almost exclusively involve M". The ease with which the s? electrons are removed 
compared with the more firmly held d electrons is shown by the ionization energies. The 

sum of the first and second is in each case smaller than for the preceding element in Group 

IB, whereas the third is appreciably higher. Even so the first two ionization energies are 

high for mercury (as they are for gold)—perhaps reflecting the poor nuclear shielding 

afforded by the filled 4f shell—and this, coupled with the small hydration energy 

associated with the large Hg" cation, accounts for the positive value of its electrode 
potential. 

In view of the stability of the filled d shell, these elements show few of the characteristic 

properties of transition metals (p. 1060) despite their position in the d block of the periodic 

table. Thus zinc shows similarities with the main-group metal magnesium, many of their 

compounds being isomorphous, and it displays the class-a characteristic of complexing 

readily with O-donor ligands. On the other hand, zinc has a much greater tendency than 

magnesium to form covalent compounds, and: its resembles the transition elements in 

forming stable complexes not only with O-donor ligands but with N- and S-donor ligands 
and with halides and CN © as well. As mentioned above, cadmium is rather similar to zinc 

and may be regarded as on the class-a/b borderline. However, mercury is undoubtedly 

class b: it has a much greater tendency to covalency and a preference for N-, P-, and 

S-donor ligands, with which Hg" forms complexes whose stability is rarely exceeded by 
those of any other divalent cation. Compounds of the M" ions of this group are 

characteristically diamagnetic and those of Zn", like those of Mg", are colourless. By 

contrast, many compounds of Hg", and to a lesser extent those of Cd", are highly coloured 
due to the greater ease of charge transfer from ligands to the more polarizing cations. The 

increasing polarizing power and covalency of their compounds in the sequence, 

Mg" < Zn" <Cd"< Hg" is a reflection of the decreasing nuclear shielding and consequent 
increasing power of distortion in the sequence filled p shell < filled d shell < filled f shell. 

A further manifestation of these trends is the increasing stability of o-bonded alkyls and 

aryls in passing down the group (p. 1416). Those of Zn and Cd are rather reactive and 

unstable to both air and water, whereas those of Hg are stable to both. (The Hg—C bond is 

not in fact strong but the competing Hg—O bond is weaker.) However, the M"ions do not 
form z complexes with CO, NO, or olefins (alkenes), no doubt because of the stability of 

their d'° configurations and their consequent inability to provide electrons for “back 
bonding”. Likewise their cyanides presumably owe their stability primarily to o rather 
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TABLE 29.2 Stereochemistries of compounds of Zn", Cd", and Hg" 

Coordina- 
tion 

number  Stereochemistry Zn Cd Hg 

2 Linear ZnEt, CdEt, (Hg(NH;),]** 
3 Planar [ZnMe(NPh;)], {HglI,]~ 
4 Tetrahedral [M(H,O),]?*, [MCl,]?~ [Hg(SCN),4]7~ 

[M(NH;),]?* 
Planar [Zn(glycinyl), ] 

5 Trigonal [Zn(terpy)Cl, ] fEd@l, en [Hg(terpy)Cl,] 
bipyramidal 

Square pyramidal [Zn(S,CNEt,),], [Cd(S,CNEt,),], [Hg{N(C,H,NMe,)3}I]* 
6 Octahedral [Zn(en),]** [Cd(NH;),]7* [Hg(C,H,NO),]?* 
7 Pentagonal [Zn(H,dapp)- [Cd(quin),- 

bipyramidal (H,0),]?7*® (NO;),H,O]” 
8 Distorted [Zn(NO;),]? © 

dodecahedral 
Distorted square {Hg(NO,),]?~ 

antiprismatic 

) Hdapp, 2.6-diacetylpyridinebis(2‘-pyridylhydrazone). (See D. WesTER and G. T. PALENIK, Inorg. Chem. 15, 

755 (1976).) 
(>) The 2 nitrate ions are not equivalent (both are bidentate but one is coordinated symmetrically, the other 

asymmetrically) and the structure of the complex. is by no means regular (p. 1413). 
‘°) The distortion arises because the bidentate nitrate ions are coordinated asymmetrically to such an extent 

that the stereochemistry may alternatively be regarded as approaching tetrahedral (p. 1413). 

than x bonding. The filled d shell also prevents 2 acceptance and complexes with 

cyclopentadienide ions (which are good a donors) are o- rather than 2-bonded. 

The range of stereochemistries found in compounds of the M" ions is illustrated in 

Table 29.2. Since the d’° configuration affords no crystal field stabilization, the 

stereochemistry of a particular compound depends on the size and polarizing power of the 

M" cation and the steric requirements of the ligands. Thus both Zn" and Cd" favour 
4-coordinate tetrahedral complexes but Cd", being the larger, forms 6-coordinate 
octahedral complexes more readily than does Zn". However, although the still larger Hg" 
also commonly adopts a tetrahedral stereochemistry, octahedral 6-coordination is less 

prevalent than for either of its congeners. When it does occur it is usually highly distorted 
with 2 short and 4 long bonds, a distortion which in its extreme form produces the 

2-coordinate, linear stereochemistry which is characteristic of Hg". This is also found in 

organozinc and organocadmium compounds but only with Hg" is it one of the 
predominant stereochemistries. Explanations of this fact have been given in terms of the 

promotional energies involved in various hybridization schemes, but it may be regarded 

pictorially as a consequence of the greater deformability of the d’° configuration of the 

large Hg" ion. Thus, if 2 ligands are considered to approach the cation from opposite ends 

of the z-axis, the resulting deformation increases the electron density in the xy-plane and 

+ A single example of trigonal prismatic coordination has been reported for Hg in the green, zero-valent 
mixed-metal cluster [Hg{Pt(2,6-Me,C,H,NC)},] (Y. YAMAMOTO, H. YAMAZAKI, and T. SAKURAI, J. Am. Chem. 
Soc. 104, 2329-30 (1982). 

© D. GRDENIC, The structural chemistry of mercury, Q. Revs. 19, 303-28 (1965). 
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so discourages the close approach of other ligands. Coordination numbers greater than 6 

are rare and generally involve bidentate, O-donor ligands with a small “bite”, such as 
NO, and NO, -. 

29.3 Compounds of zinc, cadmium, and mercury‘’~'° 

Zinc hydride has recently been isolated from the reaction of LiH with ZnBr, or NaH 

with ZnlI,: 

2MH + ZnX, —“—> ZnH,, + 2MX 

The alkali metal halide remains in solution and ZnH, is precipitated as a white solid of 

moderate stability at or below room temperature."'°?) CdH, and HgH, are much less 
stable and decompose rapidly even below 0°. The complex metal hydrides LiZnH;, 

Li,ZnH,, and Li,ZnH, have each been prepared as off-white powders by the reaction of 

LiAIH, with the appropriate organometallic complex Li,ZnR, , 5. 

The carbides of these metals (which are actually acetylides, MC;, p. 319) and also the 

nitrides are unstable materials, those of mercury explosively so. 

29.3.1 Oxides and chalcogenides 

The principal compounds in this category are the monochalcogenides, which 

are formed by all three metals. It is a notable indication of the stability of tetrahedral 

coordination for the elements of Group IIB that, of the 12 compounds of this type, only 

CdO, HgO, and HgS adopt a structure other than wurzite or zinc blende, both of which 

involve tetrahedral coordination of the cation (see below): CdO adopts the 6-coordinate 

rock-salt structure; HgO features zigzag chains of almost linear O-Hg—O units; and HgS 

exists in both a zinc-blende form and in a rock-salt form. 

The normal oxide, formed by each of the elements of this group, is MO, and peroxides 

MO, are known for Zn and Cd. Reported lower oxides, M,O, are apparently mixtures of 

the metal and MO. 
ZnO is by far the most important manufactured compound of zinc and, being an 

inevitable byproduct of primitive production of brass, has been known longer than the 

metal itself. It is manufactured by burning in air the zinc vapour obtained on smelting the 

ore or, for a purer and whiter product, the vapour obtained from previously refined zinc. It 

is normally a white, finely divided material with the wurtzite structure. On heating, the 

colour changes to yellow due to the evaporation of oxygen from the lattice to give a 

nonstoichiometric phase Zn,,,O (x <70 ppm); the supernumerary Zn atoms produce 

7 M. FaRNSworTH and C. H. KLINE, Zinc Chemicals, International Lead Zinc Research Org. Inc., New York, 
1973, 243 pp. 
8M. FARNSWORTH, Cadmium Chemicals, International Lead Zinc Research Org. Inc., New York, 1980, 

158 pp. 
°C. A. McAuttrrFE (ed.), The Chemistry of Mercury, Macmillan, London, 1977, 288 pp. 

'0 BJ. AyLeTT, Group IIB, Chap. 30, pp. 187-328, in Comprehensive Inorganic Chemistry, Vol. 3, Pergamon 
Press, Oxford, 1973. 

10a J.J. WATKINS and E. C. Asupsy, Reactions of alkali metal hydrides with zinc halides in tetrahydrofuran. A 
convenient and economical preparation of zinc hydride, /norg. Chem. 13, 2350—4 (1974). See also E. C. ASHBY 

and J. J. WATKINS, /norg. Chem. 12, 2493-2503 (1973). 
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lattice defects which trap electrons which can subsequently be excited by absorption of 

visible light. ° Indeed, by “doping” ZnO with an excess of 0.02-0.03% Zn metal, a whole 
range of colours—yellow, green, brown, red—can be obtained. The reddish hues of the 

naturally occurring form, zincite, arise, however, from the presence of Mn or Fe. 

The major industrial use of ZnO is in the production of rubber where it shortens the 

time of vulcanization. As a pigment in the production of paints it has the advantage over 

the traditional “white lead” (basic lead carbonate) that it is non-toxic and is not 

discoloured by sulfur compounds, but it has the disadvantage compared to TiO, of a 

lower refractive index and so a reduced “hiding power” (p. 1118). It improves the chemical 

durability of glass and so is used in the production of special glasses, enamels, and glazes. 

In the chemical industry it is the usual starting material for other zinc chemicals of which 

the soaps (i.e. salts of fatty acids, such as Zn stearate, palmitate, etc.) are the most 

important, being used as paint driers, stabilizers in plastics, and as fungicides. An 

important small scale use is in the production of “zinc ferrites”. These are spinels of the 

type Zn"M!"__Fell!O, involving a second divalent cation (usually Mn" or Ni"), such 
that when x=0 the structure is that of an inverse spinel (i.e. half the Fe" ions occupy 
tetrahedral sites—see p. 1256) and, where x = 1, a normal spinel (ie. all the Fe" ions occupy 
octahedral sites), since Zn" displaces Fe'!' from the tetrahedral sites. Reducing the 
proportion of Fe" ions in tetrahedral sites lowers the Curie temperature. The magnetic 
properties of the ferrite can therefore be controlled by adjustment of the zinc content. 

ZnO is amphoteric (p. 752), dissolving in acids to form salts and in alkalis to form 

zincates, such as [Zn(OH),]~ and [Zn(OH),]?~. The gelatinous, white precipitate 

obtained by adding alkali to aqueous solutions of Zn" salts is Zn(OH), which, like ZnO, is 
amphoteric. 

CdO is produced from the elements and, depending on its thermal history, may be 

greenish-yellow, brown, red, or nearly black. This is partly due to particle size but more 

importantly, as with ZnO, is a result of lattice defects—this time in an NaCl lattice. It is 

more basic than ZnO, dissolving readily in acids but hardly at all in alkalis. White, 

Cd(OH), is precipitated from aqueous solutions of Cd" salts by the addition of alkali and 
treatment with very concentrated alkali yields hydroxocadmiates such as Na,[Cd(OH),]. 

Cadmium oxide and hydroxide find important applications in decorative glasses and 

enamels and in Ni-Cd storage cells. CdO also catalyses a number of hydrogenation and 

dehydrogenation reactions. 

Treatment of the hydroxides of Zn and Cd with aqueous H,O, produces hydrated 

peroxides of rather variable composition. That of Zn has antiseptic properties and is 
widely used in cosmetics. 

HgO exists in a red and a yellow variety. The former is obtained by pyrolysis of 

Hg(NO3), or by heating the metal in O, at about 350°C; the latter by cold methods such 

as precipitation from aqueous solutions of Hg" by addition of alkali (Hg(OH), is not 
known). The difference in colour is entirely due to particle size, both forms having the 

same structure which consists of zigzag chains of virtually linear O-Hg—O units with 

Hg-—O 205 pm and angle Hg—-O-Hg 107°. The shortest Hg---O distance between chains is 
282 pm. 

Zinc blende, ZnS, is the most widespread ore of zinc and the main source of the metal, 

'0P'N. N. GREENWOOD, /onic Crystals, Lattice Defects, and Nonstoichiometry, Chaps. 6 and 7, pp. 111-81, 
Butterworths, London, 1968. 
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but ZnS is also known ina second naturally occurring, though much rarer, form, wurtzite, 

which is the more stable at. high temperatures. The names of these minerals are now also 

used as the names of their crystal structures which are important structure types found in 

many other AB compounds. In both structures each Zn is tetrahedrally coordinated by 

4 S and each S is tetrahedrally coordinated by 4 Zn; the structures differ significantly only 

in the type of close-packing involved, being cubic in zinc-blende and hexagonal in wurtzite 

(Fig. 29.1). Pure ZnS is white and, like ZnO, finds use as a pigment for which purpose it is 

often obtained (as “lithopone”) along with BaSO, from aqueous solution of ZnSO, and 

BaS: 

ZnSO, + BaS ——> ZnS| + BaSO,| 

Freshly precipitated ZnS dissolves readily in mineral acids with evolution of H,S, but 

roasting renders it far less reactive and it is then an acceptable pigment in paints for 

children’s toys since it is harmless if ingested. ZnS also has interesting optical properties. It 

turns grey on exposure to ultraviolet light, probably due to dissociation to the elements, 

but the process can be inhibited by trace additives such as cobalt salts. Cathode rays, 

X-rays, and radioactivity also produce fluorescence or luminescence in a variety of colours 

which can be extended by the addition of traces of various metals or the replacement of Zn 

by Cd and S by Se. It is widely used in the manufacture of cathode-ray tubes and radar 
screens. 

Fic. 29.1 Crystal structures of ZnS. (a) Zinc blende, consisting of two, interpenetrating, ccp 
lattices of Zn and S atoms displaced with respect to each other so that the atoms of each achieve 4- 
coordination (Zn-S = 235 pm) by occupying tetrahedral sites of the other lattice. The face-centred 
cube, characteristic of the ccp lattice, can be seen—in this case composed of S atoms, but an 
extended diagram would reveal the same arrangement of Zn atoms. Note that if all the atoms of 
this structure were C instead of Zn and S, the structure would be that of diamond (p. 305). (b) 
Wurtzite. As with zinc blende, tetrahedral coordination of both Zn and S is achieved 

(Zn-S = 236 pm) but this time the interpenetrating lattices are hexagonal, rather than cubic, close- 
packed. 
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Yellow ZnSe and brown ZnTe are structurally akin to the sulfide and the former 

especially is used mainly in conjunction with ZnS as a phosphor. 
Chalcogenides of Cd are similar to those of Zn and display the same duality in their 

structures. The sulfide and selenide are more stable in the hexagonal form whereas the 

telluride is more stable in the cubic form. CdS is the most important compound of 

cadmium and, by addition of CdSe, ZnS, HgS, etc., it yields thermally stable pigments of 

brilliant colours from pale yellow to deep red, while colloidal dispersions are used to 

colour transparent glasses. CdS and CdSe are also useful phosphors and CdTe is believed 

to have considerable potential as a semiconductor.” 
HgS is polymorphic. The red «-form is the mineral cinnabar, or vermilion, which has a 

distorted rock-salt structure and can be prepared from the elements. B-HgS is the rare, 

black, mineral metacinnabar which has the zinc-blende structure and is converted by heat 

to the stable «-form. In the laboratory the most familiar form is the highly insolublet black 

precipitate obtained by the action of H,S on aqueous solutions of Hg". HgS is an 

unreactive substance, being attacked only by conc HBr, HI, or aqua regia. HgSe and HgTe 

are easily obtained from the elements and have the zinc-blende structure. 

29.3.2 Halides 

The known halides are listed in Table 29.3. All 12 dihalides are known and in addition 

there are 4 halides of Hg,** which are conveniently considered separately. It is 

immediately obvious that the difluorides are distinct from the other dihalides, their mps 

and bps being much higher, suggesting a predominantly ionic character, as also indicated 

by their typically ionic three-dimensional structures (ZnF,, 6:3 rutile; CdF, and HgF,, 

8:4 fluorite). ZnF, and CdF,, like the alkaline earth fluorides, have high lattice energies 

and are only sparingly soluble in water, while HgF, is hydrolysed to HgO and HF. The 

anhydrous difluorides can be prepared by the action of HF (in the case of Zn) or F, (Cd 
and Hg) on the metal. 

The other halides of Zn" and Cd" are in general hygroscopic and very soluble in water 

(~ 400 g per 100 cm? for ZnX, and ~ 100 g per 100 cm? for CdX,), at least partly because 
of the formation of complex ions in solution, and the anhydous forms are best prepared by 

the dry methods of treating the heated metals with HCl, Br,, or I, as appropriate. 
Aqueous preparative methods yield hydrates of which several are known."”) Significant 

covalent character is revealed by their comparatively low mps, their solubilities in ethanol, 

acetone, and other organic solvents, and by their layer-lattice (2D) crystal structures. In all 

+ The solubility product, [Hg?*] [S*~ ]=10~ >? mol? dm~® but the actual solubility is greater than that 
calculated from this extremely low figure, since the mercury in solution is present not only as Hg?* but also as 
complex species. In acid solution [Hg(SH), ] is probably formed and in alkaline solution, [HgS,]?~ : the relevant 
equilibria are: 

HgS(s) => Hg? * (aq) +S?“ (aq); pK, 51.8 

HgS(s)+ 2H * (aq) Hg? * (aq) + H,S (1 atm); pK’30.8 

HgS(s)+ H,S(g) [Hg(SH),](aq); pK 6.2 
HgS(s)+S?~ (aq) ——> [HS]? (aq); pK 1.5 

'' K. ZaNnlo, Semiconductors and Semimetals, Vol. 13, Academic Press, New York, 1978, 235 pp. 
'- N. V. SipGwick, The Chemical Elements and their Compounds, p. 271, Oxford University Press, Oxford, 

1950. 
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TABLE 29.3. Halides of zinc, cadmium, and mercury (mp, bp, in parentheses) 

Fluorides Chlorides Bromides Iodides 

ZnF, ZnCl, ZnBr, Znl, 
white (872°, 1500°) white (275°, 756°) white (394°, 702°) white (446°, d>700°) 

CdF, CdCl, CdBr, Cdl, 
white (1049°, 1748°) white (568°, 980°) pale yellow white (388°, 787°) 

(566°, 863°) 
HgF, HgCl, HgBr, Hel, 

white (d> 645°) white (280°, 303°) white (238°, 318°) a red, B yellow 
Csi 3515) 

Hg,F, Hg,Cl, Hg,Br, Hg,I, 
yellow (d>570°) white (subl 383°) White (subl 345°) yellow (subl 140°) 

cases these may be regarded as close-packed lattices of halides ions in which the Zn" ions 

occupy tetrahedral, and the Cd" ions octahedral, sites. The structures of CdCl, (CdBr, is 

similar) and Cdl, are of importance (Fig. 29.2) since they are typical of MX, compounds 

in which marked polarization effects are expected." *) 
Concentrated, aqueous solutions of ZnCl, dissolve starch, cellulose (and therefore 

cannot be filtered through paper!), and silk. Commercially ZnCl, is one of the important 

compounds of zinc, with applications in textile processing and, because when fused it 

readily dissolves other oxides, is used in a number of metallurgical fluxes as well as in the 

Fic. 29.2 The layer structure of crystalline CdI,: (a) Shows the hexagonal close-packing of I 
atoms with Cd atoms in alternate layers of octahedral sites sandwiched between layers of I atoms. 
In CdCl, the individual composite layers are identical with those in CdlI,, but they are arranged so 
that the Cl atoms are ccp. (b) Shows a portion of an individual composite layer of CdI, (or CdCl.) 
octahedra. (c) Shows the same portion of a composite layer as in (b) and viewed from the same 

angle, but with CdI, (or CdCl,) units represented by solid, edge-sharing octahedra. 

'3 N. N. GREENWOOD, Chap. 3 of ref. 10b, pp. 37-61. 

CTE-TI* 
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manufacture of magnesia cements in dental fillings. Cadmium halides are used in the 

preparation of electroplating baths and in the production of pigments. 

Covalency is still more pronounced in HgX, (X =Cl, Br, I) than in the corresponding 

halides of Zn and Cd. These compounds are readily prepared from the elements and are 

low melting volatile solids, soluble in many organic solvents. Their solubilities in water, 

where they exist almost entirely as HgX, molecules, decrease with increasing molecular 

weight, HgI, being only slightly soluble, and they may be precipitated anhydrous from 

aqueous solutions by metathetical reactions. Their crystalline structures reveal an 

interesting gradation. HgCl, is composed of linear CI-Hg—Cl molecules (Hg—Cl = 225 pm 

and the next shortest Hg---Cl distance is 334 pm); HgBr, and Hgl, have layer structures. 

However, in the bromide although the Hg" may be regarded as 6-coordinated, two Hg—Br 
distances are much shorter than the other four (248 pm compared to 323 pm), while in the 

red variety of the iodide the Hg" is unambiguously tetrahedrally 4-coordinated 

(Hg-I = 278 pm). At temperatures above 126°C Hg], exists as a less-dense, yellow form 
similar to HgBr,. In the gaseous phase all 3 of these Hg" halides exist as discrete linear 

HgX, molecules. Comparison of the Hg—X distances in these molecules (Hg—Cl = 228 pm, 

Hg-—Br= 240 pm; Hg-I=257 pm) with those given above, indicate an increasing 

departure from molecularity in passing from the solid chloride to the solid 1odide. 

HgCl, is the “corrosive sublimate” of antiquity, formerly obtained by sublimation from 

HgSO, and NaCl and used as an antiseptic. It is, however, a violent poison and was widely 

used as such in the Middle Ages.“ 
The halides are the most familiar compounds of mercury(I) and all contain the Hg,?* 

ion (see below). Hg,F, is obtained by treating Hg,CO, (itself precipitated by NaHCO, 

from aqueous Hg,(NO;), which in turn is obtained by the action of dil HNO; on an 

excess of metallic mercury) with aqueous HF. It dissolves in water but is at once 

hydrolysed to the “black oxide” which is actually a mixture of Hg and HgO. On heating, it 

disproportionates to the metal and HgF,. The other halides are virtually insoluble in 

water and so, being free from the possibility of hydrolysis, may be precipitated from 

aqueous solutions of Hg,(NO3), by addition of X~. Alternatively, they may be prepared 

by treatment of HgX, with the metal. Hg,Cl, and Hg,Br, are easily volatilized and 

their vapour densities correspond to “monomeric HgX”. However, the diamagnetism of 

the vapour (Hg! in HgX would be paramagnetic) and the ultraviolet absorption at the 

wavelength (253.7 nm) characteristic of Hg vapour, make it clear that decomposition to 

Hg + HgX, is the real reason for the halved vapour density. Hg,I, decomposes similarly 

but even more readily, and the presence of finely divided metal is thought to be the cause of 

the greenish tints commonly found in samples of this otherwise yellow solid. 

Calomel,} Hg,Cl,, has been widely used medicinally but possible contamination by the 
more soluble and poisonous HgCl, renders this a hazardous nostrum. 

29.3.3. Mercury(I) 

Although Cd,(AICl,)>, isolated from melts of Cd and CdCl, in NaAICl,, and the glass 
obtained from the melt of Zn in ZnCl, give Raman spectra which indicate the presence of 

+ Calomel, derived from the Greek words kaA.0-¢ (beautiful) and péAac (black), seems an odd name for a white 
solid. It might arise from the colour of the material obtained when Hg,Cl, is treated with ammonia; this is a 
product of variable composition (see below) which owes its colour to the presence of metallic mercury. Other 
more fanciful derivations are listed in the Oxford English Dictionary 2, 41 (1970) 
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(Cd-Cd)** and (Zn-Zn)?* respectively, it is only for mercury that the formal oxidation 
state 1 is of importance. 

Mercury(I) compounds in general may be prepared, like the halides just discussed, by 

the reduction of the corresponding Hg" salt, often by the metal itself, or by precipitation 
from aqueous solutions of the nitrate. The nitrate is known as the dihydrate, 

Hg,(NO;),.2H,O, and is stable in water if this is acidified, otherwise basic salts such as 

Hg(OH)(NO,) are precipitated. The perchlorate is the only other appreciably soluble 

salt, the rest being either insoluble or, like the sulfate, chlorate, and salts of organic acids, 

only sparingly soluble. In all cases the dinuclear Hg,** ion is present rather than 

mononuclear Hg*. The evidence for this is overwhelming and includes the following: 

(1) In crystalline mercury(I) compounds, instead of the sequence of alternate M* and 

X~ expected for MX compounds, Hg—Hg pairs are found in which the separation, 

though not constant, lies in the range 250-270 pm"? which is shorter than the 
Hg-—Hg separation of 300 pm found in the metal itself. 

(2) The Raman spectrum of aqueous mercury(I) nitrate has, in addition to lines 

characteristic of the NO, ion, a strong absorption at 171.7 cm! which is not 

found in the spectra of other metal nitrates and is not active in the infrared; it is 

therefore diagnostic of the Hg—Hg stretching vibration since homonuclear diatomic 

vibrations are Raman active not infrared active. Similar data have recently been 

produced for a number of other compounds in the solid state and solution. 

(3) Mercury(I1) compounds are diamagnetic, whereas the monatomic Hg* ion would 

have a d'°s' configuration and so be paramagnetic. 
(4) The measured emfs of concentration cells of mercury(I) salts are only explicable on 

the assumption that a 2-electron transfer is involved. This would not be the case if 

Hg* were involved: [E = (2.303 RT/nF) log a,/a, where n=2 for Hg,?* andn=1 

for Hg*]. 
(5) It is found that “equilibrium constants” are in fact only constant if the 

concentration [Hg,?* ] is employed rather than [Hg * ]?, ie. the equilibria must be 
of the type: 

2Hg + 2Ag *————Hg,**+2Ag NOT Hg+Ag*=———Hg* +Ag 

or Hg+Hg?* Hgsar NO Pap Haris? aig 

In order to understand the formation and stability of mercury(I) compound it is helpful 

to consider the relevant reduction potentials: 

Hg,7* +2e°- ————+?Hgil); E°+0.7889 V 

and DE oot a ee 91 SE ?+10.920 5 

From this it follows that 

Hg?* +2e =———Hgi(l);  E°+0.8545 V 

and Heo? === He (1) + He?" pk? -0.131-V 

Now, E°=(RT/nF)1n K, i.e. E° =(0.0591/n) log, K. 

+ Indeed, this is perhaps the earliest example of a new structural species to be established by Raman 

spectroscopy. (L. A. Woopwarb, Raman effect and the complexity of mercurous and thallous ions, Phil. Mag. 

18, 823-7 (1934).) 



1410 Zinc, Cadmium, and Mercury Ch. 29 

Hence, log,) K = —(0.131/0.0591) = —2.217, 

1.€. K =[Hg?*]/[Hg,?* ]=0.0061 

Thus, at equilibrium, aqueous solutions of mercury(I) salts will contain around 0.6% of 

mercury(I) and the rather finely balanced equilibrium is easily displaced. The presence of 

any reagent which reduces the activity (in effect the concentration) of Hg?* more than 

that of Hg,?*, either by forming a less-soluble salt or a more-stable complex of Hg??* will 

displace the equilibrium to the right and cause the disproportionation of the Hg,?*. There 

are many such reagents, including S*~, OH, CN”, NH, and acetylacetone. This is why 

the most stable Hg,?* salts are the insoluble ones and why there are few stable complexes. 

Those which are known all involve either O-. or N-donor ligands,f the linear 

O-Hg-Hg-—O group being a common feature of the former. 

Polycations of mercury 

The Hg—Hg bond in Hg,** may be ascribed to overlap of the 6s orbitals with little 

involvement of 6p orbitals or of the filled d’° shell of each atom. If this is regarded as the 

coordination of Hg to an Hg?* cation, the coordination of a second Hg ligand is 

reasonable. Accordingly, Hg3(AICl,), can be obtained from a molten mixture of HgCl,, 

Hg, and AICI, and contains the discrete, virtually linear cation 

255 pm 

[Hg Hg Hg]** 

in which the formal oxidation state of Hg is +4. 

Still more interesting is the oxidation of Hg by AsF, in liquid SO, :" in this process the 

AsF, serves both as an oxidant (being reduced to AsF;) and also as a fluoride-ion 
acceptor to give AsF, . In a matter of minutes the colour of the solution becomes bright 

yellow then deepens to red as the Hg simultaneously turns to a shiny golden-yellow solid; 

the solid then begins to dissolve to give an orange and, finally, a colourless solution. By 

controlling the quantity of oxidant, AsF, and removing the solution at the appropriate 

stages, it is possible to crystallize a series of extremely moisture-sensitive materials: 

deep red-black Hg,(AsF,)>, the cation of which is the almost linear 

259 pm 262 pm 259 pm 

Hg [Hg Hgpeseeesigt 

with Hg in the formal average oxidation state +4; 

orange Hg;3(AsF,),, containing the trimeric cation mentioned above; and 

colourless Hg,(AsF,),, containing the dimeric Hg! cation. 

By working at lower temperatures (— 20°C) to reduce the reaction rate, or by using 

+ For this reason, although Hg,”* must be regarded as a class-b cation (e.g. the solubilities of its halides 
decrease in the order F~ to I~), it is evidently less so than Hg?* which has a notable preference for S donors. 

'*R. J. GILLESPIE, private communication (October 1981) but see B. D. Currortu and R. J. GILLESPIE, 
Polymercury cations, /norg. Syntheses 19, 22-27 (1979). I. D. Brown, B. D. Cutrortu, C. G. Davies, P. R. 

IRELAND, and J. E. Vekris, Alchemists’ gold, Hg, s,AsF,: an X-ray crystallographic study ofa novel disordered 

mercury compound containing metallically bonded infinite chains, Can. J. Chem. 52, 791-3 (1974). 
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specially designed apparatus which limits the access of AsF; to the Hg, it has been possible 

to isolate large single crystals of the intermediate golden-yellow solid having dimensions 

up to 35 x 35 x 2 mm®. X-ray analysis," supported by neutron diffraction,"'*” shows that 
it consists of a tetragonal lattice (a=b¥c) of octahedral AsF,~ anions with two non- 

intersecting and mutually perpendicular chains of Hg atoms running through it in the a 

and b directions. Chemical analysis suggests the composition Hg,(AsF,) and a formal 

oxidation state of Hg= +4, but the measured Hg—Hg separation of 264 pm along the 

chains is not commensurate with the parallel dimensions of the lattice unit cell, 

a=b=754 pm (cf. 3 x 264 pm=792 pm) and implies instead the nonstoichiometric 

composition Hg, ,,(AsF,) or more generally Hg,_,(AsF,) since the composition 

apparently varies with temperature. An alternative explanation"*” is that the incommen- 
surate dimensions are a result of anion vacancies and that the compound should be 

formulated more correctly as Hg, ,,(AsF¢)oo4-. Partially filled conduction bands 

formed by overlap of Hg orbitals produce a conductivity in the a—b plane which 

approaches that of liquid mercury and the material becomes superconducting at 4 K. 

The analogous (SbF,)” compound"™ has also been characterized but because the unit 
cell of the (SbF,)~ lattice is somewhat larger than that of (AsF,)~, it is formulated as 

Hg, 91 (SbF). 

29.3.4 Zinc(Il) and cadmium(I1) 

The almost invariable oxidation state of these elements is + 2 and, in addition to the 

oxides, chalcogenides, and halides already discussed, salts of most anions are known. Oxo- 

salts are often isomorphous with those of Mg” but with lower thermal stabilities. The 

carbonates, nitrates, and sulfates all decompose to the oxides on heating. Several, such as 

the nitrates, perchlorates, and sulfates, are very soluble in water and form more than one 

hydrate. [Zn(H,O),]** is probably the predominant aquo species in solutions of Zn" 
salts. Aqueous solutions are appreciably hydrolysed to species such as [M(OH) (H,O),.]* 

and [M,(OH)(H,O),]** and a number of basic (i.e. hydroxo) salts such as 

ZnCO,.2Zn(OH),.H,O and CdCl,.4Cd(OH), can be precipitated. Distillation of zinc 

acetate under reduced pressure yields a crystalline basic acetate, [Zn,O(OCOMe), ]. The 

molecular structure of this consists of an oxygen atom surrounded by a tetrahedron of Zn 

atoms bridged across each edge by acetates. It is isomorphous with the basic acetate of 

beryllium (p. 135) but, in contrast, the Zn" compound hydrolyses rapidly in water, no 

doubt because of the ability of Zn" to increase its coordination number above 4. 
The coordination chemistry of Zn" and Cd", although much less extensive than for 

preceding transition metals, is still appreciable. Neither element forms stable fluoro 

complexes but, with the other halides, they form the complex anions [MX,]~ and 

[MX,]?~, those of Cd" being moderately stable in solution.” *) By using the large cation 
[Co(NH;),]** it is also possible to isolate the trigonal bipyramidal [CdCl,]?~. 
Tetrahedral complexes are the most common type and are formed with a variety of 

'4a A J. ScuuLtz, J. M. Wiuiams, N. D. Miro, A.G. MacDiarmip, and A.J. HEEGeR, A neutron 
diffraction investigation of the crystal and molecular structure of the anisotropic superconductor Hg,AsF,, 
Inorg. Chem., 17, 646-9 (1978). 

146 N) D. Miro, A. G. MAcDiarmID, A. J. HEEGER, A. F. Garito, C. K. CHIANG, A. J. SCHULTZ, and J. M. 
WILLIAMS, Synthesis and constitution of the metallic mercury compound Hg, .(AsSF,)o.o4, J. Inorg. Nucl. 

Chem. 40, 1351-5 (1978). 
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O-donor ligands (more readily with Zn" than Cd"), more stable ones with N-donor 

ligands such as NH, and amines, and also with CN . Some of the apparently 3-coordinate 

complexes have a higher coordination number because of aquation or association. 

Complexes of higher coordination number are often in equilibrium with the tetrahedral 

form and may be isolated by increasing the ligand concentration or by adding large 

counter ions, e.g. [M(NH3),]**, [M(en)3]**, or [M(bipy),]?*. With acetylacetone, zinc 
achieves both 5- and 6-coordination by trimerizing to [Zn(acac),]3 (Fig. 29.3a). Five- 

coordination is also found in adducts such as the distorted trigonal bipyramidal 

[Zn(acac),(H,O)] and [Zn(glycinate),(H,O)] while the hydrazinium — sulfate 

[N,H,],Zn[SO,], contains 6-coordinated zinc. This is isomorphous with the Cr" 
compound (p. 1201) and in the crystalline form consists of chains of Zn" bridged by SO,7~ 
ions, with each Zn" additionally coordinated to two trans-N,H,* ions."'> 

Complexes with SCN throw light on the relative affinities of the two metals for N- and 

S-donors. In [Zn(NCS),]?~ the ligand is N-bonded whereas in [Cd(SCN),]*~ it is 
S-bonded. SCN can also act as a bridging group, as in [Cd{S=C(NHCH,),},(SCN), ] 

when linear chains of octahedrally coordinated Cd" are formed (Fig. 29.3b). A number of 
zinc-sulfur compounds are used as accelerators in the vulcanization of rubber. Among 

Fic. 29.3. Some polymeric complexes: (a) [Zn(acac),]3, (b) [Cd{S=C(NHCH,;),},(SCN),], 
and (c) [M(S,CNEt, )> ]), M=Zn, Cd, Hg. (Note that M is 5-coordinate but with one M-S 

distance appreciably greater than the other four.) 

'*D. W. Hanp and C. K. Prout, The unit-cell dimensions of the metal hydrazinium sulphates 
(N3H,),M'\(SO,)>, J. Chem. Soc. (A) 1966, 168-70. 
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these are the dithiocarbamates, of which [Zn(S,CNEt,),],, and the isostructural Cd" and 
Hg" compounds achieve 5-coordination by dimerizing (Fig. 29.3c). 

Coordination numbers higher than 6 are rare and in some cases are known to involve 

chelating NO;~ ions which not only have a small “bite” but, may also be coordinated 

asymmetrically so that the coordination number is not well defined.“ ® !”) 

29.3.5. Mercury(IT) 

The oxide (p. 1404), chalcogenides (p. 1406), and halides (p. 1406) have already been 

described. Of them, the only ionic compound is HgF, but other compounds in which there 

is appreciable charge separation are the hydrated salts of strong oxoacids, e.g. the nitrate, 

perchiorate, and sulfate. In aqueous solution such salts are extensively hydrolysed (HgO is 

only very weakly basic) and they require acidification to prevent the formation of 

polynuclear hydroxo-bridged species or the precipitation of basic salts such as 

Hg(OH)(NO;) which contains infinite zigzag chains: 

H 

<x Pele 
Hg Hg Hg 

ee Te PT Pe 
H 

Their ionic character is symptomatic of the marked reluctance of Hg" to form covalent 

bonds to oxygen. In the presence of excess NO, ions the aqueous nitrate forms the 

complex anion [Hg(NO;),]* in which 8 oxygen atoms from the bidentate nitrate groups 

are equidistant from the mercury at 240 pm, which is almost precisely the sum of the ionic 

radu (140+102 pm). Also, the unusual regular octahedral coordination is found in 

complexes with O-donor ligands:"® [Hg(C,;H;NO),]?* (Hg-O=235 pm), 
[Hg(H,O),]** (Hg-O = 234 pm), and [Hg(Me,SO),]?* (Hg-O = 234 pm). In contrast, 

the more covalently bonding f-diketonates do not form complexes. 
The most usual type of coordination in compounds of Hg" with other donor atoms is a 

distorted octahedron with 2 bonds much shorter than the other 4.¢ In the extreme, this 

results in linear 2-coordination in which case the bonds are largely covalent. Hg(CN), is 

actually composed of discrete linear molecules, whereas crystallinet Hg(SCN), is built up 

of distorted octahedral units, all SCN groups being bridging. 

+ This has led to the distinction” by several workers between the characteristic coordination number, which is 
the number of shortest equal, Hg-L distances and the effective coordination number, which is the number of all 

Hg-L distances which are less than the sum of the van der Waals radii of Hg and L. 
t Pellets of the dry powder, when ignited in air, form snake-like tubes of spongy ash of unknown 

composition—the so-called “Pharaoh’s serpents”. 

"© A. F. CAMERON, D. W. TayLor, and R. H. NUTTALL, Structural investigations of metal-nitrate complexes. 

Part VII. Crystal and molecular structures of aquodinitratobis(quinoline)cadmium(II), JCS (Dalton) 1973, 
2130-4. 

'7C. Betuito, L. Gastatpi, and A. A. G. Tomutnson, Crystal structure of tetraphenylarsonium 
tetranitratozincate(2—) and optical spectrum of tetranitratocobaltate(2—), JCS (Dalton) 1976, 989-92. 

18D. L. Kepert, D. Taytor, and A. H. Wuite, Crystal structure of hexakis(pyridine-1-oxide)mercury(II) 
bisperchlorate, JCS (Dalton) 1973, 670-3. G. JOHANSSON and M. SANDsTROM. The crystal structure of 

hexaaquamercury(II) perchlorate, [Hg(H,O),](ClO,),, Acta Chem. Scand. A32, 107-13 (1978). M. SANDSTROM 
and I. Persson, Crystal and molecular structure of hexakis(dimethylsulfoxide)mercury(II) perchlorate, 
[Hg{(CH;),SO},](ClO,),, ibid, 95-100 (1978). 
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an 

With both these pseudo halides, an excess produces complex anions [HgX3]~ and the 

tetrahedral [HgX,]”. 
Similar halo complexes are produced in solution, and several salts of [HgX3] have 

been isolated and characterized; they display a variety of stereochemistries. In [HgCl, ]~ 

the environment of the Hg" is either distorted octahedral (with small cations such as NH,~ 
or Na‘) or distorted trigonal bipyramidal (with larger cations such as [NEt,]* or 
[SMe,]*), whereas in salts of [HgBr,]” and [HglI,] the coordination is more 

commonly distorted tetrahedral. [NBu” ][HglI,] has recently been characterized" ®* and 
affords the first example of monomeric [HgX,] . The anion is planar but, with one 

I-Hg-I angle 115°, its symmetry is C,,, rather than D3,. In the presence of excess halide, 

[HgX,]?~ complex ions are produced and in comparison with those of Zn" and Cd" it can 
be seen that their stabilities increase with the sizes of the anion and the cation so that 

[HglI,]?~ is the most stable of all. Thus, the normally very insoluble Hg], will dissolve in 

aqueous solutions of I~ which can then be made strongly alkaline without precipitation 

occurring. Such solutions are known as Nessler’s reagent, which is used as a sensitive test 

for ammonia since this produces a yellow or brown coloration due to the formation of the 

iodo salt, Hg,NI.H,O, of Millon’s base (see below). Adducts of the halides HgX,, with N-, 

S-, and P-donor ligands are known, those with N-donors being especially numerous.” 

Their stereochemistries are largely of the expected tetrahedral, or grossly distorted 

octahedral, types. 

Hg"'-N compounds: ?° 

Mercury has a characteristic ability to form not only conventional ammine and amine 

complexes but also, by the displacement of hydrogen, direct covalent bonds to nitrogen, 
€.g.: 

Hg?* +2NH,————> [Hg-NH,]* +NH,* 

Thus in the presence of an excess of NH,,*, which suppresses this forward reaction, and 

counteranions such as NO, and ClO, , which have little tendency to coordinate, 

complexes such as [Hg(NH;),]**, [Hg(L-L),]?*, and even [Hg(L-L),]** (L=en, bipy, 

82 PL. Goan, P. Kinc, D. M. McEwan, G. E. TayLor, P. Woopwarb and M. SANDSTROM, Vibrational 
spectroscopic studies of tetra-n-butylammonium trihalogenomercurates; crystal structures of [NBu",](HgCl,) 
and [NBu®*,][HglI3], JCS (Dalton) 1982, 875-82. 

'* P. A. W. Dean, The coordination chemistry of the mercuric halides, Prog. Inorg. Chem. 24, 109-78 (1978). 
°0 D. BREITINGER and K. BRODERSEN, Development of, and problems in, the chemistry of mercury—nitrogen 

compounds, Angew. Chem., Int. Edn. (Engl.) 9, 357-67 (1970). 
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phen) can be prepared. But, in the absence of such precautions, amino, or imino- 

compounds are likely to be formed, often together. Because of this variety of simultaneous 

reactions and their dependence on the precise conditions, many reactions between Hg" 

and amines, although first performed by alchemists in the Middle Ages, remained obscure 

until the application of X-ray crystallography and, still more recently, spectroscopic 

techniques such as nmr, infrared, and Raman. 

The action of aqueous ammonia on HgCl,, for instance, may be described by the three 

reactions: 

HgCl, + 2NH;———[Hg(NH;),Cl,] (1) 

[Hg(NH3).Cl, |J———=[Hg(NH,2)Cl] + NH,Cl (2) 

2fHg(NH,)Cl] + H,O——=[Hg,NCI(H,O)] + NH, Cl (3) 

In general, all these products are obtained in proportions which depend on the 

concentrations of NH, and NH,” and on the temperature, but more or less pure products 

can be prepared by suitably adjusting the conditions. 

The diammine [Hg(NH;),Cl, ], descriptively known as “fusible white precipitate”, can 

be isolated by maintaining a high concentration of NH,"*, since reactions (2) and (3) are 

thereby inhibited, or better still by using non-polar solvents.7") It is made up of a cubic 

lattice of Cl~ ions with linear H,N-Hg—NH; groups inserted so as to give the common, 

distorted octahedral coordination about Hg" (Hg-N=203 pm, Hg-Cl= 287 pm) (Fig. 
29.4). 

By using a low concentration of NH; and with no NH,” initially present, the amide 

[Hg(NH,)Cl], “infusible white precipitate” is obtained. This consists of parallel chains of 

H, 
N 

~ BS BSS 
Hg Hg 

SS eat a 

separated by Cl” ions. 

Fic. 29.4. Crystal structure of Hg(NH;),Cl, showing linear NH;-Hg-NH, groups inside a 
lattice of chloride ions. 

21 W.G. PaLMErR, Experimental Inorganic Chemistry, p. 184, Cambridge University Press, Cambridge, 1954. 
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[Hg,NCl(H,O)] is the chloride of Millon’s base, [Hg,N(OH).(H,O),], and can be 

obtained either by heating the diammine, or amide with water or, better still, by the action 

of hydrochloric acid on Millon’s base which is best prepared by the method, used in 1845 

by its discoverer, of warming yellow HgO with aqueous NH3. Replacement of the OH™ 

yields a series of salts, [Hg,NX(H,O)], the structures of which (and that of the base itself) 

consist, with only minor variations, of a network of {Hg,N} * units linked so that each N is 

tetrahedrally linked to 4 Hg and each Hg is linearly linked to 2 N (Hg—N = 204-209 pm 

depending on X).'2!*) The X~ ions and water molecules are accommodated interstitially 

and these materials behave as anion exchangers. 

When Hg,Cl, is treated with aqueous NH, disproportionation occurs 

(Hg,Cl, > HgCl, + Hg); the HgCl, then reacts as outlined above to give a precipitate of 

variable composition. The liberated mercury, however, renders the precipitate black, as 

previously mentioned, and so forms the basis of a distinctive qualitative test for Hgize 

As indicated by the insolubility and inertness of HgS, Hg" has a great affinity for sulfur. 

HgO reacts vigorously with mercaptans (which is why RSH were given the name 

mercaptansf), displacing the H as with amines: 

HgO + 2RSH—>Hg(SR), +H,O 

These mercaptides are low-melting solids, soluble in CHCl; and C,H,, and, though 

their structures depend on R, they all apparently contain linear S-Hg-S or, in Hg(SBu'),, 

tetrahedral HgS, units. Most of the thioether (SR) complexes which have been prepared 

are adducts of the Hg" halides and include both monomeric and polymeric (i.e. X-bridged) 

species. The dithiocarbamate [Hg(S,CNEt,),] exists in two forms, one of which has the 

same structure as the corresponding Zn" and Cd" compounds (Fig. 29.3c), while the other 
is polymeric. 

29.3.6 Organometallic compounds” 

Although they were not the first organometallic compounds to be prepared (Zeise’s salt 

was discovered in 1827) the discovery of zinc alkyls in 1849 by Sir Edward Frankland may 

be taken as the beginning of organometallic chemistry since Frankland’s studies led to 

their employment as intermediates in organic synthesis, while the measurements of 

vapour densities led to his suggestion, crucial to the development of valency theory, that 

each element has a limited but definite combining capacity. After their discovery in 1900 

Grignard reagents largely superseded the zinc alkyls in organic synthesis, but by then 

many of the reactions for which they are now used had already been worked out on the 
zinc compounds. 

Alkyls of the types RZnX and ZnR, are both known and may be prepared by essentially 

+ Mercaptans were discovered in 1834 by W. C. Zeise (p. 357) who named them from the Latin mercurium 

captans, catching mercury. 

71a AF. WELLS, Structural Inorganic Chemistry, 4th edn., Oxford University Press, Oxford, 1975: the 

structural chemistry of mercury is reviewed on pp. 916-26. 

21 G_ E. Coates and K. Wabe, Organometallic Compounds, 3rd edn., Vol. 1, pp. 121-76 (Zinc, cadmium, 
and mercury), Methuen, London, 1967. : 
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the original method of heating Zn with boiling RX in an inert atmosphere (CO, or N,): 

Zn + RX—>RZnX 

and then raising the temperature to distil the dialkyl: 

2RZnX —-> ZnR,+ZnX, 

These reactions work best with X=I but the less-expensive RBr can be used in 

conjunction with a Zn—Cu alloy instead of pure Zn. Diaryls are best obtained from 

appropriate organoboranes or organomercury compounds: 

3ZnMe, + 2BR;,——>3ZnR,+2BMe, 

or Zn+HgR,—~>ZnR,+Hg 

ZnR, are covalent, non-polar liquids or low-boiling solids (Table 29.4). They are 

invariably monomeric in solution with linear C-Zn-C coordination at the Zn atom. They 

are very susceptible to attack by air and those of low molecular weight are spontaneously 

flammable, producing a smoke of ZnO. Their reactions with water, alcohols, and 

ammonia, etc., are generally similar to, but less vigorous than, those of Grignard reagents 

(p. 147) with the important difference that they are unaffected by CO,; indeed, they are 

often prepared under an atmosphere of this gas. 

TABLE 29.4 Comparison of some typical organometallic compounds MR, 

Zn Cd Hg 

R 

MP/°C BP/°C MP/°C BP/re MP/°C BP/°C 

Me =29.2 46 —4'5 105.5 _ 92.5 
Et —28 117 —21 64 (19 mmHg) — 159 
Ph 107 d 280 173 — 121.8 (subl) 204 (10 mmHg) 

Organocadmium compounds are normally prepared from the appropriate Grignard 

reagents: 

CdX, + 2RMgX ——> CdR, + 2Mgx, 

and then if desired: 

They are thermally less stable than their Zn counterparts but generally less reactive (not 

normally catching fire in air), and so their most important use (but see also ref. 22) is to 

prepare ketones from acid chlorides: 

2R'COCI+CdR, >2R’'COR+ CdCl, 

The use of Grignard reagents is impracticable here since they react further with the ketone. 

22 p_R. Jones and P. J. Desio, The less familiar reactions of organocadmium reagents, Chem. Revs. 78, 

491-516 (1978). 
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An enormous number of organomercury compounds are known. They are predomin- 

antly of the same stoichiometries as those of Zn and Cd, viz. RHgX and HgR,, and may be 

prepared by the action of sodium amalgam on RX: 

2Hg+ 2RX ——>HgR,+HgxX, 

HgCl, + 2Na——> Hg + 2NaCl 

More usually they are made by the reaction of Grignard reagents on HgCl, in thf: 

RMgX+ HgCl, ——> RHgCl+ MgXCl 

RMgX + RHgCl-——-> HgR, + MgXCl 

or simply by the action of HgX, on a hydrocarbon: 

HgX,+RH—>RHgX+ HX (mercuration). 

RHgx are crystalline solids, and HgR, are extremely toxic liquids or low-melting solids 

(Table 29.4). They are essentially covalent materials except when X =F , NO, , or 

SO,,2~, in which cases the former are water-soluble and apparently ionic, [RHg]*X~. 

There are several reasons for the attention which these compounds have received. The 

search for pharmacologically valuable drugs has provided a continuing stimulus, and the 

existence of convenient preparative methods, coupled with their remarkable stability to 

air and water, has led to their extensive use in mechanistic studies.'?*) Their stability sets 

them apart from the organic derivatives of other Group II metals but arises from the 

extreme weakness of the Hg—O bond rather than an inherently strong Hg—C bond. In fact 

the latter is weak, being commonly only ~60 kJ mol! and organomercury compounds 

are thermally and photochemically unstable, in some cases requiring to be stored at low 

temperatures in the dark. Indeed, because of the weakness of the bond, Hg can be replaced 

by many metals which give stronger M-—C bonds and the preparation of organo 

derivatives of other metals (e.g. of Zn and Cd as referred to above) is the most important 

application of these compounds. 

It appears that all RHgX and HgR, compounds are made up of linear R-Hg—X or 

R-Hg-R units, which could arise from sp hybridization of the metal. In some cases 
polymerization is necessary to achieve this linearity. Thus, for instance, o-phenylene- 

mercury, which could conceivably be formulated as 

Hg 

Hg 

is in fact a cyclic trimer (Fig. 29.Sa). These organomercury compounds generally have 
little tendency to coordinate to further ligands but a few complexes involving irregular 

3-coordination are known: these appear to be incompatible with sp? hybridization since 

this would produce symmetrical planar (local C,,) geometry at Hg. Of these 
[HgMe(bipy)]NO,°* and [HgR(HDz)]°° (Fig. 29.5b and c) may be mentioned. 

>> M. H. ABRAHAM, Chaps. 4-9, pp. 23-177, Electrophilic substitution at a saturated carbon atom, Vol. 12 of 
Comprehensive Chemical Kinetics (eds. C. H. BAMFoRD and C. F. H. Tipper), Elsevier, Amsterdam, 1973. 

** A. J. Canty and B. M. GaTeHoust, Crystal and molecular structures of (2,2'-bipyridyl(methylmercury(II) 
nitrate, a complex with irregular three-coordination, JCS (Dalton) 1976, 2018-20. 

°** A. T. Hutton and H. M.N. H. IrvinG, Three-coordinate mercury complex: photochromism and 
molecular structure of phenylmercury(II)dithizonate, JCS Chem. Comm. 1979, 1113-14. 
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a _ 

(a) ee He 

(b) vaaren , (c) 

Fic 29.5 (a) o-Phenylenemercury trimer,?*” (b) the planar cation in [HgMe(bipy)]NO,,?* and (c) 
phenylmercury(I])dithizonate.?* 

Among the versatile and synthetically useful reactions are those typified by the 

absorption of alkenes (olefins) by methanolic solutions of salts, particularly, the acetate of 

Hg". The products are not z complexes, but o-bonded addition compounds, e.g.: 

R R R 

McOH 

y 

R R R R R R 

Oxomercuration 

Regeneration of the alkene occurs on acidification, e.g. with HCl: 

R,C(OMe)C(HgX)R, + HCl—>R,C=CR, + MeOH + HgxXCl 

Methanolic solutions of Hg" also absorb CO and the products, of the type 

Xe OMe. 

are again o-bonded. ‘ 

A similar reluctance to form z bonds is seen in the cyclopentadienyls of mercury such as 

[Hg(n!-C,H;),] and [Hg(n'-C,H,)X]. As they are photosensitive and single crystals are 

254 T). S. BROWN, A. G. MAssey, and D. A. WICKENS, Structure of tribenzo[b,e,h]-[1,4,7]trimercuronin, Acta 

Cryst., B34, 1695-97 (1978). 
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Fic. 29.6 The structure of [Hg(7'-C;H,PPh;)I,], showing the essentially tetrahedral 
coordination of the mercury atoms and of the carbon atoms attached to them. 

very difficult to obtain, structural information has been derived mainly from infrared and 

nmr data. These show that the rings are monohapto and the compounds fluxional, i.e. the 

point of attachment of the Hg to the ring changes rapidly on the nmr time scale so that the 

5 carbons are indistinguishable—the phenomenon of “ring whizzing”. The first structural 

determination of a mercury cyclopentadienyl by X-ray diffraction was recently?” 

achieved and confirmed the presence of an Hg-C o bond in [Hg(n!-C,H,PPh;)I, ], (Fig. 

29.6). 

29.3.7 Biological and environmental importance 

It is a remarkable contrast that, whereas Zn is biologically one of the most important 

metals and is apparently necessary to all forms of life, Cd and Hg have no known 

biological role and are amongst the most toxic of elements. ; 

The body of an adult human contains about 2 g of Zn but, as Zn enzymes are present in 

most body cells, its concentration is very low and realization of its importance was 

therefore delayed: The two Zn enzymes which have received most attention are 

carboxypeptidase A and carbonic anhydrase.?° 
Carboxypeptidase A catalyses the hydrolysis of the terminal peptide bond in proteins 

during the process of digestion: 

Hy © HO H O H O 
ee lew 7; eran leery. bb tol ney 

--- NH—C —C—NH—C—C ———> ---NH—C—C€C + HEN C16 

pa peo. I ia \ 
R CH Os R oO GH; Oe 

OH OH 

>" N.L. Hoty, N. C. BAENZIGER, R. M Friynn, and D.C. Swenson, The synthesis and structure of mercuric 
halide complexes of triphenylphosphonium cyclopentadienylide. The first X-ray structure of a mercury 
cyclopentadienyl, J. Am. Chem. Soc. 98, 7823-4 (1976). 

7° R. H. Prince, Some aspects of the bioinorganic chemistry of zinc, Adv. Inory. Chem. Radiochem. 22, 
349-440 (1979). 
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It has a molecular weight of about 30 000-35 000 and contains one Zn tetrahedrally 

coordinated to 2 histidine N atoms, a carboxyl O of a glutamate residue, and a water 

molecule. The precise mechanism of its action is not finally settled, but it is agreed that the 

first step is the replacement of the water molecule attached to the Zn by the 

of the terminal peptide which is thereby polarized, giving the C a positive charge and 

making it susceptible to nucleophilic attack. This attack is probably by the -OH ofa water 

molecule, followed by proton-rearrangement and breaking of the C-N peptide bond, 

though alternative possibilities, such as attack by the carboxyl group of a second 

glutamate residue in the enzyme have also been considered. In any event it is evident that 

the conformation of the enzyme provides a hydrophobic pocket, close to the Zn, which 

accommodates the non-polar side-chain of the protein being hydrolysed, and that this 

protein is, throughout, held in the correct position by H bonding to appropriate groups in 

the enzyme. 

Carbonic anhydrase was the first Zn metalloenzyme to be discovered (1940) and in its 

several forms is widely distributed in plants and animals. Three closely related forms (A, B, 

and C), are found in mammalian erythrocytes (red blood-cells) where they catalyse the 

equilibrium reaction: 

CO,+H,O——=HCO,° +H* 

The forward (hydration) reaction occurs during the uptake of CO, by blood in tissue, 

while the backward (dehydration) reaction takes place when the CO, is subsequently 

released in the lungs. The enzyme increases the rates of these reactions by a factor of about 

one million. 

The molecular weight of the enzyme is in the region of 28 000-30 000 and the roughly 

spherical molecule contains just 1 zinc atom situated in a deep protein pocket, which also 

contains a number of water molecules arranged in an ice-like order. This Zn is coordinated 

to 3 imidazole nitrogen atoms of histidine residues and to a water molecule. Once again 

the precise details of the enzyme’s action are not settled, but it seems probable that the 

coordinated H,O ionizes to give Zn—OH and the nucleophilic OH then interacts with 

the C of CO, (which may be held in the correct position by H bonds to its 2 oxygen atoms) 

to yield HCO, ~. This is equivalent to replacing the slow hydration of CO, with H,O, by 

the fast reaction: 

Connor = —SHCO. 

The latter would normally require a high pH and the contribution of the enzyme is 

therefore presumed to be the provision of a suitable environment, within the protein 

pocket, which allows the dissociation of the coordinated H,O to occur in a medium of 

pH 7 which would otherwise be much too low. 

Cadmium is extremely toxic?” and accumulates in humans mainly in the kidneys and 

liver; prolonged intake, even of very small amounts, leads to dysfunction of the kidneys. It 

acts by binding to the -SH group of cysteine residues in proteins and so inhibits SH 

enzymes. It can also inhibit the action of zinc enzymes by displacing the zinc. 

>" J. H. MENNEAR, Cadmium Toxicity, Dekker, New York, 1979, pp. 224. 
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The history of the toxic effects of mercury”) is long and the use of HgCl,, for instance, as 

a poison has already been mentioned. The use of mercury salts in the production of feltt 
for hats and the dust generated in ill-ventilated workshops by the subsequent drying 

process, led to the nervous disorder known as “hatter’s shakes” and possibly also to the 

expression “mad as a hatter”. 
The metal itself, having an appreciable vapour pressure, is also toxic, and produces 

headaches, tremors, inflammation of the bladder, and loss of memory. The best 

documented case is that of Alfred Stock (p. 171) whose constant use of mercury in the 

vacuum lines employed in his studies of boron and silicon hydrides, caused him to suffer 

for many years. The cause was eventually recognized and it is largely due to Stock’s 

publication in 1926 of details of his experiences that the need for care and adequate 

ventilation is now fully appreciated. 

Still more dangerous than metallic mercury or inorganic mercury compounds are 

organomercury compounds of which the methyl mercury ion HgMe™ is probably the 

most ubiquitous.'*®) This and other organomercurials are more readily absorbed in the 

gastrointestinal tract than Hg" because of their greater permeability of biomembranes. 

They concentrate in the blood and have a more immediate and permanent effect on the 

brain and central nervous system, no doubt acting by binding to the -SH groups in 

proteins. Naturally occurring, anaerobic, bacteria in the sediments of sea or lake floors are 

able to methylate inorganic mercury (Co—Me groups in vitamin B, , are able to transfer 

the Me to Hg") which is then concentrated in plankton and so enters the fish food chain. 

The Minamata disaster in Japan, when 52 people died in 1952, occurred because fish, 

which formed the staple diet of the small fishing community, contained abnormally high 

concentrations of mercury in the form of MeHgSMe. This was found to originate from a 

local chemical works where Hg" salts were used (inefficiently) to catalyse the production 

of acetylene from acetaldehyde, and the effluent then discharged into the shallow sea. 

Evidence of a similar bacterial production of organomercury is available from Sweden 

where methylation of Hg" in the effluent from paper mills has been shown to occur. The 
use of organomercurials as fungicidal seed dressings has also resulted in fatalities in many 

parts of the world when the seed was subsequently eaten. 

Public concern about mercury poisoning has also led to more stringent regulations for 

the use of mercury cells in the chlor-alkali industry (pp. 82, 931). The health record of this 

industry has, in fact, been excellent, but the added costs of conforming to still higher 
standards have led manufacturers to move from mercury cells to diaphragm cells, and this 

change has been made a legal requirement in Japan. 

+ It was apparently helpful to add Hg" to the dil HNO, used to roughen the surface of the animal hair 
employed in the making of felt which is a non-woven fabric of randomly oriented hairs. 

°° L. T. FriperG and J. J. Vostat, Mercury in the Environment, CRC Press, Cleveland, 1972, 232 pp. 



The Lanthanide 
Elements (7=58-71) 

30.1 Introduction 

Not least of the confusions associated with this group of elements is that of terminology. 

The name “rare earth” was originally used to describe almost any naturally occurring but 

unfamiliar oxide and even until about 1920 generally included both ThO, and ZrO,. 

About that time the name began to be applied to the elements themselves rather than their 

oxides, and also to be restricted to that group of elements which could only be separated 

from each other with great difficulty. On the basis of their separability it was convenient to 

divide these elements into the “cerium group” or “light earths” (La to about Eu) and the 

“yttrium group” or “heavy earths” (Gd to Lu plus Y which, though much lighter than the 

others, has a comparable ionic radius and is consequently found in the same ores, usually 

as the major component). It is now accepted that the “rare-earth elements” comprise the 

fourteen elements from 5,Ce to ;,Lu, but are commonly taken to include ,,La and 
sometimes Sc and Y as well. 

To avoid this confusion, and because many of the elements are actually far from rare, 

the terms “lanthanide”, “lanthanon”, and “lanthanoid” have been introduced. Even now, 

however, there is no general agreement about the position of La, i.e. whether the group is 

made up of the elements La to Lu or Ce to Lu. Throughout this chapter the term 

“lanthanide” and the general symbol, Ln, will be used to refer to the fourteen elements 

cerium to lutetium inclusive, the Group IIIA elements, scandium, yttrium, and 

lanthanum, having been dealt with in Chapter 20. 

The lanthanides comprise the largest naturally-occurring group in the periodic table 

with properties so similar that from 1794, when J. Gadolin isolated “yttria” which he 

thought was the oxide of a single new element, until 1907, when lutetium was discovered, 

nearly a hundred claims were made for the discovery of elements belonging to this group. 

In view of the absence at that time of a conclusive test to determine whether or not a 
mixture was involved, this is not surprising. Indeed, there was a general lack of 

understanding of the large numberof elements involved since the periodic table of the time 

could accommodate only one element, namely La. Not until 1913, as a result of H. G. J. 

Moseley’s work on atomic numbers, was it realized that there were just fourteen elements 

between La and Hf, and in 1918 Niels Bohr interpreted this as an expansion of the fourth 

quantum group from 18 to 32 electrons. More information is in the Panel. 

1423 
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History of the Lanthanides" 2) 

In 1751 the Swedish mineralogist, A. F. Cie ees a heavy mineral from which in 
1803 M. H. Klaproth in Germany and, independently, J. J. Berzelius and W. Hisinger in Sweden, 
isolated what was thought to be a new oxide (or “earth”) which was named ceria after the recently 
discovered asteroid, Ceres. Between 1839 and 1843 this earth, and the previously isolated yttria 
(p. 1102), were shown by the Swedish surgeon C. G. Mosander to be mixtures from which, by 1907, 
the oxides of Sc, Y, La, and the thirteen lanthanides other than Pm were to be isolated. The small 
village of Ytterby is celebrated in the names of no less than four of these elements (Table A). 

The classical methods) used to separate the lanthanides from aqueous solutions depended on: 
_(i) differences in basicity, the less-basic hydroxides of the heavy lanthanides precipitating before 
those of the lighter ones on gradual addition of alkali (ii) differences in solubility of salts such as 
oxalates, double sulfates, and double nitrates, and (iii) conversion, if possible, to an oxidation state 
other than +3, e.g. Ce(IV), Eu(II). This latter process provided the cleanest method but was only 
occasionally applicable. Methods (i) and (ii) required much repetition to be effective, and 
fractional recrystallizations were sometimes repeated thousands of times. (In 1911 the American 
C. James performed 15 000 reece in order to obtain pure thulium bromate). 

TABLE A The discovery of the oxides sof ae IIIA and the lanthanide elements 

Element Discoverer Date _ Origin of name 

From ceria E 
Cerium, Ce C. G. Mosander 1839 The asteroid, Ceres — 
Lanthanum, La C. G. Mosander 1839 Greek AcvOcvein, lanthanein, to 

; _ o escape notice 
Praseodymium, Pr C.A.von Welsbach 1885 Greek rpamioc +d1dup0<, 

praseos + didymos, 

7 . / leek green + twin 
Neodymium, Nd C. A. von Welsbach 1885 Greek véocg+didvpoc, neos sks 

_ - new twin 
Samarium,Sm —sSiL. de Boisbaudran —- 1879 ~—s The mineral, samarskite 
Europium, Eu E. A. Demarcay 1901 Europe 

From yttria oF 
Yttrium, Y CG G Mosander —1843~—s Ytterby 
Terbium, Tb C.G.Mosander —s_:11843._—s Ytterby 
Erbium, Er C. G. Mosander 1843. =‘Ytterby 
Ytterblum, Yb J.C. G. de Marignac 1878  Ytterby 

_ Scandium, Sc L.F.Nilson 1879 Scandinavia 
Holmium, Ho P. © Cleve 1879 Latin Holmia: Stockholm 

Thulium, Tm P. T. Cleve 1879 Latin Thule, “most northerly land” 
Gadolinium, Gd _ J.C. G. de Marignac 1880 Finnish chemist, J. Gadolin 
Dysprosium, Dy Ld e Boisbaudran 1886 Greek dvonpocttoc, dysprositos, 

hard to get 

Lutetium, Lu G. Urbain - 
: _ .C.A.von Welsbach 1907 Latin Luteria: Paris 

C. James | 

®) Terbium and erbium were originally named in the reverse order. 
) Originally spelled lutecium, but changed to lutetium in 1949. 

' J. W. MELLorR, A Comprehensive Treatise on Inorganic and Theoretical Chemistry Vol. V, pp. 494-586, 
Longman Green, London, 1924. 

*R. J. Cattow, The Rare Earth Industry, Pergamon Press, Oxford, 1966, 84 pp. 
> H.F. V. Littte, Chap. XI, pp. 317-75, of A Text-book of Inorganic Chemistry (J. N. FRIEND, ed.), Vol. IV, 

2nd edn., Griffin, London, 1921. 
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The minerals on which the work was performed during the nineteenth century were indeed rare, 
and the materials isolated were of no interest outside the laboratory. By 1891, however, the 
Austrian chemist C. A. von Welsbach had perfected the thoria gas “mantle” to improve the low 
luminosity of the coal-gas flames then used for lighting. Woven cotton or artificial silk of the 
required shape was soaked in an aqueous solution of the nitrates of appropriate metals and the 
fibre then burned off and the nitrates converted to oxides. A mixture of 99° ThO, and 1% CeO, 
was used and has not since been bettered. CeO, catalyses the combustion of the gas and 
apparently, because of the poor thermal conductivity of the ThO,, particles of CeO, become 
hotter and so brighter than would otherwise be possible. The commercial success of the gas mantle 
was immense and produced a worldwide search for thorium. Its major ore is monazite, which 
rarely contains more than 12% ThO, but about 45% Ln,O,. Not only did the search reveal that 
thorium, and hence the lanthanides, are more plentiful than had previously been thought, but the 
extraction of the thorium produced large amounts of lanthanides for which there was at first little 
use. 

Applications were immediately sought and it was found that electrolysis of the fused chloride of 
the residue left after the removal of Th yielded the pyrophoric “mischmetal!” (approximately 50% 
Ce, 25% La, 25% other light lanthanides) which, when alloyed with 30% Fe, is ideal as a lighter 
flint. Besides small amounts of lanthanides used in special glasses to control absorption at 
particular wavelengths, this was the pattern of usage until the 1940s. Before then there was little 
need for the pure metals and, because of the difficulty in obtaining them (high mps and very easily 
oxidized), such samples as were produced were usually impure. Attempts were also made to find 
element 61, which had not been found in the early studies, and in 1926 unconfirmed reports of its 
discovery from Illinois and Florence produced the temporary names illinium and florentium. 

During the 1939-45 war, Mg-based alloys incorporating lanthanides were developed for 
aeronautical components and the addition of small amounts of mischmetall to cast-iron, by 
causing the separation of carbon in nodular rather than flake form, was found to improve the 
mechanical properties. But, more significantly from the chemical point of view, work on nuclear 
fission requiring the complete removal of the lanthanide elements from uranium and thorium ores, 
coupled with the fact that the lanthanides constitute a considerable proportion of the fission 
products, stimulated a great surge of interest. Solvent extraction and, more especially, ion- 
exchange techniques were developed, the work of F. H. Spedding and coworkers at Iowa State 
University being particularly notable. 

As aresult, in 1947, J. A. Marinsky, L. E. Glendenin, and C. D. Coryell at Oak Ridge, Tennessee, 

finally established the existence of element 61 in the fission products of 7?°U and at the suggestion 
of Coryell’s wife it was named prometheum (later promethium) after Prometheus who, according to 
Greek mythology, stole fire from heaven for the use of mankind. Since about 1955, individual 
lanthanides have been obtainable in increasing amounts in elemental as well as combined forms. 

30.2 The Elements 

30.2.1 Terrestrial abundance and distribution 

Apart from the unstable '*’Pm (half-life 2.62 y) of which traces occur in uranium ores, 

the lanthanides are actually not rare (Table 30.1). Cerium is the twenty-sixth most 

abundant of all elements, being half as abundant as Cl and 5 times as abundant as Pb. 

Even Tm, the rarest after Pm, is rather more abundant than I. 

There are over 100 minerals known to contain lanthanides but the only two of 

commercial importance are monazite, a mixed La, Th, Ln phosphate, and bastnaesite, an 

La, Ln fluorocarbonate (M''COF). Monazite is widely but sparsely distributed in many 
rocks but, because of its high density and inertness, it is concentrated by weathering into 

sands on beaches and river beds, often in the presence of other similarly concentrated 

minerals such as ilmenite (FeTiO,) and cassiterite (SnO,). Deposits occur in southern 

India, South Africa, Brazil, Australia, and Malaysia and, until the 1960s, these provided 

the bulk of the world’s La, Ln, and Th. Then, however, a vast deposit of bastnaesite, which 
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TABLE 30.1 Natural abundances (ppm) in earth’s crust 

Element Abundance Element Abundance 

Ce 66 Tb 1.2 

RE 9.1 Dy 4.5 

Nd 40 Ho 1.4 

Pm Asselin s Er 3.5 

Sm 7.0 Tm 0.5 

Eu 2.1 Yb 3.1 

Gd 6.1 Lu 0.8 

had been discovered in 1949 in the Sierra Nevada Mountains in the USA, came into 

production and has since become the most important single source of La and Ln. 

The distribution of the metals in the two minerals is quite similar, the bulk being Ce, La, 

Nd, and Pr (in that order) but with the difference that monazite typically contains around 

5-10% ThO, and 3% yttrium earths which are virtually absent in bastnaesite. Although 

thorium is only weakly radioactive it is contaminated with daughter elements such as 

228Ra which are more active and therefore require careful handling during the 
processing of monazite. This is a complication not encountered in the processing of 

bastnaesite. 

30.2.2 Preparation and uses of the elements'~°) 

Conventional mineral dressing yields concentrates of the minerals of better than 90% 

purity. These are then broken down (“opened”) by either acidic or alkaline attack. Details 

vary considerably, since they depend on the ore being used and on the extent to which the 

metals are to be separated from each other, but Fig. 30.1 outlines two schemes which are 

typical of the treatment of monazite. They make use of the different solubilities of 
Ln,(SO,)3.Na,SO,4.xH,O for the light and heavy lanthanides, and of the low solubility of 

the hydrous oxide of thorium. Because only small amounts of thorium and 

heavy lanthanides are present in bastnaesite, its chemical treatment is less involved. It is 

commonly treated with hot conc H,SO,, when CO,, HF, and SiF, are evolved; the dried 

product is then leached with water to obtain a solution containing lanthanum and the 

light lanthanides. 

The largest, and most easily separated component of the mixtures obtained from all 

these ore-opening processes, is cerium, and its removal is therefore invariably the next 

step. This is feasible because Ce'Y, being less basic than Ln"! is more easily hydrolysed and 
precipitates as a basic salt or as the hydroxide when the aqueous solution is oxidized with, 

for instance, KMnO, or bleaching powder (p. 1006). At this point the classical methods 

already referred to were formerly employed to separate the individual elements, 

and the separation of lanthanum by the fractional crystallization of 

* K. A. GSCHNEIDER and L. R. EyrinG (eds.), Handbook on the Physics and Chemistry of Rare Earths: Vol. 1, 

Metals, 894 pp.; Vol. 2, Alloys and Intermeiéallics, 620 pp.; Vol. 3, Non-metallic Compounds—I, 664 pp.; Vol. 4, 
Non-metallic Compounds—IT, 602 pp.; North-Holland, Amsterdam, 1979. E. C. SUBBARAO and W. E. WALLACE 
(eds.), Science and Technology of Rare Earth Materials, Academic Press, New York, 1980, 448 pp. 

°F. H. Speppinc and A. H. Daane, The Rare Earths, Wiley, New York, 1961, 641 pp. 
°N. E. Topp, The Chemistry of the Rare-earth Elements, Elsevier, Amsterdam, 1965, 164 pp. 
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Acid opening 

o 

Monazite 

Digest with cone 
H2S8O, at 200 C 

Extract with cold 
H,0 

Insoluble* 

residues 

Soln of sulfates 

of Ln, La, Th 

Partial neutral- 
ization with NH,OH 

ppt of crude basic 
salts of Th 

Soln of 

(Ln/La),(SO4)s 

_ Light lanthanides ppt as 

(Ln/La), (SO, )3 Na, SO, : xH, O 

Soln of sulfates of 

heavy lanthanides 

Alkali opening 

Monazite 

| Digest with 13% . 
NaOH at 140°C 
Extract with H2O 

Slurry of impure 
hydrous oxides 

Add to boiling _ 
aq HCl until 
pH =3.5 

Residue of 

crude ThO, 

Soln of impure 
(Ln/La) Cl, 

3 BaCl, +Ln2(SOq4)3 

(ic, stoichiometric 
amounts) 

ppt of BaSO,* 
carrying down 

RaSO, 

Soln of 

(Ln/La) Cl, 

*These residues contain 77° Ra, a daughter element of Th and an active y-emitter, 
and must therefore be handled with care 

Fic. 30.1 Flow diagram for the extraction of the lanthanide elements. 

La(NO;)3.2NH,NO;.4H,0O is still used. However the separations can now be effected 

on a large scale by solvent extraction using aqueous solutions of the nitrates and a solvent 

such as tri-n-butylphosphate, (Bu"O),PO (often with kerosene as an inert diluent), in 

which the solubility of Ln™ increases with its atomic weight. This type of process has the 
advantage of being continuous and is ideal where the product and feed are not to be 

changed. 

Alternatively, for high-purity or smaller-scale production the more easily adapted ion- 

exchange techniques are ideal, the best of these being “displacement chromatography”. 

Two separate columns of cation exchange resin are generally employed for this purpose. 
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The first column is loaded with the Ln"! mixture and the second, or development, column 

is loaded with a so-called “retaining ion” such as Cu" (Zn" and Fe" have also been used), 
and the two columns are coupled together. An aqueous solution (the “eluant”) of a 

complexing agent, of which the triammonium salt of EDTA*™ is typical, is then passed 

through the columns, and Ln™ is displaced from the first column, 

Ln?* + (NH,);(EDTA:H) ==> 3(NH,,* ) + Ln(EDTA-H) 

(barred species are bound to the resin) 

The reaction at any point in the column becomes progressively displaced to the right as 

fresh complexing agent arrives and the reaction products are removed. The solution of 

Ln(EDTA-H) and (NH,);(EDTA-H) then reaches the development column where Cu" is 
displaced and Ln" redeposited in a compact band at the top of the column, 

3Cu** +2Ln(EDTA-H) 2Ln** +Cu;(EDTA:H), 

This occurs because Cu", being smaller than Ln", is able to form in the solution phase, a 
complex with (EDTA -H)?~ of comparable stability, in spite of its lower charge. The Cu" 
serves the additional purpose of keeping the complexing agent in a soluble form. If the 

resin were loaded instead with H*, EDTA-H, would be precipitated and would clog the 

resin. Even using Cu" the composition of the eluant must be carefully controlled. The 

concentration of EDTA must not exceed 0.015M, otherwise Cu,(EDTA).5H,O 

precipitates, and it is to encourage the formation of the more soluble salt of (EDTA-H)?~ 

that an acidic rather than neutral ammonium salt of EDTA*~ is used. 

Once the Ln"! ions have been deposited on to the resin they are displaced yet again by 
the NH,* in the eluant. Now, the affinity of Ln" ions for the resin decreases with 
increasing atomic weight, but so slightly that elution of the development column with 

NH,” ions alone would not discriminate to an effective extent between the different 
lanthanides. However, the values of AG° (and therefore of log K) for the formation of 

Ln(EDTA-H) complexes, increase steadily along the series by a total of ca. 25°% from Ce!" 
to Lu". Thus in the presence of the complexing agent, the tendency to leave the resin and 
go into solution is now significantly greater for the heavy than for the light lanthanides, 

and displacement of the Ln™ ions from the resin concentrates the heavier cations in the 
solution. The Ln" ions therefore pass down the development column in a band, being 

repeatedly deposited and redissolved in what is effectively an automatic fractionation 

process, concentrating the heavier members in the solution phase. The result is that when 

all the copper has come off the column the lanthanides emerge in succession, heaviest first. 

They may then be precipitated from the eluant as insoluble oxalates and ignited to the 
oxides. 

The production of mischmetall by the electrolysis of fused (Ln,La)Cl,, and the 

difficulties in obtaining pure metals because of their high mps and ease of oxidation, have 

already been mentioned (p. 1425). Two methods are in fact available for producing the 
metals. 

(i) Electrolysis of fused salts. A mixture of LnCl, with either NaCl or CaCl, is fused and 

electrolysed in a graphite or refractory-lined steel cell, which serves as the cathode, with a 

graphite rod as anode. This is used primarily for mischmetall, the lighter, lower-melting 

Ce, and for Sm, Eu, and Yb for which method (ii) yields Ln" ions. 

(i) Metallothermic reduction. This consists of the reduction of the anhydous halides 

with calcium metal. Fluorides are preferred, since they are non-hygroscopic and the CaF, 



§30.2.3 Properties of the Elements 1429 

produced is stable, unlike the other Ca halides which are liable to boil at the temperatures 

reached in the process. LnF 3+ Ca are heated in a tantalum crucible to a temperature 50° 

above the mp of Ln under an atmosphere of argon. After completion of the reaction, the 

charge is cooled and the slag and metal (of 97-99% purity) broken apart. The main 

impurity is Ca which is removed by melting under vacuum. With the exceptions of Sm, Eu, 
and Yb this method has general applicability. 

In 1979, 16 500 tonnes of bastnaesite concentrate were produced in the USA and 

roughly the same amount of monazite concentrate in the rest of the world. Half of the 

latter was a byproduct of Australian TiO, production and the rest came mainly from 

Brazil, India, and Malaysia. This corresponds to a total world production of about 13 000 

tonnes of contained Ln and 5600 tonnes of contained La. The bulk of output is used 

without separation of individual lanthanides, the most important single use being in the 

production of low alloy steels for plate and pipe, where < 1° Ln/La added in the form of 

mischmetall or silicides greatly improves strength and workability. A good deal of 

mischmetall is also used in Mg-based alloys and to produce lighter flints, while Ln/Co 

alloys are increasingly in demand for the construction of permanent magnets. Various 

mixed oxides are employed as catalysts in petroleum “cracking”. The walls of domestic 

“self-cleaning” ovens are treated with CeO, which prevents the formation of tarry 

deposits, and CeO, of varying purity is used to polish glass. Other individual Ln oxides 

are used as phosphors in television screens and similar fluorescing surfaces. 

30.2.3 Properties of the elements 

The metals are silvery in appearance and rather soft, but become harder across the 

series. Most of them exist in more than one crystallographic form, of which hcp is the most 

common; all are based on typically metallic close-packed arrangements, but their 

conductivities are appreciably lower than those of other close-packed metals. 

The more important physical properties of the elements are summarized in Table 30.2. 

The alternation between several and few stable isotopes for even and odd atomic number 

respectively, mirrors the even—odd variation in the natural abundances of the elements 

already seen in Table 30.1 (see also p. 4). 

The electronic configuration of the free atoms are determined only with difficulty 

because of the complexity of their atomic spectra, but it is generally agreed that they are 

nearly all [Xe]4f"5d°6s?. The exceptions are: 

(1) Cerium, for which the sudden contraction and reduction in energy of the 4f orbitals 

immediately after La is not yet sufficient to avoid occupancy of the 5d orbital. 

(2) Gd, which reflects the stability of the half-filled 4f shell; 

(3) Lu, at which point the shell has been filled. 

Only in the case of cerium, however (see below), does this have any marked effect on the 

aqueous solution chemistry, which is otherwise dominated by the +3 oxidation state, for 

which the configuration varies regularly from 4f' (Cel) to 4f'* (Lu"). It is notable that a 
regular variation is found for any property for which this 4f” configuration is maintained 

across the series, whereas the variation in those properties for which this configuration is 

not maintained can be highly irregular. This is illustrated dramatically in size variations 

(Fig. 30.2). On the one hand, the radii of Ln" ions decrease regularly from La" (included 
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Metal radius/pm 

Ionic radius/pm 

BRO 1 BG Mggeht eget Gg IG geeme TO 

Atomic number Z 

Fic. 30.2. Variation of metal radius and 3+ ionic radius for La and the lanthanides. Other data 

for Ln" and Ln!’ are in Table 30.2. 

for completeness) to Lu", This “lanthanide contraction” occurs because, although each 
increase in nuclear charge is exactly balanced by a simultaneous increase in electronic 

charge, the directional characteristics of the 4f orbitals cause the 4f” electrons to shield 

themselves and other electrons from the nuclear charge only imperfectly. Thus, each unit 

increase in nuclear charge produces a net increase in attraction for the whole extranuclear 

electron charge cloud and each ion shrinks slightly in comparison with its predecessor. On 

the other hand, although a similar overall reduction is seen in the metal radii, Eu and Yb 
are spectacularly irregular. The reason is that most of the metals are composed of a lattice 

of Ln™ ions with a 4f" configuration and 3 electrons in the 5d/6s conduction band. 

CTE-UU 
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Metallic Eu and Yb, however, are composed predominantly of larger Ln" ions with 4f"*? 

configurations and only 2 electrons in the conduction band. The smaller and opposite 

irregularity for metallic Ce is due to the presence of ions in an oxidation state somewhat 

above + 3. Similar discontinuities are found in other properties of the metals, particularly 

at Eu and Yb. 
A contraction resulting from the filling of the 4f electron shell is of course not 

exceptional. Similar contractions occur in each row of the periodic table and, in the d 

block for instance, the ionic radii decrease by 20.5 pm from Sc™ to Cul and by 15 pm 
from Y'' to Ag". The importance of the lanthanide contraction arises from its 
consequences: 

(1) The reduction in size from one Ln" to the next makes their separation possible, but 
the smallness and regularity of the reduction makes the separation difficult. 

(2) By the time Ho is reached the Ln™ radius has been sufficiently reduced to be almost 
identical with that of Y"' which is why this much ligher element is invariably 
associated with the heavier lanthanides. 

(3) The total lanthanide contraction is of a similar magnitude to the expansion found in 

passing from the first to the second transition series, and which might therefore have 

been expected to occur also in passing from second to third. The intercalation of the 

lanthanides in fact almost exactly cancels this anticipated increase with the result, 

noted in preceding chapters, that in each group of transition elements the second 

and third members have very similar sizes and properties. 

Redox processes, which of necessity entail a change in the occupancy of the 4f shell, vary 

in a very irregular manner across the series. Quantitative data from direct measurements 

are far from complete for such processes, but the use of thermodynamic (Born—Haber) 

cycles”? has greatly improved the situation. Quantities such as the enthalpy of 

atomization (AH,)® and ionization energies) are now available (Table 30.2) and the 
variations of J; and XJ are shown in Fig. 30.3. J; refers to the 1-electron change, 

4f"*!(Ln?*)}>4f"(Ln3*) and the close similarity of the two curves indicates that this 
change is the dominant factor in determining the shape of the ZJ curve. The variation of I, 

across the series is in fact typical of the variation in energy of any process (e.g. — AH, which 

refers essentially to 4f"*'6s?—>4f"5d'6s*) which involves the reduction of Ln** to Ln?*. It 
is characterized by an increase in energy, first as each of the 4f orbitals of the Ln" ions are 
singly occupied and the stability of the 4f shell steadily increases due to the corresponding 

increase in nuclear charge (La Eu), then again as each 4f orbital is doubly occupied 

(Gd Lu). The sudden falls at Gd and Lu reflect the ease with which it is possible to 

remove the single electrons in excess of the stable 4f7 and 4f!* configurations. 
Explanations have been given for the smaller irregularities at the quarter- and three- 
quarter-shell stages, but require a careful consideration of interelectronic repulsion, as 
well as exchange energy, terms.) 

: D. A. JOHNSON, Principles of lanthanide chemistry, J. Chem. Ed. 57, 475-7 (1980). 
*D. A. JOHNSON, Recent advances in the chemistry of the less-common oxidation states of the lanthanide 

elements, Adv. Inorg. Chem. Radiochem. 20, 1-132 (1977). 
° L. R. Morss, Thermochemistry of some chlorocomplex compounds of the rare-earths. Third ionization 

potentials and hydration enthalpies of the trivalent ions, J. Phys. Chem. 75, 392-9 (1971). 
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Fic. 30.3 Variation with atomic number of some properties of La and the lanthanides: A, the 
third ionization energy (1,); B, the sum of the first three ionization energies (XJ); C, the enthalpy of 
hydration of the gaseous trivalent ions (—AH,,,). The irregular variations in J, and LJ, which 
refer to redox processes, should be contrasted with the smooth variation in AH,,,,, for which the 

4f" configuration of Ln! is unaltered. 

30.2.4 Chemical reactivity and trends 

The lanthanides are very electropositive and reactive metals. With the exception of Yb 

their reactivity apparently depends on size so that Eu which has the largest metal radius is 

much the most reactive. They tarnish in air and, if ignited in air or O,, burn readily to give 

Ln,O,, or, in the case of cerium, CeO, (praseodymium and terbium yield nonstoichio- 

metric products approximating to Pr,O,, and Tb,O, respectively). When heated, they 
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also burn in halogens producing LnX;, and in hydrogen producing LnH, and LnH, (see 

below). They will, indeed, react, though usually less vigorously, with most non-metals if 

heated. Treatment with water yields hydrous oxides, and the metals dissolve rapidly in 

dilute acids, even in the cold, to give aqueous solutions of Ln™ salts. 

The great bulk of lanthanide chemistry is of the +3 oxidation state where, because of 

the large sizes of the Ln" ions, the bonding is predominantly ionic in character, and the 
cations display the typical class-a preference of O-donor ligands (p. 1065). Three- 

dimensional lattices, characteristic of ionic character, are common and the coordination 

chemistry is quite different from, and less extensive than, that of the d-transition metals. 

Coordination numbers are generally high and stereochemistries, being determined largely 

by the requirements of the ligands and lacking the directional constraints of covalency, are 

frequently ill-defined, and the complexes distinctly labile. Thus, in spite of widespread 

opportunities for isomerism, there appears to be no confirmed example of a lanthanide 

complex existing in more than one molecular arrangement. Furthermore, only strongly 

complexing (i.e. usually chelating) ligands yield products which can be isolated from 

aqueous solution, and the comparative tenacity of the small H,O molecule commonly 

leads to its inclusion, often with consequent uncertainty as to the coordination number 

involved. This is not to say that other types of complex cannot be obtained, but complexes 

with uncharged monodentate ligands, or ligands with donor atoms other than O, must 

usually be prepared in the absence of water. 

Some typical compounds are listed in. Table 30.3. Coordination numbers below 6 are 

found only with very bulky ligands and even the coordination number of 6 itself is 

unusual, 7, 8, and 9 being more characteristic. Coordination numbers of 10 and over 

require chelating ligands with small “bites” (p. 1077), such as NO; or SO,?~, and are 
confined to compounds of the larger, lighter lanthanides. The stereochemistries quoted, 

especially for the high coordination numbers, are idealized and in most cases appreciable 

distortions are in fact found. 

A number of trends connected with ionic radii are noticeable across the series. In 

keeping with Fajan’s rules, salts become somewhat less ionic as the Ln™ radius decreases; 
reduced ionic character in the hydroxide implies a reduction in basic properties and, at the 

end of the series, Yb(OH)3 and Lu(OH);, though undoubtedly mainly basic, can with 

difficulty be made to dissolve in hot conc NaOH. Paralleling this change, the 

[Ln(H,O),]** ions are subject to an increasing tendency to hydrolyse, and hydrolysis can 

only be prevented by use of increasingly acidic solutions. ; 

However, solubility, depending as it does on the rather small difference between 

solvation energy and lattice energy (both large quantities which themselves increase as 

cation size decreases) and on entropy effects, cannot be simply related to cation radius. No 

consistent trends are apparent in aqueous, or for that matter nonaqueous, solutions but an 

empirical distinction can often be made between the lighter “cerium” lanthanides and the 

heavier “yttrium” lanthanides. Thus oxalates, double sulfates, and double nitrates of the 

former are rather less soluble and basic nitrates more soluble than those of the latter. The 
differences are by no means sharp, but classical separation procedures depended on them. 

Although lanthanide chemistry is dominated by the + 3 oxidation state, and a number 

of binary compounds which ostensibly involve Ln" are actually better formulated as 
involving Ln" with an electron in a delocalized conduction band, genuine oxidation states 
of +2 and +4 can be obtained. Ce'Y and Eu" are stable in water and, though they are 
respectively strongly oxidizing and strongly reducing, they have well-established aqueous 
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TABLE 30.3 Oxidation states and stereochemistries of compounds of the lanthanides®) 

Oxidation Coordination 

state number Stereochemistry Examples 

2 6 Octahedral LnZ (Ln=Sm, Eu, Yb; Z=S, Se, Te) 

8 Cubic LnF, (Ln=Sm, ‘Eu, Yb) 

3 3 Pyramidal [Ln{N(SiMe;),}3] (Ln=Nd, Eu, Yb) 
4 Tetrahedral [Lu(2,6-dimethylphenyl), ]~ 

Distorted tetrahedral [Ln{N(SiMe;),},(OPPh;)] (Ln=Eu, Lu) 
6 Octahedral [LnX,]*?~ (X=Cl, Br); LnCl, (Ln=Dy-Lu) 
7 Capped trigonal [Dy(dpm),(H,O)]® 

prismatic 

Capped octahedral [Ho{PhC(O)CH=C(O)Ph},(H,O)] 
8 Dodecahedral [Ho(tropolonate),]~ 

Square antiprismatic [Eu(acac)3(phen)] 
Bicapped trigonal LnF, (Ln=Sm-Lu) 

prismatic 
9 Tricapped trigonal [Ln(H,O),]?*, [Eu(terpy);]>** 

prismatic 
Capped square [Pr(terpy)Cl,(H,O);].3H,O 

antiprismatic 

Bicapped dodecahedral [Ln(NO,);]?~ (Ln=Ce, Eu) 
Irregular [Gd(NO,)3;(DPAE)] 

12 Icosahedral [Ce(NO3).]° ® 
4 6 Octahedral [CeCl ir 

8 Cubic LnO, (Ln=Ce, Pr, Tb) 
Square antiprismatic [Ce(acac),], LnF, (Ln=Ce, Pr, Tb) 

10 Complex [Ce(NO;),(OPPh;),] 
12 Icosahedral [Ce(NO3).]77 

®) Except where otherwise stated, Ln is used rather loosely to mean most of the lanthanides; the Pm 
compound, for instance, is usually missing simply because of the scarcity and consequent expense of Pm. 

O On 
i | 

(>) dpm = dipivaloylmethane, Me;C—C—CH=C—CMe, 
‘) IPAE =1,2-di(pyridine-2-aldimino)ethane, 

CH, —CH, 

Cr n® 
(4) The structure can be visualized as octahedral if each NO,” is considered to occupy a single coordination 

site (p. 1444). 

chemistries. Ln'Y (Ln = Pr, Tb) and Ln" (Ln =Nd, Sm, Eu, Dy, Tm, Yb) also are known in 
the solid state but are unstable in water. The rather restricted aqueous redox chemistry 

which this implies is summarized in the oxidation state diagram (Fig. 30.4). 
The prevalence of the + 3 oxidation state is a result of the stabilizing effects exerted on 

different orbitals by increasing ionic charge. As successive electrons are removed from a 

neutral lanthanide atom, the stabilizing effect on the orbitals is in the order 4f>5d > 6s, 

this being the order in which the orbitals penetrate through the inert core of electrons 
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towards the nucleus. By the time an ionic charge of +3 has been reached, the preferential 

stabilization of the 4f orbitals is such that in all cases the 6s and Sd orbitals have been 

emptied, and in most cases the electrons remaining in the 4f orbitals are themselves so far 

embedded in the inert core as to be immovable by chemical means. Exceptions are Ce and, 

to a lesser extent, Pr which are at the beginning of the series where, as already noted, the 4f 

orbitals are still at a comparatively high energy and can therefore lose a further electron. 

Tb!” presumably owes its existence to the stability of the 4f’ configuration. 

0 0 

—| 100 

Se 200 

~ 3 i 

5 S00" & 

5 S 
So 4 ma 
2 Tb1400 2, 

© Pr = ee i 

500 

-6 
Sm 

Ce 

Yb 600 
SS 

= Eu 

700 

-8 
0 ] 2 3 4 

Oxidation state 

Fic. 30.4 Volt-equivalent versus oxidation state for lanthanides with more than one oxidation 
state. 

The stabilizing effects of half, and completely, filled shells can be similarly invoked to 

explain the occurrence of the divalent state in Eu"(4f’) and Yb!""(4f!*) while these, and the 
other known divalent ions are of just those elements which occupy elevated positions on 

the I, plot (Fig. 30.3). 

The absence of 5d electrons and the inertness of the lanthanides’ 4f shell makes x 
backbonding energetically unfavourable and simple carbonyls, for instance, have only 

been obtained in argon matrices at 8-12 K. On the other hand, essentially ionic 

cyclopentadienides are well known and an increasing number of o- bonded Ln—C 
compounds have recently been produced (see section 30.3.5). 
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30.3. Compounds of the Lanthanides’®: '°: 1?) 

The reaction between H, and the gently heated (300-350°C) metals produces black, 

reactive and highly conducting solids, LnH,. These hydrides have the fcc fluorite structure 

and are evidently composed of Ln", 2H, e _, the electron being delocalized in a metallic 
conduction band. Further hydrogen can be accommodated in the interstices of the lattice 

and, with the exceptions of Eu and Yb, which are the two lanthanides most favourably 

disposed to divalency, a limiting stoichiometry of LnH, can be achieved if high pressures 

are employed (p.72). The composition of LnH; is Ln", 3H™~ with conductivity 
correspondingly reduced as the additional H atom traps the previously delocalized 

electron (to form H- ). 

Metallic conductivity, arising from the presence of Ln” ions with the balance of 

electrons situated in a conduction band, is also found in some of the borides (p. 162) and 

carbides (p. 318). 

ll 

30.3.1 Oxides and chalcogenides 

Ln,O, are all well characterized. With three exceptions they are the final products of 

combustion -of the metals or ignition of the hydroxides, carbonate, nitrate, etc. The 

exceptions are Ce, Pr, and Tb, the most stable products of which are respectively, CeO,, 

Pr,O,,, and Tb,O,, from which the sesquioxides can be obtained by controlled reduction 

with H,. Ln,O, adopt three structure types conventionally classified as:‘? 

A-type, consisting of LnO, units which approximate to capped octahedral geometry, 

and favoured by the lightest lanthanides. 

B-type, also consisting of LnO, units but now of three types, two are capped trigonal 

prisms and one is a capped octahedron; favoured by the middle lanthanides. 

C-type, related to the fluorite structure but with one-quarter of the anions removed in 

such a way as to reduce the metal coordination number from 8 to 6 (but not 

octahedral); favoured by the middle and heavy lanthanides. 

Ln,O, are strongly basic and the lighter, more basic, ones resemble the oxides of Group 
IIA in this respect. All are insoluble in water but absorb it to form hydroxides. They 

dissolve readily in aqueous acids to yield solutions which, providing they are kept on the 

acid side of pH5 to avoid hydrolysis, contain the [Ln(H,O),]** ions. Hydrous 

hydroxides can be precipitated from these solutions by addition of ammonia or aqueous 

alkali. Crystalline Ln(OH), have a 9-coordinate, tricapped, trigonal prismatic structure, 

and may be obtained by prolonged treatment of Ln,O, with conc NaOH at high 

temperature and pressure’) (hydrothermal ageing). 
The pale-yellow CeO, is a rather inert material when prepared by ignition, but in the 

hydrous, freshly precipitated form it redissolves quite easily in acids. The analogous dark- 

10 T. MOELLER, The lanthanides, Chap. 44, pp. 1-101, in Comprehensive Inorganic Chemistry, Vol. 4, 
Pergamon Press, Oxford, 1973; Lanthanides and actinides, Vol. 7, MTP International Review of Science, 

Inorganic Chemistry (Series Two) (K. W. BAGNALL, ed.), Butterworths, London, 1975, 329 pp. 
‘1 §_ A. Cotton and F. A. Hart, The Heavy Transition Elements, Chap. 10, pp. 188-219, Macmillan, 

London, 1975. 
12 AF. WELLS, Structural Inorganic Chemistry, 4th edn., pp. 450-3, Oxford University Press, Oxford, 1975. 
13D. F. Mutica, W. O. MILLIGAN, and G. W. BEALL, Crystal structures of Pr(OH) ;, Eu(OH),, and 

Tm(OH);, J. /norg. Nucl. Chem. 41, 525-32 (1979). 
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coloured PrO, and TbO, can be obtained from their stable oxides Pr,O,, and Tb,O, but 

require more extreme conditions (O, at 282 bar and 400°C for PrO,, and atomic oxygen 

at 450°C for TbO, ). All three dioxides have the fluorite structure. Since this is the structure 

on which C-type Ln,O, is based (by removing a quarter of the anions) it is not surprising 

that these three oxide systems involve a whole series of nonstoichiometric 

phases": 14:15) between the extremes represented by LnO, ; and LnO, (p. 755). 
Claims for the existence of several lower oxides, LnO, have been made but most have 

been rejected, and it seems that only NdO, SmO (both lustrous golden yellow), EuO (dark 

red), and YbO (greyish-white) are genuine. They are obtained by reducing Ln,O, with the 

metal at high temperatures and, except for EuO, at high pressures." ® They have the NaCl 

structure but whereas EuO and YbO are composed of Ln" and are insulators or 

semiconductors, NdO and SmO like the dihydrides consist essentially of Ln™ ions with 
the extra electrons forming a conduction band. EuO was unexpectedly found to be 

ferromagnetic at low temperatures. The absence of conduction electrons, and the presence 

of 4f orbitals which are probably too contracted to allow overlap between adjacent 

cations, makes it difficult to explain the mechanism of the ferromagnetic interaction. 

Because of this and potential applications in memory devices, considerable interest“'”’ has 

centred on EuO and the monochalcogenides since the 1960s. 

Chalcogenides of similar stoichiometry to the oxides, but for a wider range of metals, are 

known, though their characterization is made more difficult by the prevalence of 

nonstoichiometry and the occurrence of phase changes in several instances. In general the 

chalcogenides are stable in dry air but are hydrolysed if moisture is present. If heated in air 

they oxidize (sulfides especially) to basic salts of the corresponding oxo-anion and they 

show varying susceptibility to attack by acids with evolution of H,Z. 

Monochalcogenides, LnZ (Z=S, Se, Te), have been prepared for all the lanthanides 

except Pm, mostly by direct combination. ®) They are almost black and, like the 
monoxides, have the NaCl structure. However, with the exceptions of SmZ, EuZ, YbZ, 

TmSe, and TmTe, they have metallic conductivity and evidently consist of Ln™+Z?~ 

ions with | electron from each cation delocalized in a conduction band. EuZ and YbZ, by 

contrast, are semiconductors or insulators with genuinely divalent cations, but SmZ seem 
to be intermediate and may involve the equilibrium: 

Si 20 ome eo Pe 

Trivalent chalcogenides, Ln,Z3, can be obtained by a variety of methods which include 
direct combination and, in the case of the sulfides, the action of H 2S on the chloride or 

oxide. As with Ln,O3, various‘ crystalline modifications occur. When Ln,Z, are heated 
with an excess of chalcogen in a sealed tube at 600°C, products with compositions up to or 
nearing LnZ, are obtained. They seem to be polychalcogenides, however, with the metal 
uniformly in the +3 state. 

'*D. J. M. Bevan, Non-stoichiometric compounds: an introductory essay, Chap. 49, in Comprehensive 
Inorganic Chemistry, Vol. 4, pp. 453-540, Pergamon Press, Oxford, 1973. 

"SN. N. GRreEENwooD, Jonic Crystals, Lattice Defects, and Nonstoichiometry, Chap. 6, pp. 111-47, 
Butterworths, London, 1968. 

‘© J. M. Lecer, N. Yacoust, and J. Loriers, Synthesis of neodymium and samarium monoxides under high 
pressure, /norg. Chem. 19, 2252-4 (1980). 

'7 Pages 23-41 of ref. 8. 
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30.3.2 Halides"® 

Halides of the lanthanides are listed in Table 30.4 and are of the types LnX,, LnX;, and 
LnX,. Not surprisingly, LnX, occur only as the fluorides of Ce'Y, Pr'Y, and Tb'’. CeF, is 
comparatively stable and can be prepared either directly from the elements or by the 
action of F~ on aqueous solutions of Ce'Y when it crystallizes as the monohydrate. The 
other tetrafluorides are thermally unstable and, as they oxidize water, can only be 

prepared dry; TbF, from TbF; + F, at 320°C, and PrF, by the rather complex procedure 

of fluorinating a mixture of NaF and PrF; with F, (+Na,PrF,) and then extracting NaF 
from the reaction mixture with liquid HF. 

Promethium apart, all possible trihalides (52) are known. The trifluorides, being very 

insoluble, can be precipitated as LnF.4H,O by the action of HF on aqueous Ln(NO3;)3. 

Aqueous solutions of the other trihalides are obtained by simply dissolving the oxides or 

carbonates in aqueous HX, and hydrated (6~8H,O) salts can be crystallized, though with 

difficulty because of their high solubilities. Preparation of the anhydrous trihalides by 

thermal dehydration of these hydrates is possible for fluorides and chlorides of the lighter 

lanthanides, and an atmosphere of HX extends the applicability of the method to heavier 

lanthanides. Unfortunately the bromides and iodides are more susceptible to hydrolysis, 

and dehydration inevitably leads to contamination with oxyhalides. As a result, direct 

combination, which is a completely general method, is preferred for the anhydrous 

tribromides and triiodides.“ 
The anhydrous trihalides are ionic, high melting, crystalline substances which, apart 

from the trifluorides are extremely deliquescent. As can be seen from Table 30.4, the 

coordination number of the Ln" changes with the radii of the ions, from 9 for the 

trifluorides of the large lanthanides to 6 for the triiodides of the smaller lanthanides. Their 

chief importance has been as materials from which the pure metals can be prepared. 

The dihalides are obtained from the corresponding trihalides, most generally by 

reduction with the lanthanide metal itself but also, in the case of the more stable 

of the diiodides (SmI,, Eul,, YbI,), by thermal decomposition.t SmI, and YbI, can 

also be conveniently prepafed in quantitative yield by reacting the metal with 1,2- 

diiodoethane in anhydrous tetrahydrofuran at room __ temperature:?® 
Ln+1ICH,CH,I- LnI, +CH,=CH,. With the exception of EuX,, all the dihalides are 

very easily oxidized and will liberate hydrogen from water. The occurrence of these 

dihalides parallels the occurrence of high values of the third ionization energy amongst the 

metals'’’ ®) (Fig. 30.3), with the reasonable qualification that, in this low oxidation state, 

iodides are more numerous than fluorides. The same types of structures are found as for 

the alkaline earth dihalides with the coordination number of the cation ranging from 9 to6 

and, like Cal,, the diiodides of Dy, Tm and Yb form layer structures (CdCl,, Cdl, ; see 

Fig. 29.2) typical of compounds with large anions where marked polarization effects are 

expected. 

+ Dilute solid solutions of Ln" ions in CaF , may be reduced by Ca vapour to produce Ln" ions trapped in the 
crystal lattice. By their use it has been possible to obtain the electronic spectra of Ln" ions. 

'8T). Brown, Halides of Lanthanides and Actinides, Wiley, London, 1968, 280 pp. 
'? Pages 77-101 of ref. 5. 
19a P| GIRARD, J. L. Namy, and H. B. KaGan, Divalent lanthanide derivatives in organic synthesis. 1. Mild 

preparation of SmI, and YbI, and their use as reducing or coupling agents, J. Am. Chem. Soc. 102, 2693-8 

(1980). 
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The diiodides of Ce, Pr, and Gd stand apart from all the other, salt-like, dihalides. These 

three, like Lal,, are notable for their metallic lustre and very high conductivities and are 

best formulated as Ln'", 21~, e~, the electron being in a delocalized conduction band. 

Other reduced phases (LnX,.) have been identified in LnX ,/Ln systems as well as the 

dihalides. SmBr;/Sm for instance yields Sm;Br,, (x =2.20), Sm,,Br,4 (x=2.182) and 

Sm,Br,3 (x =2.167).1°°) They have fluorite-related structures (p. 129) in which the 
anionic sublattice is partially rearranged to accommodate additional anions, leading to 

irregular 7- and 8-coordination of the cations. Ln;X, , phases, isostructural with Sm.Br, ,, 

have also been characterized''*® in Gd;Cl,, and Ho;Cl,,. The TmCl,/Tm system is 

apparently much more complex. Reduction below the +2 oxidation state in LnCl,/Ln 

(Ln =Gd, Tb) melts gives rise to Ln,Cl; and finally “graphite-like” LnCl phases.?° In 

both types, extensive metal-metal bonding occurs, Ln,Cl, containing close-packed 

double layers of Ln atoms as in ScCl (p. 1108) and ZrCl (p. 1125). Other stoichiometries 

that have been structurally characterized are Ln,X,,, Ln;Xg, and Ln,X, (see Table 
30.5), (204) 

30.3.3. Magnetic and spectroscopic properties '? 

In principle the electronic configurations of the lanthanides are described by using the 

Russell-Saunders coupling scheme, as was done in Chapter 19 for the d-transition 

elements. Values of S and L corresponding to the lowest energy are derived as on p. 1090 

with the difference that there are seven f orbitals corresponding to the integral values +3 

to — 3 for m,. These are then expressed for each ion in the form of a “ground term” with the 

symbolism extended so that S, P, D, F,G, H,1,.. ., correspond to L=0, 1, 2, 3,4,5,6,...,in 

that order. At this point, however, a crucial difference emerges. Because the d electrons of 

transition-metal ions are exposed directly to the influence of neighbouring groups, the 

effect of the crystal field on the free-ion ground term has to be considered before that of 

spin-orbit coupling (i.e. the coupling of the angular momentum vectors associated with 

the quantum numbers S and L). But the 4felectrons of lanthanide ions are largely buried in 

the inner electron core and so are effectively shielded from their chemical environments. 

Spin-orbit coupling (mostly of the order of 2000 cm~ '), which gives rise to a resultant 

angular momentum associated with an overall quantum number J, is therefore much 

larger than the crystal field (~ 100 cm~*) and its effect must be considered first. 

J can take the values J=L+S, L+S-—1, ..., L—S (or S—L if S>L), each 

corresponding to a different energy, so that a “term” (defined by a pair of S and L values) is 

said to split into a number of component “states” (each defined by the same S and L values 

plus a value of J). The “ground state” of the ion is that with J = L—S (or S—L) if the f shell 

19> H. BARNIGHAUSEN and J. M. HASCHKE, Compositions and crystal structures of the intermediate phases in 
the samarium—bromine system, /norg. Chem. 17, 18-21 (1978). 

'e U. LOCHNER, H. BARNIGHAUSEN, and J. D. Corpett, Rare earth metal-metal halide systems. 19. 
Structural characterization of the reduced holmium chloride Ho,Cl,,. Jnorg. Chem. 16, 2134-5 (1977). 

20 A. Simon, H. Matrauscu, and N. Hoizer, Monochlorides of lanthanides: GdCl and TbCl, Angew. 
Chem., Int. Edn. (Engl.) 15, 624-5 (1976). 

20a H. MATTAUSCH, J. B. HENDRICKS, R. EGER, J. D. CorsBetT, and A. Simon, Reduced halides of yttrium with 
strong metal-metal bonding: YCI, YBr, Y,Cl;, and Y,Br3, /norg. Chem. 19, 2128-32 (1980), and references 

cited therein. 
21K B. YATSIMIRSKI and N. K. DaviDENKO, Absorption spectra and structure of lanthanide coordination 

compounds in solution, Coord. Chem. Revs. 27, 223-73 (1979). 
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TABLE 30.5 Stoichiometries and structures of reduced halides (X/M <2) of scandium, yttrium, 
lanthanum, and the lanthanides 

Average 
oxidation 

state Examples Structural features 

1.714 Serclts Discrete M,X,> clusters 
M,I,, (La, Pr, Tb) Discrete M,X, clusters 

1.600 Sce;Cl, Single chains of edge-sharing metal octahedra with 
M.Br, (Gd, Tb) M,X,-type environment (edge-capped by X) along with 

parallel chains of edge-sharing MX, octahedra 
1.500 M,Cl, (Y, Gd, Tb, Er, Lu) Single chains of edge-sharing metal octahedra with 

M, Br, (Y, Gd) M,Xg-type environment (face-capped by X) 
1.429 Sc5Cl,o Double chains of edge-sharing metal octahedra with 

M,Xg-type environment with parallel chains of 
edge-sharing MCI, octahedra 

1.167 Breit. Lb Bt. Double chains of edge-sharing metal octahedra with 
M,Xg-type environment 

1.000 MCI (Sc, Y, Gd, Tb) Double metal layers of edge-sharing metal octahedra, 
MBr (Y, La, Pr, Mo6Xg-type environment 

Gd, Tb, Ho, Er) 

is less than half-full, and that with J = L + S ifthe f shell is more than half-full. It is indicated 

simply by adding this value of J as a subscript to the symbol for the “ground term”. 

The magnitude of the separation between the adjacent states of a term indicates the 

strength of the spin-orbit coupling, and in all but two cases (Sm™ and Eu") it is sufficient 
to render the first excited state of the Ln™ ions thermally inaccessible, and so the magnetic 
properties are determined solely by the ground state. It can be shown that the magnetic 

moment expected for such a situation is given by: 

u. = 9 J(J +1) BM 
3. S(S+1)—L(L4+1) 

2 2J(J +1) 
where d= 

As can be seen in Table 30.6, this agrees very well with experimental values except for 

Sm™ and Eu™ and agreement is reasonable for these also if allowance is made for ae 
temperature-dependent population of excited states. 

Electronic absorption spectra are produced when electromagnetic radiation promotes 

the ions from their ground state to excited states. For the lanthanides the most common of 

such transitions involve excited states which are either components of the ground termt or 

else belong to excited terms which arise from the same 4f” configuration as the ground 

term. In either case the transitions therefore involve only a redistribution of electrons 

within the 4f orbitals (i.e. ff transitions) and so are orbitally forbidden just like dd 

transitions (p. 1094). In the case of the latter the rule is partially relaxed by a mechanism 

which depends on the effect of the crystal field in distorting the symmetry of the metal ion. 

However, it has already been pointed out that crystal field effects are very much smaller in 

+ The separation of these component states being, as pointed out above, of the order of a few thousand 
wavenumbers, such transitions produce absorptions in the infrared region of the spectrum. Ions which have no 
terms other than the ground term will therefore be colourless, having no transitions of sufficiently high energy to 
absorb in the visible region. This accounts for the colourless ions listed in Table 30.6. 
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TABLE 30.6 Magnetic and spectroscopic properties of Ln" ions in hydrated salts 

H./BM 
Unpaired Ground 

Ln electrons state Colour gv J(S+1) Observed 

Ce 1 (4f1) Aeris Colourless 2.54 2.3=2.5 
Pr 2 (4f2) 3H, Green 3.58 3.4-3.6 
Nd 3 (4f?) $i Lilac 3.62 3523.6 
Pm 4 (4f*) lie Pink 2.68 — 

Sm 5 (4f5) °H,, Yellow 0.85 L4- 1.7) 
Eu 6 (4f°) vie Very pale pink 0 332315) 
Gd 7 (4f’) oS), Colourless 7.94 7.9— 8.0 
Tb 6 (4f8) Nee Very pale pink 9.72 9.5- 9.8 
Dy 5 (4f?) ss OLE Yellow 10.65 10.4-10.6 
Ho 4 (4f1°) = hey Yellow 10.60 10.4-10.7 

Er 3 (4f11) HEED Rose-pink 9.58 9.4— 9.6 
Tm 2 (4f17) We Pale green 7.56 11-75 
Yb 1 (4f1?) 2F 53 Colourless 4.54 4.3- 49 
Lu 0 (4f!*) aS Colourless 0 0 

‘) These are the values of y, at room temperature. The values fal! as the temperature is reduced 
(see text). 

the case of Ln" ions and they cannot therefore produce the same relaxation of the 
selection rule. Consequently, the colours of Ln" compounds are usually less intense. A 
further consequence of the relatively small effect of the crystal field is that the energies of 

the electronic slates are only slightly affected by the nature of the ligands or by thermal 

vibrations, and so the absorption bands are very much sharper than those for dd 

transitions. Because of this they provide a useful means of characterizing, and 

quantitatively estimating, Ln" ions. 
Nevertheless, crystal fields cannot be completely ignored. The intensities of a number of 

bands (“hypersensitive” bands)'?*) show a distinct dependence on the actual ligands which 

are coordinated. Also, in the same way that crystal fields lift some of the orbital degeneracy 

(2L +1) of the terms of d” ions, so they lift some of the 2J + 1 degeneracy of the sates of f” 

ions, though in this case only by the order of 100 cm~'. This produces fine structure in 

some bands of Ln"! spectra. 
Ce! and Tb" are exceptional in providing (in the ultraviolet) bands of appreciably 

higher intensity than usual. The reason is that the particular transitions involved are of the 

type 4f"—4f"" ' 5d’, and so are not orbitally forbidden. These 2 ions have | electron more 
than an empty f shell and 1 electron more than a half-full f shell, respectively, and the 

promotion of this extra electron is thereby easier than for other ions. 

It has been possible, as already noted (p. 1439), to study the spectra of Ln" ions stabilized 

in CaF, crystals. It might be expected that these spectra would resemble those of the + 3 

ions of the next element in the series. However, because of the lower ionic charge of the Ln" 

ions their 4f orbitals have not been stabilized relative to the 5d to the same extent as those 

of the Ln" ions. Ln" spectra therefore consist of rather broad, orbitally allowed, 4f— Sd 
bands overlaid with weaker and much sharper ff bands. 

221. E. Henrie, R. L. Fettows, and G. R. Cuoppin, Hypersensitivity in the electronic transitions of 

lanthanide and actinide complexes, Coord. Chem. Revs. 18, 199-224 (1976). 
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30.3.4 Complexes''® 11.18.23) 

Oxidation state IV 

Cerium is the only lanthanide with a significant aqueous or coordination chemistry in 
the + 4 oxidation state. In the case of such other lanthanides as attain it, the + 4 oxidation 

state is confined to oxides (p. 1438), fluorides (p. 1439), and a few fluoro complexes such as 

Na,PrF,, Na7Pr.F3,, Cs;NdF,, and Cs,DyF,. 

Aqueous “ceric” solutions are widely used as oxidants in quantitative analysis; they can 

be prepared by the oxidation of Ce™ (“cerous”) solutions with strong oxidizing agents 

such as peroxodisulfate, S,O,7 , or bismuthate, BiO, . Complexation and hydrolysis 

combine to render E(Ce** /Ce3* ) markedly dependent on anion and acid concentration. 

In relatively strong perchloric acid the aquo ion is present but in other acids coordination 

of the anion is likely. Also, if the pH is increased, hydrolysis to Ce(OH)?* occurs followed 

by polymerization and finally, as the solution becomes alkaline, by precipitation of the 

yellow, gelatinous CeO,.xH,O. 

Of the various salts which can be isolated from aqueous solution, probably the most 

important is the water-soluble double nitrate, (NH,),[Ce(NO;), ], which is the compound 

generally used in Ce!’ oxidations. The anion involves 12-coordinated Ce (Fig. 30.5a). Two 

trans-nitrates of this complex can be replaced by Ph,PO to give the orange 10-coordinate 

neutral complex [Ce(NO}),(OPPh;), ] (Fig. 30.5b). The sulphates Ce(SO,),.nH,O (n=0, 4, 

8, 12) and (NH,),Ce(SO,)3, and the iodate are also known. Also obtainable from aqueous 

Fic, 30.5 Nitrato complexes of Ce'’. (a) [Ce(NO3),]?~. The Ce!’ is surrounded by 12 oxygen 
atoms from 6 bidentate nitrate ions (in each case the third oxygen is omitted for clarity) in the form 
of an icosahedron. (Note that this implies an octahedral disposition of the 6 nitrogens.) (b) 

[Ce(NO3),(OPPh,),]. 

>> D. K. Koppikar, P. V. SIVAPULLAIAH, L. RAMAKRISHNAN, and S. SOUNDARARAJAN, Complexes of the 
lanthanides with neutral oxygen donor ligands, Struct. Bonding (Berlin) 34, 135-213 (1978). 
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solutions are complexes with other O-donor ligands such as f-diketonates, and fluoro 

complexes such as [CeF,]*= and [CeF,]?~. This last ion is not in fact 6-coordinated but 
achieves an 8-coordinate, square-antiprismatic geometry with the aid of fluoride bridges. 

In the orange [CeCl,]?~ by contrast, the larger halide is able to stabilize a 6-coordinate, 

octahedral geometry. It is prepared by treatment of CeO, with HCI but, because Ce! in 

aqueous solution oxidizes HCl to Cl,, the reaction must be performed in a nonaqueous 
solvent such as pyridine or dioxan. 

Oxidation state III 

The coordination chemistry of the large, electropositive Ln" ions is complicated, 
especially in solution, by ill-defined stereochemistries and uncertain coordination 

numbers. This is well illustrated by the aquo ions themselves.'?* These are known for all 

the lanthanides, providing the solutions are moderately acidic to prevent hydrolysis, with 

hydration numbers probably about 8 or 9 but with reported values depending on the 

methods used to measure them. It is likely that the primary hydration number decreases as 

the cationic radius falls across the series. However, confusion arises because the 

polarization of the H,O molecules attached directly to the cation facilitates hydrogen 

bonding to other H,O molecules. As this tendency will be the greater, the smaller the 

cation, it is quite reasonable that the secondary hydration number increases across the 

series. 

Hydrated salts with all the common anions can be crystallized from aqueous solutions 

and frequently, but by no means invariably, they contain the [Ln(H,O),]°** ion. An 

enormous number of salts of organic acids such as oxalic, citric, and tartaric have been 

studied, often for use in separation methods. These anions are, in fact, chelating O ligands 

which as a class provide the most extensive series of Ln'” complexes. NO, is an inorganic 
counterpart and is notable for the high coordination numbers it yields, as in the 10- 

coordinate bicapped dodecahedral [Ce(NO,),]?, and in [Ce(NO;),]*~ which like its 
Ce'Y analogue, has the 12-coordinate icosahedral geometry (Fig. 30.5a) (see also p. 541). 

B-diketonates (L—L) provide further important examples of this class of ligand, and yield 

complexes of the type [Ln(L-L)3L’] (L’=H,0, py, etc.) and [Ln(L-L),], which are 

respectively 7- and 8-coordinate. Dehydration, under vacuum, of the hydrated tris- 

diketonates produces [Ln(L—L),] complexes which probably increase their coordin- 

ation by dimerizing or polymerizing. They may be sublimed, the most volatile and 

thermally stable being those with bulky alkyl groups R in [RC(O)CHC(O)R]  ; they are 

soluble in non-polar solvents, and have received much attention as “nmr shift” reagents. 

Thus, in the case of organic molecules which are able to coordinate to Ln™ (ie. if they 
contain groups such as -OH or -COO ), the addition of one of these coordinatively 

unsaturated reagents produces a labile adduct; because this adduct is anisotropic the 

paramagnetic Ln" ion shifts the resonance line of each proton by an amount which is 
critically dependent on the spatial relationship of the Ln'" and the proton. Greatly 

improved resolution is thereby obtained along with the possibility of distinguishing 

between alternative structures of the organic molecule.?° 
Various crown ethers (p. 105) with differing cavity diameters provide a range of 

*4 J. BurGess, Metal ions in Solution, Ellis Horwood, Chichester, 1978, 481 pp. 
-5 G. R. SULLIVAN, Chiral lanthanide shift reagents, Topics in Stereochem. 10, 287-329 (1978). 
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coordination numbers and stoichiometries, although crystallographic data are sparse. An 

interesting series, illustrating the dependence of coordination number on cationic radius 

and ligand cavity diameter, is provided by the complexes formed by the lanthanide 

nitrates and the 18-crown-6 ether (ie. 1,4,7,10,13,16-hexaoxacyclo-octadecane). For 

Ln=La-Gd the most thermally-stable product is that with a ratio of Ln: crown 

ether =4:3, but the larger of these lanthanides (i.e. La, Ce, Pr, and Nd) also form a 1:1 

complex. This is [Ln(NO;)3L] in which the Ln" is 12-coordinate® (Fig. 30.6a). The 4:3 
complex, on the other hand, is probably [Ln(NO,;),L]3,[Ln(NO3),] in which, compared 

to the 1:1 complex,the Ln™ in the complex cation has lost one NO, _, so reducing its 
coordination number to 10. The remaining, still smaller lanthanides (Tb-Lu) find the 

cavity of this ligand too large and form [Ln(NO3)3(H,O),;]L, in which the ligand is 

uncoordinated. 

Unidentate O donors such as pyridine-N-oxide and triphenylphosphine oxide also 

form many complexes, as do alkoxides. A particularly interesting example is 

[Nd,(OPr'),,Cl], made up of 6 Nd atoms held together around a central Cl atom by 

means of bridging OCHMe, groups?’ (Fig. 30.6b). 
That complexes with O-donor ligands are more numerous than those with N donors is 

probably because the former ligands are more often negatively charged—a clear advantage 

when forming essentially ionic bonds. However, by using polar organic solvents such as 

ethanol, acetone, or acetonitrile in order to avoid competitive coordination by water, 

complexes with ligands such as en, dien, bipy, and terpy can be prepared.?*®) Coordination 
numbers of 8, 9, and 10 as in [Ln(en),]**, [Ln(terpy)3]°*, and [Ln(dien),(NO,)]?* are 
typical. Nor do complexes such as the well-known [Ln(EDTA)(H,O),]~ show any 

destabilization because of the N donor atoms (EDTA has 4 oxygen and 2 nitrogen donor 

atoms). More pertinently, whereas the complexes of 18-crown-6-ethers mentioned above 

dissociate instantly in water, complexes of the N-donor analogues are sufficiently stable to 

remain unchanged. 

As with other transition elements, the lanthanides can be induced to form complexes 

with exceptionally low coordination numbers by use of the very bulky ligand, 

N(SiMe;),_ 2?) 

3LiN(SiMe;), + LnCl,—>[Ln{N(SiMe;),}3] + 3LiCl 

The volatile, but air-sensitive, and very easily hydrolysed products have a coordination 

number of 3, the lowest found for the lanthanides; they are apparently planar in solution 

(zero dipole moment) but pyramidal in the solid state. With Ph,PO the 4-coordinate 

distorted tetrahedral adducts [Ln{N(SiMe;),},(OPPh,)] are obtained. So difficult is it to 

expand the coordination sphere that attempts to prepare bis(Ph,;PO) adducts produce 

instead the dimeric peroxo bridged complex, [(Ph,PO){(Me;Si),N},LnO,Ln 
{N(SiMe;3),},(OPPh;)] (see p. 723). 

26 M. E. HARMAN, F. A. Hart, M. B. HurstHouss, G. P. Moss, and P. R. RaITHBy, 12-coordinated crown 

ether complex of lanthanum; X-ray crystal structure, JCS Chem. Comm. 396-7 (1976). J.-C. G. BUNZLI, B. 
KLEIN, and D. Wessner, Crystal and molecular structure of 18-crown-6 ether with neodymium nitrate, /norg. 
Chim. Acta 44, L147-9 (1980). 

77 R. A. ANDERSEN, D. H. TEMPLETON, and A. ZALKIN, Synthesis and crystal structure of a neodymium 
isopropoxide chloride, Nd,[OCH(CH;),], 7Cl, /norg. Chem. 17, 1962-5 (1978). 

28 J. H. ForsBERG, Complexes of lanthanide(III) ions with nitrogen donor ligands, Coord. Chem. Rers. 10, 
195-226 (1973). 

22D. C. Brap-ey, J. S. GHorra, F. A. Hart, M. B. HurstHouss, and P. R. RaitHBy, Low coordination 

numbers in lanthanoid and actinoid complexes, JCS Dalton 1977, 1166-72. 



§30.3.4 Complexes 1447 

pad isp ce 

Neodymium _ 

GK Chloride 

a 2a ee G) Oxygen of terminal OPri 

“ : O ee 2 2 @) Oxygen of edge-bridging OPri 

. gq Nitrogen Cf) Oxygen of face-bridging OPri 
_. i me 

Fic. 30.6 (a) Ln(NO,), (18-crown-6). For clarity only 2 of the oxygen atoms of each nitrate ion 

are shown, and only the 6 oxygen atoms of the crown ether. (Note the boat conformation of the 
crown ether which allows access to two NO, on the open side and only one on the hindered side. ) 

(b) [Nd,(OPr'), Cl]. Only the oxygens of the OPr' groups are shown. Note that the 6 Nd atoms 
surrounding the Cl atom are situated at the corners of a trigonal prism, held together by 2 face- 

bridging and 9 edge-briding alkoxides. 

Coordination by halide ions is rather weak, that of I” especially so, but from 

nonaqueous solutions it is possible to isolate anionic complexes of the type [LnX,]*~ 

which are apparently, and unusually for Ln", 6-coordinate and octahedral. The heavier 
donor atoms S, Se, P, and As have little tendency to coordinate, dithiocarbamates such as 

[Ln(S,CNMe,),] and [Ln(S,CNMe,),]~ being amongst the few confirmed examples. 

Oxidation state II‘®) 

The coordination chemistry in this oxidation state is essentially confined to the ions 

Sm", Eu"! and Yb". These are the only ones with an aqueous chemistry and their solutions 
may be prepared by electrolytic reduction of the Ln" solutions or, in the case of Eu", by 
reduction with amalgamated Zn. These solutions are blood-red for Sm", colourless or pale 

greenish-yellow for Eu", and yellow for Yb", and presumably contain the aquo ions. All 
are rapidly oxidized by air, and Sm" and Yb" are also oxidized by water itself although 
aqueous Eu" is relatively stable, especially in the dark. 
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A number of salts have been isolated but, especially those of Sm" and Yb", are 

susceptible to oxidation even by their own water of crystallization. Carbonates and 

sulfates, however, have been characterized and shown to be isomorphous with those of Sr: 

and Ba". 
Europium and Yb display further similarity with the alkaline earths in dissolving in 

liquid ammonia to give intense blue solutions, characteristic of solvated electrons and 

presumably also containing [Ln(NH;),]?*. The solutions are strongly reducing and 

decompose on standing with the precipitation of orange Eu(NH,), and brown Yb(NH,), 

(always contaminated with Yb(NH,);) which are isostructural with the Ca and Sr amides. 

30.3.5 Organometallic compounds®° >"? 

This is not an extensive field but, in spite of the lanthanides’ inability to engage in 7 

backbonding, it is one which has shown appreciable growth in the last quarter of a 

century. The compounds are of two main types: the predominantly ionic cyclo- 

pentadienides, and the o-bonded alkyls and aryls. Organolanthanides of any type are 

usually thermally stable, but unstable with respect to water and air. 

Cyclopentadienides and related compounds 

The series [Ln(C;H,)3], [Ln(C5H,;),Cl], and the less well-characterized 

[Ln(C5H,)Cl,] are salts of the C;H, anion and their most general preparation is by the 

reaction of anhydrous LnCl, and NaC.H, in appropriate molar ratios in thf. The metal 
atoms in these compounds display an apparent tendency to increase their coordination 

numbers: solvates and other adducts are readily formed. In polar solvents, where they are 

no doubt solvated, they are monomeric but, in non-polar solvents the tris(C;H;) 

compounds are insoluble, while the bis(C;H,;) compounds dimerize. Structural data for 

these solids is sparse but, where it exists, indicates rather complicated structures. Thus, in 

orange [Sm(C;H,),],each C;H, ion is pentahapto towards 1 metal atom but some also 

act as bridges by presenting a ring vertex (7') or edge (77) towards an adjacent metal atom, 

so producing a chain structure. In a less complicated way the blue, [Nd(C;H,Me),] is 
actually tetrameric, each Nd being attached to three rings in a pentahapto mode with one 

ring being further attached in a monohapto manner to an adjacent Nd. The red solid, 

[Yb(C;H,Me),Cl] is a dimer with simple pentahapto rings and two chloride bridges. 

Complexes with the two analogous ligands, indenide, C,H, , 

+ Ring bridges of these types are found in alkaline earth cyclopentadienides such as [Ca(C;H,),] and are 
characteristic of the electrostatic nature of the bonding. 

°° T, J. Marks, Chemistry and spectroscopy of f-element organometallics, part I: the lanthanides, Prog. 
Inorg. Chem. 24, 51-107 (1978). 

>! T, J. Marks and R. D. FISCHER (eds.), Organometallics of the f-elements, Reidel, Dordrecht, Holland, 1979, 
517 pp. Proceedings of a NATO Adv. Study Inst. meeting, September 1978. 
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and cyclooctatetraenide, COT, CgH,7 , ions can be prepared by similar means. In solid 

[Sm(C,H,)3] the 5-membered rings of the 3 ligands are bonded in a pentahapto manner 

and the compound shows little tendency to solvate, presumably because of the bulky 
nature of the C,H,” ions. The lighter (and therefore larger) Ln" ions form K[Ln(y°- 
C,Hg),]. The Ce™ member of the series has a similar “sandwich” structure to the so-called 
“uranocene” (p. 1486). The other members of the series have the same infrared spectrum 

and so also are presumed to have this structure. 

Alkyls and aryls 

These are prepared by metathesis in thf or ether solutions: 

LnCl, + 3LiR ——> LnR;+3LiCl 

LnCl, + 4LiR —> Li[LnR,]+3LiCl, 

The triphenyls are probably polymeric and the first fully-characterized compound was 

[Li(thf), ][Lu(C,H;Me,),] in which the Lu is tetrahedrally coordinated to four o-ary] 

groups. More stable products, of the form [LnR,(thf),], are obtained by use of the 

bulky alkyl groups such as -CH,CMe, and —CH,SiMe3. 

Methyl derivatives have only recently been obtained but H. Schumann and co-workers 

have now isolated octahedral [LnMe,]*~ species for most of the lanthanides.” 
Novel, mixed alkyl cyclopentadienides have also been prepared for the heavy 

lanthanides :°?: 3%) 

(nS-CsHs ) Cl (n°-CsHs) (n°-CsHs) Me (n°-CsHs ) 
as yr a yi in toluene PAM ils os 

Bay Sy fiediGN Cac) Jatisgsie 
(n°-CsHs ) Cl (nS-C;Hs ) (n5-C;H,; ) Me (n°-C;H, ) 

+2 LiAIMe, : +py : 

De ($C) Me Me | | SRUAIMes) 
2 Ln Al 

OOS SERN 
(n*°-C;Hs) Me Me 

°2,N.M. Evy and M. Tsutsut, Organolanthanides and organoactinides. XV. Synthesis and properties of new 
o-bonded organolanthanide complexes, /norg. Chem. 14, 2680-7 (1975). 

33 J. Hotton, M. F. Lappert, D. G. H. BALLARD, R. PEARCE, J. L. ATwoop, and W. E. Hunter, Alkyl- 

bridged complexes of the d- and f-block elements. Part I. Di-p-alkyl-bis(y-cyclopentadienyl)metal(III) 
dialkylaluminium(III) complexes and the crystal and molecular structure of the ytterbium methyl species. Part 

II. Bis[bis(y-cyclopentadienyl)methylmetal(III)] complexes and the crystal and molecular structures of the 
yttrium and ytterbium species, JCS Dalton 1979, 45-61. 
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The Actinide Elements 
(Z7=90-103) 

31.1 ~~ Introduction 

The “actinides” (“actinons” or “actinoids”) are the fourteen elements from thorium to 

lawrencium inclusive, which follow actinium in the periodic table. They are analogous to 

the lanthanides and result from the filling of the Sf orbitals, as the lanthanides result from 

the filling of 4f. The position of actinium, like that of lanthanum, is somewhat equivocal 

and, although not itself an actinide, it is often included with them for comparative 

purposes. 
Prior to 1940 only the naturally occurring actinides, thorium, protactinium, and 

uranium were known; the remainder have been produced artificially since then. Indeed, 

manmade transuranium elements now constitute some 15% of all the known chemical 

elements. 

In 1789 M. H. Klaproth examined pitchblende, thought at the time to be a mixed oxide 

ore of zinc, iron, and tungsten, and showed that it contained a new element which he 

named uranium after the recently discovered planet, Uranus. Then in 1828 J. J. Berzelius 

obtained an oxide, from a Norwegian ore now known as “thorite”; he named this thoria 

after the Scandanavian god of war and, by reduction of its tetrachloride with potassium, 

isolated the metal thorium. The same method was subsequently used in 1841 by B. Peligot 

to effect the first preparation of metallic uranium. 

The much rarer, protactinium, was not found until 1913 when K. Fajans and 

O. Gohring identified 7**Pa as an unstable member of the 7°*U decay series: 

2381 ; 234TH SB 234pq Ba 234 

They named it brevium because of its short half-life (6.66 h). The more stable isotope 
?3'Pa (t, 32800 y) was identified 3 years later by O. Hahn and L. Meitner and 
independently by F. Soddy and J. A. Cranston as a product of 7°°U decay: 

enol ae th at Pa ; etal 

As the parent of actinium in this series it was named protoactinium, shortened in 1949 to 

protactinium. Because of its low natural abundance its chemistry was obscure until 1960 

1450 
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when A.G. Maddock and co-workers at the UK Atomic Energy Authority worked up 

about 130 g from 60 tons of sludge which had accumulated during the extraction of 
uranium from UO, ores. It is from this sample, distributed to numerous laboratories 

throughout the world, that the bulk of our knowledge of the element’s chemistry has been 

gleaned. 

In the early years of this century the periodic table ended with element 92 but, with 

J. Chadwick’s discovery of the neutron in 1932 and the realization that neutron-capture 

by a heavy atom is frequently followed by 6” emission yielding the next higher element, 

the synthesis of new elements became an exciting possibility. E. Fermi and others were 

quick to attempt the synthesis of element 93 by neutron bombardment of 738U, but it 
gradually become evident that the main result of the process was not the production of 

element 93 but nuclear fission, which produces lighter elements. However, in 1940, E. M. 

McMillan and P. H. Abelson in Berkeley, California, were able to identify, along with the 

fission products, a short-lived isotope of element 93 (t, 2.35 days): 

238 4 In . 2391 Sith 239NIn 

Coming after uranium it was appropriate to name the new element neptunium after 

Neptune, which is the next planet beyond Uranus. 

The remaining actinide elements were prepared‘':”) by various “bombardment” 

techniques fairly regularly over the next 20 years (Table 31.1) though, for reasons of 

security, publication of the results was sometimes delayed. The dominant figure in this 

field has been G. T. Seaborg, of the University of California, Berkeley, in early recognition 

of which, he and E. M. McMillan were awarded the 1951 Nobel Prize for Chemistry. 

The isolation and characterization of these elements, particularly the heavier ones, 

posed enormous problems. Individual elements are not produced cleanly in isolation, but 

must be separated from other actinides as well as from lanthanides produced 

simultaneously by fission. In addition, all the actinides are radioactive, their stability 

decreasing with increasing atomic number, and this has two serious consequences. Firstly, 

it is necessary to employ elaborate radiation shielding and so, in many cases, operations 

must be carried out by remote control. Secondly, the heavier elements are produced only 

in the minutest amounts. Thus mendelevium was prepared in almost unbelievably small 

yields of the order of 1 to 3 atoms per experiment! Paradoxically, however, the intense 

radioactivity also facilitated the detection of these minute amounts, firstly by the 

development and utilization of radioactive decay systematics, which enabled the detailed 

properties of the expected radiation to be predicted, and, secondly, by using the 

radioactive decay itself to detect and count the individual atoms synthesized. Accordingly, 

the separations were effected by ion-exchange techniques, and the elements identified by 

chemical tracer methods and by their characteristic nuclear decay properties. In view of 

the quantities involved, especially of californium and later elements, it is clear that this 

would not have been feasible without accurate predictions of the chemical properties also. 

+ ?38Np itself also decays by 8” emission to produce element 94 but this was not appreciated until after that 
element (plutonium) had been prepared from 735Np. 

1G. T. SEABORG (ed.), Transuranium Elements; Froducts of Modern Alchemy, Dowden, Hutchinson & Ross, 

Stroudsburg, 1978. This reproduces, in their original form, 122 key papers in the story of man-made elements. 
2 J.J. Katz andG. T. SEaABorRG, The Chemistry of the Actinide Elements, Methuen, London, 1957, 508 pp. An 

early but authoritative summary up to element 102. 
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TABLE 31.1 The discovery (synthesis) of the artificial actinides 

Element Discoverers Date Synthesis Origin of name 

93 Neptunium, Np E. M. McMillan and 1940 Bombardment of The planet Neptune 

P. Abelson 238U with jn 
94 Plutonium, Pu G. T. Seaborg, E. M. 1940 Bombardment of The planet Pluto 

McMillan, J. W. Kennedy, 238U with 7H (next planet 
and A. Wahl beyond Neptune) 

95 Amencium, Am G. T. Seaborg, R. A. James, 1944 Bombardment of America (by analogy 

L. O. Morgan, and 233Pu with $n with Eu, named 
A. Ghiorso after Europe) 

9% Cunum, Cm G. T. Seaborg, R. A. James, 1944 Bombardment of _ P. and M. Curie (by 

and A. Ghiorso 232Pu with $He analogy with Gd, 
named after 
J. Gadolin) L 

97 Berkelium, Bk S. G. Thompson, 1949 Bombardment of Berkeley (by analogy 

A. Ghiorso, and 2$:Am with $He —_ with Tb, named 
G. T. Seaborg after the village of 

Ytterby) 
98 Californium, Cf S. G. Thompson, K. Street, | 1950 Bombardment of California (location 

A. Ghiorso, and 2$2Cm with $He _ of the laboratory) 
G. T. Seaborg 

99 Einsteinium, Es Workers at Berkeley, 1952 Found in debris Albert Einstein 

Argonne, and Los Alamos of first thermo- (relativistic relation 
nuclear between mass and 
explosion as a energy) 
result of 
irradiation of U 
with fast 
neutrons 

100 Fermium, Fm Workers at Berkeley, 1952 Found in debris Enrico Fermi 

Argonne, and Los Alamos of first thermo- (construction of 
nuclear first self-sustaining 
explosion as a nuclear reactor) 
result of 

irradiation of U 
with fast 
neutrons 

101 Mendelevium, Md A. Ghiorso, B. H. Harvey, 1955 Bombardment of | Dimitri Mendeleev 
G. R. Choppin, 233Es with tHe (periodic table of 

S. G. Thompson, and the elements) 
G. T. Seaborg 

102 Nobelium, No A. Ghiorso, T. Sikkeland, 1958 Bombardment of Alfred Nobel 
J. R. Walton, and *$eCm with 12C (benefactor of 
G. T. Seaborg” science)? 

i03 Lawrencium, Lr® A. Ghiorso, T. Sikkeland, 1961 Bombardment of | Ernest Lawrence 
A. E. Larsch, and 

R. M. Latimer 
mixed isotopes 
of Cf with ‘$B 
and ‘3B 

(developer of the 
cyclotron) 

SS Se eer et ee eee 

“Formerly Lw; present symbol adopted by IUPAC in 1965. 
©) The first report of element 102 was in 1957 by an international team of scientists working at the Nobel 

Institute for Physics in Stockholm. They bombarded Cm with '3C but their result could not be repeated 
elsewhere. Their suggested name for the element has however been accepted. 
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It was Seaborg’s realization in 1944 that these elements should be regarded as a second f 
series akin to the lanthanides that made this possible. (Thorium, protactinium, and 
uranium had previously been regarded as transition elements belonging to groups IVA, 
VA, and VIA, respectively.) 

Elements beyond 103 are expected to be 6d elements forming a fourth transition series, 
and attempts to synthesize them of course continued after lawrencium had been 
discovered. The work requires the commitment of extensive facilities and is at present 
being carried out by A. Ghiorso and others in California and by G. N. Flerov’s group at 
Dubna, near Moscow. 

There is apparently little doubt that element 104 can be made and that it forms a 
chloride and chloro-complex similar to hafnium’s,°) but priority in its discovery is 

disputed. The Berkeley workers propose the name rutherfordium (Rf) after Ernest 

Rutherford, while the Dubna workers proposed kurchatovium (Ku) after Igor Kurchatov. 

In the absence of agreement on priorities, and on the details of the experiments, the 

IUPAC recommended that a systematic name should be adopted: un-nil-quadium, Ung 

(p. 35). Later elements are less certain. The names hahnium (Ha) after Otto Hahn and 

nielsbohrium (Ns) after Niels Bohr have been suggested by the Berkeley and Dubna groups 

respectively, but neither has been approved internationally; the systematic name is unnil- 

pentium, Unp. Both groups claim also to have prepared element 106 but neither have 

suggested a name; there is also growing evidence for the synthesis of element 107. The 

IUPAC recommended names are, respectively, unnilhexium (Unh) and unnilseptium 

(Uns). 

Superheavy elements 

Since the radioactive half-lives of the known transuranium elements and their resistance 

to spontaneous fission decrease with increase in atomic number, the outlook for the 

synthesis of further elements might appear increasingly bleak. However, theoretical 

calculations of nuclear stabilities, based on the concept of closed nucleon shells (p. 15) 

suggest the existence of an “island of stability” around Z = 114 and N = 184.%* Attention 

has therefore been directed towards the synthesis of element 114 (a congenor of Pb in 

Group IVB) and adjacent, “superheavy” elements, by bombardment of heavy nuclides 

with a wide range of heavy ions, but so far without success. 

Searches have been made for naturally occurring superheavies (Z = 112-115) in ores of 
Hg, Tl, Pb, and Bi, on the assumption that they would follow their homologues in their 

geochemical evolution and could be recognized by the radiation damage caused over 

geological time by their very energetic decay. Early claims to have detected such 

superheavies in natural ores have been convincingly discounted.°> More recent 

uncorroborated claims to success have been made but, even if confirmed, the 

3A. K. Hutet, R. W. LOUGHEED, J. F. Witp, J. H. LANDRUM, J. M. NitscHKE, and A. Guiorso, Chloride 

complexation of element 104, J. Inorg. Nucl. Chem. 42, 79-82 (1980). 
74 B Fricke, Superheavy elements, Struct. Bonding, (Berlin), 21, 89-144 (1975). 
3» F Boso, A. ELGoresy, W. KRATSCHMER, B. MARTIN, B. Povu, R. NosiLinc, K. TRAXEL, and D. 

SCHWALM, Possible existence of superheavy elements in monazite, Z. Physik A280, 39-44 (1977); see also C. J. 
SPARKS, S. RAMAN, H. L. TAKEL, R. V. GENTRY, and M. O. Krause, Phys. Rev. Letters 38, 205-8 (1977), for 

retraction of their earlier claim to have detected naturally occurring primordial superheavy elements. 
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concentrations found in the samples examined, are exceedingly small‘ (less than 1 in 

107), 

31.2. The Elements ° 

31.2.1 Terrestrial abundance and distribution 

Every known isotope of the actinide elements is radioactive and the half-lives are such 

that only ?3?Th, ?°°U, 238U, and possibly 74*Pu could have survived since the formation 
of the solar system. In addition, continuing processes produce equilibrium traces of some 

isotopes of which the most prominent is 7°*U (t, 2.45 x 10° y, comprising 0.0054% of 
naturally occurring U isotopes). 7°! Pa (and therefore **’Ac) is formed as a product of the 
decay of 73°U, while 237Np and ???Pu are produced by the reactions of neutrons with, 
respectively, 7°°U and ?38U. Traces of Pa, Np, and Pu are consequently found, but only 
Th and U occur naturally to any useful extent. Indeed, these two elements are far from 

rare: thorium comprises 8.1 ppm of the earth’s crust, and is almost as abundant as boron, 

whilst uranium at 2.3 ppm is rather more abundant than tin. The radioactive decay 

schemes of the naturally occurring long-lived isotopes of 73*Th, 77°U, and 73°U, together 
with the artificially generated series based on **'Pu, are summarized in the scheme on the 
page opposite. 

Thorium is widely but rather sparsely distributed and its only commercial sources are 

monazite sands (see p. 1425) and the mineral conglomerates of Ontario. The former are 

found in India, South Africa, Brazil, Australia, and Malaysia, and in exceptional cases may 

contain up to 20% ThO, but more usually contain less than 10%. In the Canadian ores the 

thorium is present as uranothorite, a mixed Th,U silicate, which is accompanied by 

pitchblende. Even though present as only 0.4% ThO,, the recovery of Th, as a co-product 

of the recovery of uranium, is viable. 

Uranium, too, is widely distributed and, since it probably crystallized late in the 

formation of igneous rocks, tends to be scattered in the faults of older rocks. Some 

concentration by leaching and subsequent re-precipitation has produced a large number 

of oxide minerals of which the most important are pitchblende or uraninite, U,O,, and 

carnotite, K,(UO,),(VO,),.3H,O. However, even these are usually dispersed so that 
typical ores contain only about 0.1% U, and many of the more readily exploited deposits 

are nearing exhaustion. The principal sources are the USA, Canada, South Africa, and 

Australia. é 
The transuranium elements must all be prepared artificially. 

* See, for instance, E. L. FIREMAN, B. H. KeTeLLe, and R. W. STOUGHTON, Superheavy element search in 

bismuthinite, Bi,S,, J. Inorg. Nucl. Chem. 41, 613-15 (1979). 

° Kirk-Othmer Encyclopedia of Chemical Technology, 3rd edn., Interscience, New York; for Actinides see Vol. 
1, 1978, pp. 456-89; for Thorium see Vol. 22, 1983, pp. 989-1002; for Uranium, see Vol. 23, 1983, pp. 502-47. 

° G. R. Cuoppin and J. RYDBERG, Nuclear Chemistry: Theory and Applications, Pergamon Press, Oxford, 
1980, 667 pp. 

’ The Actinides, Vol. 5 of Comprehensive Inorganic Chemistry, Pergamon Press, Oxford, 1973, 715 pp. 

* Lanthanides and Actinides, Vol. 7 of MTP International Review of Science, Inorganic Chemistry (K. W. 
BAGNALL, Ed.), Butterworths, London, Series 1, 1972, pp. 367; series 2, 1975, pp. 329. 

° J. F. Smitu, O. N. Carson, D. T. PETERSON, and T. E. Scott, Thorium: Preparation and Properties, lowa 
State University Press, lowa, 1975, 385 pp. 

*°M. Tause, Plutonium: A General Survey, Verlag Chemie, Weinheim, 1974, 242 pp. 
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Thorium series Neptunium series Uranium series etn series | 

(A =4n +1) (A = 4n + 2) (A =4n + 3) 

The radioactive decay series. 

31.2.2 Preparation and uses of the elements 

The separation of basic precipitates of hydrous ThO, from the lanthanides in monazite 

sands has been outlined in Fig. 30.1 (p. 1427). These precipitates may then be dissolved in 

nitric acid and the thorium extracted into tributyl phosphate, (Bu"O),PO, diluted with 

kerosene. In the case of Canadian production, the uranium ores are leached with sulfuric 

acid and the anionic sulfato complex of U preferentially absorbed onto an anion exchange 

resin. The Th is separated from Fe, Al, and other metals in the liquor by solvent extraction. 
Metallic thorium can be obtained by reduction of ThO, with Ca or reduction of ThCl, 

with Ca or Mg under an atmosphere of Ar (like Ti, finely divided Th is extremely reactive 

when hot). 
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The uses of Th are at present limited and only a few hundred tonnes are produced 

annually, about half of this still being devoted to the production of gas mantles (p. 1425). In 

view of its availability as a by-product of lanthanide and uranium production, output 

could be increased easily if it were to be used on a large scale as a nuclear fuel (see below). 

Uranium production depends in detail on the nature of the ore involved but, after 

crushing and concentrating by conventional physical means, the ore is usually roasted and 

leached with sulfuric acid in the presence of an oxidizing agent such as MnO, to ensure 

conversion of all uranium to UO,”*.Ina typical process the uranium is concentrated as a 

sulfato complex on an anion exchange resin from which it is eluted with strong HNO; and 

further purified by solvent extraction into tributyl phosphate (TBP) in either kerosene or 

hexane. This produces pure UO,(NO;), which is converted to UO; by heating at 300°C, 

and then to UO, (so-called “yellow cake”) by reducing in H, at 700°C. Conversion to the 

metal is generally effected by reduction of UF, with Mg at 700°C. 

Apart from its long-standing though small-scale use for colouring glass and ceramics, 

uranium’s only significant use is as a nuclear fuel. This seems certain to increase, but by 

how much depends on environmental and political considerations affecting, for instance, 

the introduction of fast breeder reactors. In 1980 production in the western world was 

nearly 44 000 tonnes, of which about 16 000 tonnes came from the USA, 7000 tonnes 

from Canada, 6000 tonnes from South Africa (as a by-product of gold), and 4000 tonnes 

each from Niger and Namibia. Australia produced 1500 tonnes but this was a sharp 

increase and that country is likely to become a major producer in the near future. If 

demand were to increase significantly, the recovery of uranium as a by-product of the 

production of phosphoric acid could become economically attractive since phosphate 
ores commonly contain 100 ppm of U. 

Nuclear reactors and atomic energy “'': +? 

In the process of nuclear fission a large nucleus splits into two highly energetic smaller 

nuclei and a number of neutrons; if there are sufficient neutrons and they have the 

correct energy, they can induce fission of further nuclei, so creating a self- 

propagating chain reaction. The kinetic energy of the main fragments is rapidly converted 

to heat as they collide with neighbouring atoms, the amount being of the order of 10° times 

that produced by chemically burning the same mass of combustible material such as coal. 

The only naturally occurring fissile nucleus is 733U (0.72% abundant): 

733U+(n——>?2 fragments+xdn (x =2-3) 

The so-called “fast” neutrons which this fission produces have energies of about 2 MeV, or 

190 x 10° kJ mol” ', and are not very effective in producing fission of further 235U nuclei. 
Better in this respect are “slow” or “thermal” neutrons whose energies are of the order of 
0.025 eV, or 2.4 kJ mol”! (i.e. equivalent to the thermal energy available at ambient 
temperatures). In order to produce and sustain a chain reaction in uranium it is therefore 
necessary to counter the inefficiency of fast neutrons by either (a) increasing the 

11D. Crapse and R. McBriDeE, The Wor!d Energy Book, Kogan Page, London, 1978, 259 pp. See individual 
entries. 

‘2 J. R. Finpiay, K. M. Giover, I. L. Jenkins, N. R. LARGE, J. A. C. MARPLES, P. E. Potter, and P. W. 
SUTCLIFFE, The inorganic chemistry of nuclear fuel cycles, in R. THoMpsoN (ed.), The Modern Inorganic 
Chemicals Industry, Special publication No. 31, The Chemical Society, London, 1977, pp. 419-66. 
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proportion of 733U (ie. fuel enrichment) or (b) slowing down (i.e. moderating) the fast 
neutrons. In addition, there must be sufficient uranium to prevent excessive loss of 

neutrons from the surface (i.e. a “critical mass” must be exceeded). If the reaction is not to 

run out of control, an adjustable neutron absorber is also required to ensure that the rate 

of production of neutrons is balanced by the rate of their absorption. 

The first manmade self-sustaining nuclear fission chain reaction was achieved on 

2 December 1942 in a disused squash court at the University of Chicago by a team which 

included E. Fermi. This was before nuclear-fuel enrichment had been developed: alternate 

sections of natural-abundance UO, and graphite moderator were piled on top of each 

other (hence, nuclear reactors were originally known as “atomic piles”) and the reaction 

was controlled by strips of cadmium which could be inserted or withdrawn as necessary. 

In this crude structure, 6 tonnes of uranium metal, 50 tonnes of uranium oxide, and nearly 

400 tonnes of graphite were required to achieve criticality. The dramatic success of 

Fermi’s team in achieving a self-sustaining nuclear reaction invited the speculation as to 

whether such a phenomenon could occur naturally.“?*) In one of the most spectacular 

pieces of scientific detection work ever conducted, it has now unambiguously been 

established that such natural chain reactions have indeed occurred in the geological past 

when conditions were far more favourable than at present (see Panel). 

+ If, as is believed (p. 16), the earth was formed about 4.6 x 10°y ago it follows that the proportion of 7*°U at 
that time must have been about 25%. 

'2a pK. KuRobDA, On the nuclear physical stability of the uranium minerals, J. Chem. Phys. 25, 781—2 and 
1295-6 (1956). P. K. Kuropa, Nuclear fission in the early history of the earth, Nature 187, 36-38 (1960). 

'3 Le Phenomene a Oklo, Proceedings of a Symposium on the Oklo Phenomenon, International Atomic 

Energy Agency, Vienna, Proceedings Series, 1975. Natural Fission Reactions, AEA, Vienna, Panel Proceedings 
Series STI/PUB/475, 1978, 754 pp. G. A. Cowan, A natural fission reactor, Scientific American 235, 36-47 
(1976). R. West, Natural nuclear reactors. The Oklo phenomenon, J. Chem. Ed. 53, 336-40 (1976). 
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atmosphere was a reducing one, were con verted to soluble uv sel . the atmosphere which had 

since become oxidizing. These were then re-precipitated as UY by bacterial reduction in the silt of 

a river delta and gradually buried under other sedimentary deposits. During this process the 

underlying granite rocks were tilted, the ores which contained about 0. 5° Uwerefractured,and 

water percolating through the fissures created rich pockets of ore which in places consisted of 

almost pure UO,. At that time the 7**U content of the uranium was about ¥», Which is the value 
to which the fuel used in most modern water-moderated reactors i ificially enriched. _ 

Under these circumstances the critical mass could be attained and a nuclear chain reaction _ 

initiated, with water as the necessary moderator. The 15% water of hydration contained in the 

clays associated with the ore would be ideal for this purpose. As the reaction proceeded, the 
consequent rise in temperature would have driven off water, so producing “undermoderation” and 
slowing the reaction, thereby avoiding a “runway” reaction. As a result, a particular reactor may 
have epee in a steady manner or oe in a one pulsating inner, as water was 

olin: Te-abs¢ bed one 7 
criticality and again heating). : _ 
ro control of the reactions must have been effected ee neutron cor ng “poisons” , such ; 

place. As the nuclear fuel i in the original, tich h packets was be D 
y a g neutrons. Thus ore of me 

would eee become so and the chain reaction would propogat 
bed. Just how long these reactions operated i is difficult to judge, not least becuse their operation 

_ may not have — continuous, but it is oe to be about (0.2-1) x 10° with output inthe 
eS of ?35U from 

Confirmation of this een. is eee ee the] pre 
of the more than 30 a oe of uranium. 

germane to the problem o of the long 
continuing: eo : 

reaction in unerriched 1UOs is ae it requ 
cone OF Paes in sel 

If a chain reaction is to provide useful energy, the heat it generates must be extracted by 

means of a suitable coolant and converted, usually by steam turbines, into electrical 

energy. The high temperatures and the intense radioactivity generated within a reactor 

pose severe, and initially totally new, constraints on the design. The choices of fuel and its 

immediate container (cladding), of the moderator, coolant, and controller involve 

problems in nuclear physics, chemistry, metallurgy, and engineering. Nevertheless, the 

first commercial power station (as opposed to experimental reactors or those whose 

function was to produce plutonium for bomb manufacture) was commissioned in 1956 at 

Calder Hall in Cumberland, UK. Since then a variety of different types has been developed 

in several countries, as summarized in Fig. 31.1. At the present time (1982) some 35 

countries are operating nuclear power stations to supply energy. 

Fuels. Although the concentration of 7*>U in natural uranium is sufficient to sustain a 
chain reaction, its effective dilution by the fuel cladding and other materials used to 
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* HTR and CANDU could also possibly use 73? Th-?33U fuel 

Fic. 31.1 Various types of nuclear reactor currently in use or being developed (F fuel; E 
enrichment, expressed as %?3°U present; M moderator; C coolant). 
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construct the reactor make fuel enrichment advantageous. Indeed, if ordinary (light) 

water is used as moderator or coolant, a concentration of 2-3% ?°°U is necessary to 

compensate for the inevitable absorption of neutrons by the protons of the water. 

Enrichment also has the advantage of reducing the critical size of the reactor but this must 

be balanced against its enormous cost. 

Early reactors used uranium in metallic form but it is now more common to use UO, 

which is chemically less reactive and has a higher melting point. UC, is also sometimes 

used but is reactive towards O,. 
In addition to 733U, which occurs naturally, two other fissile nuclei are available 

artificially. These are 732Pu and 733U which are obtained from 735U and 73$Th 
respectively: 

238 239 ~B 239 —p 239 = 
92U + on 92U > o3Np 2.35 day 4Pu 2.41x104y 

22h ph ee 8, aS 

3°Pu is therefore produced to some extent in all currently operating reactors because they 

contain *°8U, and this contributes to the reactor efficiency. More significantly, it offers the 

possibility of generating more fissile material than is consumed in producing it. Such 

“breeding” of 73?Pu is not possible in thermal reactors because the net yield of neutrons 
from the fission of 77°U is inadequate. But, if the moderator is dispensed with and the 
chain reaction sustained by using enriched fuel, then there are sufficient fast neutrons to 

“breed” new fissile material. Development of fast-breeder reactors is less advanced than 

that of thermal reactors, but prototypes use a core of PuO, in “depleted” UO, (ie. 

?38UO,) surrounded by a blanket of more depleted UO, in which the *?Pu is generated. 
By making use of the 7°8U as well as the 77° U, such reactors can extract 50-60 times more 

energy from natural uranium, so using more efficiently the reserves of easily accessible 

ores. Sadly there are possible dangers associated with a “plutonium economy” which have 

led to well-publicized objections, and future developments will be determined by social 
and political as well as by economic considerations. 

The net yield of thermal neutrons from the fission of ?77U is higher than from that of 
235U and, furthermore, 7**Th is a more effective neutron absorber than 2°°U. As a result, 
the breeding of 7°°U is feasible even in thermal reactors. Unfortunately the use of the 
2Th/?33U cycle has been inhibited by reprocessing problems caused by the very high 
energy y-radiation of some of the daughter products. 

Fuel enrichment. All practicable enrichment processes require the uranium to be in the 

form of a gas. UF., which readily sublimes (p. 1473), is universally used and, because 

fluorine occurs in nature only as a single isotope, the compound has the advantage that 

separation depends solely on the isotopes of uranium. The first, and until recently the only, 

large-scale enrichment process was by gaseous diffusion which was originally developed in 

the “Manhattan Project” to produce nearly pure *°°U for the first atomic bomb (exploded 
at Alamogordo, New Mexico, 5.30 a.m., 16 July 1945). UF, is forced to diffuse through a 

porous membrane and becomes very slightly enriched in the lighter isotope. This 

operation is repeated thousands of times by pumping, in a kind of cascade process in which 
at each stage the lighter fraction is passed forward and the heavier fraction backwards. 

Unfortunately gaseous diffusion plants are large, very demanding in terms of membrane 

technology, and extremely expensive in energy: alternatives have therefore actively been 
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sought. The furthest developed of these is the gas-centrifuge process, prototypes of which 
have operated in the UK-and The Netherlands since 1976. In cylindrical centrifuges 

rotating at about 1700 rev sec”! ?*°UF, concentrates towards the walls and ?35UF, 
towards the centres, where the fractions are scooped out. 

Cladding. The Magnox reactors get their name from the magnesium-aluminium alloy 

used to clad the fuel elements, and stainless steels are used in other gas-cooled reactors. In 

water reactors zirconium alloys are the favoured cladding materials. 

Moderators. Neutrons are most effectively slowed by collisions with nuclei of about the 

same mass. Thus the best moderators are those light atoms which do not capture 

neutrons. These are *H, *He, Be, and '*C. Of these He, being a gas, is insufficiently dense 

and Be is expensive and toxic, so the common moderators are highly purified graphite or 

the more expensive heavy water. In spite of its neutron-absorbing properties, which as 

mentioned above must be offset by using enriched fuel, ordinary water is also used because 

of its cheapness and excellent neutron-moderating ability. 

Coolants. Because they must be mobile, coolants are either gases or liquids. CO, and He 

are appropriate gases and are used in conjunction with graphite moderators. The usual 

liquids are heavy and light water, with water also as moderator. In order to keep the water 

in the liquid phase it must be pressurized (PWR), otherwise it boils in the reactor core 

(BWR, etc.) in which case the coolant is actually steam. In the case of breeder reactors the 

higher temperatures of their more compact cores pose severe cooling problems and liquid 

Na (or Na/K alloy) is favoured, although highly compressed He is another possibility. 

Control rods. These are usually made of boron steel or boron carbide (p. 167), but other 

good neutron absorbers which can be used are Cd and Hf. 

Nuclear fuel reprocessing”: ”? 

Many of the fission products formed in a nuclear reactor are themselves strong neutron 

absorbers (i.e. “poisons”) and so will stop the chain reaction before all the 77°U (and 7°Pu 
which has also been formed) has been consumed. To avoid this wastage the irradiated fuel 

elements must be removed periodically and the fission products separated from the 

remaining uranium and the plutonium. Such reprocessing is of course inherent in the 

operation of fast-breeder reactors, but is also necessary for prolonged operation even in 

thermal reactors. 
Irradiated nuclear fuel is one of the most complicated high-temperature systems found 

in modern industry, and it has the further disadvantage of being intensely radioactive so 

that it must be handled exclusively by remote control. The composition of the irradiated 

nuclear fuel depends on the particular reactor in question, but in general it consists of 

uranium, plutonium, small amounts of other transuranium elements, and various isotopes 

of over 30 fission-product elements. The distribution of fission products is such as to 

produce high concentrations of elements with mass numbers in the regions 90-100 
(second transition series) and 130-145 (,,Xe, 5;Cs, ;,Ba, and lanthanides). The more 

noble metals, such as ,,Ru, ,;Rh, and ,,Pd, tend to form alloy pellets while class-a metals 

such as 3gSr, 5,Ba, 49Z1, 4, Nb and the lanthanides are present in complex oxide phases. 

The first step is to immerse the fuel elements in large “cooling ponds” of water for a 

hundred days or so, during which time the short-lived, intensely radioactive species such 

as '33I (t, =8.04 days) lose most of their activity and the generation of heat subsides. 
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Then the fuel elements are dissolved in 7M HNO; to give a solution containing UY' and 
Pu'Y which, in the widely used Purex process, are extracted into 20% tributyl phosphate 

(TBP) in kerosene leaving most of the fission products (FP) in the aqueous phase. 

Subsequent separation of U and Pu depends on their differing redox properties (Fig. 31.2). 

The separations are far from perfect (see p. 1274), and recycling or secondary purification 

by ion-exchange techniques is required to achieve the necessary overall separations. 

This reprocessing requires the handling of kilogram quantities of Pu and must be 

adapted to avoid a chain reaction (i.e. a criticality accident). The critical mass for an 

isolated sphere of Puis about 10 kg, but in saturated aqueous solutions may be little more 

than 500 g. (Because of the large amounts of “inert” *°°U present, U does not pose this 

problem.) 

- Irradiated 

Soln of UO,?* 
Pol + FP 

UO,?* + PulV 
in TBP 

Aqueous soln 
of Pulll 

Aqueous PulV 

: APRS CRS  Precipitate of 
UO, (NO; )o 6H,0 E < Pu(C,0, )o .6H,0 

Fic. 31.2 Flow diagram for the reprocessing of nuclear fuel [FP=fission products; 
TBP =(Bu"O),PO]. 
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The solution of waste products is concentrated and stored in double-walled, stainless 

steel tanks shielded by a metre or more of concrete. Vitrification processes are being 

developed in several countries in which the waste is mixed with a slurry of silica in a 

solution of borax and alkali metal nitrates and slowly heated. A borosilicate glass is 

eventually produced and this will be stored or disposed of more permanently if there is 

agreement on suitable sites. 

233Np, 764Am, and 762Am can be extracted from reactor wastes and these two elements 

are available in kg aha “100 g quantities respectively. Prolonged neutron irradiation of 

734Pu is used at the Oak Ridge laboratories in Tennessee to produce: 7¢Cm on a 100-g 
scale; 7§2Cm, 7$2Bk, 732Cf, 733Es, and 73gEs all on a mg scale; and 257m on a yg scale. 
For trace amounts of hese AR TURES aiwollstiont in nitric acid, absorption of the +3 ions 

on to acation exchange resin and elution with ammonium «-hydroxyisobutyrate provides 

an efficient separation of the elements from each other and from accompanying 

lanthanides, etc. The separation of macro amounts of these elements, however, is not 

feasible by this method because of radiolytic damage to the resin caused by their intense 

radioactivity. Much quicker soivent extraction processes similar to those used for 

reprocessing nuclear fuels are therefore used.” 
Because the sequence of neutron captures inevitably leads to ?38Fm which has a fission 

half-life of only a few seconds, the remaining three actinides, ,),Md, ;9No, and ,,3Lr, can 

only be prepared by bombardment of heavy nuclei with the light atoms $He to 7}Ne. This 
raises the mass number in multiple units and allows the ?738Fm barrier to be avoided; even 

so, yields are minute and are measured in terms of the individual number of atoms 

produced. 

Apart from 737Pu, which is a nuclear fuel and explosive, the transuranium elements are 

produced mainly for research purposes, but a few specialized applications have been found 

where their high cost is not prohibitive. The most important of these is that of 738Pu 
produced by the reaction 

237Np + in 238Nip he 238Dy 

This is used as a compact energy source by utilizing the heat generated during decay. In 

conjunction with PbTe thermoelectric elements, for instance, it provides a stable and 

totally reliable source of electricity with no moving parts, and has been used in the 

American Apollo space missions. Since its «-emission is harmless and is not accompanied 

by y-radiation it has also been used in human heart pacers (~ 200 mg 738Pu) and for 
heating deep-sea diving suits (750 g 7°8Pu without thermoelectric conversion). 

31.2.3. Properties of the elements °) 

The dominant feature of the actinides is their nuclear instability, as manifest in their 

radioactivity (mostly «-decay) and tendency to spontaneous fission; both of these modes 

of decay become more pronounced (shorter half-lives) with the heavier elements. The 

'4 JD. Navrati and W. W. Scuutz (eds.), Actinide Separation, ACS Symposium Series. 117, Am. Chem. 
Soc., Washington, 1979, 609 pp., and Transplutonium Elements—Production and Recovery, ibid. 161, 1981. 
302 pp. E. K. Huer and D. D. Bobs, Separation chemistry of the lanthanides and transplutonium 
actinides, Chap. 1, pp. 1-45, in Vol. 7, Series 1, of ref. 8. 

'S J. A. LEE and M. B. WALDRON, The actinide metals, Chap. 7, pp. 221-56, in Vol. 7, Series 2, of ref. 8. 

CTE-VV 
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radioactivity of Th and U is probably responsible for much of the earth’s internal heat, but 

is of a sufficiently low level to allow their compounds to be handled and transported 

without major problems. By contrast, the instability of the heavier elements not only 

imposes most severe handling problems"’®) but drastically limits their availability. Thus, 
for instance, the crystal structures of Cf and Es were determined on only microgram 

quantities,"’) while the concept of “bulk” properties is not applicable at all to elements 

such as Md, No, and Lr which have never been seen and have only been produced in 

unweighably small amounts. Even where adequate amounts are available, the constant 

build-up of decay products and the associated generation of heat may seriously affect the 

measured properties (see also p. 888). An indication of the difficulties of working with 

these elements can be gained from the fact that two phases described in 1974 as two forms 

of Cf metal were subsequently shown, in fact, to be hexagonal Cf,O,S and fee CfS.° 
Some of the more important known properties of the actinides are summarized in Table 

31.2. The metals are silvery in appearance but display a variety of structures. All except Cf 

have more than one crystalline form (Pu has six) but most of these are based on typically 

metallic close-packed arrangements. Structural variability is mirrored by irregularities in 

metal radii (Fig. 31.3) which are far greater than are found in lanthanides and probably 

arise from a variability in the number of electrons in the metallic bands of the actinide 

elements. From Ac to U, since the most stable oxidation state increases from +3 to +6, it 

seems likely that the sharp fall in metal radius is due to an increasing number of electrons 

being involved in metallic bonding. Neptunium and Pu are much the same as U but 

thereafter increasing metal radius is presumably a result of fewer electrons being involved 

in metallic bonding since it roughly parallels the reversion to a lanthanide-like preference 

for tervalency in the heavier actinides. 

By contrast, the ionic radius in a given oxidation state falls steadily and, though the 

available data are less extensive, it is clear than an “actinide contraction” exists, especially 

for the +3 state, which is closely similar to the “lanthanide contraction” (see p. 1431). 

31.2.4 Chemical reactivity and trends''’:'®) 

The actinide metals are electropositive and reactive, apparently becoming increasingly 

so with atomic number, although available data are restricted largely to Th, U, and Pu. 

They tarnish rapidly in air, forming an oxide coating which is protective in the case of Th © 
but less so for the other elements. Because of the self-heating associated with its 

radioactivity (100 g *°°Pu generates ~0.2 watts of heat) Pu is best stored in circulating 
dried air. All are pyrophoric if finely divided. 

The metals react with most non-metals especially if heated, but resist alkali attack and 

are less reactive towards acids than might be expected. Concentrated HCI probably reacts 

most rapidly, but even here insoluble residues remain in the cases of Th (black), Pa (white), 

and U (black). Those of Th and U have the approximate compositions HThO(OH) and 

‘© R.A. BULMAN, Some aspects of the bioinorganic chemistry of the actinides, Coord. Chem. Revs. 31, 221-50 
(1980). 

"©8 W. H. ZACHARIASEN, On californium metal, J. Inorg. Nucl. Chem. 37, 1441-2 (1975). 
'7 K. W. BAGNALL, The Actinide Elements, Elsevier, Amsterdam, 1972, 272 pp. 
'®'S. A. Corton and F. A. Hart, The Heavy Transition Elements, Macmillan, London, 1975, Chap. 11, pp. 

220-61. 
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Fic. 31.3 Metal and ionic radii of Ac and the actinides. 

UH(OH),. Concentrated HNO, passivates Th, U, and Pu, but the addition of F~ ions 

avoids this and provides the best general method for dissolving these metals. 

Reactions with water are complicated and are affected by the presence of oxygen. With 

boiling water or steam, oxide is formed on the surface of the metal and H, is liberated. 

Since the metals react readily with the latter, hydrides are produced which themselves 

react rapidly with water and so facilitate further attack on the metals. 

Knowledge of the detailed chemistry of the actinides is concentrated mainly on U and, 

to a lesser extent, Th. Availability and safety are, of course, major problems for the 

remaining elements, but self-heating and radiolytic damage can be troublesome, the 

energy evolved in radioactive decay being far greater than that of chemical bonds. Thus in 

aqueous solutions of concentrations greater than 1 mgcm_ ? (i.e. 1 g 17 '), isotopes with 

half-lives less than, say, 20 years, will produce sufficient H,O, to produce appreciable 
oxidation or reduction where the redox behaviour of the element allows this. Fortunately, 

the nuclear instability which produces these problems also assists in overcoming them: by 

performing chemical reactions with appropriate, non-radioactive, carrier elements 

containing only trace amounts of the actinide in question, it is possible to detect the 

presence of the latter, and hence explore its chemistry because of the extreme sensitivity of 
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radiation detectors. Such “tracer” techniques have provided remarkably extensive 

information particularly about the aqueous solution chemistry of the actinides. 

Table 31.3 lists the known oxidation states. For the first three elements (Th, Pa, and U) 

the most stable oxidation state is that involving all the valence electrons, but after this the 

most stable becomes progressively lower until, in the second half of the series, the + 3’state 

becomes dominant. Appropriate quantitative data for elements up to Am are summarized 

in Fig. 31.4. The highest oxidation state attainable by Th, and the only one occurring in 

solution, is +4. Data for Pa are difficult to obtain because of its propensity for hydrolysis 
which results in the formation of colloidal precipitates, except in concentrated acids or in 

the presence of complexing anions such as F~ or C,0,?~ . However, it is clear that +5 is 

its most stable oxidation state since its reduction to +4 requires rather strong reducing 

agents such as Zn/H*, Cr", or Ti! and the + 4 state in solution is rapidly reoxidized to + 5 
by air. In the case of uranium the shape of the volt-equivalent versus oxidation state curve 

reflects the ready disproportionation of UO, * into the more stable U'Y and UO,?*; it 

should also be possible for atmospheric oxygen (40, +2H* +2e =H,O, E°=1.229 V) 

100 

200 

300 

400 

—AG°/kJ mol"! 

Volt-equivalent 500 

600 

700 

800 

Oxidation state 

Fic. 31.4 Volt-equivalent versus oxidation state for actinide ions. 
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to oxidize U'Y to UO,?* though in practice this occurs only slowly. For the heavier 
elements the increasingly steep-sided trough indicates the increasing stability of the +3 
state. 

The redox behaviour of Th, Pa, and U is of the kind expected for d-transition elements 
which is why, prior to the 1940s, these elements were commonly placed respectively in 
groups IVA, VA, and VIA of the periodic table. Behaviour obviously like that of the 
lanthanides is not evident until the second half of the series. However, even the early 
actinides resemble the lanthanides in showing close similarities with each other and 
gradual variations in properties, providing comparisons are restricted to those properties 
which do not entail a change in oxidation state. The smooth variation with atomic number 

found for stability constants, for instance, is like that of the lanthanides rather than the d- 

transition elements, as is the smooth variation in ionic radii noted in Fig. 31.3. This last 

factor is responsible for the close similarity in the structures of many actinides and 
lanthanides, especially noticeable in the + 3 oxidation state for which a given actinide ion 
is only about 4 pm larger than the corresponding Ln?*. 

Itis evident from the above behaviour that the ionization energies of the early actinides, 

though not accurately known, must be lower than for the early lanthanides. This is quite 

reasonable since it is to be expected that, when the 5f orbitals of the actinides are beginning 

to be occupied, they will penetrate less into the inner core of electrons, and the 5f electrons 

will therefore be more effectively shielded from the nuclear charge than are the 4f electrons 

of the corresponding lanthanides (i.e. the relationship between 4f and Sf series may be 

compared to that between 3d and 4d). Because the outer electrons are less firmly held, they 

are all available for bonding in the actinide series as far as Np (4th member), but only for 

Ce (1st member) in the lanthanides, and the onset of the dominance of the +3 state is 

accordingly delayed in the actinides. That the 5f and 6d orbitals of the early actinides are 

energetically closer than the 4f and 5d orbitals of the early lanthanides is evidenced by the 

more extensive occupation of the 6d orbitals in the neutral atoms of the former (compare 

the outer electron configuration in Tables 31.2 and 30.2). These Sf orbitals also extend 
spatially further than the 4f and are able to make a covalent contribution to the bonding 

which is much greater than that in lanthanide compounds. This leads to a more extensive 

actinide coordination chemistry and to crystal-field effects, especially with ions in 

oxidation states above +3, much larger than those found for lanthanide complexes. 

Table 31.4 is a list of typical compounds of the actinides and demonstrates the wider 

range of oxidation states compared to lanthanide compounds. High coordination 

numbers are still evident, and distortions from the idealized stereochemistries which are 

quoted are again general. However, no doubt at least partly because the early actinides 

have received most attention, the widest range of stereochemistries is now to be found in 

the +4 oxidation state rather than +3 as in the lanthanides. 

31.3 Compounds of the Actinides'” *'”) 

Compounds with many non-metals are prepared, in principle simply, by heating the 

elements. Hydrides of the types AnH, (An=Th, Np, Pu, Am, Cm) and AnH, (Pa—Am), 

as well as Th,H,, (i.e. ThH; 7,) have been so obtained but are not very stable thermally 

and are decidedly unstable with respect to air and moisture. Borides, carbides, silicides, 

and nitrides (q.v.) are mostly less sensitive chemically and, being refractory materials, 
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TABLE 31.4 Oxidation states and stereochemistries of compounds of the actinides 

“An” is used as a general symbol for the actinides 

Oxida- Coordina- 

tion tion 
state number Stereochemistry Examples 

3 6 Octahedral [AnCl,]*?~ (An=Np, An, Bk) 
8  Bicapped trigonal prismatic AnX, (X=Br, An=Pu-Bk; X=I, An=Pa-—Pu) 
9  Tricapped trigonal prismatic AnCl, (An=U—Cm) 

4 4 Complex U(NPh,),4 
5 Trigonal bipyramidal U,(NEt,)s 
6  Octahedral [AnX,]?— (An=U, Np, Pu; X=Cl, Br) 
7 Pentagonal bipyramidal UBr, 
8. Cubic [An(NCS),]*~ (An=Th—Pu) 

Dodecahedral [Th(C,0,)4]* , [An(S,CNEt,)4] 
(An=Th, U, Np, Pu) 

Square antiprismatic [An(acac),] (An=Th, U, Np, Pu) 
9 Tricapped trigonal prismatic (NH,)3[ThF,] 

Capped square antiprismatic [Th(tropolonate),(H,O)] 
10 Bicapped square antiprismatic K,(Th(C,0,),].4H,O 

Complex [Th(NO,),(OPPh;),] 
11 See Fig. 31.7a [Th(NO;),(H,O),].2H,O 
12. Icosahedral [Th(NO;),]?> 
14 Bicapped hexagonal antiprismatic [U(BH,),] 

5 6 Octahedral Cs[AnF,] (An=U, Np, Pu) 
i Pentagonal bipyramidal PaCl, 
8 Cubic Na,;[AnF,] (An=Pa, U, Np) 
9  Tricapped trigonal prismatic M,[PaF,7] (M=NH,, K, Rb, Cs) 

6 6  Octahedral AnF, (An=U, Np, Pu),7UGle4in€s,fuO, xa) 
(X=G)F Br) 

7 Pentagonal bipyramidal [UO,(S,CNEt, ),(ONMe;)] 
8 Hexagonal bipyramidal [UO,(NO;),(H,O),] 

7 6  Octahedral Li,[AnO,] (An=Np, Pu) 

‘) These compounds are isostructural with the corresponding compounds of Ce (see Fig. 30.5, p. 1444) and 
can be visualized as octahedral if each NO; is considered to occupy a single coordination site. 

) The polyhedra of these complexes are actually flattened because the two trans U-O bonds of the UO,7* 
group are shorter than the bonds to the remaining groups which form an equatorial plane. 

those of Th, U, and Pu in particular have been studied extensively as possible nuclear - 

fuels."'°) Their stoichiometries are very varied but the more important ones are the 

semi-metallic monocarbides, AnC, and mononitrides, AnN, all of which have the rock-salt 

structure: they are predominantly ionic but with supernumerary electrons in a delocalized 

conduction band. 

31.3.1 Oxides and chalcogenides 

Oxides of the actinides are refractory materials and, in fact, ThO, has the highest mp 

(3390°C) of any oxide. They have been extensively studied because of their importance as 

nuclear fuels.‘’?) However, they are exceedingly complicated because of the prevalence of 

"9K. NaiTo and N. KAGEGASHIRA, High temperature chemistry of ceramic nuclear fuels with emphasis on 
nonstoichiometry, Adv. Nucl. Sci. Tech. 9, 99-180 (1976). 
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polymorphism, nonstoichiometry, and intermediate phases. The simple stoichiometries 
quoted in Table 31.5 should therefore be regarded as idealized compositions. 

The only anhydrous trioxide is UO3, a common form of which (y-UO,) is obtained by 
heating UO,(NO,).6H,O in air at 400°C; six other forms are also known. Heating any of 

these, or indeed any other oxide of uranium, in air at 800-900°C yields U;0, which 
contains pentagonal bipyramidal UO, units and can be used in gravimetric deter- 

minations of uranium. Reduction with H, or H,S leads to a series of intermediate 
nonstoichiometric phases (of which U,O, may be mentioned) and ending with UO,. 

Pentoxides are known also for Pa and Np. Pa,O, is prepared by igniting Pa” hydroxide 
in air, and the nonstoichiometric Np,O; by treating Np'Y hydroxide with ozone and 
heating the resulting NpO,.H,O at 300°C under vacuum. 

Dioxides are known for all the actinides as far as Cf. They have the fec fluorite structure 

(p. 129) in which each metal atom has CN =8; the most common preparative method is 

ignition of the appropriate oxalate or hydroxide in air. Exceptions are CmO, and CfO,, 

which require O, rather than air, and PaO, and UO, , which are obtained by reduction of 
higher oxides. 

From Pu onwards, sesquioxides become increasingly stable with structures analogous 

to those of Ln,O, (p. 1437); BkO, is out-of-sequence but this is presumably due to the 
stability of-the f’ configuration in Bk'Y. For each actinide the C-type M,O, structure 
(metal CN =6) is the most common but A and B types (metal CN =7) are often also 

obtainable. 

Monoxides have been prepared as surface layers on the metal for most actinides and all 

of them have the fcc rock-salt structure (p. 273). They are lustrous semi-metallic materials 

and it is clear that they feature cations in oxidation states above +2, with the 

supernumerary electrons in a delocalized conduction band, rather than being compounds 

of An", 
The oxides are basic in character but their reactivity is usually strongly influenced by 

their thermal history, being much more inert if they have been ignited. Dioxides of Th, Np, 

and Pu are best dissolved in conc HNO, with added F , but all oxides of U dissolve 

readily in conc HNO, or conc HCIO, to yield salts of UO,?*. 

Hydroxides are not well-characterized but gelantinous precipitates, which redissolve in 

acid, are produced by the addition of alkali to aqueous solutions of the actinides. Those of 

Th’, PaY, Np, Pu'Y, Am") and Cm" are stable to oxidation but lower oxidation states of 
these metals are rapidly oxidized. Aqueous solutions of hexavalent U, Np, and Pu yield 

hydrous precipitates of AnO,(OH),, which contain AnO,?* units linked by OH bridges, 

but they are often formulated as hydrated trioxides AnO3.xH,O. 

Actinide chalcogenides® can be obtained for instance by reaction of the elements, and 
thermal stability decreases S>Se>Te. Those of a given actinide differ from those of 

another in much the same way as do the oxides. Nonstoichiometry is again prevalent and, 

where the actinide appears to have an uncharacteristically low oxidation state, semi- 

metallic behaviour is usually observed. 

20 R.M. DetLandN. J. BRIDGER, Actinide chalcogenides and pnictides, Chap. 6, pp. 221-74, in Vol. 7, Series 
1, of ref. 8. D. DAMIEN and R. BERGER, The crystal chemistry of some transuranium element chalcogenides, 
Chemistry of Transuranium Elements, pp. 109-16. (Proceedings of Moscow Symposium published as 

supplement to J. Inorg. Nucl. Chem., 1976). 

CTE-Vv* 
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31.3.2 Mixed metal oxides‘*'? 

Alkali and alkaline earth metallates are obtained by heating the appropriate oxides, in 

the presence of oxygen where necessary. For instance, the reaction 

8) 

5Li,O + AnO, ares Li,AnO, [An=Np, Pu] 

provides a means of stabilizing Np’ and Pu‘" in the form of isolated [AnO,]>~ 
octahedra. 

By suitable adjustment of the proportions of the reactants, An‘! species (An = U>Am) 
are obtained of which the “uranates” are the best known. These are of the types M5 U,0,, 
M}U0O,, M,UO,, and M3UO, in each of which the U atoms are coordinated by 6 O 
atoms disposed octahedrally but distorted by the presence of 2 short trans U—O bonds, 

characteristic of the uranyl UO,** group. In view of the earlier inclusion of U in Group 

VIA it is interesting to note that, unlike Mo‘! and W¥', UY! apparently does not show any 
tendency to form iso- or hetero-poly anions in aqueous solution. 

M'AnYO,, M5AnYO,, and M5AnYO, have been characterized for An=Pa—Am. 
Compounds of the first of these types have the perovskite structure (p. 1122), those of the 

second a defect-rock-salt structure (p. 273), and those of the third have structures based on 

hexagonally close-packed O atoms. In all cases, therefore, the actinide atom is 

octahedrally coordinated. It is also notable that magnetic and spectroscopic evidence 

shows that, for uranium, these compounds contain the usually unstable UY and not, as 

might have been supposed, a mixture of U'Y and UY! 
BaAn'YO, (An=Th—Am)all have the perovskite structure and are obtained from the 

actinide dioxide. In accord with normal redox behaviour, the Pa and U compounds are 

only obtainable if O, is rigorously excluded, and the Am compound if O, is present. 
Actinide dioxides also yield an extensive series of nonstoichiometric, mixed oxide phases 

in which a second oxide is incorporated into the fluorite lattice of the AnO,. The 
UO,/PuO, system, for example, is of great importance in the fuel of fast-breeder 

reactors. 

3083 apblahides% 2? 12>) 

The known actinide halides are listed in Table 31.6. They range from AnX, to AnX, and 

their distribution follows much the same trends as have been seen already in Tables 31.3 

and 31.5. Thus the hexahalides are confined to the hexafluorides of U, Np, and Pu (which 

are volatile solids obtained by fluorinating AnF,) and the hexachloride of U, which is 

obtained by the reaction of AICI, and UF,. All are powerful oxidizing agents and are 

extremely sensitive to moisture: 

AnX,.+2H,0-——>AnO,X, + 4HX 

2! C. KeLLer, Lanthanide and actinide mixed metal oxide systems with alkali and alkaline earth metals, 
Chap. 2, pp. 47-85, in Vol. 7, Series 1, of ref. 8; also Lanthanide and actinide mixed oxide systems of face-centred 
cubic symmetry, Chap. 1, pp. 1-39, in Vol. 7, Series 2, of ref. 8. 

22 D. Brown, Halides of the Lanthanides and Actinides, Wiley, London, 1968, 280 pp.; also Halides, halates, 
perhalates, thiocyanates, selenocyanates, cyanates, and cyanides, pp. 151-217 of ref. 7. 

23 J.C. TayLor, Systematic features in the structural chemistry of the uranium halides, oxyhalides and related 
transition metal and lanthanide halides, Coord. Chem. Rev. 20, 197-273 (1976). 
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TABLE 31.6 Properties of actinide halides 

1474 

Th Pa U Np Pu 

AnF, White Orange Brown 
64° 54.7° sya 
60 60 60 

AnCl, Dark 
green 
IE 
60 

AnF, White Very pale {ff 
na Blue na 
7 pbp 348° 7 pbp 

AnCl, Yellow Brown 
306° na 
7 pbp 60 

AnBr, Dark red Brown 
60 60 

Anl, Black 

An3Fo5 Black Black 

(9) (9) 
An,F,7 t Red 

AnF, White Brown Green Green Brown 
1110° na 1036° na 1027° 
8 sa 8 sa 8 sa 8 sa 8 sa 

AnCl, White Green- Green Red- 
FLO- yellow 590° brown 
8d na 8d Sie 

8d 8d 
AnBr, White Brown Brown  Dark-red 

679° na 59s 464° 
8d 8d 7 pbp 7 pbp 

AnlI, White Green Black 
570° na 506° 
8 sa na 6 ol 

AnF, Black Purple — Violet 
decomp. 1425° 1396° 

9 ttp 9 ttp 9 ttp 
AnCl, Green Green Green 

837° 800° 767° 
9 ttp 9 ttp 9 ttp 

AnBr; Red Green t 

ho na 681° 
9 ttp 9 ttp 8 btp 

Anl, Black Black Black Purple Green 
na na 766° 760° (777°) 
na 8 btp 8 btp 8 btp 8 btp 

AnCl, 

AnBr, 

Anl, Gold 
complex 

Ch. 31 

Am Cm Bk Cf Es, 

Tan Brown ¢{ Green 

na na na na 

8 sa 8 sa 8 sa 8 sa 

Pink White Yellow f 
1395° 1406° na na 

9 ttp 9 ttp 9 ttp 8 btp 
Pink White Green Green ae 

500° na na 575° na 

9 ttp Otipe Syttp 9 ttp 9 ttp 
White White Yellow- Pale uf 

green green 

na 400° na na na 

8 btp 8 bpt 8 btp 60 na 
Yellow White Yellow Yellow 

na na na na 

8 btp 60 60 60 
Black 

9 ttp 
Black Amber 

8,7 8,7 

Black Violet 

7 co 

‘) Key: Colour ({ indicates preparation but no report of colour); mp/°C (na indicates value not reported); 
coordination 9 ttp=tricapped trigonal prismatic; 8 d=dodecahedral; 8 sa=square antiprismatic; 8 btp=bi- 
capped trigonal prismatic; 8,7=mixed 8- and 7-coordination (SrBr, structure); 7 cc=capped octahedral; 
7 pbp= pentagonal bipyramidal; 6 o = octahedral; 6 och = octahedral chain;?**) 6 ol = octahedral layered.'?3» 
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UF, is important in the separation of uranium isotopes by gaseous diffusion (p. 1460). 
Pentahalides are, perhaps surprisingly, not found beyond Np (for which the 

pentafluoride alone is known) but all four are known for Pa. All the pentafluorides as well 
as PaCl, are polymeric and attain 7-coordination by means of double X-bridges between 

adjacent metal atoms (Fig. 31.5); by contrast UCI,, PaCl,, and PaBr; consist of halogen- 

bridged dimeric An, Xj, units, e.g. Cl,U(u-Cl), UCI. All are very sensitive to water, the 

hydrolysis of the UY halides being complicated by simultaneous disproportionation. 
Fluorides of intermediate compositions An,F, (An= Pa, U) and An,F,, (An=U, Pu) 

have also been reported. U,F, is the best known; its black colour probably results from 
charge transfer between U!Y and UY.239) _ 

Fic. 31.5 The polymeric structure of AnF; (An= Pa, U, Np) and PaCl., showing the distorted 
pentagonal bipyramidal coordination of the metal. 

A much more extensive series is formed by the tetrahalides of which the tetrafluorides 

are known as far as Cf. The early tetrafluorides ThF ,— PuF,, are produced by heating the 

dioxides in HF in the presence of H, for PaF, in order to prevent oxidation, and in the 

presence of O, for NpF, and PuF, in order to prevent reduction. The later tetrafluorides 

AmF,—CfF, are obtained by heating the corresponding trifluoride with F,. In all cases 

the metal is 8-coordinated, being surrounded by a slightly distorted square-antiprismatic 

array of F” ions. The tetrachlorides (Th—Np) are prepared by heating the dioxides in 

CCl, or a similar chlorinated hydrocarbon, whereas the tetrabromides (Th—Np) and 

tetraiodides (Th—U) are obtained from the elements. Eight-coordination is again 
common (this time dodecahedral) but a reduction to 7-coordination occurs with UBr, 

and NpBr,, and to octahedral coordination for UI,.%?" AnF, are insoluble in water and, 
for Th, U, and Pu at least, are precipitated as the hydrate AnF,.24H,O when F is added 

to any aqueous solution of An'Y. AnCl,, AnBr,, and Anl, are rather hygroscopic, and 
dissolve readily in water and other polar solvents. An extensive coordination chemistry is 

based on the actinide tetrahalides and UCI, is one of the best-known compounds of 

uranium, providing the usual starting point for most studies of U'Y chemistry. 
The trihalides are the most nearly complete series, all members having been obtained 

for the actinides U->Cf, and the series could no doubt be extended. Preparative methods 

are varied and depend in particular on the actinide involved. For the heavier actinides 

(Am— Cf) heating the sesquioxide or dioxide in HX is generally applicable, but the lighter 

23a PG. ELver, A. C. Larson, J. R. PETERSEN, D. D. ENsgR, and J. P. YOUNG, Crystal structures of -UF ; 
and U,F, and spectral characterization of U,F., Inorg. Chim. Acta 37, 129-33 (1979). 

23> JH. Levy, J.C. Taytor, and A. B. WauGu, Crystal structure of uranium(IV) tetraiodide by X-ray and 
neutron diffraction, /norg. Chem. 19, 672-4 (1980). 
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actinides require reducing conditions. For NpF; and PuF, the addition of H, to the 

reaction suffices, but UF, is best obtained by the reduction of UF, with metallic U or Al. 

Trichlorides and tribromides of these lighter actinides can be obtained by heating the 

metal with I, (U, Np) or HI (Pu). Triiodides of Th and Pa have also been prepared, the 

former by heating stoichiometric amounts of ThI,, with Th metal and the latter, reportedly 

by heating Pal, in a vacuum. 

With the exception of their redox properties, the actinide trihalides form a 
homogeneous group showing strong similarities with the lanthanide trihalides. The ionic, 

high-melting trifluorides are insoluble in water, from which they can be precipitated as 

monohydrates; at Cf" (ionic radius =95 pm) they show the same structural change from 
CN 9 to CN 8 as the lanthanides do at Gd" (ionic radius = 93.8 pm). The other trihalides 
are all hygroscopic, water-soluble solids, many of which crystallize as hexahydrates 

featuring 8-coordinate cations [AnX,(H,O),]*. Reduction in coordination number as 

the cations get smaller, again parallels behaviour observed in the lanthanide trihalides but 

of course it occurs further along the series because of the larger size of the actinides. 
Not surprisingly, in view of the stability of Th'’, ThI, is quite different from the above 

trihalides. It is rapidly oxidized by air, reduces water with vigorous evolutions of H,, and is 

probably best regarded as [Th!Y, 31-, e ]. The air-sensitive ThI,, which is also obtained 
by heating ThI, with stoichiometric amounts of the metal, is similarly best formulated as 

[Th'Y, 2I~, 2e-]. It has a complicated layer structure and its lustre and high electrical 
conductivity indicate a close similarity with the diiodides of Ce, Pr, and Gd. 

Halides of truly divalent americium, however, can be prepared: 

400—500°C 
Am+HgxX, ——> AmX, + Hg (X=Cl, Br, I) 

Like those of Eu with which they are structurally similar, these dihalides presumably owe 

their existence to their f’ configuration. CfBr, and Cfl, are also known and it seems 

probable that actinide dihalides would be increasingly stable as far as No if the problems 

of availability, etc., were overcome. 

Several oxohalides‘’”??’?) are also known, mostly of the types AnY'O,X,, An’O,X, 
An'YOX,, and An"OX, but they have been less thoroughly studied than the halides. They 
are commonly prepared by oxygenation of the halide with O, or Sb,O;, or in case of 

AnOX by hydrolysis (sometimes accidental) of AnX;. As is to be expected, the higher 

oxidation states are formed more readily by the lighter actinides; thus AnO,X,, apart - 

from the fluoro compounds, are confined to An = U. Conversely the lower oxidation states 

are favoured by the heavier actinides (from Am onwards). 

31.3.4 Magnetic and spectroscopic properties’: ?*. 2°) 

As the actinides are a second f series it is natural to expect similarities with the 

lanthanides in their magnetic and spectroscopic properties. However, while previous 

treatments of the lanthanides {p. 1441) provide a useful starting point in discussing the 

actinides, important differences are to be noted. Spin-orbit coupling is again strong 
(2000-4000 cm~') but, because of the greater exposure of the 5f electrons, crystal-field 

24 T. J. MARKS, Chemistry and spectroscopy of f-element organometallics. Part II. The actinides, Prog. Inorg. 
Chem. 25, 223-333 (1979). 

?° J. L. Ryan, Absorption spectra of actinide compounds, Chap. 9, pp. 323-67, Vol. 7, series 1, of ref. 8. 
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splittings are now of comparable magnitude and J is no longer such a good quantum 
number. Furthermore, as already mentioned (p. 1469), the energy levels of the 5f and 6d 
orbitals are sufficiently close for the lighter actinides at least, to render the 6d orbitals 

accessible. As a result, rigorous treatments of electronic properties must consider each 

actinide compound individually. They must allow for the mixing of “J levels” obtained 

from Russell-Saunders coupling and for the population of thermally accessible excited 

levels. Accordingly, the expression p,=g./J(J +1) is less applicable than for the 

lanthanides: the values of magnetic moment obtained at room temperature roughly 

parallel those obtained for compounds of corresponding lanthanides (see Table 30.6), but 

they are usually appreciably lower and are much more temperature-dependent. 

The electronic spectra of actinide compounds arise from three types of electronic 
transition: 

(i) ff transitions (see p. 1442). These are orbitally forbidden, but the selection rule is 

partially relaxed by the action of the crystal field in distorting the symmetry of the 

metal ion. Because the field is stronger than for the lanthanides, the bands are more 

intense by about a factor of 10 and, though still narrow, are about twice as broad 

and are more complex than those of the lanthanides. They are observed in the 
visible and ultraviolet regions and produce the colours of aqueous solutions of 

simple actinide salts as given in Table 31.3. 
(ii) 5f-6d transitions. These are orbitally allowed and give rise to bands which are 

therefore much more intense than those of type (i) and are usually rather broader. 

They occur at lower energies than do the 4f— 5d transitions of the lanthanides but 

are still normally confined to the ultraviolet region and do not affect the colour of 

the ion. 

(i11) Metal—ligand charge transfer. These again are fully allowed transitions and 

produce broad, intense absorptions usually found in the ultraviolet but sometimes 

trailing into the visible region. They produce the intense colours which 

characterize many actinide complexes, especially those involving the actinide in a 

high oxidation state with readily oxidizable ligands. 

In view of the magnitude of crystal-field effects it is not surprising that the spectra of 

actinide ions are sensitive to the latter’s environment and, in contrast to the lanthanides, 

may change drastically from one compound to another. Unfortunately, because of the 

complexity of the spectra and the low symmetry of many of the complexes, spectra are not 

easily used as a means of deducing stereochemistry except when used as “fingerprints” for 

comparison with spectra of previously characterized compounds. However, the 

dependence on ligand concentration, of the positions and intensities, especially of the 

charge-transfer bands, can profitably be used to estimate stability constants. 

31.3.5 Complexes” '®:??:?°) 

Because of the technical importance of solvent extraction, ion-exchange, and 

precipitation processes for the actinides, a major part of their coordination chemistry has 

been concerned with aqueous solutions,° particularly that involving uranium. It is, 

2© §_K. PaTiL, V. V. RAMAKRISHNA, and M. V. RAMANIAH, Aqueous coordination complexes of neptunium, 
Coord. Chem. Revs. 25, 133-71 (1978). J. M. CLEVELAND, Aqueous coordination complexes of plutonium, 

Coord. Chem. Revs. 5, 101-37 (1970). 
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however, evident that the actinides as a whole have a much stronger tendency to form 

complexes than the lanthanides and, as a result of the wider range of available oxidation 

states, their coordination chemistry is more varied. 

Oxidation state VII 

This has been established only for Np and Pu, alkaline An‘! solutions of which can be 

electrolytically oxidized to give dark-green solutions probably containing species such as 

[AnO,(OH), ]?~. Similar strongly oxidizing solutions (the more so if made acidic) are 

obtained when the mixed oxides Li,AnO, are dissolved in water. 

Oxidation state VI 

Apart from UO, and the An‘! halides already discussed, this oxidation state is 
dominated by the dioxo, or “actinyl” AnO,?* ions which are found both in aqueous 

solutions and in solid compounds of U, Np, Pu, and Am. These dioxo ions retain their 

identity throughout a wide variety of reactions, and are present, for instance in the 

oxohalides AnO,X,. The An—O bond strength and the resistance of the group to 

reduction decreases in the order U > Np> Pu>Am. Thus yellow urany] salts are the most 

common salts of uranium and are the final products when other compounds of the element 

are exposed to air and moisture. The nitrate is the most familiar and has the remarkable 

property, utilized in the extraction of U, of being soluble in nonaqueous solvents such as 

tributyl phosphate. On the other hand, the formation of AmO,,?* requires the use of such 
strong oxidizing agents as peroxodisulfate, S,O,”~. Similarly, whereas the oxofluorides 

AnO,F, are known for U, Np, Pu, and Am, only U forms the corresponding oxochloride 

and oxobromide, Cl” and Br” reducing AmO,*~ to Am’ species. 
In aqueous solutions hydrolysis of the actinyl ions is important and such solutions are 

distinctly acidic. The reactions are complicated but, at least in the case of UO,?*, it 

appears that loss of H* from coordinated H,O is followed by polymerization involving 

-OH- bridges and yielding species such as [(UO,)(OH)]*, [(UO,),(OH),]?*, and 

[(UO,);(OH)s]*. 
Actinyl ions seem to behave rather like divalent, class-a, metal ions of smaller size (or 

metal ions of the same size but higher charge) and, accordingly, they readily form 

complexes with F~ and O-donor ligands such as OH, SO,” , NO, _, and carboxy- 
lates.'2”) The O=An=O groups are in all cases linear, and coordination of a further 4, 5, 

or 6 ligands is possible in the equatorial plane. Octahedral, pentagonal bipyramidal, and 

hexagonal bipyramidal geometries result;?®) some examples are shown in Fig. 31.6. 

These ligands lying in the plane may be neutral molecules such as H,O, OPR;, OASR,, py, 
or the anions mentioned above, many of which are bidentate. 

The axial O—An bonds are clearly very strong. They cannot be protonated and are nearly 

always shorter than the equatorial bonds. In the case of UO,” *, for instance, it is likely 

that the U-O bond order is even greater than 2, since the U—O distance is only about 180 

27 U. CasELLATO, P. A. VIGATO, and M. Vipatt, Actinide complexes with carboxylic acids, Coord. Chem. 
Revs. 26, 85-159 (1978). 

8 A. F. WELLS, Structural Inorganic Chemistry, 4th edn., Oxford University Press, Oxford, 1975, pp. 
988-1007. 
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Fic. 31.6 (a) The octahedral anion in Cs,[UO,Cl,]. (b) Pentagonal bipyramidal coordination 
of U in dinuclear [UO,(O,CMe),L], (L=OPPh,;, OAsPh,). (c) Hexagonal bipyramidal 

coordination of U in uranyl nitrate, UO,(NO;),.6H,O. 

pm which, in spite of the difference in the ionic radii of the metal ions (UY'=73 pm, 
Os¥!= 54.5 pm), is close to that of the Os=O double bond found in the isostructural, 

osmyl group (175 pm, see p. 1261). It is usually assumed that combinations of appropriate 
metal 6d and Sf orbitals overlap with the three p orbitals (or two p and one sp hybrid) of 

each oxygen to produce one o and two z bonds, i.e. OUSO. This interpretation implies 

that the change from bent to linear geometries in comparing MoO,7* (p. 1192) and 

UO,” * is due to the involvement of empty f orbitals in the latter case. It has recently been 

suggested?® that the 4d orbitals of Mo and the 5f orbitals of U in fact behave quite 

similarly, and that the important difference is actually the repulsive effect of the 6p 

electrons of the U which were shown to favour the linear form. whereas the corresponding 

4p electrons of Mo are too deeply embedded in the inert electron core to exert a similar 

effect. This, however, has been disputed :?°?) matrix isolation studies have shown that the 
unstable molecular species ThO,, which is isoelectronic with UO,**, is strongly bent 

(angle O-Th-O 122°), and relativistic calculations ascribe this to back-bonding from 6d 

orbitals rather than from Sf orbitals in Th, which favours bent rather than linear 

geometry; the 6p orbitals are not implicated. 

Oxidation state V 

In aqueous solution the AnO,* ions (An= Pa—Am) may be formed, at least in the 
absence of strongly coordinating ligands. They are linear cations like AnO,** but are less 

29K. Tatsumi and R. HOFFMANN, Bent cis d° MoO,?* vs. linear trans d°f°UO,**: a significant role for 
nonvalence 6p orbitals in uranyl, /norg. Chem. 19, 2656-8 (1980). 

29a WR. Want, Why UO,’* is linear and isoelectronic ThO, is bent, J. Am. Chem. Soc. 103, 6053-7 (1981). 
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persistent and, indeed, it is probable that PaO, * should be formulated as [PaO(OH),]* 

and [PaO(OH)]?*. Hydrolysis is extensive in aqueous solutions of Pa” and colloidal 

hydroxo species are formed which readily lead to precipitation of Pa,O;.nH,O. NpO,* 

in aqueous HCIO, is stable but UO,*, PuO,*, and AmO,* are unstable to 

disproportionation: 

2U0, *———+U" + UO,,** (very rapid except in the range pH 2-4) 

2PuO, *<———Pu’ + PuO,?* 
followed by 

Pu, + Po == Pu + Pus? 

Likewise 

3AmO, *————=Am"4. 2AmO,2* 

The low charge on AnO,* ions precludes the formation of very stable complexes, and 

even NpO, can therefore be induced to disproportionate by the addition of, for instance, 

SO,7~, which forms more stable complexes with Np'’. However, ligands which form still 
stronger complexes are able to replace the oxygen atoms of the AnO,* ions and so inhibit 

disproportionation where this might otherwise occur. F~ is notable in this respect and 

complex ions, AnF,~ (An=Pa, U, Np, Pu), PaF,?~, and PaF,°*~ can be precipitated 
from aqueous HF solutions, though nonaqueous preparations such as the oxidation of 

M'F and AnF, by F, are more common for U, Np, and Pu and extend the range of 

complex ions to include AnF,?~ (An=U, Np, Pu) and AnF,?~ (An=U, Np). The 

stereochemistries of these anions'?” are dependent on the particular counter cation as well 

as on An, and involve 6-, 7-, 8-, and 9-coordination (see Tables 31.4 and pp. 107-8 of 

ref. 14). The most remarkable of these complexes are the compounds Na,AnF, (An= Pa, 

U, Np) in which the actinide ion is surrounded by 8 F~ at the corners of a nearly perfect 

cube in spite of the large inter-ligand repulsions which this entails. 

Finally, the alkoxides U(OR), must be mentioned. Although easily hydrolysed, they are 

thermally stable and unusually resistant to disproportionation. They are usually dimeric 

OR 

[(RO),U U(OR),] 
XK 
OR 

and are best obtained by the reactions: 

Br, + 2NaOEt 10ROH 

2[U(OEt),] ———-> [{U(OEt)s},] ———> [{U(OR),},] 
(— 2NaBr) 

+ In the diagram of volt-equivalent versus oxidation state of Pu (Fig. 31.4) the oxidation states III to VI 

inclusive lie on a virtually straight line. It follows that if either Pu!’ or PuY is dissolved in water, 
disproportionations are thermodynamically feasible, and within a matter of hours mixtures of Pu in all four 
oxidation states are obtained. 

3°. R. A. PENNEMAN, R.R. RYAN, and A. ROSENZWEIG, Structural systematics in actinide fluoride complexes, 
Struct. Bonding (Berlin) 13, 1-52 (1973). 
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Oxidation state IV 

This is the only important oxidation state for Th, and is one of the two for which U is 

stable in aqueous solution; it is moderately stable for Pa and Np also. In water Pu, like 

Pu’, disproportionates into a mixture of oxidation states II, IV, V, and VI, while Am'Y 

not only disproportionates into Am"™+AmYO,* but also (like the strongly oxidizing 
Cm!”) undergoes rapid self-reduction due to its «-radioactivity. As a result, aqueous Am!Y 
and Cm! require stabilization with high concentrations of F~ ion. Berkelium(IV), though 

easily reduced, clearly has an enhanced stability, presumably due to its f’ configuration, 

and the only other +4 ion is Cf'’, found in the solids CfF, and CfO,. 
In aqueous solutions the hydrated cations are probably 8- or even 9-coordinated and, 

because they are the most highly charged ions in the actinide series, they have the greatest 

tendency to split-off protons and so function as quite strong acids (slightly stronger in 

most cases than H,SO,). This hydrolysis is followed by polymerization which has been 

most extensively studied in the case of Th. The aquated, dimeric ion, [Th,(OH),]°*, 

which probably involves two OH bridges, seems to predominate even in quite acidic 

solutions, but in solutions more alkaline than pH 3 polymerization increases considerably 

and eventually yields an amorphous precipitate of the hydroxide. Just before precipitation 

it is noticeable that the polymerization process slows down and equilibrium may take 

weeks to attain. The same effect is found also with Pu'Y where the persistence of polymers, 

even at acidities which would prevent their formation, can cause serious problems in the 

reprocessing of nuclear fuels. 

The isolation of An'Y salts with oxoanions is limited by hydrolysis and redox 

compatibility. Thus, with the possible exception of Pu(CO;),, carbonate ions furnish only 

basic carbonates or carbonato complexes such as [An(CO,;);]® (An=Th, U, Pu). Stable 

tetranitrates are isolable only for Th, and Pu, but Th(NO,),.5H,O is the most common 

salt of Th and is notable as the first confirmed example of 11-coordination (Fig. 31.7(a). 

Pu(NO,),.5H,O is isomorphous, and stabilization of Pu'Y by strong nitric acid solutions 

is crucial in the recovery of Pu by solvent extraction. O-donor ligands such as 

DMSO and Ph,PO form adducts, of which [Th(NO;),(OPPh;), ] is known to have a 10- 

coordinate structure like its Ce'Y analogue (Fig. 30.5b, p. 1444). Anionic complexes 
[An(NO;),]*_ (An=Th, U, Np, Pu) are also obtained, that of Th, and probably the 

others, having bidentate NO,~ ions forming a slightly distorted icosahedron similar to 

that of the Ce!” analogue (see Fig. 30.5a) Th(CIO,),.4H,O is readily obtained from 
aqueous solutions but attempts to prepare the U'Y salt have produced a green explosive 
solid of uncertain composition. Hydrated sulfates are known for Th, U, Np, and Pu. That 

of Np is of uncertain hydration but the others can be prepared with both 4H,O and 8H,O, 

PuSO,.4H,O having possible use as an analytical standard. 

The actinides provide a wider range of complexes in their +4 oxidation state than in 

any other, and these display the usual characteristics of actinide complexes, namely high 

coordination numbers and varied geometry. Complexes with halides and with O-donor 

chelating ligands are particularly numerous. The main fiuoro-complexes are of the types 

[AnF,] ,[AnF,]?~,[AnF,]>~, [AnF,]*~,and [An,F;,]’~ which are nearly all known 
for An=Th— Bk. Their stoichiometries have not all been determined but, in some cases at 

least, are known to depend on the counter cation.°® [UF,]*~, for instance, has a 
distorted cubic structure in its K* salt and a distorted dodecahedral structure in its Rb* 

salt. 
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Fic. 31.7. (a) Eleven-coordinate Th in Th(NO3),.5H,O: average Th-O (of NO3)=257 pm; 
average Th-O (of H,O)=246 pm. (b) The 10-coordinate bicapped square antiprismatic anion in 
K,[Th(C,O,),.4H,O. Note that two pyramidal (267 pm) and three equatorial edges (276 pm) are 
spanned by oxalate groups, but none of the longer edges of the squares (311 pm). The oxalate 
groups on the pyramidal edges are actually quadridentate, being coordinated also to adjacent Th 

atoms. 

Several carboxylates, both simple salts and complex anions, have been prepared 

often as a means of precipitating the An'Y ion from solution or, as in the case of simple 
oxalates, in order to prepare the dioxides by thermal decomposition. In 

K,[Th(C,0,),].4H,O the anion is known to have a 10-coordinate, bicapped square 

antiprismatic structure (Fig. 31.7b). B-diketonates are precipitated from aqueous solutions 

of An'Y and the ligand by addition of alkali, and nearly all are sublimable under vacuum. 
[An(acac),], (An=Th, U, Np, Pu) are apparently dimorphic but both structures are 

based on an 8-coordinate, distorted square antiprism. 

Complexes with S-donor ligands are generally less stable and more liable to hydrolysis 

than those with O donors but can be obtained if the ligand is anionic and chelating.) 
Diethyldithiocarbamates [An(S,CNEt, ),] (An=Th, U, Np, Pu) are the best known and 

possess an almost ideal dodecahedral structure. 

Finally, the borohydrides An(BH,), must be menhidsed: 32) Those of Th and U were 
originally prepared as part of the Manhattan project and those of Pa, Np, and Pu have 

been prepared more recently, all by the general reaction 

AnF, + 2Al(BH,),——> An(BH,), + 2AIF,BH, 

The compounds are isolated by sublimation from the reaction mixture. Perhaps 

surprisingly the compounds fall into two quite distinct classes. Those of Np and Pu are 

‘ U. CasELLaTo, M. Vipatt, and P. A. ViGaTo, Actinide complexes with chelating ligands containing sulfur 
and amidic nitrogen donor atoms, Coord. Chem. Revs. 28, 231-77 (1979). 

>? R. H. Banks and N. M. EDELSTEIN, Synthesis and characterization of protactinium(IV), neptunium(IV), 
and plutonium(IV) borohydrides, Lanthanide and Actinide Chemistry and Spectroscopy, ACS Symposium, 
Series 131, Am. Chem. Soc., Washington, 1980, pp. 331-48. 
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unstable, volatile, monomeric liquids which at low temperatures crystallize with the 12- 
coordinate structure of Zr(BH,)4 (Fig. 21.9, p. 1131). The borohydrides of Th, Pa, and U, on 

the other hand, are thermally more stable and less reactive solids. They possess a curious 
helical polymeric structure in which each An is surrounded by 6 BH,” ions, 4 being 

bridging groups attached by 2 H atoms and 2 being cis terminal groups attached by 3 H 

atoms. The coordination number of the actinide is therefore 14 and the stereochemistry 
may be described as bicapped hexagonal antiprismatic. 

Oxidation state III 

This is the only oxidation state which, with the possible exceptions of Th and Pa, is 

displayed by all actinides. From U onwards, its resistance to oxidation in aqueous 

solution increases progressively with increase in atomic number and it becomes the most 

stable oxidation state for Am and subsequent actinides (except No for which the f'* 
configuration confers greater stability on the +2 state). 

U' can be obtained by reduction of UO,?* or UY, either electrolytically or with Zn 
amalgam,°°*) but is thermodynamically unstable to oxidation not only by O, and aqueous 
acids but by pure water also.+ It is nevertheless possible to crystallize double sulfates or 

double chlorides from aqueous solution and these can then be used to prepare other U!" 
complexes in nonaqueous solvents. Crystallographic data are lacking but a number of 

cationic amide complexes, for instance, are known for which infrared evidence suggests‘3* 

the low symmetry coordination of 8 oxygen atoms to each uranium atom. 

Instability also limits the number of complexes of Np" and Pu" but for Am" the 
number so far prepared is apparently limited mainly by unavailability of the element. As 

has already been pointed out, the problem becomes still more acute as the series is 

traversed. While it is clear that lanthanide-like dominance by the tervalent state occurs 

with the actinides after Pu, the experimental evidence though compelling, is under- 

standably sparse, being largely restricted to solvent extraction and ion-exchange 

behaviour.°>? 

Oxidation state II 

This state is found for the six elements Am and Cf+No, though in aqueous solution 

only for Fm, Md, and No. However, for No, alone amongst all the f-series elements, it is the 

normal oxidation state in aqueous solution. The greater stabilization of the +2 at the end 

of the actinides as compared to that at the end of the lanthanides which this implies, has 

+ In pure water the activity of H* is only 107’ mol dm “3, and E for the 2H*/H, couple consequently falls to 
—0.414 V compared to E°=0. However, E° for U**/U?* is even more negative (—0.607 V) and U" will 
accordingly reduce water. 

33.R. BARNARD, J. I. BuLLocK, B. J. GELLATLY, and L. F. LanKwortny, The chemistry of the trivalent 
actinides. Part 2. Uranium(III) double chlorides and some complexes with oxygen donor ligands, JCS Dalton 
(1972). 1932-8. J. Drozdzynski, A method of preparation of uranium (+3) compounds from solutions, /norg. 

Chim. Acta 32, L83-L85 (1979). 
34 J I. Buttock, A. E. Storey, and P. THompson, The chemistry of the trivalent actinoids. Part 5. 

Uranium(III) complexes with bidentate organic amides, JCS Dalton, 1979, 1040-4. 
35 See, for instance, E. K. HULET, Chemistry of the heaviest actinides: fermium, mendelevium, nobelium, and 

lawrencium, ref. 32, pp. 239-63. 
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been taken?) to indicate a greater separation between the Sf and 6d than between the 4f 
and 5d orbitals at the ends of the two series. This is the reverse of the situation found at the 

beginnings of the series (p. 1469). ; 

Reports of the observation of the + 1 oxidation state in aqueous solutions of Md have 

not been substantiated despite attempts in several major laboratories, and it has been 

concluded that Md! does not exist in either aqueous or ethanolic solutions.°° 

31.3.6 Organometallic compounds?* 
The growth of organoactinide chemistry, like that of organolanthanide chemistry, is 

comparatively recent. Attempts in the 1940s to prepare volatile carbonyls and alkyls of 

uranium for isotopic separations were unsuccessfult and subsequent work has mainly 

centred on cyclopentadienyls and, to a lesser extent, cyclooctatetraenyls; o-bonded alkyl 

and aryl derivatives of the cyclopentadienyls have also been obtained. In general, these 

compounds are thermally stable, sublimable, but extremely air-sensitive solids which are 

sometimes water-sensitive also. Their bonding is evidently more covalent than that in 

organolanthanides, presumably because of involvement of Sf orbitals. 
The cyclopentadienyls are of the three main types [An™(C,H,)3], [An'¥(7°-C.H5),], 

and derivatives of the type [An'Y(7°-C,H,),X] where X is a halogen atom, an alkyl or 
alkoxy group, or BH,. 

(a) [An"(C;H,)3] (An = U-—Cf): the uranium compound is prepared from UCI, and 
K(C,H.,) but the others are best made by the reaction: 

2AnCl, + 3Be(CsH;), —-—> 2An(C5H,)3 + 3BeCl, 

All readily form adducts and, though complete structural data are lacking, X-ray powder 

diffraction patterns suggests that the tris cyclopentadienyls are isostructural with 

[Sm(C;H;)3], which incorporates both 7° and bridging ring systems in a rather 
complicated manner (see p. 1448). 

(b) [An'Y(C5H5),] (An=Th—Np): the Pa compound is prepared by treating PaCl, 
with Be(C;H;),. but the general method of preparation is: 

AnCl, +4K(C;H,) ~~ > [An(C;Hs)4] +4KCI 
in CoeHe 

[U(C;H;),4] contains four identical 7° rings arranged tetrahedrally around the metal atom 
(Fig. 31.8). The corresponding compounds of Th, Pa, and Np are probably the same since 
all four compounds have very similar nmr and ir spectra. 

(c) Halide derivatives: the most plentiful are of the type [An'’(C,H,),X] (An=Th, U, 
Np); they can be prepared by the general reaction: 

AnX, +3M\(C;H,) > [An(C;H;),;X] + 3M'X 

} As with the lanthanides, simple carbonyls of uranium have since been obtained in argon matrices quenched 
to 4 K. 

°°E, K. Huet, R. W. LouGueen, P. A. BAISDEN, J. H. LANDRUM, J. F. WILD, and R. F. D. Lunpavist, Non- 
observation of monovalent Md, J. Inorg. Nuc/. Chem. 41, 1743-7 (1979). K. SAMHOUN, F. Davin, R. L. HAHN, 
G. D. O’KELtEy, J. R. TARRANT, and D. E. Hosart, Electrochemical study of mendelevium in aqueous 
solution: no evidence of monovalent ions, J. Inorg. Nucl. Chem. 41, 1749-54 (1979). F. Davip, K. SAMHOUN, E. 
K. HULET, P. A. BaIsen, R. DouGan, J. H. LANDRUM, R. W. LouGHEED, and J. F. WILD, Radiopolarography of 
mendelevium in aqueous solution, J. Inorg. Nucl. Chem. 43, 2941-5 (1981). 
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Fic. 31.8 Structure of [An(7°-C,H,),] showing the tetrahedral arrangement of the four rings 
around the metal atom. 

Indeed, the first report of an organoactinide was that of the pale brown [U(C;H;),Cl] by 

L. T. Reynolds and G. Wilkinson in 1956. They showed that, unlike Ln(C,H;)3, this 

compound does not yield ferrocene on reaction with FeCl,, suggesting greater covalency 

in the bonding of C,H; to U'Y than to Ln™. 
Replacement of Cl in [U(C;H,),Cl] and [Th(C,H;),Cl], by other halogens or by 

alkoxy, alkyl, aryl, or BH, groups, provides the most extensive synthetic route in this field. 

An essentially tetrahedral disposition of three (y°-C,H.) rings and the fourth group 

around the metal appears to be general. The alkyl and aryl derivatives [An(y°-C;H,),R] 

(An = Th, U), are of interest as they provide a means of investigating the An—C a bond, and 

mechanistic studies of their thermal decomposition (thermolysis) have been prominent. 

The precise mechanism is not yet certain but it is clearly not £ eliminationt since the 

eliminated molecule is RH, the H of which originates from a cyclopentadieny] ring. The 

decomposition of the Th compounds are cleaner than those of U and acrystalline product 
has been isolated?” from the thermolysis at 170°C of a solution of [Th(y°-C;H,),Bu"]. 
This product is a dimer with the 2 Th atoms bridged by a pair of (y°,y'-C;H.) rings, 
ie. [Th(y°-C;H;).-u-(n°,n'-C;H;)],. This remarkable bridge system is like that in 
niobocene (Fig. 22.9, p. 1165) but each Th has two additional (n°-C;H;) rings instead of 

one (y°-C;H;) and an H atom. 
The complexes [An(7°-C,H,),] of cyclooctatetraene (COT) have been prepared for 

An=Th-> Pu by the reactions: 

AnCl, +2K,CsHs ———> [An(CgHg),] +4KC] (An=Th—Np) 

and 

[NEt,],[PuCl,] + 2K >CsHs —~—> [Pu(C,H,),] + 4KCI+ 2[NEt,]Cl 

+ In “B elimination” an H atom on a f-carbon atom is transferred to the metal and an olefin (alkene) is 

eliminated (see p. 348). 

37 E.C. BAKER, K. N. RAYMOND, T. J. MarKs, and W. A. WACHTER, Isolation and structural characterization 

of a p-di(y>:7'-cyclopentadienyl) dithorium([V) complex J. Am. Chem. Soc. 96, 7586-8 (1974). 
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Fic. 31.9 The structure of [U(78-C,H,Ph,) ]. 

followed by sublimation under vacuum. They are “sandwich” molecules with parallel and 

eclipsed rings (see Fig. 8.41, p. 376). This structure is strikingly similar to that of ferrocene 

(Fig. 8.37, p. 372), and extensive discussions on the nature of the metal-ring bonding 

suggests that this toc is very similar.°® In order to emphasise these resemblances with the 

d-series cyclopentadienyls, the names “uranocene”, etc., have been coined. Although 

thermally stable, these compounds are extremely sensitive to air and, except for 

uranocene, are also decomposed by water. However, uranocene can be made more air- 

stable by use of sufficiently bulky substituents, and 1,3,5,7-tetraphenylcyclo-octatetraene 

yields the completely air-stable [U(7?-C,H,Ph,),], in which the parallel ligands are 
virtually eclipsed but the phenyl substituents staggered and rotated on average 42° out of 
the Cg ring plane®* (Fig. 31.9). 

8K. D. Warren, Ligand field theory of f-orbital sandwich complexes, Struct. Bonding (Berlin) 33, 97-138 
(1977). 

3° L. K. Templeton, D. H. TEMPLETON, and R. Waker, Molecular structure and disorder in crystals of 
octaphenyluranocene, U[CsH,(C,H;)a]2, Inorg. Chem. 15, 3000-3 (1976). 



Appendix 1 
Atomic Orbitals 

THE spacial distribution of electron density in an atom is described by means of atomic 

orbitals W(r, 6, p) such that for a given orbital w the function w7dv gives the probability 

of finding the electron in an element of volume dv at a point having the polar coordinates 

r,0,o. Each orbital can be expressed as a product of two functions, i.e. 

a Als 6, P)=Ra "A im(9, ?), where 

(a) R,,,(r) is a radial function which depends only on the distance r from the nucleus 

(independent of direction) and is defined by the two quantum numbers , /; 

(b) A,,,(9, @) is an angular function which is independent of distance but depends on the 

direction as given by the angles 6, @; it is defined by the two quantum numbers /, m. 

Normalized radial functions for a hydrogen-like atom are given in Table Al.1 and 

plotted graphically in Fig. A1.1 for the first ten combinations of n and /. It will be seen that 

the radial functions for 1s, 2p, 3d, and 4f orbitals have no nodes and are everywhere of the 

same sign (e.g. positive). In general R,, (r) becomes zero (n —1—1) times between r equals 0 

and oo. The probability of finding an electron at a distance r from the nucleus is given by 

4nR? (r)r?dr, and this is also plotted in Fig. Al.1. However, the probability of finding an 
electron frequently depends also on the direction chosen. The probability of finding an 

electron in a given direction, independently of distance from the nucleus, is given by the 

square of the angular dependence function 47,,(6, ¢). The normalized functions A,,,(6, ¢) 
are listed in Table A1.2 and illustrated schematically by the models in Fig. A1.2. It will be 

seen that for s orbitals (/=0) the angular dependence function A is constant, independent 

of 6, and @, ie. the function is spherically symmetrical. For p orbitals (!=1) A comprises 

two spheres in contact, one being positive and one negative, i.e. there is one planar node. 

The d and f functions (/=2, 3) have more complex angular dependence with 2 and 3 nodes 

respectively. 
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f,3 f,.3 eas fxyz 

Fic. Al.2 Models schematically illustrating the angular dependence functions A,,,(6, ¢). There 
is nO unique way of representing the angular dependence functions of all seven f orbitals. An 
alternative to the set shown is one f,s, three f,.,2, f,,2, f,,2, and three f,(,2— 3,2), fyy2— 322, and f,,.2_ 3,2). xz29 Ay x29 
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Normalized angular dependence functions, Ay (0,0) = © 1, m(OQOm(P) TABLE Al.2 
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Appendix 2 
Symmetry Elements, 
Symmetry Operations, 
and Point Groups 

An object has symmetry when certain parts of it can be interchanged with others without 

altering either the identity or the apparent orientation of the object. For a discrete object 

such as a molecule 5 elements of symmetry can be envisaged: 

axis of symmetry, C; 

plane of symmetry, o; 

centre of inversion, i; 

improper axis of symmetry, S; and 

identity, E. 

These elements of symmetry are best recognized by performing various symmetry 

operations, which are geometrically defined ways of exchanging equivalent parts of a 

molecule. The 5 symmetry operations are: 

C,, rotation of the molecule about a symmetry axis through an angle of 360°/n; n is 

called the order of the rotation (twofold, threefold, etc.); 

o reflection of all atoms through a plane of the molecule; 

i, inversion of all atoms through a point of the molecule; { 

S,, Rotation of the molecule through an angle 360°/n followed by reflection of all — 

atoms through a plane perpendicular to the axis of rotation; the combined 

operation (which may equally follow the sequence reflection then rotation) is 

called improper rotation; 

E, the identity operation which leaves the molecule unchanged. 

The rotation axis of highest order is called the principal axis of rotation; it is usually 

placed in the vertical direction and designated the z-axis of the molecule. Planes of 
reflection which are perpendicular to the principal axis are called horizontal planes (h). 

Planes of reflection which contain the principal axis are called vertical planes (v), or 
dihedral planes (d) if they bisect 2 twofold axes. 

The complete set of symmetry operations that can be performed on a molecule is called 

the symmetry group or point group of the molecule and the order of the point group is the 

number of symmetry operations it contains. Table A2.1 lists the various point groups, 
together with their elements of symmetry and with examples of each. It is instructive to 
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TABLE A2.1 Point groups 

Point 

group Elements of symmetry Examples 

CG ig CHFCIBr 
C, Bea SO,FBr, HOCI, BFCIBr 
C; Both CHCIBr—CHCIBr (staggered) 
G; LEC H,O, , cis-[Co(en),X, ] 
Cz EG PPh, (propeller) 

C2, BGs, 20% H,O (V-Shaped), H,CO (Y-shaped), 

CIF, (T-shaped), SF, (see-saw), SiH,Cl,, 
cis-[Pt(NH3),Cl,], C;H,Cl 

(Can ES C5 0% GeH,Cl, PCl, 
(Gis EsG, 240: SFG), IF.; XeOF, 
(Ore 1S. Crs Sia, [Ni(7°-C;H,;)(NO)] 

Co, — E, Cg, 60, [Cr(n°-CH.)(n°-CeMes)] 
(Ce wd OCDE O Crop NO, HCN, COS 
Cop EGS Gia trans-N,F, 
C3 EG, Gil B(OH), 

Cah E, C4, Opp i [Re,(u, n?-SO4)4] 
D, ENG. 3G, trischelates[ M(chel),], C,H, (gauche) 

Dasa EACH CS een 4 B,Cl, (vapour, staggered), As,S, 
Ds; Hes, SONS, 1. Se R,W=WR,;, (staggered) 
Dg) 1B Cry OCR on Se Sg (crown), closo-B,9H,9?_ 
D>, Bi Cp 2Gp, 20, Oy t B,Cl, (planar), B,H,, trans-[Pt(NH3),Cl,], 

trans-[Co(NH;),CI,Br,]~, 1,4-C,H,Cl, 
Dae Cn Cpe SO Or Sa BGl PPE. ABaNatea[iReH oss 
Di ENG iAGS 4G. ois) XeF,, PtCl,~, trans-[Co(NH3),Cl,]*, 

[Re,Cl,]*~, closo-1,6-C,B,H, 
Deen he Oe SG 50, GS [Fe(n°-C.H.),]eclipsed, BjH,?, IF, 
Dey EEG 665, 60 Oye tae CH? 
DEG EEG CO Go MCOOks Cl,, CO, 
Sy Eo Sy cyclo-Cl,B,N4R4 
Ti IE XC Cloves SiF,, ByCl,, [Ni(CO),], [Ir4(CO), 2] 
i, E, 4C3, 3C5, 30,1, 4S. [Co(NO,).]°~ (trans NO, groups eclipsed) 

[M(n?-NO3)6]"", [W(NMe3),] 
O, J KOs OC, 16S, Sojng Sore th By NY SF, B,H,? (octahedron) 
Ti ERO GOGO C-9l50),1, 1255. 10S. B,H,,.? (icosahedron) 

add to these examples from the numerous instances of point group symmetry mentioned 

throughout the text. In this way a facility will gradually be acquired in discerning the 

various elements of symmetry present in a molecule. 

A convenient scheme for identifying the point group symmetry of any given species is set 

out in the flow chart.” Starting at the top of the chart each vertical line asks a question: if 
the answer is “yes” then move to the right, if “no” then move to the left until the correct 

point group is arrived at. Other similar schemes have been devised.'?~>? 

' J. Donouue, A “tree” for identification of the point groups, Sov. Phys. Crystallogr. 26, 516 (1981); 
Kristallografiya 26, 908-9 (1981). 

> R. L. Carter, A flow chart approach to point group classification, J. Chem. Educ. 45, 44 (1968). 
3 F. A. Cotton, Chemical Applications of Group Theory, 2nd edn., pp. 45-7, Wiley-Interscience, New Y ork, 

a. 
4 J. D. DoNALDSON and S. D. Ross, Symmetry and Stereochemistry, pp. 35-49, Intertext Books, London, 

1972. 
5 J. A. SALTHOUSE and M. J. WARE, Point Group Character Tables and Related Data, p. 29, Cambridge 

University Press, 1972. 
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Appendix 3 
Some Non-Sl Units' 

Physical quantity Name of unit Symbol for unit Definition of unit 

Length angstrom A 10 °m 
Time minute min 60s 

hour h 3600 s 
day d 86 400 s 

Energy erg erg 10m ST 
kilowatt hour kWh 3.6 x 10° J 
thermochemical cal,, 4.184 J 

calorie 

Force dyne dyn 10°-°N 
Pressure bar bar 10° Pa 

atmosphere atm 101 325 Pa 
conventional mmHg 13.5951 x 9.806 65 Pa 

millimetre of 1e-133-322-Pa 
mercury 

torr Torr (101 325/760) Pa 

Magnetic flux maxwell Mx 10°8 Wb 
Magnetic flux density gauss G, Gs LOB eT 

(magnetic induction) 
Dynamic viscosity poise P 10m Y Ras 
Concentration — M mol dm? 
Radioactivity curie Ci Bex 1012 saa 
Radioactive exposure rontgen R 258 x l0aTCkg 2 

Absorbed dose rad rad 107? Jikg- 2 
Angle degree 2 1° =(x/180) radian 

+ The unit “degree Celsius” (°C) is identical with the kelvin (K). The Celsius temperature (¢-) is related to 

the thermodynamic temperature T by the definition: tc= T— 273.15 K. 

Some useful conversion factors: 

1 m= 3.280 839 9 ft =39.370 079 inches 

1 inch= 25.4 mm (defined) 

1 statute mile= 1.609 344 km 

1 light year =9.460 55 x 10'* km 
1 acre = 4046.8564 m? 
1 gal (Imperial) = 1.200 949 gal (US)=4.545 960 | 

1 gal (US)=0.832 674 7 gal (Imp.)=3.785 411 8 | 

1 lb (avoirdupois) = 0.453 592 37 kg 

1 oz (avoirdupois) = 28.349 527 g 

1 oz (troy, or apoth.)=31.103 486 g 

1 carat = 3.086 47 grains= 200 mg 

1 tonne = 1000 kg = 2204.622 6 Ib= 1.102 311 3 short tons 

1 short ton = 907.184 74 kg = 2000 Ib =0.892 857 14 long tons 

1 long ton=1016.046 9 kg = 2240 Ib=1.120 short tons 
1 atm=101 325 Pa=1.013 25 bar=760 Torr = 14.695 95 Ib/in? 

1 Pa=10~° bar~ 1.019 716 x 10°! kg m-?7=0.986 923 x 10 * atm 
1 mdyn A-'=100 Nm“! 
1 calorie (thermochem) = 4.184 J (defined) 

1 eV=1.602 19x 10°'° J 
1 eV/molecule = 96.484 56 kJ mol” ! =23.060 36 kcal mol”! 
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Appendix 4 
Abundance of 
Elements in Crustal 
Rocks/ppm 
(i.e. g/tonne)' 

No Elt. ppm fs Nos [EIt.. ppmr No, ~Eltpeeppmuy Noo celia ppm 

1 O 455000 45.50 20 Cl 126 39 Th 8.1 58 Tl 0.7 

2 Si 272000 72.70 21 Cr 122 40 Sm 7.0 59 dim 52035 

3 Al 83 000 81.00 22 Ni 99 41 Gd 6.1 60 I 0.46 

4 Fe 62000 87.20 23 Rb 78 42 Er 385 61 In 0.24 

5 Ca 46 600 91.86 24 Zn 76 43 Yb Sul 62 Sb 0.2 

6 Mg 27 640 94.62 25 Cu 68 44 Hf 2.8 63 Cd 0.16 

7 Na 22700 96.89 26 Ce 66 45 Cs 2.6 64 ce 0.08 

8 K 18 400 98.73 27 Nd 40 46 Br 25 Hg 0.08 

9 Ti 6320 99.36 28 La 35 47 U 2.3 66 Se 0.05 

10 H 1520 99.51 29 Y 31 48 } Sn Dat 67 Pd 0.015 

at |p 1120 99.63 30 Co 29 Eu Psi 68 Pt 0.01 

12 Mn 1060 99.73 31 Sc 2S 50 Be 2 69 Bi 0.008 

13 F 544 99.79 32 _Nb 20 51 As 1.8 70 Os 0.005 

14 Ba 390 §=99.83 3 a 19 52 Ta iS 71 Au 0.004 

15 Sr 384 99.86 Ga 19 53.5 Get 0 11S 75 es 0.001 
16 S 340 99.90 35 Li 18 54 Ho 138 Fe Re 0.001 

17 Cc 180 99.92 36 Pb 13 Mo 1.2 74 Re 0.0007 

18 Zr 162 99.93 37 Pr 91 Sp) . Me? 15 sa 0.0001 

19 Vv 136 99.95 38 B 9 Tb 1.2 Rh 0.0001 

+ Taken from W.S. Fyfe, Geochemistry, Oxford University Press, 1974, with some modifications and additions 
to incorporate later data. 
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Appendix 5 

Effective lonic Radii in 
pm for Various 
Oxidation States (in 
arentheses)' 

s Block 

(3)! 146 
(43) 16 

5) 13 

(1) 184 
(est ya 

| (+2) 27 

Br 

(43) 73 (1) 196 
(44) 53.0 so | (+3) $9 

(st 3) 
(+7) 39 

Sn s Xe 
(42) 118 2 (by 
(+4) 09.0 (45) 95 

(#7) 53 | (48) 48 

Pb 
Gee Lo ea) SOs, 
(+4) 77.5] (+5) 76 

(42M M1 4g) 

d Block 

(1) (+1) 
(+2) (2) 
(+3) (+3) 

(+4) (44) 
(+58) (+5) 

(+6) (+6) 
(+7) (#7) 

Gl) a) 
(+2) (42) 
(+3) (#3) 
(+4) aD 
(+5) (+5) 

(+6) (+0) 
(+7) (7) 
(+8) (48) 

G1) +1) 
(+2) (42) 

(43) (43) 
(+4) (+4) 
(+5) (+5) 
(+6) (+6) 
(+7) (+7) 
(+8) (48) 

+3 

f Block 

(+2) Is) 
(+3) (+3) 

(+4) (4) 

(+2) (+2) 

(+3) (+3) 

(+4) (44) 
(+5) (+5) 

(+6) (+6) 
(+7) (+7) 

+ Values refer to coordination number 6 unless otherwise indicated by superscript roman numerals '", '', etc. 
(All data taken from R. D. Shannon, Acta Cryst. A32, 751-67 (1976). 
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Appendix 6 
Nobel Prize for 
Chemistry 

1901 

1902 
1903 
1904 

1905 

1906 

1907 

1908 

1909 

1910 

1911 

1912 

1913 

1914 

1915 
1916 
1917 
1918 
1919 
1920 

J. H. van’t Hoff (Berlin): discovery of the laws of chemical dynamics and osmotic 

pressure in solutions. 

E. Fischer (Berlin): sugar and purine syntheses. 

S. Arrhenius (Stockholm): electrolytic theory of dissociation. 

W. Ramsay (University College, London): discovery of the inert gaseous elements 

in air and their place in the periodic system. 

A. von Baeyer (Munich): advancement of organic chemistry and the chemical 

industry through work on organic dyes and hydroaromatic compounds. 

H. Moissan (Paris): isolation of the element fluorine and development of the 

electric furnace. 

E. Buchner (Berlin): biochemical researches and the discovery of cell-free 

fermentation. 

E. Rutherford (Manchester): investigations into the disintegration of the elements 

and the chemistry of radioactive substances. 

W. Ostwald (Gross-Bothen): work on catalysis and investigations into the 

fundamental principles governing chemical equilibria and rates of reaction. 

O. Wallach (Gottingen): pioneer work in the field of alicyclic compounds. 

Marie Curie (Paris): discovery of the elements radium and polonium, the isolation 

of radium, and the study of the nature and compounds of this remarkable element. 

V. Grignard (Nancy): discovery of the Grignard reagent. 

P. Sabatier (Toulouse): method of hydrogenating organic compounds in the 

presence of finely disintegrated metals. 

A. Werner (Ziirich): work on the linkage of atoms in molecules which has thrown 

new light on earlier investigations and opened up new fields of research especially 
in inorganic chemistry. 

T. W. Richards (Harvard): accurate determination of the atomic weight of a large 

number of chemical elements. 

R. Willstatter (Munich): plant pigments, especially chlorophyll. 

Not awarded 

Not awarded 

F. Haber (Berlin-Dahlem): the synthesis of ammonia from its elements. 

Not awarded 

W. Nernst (Berlin): work in thermochemistry. 

1498 



1921 

1922 

1923 
1924 
1925 

1926 

1927 

1928 

1929 

1930 

1931 

1932 

7933 

1934 

1935 

1936 

1937 

1938 
1939 

1940 
1941 

1942 

1943 

1944 

1945 

1946 

1947 
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F. Soddy (Oxford): contributions to knowledge of the chemistry of radioactive 

substances and investigations into the origin and nature of isotopes. 

F. W. Aston (Cambridge): discovery, by means of the mass spectrograph, of 

isotopes in a large number of non-radioactive elements and for enunciation of the 

whole-number rule. 

F. Pregl (Graz): invention of the method of microanalysis of organic substances. 

Not awarded 

R. Zsigmondy (Gottingen): demonstration of the heterogeneous nature of colloid 

solutions by methods which have since become fundamental in.modern colloid 

chemistry. 

T. Svedberg (Uppsala): work on disperse systems. 

H. Wieland (Munich): constitution of the bile acids and related substances. 

A. Windaus (GOttingen): constitution of the sterols and their connection with the 

vitamins. 

A. Harden (London) and H. von Euler-Chelpin (Stockholm): investigations on the 

fermentation of sugars and fermentative enzymes. 

H. Fischer (Munich): the constitution of haemin and chlorophyll and especially for 

the-synthesis of haemin. 

C. Bosch and F. Bergius (Heidelberg): the invention and development of chemical 

high pressure methods. 

I. Langmuir (Schenectady, New York): discoveries and investigations in surface 

chemistry. 

Not awarded 

H. C. Urey (Columbia, New York): discovery of heavy hydrogen. 

F. Joliot and Iréne Joliot-Curie (Paris): synthesis of new radioactive elements. 

P. Debye (Berlin-Dahlem): contributions to knowledge of molecular structure 

through investigations on dipole moments and on the diffraction of X-rays and 

electrons in gases. 

W. N. Haworth (Birmingham): investigations on carbohydrates and vitamin C. 

P. Karrer (Zurich): investigations of carotenoids, flavins, and vitamins A and B,. 

R. Kuhn (Heidelberg): work on carotenoids and vitamins. 

A. F. J. Butenandt (Berlin): work on sex hormones. 

L. Ruzicka (Zurich): work on polymethylenes and higher terpenes. 

Not awarded. 

Not awarded. 

Not awarded. 

G. Hevesy (Stockholm): use of isotopes as tracers in the study of chemical 

processes. 

O. Hahn (Berlin-Dahlem): discovery of the fission of heavy nuclei. 

A. J. Virtanen (Helsingfors): research and inventions in agricultural and nutrition 

chemistry, especially fodder preservation. 

J. B. Sumner (Cornell): discovery that enzymes can be crystallized. 

J. H. Northrop and W. M. Stanley (Princeton): preparation of enzymes and virus 

proteins in a pure form. 

R. Robinson (Oxford): investigations on plant products of biological importance, 

especially the alkaloids. 



1500 

1948 

1949 
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A. W.K. Tiselius (Uppsala): electrophoresis and adsorption analysis, especially for 

discoveries concerning the complex nature of the serum proteins. 

W. F. Giauque (Berkeley): contributions in the field of chemical thermodynamics, 

particularly concerning the behaviour of substances at extremely low 

temperatures. 
O. Diels (Kiel) and K. Alder (Cologne): discovery and development of the diene 

synthesis. 
E. M. MeMillan and G. T. Seaborg (Berkeley): discoveries in the chemistry of the 

transuranium elements. 
A. J. P. Martin (London) and R. L. M. Synge (Bucksburn): invention of partition 

chromatography. 

H. Staudinger (Freiburg): discoveries in the field of macromolecular chemistry. 

L. Pauling (California Institute of Technology, Pasadena): research into the nature 

of the chemical bond and its application to the elucidation of the structure of 

complex substances. 

V. du Vigneaud (New York): biochemically important sulfur compounds, 

especially the first synthesis of a polypeptide hormone. . 

C. N. Hinshelwood (Oxford) and N. N. Semenov (Moscow): the mechanism of 

chemical reactions. 

A. Todd (Cambridge): nucleotides and nucleotide co-enzymes. 

F. Sanger (Cambridge): the structure of proteins, especially that of insulin. 

J. Heyroysky (Prague): discovery and development of the polarographic method 

of analysis. 

W. F. Libby (Los Angeles): use of carbon-14 for age determination in archeology, 

geology, geophysics, and other branches of science. 

M. Calvin (Berkeley): research on the carbon dioxide assimilation in plants. 

J.C. Kendrew and M. F. Perutz (Cambridge): the structures of globular proteins. 
K. Ziegler (Mulheim/ Ruhr) and G. Natta (Milan): the chemistry and technology of 
high polymers. 

Dorothy Crowfoot Hodgkin (Oxford): determinations by X-ray techniques of the 

structures of important biochemical substances. 

R. B. Woodward (Harvard): outstanding achievements in the art of organic 

synthesis. 

R. S. Mulliken (Chicago): fundamental work concerning chemical bonds and the 

electronic structure of molecules by the molecular orbital method. 

M. Eigen (Gottingen), R. G. W. Norrish (Cambridge), and G. Porter (London): 

studies of extremely fast chemical reactions, effected by disturbing the equilibrium 
by means of very short pulses of energy. 

L. Onsager (Yale): discovery of the reciprocity relations bearing his name, which 

are fundamental for the thermodynamics of irreversible processes. 
D.H. R. Barton (Imperial College, London) and O. Hassel (Oslo): development of 

the concept of conformation and its application in chemistry. 

L. F. Leloir (Buenos Aires): discovery of sugar nucleotides and their role in the 

biosynthesis of carbohydrates. 

G. Herzberg (Ottawa): contributions to the knowledge of electronic structure and 
geometry of molecules, particularly free radicals. 

C. B. Anfinsen (Bethesda): work on ribonuclease, especially concerning the 
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connection between the amino-acid sequence and the biologically active 

conformation. 

S. Moore and W. H. Stein (Rockefeller, New York): contributions to the 

understanding of the connection between chemical structure and catalytic activity 

of the active centre of the ribonuclease molecule. 

E. O. Fischer (Munich) and G. Wilkinson (Imperial College, London): pioneering 

work, performed independently, on the chemistry of the organometallic so-called 

sandwich compounds. 

P. J. Flory (Stanford): fundamental achievements both theoretical and experi- 

mental in the physical chemistry of macromolecules. 

J. W. Cornforth (Sussex): stereochemistry of enzyme-catalysed reactions. 

V. Prelog (Ziirich): the stereochemistry of organic molecules and reactions. 

W. N. Lipscomb (Harvard): studies on the structure of boranes illuminating 

problems of chemical bonding. 

I. Prigogine (Brussels): non-equilibrium thermodynamics, particularly the theory 

of dissipative structures. 

P. Mitchell (Bodmin, Cornwall): contributions to the understanding of biological 

energy transfer through the formulation of the chemiosmotic theory. 

H. C. Brown (Purdue) and G. Wittig (Heidelberg): for their development of boron 

and phosphorus compounds, respectively, into important reagents in organic 

synthesis. 

P. Berg (Stanford): the biochemistry of nucleic acids, with particular regard to 

recombinant-DNA. 

W. Gilbert (Harvard) and F. Sanger (Cambridge): the determination of base 

sequences in nucleic acids. 

K. Fukui (Kyoto) and R. Hoffmann (Cornell): quantum mechanical studies of 

chemical reactivity. 

A. Klug (Cambridge): development of crystallographic electron microscopy and 

the structural elucidation of biologically important nucleic acid-protein 

complexes. 

H. Taube (Stanford): mechanisms of electron transfer reactions of metal 

complexes. 

R. B. Merrifield (Rockefeller, New York): solid-phase synthesis of peptides. 
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1907 
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1909 
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1% 

1918 

W. C. Rontgen (Munich): discovery of the remarkable rays subsequently named 

after him. 
H. A. Lorentz (Leiden) and P. Zeeman (Amsterdam): influence of magnetism upon 

radiation phenomena. 

H. A. Becquerel (Ecole Polytechnique, Paris): discovery of spontaneous 

radioactivity. 

P. Curie and Marie Curie (Paris): researches on the radiation phenomena 

discovered by H. Becquerel. 

Lord Rayleigh (Royal Institution, London): investigations of the densities of the 

most important gases and for the discovery of argon in connection with these 

studies. 

P. Lenard (Kiel): work on cathode rays. 

J. J. Thomson (Cambridge): theoretical and experimental investigations on the 

conduction of electricity by gases. 

A. A. Michelson (Chicago): optical precision instruments and the spectroscopic 
and metrological investigations carried out with their aid. 

G. Lippmann (Paris): method of reproducing colours photographically based on 

the phenomenon of interference. 

G. Marconi (London) and F. Braun (Strasbourg): the development of wireless 

telegraphy. 

J. D. van der Waals (Amsterdam): the equation of state for gases and liquids. 
W. Wien (Wirzburg): the laws governing the radiation of heat. 

G. Dalen (Stockholm): invention of automatic regulators for use in conjunction 

with gas accumulators for illuminating lighthouses and buoys. 

H. Kamerlingh Onnes (Leiden): properties of matter at low temperatures and 

production of liquid helium. 

M. von Laue (Frankfurt): discovery of the diffraction of X-rays by crystals. 

W. H. Bragg (University College, London) and W. L. Bragg (Manchester): 

analysis of crystal structure by means of X-rays. 

Not awarded. 

C. G. Barkla (Edinburgh): discovery of the characteristic ROntgen radiation of the 
elements. 

M. Planck (Berlin): services rendered to the advancement of physics by discovery 

of energy quanta. 
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J. Stark (Greifswald): discovery of the Doppler effect on canal rays and of the 

splitting of spectral lines in electric fields. 

C. E. Guillaume (Sévres): service rendered to precise measurements in physics by 

discovery of anomalies in nickel steel alloys. 

A. Einstein (Berlin): services to theoretical physics, especially discovery of the law 

of the photoelectric effect. 
N. Bohr (Copenhagen): investigations of the structure of atoms, and of the 

radiation emanating from them. 

R. A. Millikan (California Institute of Technology, Pasadena): work on the 

elementary charge of electricity and on the photo-electric effect. 
M. Siegbahn (Uppsala): discoveries and researches in the field of X-ray 

spectroscopy. 
J. Franck (Gottingen) and G. Hertz (Halle): discovery of the laws governing the 

impact of an electron upon an atom. 

J. Perrin (Paris): the discontinuous structure of matter, and especially for the 

discovery of sedimentation equilibrium. 

A. H. Compton (Chicago): discovery of the effect named after him. 

C. T. R. Wilson (Cambridge): method of making the paths of electrically charged 

particles visible by condensation of vapour. 

O. W. Richardson (King’s College, London): thermionic phenomenon and 

especially discovery of the law named after him. 

L. V. de Broglie (Paris): discovery of the wave nature of electrons. 

VY. Raman (Calcutta): work on the scattering of light and discovery of the effect 

named after him. 

Not awarded. 

W. Heisenberg (Leipzig): the creation of quantum mechanics, the application of 

which has, inter alia, led to the discovery of the allotropic forms of hydrogen. 

E. Schrodinger (Berlin) and P. A. M. Dirac (Cambridge): discovery of new 

productive forms of aiomic theory. 

Not awarded. 

J. Chadwick (Liverpool): discovery of the neutron. 

V. F. Hess (Innsbruck): discovery of cosmic radiation. 

C. D. Anderson (California Institute of Technology, Pasadena): discovery of the 

positron. 

C. J. Davisson (New York) and G. P. Thomson (London): experimental discovery 

of the diffraction of electrons by crystais. 

E. Fermi (Rome): demonstration of the existence of new radioactive elements 

produced by neutron irradiation and for the related discovery of nuclear reactions 

brought about by slow neutrons. 

E. O. Lawrence (Berkeley): invention and development of the cyclotron and for 

results obtained with it, especially with regard to artificial radioactive elements. 

Not awarded. 

Not awarded. 

Not awarded. 

O. Stern (Pittsburgh): development of the molecular ray method and discovery of 

the magnetic moment of the proton. 
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I. I. Rabi (Columbia, New York): resonance method for recording the magnetic 

properties of atomic nuclei. 

W. Pauli (Ziirich): discovery of the Exclusion Principle, also called the Pauli 

Principle. 

P. W. Bridgman (Harvard): invention of an apparatus to produce extremely high 

pressures and discoveries in the field of high-pressure physics. 

E. V. Appleton (London): physics of the upper atmosphere, especially the discovery 

of the so-called Appleton layer. 
P. M.S. Blackett (Manchester): development of the Wilson cloud chamber method 

and discoveries therewith in the field of nuclear physics and cosmic radiation. 

H. Yukawa (Kyoto): prediction of the existence of mesons on the basis of 

theoretical work on nuclear forces. 
C. F. Powell (Bristol): development of the photographic method of studying 

nuclear processes and discoveries regarding mesons made with this method. 

J. D. Cockroft (Harwell) and E. T. S. Walton (Dublin): pioneer work on the 

transmutation of atomic nuclei by artificially accelerated atomic particles. 

F. Bloch (Stanford) and E. M. Purcell (Harvard): development of new methods for 

nuclear magnetic precision measurements and discoveries in connection therewith. 

F. Zernike (Groningen): demonstration of the phase contrast method and 

invention of the phase contrast microscope. 

M. Born (Edinburgh): fundamental research in quantum mechanics, especially for 

the statistical interpretation of the wave function. 

W. Bothe (Heidelberg): the coincidence method and discoveries made therewith. 

W. E. Lamb (Stanford): the fine structure of the hydrogen spectrum. 

P. Kusch (Columbia, New York): precision determination of the magnetic moment 

of the electron. 

W. Shockley (Pasadena), J. Bardeen (Urbana), and W. H. Brattain (Murray Hill): 

investigations on semiconductors and discovery of the transistor effect. 

T. Lee (Columbia) and C. Yang (Princeton): penetrating investigation of the so- 

called parity laws, which has led to important discoveries regarding the elementary 
particles. 

P. A. Cherenkov, I. M. Frank, and I. E. Tamm (Moscow): discovery and the 

interpretation of the Cherenkov effect. 

E. Segre and O. Chamberlain (Berkeley): discovery of the antiproton. 
D. A. Glaser (Berkeley): invention of the bubble chamber. 

R. Hofstadter (Stanford): pioneering studies of electron scattering in atomic nuclei 

and discoveries concerning the structure of the nucleons. 

R. L. Mossbauer (Munich): resonance absorption of gamma radiation and 
discovery of the effect which bears his name. 

L. D. Landau (Moscow): pioneering theories for condensed matter, especially 
liquid helium. 

E. P. Wigner (Princeton): the theory of the atomic nucleus and elementary 

particles, particularly through the discovery and application of fundamental 
symmetry principles. 

Maria Goeppert-Mayer (La Jolla) and J. H. D. Jensen (Heidelberg): discoveries 
concerning nuclear shell structure. 

C. H. Townes (Massachusetts Institute of Technology) and N. G. Basov and A. M. 
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Prokhorov (Moscow): fundamental work in the field of quantum electronics, which 
led to the construction of oscillators and amplifiers based on the maser-laser- 

principle. 

S. Tomonaga (Tokyo), J. Schwinger (Cambridge, Mass.,), and R. P. Feynman 

(California Institute of Technology, Pasadena): fundamental work in quantum 

electrodynamics, with deep-ploughing consequences for the physics of elementary 

particles. 
A. Kastler (Paris): discovery and development of optical methods for studying 

hertzian resonances in atoms. 

H. A. Bethe (Cornell): contributions to the theory of nuclear reactions, especially 

discoveries concerning the energy production in stars. 

L. W. Alvarez (Berkeley): decisive contributions to elementary particle physics, in 

particular the discovery of a large number of resonance states, made possible by the 

hydrogen bubble chamber technique and data analysis. 

M. Gell-Mann (California Institute of Technology, Pasadena): contributions and 

discoveries concerning the classification of elementary particles and their 

interactions. 

H. Alfven (Stockholm): discoveries in magneto-hydrodynamics with fruitful 

applications in different parts of plasma physics. 

L. Neel (Grenoble): discoveries concerning antiferromagnetism and ferrimagne- 

tism which have led to important applications in solid state physics. 

D. Gabor (Imperial College, London): invention and development of the 

holographic method. 

J. Bardeen (Urbana), L. N. Cooper (Providence), and J. R. Schrieffer 

(Philadelphia): theory of superconductivity, usually called the BCS theory. 

L. Esaki (Yorktown Heights) and I. Giaever (Schenectady): experimental 

discoveries regarding tunnelling phenomena in semiconductors and supercon- 

ductors respectively. 
B. D. Josephson (Cambridge): theoretical predictions of the properties of a 

supercurrent through a tunnel barrier, in particular those phenomena which are 

generally known as the Josephson effects. 

M. Ryle and A. Hewish (Cambridge): pioneering research in radioastrophysics: 

Ryle for his observations and inventions, in particular of the aperture-synthesis 

technique, and Hewish for his decisive role in the discovery of pulsars. 

A. Bohr (Copenhagen), B. Mottelson (Copenhagen), and J. Rainwater (New York): 

discovery of the connection between collective motion and particle motion in 

atomic nuclei and the development of the theory of the structure of the atomic 

nucleus based on this connection. 

B. Richter (Stanford) and S. C. C. Ting (Massachusetts Institute of Technology): 

discovery of a heavy elementary particle of a new kind. 
P. W. Anderson (Murray Hill), N. F. Mott (Cambridge), and J. H. van Vleck 

(Harvard): fundamental theoretical investigations of the electronic structure of 

magnetic and disordered systems. 

P. L. Kapitsa (Moscow): basic inventions and discoveries in the area of low- 

temperature physics. 

A. A. Penzias and R. W. Wilson (Holmdel): discovery of cosmic microwave 

background radiation. 
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S. L. Glashow (Harvard), A. Salam (Imperial College, London), and S. Weinberg 

(Harvard): contributions to the theory of the unified weak and electromagnetic 
interaction between elementary particles, including, inter alia, the prediction of the 

weak neutral current. 

J. W. Cronin (Chicago) and V. L. Fitch (Princeton): discovery of violations of 

fundamental symmetry principles in the decay of neutral K-mesons. 

K. M. Siegbahn (Uppsala): development of high-resolution electron spectroscopy. 

N. Bloembergen (Harvard) and A. L. Schawlow (Stanford): development of laser 

spectroscopy. 
K. G. Wilson (Cornell): theory for critical phenomena in connection with phase 

transitions. 

S. Chandrasekar (Chicago): theoretical studies of the physical processes of 

importance to the structure and evolution of the stars. W. A. Fowler (California 

Institute of Technology, Pasadena): theoretical and experimental studies of the 

nuclear reactions of importance in the formation of the chemical elements in the 

universe. 

C. Rubbia and S. van der Meer (CERN, Geneva): discovery of the intermediate 

vector bosons W and Z. 
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of oxoacids (Pauling’s rules} 54 
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Actinide elements 
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carbonyls 1484 
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cyclopentadienyls 1484 
discovery 1452 
group trends 1464-1469 
halides 1473-1476 
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magnetic properties 1476, 1477 
mixed metal oxides 1473 

organometallic compounds 
oxidation states 1468 
oxides 1470-1473 
preparation of artificial elements 
problems of isolation and characterization 

1461, 1464, 1466 
redox behaviour 1467-1469 
separation from used nuclear fuels 
spectroscopic properties 1476-1477 

Actinium 
abundance 1103 
discovery 1102 
radioactive decay series 1455 
see also Actinide elements, Group IIJA elements 

Actinoid see Actinide elements 
Actinon — see Actinide elements 

1484-1486 

1452-1463 
1451, 

1461 -1463 

Actinyl ions 1478, 1479 

Activated carbon 301 
see also Carbon 

Adenine 611-614 
Adenosine triphosphate (ATP) 

discovery in muscle fibre 547 

in life processes 610-612, 1279 
in nitrogen fixation 1206, 1207 

in phosphorus cycle 550 
in photosynthesis 139 

Agate 393 
Albite 414, 415 
Alkali metals (Li, Na, K, Rb, Cs, Fr) 

abundance 76 
atomic properties 86 

biological systems containing 77, 79, 83, 108 
carbonates 102-104 
chelated complexes of 106, 110 
chemical reactivity of 87 
complexes of 105 
crown-ether complexes of 105 
cryptates of 105 
cyanates 342 

cyanides 339 

discovery of 75, 76 
flame colours of 86 
halides 

bonding in 92 
properties of 94-96 

hydrides 
reactions of 97 

hydroxides 100, 101 

102, 104 
313 316 
646, 647 

hydrogen carbonates (bicarbonates) 
intercalation compounds with graphite 
intermetallic compounds with As, Sb, Bi 
isolation of 75, 76 
nitrates 103 
nitrites 105 
organometallic compounds 
oxoacid salts 101-105 
oxides 97, 98 
ozonides 99 
peroxides 97, 98 
physical properties 85, 86 
polysulfides 800-802, 803, 805 
reactions in liquid ammonia 89-91 
sesquioxides 99 
solubilities in liquid ammonia 89 
solutions in amines 91 

110-116 
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Alkali metals—contd Aluminium—contd 

solutions in liquid ammonia 88-91, 455 

solutions in polyethers 91 
suboxides 97, 99, 100 
sulfides 800-803 

superoxides 97, 98 
see also individual metals; Li, Na, K, Rb, Cs, Fr 

Alkaline earth metals (Be, Mg, Ca, Sr, Ba, Ra) 

trichloride 
Friedel-Crafts activity of 263, 266 

structure 263 
trichloride adducts, structure of 263, 264, 794 

trihalide complexes 262-266 
uses 248, 249 

see also Group III elements 

abundance 118-120 Aluminium hydroxide 

atomic properties 121, 122 bayerite and gibbsite 274, 277 

chemical reactivity of 123 Aluminium ion 

complexes of 135-141 hydration number of 704 

halides Aluminium oxide hydroxide 

crystal structures of 128-130 diaspore and boehmite 274, 276 

uses 130 Aluminium oxides 

hydride halides, MHX 131 

hydrides 70, 125 
hydroxides 132, 133 

intermetallic compounds with As, Sb, Bi 646, 647 

organometallic compounds 141-153 

catalytic activity 277 
corundum 273, 274 

“Saffil” fibres 275, 276 
structural classification 273, 274 

see also Portland cement, High-alumina cement 

oxides 131, 132 Aluminium trimethyl, Al,Me, 289, 291 

oxoacid salts 133 reactions with MgMe, 147 

ozonides 132 Alumino-silicates see Silicate minerals 

peroxides 132 Alumino-thermic process 1168 
physical properties 122 Amalgamation process 1367, 1395, 1399 

sulfides 803 Americium 1452, 1463 

superoxides 132 see also Actinide elements 

thermal stability of oxoacid salts 124 Amethyst 393 
univalent compounds of 124 Amidopolyphosphates 580, 581 
see also individual metals: Be, Mg, Ca, Sr, Ba, Ra. Aminoboranes 237 

Alkene insertion reactions (Ziegler) 291, 292 Ammonia 

polymerization (Ziegler-Natta) 292, 293, 1134 

Alkene ligands 357, 359-362 

Alkyne complexes 361, 362 

Allotelluric acid 915 

Allotropy see individual elements: B, C, P, S etc. 

Allyl group as ligand 362-365 
y' to n> conversion 363 
bonding in complexes 363, 364 
fluxionality 365 

Alnico steel 1291, 1330 

adduct with NI, 506 
chemical reactions 485, 486 

fertilizer applications 484 
hydrazine, production from (Raschig synthesis) 

490, 491 
industrial production 468, 481 
inversion frequency 484, 485 
inversion of, discovery 468, 484 

nitric acid production from 537, 538 
odour 481 
physical properties 484. 485 

Aluminium production statistics 483 
abundance 244 synthesis of (Haber-Bosch) 468, 481 

alloys 248 uses of 484 
borohydride 258 Ammonia, liquid 
chalcogenides 285 
Ill-V compounds 288, 290 
halide complexes 262-266 
heterocyclic organo-AIN oligomers 294, 295 
history of 243 
hydrides 256 
hydrido complexes 257-261 
lower halides AIX, AIX, 261, 262 

organometallic compounds 289-295 
orthophosphate AlIPO, 607 
production 243, 245-247 
ternary oxide phases 278-284 
trialkyls and triaryls 289, 290-292 

acid-base reactions in 487 
alkali metal solutions in 88-91, 455 
ammonolysis of PCl; 624 
amphoteric behaviour in 487 
discovery of coloured metal solutions 468 
H bonding in 57-59, 484 

metathesis reactions in 487 
redox reactions in 488 
solubility of compounds in 486, 487 
solvate formation in 487 
solvent properties of 88-91, 484, 486-489 
syntheses in 488, 489 and passim 
synthesis of metal cluster ions in 455, 456 

dimeric structure of 289 Ammonium nitrate 

preparation 291 
in Ziegler-Natta catalysis 291-293, 1134 

explosive decomposition of 538, 541 
thermolysis of 510, 541 
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Ammonium nitrite, decomposition to N, 471 
Ammonium phosphates 604 
Ammonium salts 484 

Amosites 405 

Amphiboles 405, 406 

Amphoteric behaviour 
definition 253 
of Al and Ga 

of SbCl, 823 

of SF, (Lewis acid-base) 811 
of V,0, 1144 

of ZnO 1404 

Amphoteric cations 56 
Andrieux’s phosphide synthesis 562 
Angular functions 1487, 1490, 1491 

Andrussow process for HCN 338 
Angeli’s salt 528 
Anorthite 414, 415 

Antiferroelectrics 62 

Anti-knock additives 

Antimonates 674 

Antimonides 646 

Antimonious acid, H,SbO, 
Antimonite esters 654 

Antimony 
abundance and distribution 

alloys 639, 640, 646 

allotropes 643, 644 

amino derivatives 655 

atomic properties 641, 642 
catenation 678 

chalcogenides 677, 679 
chemic@l reactivity 645, 646, 673 
cluster anions 646, 686 

encapsulated 646 
extraction and production 639 
halide complexes 659-664 
halides 651-659 

see also trihalides, pentahalides, oxide-halides, 

mixed halides, halide complexes 

253, 254 

432, 932 

671, 673 

638-640 

halogeno-organic compounds 695, 696 
history 637 
hydride 650, 651 

intermetallic compounds see Antimonides 
metal-metal bonded clusters 678, 685, 686 

mixed halides 656, 657 

organometallic compounds 690, 694-697 
organometallic halides 695, 696 
oxoacid salts of 689 
oxidation state diagram 673 
oxide, Sb,O0, 668-670 
oxide halides 665-668 
oxides and oxocompounds 668-673 
pentahalides 655-657, 662-665, 785 

pentaphenyl 636 
physical properties 643, 644 
selenium complex anions 678 
sulfide, Sb,S, 637, 639, 677, 678, 761 
trichloride solvent system 654 
trifluoride as fluorinating agent 653 
trihalides 651-655, 659, 661, 663 
uses 639, 640 
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Antimony—contd 

volt-equivalent diagram 673 
Anti-tumour activity of Pt" complexes 
Apatites 119, 549, 554, 605, 606 

reduction to phosphides 562 
Aqua regia 921, 923, 1371 
Aragonite 119 
Arenes as 7° ligands 373 
Argentite (silver glance) 
Argon 

atomic and physical properties 
clathrates 1047, 1048 
discovery 1043 
production and uses 
see also Noble gases 

Arsenates 673 
Arsenic 

abundance and distribution 638, 639 

allotropes 643 
alloys 639, 646 
amino derivatives 655 
atomic properties 641, 642 
catenation 678-687 
chalcogenide cluster cations 675 
chalcogenides 674-679 
chemical reactivity 644-646, 673 

cluster anions 646, 686-689 

coordination geometries 646 
diiodide 658 
encapsulated 646 
extraction and production 
halide complexes 659-662 
halides 65f-659 

see also trihalides, pentahalides, ditodide, oxide 
halides, mixed halides, halide complexes 

halogenoorganoarsenic compounds 691-693 
history 637 
hydrides 650, 651, 679 
intermetallic compounds 
metal-metal bonded species 
mixed halides 656 
organoarsenic(I) compounds 695 
organoarsenic(III) compounds 

692, 694 
arsabenzene 690, 691 

arsanaphthalene 690, 691 
physiological activity 694 
preparation of 691, 692 
reactions of 691, 692 

organoarsenic(V) compounds 
organic compounds 646 
oxoacid salts of 689 
oxidation state diagram 673 
oxide, As,O, 639, 668-671 

reactions 670 
structure and polymorphism 668 
uses 639, 670 

oxide halides 665-668 
oxides and oxocompounds 
pentahalides 655, 785 
physical properties 643, 644 
selenides 677 

1353 

1365 

1045, 1046 

1044 

638, 639 

see Arsenides 

678-687 

679-683, 690- 

693, 694 

668 -673 
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Arsenic—contd 
sulfide, As,S,; 

chemical reactions 
structure 674, 675 

sulfide, As,S, 638, 674-677, 761 
sulfides, As,S, 674-676, 679 
triangular species 679, 683-685 
trichloride solvent system 654 
trihalides 651-655, 659, 661, 663 
uses 639 
volt-equivalent diagram 673 

Arsenicals, therapeutic uses 694 
see also Organoarsenic(III) and Organoarsenic(V) 

compounds 
Arsenides 646-650 

stoichiometries 646 
structures 647-650 

Arsenious acid As(OH); 670 
Arsenite 670, 671, 673 

Arsenite esters 654 
Arsenopyrite 761 
Arsenidine complexes 695 
Arsine 650 
Arsinic acids R,AsO(OH) 694 

Arsinous acids R,AsOH 691 
Arsonic acids RAsO(OH) 693, 694 

Arsonous acids RAs(OH), 691 
Asbestos 119 

637, 638, 674, 675, 761 
676, 677 

Asbestos minerals 405, 406 

Astatate ion, AtO;” =: 1040 
Astatide ion, At~ 1040 

Astatine 
abundance 928 
atomic properties 934 
chemistry 1040, 1041 
nuclear synthesis 922, 926 
radioactivity of isotopes 926, 1039 
redox systematics 1040 
trihalide ions 1041 
see also Halogens 

Atactic polymer 1134 
Atmophile elements 760 
Atmosphere 

composition 471, 701 

industrial production of gases from 471, 702-704 
origin of O, in 700 

Atomic energy 1456. 
Atomic orbitals 1487-1491 
Atomic piles 1457 

see also Nuclear reactors 
Atomic properties, periodic trends in 27-31 
Atomic volume curve, periodicity of 27, 28 
Atomic weight, definition 18 
Atomic weights 

history of 18, 699 
precision of 18-22 
relative uncertainty of 20 
Table of see inside back cover 
variability of 20-22, 428 

ATP see Adenosine triphosphate 
Austenite 1248 

Autoprotolysis constants of anhydrous acids 843 

Index 

Azides 497 

Azoferredoxin 1206, 1275 

B-alumina see Sodium f-alumina 
B-elimination reactions 348 
Back (x) bonding 349, 351, 360, 1101, 1303 
Baddeleyite 1112 

structure of 1121 
Baking powders 604, 605 
Barium 

history of 118 
organometallic compounds 153 
polysulfides 805, 806 
see also Alkaline earth metals 

Basic oxygen steel process 134, 1246 
Bastnaesite 1103, 1426, 1429 
Batteries 

dry 1397, 1398 
lead 432, 640 
sodium-sulfur 

Bauxite 275 
production statistics 245 
in Al production 246 

Bayerite 274, 277 

801, 802 

Belousov-Zhabotinskii oscillating reactions 1012, 
1013 

Bentonite see Montmorillonite 
Benzene as 9° ligand 373-375 
Berkelium 1452, 1463 

see also Actinide elements 
Berry pseudorotation 547, $72 

see also Stereochemical non-rigidity 
Beryl 117, 119, 403 
Beryllia see Beryllium oxide 
Beryllium 

alkoxides etc 136, 144 
alkyls 141-145 
‘anomalous’ properties of 
‘basic acetate’ 135, 136 
‘basic nitrate’ 135 

125, 135 

borohydride 126, 127 
chloride 128, 129 
complexes of 135-137 
cyclopentadienyl complexes 145, 146 
discovery 117, 118 
fluoride 128 
hydride 125, 126, 143 
oxide 117, 131, 132 
salts, hydrolysis of 132 
uses of metal and alloys 120 
see also Alkaline earth metals 

Beryllium compounds, toxicity of 117 
Beryllium ion, hydration number of 704 
Bessemer process 1245 

BHB bridge bond, comparison with H bond 70 
see also Three-centre bonds 

“Big bang” 1, 5 
Biotite see Micas 

Bismuth 

abundance and distribution 638, 640, 641 
allotropes 643, 644 
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Bismuth—contd 

alloys 640, 646 

atomic properties 641, 642 

Bi* cation 659, 686 

catenation 678 
chalcogenides 677, 679 

chernical reactivity 645, 646, 673 

cluster cations 658, 659, 679, 686-688 

extraction and production 640, 641 

halide complexes 659-663 
halides 651-659 é 

see also trihalides, pentahalides, oxide halides, 

lower halides, mixed halides, halide complexes 

history 637 
hydride 650, 651 

hydroxide, Bi((OH),; 671 

hydroxo cluster cation, [Bi,(OH),,]°* 
690 

intermetallic compounds 
lower halides 658 

metal-metal bonded clusters 

mixed halides 659 

671, 689, 

see Bismuthides 

678, 686-688 

nitrate and related complexes 689, 690 

organometallic compounds 690, 694, 697 
oxidation state diagram 673 
oxide, Bi1,0; 669, 670 
oxide halides 667, 668 

oxides and oxo compounds 669-672 
oxoacid salts of 689 

pentafluoride 655 
physical properties 643, 644 
trihalides 651-655, 659, 661 

uses 640 

volt-equivalent diagram 673 

Bismuthates 674 

Bismuthides 646 

Bismuthine 650 

Biuret 324, 1383 

“Black oxide” of mercury 1408 
Blast furnace 1245 

Bleaching powder 921, 1006 
1366 

1392 
“Blister” copper 

“Blue proteins” 

Blue vitriol 1381 
Boehmite 274, 276 

Boiling points, influence of H bonding 58 

Borane adducts, LBH, 188 

amine-boranes 235-237 

Borane anions 171ff, 191, 201, 202, 686 

see also Boranes 

Boranes 
arachno-structures 173, 174, 184 

bonding 179-185, 686 

classification 171 
closo-structures 171, 172, 184 

conjuncto-structures 173, 175-178 

hypho-structures 171, 173, 195 
nido-structures 173, 174, 184 

nomenclature 173 
optical resolution of i-B,,H,, 791 
physical properties 185, 186 

CTE-XX 
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Boranes—contd 

topology 180-182, 199 
see also Diborane, Pentaborane, 

Metalloboranes, Carboranes, etc. 

Borate minerals 

occurrence 156 

production and uses 156 
see also Borates 

Borates 231-234 

B-O distances in 233 

industrial uses 233, 234 

structural principles 231, 232 
Borax 155 

see also Borate minerals 

Borazanes 238 

Borazine 238, 239, 468 
Bordeaux mixture (fungicide) 

Boric acids 

B(OH); 
HBO, 

Borides 

bonding 170 
catenation in 166 

preparation 163, 164 
properties and uses 163 
stoichiometry 162, 165 
structure 165-170 

Born-Haber cycle 91, 94-96 
Borohydrides see Borane 

borates, etc. 

Boron 

abundance 155 

allotropes 157-160 
atomic properties 160, 161, 250 
chemical properties 161, 162 
crystal structures of allotropes 157 

Decaborane, 

1381 

229, 230 
230, 231 

anions, Tetrahydro- 

hydrides see Boranes 

isolation 155-157, 160 
nitride 235, 236 
nuclear properties 161 
oxide 229 
physical properties 161, 250 

sulfides 240, 241 
variable atomic weight of 21 
see also Group III elements 

Boron carbide 
B,C 167, 168 
B,,C, 167, 168 
Bz5€>, 159, 160 

Boron halides 220-228 
BX, 225-227 
BD Nore eae 
lower halides 224-228 
see also Boron trihalides 

Boron nitride, Bs5,N, 159, 160 
Boron-nitrogen compounds 234-240 
Boron-oxygen compounds 228-234 

organic derivatives 234 
Boron trifluoride see Boron trihalides 

Boron trihalides 
adducts 222-224 
bonding 220, 221 
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Boron trihalides—contd 
physical properties 220 
preparation 221 
scrambling reactions 222, 224 

Brass 1366, 1369, 1370, 1395, 1397 
Brimstone 757, 758 
Bronsted’s acid-base theory 38, 5Iff 

in non-aqueous solutions 56 
in aqueous solutions 738 

Bromates, BrO, = 1010-1012 
reaction scheme 1014 
redox systematics 1000-1002 

Bromic acid, HBrO, 1010 
Bromides, synthesis of 961, 962 

see also individual elements 
Bromine 

abundance and distribution 927 
atomic and physical properties 934-938 
cations Br,* 986-988 
history 921, 922, 924, 925 
monochloride 964-966, 975 

monofluoride 965, 966, 975 

oxide fluorides 1032-1034 
oxides 996, 997 
oxoacid and oxoacid salts 1000ff 

nomenclature 1000 
redox properties 1000-1002 etc. 
see also individual compounds, bromic acid, 

bromates, perbromates, etc. 

pentafluoride 974-976 
production and uses 932, 933 
radioactive isotopes 935, 936 
reactivity 940 
standard reduction potentials 1001 
stereochemistry 941 
trifluoride 968-973, 975 

volt-equivalent diagram 1002 

see also Halogens 
Bronze 1364, 1366 
Bronzes 
molybdenum 1185 
titanium 1123 
tungsten 1185 
vanadium 1150 

“Brown-ring” complex 514, 1272 
Brucite 133, 407, 447 
Buffer solutions 52, 53, 599, 603 

Bulky tertiary phosphine ligands, special properties 

of 567 
Butadiene as a n* ligand 366 

Cacodylic acid 639 
Cadmium 

abundance 1396 
chalcogenides 1403, 1406 
coordination chemistry 1411-1413 
discovery 1395 
halides 1406-1408 
organometallic compounds 1417 
oxides 1403, 1404 
production and uses 1396-1398 

Cadmium—contd 
toxicity 1421 
see also Group IIB elements 

Cadmium chloride structure 

Cadmium iodide structure type 649, 803, 804, 1407 

relation to NiAs 649, 803, 

nonstoichiometry in 804 

Caesium 

abundance 79 

1407 

804 

compounds with oxygen 97-100 

discovery 76 

Calamine (smithsonite) 1396 

Calcite 119 
Calcium 

in biochemical processes 1 

carbide 319, 320 
carbonate see limestone 
cyclopentadienyl 153, 154 
history of 118 
organometallic compounds 

phosphorus 604-606 

38 

153, 154 

see also Alkaline earth metals, Lime, etc. 

Caliche (Chilean nitre) 927 

Californium 1452, 1463 
see also Actinide elements 

Calomel 1408 
Capped octahedral complexes 1074 
Capped trigonal prismatic complexes 1074 
Caprolactam, for nylon-6 484 
Carat 300, 1367 

Carbaboranes see Carboranes 

Carbene ligands 352, 353 
Carbides 318-322 

silicon (SiC) 386 
Carbido complexes 352, 354-358 
Carbohydrates, photosyntheses of 139 

Carbon 

abundance 298 

allotropes 303-308 
atomic properties 306, 431 -434 
bond lengths (interatomic distances) 310, 311 

chalcogenides 333-336 
chemical properties 308 
coordination numbers 310, 312, 313 

cycle (global) 302 
disulfide 333-335, 770 
halides 322, 323 

history of 296-298 
hydrides 322 
interatomic distances in compounds 310, 311 

occurrence and distribution 

oxides 325 

298 -303 

see also Carbon monoxide, Carbon dioxide 

“monofluoride” 309 

radioactive '*C 306 
suboxides 325 

Carbon dioxide 325-333 

aqueous solutions (acidity of) 329, 331 
atmospheric 301-303 
coordination chemistry 331, 332 

industrial importance 326, 

insertion into M-C bonds 

327 
150, 333 
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Carbon dioxide—contd 

in photosynthesis 139 
physical properties 325 
production and uses of 330, 331 

use in '*C syntheses 329 
Carbon monoxide 325-329 

bonding in 349, 350 
chemical reactions 328, 329 

industrial importance 326, 327 
as aligand 349-352 
physical properties 325 
poisoning effect of 1275 
preparation of pure 326 
similarity to PF; as a ligand 568 

Carbonates, terrestrial distribution 301, 302 

Carbonic acid 329 

Carbonic anhydrase 1421 
Carbony! fluoride, reaction with OF, 751 
Carbonyl halides see Carbon oxohalides 
Carbonyls see Carbon monoxide as a ligand 

see also individual elements 
Carboranes 185, 202ff 

bonding 203 
chemical reactions 208, 209 

isomerization 206-208 
preparation 204-206 
structures 203, 207 

Carborundum see Silicon carbide 
Carboxypeptidase A 1420 
Carbyne ligands 352-354 
Carnotite 1139 
Caro’s acid see Peroxomonosulfuric acid 

Cast-iron 1244 

Cassiterite see Tin dioxide 

Castner-Kelner process (chlor-alkali) 922, 931, 1399 

Catenation in Group IVB elements 435, 459, 461- 

463 
Catena-polyarsanes 681-683 
Catena-S, diradical 780, 783 
Catena-S, 774, 775, 779 

formation at A point 780 
Caustic soda see Sodium hydroxide 
Cellophane 334 
Cementite 1248 
Cerium 1424 

diiodide 1441 
+4 oxidation state 
production 1426 
see also Lanthanide elements 

Chabazite see Zeolites 
Chain polyphosphates 

diphosphates 608 
tnipolyphosphates 609, 610 
see also Adenosine triphosphate, Sodium tri- 

polyphosphate, Graham’s salt, Kurrol’s salt, 
Maddrell’s salt 

Chain reactions, nuclear 

Chalcocite (copper glance) 
Chalcogens, group trends 

see also S, Se, Te, Po 

Chalcophile elements 758, 760 

Chalcopyrite (copper pyrite) CuFeS, 

1434, 1438, 1444 

608-617 

1456, 1462 
1365 

890-896 

761, 1365 

[S53 

Chaoite 303, 306 

Charge-transfer bands 1094 
Chelate effect 1066-1068 
Chelation 1061, 1066 
Chemical periodicity 24ff 
Chemical properties of the elements, periodic trends 

Teo 

Chemical shear structures 755 

see also oxides of Ti, Mo, W, Re, ete. 

Chemiluminescence of phosphorus 559 
Chile saltpetre 469 

see also Sodium nitrate 
Chlorates, CIO,” 1009-1012 

redox properties 1001, 1002 
Chloric acid, HCIO, 1010 
Chlorides, synthesis of 961, 962 

see also individual elements 
Chlorin 140 
Chlorine 

abundance and distribution 927 

atomic and physical properties 934-938 
bleaching power 921, 924 
cations Cl,*, Cl,* 986, 987 
dioxide, CIO, 989, 990, 992-994 
history 921-924 
hydrate 921 
monofluoride 964-967, 975 

oxide fluorides 1026-1032 

oxides 988-996 
oxoacids and oxoacid salts 

nomenclature 1000 
redox properties 1000-1002 etc. 
see individual compounds, Hypochlorous acid, 

Hypochlorites, Chlorous acid, etc. 

999ff 

pentafluoride 974-976 
production and uses 930, 931 

radioactive isotopes 935, 936 
reactivity 940 
standard reduction potentials 
stereochemistry 941 
toxicity 924 
trifluoride 968-971, 975 
volt equivalent diagram 
see also Halogens 

Chlorite 412, 413 

Chlorites, ClO,~ 1001, 1002, 1007-1009 
Chlorophylls 119, 138-141, 614 
Chloroplatinic acid 1340 
Chlorosulfanes see Sulfur chlorides 
Chlorous acid, HCIO, 1001, 1002, 1007, 1008 

1001 

Chromate ion 1175, 1193 

Chrome alum 1197 

Chrome ochre 1168 

Chromic acid 1171 

Chromite 1168 

Chromium 

abundance 1167 

bis(cyclopentadienyl) 371, 1209 
borazine complex 239 
carbonyls 351, 353, 1208-1209 

carbyne complexes 353 
chalcogenides 804, 1186, 1187 
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Chromium—contd 
complexes 

+6 oxidation state 1191-1193 

+5 oxidation state 1193, 1194 
+4 oxidation state 1194-1196 

+3 oxidation state 1196-1200 

+2 oxidation state 1200-1205 

with S_ 788 
compounds with quadruple metal-metal bonds 

1202-1205 
cyclooctatetraene complex 377 
cyclopentadienyls 371, 1209 
dibenzene “sandwich” compound 374, 1210 
discovery 1167 
dithiolene complexes, redox series 797 

halides and oxohalides 1187-1192 
hexacarbonyl 351, 353, 1208 

importance of Cr'" in early 
chemistry 1072, 1196 

organometallic compounds 
1210 

oxides 1171-1175 
peroxo complexes 747, 748 
polynuclear complexes in dying and tanning 
“polyphenyl” compounds 373 
production and uses 1168 
sulfides, nonstoichiometry in 804 

see also Group VIA elements 
Chromocene 1209 
Chrysotile 405, 408, 413 

Cinnabar (vermillion), HgS 761, 1396, 1406 
Circular dichroism (CD) 1304-1305 
Cisplatin 1353 
Class-a and class-b metal ions 

see also Ligands 
Clathrate compounds 1047, 1349 
Claus process (S from H,S) 768, 771 

Clay minerals 406-413 
uses of 410, 411 

Clock reaction (H. Landolt) 
Cluster compounds 

boron carbide 167, 168 
boron hydrides 171-202 
carbido metal carbonyls 

carboranes 202-209 
cobalt, rhodium, and iridium carbonyls 

1323-1326 
of germanium, tin, and lead 446, 455-458 

gold phosphines 1391 
iron, ruthenium, and osmium carbonyls 

1283-1286 
lithium alkyls 
metal borides 
metalloboranes 195-198, 201 

metallocarboranes 209-220 
nickel and platinum carbonyls 1358, 1359 
niobium and tantalum halides 1155 
of phosphorus, arsenic, antimony and bismuth 

658, 686-689 
rhenium alkyls 1240, 1241 
stabilization by encapsulated 

355-357, 1285, 1326 

coordination 

3715937353193 1207-— 

1200 

1065 

1012 

355-357 

351 ff, 

351ff, 

112-114 
166, 168-170 

heteroatoms 

Index 

Cluster compounds—contd 

Te,** 897, 898 
tungsten and molybdenum halides 

Cobalt 
abundance 1290 
ally! complexes 363 
arsenide 648, 649 
atomic and physical properties 
biochemistry of 1321, 1322 
carbidocarbonyls 355, 358 

1189-1191 

1292-1294 

carbonyls 351, 352, 355, 1323-1326 

complexes 
+5 oxidation state 1300 

+4 oxidation state 1300 

+3 oxidation state 1301-1310 

+2 oxidation state 1311-1316 

+1 oxidation state 1316 

lower oxidation states 1320 
with S_ 788, 789, 790, 792 
with SO, 831 

coordination numbers and stereochemistries 
cyclobutadiene complex 367 
cyclooctatetraene complexes 377 
cyclopentadienyls 1326-1327 
dithiolene complexes, redox series 798 
halides 1297-1299 
importance of Co!" in early coordination chemistry 

1072, 1301, 1302 
nitrate (anhydrous) 541 
nitrato complexes 541, 543 
optical resolution of [Co{(u-OH),Co(NH3)4}3]°* 

791, 1073 

1295 

organometallic compounds 1322-1327 
oxidation states 1295 
oxides 1296-1297 
oxoanions 1299, 1300 

production and uses 1291, 1292 
reactivity of element 1294 
relationship with other transition elements 

1296 
1294- 

standard reduction potentials 1302 
sulfides 1297 

Cobaltite (cobalt glance) 1291 
Cobaltocene 371, 1326 
Coesite 394, 395 

Coinage metals (Cu, Ag, Au) 1364 
see also Group IB elements and individual elements 

Coke 301 
historical importance in steel making 
see also Carbon 

Colours of transition element compounds 
1096 

providing an early nomenclature 

Columbite 1139 
Columbium 1138 

see also Niobium 
Combustion 698-700, 713 

Complexometric titration of Bi! with EDTA 674 
Contact process see Sulfuric acid manufacture 
Cooperativity 1276, 1277 
Coordinate bond 223, 1082 

see also Donor-acceptor complexes 

1242, 1244 

1089- 

1303 



Coordination number 1068 
two 1070 
three 1070 
four 1070 
five 1071, 
six 1072 
seven 1074 
eight 1074 
nine 1076 
above nine 1077 

Copper 
abundance 1365 
acetylide 1372 
alkenes and alkynes 1393 
alkyls and aryls 1393 
biochemistry of 1392 
carboxylates 1384-1386 
chalcogenides 1373-1374 
complexes 

+3 oxidation state 1379 
+2 oxidation state 1381-1386 
+1 oxidation state. 1386, 1387 

Cu—S—O system 299 
halides 1374-1376 
history 1364 
nitrate, structure of 544, 1382 

nitrato complexes 541, 542, 544 

organometallic compounds 348, 1392, 1393 
oxides 1373 
production and uses 1365, 1366 

see also Group IB elements 
Copper oxide Cu, _,O, nonstoichiometry in 754 
“Corrosive sublimate” 1408 
Corundum see Aluminium oxides 
Cosmic black-body radiation 2 
Cotton effect 1305 
Cristobalite 394, 395 

Critical mass 1457, 1458, 1462 
Crocodilite 405 
Crocoite 1168 
Crown ethers 107, 108 

complexes with alkali metals 107, 108 
complexes with alkaline earth metals 137, 141 

“hole sizes” of 107 
“triple-decker” complex 1326 

Cryolite 246, 247 
Crypt, molecular structure of 109 

complexes with alkali metals 109, 455-457 
complexes with alkaline earth metals 137 

Crystal field 
octahedral 1085 
strong 1086 
tetrahedral 1087 
weak 1085 

Crystal field splittings 1084-1088 
Crystal field stabilization energy 1097, 1313 
Crystal field theory 1082, 1084-1089 
Cubic, eight coordination 1074, 1480 

Cupellation 1364 
Cuprite 1365 
Curium 1452, 1463 

see also Actinide elements 
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Cyanamide 337 
industrial production 341 

Cyanates 337, 342 

as ligands 344 
Cyanide ion as ligand 339, 349 
Cyanide process 1367, 1388 
Cyanogen 336-338 

halides 337, 339, 340 
Cyanuric acid 324 
Cyanuric compounds 337, 341 
Cyclobutadiene as y* ligand 366-368 
Cycloheptatrienyl as yn’ ligand 375 
Cyclometaphosphimic acids 632 
Cyclometaphosphoric acids (HPO;), 588 

see also Cyclo-polyphosphoric acid, Cyclo-poly- 
phospates 

Cycloocta-1,5-diene (COD) as ligand 361 

Cyclooctatetraene as n° ligand 376 
as n*, n*, n°, etc., ligand 377 

Cyclopentadienyl 
as n° ligand 367-373 
as y' ligand 373 
see also Ferrocene, individual metals 

Cyclo-polyarsanes 681-683 
Cyclo polyphosphates 617-619 
Cyclophosphazenes 621, 622 
Cyclo polyphosphoric acids 617 

see also Cyclo-metaphosphoric acids 
Cyclo-S, (e-sulfur) 773-775 
Cyclo-S, 774-776 
Cyclo-Sg (a) 

crystal and molecular structure 772 
physical properties 772-775 

polymerization at A point 780 
solubility 773 
transition a-Sg—f-S, .773 
vapour pressure 781 

Cyclo-S, 775 
Cyclo-S,) 774-776 
Cyclo-S,,; 775 
Cyclo-S,, 774-777 
Cyclo-S,, 774, 775, 777, 778 
Cyclo-S,) 774, 775, 778, 779 
Cyclo-silicates 400, 403 
Cytochromes 1275, 1279, 1392 

Cytosine 612-614 

d-block contraction 32, 251, 655, 1432 

d orbitals 1084, 1487 

splitting by crystal fields 1084-1088, 1349 
Dalton’s atomic theory 509 
Dalton’s law of multiple proportions 509 
Decaborane, B,y»H,, 174, 182, 184, 186 

adduct formation 200 
Bronsted acidity 199 
chemical reactions 198-201 
preparation 187 
structure 199 

Degussa process for HCN 338 
Density of the elements 

periodic trends in 29 
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Deoxyribonucleic acids 550, 611 
genetic code 612-614 

2'-Deoxyribose 612 
Detergents 

polyphosphates in 547, 551 
sodium tripolyphosphate in 609, 610 

Deuterium 
atomic properties 40 
discovery 38 
ortho- and para- 42 
physical properties 41 
preparation 47 

Dewar-Chatt-Duncanson theory 360 

Diagonal relationships 32 
Band Si 228, 400 
Be and Al 117 
Li and Mg_ 87, 110, 124 
NandS_ 855 

Diamond 
chemical properties 307, 308 
occurrence and distribution 299, 300 
physical properties 307, 308 
production and uses 300 

Diarsane, As,H, 679 
see also Arsenic hydrides 

Diaspore 274, 276 
Diatomaceous earth 394 

Diatomic molecules (homonuclear), bond dissoci- 

ation energies of 680 
Diazotization of aromatic amines 533 
Dibenzenechromium 374, 1210 

see also Benzene as 7° ligand 

Diborane, B,H, 174, 181 
chemical reactions 186-193 
cleavage reactions 188 
hydroboration reactions 
preparation 186 
pyrolysis 187 

Dibromonium cation Br, ~, compound with Sb,F,,— 
663 

Dicacodyl, As,Me, 679-681 
Dichlorine hexoxide, Cl,O, 989, 990, 995, 996 
Dichlorine monoxide, Cl,O 989-992 
Dichromate ion, Cr,O,?—_—-1175 
Dicyandiamide 337, 341 

Dielectric constant, influence of H bonding 59 
Dimethylaminophosphorus dihalides 620 
Dimethyl sulfoxide as ionizing solvent 820 

Dinitrogen 

complexes, synthesis of 475, 476 
coordination modes 477, 478 
discovery of donor properties 475, 1274 
isoelectronic with CO,C,H, 478 
as ligand 468, 475-478, 1274 

Dinitrogen monoxide see Nitrous oxide 
Dinitrogen pentoxide N,O; 509, 526, 527 

Dinitrogen tetroxide 509, 521-526 

chemical reactions 524-526 
nonaqueous solvent properties 524-526 
physical properties 523, 525 
preparation $24 

192, 193 
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Dinitrogen tetroxide—contd 
structure 522 
see also Nitrogen dioxide 

Dinitrogen trioxide, N,O, 509 
Diopside 403 
Dioxygen 

bonding in metal complexes 724-725 
chemical properties 713, 716-726 
coordination chemistry of 718-726 
difluoride 750 
molecular-orbital diagram 706 
paramagnetic behaviour 699, 706 
reactions of coordinated O, 724-726 
reaction with haemoglobin 716, 1276-1279 
singlet state 699, 716 
singlet-triplet transitions 707 
superoxo and peroxo complexes 719, 720 
Vaska’s discovery of reversible coordination 699, 

718, 1318 
see also Oxygen, Oxygen carriers, Singlet oxygen 

Diphosphazenes 623, 624 
Diphosphonic acid see Diphosphorous acid. 
Diphosphoric acid, H,P,0; 587, 595, 597, 601, 602 
Diphosphorous acid, H,P,0,; 589 
Diphosphorus tetrahalides 570, 571 
Disilenes 388 
Disulfates, S,O,7~ 835, 845 

imido derivative 878 
preparation in liquid SO, 828 

Disulfites,S,0;~ 835, 853 
Disulfuric acid, H,S,O, 835, 843 

Disulfurous acid, H,S,O0; 835, 853 
Dithiocarbamates 334 

as ligands 786, 795, 796 
Dithiolenes as ligands 786, 796-798 
Dithionates, S,O,?~ 835, 848, 849 
Dithionic acid, H,S,0, 835, 848 
Dithionites, S,O,7~ 835, 853-855 
Dithionous acid, H,S,0, 835, 853 
DNA see Deoxyribonucleic acids 
Dobereiner’s triads 25 
Dodecahedral complexes 
Dolomite 119, 301 

Donor-acceptor complexes 
of AIX, 263-266 
of AsX, 645, 659 
of CN~ 339, 340 
of CO see Carbonyls 
of cyclo-polyarsanes 681-683 
of cyclopolyphosphazenes 631 
of dithiocarbamates and xanthates 
of dithiolenes 796 
first (H,;NBF;) 468 
of GaH, 257, 255 
of Group III halides 
of H,S 794, 795, 846 
of N, 475-478, 1274 
of NO - see Nitrosyls 
of O, 718-726 
of PH; and tertiary phosphines 
of PX, 568, 570 
of S, 786-794 

1075 

795, 796, 1266 

267-269 

565-567 
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Donor-acceptor complexes—contd 
of SbF; 655, 662, 664, 665, 830 
of SCN~ 342-345 
of SF, 811 
of S,N, 857 
of SO, $,0,, SO, 828-832 
of SO; 832, 833 
stability of 223, 224 

see also Class-a and class-b metal ions, Coordinate 

bond, Ligands, individual elements 
Double-helix structure of nucleic acids 547 

Dry batteries 1397, 1398 

Dysprosium 1424 
+4 oxidation state 1444 

see also Lanthanide elements 

e-Process in stars 14 

Effective atomic number (EAN) rule 1082 

see also Eighteen electron rule 
Effective ionic radii, Table of 1497 
Eighteen electron rule 1082, 1208, 1287, 1316 
Einsteinitum 1452, 1463 

see also Actinide elements 

Eka-silicon, Mendeleev’s predictions 34 

Electrical properties, influence of H bonding 57 
Electric arc process of steelmaking 1246 
Electrofluorination 960 

Electron delocalization factor, k 1099 

Electronegativity 
definition of 30 
periodic trends in 30 

Electronic structure and chemical periodicity 25-27 
Electronic structure of atoms 25-27 

Elements 

abundance in crustal rocks 1496 

bond dissociation energies of gaseous diatomic 
680 

cosmic abundance 2ff, 14ff 

isotopic composition of 20 
table of atomic weights see inside back cover 
origin of 1, 5, 10ff, 1Sff 

periodic table of see inside front cover 
periodicity in properties 24-36 

Ellingham diagram 327, 328, 429 
Emerald 117, 1168 
Enstatite 403 
Entropy and the chelate effect 1066 
Equilibrium process in stars (e-process) 14 
Erbium 1424 

see also Lanthanide elements 
Ethene (ethylene) as a ligand 357, 359, 360 
Eutrophication 552, 609 

Europium 1424 
+2 oxidation state 1438, 1439, 1447 
magnetic properties of 1442 
see also Lanthanide elements 

Exclusion principle (Pauli) 26 
Extended X-ray absorption fine structure (EXAFS) 

1206 

f-block contraction 655, 1431 
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Faraday’s phosphide synthesis 562 
Faujasite 415 
Feldspars 414, 415 

Fermium 1452, 1463 

see also Actinide elements 

Fermi level, definition of 383 

Ferredoxins 1206, 1207, 1275, 1279-1281 

Ferricinium ion 1287 

Ferrites 1256, 1404 

Ferritin 1257, 1281 

Ferrocene 

bonding 369-371 
historical importance of 345, 1242, 1286 

physical properties 367 
reactions 1287-1289 

structure 368, 372 

synthesis 372 
Ferrochrome 1168 
Ferroelectricity 60-62, 449, 665 

Ferromanganese 1212 

Ferromolybdenum 1168 
Ferrophosphorus 554, 563, 605 
Ferrosilicon alloys 381 
“Ferrous oxide”, Fe,.,O, nonstoichiometry in 

754, 755 
Ferrovanadium 1140 

First short period, “anomalous” properties of 32 
Fischer (Karl) reagent 736 

Fischer-Tropsch process 1284 
Fish population, relation to phosphate-rich waters 

553 
Flint 379, 393 
Fluorapatite see Apatites 
Fluoridation and dental caries 

Fluorides 958-960 
solubility in HF 955 
synthesis 958-960 

Fluorinated peroxo compounds 

551, 605, 922, 923 

750, 751 
Fluorinating agents 958-960 

ASF, SbF; 653, 654 
AsF;, BiF;, SbF; 656, 658 

Fluorine 
abundance and distribution 927 
atomic and physical properties 934-938 
history 920-923 
isolation 920, 922 
oxides see Oxygen fluorides 

oxoacid, HOF 922, 999, 1003 

preparation of fluorides using 959 
production and uses 928-930 
radioactive isotopes 935, 936 
reactivity 938-940 
stereochemistry 941 
toxicity 923, 946 
see also Halogens 

Fluorite, CaF, 119 
crystal structure of 129 

Fluorspar 920, 921 

fluorescence 920, 921 
see also Fluorite 

Fluorosulfuric acid 814 
Fluxional behaviour see Stereochemical non-rigidity 
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Francium 

abundance 76 
discovery 76 
see also Alkali metals 

Frasch process for sulfur 758 
Freons (eg CCI,F,) 323, 922, 923 
Friedel-Crafts catalysis 

AIX, complexes 263, 266 
BF; complexes 224 
SnCl, 448 

Fuller's earth see Montmorillonite 
“Fulminating” silver and gold 1373 
Fulminate ion 337 
Fundamental physical constants, Table of values 

back end paper 
“Fusible white precipitate” 1415 

g (gerade), definition 369 
Gabbro rock 415 
Gadolinium 1424 

diiodide 1441 
see also Lanthanide elements 

Galena (Pb glance) 761 
roasting reactions 799 
see also Lead sulfide 

Gallium 
abundance 245 
arsenide, semiconductor 247 

chalcogenides 285, 286 

IIJ-V compounds 288, 290 

discovery 244 
as eka-aluminium 244 
hydride 257 
hydride halides 258 
lower halides 270, 271 

organometallic compounds 293-295 
oxides 277, 278 

production and uses 247 
sulfides 285, 286 

trihalides 266, 267 

see also Group III elements 
Gallium ion, hydration number of 704 
Garnets 401 

magnetic properties of 1104, 1256 
Garnierite 1329 
Germanes see Germanium hydrides 
Germanium 

abundance 428 
atomic properties 431, 433 
chalcogenides 453, 454 
chemical reactivity and group trends 
cluster anions 455 
dihalides 437-439 
dihydroxide 438, 445 
dioxide 445 
discovery 427 
halogeno complexes 439 
hydrides 436, 437 

hydrohalides 437 
isolation from flue dust 429 

Index 

Germanium—contd 

monomeric Ge(OAr), 454 

monoxide 438, 445 
organo compounds 439, 459, 464 
physical properties 433, 434 
silicate analogues 445 
sulfate 451 
tetraacetate 451 

tetrahalides 437, 439 

uses 429 
German silver 1330 

Gibbs’ phase rule 798 
Gibbsite. 274, 277, 407 
Girbotol process 330 
Glassmaker’s soap 1220 

Gold 
abundance 1365 

alkyls 1372, 1395 
chalcogenides 1373, 1374 

cluster compounds 1390, 1391 
complexes 

+3 oxidation state 1379, 1380 

+2 oxidation state 1380, 1381 

+1 oxidation state 1389, 1390 
lower oxidation states 1390, 1391 

with S_ 788 
halides 1374-1376 
history 1364 
nitrato complexes 541, 543 
organometallic compounds 348, 1392-1394 
oxide 1373 
production and uses 1366, 1367 
see also Group IB elements 

Goldschmidt’s geochemical classification 760 
Graham’s salt 615-617, 619 
Graphite 

alkali metal intercalates 313-316 
chemical properties 307-313 
halide intercalates 316, 317 

intercalation compounds 313-318 
monofluoride 309 
occurrence and distribution 298, 299 
oxide 308, 309 
oxide intercalates 315 
physical properties 307, 308 
production and uses 299 
structure 303, 304 

subfluoride 309, 310 

Greek alphabet see back end paper 
Greenhouse effect 301, 302 

Grignard reagents 146-153 
allyl 362 
constitution of 147, 148 

crystalline adducts of 149 
preparation of 148 
Schlenk equilibrium 146, 148 
synthetic uses of 150, 151 

Ground terms of transition element ions 
Group 0 elements see Noble gases 
Group IA elements see Alkali metals 
Group IB elements (Cu, Ag, Au) 

1090, 1093 

atomic and physical properties 1367, 1368 
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Group IB elements (Cu, Ag, Au)—contd 

coordination numbers and stereochemistries 
1372 

group trends 1368-1372 
oxidation states 1371 

see also Copper, Silver, Gold 
Group JIA elements see Alkaline earth metals 

Group IIB elements (Zn, Cd, Hg) 

atomic and physical properties 1399, 1400 
coordination numbers and stereochemistries 

group trends 1400-1403 
see also Zinc, Cadmium, Mercury 

Group III elements (B, Al, Ga, In, T]) 

amphoteric behaviour of Al, Ga 253, 254 

atomic properties 250 
chemical reactivity 252-256 
group trends 251-256, 267 

+1 oxidation state 253, 256 

physical properties 251, 252 
trihalide complexes, stability of 267-269 
see also individual elements 

Group IIIA elements (Sc, Y, La, Ac) 

atomic and physical properties 1104, 1105 
chemical reactivity 1105-1107 
group trends 1105-1107 
high coordination, numbers 

oxidation states lower than +3 

1371, 

1402 

1110 
1107, 1108 

see also individual elements and Lanthanide 

elements 

Group IV elements see Carbon, Silicon, 

Germanium, Tin, Lead 

Group IVA elements (Ti, Zr, Hf) 

atomic and physical properties 1114-1116 
coordination numbers and stereochemistries 1117 

group trends 1114-1117 
oxidation states 1117 

see also Titanium, Zirconium, Hafnium 

Group V elements 
see Nitrogen, Phosphorus, Arsenic, Antimony, 

Bismuth 

Group VA elements (V, Nb, Ta) 
atomic and physical properties 1141 

coordination numbers and stereochemistries 

group trends 1142, 1143 
oxidation states 1143 
see also Vanadium, Niobium, Tantalum 

Group VI elements see Oxygen, Sulphur, Selenium, 
Tellurium, Polonium 

Group VIA elements (Cr, Mo, W) 
atomic and physical properties 1169, 1170 
coordination numbers and stereochemistries 
group trends 1170, 1171 
oxidation states 1172 

see also Chromium, Molybdenum, Tungsten 

Group VII elements see Halogens 
Group VIIA elements (Mn, Tc, Re) 

atomic and physical properties 1214 
coordination numbers and stereochemistries 

group trends 1215, 1216 

oxidation states 1217 
oxoanions 1221, 1222 

1143 

1172 

1217 

CTE-XX* 
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Group VIIA elements (Mn, Tc, Re}—contd 

redox properties 1215, 1216 
see also Manganese, Technetium, Rhenium 

Group VIII elements (Fe, Ru, Os; Co, Rh, Ir; 

Ni, Pd, Pt) 1242 
see also individual elements 

Guanidine 324 
Guanine 612-614 

Gunpowder 757, 758 

Gypsum 119, 133 
diluent in superphosphate fertilizer 606 
occurrence in evaporites 759 
process for H,;PO, manufacture 599, 601 
S recovery from 768, 769, 771 

H bridge-bond in boranes and carboranes_ 174ff 
Haber-Bosch ammonia synthesis 468, 471, 481 

historical development 482 
production statistics 483 
technical details 482, 483 

Haem 140, 1276 
Haematite 1243 

Haemocyanin 1392 
Haemoglobin 1275-1279 
Hafnates 1123 
Hafnium 

abundance 1112 
alkyls and aryls 
carbonyls 1135 
complexes 

+4 oxidation state 
+3 oxidation state 
lower oxidation states 

1135 

1126-1130 
1130 

1133 
compounds with oxoanions 1125, 1126 

cyclopentadienyls 1135-1137 
dioxide 1120 
discovery 1111 
halides 1123-1125 
neutron absorber 1113, 1461 

organometallic compounds 1135-1137 
production and uses 1114 
sulfides 1121 
see also Group IVA elements 

Hahnium 1453 
Halates, XO,” 1009-1014 

astatate 1040 
disproportionation 1002 

Halic acids, HOXO, 1009, 1010 
Halides 957-964 

astatide 1040 
intercalation into graphite 316, 317 
synthesis of 958-962 
trends in properties 963 
see also individual elements: Al, As, Be, B, etc. and 

individual halides: Br , Cl, etc. 

Halites, XO, ~ 1007-1009 
Hall effect 290, 639, 644, 1185 

Halogen cations, X,* 986-988 
see also Polyhalonium cations 

Halogen(I) fluorosulfates, XOSO,F 1037-1039 

Halogen(I) nitrates, XONO, 1037, 1038 
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Halogen(I) perchlorates, XOCIO; 1037, 1038 Hydrides, binary 69-74 
Halogens (F, Cl, Br, I, At) 920-1041 acid strength of 52 

abundance and distribution 927, 928 bonding in 70 
atomic and physical properties 934-938 of boron see Boranes 
charge-transfer complexes 940-944 classification of 70 
chemical reactivity and trends 938-943 complex 74 
history (time charts) 921, 922 covalent 70, 74 
origin of name 920, 921 interstitial 73 
production and uses 928-934 ionic 70, 71 
reactivity towards graphite 317 nonstoichiometric 72, 73 
sterochemistry 941 and periodic table 71 
see also individual elements, Interhalogen com- of sulfur see Sulfanes 

pounds see also individual elements 
Halous acids, HOXO 1007, 1008 Hydroboration see Diborane 

Hammett acidity function Hy 56, 57 Hydrochloric acid, HCl(aq) 921, 923, 943, 948 

Hapticity azeotrope 953 
classification of organometallic compounds 346, Hydrofluoric acid, HF(aq) 921-923 

347 acid strength of 952 
definition 346 azeotrope 953 
distinction from connectivity 347, 351 preparation of fluorides using 958-960 

Hausmannite 1212, 1219 Hydroformylation of alkenes 1317, 1324 

Heat of vaporization, influence of H bonding 58 Hydrogen 
Heavy water 47 abundance (terrestrial) 38 

Helium abundance in universe 2 
abundance in universe 2 atomic properties 40ff 
atomic and physical properties 1045, 1046 chemical properties SOff 
discovery 1042 cyanide, H bonding in 59 
production and uses 1043, 1044 as the essential element in acids 38 
thermonuclear reactions in stars 12 history of 38, 39 

see also Noble gases industrial production 44 
Hemimorphite 401, 402 ionized forms of 42 
Hertzsprung-Russell diagrams  6ff isotopes of 40 
Heteropoly blues 1185 see also Deuterium, Tritium 

Heteropolymolybdates 1184, 1185 ortho- and para- 38, 41 
Heteropolyniobates 1150 physical properties of 40ff 
Heteropolytungstates 1184, 1185 portable generator for 45 
Heteropolyvanadates 1150 preparation 43 
Hexamethylphosphoramide 619 thermonuclear reactions in stars 11 
Hexathionates, S,O,?, preparation and structure variable atomic weight of 21 

850, 851 Hydrogen azide, HN; 496, 497 
High-alumina cement 284 Hydrogen bond 39, 57-69 

High-spin complexes 1086 in ammonia 484 
Holmium 1424 in aquo complexes 733 

see also Lanthanide elements bond lengths (table) 65 

“Horn silver” 1365 comparison with BHB bonds _ 70 
Hume-Rothery rules 1369 ‘ in DNA 614 
Hund’s rules 1085, 1090 and ferroelectricity 60 
Hydrazido complexes with metals 493 in HF 949, 950 

see also Dinitrogen as a ligand influence on properties 57 
Hydrazine 468, 484, 489-494 influence on structure 63 

acid-base properties 493 in proteins and nucleic acids 66, 67 

hydrate 492, 493 and proton nmr 62 
industnal production 491 strength of 66, 68 

methyl derivatives as fuels 492 study by X-ray and neutron diffraction 62 
molecular structure and conformation 490, 491 theory of 68, 69 

oxidation of 497 and vibrational spectroscopy 62 
preparation 490 in water 730 
properties of 489, 490 Hydrogen bromide, HBr 
reaction with nitrous acid 496 azeotrope 953 
reducing properties 493 hydrates 952 
uses 491, 492 physical properties 949 
water treatment using 492 production and uses 948, 949 
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Hydrogen chloride, HCl 
hydrates 951, 952 

nonaqueous solvent properties 
physical properties 949 
production and uses 946-948 
see also Hydrochloric acid 

Hydrogen dinitrate ion, [H(NO;),]~ 
“Hydrogen economy” 44, 46 
Hydrogen fluoride, HF 943-946 

H bonding in 57-59, 949, 950 
hydrates 951 
nonaqueous solvent properties 
physical properties 949, 950 
preparation of fluorides using 959 
production and uses 944-946 
skin burns, treatment of 946 

see also Hydrofluoric acid 
Hydrogen halides, HX 943-957 

chemical reactivity 950-954 
nonaqueous solvent properties 
physical properties 949, 950 

957 

540 

954-956 

954-957 

preparation and uses 944-949 
Hydrogen iodide, HI 

azeotrope 953 
hydrates 952 
physical properties 949 
production and uses 948, 949 

Hydrogen-ion concentration 
Hydrogen peroxide 742 

acid-base properties 747, 748 
chemical properties 745-748 
physical properties 742, 744, 745 
preparation 742, 743 
production statistics 743 
redox properties 745-747 
structure 745 

uses of 743, 744 
Hydrogen sulfate ion, HSO,” 
Hydrogen sulfide, H,S 

chemistry 807 
as ligand 786, 794, 795 
molecular properties 806, 900 
occurrence in nature 758-760, 769, 771 

physical properties 806, 900 
preparation (laboratory) 806 
protonated [SH,]* 807 
see also Sulfanes, Wackenroder’s solution 

Hydrogen sulfite ion, HSO, = 835, 852, 853 

Hydrometalation 348 
Hydronitrous acid see Nitroxylic acid 
Hydroperoxides 747 
Hydroxonium ion, H,O0* 738-740, 951, 952 
Hydroxyl ion, hydration of 738, 741 
Hydroxylamine 484, 494-496 

configurational isomers 495, 496 
hydroxylamides of sulfuric acid 879-881 
preparation 494, 495 
properties 494, 495 

Hypersensitive bands in spectra of lanthanides 1443 
Hypobromous acid, HOBr 1000-1002, 1004, 1005 
Hypochlorite, OCI” 1001, 1002, 1004-1006 

molecular hypochlorites 1007 

see pH scale 

835, 836, 843-845 
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Hypochlorous acid, HOC] 1000-1007 
preparation 1004 
reactions 1005-1007 
uses 1006 

Hypofluorites (covalent) 750, 814 
Hypofluorous acid, HOF 749, 750 

preparation 922, 999, 1003 

Hypohalates, OX~ 1000-1002, 1004-1006 
Hypohalous acids, HOX 1000-1007 
Hypoiodous acid, HOI 1000-1002, 1004, 1005 
Hyponitric acid, H,N,O, 528, 530 
Hyponitrites 527-531 
Hyponitrous acid, H,N,O, 527-529 
Hypophosphoric acid (diphosphoric(IV) acid), 

H,P,0, 588, 592-594 
isomerism to isohypophosphoric acid 593 

Hypophosphorous acid, H,PO, 589, 591 
Hypophosphites 591, 594 
“Hyposulphite” used in photography 1377, 1388 

Icosahedron, symmetry elements of 158 
Ilmenite 1112, 1119, 1122 
Indium 
abundance 245 
chalcogenides 285-287 
IIl-V compounds 288-290 
discovery 244 
lower halides 271 
organometallic compounds 293, 294 
oxide 278 
production and uses 247 
trihalides 267, 268 

see also Group III elements 
Industrial chemicals, production statistics 

see also individual elements 
Industrial Revolution 1242, 1244 

Inert-pair effect 32 
in Al, Ga, In, Tl 255, 256 
in Ge, Sn, Pb 435, 443, 444 
in P, As, Sb, Bi 645, 646, 659, 661, 662 

“Infusible white precipitate” 1415 
Ino-silicates 400, 403-406 

Interelectronic repulsion parameter 
for hexaquochromium(III) 1198 
for hexaquovanadium(III) 1161 

for high-spin complexes of cobalt(III) 
for low-spin complexes of cobalt(II) 

Interhalogen compounds 964-978 
diatomic, XY 964-968, 975 
first preparation 921, 922 
hexa-atomic, XF, 974-978 
octa-atomic, IF, 974-978 
tetra-atomic, XY, 968-973, 975 
see also Polyhalide anions, Polyhalonium cations 

Invar 1331 
Iodates, 10,~ 

reaction scheme 
redox systematics 1001, 1002 

Iodic acid, HIO, 1010, 1012, 1014 
lodides, synthesis of 962 

see also individual elements 

467 

1099 

1308 
1314 

1010, 1011 
1014 
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Todine Iron 
abundance and distribution 927 abundance 1243 
atomic and physical properties 934-938 allyls 363 
cations I,* 986-988 alums 1264 
charge-transfer complexes 940-944 atomic and physical properties 1247-1249 
colour of solutions 941-943 biochemistry of 1275-1281 
crystal structure 937 bis (cyclopentadienyl) see Ferrocene 
goitre treatment 921, 925, 926 carbidocarbonyls 355, 356 

heptafluoride 974-978 carbonyl halides 1286 
history 921, 922, 925 carbonyl hydrides and carbonylate anions 1284, 
Karl Fischer reagent for H,O 736 1285 
monohalides 964-968, 975 carbonyls 351, 352, 354, 1243, 1282, 1283 
oxoacids and oxoacid salts 999ff chalcogenides 1255, 1256 

nomenclature 1000 complexes 
redox properties 1000-1002 +3 oxidation state 1263-1268 
see also individual compounds, Iodic acid, +2 oxidation state 1268-1273 

Iodates, Periodic acids, Periodates, etc. lower oxidation states 1274 

oxide fluorides 1034-1036 with S788, 793 
oxides 997-999 with SO 829 
pentafluoride 974-976 with SO, 831 
“pentoxide”, 1,0, 997-999 coordination numbers and stereochemistries 1253 
production and uses 933, 934 cyclooctatetraene complexes 377 
radioactive isotopes 935, 936 cyclopentadienyls 1286-1289 

reactivity 940 see also Ferrocene 
standard reduction potentials 1001 dithiocarbamate complexes 795, 1266 
stereochemistry 941 electronic spin states 1253 
trichloride 968-970, 973, 975 halides 1258-1260 
trifluoride 968, 969, 975 history 1242, 1244-1246 

volt equivalent diagram 1002 mixed metal oxides (ferrites) 1256 
see also Halogens organometallic compounds 366, 372, 1282-1289 

Iodine trichloride, complex with SbCl; 662 oxidation states 1252, 1253 

Iodyl fluorosulfate, 10,SO,F 1035 oxides 1254, 1255 
Ionic-bond model 91-94, 963 oxoanions 1256, 1300 

deviations from 94 production and uses 1243-1246 
Ionic radii 92, 93 proteins 1275-1281 

table of 1497 reactivity of element 1250 
Ionization energy, periodicity of 27, 28 relationship with other transition elements 1250- 
Iridium 1252 

abundance 1290 j standard reduction potentials 1251, 1269, 1279 

atomic and physical properties 1292-1294 Iron age 1242 
carbonyls 351, 1323-1326 Iron pyrites 
complexes reserves of 769 

+5 oxidation state 1300 source of S 759-761 
+4 oxidation state 1300, 1301 structure 64%, 650, 804 

+3 oxidation state 1301, 1311 Iron-sulfur proteins 1280-1281 
+2 oxidation state 1311 Irving-Williams order 1065, 1097 
+1 oxidation state 1316-1320 Isocyanates 337, 341 
lower oxidation states 1320 as polyurethane intermediates 324 

with S, S,0,S,0, 829 Isohypophosphoric acid [diphosphoric (III, V) acid] 
with SO, 831 H,P,0, 588, 593, 594 

coordination numbers and stereochemistries 1295 Isomerism 1077 
cyclopentadienyls 1326, 1327 cis—trans 1078, 1308 

discovery 1290 conformational 1078 
halides 1297-1299 coordination 1081 
organometallic compounds 1322=1327 fac-mer 1078 
oxidation states 1295 geometrical 1078 
oxides 1296, 1297 ionization 1079 

production and uses 1292 ligand 1082 
reactivity of element 1294 linkage 1081 
relationship with other transition elements optical 1078 

1294-1296 polymerization 1081 
sulfides 1297 polytopal 1078 
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Isopolymolybdates 1175-1183 Lanthanide elements—contd 

Isopolytungstates 1175-1183 spectroscopic properties 1441-1444 
Isopolyvanadates 1146-1150 see also individual elements and Group IIIA 
Isotopes, definition of 26 elements 

Lanthanoid see Lanthanide elements 

Jahn Telleneticat Lanthanon _ see Lanthanide elements 
Lanthanum 

ct Il in Cu 1382 abundance 1103 
in high-spin Cr’ 1190, 1201 complexes 1108-1110 
in high-spin Mn" 1220, 1229 discovery 1102, 1424 
in low-spin Co" 1315 halides 1107-1108 s “HI ine Ti ygel 132 organometallic compounds 1110 

Jasper 395 oxide 1107 
production and uses 1103-1104 

Kaolinite 406, 407-410, 413 salts with oxoanions 1107 
Karl'Fischer teagent’. 736 see also Group IIIA elements, Lanthanide elements 
Keatite 394, 395 Lattice defects, nonstoichiometry 754, 755 

Keggin structure 1183 see also Spinels (inverse) and individual elements 

Kieselguhr 394 Lattice energy 
Kinetic inertness calculation of 95 

of chromium(III) complexes 1196 of hypothetical compounds 96 
of cobalt(III) complexes 1302 eR lee lls 

Kirsanov reactions 623 see also Actinide elements 

Kraft cheese process 604 Lead 
Kraft paper process 103 abundance 428 
Kreb’s cycle 614 alloys 432 
Kroll process 1112, 1113 in antiquity 427 
Krypton atomic properties 431, 433 

atomic and physical properties 1045, 1046 atomic weight variability 428 
clathrates 1047, 1048 benzene complex with Pb! 465 
discovery 1043 bis(cyclopentadienyl) 458, 464 

see also Noble gases chalcogenides 453 
Kupfernickel 1328, 1329 chemical reactivity and group trends 434, 435 
Kurchatovium 1453 cluster anions 435, 455, 456 
Kurrol’s salt 615-617 cluster complexes 451, 458 

dihalides 437, 444, 445 

dinitrate 452 
Landolt’s chemical clock 1012 halogeno complexes 444, 445 
Lanthanide contraction 32, 1431, 1432 hydride 437 

Lanthanide elements hydroxo cluster cation 458 
abundance 1425 isolation and purification 429-431 
alkyls and aryls 1449 metal-metal bonded compounds 455-458 
aquo ions 1445 mixed dihalides 444 
arsenides 648 monomeric Pb(OAr), 454 
atomic and physical properties 1429-1433 monoxide 446, 448, 449, 458 
carbonyls 1436 nitrate, thermolysis of 524, 541 
chalcogenides 803, 1437, 1438 nonstoichiometric oxides 448-451 
complexes 1444-1448 organohydrides 437 

coordination numbers and stereochemistries organometallic compounds 463-465 
1434, 1435 oxides, nonstoichiometric 448-451 

cyclopentadienides 1436 oxides, uses of 449 
group trends 1431-1436 oxoacid salts 457 
halides 1439-1441 Pb-S-O system 799 
history 1424, 1425 physical properties 433, 434 
magnetic properties 1441-1444 pigments 449, 453 
organometallic compounds 1448, 1449 production statistics 429, 430, 432 

+2 oxidation state 1435, 1439, 1447 pseudohalogen derivatives 453 

+4 oxidation state 1435, 1444 radiogenic origin 428 
oxides 1437, 1438 sulfate 452 

production and uses 1426-1429 tetraacetate 452 
as products of nuclear fission 1425, 1451, 1461 tetrafluoride 453 

separation of individual elements 1424, 1426-1428 tetrahalides 437, 444 
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Lead—contd 

toxicity 427, 428 
uses 432, 449 

Lead chamber process for H,SO, 758 
Leblanc process for NaOH 82, 921 
Lewis acid (acceptor) 1060 

see also Donor-acceptor complexes, Class-a and 
class-b metals 

Lewis base (donor) 224, 1060 

see also Donor-acceptor complexes, Ligands 
Lifschitz salts 1342, 1348 
Ligand field theory 1082, 1099 
Ligands 

ambidentate 1063, 1081 
chelating 1061 
classification as “hard” and “soft” 343, 345, 1065 

classification by number of donor atoms 1061 - 
1063 

macrocyclic 
non-innocent 
“octopus” 110 
tripod ~ 1061 
see also Class-a and class-b metals, Hapticity, 

Linkage isomerism, Synergic bonding 
Lime, production and uses of 131-135 
Limestone, occurrence and uses 119, 133-135, 301, 

303 
Limonite 1243, 1329 
Linde synthetic zeolites 
Linkage isomerism 

of nitrite ion 534, 535, 1081 

1061 
1227 

415, 416 

of SO, 830. 831 
of thiocyanate ion 343, 1081 

Litharge see Lead monoxide 
Lithium 

abundance 76 
acetylide, synthetic use of 112 
alkyls and aryls 110-115 

“anomalous” properties of 86-88 
compounds with oxygen 97, 98 
diagonal relationship with Mg_ 87, 110, 124 

discovery of 75 
methyl, bonding in 112, 114 
methyl, structure of tetrameric cluster 
organometallic compounds 110-115 
production of metal 82, 84 
reduction potential of 86, 87 

terrestrial distribution of 76 
variable atomic weight of 21 
see also Alkali metals 

Lithium compounds 
industrial uses of 77 
organometallics, synthesis of 110, 111 

organometallics, synthetic uses of 114-116 
Lithium tetrahydroaluminate 258 

synthetic reactions of 259, 260 

Lithophile elements 760 
Lodestone 1254 
Loellingite structure 650 
Lone pair, stereochemical influence 439, 904, 907- 

909 
Lonsdaleite 

112, 113 

303, 305 

Index 

Low-spin complexes 1086 
of cobalt(III), electronic spectra 
of octahedral, d* ions _ 1262 

Lutetium 1424 

see also Lanthanide elements 

1308 

Macrocyclic polyethers see Crown ethers 

Maddrell’s salt 615-617 
Madelung constant 95 
“Magic numbers” in nuclear structure 4, 16 
Magma, crystallization of silicates from 380 
Magneéli-type phases 

of molybdenum and tungsten oxides 
of titanium oxides 1119 
of vanadium oxides 1145 

Magnesium 
alkyl alkoxides 148, 152 
in biochemical processes 
complexes of 137-140 
cyclopentadienyl 152, 153 
diagonal relationship with Li 
dialkyls and diaryls 146-148 
history of 118 
organometallic compounds 

see also Grignard reagents 
porphyrin complexes of see Chlorophyl 
production and uses of 120, 121 
see also Alkaline earth metals 

Magnetic moment 1098 
of low-spin, octahedral, d* ions 1262 

orbital contribution to 1098, 1314, 1346 

spin-only 1098 
see also individual 

equilibria 
Magnetic quantum number m 26 

1174 

138-141 

87, 110, 124 

146-153 

transition elements, Spin 

Magnetite, Fe,O,° 1243 
inverse spinel structure 280, 1254 

Magnus’s salt 1351 
Malachite 1365 
Malathion 585 

Manganates 1221, 1222 

Manganese 
abundance 1212 

allyl complexes 363 
carbonyls 351, 1234-1237 
chalcogenides 1221 
complexes 

+4 oxidation state 
+3 oxidation state 1228, 1229 

+2 oxidation state 1231-1234 
lower oxidation states 1234 

with S 789, 790, 792 

with SO 828 

with SO, 831 

cyclooctatetraene complex. 377 
cyclopentadienyls 1238, 1239 
dioxide 1218-1220 

uses of 1220 
halides and oxohalides 
nodules 1212 

organometallic compounds 363, 377, 1234-1239 

1228 

1222-1226 



Index 

Manganese—contd 

oxides 1218 

production and uses 1212-1213 

see also Group VIIA elements 

Manganin 1213 
Manganocene 1238, 1239 

Marcasite structure 648-650, 804 
mineral FeS, 761 

Marine acid 924 
Marsh’s test for As 650 
Martensite 1248 
Masurium 1211 

see also Technetium 
Mass number of atom 26 
Matches 547, 585 

Melamine 341 
Mellitic acid 308 

Melting points, influence of H bonding 58 
Mendeleev’s periodic table 24 ff 
Mendeleev, prediction of new elements 
Mendelevium 1452, 1463 

see also Actinide elements 
Mercaptans, origin of name 
Mercuration- 1418 

Mercury 

abundance 1396 
alkyls and aryls 1418, 1419 
chalcogenides 1403, 1406 
cyclopentadienyls 1420 
“effective coordination number” 
halides 1406-1408 
history 1395 
organometallic compounds 

32, 34, 244 

1416 

1413 

348, 1418-1420 
+1 oxidation state 1408-1410 

+2 oxidation state 1413-1416 

oxide 1403, 1404 

polycations 1410, 1411 

production and uses 1399 
sulfide, solubility of 802, 803 

toxicity 1422 
Mesoperiodic acid 
Metal cations 

amphoteric 56 
hydrolysis of 55 

Metalloboranes 195-198, 201 

Metallocarboranes 209-220 
bonding 210, 215, 217 
chemical reactions 219 
structures 210ff 
synthesis 209-215 

Metaperiodic acid see Periodic acids 
Metaphosphates see Chain polyphosphates, Cyclo- 

polyphosphates 
Metaphosphimic acid tautomers 632 

see also Tetrametaphosphimates 
Metatelluric acid (H,TeO,), 915 
Methane 322 

in Haber-Bosch NH, synthesis 482 
Methanides see Carbides 
Methyl bridges 

in BeMe, 142 
in MgMe, and Mg(AlMe,)> 

see Periodic acids 

146, 147 

Es 

Methyl methacrylate 338 
Methylene complexes see Carbene ligands 

Methylparathion 585 
Meyer's periodic table 25, 27 

Mica 119, 407, 411-413 
Millon’s base 1414, 1416 

Mischmetall 1104, 1425, 1429 
Mohorovicic discontinuity 415 
Mohr’s salt 1269 

Molecular orbital theory of coordination compounds 
1082, 1099-1101 

Molecular sieves see Zeolites 

Molybdates 1175-1185 
Molybdenite, MoS, 761, 1168 

Molybdenum 
abundance 1167 
benzene tricarbonyl 374 
blues 1175 
bronzes 1185 
carbonyls 351, 1208, 1209 
carbyne complexes 353 
chalcogenides 1187 
complexes 

+6 oxidation state 1191-1193 

+5 oxidation state 1193, 1194 

+4 oxidation state 1194-1196 

+3 oxidation state 1196 

+2 oxidation state 1200 

with S 787-792, 794 
with SO, 831 

compounds with quadruple metal-metal bonds 
1201, 1203-1205 

cyclopentadienyl compounds 372, 375, 1209 
discovery 1167 
halides and oxohalides 1187 
heteropolyacids and salts 1184-1185 
isopolyacids and salts 1175-1183 
nitrogen fixation, role in 1205-1207 
nonstoichiometric oxides 1174 
organometallic compounds 1207-1210 
oxides 1171-1175 
production and uses 1168, 1169 
see also Group VIA elements 

Molybdic acid 1176 
Molybdoferredoxin 1206, 1275 
Monactin 108 

Monazite 1103, 1427, 1429, 1455 
Mond process 1330 

Monel 1330 
y-Monoclinic sulfur 773 

Montmorillonite 407, 411, 413 

Mossbauer spectroscopy 
with >’Fe 1268, 1271, 1272, 1273, 1279, 1284 
with 1771, 1291 935, 983, 985 
of nonstoichiometric oxides 754 

with ?°Ru 1257 
with '7'Sb 696 
with '!°Sn 431 
with !7°Te 889, 909 
with '2°Xe 1054 

Muriatic acid 924 
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Muscovite see Mica Nickel arsenide—contd 
Myoglobin 1275-1279 relation to CdI, 649, 803 

structure type 648, 649, 803 
Nickelocene 371, 1358, 1360 

n-p-n junction see Transistor Nickel silver 1330 
n-type semiconductor see Semiconductor, Tran- Nicotinamide-adenine dinucleotide, NAD* 614, 

sistor 615 
Nacreous sulfur 773 Nicotinamide-adenine dinucleotide-2-phosphate, 
NADP 139 NADPT 614, 615 
NbS,Cl, structure 793 Nielsbohrium 1453 
NbS,X, 787 Niobates i150 
Neodymium 1424 Niobium 

+2 oxidation state 1435, 1438 abundance 1139 

+4 oxidation state 1444 alkyls and aryls 1163 
see also Lanthanide elements bronzes 1150 

Neon : carbonylate anions 1164 
atomic and physical properties 1045, 1046 chalcogenides 1151 

discovery 1043 complexes 
see also Noble gases +5 oxidation state 1157, 1158 

Nephelauxetic series 1099 +4 oxidation state 1158, 1159 
Neptunium 1452, 1463 compounds with oxoanions 1156, 1157 

bis(cyclooctatetraene) 376 cyclopentadienyls 373, 1165 
radioactive decay series 1455 discovery 1138 
see also Actinide elements halides and oxohalides 1152-1157 

Nernst equation (for electrode potentials) 498 nonstoichiometric oxides 1145, 1146 
Neso-silicates 400, 401 organometallic compounds 1163-1166 
Nessler’s reagent 1414 oxides 1145, 1146 

Neutrons production and uses 1140 
fast 1456 see also Group VA elements 
slow, thermal 1456 Nitramide, H,NNO, 528 

Newnham process for roasting PbS 799 Nitrates 536, 539-545 
Niccolite (Kupfernickel) 1329 coordination modes 541-544 
Nichrome 1330 thermal stability 540, 541 

Nickel see also individual elements 
abundance 1329 Nitric acid 484, 524, 526-528, 536-539 
alkene and alkyne complexes 1360-1362 anhydrous 536, 538, 539 
m-allylic complexes 362, 363, 1362, 1363 hydrates 538, 539 

“anomalous” behaviour of Ni" 1347, 1348 industrial production 537, 538 
aryls 1357 industrial uses 538 
atomic and physical properties 1331-1333 ionization in H,SO, 844 
carbonyls 351, 352, 1357-1359 self-ionic dissociation 538, 539 
chalcogenides 1337 Nitric oxide, NO 484, 508 

complexes bonding in paramagnetic molecule 512 
+4 oxidation state 1339-1340 catalytic production from NH, 537 
+3 oxidation state 1340 chemical reactions 513 
+2 oxidation state 1342-1349 colourless, not blue 512 

+1 oxidation state 1355 complexes with transition metals see Nitrosyl 
zero oxidation state 1355, 1356 complexes 

with SO, 831 crystal structure 512, 513 
coordination numbers and stereochemistries 1334 dimeric 513 
cyclobutadiene complexes 367 physical properties 512 
cyclopentadienyls 1358-1360 preparation 511 
dithiolene complexes, redox series 797 reaction with atomic N 474 

halides 1337, 1338 Nitride ion, N?~ 479 
organometallic compounds 1356-1363 as ligand 480, 481 
oxidation states 1334 Nitrides 479-481 
oxides 1336, 1337 Nitrido complexes see Nitride ion as ligand, also 
phosphides 562 individual elements 
production and uses 1329-1331 Nitriles see Cyanides 
reactivity of elements 1333 Nitrite ion, NO; 

tetracarbonyl 351, 352, 1357 coordination modes 534 

Nickel arsenide 648, 649 nitro-nitrito isomerism 534, 535, 1081 



Index 

Nitrites 484, 531-536 
see also Nitro-nitrito isomerism 

Nitrogen 
abundance in atmosphere 466, 469-471 
abundance in crustal rocks 469 
active see atomic 
atomic, production and reactivity of 474, 475 
atomic properties 472, 473, 642 
atypical group properties 478, 641, 642 
chemical reactivity 473-478 
comparison with C and O 478 
comparison with heavier Group VB elements 478, 

644, 673 
cycle in nature 466, 469, 470 
dinitrogen tetrafluoride 504, 505 
dioxide 509, 522, 713 

see also dinitrogen tetroxide 

discovery 466 
fixation, industrial 537 

see also Haber-Bosch ammonia synthesis 
fixation, natural 1205-1207, 1275, 1280 

halides 503-506 
history 467, 468 
hydrides ‘of 489-497 

see also Ammonia, Hydrazine, Hydroxylamine 

industrial uses 471 
isotopes, discovery of 468 

isotopes, separation of 473 

ligand 468 
monoxide see nitric oxide 
multiple bond formation 478, 480 
oxidation states 497, 501 

oxides 508-527 

see also individual oxides 

oxoacids 527-537 
seel also individual oxoacids 

oxoanions 527-535, 539-545 
see also individual oxoanions 

oxoanion salts see oxoanions, 

Nitrates, Nitrites 

oxohalides see Nitrosyl halides, Nitryl halides 

physical properties 473 
production 472 

standard reduction potential for N species 500 

stereochemistry 475 
synthesis of pure 471 

tribromide 506 
trichloride 505 

trifluoride 503 

triiodide, ammonia adduct 506 

trioxide 509, 526, 527 

see also Dinitrogen 

Nitrogenase 1206, 1275 

Nitro-nitrito isomerism 534, 535, 1081 

Nitronium ion 527, 844 

Nitroprusside ion 1271, 1272 

Nitrosyl trifluoride, ONF; 503, 504 

Nitrosyl halides 507, 508 

Nitrosyl complexes 514-520 
coordination modes 514, 517-520 

electronic structure of 517, 519 

Hyponitrites, 
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Nitrosyl complexes—contd 
preparation 515, 516 
see also individual elements 

Nitrous acid 528, 531-533 
reaction with hydrazine 496 

Nitrous oxide, N,O 508-511 

chemical reactions 510, 511 

isotopically labelled 510 
physical properties 510, 511 

preparation 510 
use in “whipped” ice cream 511 

Nitroxyl 528, 530 
Nitroxylic acid 528 
Nitryl halides, XNO, 507, 508 
Nmr spectroscopy with: 

OB 161 
SB 1615222 
TERT 936, 937 
13C 306, 343, 1071, 1159, 1282 
35:27], 922 936;1937 
19F 222, 572, 655, 656, 809, 874, 922, 935-937, 955, 

985 
1H 40, 62, 258, 260, 362, 365, 373, 620, 1135, 1287, 

1310, 1318, 1354 
2.3 40 

1271593651937, 
'4N) 343, 468, 472, 473 
SN 468, 472 
179 699, 704, 705, 738, 1147 
31p $47, 558, 569, 594, 1354 
195 pt 

ESN 
PASS Bw 
Sn 4 

NO see Nitric oxide 
Nobel prize for Chemistry, list of laureates 

1501 
Nobel prize for Physics, list of laureates 

Nobelium 1452, 1463 
see also Actinide elements 

Noble gases (He, Ne, Ar, Kr, Xe, Rn) 1042-1059 

atomic and physical properties 1045, 1046 

chemical properties 1047-1059 
clathrates 1047, 1048 
discovery 1042, 1043 
production and uses 1043, 1044 
see also individual elements 

Nomenclature of elements having Z>100 34, 35 

Nonactin 108 
Nonaqueous solvent systems 

AsCl, 654, 655 
BrF; 972, 973 
CiEn soul 
HCl 957 
HF 664, 665, 954-956 
H,SO, 785, 843, 844, 896 
IC] 968 
ee SiMe 
NH, 88-91, 486-489 
SbCl, 654, 655 
SO, 785, 828, 896 
superacids 664, 665 

1498 - 

1502-1506 
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Non-haem iron proteins (NHIP) 
Nonstoichiometry 

in chalcogenides 898, 899 
in oxides 753-756 

in sulfides 804 

see also individual compounds 
Nuclear fission 1456, 1457 

products 1458, 1461 
spontaneous 1453, 1463 

Nuclear fuels 1458-1463 

breeding 1460 
enrichment 1460 

reprocessing 1274, 1461-1463 
Nuclear reactions in stars 8-17 

Nuclear reactors 1456-1461 

different types 1459 
natural 1457 

Nuclear structure of atoms 26 

Nuclear waste, storage 1458, 1463 
Nucleic acid 

definition 612 

double helix structure of $47, 613 
and H bonding 66, 67 

Nucleogenesis 2ff 
Nucleoside, definition 612 

Nucleotide, definition 612 

Nylon-6 and -66 484 

Obsidian 394 
Octahedral complexes 1073, 1085, 1100 

distortions in 1073, 1087 
“Octopus” ligands 110 
Oddo’s rule 4 

Oklo phenomenon 1457, 1458 
Oligomerization of acetylene 1362 
Olivine 119, 400 
One-dimensional conductors 1341 
Onyx 393 
Opal 394 
Open-hearth process 1245 
Optical activity 1078, 1304 
Optical isomers 1073, 1078, 1304 

1280, 1281 

Optically active metal cluster compound 787 
Optical rotatory dispersion (ORD) 
Orbital contribution to magnetic moment 

of high-spin complexes of Co" 1314 
of octahedral d* ions 1262 
of tetrahedral complexes of Ni" 1346 

Orbital multiplicity 1091 
Orbital quantum number, ! 26, 1090 
Orbital reduction factor, k 1099 
Orbital selection rule 1094 
Orford process 1330 
Organometallic compounds 

classification 346, 347 
definition 345 
dihapto ligands 357-362 
heptahapto ligands 375 
hexahapto ligands 373-375 
monohapto ligands 347-357 

345-378 

1304, 1305 
1098 

Index 

Organometallic compounds—contd 
octahapto ligands 375-378 
pentahapto ligands 367-373 
tetrahapto ligands 366-367 
trihapto ligands 362-365 
see also individual elements and ligands 

Orpiment — see Arsenic sulfide, As,S, 
Orthonitrate ion, NO,?~ 545 
Orthoperiodic acid see Periodic acids 
Orthophosphates 603-608 

AIPO,, structural analogy with SiO, 
uses of 603-606 
see also individual metals 

Orthophosphoric acid see Phosphoric acid 
Osmates 1257 
Osmiamates 1260 
Osmium 

abundance 1243 
anomalous atomic weight of in Re ores 22 

607, 608 

atomic and physical properties 1247-1249 
carbidocarbonyls 355 
carbonyl halides 1286 
carbonyl hydrides and carbonylate anions 1284- 

1286 
carbonyls 351, 352, 1282-1284 

chalcogenides 1256 
complexes 

+8 oxidation state 1260 

+7 oxidation state 1260 

+6 oxidation state 1260, 1261 

+5 oxidation state 1261 

+4 oxidation state 1262, 1263 

+3 oxidation state 1263, 1264 

+2 oxidation state 1268-1274 

with SO, 831 
coordination numbers and stereochemistries 1253 
cyclooctatetraene complex 377 
discovery 1243 
halides and oxohalides 1257-1260 

organometallic compounds 1282-1287 
oxidation states 1252, 1253 

oxides 1254, 1255 
oxoanions 1257 
production and uses 1246, 1247 
reactivity of element 1250 
relationship with other transition elements 

1250-1252 
standard reduction potentials 1251 

Osmocene 368, 1287 
Osmyl complexes 1260, 1261 
Oxidation state 

periodic trends in 31-33 
variability of 32, 1060 

Oxides 751-756 
acid-base properties 738, 751, 752 
classification 751-753 
nonstoichiometry in 753-756 
structure types 752, 753 
see also individual elements 

Oxonium ion 51 
OXO process 1317, 1324 
Oxovanadium (vanadyl) ion 1144, 1159 
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Oxygen 
abundance 698, 700 
allotropes 707 
atomic 712, 713 

atomic properties 704, 705 
chemical properties 713-718 
coordination geometries 714-716 
crown ether compounds 105, 107, 137, 138, 141, 

699 
difluoride 748, 749 
fluorides 748-751 

history 698, 699, 702 
industrial production 702-704 
industrial uses 702, 704 

isotopes, separation of 704 
liquefaction 699, 702 

see also industrial production 
liquid 699, 702-704, 706 
occurrence in atmosphere, hydrosphere and litho- 

sphere 698, 700, 701 

origin of, in atmosphere 700 
origin of blue colour in liquid 707 
oxidation states 714 
physical properties 705 
preparation 701, 702 
radioactive isotopes 704 
reduction potential, pH dependence 757 
roasting of metal sulfides 798-800 
standard reduction potentials 736, 737 

see also Dioxygen, Ozone 
Oxygen carriers 

complexes of cobalt 
haemocyanin 1392 
haemoglobin and synthetic models 1275-1279 
Vaska’s compound 718, 721, 1319, 1320 

see also Dioxygen 
Oxyhyponitrous acid 
Ozone, O, 

bonding 707, 708 

chemical reactions 
discovery 707 
environmental implications 708, 994 

molecular structure 707, 708 

physical properties 707, 708 
preparation 709, 712 

Ozonide ion,O,” 710 
Ozonides (organic) 711, 712 

Ozonolysis 711, 712, 995 

1315 

see Hyponitric acid 

709-712, 994, 995 

p-Process in stars 16 
p-type semiconductors see Semiconductor, Tran- 

sistor 
Palladium 

absorption of hydrogen 1335, 1336 
abundance 1329 
alkene and alkyne complexes 1360-1362 
alkyls and aryls 1356, 1357 
m-allylic complexes 363, 1362, 1363 
atomic and physical properties 1331-1333 
carbonyl chloride 1357 
chalcogenides 1337 

1529 

Palladium—contd 

complexes 
+4 oxidation state 1339, 1340 

+3 oxidation state 1340, 1341 

+2 oxidation state 1349-1355 

zero oxidation state 1355-1356 

coordination numbers and stereochemistries 1334 

discovery 1329 
halides 1337-1339 
organometallic compounds 1356-1363 
oxidation states 1334 

oxides 1336, 1337 

production and uses 1331, 1332 

reactivity of element 1333 
Paraperiodic acid see Periodic acids 
Parathion 585 
Patronite 1139 
Pauli exclusion principle 26 
Pearlite 1248 
Pentaborane, B,H, 174, 181, 186 

Bronsted acidity 194, 195 

chemical reactivity 194 
metalloborane derivatives 
preparation 187 
properties 193 
structure 194 

Pentagonal bipyramidal complexes 1074 
Pentathionates, S;O,?~, preparation and structure 

850, 851 
Pentlandite 1329 
Perbromates, BrO,~ 

discovery 922, 1020 
radiochemical synthesis 1020 
redox systematics 1001, 1002, 1021 
structure 1021 

Perbromic acid, HBrO, 1020 
Perbromyl fluoride, FBrO, 1033, 1034 
Perchlorates, CIO,” 1013-1020 

bridging ligand 922, 1017-1020 
chelating ligand 1017-1020 
coordinating ability 922, 1017-1020 
monodentate ligand 922, 1017-1020 

195-198 

1020-1022 

production and uses_ 1013, 1015 

redox systematics 1001, 1002 
structure 1016 

Perchloric acid, HCIO, 1013-1017 
chemical reactions 1016, 1017 

hydrates 1016 
physical properties 1015, 1016 
preparation 1013, 1015 
structure 1016 

Perchloryl fluoride, FCIO, 1027, 1031, 1032 

Perhalates, XO,” 1001, 1002, 1013-1026 
Perhalic acids, HOXO, 1013-1025 
Periodates 1022-1026 

redox systematics 1001, 1002 
reaction schemes 1024, 1025 

structural relations 1023 
synthesis 1022, 1024 
transition metal complexes 

Periodic acids 1022-1025 
acid-base systematics 1024, 1025 

1025, 1026 
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Periodic acids—contd 
nomenclature 1022 

preparation 1024 
redox systematics 
structural relations 

Periodic reactions 
Belousov-Zhabotinskii reactions 
Bray’s reaction 1012 

Periodic table 
and atomic structure 24-27 
history of 24, 25 
and predictions of new elements 

Permanganates 1221, 1222 
Perosmate 1257, 1260 

Perovskite structure 1122 
in ternary sulfides 805 

Peroxo anions 748 
Peroxodisulfates, S,O,?" 846 
Peroxodisulfuric acid, H,S,O0, 846 
Peroxo c.:mplexes of O, 719, 720 
Peroxo compounds, fluorinated 750, 751 

Peroxochromium complexes 748, 1193 

Peroxodiphosphoric acid, HyP,O, 588 
Peroxomonophosphoric acid, H,PO, 588 
Percxomonosulfuric acid, H,SO,; 835, 846 
Peroxonitric acid, HOONO, 527 
Peroxonitrous acid, HOONO 528 

Peroxoselenous acid 916 
Peroxotellurates 916 
Perrhenates 1222 
Perruthenates 1257 
Pertechnetate ion 1222 
Perxenates, XeO,*~ 1057 
PH scale 38, 53 
“Pharaoh’s serpents” 
Phase rule 798 
Phase-transfer catalysis 109 
Phenacite 400 
Phlogiston theory 38, 698, 699, 924 

Phlogopite see Micas 
Phosgene 324 
Phospha-alkenes 635 
Phospha-alkynes 633 
Phosphate cycles in nature 549-553 
Phosphate rock 

occurence and reserves 549 
phosphorus production from 554, 600, 605 
statistics of uses 605 

1001, 1002 
1023 

1012, 1013 

32-36 

1413 

Phosphates see Chain phosphates, Cyclophos- 
phates, Orthophosphates, Superphosphates, 
Tripolyphosphates 

Phosphatic fertilizers 547, 551-553, 600, 604-606, 
771 

Phosphazenes 622-624 
Phosphides 562-564 
Phosphine, PH, 

chemical reactions 564, 565 
comparison with NH;, AsH;, SbH;, BiH, 650 
inversion frequency 565 
Lewis base activity 565-567 
molecular structure 564, 565 

preparation 564 

Index 

Phosphine, PH,—contd 
tertiary phosphine ligands °566, 567 

Phosphinic acid see Hypophosphorous acid 
Phosphinoboranes 240 
Phosphites 591, 592 

Phosphocreatine 614, 615 
Phosphonic acid see Phosphorous acid 
Phosphonitrilic chloride (NPCI,), 468 

see also Polyphosphazenes 
Phosphoramidic acid 619 
Phosphorescence 

of arsenic 645 
of phosphorus 546, 559 

Phosphoric acid, H,PO, 
autoprotolysis 597 
in colas and soft drinks 601 
hemihydrate 597-599 
industrial production 599-601 
industrial uses 600 
polyphosphoric acids in 601, 602 
proton-switch conduction in 597, 598 
self-dehydration to diphosphoric acid 595 
self-ionization 597 
structure 595 

successive replacement of H in 598, 599, 603 

587, 595, 597-602 

“thermal” process 599, 600 

trideutero 597 

“wet” process 599, 600, 605 

Phosphoric triamide 619 
Phosphorous acid, H,PO, 
Phosphorus 
abundance and distribution 548, 549 

allotropes 546, 547, 553-558 
alloys 564 
atomic properties 557-559, 642 
black allotropes 555-558, 643 
bond energies 559 
catenation 546, 559 
chemical reactivity 559, 673 
cluster anions 686 
coordination geometries 559-561 
disproportionation in aqueous solutions 
encapsulated 646 
fertilizers 547, 551-553, 600, 604 

halides 567-575 
see also individual trihalides and pentahalides 

history 546, 547 
Hittorf’s violet allotrope 555, 557 
hydrides 564-567 

see also Phosphine 
mixed halides 567 
multiple bond formation 546 
organic compounds 633-636 
oxides 577-581 

see also “Phosphorus trioxide”, “Phosphorus 
pentoxide” 

oxohalides 575, 576 

oxosulfides 582, 586 

pentaphenyl 636 
peroxide, P,O, 581 
production and uses 553, 554, 600, 605 
pseudohalides 567, 574 

588, 591 

589-591 
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Phosphorus—contd 

radioactive 3*P 558 
red, amorphous 555, 556, 559 
stereochemistry 559-561 
sulfides 581-585 

industrial uses of 585 
organic derivatives 585 
physical properties 583 
stoichiometry 581 
structures 582 
synthesis 581, 583, 584 

thiohalides 571, 575-577, 583 
triangulo-y,-P; species 684, 685 
white, «-P, 554-556, 559, 644 
ylides 635, 636 

Phosphorus oxoacids 586-619 
lower oxoacids 594-596 
nomenclature 587-589, 596 

standard reduction potentials 589, 590 

structural principles 586-589, 596 
volt-equivalent diagram 590 
see also individual acids and their salts, e.g. 

Phosphoric acid, Phosphates, etc. 

Phosphorus pentahalides 568, 571-574 
ammonolysis of PCl, with liquid NH, 624 
fluxionality of PF; 572 
industrial production of PCl, 574 
ionic and covalent forms. 571-574, 626 
mixed pentahalides 572, 573 
organo derivatives 573-575 
reactions of PCl; with NH,Cl-diphosphazenes 

623 
structural isomerism 572, 573 

“Phosphorus pentoxide”, P,O,, 
chemical reactions 580 
cyclo-phosphates, relation to 618 
hydrolysis 580, 600 

polymorphism 578, 580 
preparation 578 
structure 579 

Phosphorus tribromide 568, 570, 574 
Phosphorus trichloride 

chemical reactions 570 
hydrolysis to phosphates 
industrial production 569 
organophosphorus derivatives 

Phosphorus trifluoride 568, 569 
asa poison 1279 
similarity to CO as ligand 568 

Phosphorus triiodide 568, 570 
“Phosphorus trioxide”, P,O., 

disproportionation to P,O, 578 
hydrolysis 578 
preparation 577, 578 
structure 579 

Phosphoryl 
halides, POX, 

pseudohalides 
tographic image 1 sif 

Photographic pr 
Photosynthesis 
NADP* in 614 

5953592 

569, 570, 592 

575, 576 
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Photosynthesis—contd 

18 tracer experiments 699, 700 
as Origin of atmospheric O, 700 
see also Chlorophylls 

Phyllo-silicates 400, 406-413 
Physical constants, table of consistent values: back 

end paper 
Physical properties, periodic trends in 27-31 
Piezoelectricity 62, 396 
Pig-iron 1245 
Pitchblende 1450, 1454 
Plagioclase see Feldspars 
Plaster of Paris 133 
Platinum 

abundance 1329 
alkene and alkyne complexes 
alkyls and aryls 1356-1357 
m-allylic complexes 364, 365, 1362-1363 

anti-tumour compounds 1353 
atomic and physical properties 1331-1333 
B-elimination in alkyls and aryls 348 
black 1331 
carbonylate anions 1358, 1359 

catalytic uses 537, 538, 1331 

chalcogenides 1337 
complexes 

+6 and +S oxidation states 1339 
+4 oxidation state 1339, 1340 

+3 oxidation state 1340-1342 
+2 oxidation state 1349-1355 
zero oxidation state 1355, 1356 

with S 788, 791, 794 
with SO, 830, 831 

coordination numbers and stereochemistries 
halides 1337-1339 
optical resolution of [Pt(S;)3]?~ 791, 794 
organometallic compounds 361, 362, 1356-1363 

see also Zeise’s salt 
oxidation states 1334 

1360-1362 

1334 

oxides 1336, 1337 
production and uses 1331, 1332 
reactivity of element 1333 
sulfide, structure 803 

Platinum metals, definition 1242 

Plutonium 

“breeding” 1460 
bis(cyclooctatetraene) 378 

critical mass 1462 

discovery 1452 
extraction from irradiated nuclear fuel 

natural abundance 1454 

redox behaviour 1467-1469 

self-heating 1464 
see also Actinide elements 

Plutonium economy 1460 
P-N compounds 619-633 
Point groups 1492-1494 
Pollution, atmospheric by SO, 

see also Eutrophication, Water 

Polonium 

abundance 883 

allotropy 888 

1461, 1462 

758, 824-827, 842 
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Polonium—contd 

atomic and physical properties 889, 890 
chemical reactivity 890-896 
coordination geometries 891-893 
dioxide 912 
discovery 882 
halides 901, 902, 904, 907 
hydride, H,Po 899, 900 
hydroxide 913, 914 
nitrate 917 
oxides 911-913 
polonides 898, 899 
production and uses 886 
radioactivity 883, 886 
redox properties 891, 893 

selenate 917 
sulfate 917 
toxicity 894-896 

Polyethene (polythene) 292, 293 
Polyhalide anions 967, 968, 971-973, 977-983 

bonding 982, 983 
containing astatine 1041 
structural data 979-982 

Polyhalonium cations 967, 968, 971-973, 976-978, 

983-988 
stoichiometries 983 
structures 984 

Polyiodides 941, 978-983 
Polypeptide chains 66 
Polypeptide links 612 

Polymetaphosphoric acid 588 
Polyphosphates, factors affecting rate of degradation 

602 
see also Chain polyphosphates, Cyclo-polyphos- 

phates 
Polyphosphazenes 624 

analogy with silicones 624 
applications 632-634 
basicities 630 
bonding in 627-630 
hydrolysis 632 
melting points of (NPX,), 628 
pentameric (NPCI,); 627 
preparation 625, 626 
reactions 630-632 
structure 625-627 
tetrameric (NPCI,), 626, 627 
trimeric (NPX,); 626 

Polyphosphoric acid 587 
catalyst for petrochemical processes 601 

Polysulfanes see Sulfanes 
Polysulfates, S,03,4:7 845 
Polysulfides 

of chlorine see Sulfur chlorides 
of hydrogen — see Sulfanes 
use in Na/S batteries 802 

Polythiazyl see (SN), 
Polythionates, S,O,?~ 835, 847, 849-851 

seleno- and telluro- derivatives 850, 916 

Polythionic acids, H,S,O, 835, 849 
Polyurethane 324, 484 
Polywater 741, 742 

Index 

Porphin 140 
Porphyrin complexes of Mg 
Portland cement 

constitution of 282, 283 

manufacture of 283, 284 
see also High-alumina cement 

Potassium 
abundance 76 
compounds with oxygen 97-99 
discovery 75 
graphite intercalates 313-316 
nitrate, thermolysis of 540, 541 

orthonitrate 545 
phosphates 604 
polysulfides 805, 806 
polythionates, preparation and structure 850, 851 
production of metal 84, 85 

silyl 390, 391 
terrestrial distribution of 79 
see also Alkali metals 

Potassium chlorate, thermal decomposition to give 

O, 701 
Potassium compounds 

as fertilizers 83 
production and uses of 83, 84 

Potassium permanganate, thermal decomposition to 

see Chlorophylls 

give O, 702 
Powder metallurgy 1169, 1328 
Praseodymium 1424 

diiodide 1441 
+4 oxidation state 1435, 1438, 1444 

see also Lanthanide elements 

Praseodymium-oxygen system 
ordered defects and nonstoichiometry in 755, 756 

Principal quantum number n 26 
Promethium 1425 

see also Lanthanide elements 

Protactinium 

abundance 1454 

bis(cyclooctatetraene) 376 
discovery 1450 
redox behaviour 1467-1469 

see also Actinide elements 

Proton, hydration of 738-740, 951, 952 

see also Hydrogen, ionized forms, and pH 
Proton-switch conduction 

inH,O 730 
in H,;PO, 895 

in H,SO, 843 

Protoporphyrin IX (PIX) 1276 
Prout’s hypothesis 1042 
Prussian blue 1271 
Pseudohalogen concept 336, 342 

see also individual elements for pseudohalogen 
derivatives 

PTFE see Teflon 
Purex process 1462 
Purple of Cassius 1368 
PVC plastics, organotin stabilizers for 460 
Pyrite structure 648, 650 

see also Iron pyrites 

Pyrophosphoric acid see Diphosphoric acid 
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Pyrophosphoryl halides 576, 577, 581 
Pyrophyllite 408-410, 413 
Pyrrhotite Fe,_,S_ 761 

Quadruple metal-metal bonds 1201-1205 
Quantum numbers 26 

Quartz 393-395 
enantiomorphism 394 
uses 396 

Quaternary arsonium compounds 693 
Quaternary bismuth cations, BiR,* 697 
Quaternary phosphonium cations 560, 565, 

571-574, 635, 636 

r-Process in stars. 15 
Racah parameter see Interelectronic repulsion 

parameter 
Radial functions 1487-1489 
Radioactive decay series 1455 
Radioactive elements 

discovery - 32 
varying atomic weights of 21 

Radiocarbon dating 306 
Radium, history of 118 

see also Alkaline earth elements 
Radius ratio rules 92 
Radon 

atomic and physical properties 1045, 1046 
difluoride 1059 
discovery 1043 
fluoro complexes 1059 
see also Noble gases 

Rare earths see Lanthanide elements 
Raschig synthesis of hydrazine 490, 491 
Rayon 334, 484, 770 

Realgar see Arsenic sulfide, As,S, 
Red cake 1140 
Red lead, Pb,;O, 450, 452 
Reduction potentials see Standard reduction 

potentials 
Reinecke’s salt 1197 
Reppe synthesis 1362 
Rhenates 1222 
Rhenium 

abundance 1212 
alkyls 1234, 1239-1241 
carbidocarbonyls 355 
carbonyls 351, 1234-1238 
chalcogenides 1221 
complexes 

+7 oxidation state 1226 
+6 oxidation state 1226, 1227 
+5 oxidation state 1227, 1228 

+4 oxidation state 1228 
+3 oxidation state 1229-1231 
+2 oxidation state 1231 
lower oxidation states 1234 

compounds with metal-metal multiple bonds 
1229, 1230 

1533 

Rhenium—contd 
cyclopentadienyls 
discovery 1211 
halides and oxohalides 1222-1226 
nine-coordinate hydrido complex 

1227 
organometallic compounds 
oxides 1218-1219 
production and uses 
trioxide 1218 

structure of 1219 
Rhodium 
abundance 1290 
atomic and physical properties 
carbidocarbonyls 354, 356-359 
carbonyls 351, 354, 1323-1326 

complexes 
+4 oxidation state 
+3 oxidation state 
+2 oxidation state 
+1 oxidation state 
lower oxidation states 
with SO, 831 

coordination numbers and stereochemistries 
cyclopentadienyls 1326, 1327 
discovery 1290 
halides 1297-1299 
optical resolution of 

cis-[Rh{y?-(NH),SO,},(OH,),]~ 791 
organometallic compounds 1322-1327 
oxidation states 1295 
oxides 1296, 1297 
production and uses 1292 
reactivity of element 1294 
relationship with other 

1294-1296 
sulfides 1297 

Rhodocene 1326 
Ribonucleic acids 550 

messenger RNA 614 
ribosomal RNA 614 
transfer RNA 614 

B-D-Ribose 611 
“Ring whizzing” 1135, 1289, 1420 

RNA see Ribonucleic acids 
Rochelle salt, discovery offerroelectricityin 60, 1122 
Roussin’s salts 514, 1272 

Rubidium 
abundance 79 
compounds with oxygen 77-100 
discovery 76 
see also Alkali metals 

Rubridoxins 1275, 1279, 1280 

Russell-Saunders coupling 1090 
Rusting of iron 1250, 1251 
Ruthenates 1257 
Ruthenium 

abundance 1243 
atomic and physical properties 1247-1249 
bipyridyl complexes and solar energy conversion 

1274 
carbidocarbonyls 

372; 1239 

1217, 1226, 

1234-1241 

1213 

1292-1294 

1300 
1301-1311 
1311 
1316-1319 

1320 

1295 

transition elements 

354, 355, 1285 
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Ruthenium—contd 
carbonyl halides 1286 
carbonyl hydrides and carbonylate anions 1284 

1286 
carbonyls 351, 352, 354, 1282-1284 
chalcogenides 1256 

complexes 

+8 oxidation state 1260 
+7 oxidation state 1260 
+6 oxidation state 1261 
+5 oxidation state 1261 
+4 oxidation state 1262, 1263 
+3 oxidation state 1263, 1264, 1268 
+2 oxidation state 1268-1274 
with S 789, 790, 792 
with SO, 831 

coordination numbers and stereochemistries 1253 
discovery 1243 
halides 1257-1259 
nitrosyl complexes 1274 
organometallic compounds 1282-1287 
oxidation states 1252, 1253 
oxides 1254, 1255 
oxoanions 1257 
production and uses 1246, 1247 
reactivity of element 1250 
relationship to other transition elements 1250- 

1252 
standard reduction potentials 1251 

Ruthenium red 1268 
Ruthenocene 368, 1287 
Rutherfordium 1453 
Rutile 1112, 1119 

structure type 1120 

s-Process in stars 15 
“Saffil® fibres 275 
Salt (NaCl) 

history 921, 923 
location of deposits 78, 924, 927 
uses in chemical industry 81, 82 
world production statistics 80 

Salt cake see Sodium sulfate 
Saltpetre 469 

see also Potassium nitrate 
Samanum 1424 

magnetic properties 1442 
+2 oxidation state 1438, 1439, 1447 
see also Lanthanide elements 

“Sandwich” molecules 345, 1286 
see also Ferrocene, cyclopentadienyls of individual 

elements, Dibenzenechromium, Uranocene 
Scandium 

abundance 1103 

complexes 1108-1110 
discovery 1102, 1424 
as eka-boron 1102 
halides 1107, 1108 
organometallic compounds 1110 
oxide 1107 
production 1103 

Scandium 
salts with oxoanions 

—contd 
1107 

see also Group IIA elements 
Scheelit e 

Schdnites 
Scotch hearth process for roasting PbS 799 
Se, as ligand 894, 895 
Secondary valency 1068 

1168, 1169 
1382 

Selenates 914 

Selenic acid, H,SeO, 914 
Selenides 898, 899 

Selenites and diselenites 

Selenium 
abundance 883 
allotropy 886-888 
atomic and physical properties 889, 890 
chemical reactivity 890-895 
coordination geometries 
dioxide 911, 912 
discovery 882 
halide complexes 908 
halides 

organocompounds 
oxides 

oxoacids 913-916 

oxohalides 909, 910 

polyatomic cations, Se, *, [Te,Ses_,]? 
production and uses 

914 

891-894 

901, 902, 904-908 
hydride, H,Se 894, 899, 900 
nitride, SegN, 916 

911-913 

pseudohalides 910, 911 
redox properties 
sulfate 917 
sulfides 
toxicity 
trioxide 912, 913 

Selenocyanate ion 337, 342-344 

916 
894, 895 

891, 893 

895, 917, 918 

883, 884 

ambidentate properties 894 
Selenopolythionates 916 
Selenosulfates 916 
Selenous acid, H,SeO, 913, 914 
Semiconductors 

II-VI 288 
III-V 247, 288, 290, 639, 640 
As, Sb and Bi chalcogenides 
nonstoichiometric oxides 

Shear plane 1174 
SI prefixes, origin of front end paper 
SI units f 

conversion to non SI units 
Siderite 1 

ront end paper 

243 
Siderophite elements 760 
Silanes 

chemical reactions 

homocyclic polysilanes 
physical properties 388 
silyl halides 390, 391 
silyl potassium 390, 391 
synthesis 38) 

Silica 

fumed 

gel 397 
397 

677, 679 
756 

389-391 
421 

1495 

896-898 
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Silica—contd Z 
historical importance 379 
hydrated 398 
phase diagram 395 
polymorphism 393-396 
in transistor technology 383 
uses 396, 397 

vitreous 396 
see also Quartz, Tridymite, Cristobalite, Coesite, 

Stishovite 

Silaethenes 419 : 
Silicate minerals 399-416 

comparison with silicones 423 
Silicates 379-381, 399-416 

with chain structures (metasilicates) 403, 404 
with discrete units 400-402 
disilicates 401, 402 

with framework structures 414-416 

with layer structures 406-413 
metasilicates 403, 404 

orthosilicates 400, 401 

soluble (Na, K) 396, 398 
Silicides 386-388 

preparation 387 
structural units in 387 

Silicomanganese 1213 
Silicon 

abundance and distribution 380 
atomic properties 382, 431 
carbide 386 
chemical properties of 379, 385, 434 
coordination numbers 385 
dioxide see Silica 
double bonds to 388, 419, 420 

halides 391-393 
history 379 
hydrides see Silanes 
isolation 379, 381 

nitride 417 
organic compounds 419-426 
physical properties 382, 433, 434 
purification 381, 382 
sulfide 417 

Silicones 419, 422-426 

comparison with mineral silicates 423 
elastomers 424, 425 

oils 424 
organotin, curing agents for 460 
resins 425 
synthesis 422, 424 
uses 424, 425 

Siloxanes 422, 423 
Silylamides 417, 418 
Silver 

abundance 1365 
acetylide 1372 
alkenes and alkynes 1393 
chalcogenides 1373, 1374 
complexes 

+3 oxidation state 
+2 oxidation state 
+1 oxidation state 

1379, 1380 
1381 
1388, 1389 
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Silver—contd 
halides 1374-1376 
history 1364 
nitrate, thermolysis of 541 
organometallic compounds 1392-1394 
oxides 1373 g 
production and uses 1366 

singlet oxygen 699 
generation of 716 
reactions of 717, 718 

Skutterudite see Cobalt arsenide 
Smaltite 1291, 1329 
S-N heterocycles incorporating a thirdelement 869, 

871 
(SN), polymer - 

partially halogenated derivatives 861 
structure 860, 861 

superconducting properties of 468, 758, 854, 860, 

861 
synthesis 860, 861 

S,N, 859, 860 
polymerization to (SN), qv 
preparation 859 
structure and bonding 860 

S,N, 861, 862 
SiN, 468, 758, 855-859 

preparation 856 
reactions 858, 859, 864, 868, 871, 872 
structure and bonding 856, 857 

SN, 863 
S,;N, 861-863 
Siss,N, 861-863 
Soapstone see Talc 
Sodalite see Ultramarines 
Sodanitre see Chile saltpetre 
Sodide anion, Na” 110 
Sodium 

abundance 76 
f-alumina 

structure and properties 281, 282 

use in Na/S batteries 802 

arsenide 646, 647 

azide 471, 497, 505 
bismuthate 647 
carbonate 

hydrates of 102, 104 

production and uses of 102 
chlorate 1009 
compounds with oxygen 97-99 
diphosphates 608, 609 
discovery 75 
distribution 76, 77 

dithionite 854, 855 
hydroxide, production and uses of 81, 103 

hypophosphite 591 
nitrate, thermolysis of 540, 541 

nitroprusside 514 
nitroxylate 528 
orthonitrate 545 
phosphates 589, 599, 603-605, 607 

polysulfides 800-802, 305, 806 
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Sodium—contd 

polythionates, preparation and structure 850,851 
production of metal 84 
silicates, soluble 396, 398 

solutions in liquid ammonia 88-91, 455, 456 
sulfide batteries 801, 802 

thiosulfate, in photography 847, 1377, 137 

tripolyphosphate 609, 610 "age 
see also Alkali metals 

Sodium chloride structure 92, 273, 1146 
see also Salt 

Sodium hypochlorite 
industrial uses 1006 
Raschig synthesis of hydrazine using 490, 491 

Solar energy conversion 1274 
Solvo-acids and bases 

in anhydrous H,SO, 844 
in liquid AsCl;, SbCl, 654 
in liquid BrF, 973 
in liquid NH, 487 
in liquid N,O, 525 
in water 738 

Soro-silicates 400-402 
Solvay process 82 

byproduct Ca from 121 
Spallation 17 

Spectral sensitization of photographic emulsions 
1377 

Spectrochemical series 1096 
Spectroscopic terms 1090 
Sphalerite (Zinc blende) 761, 1396 

structure of 803, 1405 

Spiegeleisen 1213, 1245 
Spin crossover see Spin equilibria 
Spin equilibria 1094 

in Fe" compounds 1272 
in Fe"' compounds 1267 
in Mn" compounds 1239 

Spinel 119 
Spinel structure 

in Co;0, 1297 
defect structure of y-Al,O, 274 
in FeO, (inverse) 1254 
in ferrites and garnets 1256 
in Mn,0, 1219 
normal and inverse 279-281, 1254 
in ternary sulfides 805 
valence disordered types 280 

Spin-forbidden bands 
in compounds of Fe!!! 1265 
in compounds of Mn" 1232 
in compounds of Ni! 1345 

Spin multiplicity 1091 
Spin-orbit coupling 

in actinide ions 1476 
in d* ions 1262 
in lanthanide ions 1441 
in transition element ions 1094 

Spin quantum number m, 26, 1090 
Spin selection rule 1092 

see also Spin-forbidden bands 
Spodumene 76, 403 

Index 

Square antiprismatic complexes 1075 
Square planar complexes 1070, 1088 
Square pyramidal complexes 1071 
Stability constants of coordination compounds 

factors affecting 1064-1068 
overall 1064 
stepwise 1064 

Staging see Graphite intercalation compounds 
Standard reduction potentials 497-502 
IUPAC sign convention 499 
see also individual elements 

Stannates 447 
Starch/iodine reaction 921, 1012 
Stars 

spectral classification of 4ff 
temperatures of  Sff 

Steel 1244-1249 
Stellar evolution 4ff 

Stereochemical non-rigidity (fluxional behaviour) 
Al(BH,)3, {Al(BH4),H,}, 258, 260 
allyl complexes 365 
Berry pseudorotation mechanism 547, 572 
5-coordinate compounds 1071 
8-coordinate compounds 1158 
Fe(CO), 1071, 1282 
iron cyclopentadienyl complexes 1287 
PR 72 
SF, 809 
titanium cyclopentadienyl 1135 

Stibine 650 
Stibinidene complexes 694, 695 
Stibnite see Antimony sulfide, Sb,S, 
Stishovite 394, 395 
Strength of oxoacids, Pauling’s rules 54 
Strontium 

history 118 
organometallic compounds 153 
polysulfides 806 
see also Alkaline earth metals 

styx numbers see Boranes, topology 
Sulfamic acid, H[H,NSO,] 468, 876, 877 
Sulfamide (H,N),SO, 877, 878 
Sulfanes 806-808 

nonexistence of SH, and SH, 810 
physical properties 808 
preparation 807 

synthesis of polythionic acids from 849 
see also Hydrogen sulfide 

Sulfate ion as ligand (n', 77, u) 845 
Sulfates 844, 845 

see also individual elements 
Sulfide minerals 

geochemical classification 760 
names and formulae 761 

Sulfides 

anionic polysulfides 802, 805, 806 
applications and uses 800-802 
electrical properties 805 
hydrolysis 800, 803, 806 
industrial production 800 
magnetic properties 805 
preparation (laboratory) 800 
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Sulfides—contd 
roasting in air 798-800 
solubility in water 800, 802, 803 

S,’~ structures 805, 806 
structural chemistry 803-805 
see also individual elements 

Sulfinates 832 
Sulfites, SO,*~ 835, 852, 853 

in paper manufacture 771 
protonation to HSO, = 852 

Sulfoxylates, MS(O)OR 832 

Sulfur 
abundance 759 
allotropes 758, 769-781 

see also individual allotropes, e.g. Cyclo-S,, 
Catena-S,,, etc. 

atomic properties 781 
atomic S_ 783 
atomic weight, variability of 21, 781, 782 

in biological complexes 787 
bromides S,Br, 816, 817 

catenation 769, 774ff, 805-808, 815, 816, 849-851 
chemical reactivity 782-785 
chiral helices 780 
chlorides 815-817, 849 

industrial applications of SCl, and S,Cl, 815 
preparation 815, 816 
properties of S,Cl, 815-816 
[SCl,]* 816, 819 
SCI,I 819 

chlorofluorides 751, 811-814 

conformations (c, dt, It) 774, 778, 779, 786 
conversion to SO,/SO, for H,SO, see Sulfuric 

acid 
coordination geometries 784 
Crystex 779 
dihedral angles in S, 771, 772,774 
fibrons (W, ¢) 779, 780 

fluorides 808-814 
chemical reactions 810-814 
fluxionality of SF, 809 
isomeric S,F, 809 
physical properties 810, 813 
stoichiometries 809 
structures 808-810 
synthesis 810-813 

gaseous species 781 
halides 808-819 

see also individual halides 
hexafluoride 810, 813 

applications as a dielectric gas 813 
reaction with SO, 821 

history 757, 758 
iodides 817-819 

bond energy relations in 817 
SCl,I- 819 
[S,1,]** 818, 819 
[S,I]* 817 

[Sils]°* 818 
A point 780 
as ligands 828-832 
ligand properties of chelating -S,- 786, 791, 794 

Sulfur—contd 
ligand properties of S atom 786-788 
ligand properties of S,2~ 786-790, 792, 793 
liquid 772, 780 
monoxide 824 
nitrides 855-863 
organic thio ligands 795 
origin in caprock of salt domes 759 
oxidation states 785 
oxidation state diagram of species 836 
oxides 821-834 

higher, SO,,,, SO, 833, 834 
lower dioxides S,O, 821-824 
lower oxides S,O 821-824 
see also Sulfur dioxide, Sulfur trioxide 

oxoacids 834-854 
schematic classification 837 
table of 835 
thermodynamic interrelations 836 
see also individual oxoacids and oxoacid anions 

oxofluorides 814 
see also Thiony] fluorides, Sulfuryl fluorides 

peroxofluorides 814 
plastic (y) 779 
polyatomic cations 785, 786 
polymeric (u) 779 
production 761-769 

Frasch process 761-763 
from pyrite 768 
from sour gas and crude oil 762, 768 
statistics 762, 768 

radioactive isotopes 782 
reserves 769 
thombohedral see Cyclo-a-S, 
rubbery S 779 
S-S bonds 769, 771, 772, 782, 787, 805-808, 

849-851 
S, 774, 775, 781 
Syados7 8 
S, 781 
S,?* see polyatomic cations 
S, see Cyclo-Sg 
S,’* see polyatomic cations 
S, see Cyclo-S, 

S,9?* see polyatomic cations 
SN compounds 811, 854-881 

see also S4N4, S,N>, (SN),, S-N-X compounds, 
Sulfur imides, S-N-O compounds, Sulfur- 
nitrogen anions, Sulfur-nitrogen cations 

singlet state S, 781 
standard reduction potentials of S species 834, 

836 
terrestrial distribution 759 
triplet state S, 781 
uses 769, 770 

uses of radioactive 2°S 782, 847 
volt-equivalent diagram of S species 836 
see also Chalcogenides 

Sulfur chloride pentafluoride SF;Cl 
photolytic reduction to S,F,,) 812 
reaction with O, 751 
synthetically useful reactions of 813, 814 
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Sulfur dioxide 824-828 
atmospheric pollution by 758, 824-827, 842 
chemical reactions 824 
clathrate hydrate 827 
industrial production 824, 838 
insertion into M-C bonds _ 831, 832 
as ligand 829-832 
molecular and physical properties 824, 827, 912 
in M-S-O phase diagrams 799 
solvent for chemical reactions 783, 828 

toxicity 824 
uses 824 
see also Wackenroder’s solution, Sulfuric acid 

production 

Sulfur imides, S,_,(NH),, 868-870 
Sulfur-nitrogen anions, S,N, 866-868 
Sulfur-nitrogen cations, S,N,* 864-866 
Sulfur-nitrogen-halogen compounds 869-875 

cyclo-(NSF),, 872, 873 
N,;S3;Cl, 873 
N3S3X3;0, 873 
S4N,Cl and S,N,Cl, 874 
thiazyl halides NSX 870-872 

Sulfur-nitrogen-oxygen compounds 875 

amides of H,SO, 876 
se2 also Sulfamic acid, Sulfamide 

hydrazine derivatives of H,SO, 879 
hydroxylamine derivatives of H,SO, 879-881 
imido and nitrido derivatives of H,SO, 878, 879 
sulfur-nitrogen oxides 875, 876 

Sulfur trioxide 
chemical reactions 832, 833 

molecular and physical properties 832, 833 
monomeric 832, 833 

polymeric 832, 833 
polymorphism 832, 833 
preparation by catalytic oxidation of SO, 824, 

838 
reaction with F, 751 
reaction with SF, 821 
trimeric 832, 833 

see also Sulfuric acid production 
Sulfuric acid 834-845 

amides of 876-878 
autoprotolysis in anhydrous 843 
contact process 758, 838-842 
D,SO, — 837, 843 
history 758, 838 

hydrates 842 
hydrazine derivatives of 879 
hydroxylamine derivatives of 879-881 
imido derivatives of 878, 879 

ionic dissociation equilibria in anhydrous 843, 
844 

lead chamber process 758, 838 
nitrido derivatives of 878, 879 

physical properties 837 
physical properties of D,SO, 837 
production from sulfide ores 838 
production from sulfur 769-771, 838 
production statistics 467, 838, 841, 842 

solvent system 844 

Sulfuric acid—contd 
uses 842 

Sulfurous acid, H,SO3; 771, 827, 835, 850, 851 
Sulfuryl chloride 820, 821 
Sulfuryl fluoride 814, 820, 821 

mixed fluoride halides 

Super acids 
HF/SO,/SbF, 664, 66 
HSO,;F/SbF, 664 

821 

5 

Superconductivity of metal sulfides 805 
Superheavy elements 34, 1453 
Supernucleophiles 1322 
Superoxo complexes of O 
Superphosphate fertilizer 

pt. 71955720; 130/77, 
547, 605, 606 

Symmetry elements 1492-1494 
Symmetry operations 1492-1494 
Synergic bonding 

in alkene complexes 3 60 
in CO and CN” complexes 349, 351 

in cobalt cyanides 1302 
Synthesis gas 1284 

Talc 119, 408, 411, 413 

Tanabe-Sugano diagrams 
for d? ions. 1162 
for d? ions 1198 
for d® ions 1273, 1309 
for d® ions 1345 
for Mn" = 1233 

Tantalates 1150 

Tantalite 1139 

Tantalum 

abundance 1139 

alkyls and aryls 1163 
carbene complex 348 
carbonylate anions 1164 
chalcogenides 1151 
complexes 

+5 oxidation state 
+4 oxidation state 

1157-1158 
1158-1159 

compounds with oxoanions 1156, 1157 
cyclopentadienyls 1165-1166 
discovery 1138 
halides and oxohalides 

organometallic compounds 
oxides 1145, 1146 

production and uses 1 

HIS2=U1S7 

140 
see also Group VA elements 

Technetates 1222 

Technetium 

abundance 1212 

carbonyls 351, 1234-1237 
chalcogenides 1221 
complexes 

+7 oxidation state 

+6 oxidation state 

+5 oxidation state 

+4 oxidation state 

+3 oxidation state 
+2 oxidation state 

1226 
1226, 1227 
1228 
1228 
1229-1231 
1231 

lower oxidation states 1234 

353, 1163-1166 



Index 

Technetium—contd 

cyclopentadienyls 
discovery 1211 
halides and oxohalides 
organometallic compounds 
oxides 1218 

production and uses 1213 
see also Group VIIA elements 

Tectites 394 
Tecto-silicates 400, 414-416 
Teflon (PTFE) 323, 923 
Tellurates 915, 916 
Telluric acid, Te(OH), 
Tellurides 898, 899 
Tellurites 914 
Tellurium 

abundance 883 
allotropy 887, 888 

1239 

1222-1226 
1234-1239 

915 

atomic and physical properties 889, 890 
chemical reactivity 890—895 
coordination geometries 891-894 
dioxide 911, 912 

discovery 882 

halide complexes 
halides 901-908 
hydride, H,Te 894, 899, 900 

nitrate 917 
nitride, Te,;N, 916 
organo compounds 
oxides 911-913 
oxoacids 913-916 
oxohalides 910 
polyatomic cations 

Te,"* 896-898 
[Te,Se,_,]7* 898 

production and uses 883, 884 
redox properties 891-893 
sulfide, TeS, 916 
toxicity 894, 895 
trioxide 912, 913 

Tellurocyanate ion, TeCN” 911 
Telluropolythionates 916 
Tellurous acid 913, 914 
Terbium 1424 

+4 oxidation state 1435, 1438 

see also Lanthanide elements 
Tetracyanoethylene complexes, bonding in 361 
Tetrafluoroethylene complexes, bonding in 361 
Tetrafluoronitronium cation NF,* 503 
Tetrahalogenophosphonium cations PX, * 
Tetrahedral complexes 1070, 1087 

Tetrahydroborates 188, 189 
of Al 258, 260 
of Ga 261 
use in synthesis 189-191 

Tetrametaphosphimate conformers 632 
Tetrathionates, S,O,*~, preparation and structure 

850, 851 

908 

ST 7_-919 

572-574 

Thallium 

abundance 245 
chalcogenides 285-287 
III-V compounds 288-290 

Thallium—contd 
discovery 244 

halide complexes 
lower halides 272 
monohalides 272, 273 

organometallic compounds 
oxides 278 
production 250 
similarity of TI! to alkali metals 
trihalides 269 
triiodide TI'[I,]~ 269, 270 
see also Group III elements 

Thiazyl halides NSX 870-872 
Thioarsenites 677 
Thiocarbonyl (CS) complexes 

Thiocyanates 337, 342 

as ambidentate ligands 
Thioethers as ligands 795 
Thionitrosyl (NS) complexes 

Thionyl bromide 820 

270 

293, 294 

255 

335, 336 

520, 521 

Thionyl chloride 819, 820 
relation to SO, and Me,SO as 

solvents 820 
Thionyl fluoride 814, 819, 820 

mixed fluoride chloride 820 
Thiophosphoryl 

halides, PSX, 573, 576 
pseudohalides 575 

Thioselenates 916 
Thiosulfates, S,O,7~ 

as ligands 847, 848 
redox reactions in analysis 
structure 847, 848 

use in photography 847, 1377, 1378 
Thiosulfuric acid, H,S,0, 835, 846 

isomeric H,S.SO, 846 

835, 847, 848 

847, 848 

redox interconversions in water 846 
Thio-urea 334 
Thiovanadyl ion 1151 
Thixotropy 411, 1128 
Thorium 

abundance 1454 

bis(cyclooctatetraene) 376 
production and uses 1455, 1456 
radioactive decay series 1455 
redox behaviour 1467-1469 

use as a nuclear fuel 1459, 1460 

see also Actinide elements 

Thortveitite 401 

Three-centre bonds 
in Al trialkyls and triaryls 
in beryllium alkyls 142 
BHB bond 70, 171 ff 

BBB bond _180ff 
in magnesium alkyls 142 

Thulium 1424 

see also Lanthanide elements 

Thymine 612-614 
Thyroxine 925, 926 

289 

Tin 

abundance 428 

allotropes 434 

1539 

342-345, 1063, 1081 

ionizing 
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Tin—contd 
alloys 430 
in antiquity 427, 428 
atomic properties 431, 433 
bis(cyclopentadienyl) 462 
chalcogenides 453 
chemical reactivity and group trends 
cluster anions 435, 455, 456 

cluster complexes 446, 458 

compounds, use of 448, 460 
dibromide 442 
dichloride 441, 442 

difluoride 440 
dihalides 437, 439-443 
diiodide 443 
dioxide 447, 448, 451, 452, 460 
halogeno complexes 440-444, 461 
hydrides 437 
hydroxo species 446, 458 
isolation and purification 429 
metal-metal bonded compounds 

464 
monomeric Sn(OAr), 454 
monoxide 440, 445, 446, 451, 452 

nitrates 451 
organometallic compounds 

oligomerization 461 
production statistics 
toxic action 460 
uses of 460, 461 

oxoacid salts 451, 452 

physical properties 433, 434 
production statistics 428, 429 
pseudohalogen derivatives 453 
sulfide 428 
tetrahalides 437, 443, 444, 448 

uses 430, 448 

Titanates 1121-1123 
ferroelectric properties 

Titanium 
abundance 1112 
alkoxides 1127 
alkyls and aryls 
alum 1131 
bronzes 1123 
carbonyls 1135 
complexes 

+4 oxidation state 
+3 oxidation state 
lower oxidation states 
with S 791, 794 

compounds with oxoanions 1125 
cyclooctatetraene complex 377 
cyclopentadienyls 1135-1137 

dioxide 1118 
discovery 1111 
estimation using H,O, 
halides. 1123-1125 
mixed metal oxides (titanates) 1121-1123 
nonstoichiometric oxide phases 754, 1119 

organometallic compounds 1133-1137 
production and uses 1112-1113 

434, 435 

454-458, 461- 

459-463 

460 

1122 

1135 

1126-1130 
1130-1133 

1133-1137 

1128 

Index 

Titanium—contd 
“sponge” 1113 
sulfides 1121 
see also Group IVA elements 

“Titanocene” 1135-1137 
Tolman’s cone angle 566, 567 

Tooth enamel 551 

Toothpastes, calcium compounds in 605 
“Tops and bottoms” process 1330 

Trans-effect 1352, 1353 

in [OsNCI,]?~ 1260 
in Pt" complexes 1352, 1353 
in Rh!" ammines _ 1310 

Trans-influence 1353, 1354 

in [OsNCI,]?~ 1260 
in Pt'' complexes 1353 

Transferrin 1281 

Transistor action 383, 384 
chemistry of manufacture 383 
discovery 383 

Transition element ions 
colours 1089-1096 
coordination chemistry 1060-1101 
electronic absorption spectra 1089-1096 
hydration energies of bivalent ions 1097 
magnetic properties 1098, 1099 
spectroscopic ground terms 1090, 1093 
see also individual elements 

Transition elements 

definition of 1060 
characteristic properties 1060 
see also Transition element ions and individual 

elements 

Transuranium elements 

discovery of 25, 34, 1452 

extraction from reactor wastes 

see also Actinide elements 

Tricalcium aluminate, Ca,Al,O,, structure 282, 283 

see also Portland cement 

Tricalcium phosphate [Ca,(PO,),0H] 604 

1463 

Tri-capped trigonal prismatic complexes 1076 

Tridymite 394, 395 
Trigonal bipyramidal complexes 1071 
Trigonal prismatic complexes 1073 
Triperiodic acid see Periodic acids 

Triphosphoric acid H;P;0,) 587 
“Triple-decker” complexes 1326, 1360 

Tris(dimethylamino)phosphine 620 
Trithiocarbonates 334 

Trithionates, S,0,?~, preparation and_ structure 
850, 851 

Tritium 
atomic properties 40 
discovery 38 

physical properties 41 
preparation of tritiated compounds 49, 50 
radioactivity of 49 
synthesis 48 
uses asa tracer 49 

Tropylium (cycloheptatrienyl) 375 
Tungstates 1175-1185 
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Tungsten 

abundance 1167 
benzene tricarbonyl 374 
bronzes 1185 

carbonyls 351, 352, 1208-1209 

carbyne complexes 353 
chalcogenides 1187 
complexes 

+6 oxidation state 1191-1193 
+5 oxidation state 1193, 1194 

+4 oxidation state 1194-1196 
+3 oxidation state 1196 
+2 oxidation state 1200 
with S791 

cyclopentadienyl derivatives 1209 
discovery 1167 

halides and oxohalides 1187-1191 
hexacarbonyl 351, 352, 1208 
heteropolyacids and salts 1184, 1185 
isopolyacids and salts 1175-1183 
nonstoichiometric oxides 1174 
organometallic compounds 

1210 
oxides 1171-1175 
production and uses 1169 
see also Group VIA elements 

Tungstic acid 1177 
Turnbull’s blue 1271 
Tutton salts 

of copper 1382 
of vanadium 1156 

Type metal 637, 639 
Tyrian purple 921, 922, 924, 925 

353, 374, 375, 1207- 

u (ungerade), definition of 369 
Ultramarines 414, 416 

Units 

conversion factors 1495 

non-SI_ 1495 

SI, definitions front end paper 
SI, derived front end paper 

Universe 
expansion of 2, 5 
origin of 1,2 

Uranium 
abundance 1454 
bis (cyclooctatetraene) 376 
isotopic enrichment — 1460 
production 1456 
radioactive decay series 1455 
redox behaviour 1467-1469 
variable atomic weight of 21 
see also Actinide elements 

Uranium hexafluoride 1460, 1473-1475 

Uranium oxides, nonstoichiometry in 754 

“Uranocene” 1486 
Uranyl ion 1467, 1471, 1478, 1479 

Urea 324, 331, 342, 484 
hydrazine production from 491 
phosphate 604 
Wohler’s synthesis 468 
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Uridine triphosphate, UTP 614, 615 

Valence, periodic trends in 31 

Valence bond theory of transition metal com- 
plexes 1082-1084 

Valinomycin 108 
Vanadates 1144, 1146-1150 
Vanadium 

abundance 1139 
accumulation in blood of invertebrates 
alkyls and aryls 1163 
bronzes 1150 
carbonyl 351, 1164 
chalcogenides 1151 
complexes 

+5 oxidation state 
+4 oxidation state 
+3 oxidation state 1160-1163 
+2 oxidation state 1163 

compounds with oxoanions 
cyclopentadienyls 371, 1165 
discovery 1138 
dithiolene complexes 
halides and oxohalides 
hexacarbonyl 351, 1164 
isopolyacids and salts 1146-1150 
nonstoichiometric oxides 1145 
organometallic compounds 351, 371, 375, 376, 

1163-1165 
oxides 1144-1146 
production and uses 1140 
see also Group VA elements 

Vanadocene 1165 
Vanadyl compounds 1144, 1159, 1160 
Van Arkel-de Boer process 1113 
Vaska’s compound 718, 720, 1318-1320 

Venus, atmosphere of 757, 758 

Vermiculite 407, 413 

Viscose rayon 334 
Vitamin B,, 1321, 1322, 1422 
Volt equivalent 

definition 499 
diagrams 449-502 
see also individual elements for volt equivalent 

diagrams ; 
Vortmann’s sulfate 1307 
Vulcanization of rubber 758 

1139 

1157, 1158 
1158-1160 

1156, 1157 

796, 797 
1152-1157 

Wackenroder’s solution 849, 850, 853 
Wacker process 1361 
Wade’s rules 184, 185, 204, 646, 688, 689 
Water 

acid-base behaviour 
aquo complexes 733 
autoprotolysis constant 51 
chemical properties 735 
clathrate hydrates 734, 735 

distribution and availability 726-729 
H bonding in 57-59 
heavy (D,O) 730 
history 726 

51, 738 
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Water-~—contd 
hydrates 733-735 
hydrolysis reactions 735 
ice, polymorphism of 731, 732 
ionic product of 52 
Karl Fischer reagent for 736 
lattice water 734 
physical properties 
pollution of 728 
polywater 741, 742 
purification and recycling 728, 729 
self ionic dissociation of 51 
tritiated (T,0) 730 
zeolitic water 734 

Water-gas shift reaction 330, 1284 
in Haber-Bosch NH; synthesis 483 

Water supplies, treatment of 134 
White arsenic see Arsenic oxide, As,O, 
“White gold” 1328 
“White lead” 453, 1404 
Wilkinson’s catalyst 1316-1318 
Wilson’s disease 1392 
Wittig reaction 547, 548, 635 

with arsenic ylides 693 
Wolffram’s red salt 1340 
Wolfram 1167 

see also Tungsten 
Wolframite 1168, 1169 
Wrought-iron 1246 
Wurtzite structure (ZnS) 

729-732, 900 

803, 1405 

x-Process in stars 16 
X-ray absorption spectroscopy 1206 
Xanthates 334, 758 

y-S, from Cu! ethyl xanthate 773 
as ligands 795 

XeF, 1048-1050 
bonding: 1053, 1054 
bonding compared with H bond 70 

XeF, 1048-1051 
XeF, 1048, 1049, 1051, 1052, 1056, 1057 
Xenate ion, HXeO, ~=—-1057 

Xenon 
atomic and physical properties 
carbon bonds 1058, 1059 

chemical reactivity discovered 1047 
chloride 1054 
clathrates 1047, 1048 

discovery 1043 
fluorides 1048-1059 
fluorocomplexes 1054, 1055, 1058 

fluorosulfate 1055, 1056 
nitrogen bonds 1058 
oxidation states 1048 
oxides 1048-1051 
oxoanions (xenate, perxenate) 1057 

oxofluorides 1056 
perchlorate 1055 
stereochemistry 1048, 1049 
trifluoromethyl compounds 1059 

Xerography 885 
Xerox process (xerography) 885 

1045, 1046 

Index 

“Yellow cake” 1456 

Ylides 635 

arsonium 693 

Ytterbium 1424 
+2 oxidation state 1438, 1439, 1447 

see also Lanthanide elements 

Yttrium 
abundance 1103 
complexes 1108-1110 
discovery 1102, 1424 
halides 1107-1108 : 
organometallic compounds 1110 
oxide 1107 
oxo salts 1107 

production and uses 1103, 1104 
see also Group IJJA elements, Lanthanide elements 

Zeise’s salt 357, 359, 1356, 1361 
Zeolite 414-416 
Ziegler-Natta catalysis 
Zinc 

abundance 1396 
alkyls and aryls 1416, 1417 
biochemistry 1420, 1421 
chalcogenides 1403, 1405, 1406 

coordination chemistry 1411-1413 
ferrites 1404 
halides 1406-1408 
history 1395 
organometallic compounds 1416, 1417 

+2 oxidation state 1411-1413 
oxides 1397, 1403, 1404 

nonstoichiometry in 754, 1403 
production and uses 1396-1398 
see also Group IIB elements 

Zinc blende (sphalerite) 1396 
structure 803, 1405 

Zircon 400, 1112 

Zirconates 1123 
Zirconium dioxide 275, 1112, 1121 

“Saffil” fibres 275, 276 
Zirconium 

abundance 1112 

alkyls and aryls 1135 

292, 293, 1134 

borohydride 189, 1130 
carbonyls 1135 
complexes 

+4 oxidation state 1126-1130 

+3 oxidation state 1130 
lower oxidation states 1130 

compounds with oxoanions 1125, 1126 

cyclopentadienyls 1135-1137 
dioxide (baddeleyite) 275, 1112, 1121 
discovery 1111 
disulfide 1121 
halides 1123 1125 
in nuclear reactors 1113, 1461 

organometallic compounds 1135-1137 
production and uses 1113 
tetrahydroborate 189, 1130 



Recommended Consistent Values of Some Fundamental Physical Constants 

(The numbers in parentheses are the standard deviation in the last digits of the 

quoted value.) 

Quantity Symbol Value Uncertainty 

(ppm) 

Permeability of vacuum Uo 4nx10°-7 Hm“! 
= 12.566 370 6144x107 Hm“! 

Speed of light in vacuum = c 2.997 924 58(1.2) x 108 ms! 0.004 
Permittivity of vacuum wane 8.854 187 82(7)x 10°12 Fm“! 0.008 
Elementary charge e 1.602 189 2(46)x 1071? C 2.9 
Planck constant h 6.626 176(36) x 10° °4 J Hz! 5.4 

h=h/2n 1.054 588 7(57)x 10-34 Js 5.4 

Avogadro constant Na 6.022 045(31) x 1073 mol! 5.1 
Atomic mass unit lu=(10°-*kg 1.660 565 5(86) x 10°?’ kg Sul 

mol~*)/N4 
Electron rest mass m, 0.910 953 4(47) x 107 3° kg 5.1 

0.511 003 4(14) MeV 2.8 

Proton rest mass m, 1.672 648 5(86) x 10-2” kg Sell 
935.279 6(26) MeV 2.8 

Neutron rest mass m, 1.674 954 3(86) x 10 2’ kg 5.1 
939.573 1(26) MeV 2.8 

Ratio, proton mass to m,/m, 1836.151 52(70) 0.38 
electron mass 

Faraday constant F=N,e 9.648 456(27) x 10* C mol“! 2.8 
Rydberg constant Re 1.097 373 177(83) x 10’m~? 0.075 
Bohr radius ay =a/40R,, 0.529 177 06(44) x 10719 m 0.82 

Electron g factor 49. =L./ Llp 1.001 159 656 7(35) 0.0035 
Bohr magneton Hp =eh/2m, 9.274 078(36) x 107243 T~! 3.9 
Nuclear magneton Ly =eh/2m, 5.050 824(20) x 10°27 JT? 3.9 
Electron magnetic moment p, 9.284 832(36)x 10°74 JT} 3.9 
Proton magnetic moment 4, 1.410 617 1(55)x 10° 2° JT"? 3.9 
Proton magnetic moment 1,/4g 1.521 032 209(16) x 1073 0.011 

in Bohr magnetons 
Ratio, electron to proton = p.,/, 658.210 688 0(66) 0.010 

magnetic moments 
Proton gyromagnetic ratio y, NETS AIS aS) xlOns + dee 2.8 
Molar gas constant R 8.314 41(26) J mol”! K7! 31 
Molar volume, ideal gas Ve—RiTo/ Do 0.022 413 83(70) m? mol“! 31 

(T>=273.15 K, pp=1 atm) 
Boltzmann constant k=R/N, 1.380 662(44) x 10°27 JK 32 
Gravitational constant G 6.6720(41) x 10°11 N m2 kg? 615 

Greek Alphabet 

a A Alpha 4) He yEta v N Nu Tete liaeeau: 
B B_ Beta @ © Theta Eh ex v  Y Upsilon 
y YT Gamma Veer lial ota’ o O Omicron g@ @® Phi 
6 A Delta k K_ Kappa THM PL x sae Chi 
e E_ Epsilon A A Lambda purePmeRho y WY Psi 
CT SZ eeta wu M Mu oc 2 Sigma @ Q Omega 
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Atomic Weights of the Elements 1981 

(Scaled to the relative atomic mass A,(!7C)=12) 

The atomic weights of many elements are not invariant but depend on the origin and treatment of the material. 
The footnotes to this table elaborate the types of variation to be expected for individual elements. The values of 
A,(E) given here apply to elements as they exist naturally on earth and to certain artificial elements. When used 
with due regard to the footnotes they are considered reliable to +1 in the last digit, unless otherwise noted. 
Values in parentheses are used for radioactive elements whose atomic weights cannot be quoted precisely 
without knowledge of the origin of the elements; the value given is the atomic mass number of the isotope of that 
element of longest known half-life. 

Atomic Atomic 
Name Symbol weight Footnotes Name Symbol weight Footnotes 

Actinium Ac 227.0278 i Molybdenum Mo 95.94 g 

Aluminium Al 26.981 54 Neodymium Nd 144.24+3 g 

Americium Am (243) Neon Ne 20.179 gm 

Antimony Sb 121.7543 Neptunium Np 237.0482 L 
Argon Ar 39.948 - Nickel Ni 58.69 
Arsenic As 74.9216 Niobium Nb 92.9064 
Astatine At (210) Nitrogen N 14.0067 

Barium Ba 137.33 g Nobelium No (259) 

Berkelium Bk (247) Osmium Os 190.2 g 

Beryllium Be 9.012 18 Oxygen oO 15.9994 +3 2 2 
Bismuth - Bi 208.9804 Palladium Pd 106.42 g 
Boron B 10.81 mr Phosphorus P 30.973 76 
Bromine Br 79.904 Platinum Pt 195.08 +3 

Cadmium Cd 112.41 g Plutonium Pu (244) 

Caesium Cs 132.9054 Polonium Po (209) 

Calcium Ca 40.08 g Potassium K 39.0983 
Californium Cf (251) Praseodymium Pr 140.9077 

Carbon Cc 12.011 r Promethium Pm (145) 

Cerium Ce 140.12 g Protactinium Pa 231.0359 L 
Chlorine Cl 35.453 Radium Ra 226.0254 g if 
Chromium Cr 51.996 Radon Rn (222) 

Cobalt Co $8.9332 Rhenium Re 186.207 
Copper Cu 63.546 +3 r Rhodium Rh 102.9055 
Curium Cm (247) Rubidium Rb 85.4678 +3 g 

Dysprosium Dy 162.50+3 Ruthenium Ru 101.07+3 g 

Einsteinium Es (252) Samarium Sm 150.3643 g 

Erbium Er 167.26+3 Scandium Sc 44.9559 

Europium Eu 151.96 g Selenium Se 78.96+3 
Fermium Fm (257) Silicon Si 28.0855+3 

Fluorine F 18.998 403 Silver Ag 107.8682 +3 g 
Francium Fr (223) Sodium Na 22.989 77 
Gadolinium Gd 1572543 g Strontium Sr 87.62 g 
Gallium Ga 69.72 Sulfur S 32.06 ig 
Germanium Ge 72.59 +3 Tantalum Ta 180.9479 

Gold Au 196.9665 Technetium Fe (98) 

Hafnium Hf 178.49 +3 Tellurium Te 127.6043 g 

Helium He 4.002 60 g Terbium Tb 158.9254 

Holmium Ho 164.9304 Thallium Tl 204.383 
Hydrogen H 1.00794+7 gmr Thorium Th 232.0381 g L 

Indium In 114.82 g Thulium Tm 168.9342 

Iodine i 126.9045 Tin Sn 118.69+3 
Iridium Ir 192.22 +3 Titanium Ti 47.88+3 
Iron Fe 55.847 +3 Tungsten W 183.85+3 

Krypton Kr 83.80 gm (Unnilhexium ) (Unh) (263) 

Lanthanum La 138.9055+3 g (Unnilpentium) (Unp) (262) 

Lawrencium Lr (260) (Unnilquadium) (Unq) (261) 

Lead Pb 207.2 r Uranium U 238.0289 gm 

Lithium Li 6.941 +3 gmr Vanadium Vv 50.9415 

Lutetium Lu 174.967 Xenon Xe 131.29+3 gm 

Magnesium Mg 24.305 g Ytterbium Yb 173.0443 

Manganese Mn 54.9380 Yttrium Y 88.9059 
Mendelevium Md (258) Zinc Zn 65.38 

Mercury Hg 200.59 +3 Zirconium Zr 91.22 g 

g geologically exceptional specimens are known in which the element has an isotopic composition outside the limits for normal material. The 
difference between the atomic weight of the element in such specimens and that given in the table may exceed considerably the implied 

uncertainty. 
m_ modified isotopic compositions may be found in commercially available material because it has been subjected to an undisclosed or inadvertant 

isotopic separation. Substantial deviations in atomic weight of the element from that given in the table can occur. 
r range in isotopic composition of normal terrestrial material prevents a more precise atomic weight being given; ihe tabulated A,(E) value should 

be applicable to any normal material. 

L_ Longest half-life isotope mass is chosen for the tabulated A,(E) value. 
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