
A
 

Bt 

oy) 

Seay 

bal 

he . 

fy
et
e 

n
r
 

0 ae 

: 

i 

oN 

; 

33 

ni 

P
r
i
e
t
a
 

: 
rry

eit
ane

n 
fo}

 
T
o
D
 

nS
 

eo
dn
in
ns
 

N
s
 

er
 

SWS Aired Pa 

Ma
re
e 

oA
 

Ph
a 

N
G
 

La
s 

erear 
Ne
e 

+t
 

ie
tr
en
vr
 

he
n)
 

pa
ta
as
bi
at
s C
O
U
T
 

wars
 

Dar
len

e 
ag
e,
 

ni
ge
r 

ig
en
 

ie 
sa
te
 

me MS 

ena 
sa 

ath 
Nisiniyns® 



UNIVERSITY OF Tint ACS) A Terry Fist b, 
a t t i wA Ke, i a 4 f 2Y 

Digitized by the Internet Archive 

in 2022 with funding from 

Kahle/Austin Foundation 

https://archive.org/details/structuralinorga0000well 







Structural Inorganic Chemistry 





Structural 
Inorganic 
Chemistry 

J 
Aree W le eS 

FOURTH EDITION 

CLARENDON PRESS - OXFORD 

1975 



Oxford University Press, Ely House, London W.1 

GLASGOW NEW YORK TORONTO MELBOURNE WELLINGTON 

CAPE TOWN IBADAN NAIROBI DAR ES SALAAM LUSAKA ADDIS ABABA 

DELHI BOMBAY CALCUTTA MADRAS KARACHI LAHORE DACCA 

KUALA LUMPUR SINGAPORE HONG KONG TOKYO 

ISBN 0 19 855354 4 

© OXFORD UNIVERSITY PRESS 1975 

All rights reserved. No part of this publication may be reproduced, 
stored in a retrieval system, or transmitted, in any form or by any means, 
electronic, mechanical, photocopying, recording or otherwise, without 
the prior permission of Oxford University Press 

\ Wy iy 

se 
_— 

PRINTED IN GREAT BRITAIN BY 

WILLIAM CLOWES & SONS LIMITED 
LONDON, COLCHESTER AND BECCLES 



Préface 

This book has been almost entirely rewritten, but its purpose and general 

organization remain the same as those of previous editions. The Introduction to the 

first (1945) edition included the following paragraph: ‘The reasons for writing this 

book were, firstly, the conviction that the structural side of inorganic chemistry 

cannot be put on a sound basis until the knowledge gained from the study of the 

solid state has been incorporated into chemistry as an integral part of that subject, 

and secondly, the equally strong conviction that it is unsatisfactory merely to add 

information about the structures of solids to the descriptions of the elements and 

compounds as usually presented in a systematic treatment of inorganic chemistry.’ 

Now, after a period of thirty years during which considerable advances have been 

made in solid state chemistry, it is still true to say that the structures and properties 

of solids receive very little attention in most treatments of inorganic chemistry, and 

this in spite of the fact that most elements and most inorganic compounds are 

solids at ordinary temperatures. This state of affairs would seem to be sufficient 

justification for the appearance of yet another edition of this book. 

Since the results of structural studies of crystals are described in crystallographic 

language the first requirement is that these results be made available in a form 

intelligible to chemists. It was this challenge that first attracted the author, and it is 

hoped that this book will continue to provide teachers of chemistry with facts and 

ideas which can be incorporated into their teaching. However, while any addition of 

structural information to the conventional teaching of inorganic chemistry is to be 

welcomed the real need is a radical change of outlook and the recognition that not 

only is the structure of a substance in all states of aggregation an essential part of its 

full description (or characterization) but also that the structures and properties of 

solids form an integral part, perhaps the major part, of the subject. 

The general plan of the book is as follows. Part I deals with a number of general 

topics and is intended as an introduction to the more detailed Part II, which forms 

the larger part of the book. In Part II the structural chemistry of the elements is 

described systematically, and the arrangement of material is based on the groups of 

the Periodic Table. The advances made during the past decade have necessitated 

considerable changes in these latter chapters, but the major structural changes have 

been made in the content of Part I. 

Since a concise treatment of certain geometrical and topological topics is not 

readily available elsewhere more space has been devoted to these than in previous 

editions at the expense of subjects such as the experimental methods of structural 

chemistry, which at best can receive only a sketchy treatment in a volume such as 
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this. Many students find difficulty in appreciating the three-dimensional geometry 

of crystal structures from two-dimensional illustrations (even stereoscopic photo- 

graphs). In order to acquire some facility in visualising the three-dimensional 

arrangements of atoms in crystals some acquaintance is necessary with symmetry, 

repeating patterns, sphere-packings, and related topics. Some of this material could 

be, and sometimes is, introduced into teaching at an early age. However, there is a 

tendency in some quarters to regard solid geometry as old-fashioned and to replace 

it in school curricula by more fashionable aspects of mathematics. This adds to the 

difficulties of those teachers of chemistry who wish to modernize their teaching by 

including information about the structures of solids. Unless the student has an 

adequate grounding in the topics noted above little is gained by adding diagrams of 

unit cells of crystal structures to conventional chemistry texts. 

The educational value of building models representing the arrangements of 

atoms in crystals cannot be over-emphasized; and by this we mean that the student 

actually assembles the model and does not simply look at a ready-made model, 

however much more elegant the latter may be. Some very tentative suggestions for 

model building have been offered in the author’s Models in Structural Inorganic 

Chemistry, to which the abbreviation MSIC in the present volume refers. 

References. The present volume has never been intended as a reference work, 

though it may serve as a useful starting-point when information is required on a 

particular topic. As an essential part of the educational process the advanced student 

should be encouraged to adopt a critical attitude towards the written word 

(including the present text); he must learn where to find the original literature and 

to begin to form his own judgment of the validity of conclusions drawn from 

experimental data. It is becoming increasingly difficult to locate the original source 

of a particular item of information, and for this reason numerous references to the 

scientific literatuze are included in the systematic part of this book. These generally 

refer to the latest work, in which references to earlier work are usually included. To 

save space (and expense) the names of scientific journals have been abbreviated to 

the forms listed on pp. xxi-xxiii. 

Indexes. There are two indexes. The arrangement of entries in the formula index is 
not entirely systematic for there is no wholly satisfactory way of indexing 
inorganic compounds which retains chemically acceptable groupings of atoms. The 
formulae have been arranged so as to emphasize the feature most likely to be of 
interest to the chemist. The subject index is largely restricted to names of minerals 
and organic compounds and to topics which are not readily located in the list of 
contents. 

Acknowledgments. During the writing of this book, which of necessity owes 
much to the work and ideas of other workers in this and related fields, I have had 
the benefit of helpful discussions with a number of colleagues, of whom I would 
particularly mention Dr. B. C. Chamberland. I wish to thank Dr. B. G. Bagley and 
the editor of Nature (London) for permission to use Fig. 4.3, Dr. H. T. Evans and 

vi 



Preface 

John Wiley and Sons for Figs 5c, 7, 10, 11, and 12b in Chapter 11, and Drs. G. T. 

Kokotailo and W. M. Meier for Fig. 23.27. It gives me great pleasure to 

acknowledge the debt that I owe to my wife for her support and encouragement 

over a period of many years. 

A. F. Wells 

Department of Chemistry, 

University of Connecticut, 

Storrs, Connecticut, 

U.S.A. 

1974 
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Introduction 

In this introductory chapter we discuss in a general way a number of topics which 

are intended to indicate the scope of our subject and the reasons for the choice of 

topics which receive more detailed attention in subsequent chapters. 

The number of elements known exceeds one hundred, so that if each one 

combined with each of the others to form a single binary compound there would be 

approximately five thousand such compounds. In fact not all elements combine 

with all the others, but on the other hand some combine to form more than one 

compound. This is true of many pairs of metals, and other examples, chosen at 

random, include: 

YE: YBa, YEE Bio and YBe63 

CrF 5, CrF 3, CrEa, CrF, Cree and Cr4Fs; 

Gis. Cr7Sg, Cr5S¢, Cr3S,4, and CrS3. 

The number of binary compounds alone is evidently considerable, and there is an 

indefinitely large number of compounds built of atoms of three or more elements. 

It seems logical to concentrate our attention first on the simplest compounds such ° 

as binary halides, chalconides, etc., for it would appear unlikely that we could 

understand the structures of more complex compounds unless the structures of the 

simpler ones are known and understood. However, it should be noted that 

simplicity of chemical formula may be deceptive, for the structures of many 

compounds with simple chemical formulae present considerable problems in 

bonding, and indeed the structures of some elements are incomprehensibly complex 

(for example, B and red P). On the other hand, there are compounds with 

complex formulae which have structures based on an essentially simple pattern, as 

are the numerous structures described in Chapter 3 which are based on the diamond 

net, one of the simplest 3-dimensional frameworks. We shall make a point of 

looking for the simple underlying structural themes in the belief that Nature prefers 

simplicity to complexity and also because structures are most easily understood if 

reduced to their simplest terms. 

The importance of the solid state 

Since we shall devote most of the first part of this book to matters directly 

concerned with the solid state it is appropriate to note a few general points, to 

some of which we return later in this chapter. 
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(i) Most of the elements (some 90 per cent) are solids at ordinary temperatures, 

and this is also true of the majority of inorganic compounds. It happens that most 

of the important reagents are liquids, gases, or solutions, but these constitute a 

small proportion of the more common inorganic compounds. Also, although it is 

true that chemical reactions are usually carried out in solution or in the vapour 

state, in most reactions the reactants or products, or both, are solids. Chemical 

reactions range from those between isolated atoms or discrete groups of atoms 

(molecules or complex ions), through those in which a solid is removed or 

produced, to processes such as the corrosion of metals where a solid product builds 

up on the surface of the solid reactant. In all cases where a crystalline material is 

formed or broken down, the process involves the lattice energy of the crystal. The 

familiar Born-Haber cycle for the reaction between solid sodium and gaseous 

chlorine to form solid NaCl provides a simple example of the interrelation of heats 

of dissociation, ionization energy and affinity, lattice energy, and heat of reaction. 

(ii) Organic compounds (other than polymers) exist as finite molecules in all 

states of aggregation. This means, first, that the structural problem consists only in 

discovering the structure of the finite molecule, and second, that this could in 

principle be determined by studying its structure in the solid, liquid, or vapour 

state. Apart from possible geometrical changes such as rotation about single bonds 

and small dimensional changes due to temperature differences, the basic topology 

and geometry could be studied in any state of aggregation. Some inorganic 

compounds also exist as finite molecules in the solid, liquid, and gaseous states, for 

example, many simple molecules formed by non-metals (HCl, CO,) and also some 
compounds of metals (SnI4, Cr(CO),¢). Accurate information about the structures 

of simple molecules, both organic and inorganic, comes from spectroscopic and 

electron diffraction studies of the vapours, but these methods are not applicable to 

very complex molecules. Because crystalline solids are periodic structures they act 

as diffraction gratings for X-rays and neutrons, and in principle the structure of any 

molecule, however complex, can be determined by diffraction studies of the solid. 

In contrast to organic compounds and the minority of inorganic compounds 

mentioned above, the great majority of solid inorganic compounds have structures 

in which there is linking of atoms into systems which extend indefinitely in one, 
two, or three dimensions. Such structures are characteristic only of the solid state 
and must necessarily break down when the crystal is dissolved, melted, or 
vaporized. The study of crystal structures has therefore extended the scope of 
structural chemistry far beyond that of the finite groups of atoms to which classical 
stereochemistry was restricted to include all the periodic arrangements of atoms 
found in crystalline solids. 

Because the great majority of inorganic compounds are compounds of one or 
more metals with non-metals, and because most of them are solids under ordinary 
conditions, the greater part of structural inorganic chemistry is concerned with the 
structures of solids. The only compounds of metals which have any structural 
chemistry, apart from that of the crystalline compound, are those molecules or ions 
that can be studied in solution or the molecules of compounds that can be melted 
or vaporized without decomposition. It is unlikely that very much accurate 
4 F 
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structural information will ever be obtained from liquids, whereas electron 
diffraction or spectroscopic studies can be made of molecules in the gas phase 
provided they are not too complex. It is important therefore to distinguish between 
solid compounds which can be vaporized without decomposition and those which 
can exist only as solids. By this we mean that their existence depends on types of 
bonding which are possible only in the solid state. Some simple halides and a few 
oxides of metals have been studied as vapours, and if the vapour species is not 
present in the crystal the information so obtained is complementary to that 
obtained by studying the solid. On the other hand, many simple compounds Mj, Xp 
are unlikely to exist in the vapour state because the particular ratio of metal to 
non-metal atoms is only realizable in an infinite array of atoms between which 
certain types of bonding can operate. Crystalline Cs,O consists of infinite layers, 
but nevertheless we can envisage molecules of Cs,O in the vapour. However, oxides 

such as Cs;0 and Cs7;O depend for their existence on extended systems of 

metal-metal bonds which would not be possible in a finite molecule. 

Comparatively little is yet known about the high temperature chemistry of metal 

halides, oxides, etc.; for example, the structures of molecules such as FeCl; or of 

oxides M,03, MO, M,O;, or indeed whether these species are formed or are 

unstable (like SiO,). Certainly complex halides and oxides, can exist only in the 

crystalline state, and this is true also of other large and important groups of 

compounds such as salts containing oxy ions, ‘acid’ and ‘basic’ salts, and hydrates. 

One particularly important result of the study of crystal structures has been the 

recognition that non-stoichiometric compounds are not the rarities they were once 

thought to be. A non-stoichiometric compound may be very broadly defined as a 

solid phase which is stable over a range of composition. This definition covers at 

one extreme all cases of ‘isomophous replacement’ and all kinds of solid solution, 

the composition of which may cover the whole range from one pure component to 

the other. At the other extreme there are phosphors (luminescent ZnS or ZnS-Cu), 

which owe their properties to misplaced and/or impurity atoms which act as 

‘electron traps’, and coloured halides (alkali or alkaline-earth) in which some of the 

halide-ion-sites are occupied by electrons (F-centres); these defects are present in 

very small concentration, often in the range 10°-°-10-*. Of more interest to the 

inorganic chemist is the fact that many simple binary compounds exhibit ranges of 

composition, the range depending on the temperature and mode of preparation. 

The non-stoichiometry implies disorder in the structure and usually the presence of 

an element in more than one valence state, and can give rise to semiconductivity 

and catalytic activity. Examples of non-stoichiometric binary compounds include 

many oxides and sulphides, some hydrides, and interstitial solid solutions of C and 

N in metals. More complex examples include various complex oxides with layer and 

framework structures, such as the bronzes (p. 505). The existence of green and 

black NiO, with very different physical properties, the recent preparation for the 

first time of stoichiometric FeO, and the fact that FegS, is not FeS containing 

excess S but FeS deficient in Fe (that is, Fe,;_,.S) are matters of obvious 

importance to the inorganic chemist. 

The compositions and properties and indeed the very existence of non- 

3 



Introduction 

stoichiometric compounds can be understood only i in terms of their structures. This 

is particularly evident in cases where the non-stoichiometry arises from the 

inclusion of foreign atoms or molecules in a crystalline structure. It can occur in 

crystals built of finite molecules or crystals containing large finite ions. For 

example, if Pd,Br4[As(CH3)3]2 (p. 28) is crystallized from dioxane the crystals 

can retain non-stoichiometric amounts of the solvent in the tunnels between the 

molecules, and these molecules can be removed without disruption of the structure 

(Fig. 1.9(a)). In the mineral beryl (p. 815) the large cyclic (Sig013)'* ions. are 

stacked in columns, and helium can be occluded in the tunnels. Some crystals with 

layer structures can take up material between the layers. Examples include the 

lamellar compounds of graphite (p. 734) and of clay minerals (p. 823). An unusual 

type of layer structure is that of Ni(CN). . NH3 which can take up molecules of 

H,0, CgH,, Ce6HsNHz, etc. between the layers (Fig. 1.9(b)). Structures of this kind 

are called ‘clathrates’, and examples are noted on p. 28. 

(iii) The great wealth of information about atomic arrangement in crystals and 

in particular the detailed information about bond lengths and interbond angles 

provided by studies of crystal structures is the raw material for the theoretician 

interested in bonding and its relation to physical properties. 

All elements and compounds can be solidified under appropriate conditions of 

temperature and pressure, and the properties and structures of solids show that we 

must recognize four extreme types of bonding: 

(a) the polar (ionic) bond in crystalline salts such as NaCl or CaF, 

(b) the covalent bond in non-ionizable molecules such as Clz, Sg, etc., which 
exist in both the crystalline elements and also in their vapours, and in crystals such 

as diamond in which the length of the C—C bond is the same as in molecules such as 

H3C—CH3, 

(c) the metallic bond in metals and intermetallic compounds (alloys), which 

is responsible for their characteristic optical and electrical properties, and 

(d) the much weaker van der Waals bond between chemically saturated 

molecules such as those just mentioned—witness the much larger distances between 

atoms of different molecules as compared with those within such molecules. In 

crystalline Cl, the bond length is 1-99 A, but the shortest distance between Cl 

atoms of different molecules is 3:34 A. The van der Waals bond is responsible for 

the cohesive forces in liquid or solid argon or chlorine and more generally between 

neutral molecules chains, and layers in numerous crystals whose structures will be 

described later. 

Although it is convenient and customary to recognize these four extreme types 

of bonding it should be realized that bonds of these ‘pure’ types—if indeed the term 

‘pure’ has any clear physical or chemical meaning—are probably rather rare, 

particularly in the case of the first two types. Bonds of an essentially ionic type 

occur in salts formed from the most electropositive combined with the most 

electronegative elements and between, for example, the cations and the O atoms of 

the complex ion in oxy-salts such as NaNO3. Covalent bonds occur in the 

non-metallic elements and in compounds containing non-metals which do not differ 
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greatly in ‘electronegativity’ (see p. 236). However, it would seem that the great 
majority of bonds in inorganic compounds must be regarded as intermediate in 
character between these extreme types. For example, most bonds between metals 
and non-metals have some ionic and some covalent character, and at present there is 
no entirely satisfactory way of describing such bonds. 

Evidently many crystals contain bonds of two or more quite distinct types. In 
molecular crystals consisting of non-polar molecules the bonds within the molecule 
may be essentially covalent (e.g. Sg or Sg) or of some intermediate ionic-covalent 
nature (e.g. SiF4), and those between the molecules are van der Waals bonds. Ina 
crystal containing complex ions the bonds within the complex ion may approxi- 
mate to covalent bonds while those between the complex ion and the cations (or 
anions) are essentially ionic in character, as in the case of NaNO3 already quoted. 
In other crystals there are additional interactions between certain of the atoms 

which are not so obviously essential as in these cases to the cohesion of the crystal. 

An example is the metal-metal bonding in dioxides with the rutile structure, a 

structure which in many cases is stable in the absence of such bonding. 

It is also necessary to recognize certain other types of interactions which, 

although weaker than ionic or covalent bonds, are important in determining or 

influencing the structures of particular groups of crystalline compounds—for 

example, hydrogen bonds (bridges) and charge-transfer bonds. Hydrogen bonds are 

of rather widespread occurrence and are discussed in more detail in later chapters. 

(iv) It is perhaps unnecessary to emphasize here that there is in general no direct 

relation between the chemical formula of a solid and its structure. For example, 

only the first member of the series 

HI <Aul Cul Nal Csl AX 

1 2) 4 6 8 (C.N. of A by X)+ 

consists of discrete molecules A—X under ordinary conditions. All the other 

compounds are solids at ordinary temperatures and consist of infinite arrays of A 

and X atoms in which the metal atoms are bonded to, respectively, two, four, six, 

and eight X atoms. Figure 1.1 shows some simple examples of systems with the 

composition AX. Two are finite groups, (a) the dimer and (b) the tetramer; the 

remainder are infinite arrangements, (c) 1-dimensional, (d) and (e) 2-dimensional, ° 

and (f) 3-dimensional. The number of ways of realizing a particular ratio of atoms 

may be large; Fig. 1.2 shows some systems with the composition AX3. 

Examples of all the systems shown in Figs 1.1 and 1.2 will be found in later 

chapters. In the upper part of Table 1.1 we list seven different ways in which an 

F: M ratio of 5 : 1 is attained in crystalline pentahalides; the list could be extended 
if anions (MX5)”"~ are included, as will be seen from the structures of complex 

halides in Chapter 10. Conversely, we may consider how different formulae MX, 

arise with the same coordination number of M. For tetrahedral and octahedral 

coordination this problem is considered in some detail in Chapter 5; the examples 

of Table 1.1 may be of interest as examples of the less usual coordination number 

+ C.N. = Coordination number. 
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(Gc) e-ne2. 

(d) c.n. 3 (e) c.n.4 (f) c.n. 6 

FIG. 1.1. Arrangements of equal numbers of atoms of two kinds. 

nine. In order to gain a real understanding of the meaning of the formulae of 

inorganic compounds it is evidently necessary to think in three rather than two 

dimensions and in terms of infinite as well as finite groups of atoms. 

(v) The chemist is familiar with isomerism (p. 47), which refers to differences 
in the structures of finite molecules or complex ions having a particular chemical 

composition. If infinite arrangements of atoms are permitted, in addition to finite 

groups, the probability of alternative atomic arrangements is greatly increased, as is 

evident from Figs 1.1 and 1.2. 

An element or compound is described as polymorphic if it forms two or more 

crystalline phases differing in atomic arrangement. (The earlier term allotropy is 

still used to refer to different ‘forms’ of elements, but except for the special case of 

O, and QO; allotropes are simply polymorphs.) Polymorphism of both elements and 

compounds is the rule rather than the exception, and the structural chemistry of 

any element or compound includes the structures of all its polymorphs just as that 

of a molecule includes the structures of its isomers. The differences between the 

structures of polymorphs range from minor difference such as the change from 

fixed to random orientation (or complete rotation) of a molecule or complex ion in 

the high temperature form of a substance (for example, crystalline HCl, salts 

containing NH4, NO3, CN’, and other complex ions), or the a-8 changes of the 

forms of SiOz, to major differences involving reconstruction of the whole crystal 

(the polymorphs of C,P, SiO,, etc.). 

Originally the only variable in studies of polymorphism was the temperature, 

and substances are described as enantiotropic if the polymorphic change takes place 
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(h) 

FIG. 1.2. Some ways of realizing a ratio of 3X:A in finite or infinite groupings of atoms: 
(a)-(d), finite groups AX3, AXz and AX4, A2X6 and A3Xo, (e)-(g), infinite linear systems, 

(h) infinite two-dimensional system, (i) infinite three-dimensional complex. 

at a definite transition temperature or monotropic if one form is stable at all 

temperatures under atmospheric pressure. Extensive work by Bridgman showed 

that many elements (and compounds such as ice) undergo structural changes when 

subjected to pressure, the changes being detected as discontinuities in physical 

properties such as resistivity or compressibility. In some cases the high pressure 

structure can be retained by quenching in liquid nitrogen and studied under 

atmospheric pressure by normal X-ray techniques. During the last decade the study 

of high pressure polymorphs has been greatly extended by the introduction of new 

apparatus (such as the tetrahedral anvil) which not only increase the range of 

pressures attainable but also permit the X-ray (and neutron) diffraction study of 

the phase while under pressure. Studies of halides and oxides, in addition to 

2) 
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TAD ea tet 

Structures of crystalline pentahalides 

Halide C.N. of M Structural units in crystal © 

PBrs 4 (PBr4)"Bro 
PCls 4 and 6 (PClq4)*(PCle¢) 

NbCl¢ 6 Nb2Clio 
MoFs 6 Mo4 Fo 

BiFs 6 Chains (BiF 5), 

PaCls 7 Chains (PaCls), 

B-UF 5 7 (3D ionic structure) 

Examples of tricapped trigonal prism coordination 

AXo sharing X:A Examples 

= 9 [Nd(H20)9](BrO3)3, K2ReHg 
2 edges if KPaF7 

2 faces 6 [Sr(H20)6] Cl, 
2 edges, 4 vertices 5 LiUFs 

2 faces, 4 vertices 4 NH4BiFa4, NaNdF4 

2 faces, 6 edges 3 UCI; 

2 faces, 12 edges 2 PbCl, 

(but see p. 221) 

elements, have produced many new examples of polymorphism and some of these 

are described in later chapters. 

We noted above that some high-pressure polymorphs do not revert to the normal 
form when the pressure is reduced. Many high temperature phases do not revert to 
the low temperature phase on cooling through the transition temperature, witness 
the many high temperature polymorphs found as minerals. This non-reversibility of 
polymorphic changes is presumably due to the fact that the activation energies 
associated with processes involving a radical rearrangement of the atoms may be 
large, regardless of the difference between the lattice energies of the two 
polymorphs. 

Members of families of closely related structures, the formation of which is 
dependent on the growth mechanism of the crystals, are termed polytypes. They 
are not normal polymorphs, and are formed only by compounds with certain types 
of structure. The best-known examples are SiC, CdI,, ZnS, and certain complex 
oxides, notably ferrites, to which reference should be made for further details. 

(vi) When atoms are bonded together to form either finite or infinite groupings 
complications can occur owing to the conflicting requirements of the various atoms 
due to their relative sizes or preferred interbond angles. It is well known that this 
problem arises in finite groups of atoms, as may be seen from scale models of 
molecules and complex ions. It is, however, less generally appreciated that 
geometrical and topological restrictions enter in much more subtle ways in 3D 
structures and may be directly relevant to problems which seem at first sight to be 
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purely chemical in nature. As examples we may instance the relative stabilities of 

series of oxy-salts (for example, alkali-metal orthoborates and orthosilicates), the 

crystallization of salts from aqueous solution in the anhydrous state or as hydrates, 

and the behaviour of the nitrate ion as a bidentate or monodentate ligand. We 

return briefly to the subject later in this chapter and consider it in more detail in 

Chapter 7. 

Structural formulae of inorganic compounds 

Elemental analysis gives the relative numbers of atoms of different elements in a 

compound; it yields an ‘empirical’ formula. The simplest type of structural formula 

indicates how the atoms are linked together, and to this simple topological picture 

may be added information describing the geometry of the system. The nature of a 

structural formula depends on the extent of the linking of the atoms. If the 

compound consists of finite molecules it is necessary to know the molecular weight 

and then to determine the topology and geometry of the molecule: 

HNO N2U > wee eae — bond lengths and 

HO interbond 

elemental molecular infrared and Raman angles 

analysis weight spectroscopy 

indicate 

trans configuration 

If the atoms (in a solid) are linked to form a 1-, 2-, or 3-dimensional system the 

term molecular weight has no meaning, and the structural formula must describe 

some characteristic set of atoms which on repetition reproduces the arrangement 

found in the crystal. The repeat unit in an infinite 1-dimensional system is readily 

found by noting the points at which the pattern repeats itself: 

repeat unit 

—A-++ X— A+-X— AX 

Ex ox. 
Se AG st. AX, 
Be OR te) Lee ea BS Paee apes 

ote ny 

ak ele A MASS AX; 
KEK GUAXS, 

The complete description of the chain requires metrical information as in the case 

of a finite group. It should be noted that if the geometry of the chain is taken into 

account, that is, the actual spatial arrangement of the atoms in the crystal, then the 

(crystallographic) repeat unit may be larger than the simplest ‘chemical’ repeat unit. 

The crystallographic repeat unit is that set of atoms which reproduces the observed 
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structure when repeated in the same orientation, that is, by simple translations in 

one, two, or three directions. The chemical repeat unit is not concerned with 

orientation. This distinction is illustrated in Fig. 1.3(a) for the HgO chain. The 

chemical repeat unit consists of one Hg and one O atom whereas if we have regard 

to the geometrical configuration of the (planar) chain we must recognize a repeat 

unit containing 2 Hg + 2 O atoms. The various forms of AX3 chains formed from 

tetrahedral AX4 groups sharing two vertices (X atoms) provide further examples (p. 

816); one is included in Fig. 1.3(b). 

we ; , 

Chemical 
| repeat unit | 

| ee 
O 

| 
| Crystallographic | 

Tepeat unit 

' ! 

Crystallographic Chemical 
repeat unit repeat unit 

(b) 

FIG. 1.3. Repeat units in chains. 

Similar considerations apply to structures extending in two or three dimensions. 

The repeat unit of a 2D pattern is a wnit cell which by translation in the directions 

of two (non-parallel) axes reproduces the infinite pattern. One crystalline form of 

As,03 is built of infinite layers of the kind shown in Fig. 1.4(a), the unit cell being 
indicated by the broken lines. The pattern arises from AsO3 groups sharing their O 

atoms with three similar groups, or alternatively, the repeat unit is As(O,/2)3. 

These units are oriented in two ways to form the infinite layer, with the result that 

the crystallographic repeat unit—which must reproduce the pattern merely by 

translations in two directions—contains two of these As(O, ;2)3 units, or AsO3. 

The crystallographic repeat unit of a 3D pattern is a parallelepiped containing a 

representative collection of atoms which on repetition in the directions of its edges 

forms the (potentially infinite) crystal. As in the case of a 1- or 2-dimensional 

pattern this unit cell may, and usually does, contain more than one basic ‘chemical’ 

unit (corresponding to the simplest chemical formula). 

The following remarks may be helpfui at this point; they are amplified in later 

chapters. There is no unique unit cell in a crystal structure, but if there are 
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(a) (b) 

FIG. 1.4. (a) Alternative unit cells of layer structure of As 03. (b) Projection of unit cell of a 

structure containing four atoms. 

symmetry elements certain conventions are adopted about the choice of axes 

(directions of the edges of the unit cell). For example, crystalline NaCl has cubic 

symmetry (see Chapter 2) and the structure is therefore referred to a cubic unit cell. 

This cell contains 4 NaCl, but the structure may be described in terms of cells 

containing 2 NaCl or 1 NaCl; these alternative unit cells for the NaCl structure are 

illustrated in Fig. 6.3 (p. 197). It is sometimes convenient to choose a different 
origin, that is, to translate the cell in the directions of one or more of the axes, and 

the origin is not necessarily taken at an atom in the structure. For example, the unit 

cell of the projection of Fig. 1.4(a) does not have an atom at the origin but it is a 
more convenient cell than the one indicated by the dotted lines because it gives the 

coordinates + (4 $)rather than (00) and ($4) for the two equivalent As atoms. 
If there are atoms at the corners or on the edges or faces of a unit cell it may be 

difficult to reconcile the number of atoms shown in a diagram with the chemical 

formula—see, for example, the cell outlined by the broken lines in Fig. 1.4(a). It is 

only necessary to remember that the cell content includes all atoms whose centres 

lie within the cell and that atoms lying at the corner or on an edge or face count as 

follows: 

unit cell of 2D pattern: 

atom at corner belongs to four cells, 

atom on edge belongs to two cells 

unit cell of 3D pattern: 

atom at corner belongs to eight cells, 

atom on edge belongs to four cells 

atom in face belongs to two cells. 

The cell content in each case could alternatively be shown by shading that portion 

of each atom which lies wholly within the cell (Fig. 14(b)). 

Each atom shown in a projection repeats at a distance c above and below the 
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FIG. 1.5. Projection of body- 
centred structure showing 8-co- 

ordination of atoms. 

FIG. 1.7. Projection of 4-fold 

helix along its axis. The atom at 
height + is connected to the atom 
vertically above the one shown at 

height 0. 
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plane of the paper, where c is the repeat distance in the structure along the 

direction of projection. Figure 1.5 represents the projection on its base of a cube 

containing an atom at its centre (body-centred cubic structure). The atom A has 

eight equidistant neighbours at the vertices of a cube, since the atoms at height 0 

(i.e. in the plane of the paper) repeat at height 1 (in units of the distance c). 

Similarly the atom B has the same arrangement of eight nearest neighbours. (For 

some exercises on this topic see MSIC, p. 52.) 

In order to simplify an illustration of a structure it is common practice to show a 

set of nearest neighbours (coordination group) as a polyhedral group. Thus the 

projection of the rutile structure of one of the forms of TiO, may be shown as 

either (a) or (b) in Fig. 1.6. In (a) the heavy lines indicate Ti-O bonds, and it may 

be deduced from the coordinates of the atoms that there is an octahedral 

\ 

(a) (b) 

FIG. 1.6. Projections of the structure of rutile (TiO): (a) showing atoms and their heights, 

(b) showing the octahedral TiO, coordination groups. 

coordination group of six O atoms around each Ti atom. In (b) the lines represent 

the edges of the octahedral coordination groups. Since it is important that at least 

the two commonest coordination polyhedra should be recognized when viewed in a 

number of directions we illustrate several projections of the tetrahedron and 

octahedron at the beginning of Chapter 5. 

Atoms arranged around 3-, 4-, or 6-fold helices project along the helical axis as 

triangle, square, or hexagon respectively. A pair of lines may be used to indicate 

that a number of atoms do not form a closed circuit but are arranged on a helix 

perpendicular to the plane of the paper (Fig. 1.7). 

It is perhaps unnecessary to stress that a formula should correspond as closely as 

possible to the structure of the compound, that is, to the molecule or other 

grouping present, as, for example, Na3B30, for sodium metaborate, which 

contains cyclic B30%~ ions. Compounds containing metal atoms in two oxidation 

states are of interest in this connection. If the oxidation numbers differ by unity 

the formula does not reduce to a simpler form (for example, Fe304, Cr. F<), but if 

14 



Introduction 

they differ by two the formula appears to correspond to an intermediate oxidation 
state: 

Empirical formula Structural formula 
GaCl, Gal(Ga™c1,) 
PdF Pd'(Pd!VF,) 
CsAuCl; Cs,(AulCl,)(AuC1,) 
(NH,)2SbCl, (NH,4)4(Sb"Cl,)\(SbY Cl.) 

Studies of crystal structures have led to the revision of many chemical formulae by 
regrouping the atoms to correspond to the actual groups present in the crystal. This 
is particularly true of compounds originally formulated as hydrates; some examples 
follow. 

Hydrate Structural formula 
HCl . H,0 (H30)*Cl” 
NaBO, . 2H,0 Na[B(OH)aq] 
Na 7B,0, . 10 H,O Na,[B40;(OH),4] . 8 H,O 
PeCia27 Go H,0 [FeCl,(H,0),4] Cl . 2 H,O 
ZrOCl, . 8 H,0 [Zr4(OH)g(H20),6]Clg 12H,O 

The formulae of many inorganic compounds do not at first sight appear 

compatible with the normal valences of the atoms but are in fact readily 
interpretable in the light of the structure of the molecule or crystal. In organic P 

chemistry we are familiar with the fact that the H:C ratios in saturated oe SS 

hydrocarbons, in all of which carbon is tetravalent, range from the maximum value S 

four in CH4 to two in (CH), owing to the presence of C—C bonds. Similarly the : 

unexpected formula, P4S3, of one of the sulphides of phosphorus arises from the 

presence of P—P bonds; the formation by P(111) of three and by S(i1) of two bonds P| 

would give the formula P4S¢ if all bonds were P—S bonds. \p* 

Bonding between atoms of the same element also occurs in many crystalline 

binary compounds and leads to formulae such as CdP4, PdP,, and PdS, which are 

not reconcilable with the normal oxidation numbers of Cd and Pd until their crystal 

structures are known. The structures of PdP, and PdS, are described shortly; for 

CdPa see p-.67 7. 

Our final point relating to the structural formulae of solids is that in general 

crystallographers have not greatly concerned themselves with interpreting the 

structures of solids to chemists. As a result much of the structural chemistry of 

solids became segregated in yet another subdivision of chemistry (crystal chemistry, 

or more recently, solid-state chemistry), and many chemists still tend to make a 

mental distinction between the structures of solids and of the finite molecules and 

complex ions that can be studied in solution or in the gaseous state. The infinite 

layer structures of black and red phosphorus are manifestly only more complex 

examples of P forming three bonds as in the finite (tetrahedral) P, molecule of 
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white phosphorus, but equally the chain structure of crystalline PdCl, is simply the 

end-member of the series starting with the PdCl3~ and Pd, C127 ions: 

2— 2- 

cna Cn Np WBS Pehl. Scie rec 

Chat Cl Cle o¥nC ee Cl 2 (| een: | genie 

Pdcl27 Pd5Chaa crystalline PdCl, 

Diagrams purporting to show the origin of the electrons required for the various 

bonds are often given in elementary texts but only for (finite) molecules and 

complex ions—not for solids. It might help if “Sidgwick-type’ formulae were given 

for solids such as SnS (in which each atom forms three bonds), if only to show that 

the ‘rules’ which apply to finite systems also apply to some at least of the infinite 

arrays of atoms in crystals: 

Sei Lore 

t 

Many compounds of Pd(11) may be formulated in a consistent way so that the 

metal atom acquires a share in six additional electrons and forms planar dsp? 

bonds. Of the two simple possibilities (a) and (b) the former enables us to 

“ 
[Dra Dieke 

(a) (b) (c) 

formulate the infinite chain of PdCl, and the Pd,Cl2~ ion (since a bridging Cl is 
represented as at (c)), while (b) represent the situation in PdC1Z~, though the actual 
state of the ion (e) is presumably intermediate between the ‘ionic’ picture (d) and 
the ‘covalent’ one (f): 

Pd 
Be TaN 

at Es -1/2 -1/2 Cl. #2_-Cl Gas puaion / Cseie 8 

2 Ci eens Clie tala Cae G 

(d) (e) (f) 

In crystalline PdO (and similarly for PdS and PtS) O forms four tetrahedral bonds 
and the metal forms four coplanar bonds, and we have the bond pictures 

eee 
O and SS 

aS ad 

mo 

N 

The compounds PdS, and PdP3, which might not appear to be compounds of 
Pd(i1), can be formulated in the following way. The disulphide consists of layers 
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(Fig. 1.8) in which Pd forms four coplanar bonds to S atoms which are bonded in 
pairs by covalent bonds of length 2:13 A. We therefore have the bond pictures 

and Pda 

Crystalline PdP, can be visualized as built from layers of the same general type, but 
each P atom forms a fourth bond to a P atom of an adjacent ‘layer’ so that there are 
continuous chains of P atoms. The structure is therefore not a layer structure like 
PdS, but a 3D framework in which the nearest neighbours are 

DP, 
Pd—4 P (coplanar) and - oie (tetrahedral) 

and the bond pictures are 

ok EON and Pde 

aN 

It is natural to enquire whether this somewhat naive treatment can be extended to 

related compounds. The compounds most closely related to PdS, are NiS, and 

PtS,. All three compounds have different crystal structures and this, incidentally, is 

also true of the dichlorides. PtS, crystallizes with the Cdl, structure in which Pt 

forms six octahedral bonds and S forms three pyramidal bonds, consistent with 

1 i 
pie and SSS 

The Pt atom thus acquires a share in eight additional electrons and forms octahedral 

d?sp? bonds. NiS, crystallizes with the pyrites structure (p. 196) in which Ni is 

surrounded by six S atoms of S, groups, the Ni atoms and S, groups being arranged 

like the ions in the NaCl structure. For the pyrites structure of FeS,, we write the 

bond pictures 

y 
Prsak Shot eles and hence ae 
a \ At 

so that with a share in ten additional electrons Fe acquires the Kr configuration. 

There are also compounds containing As—S, As—As, or P—P groups, instead of S—S, 

which adopt the pyrites or closely related structures. These groups supply nine or 

eight electrons instead of the ten supplied by S,. In fact we find the pyrites (or a 

similar) structure for 

FeS,;-|. CoAsS NiP, (high pressure) 

PtAs, 

as expected, but we also find the same structure adopted by FeAsS and FeAs,. The 

latter present no special problem, there being respectively one or two fewer 
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electrons to be accommodated in the d shell of the metal atom as compared with 

FeS,. However, there are other compounds with the pyrites structure which have 

an excess of electrons, namely: 

excess electrons 

1 y) B + 

CoS, NiS> CuS at ZnS xt 

NiAsS 

+ high-pressure phases 

which obviously do present a bonding problem. There is further discussion of the 

pyrites and related structures in Chapter 17. 

Geometrical and topological limitations on the structures of molecules and crystals 

Under this general heading we wish to draw attention to the importance of 

geometrical and topological factors which have a direct bearing not only on the 

details of molecular and crystal structures but also on the stability and indeed 

existence of some compounds. In spite of their relevance to structural problems, 

some of the factors we shall mention seem to have been completely ignored. 

In any non-linear system of three atoms X—M~—X (a), the distances M—X (bond 

length) and X—X (van der Waals contact) and the interbond angle X-M—X are 

necessarily related. In the regular tetrahedral molecule CClq the C—Cl bond length 

(1:77 A) implies a separation of only 2-9 A between adjacent Cl atoms, a distance 

much less than the normal (van der Waals) distance between Cl atoms of different 

molecules (around 3-6 A). If the X atoms are bonded to a second M atom, (b), 

there is formed a 4-ring, which we shall assume to be a planar parallelogram as it is 

in the examples we shall consider. The 

—29A—> 

Cl Cl M M 
Pe ES BONIS eS ee Ss M ve 

(a) (b) (c) 

(non-bonded) distances M—M and X—X are related to the bond length M—X 
and the angle X-M—X. In the lithium chloride dimer these distances are 2-5 A, 
3-6 A, and 2:2 A, and the angle Cl—Li—Cl is approximately 110°. The Li—Li 
separation, which is shorter than the interatomic distance in the crystalline metal 
(3:1 A) can obviously not be discussed in isolation since it is one of a number of 
interrelated quantities. Rings of type (b) also occur in molecules such as Fe,Cl¢ 
and Nb2Cl;9 formed by the sharing of two X atoms between two tetrahedral MX4 
or two octahedral MX¢ groups. 

Now suppose that each X atom is bonded to additional M atoms, as is the case in 
many crystals in which the X and M atoms form a 3D system. The bond angles 
around X are still related to those of the M atom. An example of (c) is the structure 
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of rutile (one of the polymorphs of TiO,) in which every Ti is surrounded ° 
octahedrally by six O atoms and each O by three coplanar Ti atoms. Evidently if 
the TiO, octahedra are regular the angle O—Ti—O is 90°, and hence one of the O 
bond angles would also be 90°. It follows that there cannot be regular octahedral 
coordination of M and the most symmetrical environment of X (three bond angles 
of 120°) in a compound MX, with the rutile structure. In the high-temperature 
form of BeO there is 
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tetrahedral coordination of Be by four O atoms and the BeOg tetrahedra are linked 

in pairs by sharing an edge, these pairs being further linked by sharing vertices to 

form a 3D framework. The structure is illustrated in Fig. 12.3 (p. 446); the 

important feature in the present context is the presence of 4-rings. Here also regular 

coordination (in this case tetrahedral), of both O and Be atoms is not possible, and 

the distance Be—Be across the ring is only 2:3 A, the same as in metallic beryllium. 

The structure of crystalline PtS (see Fig. 17.3, p. 611) is a 3D structure which 

may be visualized as built up from two sets of planar chains 

Me \ 
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in which Pt(11) forms four coplanar bonds. The two sets of chains lie in planes 

which are perpendicular to one another and each S atom is common to a chain of 

each set. It is clearly impossible to have both regular tetrahedral coordination of S 

and the most symmetrical arrangement of four coplanar bonds around Pt, for the 

sulphur bond angle a is the supplement of the Pt bond angle. The actual sulphur 

bond angles represent a compromise between the values 90° and 1094°; they are 

two of 974° and four of 115°. 
In these examples we have progressed from the simple 4-ring molecule of Li,Cl, 

to examples of 4-rings of which the X atoms are involved in further bonds to M 

atoms, and the last three examples are all crystalline solids in which the M—X 

bonding extends throughout the whole crystal (3D complex). A somewhat similar 

problem arises in finite molecules (or complex ions) if there are connections 

between the X atoms attached to the central atom. The ‘ideal’ stereochemistry of a 

metal atom forming six bonds might be expected when it is bonded to six identical 

atoms in a finite group MX¢. If two or more of the X atoms form parts of a 

polydentate ligand (that is, they are themselves bonded together in some way) 
restrictions have been introduced which may alter the angles X-M—X and possibly 

also the lengths of the M—X bonds. Many atypical stereochemistries of metal atoms 

have been produced in this way. For example, all four As atoms of the molecule (a) 
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can bond to the same metal atom, as in-the ion (b) where the tetradentate ligand 

leads to a bond arrangement unusual for divalent Pt. On the other hand, if there is 

sufficient flexibility in the ligand this may suffer deformation rather than distort 

the bond arrangement around the metal atom. In the tetramethyldipyromethene 

derivative (c) it appears that the very short distances between the CH3 groups ina 

model constructed with the usual coplanar bonds from Pd(i1) might lead to a 

tetrahedral metal stereochemistry. In this case, however, the ring systems buckle in 

preference to distortion of the metal-bond arrangement. 

Aso As——Pt CH3 me CH3 

Je ota} sod aN oe guia 
I Cz ACH 

(a) (b) (c) 

The angles subtended by the A atoms at X atoms (commonly oxygen or 

halogen) shared between two coordination groups have long been of interest as 

indications of the nature of the A—X bonds. Simple systems of this type include 

the ‘pyro’-ions, in which A is Si, P, or S, and X is an O atom. If we make the 

reasonable assumption that the X atoms of different tetrahedra should not 

approach more closely than they do within a tetrahedral group (that is, the distance 

x should not be less than the edge-length of the tetrahedron) then a lower limit for 

the angle A—X—A can be calculated; the upper limit is 180°. A similar calculation 

can be made for octahedral (or other) coordination groups meeting at a common X 

atom. Such simple geometrical considerations are obviously relevant to discussions 

of observed A—X—A bond angles. but even more interesting are the deductions that 

can be made concerning the sharing of edges between octahedra in complex oxide 

structures. These points are discussed in more detail in Chapter 5S. It will also be 

evident that similar considerations limit the number of tetrahedral AX4, octahedral 

AX6, or other coordination groups AX, that can meet at a point, that is, have 

a common vertex (X atom). These limits in turn have a bearing on the stability and 

indeed existence of crystalline compounds such as oxy-salts and nitrides, as we shall 

show in Chapter 7. 

In contrast to these limitations on the structures of molecules and crystals which 

arise from metrical considerations there are others which may be described as 

topological in character. For example, the non-existence of compounds A, X;3 (e.g. 

sesquioxides) with simple layer structures in which A is bonded to 6 X and X to 

4 A is not a matter of crystal chemistry but of topology; it is concerned with the 

non-existence of the appropriate plane nets, as explained on p. 72. The non- 
existence of certain other structures for compounds A,,X,, such as an AX, 
structure of 10:5 coordination, may conceivably be due to the (topological) 
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impossibility of constructing the appropriate 3D nets. On the other hand this 

problem may alternatively be regarded as a geometrical one, of the kind already 

mentioned, concerned with the numbers of coordination polyhedra of various kinds 

which can meet at a point, a matter which is further discussed on p. 265. 

This interrelation of geometry (that is, metrical considerations) and topology 

(connectedness) seems to be a rather subtle one. It is well known that it is 

impossible to place five equivalent points on the surface of a sphere, if we exclude 

the trivial case when they form a pentagon around the equator, a fact obviously 

relevant to discussions of 5-coordination or the formation of five equivalent bonds. 

The most general (topological) proof of this theorem results from considering the 

linking of the points into a connected system of polygons (polyhedron) and 

showing that this cannot be done with the same number of connections to each 

point. Alternatively we may demonstrate that there is no regular solid with five 

vertices, when metrical factors are introduced. When we derive some of the possible 

3D 4-connected nets in Chapter 3 simply as systems of connected points we find 

that the simplest (as judged by the number of points in the smallest repeat unit) is a 

system of 6-gons which in its most symmetrical configuration represents the 

structure of diamond. Although this net is derived as a “topological entity’, without 

reference to bond angles, it appears that it cannot be constructed with any arbitrary 

interbond angles, for example, with four coplanar bonds meeting at each point. 

Apparently geometrical limitations of a similar kind apply to other systems of 

connected points; this neglected field of 3D Euclidean geometry should repay 

study. 

The complete structural chemistry of an element or compound 

Having emphasized the importance of the solid state in inorganic chemistry we now 

examine what place this occupies in the complete structural chemistry of a 

substance—element or compound. 

The complete structural chemistry of a substance could be summarized as in 

Chart 1.1. It includes not only the structures of the substance in the various states 

CHART I.1 

The complete structural chemistry of a substance 

low-temperature Sublimation : 

ee ra species 

0°K — Solid ————_————> Liquid ———~> Vapour 1, 

Structural changes high-temperature 

Structures of in liquid species 

polymorphs 
stable at Structural changes 
various at m.p. and b.p. 

temperatures 

and pressures Structure in solvents 

(Structures of solvates) 
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of aggregation but also the structural changes accompanying melting, vaporization 

of liquid or solid, or dissolution in a solvent, and those taking place in the solid, 

liquid, and vapour states. The complexity of the structural chemistry of an element 

or compound varies widely. At one extreme there are the noble gases which exist as 

discrete atoms in all states of aggregation. In these cases the only entries in the 

chart would be the arrangement of the atoms in the solid and the relatively small 

changes in structure of the simple atomic liquid with temperature. Next come 

gases such as Hj, N>, O2, and the halogens which persist as diatomic molecules 

from the solid through the liquid to the gaseous state and dissociate to single atoms 

only at higher temperatures. Sulphur, on the other hand, has an extremely complex 

structural chemistry in the elementary form which is summarized in Chapter 16. 

Unfortunately it is not possible to present anything like a complete picture of the 

structural chemistry of many compounds simply because the structural data are not 

available. Structural studies by particular investigators are usually confined to solids 

or gases (rarely liquids and rarely solids and gases); structural studies of a particular 

substance in more than one state are unusual. (We select FeCl, later to illustrate the 

structural chemistry of a relatively simple compound.) Here, therefore, we shall 

consider briefly the various entries in Chart I.1 and illustrate a number of points 

with examples. 

Structure in the solid state 

The structural chemistry of the solid includes the structures of its various crystalline 

forms (if it is polymorphic), that is, a knowledge of its structures over the 

temperature range 0°K to its melting point and also under pressure. In recent years 

studies of substances subjected to high pressures have widened the scope of 

structural chemistry in two ways. First, new polymorphs of many elements and 

known compounds have been produced in which the atoms are more closely 

packed, the higher density being achieved often, though not always, by increasing 

the coordination numbers of the atoms. For example, the 4 : 4 coordinated ZnO 
structure transforms to the 6 : 6 coordinated NaCl structure at 100 kbar, but higher 
density is achieved in coesite (a high-pressure form of SiO.) without increasing 
coordination numbers. Second, new compounds have been produced which, though 
they cannot be made under atmospheric pressure, can persist under ordinary 
conditions once they have been made; examples include PbS,, CuS,, ZnS, and 
CdS,. Stoichiometric FeO, a compound normally deficient in iron, has been made 
by heating the usual Feg.95;O with metallic Fe at 770°C under a pressure of 36 
kbar. It is not always appreciated that our ‘normal’ chemistry and ideas on bonding 
and the structures of molecules and crystals strictly refer only to ‘atmospheric 
pressure chemistry’. It has been possible to vary the temperature over a con- 
siderable range for a long time, and examples of polymorphism have been largely 
restricted to those resulting from varying the temperature. The large pressure range 
now readily attainable (accompanied unavoidably by an increase in temperature) 
may well prove more productive of structural changes than variation of temperature 
alone. The phase-diagram of water (Chapter 15) illustrates well the extension of the 
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structural chemistry of a simple compound beyond that of the two forms 
(hexagonal and cubic ice) stable under atmospheric pressure. 

Structural changes on melting 

The structural changes taking place on melting range from the mere separation 
against van der Waals forces of atoms (noble gases) or molecules (molecular crystal 
built of non-polar molecules) to the catastrophic breakdown of infinite assemblies 
of atoms in the case of crystals containing chains, layers, or 3D frameworks. There 
is likely to be little difference in the immediate environment of an atom of a 
close-packed metal at temperatures slightly below and above its melting point, 
though there is a sudden disappearance of long-range order. On the other hand 
there is a larger structural change when metallic bismuth melts. Instead of the usual 
decrease in density on melting, which may be illustrated by the behaviour of a 

metal such as lead, there is an increase of two and a half percent due to the 

collapse of the rather ‘open’ structure of the solid to a more closely packed liquid: 

Bi (271°C) Pb (328°C) 

Density of solid 9:75 RS esa ere 
Density of liquid 10-00 10-68 

So little work has been done on the structures of liquids that it is not possible to 

give many examples of structural changes associated with melting. Crystals 

consisting of 3D complexes must break down into simpler units, while those built 

of molecules form a molecular melt. Simple ionic crystals such as NaCl melt to 

form a mixture of ions, but crystals such as SiO, which are built from SiO4 groups 

sharing O atoms, do not break down completely. The tetrahedral groups remain 

linked together through the shared O atoms, accordingly the melt is highly viscous 

and readily forms a glass which is a supercooled liquid. Rearrangement of the 

tangled chains and rings of linked tetrahedra is a difficult process. The three 

crystalline forms of ZnCl, also consist of tetrahedral groups (ZnCl,) linked to form 

layers or 3D frameworks, and this compound also forms a very viscous melt. The 

behaviour of AICI; is intermediate between that of NaCl and ZnCl,. The crystal 

consists of layers formed from octahedral AlClg groups sharing three edges as 

shown diagrammatically for FeCl3 on p. 25. These infinite layers break down on 

melting (or vaporization) to form dimeric molecules Al,Cl¢, also of the same type 

as those in the vapour of FeCl. If crystalline AlCl; is heated the (ionic) conductivity, 

due to movement of Al°* ions through the structure, increases as the melting 

point is approached and then drops suddenly to zero when the crystal collapses 

to a melt consisting of (non-conducting) Al,Clg molecules. The crystal structure 

of SbF; presumably consists of octahedral SbF, sharing a pair of vertices 

(F atoms), as in BiFs, CrFs;, and other pentafluorides. The n.m.r. spectrum 

of the highly viscous liquid has been interpreted in terms of systems of SbF¢ 

groups sharing pairs of adjacent F atoms. 

23 



Introduction 

Structural changes in the liquid state 

With certain important exceptions, notably elementary S and H,0, changes in 

structure taking place between the melting and boiling points have not been very 

much studied. The changes with temperature of the radial distribution curves of 

simple atomic liquids show only the variation in average number of neighbours at 

various distances. On the other hand, the structural changes in liquid sulphur are 

much more complex and have been the subject of a great deal of study. The 

complete structural chemistry of elementary sulphur is briefly described in Chapter 

16; it provides an example of the opening up of cyclic molecules (Sg or Sg) into 

chains followed by polymerization to longer chains. A note on the structure of 

water is included in Chapter 15. 

Structural changes on boiling or sublimation 

Since we know so little about the structures of liquids we are virtually restricted 

here to a comparison of structure in the solid and vapour states. In the prestructural 

era knowledge of the structures of vapours was confined to the molecular weight 

and its variation with temperature and pressure. The considerable amount of 

information now available relating to interatomic distances and interbond angles in 

vapour molecules has been obtained by electron diffraction or from spectroscopic 

studies of various kinds. This information is largely restricted to comparatively 

simple molecules, not only because it is impossible to determine the large number 

of parameters required to define the geometry of a more complex molecule from 

the limited experimental data, but also because the geometry of many molecules 

becomes indeterminate if the molecules are flexible. (In addition, certain methods 

of determining molecular structure are subject to special limitations; for example, 

in general only molecules with a permanent dipole moment give microwave 

spectra.) Information about the molecular weights of vapour species of certain 
compounds can be obtained by mass spectrometry, though the method has not as 
yet been widely applied to inorganic compounds—see, for example, the alkali 
halides and MoO3. A less direct source of information is the study of the deflection 
of simple molecules in a magnetic field, which shows, for example, that some halide 
molecules AX, are linear and others angular (see Chapter 9). An interesting 
development in infrared spectroscopy is the trapping of species present in vapour at 
high temperatures in a (solid) noble gas matrix at very low temperatures, making 
possible the study of molecules which are too unstable to be studied by the more 
usual techniques. 

In general we shall indicate what is known about the structural chemistry of a 
substance, in all states of aggregation, when it is described in the systematic part of 
this book. However, the following note on ferric chloride is included at this point 
to emphasize that even a compound as simple as FeCl, may have a very interesting 
structural chemistry of its own. In the vapour at low temperatures the compound is 
in the form of FeClg molecules. When these condense to form a crystal a radical 
rearrangement takes place and instead of a finite molecule, in which each iron 
atom is attached to four chlorine atoms, there is an infinite 2-dimensional layer in 
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which every Fe is bonded to six Cl atoms. When this crystal dissolves in a non-polar 

solvent such as CS, the Fe,Clg molecules reform, but in polar solvents such as 

ether simple tetrahedral molecules (C,H;),0 > FeCl, are formed. We are 

accustomed to regard a process like the dissolution of a crystal as a simple reversible 

process, in the sense that removal of the solvent leads to the recovery of the original 

solute. This is usually true for non-polar solvents but not for dissolution in a highly 

polar solvent like water. When a crystal of ferric chloride dissolves in water 

separation into Fe? * and Cl” ions occurs, and many of the properties of an aqueous 

solution of FeCl are the properties of these individual ions rather than of ferric 

chloride. Thus the solution precipitates AgCl from a solution of AgNO 3 (property 

of Cl” ion) and it oxidizes SnCl, to SnClq4 or TiCl; to TiClq; these reactions are 

due to the transformation Fe? * + e > Fe**. In aqueous solution the ferric ion is 

hydrated and evaporation at ordinary temperatures leads to crystallization of the 

hexahydrate; the original anhydrous FeCl; cannot be recovered from the solution 

in this way. The ‘hexahydrate’ consists of octahedral [FeCl,(H,0),4] * ions, Cl7 

ions, and H,O molecules which are not attached to metal atoms. We may set out 

the structural chemistry of FeCl, in the following way: 
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A classification of crystals 

We have seen that in some crystals we may distinguish tightly-knit groups of atoms 

(complexes) within which the bonds are of a different kind from (and usually much 

shorter than) those between the complexes. The complexes may be finite or extend 

indefinitely in one, two, or three dimensions, and they are held together by ionic, 

van der Waals, or hydrogen bonds. The recognition of these types of complexes 

provides a basis for a broad geometrical classification of crystal structures, as shown 

in Chart 1.2. At first sight it might appear that the most obvious way of classifying 
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CHART 1.2 

Molecular crystals 

(Finite complexes) 

3D clathrates 

(finite molecules in 
holes or tunnels) 

Infinite 3D complexes 

3D framework ions 

(finite ions in 
interstices) 

finite complex ions 

finite ions finite ions 

Layer structures Chain structures 

structures would be to group them according to the types of bonds between the 

atoms, recognizing the four extreme types, ionic, covalent, metallic, and van der 

Waals. A broad division into ionic, covalent, metallic, and molecular crystals is 

often made. However, bonds approximating to pure types (particularly ionic or 

covalent) are rare, and moreover in most crystals there are bonds of several 

different types. Numerous intermediate classes have to be recognized, and it is 

found that classifications based on bond types become complicated without being 

comprehensive. They also have the disadvantage that they over-emphasize the 

importance of ‘pure’ bond types, bonds of intermediate character being treated as 

departures from these extremes. It would seem preferable to be able to discuss the 

nature of the bonds in a particular crystal without having prejudged the issue by 

classifying a crystal as, for example, an ionic crystal. 

We shall, of course, find structures that do not fall neatly into one of the main 

compartments of Chart 1.2. For example, in crystalline HgBr2 and CuCl, the shortest 

bonds define finite molecules and chains respectively. These units are held together 
by weaker metal-halogen bonds to form layers, the bonds between which are the 
still weaker van der Waals bonds. Such structures find a place along one of the 
connecting lines of the chart; so also do structures in which molecules are linked by 
hydrogen bonds into chains, layers, or 3D complexes, at points marked H on the 
chart. It is inevitable that we refer in this section to many structures and topics 
which properly belong in later chapters; it may therefore be found profitable to 
refer back to this section at a later stage. 
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The four groups enclosed within the broken lines on the chart are closely related 
types of ionic structure, all of which involve two distinct kinds of charged unit. 
These are finite, 1-, 2-, or 3-dimensional ions in addition to discrete ions (usually 
monatomic). Examples of these four types of structure would include, for example, 
K,S04, KCuCl3, K,CuF4, and KB;Qg, containing K* ions and respectively finite, 
chain, layer, and 3D complex ions. In each class of structure in the Chart there may 
be departures from strictly regular structure such as rotation or random orientation 
of complex ions or molecules, absent or misplaced atoms, and so on, as in the 
various types of ‘defect’ structure. We shall now discuss the four main structural 
types somewhat briefly as they will be considered in more detail in subsequent 
chapters. 

Crystals consisting of infinite 3-dimensional complexes 

The simplest structures of this group are those of 

(a) the noble gases, 

(b) metals and intermetallic compounds, and 

(c) many simple ionic and covalent crystals, 

that is, all crystals in which no less extensive type of grouping is recognizable. It is 
immaterial whether crystals containing small molecules such as H,, Nj, and HS 
are included here or with molecular crystals. Essentially covalent crystals of this class 

include diamond (and the isostructural Si, BN, etc.) and related compounds such as 

the various forms of SiC. Some of the simplest structure types for binary 

compounds in which the infinite 3D complex extends throughout the whole crystal 

are set out in Table 1.2. 

WABI, 122 

Simple structures for compounds A,,Xy 

Coordination Coordination number of X 

number of A 

2 3 4 6 8 
Se ee 

4 SiO ZnS 
6 ReO3 TiO2 Aly 03 NaCl 

8 CaF CsCl 
9 LaF3 

In crystals of groups (a), (b) and (c) all the atoms together form the 3D complex. 

Closely related to these are two other types of structure in which there is a 3D 

framework extending throughout the crystal but in addition discrete ions or 

molecules occupy interstices in the structure: 

(d) There are several kinds of 3-dimensional framework structures. In the 

zeolites (p. 827), a group of aluminosilicates, there are rigid frameworks built from 

(Si, Al)O, tetrahedra, and through these frameworks there run tunnels which are 

accessible from the surfaces of the crystals. Foreign ions and molecules can there- 

fore enter or leave the crystal without disturbing the structure. The term 
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FIG. 1.9. Inclusion of foreign molecules in crystals of (a) Pd2Brqg[As(CH3)3]2, 
(b) Ni(CN)2NH3 .nCeHe, (c) a urea-hydrocarbon complex, (d) B-quinol. 

zeolitic is applied to crystals of this type. Some crystals, on the other hand, 

incorporate foreign molecules during growth in cavities from which they cannot 

escape until the crystal is dissolved or vaporized. These crystals are termed clathrate 

compounds. It would be more accurate to say that the framework of the ‘host’ 

forms around the included molecules, since the characteristic structure does not 

form in the absence of the ‘guest’ molecules. The clathrate structure is not stable 

unless a certain minimum proportion of the cavities is occupied; the structures of 

all the clathrate compounds of Fig. 1.9(b), (c), and (d), are different from those of 

the pure ‘host’ compounds. Clathrate compounds may have layer structures (for 

example, Ni(CN), . NH3 .C.6H6, Fig. 1.9(b)) but more generally they have 3D 

structures, most of which are frameworks of hydrogen-bonded molecules. In the 
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urea-hydrocarbon complexes (Fig. 1.9(c)) the urea molecules form a framework 
enclosing parallel tunnels around the linear hydrocarbon molecules, a much less 
dense packing of CO(NH,) molecules than in crystalline urea itself. The “B-quinol’ 
structure, Fig. 1.9(d), consists of two interpenetrating systems of hydrogen-bonded 
HO .CeHq .OH molecules which enclose molecules of water or certain gases if 
these are present during crystal growth (see also p. 97). The ice-like hydrates have 
frameworks of hydrogen-bonded water molecules which in the simplest cases form 
around neutral atoms or molecules such as those of the noble gases, chlorine, etc. 
They are described in Chapter 15 and 3. 

(e) Crystals with 3D framework ions. These necessarily contain finite ions in the 
interstices to balance the charge on the framework. 

Layer structures 

It is conventional to describe as layer structures not only those in which all the 

atoms are incorporated in well-defined layers but also those in which there are ions 

or molecules between the layers. Since the layers may be electrically neutral, 

bonded together by van der Waals or hydrogen bonds, or charged, and since they 

may be identically constituted or have different structures, we may elaborate our 

Chart as shown in Fig. 1.10. Of the families of structures indicated in Fig. 1.10 by 

far the largest is (a,), in which identical layers are held together by van der Waals 

bonds. The structure of the layer itself can range from the simplest possible planar 

network of atoms (graphite, white BN), through As,03 (monoclinic), numerous 

layers formed from tetrahedral or octahedral coordination groups (halides AX, and 

AX3), to the multiple layers in talc and related aluminosilicates. (The rarity of 

layer and chain structures among metal oxides and fluorides may be noted; these 

structures are more commonly adopted by the other chalconides and halides.) 

In the classes (a,) and (cz) identical layers are interleaved with molecules or ions, 

and there are many pairs of structures in which the layers are of the same or closely 

similar geometrical types but electrically neutral in (a,) and charged in (cy). Some 

examples are given in Table 1.3. For example, the (Si,0,)2”~ layer in a number of 

alkali-metal silicates M,Si,O, is of the same general type (tetrahedral groups 

sharing three vertices) as the neutral layer in one polymorph of POs, and there is 

the same relation between the neutral layer of PbF4 and the 2-dimensional ion in 

K,(NiF4) or between talc, built of neutral layers Mg3(OH)2SigO;9, and the mica 

phlogopite, KMg3(OH),Si3AlO, 9, in which the charged layers are held together by 

the K* ions. An interesting example of an (a) structure is the clathrate compound 

in which benzene or water molecules are trapped between neutral layers of 

composition Ni(CN), . NH3 (Fig. 1.9(b)). 

Examples of layer structures of types (b;) and (b) are much less numerous. The 

former, in which the layers are held together by hydrogen bonds, include Al(OH)3, 

HCrO,, y-FeO . OH and related compounds. Instead of direct hydrogen bonding 

between atoms of adjacent layers there is the possibility of hydrogen bonding 

through an intermediate molecule such as HO situated between the layers (class 

(b>)). The structure of gypsum, CaSOq . 2 H2O (p. 560) provides an example of a 

structure of this type. 
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TABLE 1:3 

Related structures containing layers of the same general type 

(ay) (a2) or (c2) 

i Interlamellar compounds of 
Graphite 
es graphite, e.g. CgK, Ci6K 
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The last group, (d), of structures in which positively and negatively charged 

layers alternate, is also a small one and includes the chlorite minerals (p. 824) and 

some hydroxyhalides such as [NagMg,Cl,]*~ [Mg7Al,(OH),>]*~ (p. 212). 
In this very brief survey we have not been concerned with the detailed structure 

of the layers, various aspects of which are discussed in more detail later, in 

particular the basic 2D nets and structures based on the simplest 3- and 4-connected 

plane nets (Chapter 3), and layers formed from tetrahedral and octahedral 
coordination groups (Chapter 5). The Cdl, layer and more complex structures 

derived from this layer are further discussed in Chapter 6. We shall see that there 

are corrugated as well as plane layers, and also composite layers consisting of two 

interwoven layers (red P, Ag[C(CN)3]); these are included in the chapters just 

mentioned. 

Between the four major classes our classification allows for structures of 

intermediate types. We can envisage, for example, structures in which the dis- 

tinction between the bonds (and distances) between atoms within the layers and 

between those in different layers is not so clear-cut as we have supposed here. 

Alternatively, there may be well-defined layers but different types or strengths of 
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bonds between the units comprising the layers, so that the layer itself may be 
regarded as a rather loosely knit assembly of chains or finite molecules. We have 
already noted CuCl, and HgBr, as examples of structures of this kind, and other 
examples will be found in later chapters. 

Chain structures 

In principle the possible types of chain structure are similar to those for layer 
structures, and some are shown diagrammatically in Fig. 1.11, labelled in the same 
way. Examples are known of all the types of chain structure shown in the figure, 
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FIG. 1.12. The structure of KzHgCl4 .H2O viewed along the direction of the infinite chains. 
The K* ions (pairs of overlapping circles) and H2O molecules (large circles) lie, at various 

heights, between the chains. 

the most numerous being those of class (c2) which includes all oxy-salts containing 

infinite linear ions—the simplest of which are the linear meta-salts—and all complex 

halides containing chain anions. In some hydrated complex halides water molecules 

also are accommodated between infinite 1-dimensional anions, as in K,HgCly . H,O 

(Fig. 1.12) 

A simple example of class (b,) is the structure of LiOH . H,0, in which there 
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are hydrogen bonds between OH groups and H,O molecules of neighbouring chains 

(see Fig. 15.23, p. 561), and the structure of borax illustrates the rare (d,) type. 

Here the Na* ions and water molecules form a linear [Na(H,O)4]?° chain 

(consisting of octahedral Na(H,O)¢ groups sharing two edges) and the anion is an 

infinite chain formed from hydrogen-bonded [B40s(OH)4]?~ ions, as described on 

p. 858. As in the case of the (HCO3), chain in NaHCO this borate anion is 

composed of sub-units which are hydrogen-bonded along the chain and is therefore 

not strictly a chain of the simplest type. 

The simplest type of chain structure, (a,), consists of identical chains which are 

TABLE 1.4 

Structures containing chains of the same general type 

Type of chain Neutral molecule Infinite ion 

AX AX SeO> (BO2), in CaB2Oq 
xX xX meta- 

Z 2n- n- {| ions 
—A—X—A-—X- (tetrahedral) SO3 (S103), , (PO3)n 
X. X2 in meta-salts 

(planar) AuF3 (CuCl3)) in CsCuCl3 

NES Ea ese BiF’s (AIFs)2”"" in TI,AIFs 
X4 X4 

ie ote 
ZAC AS NbIg (HgCla)7” in Ky HgCl4 . HO 
NGO 

x 
EE x a = 

a Zl... C0 (NiCl3)p,_ in CsNiCl3 

packed parallel to one another. Since the basic requirement for the formation of a 
chain is that the structural unit can bond to two others, the simplest possibility is a 
chain consisting of similar atoms as in plastic sulphur or elementary Se or Te: 

—S—S—S— 

An obvious elaboration is the chain consisting of alternate atoms of different 
elements, as in HgO or Aul: 

O 
Hg” “He Heo Ha 

More complex 2-connected units are groups AX3, AX4, AXe, etc., sharing one or 
more X atoms, where AX; is a planar group (e.g. (BO,)"~) or a pyramidal group 
(as in SeO,), AX, a tetrahedral group sharing two vertices (SO3) or two edges (SiS;), 
AX6 an octahedral group sharing two vertices (BiFs) or two edges (NbIq), or two 
faces (ZrI3), and so on. These chains are described in more detail under tetrahedral 
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and octahedral structures in Chapter 5. The structure of ReClq provides an example of 
a more complex chain in which the repeat unit is a pair of face-sharing octahedra 
which are further linked by sharing a pair of vertices: 

Cl Cl Cl 
SS SS 

CRC CLRECI 
Gi ek Sek 24 

As in the case of layer structures the same general type of structure can serve for 

infinite molecules as for infinite linear ions. 

We do not propose to discuss here the geometry of chains, but we may note that 

whereas chains built of tetrahedral or octahedral groups sharing a pair of opposite 

edges or of octahedral groups sharing a pair of opposite faces are strictly linear, 

there are numerous configurations of chains built from tetrahedra sharing two 

vertices (p. 816) and two configurations are found for AX, chains in which 

octahedral AX, groups share two vertices, the latter being cis or trans to one 

another. A rotation combined with a translation produces a helix, the simplest form 

of which is the plane zigzag chain (as already illustrated for HgO) generated by a 

2-fold screw axis. In a second polymorphic form of HgO the chain, like that in 

‘metallic’ Se, is generated by a 3-fold screw axis, while the infinite chain molecule 

in crystalline AuF 3 results from the repetition of a planar AuF4 group around a 

6-fold screw axis. 

Crystals containing finite complexes 

Finite complexes comprise all molecules and finite complex ions. We are therefore 

concerned here with two main classes of Chart 1.2, namely, molecular crystals and 

crystals containing finite complex ions. Molecular crystals include many com- 

pounds of non-metals, some metallic halides AX, and a number of polymeric 

halides A,X, and A,Xjo, metal carbonyls and related compounds, and many 

coordination compounds built of neutral molecules (e.g. (Co(NH3)3(NO2)3). In 

the simplest type of molecular crystal identical non-polar molecules are held 

together by van der Waals bonds. The structures of these crystals represent the most 

efficient packing of units of a given shape held together by undirected forces. When 

the molecules are roughly spherical the same structure types may occur as in 

crystals described as 3-dimensional complexes, a group of atoms replacing the single 

atom. As the shape of the molecule deviates from spherical so the structures bear 

more resemblance to those of crystals containing 1- or 2-dimensional complexes. 

More complex types of molecular crystal structure arise when there are molecules 

of more than one kind, as in AsI3 .3 Sg, and when there are hydrogen bonds 

between certain pairs of atoms of different molecules. 

Finite complex ions include the numerous oxy-ions and complex halide ions, the 

aquo-ions in some hydrates (e.g. Al(H,0)2*), and all finite charged coordination 

complexes, in addition to the very simple ions such as CNErC. 6054.05 eeand 

many others. Crystals containing the smaller or more symmetrical complex ions 
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often have structures similar to those of A,,X, compounds; see, for example, the 

section on the NaCl structure in Chapter 6. 

Relations between crystal structures 

Our aim in the first part of this book is to set out the basic geometry and topology 

which is necessary for an understanding of the 3-dimensional systems of atoms 

which constitute molecules and crystals and to enable us to describe the more 

important structures in the simplest possible way. In view of the extraordinary 

variety of atomic arrangements found in crystals it is important to look for any 

principles which will simplify our task. We therefore note here some relations 

between crystal structures which will be found helpful. 

(a) The same basic framework may be used for the structures of crystals with 

relatively complicated chemical formulae, as will be illustrated for the diamond 
net in Chapter S. 

(b) Structures may be related to a simple A,,X, structure in one of the 

following ways: 

(1) Substitution structures 

(i) regular (superstructures), 

(ii) random. 

(II) Subtraction and addition structures 

(i) regular, 

(ii) random. 

(IIL) Complex groups replacing A and/or X. 

(IV) Distorted variants 

(i) minor distortion, 

(ii) major distortion. 

(A minor distortion implies that the topology of the structure has not 
radically altered, further distortion leading to changes in coordination 
number.) 

We shall illustrate these relations by dealing in some detail with some of the simpler 
structures in Chapter 6. It will also be shown how the Cdl, layer (Fig. 6.14) is used 
in building the structures of a number of ‘basic salts’, some with layer and others 
with 3D structures. 

(c) The structures of some oxides and complex oxides are built of blocks or 
slices of simpler structures. Examples described in later chapters include oxides of 
Ti and V with formulae M,O,,_, built from blocks of rutile structure and oxides 
of Mo and W (for example M,,03,,_,) related in a similar way to the structures of 
MoOQ3 and WO 3 (shear structures). More complex examples include oxides 
Stn+1Ti,O3n+1 formed from slices of the perovskite (ABX3) structure and the 
‘B-alumina’ (NaAl, ,O,7) and magnetoplumbite (PbFe; 0,9) structures in which 
slices of spinel-like (AB, X4) structure are held together by Na* and Pb2¢+ ions 
respectively. 

34 



2 

Symmetry 

Symmetry elements 

Symmetry, in one or other of its aspects, is of interest in the arts, mathematics, and 

the sciences. The chemist is concerned with the symmetry of electron density distri- 

butions in atoms and molecules and hence with the symmetry of the molecules 

themselves. We shall be interested here in certain purely geometrical aspects of 

symmetry, namely, the symmetry of finite objects such as polyhedra and of re- 

peating patterns. Inasmuch as these objects and patterns represent the arrangements 

of atoms in molecules or crystals they are an expression of the symmetries of the 

valence electron distributions of the component atoms. In the restricted sense in 

which we shall use the term, symmetry is concerned with the relations between the 

various parts of a body. If there is a particular relation between its parts the object 

is said to possess certain elements of symmetry. 

The simplest symmetry elements are the centre, plane, and axes of symmetry. A 

cube, for example, is symmetrical about its body-centre, that is, every point (xyz) 

on its surface is matched by a point (xyZ). It is said to possess a centre of symmetry 

or to be centrosymmetrical; a tetrahedron does not possess this type of symmetry. 

Reflection of one-half of an object across a plane of symmetry (regarded as a 

mirror, hence the alternative name mirror plane) reproduces the other half. It can 

easily be checked that a cube has no fewer than nine planes of symmetry. The 

presence of an n-fold axis of symmetry implies that the appearance of an object is 

the same after rotation through 360°/n; a cube has six 2-fold, four 3-fold, and three 

4-fold axes of symmetry. We postpone further discussion of the symmetry of finite 

solid bodies because we shall adopt a more general approach to the symmetry of 

repeating patterns which will eventually bring us back to a consideration of the 

symmetry of finite groups of points. 

Repeating patterns, unit cells, and lattices 

A repeating pattern is formed by the repetition of some unit at regular intervals 

along one, two, or three (non-parallel) axes which, with the repeat distances, define 

the lattice on which the pattern is based. For a 1-dimensional pattern the lattice is a 

line, for a 2-dimensional pattern it is a plane network, and for a 3-dimensional 

pattern a third axis is introduced which is not coplanar with the first two (Fig. 2.1). 
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The parameters required to define the three types of lattice in their most general 

forms are 

Lattice Lattice translations Interaxial 

(repeat distances) angles 

1-dimensional a - 

2-dimensional a, b Y 

3-dimensional a,b,c y, & B 

These parameters define the unit cell (repeat unit) of the pattern, which is 

accentuated in Fig. 2.1. Any point (or line) placed in one unit cell must occupy the 

same relative position in every unit cell, and therefore any pattern, whether 1-, 2-, 

or 3-dimensional, is completely described if the contents of one unit cell are 

specified. 

b 1b 

FIG. 2.1. One-, two-, and three-dimensional lattices. 

Clearly, every lattice point has the same environment. A further property is that 

if along any line in the lattice there are lattice points distance x apart then there 

must be points at this separation (and no other lattice points) along this line when 

produced indefinitely in either direction. (We refer to this property of a lattice 

when we describe the closest packing of spheres in Chapter 4.) Note that the lattice 

has no physical reality; it does not form part of the pattern. 

One- and two-dimensional lattices; point groups 

The strictly 1-dimensional pattern is of somewhat academic interest since only 

points lying along a line are permitted. The only symmetry element possible is an 

inversion point (symmetry centre) and accordingly the pattern is either a set of 

points repeating at regular intervals a, without symmetry, or pairs of points related 

by inversion points (Fig. 2.2(a)). Although the inversion points (small black dots) 

were inserted only at the points of the lattice (that is, a distance a apart) further 
inversion points appear midway between the lattice points. This phenomenon, the 

No symmetry 
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FIG. 2.2. Symmetry elements in one-dimensional patterns. 
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appearance of additional symmetry elements midway between those inserted at 

lattice points, is an important feature of 2- and 3-dimensional symmetry groups. 

Two-dimensional patterns introduce two concepts that are of importance in the 

3-dimensional patterns which are our main concern. First, the inversion (reflection) 

point is replaced by a reflection line (mirror line) (Fig. 2.2(b)) and two new types of 

symmetry element are possible, involving translation and rotation. The glide- 

reflection line combines in one operation reflection across a line with a translation 

of one-half the distance between lattice points (Fig. 2.2(c)). The translation is 

necessarily one-half because the point must repeat at intervals of the lattice 

translation. An n-fold rotation element produces sets of points related by rotation 

through 360°/n, as, for example, the vertices of a regular n-gon. (When considering 

plane patterns we should imagine ourselves to be 2-dimensional beings capable of 

movement only in a plane and unaware of a third dimension. The operation which 

produces a set of n points arranged symmetrically around itself in the plane is 

strictly a ‘rotation point’. It is, however, easier for three-dimensional beings to 

visualize such a rotation point as the point of intersection with the plane of an 

n-fold symmetry axis normal to the plane.) When illustrating symmetry elements it 

is convenient to use an asymmetric shape such as a comma so that the diagram 

shows only the intended symmetry. For example, Fig. 2.3(a) illustrates only 4-fold 

rotational symmetry, whereas (b) possesses also reflection symmetry. We shall see 

shortly that it is important to distinguish between the simple 4-fold symmetry 

(class 4) and the combination of this symmetry with reflection symmetry (class 

4mm). These symbols are explained later in this Chapter. 

We now come to the second point concerning plane patterns. An isolated object 

(for example, a polygon) can possess any kind of rotational symmetry but there is 

an important limitation on the types of rotational symmetry that a plane repeating 

pattern as a whole may possess. The possession of n-fold rotational symmetry 

would imply a pattern of n-fold rotation axes normal to the plane (or strictly a 

pattern of n-fold rotation points in the plane) since the pattern is a repeating one. 

In Fig. 2.4 let there be an axis of n-fold rotation normal to the plane of the paper at 

P, and at O one of the nearest other axes of n-fold rotation. The rotation through 

2n/n about Q transforms P into P’ and the same kind of rotation about P’ 

transforms Q into Q’. It may happen that P and Q’ coincide, in which case n = 6. In 
all other cases PQ’ must be equal to, or an integral multiple of, PQ (since Q was 

chosen as one of the nearest axes), i.e. <4. The permissible values of n are therefore 

1, 2, 3, 4, and 6. Since a 3-dimensional lattice may be regarded as built of plane nets 

the same restriction on kinds of symmetry applies to the 3-dimensional lattices, and 

hence to the symmetry of crystals. 

In Fig. 2.1 we illustrated the most general form of the 2-dimensional lattice, but 

it is clear that if a pattern has 3-, 4-, or 6-fold symmetry the lattice also will be 

more symmetrical than that of Fig. 2.1. It is found that there are five, and only 

five, 2-dimensional lattices consistent with the permissible symmetry of 2- 

dimensional patterns (Fig. 2.5). 

We now have to find which combinations of symmetry elements are consistent 

with the five fundamental plane lattices. Let us consider the square lattice. We may 
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FIG. 2.5. The five plane lattices. 

first have simply a 4-fold axis (G) at each point of the lattice (Fig. 2.6(a)). This 
automatically introduces a 4-fold axis at the centre of each square unit cell and 

2-fold axes (@) at the mid-points of the sides. Any point placed in the plane is 

repeated in the manner shown as sets of four points (commas) arranged around 

each point of the lattice (unless it lies on the axis, when it will not be repeated). We 

could also make the pattern symmetrical across each side of the cell, as at (b), by 

making the edges of the cells mirror reflection lines. This combination of rotational 

and reflection symmetry turns a single point into a group of eight points around 

each lattice point. By finding all the permissible (different) combinations of 

symmetry with the various 2-dimensional lattices we arrive at a total of 17 plane 

groups, which form the bases of all 2-dimensional patterns. 

Evidently different symmetries are associated with certain points in the unit cell. 

For example, in Fig. 2.6(a) the corners and centre of the unit cell have associated 

with them 4-fold symmetry, and the mid-points of the edges 2-fold symmetry. 
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(a) 

FIG. 2.6, 4-fold symmetry in plane patterns. 
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Similarly in (b) four reflection lines and 4-fold rotational symmetry are associated 
with the origin, but only two perpendicular reflection lines and 2-fold symmetry 
with the mid-points of the sides. The set or combination of symmetry elements 
associated with a point in a repeating pattern is called the point group. The 
symmetry elements all pass through the point and generate a set of symmetry- 
related (equivalent) points around it. There are ten different combinations (point 
groups) in two dimensions. 

Three-dimensional lattices; space groups 

As in the case of the 1- and 2-dimensional patterns we consider first the various 
possible lattices on which the patterns are based and then the possible com- 
binations of symmetry elements which can be associated with the lattices. 

FIG. 2.7. The 14 Bravais lattices. 

There are fourteen 3-dimensional lattices consistent with the types of rotational 

symmetry which a 3D repeating pattern may possess. These infinite 3D frameworks 

are the 14 Bravais lattices (Fig. 2.7) and Table 2.1. The repeat distances (unit 

translations) along the axes define the unit cell, and the full lines in Fig. 2.7 show 

one unit cell of each lattice. 

TPANIBIL IE, Ql 

The 14 Bravais lattices 

Position in Position in 

Fig. 2.7 Fig, 2.7 

Triclinic iP, 1 Hexagonal 12 8 

Monoclinic iP 2 Rhombohedral R 9 

C (or A) 5 Tetragonal iP 10 

Orthorhombic Ip 4 I Hil 

C (B or A) 5 Cubic 12 119) 

i 6 if 13 
F 7 F 14 

29 



FIG. 2.8. Operation of a rotatory- 

inversion axis (see text). 

FIG. 2.9. The four kinds 
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In a simple or primitive (P) lattice there are lattice points only at the corners of 

the unit cell. If there is a lattice point at the centre of the unit cell the lattice is 

described as body-centred (/ lattice), and if there are lattice points at the centres of 

some or all of the faces (in addition to those at the corners) the lattice is described 

as A- B-, or C-face-centred, or as an F lattice if it is centred on all faces. The unit 

cell of a centred lattice contains more than one lattice point (two for J, A, B, or C, 

and four for F lattices); a smaller cell containing only one lattice point could be 

found, but such cells correspond to lattices of lower symmetry already included in 

Fig. 2.7. It will be observed that Fig. 2.7 and Table 2.1 include only a limited 

number of centred lattices. There is, for example, no B-face-centred monoclinic 

lattice listed, because such a lattice may alternatively be described as a monoclinic P 

lattice with a different 6 angle. Similarly there is a C-face-centred orthorhombic 

lattice in Table 2.1 but no C-face-centred tetragonal lattice. The latter could equally 

well be described as a P lattice having a and b axes at 45° to those of the C lattice, 

whereas in the orthorhombic case the change to the smaller cell would lead to an 

interaxial angle not equal to 90°. It may easily be verified that a tetragonal F lattice 

reduces to the tetragonal J lattice. The only types of centred lattice consistent with 

cubic symmetry (see p. 43) are the body-centred and all-face-centred lattices. 
The symmetry elements which can be inserted into 3-dimensional lattices are 

more numerous than those associated with 2-dimensional lattices. In addition to 
inversion (centre of symmetry), reflection (mirror plane), and simple rotational 
symmetry (axes of simple n-fold rotation, where n = 1, 2, 3, 4, or 6), there are axes 
of rotatory inversion and two kinds of operation involving translation, namely, 
glide planes and screw axes. An axis of rotatory inversion, 7, combines the 
operations of rotation through 360°/n with simultaneous inversion through a centre 
of symmetry. For example, the axis 4 (normal to the plane of the paper) converts a 
point (xyz) into a set of four points, as shown in Fig. 2.8, in which points above 
and below the plane of the paper are distinguished as full and open circles 
respectively. Rotated in a clockwise direction through 90° and then inverted A 
becomes B (yxz), B becomes C (xyz), and C becomes D (vxZ). It should be 
emphasized that the two operations implied by an axis 7 are not separable, that is, 
4 is not equivalent to a 4-fold rotation axis plus a centre of symmetry. This 
combination produces the set of eight points shown in Fig. 2.8(b) as compared with 
the four points produced by 4. It can easily be verified that I is a centre of 
symmetry, 2 is equivalent to a plane of symmetry (also written m7), 3 to an ordinary 
3-fold axis plus a centre of symmetry, and 6 to a 3-fold axis plus a plane of 
symmetry perpendicular to it (Fig. 2.9). The symbol 3/m is simply a convenient 
way of printing 3 (3 over m) and indicates that the plane of symmetry is 
perpendicular to the 3-fold axis. The symbol 3m indicates that the plane is parallel 
to the symmetry axis. It is instructive to examine solid objects such as polyhedra 
and models of crystals which possess various types of symmetry, when it is found 
that 3 generates the six faces of a rhombohedron, 4 those of a tetrahedron, 
and 6 those of a_ trigonal bipyramid. When describing the symmetry of a 
polyhedron the symmetry element is operating on faces and not on points as in Figs. 
2.8 and 2.9. 
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The glide plane is the 3-dimensional analogue of the glide-reflection line of the 
2-dimensional patterns. As its name implies, it combines in one operation a 
movement with a reflection. If we imagine a point A (Fig. 2.10) on one side of a 
mirror moved first to A’ and then reflected through the plane of the mirror to B, 
then A is converted into B by the operation of the glide plane. The same operation 
performed on B would bring it to C, the translation being always a constant amount 
4a, where a is the unit translation of the lattice. As we noted earlier for the 

FIG. 2.10. Operation of a glide 
plane. 

glide-reflection line the translation associated with a glide plane must be one-half of 

the lattice translation because the point must repeat at intervals equal to the lattice 

translation. A more complex type of glide plane transforms A into D, this involving 

translations of 4a + 4c, followed by reflection. If the unit translations a and c of the 

crystal lattice are not equivalent we clearly have three types of glide plane, with 

which are associated translations of 4a, 4c, and 4a+4c respectively; the corre- 
sponding symbols are a, c, and d (for diagonal). 

The screw axis derives its name from its relation to the screw thread. Rotation 
about an axis combined with simultaneous translation parallel to the axis traces out 

a helix, which is left- or right-handed according to the sense of the rotation. Instead 

of a continuous line on the surface of a cylinder there could be a series of discrete 

points, one marked after each rotation through 360°/n. After n points we arrive 

back at one corresponding to the first but translated by x, the pitch of the helix, 

which in a 3-dimensional pattern corresponds to a lattice translation. The symbol 

for a screw axis indicates the value of n (rotation through 360°/n) and, as a 

subscript, the translation in units of x/n where x is the pitch. The translation 

associated with each rotation of an n-fold screw axis may have any value from x/n 

to (n — 1)x/n, and therefore the possible types of screw axis in periodic 3D patterns 

are the following: 

213 31, and 34; 44, 4, and 43; 6), 62, 63, 64; and 65. 

A convenient way of showing the sets of points generated by screw axes is to 

represent them by sets of figures giving the heights of the points above the plane of 

the paper in terms of x/n: 
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Starting in each case at the top of the diagram (height 0) and proceeding clockwise 

each point rises x/n for each rotation through 360°/n. For 6, all the six points 

successively generated by the axis fall within one lattice translation normal to the 

plane of the paper, being at heights 0, 1/6, 2/6, 3/6, 4/6, and 5/6, but for the other 

6-fold screw axes the points extend through 2, 3, 4, or 5 unit cells. For 64, for 

example, the heights of successive points are 0, 4, 8, 12, 16, and 20 units of x/6. 

However, since by definition each unit cell must.contain the same arrangement of 

points we may deduct 6 or multiples of 6 from these values giving, 0,4, 2,0,4,2,a 

set of six points lying within one unit cell. Examination of the above diagrams 

shows that 6, and 6, are related as clockwise and anticlockwise helices, and 

similarly for 6, and 64. 

The four types of symmetry element, axes of simple rotation or rotatory 

inversion, screw axes, and glide planes, have now to be inserted into the appropriate 

lattices. The only symmetry elements consistent with the first Bravais lattice of Fig. 

2.7 (the triclinic lattice) are the axes 1 and 1, the former implying no symmetry 

and the latter a centre of symmetry. The highest rotational symmetry consistent 

with the lattices 2 and 3, which have two interaxial angles of 90° and one of 6 

(hence the name monoclinic) is a 2-fold axis (2 or 2,), the direction of which must 

correspond to the b axis. Alternatively, or in addition, one plane of symmetry is 

permissible, which must be perpendicular to the b axis. This may be a mirror plane 

(m or 2) or a glide plane. It is found that a total of 14 types of 3-dimensional 

symmetry (space-groups) can be associated with the two monoclinic lattices. It is 
interesting that the very considerable problem of determining the total number of 
Space groups arising from all fourteen Bravais lattices was being studied indepen- 
dently during the same period (1885-94) by Fedorov in Russia, Schoenflies in 
Germany, and Barlow in England. It was established that there are 230 such space 
groups. 

Point groups; crystal systems 

We saw earlier that different symmetries are associated with particular positions in 
a plane pattern, and that the number of point groups in 2-dimensional patterns is 
ten. For 3D patterns the number of point groups is 32. These point groups are the 
possible symmetries of finite groups of points arranged around particular positions 
in a lattice; they cannot therefore include symmetry elements involving trans- 
lations, namely, screw axes or glide planes, though they may include axes of 
rotatory inversion. We have approached the subject of symmetry from the 
standpoint of repeating patterns and lattices, leading to the enumeration of the 
symmetries of 3D patterns (the 230 space groups) and incidentally of the 
combinations of symmetry elements that can be associated with particular points in 
a lattice (the 32 point groups). Historically the development of symmetry theory 
was very different. 

The science of crystallography began, in the seventeenth century, with the study 
of the shapes of crystals. It was observed that there is considerable variation in the 
overall shape of crystals of a particular substance (or of crystals of one form if it is 
polymorphic), but that however much a crystal departed from the ‘ideal’ shape, 
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such as a cube or regular prism, the angles between corresponding pairs of faces 

were constant on all crystals. For this reason the crystallographer always works 

with face-normals, and the symmetry of a crystal shape (and hence its point 

symmetry) refers to the symmetry of the set of face-normals and not to the actual 

(often distorted) shape of a particular crystal. Variations in the relative develop- 

ments of crystal faces are described as variations in crystal habit; they are not 

characteristic of the internal structure of the crystal but are attributable to 

variations in external conditions, for example, nearness to other crystals or presence 

of impurities in the solution or melt. Some examples are shown in Pigs 211: 

Owing the regular internal structure of a crystal the symmetry of its external 

shape (the ‘ideal’ face development as defined above) is subject to the same 

limitations as regards types of rotational symmetry that apply to any 3D repeating 

pattern. Also the symmetry elements describing the shape of a crystal must all pass 

through a point and cannot involve translations, since they describe the arrange- 

ment of faces on a finite crystal. The 32 classes of crystal symmetry, which were 

derived as early as 1830, are therefore the 32 point groups to which we have 

already referred. They are grouped into seven crystal systems as shown in Table 2.2, 

which gives the Hermann-Mauguin symbols used by crystallographers and also the 

earlier Schoenflies symbols which are still favoured by spectroscopists. 

The characteristic symmetries of the crystal systems and also the parameters 

required to define the unit cells are summarized in Table 2.3. 

Comparison of Fig. 2.7 with Table 2.3 will show that whereas we have listed 

trigonal and hexagonal among the crystal systems, Fig. 2.7 includes rhombohedral 

and hexagonal lattices. The reason for this difference is the following. All crystals 

with a single axis of 3-fold or 6-fold symmetry can be referred to a hexagonal 

lattice (and unit cell), that is, all the points shown as open circles in Fig. 2.12 have 

the same environment. Some trigonal crystals also have the special property 

that the points marked as black circles have the same environment as those at the 

corners of the hexagonal unit cell. These points are vertices of a rhombohedron 

(with one-third the volume of the hexagonal cell), and the structure of such a 

crystal may therefore be referred to rhombohedral axes and a rhombohedral unit 

cell. 

Attention should perhaps be drawn to the characteristic symmetry of the cubic 

system which is not, as might be supposed, the 4-fold (or 2-fold) axes of symmetry 

or planes of symmetry but four 3-fold axes parallel to the body-diagonals of the 

cubic unit cell. This combination of inclined 3-fold axes introduces either three 

2-fold or three 4-fold axes which are mutually perpendicular and parallel to the 

cubic axes. Further axes and planes of symmetry may be present but are not 

essential to cubic symmetry and do not occur in all the cubic point groups or space 

groups. 

Equivalent positions in space groups 

We have stated that the arrangement of faces on a crystal (or more accurately the 

arrangement of face-normals) can be described by its point symmetry. The six 
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TABLEW2;2 

The thirty-two classes of crystal symmetry 

Hermann-Mauguin Schoenflies 

Triclinic 
1 Gi 

1 Cj, S2 
Monoclinic 

v GC 

ut Cs, Ci h 
2/m Crp, 

Orthorhombic 
222 D2, V 

mm2 Coy 
mmm Dap, Vp 

Tetragonal 

4 Cy 

4 Sa 
4/m abr: 

422 De 
4mm Css 

42m Dog, Va 

4/mmm Dan 

Trigonal 

3 Cs 

3 C3j, S6 
32 Ds 
3m co 

3m rie 
Hexagonal 

6 (sib 

6 Cy 

oir Cen 
622 De 
6mm Oce 

6m2 D3n 

6/mmm Be 

Cubic 

23 T 
m3 i 

432 O 
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The crystal systems: unit cells and characteristic symmetry 

System Relations Lengths and Characteristic 
between edges angles to be symmetry 
and angles of specified 

unit cell 

Triclinic (== 10) 52 a,b,c 1-fold (identity or 
at BEY # 90° a, B, y inversion) symmetry 

only 

Monoclinic a#tb#e a, b,c 2-fold axis (2 or 2) 
a= 7=90 #8 B in one direction only 

( axis) 

Orthorhombic AS2 IN Se @ a,b,c 2-fold axes in three 
a=~6=y=90° mutually perpendicular 

directions 

Tetragonal a=b#c a,c 4-fold axis along 
a=B=y7=90° z axis only 

Trigonal+ a=b#c ae 
nad a = B= 90° rae “Bee or 6-fold axis along 

7 - is only 
Hexagonal a= IAD) 

Cubic a=b=c a Four 3-fold axes each 
a=B=7=90° inclined at 54°44’ to cell 

axes (i.e. parallel to 

body-diagonals of unit 
cell) 

{ Certain trigonal crystals may also be referred to rhombohedral axes, the unit cell being a 
thombohedron defined by cell edge a and interaxial angle a (90°). 

triangular faces of a regular hexagonal pyramid are related by a 6-fold axis, but the 

basal face is not converted into a group of six faces because its normal is coincident 

with the symmetry axis. Similarly, six of the vertices are related by the symmetry 

axis but the seventh is a unique point, the difference being that the six basal 

vertices lie off the axis whereas the seventh lies on the axis. Similar considerations 

apply to the more complex systems of symmetry elements constituting the 230 

space groups. The number of equivalent points (positions) in a unit cell depends not 

only on the types of symmetry present but also on the location of a point (atom) 

relative to the symmetry elements. Figure 2.13 represents the projection of a unit 

cell of a crystal. Planes of symmetry perpendicular to the paper intersect the plane 

of the projection in full lines. The planes repeat at intervals of the lattice spacing 

(unit cell edge) because we are dealing with a 3D lattice, and it will be observed that 

the planes through the origin also give rise to additional planes of symmetry 

midway between them. A point (atom) situated on the intersection of the 

symmetry planes is not operated upon by these symmetry elements; it is a 1-fold 

equivalent position. A point (shaded circle) situated on one of the planes is 

operated on only by the second plane(s)--2-fold position—while a point (small 

circle) which lies on neither plane is operated on by both—4-fold position. The 
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latter is called the general position and the 2- and 1-fold positions are called special 

positions. 

Two points should be emphasized. First, according to classical structure theory, 

all the equivalent positions of a given set should be occupied and moreover they 

should all be occupied by atoms of the same kind. In later chapters we shall note 

examples of crystals in which one or both of these criteria are not satisfied; an 

obvious case is a solid solution in which atoms of different elements occupy at 

random one or more sets of equivalent positions. (The occupation of different sets 

of equivalent positions by atoms of the same kind occurs frequently and may lead 

to quite different environments of chemically similar atoms. Examples include the 

numerous crystals in which there is both tetrahedral and octahedral coordination of 

atoms of the same element—in the same oxidation state—as noted in Chapter 5, and 

crystals in which there is both coplanar and tetrahedral coordination of Cu(in), p. 

890, or Ni(i1), p. 965.) The second point for emphasis is if a molecule (or complex 

ion) is situated at one of the special positions it should possess the point symmetry 

of that position. A molecule lying on a plane of symmetry must itself possess a 

plane of symmetry, and one having its centre at the intersection of two planes of 

symmetry must itself possess two perpendicular planes of symmetry. If, therefore, 

it can be demonstrated that a molecule lies at such a position as, for example, 

would be the case if the unit cell of Fig. 2.13 contained only one molecule, (a fact 

deducible from the density of the crystal) this would constitute a proof of the 

symmetry of the molecule. Such a conclusion is not, of course, valid if there is any 

question of random orientation or free rotation of the molecules. Moreover, there is 

another reason for caution in applying this type of argument to inorganic crystals. 

Suppose, for example, that we wish to know the arrangement of X atoms around 

B in a complex halide A,BX4 which is thought to contain planar or tetrahedral 

BX3~ ions. We shall further suppose that the X-ray diffraction data show that the B 

atoms are situated at centres of symmetry. If the BX47 ions are finite they cannot 

be tetrahedral, since a tetrahedral group is not centrosymmetrical. However, the 

BX37 anion could be infinite in extent, and an infinite linear ion consisting of 

octahedral BX¢ groups sharing opposite edges is also consistent with the observed 

point symmetry. 

One final point about equivalent positions may be noted. There is no restriction 

on the symmetry of a molecule which occupies a general position in a space group 

(for example, the 4-fold position of Fig. 2.13); it may possess 8-fold, icosahedral, or 

any type of symmetry or no symmetry at all. 

Examples of ‘anomalous’ symmetry 

Special interest attaches to molecules or crystals that possess symmetry which is 

lower or higher than might be expected. This statement calls for a brief explana- 

tion. The packing of equal spheres is discussed in Chapter 4 where we shall see that 

the majority of metals adopt certain highly symmetrical structures. Some metals, 

however, crystallize with less symmetrical variants of these structures, and these are 

obviously of interest since the lower symmetry presumably indicates some pecu- 

liarity in the bonding in such crystals. Some crystals containing only highly 
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symmetrical ions (for example FeO) exhibit lower symmetry when cooled. A 
particularly interesting case is that of metallic tin, the higher temperature form of 
which has the lower symmetry. There are a number of compounds which do not 

adopt the most symmetrical form of a particular structure but a distorted variant of 

the structure. In some cases a reasonable explanation can be given for the lower 

symmetry as, for example, some kind of interaction between metal atoms in NbI4 

or VO, or the asymmetry of the d? configuration of Cu? * leading to the distorted 
rutile structure of CuF,. In other cases there is as yet no obvious explanation for the 

lower symmetry, for example, of crystalline PdS as compared with PtS. 

Conversely there are many cases where the symmetry is higher than might be 

expected, Many crystals containing complex ions have, either at room temperature 

or higher temperatures, structures indicating a symmetry for the complex ion 

higher than that corresponding to its known (or expected) structure (for example, 

spherical symmetry for OH~ or C3"). In such cases the higher symmetry results 

from random orientation or free rotation of the non-spherical group. We have 

already mentioned the random occupation of sets of equivalent positions by atoms 

of more than one kind in solid solutions; the random arrangement of vacancies in a 

‘defect’ structure can also lead to retention of the symmetry of the ideal structure. 

It may appear surprising that molecules or ions presumably possessing symmetry 

do not always exhibit this symmetry in crystals, that is, they occupy positions of 

lower point symmetry. If the molecular symmetry is of a non-crystallographic type, 

for example, the 5-fold symmetry of a planar ring or an icosahedral group, clearly 

this cannot be exhibited in the crystal. The highest symmetry such a group could 

show would be, for example, a plane or 2-fold axis. The croconate ion in 

(NH4)2C50.5 has exact 5-fold symmetry to within the accuracy of the structure 

determination, but the ions must pack in a way consistent with one of the 230 

space groups. Similarly, even if the molecules possess symmetry of a crystallo- 

graphic type (e.g. 4- or 6-fold axis), the basic requirement is that they pack 

efficiently, and this may not be possible if they are arranged with their symmetry 

axes parallel, as would be necessary in a structure with tetragonal or hexagonal 

symmetry. 

Isomerism 

Isomerism is a rather comprehensive term embracing several types of structural 

differences between molecules (ions) having the same chemical composition. It is 

therefore closely related to polymorphism, for both are concerned with differences 

between the spatial arrangements of a given set of atoms which in the one case form 

a finite group and in the other an infinite array (crystal). The structural differences 

between isomers range from those between topological isomers, which represent 

different ways of connecting together the same set of atoms and are usually 

regarded as different chemical compounds, to those between a pair of optical 

isomers, which are structurally and chemically identical in every way except that 

they are related as object and mirror image. Because optical activity can be 

exhibited by both molecules and crystals and because molecules or ions having this 
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property do not necessarily exhibit any other type of isomerism, we shall discuss 

optical activity separately. Between these two extremes lie various types of 

geometrical isomerism or stereoisomerism. As the term implies, stereoisomerism 

includes all cases where a molecule (ion) can be obtained in two (or more) distinct 

forms which differ in the spatial arrangement of the constituent atoms but not in 

their topology. Thus in principle, one isomer could be converted into another 

simply by relative movements of certain of the atoms without breaking and 

remaking any of the o bonds. 

Between a pair of geometrical isomers there is an energy barrier which may be 

due to m-bonding (as in cis- trans isomerism of substituted ethylenes or the eclipsed 

and staggered forms of ferrocene) or to the fact that interconversion takes place 

through an intermediate with different geometry (for example, the rearrangement of a 

cis square-planar complex into the trans isomer via a tetrahedral intermediate). Geo- 

metrical isomers show differences in physical properties and in rare cases are 

recognized as different chemical compounds (for example, fumaric and maleic acids, 

the trans and cis forms of HOOC . CH=CH . COOH). 

The subject of isomerism is closely concerned with symmetry. Consider, for 

example, the three molecules (i) OX, (ii) Nz X, and (iii) C, X,. In a molecule of 

type (i), formed by oxygen and sulphur, the two X atoms are not coplanar with the 

two O (S) atoms; the molecule is enantiomorphic, that is, it cannot be brought into 

coincidence with its mirror image; it exists in left- and right-handed forms. 

ye. 
XX Xa / 

Om  N N~ oath leet et nom 
X~ x Sry Ps 

(i) (ii) (iii) (iv) 

Description of the molecular geometry requires a knowledge of the dihedral angle 

XOO/OOX. On the other hand all atoms of (ii) are coplanar, and such molecules 

exist in cis and trans forms. The four atoms of (iii) are collinear, it has cylindrical 

symmetry, and there are no isomers. A number of molecules of type (iv) are formed 

eclipsed (cis) staggered (trans) gauche 

by nitrogen and phosphorus and they provide examples of two of the three extreme 
configurations possible for a molecule of this kind. The sketches show the molecule 
viewed along the N—N (P—P) axis. Examples include: 

staggered: P,H, (solid) PF, P»Cl4 Pol4 

gauche: N,Hq P,H4 (gas) 

staggered and gauche: N»F4 
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The dithionite ion (S,04~) provides an example of a group of this kind with the 
eclipsed configuration. 

The numbers and types of isomers of molecules such as Ma,b, or Maybzg etc. 

depend on the spatial arrangement (symmetry) of the bonds around the central 

atom. Much of the ‘classical’ work on isomerism was expressly designed to 

distinguish between one or more plausible bond arrangements, such as the coplanar 

or tetrahedral arrangement of four bonds, or octahedral or trigonal prismatic 

arrangement of six bonds. Although determination of bond arrangements by 

enumeration of isomers and the resolution of optically active compounds has been 

superseded by direct structural studies, the older methods played an important part 

in the development of structural chemistry, and a few examples will be mentioned 

later. 

Structural (topological) isomerism 

As we have already remarked structural isomers are usually different chemical 

compounds, as in the case of NH4zNCO and CO(NH;),, the earliest example of a 

pair of compounds to which the term ‘isomers’ was applied. This type of isomerism 

is extremely common in organic chemistry, simple examples being hydrocarbons 

such as normal and iso butane, o-, m- and p-substituted benzenes, and so on. The 

special case of two interlocked n-rings, isomeric with the 2n-ring, is mentioned in 

Chapter 3 as the simplest example of this kind of topological isomer. If the 

isomerism involves only movement of H atoms the term tautomerism is used, and 

this also is frequently encountered in organic chemistry, a simple example being the 

keto-enol tautomerism of acetylacetone: 

Thiocyanic acid (a), is tautomeric, existing essentially (95 per cent) in the iso 

form. Esters of both types, RSCN and SCNR, are known, and in some metal- 

coordination compounds the SCN ligand is attached to the metal through S and in 

others through N. On the other hand, the oxygen analogue cyanic acid exists 

entirely in the iso form and forms only one type of ester, RNCO. Both isomers (b) 

F F F 
iil gst ie Nae/, 

S | 
S=C=N__, (iso) a S 

(a) (b) 

of S,F, are formed when a mixture of dry AgF and S is heated in a glass vessel in 

vacuo to 120°C. The ‘symmetrical’ isomer FSSF has a dihedral structure similar to 

that of H,O, (and is enantiomorphic), while SSF, is pyramidal and very similar 

geometrically to OSF,. Although nitrous acid could be formulated as at (c) and (d) 
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there is no evidence for the existence of (c), the gas being a mixture of the cis and 

trans isomers (d). 
H vO-Ns 0 cis 

O a H 
BINS O-NY 0 trans 

(c) (d) 

More complex examples of isomerism include that of carboranes, in which C 

atoms are introduced into polyhedral frameworks of B atoms, and of compounds 

such as S,,(NH)g_n- These form cyclic molecules similar to the Sg molecule of 

elementary sulphur but with some S atoms replaced by NH groups. Three of the 

four possible isomers of S.(NH)>2 have been characterized, namely the 1,3, 1,4, and 

1,5 isomers. 

= N N N 

N 
N 

1,2 1,3 1,4 1,5 

Coordination compounds provide numerous examples of structural isomerism, 

of which the following are a selection: 

(i) ‘Bond’ isomerism 

[Co(NH3);ONO] Cl, and [Co(NH3)5;NO] Cl. 

(ii) ‘Ionization’ isomerism 

[Pt(NH3)qCl,] Br. and ~—[Pt(NH3)4Br] Cl». 
(iii) ‘Coordination’ isomerism 

[Co(NH,)6] [Cr(CN)¢] and [Co(CN).] [Cr(NH3)6] 
(iv) ‘Polymerization’ isomerism 

[Pt(NH3)4] [PtCl4] and ——- Pt(NH3)2Clo. 

Geometrical isomerism 

Two parts of a molecule which are connected by a single bond may be free to 

rotate relative to one another, but isomerism arises only if there are two (or more) 

configurations separated by energy barriers sufficiently large to prevent inter- 

conversion (see p. 641). The $,027 ion is found in crystalline K,S,0¢ with two 

configurations, the trans (centrosymmetrical) and an almost eclipsed configuration. 

The oxalate ion, C0 -, is planar in the sodium and potassium salts but non-planar 

in the ammonium salt. These differences are due to interactions with adjacent ions 

in the crystal and are characteristic of the crystalline state, and are not retained in 

solution. 

Some simple examples of cis—trans isomerism have already been noted. More 

complex examples include those of cyclic molecules such as chair-shaped 6-rings, 

(a), where a distinction must be made between equatorial ‘e’ and axial ‘a’ bonds, 
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and bridged molecules (b); the latter could also exhibit ‘structural’ isomerism, in the 
unsymmetrical isomer a,MX,Mb>. 

Much attention has been paid in the past to the isomerism of mononuclear 

molecules and ions because of the relation between numbers of isomers and the 

bond arrangement around the central atom. Whereas a tetrahedral molecule Mab, 

exists in only one form a planar molecule or ion of this type can in principle exist 

in cis and trans forms, and many pairs of Pt compounds of this type have been 

prepared. Before it became possible to determine crystal structures there was 

considerable interest in the numbers of isomers of complexes such as Coagb, which 

would be expected to have two isomers if octahedral but three if trigonal prismatic 

(or coplanar). Two points may be noted in connection with the deduction of bond 

arrangements from the numbers of isomers. First, failure to obtain the expected 

number of isomers may be due to large differences in stability or to interconversion 

in solution followed by crystallization of the less soluble isomer. For example, 

whereas many compounds Pta,b, are known in both cis and trans forms, the 

corresponding Pd compounds are usually known only in the trans form (exceptions 

include Pd(NH3),Cl, and Pd(NH3).(NO,),). In solutions of compounds 

(R3Sb),PdCl, the two forms are in labile equilibrium with the trans form 
predominating, but the much less soluble cis isomer crystallizes out. Second, it is 

necessary to confirm that the various forms obtained are in fact geometrical 

isomers. For example, the isomers of the compound with the empirical composition 

Pt(NH3),Cl, are structural isomers, one being a planar molecule Pt(NH3)2Cl, and 

the other the salt [Pt(NH3),4][PtCl,]. A rather similar case, which for a time 

confused the stereochemistry of tellurium, concerned the existence of two forms of 

Te(CH3),1,, thought to be cis and trans isomers of a square planar complex. It has 

since been shown that one isomer is the salt [Te(CH3)3] * [TeCH31I4] ~. Finally, a 

number of compounds of cobalt with the composition CoX,R, exist in two forms, 

one consisting of finite tetrahedral complexes and the other of infinite chains in 

which the metal atom is octahedrally coordinated. 

Optical activity 

Optical activity, the property of rotating the plane of polarization of plane- 

polarized light, may be exhibited by matter in all states of aggregation. When an 

optically active compound is prepared there will normally be equal numbers of d- 

and /-molecules. They may generally be separated by forming a compound (e.g. a 

salt) with either the d- or /-form of a second active compound and utilizing dif- 

ferences between the physical properties of the resulting compounds (d — A)(/ — B) 

and (/— A)(J — B)—a process called resolution—though special methods (such as 

the hand-sorting of crystals) have been used in some cases. The resolution of 

tri-o-thymotide has been carried out“) by forming a molecular compound with an 

inactive second component (benzene). This was possible because although the 

unsolvated material crystallizes from methanol as the racemate (see later) the 

molecular compound formed with benzene is optically active and large single 

crystals could be grown, each of which was either a d- or an l-crystal. The d- or 

l-forms of a compound exhibit optical activity in the crystalline, liquid, dissolved, 
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and vapour states, though the activity may not persist indefinitely in the last three 

cases if interconversion of the two forms is possible; an inactive mixture of the two 

forms then results (racemization). 

For a finite group of atoms the criterion for enantiomorphism is the absence of 

an axis of rotatory inversion. An axis implies a centre of symmetry if n is odd, it 

introduces planes of symmetry if n is a multiple of 2 but not of 4, and ifn is a 

multiple of 4 the system can be brought into coincidence with its mirror image. Of 

the simplest axes of these three types, | is synonymous with a centre of symmetry, 

and 2 with a plane of symmetry. Since axes of rotatory inversion 47 are likely to 

occur very rarely in molecules, we may for practical purposes take as the criterion 

for enantiomorphism and for optical activity in a finite molecule or complex ion 

the absence of a centre or plane of symmetry. 

One isomer of the tetramethyl-spiro-bipyrrolidinium cation provides an example 

of a molecule with 4 symmetry. Each methyl group can project either above or 
below the plane of the ring to which it is attached, and the two rings lie in per- 
pendicular planes. There are accordingly four forms of this molecule, which may be 
shown diagrammatically as set out below. The molecules are viewed along the 
direction of the dotted line and the thick lines indicate the rings: 

lay eielai oe aaa 
cis/cis cis/trans trans/trans trans/trans 

(active) (active) (active) (meso) 

All four forms have been prepared, the meso trans/trans-form being inactive?) 
having 4 symmetry. 

(Certain substituted cyclobutanes possess this unusual symmetry axis, e.g. that 
shown below (I). This molecule also, however, possesses diagonal planes of 
symmetry parallel to the 4 axis, so that its lack of enantiomorphism cannot be 
attributed to the presence of that axis. These planes of symmetry would disappear 
if groups C(XYZ) were substituted for the methyl groups, giving the molecule II(a). 
In the plan at II(b) only these C(XYZ) groups are shown to illustrate the absence of 
diagonal symmetry planes. This molecule would not be optically active since it 
is identical with its mirror image, though it contains no fewer than eight 
asymmetric carbon atoms.) 

“Hs il 2 GOxvZ) hedoo 
G C C——__¢ (il ag 
/ | | /ecxzyy ’, | Salipeegsdle H CH; wel 

| Yi 
C ae eae 

7 Z 
H H3C C(XYZ) | | i cbln¥ons YX 
1 1 1 Nabe 
ne H H C(XZY) Noah 

I I(a) II(b) 
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The relation between optical activity and enantiomorphism is not quite so 
simple for a crystal. Of the thirty-two crystal classes eleven are enantiomorphic: 

1909 304561238022 32, 42, 62, and 432: 

A particular crystal having the symmetry of one of these classes is either left- or 
right-handed, and if suitable faces happen to develop when the crystal grows 

hand-sorting may be possible. Optical activity is also theoretically possible in four 

of the non-enantiomorphic classes: 

2 (=m), mm, 4, and 42m. 

In these classes directions of both left- and right-handed rotation of the plane of 

polarization must exist in the same crystal. An earlier claim that optical activity is 

exhibited by a crystal in class m (mesityl oxide oxalic methyl ester) has since been 

disproved, but it has been experimentally verified in both 4 (CdGa, Sq) and 42m 

(AgGaS, ). 
In general the optical activity exhibited by a crystal will persist in other states of 

aggregation only if it is due to the asymmetry of the finite molecule or complex 

ion. In this case it is also necessary that the energy of activation for racemization 

(change d +/) must exceed a certain value (~ 80 kJmol™' at room temperature). 
The optical activity cannot, of course, be demonstrated unless there is a means of 

resolution (separation of d and / forms) or at least of altering the relative amounts 

of the two isomers. The optical activity of many crystals (e.g. quartz, cinnabar, 

NaClO3) arises from the way in which the atoms are linked in the crystal; it is then 

a property of the crystalline material only. 

Optical activity was first studied in compounds of carbon. In 1874 van’t Hoff 

showed how optical activity could arise if the four bonds from a carbon atom were 

arranged tetrahedrally. Le Bel independently, and almost simultaneously, put 

forward somewhat similar views. A molecule Cabcd in which a C atom is attached 

to four different atoms or groups should exist in two forms related as object and 

mirror image. The central C atom was described as an asymmetric C atom. A 

simple molecule of this sort is that of lactic acid, CH(CH3 (OH)COOH, which exists 

in d- and /-forms. There is a third form of such a compound, the racemic form. A 

true racemate has a characteristic structure different from that of the active forms, 

there being equal numbers of d- and /-molecules in the unit cell of the crystal, 

which is optically inactive. We may note that inactive crystalline forms of optically 

active compounds are not necessarily racemates. For example, the inactive B- 

phenylglyceric acid (m.p. 141°C) is not a racemate but the crystals are built of 

submicroscopic lamellae which are alternately d- and J/-rotatory. Slow recrystal- 

lization yields single crystals of the d- and /-forms (m.p. 164°C).(5) 

A molecule containing two similar asymmetric C atoms, chaC—Cabc, exists not 

only in d- and /-forms (which combine to form a racemate) but also in an inactive 

meso or ‘internally compensated’ form. The racemate is described as ‘externally 
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compensated’. X-rays studies of crystalline tartaric acid show that the d- and 

l-forms of the molecule have the structures: 

COOH COOH COOH 

pA Se shade Scare 

H OH HO H 

COOH COOH 

d- L meso 

racemate 

We now know that (i) the presence of asymmetric carbon (or other) atoms does 

not necessarily lead to optical activity, and (ii) that optical activity may arise in the 

absence of asymmetric atoms. The criterion is the symmetry of the molecule as a 

whole. Some examples of (i) have already been given; another one is provided by 

dimethyl-diketopiperazine. This compound exists in cis- and trans-forms, each 

containing two asymmetric carbon atoms. The trans-form possesses a centre of 

symmetry and is therefore not optically active, while the cis-form is resolvable into 

optical antimers (d- and /-forms). 

CH 9 )-CO NH. ae Higy e COs NH see: El 

H~ ~NH-CO~ “CH; CH -NE-COSmnCH, 

trans cis 

The numerous examples of (ii) include molecules such as 

Foe ee CH Cas ee 

COOH) CHa. ssCH.aa COOH 

in which the bonds shown as dotted and heavy lines lie in a plane perpendicular to 

and respectively behind and in front of the plane of the paper, and many molecules 

which cannot adopt the most symmetrical configurations for steric reasons. In some 

cases the optical activity is due to restricted rotation around a single C—C bond. 

The presence of groups projecting from the aromatic rings in the molecules (1)-(3) 

leads to enantiomorphic forms. The replacement of SO3 in (3) by the smaller COO™ 
group destroys the optical activity. 
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(1) (2) (3) 
The molecules of many aromatic compounds would be highly symmetrical if 

planar, but if the planar configuration would imply impossibly short distances 

between certain atoms the molecules are forced into non-planar configurations 

which are often enantiomorphic. Examples of such ‘overcrowded’ molecules 
include: 

H G%-G2 
H,;CO OCH, 

The compound on the right (hexahelicene) is also of interest because it was resolved 

by forming a crystalline molecular complex with a polynitro compound.‘ (ey 

We conclude these remarks on optical activity by giving a few examples of 

molecules or ions the resolution of which demonstrates the general arrangement of 

the bonds formed by the central atom. 

Three pyramidal bonds + 

CH C3H 
/O .C2Hs CH3~ i SHE ae 
ae , SCH, . COOH PLCtS l I 
Cea CH, C,H, 2 CoH, 

Four tetrahedral bonds 

CoH; Geis 
SS Py 

oe es Oe) 
HC Be CH 5) AR. 
ee Ca ee C=Os6)O7G 
DEEN N GS | | 

COOH COOH O O 

(also Cul! and Zn) 

C,H CH3_ ic 5 

C,H;—N-O, C,H; 5 CHa nitactetls . C.H4SO3H, 

Ue 
C.H; C3H, 

(also P) 

Ha. -CH2-CHax.-CH2---CH~.,,-H jp 
C@eHeae CHs-CH> “CH>—CH i -CO0C Hy 
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Polyhedra and Nets 

Introduction 

For a number of reasons it seems logical to postpone any discussion of structure 

and bonding until we have considered some basic geometry and topology: 

(i) It is customary to discuss crystal and molecular structures in terms of other 

known structures. Ideally we should be able to set out the possible types of 

structure for a molecule or crystal composed of certain numbers of atoms with 

known bonding requirements so that the observed structures can be compared with 

all (geometrically and topologically) possible structures, up to some arbitrary limit 

of complexity. It is important to know why some apparently reasonable structures 

are never adopted by known molecules or crystals. Systematic studies of possible 

structure types have not been numerous; we shall survey here the simpler systems 

of connected points and the closest packing of equal spheres as essential parts of 

this basic geometry. A knowledge of the possible types of 3D nets throws at least 

some light on questions such as: why is diamond a system of rings of 6 carbon 

atoms, and why do certain crystalline forms of B,03 and P.O. consist of rings of 

10 B (P) and 10 O atoms? We shall find that the structure of diamond represents 

the simplest 3D 4-connected net and that these oxide structures are examples of 

some of the simpler structures that can be formed by units (BO3 triangles or PO, 

tetrahedra) that are to be joined to three other similar units. 

(ii) We noted in Chapter 1 that many molecular and crystal structures represent 

a compromise between conflicting packing (or bonding) requirements of atoms of 

various kinds. Studies of the simpler types of structure for compounds A,, X, in 

which X atoms are close-packed (Chapter 4) and of the linking together of 

tetrahedra and octahedra (Chapter 5) reveal interesting restrictions on bond angles 

which are obviously relevant to discussions of such simple structures as those of 
rutile and corundum. 

(iii) Descriptions of the structures of ionic crystals usually start from a 
consideration of the environment of the individual ions (relation of coordination 
polyhedra to relative ionic sizes). However, the (energetically) preferred co- 
ordination polyhedron for an individual ion may be impossible (geometrically) in a 
3D structure. For example, we find cubic coordination in two of the simplest ionic 
structures (CsCl and CaF,) rather than antiprism or dodecahedral coordination. 
These two less symmetrical 8-coordination polyhedra are not possible in 3D AX or 
AX, structures but are important in more complex structures where the geo- 
metrical restrictions are less severe. 
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(iv) Crystal structures can be illustrated in various ways according to the feature 
it is wished to emphasize. For example, the structure of the PyO,9 molecule may 
be shown as a ‘ball and spoke’ model (Fig. 3.1 (a)), showing the atoms as spheres of 

arbitrary radii, to indicate the bond arrangement around the P and O atoms. 

Alternatively we may wish to emphasize the tetrahedral coordination of the P 

atoms, (b), or to focus attention on the group of ten close-packed O atoms, (c). 

There are similar types of representation of crystal structures, and it is important 

that the reader should be conversant with the types of illustration used by 

crystallographers. 

(v) While some structures are associated more or less exclusively with bonding of 

a particular type (for example, the rutile structure of essentially ionic oxides and 

fluorides AX), other simple A,,, X,, structures are not indicative of a particular type 

of bonding. For example, the NaCl structure is adopted not only by ionic oxides 

and halides but also by transition-metal nitrides and carbides and by some 

intermetallic compounds. The physical properties of compounds such as PbS, PbSe, 

and PbTe (NaCl structure) suggest more complex interactions than the essentially 

ionic bonding in the alkali halides; the oxides RuO, (rutile structure) and ReO3 are 

metallic conductors. The zinc-blende structure, with tetrahedral coordination of 

both kinds of atom, is suitable for both ionic and covalent bonding. It is therefore 

preferable to describe the simple A,X, structures as geometrical entities rather 

than typical ionic, covalent, or metallic structures. 

For these reasons three chapters are devoted to essentially topological and 

geometrical topics which are basic to an understanding of crystal structures. The 

present chapter is concerned with the ways in which points can be joined together 

to form finite or infinite systems, and includes some account of polyhedra and 

connected systems extending indefinitely in one, two, or three dimensions. In 

Chapter 4 we consider the packing of spheres, in particular the closest packing of 

equal spheres. Chapter 5 deals with the two most important coordination polyhedra 

in inorganic chemistry, the tetrahedron and the octahedron, and attempts a 

systematic account of the types of structure that can be built from these units by 

sharing vertices, edges, and /or faces. 

The basic systems of connected points 

However complex the units that are to be joined together the problem may be 

reduced to the derivation of systems of points each of which is connected to some 

number (p) of others. In the simplest systems this number (the connectedness) is 

the same for all points: 

: there is one solution only, a pair of connected points. 

: the only possibilities are closed rings or an infinite chain. 

: the possible systems now include finite groups (for example, polyhedra) 

and arrangements extending indefinitely in one, two, or three dimensions 

(p-connected nets). 

AS} Me} is] 
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It is not necessary to include singly-connected points (p = 1) in nets since they 

can play no part in extending the net. Also 2-connected points may be added along 

the links of any more highly connected net (p > 2) without altering the basic 

system of connected points. We therefore do not include either 1- or 2-connected 

points when deriving the basic nets though it may be necessary to add them to 

obtain the structures of actual compounds from the basic nets. For example, 

2-connected points (representing —O— atoms) are added along the edges of the 

3-connected tetrahedral group of four P atoms to form the P40. molecule, and 

additional singly-connected points (representing =O atoms) at the vertices to form 

P4010. 

In chain structures the repeating unit may be a single atom or a group of atoms: 

Repeat unit 

ZEW 9,7 Sen Se 

Cl Cl Sai SS Le PPaS cy Pa Ge PdA PdCl, 

urs Yeon 
ORF O20 20 

but any simple chain may be reduced to the basic form —A—A— (or CAT ATMA 

etc.), each unit being connected to two others. 

Still retaining the condition that all points have the same connectedness we find 

that there are certain limitations on the types of system that can be formed. For 

example, there are no polyhedra with all vertices 6-connected, and there is only one 

6-connected plane net. These limitations are summarized in Table 3.1, which may 

be considered in two ways: 

TABLE 3.1 

Systems of p-connected points 

Dp Polyhedra Infinite periodic nets 

Plane nets 3D nets 

3} 
4 

5 
6 (one only) 

7 

(i) Together with simple linear systems (p=2) the vertical subdivisions 
correspond to the four main classes of crystal structure, namely, molecular crystals, 
chain, layer, and three-dimensional (macromolecular) structures. The division into 
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polyhedra, plane, and 3D nets is also the logical one for the systematic derivation of 

these systems. 

(ii) However, from the chemical standpoint we are more interested in the 

horizontal sections of Table 3.1. If we wish to discuss the structures which are 

possible for a particular type of unit, for example, an atom or group which is to be 

bonded to three others, we have to select the systems having p = 3. 

We shall first say a little about the three vertical subdivisions of Table 3.1, 

confining our attention for the most part to systems in which p =3 or 4. The 

coordination numbers from 6 to 12 are more conveniently considered under sphere 

packings, and the very high coordination numbers (13-16 in many transition-metal 

O—O X , (halogens) 

(VII) 

Ss Se,Te 
(VI) 

A Pa (V) s 

diamond, 
Si,Ge,Sn(grey) 

(IV) 

FIG. 3.2. The 8 — AN rule illustrated for certain elements of the IVth, Vth, VIth, and VIIth 

Periodic Groups. 
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alloys, 22 and 24 in other intermetallic compounds, 24 in CaBg, etc) will only be 

mentioned incidentally. We shall then give examples of polyhedral, cyclic, and 

linear systems and of structures based on 3- and 4-connected nets, dealing at some 

length with the three most important nets, namely, the plane hexagonal net, plane 

square net, and the diamond net. 

The general topological relations already noted are well illustrated by the 

structures of the elements chlorine, sulphur, phosphorus, and silicon (Fig. 3.2). The 

number of bonds formed is 8 — N, where N is the ordinal number of the Periodic 

Group, that is, 4 for Si, 5 for P, etc. 

1: Cl—Cl molecule in all states of aggregation. 

2: cyclic Sg, Sg, and S,, in three of the crystalline forms and in their 

vapours, and infinite chains in plastic S. 

p=3: tetrahedral P, molecule, 3-connected (buckled) 6-gon layer in black 

phosphorus, and complex 3-connected layer in red P. 

p=4: diamond-like structure of elementary silicon. 

jp= 

p 

The same principles determine the structures of the oxides and oxy-ions of these 

elements in their highest oxidation states, the structural units being tetrahedral 

MOg groups: 

Oxide molecule 

1 pyro Si205° P207 Cl,0, finite 
2 meta (Si03), (PO3)y, (SO3), cyclic or linear 

3 infinite 2D (Sin0s)e (P205),, polyhedral, 2D, 

or. or 3D 
4 infinite 3D (Si02), infinite 3D 

Polyhedra 

Coordination polyhedra : polyhedral domains 

Perhaps the most obvious connection of polyhedra with practical chemistry and 
crystallography is that crystals normally grow as convex polyhedra. The shapes of 
single crystals are subject to certain restrictions arising from the fact that only a 
limited number of types of axial symmetry are permissible in crystals, as explained 
in Chapter 2. We shall not be concerned here with the external shapes of crystals 
but with polyhedra which are of interest in relation to their internal structures and 
more generally to the structures of molecules and complex ions. 

The nearest neighbours of an atom in a molecule, complex ion, or crystal, define 
a polyhedral coordination group, the number of vertices of which is the 
coordination number (c.n.) of the atom. It is convenient to describe the structures 
of many essentially ionic crystals in terms of the coordination groups around the 
cations. It is to be expected that coordination polyhedra with triangular faces will 
be prominent because these are the most compact arrangements of atoms in a 
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polyhedral coordination shell. The tetrahedron and octahedron are the most 
important coordination polyhedra because their vertices represent the most 
symmetrical arrangements of four or six points around a central one. They are 
therefore stable arrangements of four or six ions around one of opposite charge in 
ionic crystals and also of these numbers of electron pairs in a covalent molecule or 
crystal. We shall see in Chapter 4 that the non-metal atoms in many crystalline 
halides and oxides are arranged in closest packing, the metal atoms occupying 
tetrahedral or octahedral interstices between the c.p. atoms. When a crystal is 
described in terms of the coordination polyhedra around the cations it becomes a 
system of polyhedra joined together by sharing vertices, edges, or (less frequently) 
faces. This approach is developed in Chapter 5. 

An alternative is to describe the crystal structure in terms of the domains of the 
atoms, the domain being the polyhedron enclosed by planes drawn midway 
between the atom and each neighbour and perpendicular to the line of centres. Any 

atom for which the plane forms a face of this polyhedron is counted as belonging to 

the coordination sphere of the central atom. Each atom is then represented by a 

polyhedral domain, the number of faces of which is the coordination number of the 

atom, and the whole structure is a space-filling arrangement of such polyhedra. This 

concept is not especially useful for ionic crystals in which an ion has a well defined 

set of approximately equidistant nearest neighbours, though it does provide a more 

unambiguous definition of c.n. in crystals in which the environment of an atom is 

less regular. On the other hand, it is the logical way of describing structures built of 

atoms of comparable size, notably metals and intermetallic phases, where it is 

often difficult to define c.n.’s in terms of distances to nearest neighbours. A simple 
example is the body-centred cubic structure, in which an atom has eight nearest 

neighbours at a distance d and six more at a slightly greater distance (1:16 d@) at the 

body-centres of the six adjacent unit cells. The domain of an atom in this structure 

is a truncated octahedron, with eight hexagonal and six square faces corresponding 

to the two sets of neighbours. 

Space-filling arrangements of polyhedra, in which every polyhedron face is 

common to two polyhedra, are of interest in another connection. If we imagine 

atoms placed at the vertices of the polyhedra and bonded along the edges (either 

directly or through a 2-connected atom such as oxygen) then we have a rather open 

structure with polyhedral cavities. Such frameworks represent the structures of 

several groups of compounds which are described later. 

The regular solids 

The Greeks had a considerable knowledge of polyhedra, but only during the past 

two hundred years or so has a systematic study been made of their properties, 

following the publication in 1758 of Euler’s Elementa doctrinae solidorum. From 

Euler’s relation between the numbers of vertices (Vo), edges (V,), and faces (V2) 

of a simple convex polyhedron 

No tN 2=N, +2 
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equations may be derived relating to special types of polyhedra, as indicated in 

Appendix 1 of MSIC. If 3 edges meet at every vertex (3-connected polyhedron) 

and f, is the number of faces with n edges (or vertices): 

3 fs +2fatfst0fe—f7—2fs—.-.=12 
(1) 

from which it follows that if all the faces are of the same kind they must be 3-gons, 

4-gons, or 5-gons, and that the numbers of such faces must be four, six, and twelve 

respectively. The corresponding equations for 4- and 5-connected polyhedra are: 

Di, Of, is 446-2 10 (2) 

and 

fa 2hat sie l ot te oO. (3 

of which the special solutions are: fz = 8 and fz = 20. 

In the analogous equation for 6-connected polyhedra the coefficient of f3 is zero 

and all the other coefficients have negative values. There is therefore no simple 

convex polyhedron having six edges meeting at every vertex. Polyhedra with more 

than six edges meeting at every vertex are impossible because all coefficients of f, 

are negative. 

The special solutions of equations (1)-(3), namely, 

3-connected: f3 = 4;f4 = 6;f5 = 12, 

4-connected: f3 = 8, 

5-connected: f3 = 20, 

correspond to polyhedra having all vertices of the same kind and all faces of the 

same kind. This proof of the existence of only five such polyhedra is purely 

topological, the above equations making no reference to the regularity or otherwise 

of the faces.t The forms of these polyhedra when the faces are regular polygons are 

the five regular (Platonic) solids : tetrahedron, cube, pentagonal dodecahedron, 

octahedron, and icosahedron. The symbol (n, p) or (n?) describes a polyhedron 

with p n-gon faces meeting at each vertex. The values of n and p (Table 3.2) shows 

that there is a special (reciprocal) relationship between certain pairs of these solids, 

the number of edges being the same but the numbers of faces and vertices are 

interchanged. The cube is reciprocal to the octahedron, the dodecahedron to the 

icosahedron; the tetrahedron is clearly reciprocal to itself. 

All the regular solids are encountered in structural chemistry, but for reasons 

already given the tetrahedron and octahedron are of outstanding importance. The 

cube is the coordination polyhedron in certain simple structures (of both ions in 

CsCl and of the Ca?* ion in CaF,), but other arrangements of eight neighbours, 

which are described later, are more usual in finite molecules and ions and also in 

complex ionic crystals. The pentagonal dodecahedron, which has 20 vertices, is not 

of interest as a coordination polyhedron, but certain space-filling combinations of 

{ In addition to the five convex regular solids there are four stellated bodies, produced by 
extending outwards the faces of the convex solids until they meet. 
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TA BEES <2 

The regular (Platonic) solids 

n,p Vertices Edges Faces Dihedral 
(No) (N) (N2) angle 

Tetrahedron 303 4 6 4 Omens 24 

Octahedron 3,4 6 12 8 109° 28’ 

Cube 4,3 8 6 90° 

Dodecahedron 5, 3 20 30 12 116° 34’ 

Icosahedron BAS 12 20 ious 

dodecahedra and related polyhedra are directly related to the structures of a family 

of hydrates, as described later. Icosahedral coordination is referred to under sphere 

packings (Chapter 4), it is found in numerous alloy structures and as the 

arrangement of the 12 oxygen atoms bonded to the metal in, for example, the 

Ce(NO3)@~ ion and of the carbonyl groups in Fe3(CO), and Co4(CO),>. There 

are icosahedral B, 4 groups in elementary boron and certain borides, and the boron 

skeleton in many boranes is composed of icosahedra or portions of icosahedra. 

Semi-regular polyhedra 

The regular solids have all vertices equivalent (isogonal) and all faces of the same 

kind (isohedral). If we retain the first condition but allow regular polygonal faces of 

more than one kind we find a set of semi-regular polyhedra, which are listed in 

Table 3.3. The symbols show the types of n-gon faces meeting at each vertex, the 

index being the number of such faces. These solids comprise three groups. The first 

TABLE 3.3 

The Archimedean semi-regular solids, prisms, and antiprisms 

Symbol Name Number of 

faces vertices edges 
ceo eet at tae ate all etl SE a Ee ela eee ae 

1 BR 62 Truncated tetrahedron 8 12 18 

2 ee ege Truncated cube 14 24 36 
3 4.62 Truncated octahedron 14 24 36 

4 374? Cuboctahedron 14 12 24 
5 4, 6,8 Truncated cuboctahedron 26 48 72 

6 3.42 Rhombicuboctahedron 26 24 48 

7 34,4 Snub cube 38 24 60 
8 ay, 107 Truncated dodecahedron 32 60 90 

9 324.57 Icosidodecahedron 32 30 60 
10 526. Truncated icosahedron 32 60 90 
ial 4,6, 10 Truncated icosidodecahedron 62 120 180 

12 3,4,5,4 Rhombicosidodecahedron 62 60 120 

13 Shee is) Snub dodecahedron 92 60 150 

14 n,4? Regular prisms (aa? 2 2n 3n 

15 n, 3° Regular antiprisms pyar DY 2n 4n 
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Pentagonal dodecahedron Icosahedron 
20 

Truncated Cuboctahedron Trigonal Square 
octahedron 125 Pa rep beS 

a 

SOS 
Trigonal Pentagonal 

Rees (14) bipyramid (5) bipyramid (7) 
(c) 

FIG. 3.3. Polyhedra: (a) the regular solids, (b) some Archimedean semi-regular solids, (c) some 

Catalan semi-regular solids. (The numbers are the numbers of vertices.) 

consists of 13 polyhedra (Archimedean solids), derivable from the regular solids by 

symmetrically shaving off their vertices (a process called truncation), of which only 

the first five are of importance in crystals. The other two groups are the prisms and 

antiprisms, both of which have, in their most regular forms, a pair of parallel regular 

n-gon faces at top and bottom and are completed by n square faces (regular prisms) 

or 2n equilateral triangular faces (antiprisms). The second prism, in its most 

symmetrical form, is the cube, and the first antiprism is the octahedron. The regular 

solids and some of the semi-regular solids are illustrated in Fig. 3.3. 

The fact that the number of isogonal bodies is limited to the five regular solids 

and the semi-regular solids is of considerable importance in chemistry. There are 

many molecules and complex ions in which five atoms or groups surround a central 

atom. The fact that it is not possible to distribute five equivalent points uniformly 

over the surface of a sphere (apart from the trivial case when they form a regular 

pentagon) is obviously relevant to a discussion of the configuration of molecules or 

ions AX; or more generally of 5-coordination in crystals. Similar considerations 

apply to 7-, 9-, 10-, and 11-coordination. 
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Corresponding to the semi-regular polyhedra of Table 3.3 there are sets of 
reciprocal bodies named after Catalan, who first described them all in 1865. Of 
these we need note only the rhombic dodecahedron, which is the reciprocal of the 
cuboctahedron, and the family of bipyramids which are related in a similar way to 
the prisms. 

Polyhedra related to the pentagonal dodecahedron and icosahedron 
In equation (1) for 3-connected polyhedra (p. 62) the coefficient of fg is zero, 
Suggesting that polyhedra might be formed from simpler 3-connected polyhedra by 
adding any arbitrary number of 6-gon faces. Although such polyhedra would be 
consistent with equation (1) it does not follow that it is possible to construct them. 
The fact that a set of faces is consistent with one of the equations derived from 
Euler’s relation does not necessarily mean that the corresponding convex 
polyhedron can be made. Three of the Archimedean solids are related in this way to 
three of the regular solids: 

tetrahedron, f3 = 4 truncated tetrahedron, f3 = 4 

fe =4 

cube, f4 = 6 truncated octahedron, f4 = 6 

Vee 

and 

dodecahedron, f,; = 12 truncated icosahedron, fs = 12 

fe = 20 

All the polyhedra intermediate between the dodecahedron and truncated icosa- 

hedron can be realized except f; = 12, fg = 1, and some in more than one form 

(different arrangements of the 5-gon and 6-gon faces). A number of these polyhedra 

are of interest in connection with the structures of clathrate hydrates (p. 543), 

because certain combinations of these solids with dodecahedra form space-filling 

assemblies in which four edges meet at every vertex. Two of these polyhedra, a 

tetrakaidecahedron and a hexakaidecahedron, are illustrated in Fig. 3.4. 

The reciprocal polyhedra are triangulated polyhedra with twelve 5-connected 

vertices and two or more 6-connected vertices. Together with the icosahedron they 

are found as coordination polyhedra in numerous transition-metal alloys. 

Some less-regular polyhedra 

Other equations may be derived from Euler’s relation which are relevant to 

polyhedra with, for example, a specified number of vertices or faces. The former 

are required in discussions of the coordination polyhedra possible for a particular 

number of neighbours; the latter are of interest in space-filling by polyhedra. For 

8-coordination we need polyhedra with eight vertices. These must satisfy the 

equation 2(n — 2)f, = 12, that is, 

etait ofa A fet 5 fy -aal2: 
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FIG. 3.4. (a) The tetrakaideca- 
hedron: f; = 12, fg =2; (b) the 

hexakaidecahedron: fs = 12, 

fe = 43 
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FIG. 3.5. The octahedron: 

Sa =fs5 = 4. 

FIG. 3.6. 7-coordination _ poly- 
hedra: (a) monocapped octa- 

hedron, Ho(¢COCHCO¢)3 . H20, 
(b) monocapped trigonal prism, 

Yb(acac)3 . HzO. The broken lines 

show the edges spanned by the 

chelate ligands; the shaded circles 
represent HzO molecules. 
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Solutions include 

Ny 
f3 = 12: triangulated dodecahedron or bisdisphenoid 18 

f; = 8,f4 = 2: square antiprism 16 

f3=4,f4 = 4: 14 

fg = 6: cube Np 

The triangulated dodecahedron (Fig. 3.7(a)) is the third dodecahedron we have 

encountered, the others being the pentagonal and rhombic dodecahedra (with 5-gon 

and 4-gon faces respectively). 
On the other hand we may be interested in polyhedra with eight faces (8-hedra 

or octahedra), which must satisfy the equation 

v3+2vqt3u,5 +4y6+5v,= 12, 

where vu, is the number of p-connected vertices. 

The regular octahedron has v4 = 6, and in this book the term octahedron will 

normally refer to this solid. Among numerous other 8-hedra are the truncated 

tetrahedron, hexagonal prism and the polyhedron v3 = 12 which has f4 = fs = 4 

(Fig. 3.5) and is the reciprocal of the triangulated dodecahedron mentioned above. 

This 8-hedron has the property of packing with a particular kind of 17-hedron to 

fill space, and the vertices of this space-filling arrangement are the positions of the 

water molecules in the hydrate (CH3)3CNH, . 9¥ H,O (p. 544). An 8-hedron of 
some interest as a 7-coordination polyhedron is the monocapped trigonal prism, 

illustrated in Fig. 3.6(b). The prefix ‘capped’ means that there is an atom above the 

(approximate) centre of a face of the simpler polyhedron. In the case of the 

trigonal prism (or the antiprism of Table 3.4) the capped face is a square (or 

rectangular) face; for an octahedron it is necessarily a triangular face. 

Table 3.4 summarizes the polyhedra most frequently found as the arrangements 

of nearest neighbours in finite molecules (or ions) and crystals. The polyhedra listed 
at the left of the Table have only triangular faces; those to the right have some 
triangular and some 4-gon faces. Polyhedra on the same horizontal line have the 
same number of vertices, and are related in the following way. Buckling of a 4-gon 
face produces two triangular faces, so that the polyhedron on the right is converted 
into the one on the left. Such relationships are best appreciated by adding 
additional edges to ‘outline’ models of the former polyhedra to produce the 
triangulated polyhedra, and they are important when considering the geometry of 
the less symmetrical coordination groups. If there is appreciable departure from the 
most symmetrical form of one of the polyhedra of Table 3.4 (for example, trigonal 
bipyramid or square pyramid) the description of the coordination polyhedron may 
become somewhat arbitrary and of dubious value; a precise description of the 
geometry is then to be preferred. 

Because of the outstanding importance of tetrahedral and octahedral coordina- 
tion we devote the whole of Chapter 5 to systems built from these two polyhedra. 
The relatively few examples of 5-coordination are described in appropriate places. 
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TABER 3 <4 
Polyhedral coordination groups 

Vertices Polyhedron Polyhedron 

4 Tetrahedron (4) 
5 Trigonal bipyramid (5) Square pyramid 
6 Octahedron (6) Trigonal prism (6a) 
7 Pentagonal bipyramid (7) 

Monocapped octahedron Monocapped trigonal prism 
8 Dodecahedron Square antiprism (8a) 

Bicapped trigonal prism 
9 Tricapped trigonal prism Monocapped antiprism 

Icosahedron (12) Cuboctahedron (12b) 

Numbers in brackets refer to Fig. 3.3. Other polyhedra with seven, eight, or nine vertices are 
illustrated in Figs. 3.6, 3.7, and 3.8. 

Trigonal prism coordination is very rare in finite complexes (for example, the 
chelates M(S2C2R2)3 of Mo, W, Re, V, and Cr, p. 940, and the Er chelate listed in 
Table 3.5) and not common in 3D structures other than NiAs, MoS,, AIB, and 
related structures, and a few ionic crystals. Mono- or bicapped trigonal prism 
coordination is also not very common, and the following are examples in 
chemically related compounds: 

monocapped trigonal prism: EuO . OH YO .OH NasZr2F 13 

bicapped: Eu(OH), . H,0 NH, (ZrF ¢) 

(tricapped: Eu(OH); Y(OH)3) 

We now comment briefly on 7-, 8- and 9-coordination. 

7-coordination 

Examples of the more well-defined coordination polyhedra include: 

Finite complexes Infinite systems 

Pentagonal bipyramid K3ZrF7 K3UF7 PaCls 
m.c. trigonal prism K2NbF7 K2TaF7 
m.c. octahedron chelates (Table 3.5) A-La203 

With bidentate ligands of the type R. CO.CH.CO.R yttrium and the smaller 4f 

ions form 7-coordinated complexes in which the seventh ligand is a water molecule. 

It is convenient to restrict the term monocapped octahedron to groups possessing 

exact or pseudo 3-fold symmetry with one ligand above one face of the octahedron, 

this face being somewhat enlarged. The complex Ho(¢CO . CH . CO¢)3 . H,O has 

3-fold symmetry with a propeller-like arrangement of the three rings. The 6 O 

atoms are situated at the vertices of a distorted octahedron, and the H,O molecule 
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caps one face (Fig. 3.6(a)). With this structure compare that of Yb(acac)3 . H,0, 

Fig. 3.6(b), in which the water molecule is not the capping ligand. 

If we include metal-metal bonds there is 7-coordination of Nb in NbI, and of W 

in K;W,Cly, the seventh bond being perpendicular to an edge or face of the 

octahedral group of halogen atoms. The 7-coordination in PbCl, (p. 222) may be 

described as pseudo-9-coordination since there are ligands beyond the three 

rectangular faces of a trigonal prism, but the distances to two ligands are much 

greater than those to the other seven. Similarly the coordination of Ca?* in 

CaFe,O4 is bicapped trigonal prismatic (8 + 1) rather than 9-coordination. The 

7-coordination polyhedron of Zx** in monoclinic ZrO, (p. 449) may be described 

as related to either a capped trigonal prism or a capped octahedron. (See: AC 1970 

B26 1129, and for a discussion of 7-coordination, CJC, 1963 44 1632.) For 

references see Table 3.5. 

TABLE 325 

Chelate molecules and ions containing acac and related ligands 

C.N. Coordination polyhedron Complex Reference 

6 Trigonal prism Er[(CH3)3CCOCHCOC(CH3)3] 3 AC 1971 B27 2335 
7  Monocapped octahedron Ho(@COCHCO¢)3 . H2O IC 1969 8 2680 

Monocapped octahedron Y(@COCHCOCH3)3 . H20 TEU968 iad 
Monocapped trigonal prism Yb(CH3COCHCOCH3)3 . H2O0 IC 1969 8 22 

8 Dodecahedron [ Y(CF3COCHCOCF3)q4] Cs IC 1968 71770 
Antiprism [ Y(CH3COCHCOCH3)3(H20)2] . H20 IC 1967 6 499 

8-coordination 

This is found in many molecules and crystals. Apart from the exceptional cubic 

8-coordination in the body-centred cubic, CsCl, and CaF, structures (which are 

discussed in Chapter 7), the coordination polyhedron is usually either the 

Archimedean antiprism or the triangulated dodecahedron (bisdisphenoid). The 
bicapped trigonal prism is found in a few crystals, for example, CaFe,Oq, 
Sr(OH)2 . H20, and N.H¢(ZrF¢); it is closely related to the antiprism, as may be 
seen by joining the vertices a and b in Fig. 3.7(b). The dodecahedron of Fig. 3.7(a) 
is called a bisdisphenoid since it consists of two interpenetrating disphenoids 
(tetrahedra), one elongated (A) and the other flattened (B). Examples of the two 
kinds of coordination groups include: 

Dodecahedral Antiprism 

Nag[Zr(C204)q4] Aa) H20 Zr(acac)4 
K2ZrF¢ Na3(TaF) 
pale a! . 2 H20 Ha[W(CN)s] .6H,0 
i(NO3)4 Ca** in CaNaz(CO3)2 . 2 HO 2: Sn(NO3)4 Rb’ in RbLiF, f 
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FIG. 3.7. 8-coordination polyhedra: (a) triangulated dodecahedron (bisdisphenoid), 
(b) antiprism. 

Calculations of the ligand-ligand repulsion energies for 8-coordination polyhedra 
show that both of these polyhedra are more stable than the cube, for all values of n 

from | to 12 in a repulsion law of the type, force proportional to r~”, and that the 

antiprism is marginally more stable than the dodecahedron. The very small 

difference in stability is shown by the adoption of the two configurations by 

chemically similar pairs of complexes such as those shown above and in Table 3.5. 

Assuming incompressible atoms (‘hard-sphere’ model), that is, a = m in Fig. 

3.7(a) and /=s in (b), the data for these polyhedra are: 

Radius ratio A-X 

Antiprism: @ = 59-25° 0-645 0-823] 
Dodecahedron: 6 q = 36-85°, 0p = 69-46" 0-668 0-834a 

(The radius ratio (p. 261) is the ratio of the radius of the central atom A to that of 

the eight surrounding (equidistant) X atoms.) The ligand-ligand repulsion energy 

calculations show that more stable structures correspond to slight distortions of the 

hard sphere models, with 6 = 57-3° and /: s = 1-057 for the antiprism, and 0, 

approximately 72° for the dodecahedron, that is, a more nearly coplanar 

arrangement of the B ligands. The antiprismatic arrangement of eight covalent 

bonds using d*sp? hybrid orbitals has 9 = 57-6° and /: s = 1-049. Since there is a 

delicate balance between the factors determining the choice of coordination 

polyhedron, and since the detailed geometry is dependent on the size and structure 

of the ligands and also on the interactions with more distant neighbours in the 

crystal, we shall not pursue this subject further but refer the reader to a number of 

discussions of 8-coordination: JCP 1950 18 746; IC 1963 2 235; JCS A 1967 345; IC 

1968 7 1686. See also the section on the complex fluorides of zirconium on p. 396. 
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9-coordination 

Examples of tricapped trigonal prism coordination include the finite aquo complex 

in Nd(BrO;)3 . 9 H,O and the infinite linear one in SrCl, . 6 H,O, (where these 

groups are stacked in columns in which they share basal faces), and numerous 

compounds of 4f and 5f elements, for example, YF3 and compounds with the UCI 

(Y(OH)3) structure, and the complex fluorides of Th and U (Chapter 28). The less 

common monocapped antiprism occurs as the arrangement of Te around La atoms 

in LaTe, (Fez As, C38 structure); its relation to the tricapped trigonal prism may be 

seen by joining the vertices a and b in Fig. 3.8(a). The ‘hard-sphere’ model of the 

1-500a 
(b) 

FIG. 3.8. 9-coordination polyhedra: (a) monocapped antiprism, (b) tricapped trigonal prism. 

tricapped trigonal prism is shown in Fig. 3.8(b); the distance from the centre to the 
vertices is 0-866a, corresponding to the radius ratio, 0-732. 

We have not included 10-coordination in Table 3.4 because well-defined 
10-coordination polyhedra are not common; examples include U(CH3COO),, 
bicapped antiprism (AC 1964 17 758), and La3(CO3)3 . 8 H,0 (IC 1968 7 1340), 
where bidentate CO3 groups occupy the positions B, in Fig. 3.7(a), producing two 
more edges parallel to the bottom edge 4A. Further examples of high coordination 
will be found among complexes containing bidentate NO3 groups (Chapter 18) and 
also in Chapter 28. 

Plane nets 

Derivation of plane nets 

The division of an infinite plane into polygons is obviously related to the 
enumeration of polyhedra, which can be represented as tessellations of polygons on 
a simple closed surface such as a sphere. In fact we find equations somewhat similar 
to those for polyhedra except that instead of the number fn of n-gon faces we have 
gy, as the fraction of the polygons which are n-gons, since we are now dealing with 
an infinite repeating pattern. These equations, which are derived in Appendix 2, 
MSIC, are: 

3-connected: 3 3 +4 ¢4+5 5 +6¢6+7¢, 1S Oars ing. = 6, (4) 4-connected: 
=4 (5S) 5-connected: 
= 10/3 (6) 

6-connected: = 
‘ 
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There are three special solutions corresponding to plane nets in which all the 
polygons have the same number of edges (and the same number of lines meet at 
every point), namely: 

3-connected: $, = 1, 

4-connected: ¢4 = 1, 

and 

6-connected: $3 = 1. 

They are illustrated in Fig. 3.9(a). The last is the only plane 6-connected net, and 
evidently plane nets with more than six lines meeting at every point are not 

oe EE a 

HEHE cp Bh 
ac el 

FIG. 3.9. Plane nets: (a) regular, (b) semi-regular. 

possible. For 3-, 4-, and 5-connected nets there are other solutions corresponding to 

combinations of polygons of two or more kinds. For example, the next simplest 

solutions for 3-connected nets are: 5 = $7 = 3,4 = ¢g =4, and $3 =¢9 =4. The 

first of these is discussed later in connection with configurations of plane nets; the 

most symmetrical configuration of the second is illustrated in Fig. 3.9(b) as the first 

of the semi-regular plane nets. Examples of crystal structures based on these two 

nets are noted later (p. 93). 

Corresponding to the five regular and thirteen semi-regular (Archimedean) solids, 

all of which have regular polygonal faces, there are three regular plane nets (the 

special solutions listed above) and eight semi-regular nets in which there are regular 

polygons of two or more kinds (Fig. 3.9(b). The reciprocal relations between plane 
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FIG. 3.10. Two plane nets con- 

sisting of pentagons. 

Polyhedra and Nets 

nets are similar to those between pairs of polyhedra, for the nets (6, 3) and (3, 6) are 

related in this way while the reciprocal of (4, 4) is the same net (compare the 

tetrahedron). The reciprocals of the eight semi-regular nets of Fig. 3.9(b) may be 

drawn by joining the mid-points of adjacent (edge-sharing) polygons; they represent 

divisions of the plane into congruent polygons—compare the relation of the Catalan 

to the Archimedean solids. We illustrate (Fig. 3.10) only two of these reciprocal 

nets, those consisting of congruent pentagons, which are included in Table 3.7 (p. 

79). These two nets, which are the reciprocals of the two at the bottom right-hand 

corner of Fig. 3.9(b), complete the series: 

P n-gons 

3 6 
3,4 5 
4 4 
6 3 

but, unlike the other three nets, cannot be realized with regular polygons. 

In order to derive the general equation for nets containing both 3- and 

4-connected points we must allow for variation in the proportions of the two kinds 

of points. If the ratio of 3- to 4-connected points is R it is readily shown that in a 

system of N points the number of links is M(3R + 4)/2(R + 1). Using the same 

method as for deriving equations (4)-(6) it is found that 2nd, = 2(3R + 4)/(R + 2). 

The value of Ynd, ranges from 6, when R = -, to 4, when R = O, and has the 

special value 5 if the ratio of 3- to 4-connected points is 2 : 1. The special solution 

of the equation 2n¢, = 5 is ds = 1, corresponding to the 5-gon nets of Fig. 3.10. 

Although (3,4)-connected plane nets are not of much interest in structural 

chemistry the 3D nets of this type form the bases of a number of crystal structures 

(ped): 

Plane nets in which points of two kinds (p- and q-connected) alternate are of 

interest in connection with layer structures of compounds A,,X, in which the 

coordination numbers of both A and X are 3 or more. For example, the simple 

Cdl, layer may be represented as the plane (3, 6)-connected net. It is shown in 

Appendix 2 of MSIC that the only plane nets composed of alternate p- and 

q-connected points are those in which the values of p and q are 3 and 4, 3 and 5, 

or 3 and 6. The impossibility of constructing a plane net with alternate 4- and 
6-connected points implies that a simple layer structure is not possible for a 
compound A,X3 if A is to be 6-coordinated and X 4-coordinated. The non- 
existence of an octahedral layer structure for a sesquioxide is, therefore, not a 
matter of crystal chemistry in the sense in which this term is normally understood 
but receives a very simple topological explanation. 

Configurations of plane nets 

Two points call for a little further amplification. The equations (4)-(6) are 
concerned only with the proportions of polygons of different kinds and not at all 
with the arrangement of the polygons relative one to another. Moreover, all nets 
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have been illustrated as repeating patterns. For the special solutions $,, = 1 there is 

no question of different arrangements of the polygons since each net is entirely 

composed of polygons of only one kind. However, the shape of the hexagons in the 

net ¢, = 1 determines whether the net is a repeating pattern and if it is, the size of 

the unit cell. Figure 3.11 shows portions of periodic forms of this net; clearly a net 

in which the hexagons are distorted in a random way has no periodicity, or 

alternatively, it has an indefinitely large repeat unit (unit cell). The situation is 

more complex if the net contains polygons of more than one kind. Consider first 

the net ¢4 = ¢g = 3, which is one of the three solutions of equation (4) 

corresponding to nets consisting of equal numbers of polygons of only two kinds. If 

the 4-gons and 8-gons are regular there is a unique form of the net, that shown in 

Fig. 3.9(b). Let us drop the requirement that the polygons are regular but retain the 

same relative arrangement of 4-gons and 8-gons, that is, each 4-gon shares its edges 

with four 8-gons and each 8-gon shares alternate edges with 4-gons and 8-gons. If 

we make alternate 4-gons of different sizes (Fig. 3.12(a)) the content of the unit 

cell is doubled, to Z = 8. If we proceed a stage further, that is, we do not insist on 

the same relative arrangement of 4-gons and 8-gons but regard the net simply as a 

3-connected system of equal numbers of the two kinds of polygon, then we find an 

indefinitely large number of nets (in which there is*edge-sharing between 4-gons). 

An example is shown in Fig 3.12(b). 

The nets ¢, =¢, =4 and $3 =¢ =% do not have configurations with regular 

polygons of both kinds, but here again there is an indefinitely large number of ways 

of arranging equal numbers of polygons of the two types. Four of the simplest ways 

of arranging equal numbers of 5-gons and 7-gons are shown in Fig. 3.13. Two of 

these, (a) and (d), are closely related, being built of the same sub-units, the strip A 

and its mirror-image B. It is of some interest that the form of this net adopted by 

ScB,C, is not the simplest configuration (Fig. 3.13(a)) with eight points in the 

repeat unit but that of Fig. 3.13(d) with Z = 16. 

Z=8 Z=8 

(a) (b) 

FIG. 3.12. Less regular forms of the 4:8 plane net (see text). 

W3 

FIG. 3.11. Forms of the plane 

6-gon net. 
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Three-dimensional nets 

Derivation of 3D nets 

No equations are known analogous to those for polyhedra and plane nets relating to 

the proportions of polygons (circuits) of different kinds. A different approach is 

therefore necessary if we wish to derive the basic 3D nets. 

Any pattern that repeats regularly in one, two, or three dimensions consists of 

units that join together when repeated in the same orientation, that is, all units are 

identical and related only by translations. In order to form a 1-, 2-, or 3-dimen- 

sional pattern the unit must be capable of linking to two, four, or six others, 

because a one-dimensional pattern must repeat in both directions along a line, a 

two-dimensional pattern along two (non-parallel) lines, and a three-dimensional 

pattern along three (non-coplanar) lines (axes). The repeat unit may be a single 

point or a group of connected points, and it must have at least two, four, or six free 

links available for attachment to its neighbours. The requirement of a minimum of 

four free links for a 2D pattern may at first sight appear incompatible with the 

existence of 3-connected plane nets, but it can be seen (Fig. 3.11, p. 73) that even 

in the simplest of these nets (¢, = 1) the repeat unit consists of a pair of connected 

points, this unit having the minimum number (4) of free links. 

Evidently the simplest unit that can form a 3D pattern is a single point forming 
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six links, but for 4- and 3-connected 3D nets the units must contain respectively 
two and four points, as shown in Fig. 3.14. The series is obviously completed by 
the intermediate unit consisting of one 4- and two 3-connected points, which also 
has the necessary number (6) of free links. These values of Z, the number of points 
in the repeat unit, enable us to understand the nature of the simplest 3D nets. 
Similarly oriented units must be joined together through the free links, each one to 
six others. This implies that the six free links from each unit must form three pairs, 

“Se si i ng np ge 

(a) (b) 

FIG. 3.14. Structural units for three-dimensional nets (see text). 

one of each pair pointing in the opposite direction to the other. Identically oriented 

links repeat at intervals of (Z + 1) points, so that circuits of 2(Z + 1) points are 

formed. We therefore expect to find the family of basic 3D nets listed in Table 3.6, 

where p is the number of links meeting at each point and n is the number of points 

in the smallest circuits. Note that the symbols for these nets are of the form (n, p); 

for example, (10, 3) is a 3-connected net consisting of 10-gons. 

eA BIEEeSroO 

The basic 3-dimensional nets 

Fig. 3.15 

+ Weighted mean. 

By analogy with the regular polyhedra and plane nets we might expect to 

find a set of regular 3D nets which have all their links equal in length and 

equivalent, all circuits (defined as the shortest paths including any two non- 

collinear links from any point) identical, and the most symmetrical arrangement of 

links around every point. Three of the nets of Table 3.6 satisfy all these criteria, 

namely, a 3-connected net, (10, 3), the diamond net, (6, 4), and the simple cubic 

framework (primitive cubic lattice), (4, 6). These nets, all of which have cubic 

symmetry, are illustrated in Fig. 3.15(a), (c), and (d). There is a second 3-connected 

net (10, 3), also with Z = 4 (Fig. 3.15(e)), and a second 4-connected net (6, 4) with 

a less symmetrical (coplanar) arrangement of bonds from each point (Fig. 3.15(f)). 

It is convenient to refer to the nets (c), (e), and (f), as the diamond, ThSi,, and 

NbO nets respectively because of their relation to the structures of these 
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(d), the four nets of Table 3.6. (e) ThSiz net, and 
(f) NbO net. 

(a)- FIG. 3.15. Three-dimensional nets: 
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substances. The NbO net has cubic symmetry but the highest symmetry of the 
ThSi, net, and also of the net (b) is tetragonal. 

A word of explanation is needed here concerning the values of Z; and Z, in 
Table 3.6. If the numbers of points in the unit cells of Fig. 3.15(a)-(d) are counted 
they will be found to be eight, six, eight and one respectively. In all cases except 
(d), which is a primitive lattice, these numbers Z, are multiples of the values of Z; 

in the Table. The reason for this is that the nets are illustrated in Fig. 3.15 in their 
most symmetrical configurations, and it is conventional to describe a structure in 

terms of a unit cell the edges of which are related to the symmetry elements of the 

structure. Such a unit cell is usually larger than the smallest one that could be 

chosen without relation to the symmetry; it contains Z, points (atoms). Thus the 

cubic unit cell of diamond (c), contains 8 atoms, but the structure may also be 

described in terms of a tetragonal cell containing four atoms or a rhombohedral cell 

containing two atoms. The (10, 3) net of Fig. 3.30 (p. 96), on which the structure 

of B,03 is based, is an example of a net for which the simplest topological unit has 

Z, = 6 and this is also the value of Z, for the most symmetrical (trigonal) form of 

the net. 

No example appears to be known yet of a crystal structure based on the simplest 

3D (3, 4)-connected net (Fig. 3.15(b)), but two more complex nets of this general 

type do represent crystal structures. A particularly interesting family of (3, 

4)-connected nets includes those in which each 3-connected point is linked only to 

4-connected points and vice versa. For such systems Z must be a multiple of 7, and 

the next two nets illustrated are of this type. Figure 3.16(a) represents the structure 

of Ge3Nq4, the open circles being N and the shaded circles Ge atoms. Essentially the 

same atomic arrangement is found in Be,SiO4 (phenacite), where 2 Be and 1 Si 

replace the Ge atoms in the nitride. This structure is suitable for atoms forming 

four tetrahedral bonds (Ge, Be, and Si) or three approximately coplanar bonds (N 

and O). The net of Fig. 3.16(b), on the other hand, is suited to a 4-connected atom 

forming four coplanar bonds (shaded circles), and represents the framework of Pt 

FIG. 3.16. Two (3, 4)-connected 3D nets representing (a) the structure of Ge3Na, (b) the 

arrangement of Pt and O atoms in Na,Pt304 (shaded and open circles respectively). 
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and O atoms in Na, Pt304, a compound formed by oxidizing Pt wire in the presence 

of sodium. The Na atoms are situated in the interstices and are omitted from Fig. 

3.16(b). 

Uniform Nets. Certain nets have the property that the shortest path, starting 

from any point along any link and returning to that point along any other link, isa 

circuit of n points. Such nets may be called uniform nets. This condition is satisfied 

by the first three nets of Table 3.6, but it is not applicable in this simple form to 

nets with p > 4. However, it may be applied to 6-connected nets if we exclude 

circuits involving a pair of collinear bonds at any point. We may then include 

among uniform nets the (4, 6) net (primitive lattice) and also the pyrites structure 

as a net (5, ¢) containing 4-connected points (S atoms) and 6-connected points (Fe 

atoms) and consisting of 5-gon circuits. It is not yet known how many uniform nets 

there are, but uniform nets of all the following types have been derived and 

illustrated: 

The derivation and properties of certain families of 3D nets are described in papers 

by the author (AC 1972 B28 711 and earlier papers). The upper limit of in 

3-connected nets appears to be 12; the net earlier described as (127, 14) (AC 19547 

535) is in fact a uniform net (12, 3). Since no examples of this net are known it is 

not illustrated here or included in Table 3.7. 

Further characterization of 3D nets 

In addition to the two (10, 3) nets of Fig. 3.15(a) and (e) and the third (10, 3) net 

mentioned above there are also more complex 3-connected nets consisting of 

10-gon circuits. These nets are not interconvertible without breaking and rejoining 

links, and therefore represent different ways of joining 3-connected points into 3D 

nets consisting of decagons. Evidently the symbol (, p) is not adequate for 

distinguishing such nets which differ in topological symmetry. Unlike the crystal- 

lographic symmetry the topological symmetry does not involve reference to 

metrical properties of the nets, but only to the way in which the various polygonal 

circuits are related one to another. Two quantities that may be used as a measure of 

the topological symmetry of nets are x, the number of n-gons (here 10-gons) to 

which each point belongs, and y, the number of n-gons to which each link belongs. 

For a plane net x is equal to p, the connectedness, and y is always 2. In 3D nets x 

and y can attain quite high values, and for the very symmetrical nets of Table 3.6 y 

is equal to n. For these (regular) nets x and y are related: x = py/2, an expression 

which holds for the (3, 4)-connected net if weighted mean values of x and p are 
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used. In the second 3-connected net (ThSi,) there are two kinds of non-equivalent 
link, and the weighted mean value of yp is 63, as compared with 10 in the regular 
(10, 3) net. The decagon net of B03 forms the third member of the series of 
3-connected 10-gon nets, as shown by the values of x: 

Zee Maximum symmetry 33 

4 Cubic 15 

4 Tetragonal 10 

6 Hexagonal 5 

For the second 4-connected net (6, 4), the NbO net, y = 4. The values of x and y 
are not of interest from the chemical standpoint, but it is recommended in MSIC 
that they be determined, if only to ensure that the models are examined carefully 
and not merely assembled and dismantled. 

The basic systems of connected points, polyhedra, plane, and 3D nets are 
summarized in Table 3.7, which shows that the four plane and four 3D nets form 
series with n = 6, 5, 4, and 3, and withn = 10, 8, 6, and 4 respectively. All systems 
on the same horizontal line are composed of n-gon circuits, and all those in a 

TABLE 35/ 

Relation between polyhedra, plane, and 3-dimensional nets 

Plane (3, 6) Tetrahedron Trigonal Octahedron 

bipyramid 

Cubic Rhombic Plane (4, 4) P lattice 

dodecahedron @ 

Pentagonal Plane (5, 3) Ra 
dodecahedron 

bake . é 

(Value of Z;) 

Cubic (10, 3) 
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vertical column have the same value(s) of p. In the first column the 3-connected 

systems start with three of the regular solids, with n = 3, 4, and 5, and the series 

continues through the plane net ( = 6) into the 3D nets with n= 7, 8, 9, and 10. 

We shall not have occasion to refer to the nets with n=7, 8, or 9, since no 

examples of crystal structures based on these nets are known. In the second column 

the (3, 4)-connected 8-gon net (Fig. 3.15(b)) may be regarded as intermediate 

between the diamond (6, 4), and 3-connected (10, 3), nets. There are also 

4)-connected nets composed of 7-gons and 9-gons; these also are not illustrated 

since they are not known to occur in crystals. The remaining net R34 and also the 

net R4 in the next column are apparently not realizable as periodic 3D nets but as 

radiating 3D nets built of 6-gons and 5-gons respectively. Although they are not of 

interest in relation to crystals, systems of this kind may well be relevant to the 

structures of partially ordered phases such as glasses and polymers. A short note on 

these is included in Appendix 3 of MSIC. 

The fifth regular solid, the icosahedron, and other 5-connected systems are 

omitted from Table 3.7 because there are no 5-connected plane or 3D nets 

composed of polygons of one kind only. For coordination numbers greater than six 

only 3D nets are possible. Two aspects of 3D nets which are important in structural 

chemistry should be mentioned here; they will be discussed in more detail later. 

Nets with polyhedral cavities 

In certain 3D nets there are well-defined polyhedral cavities, and the links of-the net 

may alternatively be described as the edges of a space-filling assembly of polyhedra. 

At least four links must meet at every point of such a net, and the most important 

nets of this kind are, in fact, 4-connected nets. Space-filling arrangements of poly- 

hedra leading to such nets are therefore described after we have dealt with the 

simpler 4-connected nets. 

Interpenetrating nets 

We have supposed that in any system all the points together form one connected 

net, that is, it is possible to travel along links from any point to any other. There 

are some very interesting structures in which this is not possible, namely, those 

consisting of two or more interpenetrating (interlocking) structures (Fig. 3.17). 

The simplest of these is a pair of linked n-rings, isomeric with a single 2-ring. It is 

likely that some molecules of this type are formed in many ring-closure reactions in 

which large rings are formed. No examples of intertwined linear systems are known 

in the inorganic field, but an example of two ‘interwoven’ layers is found in 

crystalline silver tricyanomethanide, Ag[C(CN)3] (p. 90). Several examples of 
crystals built of two or more identical interpenetrating 3D nets will be mentioned 

in connection with the diamond structure (p. 107). 

We shall now give examples of molecular and crystal structures based on 2-, 3-, 
and 4-connected systems. Although logically the cyclic and chain systems 
(corresponding to p = 2) should precede the polyhedral ones (p > 3) we shall deal 
with the latter first so that we proceed from finite to infinite groups of atoms. This 
kind of treatment cuts right across the chemical classification of molecules and 
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FIG. 3.17. Interpenetrating systems: (a) finite, (b)-(d), 1-, 2-, and 3-dimensional. 

crystals and also is not concerned with details of structure, that is, it is topological 
rather than geometrical. It shows in a striking way how a small number of very 
simple patterns are utilized in the structures of a great variety of elements and 
compounds. The following are the main sub-divisions: 

Polyhedral molecules and ions 

Cyclic molecules and ions 

Infinite linear molecules and ions 

Structures based on 3-connected nets: 

the plane 6-gon net 

3D nets 

Structures based on 4-connected nets: 

the plane 4-gon net 

the diamond net 

interpenetrating systems 

more complex nets 

Polyhedral frameworks 

Polyhedral molecules and ions 

Structural studies have now been made of a number of polyhedral molecules and 

ions, and of these the largest class comprises the tetrahedral complexes. 

Tetrahedral complexes 

Most of these are of one of the four types shown in Fig. 3.18(a)-(d), the geometry 

of which is most easily appreciated if the tetrahedron is shown as four vertices of a 
cube. Disregarding the singly-attached ligands Y, there is first the simple tetra- 

hedron Aq, (a). To this may be added either 4 X atoms situated above the centres 

of the faces, (b), or 6 X atoms bridging the edges, (c). These X atoms are, of course, 
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(b) Ay X4 (AgX4Y4) (c) AgX5(AgXe¥ 4) (d) OA4X5 (OA4X6Y 4) 

(e) AcXg(AgXsY o) (5) Ake (ARS) (g) As X12 

FIG. 3.18. Polyhedral molecules and ions: (a)-(d), tetrahedral, (e) and (f), octahedral, (g) cubic. 

wholly or largely responsible for holding the group of atoms together. In the most 

symmetrical form of (b) A and X form a cubic group, but some distortion is to be 

expected from this configuration, which would imply bond angles of 90° at A and 

X. In (c) the six X atoms delineate an octahedron; for the more familiar 

representation of the molecules of P4gOg and P4O 9 see Fig. 19.7 (p. 685). In class 

(d) there is an oxygen atom at the centre of the tetrahedron, and in several 

molecules of this type X is a bidentate chelate group. 

To all of the basic types of molecule Ag, AqgX4, AqX.6, and OAqX¢ there 

is the possibility of adding singly attached Y ligands to each A atom. There is usu- 

ally one such atom, since A is already bonded to 3 X (in addition to any A—A inter- 

actions) and a fourth bond to a Y atom completes a tetrahedral group. Thus 

in Cugl4(AsEt3)4 X=I and Y= AsEt3. In another tetrameric cuprous molecule, 

Cu4 [S2PG@-C3H7O),]4, the chelate ligand behaves in a more complex way. One 

S atom coordinates to one Cu and the other to two Cu atoms, with the result that 

each Cu is bonded to 3 S, each S2PR, ligand providing three bonds to Cu as does 

I in CugI4(AsEt3)4. Alternatively, in (b), 3 Y atoms can complete an octahedral 

coordination group around A; this occurs in Os4O4(CO), > and Pt4l4(CH3),2 and 

similar molecules. In AlgN4(CgHs)g and in ‘cubane’, CgHg (which is strictly a 
cubic rather than a tetrahedral molecule), a ligand (CgHs or H respectively) is 
attached to each A and to each X atom. In the less symmetrical tetrahedral 
Co4(CO);2 molecule there are 3 CO bonded to the apical Co, 3 CO groups bridge 
the edges of the base, and two further CO are attached to each basal Co atom. 
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Octahedral molecules and ions 
Compact groupings built around an octahedron of metal atoms are prominent in 
the halogen chemistry of the elements Nb, Ta, Mo, and W, where such groups are 
found as isolated ions or molecules and also as sub-units which are further linked 
through the Y atoms into layer and 3D structures. The two basic types of unit are 
shown (idealized) in Fig. 3.18(e) and (f). Examples of the simple Ag Xg unit are not 
known, but a number of complexes of the general type Ao Xg Ye have been studied 
(Table 3.8). The AgX,2 unit of Fig. 3.18(f) represents the structure of the 
hexameric molecule in one polymorph of PdCl, and PtCl, and of the 

AB IE e5.S 

Polyhedral molecules and ions 
a er re I i a, al eel be a 
Tetrahedral Fig. 3.18 

(a) Ag Py, Asq 
AagY4 BaCla 

(OhNAaK G4 Lig(C2Hs)q, Tl4(OAlk)4, Pb4(OH)4* 
Agx4Y4 Cugl4(AsEt3)q, AlaNadg, Ptgl4(CH3)12, Co4(CO) 12 

(c) AgXe6 P406, AsqO6, Sb406, Na(CH2)¢6, (CH)4Se, 
(CH)4(CH2)¢, (SiR) 4S 

AaX6Ya4 P4010; PgO6[Ni(CO)3] 4 
(d) OA4X6 OBeag(ac)e, OZna(ac)¢, OZna4(S2PR2)6, 

b OZng(OSPR2)e, OCo4[C(CH3)3COO ] 6 Ae 

OA4X6 Yq OMgaBr6(C4Hi00)4, OCugCl¢(pyr)4, (OCugCli 9) 

Octahedral 

eve BeHe_ 
(e) A6Xs seh thee 

AoXsY6 Mo6Cl} 4, Mog Bri 2(H20)2 

() A6Xi2 Pd6Cli2, PteCli2, Big(OH) 19 
A6X12Y6 W6Cli2Cle, NbgClig, TagCl, 2Clo(H20)q4 

Cubic 
(g) AgXi2 Cug[S2C2(CN)2] 6 

For references see other chapters and also: a N 1970 228 648; b IC 1969 8 1982. 

Big(OH)$4 ion in hydrolysed solutions of bismuth salts. Addition of a further six 
halogen atoms to AgX > gives the structure of the hexameric tungsten trichloride 

molecule, W,Cl,>Cl¢ and the ion Nb¢Cl}g. These complex halogen compounds are 

described in more detail in Chapter 9. The oxy-ions MgO%5 formed by V, Nb, and 

Ta could also be described as related to the Ag X;g complex, an additional O atom 

at the centre completing octahedral groups around the metal atoms. These and 

other complex oxy-ions of Groups VA and VIA metals are alternatively described 

as assemblies of MO. octahedra, as in Chapter 11. 

The molecule of Rhg(CO);.6 consists of an octahedral Rh nucleus having 2 CO 

attached to each metal atom and four more CO situated above four faces of the 

octahedron, each of these bridging three Rh atoms; these four CO groups are 

arranged tetrahedrally. 

83 



Polyhedra and Nets 

Cubic molecules and ions 

Figure 3.18(g) shows an AgX, complex closely related to the AgX 12 complex of 

Fig. 3.18(f). There is the same cuboctahedral arrangement of 12 X atoms but with a 

cube of A atoms instead of an octahedral group. This structure is adopted by the 

anion Cu} Lé~ in salts with the large cations [N(C¢ Hs; )(CH3)3] * or [As(CeHs)a] *, 

L being the ligand shown at the left. The 12 X atoms are made up of six pairs of 

S atoms. 

Miscellaneous polyhedral complexes 

These include a whole series of borohydride ions (p. 873), the BgClg molecule 

(dodecahedral), the Big* ion (tricapped trigonal prism) in BiCl,.;¢7, and the 

boranes. For these complexes reference should be made to other chapters. 

Cyclic molecules and ions 

In Table 3.9 we distinguish between homocyclic and heterocyclic rings and give 

some examples. Homocyclic molecules and ions of which structural studies have 

been made are not as yet very numerous as compared with rings containing atoms 

of more than one element. The latter include many cyclic molecules and ions 

containing B, C, N, and P, the meta-ions (of Si, Ge, and P), the cyclic molecules 

S30, and Se,O, 2, and numerous cyclic oxyhalides and thiohalides of silicon, 

siloxanes, silthianes, and silazanes (Chapter 23). Not very much is yet known about 

the structures of very large rings or of doubly-bridged rings. Examples of the latter 

include the hydroxy-aquo cation (a) and the hexameric molecules of Ni and Pd 

mercaptides (b). A few heterocyclic rings contain atoms of more than two different 
kinds, of which (c) is one example. For details and references to the compounds 
mentioned other chapters should be consulted. 

—8- 

OH —Ni— 
(H,0)4Zr © >Z1(H,0), i ae e 

ae ear Se Ni—SR RS— Ni 
UX he ee OH SS ent RS ; R RS SR 

T ahem uel Ni—SR SR—Ni 
| SN; YE. 

RS—Ni—SR 

(a) (b) 

N O 
Wire ae 

Chia Cl 
Aa 

Lis 
Cia Cl 

(c) 
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TABLE 3.9 

Cyclic molecules and ions 
i 2 ag er A i pe PA a 

Number of Homocyclic Heterocyclic A,X, with 
atoms In alternating A and X atoms 

ring 

3 Os3(CO)j2 = 

4 (PCE 3)4, (AsCh's)a, Sea (SSiCl,)2 

5 (PCF3)5, (AsCH3)5 7s 

6 (AsCeHs)6, (PC6Hs)o, (Si309)°, (P309)°, S309, B3N3H6, (NSCI)3, 
(P6012), Se, (Snd2)e6 (PNCly)3, Pd3[S3(C2H4)2]3 

8 Sg, S3*, Seg” NaSa, (SigO12)®~, (P4012)*~, SeqO12, (BNCIa)a, 
(PNCly)a, MogF 20, (OGaCH3)a, [(OH)Au(CH3)2]4 

10 (PNCly)5 

12 S12 (Sig01g)'~~, (PeO18)°, [PN(NMEe2)2]6 
16 [PN(OCH3)2]8 

Infinite linear molecules and ions 

Examples of the more important types of chain are given in Table 3.10. In the 

simplest chain, -A—A—A-, A may be a single atom as in plastic sulphur, or it may 

be a group of atoms, (a), as in the anion in Ca[B30,4(OH)3].H,0. In all the other 

chains of Table 3.10 the A atoms are linked through atoms X of a different 

element. In most of the examples the singly-attached X atoms are of the same kind 

as the bridging X atoms, but these may be ligands of two different kinds, as in 

oxyhalides, in a chain such as (b), and in the octahedral chains AX,L, which are 

mentioned later. 

| | —Sn—NC(CH ,)3CN—Sn— 

(Cla) (Cla) 

(a) (b) 

The linear molecule of Zn[S,P(OEt),] >, (c), is an example of a chain in which a 

ligand is behaving both as a bidentate and as a bridging ligand—contrast the chain in 

Zn[O,P¢(n-C4Hg)] 2 described later. Since the chains in class (ii) of the table 

consist of coordination groups AX,, which share two X atoms, they may be 

described as ‘vertex-sharing’ chains. 
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a SF 

Pet S Pa PSS 

7 Shee hi 
eS NS 
sts Sao 
Wes Seay 
12 \P 
SS Lao 

tO ORT 

(c) 

Chains in class (iii) may similarly be described as ‘edge-sharing’ chains. This class 

includes the important chain consisting of octahedral groups sharing two edges. 

These edges may be opposite (NbI4) or not (TcClq), as described in Chapter 5, the 

TABLE 3.10 

Infinite linear molecules and ions 

Molecules Tons Type of chain Formula 

(ea S (plastic), Se, Te [B304(OH)3l pn 

Gina xe AX Aul, AuCN, Hg0, (HCO3)", (HSO4), 
In(Cs5Hs), (@SeO2)H 

~A-X- AX, | SeO3, Pb(CsH5)2 (BO), [Cu(CN)aln > 
(AsO2)}t 

= ASXS Axonn| ¢SOs. CrOs Aus: (Si03)2”" etc., (CulCls)a” 
xe PNCl, SiOCly (Cullcls)7- 

SFL B ES AX (trans): BiFs, UFs (AIFs)2"", (PbFs)n_ 
X4 (cis): CrFs5 etc., MoOF4 (in SrPbF¢) 

x 
(iii) ein SAS AX (planar): PdCl, CuCl, 

X (tetrahedral): BeCly, SiS 

Kee ee 
outa SS La = Ks VES AXa Nblg, TcCla (HgCla)7” 

AXs5 PaCls 

Similarly Axe (ZrF¢)3" in K2ZrF¢6 

X. UX AX7 (PaF7)_ in K2PaF 
ee es anes teas, 

SG ee AX3 ZrI3 etc. (NiCl3)7 in CsNiCl3 

x 5% 

(v) NANG = Sey Sey AX4 U(ac)4 

x x 

See text 

Sb203, NbOCl3 

Hybrid chains 

Multiple chains (SiOT)a (CdCl 

(CubCls)n_ 
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former type of chain (trans) being more usual. As in class (ii) the unshared ligands ) ) 

may be different from the bridging ones, giving the composition AX4 or AX,L, | 

where L is a ligand capable of forming only one bond to A, as in the example (d). 7 Cizaie Sl 

Other examples are listed in Table 25.4 (p. 907). @ 

More complex chains of this kind include the chain molecule PaCl, (pentagonal 

bipyramidal PaCl, groups sharing two equatorial edges), and the anions in K,ZrF¢ 

(dodecahedral ZrFg groups sharing two edges), and K,PaF, (tricapped trigonal 

prismatic groups PaFg, sharing two edges). 

In the much smaller classes, (iv) and (v), coordination groups share a pair of 

faces. For octahedral groups the formula is AX3, as in Zrl3 and [Li(H,0)3] ClOq, 

and for tricapped trigonal prismatic groups it is AX¢, as in [Sr(H,O)¢] Cl,. In these 

chains triangular faces of coordination groups are shared; in class (v), 

U(OOCCH3)4, two opposite quadrilateral faces of antiprisms are shared, the bridges 

consisting of acetate groups, -OC(CH3)O-—. 

The term ‘hybrid’ chain in Table 3.10 means a chain in which there are bridges 

of more than one kind. Examples include \/ 

<7 OPO (a) 

Ds we Nise = 
Zn[O2P¢(n-C4Ho)]2:  7Zn—O O—Zn—OPO—Zn 

OPO 
TX 

Cl Cl 
bo eke 

and: ReCla+)5)=-Cl—Re-Cl-Re—Cl- Re -Cl— 

Wer Cl beerer CLs 
Cl Cl 

which are examples of unexpectedly complex structures for compounds with 

formulae of the simple basic types AX, and AX4. Under the heading ‘multiple’ 

chains in Table 3.10 we include the double chains in Sb,03, and NbOCI3, and 

silicate ions such as (SigO,,)8” which may be illustrated diagrammatically as in 

Fig. 3.19. An X atom is to be placed along each line joining a pair of A atoms; Rene ema Tieters repres- 

singly-attached X atoms are omitted. The double tetrahedral chain ion (Cu, Cl3), (a) Sb03, (0), NbOCI3, 

and the double octahedral ion (CdCl3)} are illustrated elsewhere. (c), (SigO1 18". 

(c) 

Crystal structures based on 3-connected nets 

Types of structural unit 

The simplest units leading to structures of this kind are illustrated in Fig. 3.20. At 

(a) we have an atom forming three bonds which could be the structural unit in an 

element or in compounds in which all atoms are 3-connected. If atoms X are placed 

along the lines of any 3-connected net, as at (b), the formula is A7X3, and this 

arrangement is found in a number of oxides M,03 and sulphides M,S3. At (c) we 

show a tetrahedral group AX, sharing three of its vertices with other similar groups. 
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FIG. 3.21. Relation of the struc- 

tures of (a) As and (b) black P to 

the simple cubic structure. 

Polyhedra and Nets 

If this holds throughout the crystal the’ composition is A,X5. The most sym- 

metrical way in which octahedral groups AX, can be joined to three others by 

sharing three edges is shown at (d). Since each X is common to two octahedra the 

formula is AX3. 

The four structural units (a)-(d) form the bases of the structures of numerous 

inorganic compounds in which the bonds are covalent or covalent-ionic. It is also 

convenient to represent diagrammatically, by means of 3-connected nets, the 

structures of certain crystals in which the structural units (which may be ions or 

molecules) form three hydrogen bonds. In the hydrates of some acids one H” is 

associated with H,O to form H30* which is a unit of type (a). In certain 

hydroxy-compounds each OH group is involved in two hydrogen bonds, and 

accordingly a molecule of a dihydroxy-compound may be represented as at (e), it 

(a) (b) 

FIG. 3.20. Structural units forming 3-connected nets. 

being necessary to indicate only the atoms involved in hydrogen bonding. The units 

of Fig. 3.20 may join together to form finite groups or arrangements extending 

indefinitely in one, two, or three dimensions. Finite (polyhedral) and infinite linear 

-systems have already been mentioned, the only simple example of a chain being the 

double chain in the orthorhombic form of Sb,03. The simplest plane 3-connected 

net is that consisting of hexagons. This is by far the most important plane 

3-connected net in structural chemistry and will be dealt with in most detail. 

Examples will then be given of structures based on more complex plane nets before 

proceeding to 3D nets. 

The plane hexagon net 

Examples are known of structures based on this net incorporating all the five types 

of unit of Fig. 3.20. In its most symmetrical form this net is strictly planar and the 

hexagons are regular and of the same size. This form represents the structure of a 

layer of graphite or of B atoms in AIB,. As the interbond angle decreases from 

120° (in the plane regular hexagon) so the layer buckles. Crystalline As is built of 

buckled layers, and elementary Sb and Bi are.structurally similar. The structures of 

these elements may be regarded as distorted versions of a simple cubic structure, in 

which each atom would have six equidistant neighbours arranged at the vertices of a 

regular octahedron. The relation between the As structure and the simple cubic 

structure is illustrated in Fig. 3.21(a). This is diagrammatic in the sense that the 

atoms are in the positions of the cubic structure (that is, interbond angles are 

shown as 90° and each As has six equidistant neighbours) but each atom is shown 
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bonded to three others only, forming layers whose mean plane is perpendicular to a 
body-diagonal of the cubic unit cell. In the actual structure each atom has three 
close neighbours in its own layer and three more distant ones in the adjacent layer. 
In CaSiz the Si atoms form buckled layers very similar to those of As. 

Figure 3.21(b) shows a second, more buckled, layer which is also derivable from 
the simple cubic structure and is idealized in the same way as the layer in (a); this 
more buckled layer represents the structure of a layer in black P. 

If alternate atoms in the 6-gon layer are of different elements the composition is 
AB (Fig. 3.22), and we find hexagonal BN with plane layers and GeS (and SnS) 
with buckled layers similar to those in black P. 

AB A.X; exe 

FIG. 3.22. The structures of binary compounds based on the plane 6-gon net. 

Orthoboric acid is a trinydroxy-compound, B(OH)3, and in the crystalline state 
each molecule is hydrogen-bonded to neighbouring molecules by six O—H---O 
bonds. These are in pairs to three adjacent molecules, an arrangement similar to 
that in the dimers of carboxylic acids: 

H O=H---O , compare yy OSsie= ©) xX 

eee ey GAR JOB B—O oe One oO! On TO aa 
H” _ ie 

¢ 
’ 

, 

and the molecules are arranged in layers based on the 6-gon net as shown in Fig. 

24.11 (p. 853). 

In the crystalline hydrates of some acids a proton is transferred to the water 

molecule forming the H3;0* ion, which can form three hydrogen bonds. 

Accordingly the structures of crystalline HCl .H,0 and HNO3.H,O consist of 

layers in which anions and H30* ions alternate in 6-rings, as in the AB layer of Fig. 

3.22. In these two monohydrates the number of H atoms (3) is the number 

required for each unit to be hydrogen-bonded to three neighbouring ones. A 

comparison with the structures of HClO,. H,O and H,SO4.H,0 illustrates how 

the structures of these hydrates are determined by the number of H atoms available 

for hydrogen bonding rather than by the structure of the anion. The low-tempera- 

ture form of HClO,. H,O has a structure of exactly the same topological type as 
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that of HNO3. H,0. As in HNO3. H20 there are three hydrogen bonds connecting 

each ion to its neighbours, and one O of each C10; ion is not involved in hydrogen 

bonding. In the monohydrate of sulphuric acid, on the other hand, there are 

sufficient H atoms for an average of four hydrogen bonds from each structural unit 

(H30* or HSO4), and we find three hydrogen bonds from each H30* and five 

from each HSOj; the resulting structure is no longer based on the hexagon net. 

These structures are described in more detail in Chapter 15. 

Trithiane, S3(CH,)3 a chair-shaped molecule like cyclohexane, forms many 

metal complexes. Two silver compounds have layer structures based on the 6-gon 

net. In both structures Ag is tetrahedrally coordinated, the fourth ligand (X in Fig. 

3.23(a)) being H,O in Ag(trithiane)ClOq. H,O and O of NO3 in Ag(tri- 

thiane)NO3.H,0 (JCS A 1968 93). Silver tricyanmethanide, Ag[C(CN)3], has a 

FIG. 3.23. Layers in the structures of (a) Ag[S3(CH2)3]NO3 . H20, (b) Ag[C(CN)3]-. (c) Two 

interwoven layers of type (b). 

very interesting structure. The ligand C(CN)3 forms with Ag (here forming only three 

bonds) a layer of the same basic type as in the trithiane complex (Fig. 3.23(b)), but 

pairs of layers are interwoven, as at (c). This is one of the two examples of 

interwoven 2D nets at present known, the other being the much more complex 

multiple layer of red P to which we refer later. 

If A atoms at the points of a 6-gon net are joined through X atoms (Fig. 3.22) 

the result is a layer of composition A, X3. Crystalline As,S3 (the mineral orpiment) 

is built of layers of this kind (Fig. 3.24(a)), and one of the forms of the trioxide 

(claudetite) has a very similar layer structure. (The other form, arsenolite, is built of 

AsqO¢ molecules with the same type of structure as the PgO. molecule.) 

‘Acid’ (hydrogen) salts provide many interesting examples of hydrogen-bonded 

systems which are particularly simple if the ratio of H atoms to oxy-anions is that 

required for a 3-, 4-, or 6-connected net: 

Salt H : anion ratio Type of net 

NaH3(SeO3)2 spo 3-connected 

KH2PO04 Dye 4-connected 

(NH4)2H310¢ ay call 6-connected 

90 



Polyhedra and Nets 

Os 
(a) (b) 

FIG. 3.24. Layers in (a) As2O3 (orpiment), (b) P2Os. 

In NaH3(SeO3), the SeO4%~ ions are situated at the points of the plane 6-gon net 
and a H atom along each link, giving the required H : anion ratio, 3 : 2. 

Layers formed by joining tetrahedral AX, groups through three of their vertices 

have the composition Ay X;. Such a layer is electrically neutral if formed from PO, 

groups but the similar layer built from SiO, groups is a 2D ion, (Si,0,)2”~ . Figure 

3.24(b) shows a projection of the atoms in a layer of one of the polymorphs of 

P,O,. Although at first sight this layer appears somewhat complex, removal of the 

shaded circles (the unshared O atoms) leaves a system of P and O atoms very similar 

to that of As and S in As,S3 (Fig. 3.24(a)). The charged layer in Li,Si,O05 and 

other silicates of this kind is of the same topological type but has a very buckled 

configuration, presumably adjusting itself to accommodate the cations between the 

layers. 

The fourth structural unit, (d) of Fig. 3.20, is an octahedral group AX¢ sharing 

three edges. The mid-points of these edges are coplanar with the central A atom, so 

that octahedra linked together in this way form a plane layer based on the 6-gon 

net. This layer is found in many compounds AX3, the structures differing in the 

way in which the layers are superposed, that is, in the type of packing of the X 

atoms. In the Bil3 structure there is hexagonal and in YCl3 cubic closest packing of 

the halogen atoms, as described in Chapter 4; in Al(OH)3 the more open packing of 

the layers is due to the formation of O—H--O bonds between OH groups of 

adjacent layers. 

We describe in Chapter 5 the formation of composite layers formed by the 

sharing of the remaining vertices of a tetrahedral A,X, layer with certain of the 

vertices of an octahedral layer AX3, both layers being based on the plane 6-gon net. 

These complex layers are the structural units in two important classes of minerals, 

the clay minerals (including kaolin, talc, and the bentonites) and the micas. One of 

these layers is illustrated as an assembly of tetrahedra and octahedra in Fig. 5.44 

(p. 191). 

A quite unexpected example of the use of the plane 6-gon net is found in 

crystalline ThI,. There is 8-coordination of the Th atoms, and each antiprism Thlg 

shares one edge and two faces. In this way each I is bonded to two Th atoms, 

giving the composition Thl4, as shown in Fig. 3.25. 
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FIG. 3.26. Layer of molecules in 

crystalline y-quinol 
(diagrammatic). 
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TAB DL ESSr 

Layers based on the simple hexagon net 

Layer type Examples 

A C (graphite), As, Sb, Bi; P (black) 

CaSiz, AIBy 

B(OH) 3 

AB BN, GeS, SnS 

(H30)CI, (H30)NO3, (H30)"C104 
Ag[S3(CH2)3] ClO4 : H,0, Ag[S3(CH2)3] NO3 : H20 

Ag[C(CN)3] (two interwoven layers) 

A2X3 As203, As283 

Na[H3(Se03)2] 

A2X5 P205 

Li2(Si205), Rb(Be2Fs) 

AX3 YCl3, Bil3, Al(OH)3 

AX4 Thlq 

FIG. 3.25. Layer in crystalline ThIq. 

As an example of a unit of type (e) of Fig. 3.20 we illustrate diagrammatically 
the structure of one of the polymorphs of quinol, p-dihydroxybenzene. Each OH 
group can act as the donor and acceptor end of an O—H:-O bond, and the simplest 
arrangement of molecules of this kind is the plane layer illustrated in Fig. 3.26. The 
structures we have described are summarized in Table 3.11. 

This kind of topological representation of crystal structures may be extended to 
more complex compounds if we focus our attention on the limited number of 
stronger bonds that hold the structure together. Nylon is formed by condensing 
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(a) (b) 

FIG. 3.27. Hydrogen bonding systems in layers of (a) nylon, (b) caprolactam. 

hexamethylene diamine with adipic acid and forms long molecules which may be 

represented diagrammatically as in Fig. 3.27(a). The molecules are linked into layers 

by hydrogen bonds between the CO and NH groups of different chains, so that if 

we are interested primarily in the hydrogen bonding we may show only the CO and 

NH groups (open and shaded circles respectively) and omit the CH, groups. The 

hydrogen bonds are shown as broken lines. Reduced to this simple form the 

structure appears as the 6-gon net. The type of 3-connected net depends on the 

sequence of pairs of CO and pairs of NH groups along each chain molecule. If these 

groups alternate (~-CO—-NH—CO—NH-) as in caprolactam, the natural way for the 

chains to hydrogen-bond together is that shown in Fig. 3.27(b), which is one of the 

next simplest groups of plane 3-connected nets; the 4 : 8 net. 

Structures based on other plane 3-connected nets 

A few examples are known of crystal structures based on more complex nets. 

Borocarbides MBC, are formed by scandium and the rare-earth metals, and they 

consist of layers of composition B,C, interleaved with metal atoms. In the 

compounds of the 4f metals the layer is the 4 : 8 layer, the pattern of atoms being 

similar to that of Fig. 3.27(b), the open and shaded circles now representing B and 

C atoms. The scandium compound is of special interest as the only example at 

present known of the layer consisting of equal numbers of S-gons and 7-gons. 

All plane 3-connected layers are, from the topological standpoint, possible 

structures for Si,0, layers. The structures of several silicates are based on the 4 : 8 

layer, shown as the first of the semi-regular nets in Fig. 3.9(b), for example, 

BaFeSigO;9 (gillespite) and CaCuSi,O; 9. The more complex (Mn, .Fe3Mg) 

Si, 203 (OH, Cl)29 is based on the 4:6: 12 net illustrated as the third of the 

semi-regular nets in Fig. 3.9(b). See also Fig. 23.13 (p. 818). 
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We mentioned earlier the structure of red phosphorus as a second example of 

interwoven layers. In this structure each individual layer is itself a multiple layer 

with a complex structure which is described on p. 675. 

Structures based on 3D 3-connected nets 

There are very few examples as yet of simple inorganic compounds with structures 

based on 3-dimensional 3-connected nets. We might have expected to find examples 

among the crystalline compounds of boron, an element which forms three coplanar 

bonds in many simple molecules and ions. The structure of the normal form of 

B03 is in fact based on a simple 3-connected net; however, boron is 4-coordinated 

in many borates, and both triangular and tetrahedral coordination occur in many 

compounds. The complex crystalline forms of elementary boron are not simple 

covalent structures but electron-deficient systems of a quite special kind, the 

structures of which are briefly described in Chapter 24. 

There are two 3-connected nets (10, 3) with four points in the simplest unit cell, 

but if the nets are constructed with equal bonds and interbond angles of 120° they 

have eight points in their unit cells and cubic and tetragonal symmetry respectively. 

The cubic net (Fig. 3.28) is clearly the 3-connected analogue of the diamond net. It 

FIG. 3.28. (a) The cubic 3-connected 
10-gon net. (b) Projection of two inter- 
penetrating nets. (c) Configuration of 

the net in Hg3S Cl). 
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represents the arrangement of Si atoms in SrSi, (p. 792). Although the symmetry 
(space group P 4332) is lower than that of the most symmetrical configuration 
(space group J 4,3) with exactly coplanar bonds, it retains cubic symmetry. This 
net also represents the structure of crystalline H,0,. If the molecules are 
represented as at (a) and O atoms are placed at the points of the net, then 
two-thirds of the links represent hydrogen bonds between the molecules. The net is 
not in the most ‘open’ configuration of Fig. 3.28(a), which is drawn with equal 
coplanar bonds from each point, but is in the most compact form consistent with 
normal van der Waals contacts between non-hydrogen-bonded O atoms and with 
O—H-O distances of 2:70 A and HO—OH (intramolecular) equal to 1-47 A. An 
interesting property of this net is that it is enantiomorphic; accordingly, crystalline 
H,0>, is optically active. 

Examples of more complex 3-connected 3D nets formed by dihydroxy- 
compounds include the structures of a- and B-resorcinol (m-dihydroxybenzene) and 
of OH . Si(CH3)2. CgH4. Si(CH3)>. OH. 

The projection of the cubic (10, 3) net on a face of the cubic unit cell, the full 
circles and lines of Fig. 3.28(b), shows that the net is built of 4-fold helices which 
are all anticlockwise upwards. The figures indicate the heights of the points in terms 
of c/8, where c is the length of the cell edge. A second net can be accommodated in 
the same volume, and if the second net is a mirror-image of the first in no case is 

the distance between points of different nets as short as the distance between 

(connected) points within a given net. In the second net of Fig. 3.28(b) (dotted 

circles and lines) the helices are clockwise. This type of structure, which would be a 

3D racemate, is not yet known, but in view of its similarity to the B-quinol 

structure described later, there is no reason why it should not be adopted by some 

suitable compound. 

We showed in Fig. 3.21 the relation of the layers of As and black P to the simple 

cubic structure, from which they may be derived by removing one-half of the links. 

We may derive 3D 3-connected nets in a similar way, by removing different sets of 

bonds. Figure 3.28(c) shows the cubic (10, 3) net drawn in this way with interbond 

angles of 90°; this configuration of the net is close to the arrangement of S atoms in 

one form of Hg3S,Cl,. The Hg atoms are along the links of the net and the Cl ions 

are accommodated in the interstices of the Hg3S, framework. 

The second (10, 3) net is illustrated in Fig. 3.29(a) as the arrangement of Si 
atoms in ThSi,, the large Th atoms being accommodated in the interstices of the 

framework. This net also represents the structure of the third crystalline form of 

P,O,, in which PO, tetrahedra are placed at all points of the net and joined by 

sharing three vertices (O atoms). As might be expected, this polymorph has the 

highest melting point of the three. It is interesting to find that a single compound, 

P,O., has three crystalline forms which illustrate three of the four main types of 

crystal structure, namely, a finite (in this case polyhedral) group, a layer structure, 

and a 3D framework structure. A similar system of tetrahedra forms the framework 

in La, Be Os, in which the large La? * ions occupy positions which are surrounded 

by irregular groups of 10 O atoms; contrast La—O, 2:42 A with the mean Be—O, 

1:64 A, within the tetrahedra. As in the case of the cubic (10, 3) net in Fig. 3.28(c) 

95 



FIG. 3.30. The 10-gon net which 

is the basis of the structure of 

B203. 
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FIG. 3.29. (a) The tetragonal 3-connected 10-gon net in ThSig. (b) Configuration of the net in 

Laz Be Os. (c) Part of the same net in (Zn2Cls)(Hs O02). 

there is a configuration of the ThSi, net with interbond angles equal to 90°. This 

configuration (Fig. 3.29(b)) is a close approximation to the positions of the Be 

atoms in La, Be 0s. 

For a rather complex example of a structure in which there are two inter- 

penetrating ThSi, nets see neptunite (p. 824). 
A third 3-connected net, also consisting of 10-gons, forms the basis of the 

structure of the normal form of B,03. This net has six points in the unit cell; it is 

illustrated in Fig. 3.30. It is related in a simple way to the ThSi, net, for both can 

be constructed from sets of zig-zag chains which are linked to form the 3D net. In 

the tetragonal net these sets are related by rotations through 90° along the 

direction of the c axis, whereas in the trigonal net successive sets of chains are 

rotated through 120°. 

Of the indefinitely large number of more complex nets, we illustrate in Fig. 
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3.31 one consisting of 6-gons and 10-gons. This net is readily visualized in relation 
to a cube (or, more generally, a rhombohedron) with one body-diagonal vertical, 
the cube being outlined by the broken lines. A plane hexagon is placed with its 
centre at each vertex and its plane perpendicular to the body-diagonal of the cube. 
Each hexagon is connected to six others by the slanting lines. There is a large 
unoccupied volume at the centre of the cube. In fact a second, identical net can 
interpenetrate the first, displaced by one-half the vertical body-diagonal of the 
cube, so that a ring A of the second net occupies the position A’. This system of 
two interpenetrating nets forms the basis of the structure of B-quinol, in which the 

FIG. 3.31. 3D net of hydrogen-bonded molecules in g-quinol. 

long slanting lines in Fig. 3.31 represent the molecules of CgH4(OH), and the 

circles the terminal OH groups which are hydrogen-bonded into hexagonal rings. 

This structure is not a true polymorph of quinol, as was originally supposed, for it 

forms only in the presence of foreign atoms such as argon or molecules such as SO, 

or CH3QH. These act as ‘spacers’ between rings such as A and A’; the structure is 

illustrated in Fig. 1.9 (p. 28) as an example of a ‘clathrate’ compound. 

A single net of the type of Fig. 3.31 forms the framework of crystals of 

N4(CH,)¢.6H,0O. The hexagons represent rings of six water molecules, and the 

N4(CH,)¢ molecules are suspended from three water molecules belonging to the 

eight hexagonal rings surrounding each large cavity, that is, they occupy the 

positions occupied by the rings of the second framework in 6-quinol. This structure 

is illustrated in Fig. 15.8 (p. 547). 
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The obvious sequel to describing the topology of structures in terms of the basic 

3-connected (or other) net is to enquire why a particular net is chosen from the 

indefinitely large number available. The clathrate B-quinol structure forms only in 

the presence of a certain minimum number of foreign atoms or molecules which 

must be of a size suitable for holding together the two frameworks. The choice of 

particular 3D framework in N4(CH2)¢.6H2O is obviously determined by the 

dimensions and hydrogen bonding requirements of the solute molecule. The growth 

of the crystal (which is synonymous with the formation of the hydrate) consists in 

the building of a suitable framework around the solute molecules which is 

compatible with the hydrogen bonding requirements of the H,O molecules. 

Similarly, in the crystallization of La,Be,O,; the Be,O; framework must build up 

around the La>* ions, this packing being the factor determining the choice of the 

particular net, since many 10-gon (or other) 3-connected nets could be built from 

tetrahedra sharing three vertices. The choice of the very simple 10-gon nets by 

H,0,, P,0;, and B,03 is presumably also a matter of packing, that is, of forming 

a reasonably efficient packing of all the O atoms in the structure. 

TOANBILIS, 3) 1 

Structures based on 3D 3-connected nets 

Net Fig. Example 

Cubic (10, 3) 3.28 StSi7, H202, Hg3S2Clz, CsBe2F 5 
Tetragonal (10, 3) 3.29 ThSiy, P205, LazBe2 Os, (Zn2Cls5)(H502) 
Trigonal (10, 3) 3.30 B203 

Baoib Na4(CH2)6 . 6 H20, 6-quinol 
More complex nets = a- and B- resorcinol 

HO . Si(CH3)2 . C6H4 . Si(CH3),0H 

Although we do not consider the closest packing of spheres until Chapter 4 it is 
convenient to illustrate at this point the synthesis of topological and packing 
requirements by a further example of a structure based on the ThSi, net of Fig. 
3.15(e). From an acid aqueous solution of ZnCl, it is possible to crystallize a 
hydrate with the empirical composition ZnCl. 4 HCl . HO. The crystals consist of 
a framework of ZnCl4 tetrahedra, of the composition (Zn,Cls)?~, topologically 
similar to P.O, or (Be,0.<)§"~ in La,Be,0;. The framework encloses pairs of 
hydrogen-bonded water molecules, (H;0,)*, so that the structural formula is 
(Zn,Cls) (H5;0)*. The Cl atoms are arranged in a distorted hexagonal closest 
packing, the distortion arising from the need to incorporate the (H;O0,)* ions. 
Figure 3.29(c) illustrates the structure as close-packed layers, and shows that the 
growth of the crystalline hydrate involves the construction of a suitable (Zn,Cl;) 
framework around the aquo-ions; it also shows how the ThSiz net can be achieved 
for a compound A,X. at the same time as closest packing of the X atoms, the 
structure now being viewed along the direction of the arrow in Fig. 3.29(a). 

Table 3.12 summarizes the examples we have described of structures based on 
3D 3-connected nets. 

98 



Polyhedra and Nets 

Crystal structures based on 4-connected nets 

Types of structural unit 

Some units that can form 4-connected nets are shown in Fig. 3.32, and of these the 
simplest is a single atom capable of forming four bonds. There is no crystalline 
element in which the atoms form four coplanar bonds, but we have noted that the 
simplest 3D net in which each point is coplanar with its four neighbours (Fig. 
3.15(f)) represents the structure of NbO. More complex nets in which some of the 

Se 2 “H H- 

SS a i) O77 
BE Ngo 

i \ 

if \\ 

/ \ o \ 
/ / sy 

/ / 

FIG. 3.32. Structural units forming 4-connected nets. 

TAAL, 33,1083 

Structures based on 4-connected nets 

Plane 4-gon net 

A layers 

SO2(OH)2, SeO2(OH)2, [B305(OH)] Ca, [Bg O9(OH)2] Sr . 3 H2O 

AX layers (4 : 4) 

PbO, LiOH, Pd(S2) 

AX> layers (4 : 2) 

HglI2 (red), y-ZnClz, (ZnO2)Sr, Zn(SzCOEt)2, Cu(CN)(N2Ha), 

AX, layers with additional ligands attached to A 

AX2Y:  [Ni(CN)2 . NH3]C6Heo 
AX2Y2: SnF2(CH3)2, UO2(OH)2 

AXa: SnFq, (NiFq)K2, (AlF4)Tl 

3-dimensional nets 

Diamond (see Table 3.14) 

More complex nets Derived 4 : 2 structures 
ZnS (wurtzite) SiO, (tridymite), ice-I 

Ge (high pressure) SiOz (keatite), ice-III 

Tetrahedral B-BeO 
SiC polytypes 

GeSy B-ZnCly 
Other forms of SiOz and HzO 
Aluminosilicates 

Planar NbO 

Planar and 
tetrahedral PtS, PdO, PdS, CuO; PdP» 

Polyhedral frameworks 

Aluminosilicates 

Tetrahedral eons hydrates 
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FIG. 3.34. Structural units in 

layers of (a) CaB305(OH), 

(b) SrBgO9(OH)2 . 3H20. 
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points have four coplanar and the remainder four tetrahedral neighbours represent 

the structures of PtS and PdP,. The simplest 3D 4-connected net in which all points 

have four tetrahedral neighbours is the diamond net, with which we shall deal in 

more detail shortly. Other units we may expect to find in 4-connected systems 

include tetrahedral AX, groups sharing all vertices (X atoms), giving the 

composition AX, octahedral AX¢ groups sharing four equatorial vertices to form a 

layer of composition AX4, and molecules such as H,O and H,SO,4 (or 02S(OH)2) 

which have sufficient H atoms to form four hydrogen bonds to adjacent molecules. 

Table 3.13 includes examples of structures based on 2D and 3D 4-connected 

nets. Only the simplest of the plane 4-connected nets is of importance in crystals as 

the basis of layer structures; in its most symmetrical configuration it is one of the 

three regular plane nets. 

Structures based on the plane 4-gon net 

The simplest types of layer based on this net are shown in Fig. 3.33: 

© Li) 
OH(P O OH(Pb) AX.Y 

—~ AX.Y, 
(or AX,) 

A 

A: all units of the same kind 
AX: alternate units A and X, both 4-connected 

AX,: A (4-connected) linked through X (2-connected) which may be a single atom or a 

more complex ligand. In an AX) layer all the X atoms are not necessarily of the same 

kind (for example, Cu(CN)(N2H4)). Further (singly-connected) ligands Y may be 

attached to A; they may be the same as X (K2NiF4) or they may be different 
(SnF(CH3)2). : % 

AX, 

FIG. 3.33. Layers based on the plane 4-gon net. 

Layers of type A. Simple examples include the layer structures of crystalline 

H,SO,4 and H,SeO,q (p. 318) in which each structural unit is hydrogen-bonded to 

four others; contrast the topologically similar H,PO4 ion which in KH,PO, forms 

a 3D structure based on the diamond net, to which we refer later. Two borates 

provide examples of more complex units forming layers of this kind. In CaB30, 

(OH) the units of Fig. 3.34(a) are linked together by sharing the O atoms 

SEES as shaded circles to form 2D ions; the layers are held together by the 

Ca*~ ions. In SrBgO9(OH), . 3 HO the primary structural unit of the anion is the 

tricyclic unit of Fig. 3.34(b), which is similarly joined to four others by sharing 4 O 

atoms. 

Layers of type AX. Layers in which all A and X are coplanar are not known. 

Crystalline LiOH is built of the AX layers shown in Fig. 3.33. The small circles 

represent Li atoms in the plane of the paper and the larger circles OH groups lying 
in planes above (heavy) and below (light) that of the Li atoms. The layer is 

100 



Polyhedra and Nets 

alternatively described as consisting of tetrahedral Li(OH)4 groups each sharing 
four edges which are shown for one tetrahedron as broken lines. If Li is replaced by 
O and OH by Pb the layer is formed from tetrahedral OPb4 groups, with Pb atoms 
on both the outer surfaces of the layer forming four pyramidal bonds to O atoms. 
This remarkable layer is the structural unit in the red form of PbO; the same 
structure is adopted by one polymorph of SnO. 

A portion of the layer structure of PdS, was illustrated in Fig. 1.8 (p. 17); this 

may be regarded as an AX layer built from the 4-connected units 

rd ae nde Soo 

Layers of type AX,. The simplest AX, layer based on the square net has A 

atoms at the points of the net joined through X atoms (2-connected) along the links 

of the net. The layer in which all A and X atoms are coplanar is not known. 

Ni(CN), and Pd(CN), might be expected to form layers of this type but their 

structures are not known. The clathrate compound Ni(CN),. NH3. CeHe is built of 

layers in which Ni atoms are joined through CN groups to form a square net, and 

NH3 molecules complete octahedral coordination groups around alternate Ni 

atoms. Owing to the presence of the NH3 molecules projecting from the layers 

there are cavities between the layers which can enclose molecules such as Cg He. 

The structure is illustrated in Fig. 1.9(b), p. 28. See also p. 753. 

If the rows of X atoms lie alternately above and below the plane of the A atoms, 

as in Fig. 3.33, the layer consists of tetrahedral AX4q groups sharing all their 

vertices. The layers in red Hgl, (and the isostructural y-ZnCl,) and in SrZnO, are 

illustrated in this way in Fig. 5.6 on p. 162. Other examples of AX, layers include 

zinc ethyl xanthate and cuprous and argentous salts of nitrile complexes 

M(nitrile),X (X = NO3, ClO,), in which the bridging ligands are (a) and (b), and 

Se | | 
>C-OC>H, =CA-N-N—Co= 

US | | 

(a) ‘ 7 

Y wl 
—NC-(CH>),—CN— Cu N-N-Cu- 

(b) (c) 

CuCN(N,H,), (c), in which there are two different kinds of ligand X. The nitrile 

complexes, (b), provide examples of all three types of infinite complex AX): 

=) n=3 n=4 

Cu(nitrile),NO3 chain layer 3D net 

We refer later to the adiponitrile complex (7 = 4). 
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Layers of type AX4. The plane layer consisting of octahedral groups sharing their 

four equatorial vertices occurs in a number of crystals. If formed from AX¢ groups 

the composition is AX4, and this is the form of the infinite 2D molecules in 

crystalline SnF4, PbF4, and NbF4, and of the 2D anions in TIAIF, and in the 

K,NiF, structure. The latter structure is adopted by numerous complex fluorides 

and oxides and is illustrated in Fig. 5.16 (p. 172). If the unshared octahedron 

vertices are occupied by ligands Y different from the shared X atoms the 

composition is AX,Y,, as in the infinite 2D molecules of SnF,(CH3), and 

U(OH),0,. In U(OH),0, the two short U—O bonds characteristic of the uranyl 

ion are approximately perpendicular to the plane of the layer, the metal atoms 

being linked through the equatorial OH groups. 

An interesting elaboration of the octahedral layer is found in the ‘basic’ salt 

CuHg(OH).(NO3)2(H20)2. Distorted octahedral groups around Cu and Hg 

alternate in one direction, in which they share a pair of opposite edges, and are 

joined by sharing vertices (O atoms of NO3 ions) to form layers. This is one of the 

rare examples of the octahedral AX3 layer of Fig. 5.26 (p. 179). The layers are held 

| | | > ire Note wig 

(or aato 
ONO, ONO, ONO, 

~ Foe yO er 
Cu Hg u 

ei Now | <0 hes 

together by O—H...0 bonds between unshared O atoms of NO3 ions and H,O 
molecules. 

Structures based on the diamond net 
The diamond net (Fig. 3.35(a)) is well suited to showing how a very simple 
structural theme may serve as the basis of the structures of a variety of compounds 
of increasing complexity. We saw on p. 75 that the simplest three-dimensional 
framework in which every point is joined to four others is a system of puckered 
hexagons. Any atom or group which can form bonds to four similar atoms or 

(O 
== ex 

(a) (b) (c) a) 

FIG. 3.35. 4-connected nets: (a) diamond, (b) zinc-blende, (c) hexagonal diamond, (d) wurtzite. 
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groups can be linked up in this way provided that the interbond angles permit a 
tetrahedral rather than coplanar arrangement of nearest neighbours. 

The simplest structural unit which can form four tetrahedral bonds is an atom of 
the fourth Periodic Group, and accordingly we find this net as the structure of 
diamond, of the forms of silicon and germanium stable at atmospheric pressure, and 
of grey tin. The diamond-like structure of grey tin is stable at temperatures below 
13-2°C, above which transformation into white tin takes place. The structure of 
white tin, the ordinary form of this metal, is related in an interesting way to that of 
the grey form. In Fig. 3.36 the grey tin structure is shown referred to a tetragonal 
unit cell (a axes at 45° to the axes of the conventional cubic unit cell). Compression 
along the c axis gives the white tin structure. In the diamond structure the six 
interbond angles at any atom are equal (1094°). In white tin two of these angles, 
distinguished as 6, in Fig. 3.36, are enlarged to 1494° and the other four angles 
64 are reduced to 94°. In this process the nearest neighbours of an atom have 
changed from 

4at2-80A and 12 at 459A to 4 at 3-02 A, 2 at3-18A and 4at3-77A 

so that if we include the next two neighbours at 3:18 A there are now six 

neighbours in white tin at approximately the same distance forming a distorted 

octahedral group. This structural change is remarkable, not only for the 26 per cent 

increase in density (from 5:75 to 7:31 g/cc) but also because white tin is the 

high-temperature form. A high-temperature polymorph is usually less dense than 

the form stable at lower temperatures. This anomalous behaviour is due to the fact 

that an electronic change takes place, the grey form consisting of Sn(1v) atoms and 

the white form Sn(11) atoms. (If white and grey tin are dissolved in hydrochloric 

acid the salts crystallizing from the solutions are respectively SnCl,.2H,O and 

SnCl, . 5 HO.) A more normal behaviour is that of Ge or InSb, which crystallize 

with the diamond structure under atmospheric pressure but can be converted into 

forms with the white tin structure under high pressure. 

The total of eight electrons for the four bonds from each atom in the diamond 

structure need not be provided as two sets of four (as in diamond itself, elementary 

silicon, or SiC), but may be derived from pairs of atoms from Groups III and V, II 

and VI, or I and VII. Binary compounds with the same atomic arrangement as in 

the diamond structure therefore include not only SiC (carborundum) but also one 

form of BN and BP and also ZnS (cubic form, zinc-blende), BeS, CdS, HgS (which 

also has another form, cinnabar, with a quite different structure described on p. 

923), cuprous halides, and Agl. The process of replacing atoms of one kind by equal 

numbers of atoms of two kinds (Zn and S), Fig. 3.35(b), goes a stage further in 

CuFeS, (the mineral chalcopyrite, or copper pyrites). One-half of the Zn atoms in 

zinc-blende are replaced by Cu and the remainder by Fe in a regular manner. 

Because of the regular replacement the repeat unit of the pattern is now doubled in 

one direction, since there must be atoms of the same kind at each corner of the unit 

cell. Further replacement of one-half of the Fe atoms by Sn gives Cuz FeSnSq. 

Replacement of three-quarters of the metal atoms in ZnS by Cu and one-quarter 

by Sb gives Cu3SbS4. Other compounds have structures related in less simple ways 
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to the zinc-blende structure. For example, in Zn3AsI3 only three-quarters of the Zn 

positions are occupied, and 3 [+1 As occupy the S positions at random. If only 

two-thirds of the metal positions of the ZnS structure are occupied the formula 

becomes Xg/3Yq, or X2Y3, and this is the structure of one of the (disordered) 

high-temperature forms of Ga2S3. An alternative description of this sesquisulphide 

structure is that the metal atoms occupy at random two-thirds of the tetrahedral 

holes in a cubic close-packed assembly of S atoms. A further possibility is that some 

of the S positions of the ZnS structure are vacant. If one-quarter are unoccupied, as 

in Cu3SbS3 and Cu3AsS3, each Sb or As has three pyramidal instead of four 

tetrahedral S neighbours. These structures are described in more detail in Chapter 

17 where a number of them are illustrated, as indicated in Table 3.14. 

TUNE 3) 14! 

Structures based on the diamond net 

Random 

arrangement 
Superstructures of metal atoms Defect structures 

regular 

CuzFeSnS4 Cu3AsSq4 Cu Zn Se2 eves i. 

(iow ale p65.) Ga In Sb2 ee 
] CuFeS, | (Fig. 17.14, p.632) 

(Fig. 17.12, p.631) ape Eee eb Be random 
Cul BN BP SiC oleate ll 

Zn3[AsI3] 

random 

ae ess regul Ti ie egular 

(Cu3As)S3 
é Venere Be Sn (white), InSb (high pressure) 

i Ge Sn (grey) Ge (v. high pressure) CsB305 

Cristobalite 

SiO, | AIPO4 Na[AISiOg } 
BPOg Naz[BeSiz0¢] 

Ice-I, SiS (high pressure) 

Bek’ Be(OH)2 ZnCl, Zn(OH)> 
K(H2PO04) (NHg2)NO3 CoHg(NCS)q4 

Cuprite 

(2 interpenetrating nets) 

Ag.0 Cug0 Ice-VII Li2(B407) 
Zn(CN) Cd(CN) Cs(B5Og) 

Ag2(BgQO13) 
6 interpenetrating nets 

Cu[NC(CH)4CN] 2NO3 

Octahedral frameworks 

atacamite AX> 
pyrochlore AX3 or A'A,X¢X Fig. 7.4 between pp. 268 and 269 
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The structures of CuFeS, and Cu3SbS, are derived from the zinc-blende 
structure simply by replacing one-half or one-quarter of the metal atoms by atoms 
of another kind. It is also possible to use the same basic structure for a compound 
consisting of equal numbers of atoms of three kinds, as in CuAsS. The unit cell of 
diamond (or ZnS) contains 8 atoms, but we now require a cell containing 3 atoms. 
The relation of the unit cell of CuAsS to the diamond cell is shown in Fig. 3.37, 
where it is seen that the dimensions of the CuAsS cell are a’ = 3a/\/2 and b =a//2, 

FIG. 3.37. Projection of the structure 

of CuAsS showing relation to the 
diamond structure (upper left). 

and the third dimension (perpendicular to the plane of the projection) is the same 

as that of the diamond structure (a). The cell of CuAsS therefore contains twelve 

atoms, four each of Cu, As, and S. 

AX, structures. The next way in which we may elaborate on the same basic 

pattern is to place atoms of a second kind along the links of the diamond net. The 

resulting AX, structure may alternatively be described as built of tetrahedral AX4 

groups sharing all their vertices (X atoms) with other similar groups. In order to 

simplify the diagram (Fig. 3.38(a)) the X atoms are shown lying on and at the 

mid-points of the links. In fact, in all known structures of this type, where X is O or 

Cl, the X atoms lie off the direct lines between A atoms because the preferred —X— 

bond angle is much less than 180°. The structure of Fig. 3.38(a), but with —O— 

equal to 147°, is that of cristobalite, one of the polymorphs of silica. It is also the 

structure of the high-pressure form of SiS,, of one form of ZnCl, and of Zn(OH), 

and Be(OH),, though for these dihydroxides it is somewhat distorted owing to the 

formation of hydrogen bonds between hydroxyl groups of different M(OH),4 

tetrahedra. 

We noted that BP crystallizes with the zinc-blende structure. Replacement of 

alternate Si atoms in the cristobalite structure by B and P atoms gives the structure 

of BPO,; in fact, BPO crystallizes with all the structures of the normal 
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FIG. 3.38. (a) Structure of cristobalite (idealized), (b) two interpenetrating frameworks of 

type (a) forming the structure of Cu, 0. 

(atmospheric pressure) forms of SiO,. Of the six known structures of crystalline 

silica five represent topologically different ways of linking tetrahedral SiO4 groups 

into 3D 4-connected nets; the sixth form, stishovite, has the rutile structure in 

which Si is 6-coordinated. Of the polymorphs normally encountered cristobalite is 

the form stable over the highest temperature range and is the least dense: 

——+ 370°C <———> 1470°C «<——— 1710°C(mp.) 
quartz tridymite cristobalite 

2.05 2:30 2:27 g/cc (density) 

Because of the relatively open structures of cristobalite and tridymite (see below), 

both of which occur as minerals, these compounds usually—if not invariably— 

contain appreciable concentrations of foreign ions, particularly of the alkali and 

alkaline-earth metals. The holes in the structures of the high-temperature forms are 

sufficiently large to accommodate these ions without much distortion of the 

structure, but their inclusion is possible only if part of the Si is replaced by some 

other tetrahedrally coordinated atom such as Al or Be. The framework then 

acquires a negative charge which is balanced by those of the included ions. So we 

find minerals such as carnegeite, NaAlSiOq, with a cristobalite-like structure, and 

kalsilite, KAISiO,, with a structure closely related to that of tridymite. In 

Na,BeSi,O, one-third of the Si in the cristobalite structure is replaced by Be as 

compared with the replacement of one-half of the Si by Alin NaAlSiOg. 

In the silica structures tetrahedral SiO, groups are linked together through their 

common oxygen atoms. We noted earlier (Fig. 3.32) that the same topological 

possibilities are presented by the H,O molecule and by a molecule or ion of the 

type O.M(OH) . There are a number of forms of crystalline HO (ice). In addition 

to those stable only under higher pressures, which are described on p. 537, there are 

two forms of ice stable under atmospheric pressure. Ordinary ice (ice-I,,) has the 

tridymite structure, but at temperatures around —130°C water crystallizes with the 

cristobalite structure. The tridymite structure is related to the net of Fig. 3.85(C), 
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which represents the structure of hexagonal diamond, in the same way that 
cristobalite is related to the cubic diamond net of Fig. 3.35(a). The two AX 
structures related to the nets of Fig. 3.35(a) and (c), with alternate A and X atoms, 
are the zinc-blende and wurtzite structures which are shown at (b) and (d). Both 
H,0 and SiO, crystallize with the cubic and hexagonal AX, structures: . 

Net Fig. 3.35 ZnS SiO2 H20 

Cubic diamond (a) zinc-blende cristobalite ice-le 

Hexagonal diamond (c) wurtzite tridy mite ice-I}, 

We shall point out later other analogies between hydrate structures and silicates. 

We mentioned earlier that crystalline H,SOq4 has a layer structure, an 

arrangement of hydrogen-bonded molecules based on the simplest plane 4- 
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(a) (b) 

FIG. 3.39. Projections of the diamond-like structures of (a) the PO2(OH)> anion in KHyPOq, 
(b) CoHg(SCN)a. 

connected net. In contrast to this layer structure the anion O,P(OH)3 in KH,PO4 

is a 3D framework of hydrogen-bonded tetrahedral groups arranged at the points of 

the diamond net. A simplified projection of this anion is shown in Fig. 3.39, where 

the dotted lines indicate the directions of the cubic axes of the diamond structure. 

The K* ions, which are accommodated in the interstices of the framework, are 

omitted from Fig. 3.39(a). The structure of CoHg(SCN)4 provides another example 

of a structure based on the diamond net (Fig. 3.39(b)). There is tetrahedral 

coordination of all the metal atoms, Co having 4 N and Hg 4 S nearest neighbours. 

Structures based on systems of interpenetrating diamond nets. In the structures 

we have been describing it is possible to trace a path from any atom in the crystal 

to any other along bonds of the structure, that is, along C—C bonds in diamond, 

Si—O—Si bonds in cristobalite, etc. In CuO (the mineral cuprite) each Cu atom 

forms two collinear bonds and each O atom four tetrahedral bonds, and these 

atoms are linked together in exactly the same way as the O and Si atoms 

107 



Polyhedra and Nets 

respectively in cristobalite. However, the distance O—Cu—O (3-7 A) is appreciably 

greater than Si-O—Si (3-1 A). As a result the Cu,O framework has such a low 

density, or alternatively there is so much unoccupied space, that there is room for a 

second identical framework within the volume occupied by a single framework. The 

crystal consists of two identical interpenetrating frameworks which are not 

connected by any primary (Cu—O) bonds (Fig. 3.38(b)). Since ice-I, has the 

cristobalite structure it is not surprising that one of the high-pressure forms of ice 

has the cuprite structure (see p. 538). 

An even greater separation of the 4-connected points of the diamond net results 

if instead of a single atom X we use a longer connecting unit, that is, a group or 

molecule which can link at both ends to metal atoms. The CN group acts as a ligand 

of this kind in many cyanides of the less electropositive metals. The four atoms 

M—C—N_—M are collinear. The simplest possibility is the linear chain in AgCN and 

AuCN: 

Au-CN—Au—-CN—Au-CN— 

The square plane net, for a metal forming four coplanar bonds, is not known ina 

cyanide M(CN),, though it is the basis of the structure of the clathrate compound 

Ni(CN),.. NH3.CgH6, as already noted. In Prussian blue and related compounds 

CN groups link together Fe or other transition-metal atoms arranged at the points 

of a simple cubic lattice (Fig. 22.5). More directly related to our present topic is the 

crystal structure of Zn(CN), and the isostructural Cd(CN),. Both compounds 

crystallize with the cuprite structure, the metal atoms forming tetrahedral bonds 

(like O in Cu,O) and —C—N-— replacing —Cu—. 

A longer ligand of a similar type which can also link two metal atoms is an 

organic dicyanide, NC—(CH,),—CN; one or more CH, groups are interposed 

between two CN groups which bond to the metal atoms through their terminal 

nitrogen atoms. These dicyanides function as neutral coordinating molecules in 

salts of the type [Cu(NC.R.CN),]NO3. In the glutaronitrile compound, 
[Cu{NC(CH )3CN },]NO3, the metal atoms are arranged at the points of a square 
plane net, but the next member of the series, the adiponitrile compound, 
[Cu{ NC(CH))4CN }2]NO3, has a quite remarkable structure. If metal atoms are 
placed at the points of the diamond net and joined through adiponitrile molecules 
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the distance between the metal atoms is approximately 8-8 A, and the density of a 
single framework is so low that there is room for no fewer than six identical 
interpenetrating frameworks of composition Cu(adiponitrile), in the same volume. 
The frameworks are, of course, positively charged, and the NO3 ions occupy 
interstices in the structure. It is of interest to see how this unique structure arises. 
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Figure 3.40(a) shows the simple diamond net, again referred to the tetragonal unit 

cell as in Fig. 3.36 (grey tin). The point B has coordinates of the type (0, 4, 4) and 

D is of the type (4, 0, #), while C is at the body-centre of the unit cell. It is clear 

that we can travel along lines of the net from A to B, to C, to D, to £, and in fact to 

any other point of the three-dimensional network of points. (The point F is the 

point at which a second net would start if we have two interpenetrating nets as in 

Cu,0.) If, however, instead of joining the points in this way we take exactly the 

same set of points and join them as shown in Fig. 3.40(b), with a vertical component 

for each link of three-quarters of the height of the cell instead of one-quarter, then 

we find that the resulting system of lines and points has a remarkable property. The 

point A is no longer connected to the next point vertically above it (like the point 

F in (a)), and if in Fig. 3.40(b) we travel from A > B > C etc. we do not arrive at a 

point vertically above A which belongs to the same net as A until we have travelled 

vertically the height of three unit cells. In other words, the points and lines of Fig. 

3.40(b) form not one but three identical and interpenetrating frameworks. If, in 

addition, we add the points corresponding to the dotted circle (as F in (a)) and join 

these together in the same way, we should have a system of six identical 

interpenetrating nets. It should also be considered remarkable that this elaborate 

geometrical system can be so easily formed. It is necessary only to dissolve silver 

nitrate in warm adiponitrile, add copper powder (when metallic silver is deposited), 

and cool the solution, when the salt [Cu{NC(CH) )4CN }4 | NO3 crystallizes out. 

Further examples of structures based on two interpenetrating diamond nets are 

the anions in the borates Li,B40,, CsB;0g, and AgyBgO;, 3 (Table 3.14) which are 

described in Chapter 24. 

In the structures we have just been describing the interpenetrating nets are 

identical. We may also envisage structures consisting of two (or more) inter- 

penetrating nets which have different structures. In the pyrochlore structure (p. 

209) adopted by certain complex oxides A,B,0,, we may distinguish a 3D 

framework of octahedral BO, groups each of which shares its vertices with six 

others, giving the composition BO3 (or B,0.¢). This framework (Fig. 7.4) is stable 

without the seventh O atom (as in KSbO3) and may be constructed from octahedra 

arranged tetrahedrally around the points of the diamond net or alternatively from 

octahedra placed along each link of that net. (Another way of arranging groups of 

four octahedra tetrahedrally around the points of the diamond net is to make 

edge-sharing groups, and this gives the atacamite structure, also illustrated in Fig. 

7.4.) The structure of Hg.Nb,0,7 may be described as a Nb2O¢ framework of this 

kind through which penetrates a cuprite-like framework of composition Hg,O with 

the same structure as one of the two interpenetrating nets of Cu,O. The Hg(11) 

atoms have as nearest neighbours 2 O atoms of the Hg,O framework and at a rather 

greater distance 6 O of the Nb,O, framework. 

Structures based on more complex 4-connected nets 

Three classes of more complex 3D 4-connected nets are included in Table 3.13, 

namely, (i) nets in which the arrangement of bonds from each point is tetrahedral, 

these nets being suitable for the structures of the same types of elements and 
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compounds as is the diamond net, (ii) nets in which the links from some points are 

tetrahedral and from others coplanar, these nets being suitable only for compounds 

Am Bn, and (iii) nets in which there are polyhedral cavities. Inasmuch as most nets 

of class (iii) are tetrahedral nets these constitute a sub-group of class (i), but 

because of their special characteristics it is convenient to describe them separately. 

The sole example of a net in which all atoms form four coplanar bonds (NbO) has 

been illustrated in Fig. 3.15(f). 

(i) More complex tetrahedral nets. All 3D 4-connected nets are more complex 

than the diamond net, which is the only one with the minimum number (2) of 

points in the (topological) unit cell. The closely related net of hexagonal diamond 

has already been mentioned. Like diamond it is an array of hexagons, but in its 

most symmetrical configuration it consists of both chair-shaped and boat-shaped 

rings, in contrast to those in diamond which are all of the former type. The 

positions of alternate points in these two nets (that is, the positions of the S (or Zn) 

atoms in zinc-blende and wurtzite) are related in the same way as cubic and 

hexagonal closest packing (Chapter 4), and accordingly there is an indefinite 

number of closely related structures which correspond to the more complex 

sequences of close-packed layers. Many of these structures have been found in 

crystals of SiC (see the polytypes of carborundum, p. 787). The structure of 

high-BeO (p. 445) is closely related to the wurtzite structure of the low- 

temperature form. 

There are many AX, structures derived from more complex tetrahedral nets by 
placing an X atom along each link. They include those of quartz and other forms of 
SiO,, the unexpectedly complex GeS,, many aluminosilicates (some of which are 
mentioned later in class (iii)), and the high-pressure forms of Si, Ge, and of ice. 

Among the high-pressure forms of elementary Si there is one with a 
body-centred cubic structure which is related to the diamond structure in an 
interesting way. The diamond net is shown in Fig. 3.41(a) viewed along the 
direction of a C—C bond, the 6-gon layers (distinguished as full and broken lines) 
being buckled. Alternate atoms of a ‘layer’ are joined to atoms of the layers above 
and below by bonds perpendicular to the plane of the paper, as indicated by the 
pair of circles. Suppose now that the latter bonds are broken and that alternate 

FIG. 3.41. (a) Projection of diamond structure along C—C bond. (b) and (c), Structure of a high-pressure form of Si. (d) Structure of a high-pressure form of Ge. 
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layers are translated relative to the neighbouring ones, as in (b), and that 
connections between the layers are remade as shown by the arrows. An arrow 
indicates a bond rising to an atom of a layer above the layer from which it 
originates. The fourth bond from each atom is no longer normal to the plane of the 
paper, and the structure (which is that of a high-pressure form of elementary 

silicon) is therefore more dense than the diamond-like structure (a). The numerals 

in (c) are the heights of the atoms in units of c/10 where c is the repeat distance 

normal to the plane of the projection. Atoms such as 1, 4, 6, and 9 form a helical 

array, the bond 9... 1 bringing the helix to a point at a height c above the original 

point 1. 

Figure 3.41(d) shows the projection of the structure of a high-pressure form of 

Ge, the numerals here indicating the heights of the atoms above the plane of the 

paper in units of c/4. Note that the circuits 0-1-2-3 projecting as 4-gons represent 

4-fold helices, and that the smallest circuits in this 3D net are 5-gons and 7-gons, in 

contrast to the 6-gon circuits in (c). The net of Fig. 3.41(d) is also the basis of the 

structures of the silica polymorph keatite and of ice-111. 

The structures of the high-pressure forms of ice are described in Chapter 15, but 

it is worth noting here how some of the more dense structures arise. Polymorphs 

with different 3D H,O frameworks include the following: 

Insite. ou Ul Vv VI VII 

Density 0-92. 1:17 2:16" 1-23 1:31 “1-50 ¢/ce 

In contrast to ice-I11, which has a structure based on the same net as keatite, ice-II 

and ice-v have structures not found as silica polymorphs, though that of ice-11 has 

features in common with the structure of tridymite. All these three forms achieve 

their higher density by distortion of the tetrahedral arrangement of nearest 

neighbours and/or by the formation of more compact ring systems; there are 4-gon 

rings in ice-v and 5-gon rings in ice-111. As a result the next nearest neighbours are 

appreciably closer than in ice-1 (4-5 A). For example, the next nearest neighbours 

of a H,O molecule in ice-v are at 3-28 A and 3-64 A. The even more dense forms 

vi and vil have structures consisting of two interpenetrating 4-connected 

frameworks, within each of which the H,O molecules are hydrogen-bonded; there 

are no such bonds between molecules belonging to different frameworks. The 

arrangement of HO molecules in each net of ice-v1 is similar to that of SiOg 

tetrahedra in the fibrous zeolite edingtonite (p. 828), while ice-v11 consists of two 

frameworks of the cristobalite type which interpenetrate to form a pseudo-body- 

centred cubic structure (Fig. 15.2, p. 538). Each O atom is equidistant from eight 

others, but it is hydrogen-bonded to only four, each of the two interpenetrating 

nets being similar to the single net of cubic ice-I. 

(ii) Nets with planar and tetrahedral coordination. Two simple compounds 

provide examples of nets of this type. In PtS (Fig. 3.42), equal numbers of 

atoms form coplanar and tetrahedral bonds; less symmetrical variants of this 

structure are adopted by PdS and CuO. Just as the diamond net may be dissected 

pila 

FIG. 3.42. The 4-connected net 

representing the structure of PtS, 
in which Pt forms 4 coplanar and 

S forms 4 tetrahedral bonds. 
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into buckled 6-gon (3-connected) layers, so the PdP, structure may be visualized in 

terms of puckered 5-gon (3,4-connected) layers (Fig. 3.43). The 4-connected points 

represent metal atoms forming four coplanar bonds and the 3-connected points 

represent the P atoms. The latter atoms of different layers are connected together 

to form the 3D structure, the interlayer bonds being directed to one or other side 

of the layer as indicated by the short vertical lines in the lower part of Fig. 3.43. In 

this structure each Pd is bonded to 4 P and each P to 2 Pd and 2 P, from which it 

FIG. 3.43. The structure of PdP. 

follows that continuous chains of linked P atoms can be distinguished in the 3D 

structure. 

(iii) Nets with polyhedral cavities or tunnels. For the purposes of deriving nets 

and illustrating the basic topology of structures it is convenient to base the 

classification on the connectedness (p) of the points. There are, however, other 

general features of nets which are important in relation to both the chemical and 

physical properties of structures based on them. In any repeating pattern the 

number of points is necessarily the same in each unit cell, and on this scale there is 

a uniform distribution of points throughout space. However, the distribution of 

points within the unit cell may be such that there is an obvious concentration of 

points (and links) around points, around lines, or in the neighbourhood of planes. If 

there is a marked concentration of atoms around certain lines or sets of planes, with 

comparatively few links between the lines or planes, the crystal may be expected to 

imitate the properties of a chain or layer structure. In the fibrous zeolites the 

chains of (Si, Al)O, tetrahedra are cross-linked by relatively few bonds, with the 
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result that although the aluminosilicate framework is in fact a 3D one the crystals 

have a marked fibrillar cleavage. 

In Chapter | we suggested a very simple classification of crystal structures based 

on recognition of the four main types of complex: finite (F), chain (C), layer (L), 

or 3D, hybrid systems including crystals containing complexes of more than one 

type (for example, chain ions and finite ions). If we arrange the four basic structure 

types at the vertices of a tetrahedron there are six families of intermediate 

structures, (1)-(6), corresponding to the six edges of the tetrahedron. Structures 

may be regarded as being intermediate between the four main types in one of two 

ways: 

(a) Weaker (longer) bonds link the less extensive into the more extensive 

grouping. For example, finite molecules (ions) could be linked by hydrogen bonds 

into chains (class (1)), layers (class (2)), or 3D complexes (class (4)), or chains 

could be linked into layers (class (3)). This is the obvious chemical interpretation of 

the intermediate groups and could be represented on a diagram: 

as 

TOSS 

282 
(b) A purely topological interpretation would be based not on differences in 

bond type (length) but simply on the relative numbers of bonds within and 

between the primary structural units. Thus in the intermediate group (1) relatively 

few bonds link the finite groups into chains, as in the hypothetical 4-connected 

chain of Fig. 3.44(a). This is a chain structure but one with a very uneven 

distribution of points along the chain, as in the ReClq or (BeO7(OH). | rchains 

mentioned earlier. An example of (2) is the 2D anion in Sr[Bg09(OH)2] and of (3) 

the layer in red P. In the latter most of the P—P bonds link the atoms into tightly 

knit chains which are further linked by a very small number of bonds into the 

double layers illustrated in Fig. 19.2 (p. 000). Both (2) and (3) are layer structures 

but with obvious concentrations of atoms in finite groups and chains respectively. 

(1) (5) (4) 

FIG. 3.44. Structures with uneven distributions of atoms in space (see text). 
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Similarly, (4), (5), and (6) are special types of 3D complexes. The intermediate 

classes correspond to structures of types different from those in (a). Examples are 

shown in Fig. 3.44; (4) is the octahedral Bg group which is linked to six other 

similar groups at the points of a simple cubic lattice to form the boron framework 

in CaBg, (5) is a portion of the infinite chain (Si atoms only indicated) in a fibrous 

zeolite, each chain being linked laterally to four others, and (6) is a portion of a 

layer of Si,N 0. This interesting compound is made by heating a mixture of Si and 

SiO, to 1450°C in a stream of argon containing nitrogen, and is intermediate 

between SiO, and SizNq not only as regards its composition but also structurally: 

SiO, Si,N,0 Si3N, 

Coordination numbers A) ea eS 

All the bonds from N and three-quarters of those from Si lie within the layers, 

which are held together only by the bonds through the 2-coordinated O atoms. 

Instead of focussing attention on the regions of high density of points (atoms) 

we may consider the voids between them. These range from isolated cavities to 

complex 3D systems of tunnels. Crystals possessing these features are of interest as 

forming ‘clathrate’ compounds or exhibiting ion-exchange or molecular sieve 

properties. Three simple arrangements of tunnels found in crystals are shown in Fig. 

3.45. In (a) and (b) the tunnels do not intersect, whereas in (c) they intersect at 

the points of a primitive cubic lattice. Two examples of (a) are illustrated in Fig. 

1.9 (p. 28), the tunnels being formed in one case between stacks of molecules and 

in the other by the formation around hydrocarbon chains of a 3D net in which the 

hydrogen-bonded urea molecules form the walls of the tunnels. The actual tunnel 

system in (c) can be imagined to be formed by inflating the links of a 3D net so 

that they become tubes, the outer surfaces of which are covered by tessellations of 

bonded atoms; certain zeolite structures may be regarded in this way. 

We shall conclude our remarks on nets by describing briefly two types of 

structure which are of particular interest in structural chemistry, namely, those in 

which there are well-defined polyhedral cavities or infinite tunnels. The Bg 

groups in CaBg are preferably not describea as polyhedral cavities because they are 
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tunnels non-intersecting intersecting 
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FIG. 3.45. Types of tunnel systems in crystals. The heavy lines represent the axes of the 
tunnels. 
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too small to accommodate another atom, but the large holes surrounded by 24 B 
atoms at the vertices of a truncated cube accommodate the Ca atoms. We shall 
suppose all the links in a net to be approximately equal in length, since the general 
nature of a net can obviously be changed if large alterations are permitted in the 
relative lengths of certain sets of bonds. 

Space-filling arrangements of polyhedra 

The division of space into polyhedral compartments is analogous to the division of 
a plane surface into polygons. One aspect of this subject was studied in 1904 by 
von Fedorov,} namely, the filling of space by identical polyhedra all having the 
same orientation. He noted that this is possible with five types of polyhedron, the 
most symmetrical forms of which are the cube, hexagonal prism, rhombic 
docecahedron, elongated dodecahedron, and truncated octahedron (Fig. 3.46). The 
third of von Fedorov’s space-fillings is related to the closest packing of equal 

spheres, for the domain of a sphere in cubic closest packing is the rhombic 

dodecahedron; on uniform compression c.c.p. spheres are converted into rhombic 

dodecahedra. The space-filling by truncated octahedra (t.o.) corresponds to the 

FIG. 3.46. The five space-filling polyhedra of Fedorov. 

body-centred cubic packing of equal spheres, in which the t.o. is the polyhedral 

domain. 
Another aspect of this subject was studied by Andreini= (1907), who considered 

the filling of space by regular and Archimedean semi-regular solids, either alone or 

in combination, but without von Fedorov’s restriction on orientation. This 

restriction is not important in the present context, for evidently there may be 

polyhedra of the same kind in different orientations within the unit cell. Since a 

number of polyhedra meet around a common edge it is a matter of finding which 

combinations of dihedral angles add up to 27. For example, neither regular 

tetrahedra nor regular octahedra alone fill space but a combination in the 

proportion of two tetrahedra to one octahedron does do so. (These polyhedra are 

the domains of the ions in the CaF’, structure, which may therefore be represented 

in this way as a space-filling assembly of these two polyhedra.) 

The polyhedra in the space-fillings of Andreini do not include the regular or 

semi-regular polyhedra with 5-fold symmetry. It is not possible to fill space with 

regular dodecahedra or icosahedra or the Archimedean solids derived from them (or 

with combinations of these polyhedra) owing to the unsuitable values of the 

+ ZK 1904 38 321. 
t Mem. Soc. Ital. Sci. 1907 (3) 14 75. 
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dihedral angles. However, there are space-filling assemblies of polyhedra including 

(irregular) pentagonal dodecahedra and polyhedra of the family f; = 12, f6 >2 

which were mentioned on p. 65. In addition to these special families of space- 

filling polyhedra there are an indefinite number of ways of filling space with less 

regular polyhedra (of one or more kinds); an example is the packing of 8-hedra and 

17-hedra noted on p. 66 as the basis of a hydrate structure. 

In any space-filling arrangement of polyhedra at least four edges meet at each 

point (vertex). This number is not necessarily the same for all points; for example, 

in the space-filling by rhombic dodecahedra four edges meet at some points and 

eight at others. A special class of space-fillings comprises those in which the same 

number of edges (e.g. 4, 5, or 6) meet at each point, the edges forming a 3D 4-, 5-, 

or 6-connected net. The boron framework in CaBg (Fig. 3.47(c)) may be regarded 

as a space-filling by octahedra and truncated cubes in which 5 edges meet at every 

point. A more complex 5-connected net is that corresponding to the space-filling by 

truncated tetrahedra, truncated octahedra, and cuboctahedra (Fig. 3.47(d)), which 

represents the boron framework in UB,,. Here the uranium atoms are located in 

FIG. 3.47. Space-filling arrangements of regular and semi-regular polyhedra. 
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the largest (truncated octahedral) holes. Some space-filling arrangements of 
polyhedra are listed in Table 3.15. 

TABLE 3.15 

Space-filling arrangements of polyhedra 

Polyhedra us} 

Truncated octahedra 

Cube, truncated octahedron, truncated cuboctahedron 

(c) Octahedron, truncated cube 

(d) Truncated tetrahedron, truncated octahedron, cuboctahedron 

(e) Cube, cuboctahedron, rhombicuboctahedron 

ONnNNnNnAA Octahedron, cuboctahedron 

The space-fillings of greatest interest in structural chemistry are those in which 

four edges meet at each point. These structures are suitable for H,O forming 

four hydrogen bonds and the topologically similar (Si, Al)O, tetrahedron linked to 

four others through its vertices; they belong to two families which we now consider 

in more detail. 

Space-fillings of regular and Archimedean solids 

The simplest representative of this group is von Fedorov’s space-filling by truncated 

octahedra (t.o.) illustrated in Fig. 3.47(a). It represents the framework of Si (Al) 

atoms in ultramarine, Nag Al,Sig0 4 . S2, in which Na* and S37 ions occupy the 

t.o. interstices. At higher temperatures it is possible for ions to move from one 

cavity to another through the 6-rings of the framework. Accordingly, if the mineral 

sodalite (which has the ultramarine structure with 2 Cl” replacing S37) is fused 

with sodium sulphate it is converted into Nag Alg Sig 024. SO4, which also occurs as 

a mineral. The structure of the oxy-metaborate Zn4B,O, 3 (or OZn4(BO>,)¢) is also 

based on this framework. Tetrahedral BO, groups at the vertices of a t.o. 

framework form a 3D anion and in the interstices are situated tetrahedral OZng 

groups. The same framework also represents the arrangement of water molecules in 

HPF, . 6 H,0, the PFs ions occupying the cavities, and in a modified form in 

N(CH3)40H . 5 H,0. Since the ratio of vertices to cavities is 6 : 1, the framework 

in the last compound is made up of (5 H,O + OH). 

The space-filling of Fig. 3.47(b) results from inserting cubes between the square 

faces of the t.o.’s in the Fedorov packing, thereby producing much larger holes 

(truncated cuboctahedra, t.c.o). The two kinds of larger polyhedron are distin- 

guished as A and B in the figure. This framework represents the structure of the 

synthetic zeolite A, placing Si(Al)Oq tetrahedra at all the points of the net. It is 

shown in Fig. 3.47(b) as a space-filling array of polyhedra of three kinds. 

Alternatively we could accentuate the framework formed by the t.o.’s and cubes, 

the space left being a 3D system of intersecting tunnels formed from t.c.o.’s sharing 

their 8-gon faces. It is the tunnel system that is the important feature as regards the 

behaviour of the crystal as a molecular sieve, the large tunnels (with free diameter 
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approximately 3-8 A) allowing the passage of gas molecules. These aluminosilicate 

structures are more fully described in Chapter 23 p. 824, where we also illustrate 

the structure of the (Si, AIO, framework in the mineral faujasite, 

NaCag.5(Al,Sis;01 4). 10 H2O. This is a diamond-like arrangement of t.o.’s each 

of which is joined to four others through hexagonal prisms; this is not a space-filling 

arrangement of polyhedra. 

Space-fillings of dodecahedra and related polyhedra 

Our second family of polyhedral space-fillings comprises those formed from 

pentagonal dodecahedra in combination with one or more kinds of polyhedra of 

the type fs = 12, fg >>2. They represent the structures of hydrates of substances 

ranging from non-polar molecules of gases, such as chlorine and methane, and 

liquids such as chloroform, to amines and substituted ammonium and sulphonium 

salts. These hydrates may be described as expanded ice-like structures, since they are 

not stable at temperatures much above O”C and they consist of polyhedral 

frameworks of hydrogen-bonded water molecules built around the ‘guest’ molecules 

or ions. The latter almost invariably occupy the larger polyhedral cavities, from 

which they can escape only if the crystal is destroyed by dissolution or 

vaporization. The volumes of the cavities in these clathrate hydrates are: 

dodecahedra, 170 A?, 14-hedra, 220 A?, and 16-hedra, 240 A, and the van der 
Waals diameter of the largest non-polar molecule forming a hydrate of this type is 

approximately 8 A (n-propyl bromide). 

The compositions of these hydrates indicate large numbers of molecules of water 

of crystallization. The ratio of the number of water molecules to ‘guest’ molecules 

is equal to that of the number of points (vertices) to the number of larger cavities in 

the framework, and is not necessarily integral. For example, in CHCl; . 17 HO the 

molecules of chloroform occupy all the large (16-hedral) sites, and since there are 8 

such sites in a unit cell containing 136 HO the ratio of HO to CHCl; molecules is 
136/8 = 17. On the other hand, the unit cell of (C,H;),NH . 83 H,O contains 104 
H,0 and there are 12 large (18-hedral) cavities (f; = 12, f, = 6), in addition to 

some less regular ones. The ratio of water molecules to amine molecules is therefore 

104/12 or 84. 
In hydrated salts such as RaNF .mH,O and R3SF .nH,0 the positively charged 

N* or S* together with F~ ions replace some of the H,0 molecules in the 
framework. In such hydrates the bulky organic groups are accommodated in the 
appropriate number of cavities adjacent to the N or S atom to which they are 
bonded, that is, in the positions occupied by the guest molecules in the simpler 
hydrates. These structures, and also the structures of the hydrates mentioned in the 
previous section, are described in some detail in Chapter 15. 

118 



4 

Sphere Packings 

Periodic packings of equal spheres 

Any arrangement of spheres in which each makes at least three contacts with other 

spheres may be described as a sphere packing. For example, equal spheres may be 

placed at the points of 3- or 4-connected nets. The densities of the resulting 

packings are low, density being defined as the fraction of the total space occupied 

by the spheres. If spheres are placed at the points of the diamond net and are in 

contact at the mid-points of the links the density is only 0-3401. Moreover, 

arrangements with small numbers of neighbours (low c.n.’s) are stable only if there 

are directed bonds between the spheres, and structures of this kind are therefore 

described under Nets. We consider here only those packings in which each sphere is 

in contact with six or more neighbours (Table 4.1). 

TABLE 4.1 

Densities of sphere packings 

Coordination Name Density 
number 

6 Simple cubic 0-5236 

8 Simple hexagonal 0-6046 
8 Body-centred cubic 0-6802 

10 Body-centred tetragonal 0-6981 

ie) Closest packings 0-7405 

Simple cubic packing 

For 6-coordination the most symmetrical packing in three dimensions arises by 

placing spheres at the points of the simple cubic lattice; slightly more than one-half 

of the space is occupied by the spheres. Each sphere is in contact with six others 

situated at the vertices of an octahedron, the contacts being along the edges of the 

unit cube (Fig. 4.1(a)). There is no contact between spheres along face-diagonals or 

body-diagonals. 

The low c.n. and low density of this structure make it unsuitable for most 

metals; this structure has been assigned to a-Po. Mercury does, however, crystallize 

with a closely related structure which can be derived from the simple cubic packing 
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FIG. 4.1. Types of sphere packing: (a) simple cubic, (b) simple hexagonal, (c) body-centred 
cubic, (d) tetragonal (c.n. 10), (e€) cubic closest packing. 

by extension along one body-diagonal so that the cube becomes a rhombohedron 

(interaxial angle 704° instead of 90°). The atoms retain 6-coordination. 

The structures of crystalline As (Sb and Bi) and of black P illustrate two 

different ways of distorting the simple cubic packing so that each atom has three 

nearest and three more distant neighbours. Both are layer structures which may 

alternatively be described as forms of the plane hexagon net. They are described 

and illustrated in the section on the plane hexagon net (p. 88). 

The body-centred cubic packing 

The simple hexagonal sphere packing (c.n. 8), Fig. 4.1(b), is not of great 
importance as a crystal structure; it is mentioned again later. A more dense 
arrangement with the same c.n. is the body-centred cubic packing illustrated in Fig. 
4.1(c). Spheres are placed at the body-centre and corners of the cubic unit cell, and 
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are in contact only along the body-diagonals. This structure, with density 0-6801, is 
adopted by a number of metals (Table 29.3, p. 1015). Although each sphere is in 
contact with only eight others it has six next-nearest neighbours at a distance only 
15 per cent greater than that to the eight nearest neighbours. For the atom A these 
six neighbours are those at the centres of neighbouring unit cells. If coordination 
number is defined in terms of the polyhedral domain (p. 61) of an atom it has the 
value 14 for this structure, the domain being the truncated octahedron. 

The relatively small difference between the distances to the groups of eight and 
six neighbours suggests that structures with c.n.’s intermediate between eight and 
fourteen should be possible. The six more distant neighbours are arranged 
octahedrally. By compressing the structure in the vertical direction we may bring 
two of these neighbours to the same distance as the eight at the corners of the cell. 
Alternatively, by elongating the structure we may bring the four equatorial 
neighbours to this distance. If the height of the (tetragonal) cell is c and the edge of 
the square base is a, there are the two cases: 

a*/2 + c*/4=c*, orc :.a =V/2/V3 for 10-coordination, 

(Fig. 4.1 (d)) 
or 

a*/2 + c?/4 =a, orc: a =V/2 for 12-coordination. 

(Fig. 4.1 (e)). 

Only one metal (Pa) is known to crystallize with the 10-coordinated structure, but 

it is also the structure of MoSi, (p. 790). This packing has a density (0-6981) 

somewhat higher than the b.c. cubic packing, but the packing with 12-coordination, 

and density 0-7405, is of outstanding importance. Because the height of the cell 

@/2a) is equal to the diagonal of the square base there is an alternative unit cell 

(Fig. 4.1(e)) which is a cube with spheres at the corners and at the mid-points of all 

the faces, hence the name face-centred cubic (f.c.c.) structure. This is one of the 

forms of closest packing of equal spheres. 

It is instructive to view a model of b.c.c. sphere packing along a direction parallel 

to a face-diagonal of the unit cell (Fig. 4.2(a)). The open circles represent spheres 

lying in the plane of the paper, and the shaded circles spheres in parallel planes 

above and below that of the paper. The lines connect spheres which are in contact. 

A small alteration in the structure of the layer and small shifts of the layers relative 

to one another converts (a) into (b), which is a projection of the (cubic) closest 

packing (f.c.c.). This close relationship between b.c.c. and f.c.c. sphere packings is 

of interest in view of the fact that both are important as the structures of many 

metals. Also of interest is the fact that although b.c.c. packing is less dense than 

f.c.c (or other closest packings) and therefore has more free space, we do not find 

‘interstitial’ structures based on b.c.c. packing, in contrast to the numerous 

interstitial f.c.c. structures (p. 1051). The reason is that although the interstices in 

the b.c.c. structure are much more numerous than those in the f.c.c. structure 

they are not independent as are those in close-packed assemblies. They 

consist of distorted tetrahedral and distorted octahedral holes, and the former are 
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FIG. 4.2. (a) Body-centred cubic packing viewed along face-diagonal. (b) Projection of face- 

centred cubic packing. 

arranged in groups of four within each ‘octahedral’ hole. Owing to the close 

proximity of the tetrahedral holes, which are larger than the octahedral holes, only 

one-quarter could be occupied simultaneously, corresponding to one interstitial 

atom placed off-centre in each face of the unit cell. We do not describe the 

interstices in close-packed structures until later, but the following figures relating to 

the interstices in an assembly of N spheres of unit radius in b.c.c. packing may be 

compared with those on p. 127 for close-packed structures: 

Type of hole Number Maximum radius of 
interstitial sphere 

. ‘Tetrahedral’ 6N 0-291 

‘Octahedral’ 3.N 0-155 

The closest packing of equal spheres 

It is usual to approach this subject by considering first the closest packing of 

spheres resting on a plane surface. The problem is evidently the same as that of 

arranging circles on a plane, the densest arrangement being that in which each 

sphere (circle) is in contact with six others. Layers of spheres of this kind may be 

superposed in various ways. The closest packing (maximum number of contacts 

made by each sphere) is achieved if each sphere touches three others in each 

adjacent layer, the total number of contacts then being 12. We shall pursue this 

approach in some detail shortly, but before doing so it is worth noting that this 

conventional treatment obscures an interesting fact about the closest packing of 

spheres. Although the packing in any layer is evidently the densest possible packing 

it may not be assumed that this is true of the space-filling arrangements resulting 
from stacking such layers. The reason for this uncertainty will be more evident if 
we look at the matter in a different way. 

Three spheres are obviously most closely packed in a triangular arrangement, and 
a fourth sphere will make the maximum number of contacts (3) if it completes a 
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tetrahedral group. We might then expect to obtain the densest packing by 
continuing to place spheres above the centres of triangular arrangements of three 
others. The lines joining the centres of spheres in such an array would outline a 
system of regular tetrahedra, each having faces in common with four other 
tetrahedra, that is, we should have a space-filling arrangement of regular tetrahedra. 
However, it is not possible to pack together regular tetrahedra to fill space because 
the dihedral angle of a regular tetrahedron (70°32) is not an exact submultiple of 
360°. 

Icosahedral sphere packings. Alternatively, suppose that we continue placing 
spheres around a central one, all the spheres having the same radius. The maximum 

number that can be placed in contact with the first sphere is 12. There is in fact 

more than sufficient room for 12 equal spheres in contact with a central sphere of 

the same radius but not sufficient for a thirteenth. There is therefore an infinite 

number of ways of arranging the twelve spheres, of which the most symmetrical is 

to place them at the vertices of a regular icosahedron—the only regular solid with 

12 vertices. The length of an edge of a regular icosahedron is some five per cent 

greater than the distance from centre to vertex, so that a sphere of the outer shell 

of twelve makes contact only with the central sphere. (Conversely, if each sphere of 

an icosahedral group of twelve, all touching a central sphere, is in contact with its 

five neighbours, then the central sphere must have a radius of 0-902 if that of the 

outer ones is unity.) The icosahedral arrangement of nearest neighbours around 

every sphere does not lead to a periodic 3-dimensional array of spheres, but it is of 

sufficient interest to justify a brief description. Some other sphere packings which 

are not periodic in three dimensions but, like the icosahedral packing, can extend to 

fill space, are of interest from the structural standpoint. A number of these 

non-crystallographic sphere packings are described in MSIC, including an infinite 

packing with density (0-7236) approaching that of closest packing and having a 

unique axis of 5-fold symmetry.) A closely related packing with even higher density 

(0-7341) has also been described. 
First we note an interesting relation between the icosahedron and the 

cuboctahedron (Fig. 4.4(a)). If 24 rigid rods are jointed together at the 12 vertices 

of a cuboctahedron, rotation of the groups forming the triangular faces about their 

normals transforms the cuboctahedron into a regular icosahedron. In the course of 

the change each joint moves in towards the centre, so that the distance from centre 

to vertex contracts by some five per cent. If we imagine spheres of unit radius 

situated at the vertices and centre of the cuboctahedron the same transformation 

can be carried out, but now there is no radial contraction and in the icosahedral 

configuration the outer spheres are no longer in contact. If a close-packed 

arrangement is built starting with a cuboctahedral group of 12 spheres around a 

central sphere it will be found that the second shell of spheres packed over the first 

contains 42 spheres—in general 10 n* +2 for the nth layer. A second shell packed 

around an icosahedral group also contains 42 spheres, the spheres being in contact 

along the 5-fold axes, and further layers of 10 n* + 2 spheres may be added as for 

the cuboctahedron. The whole assembly is not periodic in three dimensions but is a 
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FIG. 4.3. A sphere-packing 

with 5-fold symmetry. 

(3) AC 1962 15 916 radiating structure, having a unique centre (Fig. 4.4(b)). It is less dense than the 

packing based on the cuboctahedron, the limiting density being 0-6882,°) 

intermediate between that of body-centred cubic packing (0-6802) and the 

‘cuboctahedral’ packing (0-7405), and it can be converted into the latter by the 

mechanism of Fig. 4.4(a). 

Since the most symmetrical arrangement of 12 neighbours (the icosahedral 

coordination group) does not lead to the densest possible 3D packing of spheres we 

have to enquire which of the infinite number of arrangements of twelve neighbours 

lead to more dense packings and what is the maximum density that can be attained 

= 

f 

(b) 

FIG. 4.4. (a) Relation between cuboctahedron and icosahedron. (b) Icosahedral packing of 
equal spheres, showing the third layer (nm = 3). (AC 1962 15 916). 
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in an infinite sphere packing. It was shown by Barlow in 1883 that two 
coordination groups, alone or in combination, lead to infinite sphere packings 
which all have the same density (0-7405). These two coordination groups are the 
cuboctahedron and the related figure (the ‘twinned cuboctahedron’) obtained by 
reflecting one-half of a cuboctahedron cut parallel to a triangular face across the 
plane of section (Fig. 4.5). These are the arrangements of nearest neighbours in 
sphere packings formed by stacking in the closest possible way the close-packed 
layers mentioned at the beginning of this section. It is an interesting fact that it has 
yet to be proved that the density 0-7405 could not be exceeded in an infinite 
sphere packing of some (unknown) kind, though Minkowski showed that the 

packing based on the cuboctahedron (cubic closest packing) is the densest lattice 

packing of equal spheres. (A lattice packing has the following property. If on any 

straight line there are two spheres a distance a apart then there are spheres at all 

points along the line, extended in both directions, at this separation. Note that 

hexagonal closest packing (p. 130) is not a lattice packing—cubic closest packing is 

unique as a closest lattice packing.) The difficulty arises from the fact that whereas 

the closest packing of spheres in a plane is a unique arrangement, there is an infinite 

number of ways of placing 12 equal spheres in contact with a single sphere of the 

same radius. 

Sphere packings based on closest-packed layers 

A sphere in a closest-packed layer is in contact with six others (Fig. 4.6(a)). When 

such layers are stacked parallel to one another the number of additional contacts 

(on each side) will be 1, 2, or 3 if the centres of spheres in the adjacent layers fall 

above or below points such as A, D, or B (or C) respectively. We shall refer to such 

layers as A, D, B, or C layers. There are three D positions relative to a given sphere, 

D', D", and D'’—the diametrically opposite point in each case is the position of 
another sphere in the same layer and is shown in parentheses in Fig. 4.6(b). If the 

same (vector) relationship is maintained between successive pairs of layers it is 

immaterial whether it is AD’, AD’, or AD’, but if these translations are combined 

in a stacking sequence different structures result. The sequences AD’AD’ ..., 

QO § 

(B) (B) 

FIG. 4.6. Superposition of layers of c.p. spheres (see text). 
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AD"AD" ..., and AD'’AD'" .... correspond to the same structure, but AD'AD" 

_.. etc. represent different structures. There are only two different positions of the 

type B or C because all three B (or C) positions in Fig. 4.6(c) are positions of 

spheres in a given layer. The positions B and C are equivalent as regards the relation 

between two adjacent layers, so that the sequences AB AB... and ACAG i? mate 

the same structure, but AB AC . . . and other sequences involving mixtures of B and 

C layers represent different structures. 

The total number of contacts (coordination number) can therefore have any 

value from eight to twelve, that is, 6 + 1 + 1 to 6 + 3 + 3, depending on the stacking 

sequence. Of these types of sphere packing only those with coordination numbers 

of 8, 10, and 12 are found in crystals. 

cn.8 The layer sequence is A A A .... This packing, in which the layers fall 

vertically above one another, is the simple hexagonal (lattice) packing. 

c.n.10 This can arise in two ways: (a) by a D-type contact with both adjacent 

layers (6 + 2 + 2) or (b) by an A-type contact on one side and a B- (or C-) 

type contact on the other (6 + 1 + 3). 

(a) Layer sequence A DA D .... There is an infinite number of structures 

because there is a choice between positions D’, D', and D’” at each layer junction. 
In the special case where all pairs of successive layers are related by a translation of 

the same kind, for example AD", there is also closest packing of the spheres in a 

second set of planes perpendicular to the original c.p. layers. These planes intersect 

the plane of the paper in the broken lines of Fig. 4.6(a). This is the body-centred 

tetragonal packing described on p. 121 and listed in Table 4.1. 

B B 
(b) Layer sequence C AA a Again there is an infinite number of possible 

structures because we must distinguish between B and C positions. For example, 

the simplest sequence is AA BR AA BB... but any pair of B layers could be 

changed to a pair of C layers, and the sequence AA BB AA CC... represents a 

different structure. 

c.n. 12 The layer sequence may be any combination of A, B, and C provided that 

no two adjacent layers are of the same type. The two simplest possibilities 

are therefore AB AB... and ABCABC.... These closest-packed struc- 

tures are considered in more detail later. 

Of these four main classes of layer sequence only those corresponding to c.n. 

10(a) and 12 are found as the structures of crystals in which the only atoms are 
those of the c.p. layers. Metals do not crystallize with the simple hexagonal packing 
AAAA ... because a small relative displacement of the layers gives the more closely 
packed 10- or 12-coordinated structures. The (6 + 2 + 2) structures are confined to 
a few disilicides (MoSi,, CrSi,, TiSi,) and one metal (Pa), but many metals form 
one or other of the most closely packed sequences. In general we should not expect 
to find adjacent layers directly superposed unless there is some special reason for 
this less efficient packing. In fact it occurs only if there are either atoms in the 
(trigonal prism) holes between such layers or hydrogen atoms directly along the 
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A...A etc. contacts between the layers (see later). The reason for the great 
importance of the most closely packed structures is that in many halides, oxides, 
and sulphides the anions are appreciably larger than the metal atoms (ions) and are 
arranged in one of the types of closest packing. The smaller metal ions occupy the 
interstices between the c.p. anions. In another large group of compounds, the 
‘interstitial’ borides, carbides, and nitrides, the non-metal atoms occupy interstices 
between c.p. metal atoms. 

Interstices between close-packed layers 

In the plane of a c.p. layer there are small holes surrounded by triangular groups of 
c.p. atoms, and between the layers there are holes surrounded by polyhedral groups 

(a) (b) 

FIG. 4.7. (a) Trigonal prism holes between two directly superposed A layers. (b) Tetrahedral 

holes (small open circles) and octahedral holes (small black circles) between superposed 4 and 

B layers. 

of c.p. atoms. These holes may be described as a, b, or c if they fall above positions 

A, B, or C (Fig. 4.7(a)). The types of hole are: 

—— A——— sa J — 

b or c (trigonal prism) c (octahedral) 

Aine a or b (tetrahedral) 

B 

and similarly for the a (octahedral) and b or c (tetrahedral) holes between B and C 

layers, and b (octahedral) and a or c (tetrahedral) holes between A and C layers. We 

Type of hole Number Maximum radius of 

interstitial sphere 

Sphere packing 

Trigonal prism 

Tetrahedral 2N 0:225 

Octahedral 

Simple hexagonal 

Closest packing 

give above the maximum radii of the spheres which can be accommodated in the 

interstices in packings of spheres of unit radius and also the numbers of these 
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A Ww interstices in an assembly of N spheres. There are twice as many trigonal prism 

b c holes between a pair of AA layers as there are octahedral holes between a pair of 

ae age ec a AB layers. 
b 

a Structures with some pairs of adjacent layers of type A 

ie If all layers are directly superposed (for example, all of type A), all interstices are of 

(a) type b or ¢ surrounded by a trigonal prism of the larger spheres. Trigonal prism 

coordination is not to be expected in essentially ionic crystals, but may occur in 

IN other crystals for a number of special reasons: (i) an atom may have a preference 

p mS for this arrangement of bonds, (ii) there may be some kind of interaction between 

ieee mada ie ot the six atoms forming the trigonal prism coordination group which stabilizes this 
P 

coordination group relative to the more usual octahedral one, or (iii) an interaction 

between the interstitial atoms themselves, in which case the coordination around 

these atoms may be incidental to satisfying other bonding or packing requirements. 

(b) This is probably the case in AIB,. It is obviously not easy (or perhaps possible) to 

distinguish between (i) and (ii). In the two structures shown as diagrammatic 

elevations in Fig. 4.8(a) and (b) there are metal-metal bonds between the atoms in 

the layers; NbS crystallizes with both these structures. For the alternative, more 

usual, description of the NiAs structure see p. 609. 

Between a given pair of A layers all interstices b and c will not be occupied 

simultaneously because of their close proximity, unless the interstitial atoms are 

themselves bonded. This occurs in AIB, (Fig. 4.8(c)). The boron atoms form plane 

6-gon nets, occupying all the b and c positions between directly superposed layers 

FIG. 4.8. Diagrammaticelevations | of Al atoms, as shown in a projection of the structure (Fig. 4.9(a)). In hexagonal 
of SU a aan prism MoS, metal atoms occupy one-half of the trigonal prism holes between alternate 

; pairs of layers of S atoms (Fig. 4.9(b)). 

Some further structures in which there are pairs of adjacent AA layers are shown 

diagrammatically as elevations in Fig. 4.10, where the type of coordination of the 

interlayer atoms is indicated. The simplest (layer) structure of the type AbA BaB, 

with trigonal prism coordination of all metal atoms, is that of the ordinary form of 

MoS, to which we have just referred. Because there are alternative b and c positions 
between two A layers and a and c positions between two B layers there are two 

(a) (b) 
FIG. 4.9. Projections of atoms in trigonal prism holes (small circles) between two directly 
superposed c.p. layers (large circles): (a) AIB>, showing linking of B atoms into plane 6-gon 

nets, (b) layer of the structure of hexagonal MoS). 
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A Ti a —_—_—. re 

ES i® A A 
io (6 
: AS ZL L\ LN 

ie: Al(OH), MoS, NbS, not 

CrO(OH) (hexag.) (hexag.) known 

Z\ indicates trigonal prism hole between layers 

io indicates octahedral hole between layers 

FIG. 4.10. Diagrammatic elevations of structures with trigonal prism and/or octahedral 
coordination. 

other possible structures with 4-layer repeat units (AABB) namely, AcA BcB and 

AbA BcB. One is the structure of one form (hexagonal) of NbS,; the anti-NbS, 

structure is adopted by Hf,S. No example of the other structure is known. It may 

interest the reader to check that there are only two structures with a repeat unit 

consisting of three pairs of layers, namely, 

AbA BcB CaC (rhombohedral forms of NbS, and MoS.) 

and 
ADA BcB CbC (no example known), 

but no fewer than ten structures with a repeat unit consisting of four pairs of 

layers, namely, AA BB AA CC (7 structures) and AA BB AA BB (3 structures). The 

three AA BB structures and the two AA BBCC structures are illustrated as 

elevations in Fig. 4.11. 

There is an indefinite number of more complex layer sequences in which some 

pairs of adjacent layers are of the same kind (for example, A A), and others 

different (A B, etc.). An example is the structure of Th, in which some Th atoms 

occupy trigonal prism and others octahedral holes in the following layer sequence 

(8-layer repeat): 

eee GC RA APB GAP Al. 

lis JO. O ib, [Oe O ih JO) 

Such structures may be described as consisting of interleaved portions of CdI, and 

MoS, structures. 

So far we have been concerned with the type of coordination of the (metal) 

atoms inserted between the c.p. layers. The way in which the double layers AA etc. 

are superposed also, of course, determines the coordination around the c.p. atom. 

This is not of special interest in MX compounds since the contacts to one side are 

only of the van der Waals type. For example, in MoS,, with the structure 

AbA BaB... each S has a trigonal prismatic arrangement of nearest neighbours 

(3 Mo + 3 S), but the S—S contacts are not of much chemical interest. The situation 
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2H, 2H, aT 3R 3H 

FIG. 4.11. Projections (along @ axis) of the three AA BB and two AA BB CC structures for 

compounds MX, in which the coordination of M is trigonal prismatic. 

is, however, different in the anti-MX, structures of this type, such as the anti-2H, 

structure (Fig. 4.11) of Hf,S. Here the nearest neighbours of Hf are 3 Hf + 3 S, Hf 

being bonded to 3 Hf by metal-metal bonds. The coordination groups of the c.p. 

atoms in the three simplest structures of Fig. 4.11 are: 

2H, all trigonal prismatic 

2H, all octahedral 

als one-half trigonal prismatic 

one-half octahedral. 

Hexagonal and cubic closest packing of equal spheres 

We now consider the sphere packings in which close-packed plane layers are stacked 

in the closest possible way. If we label the positions of the spheres in one layer as A 

(Fig. 4.12) then an exactly similar layer can be placed above the first so that the 

centres of the spheres in the upper layer are vertically above the positions B. It is 

obviously immaterial whether we choose the positions B or the similar positions C, 

as may be seen by inverting Fig. 4.12. When the third layer is placed above the 

second (B) layer there are alternatives: the centres of the spheres may lie above 

either the C or A positions. The two simplest sequences of layers are evidently 

FIG. 4.12. Three successive layers of cubic closest packing. 
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FIG. 4.14(a) Cubic close packing, 
(b) the same with the corner atom removed, 

(c) cubic close-packing with more atoms removed 

to show a layer of close-packing atoms, 

(d) hexagonal close-packing. 

(d) 

(a) 

(b) 
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FIG. 4.13. Hexagonal close-packing of equal spheres: alternative unit cells and their projections. 

ABAB... and ABC ABC..., but there is also an indefinite number of more 

complex sequences. In all such sphere packings the volume occupied per sphere is 

5-66 a> for spheres of radius a. Alternatively, the mean density is 0:7405 if that of 

the spheres is unity and that of the space between the spheres is zero. 

The sequence AB AB... is referable to a hexagonal unit cell (Fig. 4.13) and is 

called hexagonal closest packing (h.c.p.). In this arrangement, also illustrated in 

Fig. 4.14(d), the twelve neighbours of an atom are situated at the vertices of the 

coordination polyhedron of Fig. 4.5(a) (‘twinned cuboctahedron’). 

The sequence ABC ABC... possesses cubic symmetry, that is, 3-fold axes of 

symmetry in four directions parallel to the body-diagonals of a cube, and is 

therefore described as cubic closest packing (c.c.p.). A unit cell is shown in 

Fig. 4.1(e) (p. 120) and the packing is also illustrated in Fig. 4.14. The close-packed 

layers seen in plan in Fig. 4.12 are perpendicular to any body-diagonal of the cube. 

Since the atoms in c.c.p. are situated at the corners and mid-points of the faces of 

the cubic unit cell the alternative name ‘face-centred cubic’ (f.c.c.) is also applied to 

this packing. All atoms have their twelve nearest neighbours at the vertices of a 

cuboctahedron. (Fig. 4.5(b)). 

More complex types of closest packing 

In the sequences AB... and ABC... every sphere has the same arrangement of 

nearest neighbours. Also the arrangements of more distant neighbours are the same 

for all spheres in a given packing, h.c.p. or c.c.p. In more complex sequences this is 

not necessarily true, and it can be shown that the next family of closest packed 

structures, with two (and only two) types of non-equivalent sphere, comprises four 

sequences. 

In a concise nomenclature for c.p. structures a layer is denoted by h if the two 

neighbouring layers are of the same type (i.e. both A, both B, or both C) or by c if 

they are of different types. Hexagonal close-packing is then denoted simply by h 

(i.e. Ahh...) and cubic close-packing by c. The symbols for more complex sequences 

include both A and c. Now the spheres in / and c layers have different arrangements 
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of nearest neighbours (the coordination polyhedra of Fig. 4.5(a) and (b)) so that 

any more complex sequence necessarily has two types of non-equivalent sphere 

differing in arrangement of nearest neighbours. If we are to have only two kinds of 

non-equivalent sphere we must ensure that all spheres in A layers have identical 

arrangements of more distant neighbours, and similarly for spheres in c layers, that 

is, the sequence of h and c layers on each side of an h (or c) layer must always be 

the same. 

Starting with hc we may add c or /h. If we add c, giving hec, the central c layer is 

surrounded by hf and c. The second c layer must be surrounded in the same way, 

and therefore the next symbol added must be h. The addition of the third symbol c 

thus decides the choice of the fourth (A). We may then add either h or c. In the 

former case we have hcchh which fixes the environment of an h layer (fourth 

symbol) as c and h. This means that the next symbol added must be c, and since c 

must have hf and ¢ neighbours this in turn makes the next layer c. It is easily verified 

that the sequence becomes hhcc .... In a similar way we find that if we add c as 

the fifth symbol, instead of h, we should arrive at the sequence hec... . Going 

back now to the original he point, addition of h does not decide what the fourth 

symbol should be, and we find two possible sequences, he and hhc. It can be shown 

in this way that only four sequences are possible for two types of non-equivalent 
sphere: 

A bahia seme hech hech... 
> 

Hoe ect hice» 

hencihicues 

"Ss ch heh... 
A symbol of the type h, ¢,-hc, etc. obviously does not indicate the number of 

layers after which the sequence repeats, for this number is 2 for h (AB 23 )a3 tone 
(ABC... .), and 4 for hc (ABCB...). The number of layers in the repeat unit of a 
particular stacking sequence may readily be found by deriving the latter from the 

} 

symbol starting arbitrarily with AB... and continuing until the layer sequence 
repeats: 

hchche ‘ he enw cence 
r 

(BYAR CBRACR ae (JAB CACRAB le 

(4 layer repeat) (6 layer repeat) 

The alternative symbols in Table 4.2 indicate the numbers of layers in the repeat 
units; also the layer sequence may be derived directly from the symbol. The change 
from A > B-C is represented as a unit vector +1 and in the reverse direction as 
—1.A succession of n positive (or negative) units is abbreviated to n (n), so that 22 
stands for 1111... and starting from A gives the sequence A B CB A. 

The six c.p. sequences of Table 4.2 are those most frequently found in crystals, 
but the number of different sequences that repeat in 12 or fewer layers is very 
much larger if no account is taken of the number of kinds of non-equivalent sphere 
(Table 4.3). Only for 2, 3, 4, and 5 layers in the repeat unit is there a unique layer 
sequence. 
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TAB UE 42 

The closest packing of equal spheres 

Number of kinds of Symbol Number of layers 
non-equivalent in repeat unit 

sphere 

1 h si 2 
c 3 3 

2 he 22 4 
hee 33 6 
chh (1 2)3 9 
cchh (1 3)3 2 

TABLE 4.3 

Numbers of different sequences of c.p. spheres 

Number of layers Number of different 
In repeat unit sequences 

2 1 
8 1 
4 1 
5 1 
6 2 
7 3) 
8 6 
9 7 

10 16 
11 All 
1D 43 

The simplest examples of the closest packing of identical units are the structures 

of crystalline metals or noble gases and of crystals built of molecules of one kind 

only. In the latter the molecules must either be approximately spherical in shape or 

become effectively spherical by rotation or random orientation. Metals provide 

many examples of hexagonal and cubic closest packing and a few examples of 

more complex sequences (for example, hc: La, Pr, Nd, Am, and chh: Sm). 

Close-packed molecular crystals include the noble gases, hydrogen, HCl, H,S, and 

Cr: 

The great importance of closest packing in structural chemistry arises from the 

fact that the anions in many halides, oxides, and sulphides are close-packed (or 

approximately so) with the metal atoms occupying the interstices between them. 

As already noted, the polyhedral interstices between c.p. atoms are of two kinds, 

tetrahedral and octahedral (T and O in Fig. 4.7(b)). The number of tetrahedral 

holes is equal to twice the number of c.p. spheres; the number of octahedral holes is 
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TABLE 4.4 

Reference 

IC 1967 6 396 

AC 1962 15 179 

AC 1970 B26 102 

JCP 1962 37 697 
AC 1954 7 33 

AC 1969 B25 1444 

AC 1969 B25 996 

IGS6S 4235 

AC 1964 17 986 
AG 196 )i2 3029 
JSSC 1970 2 188 

Za@ 196913690 ti 

ZK 1967 125 437 

AM 1957 42 309 
RTC 1966 85 869 
IC 1969 8 286 
IC 1965 4 235 

AC 1970 B26 1645 

Examples of more complex sequences O f c.p. layers 

Number of Symbol Close-packed Close-packed 

layers in X layers AX3 layers 

repeat unit 

4 he Wabi 

Nd, Am 

HgBr2 

HgI, (yellow) 

Ti2S3 

Cd(OH)CI 

high-BaMnO3 

TiNi3 

5 hhece Bas Ta4gO15 

6 hee VCo3 
CsMnF 3 
high-K3(LiAlF¢6 

BaTiO3 

BalicOuy> 
(see text) 

7 checcch Ti(Pto-.g9Nio-11)3 

8 cech SrqgRe2SrO 12 

9 chh Sm 
BaPb3 

high-YAl5 

Mo 283 

BaRuO3 

CsCoF3 

10 chhch TigSs @) 

cchhh BaFe}2019 

2 cchh Fe3S4 

TisSg 
BaCrO3 

BagRe2MgO 12 

BagTi17040” 
14 hhhchhe Ba(Pbo.gTlo-2)3 

(1) Two thirds of layers BaO7—remainder Og 

(2) Every fifth layer BaO3—remainder Oq 

(3) Equal numbers of BaO;, and BazOg layers (O vacancy in latter). 

AC 1970 B26 653 

equal to the number of c.p. spheres. By far the most important types of closest 

packing are the two simplest ones, namely, hexagonal and cubic, and a great variety 

of structures are derived by placing cations in various fractions of the tetrahedral 

and/or octahedral holes in such c.p. arrangements of anions. We shall consider these 

groups of structures in some detail shortly. As a matter of interest some examples 

of more complex layer sequences are given in Table 4.4. The sulphides of titanium 

have been included because they provide examples of a number of c.p. sequences 
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(in addition toh in TiS and TiS,); contrast the sulphides CryS3, CrsS,¢, Cr7Sg, and 
Cr3S4, which are all h.c.p. with different proportions and arrangements of metal 
atoms in octahedral holes. 

Close-packed arrangements of atoms of two kinds 

When discussing the crystal structure of KF (p.263) we inquire why a 
12-coordinated structure is not found, as this c.n. would be expected for spheres of 
the same radius. It is, however, evidently not possible to form a c.p. layer in 
which each ion is surrounded entirely by ions of the other kind, for if six X ions are 
placed around an A ion each X ion already has two X ions as nearest neighbours. 
This complication does not arise if all the c.p. atoms are anions, as in a 
hydroxyhalide. One of the forms of Cu(OH)CI is built of c.p. layers of the type 

FIG. 4.15. Close-packed layers of spheres of two kinds: (a) AX, (b) AXo, (c) and (d), AX3, 

(e) AXa, (f) AXe. 

illustrated in Fig. 4.15(a), and many compounds containing atoms of two kinds 

which are similar in size are built of c.p. layers of composition AX, or AX3. The 

AXq layer of Fig. 4.15(e) is the basis of the structure of MoNig, and the AX¢ layer 

of Fig. 4.15(f) represents the arrangement of K* and F” ions in KOsF¢. 

The only c.p. AX, layer in which A atoms are not adjacent is that of Fig. 

4.15(b). This type of layer is found in WAl,, where alternate layers have the 

compositions Al; and WAI,, and in a number of silicides with closely related 

structures (p. 790). 

The two simplest c.p. AX3 layers in which A atoms are not adjacent are shown 

in Fig. 4.15(c) and (d). They form the bases of the structures of three groups of 

compounds. 
(i) Intermetallic compounds AX3, for example, TiAl; and ZrAl3, which are 

superstructures of the c.c.p. structure of Al, being built of layers (c) and layers (c) 

and (d) respectively. Both SnNi3 and TiNi3 are built of (d) layers, the layer 

sequences being h and he respectively. 

135 



Sphere Packings 

(ii) Complex halides and oxides A,ByX3x- The formation of numerous 

complex halides containing K and F or Cs and Clin the ratio 1 : 3 is related to the 

fact that these pairs of ions of similar sizes can form c.p. AX3 layers. Similarly 

there are many complex oxides containing a large ion such as Ba** which is 

incorporated in close-packed MO3 layers between which smaller ions of a second 

metal occupy octahedral holes between six O atoms. The two AX; layers illustrated 

in Fig. 4.15 differ in an important respect. Layers (c) cannot be superposed so as to 

produce octahedral holes surrounded by 6 X atoms without at the same time 

bringing A atoms into contact, and therefore (c) layers are not found in complex 

halides or oxides. Later in this chapter we survey briefly the structures of these 

compounds which are based on c.p. layers of type (d) in Fig. 4.15. 

(iii) Hydroxyhalides M,X(OH)3. In these compounds the c.p. layers are 

composed entirely of anions (halide and hydroxyl), so that whereas only (d) layers 

are permitted in (ii) no such restriction applies to hydroxyhalides. Their structures 

are described in more detail in Chapter 10. 

We now derive the simpler structures for compounds Mj» Xj, in which the X 

atoms are close-packed and M atoms occupy various fractions of tetrahedral and/or 

octahedral holes. (For the systematic derivation of structures built of AX, layers 

see: ZK 1967 124 104; AC 1968 B24 1477.) 

Close-packed structures with atoms in tetrahedral interstices 

Considering simply the coordinates of the atoms we may list sets of structures in 

which X atoms occupy the positions of closest packing (h.c.p., c.c.p., etc.) and M 

atoms occupy positions of tetrahedral or octahedral coordination between 4 or 6 X 

atoms. This is done in Table 4.5 for tetrahedral structures and in Table 4.6 (p. 142) 

for octahedral structures. When we come to the latter we shall find that X is a 

halogen or chalconide and M is a metal atom, and this classification provides a 

realistic description of the structures. The situation is, however, rather different for 

the tetrahedral structures. There are twice as many tetrahedral interstices as c.p. 

atoms and the formula is therefore M,X if all the tetrahedral positions are 

occupied. In the c.c.p. MX structure (antifluorite structure) X is surrounded by 8 

M atoms at the vertices of a cube (Fig. 4.16(a)). If only the fraction 4, 4, or 4 of 

the tetrahedral positions is occupied (in a regular manner) the coordination 

number of X falls to 6, 4, or 2 respectively. The corresponding coordination groups 

are derived by removing the appropriate number of M atoms from the cubic 

coordination group of Fig. 4.16(a) to give those shown at (b)-(f). These groups 

represent the arrangements of nearest neighbours of 

(a) O?" in Li,O (antifluorite structure) or Ca2* in CaF, (fluorite) 
(b) and (c) two kinds of Mn** in O3Mn,, 

(d) Zn or S in ZnS (zine-blende), 

(e) Pt in PtS, and 

Gi) Pb in PbO: 
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TABLE 4.5 

Close-packed tetrahedral structures 

Fraction of 

tetrahedral Sequence of c.p. layers CaN, sof 
holes Formula Mand X 

occupied Alb ee ABC... 

All * Li20 (antifluorite) MoX Als $8} 

3 A 
4 * O3Bi, O6Sb4 O3Mn2 M3X2 4:6 

5 Wurtzite _Zine-blende MX 4:4 
6-BeO PtS 

PbO 

é Al,ZnSq AlyCdS4 M3Xq 
CuzHegl4 

4 B-Ga2S3 y-Ga2S3 M2X3 

} 6-ZnCly Hel (y-ZnCly) MX) 4o 
SiS) 
OCu) (a-ZnCly) 

t AlzBre Ingl¢ MX3 

4 SnBrg SnIq4 MX4 Aes il 

OsO4 

This purely geometrical treatment regards Ca” as the c.p. ion in CaF, Mn* in 

Mn,03, Pt in PtS, and Pb in PbO. As noted elsewhere, the description of the 

fluorite structure as a c.c.p. assembly of Ca?* ions with F~ ions in the tetrahedral 

interstices is not a realistic description of the structure since F~ is appreciably larger 

than Ca2*. It is preferable to place in Table 4.5 the antifluorite structure of 

compounds such as Li,O. Similar considerations apply to the description of the 

FIG. 4.16. Coordination groups in the 

fluorite family of structures. 
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C—Mn,0, structure as a c.p. arrangement of Mn™ ions with HUET a the 

tetrahedral holes occupied by O? ions. Although this structure is (geometrically) 

related in this simple way to the fluorite structure, the O7 ions occupying 

three-quarters of the F~ positions of CaF, the tetrahedral arrangement of cations 

around O* is probably the factor determining the structure rather than the packing 

of the metal ions. Some other points relating to these tetrahedral structures should 

be noted. 

The first is that in the cubic CaF, (and Li,O), and ZnS structures the atomic 

positions are exactly those of cubic closest packing and certain of the tetrahedral 

interstices. In PtS and PbO this is not so. In the ‘ideal’ PtS (PdO) structure, with 

c.c.p. metal atoms, S would be in regular tetrahedral holes but the four S atoms 

FIG. 4.17. Projections of the structures of the fluorite family. 

would form a plane rectangular group around Pt, with edges in the ratio v2 : 1. If 
the structure is elongated, to become tetragonal with c: a Sy the coordination 
group around the metal would become a square. The actual structure is a 
compromise, with c : a= 1-24. Similarly, the actual structure of PbO does not have 
c.c.p. Pb atoms but is tetragonal with c : a= 1-25. This represents a compromise 
between the cubic structure (c: a= 1) anda tetragonal structure (c : a =+/2) with 
body-centred cubic packing of Pb atoms. The PbO and related structures are 
discussed in more detail on p. 218. 

The geometrical relations between the structures derived from the fluorite 
structure by removing one-half or three-quarters of the tetrahedrally coordinated 
atoms are shown in Fig. 4.17, referred in each case to a cubic unit cell 
corresponding to that of fluorite. The simplest layer structure for a compound MX, 
of this family, having atoms at the positions aa in each cell, is not known, but a variation with doubled ¢ axis and the positions a occupied in the lower half of the cell and b in the upper half is the structure of the red form of HgI,. The other MX, 
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structure of Fig. 4.17, the cuprite (Cu, 0) structure, has collinear bonds from the 
Cu atoms (large circles). This structure is usually referred to the unit cell indicated 
by the heavier broken lines. It is unique among structures of inorganic compounds 
MX, for it consists of two identical interpenetrating networks which are not 
connected by any primary Cu—O bonds. 

The second point regarding Table 4.5 is that the structures marked by an asterisk 
are not formed. The hypothetical structure in which all tetrahedral holes are 
occupied in h.c.p. is illustrated in Fig. 4.18(a). Placing the c.p. atoms at +(4 4 4) the 
coordinates of the ‘interstitial’ atoms would be +(3 4 3) and +(4 2 4), that is, these 
atoms would occur in pairs separated by only c/4, where c/2 is the perpendicular 
distance between c.p. layers. In other words there would be pairs of face-sharing 
tetrahedra. Such close proximity of interstitial atoms would also obtain in the 
corresponding ABAC... structure, but not in the c.c.p. antifluorite structure, 
which is shown in Fig. 4.18(b) referred to a hexagonal unit cell. There would be 

(a) (b) (c) 

FIG. 4.18. Tetrahedral holes (smaller open circles) in close-packed structures (see text). 

the same close approach of interstitial atoms in a h.c.p. structure M3X> in which 

three-quarters of the tetrahedral holes are occupied, but this is no longer so if only 

one-half of these holes are filled, as in the wurtzite structure. However, it is possible 

to have an ABAC... structure for a compound M3X, in which M atoms occupy 

three-quarters of the tetrahedral holes provided that no very close pairs (‘face- 

sharing tetrahedral holes’) are occupied simultaneously. Such a structure is adopted 

by high-Be3;N, (p. 670), in the unit cell of which two sets of tetrahedral sites are 

fully occupied and the third Be is disordered between two mutually exclusive 

tetrahedral sites. 

A third point concerning the tetrahedral structures of Table 4.5 is that there are 

no known examples of /aver structures in which tetrahedral interstices are occupied 

between alternate pairs of c.p. layers. Occupation of all tetrahedral sites between a 

pair of c.p. layers gives a layer of composition MX in which each MXq tetrahedron 

shares three edges with three other tetrahedra and also three vertices with a second 

set of six tetrahedra (Fig. 4.19(a)). The structure preferred by LiOH and OPb is 

the layer based on the square net in which each Li(OH)g (OPb4) tetrahedron shares 

four edges (p. 100). Both layers are found as components of the La,O3 (Ce202S) 
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and U,N,Sb structures respectively (p. 1004). Occupation in the most symmetrical 

way of one-half of the tetrahedral holes between a pair of c.p. layers gives a layer 

of composition MX, the tetrahedral analogue of the Cdl, layer. In this layer 

(Fig. 4.19(b)) each MX, tetrahedron shares vertices with three others and the 

fourth vertex is unshared, so that one-half of the X atoms have three equidistant M 

neighbours and the others only one M neighbour. While this is presumably the 

reason why halides and oxides do not have such a structure this type of 

non-equivalence of the c.p. atoms is inevitable in a molecular crystal such as 

Al, Brg. In this crystal pairs of adjacent tetrahedral holes indicated by the squares 

in Fig. 4.18(a) are occupied, leading to the formation of discrete Al, Brg molecules 

consisting of two AlBrg groups sharing an edge. One-third of the c.p. atoms have 

2 Al and two-thirds have 1 Al neighbour. A layer closely related to that of 

Fig. 4.19(b) is that of ALOCI (and GaOCl), but here there are not two c.p. layers. 

There is the same type of linking of the tetrahedra but equal numbers of the 

VV 
; 

aS ©) Zo 

EO MeO) 
(a) (b) 

FIG. 4.19. (a) Pair of c.p. X layers with M atoms in all tetrahedral holes between them 

(composition MX). (b) Pair of c.p. X layers with M atoms in one-half of the tetrahedral holes 

(composition MX). 

unshared vertices project on opposite sides of one layer of c.p. X atoms (see 

Fig. 10.16, p. 408). In the layer structure of red HgI, the planes containing the 

metal atoms are inclined to those of the c.p. halogen layers; see MSIC, p. 59. 

Finally we may note that there is no h.c.p. analogue of the SiS, structure. 

Continued sharing of opposite edges of MXq tetrahedra to give a compound MX, is 

not possible in hexagonal closest packing because there are no tetrahedral sites at 

the points marked X in Fig. 4.18(a), but it can occur in cubic closest packing as 

may be seen by comparing Fig. 4.18(b) with (a). Occupation of one-quarter of the 

tetrahedral holes in a c.c.p. array of S atoms as at (b) gives chains formed from 

tetrahedra sharing opposite edges. 

Close-packed structures with atoms in octahedral interstices 

The most important structures of this kind are set out in Table 4.6. The relations 

between these structures may be illustrated in two ways: (a) we may consider the 
ways in which various proportions of the M atoms can be removed from the MX 
structure, in which all the octahedral holes are occupied, or (b) we may focus our 
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attention on the patterns of sites occupied by the M atoms between the 
close-packed layers. 

(a) The MX structures for hexagonal and cubic closest-packing are the NiAs and 
NaCl structures, in which the M atoms are arranged around X at the vertices of a 

trigonal prism or octahedron respectively. A feature of the NiAs structure is the 

close proximity of Ni atoms, suggesting interaction between the metal atoms in at 

least some compounds with this structure, which is not adopted by ionic 

compounds. In NaCl itself the Cl” ions are not in contact, since Na* is rather too 

large for an octahedral hole between c.p. Cl” ions. These ions are in contact in LiCl, 

compare 

Cl—Cl in NaCl 3-99 A, 

Ge Clin LiCl 363,40 

The c.c.p. structure would therefore more logically be called the LiCl structure, but 

since it has become generally known as the NaCl structure we keep that name here. 

Removal of a proportion of the M atoms from these structures in a regular 

manner leaves X with fewer than six neighbours. For example, we may remove 

one-half of the Ni atoms from the NiAs structure so as to leave the close-packed 

(As) atoms with three neighbours arranged in one of the following ways 

(Fig. 4.20(a)): 

(i) abc, a pyramidal arrangement with bond angles of 90°, 

(ii) abf, a nearly planar arrangement, 

(iii) abd, a pyramidal arrangement with bond angles 70°, 90°, and 132°. 

Of these (iii) is not known; (i) corresponds to the Cdl,(C6) structure. Figure 4.21(a) 

shows an elevation of the NiAs structure (viewed along an a axis) in which the small 

circles represent rows of Ni atoms perpendicular to the plane of the paper. Removal 

of those shown as dotted circles gives an MX, structure in which X has three nearly 

coplanar M neighbours. This is the CaCl, structure. A slight adjustment of the 

positions of the c.p, atoms gives the rutile structure (Fig. 4.21(b)), in which X has 

three coplanar neighbours. It is seen here viewed along the tetragonal c axis, that is, 

parallel to the chains of octahedra which are emphasized in (c). 

Similarly, removal of one-half of the M atoms from the NaCl structure leaves X 

FIG. 4.21. Relation between the NiAs and rutile structures (see text). 
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TABLE 4.6 

Close-packed octahedral structures 

Fraction of Pi ae 

: 2dr Sequence of c.p. layers .N.S O 

ia pee Formula = Mand X 
occupied AB ee TAD Gia 

All NiAs” NaCl 

3 a-Al,03 . 
LiSbO3 

4b Layer structures 

Cdl, CdCl, 

Framework structures 

CaCly 

“Rutile Atacamite 
NiWO4 \/Anatase 
a-PbO7 
a-AlIOOH 

4 Chain structures 

Zrl3 = 

Layer structures 

Bil3 YCI3 

Framework structures . 

RhF3 = 5 

4 a-NbI4 (chain) NbF 4 (layer) 4 

i Nb2Clyo ee UD Glin at 2D 5 Russ (molecular) Moyron (molecular)} MX5 6 ; 

UFs (chain) 

2S a-WCl¢ el MX¢ 6:1 

“Vor structures intermediate between the NiAs and CdlIz (C6) structures see sulphides of 
chromium (p. 621) and the NiAs structure (p. 609). 
’ Por other structures in which one-half of the octahedral holes are occupied in a c.p. XY3 
assembly see hydroxyhalides M2X(OH)3 and in particular Table 10.15 (p. 411). 
“For other structures in which 4, +, or y of the octahedral holes are occupied ina c.p. AX3 
assembly see ‘Structures built from c.p. AX3 layers’ and in particular Table 4.10 (pliSS): 

with three neighbours at three of the vertices of an octahedron, one of the 
combinations /mn or klm in Fig. 4.20(b). The two simplest ways of leaving X with 
the pyramidal arrangement of neighbours (Jmin) are to remove alternate layers of X 
atoms parallel to the plane (111) giving the CdCl, (layer) structure (Fig. 4.22(a)) or 
to remove alternate rows of X atoms as in Fig. 4.22(b). It is an interesting fact that 
no dihalide crystallizes with this structure although the environments of M 
(octahedral) and X (pyramidal) are the same as in the CdCl, structure. Figure 4.22(b) 
does represent, however, the idealized structure of atacamite, Cu ,(OH),3Cl, 
three-quarters of the X positions being occupied by OH groups. 

The coplanar arrangement of neighbours kim in Fig. 4.20(b) arises by removing 
one-half of the Na atoms from the NaC! structure in the manner shown in Fig. 
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(a) (b) 

FIG. 4.22. Structures geometrically related to the NaCl structure: (a) CdCl, (b) atacamite, 

Cu (OH) 3Cl, (c) anatase, TiO. Metal ions removed from the NaCl structure are shown as dotted 

circles. 

4.22(c); this necessitates doubling the c axis of the unit cell. The configuration klm 

of nearest neighbours is not suitable for an essentially ionic crystal, but by a slight 

adjustment of the atomic positions the coordination group around X becomes an 

approximately equilateral triangle. The hypothetical structure would have c = 2a 

and z = 4; in anatase, one of the polymorphs of TiO, c : a= 2°51 and zy = 0-21. 

(b) Alternatively, we may consider the ways in which various proportions of the 

octahedral holes may be occupied in each type of closest packing. There are four 

variables: 

(i) the sequence of c.p. layers, 

(ii) the degree of occupancy of sites between successive pairs of layers, 

(iii) there are different patterns of sites for a given fraction occupied, and 

(iv) there is still the possibility of translating the sets of M atoms between 

successive pairs of layers relative to one another. (An exercise on this 

subject is included in MSIC.) 

(i) The sequence of c.p. layers has already been discussed. 

(ii) A particular composition implies the occupation of some fraction of the 

total number of octahedral sites, for example, one-half for MX,. This may be 

achieved by filling all sites between alternate pairs of c.p. layers, one-half of the 

sites between each pair of layers, or alternately one-third and two-thirds or 

one-quarter and three-quarters of the sites between pairs of successive layers, and, 

of course, in more complex ways. 
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CdCl, (c) 

CaCl, (h) 

Sphere Packings 

j H 5 0 5 2 3 0 

3 4 } 3 3 2 l 

3 3 5 0 2-A1,0,(h) Mo,S,(chh) L | 

e-Fe,N(h) Cu,(OH),Cl(c) RAF (A) Bil,(h) Ti,S3(ch) C 
YCI,(c) Se,Te;(hhcc) 

Bi, Se; (chh) 

MX, MX, M,X; 

FIG. 4.23. Fractions of octahedral sites occupied between c.p. layers to give the compositions 

MX>, MX3, and M>X3. The c.p. sequence is shown after each formula. 

These possibilities are shown diagrammatically in Fig. 4.23 together with some 

simple arrangements for compositions M,X3 and MX3. 

Two of the structures of Fig. 4.23 are simple layer structures, that is, metal 

atoms occur only between alternate pairs of c.p. X layers. Note that a simple layer 

structure is not possible for a c.p. octahedral M,X,, structure if x/y >¢ (as for 

M3Xq4 or M,X3) because all the octahedral holes between alternate pairs of c.p. 

layers are filled when x/y reaches the value 4. More generally it can be shown that a 

periodic 2-dimensional system of composition M,X3 is not possible if M is to be 4-, 

and X 6-coordinated; a simple octahedral M,X3 layer is a special example of the 

more general topological limitation. Bi,Se3 provides an example of a more complex 

layer structure. 

(iii) The small black (or open) circles in Fig. 4.24(a), (b), and (c) show three 
ways of filling one-half of the octahedral sites between a pair of c.p. layers, and 
examples of structures with these patterns of sites include 

(a) haesp. Ck 

CaCl, Co,C 

(TiO, rutile) 

_/(b) @&PbO, §-V2C §-Fe.N TiO, (anatase) 

2 = 

(c) £-Nb»C 

(In the TiO, polymorphs there is some departure from ideal closest packing, as 
noted elsewhere.) 

The most symmetrical ways of filling respectively three-quarters and two-thirds 
of the octahedral holes are shown by the small black circles in Fig. 4.24(d) and (e); 
the complementary positions (small open circles), which may be called d’ and e’, 
comprise one-quarter and one-third of the sites. As shown in Fig. 4.23 occupation 
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FIG. 4.24. Patterns of octahedral sites between pairs of c.p. layers (see text). 

between alternate pairs of layers of (d) and (d’) or (e) and (e’) gives the 
composition MX,, as in 

(d) + (d’) Cu,(OH)3Cl (atacamite) 

(e) +(e’) €-Fe,N, €-V,C, etc. 

Occupation of sites (d) or (e) between alternate pairs of layers gives layer 

structures: 

(d) Nb3Clg 
(e) Bila (h-c7p:), UO lig (h.c-p.), YCl, (Cc.c.p,). 

Sites of type (e) are occupied between all successive pairs of layers in a-Al,O 3 and 

related structures to which we refer shortly, while occupation of sites (e’) between 

all successive pairs of layers gives the h.c.p. MX3 structure of trifluorides such as 

RhF3. In this structure each MX¢ octahedron is linked to six others through shared 

vertices (X atoms); there is no c.c.p. structure of the same topological type, for in 

the ReOQ3 structure the O atoms occupy only three-quarters of the positions of 

cubic closest packing (see MSIC, p. 61). 

The pattern of sites of Fig. 4.24(f) is occupied in LiSbO3. 

(iv) Evidently a knowledge of the c.p. sequence and the site pattern is not 

sufficient to define a structure since the relative translations of the metal atoms are 

not defined in relation to some fixed frame of reference. We may illustrate this 

point by reference to a number of structures in which the sites of Fig. 4.24(e) are 

utilized between each pair of c.p. layers. 

For a more complete description of a c.p. structure we may give elevations of 

the kind shown in Fig. 4.25, the structure being viewed in the direction of the 

arrow in Fig. 4.24(e). Note that the plane of the projection is not perpendicular to 

the arrow but is the plane intersecting the paper in the line xy in Fig. 4.24(e). In 

the corundum (a-Al,03) structure the pattern of sites occupied by Al atoms is that 
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of the small black circles of Fig. 4.24(e). If the positions occupied between a 

particular pair of layers are (1) and @) (and all equivalent ones, that is all the black 

circles) then the positions occupied between successive pairs of (h.c.p.) layers are 

@) and @), @) and ), and so on. The elevation shown in Fig. 4.25 shows both the 

layer sequence and the pattern of sites occupied by the metal atoms. The other 

structures, FeTiO3 and LiNbO3, are superstructures of the corundum structure. 

In Chapter 5 we show how certain structures may be constructed from 

octahedral coordination groups sharing vertices, edges, or faces (or combinations of 

these), and it is instructive to make models relating this way of describing structures 

to the description in terms of c.p. anions. For this reason we show in Fig. 4.26 both 

these types of representation of the anatase structure which should be compared 
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(a) (b) 

FIG. 4.26. The structure of anatase shown (a) as a c.p. structure, (b) as an assembly of edge- 

sharing octahedra. In (a) the numbers at the left indicate the~positions of O atoms in the 

lowest (1) and succeeding layers, (2), (3), and the numbers against the Ti atoms (small circles) 

correspond to the c.p. layers on which they rest. 

with Fig. 4.22(c), p.143. When comparing Fig.4.22(c) with Fig.4.26 it is 

important to remember that the illustrations in the latter figure are projections in a 

direction perpendicular to the c.p. layers. These layers correspond to a plane such 

as XYZ in Fig. 4.22(c). 

Whether vertices, edges, or faces are shared in the final structure depends not 

only on the patterns of sites occupied between pairs of layers but also on the 

relation between the sets of sites occupied between successive pairs of layers. For 

example, occupation of the sites of Fig. 4.24(e’) implies no sharing of X atoms 

between the octahedra formed around the e’ sites in one layer, but vertex-sharing 

occurs in the 3D structure (RhF3) which results from the repetition of this pattern 

of site-filling. On the other hand, the occupation of more than one-third of the 

octahedral sites between a given pair of c.p. layers already implies edge-sharing 

between octahedra of one layer. Elevations of the type of Fig. 4.25 show at a 

146 



Sphere Packings 

glance whether octahedral coordination groups are sharing vertices, edges, or faces 
with one another, as indicated in Fig. 4.27. Note that because of the 3-fold 
symmetry (a) and (b) in Fig. 4.27 imply sharing of three vertices or edges. 

Vertex-sharing 
Some related MX, MM'Xq4, and M)M'Xg structures (a) 
Any structure A,,X, in which A atoms occupy some fraction of the octahedral 
holes in a c.p. assembly of X atoms is potentially a structure for more complex 
compounds, as we have already noted for FeTiO3 and LiNbO3, where atoms of two 

kinds occupy the Al sites in the corundum structure (Fig. 4.25). There are many 
complex halides and oxides containing cations of two or more kinds which have ae 

) 

TABLE 4.7 
Relations between some h.c.p. structures 

Pattern of octahedral 
; : ; b ? = 

sites (Fig. 24.4) occupied (a) (b) (e) (e) aeons 

(c) 
Fractions of sites 

occupied between 1 1 DQ il A 8 FIG. 4.27. The sharing of octa- 
; 1 2 e a ae? i dges, or faces, as successive pairs of hedron vertices, edges, aces, 

c.p. layers indicated in the elevations of Fig. 

é 4.25. 
MX, Rutile a-PbO2 e-Fe2N = 
MM 'Xq4 MgUO4 NiWO4 _ — 
M2M'X6 Trirutile, | Columbite, Li,ZrF¢ Na2SiF 6 

ZnSb206 (Fe, Mn)Nb320¢6 LigNbOFs NiU20¢6 

1Si 3Na 

2Si 3Na 

(b) 

FIG. 4.28. The structures of compounds M2M'X¢: (a) trirutile, (b) Lig ZrF6, (c) Na2Sil’¢. The 

open and filled circles represent M and M atoms in octahedral holes in a h.c.p. assembly of X 

atoms. Clear and shaded octahedra contain cations at heights 0 and c/2. The sketches at the 

right show the types of atoms between successive pairs of c.p. layers. 
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similar radii and can therefore occupy, for example, octahedral sites in a c.p. 

structure. If the sites occupied by M and M’ in MM’X, or M)M'Xg are those 

occupied by M in MX, the more complex structures may be described as 

superstructures of the simpler MX, structures. For example, MgUO, and ZnSb,0¢ 

are related in this way to the rutile structure. In NiWO, the octahedral sites 

between alternate pairs of c.p. layers in the a-PbO structure are occupied by Ni 

and W atoms, and in the columbite structure there is a more complex type of 

replacement: 

Pb; Pb; Pb; Pb. Ni; W;Ni;W. 5; Nb; Nb; jus Nb; No. 

In all of the structures of Table 4.7 one-half of the octahedral sites are occupied in 

a h.c.p. array of anions. In Fig. 4.24 we showed some simple ways of occupying 

sites to give formulae MX,, MX3, and M,X3; the NazSiF, structure illustrates yet 

another way of filling one-half of the octahedral interstices. Three of the M,M'X¢ 

structures are illustrated in Fig. 4.28. 

Close-packed structures with atoms in tetrahedral and octahedral interstices 

We have noted that all tetrahedral holes will not be occupied in hexagonal 

close-packing because they are too close together. If all octahedral and all 

tetrahedral holes are occupied in a cubic close-packed assembly the atomic 

positions are those of Fig. 9.7 (p. 357), where the small circles would be the c.p. 

atoms and the large open and shaded circles would represent the atoms in 

tetrahedral and octahedral holes respectively. It is the structure of BiLi3 and other 

intermetallic phases. Now although one-third of the Li atoms are in octahedral 

holes and two-thirds in tetrahedral holes in a c.c.p. of Bi atoms and consequently 

have respectively six octahedral or four tetrahedral Bi neighbours, these are not 

the nearest (or the only equidistant) neighbours. Each Li has in fact a cubic 

arrangement of eight nearest neighbours: 

. {8 Lig (cubic) at /3a/4 . { 4 Bi (tetrahedral) 
L 5 
116 Bi (octahedral) at a/2 ae Li; (tetrahedral) at /3a/4 

This is therefore an 8-coordinated structure and it is grouped with the NaTl and 

related structures in Chapter 29 (p. 1035). 

It is only in structures in which small proportions of the two types of hole are 

occupied that the nearest neighbours of an atom in a tetrahedral (octahedral) hole 

are only the nearest 4 (6) c.p. atoms. This is true, for example, in the spinel and 
olivine structures (Table 4.8). The CogSg structure is closely related to the spinel 
structure, which has 32 c.p. O atoms in the cubic unit cell. In CogSg there are 32 
c.p. S atoms with 4 Co in octahedral and 32 Co in tetrahedral holes; compare 
Co3Sq4 with a slightly distorted spinel structure, also with 32 S in the cubic unit 
cell, but 16 Co in octahedral and 8 Co in tetrahedral holes. The spinel structure is 
discussed in detail on p. 490; for the olivine structure see p. 811. An expanded 
version of part of Table 4.8 will be found on p. 619, where the structures of a number 
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TABLE 4.8 

Tetrahedral and octahedral coordination in close-packed structures 

Fractions of holes occupied Grasp: h.c.p. 

Tetrahedral Octahedral 
ete 

al 1 
; 8 AlyCoClg 

8 6 CrsOi2 1 I MgAl,0q Mz2SiO4 
- : (spinel) (olivine) 
8 4 CrVO4 

2 8 CooSg 

a 5) B-Ga,03 

of metallic sulphides are described, and in Chapter 5 we list some structures (not 
necessarily close-packed) in which there is tetrahedral and octahedral coordination 

of the same element. 

An alternative representation of close-packed structures 

In the foregoing treatment of structures emphasis is placed on the coordination of 

the atoms occupying the interstices in the c.p. assemblies. Except for certain of the 

‘tetrahedral’ structures of compounds MX and M3X, of Table 4.5 these are metal 

atoms, the c.p. assembly being that of the anions. As we point out elsewhere the 

determining factor in some structures appears to be the environment of the anion 

rather than that of the cation, and this is emphasized in an alternative representation 

of c.p. structures. 
Crystal structures may be described in terms of the coordination polyhedra MX,, 

of the atoms or in terms of their duals, that is, the polyhedra enclosed by planes 

drawn perpendicular to the lines M—X joining each atom to each of its neighbours 

at the mid-points of these lines. Each atom in the structure is then represented as a 

polyhedron (polyhedral domain), and the whole structure as a space-filling 

assembly of polyhedra of one or more kinds. We can visualize these domains as the 

shapes the atoms (ions) would assume if the structure were uniformly compressed. 

For example, h.c.p. and c.c.p. spheres would become the polyhedra shown in Fig. 

4.29. These polyhedra are the duals of the coordination polyhedra illustrated in 

Fig. 4.5. These domains provide an alternative way of representing relatively simple 

c.p. structures (particularly of binary compounds) because the vertices of the 

domain are the positions of the interstices. The (8) vertices at which three edges 

meet are the tetrahedral interstices, and those (6) at which four edges meet are the 

octahedral interstices. Table 4.9 shows the octahedral positions occupied in some 

simple structures; c.p. structures in which tetrahedral or tetrahedral and octahedral 

sites are occupied may be represented in a similar way. (For examples see JSSC 

1970 1 279.) 
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FIG. 4.29. The polyhedral domains 

for (a) hexagonal and (b) cubic 

closest packing, showing the six 

positions of octahedral coordi- 

nation around a c.p. sphere. The 
remaining vertices of the domains 

are tetrahedral sites. 



FIG. 4.30. Two close-packed AX3 
layers (full and dotted circles) 
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between the layers, for metal 
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Representation of c.p. structures by polyhedral domains 

CN. of Vertices Structure MXy 
occupied 
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4 2345 @AILOs 

DAS CaCl, 

h.c.p. structures 

(Fig. 4.29 (a)) 

6 12354 Si6 NaCl c.c.p. structures 

; 4 456 Sc.S3 (Fig. 4.29 (b)) oes ce 

: i i AG TiO» (anatase) 
, | dG YCl3 
ri ] 6 ReOQ3 

Structures built from close-packed AX layers 

We noted earlier that certain pairs of ions of similar size can together form c.p. 

layers AX3 and that of the two possible AX3 layers with non-adjacent A atoms 

only one is found in complex halides and oxides A,B,X3 ,. This layer (Fig. 

4.15(d)) can be stacked in closest packing to form octahedral X¢ holes between the 

layers without bringing A ions into contact. Figure 4.30 shows two such layers and 

the positions of octahedral coordination for the B atoms between the layers. The 

number of these X¢ holes is equal to the number of A atoms in the structure. All of 

these positions or a proportion of them may be occupied in a complex halide or 

oxide by cations B carrying a suitable charge to give an electrically neutral crystal 
A,B,X3,, where A and X are, for example, K* and F~, Cs* and Cl”, Ba* and O7, 
etc. The formula depends on the proportion of B positions occupied: 

all occupied ABX; 

two-thirds A3B 7X9 

one-half ABX¢ 

These fractions are, of course, respectively 4 J and h of the total number of 
octahedral holes if we disregard the difference between the two kinds of c.p. atom 
A and X. In A,BX¢ there are discrete octahedral BX, groups; in A3B Xo and 
ABX3 the X : B ratios show that X atoms must be shared between BX6 groups. A 
feature of the latter structures, which will be evident from Fig. 4.31, is that only 
vertices or faces of octahedral BX¢ groups are shared; this is in marked contrast to 
the edge-sharing found in many oxides and halides. This absence of edge-sharing is 
simply a consequence of the structure of the AX3 layers, as may be seen by 
studying models. When a third layer is placed on a pair of layers there are two 
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possible orientations of this layer, one leading to vertex-sharing and the other to 

face-sharing between BX, octahedra. 

All the c.p. layer sequences are possible for AX3 layers, and it is found that 

those most frequently adopted are the simplest ones having only one or two kinds 

of non-equivalent sphere, namely, those sequences which repeat after every 2, 3, 4, 

6, 9, or 12 layers. Examples of structures based on c.p. AX3 layers are included in 

the more general Table 4.4 (p. 134). Many compounds crystallize with more than 

one type of closest packing, for example, BaMnO3 with the 2, 4, and 9 layer 
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FIG. 4.31. At the left the plan shows the X atoms only of the c.p. AX3 layers in the relative 

positions A, B and C, and the sites between pairs of layers AB, BC, and CA for B metal atoms 

(small black circles) surrounded octahedrally by six X atoms. The elevation shows the layers 

(horizontal lines) viewed in the direction of the arrow. (a)-(m), diagrammatic elevations 

of c.p. structures A,B,X3, in which there is octahedral coordination of B by 6 X atoms: 
(a)-(d) ABX3, (e) and (f) low- and high-temperature forms of K2LiAIl’¢, (g)-(i) A3B2Xo9, 

(j)-(m) AzBXe6. 
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structures. In some cases this phenomenon is probably more accurately described as 

polytypism rather than polymorphism, as in the case of the very numerous 

polytypes of SiC and ZnS. For example, crystals of BaCrO3, which is only formed 

under a pressure exceeding 3000 atmospheres, have been shown to have 4-, 6-, 9-, 

14-, and 27-layer sequences of c.p. BaO3 layers. 

If all the octahedral X¢ holes are occupied by B ions there is only one possible 

structure (ABX3) corresponding to each c.p. sequence, but if fewer are occupied 

there are various possible arrangements of the B ions in the available holes. This is 

exactly comparable to c.p. structures for binary compounds, there being one 

structure (NiAs, NaCl, etc.) for each type of closest-packing if all the octahedral 

holes are occupied but alternative arrangements of the same number of cations if 

only a fraction of the holes are filled. 

We shall indicate here only structures with 2, 3, 4, and 6 layer sequences of c.p. 

layers, and for compounds A3B,X 9 and A,BX¢ we shall illustrate first only the 

simplest of the structures for each c.p. sequence. The possible structures may be 

derived in the following way. By analogy with the nomenclature for c.p. layers of 

identical spheres we call layers A, B, and C, these positions referring to the larger 

cell of the AX3 layer (Fig. 4.31). All A atoms of an A layer fall vertically above 

points such as A, those of a B layer over B and similarly for a C layer. A translation 
of d converts an A into a B layer, B into C, and C into A. In any sequence of these 
layers, stacked to form octahedral X¢ holes between the layers, the positions for 

FIG. 4.32. The crystal structure of CsCuCl3. 
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the B atoms in a compound ABX3 also lie above the positions A, B, or C. Between 

A and B layers they lie above C, between B and C layers above A, and between A 

and C layers above B. The positions of the B atoms may therefore be shown in 

elevations of the same kind as those of binary c.p. structures given earlier. 

ABX3 structures 

In these structures all the octahedral X¢ holes are occupied by B atoms. Figure 

4.31(a)-(d) shows the structures based on the layer sequences h, c, he, and hec. 

In the simple structure (a), with hexagonal closest packing of A+3X, the 

octahedral BX¢ groups are stacked in columns sharing a pair of opposite faces. This 

is the structure of CsNiCl,, BaNiO3, and Lil .3H,O (or ILi(H,0)3). A variant 

of this structure is adopted by CsCuCl3, in crystals of which the hexagonal 

closest-packing is slightly distorted (by a small translation of the layers relative to 

one another) so as to give Cu only four (coplanar) nearest neighbours and two more 

at a considerably greater distance completing a distorted octahedral group. The Cu 

atoms are not vertically above one another, as implied by the elevation of Fig. 

4.31(a) but are displaced a little off the axis of the chain of octahedra, actually in a 

helical array around a 6-fold screw axis (Fig. 4.32). 

The structure (b), with cubic close-packed A+3X atoms, is the perovskite 

structure. This is illustrated in Fig. 4.33 with an A atom at the origin showing part 

of a c.p. AX3 layer. It is more easily visualized as a 3D system of vertex-sharing 

BX. octahedra having B atoms at the corners of the cubic unit cell and X atoms 

midway along the edges, that is, as the ReO3 structure of Fig. 5.18(a) (p. 173) with 

the A atom added at the body-centre of the cell. The ideal (cubic) perovskite 

structure (or a variant with lower symmetry) is adopted by many fluorides ABF3 

and complex oxides ABO3; it is discussed in more detail in Chapter 13. 

The structure (c) is adopted by the high-temperature form of BaMnO3. The 

MnO, octahedra are grouped in pairs with a face in common, the pairs are linked 

together by sharing vertices. 
The 6-layer structure (d), with single and also face-sharing pairs of BX¢ 

octahedra, is that of hexagonal BaTiO3 and CsMnF3. 

The basic structures (a)-(d) can be utilized by compounds with more complex 

formulae in a number of ways. The complex halide with empirical formula CsAuCl3 

is actually CsA AW Cle It has a very distorted perovskite structure in which 

there are linear (Cl—Au!-Cl)~ and square planar (Au!!C],)~ ions; it is described in 

Chapter 10. The fluoride K,LiAIFg has two enantiotropic forms. In the 

low-temperature form the Lit and Al** ions occupy in a regular manner the B 

positions of the perovskite structure, (b); this superstructure is the cryolite 

structure. The high-temperature form is a superstructure of the simple 6-layer 

structure (d). Elevations of these two superstructures are shown in Fig. 4.31(e) and 

(f). A much more complex variant of the 6-layer structure may be mentioned here 

though it is not built exclusively of c.p. AX3 layers. In BaTi;O,, the layers are of 

two kinds, some consisting entirely of oxygen (Og in the unit cell) and others in 

which one-eighth of the O atoms are replaced by Ba (giving the composition BaO7). 

There is room for 4 Ti between a BaO, and an Og layer but only for 2 octahedrally 

les 

FIG. 4.33. The perovskite struc- 
ture of RbCaF3 showing a Gis 
ion (small circle) surrounded by 

six F- ions and a layer of close- 
packed Rb* and F ions (large 
shaded and open circles respect- 

ively). 
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coordinated Ti atoms between BaO, layers, so that the structure may be 

represented diagrammatically 

(BaO 7) . BaO, O3 BaO, BaO, Og BaO, a (BaO,) BagTir9044 

Tis ASTi oe 4eti 2aNi aT ALTE PANES BaTi,O,, 

References to some of the structures mentioned are included in the summarizing 

Table 4.4 (p. 134); others are included in later chapters. 

A3B, Xo structures 
. 

In these structures B atoms occupy two-thirds of the X¢ holes. Elevations of 

structures with not more than six layers in the repeat unit are shown in Fig. 4.31, 

(b) 

FIG. 4.34. The crystal structure of Cs3Tl Clo (see text). 

(g)-(i). The structures (g) and (i) contain complex ions B,Xg consisting of two 

BX. octahedra sharing a face. Structure (i) is that of K,W,Cl,. The simpler 

structure (g) is not known, but Cs3Tl,Clg has a closely related structure (with 

hexagonal closest packing of A +3 X) but a more uniform spatial distribution of 

the T1,Clj” ions. In Fig. 4.34 the broken lines indicate the unit cell to which the 

structures of Fig. 4.31 can be referred. In structure (g) the Tl,Cl3 ions would lie 

on lines (perpendicular to the plane of the paper) through all the small black circles 

and would be at the same heights on each line, as in the elevation (b). The more 

uniform distribution shown in the elevation (c) is that found in Cs3Tl,Clo. The 

structure (h) consists of corrugated layers, shown in plan in Fig. 4.35, formed from 

octahedra sharing three vertices with three other octahedra. No example of this 

FIG. 4.35. Octahedral AyXo layer. structure is known, but a variant is adopted by Cs3As Clg. The AsCl¢ groups are 
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distorted so that there are discrete AsCl, molecules embedded between Cs* and Cl” 
ions rather than an As,Cl3_ ion formed from regular octahedral AsCl, groups. 

A,BX¢ structures 

These arise by filling one-half of the available X¢ holes in the c.p. stacking of AX, 
layers. Elevations of the structures with h, hc, and hec layer sequences are shown in 
Fig. 4.31 ()-(m). In all these structures there are discrete BX¢ ions. Numerous 
examples of the first three structures, the trigonal K,GeF, (Cs,PuCl¢), the cubic 
K,PtCl., and the hexagonal K,MnF,¢ structures, are given in Chapter 10, where the 
first two structures are illustrated. The structures of complex halides and oxides 
ABX3, A3B2 Xo, and A,BX¢ are summarized in Table 4.10. 

TABLE 4.10 
Structures based on close-packed AX; layers 

Layer Fraction of octahedral X¢ holes occupied by B atoms 
sequence Symbol 

All 2 L 

ABX3 A3B 2X9 A BX6 

CsNiCl3 (Cs3T]2Clo] K GeF¢ 
BaNiO3 (see text) Cs2Pucle 

CsCuCl3+ (g) GQ) 
(a)t 

Als Coens Oxides ABO3 Cs3As2Clot 

RbCaF3 (h) 
CsAuCl3+ 

(b) (e) 

ABAC... High-BaMnO3 
(c) 

ABCACB... BaTiO3 (hexag.) 
CsMnF3 

(d) (f) 

+ Distorted variants of ideal c.p. structure. 
+ The inset letters refer to Fig. 4.31. 
§ There is no A3B Xo structure with ABAC... packing. 

This account of these structures has been based on the mode of packing of the 

c.p. layers. For the alternative description in terms of the way in which the 

octahedral BX, groups are joined together by sharing X atoms, see Chapter 5S. The 

structures based on cubic closest-packing are normally illustrated and described in 

terms of the cubic unit cell. We noted earlier that the cryolite structure is a 

superstructure of perovskite; the relation between the perovskite, cryolite, and 

K,PtCl¢ structures is described in Chapter 10 (p. 388). 
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a 
FIG. 5.2. (a) Tetrahedron viewed 

along line perpendicular to face or 

line joining mid-points of opposite 

edges. (b) Octahedron viewed along 
lines joining opposite vertices, mid- 

points of opposite edges, and mid- 
points of opposite faces. (c) 

Various projections of a pair of 

octahedra sharing an edge. (d) 

Projection of a pair of octahedra 

sharing a face. 

5 

Tetrahedral and Octahedral Structures 

Structures as assemblies of coordination polyhedra 

Diagrams of crystal structures, particularly complex ionic structures, may be simpli- 

fied by using a ‘shorthand’ notation analogous to be the organic chemist’s use of the 

hexagon to represent a benzene ring. This may be illustrated by a 2D analogy. 

Suppose that in a compound AX, each A atom is bonded to four X atoms and that 

all the X atoms are equivalent. It follows that each X must be bonded to two A 
atoms, as in the simple examples of Fig. 5.1(a). Instead of showing all the A—X 

| | 
mes 

SS hp SS x x K 

| Ne 
Poe ya 

—X—A— X— A — X— 

‘ade 
| | (a) 

(b) 

FIG. 5.1. Representation of AX structures (a) as assemblies of AXq4 coordination groups (b). 

bonds we may simplify the diagrams by representing the AX4 groups as Squares 
(Fig. 5.1(b)) which are linked by having edges or corners in common. The lines no 
longer represent chemical bonds. Square planar coordination groups are uncommon, 
and we are normally concerned with polyhedral groups AX, particularly tetrahedral 
AXq and octahedral AX, groups. In illustrations of crystal structures these will 
appear in various orientations and it is important that the reader should recognize 
these polyhedra when viewed in a number of directions. Figure 5.2 shows projections 
of a tetrahedron and octahedron and also projections of a pair of octahedra sharing 
one edge or one face. 

In this ch 
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from the two most important coordination polyhedra, the tetrahedron and 

octahedron, by sharing vertices, edges, or faces, or combinations of these 

polyhedral elements. With regard to the sharing of X atoms between AX, 

coordination groups the convention adopted is that if an edge is shared its two 

vertices are not counted as shared vertices, and similarly the three edges and three 

vertices of a shared face are not counted as shared edges or vertices. The treatment 

will be essentially topological, that is, we shall be primarily concerned with the way 

in which the coordination polyhedra are connected together rather than with the 

detailed geometry of the systems. However, interatomic distances and interbond 

angles are of great interest to the structural chemist though they are usually 

discussed without reference to certain basic geometrical limitations which we shall 

examine first. 

In descriptions of the structures of ionic crystals it is usual to point out that the 

sharing of edges and more particularly of faces of coordination polyhedra AX,, 

implies repulsions between the A atoms which lead, for example, to shortening of 

shared edges and to the virtual absence of face-sharing in essentially ionic 

structures. There are also, however, purely geometrical limitations on the interbond 

angles A—X—A at shared X atoms even if only vertices are shared, and these are 

clearly relevant to discussions of such angles in crystalline trifluorides with the 

ReO3 or FeF3 structures or in the cyclic tetramers M4Fy9 of certain penta- 

fluorides. 

Limitations on bond angles at shared X atoms 

It is convenient to consider first the angle A~X—A at an X atom shared between 

two regular tetrahedra or octahedra. This atom may be a shared vertex or it may 

belong to a shared edge or face, so that there are six cases to consider. If tetrahedra 

or octahedra share a face the system is invariant and the angle A~X—A has the 

value F in Fig. 5.3(a) or (b). For edge- or vertex-sharing there is in each case a 

maximum value of the angle A~X—A (points & and V for edge- and vertex-sharing 

je Beas V’ V 

0° 39° 66—703° 102° 180° 

(a) 

F E V’ V 
LLL 

703° 90° 132° 180° 

(c) Angle A—X—A 

(b) 

FIG. 5.3. Angles A—X—A for (a) tetrahedra AX4 or (b) octahedra AX¢ sharing a face (F), an 

edge (E), or a vertex (V). (c) Restriction on distance between X atoms of different polyhedra 

(see text). The values given for certain of these angles are approximate. More precise values of 

those which are not directly derivable from the geometry of the polyhedra are: EF = 65°58 
Ul 

(cos 11/27), Vietr, = 102°16 [cos (—17/81)], and Voce, = 131°48' (2 sin“ 5/6). 

Sy7/ 
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respectively) corresponding to the fully extended systems with maximum separa- 

tion of the A atoms (centres of polyhedra). However, there is freedom to rotate 

about a shared edge or vertex which reduces this distance and also reduces the 

distance (x) between X atoms of different polyhedra (Fig. 5.3(c)). The minimum 

value of the angle A~X—A therefore depends on the lower limit placed on x. If we 

suppose that x will not be less than the X—X distance in AX4 (or AXg), that is, the 

edge-length /, we calculate the lower limits shown in Fig. 5.3 as E” and V’. In the 

tetrahedral case the range EE’ is small and we shall neglect it. 

From the A—X—A angles we may calculate the distance between the centres of 

the polyhedra (A—A) for face-, edge-, or vertex-sharing. These distances may be 

expressed in terms of either the edge-length X—X or the distance A—X from centre 

to vertex (bond length); both sets of values are given in Table 5.1. They illustrate 

the increasingly close approach of A atoms as edges or faces are shared; sharing of 

faces by tetrahedral coordination polyhedra does not occur, and sharing of faces 

by octahedral coordination groups is confined to a relatively small number of 

structures. 

TABS ES Set 

The distance (A—A) between centres of regular AX4 or AX¢ groups 

sharing X atoms 

In terms of X—-X In terms of A—X 

Vertext Edge+ Face Vertex} Edge; Face 

Tetrahedron 2 : 

Octahedron 1-4 2-00 1-41 1-16 

+ Maximum value 

The angular range of A~X—A in Fig. 5.3(b) corresponds closely to the observed 
—F— bond angles in trifluorides of transition metals with ReO3- or RhF3-type 
structures and in cyclic MqF 9 molecules of transition-metal pentafluorides. In the 
MnF, layer of BaMnF, values of the angle Mn—F—Mn close to both the extreme 
values of Fig. 5.3(b), namely, 139° and 173°, are observed for the two kinds of 
non-equivalent F atom (Fig. 5.15(d), p. 170). Of more interest is the gap between 
90° and 132°, from which the following conclusions may be drawn: 
4) In the rutile structurethere cannot be both regular octahedral coordination 

of A and planar equilateral coordination of X, for the latter would require the angle 
A—X—A to be 120°. 

(ii) In the corundum structure (a-Al,03) there cannot be both regular 
octahedral coordination of Al and also regular tetrahedral coordination of O; the 
value 1094° occurs in the gap between FE and V’ (Fig. 5.3(b)). On this point see 
also p. 216. 

(iii) The fact that the minimum value of A~X—A for vertex-sharing is greater 
that 120° implies that if three (or more) octahedra meet at a point at least one edge 
(or face) must be shared. We shall see that edge-sharing is a feature of many 
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octahedral structures and arises in structures of compounds AX,, if n < 2 for this purely geometrical reason; it may, of COME OCCURED) 
It should be emphasized that the validity of conclusion (iii) rests on our 

assumptions (a) that the distance of closest approach of X atoms of different 
vertex-sharing octahedra (x in Fig. 5.3(c)) may not be less than the distance X—X 
within an octahedron, and (b) that the octahedra are regular. Structures in which 
three octahedra share a common vertex but no edges or faces contravene (a) and/or 
(b). 

(a) If x is less than the edge length X—X it is, of course, possible for three 
octahedra to meet at a point with only a vertex in common. This situation arises in 
the trimeric chromium oxyacetate ion in [OCr3(CH3COO),(H20)3] Cl. 6 HO (AC 
1970 B26 673), in which the acetato groups bridge six pairs of vertices (Fig. 5.4).+ 
The shortest O—O distances within the octahedral CrO.g groups lie in the range 
2:63-2:90 A, but O—O in the acetato group is only 2:24 A. 

FIG. 5.4. The ion 

[OCr3(OOC . CH3)¢ (H20)3] *. 

(b) It might have been expected that there would be a simple 3D AX, 

structure in which AX¢ octahedra share only vertices and each vertex is common to 

three octahedra—contrast the rutile structure, in which each AX¢ shares edges and 

vertices. Such a structure is not possible unless there is appreciable distortion of the 

octahedra and/or close contacts between vertices of different octahedra; in this 

connection see the discussion of the structures of AgF,, PdS,, and HgO, on p. 223. 

The maximum number of polyhedra with a common vertex 

There are two other geometrical theorems that we shall state without proof, 

namely, that the maximum number of regular tetrahedra that can meet at a point is 

eight, and the maximum number of regular octahedra that can meet at a point is 

six, assuming in each case that the distance between X atoms of different polyhedra 

is not less than the edge-length of the polyhedron. The numbers of these polyhedra 

+ In this chapter references to the literature are given only for compounds which are not 

described in other chapters. 
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are, of course, the numbers of tetrahedral and octahedral interstices surrounding 

a sphere in a closest packing of equal spheres. Accordingly there are two 

arrangements of six regular octahedra AX¢ (plus eight regular tetrahedra AX4q) 

meeting at a common vertex, corresponding to h.c.p. and c.c.p. X atoms. In the 

h.c.p. case each octahedron shares two edges and one face and in the c.c.p. case 

four edges with other octahedra of the group of six with the common vertex. In 

cubic closest packing the eight tetrahedral holes are separated by the six octahedral 

holes, but in hexagonal closest packing six of the tetrahedral holes form three 

face-sharing pairs. These three larger ‘double tetrahedral’ holes offer the possibility 

of inserting three more octahedra with the central X atom as common vertex, and 

hence the possibility of having up to nine (suitably distorted) octahedra meeting at 

a common vertex. Of these nine octahedra six would share three faces and two 

edges and three would share four faces with other octahedra of the group of nine 

octahedra. 

These considerations are relevant to the existence of structures A,X 3 of 9: 6 

coordination and structures A3Xq of 8 : 6 coordination, in which respectively nine 

and eight XA¢ groups would meet at each A atom (assuming equivalence of all A 

and of all X atoms). No structure of the former type is known, but Th3P, is of the 

latter type. Evidently regular octahedral coordination of X is not possible, and 

moreover there must be considerable face-sharing between the XAg¢ coordination 

groups. Accordingly we find that in Th3P, one-half of the (distorted) octahedral 

PTh¢ groups share two faces (and three edges) and the others share three faces (and 

one edge) with other octahedra meeting at the common Th atom. It should be 

emphasized that the numbers of shared edges and faces given here are those shared 

with other octahedra belonging to the group of six, eight, or nine octahedra 
meeting at the common vertex; the numbers of edges and faces shared by each 
octahedron in the actual crystal structure will, of course, be greater. Some other 
consequences of these theorems are discussed in later chapters. They have a bearing 
on the stability (and therefore existence) of certain oxy-salts (p. 276), nitrides (p. 
225), and cation-rich oxides (p. 278). 

We now survey structures built from tetrahedra and octahedra. A survey of the 
kind attempted in this chapter not only emphasizes the great number and variety of 
structures arising from such simple building units as tetrahedra and octahedra but 
also draws attention to: 

(a) the unexpected complexity of the structures of certain compounds for 
which there are geometrically simpler alternatives, for example, the unique layer 
structure of MoO3 may be contrasted with the topologically simpler ReO; 
structure, 

(b) the lack of examples of compounds crystallizing with certain relatively 
simple structures, which emphasizes the fact that the immediate environments of 
atoms are not the only factors determining their structures—note the non-existence of 
halides AX, with the atacamite structure, 

(c) the large number of geometrically possible structures for a compound of 
given formula type (for example, AXq), knowledge of which is necessary for a 
satisfactory discussion of any particular observed structure, 
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(d) the importance of the coordination group around the anion. 

We may perhaps remind the reader at this point of the general types of 
connected system which are possible when any unit (atom or coordination group) is 
joined to a number (p) of others: 

WS} RSP AS! Name (Uo, TR) iS 

Tetrahedral structures 

dimer only, 

closed ring or infinite chain, 

finite (polyhedral), 1-, 2-, or 3D systems. 

TOANIBILIE 5.2 

Tetrahedral structures 

Formula Type of complex Examples 

Number of Vertices only shared 
shared Vertices common to two tetrahedra 

vertices 

] A2X7 Finite molecule or 

pyro-ion C1,07, $203, etc. 

2 (AX3)y Cyclic molecule $309, SeqgO 12 . (PNCI2), 
Or meta-ion, (P40 42)45 (Siz09)°-, 

infinite chain (SO3),, (PO3)7 

3 (A2X5)y Finite polyhedral, P4040 

double chain, Al[ AlSiOs | 
layer or P20s, Li9S1.05 

3D structure P05, Laz[Be20s ] 

4 (AXa)n Layer, Hgl, (red) 
double layer, or CaSizA120g (hexag.) 

3D structure SiO, structures, GeS 

Vertices common to three tetrahedra 

3 (AXd)n Infinite layer A1OCI, GaOCl 

Edges only shared 

Edges common to two tetrahedra 

Number of 

shared 

edges 

1 A2X6 Finite dimer AloCle, FeaCle 

Z (AXd)n Infinite chain BeCly, SiS2, Be(CH3)2 

3 (A2X%3)n Infinite double chain Cs(Cuz Cl3) 

4 (AX), Infinite layer LiOH, PbO 

6 (A2X)y 3D structure Li,O, F2Ca 

Vertices and edges shared 

(AX)n Double layer La203, Ce2O2S, UzN2Sb 

(AX) y, 3D structure B-BeO 
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(a) AX; 

(b) A,X, 

FIG. 5.5 Portions of infinite 

chains in which all tetrahedra share 

(a) two, (b) three vertices. 

Tetrahedral and Octahedral Structures 

The most numerous and most important tetrahedral structures are those in which 

only vertices are shared. The sharing of faces of tetrahedral groups AX4 would 

result in very close approach of the A atoms (to 0-67 AX or 0-41 XX, where XX is 

the length of the tetrahedron edge) and a very small A~X—A angle (38° 56’ for 
regular tetrahedra) and for these reasons need not be considered. 

Tetrahedra sharing vertices only 

When a vertex is shared between two tetrahedra the maximum value of the A—A 

separation is 2 AX, for collinear A~X—A bonds, but a considerable range of 

A—X~—A angles (102° 16’- 180°) is possible, consistent with the distance between X 
atoms of different tetrahedra being not less than the edge-length of the tetrahedron. 

Observed angles in oxy-compounds are mostly in the range 130-150°, though 

collinear O bonds apparently occur in ZrP,O, and Sc,Si,07. 

In most structures each X atom is common to only two tetrahedra, and if all the 

tetrahedra are topologically equivalent (that is, share the same number of vertices in 

the same way) the formulae are A7X7, AX3, A,X5, and AX, according to whether 

1, 2, 3, or 4 vertices are shared (Table 5.2). The first group includes Cl,O7 and the 

pyro-ions S,04~ etc. and the second group contains cyclic and infinite linear 

molecules (AX3), and the meta-ions of the same types. The AX3 chain is 

illustrated in Fig. 5.5(a). If three vertices of each tetrahedron are shared the 
possible structures include finite polyhedral groups such as P40; 9 (Fig. 3.1, p. 57) 
and infinite systems of which the simplest is the double chain of Fig. 5.5(b). 
Examples of 2D and 3D systems are included in Chapter 3 under 3-connected nets. 
The sharing of four vertices leads to layer, double layer, or 3D structures, and these 

FIG. 5.6. Tetrahedral AX, layers: (a) Hegl2 (red), (b) SrZnO. 
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also are described in Chapter 3 under plane and 3D 4-connected nets. Two 
configurations of the simple AX, layer formed from tetrahedra sharing four 
vertices are shown in Fig. 5.6. In SrZnO, (Fig. 5.6(b)) the layer is the anion, and 
the Sr?* ions are accommodated between the layers. A multiple unit consisting of 
four tetrahedra, each sharing three vertices, has the composition A4X,9 and 
represents the idealized structure of the P4O,9 molecule (Fig. 3.1(b)). Such a unit 

is topologically equivalent to a single tetrahedron since it can link to four others by 

sharing the four remaining vertices. Any structure that can be built of AX4 

tetrahedra sharing vertices with four other tetrahedra can therefore be built of these 

A4Xjo units, and the structure has the composition AX,. A structure of this kind 

has been derived for an orange form of Hgl,, built of layers related in this way to 

the simple layers of red Hgl,. 

For SiO, structures and aluminosilicates see Chapter 23. 

The examples of Table 5.2 are restricted to systems in which all the tetrahedra 

are topologically equivalent. In finite linear systems consisting of more than two 

tetrahedra the terminal AX4 groups share only one vertex but the intermediate 

tetrahedra share two vertices. In such hybrid systems the X: A ratio lies between 

34 and 3, as in the P3035 and $3079 ions. Similarly there are chains in which some 

tetrahedra share two and others three vertices, as in the double-chain ions with 

X: A ratios between 3 and 24 found in some silicates (Fig. 5.7(a) and (b)). The 

X: A ratio falls to values between 25 and 2 if some of the tetrahedra share three 

and the remainder all their vertices, as in the layer of Fig. 5.7(c). This interesting 

layer is found in a number of compounds isostructural with melilite. Ca,MgSi,0, 

(Ca,SiAl,0O,, Ca,BeSi,07,, Y,SiBe,O,). In the A3X, layer the tetrahedrally 

coordinated atom is Si, Al, Be, or Mg, and the larger Ca or Y ions are in positions of 

8-coordination (distorted antiprism). This layer is based on one of the (3,4)- 

connected pentagon nets mentioned on p. 72. For a more complex A3X, layer 

see Na,Si307 (p. 819). 

Because SiO, tetrahedra can share any number of vertices from none, in the 

orthosilicate ion (SiO,)*~ to four, in SiOz, the extensive oxygen chemistry of 

silicon provides examples of all types of tetrahedral structures. Their variety is 

(a) A,Xy (b) AgXi5 

FIG. 5.7. (a) and (b) Portions of infinite chains in which some tetrahedra share two and others 

three vertices. (c) Portion of A3X7 (melilite) layer in which some tetrahedra share three and 

others four vertices. 
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considerably increased owing to the fact: that Al may replace Si in some of the 

tetrahedra, leading to the aluminosilicates which account for most of the 

rock-forming minerals and soils. The only element rivalling silicon in this respect is 

germanium (the eka-silicon of Mendeleef) which has been shown to form oxy-salts 

analogous to all the families of silicates (or aluminosilicates). 

In the structures we have considered above a shared vertex is common to two 

tetrahedra only. One structure in which each shared vertex is common to three 

tetrahedra is that of AIOCI (and the isostructural GaOCl); the layer is illustrated in 

Fig. 10.16 (p. 408). 

Tetrahedra sharing edges only 

When edges of tetrahedral AXq groups are shared the maximum A—A separation is 

1-16 AX (or 0-71 XX), and a small variation in the A-X—A is possible (66°-704°) 
if we assume that X atoms of different tetrahedra may approach only as closely as 

within a tetrahedron. Edge-sharing between tetrahedral groups is not found in the 

more ionic crystals other than the fluorite and antifluorite structures, which may be 

described in terms of edge-sharing FCa, and LiO, groups. Here the edge-sharing is 

an unavoidable feature of the geometry of the 4:8 coordinated structure. 

Examples of edge-sharing tetrahedral structures are included in Table 5.2. They 

include the dimeric molecules AX. of certain halides (other than fluorides) in the 

vapour state and in some crystals, the corresponding infinite chain formed by 

sharing of opposite edges of each tetrahedron (BeCl, etc.), the double chain in a 

number of complex halides (CsCuzCl3), and the layers in crystalline LiOH and 

PbO; the latter are described in Chapter 3 under plane 4-connected nets. We have 

included in Table 5.2 the infinite double layers of composition (AX), in which each 

tetrahedral group shares 3 or 4 edges. They are known only as integral parts of the 

3D La,03,Ce202S, and U,N.Sb structures, and are illustrated in Fig. 28.9 (p. 1005). 

Tetrahedra sharing edges and vertices 

The sharing of edges and vertices of tetrahedral groups in a given structure is rare. 

An example is the 3D structure of the high-temperature form of BeO, in which 

pairs of edge-sharing tetrahedra are further linked into a 3D structure by sharing the 

four remaining vertices. 

Octahedral structures 

The greater part of this survey of octahedral structures will be devoted to systems 

which extend indefinitely in one, two, or three dimensions. However, in contrast to 

the limited number of types of finite complex built from tetrahedral groups the 
number of finite molecules and complex ions formed from octahedral units is 
sufficient to justify a separate note on this family of complexes. In our survey of 
infinite structures we shall deal systematically with structures in which there is 
sharing of vertices, edges, faces, or combinations of these elements. We shall not 
make these subdivisions for finite structures, which will simply be listed in order of 
increasing numbers of octahedra involved. 

164 



Tetrahedral and Octahedral Structures 

Some finite groups of octahedra 

Some of the simpler octahedral complexes are illustrated in Fig. 5.8 and some 

examples are included in the more comprehensive Table 5.3. We comment here on 

only a few of these complexes. 

(e) 

(1) (m) 

FIG. 5.8. Finite groups of octahedra of Table 5.3. 

Further examples of the A Xj group of Fig. 5.8(b) include: 

OH OH OH O 

The A3X 2 and AqX,6 complexes represent the structures of the trimeric Ni and 

tetrameric Co acetylacetonates (Fig. 5.9); the coordination groups around the metal 
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TABEB 2.3 

Finite groups of octahedra 

Fig. 5.8 Formula Examples 

30 += 4- 
(a) A2X9 Fe2(CO)9, W2Clo ThClo , 1209 

(b) A2X10 Nb2Clo, Mo2Clho, U2Clo 5H 

(c) A2X41 (Nb2Fj1) , [(NH3)5Co 2 NH) 5 Co(NH3)5 | 

(d) A3X12 [| Ni(acac)]3, Co3L6 (see text) 

(e) A3X13 
(f) A3X14 
(g) A3X15 
(h) A4X16 [T100C2H5)a]4 

(i) A4X16 [Co(acac)2]4 

GQ) A4X16 
(k) AgX17 La 

() AqgXig [Co4(OH)6(NH3)12] 

(m) A4X20 Mo4F 20, W404F 16 

More complex groups 

Number of Examples 

octahedra 

Number of Examples 

octahedra 

6 Nb,035 PWis0k09.. HaCogMooOrs 
al Mo7084 MnNb,2042- , CeMo,2085 
8 Mog036 P2W 18062 
9 Mng0$> 
10 V 10038 

i ut 
Cc G 

BAT RS H,C Se Ne 
[Ni(acac),], [Co(acac),], 

represents 

3 

FIG. 5.9. The molecules [Ni(acac),] 3 and {Co(acac)9 ] 4. 
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atoms consist of O atoms of CH3CO .CH.CO.CH3 ligands. In the Co3L 
complex of Table 5.3) L represents the ligand (CjHs0),PO .. CH. CO. CH, 
shown at the right. The A4X,¢ complex of Table 5.3 consists of an Setahearil 
Co(OH), group sharing three edges with Co(OH)2(NH3)4 groups. This ion is 
enantiomorphic, and is of special interest as the first purely inorganic coordination 
complex to be resolved into its optical antimers. Somewhat unexpectedly the ion 
[Cr4(OH)¢eng]°* (where en is ethylene diamine, HyN . CH, . CH, . NH), which 
might have had the same structure as the Co ion [Co,(OH)¢(NH3),]°* has the 
quite different structure of Fig. 5.10?) with edge- and vertex-sharing octahedra. It 

FIG. 5.10. The ion 

[Cr4(OH)¢(en) 6] °*. 

is interesting that the simple A,X,6 unit of Fig. 5.8(j) is not known as a finite 
oxy-ion in solution or as a molecule. It has cubic (43 m, Tz) symmetry and arises 
by adding a fourth octahedron below the centre of the unit (e). Each octahedron 
shares three edges, and the octahedra enclose a tetrahedral hole at the centre. This 

unit does, however, occur in a crystalline tungstate noted on p. 433. 

Two 3-octahedra units of type (e) may be joined by sharing one more edge (the 

broken line in Fig. 5.11) to form the centrosymmetrical 6-octahedra unit which 

would have, in the simplest case, the composition AgX 4. The vertices shown in 

Fig. 5.11 as shaded circles are common to three octahedra. These are OH groups, 

the open circles represent H,O molecules, and the remaining twenty vertices are 

occupied by ten bidentate ligands CF3.CO.CH.CO.CH3; (L) in the complex 

Ni¢L; 0(OH)2(H20),‘°—an interesting example of a comparatively complicated 

formula arising from an essentially simple system of six edge-sharing octahedra. 

Certain elements, notably V, Nb, Ta, Mo, and W, form complex oxy-ions built 

from larger numbers of octahedral coordination groups. Examples are included in 

Table 5.3. In the heteropolyacid ions such as PW, 049 and P;W,g0%5 P atoms 

occupy the tetrahedral holes at the centres of the complexes. These more complex 

oxy-ions are described in Chapter 11. 

Infinite systems of linked octahedra 

Of the indefinitely large number of structures that could be built from octahedra 

sharing vertices, edges, and/or faces, a large number are already known, and a 

complete account of octahedral structures would cover much of the structural 
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FIG. 5.12. Four ways of selecting 
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FIG. 5.14. Selection of (a) three, 
(b) and (c) six edges of an octa- 

hedron. 
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chemistry of halides and chalconides. The number of octahedral structures is large 

because (a) an octahedron has six vertices, eight faces, and twelve edges, various 

numbers of each of which can be shared, and (b) there are numerous ways of 

selecting, for example, a particular small number of edges from the twelve available. 

Figure 5.12 shows four ways of selecting four edges. Moreover, it is not necessary that 

all the octahedra in a structure are topologically equivalent, that is, share the same 

numbers and arrangements of vertices, edges, and/or faces. It may be assumed that 

all octahedra are topologically equivalent in the simpler systems we shall describe 

unless the contrary is stated. (Some comparatively simple octahedral complexes 

containing non-equivalent octahedra include the [Na(H,O),4]%)* chain in borax, in 

which alternate Na(H,O)¢ octahedra share a pair of opposite or non-opposite 

edges, and the Al3F 14 layer in Nas Al3F,4, in which some AIF¢ octahedra share 

four and the remainder two vertices.) 

It is important to distinguish between the topological equivalence of the 

octahedra and the equivalence or otherwise of the X atoms (vertices). In the group 

of four octahedra of Fig. 5.13(a) there are two kinds of non-equivalent octahedron: 

A (sharing two edges), and B (sharing three edges). There are three kinds of 

non-equivalent X atom, belonging to 1, 2, and 3 octahedra respectively. If this 

group is extended indefinitely in the directions of the arrows to form the ‘double 
chain’ of Fig. 5.13(b) all the octahedra become equivalent but there are still three 
kinds of non-equivalent X atoms belonging, as before, to 1, 2, or 3 octahedra. In some 
of the simplest structures (for example, rutile, ReO3) all the X atoms are in fact 
equivalent, but in MaO3, for example, there are three kinds of non-equivalent 
oxygen atoms. 

We may distinguish as a special set those structures in which all the octahedra are 
equivalent and each X atom belongs to the same number of octahedra, two in the 
AX3 and three in the AX, structures. The simplest structures of this type are those 
in which each octahedron shares 

(i) 6 vertices with 6 other octahedra AX3 
(ii) the 3 edges of Fig. 5.14 (a) AX3 
(iii) the 6 edges of Fig. 5.14 (b) or 

the 6 edges of Fig. 5.14 (c) AX, 
(iv) 2 opposite faces AX; 

We shall see later that (i) and (ii) correspond to families of related structures while 
(iii) and (iv) produce a single structure in each case. In addition to these structures 
in which octahedra share only vertices, edges, or faces, there are structures in which 
vertices and edges are shared in which all the octahedra and all the X atoms are 
equivalent. The rutile structure is a simple example—others are described later. 

Octahedral structures may be classified according to the numbers and arrange- 
ments of shared vertices, edges, and/or faces (Table 5.4), and this systematic 
approach is adopted in MSIC. Here also it will be convenient to relate our treatment 
to the main classes of Table 5.4, dealing first with structures in which only vertices 
or only edges are shared and then proceeding to the more complex structures. 
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TAB EESS 24 
Infinite structures built from octahedral AX groups 

Vertices only shared 

2 AXs chains: 
CISa VFs, CrFs5 

trans: BiF 5, (CFs)? ~, «-UFs 
4 AXg layers: 

cis: BaMnF4 
trans: SnF 4, KyNiF 4 

6 AX3 frameworks: 

ReO3, Sc(OH)3, 
FeF3 etc., 

Perovskite, 

W bronzes, 

pyrochlore 

Vertices and edges shared 

AX3, A3Xg, A2Xs layers (V oxyhydroxides) 

AX, frameworks 

Rutile structure 

a-AlO .OH 
Eu 304 

CaTi2zO4 
a-MnO, (Table 5.5) 

BeY 04 

AX3 layer: MoO3 
AX3 framework: CaTa20¢ 

Edges only shared 

NO AX4 chains: TcCla, NblIg 

3 AX3 layer: YCl3, Bil3 
4 AX3 double chain: NH4CdCl3 

AX3 layer: NH4HgCl3 

A3Xg layer: Nb3Cleg 

6 AX) layer: CdIy, CdCly 
AX, double layer: MOCI, y-MO . OH 

AX) framework: Cu2(OH)3Cl 

Vertices, edges, and faces shared 

a-Al,03 (corundum) 

y-Cd(OH)2 

Vertices and faces shared 

ABO; structures: hexagonal BaTiO 3; high-BaMnO3, BaRuO3 (Table 5.6) 

Faces and edges shared 

Nb3S4 

Faces only shared 

2 AX3 chain: Zrl3z, Ba NiO3, Cs NiCl3 
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Octahedra sharing only vertices 

We noted earlier that the number of regular octahedra that can share a common 

vertex without sharing edges or faces is limited to two, assuming that the distance 

between any pair of non-bonded X atoms of different AX¢ groups is not less than 

the edge-length, X—X, taken to be the minimum van der Waals distance. If each 

vertex that is shared is common to two octahedra only, there is a simple relation 

between the formula of the structure and the number of shared vertices (X atoms): 

Number of shared vertices 2 4 6 

Formula AX; AX, AX3 

The finite A,X,, group, in which one vertex is shared, has been illustrated in Fig. 

5.8(c). Examples are not known of structures in which all octahedra share three 

vertices; for a layer of this kind see Fig. 4.35, p. 154. The only example of 

octahedra sharing five vertices is the double layer of TiO, octahedra in Sr3Ti,07. 

(b) (c) (d) 

FIG. 5.15. Octahedra sharing cis vertices to form (a) cyclic tetramer, (b) the cis chain. (c) 

Octahedra sharing trans vertices to form the trans (ReO3) chain. (b) and (c) also represent 
end-on views (elevations) of the cis and trans layers. The actual configuration of the cis 

layer in BaMnF4 is shown at (d), where Fy and Fy; are the two non-equivalent F atoms 

referred to on p. 158. The bond angle M—F,—M is 139°; the bonds from F are approximately 
perpendicular to the paper (M—F,—M, 173°). 

Two vertices of an octahedron are either adjacent (cis) or opposite (trans). 

Sharing of two cis vertices by each octahedron leads to cyclic molecules (ions) or 

zigzag chains (Fig. 5.15(a) and (b)). Sharing of trans vertices could lead to rings of 

eight or more octahedra (since the minimum value of the angle A~X—A is 132° for 

vertex-sharing octahedra) but such rings are not known. The simpler possibility 

(A—X—A = 180°) is the formation of linear chains (Fig. 5.15(c)). 
The cyclic tetramers in crystals of a number of metal pentafluorides M4F 4 are 

of two kinds, with collinear or non-linear M—F—M bonds: 

F bond angle 180°: M = Nb, Ta, Mo, W 
132°: M = Ru, Os, Rh, Ir, Pt. 

Other pentafluorides form one or other of the two kinds of chain shown in Fig. 
Si 1) 

cis chain: VEFs, CrF<, TcF, 5 ReF, 5 MoOF,; K,(VO2F3) 

trans chain: BiFs, a-UFs;WOCI,4; Ca(CrF 5), Tl,(AIF;). 

The factors determining the choice of cyclic tetramer or of one of the two kinds of 
chain are not understood, and this is true also of the more subtle difference (in 
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—F— bond angle) between the two kinds of tetrameric molecule, a difference which 
is similar to that between fluorides MF3 to be noted shortly. The difference 
between MoOF, (chain) and WOF, (cyclic tetramer) is one of many examples of 
structural differences between compounds of these two elements (compare the 
structures of MoO3 and WO3, later). These two types (cis and trans) of AXs chain 
are also found in oxyhalides, and the trans chain in complex halides such as 
Ca(CrF;) and (NH4).MnF;. More complex types of chain with the same 
composition can be built by attaching additional octahedra (through shared 
vertices) to those of a simple AX chain. An example of such a ‘ramified’ chain is 
found, together with simple trans chains, in BaFeF., and is illustrated in Pigs 102 
(p. 383). 

Corresponding to the two chains formed by sharing two cis or trans vertices 
there are layers formed by sharing four vertices, the unshared vertices being cis or 
trans. If each square in Fig. 5.15(b) and (c) represents a chain of vertex-sharing 
octahedra perpendicular to the plane of the paper these diagrams are also elevations 
of the cis and trans layers. Figure 5.15(d) shows the elevation of the cis layer which 
is the form of the anion in the isostructural salts BaMF, (M = Mg, Mn, Co, Ni, Zn) 
and in (triclinic) BINbO4. In the trans layer there is sharing of the four equatorial 

vertices of each octahedron. This AX, layer is alternatively derived by placing AX, 
octahedra at the points of the plane 4-gon net with X atoms at the mid-points of the 
links. Example of neutral molecules with this structure include SnF,, PbFa, 

Sn(CH3).F 3, and UO,(OH),. This layer also represents the structure of the 2D 

anion in TIAIF4 and in the K,NiF, structure (Fig. 5.16) which is adopted by 

numerous complex fluorides and oxides (see Chapters 10 and 13). Distorted 

variants of this structure are adopted by K,CuF, and (NH4),CuClq. In the former 

the two Cu—F bonds perpendicular to the plane of the layer are shorter than the 

four equatorial ones (Fig. 5.16(b)), while in the ammonium salt two of the 

equatorial bonds (broken lines in Fig. 5.16(c)) are longer than the other four 

Cu—C]l bonds. A fourth structure containing the trans layer is that of isostructural 

salts Bag MF, (M =Co, Ni, Cu, Zn) which also contain separate F” ions, that is, the 

structural formula is Ba,(MF4)F, (Fig. 5.17). 
The limit of vertex-sharing is reached when each vertex is shared with another 

octahedron, giving 3D structures of composition AX3. This is the first of the very 

symmetrical octahedral structures listed on p. 168. Since each A atom is connected 

to six others (through X atoms) the A atoms lie at the points of a 3D 6-connected 

net, and there is therefore a family of such structures of which the simplest 

corresponds, in its most symmetrical configuration, to the primitive cubic lattice. A 

unit cell of the structure is illustrated in Fig. 5.18. A model built of rigid octahedra 

but with flexible joints at all vertices can adopt an indefinitely large number of 

configurations. The most symmetrical of these has cubic symmetry and represents 

the structure of crystalline ReO3; WO3 has this structure only at very high 

temperatures and adopts less symmetrical variants of the structure at lower 

temperatures. 

In the ReO structure the oxygen atoms occupy three-quarters of the positions 

of cubic closest packing, the position at the body-centre of the cube being 
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NY 
(b) (c) 

FIG. 5.16. The K2NiF 4 structure: (a) portions of three layers, (b) plan of layer in KyNiFq or 

K,CuF 4, (c) plan of layer in (NHq4)2CuClq. 

unoccupied. (Occupation of this position by a large ion B comparable in size with 

O*~, F’, or Cl gives the perovskite structure for compounds ABX3, in which the 

B and X ions together form the c.c.p. assembly.) For the fully-extended 

configuration of Fig. 5.18(a) the A—X—A angle is 180° but variants of the structure 

with smaller angles are also found. The most compact is that in which the X atoms 

are in the positions of hexagonal closest packing. This structure is adopted by a 

number of transition-metal trifluorides (see Table 9.16) (p. 355). 

Just as a-Zn(OH), and Be(OH), crystallize with the simplest 3D framework 

structure possible for compound AX, with 4:2 coordination (the cristobalite 

structure), distorted so as to bring together hydrogen-bonded OH groups of 

different coordination groups, so Sc(OH)3 and In(OH)3 have the simplest 3D 

framework structure of the AX3 type (the ReO3 structure), distorted so as to 
permit hydrogen bonding between OH groups of different M(OH), octahedra. The 
nature of the distortion can be seen from Fig. 5.18(b). Instead of lying on the 
straight lines joining metal atoms the OH groups lie off these lines, each being 
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SnF, TIAIF, K,NiF, Ba, NiF, 

FIG. 5.17. Structures containing the trans AXq layer formed from octahedral AX¢ groups 

sharing their four equatorial vertices (diagrammatic elevations showing one octahedron of each 

layer). The larger shaded circles represent cations situated between the layers. 

hydrogen-bonded to two others. The OH group A is bonded to the metal atom M 

and to a similar atom vertically above M and hydrogen-bonded to the OH groups B 

and C. 

From the topological standpoint the ReO3 structure is the simplest 3D 

framework structure for a compound AX; built of octahedral AX groups, for it is 

based on the simplest 3D 6-connected net. More complicated structures of the same 

general type are known, that is, structures in which every octahedron is joined to 

six others through their vertices. The tungsten bronzes have structures of this kind 

(a) 

FIG. 5.18. The crystal structures of (a) ReO3 and (b) Sc(OH)3. 
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Tetrahedral and Octahedral Structures 

which are described in Chapter 13. A feature of the tungsten bronze structures 

is that there are tunnels parallel to the 4- or 6-fold axes, that is, in one direction 

only. 

There is another framework structure built of octahedral groups each of which 

shares its vertices with six others. In the basic BX3 framework of the pyrochlore 

structure octahedra which share all vertices are grouped tetrahedrally around the 

points of the diamond net. In this framework there are rather large holes, the 

centres of which are also arranged like the carbon atoms in diamond, and they can 

accommodate two larger cations and also one additional anion X for each (BX3) 

of the framework. The rigid octahedral framework is stable without either the large 

cations A or the additional X atoms, and it therefore serves as the basis of the 

structures of compounds of several types. If all the A and X positions are occupied 

the formula is A,B 2X, (as in oxides such as Hg,Nb,0-), but the positions for 

cations A may be only half occupied (BiTa,0,F) or they may be unoccupied as in 

Al,(OH,F)¢(H20)2 where, in addition, there is incomplete occupancy of the 

seventh X position. The pyrochlore structure is illustrated in Fig. 7.4 (facing p. 268) 

and the structure is further discussed in Chapters 6 and 13. 

Octahedra sharing only edges 

We noted earlier that an indefinitely large number of structures could be built from 
octahedra which share only edges because not only can the number of shared edges 
range from two up to a maximum of twelve, but there is the additional 
complication that there is more than one way of selecting a particular number of 
edges. It is not necessary to consider the sharing of more than six edges, for this is 
observed only in the NaCl structure, which may be represented as octahedral NaCl¢ 
or CINag coordination groups sharing all twelve edges. We shall describe here only 
some of the simpler structures; a somewhat more systematic treatment is adopted 
in MSIC. 

There are four different ways of selecting two edges of an octahedron, namely, 
(i) cis edges (with a common vertex) inclined at 60°, (ii) cis edges inclined at 90°, 
(iii) ‘skew’ edges, and (iv) trans (opposite) edges. Of these (i) gives the finite 
group of three octahedra in Fig. 5.8(e) and (ii) gives the finite group of four 
octahedra of Fig. 5.8(k), or a zigzag chain (compare the elevation of the 
MoO; layer in Fig. 5.30(a), p.181); no examples are known of this chain. The 
remaining possibilities, (iii) and (iv), are shown in Fig. 5.19(a) and (b), where each 
octahedron is shown resting on a face. The first, (a), leads to a ring of six octahedra 
or to an infinite chain. The former represents the arrangement of MoO¢ octahedra 
in the anion in (NHq)gTeMo,0 4, though since the Te atom occupies the central 
hole (which is also octahedral) the ion may alternatively be described as a group of 
seven octahedra. 

Crystalline TcCl4 provides a simple example of the skew chain, which is also 
found as the form of the aquo-anion in the dihydrate of LiCuCl;. One-half of the 
molecules of water of crystallization are incorporated into the chain and the 
remainder, together with the Li* ions, are accommodated between the chains. Other 
examples include the anion in (CsHsNH)(SbCl4) and the chain molecules 
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H,0 

on Zo S [TeMo,0)4]°~ Li[CuCl,.H,O] H,O 

AX 
Ne TcCl, : 

wae [Na(H,0),]: [B,0,(OH),] 

AX, 

"MW mge 
NDI, 

FIG. 5.19. Octahedra sharing (a) ‘skew’ edges and (b) ‘trans’ edges. 

Mg(PO,Cl,)2(POCI;). and Mn(PO,Cl,).(CH3 . COO .C,H;),. In the more com- 

plex chain which represents the cation-water complex in borax, [Na(H,O),4] > 
[B,0;(OH)q4], alternate octahedra share a pair of opposite or skew edges. In this 

crystal the chain apparently adopts this configuration in order to pack satisfactorily 

with the hydrogen-bonded chains of anions, but it is less obvious why a similar 

chain is found in Na,SO4.10 H,0. In this hydrate only eight of the ten molecules 

of water of crystallization are associated with the cations to form a chain with the 

same ratio 4 H,O : Naas in borax. 

Sharing of two opposite edges of each octahedron leads to the infinite AX4 

chain of Fig. 5.19(b) which represents the structure of the infinite molecules in 

crystalline NbI4 and of the infinite anion in, for example, K,HgClq. HO. In this 

AXq chain only 4 X atoms of each octahedral AX¢ group are acting as links 

between the A atoms. The other two are attached to one A atom only and may be : 
ligands of a second kind, not necessarily capable of bridging two metal atoms E L I 

(formula AX,L,) or they may be atoms forming part of a bidentate ligand, when SE 
the formula is AX,B (Fig. 5.20). This simple octahedral chain thus serves for (ee (Ga 

compounds of three types: a 

AX,: Nb, B 
AX L,: PbC1,(C6Hs)2, CoCl, nae H,0 AX,B 

AX»B: CuCl, .C.N3H 
2 2 ee, tee? FIG. 5.20. Octahedral chains 

AXyL2 and AX2B. 

For CuCl,. C,N3H3 and other examples see p. 903. 
There is also a family of structures containing rutile-like chains which are held 
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FIG. 5.21. Projection of the struc- 

ture of NagMnCly along the direc- 

tion of the chain ions. 
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together by ions of a second kind, the chain ions being arranged to give suitable 

coordination groups around these cations: 

Mi,MX4 C.N. of M’ Reference 

Sr2PbO4, CazPbO4 NW 1965 52 492 
Ca,SnOq, Cd,Sn04 6 NW 1967 5417 
Na2MnCly AC 1971 B27 1672 

High-pressure MnyGeOq AC 1968 B24 740 

Na2CuF4, NagCrF4 i ZaC 1965 336 200 

CazIrO4 O79 ZaC 1966 347 282 

The same (orthorhombic) structure, Fig. 5.21, has been described several times for 

a number of compounds. It is interesting for the trigonal prismatic coordination of 

the M’ atoms between the chains. The monoclinic NayCuF structure is a version of 

the structure distorted to give Cu(11) (4 + 2)-coordination; Na* has 7 F neighbours 

in the range 2:27-2:66 A. In the hexagonal CayIrOq structure there is a somewhat 
different arrangement of the chains, but all three structures are basically of the 
same type. In K,HgCl,.H,O there are H,O molecules in addition to K* ions 
between the rutile-like (HgCl,)3"~ chains. 

When resting on one set of octahedral faces the trans AXq chain has the 
appearance of Fig. $.22(a), and when viewed along its length it appears as shown on 
the r.h.s. of the figure. Two such chains may be joined laterally to form the double 
chain of Fig. 5.22(b) with the composition AX3, in which each octahedron shares 
four edges. This is the form of the anion in NH4CdCl3 and KCuCl3. It is convenient 
to refer to the chains of Fig. 5.22(a) and (b) as the rutile and ‘double rutile’ chains. 
The end-on views will be used later in representations of more complex structures 
which result when these chains form a corrugated layer by sharing additional edges 
or 3D frameworks by sharing the projecting vertices. 

We showed in Fig. 5.12 (p. 168) four ways of selecting 4 edges of an octahedron, 
and we have given examples of (a) and (b); sharing of the edges (c) is not observed 
in infinite 3D structures. The selection (d), the four equatorial edges of an 
octahedron, leads to a layer of composition AX3 in which 4 X atoms of each AX. 
are common to 4 octahedra and 2 are unshared. This layer is found in NH,4(HgCl;), 
though the octahedral coordination group is so distorted that the alternative 
description in terms of HgCl, molecules is to be preferred. 

Continued lateral linking of simple AXq chains leads to the infinite layer in 
which the six edges of Fig. 5.22(c) of each octahedron are shared and each X atom 
is common to three octahedra. The composition of the layer is AX,; this is the 
layer of the CdI, and CdCl, structures, for which see also Chapters 4 and 6. We 
have included in Fig. 5.22 a further choice of 4 edges giving the A3X¢ layer found 
in crystalline Nb3I.. 

We have seen that linear and zigzag chains result from the sharing of different 
pairs of edges. Similarly plane and corrugated layers arise from the sharing of 
different sets of 6 edges. Whereas the sharing of the very symmetrical arrangement 
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Q@ Pee ae Sigma 
90° A 

LAA 
Wier 
WY 

End-on view of 
corrugated layer 
of MOCI, MO OH 

a 
(g) Xs —+ Atacamite structure 

FIG. 5.22. Structures formed from octahedra sharing 2, 4 or 6 edges. 

of 6 edges of Fig. 5.22(c) gives a plane layer, the sharing of the edges of Fig. 5.22(f) 

leads to a corrugated layer. This layer is the basis of the structures of a number of 

oxychlorides MOC] and oxyhydroxides MO(OH). The structures of pairs of 

compounds such as FeOCI and y-FeO(OH) (the mineral lepidocrocite) differ in the 

way in which the layers are packed together, there being hydrogen-bonding between 

O atoms of different layers in the latter compound. It is interesting (and 

unexplained) that unlike the other 3d metal dihydroxides with the simple Cdl, 

layer structure Cu(OH), apparently crystallizes with the corrugated layer structure 

more characteristic of compounds MOCI and MO(OH). The corrugated layer of 

lepidocrocite is found also in the compound Rb, Mn, Tiz_,O4 (0-60 <x <0-80), 

where replacement of some Ti** in the octahedra by Mn°* gives charged layers 

which are held together by the Rb* ions (Fig. 5.23). The same kind of layer is thus 
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(a) 

(b) 

FIG. 5.23. Elevations of the struc- 

tures of (a) Rb,Mn,Tiz_,Oa, (b) 
y-FeO . OH. 
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found held together by van der Waals bonds in FeOCl, by O-H—O bonds in 

y-FeO(OH), and by Rb” ions in the complex oxide. 

The sharing of the six edges (g) of Fig. 5.22 with six other octahedra leads to an 

interesting 3D framework structure which is related to both the sodium chloride 

and diamond structures. It will be observed that the shared edges (g) are the six 

unshared ones of (c); sharing of all twelve gives the NaCl structure. Accordingly 

there are two very simple structures derivable from the NaCl structure by removing 

one-half of the metal ions. Removal of alternate Jayers of cations as in Fig. 4.22(a) 

(p. 143) gives the CdCl, (layer) structures, in which the octahedra share edges (c). 

On the other hand, if alternate rows of cations are removed as indicated by the 

dotted circles of Fig. 4.22(b) we obtain a structure in which each octahedron shares 

the edges (g) with its neighbours. This structure is illustrated as a system of 

octahedra in Fig. 7.4. Although the immediate environments of the A and of the X 

ions are exactly the same in both the structures of Fig. 4.22(a) and (b) it is an 

interesting fact that no dihalide crystallizes with the structure (b), in contrast to the 

considerable number that crystallize with the CdCl, structure. A distorted form of 

this structure is, however, adopted by the mineral atacamite, one of the polymorphs 

of Cu,(OH)3Cl, a second polymorph having a Cdl, type of layer structure. 

Before leaving the simple edge-sharing structures we have to mention the 

important AX3 layer formed by octahedra sharing the three edges of Fig. 5.22(e). 

This is the structural unit in AI(OH)3, in many trichlorides, and in some 

tribromides and triiodides. 

Octahedra sharing edges and vertices 

It is convenient to describe more complex octahedral structures as built of sub-units 
which may be, for example, finite groups or infinite chains which are linked by 
sharing additional vertices and/or edges to form the layer or 3D framework 
structure. While this device is often helpful in illustrating or constructing a model of 
a more complex structure it should be remembered that the sub-units have only 
been distinguished for this purpose and do not necessarily have any chemical or 
physical significance. We shall encounter structures built from edge-sharing and 
face-sharing pairs of octahedra, and in particular many structures may be described 
as built from chains, either the edge-sharing (rutile) AX4 chain of Fig. 5.22(a) Of 
the vertex-sharing (ReO3) AX, chain of Fig. 5.15(c). Structures are often viewed 
along the direction of such a chain, and it is therefore important to note how the X 
atoms are shared in an isolated chain or multiple chain. 

In the isolated AX,q (rutile) chain the X atoms are of two kinds, as indicated by 
the numerals at the top right-hand corner of Fig. 5.22. Some belong to one 
octahedron only while those in shared edges belong to two octahedra. Similarly in 
the double (AX3) chain of Fig. 5.22(b) X atoms belong to 1, 2, or 3 octahedra. We 
shall differentiate these different types of X atom as X,, X, and X3 respectively. 
There are obviously many ways in which such chains could be linked to form more 
complex structures by sharing X atoms. The most important group of these 
structures arises by sharing X, atoms of one chain with X, atoms of other chains. 

The simplest structure of this kind is the rutile structure, shown in plan in Fig. 
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5.24. Because an X, atom of one chain is an Xz atom of another chain each X is 
common to three octahedra, and the formula is accordingly AX,. The rutile 
structure is described in more detail in Chapter 6. Corresponding to the rutile 
structure, which is built from single chains, there are 3D frameworks derived from 
the double chain of Fig. 5.22(b). Three of these are illustrated in Fipaoe2oe neal 
the structures of Fig. 5.25 each vertex is common to three octahedra; the formula is 
therefore AX . Figure 5.25(a) represents the structure of a-AlO(OH), the mineral 
diaspore. In the structures (b) and (c) the more open packing of the chains leaves 
room for additional atoms (cations), and these charged frameworks (or 3D ions) 

(@< 

@ 5 

(a) (b) (c) 

FIG. 5.25. Structures built from double rutile chains. 

form around suitable ions indicated by the circles in (b) and (c). Examples of 
compounds with these structures are given in Table 5.5. 

TABLE BS5.5 

Structures built from double octahedral chains 

Nature of Type of structure built from double chain 

basic single 

chain 3D framework 

Eu 304 a-MnO Edge-sharing NHa4(CdCls3) GaPe.On (hollandite) 
AX4 

a-AlO . OH 

Vertex-sharing 
AXs 

CaTa20¢ = = 

There is another family of possible structures in which the shared vertices are 

either X, atoms of both chains (which may be single or multiple) or X. atoms of 

both chains. The simplest structure of this kind is the AX 3 layer of Fig. 5.26(a) 

consisting of rutile chains (perpendicular to the plane of the paper, joined by 

sharing X, vertices. The analogous layer formed in the same way from double 

chains is shown at (c), and the intermediate possibility (from single and double 

chains) at (b). There are clearly two kinds of non-equivalent octahedra in (b). 

Wis) 

FIG. 5.24. The rutile structure. 

(a) 

{ppd Axe 

(Pogo 
A3Xg 

Gee. 

FIG. 5.26. Layers built from single 

and double octahedral chains 
which are perpendicular to the 

plane of the paper: (a) AX3, 
(b) A3Xg, (c) A2 Xs, (d) projection 

of layer (a), 



FIG. 5.27. Projections of the 
structures of (a) CaTizO4, (b) 

Na,Fe,Ti2_,O4. 

Tetrahedral and Octahedral Structures 

Vanadium oxyhydroxides (p. 471) provide ‘examples of such layers. In Chapter 3 

we gave the (layer) structure of the compound CuHg(OH)2(NO3)2(H20)2 as a 

more complex example of the plane 4-gon net. This is in fact the AX3 layer of Fig. 

5.26(a), a point more easily appreciated if this layer is shown in projection (on the 

f the layer) as in (d). 

Dee ate tal ee structures, analogous to those of Fig. 5.25, are 

also possible. An example is the structure of CaTi,04 (Fig. 5.27(a)) which should 

be compared with Fig. 5.25(b). Further sharing of edges between the double chains 

gives the structure of Fig. 5.27(b), adopted by Na, Fe,Tiz _,O4 (0:90 > x > O75)! 

Yet another way of utilizing the double rutile chain is exemplified by the structure 

FIG. 5.28. The U,0, framework in BaU207. The axes of the chains pv and h lie respectively in 
and perpendicular to the plane of the paper. The UO 2 groups of chains vy are therefore 

perpendicular to the paper and those of chains h parallel to the plane of the paper. The shaded 

circles represent O atoms bonded to 4 U and the open circles O atoms bonded to 2 U. 

of NaTi,Al;0, 2, where a framework built from double and single chains 

accommodates Al in tetrahedral and Na in octahedral holes (AC 1967 23 754). 

Structures built from other types of multiple chain can also be visualized. The 

family of minerals related to MnO, provides examples of several structures of this 

general type, and the complex oxide BeY Oz, is built of quadruple rutile chains. 

These structures are described in Chapters 12 and 13 where further examples of 

compounds with the above structures are given. 

All the chains are parallel in the structures we have described as built from 

rutile-like chains. In BaU,O, such chains run in two perpendicular directions to 

form a 3D framework (Fig. 5.28). Alternate O atoms of shared edges in one chain 

are also the corresponding atoms of perpendicular chains, so that in each UO, 

octahedron two O atoms are bonded to | U, two to 2 U, and two to 4 U. The ratio 

of O : U atoms in the framework is therefore 7 : 2 [2 (1) + 2 4) + 2 (4) = 34]. 

We now come to structures built from the AX; chain composed of octahedral 
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(a) (b) NbOCI, 

(c) 

FIG. 5.29. (a) ReO3 (AXs5) chain; (b) double ReO3 (AX4q) chain, and (c) the NbCl, 9 molecule 

and NbOC13 chain molecule. 

AX, groups sharing a pair of opposite vertices. This chain is conveniently 

represented by its end-on view, as also is the double chain formed from two single 

chains by edge-sharing (Fig. 5.29). This double chain is the infinite ‘molecule’ in 

crystalline NbOCI13, the shared vertices being the O atoms; compare the dimeric 

Nb,Cl, 9 molecule in the crystalline pentachloride, formed from two octahedra 

sharing one edge. Further edge-sharing between these double chains gives the 

corrugated layers seen end-on in Fig. 5.30(a) and (b). In each case three X atoms in 

each octahedron are bonded to three A atoms, two to 2 A and one to 1 A, so that 

the composition is AX3; (3 x 4) + (2x 4) + 1 =3. Figure 5.30(a) represents a layer 

of crystalline MoO3; the complexity of this structure may be compared with the 

simplicity of the ReO3 structure, in which every oxygen atom is bonded to two 

(a) (b) 

FIG. 5.30. Layers of composition AX3 built from ‘double ReO3’ chains: (a) MoO3, (b) layer in 
Th(Ti20¢). 
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FIG. 5.32. Projection of the struc- 
ture of Cr2F5 showing the two 
kinds of octahedral chain linked 

by vertex-sharing into a 3D frame- 

work. 
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(b) (c) 

FIG. 5.31. Three frameworks of composition AX3 built from double ReO3 chains. (a) is a 

projection of the structure of CaTa2O¢. 

metal atoms. The layer of Fig. 5.30(b) is not known as a neutral AX; layer but it 

represents the arrangement of TiO, octahedra in ThTi2O.¢ (and the isostructural 

compounds UTi,0,, CdV 0.6, and NaVMoOg). 

The double chains of Fig. 5.29(b) can be further linked to similar chains by 

vertex-sharing to form a family of 3D structures analogous to those of Fig. 5.25. In 

the frameworks of Fig. 5.31 each X atom is bonded to two A atoms; the formula is 

therefore AX3. Examples of (b) and (c) are not known, but (a) represents the 

crystal structure of CaTa,O, if the circles are the Ca?* ions occupying the 

interstices in the framework. 

We should not expect to find structures based on combinations of vertex-sharing 

AX, and edge-sharing AXq chains built from octahedra of the same type for the 

purely geometrical reason that the repeat distances along these two chains are not 

the same; they are 2(AX) and ./2(AX), respectively, if AX is the distance from 

centre to vertex of the octahedral AX¢ group. However, such structures are possible 

if the octahedra are of different sizes, as is the case if, for example, the atoms A are 

of different elements or of one element in different oxidation states. Chromous 

fluoride, CrF,, has the rutile structure (distorted to give Cr!! a coordination group 

of four closer and two more distant neighbours), while CrF3 has a ReO3-type 

structure with only vertex-sharing between octahedral CrF,¢ groups. Owing to the 

fact that the Cr!!!_F bonds (1-89 A) are shorter than the Cr!!_F bonds (four of 

1:98 A and two of 2:57 A), the repeat distance is the same along the two types of 
chain. They can therefore fit together as shown diagrammatically in Fig. 5.32 to 

give the fluoride Cra Fs. 

Many more structures are known in which vertices and edges of octahedral 

coordination groups are shared, and models of several of them are described in 
MSIC. A relatively simple example is the AX3 framework formed from edge-sharing 
pairs of octahedra which are further linked to form the 3D framework of Fig. 5.33. 
This framework is the basis of the structure of one form of KSbO3 and of KBiQ;, 
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FIG. 5.33. Framework built from 
pairs of edge-sharing octahedra 

further linked by vertex-sharing. 

where K* ions occupy the interstices. If only one-sixth of the positions occupied by 

K* in KBiO; are occupied by OLaq groups (consisting of an O atom surrounded by 

a tetrahedron of La** ions) in a framework built of ReO, octahedra the formula 

becomes (OLay4)Re¢O;g or LagRe¢Oj;9. In this crystal there is interaction between 

the metal atoms within the edge-sharing pairs of octahedra (Re—Re = 2°42 A) so 

that there is a physical basis for recognizing these sub-units in the structure. 

The structures of two molybdenum bronzes differ from the tungsten bronzes in 

much the same way as does MoO3 from WO3; we have noted that there is 

edge-sharing as well as vertex-sharing in MoO 3 in contrast to the sharing of vertices 

only in WO 3. Similarly there is only vertex-sharing of WO, octahedra in the 

tungsten bronze structures, but two molybdenum bronzes with very similar 

compositions have layer structures which are built from edge-sharing sub-units 

containing respectively six and ten octahedra. These sub-units can be seen in Fig. 

5.34, which shows how they are further linked into layers by sharing eight vertices 

FIG. 5.34. Portions of layers in the bronzes (a) Kg.33M0O3 and (b) Kg.3gMo0O3. 
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FIG. 5.35. Two ways of joining 

ReO3 chains (perpendicular to 

paper) by edge-sharing. 
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FIG. 5.36. Formation of shear 

structure (diagrammatic). 
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with other similar units. Both layers have the composition MoO3 and they are held 

together by the potassium ions. 

We comment elsewhere on the inadequacy of current bonding theory to account 

for the complexity of some binary systems in which solid phases appear with 

unexpected formulae and/or properties—for example, the oxides of caesium and the 

nitrides of calcium. Certain transition metals, notably Ti, V, Nb, Mo, and W, have a 

suprisingly complex oxide chemistry, and although it may be difficult to appreciate 

all the features of their structures from diagrams, these compounds are sufficiently 

important to justify mention here. 

The structures in question are built from slices or blocks of the simpler rutile or 

ReO structures which are displaced relative to one another to form structures with 

formulae that correspond in some cases to normal oxides (for example, Nb2Os5) 

and in others to oxides with complex formulae implying non-integral (mean) 

oxidation numbers of the metal atoms. When the rutile structure is sheared along 

certain (regularly spaced) planes, sharing of faces of TiO, coordination groups 

occurs, giving a family of related structures with composition Ti,O7,_,. All 

members of this family have been prepared and characterized, in the titanium 

oxides for n= 4-10 inclusive, and in the vanadium oxides for n= 4-8. Their 

compositions are TigO7, TisOg etc. Shearing the ReO3 structure, in which there is 

only vertex-sharing, leads to sharing of edges of octahedral coordination groups and 

to homologous series of structures with formulae such as W,,03,_2. Since the 

ReO3-type structures are more easily illustrated than those derived from the rutile 

structure we shall describe examples of the former. The structures will be shown as 

projections along the direction of the AX, (ReO3) chains so that each square 

represents an infinite chain of vertex-sharing octahedra perpendicular to the plane 

of the paper. First we have to note that ReO3 chains may be joined by edge-sharing 

in two essentially different ways, as shown in Fig. 5.35. In (a) the ‘equatorial’ edge 

(parallel to the plane of the paper) is shared, that is, the two chains are related by a 

translation a; in (b) the shared edge is inclined to the plane of the paper, one chain 

being displaced relative to the other by a/2 + b/2 + c/,/2. Because there is now a 

translation in the direction of the length of the chain (i.e. perpendicular to the 

paper), we may refer to the chains in case (b) as being at different levels. Blocks of 

ReQ structure may be joined by sharing edges at the perimeters of the blocks in 
either or both of these two ways. As examples of these two types of edge-sharing 
we shall describe the structures of the following oxides: 

Type of edge-sharing: (a) Mog043 

(a) and (b) V,Q43, 
(b) WNb , 2033 and high-Nb,0-; 

Further examples are given in Chapters 12 and 13. 

The first type of edge-sharing, (a), corresponds to shearing the ReO3 structure so 
that the chains shown as black squares in Fig. 5.36 (a) are displaced as in (b), and if 
this shearing occurs at regular intervals the new structure is composed of infinite 
slabs of ReO3 structure cemented together along the ‘shear-planes’ (arrow in Fig. 
5.36(b)) by edge-sharing. The composition of the resulting oxide depends on the 
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number of octahedra in the edge-sharing groups at the junctions and on the distance 

apart of the shear-planes. The examples of Fig. 5.37 show the structure of the oxide 

MogQO,3 in the series M,O3,_, and of a hypothetical Mo,,03, in the series 

M,,03,_2 (as a simpler example than the known oxide W790<g). 

The structure of V,O,3 illustrates both the types of edge-sharing of Fig. 5.35. 

Blocks of ReO3 structure consisting of 6 chains (3 x 2) are joined by sharing 

equatorial edges and then the second type of edge-sharing results in the 3D 

structure of Fig. 5.38. 

The octahedra drawn with heavier lines are displaced both in the plane of the 

paper and also in a perpendicular direction with respect to those drawn with light 

lines. Each block extends indefinitely normal to the plane of the paper, but as 

noted earlier it is convenient to refer to the blocks as being at different levels. 

The formula depends on the size of the block, and for blocks of (3 x n) octahedra 

at each level the general formula is M3,Ogn_3: 

n Examples 

2 V6013 
3 TiNb 207 (M9021) 
4 TizNb1 0029) (M12029) 

In Fig. 5.39 we illustrate the structure of WNb,,033 as an example of a 

FIG. 5.37. Examples of shear 

structures: (a) MogO 93 in the 
My,03n_1 series, (b) hypothetical 

oxide Mo4103, in M,03n_-2 series, 

structure in which there is edge-sharing of the second type only, that is, there is no 

edge-sharing between blocks at the same level. This particular structure is built of 

ReO 3 blocks consisting of (3 x 4) octahedra. This type of structure has the peculiarity 

that there are small numbers of tetrahedral holes at the points indicated by the 

black circles. The high-temperature form of Nb,O, has a more complex structure 

of the same general type (see p. 505). There is one such tetrahedral hole for every 

27 octahedra, so that the structural formula is NbNb27079. The existence of 

structures of this kind is very relevant to discussions of bonding in transition-metal 
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FIG. 5.38. The crystal structure of VgO43. 
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FIG. 5.39. The crystal structure of WNb 12033. 
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oxides. For example, TiNb,40¢ is a normal valence compound, with one 

tetrahedral hole (occupied by Ti) to every 24 octahedral holes (occupied by Nb). 

However, the same structure is adopted by a niobium oxide, but the formula, 

Nb» 506, implies a fractional oxidation number or, presumably, one delocalized 

electron, Nobis. O65 ey 

Octahedra sharing faces only 

As already noted only the sharing of a pair of opposite faces has to be considered; 

an infinite chain of composition AX3 is then formed. A number of crystalline 

trihalides consist of infinite molecules of this type, and chain ions of the same kind 

exist in BaNiO3 and CsNiCl3. In the Zrl; structure the metal atoms occupy 

one-third of the octahedral holes in a close-packed assembly of halogen atoms to 

form infinite chains perpendicular to the planes of c.p. halogen atoms: 

I I I ie 
py ot 7 ee 7 

In BaNiO, there is close packing of Ba + 3 O, and the Ni atoms occupy octahedral 

holes between 6 O atoms to form an arrangement similar to that of the Zr and I 

atoms in Zrl3. 

Octahedra sharing faces and vertices 

Although the sharing of faces of octahedral coordination groups in 3D (as opposed 

to chain) structures is not common it does occur in some close-packed structures. 

When considering structures built of c.p. AX3 layers, between which smaller B ions 

occupy positions of octahedral coordination between 6 X atoms, we saw that only 

vertices and/or faces of BX¢ octahedra can be shared. The sharing of octahedral 

edges, which is a feature of so many oxide structures, cannot occur in A,B,X3, 

structures for purely geometrical reasons. The sharing of octahedron faces leads 

first to pairs (or larger groups) of octahedra which are then linked by vertex-sharing 

to form a family of structures which are related to the ReO3 and perovskite 

structures. A linear group of face-sharing octahedra is topologically similar to a 

single octahedron because it has three vertices at each end through which it can be 

linked, like a single octahedron, to six other groups or to single octahedra. The 

simplest of these structures are listed in Table 5.6 and also in Chapter 4 as examples 

of some of the more complex sequences of c.p. layers, for in all of these structures 

the transition-metal atoms occupy octahedral holes between six X atoms of the c.p. 

AX; layers. 

An interesting structure of a quite different type is that of CsgMg3F 9, in which 

groups of three face-sharing MgF. octahedra are linked by four of their terminal 

vertices to form layers (Fig. 5.40), between which Cs* ions occupy positions of 
10- and 11-coordination. Inasmuch as all the bonds in this crystal are presumably 

essentially ionic in character, the description of the structure in terms of the 

coordination groups around the smaller cations is not intended to imply that this is 
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TABLE 5.6 

Close-packed ABX3 structures in which octahedral coordination groups share faces 

and vertices 

Face-sharing Structure Other examples 

groups 

Pairs + single Hexagonal BaTiO3 CsMnF3, RbNiF3 

All pairs High-BaMnO3 Low-BaNiO3 
Groups of 3 BaRuO3 CsCoF3 
Infinite chains High-BaNiO3 CsNiCl3, CsCuCls 

Low-BaMnO3 BaTiS3, BaVS3, BaTaS3 

For further examples of complex oxides with structures of these types see Table 4.4 (p. 134) 

and Table 13.5 (p. 481). 

FIG. 5.40. Linking of MgF¢ octa- 

hedra into layers (Mg3F 40)%/"~ in 

CsqMg3F jo. 

a layer structure. Isostructural crystals include the corresponding Co, Ni, and Zn 

compounds, and it is interesting that the groups of three face-sharing CoF¢ 

octahedra in Cs4Co3F 9 are also present in the structure of CsCoF 3 (Table 5.6). 

We dealt separately at the beginning of this chapter with finite groups of 

octahedra (molecules and complex ions) but it seems justifiable to draw attention 

here to the anion CeMo, ,0$5 in view of its relation to some of the structures we 

have been describing. The four vertices of a pair of face-sharing octahedra which are 

marked A and B in Fig. 11.12(a) (p. 438) correspond to four vertices of an icosa- 

hedron. Six pairs of octahedra may therefore be joined together by sharing these 

vertices to form an icosahedral group of 12 octahedra. The Ce** ion occupies the 

position of 12-coordination at the centre of the complex ion. 

Octahedra sharing faces and edges 

An example of this rare phenomenon is provided by the remarkable structure of 

Nb3Sq. Three rutile chains can coalesce into a triple chain by face-sharing provided 

that the octahedra are modified to make the dihedral angle a equal to t202aThe 

shared faces in Fig. 5.41(a) are perpendicular to the plane of the paper and have a 
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FIG. 5.42. The structure of 

y-Cd(OH)>. 
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common edge (also perpendicular to the paper) at the centre of the diagram. These 

triple chains may now join together by sharing all the edges projecting as a, b, and c 

to form the 3D structure shown in projection in Fig. 5.41(b). If built from MX6 

octahedra the structure has the composition M3Xq4. A model, which can be made 

from ‘D-stix’, shows that the pairs of vertices AA’ etc. and D, FE, and F outline a 

tricapped trigonal prism, so that the triple column of Fig. 5.41(a) may also be 

my 
Ay 

(a) (b) 

FIG. 5.41. The crystal structure of Nb3Sq: (a) projection (idealized) of multiple chain formed 

from three rutile chains sharing the faces projecting as heavy lines, (b) projection of the Nb3S4 

structure. 

regarded as a column of tricapped trigonal prisms sharing basal faces (assuming all 

M and X atoms within the column to be removed). We then see a general similarity 

to the structure of UCI;, which is built of columns of face-sharing tricapped 

trigonal prisms joined by edge-sharing into a structure of the same general form as 

Fig. 5.41(b). This will be evident from a comparison of Fig. 9.8 (p. 359) with Fig. 

5.41(b). We have described the Nb3S4 structure here in terms of the NbS, 

coordination groups, that is, in terms of Nb—S bonds, but it should be noted that 

metal-metal bonding plays an important part in this structure (p. 623) as in a 

number of the other structures we have described. 

Octahedra sharing faces, edges, and vertices 

Structures of this type include the corundum (a@-Al,03) and y-Cd(OH), structures. 

The construction of models of both of these structures is described in MSIC. In the 

corundum structure there are pairs of octahedra with a common face, and in 

addition there is sharing of edges and vertices of coordination groups around the 

Al? * ions. The complexity of this structure for a compound A,X3 appears to arise 

from the need to achieve a close packing of the anions and at the same time a 

reasonably symmetrical environment for these ions—see also the remarks on p. 216. 

In the structure of y-Cd(OH), (Fig. 5.42) pairs of rutile chains are joined through 

common faces and the double chains then share vertices. 

Other structures in this class include the high-pressure form of Rh, 03 (p. 451) 
and K,Zr,0, (JSSC 1970 1 478). 

Structures built from tetrahedra and octahedra 

Structures which can be represented as assemblies of tetrahedral and octahedral 

coordination groups are very numerous. For example, they include all oxy-salts in 
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which the cations occupy positions of octahedral coordination and the anion is a 
discrete BOg ion (as in Na,SOq or MgSOq) or a more complex ion built from such 
units (as in pyro- or meta- salts). In many such structures the oxygen atoms are 
close-packed, so that these structures, like those of many complex oxides, may be 
described as c.p. assemblies in which various proportions of tetrahedral and 
octahedral holes are occupied (Table 4.8, p. 149). Alternatively the structures may 
be described in terms of the way in which the tetrahedra and octahedra are joined 
together by sharing vertices, edges, or faces. It is not proposed to attempt an 
elaborate classification of this type but it is of interest to note a few simple 
examples of one class if only to show the relation between certain structures which 
are mentioned in later chapters. 

We have already noted examples of structures in which tetrahedra or octahedra 
share various numbers of vertices. Structures in which tetrahedra and octahedra 
share only vertices form an intermediate group: 

Tetrahedra sharing vertices only 

ATAKG 
BmAG XE 
5) INR 

Tetrahedra and octahedra sharing vertices only: 

A3B2X42 
ABX; 

ABX, 
ABX, etc. (Table 5.7) 

Octahedra sharing vertices only: 

6abX; 
AUBX, 
Bx 

Some of the simplest of this large family of structures are set out in Table 5.7; the 

structures are described in later chapters. The table shows the number of octahedra 

(0) with which each tetrahedron (t) shares vertices, the relative numbers of 

tetrahedra and octahedra, the contributions to the chemical formula made by each 

(a shared vertex counting as 4 X and an unshared vertex as X), the formula, and 

examples of compounds with the structure. 

In the garnet structure the A3B,Xj, > system of linked tetrahedra and octahedra 

is a charged 3D framework which accommodates larger ions C, (in positions of 

8-coordination) in the interstices. The general formula is C3A3B,X 1 or 
C3B,(AX4)3 if we wish to distinguish the tetrahedral groups in, for example, an 

orthosilicate such as Ca3Al,(SiO4)3. In some garnets the same element occupies 

the positions of tetrahedral and octahedral coordination, when the formula reduces 

to Y3Al;O,2, for example. In all the last four examples of Table 5.7 there is both 

tetrahedral and octahedral coordination of one element in the same structure, and 

as a matter of interest we have collected together in Table 5.8 a more general set of 
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TAB DE S27 

Structures in which tetrahedral AX4 and octahedral BX6 groups share only vertices 

Formula Example 

All vertices of 

t and o shared £302 

Each t and each 

o sharing 4 
vertices 

Garnet 
(AX 2)3(BX3)2 = A3B2X12 framework 

(see text) 

NbOPO, 8 
AX BX3 ABXs VOSO48§ 

ABXs Caz [Fe205] ft LOG, WING 

AX2 BX4 ABX6 Na[PWO.6] § 

(AX )2 BXq4 A 2 BXg P,MoOg § 

t sharing 2 vertices 

o sharing 4 vertices 
Re2O7+ 

AX; BX, ABX 27 
3 by 7 Na2[Mo207] + 

K2[Mo3010] = AX BX A>5BX 2 (AX3)2 BX4 2BX10 Hs[As3O10]¢ 

+ Square brackets enclose that part of the formula which corresponds to the f-o complex. 

+ Same element in ¢ and o (A = B). 

§ For these structures see p. 512. 

WANBILIE SS 

Structures in which an element exhibits both tetrahedral and 

octahedral coordination 

Structure Element 

y-Fe203 
B-Ga 203, 0-Al,03 

XUXPIO, (regular spinel) 
Y(XY)Oq (inverse spinel) 

Na2Mo 07, Ko Mo3010 

Hs5As30 10 

Re207 

MIIMo 308 
Zns5(OH)6(CO3)2, Zn5(OH)gClo 5 H20 

(Mg2Al)(OH)4SiA1O5, KAI,(OH)2Si3A10 19 
NaqgGeg9020, K3 HGe70 i6 

Y3Fe2(FeO4)3, Y3Al50;2 (garnets) 

Nb25062, high-Nb205 

Cr50 12, KCr30g 

Fe 

Ga, Al 

Mn, Co 

Fe in Fe304 and Fe(MgFe)QOg, Al in Al(NiA1)Oqg, 
Co in Co(SnCo)Oqa, Zn in Zn(SnZn)O4 

Cr(VI and HI) 
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examples of this phenomenon, not restricted to vertex-sharing structures. It may 
also be of interest to set out the elements which exhibit both these coordination 
numbers when in the same oxidation state, in relation to the Periodic Table: 

Mg Al 

Moeme phe tute Cos Nic = | Ziel Gal Ger. As 

Nb** = Mo®* Cd 
Re dicks 

Referring again to the last four examples of Table 5.7 it may be noted that 
Re,O, has a layer structure (p. 454), while the other three are chain structures. In 
the simple chain of Fig. 5.43(a), the topological repeat unit consists of one 
tetrahedron and one octahedron. This is the form of the anion in Na,Mo,0,. The 
more complex chain of Fig. 5.43(b) is found in K3Mo3Qj9, and a closely-related 
chain (Fig. 20.7) is the structural unit in Hs As30; 9, an intermediate dehydration 
product of As,O5. 7 H,0. (For KzMo0304o see also p. 431.) 

mn 
‘ N 

N N 
. 

ZZ fed 

FIG. 5.44. The composite kaolin layer. 

Of the structures listed in Table 5.8 the sesquioxide, spinel, and other complex 

oxide structures are described in Chapters 12 and 13. The structures of the two 

‘pasic’ zinc salts Zn5(OH)¢(CO3), and Zn5(OH)gCl,.H,0 are also described in 
more detail on p. 214. The composite layers with general formulae Al,(OH)4Si,0; 

(or Mg3(OH),4Si,0,) and Al,(OH)SiqgO ; 9 (or Mg3(OH) Si4O; 9) which form the 

bases of the structures of many clay minerals and micas are described in Chapter 23 

and the construction of an idealized model of the former (Fig. 5.44) in MSIC. Ger- 

manates provide examples of crystals containing Ge in positions of tetrahedral and 

octahedral coordination. A particularly elegant example, the 3D Ge,Of¢ framework 

ionin K3HGe,0,.. 4 HO, is shown in Fig. 5.45. We have referred earlier to oxides 

such as Nb»5O,¢. and the high-temperature form of Nb,O5 in which a very small 

fraction of the metal atoms occupy tetrahedral holes in an essentially octahedral 

structure. 
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FIG, 5.43. Chains formed from 
tetrahedra and octahedra sharing 

only vertices. 

FIG. 5.45. Framework of linked 

GeO, and GeOg groups in 

K3HGe70 16 5 4H20. 
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Some Simple AX,, Structures 

We described in Chapter 3 a number of A, X,, structures in which the A atoms 

form three or four bonds. We now consider four simple 3D structures in which A 

has six or eight nearest neighbours and, as in the case of the diamond structure, we 

shall show how these structures can be adapted to suit the bonding requirements of 

various kinds of A and X atoms. The structures are: 

AX — Sodium chloride (6 : 6); Caesium chloride (8 : 8). 

AX, Rutile (6 : 3); Fluorite (8 : 4). 

Then follow sections on 

The Cdl, and related structures, 

The ReO3 and related structures. 

Next we consider some groups of structures: 

The PbO and PHglI structures, 

The LiNiO,, NaHF, and CsICl, structures, 

The CrB, TII (yellow), and related structures, 

The PbCl, structure, 

The PdS,, AgF, and 6-HgO, structures, 

which are related in the following way. All structures in a particular group have the 
same symmetry (space group) and the atoms occupy the same sets of equivalent 
positions, but owing to the different values of one or more variable parameters, the 
similar analytical descriptions refer to atomic arrangements with quite different 
geometry (and/or topology). The chapter concludes with notes on the relations 
between the structures of some nitrides and oxy-compounds and on superstructures 
and other related structures. 

The sodium chloride structure 

In this structure (Fig. 6.1(a)) the A and X atoms alternate in a simple cubic sphere 
packing, each atom being surrounded by 6 others at the vertices of a regular 
octahedron. An alternative description, that the A (X) atoms occupy octahedral 
holes in a cubic closest packing of X (A) atoms is realistic only for compounds 
such as LiCl in which each Cl is actually in contact with 12 Cl atoms. This structure 
was derived by Barlow (1898) as a possible structure for crystals composed of 
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(6) (d) 

FIG. 6.1. THe sodium chloride and related structures: (a) NaCl, (b) yellow TII, (c) tetragonal GeP, 

(d) NbO, (e) Mg3NF3. 
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atoms (or ions) of suitable relative sizes; this aspect of the structure is discussed in 

Chapter 4. This structure is notable not only for the variety of types of chemical 

compound which crystallize in this way, but also for the large departures from the 

composition AX which it tolerates. 

Compounds with the sodium chloride structure range from the essentially ionic 

halides and hydrides of the alkali metals and the monoxides and monosulphides of 

Mg and the alkaline-earths, through ionic-covalent compounds such as transition- 

metal monoxides to the semi-metallic compounds of B subgroup metals such as 

PbTe, InSb, and SnAs, and the interstitial carbides and nitrides (Table 6.1). Unique 

and different distorted forms of the structure are adopted by the Group IIB 

TABLE-6:1 

Compounds AX with the cubic NaCl structure 

Alkali halides and hydrides, AgF, AgCl, AgBr 

Monoxides of 

Mg 
Ga Ti V — Mn Fe Co Ni 

Sr Zr Nb Cd 
Ba Hf 

LEO Wlol, Wezel, UL, INjo, Weil, /Nioe 

Monosulphides of 

Mg 
CA Mn 

Sr 

Ba Pb 

GeysSms usb he Usk 

Interstitial carbides and nitrides 

me, WAC UE 
SCN ea Ne ING UNI 

Phosphides etc. 

InP, InAs, SnP (high pressure), SnAs 

monohalides TIF and by the low-temperature form of InCl (see Chapter 9). The 
structure of the yellow form of TII (Fig. 6.1(b)) is formed from slices of the NaCl 
structure which are displaced relative to one another with the result that the metal 
ion has five nearest neighbours at five of the vertices of an octahedron and then two 
pairs of nearly equidistant next-nearest neighbours (p. 349). The low-temperature 
form of NaOH has a similar structure. 

When subjected to high pressure certain phosphides and arsenides of metals of 
Groups IIIB and IVB adopt either the cubic NaCl structure (InP, InAs) or a 
tetragonal variant of this structure (GeP, GeAs) shown in Fig. 6.1(c) in which there 
are bonds of three different lengths and effectively S-coordination. The compounds 
of Ge and Sn, with a total of nine valence electrons, are metallic conductors. This 
property is not a characteristic only of the distorted NaC] structure, for SnP forms 
both the cubic and tetragonal structures, and both polymorphs exhibit metallic 
conduction. (IC 1970 9 335; JSSC 1970 1 143.) 
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Many oxides show a range of composition, the range depending on the 
temperature. As normally prepared, FeO is a typical non-stoichiometric compound 
which is deficient in Fe atoms, the range of composition being approximately 
Feo.950—Feg.ggO at 1000°C. Some compounds MX formed by metals of Groups 
IVA and VA exhibit gross departures from the ideal composition; for example, the 
NaCl structure is stable for ‘TiO’ with O : Ti ratio from 0-7- 1-25 at 1400°C. At the 
composition TiOg.7 the Ti positions are almost fully occupied and one-third of the 
O positions vacant, while at the composition TiO,.>5 all the O positions are 
occupied but only about 80 per cent of the Ti positions. In the stoichiometric 
oxide about one-sixth of both metal and oxygen sites are vacant, and on cooling 
below 990°C the vacancies become ordered as shown in Fist 125l¢-(p. 466). In 
stoichiometric NbO the vacant sites are ordered, and the NbO structure (Fig. 
6.1(d)) is preferably regarded as a distinct structure rather than as a defective NaCl 
structure (Nbg.7509.75). 

There are also ordered superstructures in nitrides and carbides, for example, 

Ti2N, ThyC3, VeCs, and VgC7, the last two having helical arrays of vacancies (PM 

1968 18 177; AC 1970 B26 1882). Other compounds with structures that may be 

described as defective NaCl structures include MggMnOg, Li,U4,0,, Mg3NF3, and 

ScS3, in which respectively 3, 4, 4, and 4 of the cation positions are vacant. The 

oxide structures are described in Chapter 12 and we refer to Sc,S3 later in this 

chapter. The very simple Mg3NF3 structure is illustrated in Fig. 6.1(e); its 

relationship to NaCl and NbO is obvious. Mg and N have octahedral arrangements 

of nearest neighbours (2 N + 4 F and 6 Mg respectively) while F has four coplanar 

Mg neighbours (p. 431). 

The full cubic symmetry of the NaCl structure is retained in (a) high 

temperature defect structures with random distribution of vacancies, (b) solid 

solutions in which there is random arrangement of ions of two or more kinds in the 

anion and/or cation positions, and (c) crystals containing complex ions either if the 

complex ions have full cubic symmetry, as in [Co(NH3).] [TICl,], or if there is 

rotation or random orientation of less symmetrical groups, as in the high- 

temperature forms of alkaline-earth carbides, KSH, and KCN. In the latter cases the 

low-temperature forms have lower symmetry. 

Three types of phase with NaCl-like structures may be illustrated by examples of 

oxides. In solid solutions where both ions have the same charge the relative 

numbers of the two kinds of ion may vary, the range of solid solution formation 

depending on the chemical nature of tl ions and on their relative sizes. If the 

charges on the ions are different their proportions are fixed, but the ions of 

different kinds may be either randomly or regularly arranged: 

Arrangement of cations Charges on ions 

Solid solutions: (Mg, Ni)O Same 

High temperature forms of 

LiFeO 2> Na, SnO3 5 Li3;TaO4 

Ordered LiFeO , (low), LiNiO,, LilnO,, Different 
(superstructure) Li, TiO3, Li, UO; 

Random 
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In the random structures full cubic symmeétry is retained; the ordered structures are 

superstructures of NaCl. That of LiNiO, is referable to the rhombohedral cell of 

Fig. 6.3(b), while the LilnO, structure is a tetragonal superstructure illustrated in 

Fig. 6.2(a). 

We saw in Chapter 2 that the characteristic (minimum) symmetry of a cubic 

crystal is the set of 3-fold axes parallel to the body-diagonals of the cubic cell. 

These 3-fold axes also imply 2-fold axes parallel to the cube edges. The NaCl 

structure has the highest class of cubic symmetry, with 4-fold axes and planes of 

symmetry. An octahedral ion such as (TICI,)°~ also has full cubic symmetry (3m) 

can occupy the Cl” positions in the normal NaCl structure. Groups such as S39, 

(F—H—F)~, and CN~ have lower symmetry and can form the fully symmetrical 

NaCl structure only if they are rotating or are randomly oriented with their centres 

FIG. 6.2. The structures of (a) LilnO, (b) FeS2 (pyrites). 

at the anion positions of that structure, as in high-KCN. The S, group may, 

however, be arranged along the 3-fold axes of a lower class of cubic symmetry, as in 

the cubic pyrites (FeS,) structure of Fig. 6.2(b). Here the 3-fold axes are directed 

along the body-diagonals of the octants of the cell, and do not intersect. This 

structure is adopted by numerous chalconides of 3d metals (Mn-Cu), in some cases 

only under pressure (see Chapter 17), and by the high-pressure form of SiP,. The 

pyrites structure and the CaC, structure to be described shortly are also suitable for 

peroxides of the alkaline-earths (containing the 03 ion) and for the superoxides of 

the alkali metals, which contain the Oj ion (Table 6.2). At higher temperatures the 

structures of some of these compounds (NaO,, KO,) change to the disordered 

pyrites structure, which is also the structure of the high-temperature form of 

KHF,. In this structure there is random orientation of the (F—H—F)” ions along 

the directions of the four body-diagonals of the cube. 

The structure of PdS, results from elongation of the pyrites structure in one 
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TTAIBILIE, O52 

Crystal structures of peroxides and superoxides 

Pyrites structure CaC structure 

MgOo, ZnO, CdO, CaO, SrO>, BaOy 

NaO KOo, RbO>, CsO2 

direction so that Pd has only four (coplanar) nearest S neighbours as compared with 

the six octahedral neighbours of Fe in FeS,; it is preferably regarded as a layer 

structure, and was so described in Chapter 1: for another way of describing the 

PdS, and pyrites structures see p. 223. 

The two kinds of distortion of a cubic structure which preserve the highest axial 
symmetry are extension or compression parallel to a cube-edge or body-diagonal, 

leading to tetragonal or rhombohedral structures respectively. The structure of the 

tetragonal form of CaC, is an example of a NaCl-like structure in which the linear 

C37 ions are aligned parallel to one of the cubic axes (Fig. 22.6, p. 757), while the 

structures of certain monoalkyl substituted ammonium halides (for example, 

NH3CH3I and NH3C,Ho!I) illustrate a much more extreme extension of the 

structure along a 4-fold axis. In these halides there is presumably random 

orientation or rotation of the paraffin chains. Parallel alignment of the CN” ions in 

the low-temperature form of KCN (and the isostructural NaCN) leads to 

orthorhombic symmetry (Fig. 22.1, p. 750). 

It is usually easy to see the relation of the unit cell of a tetragonal NaCl-like 

structure to the cubic unit cell of the NaCl structure, as in the case of CaC, or 

LiInO, (Fig. 6.2(a)) where one dimension is doubled. The relation of rhombohedral 

NaCl-like structures to the cubic NaCl structure is best appreciated from models. 

The cubic NaCl structure itself may be referred to rhombohedral unit cells 

containing one or two formula-weights, as compared with four for the normal cubic 

cell, as shown in Fig. 6.3(a) and (b): 

Unit cell Edge Angle a Za 

Cubic a 90° 4 
Rhombohedral (a) al,/2 60° l 
Rhombohedral (b) /3a/./2 Beh? Bae D) 

+ Z is the number of formula-units (NaCl) in the unit 
cell. FIG, 6.3. Alternative rhombohedral unit cells in the NaCl structure. 
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The smallest rhombohedral distortion of the NaCl structure is found in crystals 

such as the low-temperature forms of FeO and SnTe, the high-temperature 

polymorphs of which have the normal NaCl structure. The rhombohedral structure 

of low-KSH is referable to a cell of the type of Fig. 6.3(a) with a = 68° instead of 

the ideal value, 60°. Other rhombohedral NaCl-like structures include those of 

LiNiO, and NaCrS,, which are superstructures of NaCl, and those of NaHF,, 

NaN3, and CaCN,. These groups of structures are further discussed on p. 219. The 

planar anions in NaNO3 and CaCO3 possess 3-fold symmetry and in the calcite 

structure of these and other isostructural salts they are oriented with their planes 

perpendicular to one of the 3-fold axes of the original cubic structure; the cations 

and the centres of the anions are arranged in the same way as the Na* and Cl” ions 

in NaCl. The structure of non-stoichiometric Sc,S3 is referable to the rhombo- 

hedral cell of Fig. 6.3(b) with a equal to the value 33°34’, with 1 Sc in the position 
(000) but only 0-37 Sc in the position (5 4 4). 

Apart from the defect structures and TII, the structures we have mentioned are 

all essentially of the 6:6 coordination type. In the SnS (GeS) structure the 

distortion of the octahedral coordination groups is such as to bring three of the six 

original neighbours much closer than the other three, so that the structure could 
alternatively be described as consisting of very buckled 6-gon nets in which 

CHARUGn| 

The NaCl and related structures 

PdS, 

AX) structures Pyrites Random pyrites 
CdCl, 
atacamite X I fi 
anatase 

NaCl structure —— Substitution structures 
es random (Li,TiO3) 

alkali halides and hydrides (LiNiOz rhombo- 
hedral) 

EC eUlae erator 
gonal) 

Rhombohedral variants <—4 alkaline-earth oxides, [— > Subtraction and addition 
(FeO, low-NaSH) sulphides Structures Mg3NF3 

interstitial MO, MC, MN (Mg6MnOg, Li2V407) 
| intermetallic, SnSb, PbSe /—> Structures with complex ions 

: ; Na(SbF¢), [Co(NH el calcite high-temperature forms lac TE? 
with randomly oriented 

Tetragonal variants <— orrotating non-spherical }—+ GeS, (SnS) structure 
| ions CaCz, KOH, KSH (3 + 3 coordination) 

(NH3R)X | [ 

Orthorhombic TI structure (InBr, Inl) 
low-KCN (S: S$ coordination) 
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alternate atoms are Sn and S. The SnS structure has been described in this way in 
Chapter 3. 

Structures related to the NaCl structure are summarized in Chart 6.1. 

The caesium chloride structure 

In this AX structure (Fig. 6.4) each atom (ion) has eight equidistant nearest 

neighbours arranged at the vertices of a cubic coordination group. Compared with 

the NaCl structure this is an unimportant structure. It is adopted by some 

intermetallic compounds, for example the ordered forms of 6-brass (CuZn) and 

phases such as FeAl, TISb, LiHg, LiTl, and MgTl, but not by any ‘interstitial’ 

compounds MC, MN, or MO. Only three of the alkali halides (and TICI, TIBr, and 

TIL) have the CsCl structure at ordinary temperature and pressure, though some K 

and Rb halides adopt this structure under pressure; on the other hand those halides 

which do adopt the CsCl structure can be induced to crystallize with the NaCl 

structure on a suitable substrate. The importance of polarization of the Cs* or TI* 

ions in this structure is emphasized in Chapter 7. 

Of the alkali hydroxides, hydrosulphides, and cyanides only CsSH and CsCN 

have CsCl-like structures; the structure of CsOH is not known. Only one form of 

CsSH is known, and it has the cubic CsCl structure in which SH” is behaving as a 

spherically symmetrical ion with the same radius as Br . The high-temperature 

form of CsCN has the cubic CsCl structure; the low-temperature form has the less 

symmetrical structure noted later. The bifluorides behave rather differently, the K 

and Rb salts showing a preference for CsCl-like structures. Ammonium salts differ 

from the corresponding alkali metal salts ifthere is the possibility of hydrogen bonding 

between cation and anion. For example, the structures of NH,HF, and KHF, 

(low-temperature form) are similar in that both have CsCl-like arrangements of the 

ions (Fig. 8.6, p. 311) but owing to the different relative orientations of the 

(F—H—F)~ ions in the two crystals NH4 has only four nearest F” neighbours while 

in KHF, K* has eight equidistant F” neighbours. This breakdown of the coordi- 

nation group of eight into two sets of four is due to the formation of N-H—F 

bonds; in NH4CN the cation makes contact with only four anions, as described 

later. The random pyrites structure of the high-temperature form of KHF, has been 

noted under the sodium chloride structure. 

As in the case of the NaCl structure, the two simplest types of distortion are 

those leading to rhombohedral or tetragonal structures. An example of the former 

is the low-temperature polymorph of CsCN, in which (with 1 CsCN in the unit cell) 

all the CN7 ions are oriented parallel to the triad axis (Fig. 22.2, p. 750). The edge 

of the tetragonal unit cell of the structure of NH4CN (which is not known to 

exhibit polymorphism in the temperature range —80° to +35°C) is doubled in one 

direction because the CN ions have two different orientations (Fig. 22.3(b), p. 

751). Although each NHq ion is surrounded by 8 CN” ions, owing to the 

orientations of these ions there are 4 at a distance of 3-02 A and 4 more distant (at 

3-56 A). Other compounds with CsCl-like packing of ions include KSbF.¢, AgNbF¢, 

and isostructural compounds, [Be(H20)4]SO4, and [Ni(H,O)¢ | SnCl¢. 
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The rutile structure 

This tetragonal structure (Fig. 6.5(a)) is named after one of the polymorphs of 

TiO; it is also referred to as the cassiterite (SnO,) structure. The coordinates of 

the atoms are: 

Ti: (000), (355). 
Oa (xx 0), Gg te. 4 = We. 4). 

The structure consists of chains of TiOg octahedra, in which each octahedron 

shares a pair of opposite edges (Fig. 6.5(b)), which are further linked by sharing 

vertices to form a 3D structure of 6 : 3 coordination as shown in the projection of 

Fig. 6.5(c). With the above coordinates each O has three coplanar neighbours (2 at 

the distance d and | at e), Ti has six octahedral neighbours (4 at the distance d and 

2 at e), and all Ti—Ti distances (between centres of octahedra along a chain) are 

4 

O Fe at height 0 ©) 8 at height 0 
O Fe at height c/2 O S at height ¢/2 

(d) 

FIG. 6.5. The rutile structure: (a) unit cell, (b) parts of two columns of octahedral TiO, 
coordination groups, (c) projection of structure on base of unit cell, (d) corresponding projection 

of marcasite structure. 
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equal. Although there are two independent variables, c : a and x, in the structure as 
described, this number reduces to one if all the Ti—O distances are made equal (d = 
e), when there is the following relation between x and c/a: 8x = 2+ (c/a)*. The 
special cases would be: (i) regular octahedral coordination of Ti (c/a = 0:58, x= 
0-29), and (ii) equilateral triangular coordination of O (c/a = 0-817, x = 0:33). We 
saw in Chapter 5 that both of these highly symmetrical arrangements of nearest 
neighbours are not possible simultaneously, for (i) implies bond angles at O of 90° 
and 135° (two). In dioxides and difluorides with the tetragonal rutile structure 
there is usually very little difference between the two M—O or M_F distances, the 
structure being much closer to case (i) than to (ii), with x close to 0-30. Typical data 
are: 

M—O or M—F 

Gusta) 4 of 2 of 

TiO, 0-645 1-944 1-99A 
ZF, 0:665 2:03A 2-044 
NiF, 0-663 1:98A 2-048 

The normal rutile structure is restricted to the difluorides of Mg and certain 3d 
metals, a number of dioxides, some oxyfluorides (FeOF, TiOF, VOF), and MgH,; it 
is not adopted by disulphides, by other dihalides, or by intermetallic phases. In 

TABLE 653 

Dioxides and difluorides with the rutile or fluorite structures 

Dioxides Rutile structure 

si? 

Ti vii Cr Mn Ge 

bs hg eed eee 2 rs 
Ze NDE Ore lc a RR Sn 

He| Tai W Re! Os Ir Pt? pb | Po 

Fluorite structure 

Th Pa U Np Pu Am Cm 

Zi Structure modified by metal-metal bonding. 

When crystallized under pressure. 

Difluorides Rutile structure 

Mg 

Ca | Cr° Mn Fe Co Ni Cu*% Zn 

Sr Cd _ 

% Fluorite structure He Pb 

© Distorted (see text). 
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FIG. 6.6. Distorted rutile structure 

of CuF >. 

FIG. 6.7. Projection of 
structure of CrCl. 

the 
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general, compounds MF, and MO, containing larger ions adopt the fluorite 

structure, and since in this sense the rutile and fluorite structures are com- 

plementary we group together in Table 6.3 compounds that crystallize with one or 

other of these structures. Some interesting modifications of the rutile structure 

show how it can be adapted to suit the special bonding requirements of certain 

atoms (ions). 

The structure of CrF, (and the isostructural CuF ) illustrates the distortion of 

the octahedral coordination groups to give four shorter and two longer bonds, the 

structure tending towards a layer structure. This can be seen from Fig. 6.6 by 

noting that the atom at the body-centre of the cell is connected through F atoms to 

four others by the stronger bonds (full lines), these five atoms defining a plane 

passing through the centre of the cell. The differences between the two sets of M—F 

distances are hardly sufficient to justify describing these as layer structures, though 

the difference is rather larger in CrF, than in CuF ; 

Cu—4.F 1-93A; Cr—-4.F)2-00A: 

Cua re 2A Cr=2. F, 2:43 A. 

For a discussion of bond lengths in oxides and fluorides with the rutile structure 

(see: AC 1971 B27 2133). 

A quite different type of distortion of the rutile structure is found in a number 

of transition-metal dioxides (of V, Nb, Mo, W, Tc, and Re). In contrast to the 

regular spacing of Ti atoms along the chains in TiO, (at 2:96 A) the distances 

between metal atoms in these oxides alternate: 2-65 and 3:12 A in VO, and 2-80 

and 3-20 A in NbO,; the latter has a complex superstructure of the rutile type. The 

metal-metal interactions are considered responsible for the anomalously low 

paramagnetism of NbO,, but it should be noted that RuO, (with Ru—Ru, 3:11 A 

in a normal rutile structure) also has a very low paramagnetic susceptibility, and 

high electrical conductivity, in spite of the absence of direct metal-metal 

interactions. 

In our survey of close-packed structures in Chapter 4 we noted that the packing 

of the O atoms in the rutile structure represents a considerable distortion of 

hexagonal closest packing. The packing of the anions in CaCl, is much closer to 
hexagonal closest packing, and in this structure Ca has 6 nearly equidistant Cl 
neighbours (4 at 2°76 A and 2 at 2-70 A) with Cl slightly out of the plane of its 
3 nearest Ca neighbours. This change in the coordination of the anion is brought 
about by rotating the chains of octahedra relative to one another, and is more 
marked in CrCl, (Fig. 6.7). In this crystal there is also a pronounced elongation of 
the octahedral CrCl, groups (Cr—4 Cl, 2:37 A, Cr—2 Cl, 2:91 A). At the limit this 
type of distortion would lead to chains in which the metal atoms form four 
coplanar bonds, as in PdCl,. 

When the edge-sharing chains in the rutile structure, seen in projection in 
Fig. 6.5(c), are rotated relative to one another the distance between pairs of 
X atoms of different chains is reduced. The angle of rotation in CrCl, is small (20°) 
but larger in InO.OH (and the isostructural CrO . OH (green) and CoO. OH), 
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where it is due to hydrogen bonding, as shown in Fig. 14.11 (p. 525). Further 
rotation of the chains gives the marcasite structure of FeS, in which the close 
S—S contacts correspond to S—S bonds (2:21 A) as shown in Fig. 6.5(d). Examples 
of compounds with the marcasite and the closely related ldllingite and arsenopyrites 
structures are given in Chapter 17. 

Compounds ABXq, A,BXg, etc. with rutile-like structures 

The cation sites in the rutile structure may be occupied by cations of two or more 
different kinds, either at random (random rutile structure) or in a regular manner 

(superstructure). In the former case the structure is referable to the normal rutile 

unit cell, but the unit cell of a superstructure is usually, though not necessarily, 

larger than that of the statistical structure. Phases with disordered structures arise if 

the charges on the cations are the same or not too different. If the charges are the 

same the composition may be variable, as in solid solutions (Mn, Cr)O}, but it is 

necessarily fixed if the charges are different (CrNbO,4, FeSbO4, AlSbOg, etc.). 

Ordered arrangements of cations arise when either 

(a) the ionic charges are very different, or 

(b) special bonding requirements of particular atoms have to be satisfied. 

(a) A number of complex fluorides and oxides A,BX¢ (X = F or O) 

crystallize with the ¢rirutile structure (Fig. 6.8). Fluorides A?*B3*F, (e.g. 

FeMg,F,) adopt the disordered rutile structure but LijTi**F, and one form of 

Li,GeF, have the trirutile structure. There are three possible types of fluoride 

ABC eamamclysAsBeG abe eA BC Fe eand\A2 BC? E,. The random 

rutile structure is adopted if all the ions are M?* (as in FeCoNiF¢), but the trirutile 

structure is adopted by compounds of the first two classes. The arrangement of the 

different kinds of ion in the trirutile structure is such as to give maximum 

separation of the M** ions in the first group of compounds (e.g. Li, TiF¢) or of the 

M* ions in the second group (e.g. LiCuFeF,), that is, these ions occupy the Zn 

positions in Fig. 6.8. (ZN 1967 22b 1218; JSSC 1969 1 100). Oxides with the 

trirutile structure include MgSb,0¢, MgTa,0¢, Cr2WO.,, LiNbWO., and VTa,0, 

CiS5G19 702.295). 

(b) In MgUO, the U atom has, as in many uranyl compounds, two close 

neighbours (at approximately 1-9 A) and four more distant O neighbours (at 2-2 

A). Within one rutile chain all metal atoms are U atoms. The environment of Mg?* 

is similar to that of U, 2 O at 2:0 A and 4 O at 2:2 A, this evidently being a 

secondary result of the U coordination. In CuUO,, on the other hand, Cu and U 

atoms alternate along each rutile chain, and here the rutile structure is modified to 

give U(2 + 4)—coordination (at the mean distances 1-9 A and 2-2 A close to those in 

MgUO,) but Cu has (4 + 2)—coordination (at 1:96 A and 2°59 A). 

Homologous series of oxides structurally related to the rutile structure. 

Vanadium and titanium form series of oxides M,O 7, -; which have structures 

related to the rutile structure in the following way. Slabs of rutile-like structure, 

octahedra thick but extending indefinitely in two dimensions, are connected across 
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‘shear planes’. These structures can be derived from the rutile structure by removing 

the O atoms in certain planes and then displacing the rutile slabs so as to restore the 

octahedral coordination of the metal atoms. This operation results in the sharing of 

faces between certain pairs of octahedra (in addition to the vertex- and edge-sharing in 

the rutile blocks) as in the corundum structure (p. 450)—compare the shear 

structures of Mo and W oxides derived in a similar way from the vertex-sharing 

ReO, structure to give structures in which some octahedron edges are shared. 

References to the Ti oxides (4 <n < 9) and the V oxides (3 <  < 8) are given in 

Chapter 12. 

The fluorite (AX, ) and antifluorite (A,X) structures 

In the fluorite structure (Fig. 6.9) for a compound AX, the A atoms (ions) are 

surrounded by 8 X at the vertices of a cube and X by 4 A at the vertices of a regular 

tetrahedron. It is the structure of a number of difluorides and dioxides (Table 6.3) 

and also of some disilicides (see later), intermetallic compounds (for example, 

GeMg,, SnMg,, PtAl, etc.), and transition-metal dihydrides. The dihydrides of Ti, 

Zr, and Hf are typical defect structures, and in the systems Ti—H and Hf—H the 

cubic fluorite structure is not stable up to the composition MH,. For example, in 

the Hf—H system the cubic structure occurs over the composition range 

HfH,.,—HfH,.g (at room temperature), but at the composition HfH, the structure 

is less symmetrical (f.c. tetragonal). We refer later to the quite different behaviour 

of the 4f elements. 

The positions of the Ca? * ions in the fluorite structure are those of cubic closest 

packing and the positions of the F ions correspond to all the tetrahedral holes. 

However, the ions which are actually in contact are the F ions (F—F, 2-70 A, 

twice the radius of F) whereas the shortest distance between Ca?~* ions is 3:8 A, 

which may be compared with the radius of Ca? * (1-0 A). The structure is therefore 

FIG. 6.9. The fluorite structure. 
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preferably described as a simple cubic packing of F~ ions in which alternate 

positions of cubic coordination are occupied by Ca? * ions, that is, a CsCl structure 

from which one-half of the cations have been removed. The pattern of cation sites 

occupied is that which gives F~ four tetrahedral Ca? * neighbours. 

In the antifluorite structure the positions occupied by the anions and cations in 

the fluorite structure are interchanged. This structure is adopted by the oxides M,O 

and sulphides M.S of Li, Na, K, and Rb; Cs,O has a layer structure, and the 

structure of Cs,S is not known. The structure of LizO may be described as an 

approximately c.c.p. array of O?~ ions with Li* ions in the tetrahedral holes, since 

O?~ is much larger than Li*, though O—O in Li,O is appreciably larger (3-3 A) 

than the 2-8 A found in many c.p. oxide structures. In fact the antifluorite 

structure is also adopted by K,O and Rb,O, in which the cations are comparable in 

size with O*~, yet 4-coordination of the cations persists. We return to this point in 

our discussion of ionic structures in Chapter 7. Other compounds with this 

structure include Mg,Si, Mg,Ge, etc. 

A considerable number of fluorides. oxides, and oxyfluorides have structures 

which are related more or less closely to the fluorite structure. The relation is 

closest for compounds with cation: anion ratio equal to 2: 1 with random 

arrangement of cations or anions, these structures having the normal cubic unit 

cell; examples include the high-temperature forms of NaYF4 and K,UF¢ and the 

oxyfluorides AcOF and HoOF. As in the case of the NaCl structure there are 

tetragonal and rhombohedral superstructures, which are described in Chapter 10. 

These are the structures of a number of oxyfluorides: 

Tetragonal: YOF, LaOF, PuOF, 

Rhombohedral: YOF, LaOF, SmOF, etc. 

The fluorite superstructure of y-Na,UF, is illustrated in Fig. 28.3 (p. 995). There 

is slightly distorted cubic coordination of M°* in Na3UFg (and the isostructural 

Na3PuFg,). Owing to the arrangement of cations in this structure (Fig. 6.10) the 

unit cell is doubled in one direction and is a b.c. tetragonal cell. 

The ternary fluorides SrCrF4 (and isostructural CaCrF4, CaCuF4, and SrCuF4) 

and SrCuF, have structures which are related less closely to fluorite. The cell 

dimensions correspond to cells of the fluorite type doubled and tripled respectively 

in one direction, and the cation positions are close to those of the fluorite structure 

of, for example SrF,, as shown in Fig. 6.10. There is, however, considerable 

movement of the F~ ions from the ‘ideal’ positions to give suitable environments 

for the transition-metal ions. The Sr** ions retain cubic 8-coordination but Gres 

(Cu?*) ions are surrounded by an elongated tetrahedron of anions (two angles of 

94°, four of 118°). Ina series of oxides MTe3Og (M = Ti, Zr, Hf, Sn) the cation 

positions are close to those of the fluorite structure, as shown in the sub-cell of Fig. 

6.10, but the actual unit cell has dimensions twice as large in each direction and the 

O atoms are displaced to give very distorted octahedral coordination of both M and 

Te (for example Te-4 O, 2:04 Ay Tie? O; 2:67 A), 

An interesting distortion of the fluorite structure to give weak metal-metal 

interactions is reminiscent of the distorted rutile structures of certain dioxides. 
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Fluorite 

FIG. 6.10. Cation positions in structures related to fluorite. 

Whereas CoSi, and NiSi, crystallize with the cubic fluorite structure, this structure 

is distorted in B-FeSi, to give Fe two Fe neighbours, the metal atoms being 

arranged in squares of side 2°97 A (compare 2°52 A in the 12-coordinated metal). 

The metal atom also has 8 Si neighbours at the vertices of a deformed cube. This 

distortion of the fluorite structure represents a partial transition towards the CuAl, 

structure (p. 1046), in which the coordination group of Cu is a square antiprism and 
there are chains of bonded Cu atoms. (AC 1971 B27 1209). 

Addition of anions to the fluorite structure: the Fe3Al structure 

In a number of metal-non-metal systems the cubic fluorite-like phase is stable over 

a range of composition. For the hydrides of the earlier 4f metals (La-Nd) this phase 

is stable from about MH,.9 to compositions approaching MH3. (The range of 

stability of the ‘dihydride’ phase of the later 4f metals is more limited, and 

separate from that of the ‘trihydride’, which has a different (LaF3) structure). The 

only sites available for the additional anions are at the mid-points of the edges and 

at the body-centre of the fluorite cell (the larger shaded circles in Fig. 6.11). The 

resulting AX3 structure is sometimes described as the BiF3 structure because it was 

206 



Some simple A X,, Structures 

FIG. 6.11. The Fe3Al] structure. 

once thought (erroneously) to be the structure of one form of that compound (see 

p. 357). It is preferably termed the Fe3Al (or Li3Bi) structure since it is the 

structure of the ordered form of a number of intermetallic phases. 

In the Fe3Al structure there is cubic 8-coordination of all the atoms, and writing 

the formula AX, X’ the nearest neighbours are: 

(Nee Kmxorta Amand: X4 68 X: 
Ax! 

The environment of the (additional) X’ atoms is therefore a group of 8 X at 0-433a 

(a = cell edge), and the nearest A neighbours are an octahedral group of 6 A at 0-Sa. 

Although satisfactory in an intermetallic compound this is an unlikely environment 

for an anion, and although fluorite-like phases certainly exist for the compounds 

MH,,, and UO,,, it seems likely that some rearrangement of the anions occurs in 

these structures. It seems improbable that any phases, other than intermetallic 

compounds form the ideal structure of Fig. 6.11 with its full complement of X' 

atoms. For further details of compounds with this type of structure see the 

discussion of the 4f hydrides (p. 295), Bi, OF 4 (p. 358), U oxides UO2+, (p. 998), 

and also Table 29.7 (p. 1036). 

Defect fluorite structures 

Fluorite-like structures deficient in cations seem to be rare; an example is Na,UFg 

(earlier described as Na3UF9) in which there are discrete cubic UFg groups. The 

arrangement of the Na” ions is the same as that of two-thirds of those ions in 

Na3UFg, as shown in Fig. 6.10. On the other hand, there are a number of phases 
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(mostly oxides) with structures derivable from fluorite by removing a fraction of 

the anions. These structures are summarized in Table 6.4. 

TABUERG. 

Structures related to the fluorite structure 

Cation defective Excess cations 
Na2UFg (1) Fe3Al structure 

(MH3) 

FLUORITE 
STRUCTURE 

Anion defect©) Random fluorite Anion defective 

ue 14 Zr5Sc20}3, Zr7014N>) 

AcOF 12) Pr6O44 

Superstructures $ Na3UF7 
LaOF etc. (pyrochlore A7B2X7) 
Na2UF, - M70 12(Ce, Pr, Tb) 

NagUFg™) Zr3Sc4Oj2, Zt70gN4™) 

SrCrF4”) A C—M 03 structure 
StoCuF, 

TiTe303 

The C-M,0O; structure (p. 451) may be derived from fluorite by removing 1 of 

the anions and slightly rearranging the remainder. All the M atoms are octahedrally 

coordinated, the coordination being rather more regular for one-quarter of these 

atoms. Solid solutions UO2+4,-Y 203 form defect f.c.c. structures with a degree of 

anion deficiency depending on the U content and on the partial pressure of oxygen. 

When the O deficiency becomes too large rearrangement takes place to form a 

rhombohedral phase MY 'MU!0,, (M = Mo, W, U) in which MV! is 6- and MHI 
7-coordinated. This phase can also be formed by oxides M¥l'MEYO,, (eg. 

Sc4Zr30;7) and also as an oxide M70, by elements which can form ions M?* 

and M** (e.g. Ce, Pr, Tb). Intermediate between this phase and a dioxide is the 

phase ZrsSc,0,3, corresponding to removal of only 74 of the O atoms, instead of 

+, from a fluorite structure. In these oxygen-deficient phases O retains its 
tetrahedral coordination, while the coordination of the M ions falls: 

Oxygen deficiency: 0 at 4 4 
Composition: MO, M,0O 13 M4015 M,03 

Coordination of M: 8 Oy IER | 6,57 6 

Other defect fluorite structures with intermediate degrees of anion deficiency are 

noted elsewhere: Prg0,, (p. 449) and Na3UF, (p. 995). 
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The pyrochlore structure 

This structure (Fig. 7.4 (between pp. 268 and 269), forms a link between the defect 
fluorite structures we have been describing and a topic discussed at the end of this 
chapter. With its complete complement of atoms this (cubic) structure contains eight 
A,B,X6X' in the unit cell, and there is only one variable parameter, the x 
parameter of the 48 X atoms in the position (x, %, §) etc. The structure may be 

described in two ways, according to the value of x: 

(i) x = 0°375: coordination of A cubic and of B a very deformed octahedron 

(flattened along a 3-fold axis). This is a defect superstructure of fluorite, A,B,X70 

(o = vacancy). 

(ii) x = 0:3125: coordination of A a very elongated cube (i.e. a puckered 

hexagon + 2), and coordination of B, a regular octahedron. This describes a 

framework of regular octahedra (each sharing vertices with six others) based on the 

diamond net, having large holes which contain the X’ and 2 A atoms, which 

themselves form a cuprite-like net A,X’ interpenetrating the octahedral framework, 

as noted in Chapter 3. Because of the rigidity of the octahedral B,X, framework 

this structure can tolerate the absence of some of the other atoms as illustrated for 

complex oxides in Chapter 13. 

The coordination groups of the A atoms for (i) and (ii) are illustrated in Fig. 6.12. 

In fact no examples of this structure are known with x as high as 0:375, the 

maximum observed value being 0°355, but x is less than 0:3125 in some cases 

(Cd,Nb,0,, x = 0:305), when the BX¢ octahedron is elongated. The relation of 

the limiting (unknown) structure (i) to fluorite is interesting because certain 

compounds show a transition from the pyrochlore structure to a defect fluorite 

structure. 

The Cdl, and related structures 

The simple (C6) Cdl, structure (also referred to as the brucite, Mg(OH),, structure) 

is illustrated in Fig. 6.13 as a ‘ball and-spoke’ model. It has been described in 

previous chapters in two other ways, as a hexagonal closest packing of I” ions in 

which Cd** ions occupy all the octahedral holes between alternate pairs of c.p. 

layers (that is one-half of all the octahedral holes), and as built from layers of 

octahedral Cdl, coordination groups each sharing an edge with each of six adjacent 

groups. These three ways of illustrating one layer of the structure are shown in Fig. 

6.14. From the c.p. description of the structure it follows that there is an indefinite 

number of closely related structures, all built of the I—Cd—I layers of Fig. 6.14, but 

differing in the c.p. layer sequences. The three simplest structures of the family are 

often designated by their Strukturbericht symbols: 

c.p. sequence 

C6 ho (ABuw) 
Cw c (ABC...) 
Gor he (ABAC...) 
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FIG. 6.13. Portions of two layers 

of the CdI, structure. The small 

circles represent metal atoms. 

Cdl, itself, mixed crystals CdBrI, PbI,, etc. crystallize with more than one of these 

structures and also with structures with much more complex layer sequences; more 

than 80 polytypes of Cdl, have been characterized. These are not of special interest 

here since their formation is obviously connected with the growth mechanism and 

they are all built of the same basic layer. We wish to show here how this very simple 

layer is utilized in the structures of a variety of compounds, and we shall not be 

particularly concerned with the mode of stacking of the layers. We shall describe 

five types of structure, starting with those in which the layer is of the simplest 

possible type, namely, in compounds MX, or MX in which all M atoms or all X 

atoms are of the same kind. 

(b) (c) 

FIG. 6.14. Three representations of the Cdl, layer. 
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(i) MX, and MX structures 

The numerous compounds with these simple layer structures are described in other 
chapters; they include: 

C6 structure: many dibromides and diiodides, dihydroxides, and disulphides, 

C 19 structure: many dichlorides, 

C 27 structure: B-TaS,, some dihalides. 

The following compounds crystallize with one or other of the anti-CdI, or 

anti-CdCl, structures i.e. structures in which non-metal atoms occupy octahedral 

holes between layers of metal atoms: 

Ag ,F, Ag,O (under pressure), Cs,O, Ti,O, Ca,N, T1,S, and W,C. 

In the rhombohedral form of CrO.OH (and the isostructural CoO . OH) 

Cdl,-type layers are directly superposed and held together by short O-H—O bonds. 

The salts Zr(HPO4).. H2O (IC 1969 8 431) and the y form of Zr(SO,4)2. H,O 

(AC 1970 B26 1125) have closely related structures based on C 6 layers in which 

the 3-connected unit is a tetrahedral oxy-ion bridging three metal ions. In 

Zr(HPO4)>. H,O Zr** is 6-coordinated by O atoms of 0 3P(OH)*~ ions which lie 

alternately above and below the plane of the metal ions (Fig. 6.15). The P—OH 

bonds are perpendicular to this plane, and the H,O molecules occupy cavities 

between the layers. The sulphate has a similar system of Zr** and bridging 

oxy-ions. but here the H,O molecule is bonded to Zr**, which is thus 

7-coordinated. 

» PO,(OH) above (0) PO,(OH) below 
@) ar CO) plane of paper QO plane of paper 

FIG. 6.15. Layer of the structure of Zr(HPOq)2 .H20. The linking of anions and cations is 

similar in y-Zr(SOq)2 . H20. 
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(ii) Anions or cations of more than one kind in each MX layer 

Hydroxyhalides M(OH)CI, M,(OH)3Cl, and M(OH),Cl,_, are of a number of 

different kinds. In some there is random arrangement of OH and Cl (Br), in others a 

regular arrangement of OH and Cl in each c.p. layer (Co(OH)CI, Cu,(OH)3Cl), and 

in Cd(OH)CI alternate c.p. layers consist entirely of OH’ or Cl ions. 

In complex hydroxides such as K,Sn(OH)¢ two-thirds of the Mg positions of 

the Mg(OH), layer are replaced by K and the remainder by Sn; the structure 

contains discrete Sn(OH)2_ ions. 

(iii) Replacement of cations to form charged layers 

If part of the Mg?* in a (neutral) MgCl, layer is replaced by Na* the layer becomes 

negatively charged; conversely, if part of the Mg** in a Mg(OH), layer is replaced 

by Al?* the layer becomes positively charged. Layers of these two types can 

together form a structure consisting of alternate negatively and positively charged 

layers, as shown at (a). The layers extend throughout the crystal, the chemical 

formula simply representing the composition of the repeating unit of the layers. 

Alternatively, the charged layers may be interleaved with ions of opposite charge 

(together with water, if necessary, to fill any remaining space), as at (b) and (c): 

[NagMgoCla] in” [Mg.Fe3!(OH) 16] 2”"* [Ga Al (OLD) Lowe 

CO3 (H20)4 S04 (H20)¢ 

[Mg,Al4(OH) 99] 2”"* [MgeFe."'(OH),6]2”* [Ca4Al,(OH)12]4”* 

(a) (b) (c) 
Note how much more informative are the ‘structural’ formulae of these 
compounds: 

Analytical formula Structural formula 

(a) 4NaCl.4 MgCl, .5 Mg(OH),.4 AIH), —_[NagMg, Cl, 2] [Mg7Alq(OH) 9] 
(b) MgCO.5 Mg(OH),.2Fe(OH);.4H,0 — [Mg,Fe,(OH),,]CO,.4H,0 
(c) B1CaO) é Al,03 F CaSO, a2 H,0 [Ca,Al,(OH),]SO,4 6 H,0 

(For details see N 1967 215 622; ZK 1968 126 7: AC 1968 B24 972.) 

Hydrogen bonding between water molecules and oxy-anions presumably contri- 
butes to the stability of these structures; examples of structures with negatively 
charged layers and interlayer cations do not seem to be known. 

(iv) Replacement of some OH in M(OH), layer by O atoms of oxy-ions 
If one O atom of a nitrate ion replaces one OH™ in a M(OH), layer the layer 
remains neutral, the remaining atoms of the NO3 ion extending outwards from the 
surface of the layer. The hydroxynitrate Cuy(OH)3NO3 consists of neutral layers of 
this kind, O of NO3 replacing one-quarter of the OH” ions in the layer, as shown 
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diagrammatically in Fig. 6.16(a). There is hydrogen bonding between O of NO3 and 
OH of the adjacent layer. If O atoms of sulphate ions replace one-quarter of the Ui, 
OH” ions in a C 6 layer of composition Cu(OH), the composite layer is charged, 7 " " : 
and it is necessary to interpolate cations; HyO molecules occupy the remaining yon 
space (Fig. 6.16(b)). The structure of CaCug(OH),¢(SO4)2. 3 H20 is of this type, in 0 9 a 2 ; : : : a which the relative numbers of Cu, OH, and oxy-ions are the same as in i ‘i N 
Cu,(OH)3NO3. (In the mineral serpierite (AC 1968 B24 1214) there is also 70) O A 
replacement of about one-third of the Cu by Zn.) Wy) 

A more complex arrangement is found in certain silicates and aluminosilicates. If 
one-third of the OH groups on one side of a Mg(OH), layer are replaced by O of (a) 
SiO4 groups the other three O atoms of each SiO, can be shared with other SiO, 
groups (Fig. 6.16(c)). The formula of this composite layer, which is uncharged, is YMMV) 
Mg3(OH)4Si,O5, as explained in Chapter 23. If there is a layer of linked SiO, l 
groups on both sides of the Mg(OH), layer the composition is Mg3(OH),Si,0, 9. 0-}-0 
Crystals of chrysotile and talc consist of such neutral layers. Replacement of some © O oO 
of the Si by Al gives negatively charged layers which are the structural units in the ol 
micas, for example, KMg3(OH), [Si3AlO;9]. Corresponding to each of the O 
Mg-containing layers there is an Al-containing layer in which the Mg?* ions in the WI) 
Mg(OH), layer are replaced by two-thirds their number of Al°* ions, as in 

KAI,(OH, [Si3A10, 9]. In the chlorite minerals negatively charged mica-like layers (b) 

are interleaved with positively charged brucite layers in which some Mg has been YUU) 
replaced by Al, as in [Mg3(OH),Si3Al0,9]~ [Mg,Al(OH),] *; compare the layers G és Li, 
in (iii) (a)-(c). | | | 

eee oN 

(v) Attachment of additional metal atoms to the surface of a layer a — 

Since the X atoms on either side of a CdX, layer are close-packed any triangle of X S . 

atoms forms a suitable site for an additional metal atom (beyond the surface of the 

layer) which can be either tetrahedrally or octahedrally coordinated (Fig. 6.17(a)). aie ae Ree 

The coordination group of this M ion would share three X atoms (face) with the () [Cug(OH)¢(SO4)9] 2”, oe 

octahedral coordination groups of the metal ion in the CdX, layer, but such close —_(c) Mg3(OH)4Si20s. 

Tae ae 
: OPERA 

29 dhe dE een Sate 
of 

space et es) SON 

(c) 

Zn MnO, —— 20, (OH), 2+ 

Fe apes? loos ant 
ales | 

(a) (b) (c) (d) 

FIG. 6.17. (a) Attachment of metal ion to CdI4-like layer. Diagrammatic representations of the 
structures of (b) ZnMn307 . 3H20, (c) Zns5(OH)gCl2 . H20, (d) Zn5(OH)¢(CO3)2. 
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approach of metal ions can be avoided by removing the metal ion within the layer, 

the black circle of Fig. 6.17(a). The mineral chalcophanite, ZnMn307. 3 H20, 

consists of layers of the C 6 type built of Mn** and O?~ ions from which 

one-seventh of the metal ions have been removed, giving the composition Mn30, 

instead of MnO,. Attached to each side of this layer, directly above and below the 

unoccupied Mn** positions, are Zn? * ions, and between the (uncharged) layers are 

layers of water molecules. Three of these complete the octahedral coordination 

group around Zn? * (Fig. 6.17(b)). 

In Zn;(OH)gCl,.H,0 the basic structural unit is a charged layer. One-quarter of 

the Zn?* ions are absent from a Zn(OH), layer, and for every one removed 2 7a 

are added beyond the surfaces of the layer, the composition being therefore 

Zns(OH)*. The charge is balanced by Cl” ions between the layers, with water 

molecules filling the remaining space (Fig. 6.17(c)). There is tetrahedral co- 

ordination of the Zn** ions on the outer surfaces of the layers, in contrast to the 

octahedral coordination within the layers. For another example of a layer structure 

of the same general type see Zn,(OH)g(NO3)>. 2 H2O (p. 536). 

Our last example is hydrozincite, Zn5(OH)¢(CO3),, a corrosion product of zinc 

which is also found accompanying zinc ores that have been subjected to weathering. 

Its structure arises from a combination of (iv) and (v). As in the previous example 

one-quarter of the Zn?* ions are absent from a Zn(OH), layer and replaced by 

twice their number of similar ions, equally distributed on both sides of the layer. 

In addition there is replacement of one-quarter of the OH” ions by O atoms of 

COZ” ions, so that the composition has changed from Zn4(OH)g to 

Zn, [Zn3(OH)¢](CO3)2. A second O atom of each CO3 is bonded to the ‘added’ 
Zn atoms, which are tetrahedrally coordinated as in the hydroxychloride. This is 
shown diagrammatically in Fig. 6.17(d). Although the structure as a whole is not a 
layer structure, for there is bonding between Zn and O atoms throughout, 
nevertheless the c.p. layers of O atoms around the octahedrally coordinated Zn 
atoms remain a prominent feature of the structure and may well act as a template 
in the growth of the crystal. It is not always appreciated that in the case of a 
compound of this kind, which exists only as a solid and can be formed on the 
surface of another solid (metallic Zn, ZnO, etc.), crystal growth is synonymous 
with the actual formation of a chemical compound. 

The ReO3 and related structures 

The cubic ReO3 structure has been described in Chapter 5 as the simplest 3D 
structure formed from vertex-sharing octahedral groups; the distorted variant 
adopted by Sc(OH)3 was also illustrated. The structure is adopted by NbF3 and 
several trioxides and oxyfluorides (Table 6.5), but is not possible for an ionic 
trinitride, since it would require cations M?t: however, the anti-ReO3 structure is 
found for Cu3N. Similarly, the perovskite structure, derived from ReQ 3 by adding a 
12-coordinated ion at the body-centre of the unit cell of Fig. 13.3 (p. 483), is 
formed by complex fluorides and oxides (often with symmetry lower than cubic) 
and the anti-perovskite structure by a number of ternary nitrides and carbides, in 
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which N or C occupy the positions of octahedral coordination. Alternatively, these 
nitrides and carbides may be described as c.c.p. metal systems in which N or C atoms 
occupy one-quarter of the octahedral interstices, a more obvious description if all 
the metal atoms are similar (as in FegN, Mn4N, and NigN). Since the O atoms in 
ReO3 occupy three-quarters of the positions of cubic closest packing, rearrangement 
to a more dense structure is possible, giving in the limit the h.c.p. structure of RhF3 
and certain other trifluorides (Chapter 9). 

TABLE 6.5 

The ReO3 and related structures 

Superstructures Statistical 
e.g. cryolite ReO3 structure 

TiOF3, TaO2F on 
‘ (cubic Na RhF3, IrF3 

bronze) 

Pero vskite 
nc O0si71/C7/ cu | Sc(OH)3 structure 3 In(OH)3 

KNiF3, etc. NbF3 
SrTiO3, etc. WO3, UO 

aieeA Skutterudite 
Anti-perovskite Anti-ReO 3 structure structure 
structure Cu3N CoP3, CoAs3, etc. 

GaNCr3 
AlCSc3 

The relation between the ReO3 and RhF3 structures can easily be seen from a 

model consisting of two octahedra sharing a vertex. In Fig. 6.18(a) the vertices a, b, 

c, d, and e are coplanar, and the octahedra are related as in ReO3, the angle AcB 

being 180°. Keeping these vertices coplanar, anticlockwise rotation through 60° of 

the upper octahedron B about the vertex c brings it to the position shown in (b), 

with the angle AcB equal to 132° and the X atoms in positions of hexagonal closest 

packing. This is the relation between adjacent octahedra in the h.c.p. RhF3 

structure, and it may be noted that the arrangement of RhF¢ octahedra is 

ASG mals oe 

(a) (b) 

FIG. 6.18. Relation between vertex-sharing octahedra in (a) ReO3, (b) RhF 3. 

PA 



(1) JSSC 1973 6 469 

Some simple AX, Structures 

a & dB SD dd» &H B® SN Gs @ 

O=Al O=Fe OS=Ti O=Li O=Nb O=B 

x-Al,O, Heln@: LiNbO, Perovskite ABX, 

(a) (b) (c) (d) 

FIG. 6.19. Elevations of close-packed structures containing 3D systems of linked octahedra: 

(a) corundum, (b) FeTiO3, (c) LiNbO3, (d) perovskite. 

essentially the same as that of the LiOg or the NbO¢ octahedra in LiNbO3, a 

superstructure of corundum. This point is illustrated by the diagrammatic 

elevations of Fig. 6.19, where (a), (b), and (c) are (approximately) h.c.p. structures 

(M—O—M in the range 120°-140°) and (d) represents the c.c.p. perovskite 
structure, with a similar system of vertex-sharing octahedra but M—O—M equal to 

180°. It is interesting to note that the corundum structure (and its superstructures) 

illustrate the limitations on the values of A~X—A angles for octahedra set out in 
Fig. 5.3, since in this structure octahedral MO, groups share vertices, edges, and 
one face:{!) 

= 

Octahedral element shared 

Face Edge Vertex 

Observed in a-Al,03 85° 94° (two) 120° and 132° (two) 

‘Ideal’ values for 

regular octahedra (p. 157) 704° 90° (two) 132°-180° (three) 

Since these are the bond angles at an O atom they also show the considerable 
departures from the regular tetrahedral coordination of that atom. 

Although trinitrides MN of transition metals do not occur, the analogous 
compounds with the heavier elements of Group VB are well known. They include 

CoP; NiP; CoSb; CoAs; 
RhP; PdP; RhSb3 RhAs3 

Sb, IrAsy 
which all crystallize with the skutterudite structure, named after the mineral CoAs3 
with that name. A point of special interest concerning this structure is that it 
contains well defined Asq groups. 

The skutterudite structure is related in a rather simple way to the ReO, 
structure. The non-metal atoms in the ReO3 structure situated on four parallel 
edges of the unit cell are displaced into the cell to form a square group, as shown 
for two adjacent cells in Fig. 6.20(a). From the directions in which the various sets 
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of atoms are moved it follows that one-quarter of the original ReO3 cells will not 
contain an Xq group. Figure 6.20(b) shows a (cubic) unit cell of the CoAs3 
structure, which has dimensions corresponding to twice those of the ReO3 
structure in each direction; the bottom front right and upper top left octants are 
empty. (The unit cell contains 8 Co and 24 As atoms, the latter forming 6 Asq 
groups.) Each As atom has a nearly regular tetrahedral arrangement of 2 Co +2 As 
neighbours, and Co has a slightly distorted octahedral coordination group of 6 As 

neighbours. The planar Asq groups are not quite square, the lengths of the sides of 

the rectangle being 2-46 A and 2:57 A.“*) The reason for the considerable 
reorientation of the octahedra which converts the ReO3 to the CoAs; structure is 
that it makes possible the formation by each As atom of two bonds of the same 
length as those in the Asq molecule. If CoAs3 had the ReO structure (with the 

Co 

(a) (b) 

FIG. 6.20. The skutterudite (CoAs3) structure: (a) relation to the ReO3 structure, (b) unit cell. 

In (b) only sufficient Co—As bonds are drawn to show that there is a square group of As atoms 

in only six of the eight 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. 

same Co—As distance, 2°33 A) each As would have 8 equidistant As neighbours at 

about 3-3 A. (The relatively minor distortions from perfectly square Asq groups 

and exactly regular octahedra are due to the fact that in the highly symmetrical 

cubic CoAs3 structure it is geometrically impossible to satisfy both of these 

requirements simultaneously, and the actual structure represents a compromise.) In 

the phosphides with this structure the difference between the two P—P bond 

lengths is smaller (for example, 2:23 A and 2:31 A), the shorter bonds 

corresponding to normal single P—P bonds.‘?) 
The fact that a compound such as CoP3 contains cyclic Py groups suggests that 

it might be of interest to try to formulate it in the way that was done for FeS,, 

PdS,, and PdP, in Chapter 1. There we saw that the S, groups bonded to six 

metal atoms in the pyrites structure can be regarded as a source of ten electrons, so 

that Fe in FeS, acquires the Kr configuration. Each P in a cyclic P4 group requires 

an additional electron, which it could acquire either as an ionic charge, (a), or by 

forming a normal covalent bond, (b): 

e177 

(2) AC 1971 B27 2288 

(3) AK 1968 30 103 
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5 P: Sete 7 

ie 
4 P: rS) Sa 

(a) (b) 

We should then formulate CoP3 either as (Co? *y(P7" 3 ortas “covalent 

compound Co4(P4)3; in the latter case each metal atom would acquire a share in 

nine electrons, since each Py group is a source of 12 electrons. The Co atom in 

CoP; would thus attain the Kr configuration like Fe in FeS,. Just as CoS, with the 

pyrites structure has an excess of one electron per metal atom, so this would be 

true of Ni in NiP3, accounting for the metallic conduction and Pauli para- 

magnetism of the latter. 

Structures with similar analytical descriptions 

We include here a note on a subject which sometimes presents difficulty when 

encountered in the crystallographic literature, namely, the fact that the same 

analytical description may apply to crystal structures which are quite different as 

regards their geometry and topology. A simple example is a structure referable to a 

rhombohedral unit cell with M at (000) and X at (444). This describes the CsCl 

structure (8-coordination of M and X) if @ = 90° but the NaCl structure 

(6-coordination of M and X) if a= 60°. This complication arises if there is (at least) 

one variable parameter, which may be either one affecting the shape of the unit cell 

(e.g. the angle a in a rhombohedral cell or the axial ratio of a hexagonal or 

tetragonal cell) or one defining the position of an atom in the unit cell. The 

following are further examples. 

The PbO and PHalI structures 

A number of compounds MX have tetragonal structures in which two atoms of one 

kind occupy the positions (000) and ($40) and two atoms of a second kind the 

positions (40u) and (0}u). The nature of the structure depends on the values of the 

two variable parameters, wu and the axial ratio c: a. Force: a=+/2 and u = 4, the 

atoms in (50w) and (04z) are cubic close-packed with the atoms at (000) and (440) 

in tetrahedral holes. For c: a= 1 andu=4 the packing of the former atoms would 

be body-centred cubic. The structures of PbO and LiOH are intermediate between 

these two extremes; they are layer structures with only Pb—Pb (OH—OH) contacts 
between the layers (Fig. 6.21(a)). If c: a = 4/2 and u = 4 the structure becomes 
the CsCl structure, in which each kind of ion is surrounded by eight of the other 
kind at the vertices of a cube; the structure of PH4I (Fig. 6.21(b)) approximates to 
the CsCl structure. Some compounds with these structures are listed in Table 6.6; 
they fall into groups, with the exception of InBi (c : a@=0-95), with c : a close to 
12S 0n0270: 
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TEN BIG EOro 

Compounds with the PbO and PHal (B 10) structures 

CRAG u Atoms in 

(000), (450) (40u), (obi) 

1-414 0-25 
PbO 1-26 0-24 O Pb 
LiOH 1-22 0-20 Ii OH 

1-00 0-25 

InBi 0-95 0-38 In Bi 

N(CH3)4Cl, Br, I 0:71—0-72 0-37—0-39 N CR Brel 

PHal 0-73 0-40 P I 
Ideal CsCl structure 0-707 0-50 

NH4SH 0-667 0-34 N SH 

The LiNiO,, NaHF 2, and CsICl, structures 

Each of these three rhombohedral structures is described as having M at (000), X at 

(544), and two Y and atoms at + (www) situated along the body-diagonal of the cell. 

If wu = 4 and a = 33° 34’ this corresponds to the atomic positions of Fig. 6.3(b), 
one-half of the Na ions having been replaced by M, the remainder by X, and the Cl 

ions by Y. This is the type of structure adopted by a number of complex oxides 

and sulphides MXO, and MXS, which are superstructures of the NaCl structure 

(group (a) in Table 6.7). However, the same analytical description applies to two 

TABLE 6.7 

Data for some compounds MXY 4 

Compound a u 

(a) FeNaO2 
NiLiO? Peery 
CrNaS2 i 
CrNaSej 

(b) CrCuO2 30° 

FeCuO2 4 
NaHF c. 0:40 
NaN3 | c. 40° 
CaCN2 

(c) CsICly Om 0-31 

other quite different structures, the NaHF, and CsICl, structures, (b) and (c) of 

Table 6.7. All the compounds with the NaHF structure have a in the range 30-40° 

and wu about 0-40 (or 0-10 if M and X are interchanged), while for CsICl, a = 70° 

and ¢— 0:31. 

If these structures are projected along the trigonal axis of the rhombohedron, 

that is, along the direction of the arrow in Fig. 6.22(a), all atoms fall on points of 
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the type A, B, or C of (b), and these are the positions of closest packing. The 

sequence of layers depends on the parameter wu, and discrete groups XY appear only 

if the X atoms and the pairs of nearest Y atoms in adjacent layers are of the same 

type, that is, all A, all B, or all C. The elevations shown at (c), (d), and (e) show 

how different are the layer sequences along the vertical axis of Fig. 6.22(a), In (c) 

the sequence of O layers is that of cubic close packing, and all the metal ions are in 

positions of octahedral coordination between the layers. In (d) and (e) linear HF} 

and ICI; ions can be distinguished, but whereas in NaHF, a Na* ion na six nearest 

F neighbours at the vertices of a distorted octahedron, in CsICl, a Cs” ion has six 

(a) (b) (c) (d) (e) 

FIG. 6.22. The relation between the structures of LiNiOz, NaHF>, and CsICl, (see text). In 
(c)-(e) the horizontal dotted lines represent layers of oxygen or halogen atoms. 

nearest Cl” neighbours nearly coplanar with it and two more not much further 
away (at 3-85 A as compared with 3-66 A). Comparing the compounds FeCuO, 
and FeNaO,, both with a ~ 30°, we see that the different values of w (0-39 and 
0:25 respectively) lead to entirely different layer sequences. In FeCuO, Cu has 
only two nearest oxygen neighbours, whereas in FeNaO, there is regular octahedral 
coordination of both Na and Fe. 

On the basis of both interatomic distances and physical properties it would seem 
justifiable to subdivide the compounds with structure (b) of Table 6.7 (Fig. 
6.22(d)) into two classes. There are numerous oxides with this structure, sometimes 
called the delafossite structure after the mineral CuFeO): 

Cu'Fe"0,  AgFeO, AgRhO, | PdCoO, PtCo0, 
Co Co In Cr 

Ci Cr wl Rh 

Al Al 

Ga Ga 

Although normally a structure for oxides Milo, it is also adopted by a few 
oxides containing Pd or Pt, but whereas CuFeO, and AgFeO, are semiconductors 
the Pd and Pt compounds are metallic conductors. The conductivity is very 
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anisotropic, being much greater perpendicular to the vertical axis of Fig. 6.22(a) 

(parallel to the layers of Pd(Pt) atoms), in which plane it is only slightly inferior to 

that of metallic copper. In this plane Pd(Pt) has six coplanar metal neighbours at 

2:83 A,a distance very similar to that in the metal itself; contrast Cu—Cu in CuFeO, 

(3-04 A) with Cu—Cu in the metal, 2°56 A. Counting these metal-metal contacts the 

coordination is 6 + 2 (hexagonal bipyramidal). For reference see p. 478. 

The CrB, yellow TI (B 33), and related structures 
All the structures of Table 6.8 are described by the space group Cmcm with atoms 

in 4(c), (Ov4), (Ov#), 4G, 4 +, 4), and G, 4 — y, 3). They should not be described 

as the same structure because there are four variables (two axial ratios, ya, and 

yx), and the nature of the coordination group around the X atoms is very different 

in the various crystals. In CrB there is a trigonal prism of 6 Cr around B, but B also 

has 2 B neighbours at a distance clearly indicating B—B bonds; in CrB and CaSi 

ITA BILE 628 

The CrB, ThPt, and TI (B 33) structures 

AX a b Cc VA Vx X—2 X A—X 

in chain (shortest) 

CrB 2:97 A 786A 2-934 | 0-15 0-44 1-744 2:19A 

CaSi 4-59 10-79 3-91 0-14 0-43 2-47 3-11 

ThPt 3-90 11-09 4-45 0-14 0-41 2-99 2-99 

NaOH (th.) | 3-40 11-38 3-40 0-16 0:37 3-49 2-30 

TI 4-57 12-92 5-24 0-11 0-37 4-32 3-36 

For a more complete list see: AC 1965 19 214 (which includes older data for NaOH and KOH). 

these —B—B— and —Si—Si— chains are an important feature of the structure. In 

ThPt and a number of other isostructural intermetallic phases this distinction 

between the X—X and A—X distances has gone, and the nearest neighbours of Pt in 

ThPt are 2 Pt and 1 That 2-99 A, 4 That 3-01 A 2 That 3-21 A, etc. In yellow TI 

there is no question of I—I chains (the covalent [—I bond length is 2:76 A), and 

the structure is described in terms of (5 + 4)-coordination of TI by I and of I by 

Tl. In (rhombic) NaOH, with the TII structure, the shortest (interlayer) OH—OH 

distance (3-49 A) and the positions of the H atoms rule out the idea of preferential 

bonding (in this case hydrogen bonding) between the OH ions. The relative values 

of the X—X and A—X distances given in the last two columns of Table 6.8 shows 

that the same analytical description covers three quite different structures. 

The PbCl, structure 

We include a note on this structure to emphasize not only how little information 

about a structure is conveyed by its analytical description but how one structure 

type is utilized by compounds in which the bonds are of very different kinds—a 
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point already noted in connection with the NaCl structure. The orthorhombic unit 

cell of the PbCl, structure contains three groups of four atoms, all in 4-fold 

positions (x4z) etc. (space group Puma). There are therefore eight variables, two 

axial ratios, three x, and three z parameters. More than one hundred compounds 

AX, or AXY are known to adopt a structure of this kind, and they may be divided 

into four groups which correspond to different values of the axial ratios (Table 

6.9). The majority of the compounds fall into Class A, which includes the salt-like 

dihalides and dihydrides but also some sulphides, phosphides, silicides, and borides, 

and the intermetallic compounds Mg,Pb and Ca,Pb. Examples of compounds in 

the smaller Classes B and C, and the sole representative of Class D are given in the 

Table. 

Although this is potentially a structure of 9 :¢ coordination, with tricapped 

trigonal prismatic coordination of the large Pb** ion, there are never nine 

equidistant X neighbours. For example, in both PbF, and PbCl, the coordination 

group of the cation consists of seven close and two more distant anion neighbours, 

though in both structures there is appreciable spread of the interatomic distances: 

PbF,: 7 F at 2-41-2-69 A (mean 2-55 A); 2 at 3-03 A. 
PbCl,: 7 Cl at 2-80-3-09 A (mean 2:98 A); 2 at 3-70 A. 

The two more distant neighbours are at two of the vertices of the trigonal prism, as 
shown in Fig. 6.23. This (7 + 2)-coordination is a feature also of the structures of 
BaCl,, BaBr2, and Balz, but in mixed halides PbX’X” the A—X distances do not 
fall into well-defined groups of 7 + 2 (for example, in PbBrI there is only one 
outstandingly large bond length). In the numerous ternary phases with the 

© pb at 4/4 

© Pb at 34/4 

O Cl at b/4 

ye So Cl at 35/4 

FIG. 6523 Projection of the crystal structure of PbCl, on (010). Atoms at heights b/4 and 36/4 above the plane of the Paper are distinguished as heavy and light circles. The broken lines indicate bonds from Pb** to its two more distant neighbours. 
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TABLE 6.9 

Compounds with the PbCl, structure 

Class (DEG (at+c)/b Examples 

A 0-90 4-0 BaX 2, PbX 2, Pb(OH)Cl, EuCl,, SmCly, 
to to CaHg, etc., YbH2 

0-80 3-3 Mg2Pb, ThS, US, CoP 

Ternary silicides, phosphides, etc. 

B 0-75 4-3 TiP>, ZrAsy 
© 0-74, 0-66 B-l,. 3-3 Rh Si, Pd2Al 

D 0-55 5.3 ResP 
te ee a ee Ee ee 

For further examples and references see: AC 1968 B24 930. 

‘anti-PbCl,’ structure (e.g. TiNiSi, MoCoB, TiNiP, etc.) the ie : 9 coordination is still 

recognizable but there are more neighbours within fairly close range, a general 

feature of intermetallic phases. For example, the following figures show the total 

numbers of neighbours up to 1:15(r7,4 +7rg), where ra and rpg are the radii for 

12-coordination (p. 1022): 

The PdS,, AgF,, and $-HgO, structures and their relation to the pyrites structure 

The structures of compounds AX, with octahedral coordination of A are of 

interest in connection with the ‘theorem’, stated on p. 158, that if three regular 

octahedral groups AX, have a common vertex at least one edge (or face) must be 

shared if reasonable distances are to be maintained between X atoms of different 

FIG. 6.24. (a) and (b) Successive layers of the PdS4 structure. (c) One layer of the structure of 

AgF >. 
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AX. groups. We saw that there is one vertex common to three octahedral groups in 

OCr3(OOC . CH3),. 3 H20, this being possible because certain pairs of O atoms of 

different octahedral groups belong to bridging acetate groups, with O—O such 

shorter (2:24 A) than the normal van der Waals distance. It is worth while to 

examine a 3D structure in which three octahedral AX¢ groups meet at each vertex, 

without edge-sharing. 

Consider the buckled layer of Fig. 6.24(a) built of square planar coordination 

groups AXq. This represents a layer of the structures of PdS,. If layers (a) and the 

(translated) layers (b) of Fig. 6.24 alternate in a direction normal to the plane of 

the paper, an octahedral group ABCDEF around a metal atom can be completed by 

atoms E and F of layers (b) situated c/2 above and below the layer (a). In the 

resulting 3D structure each X atom is a vertex common to three octahedra (which 

share no edges). The structure with regular octahedra and normal van der Waals 

distances between X atoms of different octahedra is not possible for the reason 

stated above, but versions of this structure are adopted by PdS,, AgF,, and 

B-HgO,. The geometrical difficulty is overcome in one or both of two ways, 

namely, (i) distortion of the AX¢ coordination groups, or (ii) bonding between 
pairs of X atoms (such as E and F) in each ‘layer’. In AgF, there is moderate 
distortion of the octahedral groups (Ag—4 F, 2-07 A and Ag—2 F, 2:58 A) and 
normal F—F distances between atoms of different coordination groups (shortest 
F—F, 2:61 A)—case (i). Figure 6.24(c) shows one ‘layer’ of the structure of AgF,. 
In PdS, the S atoms are linked in pairs (S—S, 2:13 A) and also the octahedral 
PdS¢ groups are so elongated that the structure is a layer structure (Pd—4 S, 2-30 
A, Pd—2 S, 3-28 A). In B-HgO, the O atoms are bonded in pairs (O—O, 1-5 A) and 
here the octahedra are compressed (Hg—2 O, 2-06 A, Hg—4 O, 2-67 A), so that 
instead of layers there are chains -Hg-O—O—Hg~— in the direction of the c axis 
(normal to the plane of the layers in Fig. 6.24). In these structures, therefore, both 
factors (i) and (ii) operate. We thus have three closely related structures which are 
all derived from a hypothetical AX, structure built of regular octahedra which is 
not realizable in this ‘ideal’ form. All three structures have the same Space group 
(Pbca) and the same equivalent positions are occupied, namely, (000) etc. for M 
and (xyz) etc. for X; there are rather similar parameters for X but very different c 
dimensions of the unit cell (Table 6.10). 

We have discussed these structures at this point as examples of structures with 
similar analytical descriptions. We noted earlier that the PdS, structure can be 
described as a pyrites structure which has been elongated in one direction to such 

PAB Eom lO 

The PdS4, AgF,, and B-HgO, structures 

b c 
Reference 

PdSy 554A 753A AC 1957 10 329 AgF, | 5-07 5:53 5-81 JPCS 1971 32 543 B-HgO> | 6-08 6-01 4-80 AK 1959 13 515 
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an extent that it has become a layer structure. The pyrites structure may be 
described as a 3D assembly of FeS, octahedra, each vertex of which is common to 
three octahedra. Each vertex is also close to one vertex of another FeS¢ 
octahedron, these close contacts corresponding to the S—S groups and giving S its 
fourth (tetrahedral) neighbour. The pyrites structure is therefore one of a group of 
structures of the same topological type which represent compromises necessitated 
by the fact that a 3D AX, structure in which AX, groups share only vertices 
cannot be built with regular octahedra and normal van der Waals distances between 
X atoms of different octahedra: 

Octahedral AX, structures in which each vertex is common to three octahedra and 
only vertices are shared 

Regular octahedra Distorted octahedra Distorted octahedra 
and close X—X (4 + 2)-coordination: (2 + 4)-coordination: 

contacts no close X—X contacts close X—X contacts 

Pyrites structure AgF 4 structure B-HgO, structure 

| 
PdS, structure 

Highly distorted 

octahedra, giving 

planar 4-coordination 

and close X—X contacts 

Relations between the structures of some nitrides and oxy-compounds 

The close relation between structure and composition and simple geometrical 

considerations is nicely illustrated by some binary and ternary nitrides. In many of 

these compounds there is tetrahedral coordination of the smaller metal ions; in 

particular, there are many ternary nitrides containing tetrahedrally coordinated Li* 

ions. From the simple theorem that not more than eight regular tetrahedra can 

meet at a point (p. 159) it follows, for example, that there cannot be tetrahedral 

coordination of Li by N in Li3N, a point of some interest in view of the unexpected 

(and unique) structure of this compound and the apparent non-existence of other 

alkali nitrides of type M3N. It also follows that the limit of substitution of Be by Li 

in Be3N, is reached at the composition BeLiN; for example, there cannot be a 

compound BeLi4N, with tetrahedrally coordinated metal atoms. 

These points are more readily appreciated if we formulate nitrides with 4 N 

atoms, for if all the metal atoms are 4-coordinated and all N atoms have the same 

coordination number this c.n. is equal to the total number of metal atoms in the 
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formula. This number (n;) is the number of MN, tetrahedra meeting at each N 

atom, and it must not exceed eight: 

nt Compound Structure type 

3 Ge3N4 Phenacite (Bez SiO4) 

4 AlaNq (AIN) Zinc-blende or wurtzite 

8) (Al, Be3Naq) ; = 

6 CagNa4 (Ca3N2) Anti-Mn203 

7 (Bes LigNa) = 

8 BegLigNg (BeLiN) Anti-CaF 2 

Examples of structures in which five or seven tetrahedra meet at each point do not 

appear to be known, but the structures with n, = 3, 4, 6, and 8 are well known. We 

see that replacement of Be by Li in BegNq must stop at BegLigN4 (BeLiN) since 

further substitution would imply that more than eight tetrahedra must meet at each 

N atom. The end-member of the series would be Li, »N4 (Li3N) in which, assuming 

tetrahedral coordination of Li, every N would be common to 12 LiN,g tetrahedra. 

More generally we can derive the limits of substitution of a metal M”* by 

tetrahedrally coordinated Li* in nitrides in the following way. Writing the formula 

of the ternary nitride (Li,M”)3N, we have 

x+m=y and 304 Diy 2. 

The first equation corresponds to the balancing of charges while the second states 
that the c.n. of N must not exceed eight, assuming tetrahedral coordination of all 
metal atoms. It follows that x cannot exceed 2m — 3, that is, the limiting values of 
Li: M in ternary nitrides are: 

Hi D SS S45 6 

Digan en Spee 7E 3) 

corresponding to compounds such as 

LiMeN, Li3AIN>, LisSiN3, Li; VNa, and LigCrN, 

all of which have been prepared and shown to crystallize with the antifluorite 
structure. There is, of course, no limit to the replacement of more highly-charged 
ions by ions carrying charges +2 since the end-members are the binary nitrides 
Ca3N., AIN, etc. The foregoing restrictions, which are purely geometrical in origin, 
apply only to substitution by Li* or other singly-charged ions. 

The feature common to the structures of Ge3Nq4, AIN, Ca3N, and the numerous 
ternary nitrides with the antifluorite structure is the tetrahedral coordination of the 
metal atoms, the c.n. of N being 3, 4, 6, and 8 respectively. It would seem that in 
these structures the determining factor is the type of coordination around the metal 
ions. 

A table similar to that given for nitrides can be drawn up for oxides, but here 
there is no geometrical limitation of the proportion of Li* (assumed to be 
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tetrahedrally coordinated) since the limiting case (Li,O) corresponds to eight 
tetrahedral LiO, groups meeting at each O atom. A point of interest here is the fact 
that certain simple compounds require ‘awkward’ numbers of tetrahedra meeting at 
a point, notably five in LiqgSiO, and seven in Lig BeO,: 

3 Be2SiOg, LiAlSiOg 6 LisAlOg 
4 Beli, si0g, Li,PO0, 7 LigBeO4 
5 LigSiOg 8 LinO 

Restrictions on composition would arise in oxides in which there is octahedral 
coordination of all metal atoms, since not more than six regular octahedra may 
meet at a point, though of course this number may be increased if the octahedra are 
sufficiently distorted; see the note on the Th3P, structure in Chapter 5. Octahedral 
structures may be listed in the same way as the tetrahedral structures: 

ne Known or probable 
structure type 

2 ReOQ3 ReOQ3 

3 Al,ReO6 Rutile? 
4 Mg3ReO,g © Corundum, etc. 
5 Na zMg2ReO¢, MgqliOg ? 

6 NaaMgReO6 NaCl? 

Structures with 1, = 6 (e.g. NagReO,) would be impossible for regular octahedral 

coordination of all metal atoms, while that of Mg,TiOg would involve 5- 

coordination of O (five octahedra meeting at a point). 

It is perhaps worthwhile to list the simpler structures in order of increasing 

numbers of tetrahedra or octahedra meeting at each X atom (Table 6.11). 

TANI, Ga Il 1 

Structures with tetrahedral and octahedral coordination 

n Tetrahedral structures Octahedral structures 

2 AX SiO structures AX3 ReQ3 
3 A3X4 Ge3Nq (phenacite) AX2 Rutile 
4 AX ZnS structures A2X3 Corundum 

6 A3X2 Anti-M203 AX NaCl 

8 A2X Anti-CaF 3 A4X3 See p. 160 

Superstructures and other related structures 

In a substitutional solid solution AA’ there is random arrangement of A and A’ 

atoms in equivalent positions in the crystal structure. If on suitable heat treatment 
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the random solid solution rearranges into a structure In which the A and A atoms 

occupy the same set of positions but in a regular way, the structure 1s described as a 

superstructure. We use the term in this book to describe relations such as 

AX >(AA‘)X, or A,X3 > (AA)X3 

regardless of whether or not the superstructure is formed from a random solid 

solution or whether such a solid solution exists. In the superstructure the positions 

occupied by A and A’ are, of course, no longer equivalent. Corresponding to the 

relation between the parent structure and superstructure: 

Parent structure Superstructure 

All of a set of equivalent The same set of positions 

positions occupied by A atoms occupied in a regular way by 

atoms of two or more kinds 

Aand A’ 

there are pairs of structures related in the following way: 

‘Normal structure’ ‘Degenerate structure’ 

A and A’ occupy different Both sets of equivalent positions 

sets of equivalent positions occupied by A atoms 

As regards the formulae the relation is similar to that between the parent structure 

and superstructure except that we have 

(AA'JX,—A,X, instead of A, X.—(AA )X> 

Some pairs of structures related in this way are listed in Table 6.12. Structures in 

column (1) are normal structures and examples are given only of compounds 

isostructural with a compound in column (2) or (3). The structures (2) are also to 

be expected inasmuch as ions of the same metal carrying different charges have 

different sizes and bonding requirements, and from the structural standpoint are 

similar to ions of different elements. The structures (3), however, may be described 

as ‘degenerate’ since chemically indistinguishable atoms occupy positions with 

different environments. To the chemist the gradation from (a) to (c) is of some 

interest. In (3)(a) there is a marked difference between the environments of atoms 

of the same element in the same oxidation state; in (3)(b) the difference is smaller 

and in (3)(c) smaller still. In (3)(c) there is, to a first approximation, no difference 

between the immediate environments of the chemically similar atoms although they 

occupy crystallographically non-equivalent positions. In BeY,0O4 both sets of 

non-equivalent Y atoms occupy positions of 6-coordination in an octahedral 

framework which is built from quadruple strips of rutile-like chains (p. 497). Any 

such strip composed of three or more single chains contains (topologically or 

crystallographically) non-equivalent octahedra: 

aPoPs/ NAVENE 
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TAMIL © 2 

Some related crystal structures 

Different sets of equivalent positions occupied by: 

Difference between (Gi) (2) (3) 

the various sets Atoms of different Atoms of same Atoms of 

of equivalent metals metal in different same metal in 

positions oxidation states same oxidation 

state 

(a) Different GeV3, NiV3 | B-W 

Oxfale W BagCaWO¢ Ba3WO6 

K2NaAlF¢ K3AlF¢ 

Ca3A1pSi30 12 Y3A1,A130 12 

Na3KAlgSigO 16 NagAl4Si40 16 

CaFez04 

ZnSb 204 

(b) Same c.n.’s Cd2Mn30g Mns50g 

but different ScTi03 C-Mn,03 
arrangements of 

nearest neighbours 

(c) Same c.n.’s and Fe,TiOs Ti305 
essentially the ULae60142 Tb70 42 

same coordination | BFeCoO4 BeY 204 

group 
al ic oc te 

In the limit the process (a) > (b) > (c) in Table 6.12 would result in identical 

environments for all atoms of a given chemical species, that is, each would occupy 

its own set of equivalent positions. A structure in column (1) would then be a 

superstructure of the structure in column (3). Since any one of the actual structures 

in column (1) is a ‘normal’ structure, derived superstructures and statistical solid 

solutions are in principle possible. The following possibilities for oxides with the 

B(FeCo)O4 and (BeY 04) type of structure illustrate the relations between the 

types of structure we have been discussing: 

Superstructure ‘Parent structure’ ‘Degenerate structure’ 

Fe Ill Fell Y 

Il Ul | O 
Og M TV O4 Ml yu . 

Ti; 
Statistical solid solution 

Fe, Mg 
Mi O7 

Ti 

Symbols of metal atoms on different lines indicate sets of atoms in different 

equivalent positions. The above examples, except MY 20g, are purely hypothetical; 

it would be interesting to know the arrangement of metal ions in Bo Meo Tis and 

related minerals, which form a related series containing B' in place of MU. 
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Bonds in Molecules and Crystals 

Introduction 

In conventional treatments of the ‘chemical’ bond it is usual for chemists to restrict 

themselves to the bonds in finite molecules and ions and for crystallographers and 

‘solid state chemists’ to concern themselves primarily with the bonding in crystals. 

Moreover, effort is understandably concentrated on certain groups of compounds 

which are of special interest from the theoretical standpoint or on crystals which 

have physical properties leading to technological applications. As a result it 
becomes difficult for the student of structural chemistry to obtain a perspective 
view of this subject. The usual treatment of ionic and covalent bonds, with some 
reference to metallic, van der Waals, and other interactions, provides a very 
inadequate picture of bonding in many large groups of inorganic compounds. We 
shall therefore attempt to present a more general survey of the problem, the 
intention being to emphasize the complexity of the subject rather than to present 
an over-simplified approach which ignores many interesting facts. Clearly, a 
balanced review of bonding is not possible in the space available, and moreover 
would presuppose a knowledge of at least the essential structural features of 
(ideally) all finite groups of atoms and of all crystals. We shall therefore select a 
very limited number of topics and trust that the more detailed information 
provided in later chapters will provide further food for thought. 

A glance at the Periodic Table will show the difficulty of making useful 
generalizations about bonding in many inorganic compounds. In Table 7.1 the full 
lines enclose elements which form ions stable in aqueous solution. At the extreme 
right the anions include only the halide ions; O? combines with H,0 to form (2) 

TA BE oes 

Cations ; es we 
zs Be 

H+ = 

Bult CAL VN oaeOgr ie 
: Si ae Sita 

inTict “| V CAUMnaiFe A GouNineeu cznul As !Se!| Br 
| Zr} Nb Mo Te Ru Rh Pd| Ag Calin snil {Sb {Te!|I 
Ht Ta W Re Os Ir’ Pt ‘Au’ He "til Bit 
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OH, and H* combines with H,O to form H30*. However, O7 exists in many 
crystalline oxides, S*, etc., N* (and possibly also P>) in the appropriate 
compounds of the most electropositive metals. Next there are a few elements which 

do not form either cations or anions (B, C, Si: but note the formation of the finite 

C ion in a number of carbides and the infinite 2D Si; ion in CaSi,), a group 
which for most practical purposes also includes the neighbouring elements Ge, 

Sn(iv), As, and Sb. The Si—O bond is usually regarded as intermediate between 

covalent and ionic; Ge would be grouped with Si in view of the extraordinarily 

similar crystal chemistry of these two elements, though Ge—O bonds are probably 

closer to ionic than to covalent bonds. 

The metals which form cations include the most electropositive elements at the 

left of the Table and a group of 3d metals in their lower oxidation states (usually 2 

or 3), together with some of the earlier B subgroup metals, Tl(1) and Pb(11); note 

that Pb* is known only in crystalline oxides and oxy-compounds. In the lower 

centre of the Table is a group of metals which have no important aqueous ionic 

chemistry and probably not much tendency to form ions in the crystalline 

state—though the bonds in certain oxy- and fluoro-compounds may well have 

appreciable ionic character (for example, dioxides such as MoO,, lower fluorides 

such as MoF3, etc.). 

The Group IVA metals have no important aqueous ionic chemistry but form 

ions in crystalline oxy-compounds. Bismuth can perhaps be grouped with Ti, Zr, 

and Hf; it has a strong tendency to form hydroxy-complexes, but salts such as 

Bi(NO3)3 . 5 H,0, M4! [Bi(NO3)¢] 2. . 24 HO, and Bi,(SO4)3 presumably contain 

Bi** ions. It seems reasonable to put Ga(ut), In(1ir), Ti(i11), and Sn(ir) in this 

group; the complex structural chemistry of these elements is outlined in Chapter 

2b. 
The bonding in compounds of the non-metals, one with another, may be 

regarded as essentially covalent, but it is evident from the shortage of anions that 

the only large classes of essentially ionic binary compounds are those of the metals 

with O or F, sulphides etc. of the most electropositive elements (the I, II, and IIIA 

subgroups), the remaining monohalides of these metals and of Ag and Tl, and 

halides MX or MX; of other metals enclosed within the full lines of Table 7.1. 

Clearly there remain large groups of compounds, even binary ones, which should be 

included in any comprehensive survey of bonding in inorganic compounds, and it 

must be admitted that a satisfactory and generally acceptable description of the 

bonding in many of these groups is not available. In the compounds of these metals 

with the more electronegative non-metals the bonding is probably intermediate 

between ionic and covalent, but as we proceed down the B subgroups the more 

metallic nature of the ‘semi-metals’ suggests bonding in their compounds of a kind 

intermediate between covalent and metallic. Even the structures of the crystalline B 

subgroup elements themselves present problems in bonding. 

In Group IV there is a change from the essentially covalent 4-coordinated 

structure of diamond, Si, Ge, and grey Sn(iv) through white Sn(i1) to Pb, with a 

c.p. structure characteristic of many metals. Group V begins with the normal 

molecular structure of N, and white P (P4), but phosphorus also has the deeply 
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coloured black and red forms, both with layer structures in which P is 

3-coordinated. The structure of red P is unique and inexplicably complex. Then 

follow As, Sb, and Bi, with structures that can be described either as simple cubic 

structures, distorted to give (3 + 3)-coordination, or as layer structures in which the 

distinction between the two sets of neighbours becomes less as the metallic 

character increases: 

Distances to nearest neighbours 

3 at Sarat 

AS 251A 315A 

Sb 2-91 3-36 

Bi 3-10 3-47 

In Group VI crystalline oxygen exists as O, molecules, and sulphur also forms 

normal molecular crystals containing S,, Sg, and S,; molecules. However, this 

element also forms a fibrous polymorph built of chains with a unique configuration 

quite different from those in Se (metallic form) and Te. As regards its 

polymorphism Se occupies a position intermediate between S and Te. It has two 

red forms, both built of Seg molecules structurally similar to the Sg molecule, and 

also a ‘metallic’ form built of helical chains. The only form of Te is isostructural 

with the metallic form of Se. In all these crystalline structures S, Se, and Te form 

the expected two bonds. However, the interatomic distances in Table 7.2 show that 

while rhombic S is adequately described as consisting of covalent Sg molecules held 

together by van der Waals bonds this is an over-simplification in the cases of Se and 

Te. For example, there are many contacts between atoms of different Seg 

molecules in B-Se which are actually shorter than the shortest intermolecular 

contacts in rhombic S, and the shortest distances between atoms of different chains 

in Te are very little greater than the corresponding distances in metallic Se. A 

somewhat similar phenomenon is observed in Group VII. In crystalline Cl,, Bro, 

and I, the molecules are arranged in layers, the shortest intermolecular distances 
within the layers being appreciably less than those between the layers (Table 7.2); 

the latter are close to the expected van der Waals distances. 

We have introduced the data of Table 7.2 at this point to emphasize that even 
the bonds in some crystalline elements cannot be described in a simple way. It 
appears that many bonds are intermediate in character between the four ‘extreme’ 
types, and of these the most important in inorganic chemistry are those which are 
intermediate in some way between ionic and covalent bonds. 

A further complication is the presence of bonds of more than one kind in the 
same crystal or, less usually, in the same molecule. This is inevitable in any crystal 
containing complex ions, such as NaNO3, the bonds between Na* and O atoms of 
NO3 ions being different in character from the N—O bonds within the NO3 ion; in 
some crystals bonds of three or four different kinds are recognizable. This 
complication also arises in much simpler crystals, for example, RuO,, where there 
is electronic interaction leading to metallic conduction in addition to the 
metal- oxygen bonds which are the only kind of bonds we need to recognize in a 
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RAB EBay e2 

Interatomic distances in crystalline S, Se, and Te 

Intramolecular Shortest Van der Waals 
intermolecular distance (2 r,2- etc.) 

Sg (thombic) 2-04 A 3-49 A@ ca. 3-6 A 
Seg (8) 2-34 3-58) 4-0 
Se (metallic) Bayi) 3-44 4-0 
Te 2:84 3-50 4-4 

(a) Mean of the shortest contacts (one for each of the non-equivalent S (Se) atoms); actual 

shortest contacts, S—S, 3:38 A, Se—Se, 3-48 A. 

Interatomic distances in the crystalline halogens 

Intramolecular Intermolecular Da Pe 

In layer Between layers 

Cl, 1-98 A 3°32°A 3:74 A 3-6A 
Br2 Ushi 3-31 eY) a) 
I, 2-67 3-50 4-35 4-3 

crystal such as TiO, which has.a rather similar crystal structure. In numerous other 

cases we shall find it convenient to indicate that one (or more) of the valence 

electrons appears to be behaving differently from the others, when we shall use 

formulae such as Cs}O*(e) or Th*15(e). 

IVA Bis Bais 

Types of bonds 

NO OVERLAP OF Valence electrons localized on Van der Waals bond 

CHARGE CLOUDS particular atoms charge-transfer bonds 

hydrogen bonds 

Ionic bond 

bonds between polarized 

ions 

lonic-covalent bonds 

OVERLAP OF CHARGE Shared electrons localized in Covalent bond 

CLOUDS particular bonds 
Partial delocalization of some 

valence electrons 

Conjugated systems 

Increasing delocalization (~C=C—C=C-— etc.) 

of some or all of the ‘resonating’ systems 

valence electrons GOsn C6 He, P3N3X3) 

finite metal ChUSierS Localized and delocalized 

crystalline semi-metals bonds in the same system 
‘electron-excess’ solids 

Complete delocalization of Metallic bond 

some proportion of valence 

electrons 

233 



Bonds in Molecules and Crystals 

We may set out the various types of bonding as in Table 7.3, making our first 

broad subdivision according to whether there is or is not sharing of electrons 

between the atoms. In systems without appreciable overlapping of electron density 

we have interactions ranging from those between ions, through ion : dipole, 

dipole : dipole, ion: induced-dipole, dipole : induced-dipole, to induced-dipole : 

induced-dipole (van der Waals) bonds. In systems where electrons are shared between 

atoms we have the various types of covalent bond, with various degrees of delocaliz- 

ationof some or all of the bonding electrons, leading in the limit to the metallic bond. 

By this we mean the bond in metals and intermetallic compounds which leads to the 

electronic properties which are characteristic, in varying degrees, of the metallic 

state. There would seem to be no good reason to regard the metal-metal bonds in 

many molecules (p. 250) as differing in any essential respect from other covalent 

bonds. Indeed, Pauling showed that for discussing certain features of the 

structures of metals it is feasible to extend the valence-bond theory to the metallic 

state, as noted in Chapter 29. Certain electron-deficient molecules and crystals 

have, in common with metals, the feature that the atoms have more available 

orbitals than valence electrons; it may prove useful also to recognize electron-excess 

systems, which have more valence electrons than are required for the primary 

bonding scheme. This general term would include a number of groups of 

compounds of quite different types, for example, ‘sub-compounds’ such as Cs30, 

CaN, and ThI,, ‘inert-pair’ ions and molecules (p. 245), and transition-metal 

compounds such as those to the right of the vertical lines: 

WO; 

MnO, 

Fes> 

MnO, 

CoS, 

CoP 3 

NiS, 
NiP3. 

In such compounds there may be localized interactions between small numbers of 
metal atoms (as in MoO,, NbIq) or delocalization of a limited number of electrons 
leading to metallic conduction. 

We now discuss some aspects of the covalent bond, metal-metal bonds, the van 
der Waals bond, and the ionic bond. 

The lengths of covalent bonds 

From the early days of structural chemistry there has been considerable interest in 
discussing bond lengths in terms of radii assigned to the elements, and it has 
become customary to do this in terms of three sets of radii, applicable to metallic, 
ionic, and covalent crystals. Distances between non-bonded atoms have been 
compared with sums of ‘van der Waals radii’, assumed to be close to ionic radii. The 
earliest “covalent radii’ for non-metals were taken as one-half of the M—M distances 
in molecules or crystals in which M forms 8 — N bonds (N being the number of the 
Periodic Group), that is, from molecules such as Fo, H1O-OH,HjN=NH,, Pa, Se 
and the crystalline elements of Group IV with the diamond structure. This eosin: 
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for H and the sixteen elements in the block C-Sn-F-I. The origin of the covalent 
radii of metals was quite different owing to the lack of data from molecules 
containing M—M bonds. ‘Tetrahedral radii’ were derived from the lengths of bonds 
M—X in compounds MX with the ZnS structures, ‘octahedral radii’ were derived 

from crystals with the pyrites and related structures, assuming additivity of radii 

and using the 8 — WN radii assigned to the non-metals. As Pauling remarked at the 

time, it is unlikely that a bond such as Zn—S is a covalent bond in the same sense as 

C—C or S—S, and it is obviously difficult to justify the later use of such radii in 

discussions of the ionic character of other bonds formed by Zn. It could be added 

that it is also not obvious why the S—O bond length in SO, in which S forms four 

tetrahedral bonds and O one bond, should be compared with the sum of rg (from 

Sg, in which S forms two bonds) and rg (from HO—OH, in which O forms two 

bonds). 

The lengths of homonuclear bonds M—M are in general equal to or less than the 

standard single bond length in the molecules or crystals noted above. Exceptions 

include N—N in N03 (1°86 A) and in N,Oq, for which two determinations give 

1-64 A and 1-75 A, both much longer than the bond in N,H, (1:47 A), S—S in 
S,02 (2:17 A) and S,0% (2-39 A), which are to be compared with the bond in Sg 
(2:06 A), and the bonds in Ij and other polyiodide ions which are discussed as a 

group in Chapter 9. Shorter bonds are regarded as having multiple-bond character. 

In some cases there are obvious standards for M=M and M=M, as for 

H3C—CH3 H,C=CH, and HC=CH 

1-544 135A 1-20 A, 

and the numerous bonds of intermediate length are assigned non-integral bond 

orders. In other cases (for example, N=N) there has been less general agreement as 

to the precise values, owing to the absence of data from, or the non-existence of, 

suitable molecules or ions. 

The situation with regard to heteronuclear bonds (M—X) is different. Shortening 

due to 7-bonding is to be expected in many bonds involving O, S, N, P, etc. and is 

presumably the major reason for variations in the length of a particular bond such 

as S—O. This is consistent with the values of the stretching frequencies of the 

bonds: 

Molecule S—O stretching frequency Length 

(am~!) 
SO 1124 1:49 A 
Cl,SO 1239 1:45 
SO, 1256 1-43 
F,SO (a 1-41 

However, the longest measured S—O bond has a length of 1-65 A (excluding those 

in S,075 and S; O4¢. for which high accuracy was not claimed), as compared with 

1:77 A, the sum of the covalent radii. In other cases (for example SiClq) where 

there is no reason for supposing appreciable amounts of m-bonding (though it 

cannot be excluded) bonds are much shorter (Si—Cl, 2-00 A) than the sum of the 
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covalent radii (2:16 A). In many cases the discrepancies between the observed 

lengths of (presumably) single bonds and radius sums appeared to be greater the 

greater the difference between the electronegativities of the atoms concerned, and 

it is now generally assumed that ‘ionic character’ of bonds reduced their lengths as 

compared with those of hypothetical covalent bonds. The introduction of 

electronegativity coefficients is thus seen to be a consequence of assuming 

additivity of radii. It is not proposed to discuss here the derivation of 

electronegativity coefficients, for which there is no firm theoretical foundation, but 

since an equation due to Schomaker and Stevenson has been, and still is, widely 

used by those interested in relating bond lengths to sums of covalent radii, we give 

in Table 7.4 some electronegativity coefficients and covalent radii. The empirical 

equation has the form: 

PINS IIS, FIs) = 0:09 (Xa ep), 

though a smaller numerical coefficient (0-06) has been suggested by some authors. 

This equation certainly removes some of the largest discrepancies, which arise for 

TABLE 7.4 

Normal covalent radii and electronegativity coefficients 

Electronegativity coefficients Normal covalent radii 

H Cc N O F H a N O F 
Mell eS Bi BS cll} 0:37 0:77 0-74 0-74 0:72 A 

Si 1? S Cl Si ip S Cl 
ey oil eS) SiO) 1-17 1:10 1-04 0:99 
Ge As Se Br Ge As Se Br 
ey DO Del DES 1-22 1-21 ily) 1-14 
Sn Sb Ue I Sn Sb Te I 
ley ile} eal Hath 1-40 1-41 1:37 1:33 

bonds involving the elements N, O, and F, but the following figures show that it 
does not account even qualitatively for the differences between observed and 
estimated bond lengths for series of bonds such as C—Cl, Si—Cl, Ge—Cl, and Sn—Cl: 

Bond Tobe ™+7cCl Correction required S-S correction 

Cl 176A 176A 0-00 A 0-045 A 
SEC) 2-00 2-16 0-16 O-11 
Ge—Cl 2-08 DO 0-13 Oa? 
Sn—Cl 2-30 2-39) 0-09 0-12 

Moreover, the electronegativity correction is by no means sufficient for bonds such 
as those in the molecules SiF4 and PF3: 

Si-F P18) 

Tobs- 156A 154A 
M+TrR 1-89 1-82 

corr (S.-S.) 1-69 1-65 
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In this connection it is interesting to note that the difference between pairs of bond 
lengths M—F and M—Cl is approximately equal in many cases to the difference 
between the ionic radii (0-45 A) rather than to the difference between the covalent 
radii (0-27 A) of F and Cl. This is to be expected for ionic crystals and molecules 

(for example, gaseous alkali-halide molecules) but it is also true for the following 
molecules: 

BX3 CXa SiX4 PX3 SX 

Aven waveee 0-45 A 0-44 A 0-44 A 0:50 A 0-41 A, 

though the difference becomes increasingly smaller for Br (0-38 A), Cl (0:35 A), O 
(0-28 A), and F (0-21 A), being finally equal to, or smaller than, the difference 

between the covalent radii. 

It has long been recognized that an attractive alternative to the use of three sets 

of radii (metallic, ionic, and covalent) would be the adoption of one set of radii 

applicable to bonds in all types of molecules and crystals. This would obviate the 

need to prejudge the bond type. Such a set of radii was suggested by Bragg in 1920, 

and the idea has been revived by Slater (1964). These radii agree closely in most 

cases with the calculated radii of maximum radial charge density of the largest 

shells in the atoms. The lengths of covalent or metallic bonds should therefore be 

equal to the sums of the radii since these bonds result from the overlapping of 

charge of the outer shells, and this overlap is a maximum when the maximum 

charge densities of the outer shells of the two atoms coincide. The radius of an ion 

with noble-gas configuration is approximately 0-85 A greater or less than the atomic 

radius, depending on whether an anion or cation is formed. The length of an ionic 

bond is therefore not expected to differ appreciably from that of a covalent bond 

between the same pair of atoms. These radii have been shown to give the 

interatomic distances in some 1200 molecules and crystals with an average 

deviation of 0:12 A. They were rounded off to 0-05 A since for more precise 
discussions allowance would have to be made for coordination number and special 

factors such as crystal field effects. The agreement between observed bond lengths 

and radius sums is admittedly poor in some cases (bonds involving Ag, Tl, and the 

elements from Hg to Po), but some of these elements also present difficulty when 

more elaborate treatments are used. We do not give the Slater radii here because for 

metals they approximate to ‘metallic radii’ (Table 29.5, p. 1022) and for non-metals 

to Pauling’s ‘covalent radii? except for certain first-row elements, notably N 

(0-65 A), O (0-60 A), and F (0-50 A). We have already noted that many M—F bond 

lengths suggest a radius for F much smaller than one-half the bond length in F, 

(0:72 A); they agree much more closely with the Slater radius of 0-50 A. Since 

bond length difficulties are most acute for certain bonds involving F, it should be 

noted that this element is abnormal in many ways, as shown by the data in Table 

9.1 (p. 327). We have noted several examples of anomalously long bonds (N—N, 

S—S, I-I). If the bond in the F, molecule is also of this type (and possibly to some 

extent those in HO—OH and H,N—NH,) it may be necessary to re-examine the basis 

of the discussion of bond lengths and of the ionic-covalent character of bonds in 

terms of electronegativity coefficients. 

Zot 

(1) JCP 1964 41 3199 
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The shapes of simple molecules and ions of non-transition elements 

The spatial arrangement of bonds in most molecules and ions AX, formed by 

non-transition elements (and by transition elements in the states dod: sand: 9) 

where X represents a halogen, O, OH, NHg, or CH3, may be deduced from the total 

number of valence electrons in the system. If this number (V) is a multiple of eight 

the bond arrangement is one of the following highly symmetrical ones: 

V = 16: 2 collinear bonds 

24: 3 coplanar bonds 

32: 4 tetrahedral bonds 

40: 5 trigonal bipyramidal bonds 

48: 6 octahedral bonds 

56: 7 pentagonal bipyramidal bonds 

For intermediate values of V the configuration is found by expressing V in the form 

8n + 2m (or 8n + 2m+1 if V is odd). The arrangement of the n ligands and m 

unshared electron pairs then corresponds to one of the symmetrical arrangements 

listed above, for example: 

V n m n+m Bond arrangement 

32 4 0 Tetrahedral 

26 3 1 4 Pyramidal 

20 2 2 Angular 

Compounds of non-transition elements containing odd numbers of electrons are 

few in number, but they can be included in the present scheme since an odd 

electron, like an electron pair, occupies an orbital. Thus a 17-electron system has 

the same angular shape as an 18-electron one, as described later. 

It will be appreciated that the term 8n implies completion of the octets of the 

ligands X (usually O or halogen) rather than that of A, which seems reasonable 

since X is usually more electronegative than A; witness the 16-electron, 18-electron, 

and 24-electron systems in which A has an incomplete octet of valence electrons, 

and the existence of O-S—O and S—S—O but non-existence of S—O—S and 

S—O—O. To each ligand there corresponds one electron pair in the valence group of 

A. If the ligand is a halogen, OH, NH,, or CH3, one electron for each bond is 

provided by X and one by A, but in the case of O two electrons are required from 
A (or from A and the ionic charge). The negative formal charge on O is reduced by 
use of some of its electron density to strengthen the A—O bond, which is invariably 
close to a double bond. The use of other electron pairs on O in this way does not 
affect the stereochemistry appreciably, and it is not necessary to distinguish =O 
from —X in what follows. For example, the 24-electron systems include not only 
the boron trihalides, but also the carbonyl and nitryl halides, the oxy-ions BOS, 
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CO3,, and NO3, and the neutral SO; molecule, all of which are planar triangular 

molecules or ions. An equilateral triangular structure is, of course, only to be 

expected if all the ligands are of the same kind; deviations from bond angles of 

120° occur in less symmetrical molecules such as COCI, or O,NF. 

In this section we shall not in general distinguish multiple from single bonds in 

the structural formulae of simple molecules and ions. 

In the examples given earlier the stereochemistry follows directly from the value 

of V (20, 26, or 32), since there is only one possible arrangement of two or three 

bonds derivable from a regular tetrahedral arrangement of four pairs of electrons. 

However, for some of the larger numbers of electron pairs there are several ways of 

arranging a smaller number of bonds. For example, there are two ways of arranging 

two lone pairs at two of the apices of an octahedron (Fig. 7.1). Thus, although the 

planar structure of the IClq ion is consistent with the octahedral disposition of the 

electron pairs so also would be the structure (b) of Fig. 7.1. Similarly, the irregular 

tetrahedral shape of TeCly, the T-shape of CIF3, and the linear configuration of 

ICl, are not the only arrangements derivable from the trigonal bipyramid for one, 

two, or three lone pairs. The highly symmetrical arrangements found for various 

numbers of shared electron pairs are, as might be expected, the same as the 

arrangements of a number of similar ions around a particular ion; moreover, the 

general validity of the 81 +2m ‘rule’ suggests that electron pairs, whether shared 

or unshared, tend to arrange themselves as far apart as possible. However, in order 

to account for the arrangement of ligands in cases where there is a choice of 

structures (as in IC]q) and for the finer details of the structures of less symmetrical 

molecules such as TeClq or CIF3 it is necessary to elaborate the very simple 

treatment. A refinement is to suppose that the repulsions between the electron 

pairs in a valence shell decrease in the order 

lone pair : lone pair ae lone pair: bond pair > bond pair : bond pair 

as is to be expected since lone pairs are closer to the nucleus than bonding pairs. 

The structure (a) of Fig. 7.1 then clearly has the minimum lone pair : lone pair 

repulsion and is to be preferred if 5; >5,. In TeClq, with only one lone pair, the 

repulsions between the lone pair and the bond pairs favour the structure in which 

the lone pair occupies an equatorial rather than an axial position. Similar arguments 

can be applied to CIF3 and to other molecules. 

We shall now review the ions and molecules having V > 16 and then comment 

briefly on those with 10-14 electrons and those with 17 or 19 electrons. 

Linear 16-electron molecules and ions 

This group includes linear molecules and ions of Ag and Au (for example, 

Ag(NH3)3, Au(NH3)3, H3N.AuCl, AuCl3), mercuric halides, and a group of 

molecules and ions containing C, N, and O. In the latter all the bonds are very 

short compared with single bonds and the overall length of the molecule or ion is 

close to 2:3 A except for CN3: 
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Bond lengths in linear molecules and ions 

Bond lengths Lengths of single bonds 

O—C—O 116A 1-16A C—C 154A 
N—N—O 1-13 1:19 C—N 1-47 

(O—N—O)* 1-15 als C—O 1-43 
(N—C—O)- 1-21 1-13 N—N 1-46 
(N--N—N) ~ 1-15 1-15 N—O 1-41 
(N—C=N)?- 1-22 1-22 O-—O 1-47 

If we wish to distribute the 16 electrons in the system A—B—C so that octets are 

maintained around all three atoms and all the bonds contain even numbers of 

electrons the possibilities are: 

A=B=C A—B=C 
4. 4° 47 °4 “and © 2 © 2 

A=B—C 
2 Ost a6 

The bond lengths show that all the above molecules and ions approximate to the 
symmetrical form A=B=C, though the extreme shortness of most of the bonds 
suggests that there is further interaction of the electron systems in these compact 
linear molecules. 

The cyanogen halides NCX provide examples of the alternative structure 
A=B—C., All the molecules NCCI, NCBr, and NCI have been shown to be linear, 
with N—C, 1:16 A; the C—X bonds are uniformly about 0-14 A shorter than the 
corresponding bonds in the carbon tetrahalides. 

The gaseous molecules of the alkaline-earth dihalides are also 16-electron 
molecules, but are presumably ionic rather than covalent molecules: some are 
linear, as expected, others apparently non-linear (p. 373). 

Triangular arrangement of 3 electron pairs 

A 
oo eS “oes 

18 electrons 24 electrons 

The 18-electron group. It is convenient to arrange the examples according to 
Periodic Groups; note that there are no compounds of C and that the only halogen 
species AX, are those of elements of Group IV. (A molecule such as HFC=O 
containing H does not count as an 18-electron but as a 24-electron molecule; if it is 
desired to include H it must be counted as contributing seven electrons like a 
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halogen.) The ClO} ion exists in ClO (AsF¢), formed from ClO,F and AsFs, 
according to i.r. evidence. 

Group IV Group V Group VI Group VII 

pole o- So oo ONO 
101 Sa Ll 

N 
also Oar S 

3 110 N# >F 
GeF 4 (94 ) also bila 

TiF2 (130°) NOCI (116°) also 
SnX4 NOBr (117°) SSO (118 ) 
PbX3 NO(OH) (111°) Bee) 

Note the remarkable similarity in interbond angles in all the compounds of N, O, 
and S despite great differences in multiplicity of bonds. 

The 24-electron group. Although potentially a large group examples are not very 
numerous. In fact one reason for setting these ions and molecules out in this way, 

with oxy-compounds at the top and halogen compounds at the bottom, is to draw 

attention to the ‘missing’ compounds. For example, only one of the ionic species 

containing halogen or halogen and O ligands appears to be known. The (NOF,)* 

BO geeaCO; ae NOS, SO3 
= - O,NX _ 

- OCX,  (NOF,)* - 
BX3 - — 

cation exists in salts of the type (NOF,)BF4 and (NOF,)AsF, formed from NOF 3 

and the appropriate halides. The i.r. spectrum shows that the ion is structurally 

similar to the planar isoelectronic COF, molecule. 

The three oxy-ions all have the form of equilateral triangles, as also does SO3. 

The neutral molecules, lying along the diagonal of the chart, range from SO3 to 

BF3, and include the nitryl halides (O,NF and O,NCl) with the angle O-N—O 

around 130° and the carbonyl halides, COF, (F—C—F, 112°), COCI1, (ClI—C—Cl, 

111°); all are planar molecules. No complete vertical family in the chart is known 

with O or halogen ligands, but with the isoelectronic NH, instead of halogen we 

have: 

= O- = Be NH, sa A NH3 

CO3 Oo Cae i and H,N OSE. 

carbonate ion carbamate ion carbamide guanidinium ion, 

all of which have been shown to be planar. 

Tetrahedral arrangement of 4 electron pairs 
cess as S 4 
A A A 

ESS call NN Dime SS 

20 electrons 26 electrons 32 electrons 
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The 20-electron group. This small group intludes a number of ions and molecules 

formed by elements of Groups V, VI, and VI: 

2- Clie 
on ae a aa 

a 4 103° 103° aM 

O S Glee 
aN Bag PS WS 

(Gil é Cl Cl F 
‘ain 100° 96° 

S iBye © 
Las oN 

F F | Seema 
98° 934 

(Note the absence of SO3,, SOCI~, and OCIF, for example.) SF, is an unstable 

species produced and studied by passing SF, through a radio frequency discharge, 

reacting the products with COS downstream from the discharge zone, and pumping 

them through a m.w. cell. The CIF} ion occurs in compounds such as CIF, . AsF¢ 

and the BrF} ion in BrF, . SbF¢. In the latter the F—Br—F angle is 934°, but there 
are also two weaker Br—F bonds coplanar with the other two, suggesting a structure 

intermediate between BrF3 and BrFq. The FCI} ion is unsymmetrical, (CI-CI—F)*. 
For halogen and interhalogen cations see p. 333. 

The 26-electron group. Pyramidal AO3 complexes include the SO3~, SeO3~, 

ClO3, BrO3, and 103 ions and the XeO3 molecule; note the absence of the 

pyramidal PO} (and NO3) ion. Less symmetrical pyramidal molecules include the 

thionyl and chloryl halides; iodyl fluoride, IO, F, a white crystalline solid, which is 

stable in dry air, is probably structurally different from the very reactive ClO, F: 

SOZE™ "ClO seeexeO 
SO,F~ CIO,F 
SOCI, 

SnCis seNES PX oe) 

It is possible that the ion SCI} may exist in SCl4, and far ir. studies 
of SeCl4, SeBrg, TeBrq, and Tely, have suggested the formulation of these halides 
as (SeX3)X and (TeX3)X. The pyramidal structure of (SeF3)* has been established 
in (SeF3) (NbF.¢) and (SeF3) (Nb>F,,), p. 600; for the structure of crystalline 
TeClg see p.577. The pyramidal structure of the isoelectronic ion [(CH3)3Te] * 
has been established in crystalline [(CH3)3Te] (CH3Tel,). We may include in this 
group the SnCl3 ion in K(SnCl3)Cl . H, 0, formerly thought to be K,SnClq. H,0. 

The 32-electron group. This very large group ranges from the tetrahedral oxy-ions 
of Si, P, S, and Cl—such ions are not formed by the first-row elements C, N, and 
F-to the halogeno-ions MX4 formed by numerous non-transition elements, and 
also includes many intermediate oxy-halogen ions and molecules. Compounds of P 
are given below because they form a more complete series than the N analogues. 
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NFq and NOF; are known, but the highest oxyfluoride is NO,F, though NS3F has 
been prepared: 

B(OH), SiOz,  POz; SOs C104,” XeO, 
POsX 7 SO3X 8) -ClO4F 
POX, (SOnXs 
POF; 

BFa Sine DX 
BeCl?, — AICIg 

Note the complete vertical column of P complexes and the complete diagonal series 
of neutral molecules, from SiX4 to XeOq. 

Trigonal bipyramidal arrangement of 5 electron pairs 

aa a | al 
See vA— ~A— pA 

| an Sod | 

22 electrons 28electrons 34 electrons 40 electrons 

Particular interest attaches to the 22, 28, and 34 electron systems because of the 

non-equivalence of the axial and equatorial positions in trigonal bipyramidal 

coordination, there being no spatial arrangement of five equivalent bonds around an 

atom other than the coplanar (pentagonal) one. 

The 22-electron group. | Examples are here confined to linear ions formed by the 

heavier halogens (CIBrz, BrCl, numerous ions IX3 and IX'X", Br3, and 15) and the 
KrF, and XeF, molecules. 

The 28-electron group. The T-shaped configuration has been established for CIF 3 

and BrF3; ions such as SCl3 would presumably have the same type of structure. 

The 34-electron group. The neutral molecules in this group are SF4 (SCl4, SeF a, 

TeCla), IOF3, and XeO,F,. The structure of IOF3 is not known, nor is the 

detailed structure of XeO,F , though i.r. and Raman data for this compound in an 

10, F XeO,F, 

IOF3 
Shy Bina 

argon matrix suggest a structure similar to that of IO,F . The expected structure, 

derived from a trigonal bipyramid has been confirmed for SF4, SeF4, I0,F3, BrF4, 

and also for molecules such as Se(C, Hs )2 Bry and Te(CH3 )2 Cl. 

The 40-electron group. The only complexes in this group with the full symmetry 

of the trigonal bipyramid are Group V pentahalides and the SnCls ion. In SOF, the 

O atom occupies an equatorial position and the structure is necessarily somewhat 

less symmetrical. It is interesting that the InClz- ion, isoelectronic with SnClg, has 
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the form of a tetragonal pyramid in which the metal atom is 0-6 A above the base, 

the relation of this configuration to the trigonal bipyramid is discussed shortly. 

The SnCl3(CH3)3 ion is trigonal bipyramidal like SnCls. 

Octahedral arrangement of six electron pairs 

SAC SAC 

36 electrons 42 electrons 48 electrons 

The 36-electron group. | The square planar configuration has been established for 

the ions BrFg and [Clq and for the XeF4 molecule. 

The 42-electron group. The arrangement of five ligands at five of the vertices of 

an octahedron has been demonstrated by structural studies of the following 

molecules and ions: 

XeOF,4 
BrF; 

SbF2,  TeF5 XeFe 

SbCl2- 

and a similar configuration may be presumed for CIF; and IF. It may be noted 

that in no case of tetragonal pyramidal coordination is the central atom A located 

in the base of the pyramid. This atom is either situated about 0-5 A above the base, 

as in the 40 electron InCl? ion with five shared electron pairs, and in a number of 

transition-metal complexes when the bond arrangement is an alternative to—and 

closely related to—the trigonal bipyramidal configuration, or it is situated some 

0:3-0:-4 A below the base of the pyramid. This is the case in all the pentafluoro- 

ions, BrF., and SbCIZ, and also in TeF4, which is built from TeF; pyramids 

sharing 2 F atoms (but on this point see p. 578). For details and references see 

Table 7.6. 

TABLES 7.6 
Square pyramidal ions and molecules of non-transition elements 

Ton or molecule M—X (apical) M—X (basal) Xg—-M—Xp Reference 

(TeFs5)~ 185A 1-96 A oe IC 1970 9 2100 
(eka); 1:80 2:03+ 82° JCS A 1968 2977 

(XeF,)t 1-81 1-88 92 JCS A 1967 1190 

(SbF; )2- 2-00 2-04 83° IC 1970 9 2100 

(SbClz )2- 2:36 2-62 Sole ACSc 1955 9 122 
BrFs5 1:68 1-81 84° MELE iL@asGl Da) QE 

IFs (XeF >) 1-88 1-88 81° IC 1970 9 2264 

+ Mean of lengths 1-90-2:26 A (unsymmetrical bridge, see p. 578). 
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The 48-electron group. Octahedral molecules and ions of this group are more 
numerous, and include: 

Te(OH), 10(OH); 
TeO® 1075 XeOe 

IOFs; 
AIR a USiFe aePP es Sie IFé 

and other ions of Te noted in Chapter 16. 

The arrangement of 7 and 9 electron pairs 

It is convenient to deal first with the 56 electron group since the only molecule 
AX,, in which there is a valence group consisting of 7 shared electron pairs is the 
IF, molecule. Its structure has caused a great deal of discussion, but it would seem 
that this molecule probably has the expected pentagonal bipyramidal configuration. 

The 50O-electron group comprises the following molecules and ions which arise 
by adding X~ to the 42 electron systems noted earlier: 

Sia Xenon Xcae 0 LY We sandb | Xe vl Ps 

The oxidation number of A is two less than the ‘group valence’, so that there is a 

lone pair of electrons in addition to the six bonding pairs. The structure of the IF¢ 

ion is not yet known. Careful studies of the crystal structures of (NH4)4(Sb!!!Br¢) 

(SbY Brg) and of (NH4),TeCl¢ and K,TeBrg show that the ions under discussion 

form undistorted octahedra in spite of the presence of the seventh electron pair. 

Thus the latter does not occupy a bond position but is a ‘stereochemically inert’ 

pair. 

No definite conclusion has yet been reached about the configuration of the 

XeF, molecule in the vapour state, except that it appears to be neither regular 

octahedral nor regular pentagonal bipyramidal. The structures of the crystalline 

forms are complex. The unique cyclic polymers can be described as built from 

tetragonal pyramidal XeFZ groups and F~ ions, but there is no obvious simple 

description of the bonding. 

Pauling commented many years ago on the abnormally long M—X bonds in 

SelY X27- and Te!’ X2~ ions, comparing them with the sums of the tetrahedral 

covalent radii, which for Se and Te correspond to M(11). A more direct comparison 

could be made of the M—X bond lengths in the following pairs: 

M—X M—X 

2-80 A SbBre- SbBrg 2-56 A 
? TeF2~ TeF ¢ 1-82 
? IFé IFé ? 

Unfortunately this comparison can be made at present only for Sb—X, for the only 

known hexahalide of Te is TeF¢ and the only accurate data are for the TeCl2~ and 

TeBrg ions; no data are available for IFg or IF¢. It appears that although 

stereochemically inert the pair of 2s electrons increases the bond length, behaving 
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as a spherically symmetrical shell resulting in an increase in the size of M(1v) as 

compared with M(v1). 

The ion XeF%~ presents a somewhat similar problem, in that there are nine 

electron pairs, eight shared and one unshared, yet the shape is not far removed from 

a square antiprism. This is the sole representative of the 66-electron group. 

The 10-14 electron groups 

If we arrange from 10 to 14 electrons in a diatomic molecule (or ion) so as to 

maintain an octet of valence electrons on each atom the only possibilities are the 

symmetrical arrangements: 

10 11 12 13 14 

D6 2} Bi S53 Ae Aho Al ayy are ids) 62276 

As more electrons are added to the system the number in the bond falls from six to 

two and the bond weakens and lengthens: 

10 11 2 13 14 

(N2) 03 Oz Oz Oz” 
Length 1-10 1:12 1-21 1:30 1-48 A 

Dissociation 941-4 493-7 154-8 kJ mol! 
energy 

Stretching force 2290 1180 383 Nm! 
constant 

(Since data are not available for the species O5* the Ny molecule is included as the 
representative of the 10-electron class.) The bond orders according to m.o. bond 
theory are 3, 2:5, 2, 1:5, and 1 respectively. The fact that the bond length 
increases on adding successive electrons to O3 is due to the rearrangement of the 
electrons and corresponds to the change in the isoelectronic series: 

10 electrons 12 electrons 14 electrons 
HC=CH H,C=CH, H3C—CH3 

12074 Posi) AN 154A 

Although this simple treatment accounts qualitatively for the bond lengths, it does 
not account for all of the facts. Not only are O3 and OF paramagnetic, as is to be 
expected for odd-electron ions, but so also is the O2 molecule. This difficulty is 
overcome in m.o, theory by assigning separate (unpaired) electrons to two 
‘antibonding’ orbitals. 

Examples of the even-numbered members of this group include some important 
molecules and ions. The 10-electron group includes N,, the high-temperature 
molecules PN and P,, and the series: 

C2 CN” CO NO* 
120 Geiwe el Leen Teer LOGIE 
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The 12-electron group includes NO, 02, SO, and S3, and the 14-electron group, the 
molecules of the halogens and interhalogen compounds XX’, and halogen oxy-ions 

XO. There are few examples of the 11- and 13-electron groups: 

11 electrons : NO, 03; 13 electrons : 03, Br3. 

Note that the simple arithmetic approach adopted here predicts facts such as the 

collinear arrangement of bonds M—C=O or M—(N=O)* for 10-electron ligands 

bonded to metal atoms as contrasted with the non-linear arrangement for a 

12-electron ligand, M—(N=O) . 

Odd electron systems AX, and their dimers X,A — AX, 

The 17-electron and 19-electron systems are of special interest because they might 

be expected to dimerize to the 34- and 38-electron molecules and so get rid of the 

unpaired electrons. 

17 electrons 19 electrons 

) Cer: Q 120A oe os 
-B: Iie be 134° ON: 103 4QN)- [SO7] Wee Dll 

O O F O 

>B-t 

34 electrons 38 electrons 

Me OMI gra © J eB A Er pie 

ee Ce be 20 CER ie wae ae cee ON = oo) 
Ee seni rcs lect 3 VN Nigh 9/1103" NNG So 

Otis a7 0 eas 
(1-64) 

Tear Oi 

fe bes 

The effect on the stereochemistry of a system of adding first an odd electron and 

then a lone pair is nicely illustrated by the series: NOS (linear), NOz, and NO; 

(both angular), and it is noteworthy that the 17-electron system NO, is 

intermediate as regards both bond length and interbond angle between the 16- and 

18-electron systems: 

oe Nt a 
O Oo O 

Angle 180° 134° Mise 
O-N-O 

N—O 115A 1:20 A 1:24A 
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The detailed structure of ClOZ would be of great interest because, together with 

ClO, and ClO; it forms another series including an odd-electron molecule (as also 

would SO3, SO,, and SO): 

O O OsniaO Omita© 

If eight electrons are assigned to each terminal O or X atom there are sufficient 

electrons for a single bond in the 34-electron systems while in the 38-electron 

systems there is a lone pair on each of the A atoms: 

PA-Ac and po 

In the former there are therefore three coplanar bonds around A and in the latter 

three pyramidal bonds. In C,04~ and BX, the central bonds are found to have 

the lengths expected for single bonds, but in N,O4 the N—N bond is abnormally 

long. Note the exactly similar structures of monomer and one-half of the dimer in 

the case of NO, and N,O,4 and of NF, and N>F,4. An interesting point about these 

systems is that N,O4 and BF, are planar (for ByCl4 see p. 845) while C047 is 

planar in some salts and non-planar in others (see p. 732). The oxalic acid molecule 

is planar, with abnormally short C=O (1:19 A) and C—OH (1:29 A) bonds. For a 

discussion of the bonding in molecules A, Xq4 formed by B, N, and P see: JACS 

1969 91 1922 and IC 1969 8 2086. 

Unlike NO, ClO, shows no tendency to dimerize, whereas the isoelectronic SO 

can only be isolated as $3047 (in dithionites), though there is some evidence for an 

equilibrium between monomer and dimer in solution. Only one of the 19-electron 

halogen species (NF) is known; the dimeric species include N,F4, P,F4, P2Cla, 

and P,I4. The free radical NF, is quite stable and can exist indefinitely in the gas 

phase in equilibrium with N,F 4. It is formed by reacting NF3 with metallic Cu at 

400°C and dimerizes on cooling. There is an interesting reaction between NF, and 

NO, another odd-electron molecule, to form ON . NF,, a deep purple compound 

which at room temperature and atmospheric pressure rapidly dissociates to a 
colourless mixture of NO and NF). 

The halogen compounds P,Xq apparently all exist in the centro-symmetrical 
trans form (in contrast to the gauche configuration of P,H4); the dithionite ion is 
notable for its eclipsed configuration and for the extraordinary length of the S—S 
bond (2:39 A, as compared with 2-06 A for the normal single bond in the various 
forms of elementary S). 

The van der Waals bond 

Under appropriate conditions of temperature and pressure it is possible to liquefy 
and solidify all the elements, including the noble gases, and all compounds, 
including those consisting of non-polar molecules such as CHg, CCla, etc. The 
existence of a universal attraction between all atoms and molecules led van der 
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Waals to include a term a/V* in his equation of state. For molecules with a 
permanent dipole moment (4) Keesom calculated the mean interaction energy 

at a distance r, and to this expression Debye added the energy resulting from the 
interaction between the permanent dipole and the moments it induces in 
neighbouring molecules: 

Zap? 

r® 

where @ is the polarizability. The first expression, requiring the van der Waals factor 

a to be inversely proportional to the absolute temperature, is not consistent with 

observation, and moreover the sum of Ey and Ep is much too low (see Table 7.7). 

TWA Basra 7 

Lattice energy kJ mol! 

u(D) a (x10-74 cm3) Ex Ep Ey Total 

Ar 0-00 1:63 0-000 0-000 8-49 8-49 
co 0-12 1-99 0-000 0-008 8-74 8-74 
HI 0-38 5-40 0-025 0-113 25-86 25-98 
HBr 0-78 3-58 0-686 0-502 21-92 23-10 
HCl 1-03 2-63 3-31 1-004 16-82 21-13 
NH3 1-50 2-21 13-31 1-26 14-73 29-58 
H,O 1-84 1-48 36-36 1-92 9-00 47-28 

Neither expression, of course, eccounts for the interaction between non-polar 

molecules, a type of interaction first calculated by London and hence called 

London, or dispersion, energy. This (wave-mechanical) calculation gives 

3 Ia? 

4r® 
EB, = 

for similar particles with ionization potential /, or 

3 T1201, a 

D7 aT | 

for dissimilar particles. 
The relative magnitudes of these three types of interaction can be seen from 

Table 7.7 for a few simple cases. For a non-polar molecule the London energy is 

necessarily the only contribution to the lattice energy; even for polar molecules 

such as NH3 and HO for which Fx is appreciable, , forms an important part of 

the lattice energy. Note that these lattice energies are between one and two orders 

of magnitude smaller than for ionic crystals; for example, those of the ‘permanent’ 
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gases are of the order of one per cent of the lattice energy of NaCl (approximately 

753: kJamol ps): 
As a contribution to the lattice energy of salts the London interaction can be as 

large as 20 per cent of the total in cases where the ions are highly polarizable (for 

example, TIT), and the adoption of the CsCl structure rather than the NaCl 

structure by CsCl, CsBr, and CsI is attributed to the van der Waals energy (see 

later). 

Metal-metal bonding 

The discussion of metal-metal (m-m) bonding by chemists is usually wholly or 

largely confined to finite molecules and complex ions. Here we shall attempt to 

place this aspect of the subject in perspective as part of a much more general 

phenomenon. 

The formation of a chemical compound implies bonding between atoms of 

different elements, and for simplicity we may start by considering binary 

compounds. In some binary compounds A,X, all the primary bonds (between 

nearest neighbours) are between A and X atoms (as in simple ionic crystals) but this 

is by no means generally true. Bonds between atoms of the same element (A—A or 

X—X) are to be expected in a compound containing a preponderance of atoms of 

one kind, whether it consists of molecules (for example, S;NH) or is a crystalline 

compound such as a phosphorus-rich phosphide (CdP4), a silicon-rich silicide 

(CsSig), a boron-rich boride (BeB,,) or at the other extreme a metal-rich 

compound such as Li,5Siqg, Cs30, or TagS. Of special interest are compounds in 

which the greater part of the bonding is between A and X atoms, but where there is 

also some interaction between A and A or X and X atoms. Disregarding the other 

bonds formed by A and X atoms (which may form part of a 3D arrangement ina 

crystal) we may show this diagrammatically: 

X X 
ENS “aS ZO AZ---SA AQ tA ASL aA 
xR xX x 

(a) (b) (c) 

An example of (a) is the structure of NiAs, in which Ni has 6 As neighbours but is 
also bonded to 2 Ni; (b) represents a ‘normal’ binary compound with only A—X 
bonds, while an example of (c) is a boride such as FeB in which B is surrounded by 
6 Fe but is also bonded to 2 B atoms. 

Few elements other than carbon show much tendency to form molecules 
containing systems of bonded A atoms, a process sometimes called catenation, a 
term which should perhaps strictly refer only to chains. Diatomic systems include 
the singly-bonded molecules X, of the halogens, the multiply-bonded O,, N,, and 
the high-temperature species Cj, P,, and S,, and ions C37 , 037, ete. Triatomic 
species include the multiply-bonded O3, N3, the singly-bonded $3, and ions formed 
by the halogens such as 15, in which the bonds are longer than the normal single 
bonds in the Xz molecules. Molecules L,X—XL, are formed by a variety of elements, 
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CICAR D7 a1. 

Types of structure with metal-metal bonding 

Class I 

m-m bonds 

no bridging atoms 

finite: Cup, 

X—Hg—Hg—X, Mn) (CO)10 

Cl4Re=ReClq. etc. 

polyhedral Bi3* 

n Ln Ly 

{chains and layers, e.g. -M—M—M—] 

I-II hybrids, e.g. 

Co4 (CO) 12 

Class IT 
m-m bonds and bridging: 

MM teecee M or M—X—M 
Ns . ‘ 

x eS eet ‘ 

(NiAs) (ReO3) 

finite: metal cluster compounds of Cu, Ag, Nb, Ta, Mo, W 

carbonyls, Fe2(CO)9, Os3(CO) 12, Rea(CO)i6 
carboxylates (Cr, Mo, Re, Cu) 

1D AgCNO, AgNCO, RuO 
3D ReOQ3 

Class Ia 

m-m systems linked into more extensive system through 

X atoms (no further m-m bonding) 

i SS SF 
finite = M M 

hain = Gd,Cl ra M XxX MO a os ; chain = Gd7Cl3, — =) — 
m-m grouping Ta,S 14.8 S # ees 

M M 
As ye XS 

layer = —M M—X—M 
SS Need 

Class IIa 

Units of class II further linked through M—X—M bridges to 
more complex systems, e.g. 

chains: Nbly, ReCly, Rel, Wo Brie 

layers: ReCl3, MoCly, WCly, NbeClia, Taglia 
HD NbelI11, NboF 15> TagCl 15> MoO,, WO, ele: 

Class IIT 

Finite units, chains and layers bonded together by m-m bonds: 

‘anti’ chain and layer structures. 

finite: RbgO3, Rb¢O, Cs7O Boe 4G Wea M--- 

Nowa Nees 
X XxX 

chains: Cs30 --- a Shea” eS 
Se a 

XxX XxX 
rN va 

layers: AgyF, PbO, TiO, Ti30 --- M----M Ma— 
Ea va 

B, C, Si, Ge, Sn, Pb, N, P, S, Se, and Te, and a few molecules and ions containing 

chains of 3 X atoms are known (for example, P3(CgHs)s, Pe Os GaxSaix wctc.). 

Examples of homocyclic molecules are listed in Table 3.9 on p. 85. Chains 

containing more than three A atoms are formed by a very few elements KO ine, 

S) and this is also true of polyhedral systems (P4, Bij”, and the B,H?~ ions 

(p. 83). 
In Chart 7.1 are set out the main types of structure (molecular and crystal) in 

which there is m-m bonding, and we now comment briefly on the various classes. 

Class I molecules (ions) containing directly bonded metal atoms without bridging 

ligands 

The simplest molecules of this kind are the diatomic molecules in the vapours of a 

number of metals (of Groups I-III, Co and Ni). The bond dissociation energies vary 
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widely, from around 170 to 210 kJ mol for Coz, Niz, Cuz, Ag, and Au, (very 

similar to those of Cl), Br2, and I,) and somewhat smaller values for the alkali 

metals (from 109 in Lig to 42 kJ mol! in Cs), to very much smaller vel in Mg, 

(29kJ mol!) and in Zn, Cd), and Hg (around 4 to 8kJ mol’). The 

next-simplest systems containing m-m bonds are those formed by a few B subgroup 

elements, and of these the most important are the mercurous compounds which 

contain the grouping X-Hg—Hg—X; compounds of Group IVB elements include 

Ge,H,, Sn,H¢, and (CH3)3Pb—Pb(CH3)3. 

Direct m—m bonds without any bridging ligands are formed by transition metals 

(in low oxidation states) only when special 7-bonding ligands are attached to the 

metal, as in (CO);Mn—Mn(CO), (and the isostructural Re and Tc compounds) and 

in the similarly constituted [Co.(NC . CH3)10] 4~ ion; the m-m bonds are rather 

long (2:9-3-0 A), possibly due to repulsions between the ligands on different metal 

atoms. Intermediate between compounds of this type and the Group IVB molecules 

noted above are numerous molecules containing a number of directly bonded metal 

atoms, in which some are B subgroup metals (Cu, Au, Hg, In, Tl, Ge, Sn) and others 

are transition metals (Mo, W, Mn, Fe, Co, Ir, Pt). Examples include: 

(CgHs)3Sn—Mn(CO)s5 (CsHs)Mo(CO)3 

(C6Hs)3Sn—Fe(CO)2C;H5 C;H5(CO), Ee Pat COGs Hs 

[Cl3Sn—Pt—SnCl3] [N(CH3)a] 2 (CsHs)Mo(CO)3 

ci, 
In a small group of ions and molecules there is multiple bonding between the metal 

atoms of a type possible only for transition metals. They include the ions Re,Cl3-, 

Tc,Clg~, and Mo,Clg~, in which the lengths of the m-m bonds are respectively 

2:24, 2:13, and 2:14 A. These bonds are described as quadruple bonds (0778), the 5 

component accounting for the eclipsed configuration of the ions and also of the 

similarly constituted molecule Re,Cl¢(PEt3)9. 

Class Ja. We can envisage systems of bonded metal atoms which are then 

cross-linked by ligands X, there being no metal-metal interactions between the 

different sub-units. Examples include Gd,Cl3, Ta2S, and Ta¢S; further examples 

are likely to emerge from studies of sub-halides, sub-chalconides, etc. 

Class II. Molecules (ions) containing directly bonded metal atoms and bridging 

ligands 

This large class includes all compounds in which there is direct interaction between 

pairs of metal atoms which are also bridged by other ligands. These ligands may be 

halogen atoms, NH,, CO, SR, PR», carboxylate groups, or other chelate organic 

ligands. Examples of finite systems with halogen bridges include those M,Cl3~ ions 

formed from a pair of face-sharing octahedra in which the M—M distance indicates 

interaction across the shared face, and the numerous metal cluster compounds 

formed by Nb, Ta, Mo, W, and Re, and also by Ag and Cu. For the polynuclear 
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carbonyls in which some of the CO ligands act as bridges between metal atoms, and 
for compounds such as [(CO);Fe(NH,)] 2 and [(C5H;)Co(P¢3)] » see Chapter 22. 
Two carboxylate bridges are present in compounds such as Re,(O,CC6H5).14 and 
four in Mo2(0,CCH3)4, molecules such as Rez(O2CR)4X4, and the monohydrates 
of Cr(ir) and Cu(11) acetates. Examples of bridged molecules are given in Table 7.8. 

TABLE 7.8 

Some molecules containing metal-metal bonds* 

: a 0 
in ‘ wee oP [FX] Pos 

La 

LoS 
eae —M—M— Ré—ReG pRe— Re. 

| hz \0% Clg lie cl ate oP all 
(C 
R 

(a) (b) (c) (d) 
Molecule M—M (A) ‘Reference 

(a) Rez (O2CC6Hs5)214 2-20 IC 1969 8 1299 

(b) Cuz (O02CCH3)4(H20)2 
Cuz (O2CCHs)4(¥1) ae ae 
Cr2 (O,CCH3)4(H2 )2 2 

Rh, (O2CCH3)4(H20)2 2.39 AC 1971 B27 1664 

Mo, (0,CCH3)4 2-11 JACS 1965 87 921 
Rez (O2CC.6 Hs )4Cly 2-24 IC 1968 7 1570 

(c) Re,OCl3 (O2CC2 Hs )2 (P43) 2 Dol IC 1969 8 950 

(d) Rez OCls(O2CCe Hs) (P63) 2-52 IC 1968 7 1784 

Sys Sle 
M M, 

a | N a | ae 

(e) X x “xX (io) eX Se Xt 
Nar Sle 
M M 

VARS ONS 

(e) (CO)3Fe(CO)3Fe(CO)3 2:46 JCS 1939 286 

(f) (CO)3Co(CO)2Co(CO)3 2-52 AC 1964 17 732 
[Cl3 Mo(Cl, )MoCl3] Rb3 2-38 IC 1969 8 1060 
(CO)3Fe(SC2 Hs )2 Fe(CO)3 2-54 IC 1969 8 2709 

* For other examples see Chapters 9 and 22. 

The structures of silver cyanate and fulminate are examples of simple chain 

structures in which there are m-m interactions along the chains: 

vas zs 
OCN_: ONC} 

Soi Sh 

new FES 
' NCO 7 UNO: 
‘ a N 

Ag § 
a “4 

OCN | ONC <i 
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In this class come oxides such as ReO7 and RuO, in which there is not only the 

‘normal’ bonding of the metal atoms through O atoms but also some kind of less 

direct interaction (‘super-exchange’) involving the oxygen orbitals. Thus RuO, has 

the normal rutile structure, with equidistant metal atoms in the chains, but the high 

electrical conductivity suggests an average oxidation state greater than four, that is, 

some delocalization of electrons through overlap of metal and oxygen orbitals. 

Class Ila. This class includes all structures in which units of class II are further 

linked, but without m-m interactions, into more extensive systems. Examples 

include the simple edge-sharing chain of NbI4, with alternate short and long 

Nb—Nb distances, the chain molecules in crystalline ReCl4 built from ReCl, units, 

and the still more complex chains in Rel3 (Re3Ig units) and in WeBr,6¢. In the 

extraordinary structure of the latter compound (W.Brg)Brq clusters are linked into 

infinite chains by linear Brg groups. Infinite 2D structures in this class include 

ReCl;, built from triangular Re3Cly units similar to those in Re3Ig but here further 

linked into layers rather than chains, and a number of halides built from the 

clusters of the two main types, MgXg and M¢X,,. These units can also be 

connected into 3D systems, as in the following examples: 

2D structures 3D structures Type of metal cluster 

MoCl, WCl, 
Nb,Cl 14> Tag I 14 

Nbelii 
Nb6 F415, TagClys 

These halide structures are described in more detail in Chapter 9. We may also 
include here those dioxides with distorted rutile structures in which there are 
alternate short and long m-m distances within each ‘chain’ (e.g. 2-5 A and 3-1 Ain 
MoO, and WO,), since the discrete pairs of close metal atoms are linked through 
oxygen bridges into a 3D structure. 

Class Il. Crystals containing finite, 1-, or 2-dimensional complexes bonded through 
m-m bonds 

In Classes I and II we recognized units within which there is m—-m bonding, with 
additional bonding through bridging X atoms in Class II. In classes Ia and IIa these 
units are further bonded, through X atoms, without further m-m bonding. It is 
necessary to recognize a further class of structures in which there is extensive m-m 
bonding between finite, 1-, or 2-dimensional sub-units; there may also be 
metal-metal bonding within the units, but this is not necessary. This class includes 
halides and chalconides (usually metal-rich ‘sub-compounds’) which have structures 
geometrically similar to those of normal halides or chalconides but with positions 
of metal and non-metal interchanged. Just as we find polarized ionic structures with 
only van der Waals bonds between the halogen atoms on the outer surfaces of the 
chains or layers, so we find the ‘anti? chain and layer structures of the same 
geometrical types in which the bonds between the chains (layers) are bonds 
between the metal atoms on their outer surfaces. The metal-rich oxides of Rb and 
Cs (p. 443) provide examples of structures built entirely of finite units held 
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together by m-m bonds (Rb O04) and of structures which might be described as 
consisting of finite units inserted into the metal, there being metal atoms additional 

to those in the sub-units, as in RbgO (RbgO, . Rb3) and Cs,0 (Cs, 103 . Csy9). 

The ionic bond 

The ionic bond is the bond between charged atoms or groups of atoms (complex 

ions) and is the only one of the four main types of bond that can be satisfactorily 

described in classical (non-wave-mechanical) terms. Monatomic ions formed by 

elements of the earlier A subgroups and ions such as N°, 02°, etc., F™ etc., have 
noble gas configurations, but many transition-metal ions and ions containing two s 

electrons (such as Tl* and Pb?*) have less symmetrical structures. We shall not be 

concerned here with the numerous less stable ionic species formed in the gaseous 

phase. 

The simplest systems containing ionic bonds are the gaseous molecules of alkali 

halides and oxides, the structures of which are noted in Chapters 9 and 12; we refer 

later to the halide molecules in connection with polarization. The importance of 

the ionic bond lies in the fact that it is responsible for the existence at ordinary 

temperatures, as stable solids, of numerous metallic oxides and halides (both simple 

and complex), of some sulphides and nitrides, and also of the very numerous 

crystalline compounds containing complex ions, particularly oxy-ions, which may 

be finite (CO3~, NO3, SO3, etc.) or infinite in one, two, or three dimensions. 

The adequacy of a purely electrostatic picture of simple ionic crystals Ay, Xp is 

demonstrated by the agreement between the values of the lattice energy resulting 

from direct calculation, from the Born-Haber cycle, and in a few cases from direct 

measurement. 

The lattice energy of a simple ionic crystal 

The lattice energy is the energy released when a mole of free gaseous ions are 

brought together from infinity to form the crystal; it is conveniently calculated by 

considering the reverse process, the complete break-up of the crystal. The major 

part of the lattice energy is the electrostatic or coulomb energy, and this is found 

by calculating the potential at the position of an ion in the crystal. For the NaCl 

structure this potential is the same for a cation as for an anion site (P, and P, 

respectively), and the energy required to remove an ion from the crystal to infinity 

is —eP, or teP, respectively. Since each quantity takes account of the mutual 

interactions of the ion with all other ions in the crystal the sum of these terms 

for all ions would count the coulomb energy twice; its value is therefore 

—4Ne(P, — Pa) per mole. 
In the NaCl structure an ion has six equidistant neighbours of the other kind at a 

distance r (Na—Cl), twelve of its own kind at r/2, eight of the other kind at rV/3 

and so on, so that the potential at an ion is found by summing the infinite series 

Pee nynceh 12cl,,_ Hew, be 
eee A) 2 ane T\/ Seo 

ever 
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If this summation is written —A(e/r) then the coulomb energy is 

Ae’ 

r 
U=—N., 

since the coulomb attraction between two charges +e is —e*/r, or for a mole, 

—Ne?/r. The constant A (Madelung constant) is a pure number characteristic only 

of the geometry of the structure, and it can therefore in principle be calculated for 

any structure. We give here the Madelung constants for the NaCl and CsCl 

structures since we shall refer to them later: they are 1-748 and 1-763 respectively. 

Since crystals are not indefinitely compressible there is evidently a repulsion 

force which operates when the electron clouds of the ions begin to interpenetrate 

(without electron-sharing between the ions). This repulsion energy is not readily 

calculable, and Born represented it by B/r”, a function which increases very rapidly 

with decreasing distance r if n is large, that is, it corresponds to the ions being ‘hard’ 

spheres. The expression for the lattice energy is now 

2 ee EON LY 
r ia 

The value of the exponent n can be deduced from the compressibility of the 

crystal; values used in calculating lattice energies are 7, 9,10, and 12 for ions with 

Ne, Ar, Kr, and Xe configurations. The value of B is calculated in the following 

way. At equilibrium the energy is a minimum, that is, the attractive and repulsive 

forces balance one another, therefore 

from which B can be eliminated to give 

A 2 

Wie (+) 
Ta n 

where r, is the equilibrium distance between the ions in the crystal. (An alternative 

expression for the repulsion energy, Be~*’, gives values not very different from the 

simple Born formula.) 

The calculation of lattice energy has been refined by including terms arising 

from the van der Waals (London) forces and from the zero-point energy. The former 

is important only if both ions are readily polarizable, as may be seen from the 
following figures: ; 

Salt Structure Coulomb London Born Zero-point ' U (total) 
attraction attraction repulsion energy kJ mol7! 

NaCl NaCl —862 —13 +100 +8 
AgCl NaCl —875 —121 +146 +4 
CsI CsCl —619 —46 + 63 +29 
TICI CsCl —732 —117 +142 +4 
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We shall see later that the van der Waals energy is apparently the critical factor 
responsible for the adoption of the CsC] structure by CsCl, CsBr, and CsI. 

Indirect determinations of the lattice energies of many ionic crystals have been 
made using the Born—-Haber cycle, which relates the following quantities: 

P +S (heat of sublimation) +I (ionization energy) 
Na (solid) ———————_____ Ng ———"—"=, gt 

+ + 
+4D (heat of dissociation) —E (electron affinity) 

2Cl, (gas). —————______+> Cl —_——____.. cI 

ee Aiea aaa 
(heat of formation) (lattice energy) 

From the relation: V= U— J — § +E — 4D, the lattice energy U can be determined 
in cases where all the other quantities are known. Direct determinations of lattice 
energies have been made only in a few cases—by measurement of the equilibrium 

MX =M* + X™ 

combined with vapour pressure data for the solid salt. There is good agreement for 
a number of alkali-halides between the values of U calculated directly, indirectly 
from the Born—-Haber cycle, and by direct measurement. 

Tonic radii 

To calculate the electrostatic contribution to the lattice energy of the NaCl (or any 

other structure) it is necessary to know only the relative positions of the atoms and 

the distances between them, both of which are directly determined from the 

diffraction data. No knowledge of the relative sizes of the ions is required. Barlow 

considered the packing of spheres of two different sizes and derived the NaCl and 

CsCl structures many years before they were confirmed by X-ray studies. If ions 

can be regarded as approximately incompressible spheres of various sizes having 

spherically symmetrical charge distributions we might expect to be able to relate the 

way in which they pack together to their relative sizes, that is, to relate the 

coordination numbers in different structures to the ionic radii. Since only sums of 

radii are measurable it is necessary to fix one ionic radius. Two early methods were: 

(i) to start with the radii of the halide ions derived from the X—X distances in 

the lithium halides, assuming that in these crystals the anions are in contact (Landé, 

1920), or to take the radius of O* as one-half the distance apart of these ions in 

silicates (c. 2:7 A), making a similar assumption (Bragg, 1927). This method may be 

illustrated by the cation-anion distances in the following crystals, all of which have 

the NaCl structure: 

20 
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From the constancy of the M—S and M—Se distances in the sulphides and selenides 

respectively it is reasonable to assume that in these crystals the anions are in 

contact with one another and to deduce the radii of S?~ and Se?~ ions as 1:84 

(2-604/2) A and 1-93 (2:73/\/2) A respectively (4 CB, Fig. 7.2). 

(2) Wasastjerna (1923) divided the interionic distances in the alkali halides and 

alkaline-earth oxides in the ratios of the molar refractivities of the ions, taking the 

molar refractivity of an ion to be roughly proportional to its volume. Goldschmidt 

adopted Wasastjerna’s values for F” (1-33 A) and O?~ (1-32 A) and extended the 

list of radii by using the observed interionic distances in many other essentially 

ionic crystals. 

In addition to the above sets of radii based on O?~, 1-35 A or 1:32 A, Pauling 

compiled a set referred to O?-, 1-40 A, and Zachariasen later used the value 

1:46 A. Since the effective radius of an ion depends on its coordination number 

(c.n.) it is usual to adopt the c.n. 6 as standard. The following relative values of 

radii for different c.n.’s are often quoted: 

Gils 4 6 8 

radius 0:95 1-00 1:04 

They were derived from the Born equation given earlier making certain assumptions 

about the relative values of the Madelung constants A and the Born repulsion 

coefficients B for the structures with different c.n.’s. More recently appreciably 

different ratios have been suggested for some ions, as implied by the figures given in 

Table 7.9 for 4-coordinated Li* and Be? * and for 8-coordinated Y°? *. 
Early compilations of ‘ionic radii’ were rather comprehensive, and included 

values for ions such as B>*, Si**, N°*, etc. derived from crystals containing 
complex ions in which the bonds would now usually be regarded as having 

appreciable covalent character. Only the most electropositive elements form 

essentially ionic crystals containing ions such as N°” and those of the heavier 

chalcogens and halogens, and radii for many metals must be derived from oxides 

and fluorides. Accordingly, a recent list of ionic radii lists only F~ and O?~ as 

anions, and is admittedly applicable only to fluoride and oxide structures. Some of 

these radii are given in Table 7.9, which also includes some anion radii applicable 

to a limited number of compounds of the most electropositive elements. Even in 

the case of fluorides and oxides there are only a few structures in which the ions 

have symmetrical arrangements of equidistant nearest neighbours. For metals which 

do not form binary compounds with structures of this type it is necessary to 

take mean interionic distances from structures such as the C-Mn,03 or LaF3 

structures, in which there are groups of ‘nearest neighbours’ at somewhat different 

distances, or from complex fluorides or oxides in which there are highly 

symmetrical coordination groups. In some structures the departures from regular 

coordination groups (for example, around Ti** or V*°*) may indicate partial 
covalent character of the bonds, so that the significance of ‘ionic radii’ derived from 
such structures is doubtful. Allowance has always been made for the c.n. of the 

cation; it seems reasonable (see Table 7.9) also to allow for the c.n. of the anion and 
probably also to use different radii for low- and high-spin states of the 3d metal ions. 
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TABLE 7.9 

Tonic radii (A) 

=) =? = |I +1 +2 +3 +4 

Lifa) —_ Be(b) 
0:74 0-35 

otc) FM) Na Mg Al 
1A 0ie 15339 o-02% 20-72" 0:53 (a) c.n. 4, 0-59 

K Ca Se Ti Zn Dede ee es 1-38 1-00 0-73 0-61 0.75 (@) @3i, 2, 13S, Cy, B, 14) 
(s) (d) Note that M—F is at least 

Rb Sr Y Zr ede 0-1 A greater than M—O in ScOF 
1-49) 53-16 50:89) 0-72) || 6:95 and YOF (p. 404) 
Cs Ba Ta Tt Pb2t (e) cn, 8, 1-02, en. 95 1-110 

NH, OH SH- 
1-50 1:55 2-00 

Tithe ants Cr2e Mn (Fe** 8 Go2*4 Nitti C2t 

Low spin 0-73 0-67 0-61 0-65 
High spin DBO OTIS G:85% Wyss og 7 O74 Nez 0-73 

132 ae Vo CeeoMn ogebe>™) | Coo | Nios (Gao) 

Low spin 0-58 0-55 0-53 0:56 : 0-67 0-64 : . High spin VOL tas OM: oat ones OC? 

The values are those of Shannon and Prewitt (AC 1969 B25 925) and are applicable to oxides 
and fluorides (c.n. 6, based on the value 1-40 A for 6-coordinated O2-) except those enclosed 

by the full line, which are values intended to give an approximate idea of the sizes of the ions. 

We shall not be greatly concerned with differences between the various sets of 

radii since they do not have a precise physical meaning and moreover are of interest 

chiefly in detailed discussions of interatomic distances in crystals; the remarks on 

Slater’s radii (p. 237) are relevant in this connection. However, and in spite of the 

various complications mentioned above, it is important to have some idea of the 

approximate relative sizes of ions if only as an aid to visualizing structures and 

understanding why, for example, pairs of ions such as K* and F7, Cs* and Cl’, or 

Ba?* and O77 form c.p. arrays in so many complex halides or oxides. As aids to 

structure determination or in discussing niany features of ionic crystals sets of M—F 

or M—O distances would obviously serve the same purpose as sets of ionic radii. 

Thus, any one of the standard sets of radii serves to illustrate the following general 

points: 

(a) A positive ion is appreciably smaller than the neutral atom of the same 

element owing to the excess of nuclear charge over that of the orbital electrons, 

whereas the radius of an anion is much larger than the covalent radius: 

Lig MFSeK : Cl- 18% 
ice Ay oes (lh thee 
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(b) In a series of isoelectronic ions ‘the radii decrease rapidly with increasing 

positive charge, but there is no comparable increase in size with increasing negative 

charge (see the values in a horizontal row of Table 7.9). 

(c) Most metal ions are smaller than anions; a few pairs of cations and anions 

of comparable size lead to the special families of c.p. structures noted above, and 

we discuss later some structures containing the exceptionally large Cs Ti fand 

Pb2* ions. The very small Li* and Be** ions are typically found in tetrahedral 

coordination in halide and oxide structures, Al3* in both 4- and 6-coordination, the 

numerous ions M2* and M?* with radii in the range 0:7-1:0 A are usually 

octahedrally coordinated in such structures, while the largest ions are found in 

positions of higher coordination (up to 12-coordination in complex structures). 

(d) In contrast to the steady increase of radii down a Periodic family the radii 

of the 4f M3* ions show a steady decrease with increasing atomic number. For 

example, the M—O distances (for 6-coordination) decrease from La? t—O, 2:44 A, 

to Lu?*_O, 2-23 A. As a result of this ‘lanthanide contraction’ certain pairs of 

elements in the same Periodic Group have practically identical ionic (and atomic) 

radii, for example, Zr and Hf, Nb and Ta; the remarkable similarity in chemical 

behaviour of such pairs of elements is well known. An effect analogous to the 

lanthanide contraction is observed also in the Sf ions. 

(e) The irregular variation of the radii of 3 d ions M2* and M°* with the 

numbers of e, and tz, electrons (p. 272). See reference in Table 7.9 and references 

quoted therein. 

The structures of simple ionic crystals 

Table 7.10 shows the c.n.’s of A in simple AX, structures. The structures are 

divided into two groups which we shall describe as (a) normal and (b) polarized 

ionic structures. The former are typically those of fluorides and oxides (with the 

exception that the NaCl structure is adopted more generally by all halides of most 

of the alkali metals and by all chalconides of the alkaline-earths), while the 

TABLE. 7.10 

The structures of simple ionic crystals 

(a) (b) 

: 15 ee al 
NaCl ZnSt NaCl (distorted) CsGl 

Ti 

Cristobalite Rutile BeCl, Cdl, [PbCl, ] 

Hgl, CdCl, (7 +2) 

} The hexagonal structure of ZnO (zincite) and also of ZnS (wurtzite). 

+ The cubic zinc-blende structure. As noted elsewhere the bonds in these, and possibly other 

4-coordinated structures, may have some covalent character. 

ReO3 

RhF 
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structures (b) are typically those of chlorides, bromides, iodides, sulphides, and 
many hydroxides. The bonds in the tetrahedral structures, wurtzite (ZnO) and 
cristobalite, may have appreciable covalent character; this bond arrangement is to 
be expected for either type of bond. There are interesting differences between the 
anion coordinations in the 4:2 (AX,) and 6:2 (AX3) structures, namely, 
non-linear M—F—M or M—O—M bonds in crystals with the cristobalite structure, 
collinear M—F—M or M—O—M bonds in MoF3 and ReOQ3, but smaller M-F—M 
bond angles in a number of other trifluorides (132° in the h.c.p. RhF3 structure). 
The non-linear anion bonds in the cristobalite structure presumably result in a 
greater van der Waals contribution to the lattice energy of the more compact 

structure; in CuO, which consists of two interpenetrating ‘anticristobalite’ nets, 

the collinear O—Cu—O bonds are usually attributed to covalent character, and here 

the better space-filling is attained by the interpenetration of the two nets. In ReO3 

the collinear Re-O—Re bonds appear to be due to a special type of interaction of 

the metal atoms via the O orbitals; the reason for the adoption of this structure by 

certain trifluorides, and not by others, is less obvious. 

In any one of the structures of Table 7.10 the environment of all anions is the 

same, and all cations are surrounded in the same way by anions. In both (a) and (b) 

structures the maximum number of nearest neighbours of a cation does not exceed 

eight or nine, and except for the cases already noted the environment of the anions 

(and in some cases, for example, the TII structure, also of the cations) is generally 

less symmetrical in the (b) than in the (a) structures. Departures from regularity of 

the octahedral coordination group in the rutile (and also in the a-Al,03) structure, 

which are due to purely geometrical factors, have been discussed in Chapter S. 

It seems reasonable to suppose that the more symmetrical structures (a) are 

consistent with the efficient packing of the ions, regarded as incompressible spheres 

having spherical charge distributions. If the ions are to pack as closely as possible 

the determining factor will be the number of the larger ions that can pack around 

one of the smaller ions (usually the cation A). The c.n. of the larger ion follows 

from the fact that in A,, X, the c.n.’s of A and X must be in the ratio n : m. 

Radius ratio and shape of coordination group 

Suppose that we have three X ions surrounding an A ion. The condition for 

stability is that each X ion is in contact with A, so that the limiting case arises when 

the X ions are also in contact with one another. The following relation exists 

between ra and rx, the radii of A and X respectively: ra/rx = 0-155. (If the radius 

of X is a we have 

ra =$x/3a —a=0:155a.) 

If the radius ratio ra : rx falls below this value, then the X ions can no longer all 

touch the central A ion and this arrangement becomes unstable. If ra increases the 

X ions are no longer in contact with one another, and when ra : rx reaches the 

value 0-225 it is possible to accommodate 4 X around A at the vertices of a regular 

tetrahedron. In general, for a symmetrical polyhedron, the critical minimum value 

of ra : rx is equal to the distance from the centre of the polyhedron to a vertex 
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less one-half of the edge length. The radius ratio ranges for certain highly 

symmetrical coordination polyhedra are: 

TA: TX 0-155 —————_ 0-225 —————__ 0-414 —————_0732- 

cart 3 4 6 8 
polyhedron equilateral triangle regular tetrahedron regular octahedron cube 

If the packing of X ions around A is to be the densest possible we should expect 

the coordination polyhedra to be those having equilateral triangular faces and 

appropriate radius ratio. For example, for 8-coordination we should not expect the 

cube but the triangulated dodecahedron or even the intermediate polyhedron, the 

square antiprism, which for a finite AXg group is a more stable arrangement than 

the cube. Similarly, the icosahedron would be expected for 12-coordination in 

preference to the cuboctahedron, which is the coordination polyhedron found in a 

number of complex ionic crystals. For this reason we include a number of 

triangulated polyhedra in Table 7.11. For the geometry of 7- and 9-coordination 

TANS, Fi 

Radius ratios 

Coordination number Minimum radius ratio Coordination polyhedron 

4 0-225 Tetrahedron 

6 0-414 Octahedron 

0-528 Trigonal prism 
i 0-592 Capped octahedron 

8 0-645 Square antiprism 

0-668 Dodecahedron (bisdisphenoid) 

0:732 Cube 
9 0-732 Tricapped trigonal prism 

12 0-902 Icosahedron 

1-000 Cuboctahedron 

polyhedra the reader is referred to Chapter 3, where examples of 7-, 8-, and 
9-coordination are given. The radius ratio is not meaningful for 5-coordination, 
either trigonal bipyramidal or tetragonal pyramidal, since for the former the 
minimum radius ratio would be the same as for equilateral triangular coordination 
(0-155), that is, not a value intermediate between those for tetrahedral (0-225) and 
octahedral (0-414) coordination, while for tetragonal pyramidal coordination the 
radius ratio would be the same as for octahedral coordination. 

Although there is a general increase in c.n.’s of cations with increase in ionic 
radius a detailed correspondence between c.n. and radius ratio is not observed for 
simple ionic crystals. For example, all the alkali halides at ordinary temperature and 
pressure except CsCl, CsBr, and CsI crystallize with the NaCl structure. For Lil and 
LiBr (and possibly LiCl) the radius ratio is probably less than 0-41, but the radius 
ratios for the lithium halides are somewhat doubtful because the interionic 
distances in these crystals are not consistent with constant (additive) radii: 

Li-I 3:02; AgeK— 1 3-53 A Rb—I 3-66 A 
LiF 2-01 K—F 2-67 Rb—F 2-82 

Difference 1-01 0-86 0-84 
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(Plots of lattice energy of ionic crystals AX against radius ratio show that the cubic 
ZnS structure becomes more stable than the NaCl structure only at values of 
ra : rx less than about 0-35 rather than 0-41.) Of the salts with radius ratio greater 
than 0-732 only CsCl, CsBr, and CsI normally adopt the 8-coordinated CsCl 
structure. We find the same persistence of the NaCl structure in monoxides, where 
the CsCl structure might have been expected for SrO, BaO, and PbO; in fact there is 
no monoxide with the CsCl structure. The c.n. six is not exceeded although the 
pairs of ions K* and F-, Ba** and O?~, have practically the same radius. 

Li Na K Rb Cs 

Is 0-784 

cl 10-94 } 

a 10-87 | 
I 10:79 | 

* When rA is larger than rx we give rx:rA since it is not meaningful to discuss the 

coordination of X~ around A? if the latter is the larger ion. 

In the case of difluorides (and dioxides) the compounds containing the smaller 

cations have the rutile structure and those containing larger cations the fluorite 

structure, for example: 

MF, (rutile structure) MF, (fluorite structure) 

Cd Ca Sr Ba 

0:95 1-00 1-16 1:36A 
Mg Zn 

0-72 0-75 

However, for BaF, the radius ratio is very close to unity, yet the 8 : 4 structure is 

not replaced by one of higher coordination (e.g. 12: 6). The radius of Na™ is 

consistent with the 6-8 coordination observed in many oxy-salts, but Na O has the 

antifluorite structure in which this ion is 4-coordinated. Moreover the same 

structure is adopted by K,0 (radius ratio unity) and Rb20O (rx : ra = 0°94) but not 

by Cs,0, which has a quite different structure (see later). Clearly higher 

coordination of M* in M,O would require higher coordination of O (e.g. 6: 12 

coordination). 
The correspondence between the relative sizes of ions and their c.n.’s is in fact 

very much more satisfactory for complex ionic crystals (complex fluorides and 

oxides and crystals containing complex oxy- or fluoro-ions) than for simple ionic 

crystals; it is clearly not satisfactory for simple ionic crystals. The good agreement 

between calculated and experimentally determined lattice energies confirms the 

soundness of the electrostatic model of these structures, but it is worth noting that 

the calculations refer only to observed structures. They appear not to have been 

made either for certain structures which are not observed but which would seem to 

be perfectly satisfactory as regards their geometry (for example, those marked with 

asterisks in Table 7.13, p. 269) or for others such as the AuCug structure which are 
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adopted by numerous intermetallic compounds but not by ionic compounds. It 

therefore seems worthwhile to draw attention to the following points, some of 

which will be discussed in subsequent paragraphs. 

(a) The occurrence of cubic rather than antiprism and of cuboctahedral rather 

than icosahedral coordination is due to the impossibility of building structures with 

particular types of coordination, and does not call for further discussion. 

(b) Structures of very high coordination do not occur. 

(c) The environment of the anions in certain of the structures of Table 7.10(b) is 

highly unsymmetrical. 

(d) Emphasis on the coordination group of the cation has led to a tendency to 

underestimate the importance of the coordination of the anion. 

We are not referring in (d) to the polarized ionic structures (p. 268) in which 

anions such as Cl” have very unsymmetrical environments but to a number of oxide 

structures in which the attainment of a satisfactory environment of the anion seems 

to be at least as important as the coordination around the cation. It is usual to 

describe the structures of metal oxides in terms of the coordination polyhedra of 

the cations. This is convenient because their c.n.’s are usually greater than those of 

the anions, and a structure is more easily visualized in terms of the larger 

coordination polyhedra. However, this preoccupation with the coordination of the 

metal ions may lead us to underestimate the importance of the arrangement of ions 

around the anions, information which is regrettably omitted from many otherwise 

excellent descriptions of crystal structures. The formation of the unexpectedly 

complex corundum structure (with vertex-, edge-, and face-sharing of the 

octahedral AlOg groups) is presumably associated with the difficulty of building a 

c.p. M2X3 structure with octahedral coordination of M and an environment of the 

4-coordinated X atom which approximates at all closely to a regular tetrahedral 

one. Similarly the two kinds of distorted octahedral coordination of Mn?* ions in 
cubic Mn,03 are probably incidental to attaining satisfactory 4-coordination 
around O?~ ions. The choice of tetrahedral holes occupied by the A atoms in a 
spinel AB,Oq (one-eighth of the total number) is that which gives a tetrahedral 
arrangement of 3 B + A around O77. 

(e) Departures from regular tetrahedral or octahedral coordination around 
certain transition-metal ions (and also certain ‘inert-pair’ ions) are related to the 
asymmetry of the electron clouds of such ions. A short note on the ligand field 
theory is included later in this chapter. 

Limitations on coordination numbers 

We have commented on the absence of structures of ionic compounds A,, X,, with 
coordination numbers of A greater than eight or nine. If we derive 2-dimensional 
nets in which A has some number (p) of X atoms and X has some number (q) of A 
atoms as nearest neighbours we find that the only possible (p, q)-connected nets (p 
and q $3) in which p- and g-connected points alternate are the (3, 4), (3, 5), and 
(3,6) nets. Since there are upper limits to the values of p and q in plane nets, it is 
reasonable to assume that the same is true of 3D nets. We are not aware that this 
problem has been studied. However, the existence or otherwise of crystal structures 
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with high c.n.’s is not simply a matter of topology (connectedness); we must take 
account of metrical factors. 

In a structure “A,,*X,, where a and x are the c.n.’s of A and X by X and A, the 
number a of coordination polyhedra XA, meet at an A atom and x coordination 
polyhedra AX, meet at an X atom (assuming that all atoms of each kind have the 
same environment). We saw in Chapter 5 that, allowing for the size of the X atoms, 
not more than six regular octahedral groups AX, can meet at a point, that is, have a 
common vertex (X atom), though this number can be increased to eight (in Th3P,) 
and possibly nine if the octahedra are suitably distorted (p. 278). Thus, we can 
construct a framework of composition AX, in which each A is connected to 12 X 
and each X to 6 A—the AIB, structure—but this structure cannot be built with 
octahedral coordination of B. It can be built with trigonal prism coordination of B 
because twelve trigonal prisms can meet at a point, though this brings certain of the 
B atoms very close together: B—B, 1-73 A, compare Al—B, 2:37 A, AI—Al, 3-01 A 
and 3-26 A. As c.n.’s increase and more coordination polyhedra meet at a given 
point, not only does this limit the types of coordination polyhedra (six regular 
octahedra, eight cubes or tetrahedra, or twelve trigonal prisms can meet at a point), 
but also the coordination polyhedra have to share more edges and then faces, with 
the result that distances between like atoms decrease. The AIB, structure is an 
extreme case, the very short B—B distances (covalent bonds) are those between the 
centres of BAI¢ trigonal prism groups across shared rectangular faces. Although this 
particular 12 : 6 structure exists, not all 12 : 6 structures are possible, as may be 
seen by studying one special set of structures. 

The AuCu3 structure is one of 12:4 coordination in which Au has 12 
equidistant Cu neighbours and Cu has 4 Au and 8 Cu neighbours.+ This is one of a 
family of cubic close-packed A,,X, structures in which we shall assume that A has 
12 X atoms as nearest neighbours. The neighbours of an X atom in these 

hypothetical structures would be 12m/n A atoms plus sufficient X atoms to 

complete the 12-coordination group: 

(Xue EAS Xue Kou eA Ke AKC aE MAX? (AX 19) 

Coordination | (12 A) 9A 8A 6A 4A 3A 2A (A) 
group of X 3X 4X 6X 8X 9X 10 X (il X) 

We may eliminate the first two structures immediately since X is obviously in 

contact with 4 X in the coordination shell around an A atom (cuboctahedron), but 

we can go further than this and show that all the structures to the left of the 

vertical line are impossible. In cubic close packing the coordination polyhedron of 

an atom is a cuboctahedral group, and in the above structures the coordination 

group of X is made up of certain numbers of A and X atoms. Since A is to be 

surrounded entirely by X atoms we cannot permit A atoms to occupy adjacent 

vertices of the cuboctahedral group around an X atom. The problem is therefore to 

find the maximum number of vertices of a cuboctahedron that may be occupied by 

+ For another (12, 4)-connected net see Fig. 23.19 (p. 825). 
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A atoms without allowing A atoms to occupy adjacent vertices. It is readily shown 

that this number is 4, and that there are two possible arrangements, shown in Fig. 

7.3(a) and (b). (As a matter of interest we include in the Figure a solution for 

3 A+9X, a coplanar arrangement of three A atoms which would be relevant to an 

AX, structure.) The arrangement (a) is that found in the AuCu3 structure. 

Evidently c.p. structures for compounds such as KF (12: 12) and BaF, (12: 6) 

with 12-coordination of the cations are impossible. The AuCu3 structure, with 

square planar coordination of Cu by 4 Au, is not found for the few trihalides in 

which M?* ions are comparable in size with the halide ion (for example, the 

trifluorides of La?* and the larger 4f and 5f ions) presumably because the observed 

structures have fewer X—X contacts and higher lattice energies; the nitrides Rb3N 

and Cs3;N do not appear to be known. This structure is not adopted by any 

trioxides because there are no ions M°* comparable in size with O?~ It is, of 

course, not advisable to draw conclusions about the stability or otherwise of 

structures from the relative numbers of A—X, X—X, and A—A contacts. There are 

FIG. 7.3. Coordination of X atoms in close-packed AX3 and AXg structures (see text). 

anion-anion contacts in many ionic structures, for example, BeO (O—O, 2:70 A), 
LiCl (Cl—Cl, 3-62 A), and CaF, where F has 4 Ca neighbours but is also in contact 
with 6 F (F—F, 2-73 A). In the CsCl structure the shortest anion-anion and 
cation-cation distances are only 15 per cent greater than Cs—Cl. Now that it is 
possible to determine the structures of high-pressure forms of elements and 
compounds, it may well prove profitable to include in theoretical studies and 
calculations of lattice energies structures which have hitherto been omitted from 
consideration because they are not stable under atmospheric pressure. 

The polarizability of ions 

We noted earlier that the magnitude of the London (van der Waals) attraction 
between non-bonded atoms is proportional to the product of the polarizabilities of 
the atoms (or ions) and that the London contribution to the lattice energy of an 
ionic crystal can cancel out the contribution of the Born repulsion term to the 
lattice energy. The polarizabilities of a number of ions are given in Table 7.12. We 
shall be particularly concerned with the highly polarizable ions to the right of the 
broken line. We may suppose that the polarizing power of a cation will be largest 
for small highly-charged ions, but whereas polarizability can be precisely defined as 
the dipole moment induced in a particle in a field of unit strength, (a = u/F) and 
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TABBED 7212 

Polarizabilities of ions (x10~** cm?) 

+ 

K" Ag Cs Til 
0-03 0-24 1-00 1-50 1-9 2-40 3.9 

+2 Bette eMo-? ) eCae’ Sr" Ca?" Ba2* He Pb 
0-60 0-90 

obtained from refractive index data (molar refractivity R = (4mNa)/3), this is not 

true of ‘polarizing power’, to which we shall not assign numerical values. 

The effect of polarization is evident in the gaseous alkali-halide molecules, being 

most pronounced for small M* and large X~ (Lil) and large M* and small X~ (CsF), 

and resulting in a dipole moment appreciably less than the product of the 

internuclear distance (d) and the electronic charge (e): 

u(D) u/ed 

LiF 6-33 0-55 
KCl 10-3 0-77 
CsCl 10-4 0-71 
CsF 7:85 0-63 

We shall discuss here some general features of the structures of crystalline halides 

AX, AX,, and AX3,the structures of which are described in more detail in Chapter 9. 

Monohalides. We have seen that the appearance of the CsCl structure cannot be 
explained in terms of the relative sizes of the ions A* and X . Although the 

Madelung constant is slightly larger for the CsCl than for the NaCl structure the 

electrostatic attraction is in fact greater for the latter structure, for the 3 per cent 

increase in interionic distance in the 8-coordinated structure more than compen- 

sates for the larger Madelung constant. The London interaction is proportional to 

1/r® and is therefore negligible except for nearest neighbour interactions and 

potentially greater for the CsCl than for the 6-coordinated NaCl structure. 

However, it becomes a determining factor only if the polarizabilities of both ions 

are large, since it is proportional to the product of the polarizabilities. This is 

presumably the reason for the adoption of the CsCl structure by CsCl, CsBr, and 

CsI. The only other halides with this structure at ordinary temperature and pressure 

are TICI, TIBr, and the red form of TII. The facts that thin layers of these Tl and Cs 

salts can be grown with the NaCl structure on suitable substrates, that CsCl 

transforms to the NaCl structure at 445°C, and that RbCl, RbBr, and RbI adopt 

the CsCl structure under pressure, show that there is a fairly delicate balance 

between the various factors influencing the structures of these salts. Another 
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structure in which polarization is important is that of the yellow form of TII, which 

is a rather extraordinary layer structure; this structure is also that of NaOH, InBr, 

and InI. There would seem to be no simple explanation for the unique distorted 

forms of the NaCl structure adopted by TIF, and InCl; for details see Chapter 9. 

Dihalides and trihalides. Here we comment only on those features of the 

structures which indicate the importance of polarization effects and the inadequacy 

of the simple ‘hard sphere’ treatment for halides other than fluorides. 

We would first draw attention to the unexpected complexity of the crystal 

chemistry of the alkaline-earth halides, other than the fluorides, which all have the 

fluorite structure. The twelve compounds exhibit at least six different structures. 

Comparison of the Ca with the Cd halides is also of interest. Both CaF, and CdF, 

have the fluorite structure, with virtually the same interionic distance (2-36 and 

2:38 A respectively), but the interionic distances are appreciably different in the 

iodides (Ca—6 I, 3:12 A, Cd—6 I, 2:99 A) which have the same (layer) structure. 
Moreover, the chlorides and bromides have different structures, the Ca compounds 

having the CaCl, (3D h.c.p. structure) and the Cd compounds the CdCl, (layer) 

structure. Table 9.15 (p. 353) shows that the highly polarized Cdl, structure occurs 

for the smallest cations in Group IIA and also for PbI, (both ions highly 

polarizable) and the fluorite structure for all the fluorides, but in addition the 

fluorides containing the largest ions (Sr**, Ba**, Pb**) also adopt the PbCl, 
structure. Between these extremes lies the complex crystal chemistry of the 

chlorides and bromides, and also the iodides of Sr and Ba. The fluorides of Mg and 

all the 3d metals from Cr to Cu have the rutile structure (distorted in the case of 

CrF, and CuF,), but all the other dihalides of these metals (except CrCl,, which 
has a distorted rutile-like structure) have the CdI, or CdCl, layer structures. 
Similarly, the trifluorides of Al, Ti, V, Cr, Mn, Fe, and Co have 3D structures, but 
the other trihalides have layer or chain structures, apart from AlBr3 which consists 
of molecules Al, Brg. The Bil, and YC1 layer structures are very closely related to 
the Cdl, and CdCl, structures, having respectively h.c.p. and c.c.p. halogen ions 
and, of course, one-third instead of one-half of the total number of octahedral holes 
occupied by metal ions. 

The outstanding feature of these layer structures, as compared with the 3D rutile 
and ReO3-type structures of the fluorides, is the very unsymmetrical environment 
of the anions, which have their cation neighbours (3 in AX,, 2 in AX3) all lying to 
one side. This unsymmetrical environment is not, however, peculiar to layer 
structures, and in Table 7.13 we set out the simplest structures for compounds AX, 
and AX3 in which A is octahedrally coordinated by 6 X atoms. In each group of 
structures there is one in which X may have a rather symmetrical set of nearest A 
neighbours; in the rutile structure the coordination of X is plane triangular (albeit 
not equilateral if AX¢ is a regular octahedron), and in the ReO3 structure 
Re—O—Re is linear. Each structure may be modified to give less symmetrical 
coordination of X, as in the CaCl, and RhF; structures. The simplest edge-sharing 
structures are of two types for both AX, and AX3, namely, 3D structures (of 
which examples are shown in Fig. 7.4) and layer structures; for AX, there are also 
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FIG. 7.4(a). The 3D octahedral 

framework, of composition AX, 

is derived from the NaCl structure 

by removing alternate rows of 

metal ions as shown in Fig. 4.22(b). 

Although each AX, group shares 

the same set of six edges as in the 

CdCl, or Cdl, layers, this struc- 
ture is not adopted by any com- 

pound AX, but it represents the 

idealized structure of one form of 

Cu,(OH)3Cl, the mineral ataca- 

mite. Additional atoms (B) in 

positions of tetrahedral coordi- 

nation give the spinel structure 

for compounds A,BX,4. The posi- 
tions of only a limited number of 

B atoms are indicated. 

FIG. 7.4(b). The BX¢ octahedra 

grouped tetrahedrally around the 

points of the diamond net form 

the vertex-sharing BX3 (B2X¢) 

framework of the pyrochlore struc- 
ture for compounds A,B ,X¢6(X); 

the seventh X atom does not be- 

long to the octahedral framework. 

In Hg,Nb,0O, a framework of the 

cuprite (Cu,O) type is formed by 
the seventh O atom and the Hg 

atoms, O forming tetrahedral 

bonds and Hg two collinear bonds. 

FIG. 7.4(c) and (d). Two of the 

(unknown) AX; structures in 

which octahedral AX,6 groups 

share three edges as in the CrCl; 

and Bil; layers, the A atoms being 

situated at the points of 3D 3- 

connected nets instead of the plane 

hexagon net as in the layer struc- 

tures. In the structure (c), based 

on the cubic (10,3) net of Fig. 3.28, 

the X atoms occupy three-quarters 

of the positions of cubic closest 

packing—compare the ReOs; 

structure. The spheres indicate the 

positions of the missingc¢.p. atoms. 

In the structure (d), based on the 

(10,3) net of Fig. 3.29, the X atoms 
occupy all the positions of cubic 

closest packing. 
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TAB IE Ba13 

The simplest structures for octahedral coordination of A in compounds AX, and AX3 

Type of structure Octahedra Coordination of X Octahedra Type of structure 

AX) sharing sharing AX3 

3D: rutile 2 edges and | Triangular | Linear 6 vertices 3D: ReO3 
CaCl, 6 vertices Pyramidal } Non-linear | 6 vertices RhF3 

3D: atacamite* 6 edges Pyramidal | Non-linear | 3 edges SID 
Layer (CdIz, CdCl,) | 6 edges Pyramidal | Non-linear | 3 edges Layer (Bil3, YC13) 

Non-linear | 2 faces Chain (ZrI3) 

* No examples known for simple halides AX). 
** Structures based on 3D 3-connected nets no examples known. 

chain structures. No examples are known of simple halides with either of the two 

types of 3D structure marked (*) and (**) (Table 7.13), though the idealized 

structure of one polymorph of Cu,(OH)3C1 (atacamite) has a structure of this 

kind. There are on the other hand many compounds with the layer structures. The 

point we wish to emphasize is that the unsymmetrical environment of X is not a 

feature only of layer (and chain) structures; it arises from the sharing of edges or 

faces of the coordination groups, and is found also in the PbCl, and UCI, structures, 

which are 3D structures for higher c.n.’s of A and correspond to the 3D structures 

of Table 7.13 which are marked (*) and (**). We do not understand why these 3D 

structures (for which lattice energy calculations do not appear to have been made) 

are not adopted by any halides AX, or AX3, but it seems reasonable to suppose 

that the layer structures arise owing to the high polarizability of the larger halide 

ions. Layer structures are also adopted by many di- and tri-hydroxides, the 

polarizability of OH being intermediate between those of F~ and Cl’. The positive 

charges of the anions will be localized close to the cations, with the result that the 

outer surfaces of the layers are electrically neutral (Fig. 7.5(a)). In the AX3 chain 

4 \ / 

Ionic bonds 

van der Waals 
bonds 

(a) (b) 

FIG. 7.5. (a) Diagrammatic elevation of AX3 layer structure (layer perpendicular to plane of 

paper), (b) AX3 chain structure viewed along direction of chains. 
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structure of Table 7.13 the chains of face-sharing octahedra are perpendicular to the 

planes of c.p. X atoms (Fig. 7.5(b)). The large van der Waals contribution to the 

lattice energy arising from the close packing of the X atoms, giving the maximum 

number of X—X contacts between the layers or chains, explains why there is little 

difference in stability between the layer and chain structures for halides AX3, a 

number of which crystallize with both types of structure (TiCl3, ZrCl3, RuC13). 

The ‘anti-layer’ and ‘anti-chain’ structures 

Just as we find Li,O with the antifluorite structure so we find compounds adopting 

the layer and chain structures for compounds AX, and AX3 with the positions of 

cations and anions interchanged: 

Type of structure GNSS: 

anti-CdCl, or anti-CdlI, layer Cs2 0, TizO, Ag20,? Ag2F, Ca2N, T1,S 3:6 
anti-Zrl3 chain Cs30 236 
anti-MX3 layer Ti30 226 

* formed from the normal form under pressure at 1400°C. 

By analogy with the normal layer structures (large polarizable anions) we should 

expect the ‘anti’ structures to occur for the large polarizable cations such as Ag*, 
Cs*, T1*, and Pb?*. However, the situation is more complicated because not all 
these compounds are ‘normal valence compounds’; there is clearly some delocaliz- 
ation of electrons in a number of them. It is interesting to compare the oxides 
of Cs: 

Cs20, Cs30, Cs7O2, Cs4O, and Cs70, 

with the nitrides of Ca: 

Ca3Nq, Cay,Ng, Ca3N> (4 polymorphs), and Ca,N, 

for it might not have been expected that these two groups of compounds would 
have much in common. However, Cs,O and Ca,N have similar layer structures— 
Cs,0 is the only alkali oxide M,O which does not crystallize with the antifluorite 
structure—and both Cs30 and Ca,N form dark green crystals with metallic lustre. 
Both are apparently ionic crystals (for example Ca.N reacts with water to give 
NH3), so that they should presumably be formulated (Cs*)307 (e) and 
(Ca? *),N? “(e)—compare Ce? *S? “(e) and Th* *(17),(e). Evidently, reference only 
to the normal valence compounds Cs,O and Ca3N> gives little idea of the interest 
(and complexity) of these two groups of compounds. 

Ligand field theory 

We have seen that whereas in many ionic crystals there is a highly symmetrical 
arrangement of nearest neighbours around each type of ion, there are numerous 
structures with less symmetrical coordination groups. In the structures of some 
simple compounds, for example, La,03 or monoclinic ZrO, the c.n. of the cation 
implies a much less symmetrical arrangement of the (seven) neighbours than is 
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possible for c.n.’s such as four or six. In other cases the coordination group of an 
ion is not far removed from a highly symmetrical one, and the lower symmetry has 
a purely geometrical explanation as, for example, in the rutile or corundum 
structures, though other factors such as partial covalent character cannot in all cases 
be excluded. In some crystals the lower symmetry results from polarization of some 
or all of the ions, though quantitative treatments of these effects have not been 
given (for example, TIF). We may also mention here the very small deviations from 
the cubic NaCl structure shown by MnO, FeO, CoO, and NiO below their transition 

temperatures, which are connected with magnetic ordering processes, and the 

distortions from cubic symmetry of BaTiO3, KNbO3, and other perovskite-type 

compounds, which are associated with ferroelectric effects. These are noted in 

Chapters 12 and 13. A further type of distorted coordination group is characteristic 

of certain transition-metal ions such as Cr? *, Cu? *, and Mn?*. 
It is to be expected that the behaviour of an ion when closely surrounded by 

others of opposite charge will depend not only on its size and polarizability but also 

on its outer electronic structure, and it is necessary to distinguish between ions with 

(a) closed shells of 8 or 18 electrons, or (b) incomplete outer shells with two s 

electrons (In*, T1*, Pb?*), or (c) transition-metal ions with incomplete d shells. The 
theoretical study of the interactions of transition-metal ions with the surrounding 

ions throws considerable light on the unsymmetrical coordination groups of certain 

of these ions. Features of many transition metals include the formation of more 

than one type of ion, many of which are coloured and paramagnetic, and the 

formation of covalent compounds in which a range of formal valences is exhibited, 

and a feature of which is the bonding of the metal atom to ligands such as CO, 

C,H, and other unsaturated hydrocarbons, NH3, PF3, PR3, etc. 

The electrostatic or crystal field theory was originally developed by Bethe, Van 

Vleck, and others during the period 1929-35 to account for the magnetic properties 

of compounds of transition and rare-earth metals in which there are non-bonding d 

or f electrons. An alternative, molecular orbital, approach was also suggested as 

early as 1935 by Van Vleck. After a period of comparative neglect both theories 

have been widely applied since 1950 to the interpretation of the spectroscopic, 

thermodynamic, and stereochemical properties of finite complexes of transition 

metals and also to certain aspects of the structures of their crystalline compounds. 

The electrostatic and m.o. theories represent two approaches to the problem of 

dealing with the effect of the non-bonding d or f electrons on the behaviour of the 

transition (including 4f and Sf) elements, and they may be regarded as aspects of 

a general ligand field theory. In contrast to valence-bond theory, which is 

concerned primarily with the bonding electrons, ligand field theory considers the 

effect of the electric field due to the surrounding ligands on the energy levels of all 

the electrons in the outer shell of the central atom. Since an adequate account of 

ligand field theory could not be given in the space available and since we are not 

concerned in this book with such specialized subdivisions of physical chemistry as 

the optical spectra of transition-metal complexes, we shall simply note here some 

points relevant to the geometry of the structures of molecules (and complex ions) 

and crystals. 
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(a) Preference for tetrahedral or octahedral coordination. When a transition- 

metal ion is surrounded by a regular tetrahedral or octahedral group of ions (or 

dipoles) the five d orbitals no longer have the same energy but are split into two 

groups, a doublet eg and a triplet tz,. Ligands may be arranged in order of their 

capacity to cause d-orbital splitting (the spectrochemical series): 

I-<Br- <Cl <F- <OH~ <C,07 ~H,0<-—NCS < pyr ~ NH3 < en<NO)<CN . 

The difference between the mean energies of the two groups e, and ty, (A) 

increases from left to right. If A is large (strong ligand field) as many electrons as 

possible occupy the orbitals of lower energy, which in an octahedral environment 

are the ty, and in a tetrahedral environment are the eg orbitals, while if A is small 

they are distributed so as to give the maximum number of parallel spins. This is 

shown in Table 7.14, from which low-spin (strong ligand field) tetrahedral 

AB Te Beles 

Electronic structures of transition-metal ions 

Octahedral environment Tetrahedral 

environment Number 

of d 
electrons Weak ligand field 

ee 

Strong ligand field Weak field 
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a, b: Large tetragonal distortion (usually c: a > 1, but see p. 888). 
c: Large tetragonal distortion (c: a < 1). 

complexes are omitted since none is known, Accordingly cyanido- and nitrito- 
complexes are of the low-spin type but aquo- or halogen complexes are of the 
high-spin type. The main factors leading to spin-pairing appear to be high 
electronegativity of the metal (ie. high atomic number and valence) and low 
electronegativity of the ligand, which should have a readily polarizable lone pair 
and be able to form d, —p, or d, —d, bonds by overlap of vacant p, or d, 
orbitals with filled tz, orbitals of the metal. 

In a regular octahedral field the energy of the eg orbitals is higher (by Ago.) 
than that of the tog orbitals, and a simple electrostatic treatment gives for an ion 
with the configuration (tag)(e,)” the crystal field stabilization energy as 
Aoct.(4m — 6n)/10. From the configurations for weak field (high-spin) of Table 
7.14 it is readily found that the maximum value of this stabilization energy occurs 
for the following ions: d* (V?*, Cr>*, Mn**) and a8 (Ni**). In a regular 
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tetrahedral field the relative energies of the two sets of orbitals are interchanged, 
and the corresponding crystal field stabilization for a configuration (e,)P(to,)? is 
Atetr.(6p — 4q)/10, which is a maximum for d? (Ti?*, V3*) and d7 (Co?*). These 
figures indicate that essentially ionic complexes of Co(i1) will tend to be tetrahedral 
and those of Ni(i1) octahedral. In the normal spinel structure for complex oxides 
AB,O,4 the A atoms occupy tetrahedral and the B atoms octahedral sites, but in 
some (‘inverse’) spinels the ions arrange themselves differently in the two kinds of 
site. These stabilization energies are obviously relevant to a discussion of the types 
of site occupied by various transition-metal ions in this structure (see Chapter 13). 

(b) Distorted coordination groups. When there is unsymmetrical occupancy of 
the subgroups of orbitals, more particularly of the subgroup of higher energy, a 
more stable configuration results from distorting the regular octahedral or 
tetrahedral coordination group (Jahn-Teller distortion). From Table 7.14 it follows 
that for weak-field octahedral complexes this effect should be most pronounced for 
d* (Cr?*, Mn3*) and d? (Cu2*). The result is a tetragonal distortion of the 
octahedron, usually an extension (c : a> 1) corresponding to the lengthening of 
the two bonds on either side of the equatorial plane—(4 + 2)-coordination. 
Examples include the distorted rutile structures of CuF, and CrF, (compare the 
regular octahedral coordination of Cr>* in CrF3) and the (4 + 2)-coordination 
found in many cupric compounds. Distortion of the octahedral group in the 
Opposite sense, giving two short and four longer bonds, (2 + 4)-coordination, is also 
found in certain cupric compounds (e.g. K,CuF 4), but examples are much fewer 
than those of (4 + 2)-coordination. 

The structural chemistry of Cu(i1) (and of isostructural Cr(11) compounds) is 
described in some detail in Chapter 25. Fewer data are available for Mn(111), but 
both types of octahedral distortion have been observed, in addition to regular 

octahedral coordination in Mn(acac)3, a special case with three bidentate ligands 
attached to the metal atom: 

2Fat1-:79A 2 Fat 2:09 A AC 1957 10 345 
IAN eS)sl 
4F 1-83 

MnF3} 

K>MnF;s .H0 (p. 383) 2F .2-07 JCS A 1971 2653 

2k JCS A 1971 3074 
20 

2-04 
2:01 

2 182 K»MnF3(SOq) (p. 586) 

6 Oat1-89A Mn (acac)3 IC 1968 71994 

+ From X-ray powder data; it may be significant that the mean of the four shorter bond lengths 

is close to the shorter Mn—F found in the other compounds. 

In a tetrahedral environment the tz, orbitals are those of higher energy, and large 

Jahn-Teller distortions are expected for dd 3d and d- configurations. The 

distortion could take the form of an elongation or a flattening of the tetrahedral 

coordination group, as indicated in Table 7.14. The flattened tetrahedral CuCl3~ 

ion is described in Chapter 25, but it is interesting to note that there is no 

distortion of the NiClZ~ ion in [(C,H;)3CH3As] 2 NiClq (p. 969). There are 
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numerous crystal structures which are distorted variants of more symmetrical 

structures, the distortion being of the characteristic Jahn-Teller type. They include 

the following, the structures being distorted forms of those shown in parenthesis: 

CrF, and CuF, (rutile), CuCl, .2H,O (CoCl, . 2 H,0), CuCl, (CdI,), MnF3 

(VF3), and y-MnO .OH (7-AlO .OH). These are structures in which there is 

octahedral coordination of the metal ions. Examples of distorted tetrahedral 

coordination leading to lower symmetry include the spinels CuCr,0,4 and NiCr, 04, 

containing respectively Cu? * (d?) and Ni?* (d®). 

A further question arises if the six ligands in a distorted octahedral group are not 

identical: which will be at the normal distances from the metal ion and which at the 

greater distances in (4 + 2)-coordination? For example, in both CuCl, . 2 HO and 

K,CuCl, . 2 H20 we find 

3A Cu fa at 23 sHowt20R amd «—«-2 C1 at 295A 
2 

rather than 4 Cl or 4H,O as nearest neighbours. Similar problems arise in the 

structures of hydrated transition-metal halides (e.g. the structure of FeCl3 .6 H20 

is [FeCl,(H,0)4]Cl.2H,0), as noted in Chapter 15. It does not appear that 

satisfactory answers can yet be given to these more subtle structural questions. 

The structures of complex ionic crystals 

The term ‘complex ionic crystal’ is applied to solid phases of two kinds. In 

MgAl,O,4 or CaMgF3 the bonds between all pairs of neighbouring atoms are 

essentially ionic in character, so that such crystals are to be regarded as 3D 

assemblies of ions. The anions are O?~, F~, or less commonly, S?~ or Cl. The 

structures of many of these complex (‘mixed’) oxides or halides are closely related 

to those of simple oxides or halides, being derived from the simpler A,X, 

structure by regular or random replacement of A by ions of different metals (see, 

for example, Table 13.1, p. 477), though there are also structures characteristic of 

complex oxides or halides; these are described in Chapters 10 and 13. In a second 

large class of crystals we can distinguish tightly-knit groups of atoms within which 

there is some degree of electron-sharing, the whole group carrying a charge which is 

distributed over its peripheral atoms. Such complex ions may be finite or they may 

extend indefinitely in one, two, or three dimensions. The structures of many 

mononuclear complex ions are included in our earlier discussion of simple 

molecules and ions; the structures of polynuclear complex ions are described under 

the chemistry of the appropriate elements. 

For simplicity we shall discuss complex oxides and complex oxy-salts, but the 

same principles apply to complex fluorides and ionic oxyfluorides. A complex 

oxide is an assembly of O?~ ions and cations of various kinds which have radii 

ranging from about one-half to values rather larger than the radius of O7~. It is 

usual to mention in the present context some generalizations concerning the 

structures of complex ionic crystals which are often referred to as Pauling’s ‘rules’. 

The first relates the c.n. of M”* to the radius ratio ry : ro. The general increase of 

c.n. with increasing radius ratio is too well known to call for further discussion 
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here. We have seen that for simple ionic crystals the relation between c.n. and ionic 

size is complicated by factors such as the non-existence of alternative structures and 

the polarizability of ions, but in crystals containing complex ions there is a 

reasonable correlation between the c.n.’s of cations and their sizes. For example, a 

number of salts MXO3 crystallize with one or other (or both) of two structures, the 

calcite structure, in which M is surrounded by 6 O atoms, and the aragonite 

structure, in which M is 9-coordinated. The choice of structure is determined by the 

size of the cation: 

Calcite structure: | LiINO3, NaNO3; MgCO3, CaCO3, FeCO3; InBO3, YBO3 

Aragonite structure: KNO3 CaCO3, SrCO3; LaBO3 

(For salts such as RbNO3 and CsNO3 containing still larger cations neither of these 

structures is suitable.) 

The second ‘rule’ states that as far as possible charges are neutralized locally, a 

principle which is put in a more precise form by defining the electrostatic bond 

strength (e.b.s.) in the following way. If a cation with charge +ze is surrounded by n 

anions the strength of the bonds from the cation to its anion neighbours is z/n. For 
the Mg—O bond in a coordination group MgOg¢ the e.b.s. is 1/3, for Al—O in AlO, 

it is 4, and so on. If O?~ forms part of several coordination polyhedra the sum of 

the e.b.s.’s of the bonds meeting at O?~ would then be equal to 2, the numerical 

value of the charge on the anion. If a cation is surrounded by various numbers of 

non-equivalent anions at different distances it is necessary to assign different 

strengths to the bonds. In monoclinic ZrO, Zr** is 7-coordinated, by 3 Oy at 

2:07 A and 4 Oy, at 2:21 A, O; and Oj; having c.n.’s three and four respectively. 
Assigning bond strengths of % and 4 to the shorter and longer bonds, there is exact 

charge balance at all the ions. 

In many essentially ionic crystals coordination polyhedra share vertices and/or 

edges and, less frequently, faces. Pauling’s third rule states that the presence of 

shared edges and especially of shared faces of coordination polyhedra decreases the 

stability of a structure since the cations are thereby brought closer together, and 

this effect is large for cations of high charge and small coordination number. A 

corollary to this rule states that in a crystal containing cations of different kinds 

those with large charge and small c.n. tend not to share polyhedron elements with 

one another, that is, they tend to be as far apart as possible in the structure. 

These generalizations originated in the empirical ‘rules’ developed during the 

early studies of (largely) mineral structures, particularly silicates. They are not 

relevant to the structures of simple ionic crystals, in which sharing of edges (and 

sometimes faces) of coordination groups is necessary for purely geometrical 

reasons. For example, the NaCl structure is an assembly of octahedral NaCl¢ (or 

CINag) groups each sharing all twelve edges, and the CaF, structure is an assembly 

of FCa4 tetrahedra each sharing all six edges. In the rutile structure each TiO, 

group shares two edges, and in a-Al,03 there is sharing of vertices, edges, and faces 

of AlO, coordination groups. We have shown in Chapter 5 that the sharing of 

edges (and faces) of octahedral coordination groups in these simple structures has a 

simple geometrical explanation. It is, however, a feature of many more complex 
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structures built from octahedral coordination groups, and in fact a characteristic 

feature of many complex oxides of transition metals such as V, Nb, Mo, and W is 

the widespread occurrence of rather compact groups of edge-sharing octahedra 

which are then linked, often by vertex-sharing, into 2- or 3-dimensional arrays, as 

described in Chapters 5 and 13. Even in some simple oxides such as MoO3 there is 

considerable edge-sharing which is not present in the chemically similar WO3. Since 

these compounds contain transition metals in high oxidation states it could be 

argued that this feature of their structures is an indication of partial covalent 

character of the bonds, and certainly there is often considerable distortion of the 

octahedral coordination. (It would be more accurate to say ‘considerable range of 

M—O bond lengths’, since the octahedra of O atoms may be almost exactly regular 

but with M displaced from their centres.) 

We shall now show that a consideration of both the size factor and the principle 

of the local balancing of charges leads to some interesting conclusions about salts 

containing complex ions. 

The structures and stabilities of anhydrous oxy-salts Mm(XOn)p 

Much attention has been devoted over the years to that part of the electron density 

of complex ions which is concerned with the bonding within the ions, since this 

determines the detailed geometry of the ion. Here we shall focus our attention on 

that part of the charge which resides on the periphery of the ion, since this has a 

direct bearing on the possibility, or otherwise, of building crystals of salts 

containing these ions and therefore on such purely chemical matters as the stability 

(or existence) of anhydrous ortho-salts (as opposed to hydrated salts or ‘hydrogen’ 

salts) or the behaviour of the NO3 and other ions as bidentate ligands. In so doing 

we shall observe the importance of purely geometrical factors which, somewhat 

surprisingly, are never mentioned in connection with Pauling’s ‘rules’ for complex 

ionic crystals. 

Consider a crystal built of cations and oxy-ions XO,, and let us assume for 

simplicity that there is symmetrical distribution of the anionic charge over all the O 

atoms in XO, so that the charge on each is —1 in Si04~, —3 in PO} 7, —4 in SOZ7, 

—4 in C104, and similarly for ions X03. These O atoms form the coordination 

groups around the cations, which must be arranged so that charges are neutralized 
locally. For example, in the calcite structure of NaNO3, CaCO3, and InBO3 there is 
octahedral coordination of the cations and therefore electrostatic bond strengths of 
+g, +4, and +4 respectively for the M—O bonds. These are balanced by arranging 
that each O belongs to two MO¢ coordination groups: 
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In the following series of salts the charge on O increases as shown: 

NaClO, Na, SO4 Na3 PO, Nag Si04 

Charge on each O atom —t 4 3 —1. 

If there is octahedral coordination of Na* the e.b.s. of a Na—O bond is 4 and 
therefore in NagSiO, each O must belong to one tetrahedral (SiO, ) and to six octa- 
hedral (NaOg) groups, or in other words, one tetrahedron and six octahedra must 
meet at the common vertex (O atom). There are limits to the number of polyhedra that 
may meet at a point, without bringing vertices of different polyhedra closer 
than the edge-length, as was pointed out for tetrahedra and octahedra in Chapter 5. 
No systematic study appears to have been made of the permissible combinations of 
polyhedra of different kinds which can share a common vertex (subject to the 
condition noted above), but it is reasonable to suppose that in general the numbers 
will decrease with increasing size of the polyhedra. In the present case the factors 
which increase this purely geometrical difficulty are those which increase the size 
and/or number of the polyhedral coordination groups which (in addition to the 
oxy-ion itself) must meet at each O atom. The problem is therefore most acute 
when 

the charge on the anion is large (strictly, charge on O of anion), 
the charge on the cation is small, and 

the c.n. of the cation is large (large cation). 

We have taken here as our example a tetrahedral oxy-ion; the same problem arises, 
of course, for other oxy-ions XO3, XOg, etc. The figures in the self-explanatory 
Table 7.15 are simply the numbers of M—O bonds required to balance the charge 
on O of the oxy-ion; non-integral values, which would be mean values for 
non-equivalent O atoms, are omitted. It seems likely that structures corresponding to 
entries below and to the right of the stepped lines are geometrically impossible. If we 

wish to apply this information to particular compounds we have to assume reasonable 

PA BLE. 215 
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Charge on O atom of oxy-ion 

1 3 5 
4 =o) ts aa a6 sh 

Close SO Ge PO. iOne 

OMA 



Bonds in Molecules and Crystals 

coordination numbers for the cations. For example, assuming tetrahedral co- 

ordination of Li* we see that none of the lithium salts presents any problem, nor 

do sodium salts (assuming 6-coordination) except NagTeO,. Turning to the 

vertical columns, evidently the alkali nitrates and perchlorates present no problems, 

but this is not true of salts containing some of the more highly charged anions and 

larger cations. It will be appreciated that although the Table predicts the 

non-existence of, for example, orthoborates and orthosilicates of the larger alkali 

metals with their normal oxygen coordination numbers (in the range 8-12) it is 

possible that particular compounds will exist with abnormally low coordination 

numbers of the cations, for example, as a high-temperature phase. Lowering of the 

c.n. compensates for the increasing shortage of O atoms which occurs in a series of 

compounds such as MNO3, M,CO3, and M3BO3. It is, of course, immaterial 

whether we regard a compound such as Mg TeO, as a salt containing TeO8 ~ ions or 

as a complex oxide MéTe°*O27; there is a charge of —1 on each O to be 

compensated by M—O bonds. 

Systematic studies of cation-rich oxides M,,M’O, (M = alkali metal) have already 

produced interesting results. The compounds include Lis ReOg, Lig TeOg, Li7SbO¢, 

and LigSnO,. As regards accommodating the cations in (approximately regular) 

tetrahedral and/or octahedral interstices it is advantageous to have close-packed O 

atoms, when there are 12 tetrahedral and 6 octahedral positions per formula- 

weight. One of the latter is occupied by M’, and therefore there is no structural 

problem for values of n <5. In fact Lis; ReO, has a c.p. structure rather similar to 

that of a-NaFeO,. All cations occupy octahedral interstices, Li replacing Na and a 

mixture of cations replacing Fe between alternate pairs of c.p. layers: 

Na Fe 0, 

Li (LizRe:) O, =LisReOg. 

None of the Li compounds presents any difficulty because Li* can go into the 
tetrahedral holes, and this apparently happens in all these structures (which are all 
close-packed): 

Tetrahedral Octahedral Reference 

Lis ReOg 43 LisRe ZN 1968 23b 1603 

Li7SbO¢ Lig LiSb ZN 1969 24b 252 
LigSnO¢, Lig Li, Sn ZaC 1969 368 248 

A number of Na compounds are known, but they are few in number compared with 
the Li compounds: NasReOg (also I, Te, Os), NagAmOg (also Te, W, Np, Pu), 
Na7BiOg, and NagPbO, (also Pt). For example, 11 compounds LigMO¢ are 
known, 2 Na compounds, but none containing K, Rb, or Cs. For the larger alkali 
metals there are insufficient octahedral holes if n > 5 , and for the Na compounds 
the possibilities are therefore (a) tetrahedral coordination or (b) very distorted 
octahedral coordination in a non-close-packed structure (compare Th3P,, p. 160, 
in which eight distorted 6-coordination polyhedra meet at a point). Tetrahedral 
coordination of all the alkali metals except Cs is found in the oxides M,O 
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(antifluorite structure), but the O77 ions are by no means close-packed, even in 
Li, 0, as may be seen from the O—O distances: 

Li,O Na2O K,0 Rb,0 

3-27 SEW 4:55 4:76 A 

It will be interesting to see how the geometrical difficulties are overcome in these 
Na-rich oxides. 

An alternative to the formation of the normal salt is to form ‘hydrogen’ salts. 
For example, assuming K* to be 8-coordinated, every O in K3PO,4 would have to 
belong to 6 KOg coordination groups in addition to its own PO3 7 ion. In KH,PO,, 
on the other hand, there is a charge of only —} on each O, and moreover the H 
atoms can link the PO4H) groups into a 3D network by hydrogen bonds. There is 
no difficulty in arranging that each O also has two K* neighbours situated in the 
interstices of the framework. 

An entirely different problem arises if we reduce the charge on O of the oxy-ion, 
for example, by changing from CaCO3 to Ca(NO3)>, and/or increase that on M, as 
in the series: M(NO3)., M(NO3)3, and M(NO3)q. In calcite and aragonite, two 
polymorphs of CaCO 3, Ca** is 6- and 9-coordinated respectively. If there were 

octahedral coordination of this ion in Ca(NO3), the crystal would consist of CaO. 

groups linked through N atoms of NO3 ions, each O of which would be bonded to 

only one Ca** ion, as at (a). Structures of this kind, for example, a rutile-like 

ay, 
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(a) (b) 
structure in which Ti is replaced by Ca and O by NO3, would presumably have low 

density and stability. In fact, anhydrous Ca(NO3), adopts essentially the same 

structure as the corresponding Sr, Ba, and Pb salts, which is really a structure more 

suited to the larger 12-coordinated M?* ions. In Pb(NO3) Pb?* has 12 equidistant 
O neighbours (at 2:81 A), while according to an early study of Ca(NO3), Ca? * has 

6 O at 2:50 A and 6 O at 2:93 A. By increasing the c.n. of M** to 12 we arrive at 

the same arrangement, as regards charge balance, as in NaNO3, as shown at (b). 

Now consider the extreme case of a compound such as Ti(NO3)4 containing a 

small ion Ti** which is normally coordinated octahedrally by 6 O. The TiO bond 
strength would be 4, twice the charge on O of NO3, so that it is impossible to 

achieve a charge balance. In order to reduce the e.b.s. of the TiO bond to 4 the 

c.n. of Tit * would have to be increased to the impossibly high value 12. Clearly this 

difficulty is most pronounced when 

the charge on the anion is small, 

the charge on the cation is large, and 

the c.n. of the cation is small. 
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To be more precise we may say that the charge on each O of the oxy-ion must be 

equal to or greater than the charge on the cation divided by its c.n. (the e.b.s. of the 

M-—O bond). The values of this quantity (Table 7.16) show that this condition 

cannot be satisfied for a number of anhydrous salts containing ions XO3 and XOq4 

assuming that the ionic charge is distributed equally over the O atoms, that is, 4 

or —4 on each respectively. It is probable that the only normal ionic nitrates that 

can be crystallized from aqueous solution in the anhydrous form are those of the 

alkali metals, the alkaline-earths, and Pb. (The structures of the anhydrous nitrates 

of Be, Mg, Zn, Cd, and Hg do not appear to be known.) A number of anhydrous 

chlorates, bromates, iodates, and perchlorates are known (for example, Ca(ClO3),, 

Ba(BrO3)2, Ca(I03)2, Ba(I03)., and M(C1O4).) (M=Cd, Ca, Sr, Ba). These are 

likely to be normal ionic salts, but again there is little information about their 

TABLE 7.16 

Electrostatic bond strengths of bonds M—O 

Limit for normal ionic M(XOq)x 

M(XO3)x 

crystal structures. In the case of the corresponding salts containing ions M?* or 
M4 * very few, if any, can be crystallized anhydrous from aqueous solution. Most of 
these compounds are highly hydrated, for example, Al(ClO4)3. 6, 9, and 15 H,0, 
Ga(ClO4)3 .6 and 9 HO, and Cr(NO3)3 . 9 H,O, though in a few instances the 
anhydrous salts have been described (Al(C1O4)3, In(I03)3). Anhydrous salts 
M(XO3)q4 crystallizable from (acid) aqueous solution include Ce(103)4 and 
Zr(103)4, to which we refer shortly. 

Clearly this charge-balance difficulty is overcome by the formation of hydrates 
when the salt is crystallized from aqueous solution. In a hydrate in which the cation 
is surrounded by a complete shell of water molecules the charge on the central ion 
M”* is spread over the surface of the hydrated ion, and the aquo-complexes can be 
hydrogen-bonded to the oxy-ions. The structural problem is now entirely different, 
since there are no bonds between cations and O atoms of oxy-ions, and it is now a 
question of packing large [M(H,0),]”* groups and anions as in salts such as 
Nd(BrO3)3 .9 HO and Th(NO3)q . 12 H,0. There is, however, an alternative 
Structure for an anhydrous compound M(NO3)3, M(NO3)4, or the corresponding 
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perchlorates, etc., which calls for the rearrangement of the charge distribution on 
the XO3 or XOq ion from 

ry 
=e 0 =5 0 = OF Hf. oO. YP ae 

OX oat 1040>X: Se —1 or from —— LO me 

ER eh Ga ee 
Only two of the O atoms of, for example, a NO3 ion are then coordinated to 
cations, and the ion can function either as a bidentate ligand, (a), or as a bridging 
ligand, in which case there are the three possibilities (b), (c), and (d), corresponding 
to the linking of vertices, edges, or faces of different cation coordination groups by 
anions. 

O 
Sole O OXO 

O mas homens One O 
O=X ae Min OXa Sui iM = MEOXO = Me 

We “OS AO ‘ 
M pMa OXO 
| O O 

(a) (b) (c) (d) 

The use of new nitrating agents has led to the preparation of many anhydrous 
nitrates (nitrato compounds) which cannot be obtained from aqueous solution or 
by dehydrating hydrated salts. They include: 

M(NO3) 2: M = Be, Mg, Zn, Cd, Hg, Mn, Co, Ni, Cu, Pd 

M(NO3)3: M= AI, Sc, Y, La, Cr, Fe, Au, In, Bi 

M(NO3)a: M= Ti, 7bie, Th, Sn. 

Many of these compounds can be sublimed (under low pressure or in vacuo) and are 

clearly molecular, having bidentate NO3 groups, as has been established for the 

vapour of Cu(NO3), and crystalline Ti(NO3)4 and Sn(NO3)q4. Bidentate NO; 
groups are also present in the ion [Co(NO3)4]*~, which has a structure very similar 

to that of the Ti(NO3)4 molecule, and also in [Th(NO3)¢]7~, [Ce(NO3),¢] 77, and 
[Ce(NO3)¢]?~. These compounds are discussed in Chapter 18. 

This behaviour as a bidentate or bridging ligand should not be peculiar to NO3; 

it is to be expected for ClO3, BrO3, 103, C104, 103, and also SO4~. The iodate ion 

exhibits all of the behaviours (b), (c), and (d) noted earlier. In all the crystalline 

salts Ce(I03)4 (with which Pu(I03)q is isostructural), Ce(I03)4.H,0O, and 

Zr(103)4 only two of the O atoms of each IO3 are used to coordinate the metal 

ions, and in all three compounds IO3 behaves as a bridging ligand. In anhydrous 

Ce(I03)4 columns of CeOg coordination groups, intermediate in shape between 

cubic and square antiprismatic, are formed by bridging IO; groups as shown 

diagrammatically in Fig. 7.6(a). In Ce(103)4 .H,O each of the eight O atoms 

around Ce** belongs to a different 103 ion, and the eight I03 ions connect a 

particular Ce** to eight others. (The H,O molecules are not involved in the 
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coordination groups of the metal ions, but are situated in tunnels entirely 

surrounded by O atoms of iodate ions.) In Zr(I03)q4 also there is antiprismatic 

coordination of the metal, but here Zr** is surrounded by 8 IO3 ions which bridge 

in pairs as shown diagrammatically in Fig. 7.6(b). The pairs of O atoms involved in 

each bridge correspond to alternate slanting edges of the antiprism coordination 

group, and the structure consists of layers of Zr** ions linked together in this way 

by IO3 ions. 

We have seen that ions XO3 cannot balance the e.b.s. of an 8-coordinated ion 

M** without rearranging the anionic charge and behaving as either bidentate or 

bridging ligands. For an ion such as SO4” the possible types of behaviour are more 

numerous and are rather completely illustrated by the structures of Zr(SO4). and 

its hydrates. This compound has an unexpectedly complex structural chemistry, for 

FIG. 7.6. Behaviour of the 103 ligand in (a) Ce(103)4, (b) Zr(103)4 (diagrammatic). 

in addition to three forms of the anhydrous salt there are numerous hydrates, and 
these are by no means a normal series of hydrates. It is not possible to prepare the 
higher hydrates in succession by simply increasing the water-vapour pressure over 
the anhydrous salt; for example, the 5- and 7-hydrates have lower saturated 
solution vapour pressures than the 4-hydrate and therefore cannot be made by 
vapour-phase hydration of the latter. The relations between some of the phases we 
shall describe are set out in Table 7.17. 

The normal charge distribution of the sulphate ion, (a), could be rearranged to (b) or (c): 

Seon Oe HS a Lies ; 7 O O 
204 ie One Oc on 0-3 541 

(a) (b) (c) 
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For a salt M(SO4). charge balance can be achieved with the normal structure (a), 

since the e.b.s. of M**—O for 8-coordination is 4. However, if M** is coordinated 
by a smaller number of O atoms of sulphate ions, either because it has a smaller c.n. 

(for example, 7) or because its coordination group is partly composed of H,O or 

TABLES 7 

Relations between the anhydrous and hydrated sulphates of zirconium 

equilibration with 

a-Z1(SO4)2 SO, or H,SO, vapour y-Z1 (SO4 )2 

B-Zr(SO4)2 
A 

heat 

Zr(SO4)2 .H2O | aqueous hydration 

Zr(SO4q4)2 4 H,0 

equilibration with 

a-Zr(SO4)2 .5 H2O controlled water B-Zr(SO4)2 .5 HO 
vapour pressure 

aqueous hydration ve 
" aqueous hydration 

atO C ° 
atO C 

vapour hydration 

aqueous hydration 

dehydrate 

in vacuo 

Zr (SOq)2 all H2,0 

For further details see JSSC 1970 1 497. 

other neutral molecules which do not neutralize any of the cationic charge, then 

rearrangement to (b) or (c) is necessary: 

c.n. of M* by O of SO;p aS 6 4 

form of anion: (a) (b) = (oc) 

An intermediate c.n. such as 7 would require a mixture of (a) and (b). 
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The simpler structural possibilities implied by (a)-(c) are 

MT UM M 
a 

a Boo Ore SO) SOY 807 

ia oy SM 

ay a2 a3 

M 

Ov go moons? He 

M M 

b, b» 

oO. 0 Ore O 

(c) Da M9 \6 
/O Ow 

M M 

Cj C2 

In a-Zr(SO4)> the coordination group around Zr** is necessarily composed 

entirely of O atoms of sulphate ions. The metal is 7-coordinated, and equal 

numbers of SO, groups are of types a, and by, that is, bonded to 4 or 3 M** ions 

(Fig. 7.7). The behaviour of the SO27 ion in this salt is thus very similar to that of 

O?~ in the 7 : 3 coordinated structure of monoclinic ZrO). 

The monohydrate provides examples of (b). In both polymorphs the cation is 

7-coordinated, by 6 O + 1 H,O. In the y structure all SO4 groups are of type b,; 

each bridges 3 cations forming a very simple layer which was illustrated in Fig. 6.15 

(p.211) to show its relation to the CdI, layer. The a form also has a layer 

structure, but here there are SOq groups of both types b, and b). With increasing 

hydration transition to (c) occurs, and in fact the coordination group of Zr** in the 

4-hydrate, both forms of the 5-hydrate, and the 7-hydrate is in all cases the same, 

namely, 4O+4H,0. The tetrahydrate has a very simple layer structure based on 

the 4-gon net, all SOq groups being of type c,, as shown diagrammatically in 

HIG De mS TRUCtITemOn 

a-Z1(SO4)2. The O atoms (one 

to each Zr-S line) are omitted. 
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Fig. 7.8. Both forms of the pentahydrate and the heptahydrate are built of bridged 
molecules 

Q2 
oO We On Oe e720 

ON ay AS 0.0-PS0- SO, 

02 
in which the SO, groups are of the two types c, and C2. Dodecahedral 

8-coordination groups around Zr** are completed by 4H,O and the remaining 

water molecules are not associated with the metal ions. The structural formulae are 

therefore [Zr2(SO4)4(H2O)3] .2H2,O and [Zr.(SO4)4(H2O)g] .6 H,0. (For 

further details see: AC 1959 12 719; AC 1969 B25 1558, 1566, 1572; AC 1970 

B26 1125, 1131, 1140.) 

Slee 

ZS 
OmeO On.0 
Se Ne 

a os pS FIG. 7.8. Linking of Zr4* and 
ay CE Oe SO3°- ions ina layer of Zr(SO4)9. 
—7r— —7r— 4H2O (water molecules omitted). 
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Summarizing, we see that problems of charge balance lead to geometrical 

difficulties in two distinct classes of salt: 

Charge on O of anion Cation size Cation charge 

(a) High large low 

(b) Low small high 

We have discussed (a) as it applies to the extreme cases Cs3BO3, Cs4SiO4, and 

CsgTeO.,, but the problem exists, though in a less acute form, in pyro-salts such as 

M,Si,0, and M4P,0,. As in the case of K3PO4 and KH,POz, it can be overcome 

by the formation of salts such as NayH,P,07. At the other extreme, case (b), the 

difficulties arise not only with ions XO3 and XQOq, as already discussed, but also 

with ions such as S027 if combined with cations carrying high charges. Thus the 

normal ionic disulphate and dichromate of Ti* * or even the salts of the larger Th* * 

ion would not be possible with the distribution of the anionic charge over all (or 

even six) of the O atoms. For a family of pyro-ions we encounter difficulties at 

both ends of the series, 

CoS 07) ee Th(S207)2 
case (a) case (b) 

just as we do for the simpler XO3~ ions 

CssBOtee Ti(NO3)4. 
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Hydrogen: The Noble Gases 

HYDROGEN 

Introductory 

The hydrogen atom has the simplest electronic structure of all the elements, having 

only one valence electron and only one orbital available for bond formation. 

Nevertheless hydrogen combines, in one way or another, with most of the elements, 

other than the noble gases, and plays an extremely important role in chemistry. The 

three simplest ways in which H can function are the following: 

(a) By loss of the electron the H* ion (proton) is formed. An acid may be 

defined as a source of protons: 

A =Ht+B 

acid base 

According to this definition NH} is regarded as an acid (NHq = NH3 + H”*) and 
water as both acid and base, since 

H,0 = H*+OH, and H*+H,0 =H;0* 

acid base base acid 

assuming the existence of hydrated rather than simple protons in aqueous solution. 

(b) By acquiring a second electron the H” ion is formed. This ion cannot exist 

in aqueous solution because it immediately combines with H*, but it is found ina 

number of crystalline hydrides. 

(c) Hydrogen can form one normal covalent (electron-pair) bond. This occurs in 

the molecular hydrides of the non-metals and metalloids and in ions such as OH 

and NH4, in organic compounds, and in a limited number of hydrido compounds of | 

transition metals. 

In addition there are many structures, both molecular and crystalline, in which a 

H atom is bonded in some way to two (or more) atoms. 

(d) If H is bonded to a very electronegative atom the dipole A7—H?* results in 

an attraction to a second electronegative atom, which may be in the same or a 

different molecule, 

Sys Ze 
Xe =A 

forming a hydrogen bond (or bridge). This type of bond is of great importance 
in the structural chemistry of many groups of compounds, notably acids and acid 
salts, hydroxy-compounds, water, and hydrates. Since a comprehensive treatment 
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of the hydrogen bond would evidently cover a considerable part of structural 

chemistry we shall discuss in this chapter only acids and acid salts. 

(e) In certain electron-deficient compounds (of Li, Be, B, and Al) H atoms form 

bridges between pairs of atoms as, for example, in B.Hg, and metal-H—metal 

bridges (both linear and non-linear) occur in certain carbonyl hydride ions such as 
[(CO);CrHCr(CO),;]~. Boron hydrides are described in Chapter 24 and carbonyl 

hydrides in Chapter 22; see also the discussion of bonds in Chapter 7. 

In many crystalline hydrides H is bonded to larger numbers of metal atoms. This 

is readily understandable for the ionic hydrides (for example, LiH) where H has an 

environment similar to that of F” in LiF, but the nature of the bonding is less clear 

in some transition-metal hydrides, in particular the non-stoichiometric interstitial 

hydrides. 

We shall discuss in the present chapter the following aspects of the structural 

chemistry of hydrogen: 

Hydrides and hydrido complexes of transition metals, 

The hydrogen bond, and 

Acids and acid (hydrogen) salts. 

Hydrides 

Binary hydrides are known of most elements other than the noble gases, the 

notable exceptions being Sc, Y, and Mn, and the following members of the second 

and third long series: 

W Re Os Ir Pt (Au) 

These compounds are of three main types: 

(i) The molecular hydrides, 

(ii) The salt-like hydrides of the more electropositive elements, 

(iii) The interstitial hydrides of the transition metals. 

(i) Molecular hydrides 

Hydrides MHg_y are formed by the non-metals of the two short Periods (other 

than B which forms the exceptional hydrides described in Chapter 24) and by the B 

subgroup elements: 

MH, MH, MH, MH 

Tetrahedral Pyramidal Angular 

C N O F 

Si P, S Cl 

Ge As Se Br 

Sn Sb Te I 

Pb Bi Po 

Structural studies have been made of all except PbH,, BiH3, and PoH,, and details 

are given in other chapters; the stability of the heavy metal compounds is very low. 
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These hydrides exist in the same molecular form in all states of aggregation, and 

except for those of the most electronegative elements there are only weak van der 

Waals forces acting between the molecules in the crystals. We refer to crystalline 

NH,, OH,, and FH in our discussion of the hydrogen bond. Many short-lived 

hydride species are known to the spectroscopist, and the structures of some radicals 

have recently been studied in matrices at low temperatures (for example, CH; 

(planar), SiH and GeH3 (pyramidal)). Many of the non-metals form more complex 

hydrides M,H, in addition to the simple molecules noted above; the more 

important of these are included in later chapters under the chemistry of the 

appropriate non-metal. 

(ii) Salt-like hydrides 
The compounds to the left of the line in the following table are salt-like and 

contain H™ ions: 

LiH® AIH; °° 
NaH?) — MgH,°°) 
KH CH,“ es 
RbH StH, EuH, YbH 
CsH BaH, 

They are colourless compounds which can be made by heating the metal in 

hydrogen (under moderate pressure in the case of MgH,). They are more dense 

than the parent metals, the difference being greatest for the alkali metals (25-45 

per cent) and less for the alkaline-earths (S- 10 per cent). Solid LiH is as good an 

ionic conductor as LiCl (and 10° times better than LiF), and electrolysis of molten 

LiH, at a temperature just above its melting point with steel electrodes, yields Li at 

the cathode, hydrogen being evolved at the anode. These ionic hydrides have much 

higher melting points than the molecular hydrides of the previous section, for 

example, LiH, 691°C, NaH, 700-800°C with decomposition; the remaining alkali 
hydrides dissociate before melting. They all react readily with water, evolving 

hydrogen and forming a solution of the hydroxide. There are considerable 

structural resemblances between these compounds (in which the effective radius of 

H™ ranges from 1:3- 1-5 A) and fluorides (radius of F~, 1-35 A). 

The alkali-metal hydrides have the NaCl structure, though: the positions of the H 

atoms have been confirmed only in LiH (X-ray diffraction) and NaH (neutron 

diffraction); (Li-H, 2-04 A, Na—H, 2-44 A). The rutile structure of MgH, has been 
established by neutron diffraction of MgD,; Mg—H, 1-95 A, shortest H—H, 2-49 A. 

The alkaline-earth hydrides all have a PbCl, type of structure in which the metal 
atoms are arranged approximately in hexagonal closest packing. Of the two sets of 
non-equivalent H atoms one occupies tetrahedral holes while the other H atoms 
have (3 + 2)-coordination: 

me 232A BCA 3 2N 

Note the tight packing of the H atoms; Hy has 8 H neighbours at 2-50-2:-94 A, and 
Hy; has 10H neighbours at 2-65-3-21 A. The shortest metal-metal distances in 
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these hydrides are Jess than in the metals (for example, Ca—Ca, 3-60 A in CaH, as 
compared with 3-93 A in the metal). The dihydrides of Eu and Yb, studied as the 
deuterides, have the same structure, and their formation from the metal is 
accompanied by a 13 per cent decrease in volume. 

In the preparation of AIH3 by the action of excess AIC], on LiH in ether it 

has not proved possible to obtain pure AIH; (free from ether), but 

this hydride has been made by bombarding ultra-pure Al with H* ions. Dow 
Chemical Company (by undisclosed methods) have apparently prepared the 

unsolvated compound in a number of crystalline forms, one of which has essentially 

the same structure as AIF3. The metal atoms occupy one-third of the octahedral 

holes in an approximately hexagonal closest packing of H atoms. The structure 

suggests that this is an ionic hydride. The shortest distance between Al atoms is 

3-24 A, and the distances Al—6 H, 1-72 A, and H-H, 2-42 A, are very similar to the 

corresponding distances in AIF3, namely, Al—6 F, 1:79 A, and F—F, 2°53 A. On 

the other hand there are amine derivatives of AIH3 which presumably contain H 

covalently bonded to Al, though the H atoms have not been located. Crystalline 

AlH3. 2 N(CH3)3°” consists of molecules in which the atoms N—AI—N are 

collinear (AI—N, 2:18 A) with 3 H most probably completing a trigonal bipyramidal 

coordination group around Al. This would also appear to be true in 

AIH; [(CH3).NCH,CH,N(CH3),], the diamine molecules linking the AIH3 groups 

into infinite chains. 

By the action of LiAlH, on the halide (or in the case of Be on the dialkyls) a 

number of other hydrides have been prepared, including the dihydrides of Be, Zn, 

Cd, and Hg, trihydrides of Ga, In, and Tl, and CuH. Some of these are extremely 

unstable, those of Cd and Hg decomposing at temperatures below O°C. Pure 

crystalline BeH, has not been prepared, but a crystalline amine complex has been 

made for which the bridged structure (a) has been suggested:©°) Be—-H bridges have 

(C2Hs)2 Q(C2Hs)2 
Eee NCHS): See wie Ny 

e€ 

(CH3)3N’ SH” SH fa Re” NOG 8 
(a) (C2Hs)2 O(C2Hs)2 

(b) 

also been postulated in the salt Naz [R4BeH |] 19) A partial description has been 

given of the structure of the etherate [NaO(C,Hs 2] 2[(C2Hs )4Be,H,],@ in 

which there is a linear system of H-bridged Na and Be atoms, (b). There is still some 

doubt about the existence of GaH3, but in crystalline GaH3 . N(CH3)3 the bond 

length Ga—N has been determined as approximately 2:0A in a presumably 

tetrahedral molecule.‘ ”? 
The red-brown CuH is amorphous when prepared from Cul and LiAIH, in 

organic solvents but it has been obtained as a water soluble material with the 

wurtzite structure by reduction of Cu?* by aqueous hypophosphorous acid. 

(Cu-H, 1-73 A, Cu—Cu, 2:89 A, compare 2:56 A in the metal). 3) The colour of 
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this compound, which forms red solutions in organic solvents, is difficult to 

understand:“*) the n.d. study showed contamination with metallic Cu and Cu,0. 

Although we have included these B subgroup hydrides with the salt-like 

compounds it is possible that the bonding is at least partially covalent in some or all 

of these compounds; an obvious suggestion for BeH, is a hydrogen-bridged 

structure like that of Be(CH3)9. 

We may mention here a B subgroup hydride which does not fall into any of our 

classes (i)- (iii), namely, PbHo.19- This is formed by the action of atomic hydrogen 

at O°C on an evaporated lead film, and apparently possesses considerable 

stability.“ >) 

(iii) Transition-metal hydrides 

The known compounds are listed in Table 8.1, which shows that a considerable 

number of these metals have not yet been shown to form binary hydrides. The 

criterion is that the formation of a hydrogen-containing phase should be accom- 

panied by a definite structural change, since many of these metals when finely 

divided adsorb large volumes of hydrogen; it is clearly difficult to distinguish such 

systems from non-stoichiometric hydrides by purely chemical means. Characteristic 

properties of transition-metal hydrides include metallic appearance, metallic con- 

ductivity or semi-conductivity, variable composition in many cases, and interatomic 

distances appreciably larger than in the parent metals. The expansion which 

accompanies their formation is in marked contrast to the contraction in the case of 

the salt-like hydrides (including EuH, and YbH,). Incidentally it is interesting that 

the number of H atoms per cubic centimetre in a number of metal hydrides is 

greater than in solid H, or in water. This fact, combined with the high thermal 

stability of some of these compounds, makes them of interest as neutron-shielding 

materials for nuclear reactors. 

Although these compounds were originally described as ‘interstitial’ hydrides, 

implying that they were formed by entry of H atoms into interstices (usually 

tetrahedral) in the metal structure, it is now known that the arrangement of metal 

atoms in the hydride is usually different from that in the parent metal. The hydride 

has a definite structure and in this respect is not different from other compounds of 
the metal: 

Cr (G-e:c,) Cr (h.c.p.) s GrH a (cre p.) 
Ti, Zr, and Hf (h.c.p.) > MH)y (c.c.p.). 

The hydrides of V, Nb, and Ta probably come closest to the idea of an interstitial 
compound and are discussed later. In other cases where the arrangement of metal 
atoms in the hydride is the same as in (one form of) the metal there may be a 
discontinuous increase in lattice parameter when the hydride is formed (Pd) or 
there may be an intermediate hydride with a different metal arrangement. For 
example, the h.c.p. 4f metals Gd-Tm form hexagonal trihydrides, but the 
intermediate dihydrides have the fluorite structure with c.c.p metal atoms. 
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Moreover, the volume of the MH; phase is some 15-25 per cent greater than that of 
the metal. The hydride YbH3.5.5 has, like Yb, a f.c.c arrangement of metal atoms 
but this phase is only made under pressure and has a smaller cell dimension 

TABLE 8.1 

Binary hydrides of transition metals 

SS a ee es 

TiH VH(2) CHO a = Ninn 4) 
ScH, TiH,{) ~—s- vy CrH, 

NbHU4)  _ =) =e b= Pd) 
YH) ZrH2 NbH) 

YH3 
TaH = _ — = = 

LaH, HEH, () 
LaH3 
4f metals 

Dae ComePraNG. Sm .Gd—Tm . Lu (Y) 

MH,.9-MH3 MH) fluorite structure 
f.c.c,(6) MH; hexagonal LaF3 structure7) 

(For EuH, YbH2, and YbH3.¢5(8) see text) 
Sf metals 

Ac Th Pa U Np(@3) Pu Am 
MH> f.c.c. f.c.t.(9) —— f.c.c. —> 
MH3 B-UH3  a-UH3(11) +——— LaF, —> 

6-UH3 (12) 
ThqH5 (10) 

(5-19 A) than the metal (5-49 A) and there is an intermediate hydride YbH, with 
the quite different (CaH,) structure already noted. 

The 4f and Sf hydrides. All the 4f metals take up hydrogen at ordinary or slightly 

elevated temperatures to form hydrides of approximate composition MH,.9 which, 

with the exception of EuH, and YbH, (CaH) structure), all have fluorite-type 

structures. In contrast to EuH, and YbH, the formation of these cubic ‘dihydrides’ 

is accompanied by expansion of the structure. Europium forms only EuH, and Yb 

forms only YbH, at atmospheric pressure; under a higher hydrogen pressure it 

forms YbH3.55 (probably an ionic compound containing Yb** and Yb3*), and a 
metastable cubic YbH, has been made by heating NDE een Or YbH,. The 

dihydrides of the other 4f elements react further with hydrogen at atmospheric 

pressure to form ‘trihydrides’, but the lanthanides now fall into two groups. The 

lighter (larger) 4f metals form continuous f.c.c. solid solutions from the approximate 

composition MH,.9 to a composition approaching MH3. Having occupied the 

tetrahedral holes (fluorite structure) the H atoms then occupy octahedral holes at 

random, as has been shown by n.d. for CeH, and CeH).7; the H atoms are slightly 

displaced from the ideal positions. Onwards from Sm (and Y) a new h.c.p. phase 

appears before the composition MH; is reached, and as in the dihydrides there is a 

range of composition over which the phase is stable. There is a gap between the 

IBY 
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stability ranges of the dihydride and trihydride which is small for Sm but larger for 

the other metals. Some typical figures for the H : M ratios at room temperature are: 

Composition limits (H : M) at room temperature 

Cubic dihydride Hexagonal trihydride 

Sm 1:93-2:55 2-59-3-0 
Ho 1-95-2-24 2-64-3-0 
she 1-95-2:31 2-82-3-0 

The hexagonal MH; phase has the (revised) LaF3 structure (p. 356) which may be 

regarded as derived from an expanded h.c.p. metal structure. A n.d. study of HoD3 

(with which the other phases are isostructural) shows that H (D) occupies all the 

tetrahedral and octahedral holes, but because of the close proximity of the pairs of 

tetrahedral holes there is some displacement of the H atoms from the ideal 

positions and this in turn necessitates some displacement of the H atoms from the 

octahedral holes. In the resulting structure H atoms have 3 nearest metal atom 

neighbours and the metal atom has 9 (+2) H neighbours: 

10-2:29 & at 210A 
Ho: Met TUES H: 3Hols cor 22-174 

| QH 2-48 A) or 2:24-2:29 A 

The typical 4f hydrides are pyrophoric and graphitic or metallic in appearance. The 

resistivity of the dihydrides, which may be formulated M?*(H_), (e), is lower than 

that of the pure metal, but increases as more hydrogen is absorbed. For example, at 

80°K there is a 10°-fold increase in resistivity when LaH,.9g is converted into 

LaH3.92 and a 10*-fold increase in the Ce hydrides. It seems likely that the 

bonding in the dihydrides (other than EuH, and YbH), which are non-conductors) 

is a combination of ionic and metallic bonding, and that the addition of further 

hydrogen leads to the formation of H~ ions by removal of electrons from the 

conduction band, producing an essentially ionic trihydride. 

The Sf hydrides are summarized in Table 8.1. In contrast to the other elements 
Th forms a dihydride with a distorted (f.c. tetragonal) fluorite-like structure, 
resembling in this respect Ti, Zr, and Hf, but the structure becomes cubic if a little 
oxygen is present. Th also forms Th4H,5, in which there are two types of 
non-equivalent H atom, and the shortest Th—Th distance (3-87 A) is appreciably 
greater than in the metal (3-59 A): 

9H 2:294 Hy: 3Th 2°29 A. 

3H 2-46A Hy: 4Th 2-46 A’ 

compare Th—8 H at 2-41 A in ThH,. 
Uranium forms only one hydride, UH3, which is dimorphic and metallic in 

character. The metal atoms in 8-UH;3 are in the positions of the B-W structure (p. 
1017), a structure not adopted by metallic U. The U—U distances are much greater 
than those in a- or y-uranium, even the shortest (U—2 U, 3-32 A) indicating only 
very weak metal-metal bonds. (Compare U—8 U in y-U, 2:97 A, and the shortest 
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bonds in a-U, 2:76 A.) The H atoms have been shown by neutron diffraction to 
occupy very large holes in which they are surrounded, approximately tetrahedrally, 
by four U at 2:32 A. Since each U atom has twelve H neighbours and the 
compound is metallic rather than salt-like it has been suggested that the atoms are 
held together by some kind of delocalized covalent bonds. In a-UH3 the metal 
atoms occupy the positions of the shaded circles in Fig. 29.4 (p. 1017) and the H 
atoms the open circles. Here again the U—U bonds are extremely weak (U—8 U, 
3:59 A), and H is surrounded tetrahedrally by 4 U at 2-32 A as in the 6 form. The 
trihydrides of Np, Pu, and Am are isostructural with the hexagonal 4f trihydrides. 

Hydrides of the 3d, 4d, and 5d metals. We now comment briefly on the 
remaining hydrides of Table 8.1. All the (h.c.p.) elements Ti, Zr, and Hf form 
dihydrides with fluorite-type structures which are cubic above their transition 
points and have lower (tetragonal) symmetry at ordinary temperatures. Both phases 
have ranges of composition, which depend on the temperature, and the following 
figures (for room temperature) show that for Ti the cubic phase includes the 
composition TiH: 

Cubic phase Tetragonal phase 

TiH-TiH, 
ZtH1.50-Z1H 1.61 Z1tH1.73-ZtH2.00 

HfH;.7-HfH1.8 HfH1.36-HfH2.00 

In addition to these phases there are solid solutions, with small hydrogen 

concentrations, in the h.c.p. metal, and also solid solutions in the high-temperature 

(b.c.c.) forms; in the latter the concentration of hydrogen may be considerable, for 

example, up to ZrH,.5. The fluorite structure of TiD, has been confirmed by 

neutron diffraction. It should be noted that hydrides previously formulated 

ZrH and Zr4H are not distinct compounds but correspond to arbitrarily selected 

points on the phase diagram. The fact that the arrangement of the metal atoms in 

the tetragonal Zr and Hf hydrides is less symmetrical (for the composition MH,) 

than in the defect structures emphasizes the important part played by the 

metal-hydrogen bonds in these structures. The following data for the Hf hydrides 

show that the formation of these hydrides is by no means a question of H atoms (or 

ions) simply occupying interstices in a c.p. metal structure: 

a-Hf (hexagonal) HfH,.7 (cubic) HfH (tetragonal) 

Hf—6 Hf 3-13 A Hf—12 Hf 3-31 A Hf—8 Hf 3-27 A 
—6 Hf 3-20 Hf—H 2-03 —4 Hf 3-46 

Hf—8 H 
H—4 Hf 2°04 

The metals V, Nb, and Ta have b.c.c. structures. The a solid solution of H in this 

structure extends to VHop.95, NbHo.; and TaHo.2. The next distinct phase is the B 

hydride, a non-stoichiometric phase which is a (tetragonal) distorted version of the 

b.c.c. solid solution and is stable over a wide range of composition (for example, 
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VHp.4s-WHpo.9). The tetragonal b.c. 6-NbH becomes cubic at about 200°C. A 

neutron diffraction study shows complete ordering of the H atoms in this phase 

when cooled below room temperature. In this region the phase diagram of these 

elements appears to be similar to that of Pd (Fig. 8.1), so that above a certain 

(consolute) temperature there is continuous absorption of hydrogen up to approxi- 

mately the stage MH without radical rearrangement of the metal structure. This 

behaviour is presumably associated with the fact that in the b.c.c. structure there are 

six tetrahedraland three octahedral sites per atom as compared with two tetrahedral 

and one octahedral site per atom ina c.p. structure, and the coordination groups are 

not regular tetrahedra and octahedra. There are accordingly many possible types of 

disordered structure and superstructure. Special treatment (for example, high Hy 

pressure) is required to make the dihydrides of V and Nb, which have the usual 

f.c.c. structure, and the maximum hydrogen content of a Ta hydride is reached in 

TaHg.9. 

Two hydrides of Cr have been made (electrolytically), CrH with an anti-NiAs 

type of structure (Cr—6 H, 1-91 A, Cr—Cr, 2:71 A) and CrH, with apparently the 

fluorite (f.c.c.) structure. 

Palladium absorbs large volumes of hydrogen. The phase diagram (Fig. 8.1) 

shows that at room temperature there is a small solubility (@ solid solution) in the 

metal, then a two-phase region followed by the 8 hydride (PdHo.56). The cell 

dimensions of the two phases are: a, 3-890A (PdHo.o3), and B, 4:018A 

(PdHo.5¢). The maximum hydrogen content of the B phase corresponds to the 

formula PdHo.g3, at —78°C. Above 300°C only one phase is found up to hydrogen 

pressures of 1000 atmospheres. Nickel hydride has been prepared only as a thin film 

on a Ni surface by electrolysis, with a maximum H : Ni ratio of approximately 0-6. 

Neutron diffraction studies of both Pd and Ni hydrides indicate a f.c.c. structure 

(defect NaCl structure). 

Ternary hydrides 

Since not very many of these compounds are at present well authenticated we 

group them together in Table 8.2; their structures suggest that they include both 

salt-like compounds and also compounds more akin to the transition-metal 

compounds of the last section. Methods of preparation include the action of 

hydrogen on a mixture of the metals (for example, BaLiH3 from Ba + Li at 700°C) 

TABEE 582 

Ternary metal hydrides 

LiBeH3() EuLil3 LiAlH, (3) LiGaH,4 NiZrH3 (5) 
NaBeH SrLiH (also Na, LilnH, AITh Hy) 

BaLiH (2) K, Cs) 
Li, BeHy Li, AlH, Mg NiH4(7) 
Na BeH4 Na3AlH, (4) LigRhH,(®) 

Sta tH 4\8) 
Mg(AlH4)2 
Ca (AlH4)2 
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or on an alloy (for example, Mg,NiH, from Mg Ni and H, under pressure at 
325°C). The first product of the action of H, under pressure on a mixture of Na 
and Al in toluene at 165°C is Na3AlHg; further reaction gives NaAlHq. 

A n.d. study has confirmed the perovskite structure of BaLiH (and presumably 
therefore the structures of the isostructural Sr and Eu compounds). The M—H 
distances are appreciably larger in this structure than in MH): 

St—H Ba—H 

12-coordination 2:68 A Dail EX 2°84 A 

7-coordination 2-45 2-49 2-67 

and the Li—H distance is rather larger (2-01 A) in BaLiH, than in SrLiH; (1-92 A) 
or EuLiH3 (1-90 A); compare 2-04 A in LiH. 

In LiAIH, there is nearly regular tetrahedral coordination of Al (Al—H, 1-55 A) 
and rather irregular 5-coordination of Li (4H at 1:88-2:00 A, 1 Hat 2:16 A). The 
four H atoms of an AIH, group are of two kinds, three being 2-coordinated (to Al 

and Li) and the fourth 3-coordinated (to Al+2 Li). The structure has been 

described as containing AlHq ions (though this is not a necessary deduction from 

the structure); the salt [(CH3)4N] AlHq4 is much more stable to hydrolysis than 

LiAlH,. The structure of Na3AlHg is said to be of the cryolite type. 

Hydrogen is readily absorbed by AITh, (CuAl, structure, p. 1046) forming 

ultimately AlTh,H4, in which H atoms occupy all of the tetrahedral holes between 

4 Th atoms in the alloy structure. The Th—H distance (approximately 2-4 A) is 

similar to that in ThH,. The structure of NiZrD3 is more complex, for here some of 

the D atoms occupy tetrahedral hcles and some are in positions of 5-coordination: 

Zr 196A Zr 195A 

ID BAe Doilies and Da eZee oo 

Ni 1°77 Niles 

Hydrido complexes of transition metals 

The d-type transition metals constitute the large block of elements lying between 

the electropositive metals which form ionic hydrides and the B subgroup and 

non-metallic elements which form covalent molecular hydrides. In addition to 

forming interstitial hydrides these transition metals also form covalent molecules 

MH,,L, in which H atoms are directly bonded to the metal. Molecules of this 

general type are formally similar to substituted hydrides such as PHF,, GeH,Cl,, 

etc. of non-metals and B subgroup elements, but a characteristic feature of the 

transition-metal compounds is that the ligands L must be of a particular kind, 

namely, those which cause electron-pairing in the d orbitals of the metal and are 

present in sufficient number to fill all the non-bonding d orbitals. They include CO, 

cyclopentadienyl, and tertiary phosphines and arsines; some examples are given in 

Table 8.3. The formation by Re and Tc of the remarkable ions (MHj)? shows that 

H may bond to certain transition metals in the absence of such ligands. The 

majority of the elements of Table 8.3 form carbonyl hydrides, but most of these 
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TABEE 3873 

Some hydrido compounds of transition metals 

[Cr2H(CO);0] =MnH(CO)s FeH2 (PP) CoH(PP) 
CrH(CsHs)(CO)3_ Mn2H(CO)g (Po )) CoH(PF3)4 (2) 
MoH (CsHs)2(3) [TcH9]?~(@4) RuHCl(PP), RhH(CO)(Po3)3 5) 

RhHC1,P3 
WH (CsHs)2 [ReHo]7~©) OsHBr(CO) (P$3)3°7) IrHCl,P3 PtH BrP, (8) 
WH6P3 ReH4P, OsH4P3 PtHCIP, (9) 

PR» 

2-26A 

3 2-568 

Br 

PEt; 

(1) JACS 1967 89 4323. (2) IC 1970 9 2403. (3) IC 1966 5 500. (4) IC 1964 3 567. (5) AC 
1965 18 S11. (6) IC 1964 3 558. (7) PCS 1962 333.(8) AC 1960 13 246. (9) IC 1965 4773. 

compounds are omitted since they are described in Chapter 22. We should, 
however, note here the following examples of molecules in which H acts as a bridge 
between two metal atoms: 

[(CO); Cr—H—Cr(CO).]" (linear bridge, M—H—M, 3-4 A), (p. 771), 

HMn3(CO),9(BH3), (non-linear bridge, Mn—H, 1-65 A), (p. 872). 
(CO)4MnH(P¢$)Mn(CO), (non-linear bridge, Mn—H 1-87 A). 

In the remaining examples of this section H is bonded to one metal atom only, 
apparently as a normal covalently bound ligand, with M—H, 1-6-1:7 A. (Earlier 
evidence for much shorter M—H bonds in compounds such as carbonyl hydrides 
and (CsHs )2MoH, is now known to be unreliable.) 

Molecules or ions in which the H atoms have been definitely located by n.d. or 
X-ray diffraction include the following: 

Pile 
Sean Tee. H 1-60A UN 
Bl Zl Oc, |£,CO WHEE O > 

EF ES <i oc 'Nco taanps 
| 
i 

\ ire - 

ey Nas a 7 a 
@ S 

Q Oo 

Less direct evidence for the positions of H atoms comes from X-ray studies of 
complexes in which the location of the other ligands strongly suggests the position 
of the H atom(s). In crystalline PtHBr(PEt3), the P and Br atoms were found to be 
coplanar with the Pt atom, with P—Pt—Br angles of 94°, leaving little doubt that 
the H is directly bonded to the Pt in the trans position to the Br atom. The fact 
that the Pt—Br bond is rather longer than expected (sum of covalent radii, 2-43 A) 
may be associated with the high chemical lability of this atom. 
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In an incomplete X-ray study of the diamagnetic Os! HBr(CO)(P3)3 the five 
heavier ligands were found to occupy five of the six octahedral positions, H 
presumably occupying the sixth position. Still less direct evidence comes from 
spectroscopic!) and dipole moment studies.{?) Configurations deduced in these 
ways include the following: 

PB P H 

ON A re prac? Nee 

P CoO H 

(P = tertiary phosphine) 

The hydrogen bond 

It has been recognized for a long time that the properties of certain pure liquids and 

of some solutions indicate an unusually strong interaction between molecules of 

solvent, between solvent and solute, or between the solute molecules themselves. 

The first type of interaction, between the molecules in a pure liquid, led to the 

distinction between ‘associated’ and non-associated solvents. It may be illustrated 

by the properties of NH3, HO, and HF, but many organic solvents, particularly 

those containing OH, COOH, or NH, groups, show somewhat similar abnormalities. 

If we compare such properties as melting point, boiling point, and heat of 

evaporation of a series of hydrides such as H,Te, H,Se, and H,0, we find that 

these properties form a fairly regular sequence until we reach the last member of 

the series, H,O. The hydrides of Groups VB and VIIB show similar behaviour, NH3 

and HF being ‘abnormal’ and HCI slightly so. The hydrides of Group IVB, including 

CH,, form, on the other hand, a regular sequence; see Fig. 8.2. Instead of a melting 

point in the region of —100°C, as might be expected from extrapolation of the 

melting points of H,Te, H,Se, and H,S, we find that HO melts at 0°C. From the 

fact that the boiling points and heats of vaporization show the same type of 

abnormality as the melting points we deduce that many hydrogen bonds must exist 

in liquid NH3, H,O, and HF up to their boiling points. In the case of HF they 

persist in the vapour state. 

Specific interaction between particular atoms of the solvent and solute mole- 

cules explains, for example, the much greater solubilities of aniline (CgH; NH) and 

phenol (C,H;OH) in water than in nitrobenzene in spite of the much larger dipole 

moment of the latter (4:19 D) as compared with water (1-85 D). 

Association of solute molecules occurs when a substance like acetic acid, 

CH,3COOH, is dissolved in a non-associated solvent such as benzene, and is evident 

from determinations of molecular weight by the cryoscopic or ebullioscopic 

methods. 

From the chemical nature of the molecules it is clear that these interactions are 

connected with the presence of hydrogen, usually as part of OH, COOH, NHa, or 

other polar groups. If the hydrogen is replaced by, for example, alkyl groups, there 

is no association, showing that the H plays an essential part when it is attached to 
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NH, 
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CH, GeH, 
SiH 

—200 es ee pe 

FIG. 8.2. Melting-points (a) and boiling-points (b) of series of isoelectronic hydrides. 

the electronegative N, O, or F atoms. Some abnormalities are also shown by 

compounds containing, in addition to H, the less electronegative S or Cl, but these 

are much less pronounced; we include some data on these weaker interactions in 

Table 8.4. We shall confine our attention here largely to compounds containing N, 

O, and F. These intermolecular interactions, which we may write 

N---H---O, O---H---O, or F---H---F, 

are referred to as hydrogen bonds or hydrogen bridges. 

In the cases we have mentioned the atoms between which the hydrogen bond is 

formed belong to different molecules, but there are also intramolecular hydrogen 

bonds. Some compounds containing both OH and COOH groups in the molecule 

show very little or no association, and it is found that hydrogen bond formation is 

possible within the molecule This had been suggested by Pfeiffer and co-workers in 

1913 to account for the chemical inactivity of adjacent -OH and —CO groups in 

certain aromatic molecules. Examples of such intramolecular H bonds are: 

Serna san 
| x 
OH 

With a few important exceptions the examples of H bond formation were for many 

years confined to organic compounds. Apart from such liquids as H,O and HCN, 

the gas HF, and many liquid acids, the majority of inorganic compounds containing 
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H bonds are solids at ordinary temperatures. Early work on NaHF, (1922) 
suggested that the F atoms in the crystals were joined together in pairs by H bonds, 
and the tetrahedral arrangement of the oxygen atoms in ice could be accounted for 
by assuming that a H atom lay between each pair of O atoms (1923). X-ray 
studies of many crystalline compounds, both inorganic and organic, have empha- 
sized the importance of hydrogen bonding in structures of many types. 

In the earlier X-ray studies it was not possible to locate the H atoms, and the 
existence and positions of hydrogen bonds were deduced from the fact that some 
intermolecular contacts were closer than was to be expected for van der Waals 
bonds, the number of such contacts corresponding to the number of H atoms 
attached to O, N, etc. For example, in acid salts there is one such bond from each O 
atom which is involved in hydrogen bonding, and in hydroxy-compounds, two: 

4 
’ 

—O-H---O— —00 

pm 

The hydrogen atoms in many crystals have since been located using more re- 

fined X-ray techniques and particularly by neutron diffraction. Spectroscopic 

studies (infrared and n.m.r.) have also contributed to our knowledge of hydrogen 

bonding. 

The properties of hydrogen bonds 

The fact that strong hydrogen bonds are formed only between the most electro- 

negative elements suggests that they are essentially electrostatic in character. The 

atoms concerned have lone pairs of electrons which not only influence the 

directional properties of bonding orbitals but also contribute substantially to the 

dipole moments of the molecules. Assuming various types of hybridization the 

orbital dipole moments of lone pairs on atoms such as N, O, and F can be 

calculated. These dipoles can interact with the H°* of FH, OH, NH), etc. to form 

hydrogen bonds which should be directed in accordance with the type of 

hybridization of the lone pair and bonding orbitals. This directional feature of 

hydrogen bonds is evident in ice, where each O atom has four tetrahedral 
neighbours, in HF, H,F3, and H4Fs, and in most hydrates. There are, however, 

some crystals in which neither of the lone pairs of O is directed along the hydrogen 

bonds as, for example, in K,C,0O,. H,0) where the two K* neighbours are 

nearly coplanar with the O—H bonds of the water molecule. 

Bond energies and lengths Hi 

The energies of hydrogen bonds range from 110kJ mole ~ (or possibly higher 

values) for the strongest (in the F—H—F ion) through values around 30 kJ 

mole ! for O—H—O to still smaller values for the weaker hydrogen bonds. There is 

also a considerable range of lengths for each particular type of bond X—H—X, and 

data for the various hydrogen bonds are summarized in Table 8.4. 
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Position of the Hatom 

The positions of the H atoms in hydrogen bonds in many crystals have been 

determined by X-ray and/or neutron diffraction, and indirectly from the proton- 

proton separations in some hydrates by p.m.r. It should be emphasized that the 

positions of H atoms as determined by X-ray diffraction are different from those 
resulting from n.d. studies, the former showing the H atom apparently closer to the 

heavier atom to which it is bonded. Typically the difference for an O—H distance is 

about 0-15 A (n.d., 1:0 A, X-ray, 0-85 A). The effect (which is smaller for heavier 
atoms) appears to arise from the asphericity of the electron distribution due to 

chemical bonding. This affects the X-ray scattering factor of the atom (which 

depends on the orbital electrons) but not the neutron scattering which, for a 

diamagnetic atom, is purely nuclear. The methods for refining crystal structures 

involve the use of calculated atomic scattering factors, so that if a spherical electron 

distribution around an atom is assumed and the position of an atomic nucleus is 

determined as the centre of gravity of its electron cloud, the ‘X-ray position’ may 

be different from that determined by neutron diffraction.) 

TABLE 8.4 

Lengths of hydrogen bonds 

Bond Length Compound Reference 

F---H---F 2:27 A NaHF 

F—H---F 2-45 KH4Fs 

2-49 HF 

O---H---O 2-40 Ni dimethyl glyoxime See text 
2-40-2-55 Acid salts 

2-70-2-90 Ice, hydroxy-compounds, hydrates 
O—-H---F 2°65-2°72 CuF 2 . 2 H20, Fe(H20)¢SiF¢ 
O—H---Cl 2-92-2-95 HCl. H20, etc. 

3-04 (NH30H)Cl AC 1967 22 928 
O-H---Br 3-04 Cs3Br3(H30) (HBr) IC 1968 7 594 
O—H---N 2-68 N2Hq. 4 CH30H ACSc 1967 21 2669 

2-79 N2H4.H,0 AC 1964 171523 
O—H---S 3-20 + MgS203.6H,0 AC 1969 B25 1708 
N—H---O 2°81-2-89 NH,4OOCH AC 1968 B24 565 

2:99-3-01 CO(NH2 )2 AC 1957 10 319 
N—-H---F 2-61-2-82 NH4F, NoH6F 2, etc. AC 1971 B27 1102 
N-H ---Cl 3-00, 3-11 (CH3)3NHCI, (CH3)2NH>Cl AC 1968 B24 554, 

$49 
3-20 (NH30H)Cl AC 1967 22 928 

N—H ---I 3-46 [(CH3)3NH]I AC 1970 B26 1334 
N—H---N 2:94-3-15 NH4N3, dicyandiamide See Chapter 21 

seis NH3 Seeext 
(S—H---S)? 3-94 HS (cryst.) N 1969 224 905 
(C—H ---O)? 2:92 + Organic compounds JCS 1963 1105 

It may perhaps be considered doubtful whether some of the much weaker interactions should be 
described as hydrogen bonds or as van der Waals or weak ionic bonds. However, if the H atom is 
directed towards the other atom of the ‘bond’ many such interactions are described in the 
literature as hydrogen bonds, and rather than discuss such cases in detail we give some references 
above. The H atoms have not been located in any of the ‘C—H—O’ bonds. 

304 



Hydrogen: The Noble Gases 

14° ave 
° 
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Eee Q> 0:95A 

ice —I } 
; 1-49A | 

(a) \ 
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1-03A PHS 2 

O O oe 

De 3-284 ~~>=s¢] 

a—(COOD),.2 D,O pentachlorophenol 

(c) (d) 

FIG. 8.3. Details of O-H—O bonds. 

In many cases the H atom necessarily lies off the straight line joining the bonded 

atoms owing to the geometry of the molecule, as in the o-substituted benzene 

derivatives already noted. This is also true in ice, in many hydrates, acid salts, etc. 

(Fig. 8.3(a) and (b)). Any crystal structure represents’a compromise between the 

bonding requirements of a number of atoms and the packing of groups of various 

shapes. A ‘bent’ hydrogen bond is energetically preferable to distortion of angles 

between covalent bonds. The ‘bifurcated’ hydrogen bond is rare (and may not exist 

Hs aay 
X-H---Y MA NG X—-H SS 

straight bent bifurcated 

at all in inorganic compounds) but it may occur in substituted naphthoquinones,“*? 

where one ‘branch’ would be intramolecular, and in compounds such as penta- 

chlorophenol‘*) (Fig. 8.3(d)) but a n.d. study of CgCl4(OH),° does not show the 
bifurcated bond of the type of Fig. 8.3(d) apparently shown by an earlier X-ray 

study. 

In a limited number of hydrogen bonds the H atom lies on the straight line 

joining the bonded atoms. They include F—H-—F in the bifluoride ion and O-H—O 

in acid salts and the short O-H—O bonds (2-52 A) in(COOD),. 2 D,0. In the bent 

bonds the H atom is necessarily at different distances from X and Y since it is 

covalently bonded to X or Y as part of a group such as OH, NHg, etc.; this is the 

reason why the bond is bent. The position of the H atom in straight F—H—F and 

O—H—O bonds has been much studied, with the following results. 

F—H—F bonds. All physical evidence (n.d., i.r., and n.m.r.) supports the view 

that the short F—H—F bond (2-27 A) in the bifluoride ion is symmetrical. In 

crystalline HF and KH4F, the much longer hydrogen bonds (2-49 and 2-45 A) are 
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almost certainly not symmetrical; the nature of the intermediate bond (2:33 A) in 

KH, F;3 is not known. 

O—H_O bonds. It appeared at one time that there might be a real difference 

between the structures of the long O-H—O bonds, of length 2-7 A or more, in 

ice, hydrates, and hydroxy-compounds, and the shorter ones of length 2°55 A or 

less in acids and acid salts. In some crystals hydrogen bonds of two different lengths 

occur, as in Na3H(CO3). 2 H20, where the ‘acid salt? bond between pairs of COAs 

ions has a length of 2-53 A while the bonds between water molecules and (OO 

ions have a mean length of 2-74 A, and (COOH),. 2 H,O, where the length of the 

short bonds between OH of (COOH), and OH, is 2°53 A as compared with 

2-84-2-90 A for the bonds between H,O and CO groups of (COOH), molecules 

(Fig. 8.3(c)). 

All long O-H—O bonds in which the H atoms have been located have been 

shown to be unsymmetrical (e.g. H3BO3). Also it has been shown (n.d.) that the 

O—H_—O bond of length 2-49 A in tetragonal KH PO, is definitely unsymmetrical, 

(a), and the same is true of the short O-D—O bonds (2°52 A) in (COOD), . 2 D20, 

(b), and of the O-D—O bond in DCrOp, (c). However, it has not been possible to 

1:07 1-42 A 0°96 1:59 A 

(a) (b) (c) 

decide with certainty in the case of HCrO, (O—-H—O, 2:49 A) where the ir. data 

suggest a symmetrical bond, or in the case of acid salts of the type KH(R . COO), 

or acids H(PO4R,). These compounds are of particular interest because the crystals 

contain pairs (d), or chains (e), of anions linked by hydrogen bonds, two anions 

: He S 

Ba aie Pages SO, OX /Or. 
_c¢ “oN BNGENG 

xa) / / R R 
(a) (e) 

being related by a centre of symmetry or axis of 2-fold symmetry. This symmetry 

requires either that the H atom is centrally placed between the two O atoms or, if 

the bond is unsymmetrical, that there is random distribution throughout the crystal 

of the H atoms in positions about 1 A from one or other of the O atoms of the 

hydrogen bonds. Although a n.d. study of KH(CgH;CH,COO),, type (d), indicates 

a single H at the mid-point of the O-H—O bond (length 2:44 A) this is not 

accepted as indisputable proof of the symmetry of the bond because of the limited 

experimental accuracy. Neutron diffraction studies have not yet been made of the 

shortest O-H—O bonds (2:40 A) in HPO,(OC¢H4C1)s, in Ni dimethylglyoxime,{7) 
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(f), and the closely related amino-oxime complex, (g).‘8) (References to many of 
these compounds will be found in Table 8.5, p. 315.) 

<2:40 A> <2-40 A> 

it ne DR tees 
eek N==7CHs ENG ee a 

Nergrai\caer Gs : CH H,C7 SN N= \cH, (H3C)2C—yy N—C(CH3)2 

6-—-H-0 eee 

(f) (g) 
Less direct evidence for the position of the H atom also comes from proton 

magnetic resonance studies and from values of residual entropy. The positions of 

the protons in the H,O molecules in gypsum have been determined indirectly from 

the fine structure of the n.m.r. lines; they are found to lie at a distance of 0-98 A 

from the O atom along an O—-H—O bond.) For n.m.r. studies of a number of 

hydrates see p. 564; the method has also been used to locate the H atoms in 

Mg(OH), (p. 521). Measurements of residual entropy confirm the existence of two 

distinct locations for the proton in hydrogen bonds in ice (p. 539), salts of the type 

of KH,PO,, and Na,SO,4 . 10 HO (which has residual entropy about two-tenths 

that of ice). 
We conclude that all O-H—O bonds, with the possible exception of some of the 

very shortest, are unsymmetrical. 

The hydrogen bond in crystals 

Hydrogen bonds play an important part in determining the structures of crystalline 

compounds containing N, O, or F in addition to H. We deal here with the hydrides 

of these elements, and with certain fluorides, oxy-acids, and acid salts. Ice and 

water, together with hydrates, are considered in Chapter 15, and hydroxy-acids are 

grouped with hydroxides in Chapter 14. 

We noted in Chapter 3 that the interest, from the geometrical standpoint, of 

hydrogen-bonded structures lies in the variety of ways in which a group of atoms of 

limited extent (that is, a finite molecule or ion) can be linked by hydrogen bonds 

into a more extensive system, in the limit a three-dimensional network. These 

hydrogen-bonded systems may be: 

finite groups: [H(CO3)2] 3- (in Na3H(CO3)2 . 2 H20), dimers of carboxylic acids, 

infinite chains: HCO3 and HSOzj ions, 

infinite layers: B(OH)3, B303(OH)3, N2H6F2, H2S0a, 

3-dimensional nets: ice, Hy, Te(OH),¢, H2POq ion in KHz PO4. 

Crystalline organic compounds containing OH, COOH, CO . NH, NH), and other 

polar groups containing H atoms provide many further examples of all the above 

types of structure. 
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Hydrides 

As already mentioned, the hydrides of N, O, and F alone show evidence of strong 

hydrogen bonds. The simplest structures would arise if every atom was joined to all 

its nearest neighbours by such bonds and if every H atom was utilized in forming 

hydrogen bonds. Then in the solid hydride AH,, every A atom would be surrounded 

by 2n A neighbours, that is, the coordination number of A by A atoms would be 6 

for NH3, 4 for H,O, and 2 for HF. The structure of crystalline NH3 may be 

described as a distorted form of cubic closest packing. Instead of 12 equidistant 

nearest neighbours each N atom has 6 neighbours at 3-35 A and 6 more at the much 

greater distance 3-88 A, indicating that a N atom forms six hydrogen bonds. The 

precise D positions in ND3 have been determined by n.d.“) With this ordered 

structure compare the structure of ordinary ice (ice-I,). Each O is surrounded 

tetrahedrally by 4 others as expected, but there is a statistical distribution of H 

atoms between the equivalent positions at a distance of 1 A from O along each 

hydrogen bond. 

The fact that there is only one H atom for each F limits the coordination 

numbers of both H and F in solid HF to 2, and the only possibilities are therefore 

infinite chains or closed rings. It is found that solid HF, studied at —125°C, consists 

of infinite planar zigzag chains: ) 

The e.d. data for HF vapour?) are apparently best accounted for by a mixture of 

monomers and puckered (HF), rings, with mean angle F—F—F, 104°, and F—H—F, 

2:53 A. The behaviour of the other hydrogen halides in the crystalline state is 

complex, and careful n.d. studies have given the following results.4) 

Solid DCI undergoes a first-order phase transition at about 105°K (98-44° for 
HCl). At higher temperatures the structure is f.c.c. and there is disorder of a special 

kind. At any given time each molecule is in one of twelve orientations, so that it is 

hydrogen-bonded to one of its nearest neighbours which itself is hydrogen-bonded 

to one of its twelve nearest neighbours, and so on. Each hydrogen bond is only 

temporary (being broken when the molecule reorients) so that the ‘instantaneous’ 

structure of cubic DCI (HCl) is a mixture of shortlived hydrogen-bonded polymers 

of various lengths and shapes. At temperatures below the transition point the 

structure is orthorhombic. Each D is directed towards a neighbouring Cl atom (Fig. 

8.4(a)) and the structure therefore consists of chains of hydrogen-bonded molecules 

(D—Cl, 1:28 A, Cl-D—Cl, 3-69 A, CI-CI—Cl, 934°). Crystalline DBr shows two 

second-order (A) phase transitions, at 93-5° and 120-3°K. At temperatures well 
below the lower \ region (for example, 74°K) the structure is the same ordered 

orthorhombic structure as for DCl (Fig. 8.4(a)), in which the bond lengths and 

angle are: D—Br, 1:38 A, Br—D—Br, 3-91 A, Br—Br—Br, 91°. As the temperature 

93-5°K is approached there is a continuous change to the partially disordered 
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(a) (b) 

@ alternative positions of D atoms in 

© disordered molecules at c=0 or } 

FIG. 8.4. (a) The structure of crystalline DC] at 77-4°K.(b) The structure of crystalline DBr at 
107°K. Small circles represent D and large circles Cl or Br. 

structure of Fig. 8.4(b) in which there are two equilibrium orientations for each 
molecule. In contrast to the sudden loss of order in DCI this change in DBr is 
spread over some 20°K. At the higher X transition there is presumably a gradual 
change from this disordered orthorhombic structure to a structure with the 12-fold 
orientational disorder of high-DCl. The behaviour of HCl is even more complex, this 
compound exhibiting three A-type transitions. Details of the behaviour of HI are 
not yet available. (The presence of cyclic dimers in HCl condensed in solid Xe 
has been deduced from the ir. spectrum, but their structure has not been 

determined.) 

Normal fluorides 

Ammonium fluoride, NH4F, crystallizes with a structure different from those of the 

other ammonium (and alkali) halides. The chloride, bromide, and iodide have the 

CsCl structure at temperatures below 184°3°, 137:8°, and —17-6°C respectively, 

and the NaCl structure at temperatures above these transition points, but NH4F 

crystallizes with the wurtzite structure, in which each N atom forms N-H—F bonds 

of length 2:71 A) to its four neighbours arranged tetrahedrally around it. This is 

essentially the same structure as that of ordinary ice. 

Hydrazinium difluoride, N,H,¢F,, provides a very interesting example of a 

crystal in which the structural units are linked by hydrogen bonds (N—H—P) into 

layers.(2) The structural units are N,H2* and F™ ions. In the N,H2* ion the N-N 

bond length is 1-42 A and the N-N—H bond angles 110°. Viewed along its axis the 

ion has the configuration shown at the right. 

The position of the H atom along the hydrogen bond has been studied by p.m.r.:) 

Nao ee F 
1:08 A 1:54A 
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Each hydrazinium ion forms six octahedral N-H—F bonds and every F ion forms 

three such bonds (to different N,H%* ions) arranged pyramidally. This is exactly 

the same bond arrangement as in the CdCl, or Cdl, structures. In NzH¢F, the 

halogen atoms are not close-packed as in CdCl, or CdI,. The layers have a very 

open structure (F—F = 4-43 A) owing to the directed N-H—F bonds (2-62 A, 

compare 2:68 A in NH4F and 2-76 A in NH4HF,). The mode of packing of the 
layers on one another is geometrically similar to that in the dihalides with layer 

structures. In these a halogen atom of one layer rests on three of the layer below, 

so that throughout the structure the halogen atoms are close-packed. In N,H¢F, 

the layers are superposed in a similar way, but owing to the large separation of F 

atoms in a layer, a F atom of one layer (shown as a large open circle in Fig. 8.5) 

drops between the three F atoms of the next layer and comes in contact with a N 

atom (and/or its three associated H atoms). This interlayer F—N distance is 2-80 A, 

(a) (b) 

FIG. 8.5. The structure of hydrazinium fluoride N2H6F2 (after Kronberg and Harker): (a) Plan 
of one layer. The lower N atoms of each N>H2* ion (shaded) are slightly displaced. The open 
circles, full and dotted lines, represent F~ ions respectively above and below the plane of the 
paper. All lines are N-H—F bonds. (b) Elevation, showing the packing of the layers. The broken 

line is the trace of the plane of the paper in (a). 

and the F—F, 3-38 A. It is estimated that the change on the N,N?* ion is about 
equally distributed over all the atoms, giving a charge of +4 on each. The interlayer 
bonds are therefore weak ionic bonds between F~ ions and N (and/or H) atoms of 
adjacent layers. The weakness of these bonds accounts for the very good cleavage 
parallel to the layers. 

Just as NH4F and NH,Cl have different structures owing to the fact that F 
but not Cl can form strong hydrogen bonds, so the corresponding chloride, 
NjH¢Cly, has a different type of structure from N,H6F. It forms a somewhat 
deformed fluorite structure in which each N,H@* ion is surrounded by 8 Cl” and 
each Cl” by 4 NH2?* ions.{4) 

Bifluorides (acid fluorides), MHF , 
The crystal structures of the bifluorides MHF, of the alkali metals, NH4, and TI) 
are Closely related to the NaCl and CsCI structures, while the structure cf NH,HF, 
differs in an interesting way from that of the ordinary form of KHF, owing to the 
formation of N-H—F bonds in the ammonium salt. 
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All (iE) (F—H-F) ‘ions in 4 orientations 
ions parallel parallel to the body-diagonals of 

the cube 

pyrites structure 

NaHF, < NaCl structure 

(rhombohedral) — 

The crystal structures of bifluorides MHF, are as follows: 

TIHF, 

random pyrites high-temperature forms of 

structure KHF, and RbHF, 

M=Li rhombohedral NaHF, structure?) 
Na rhombohedral (p. 198)? 

(c) K low temperature, tetragonal superstructure of CsCl type (a) AC 1962 15 286 

high (above 196 C), cubic (random pyrites) (b) JCP 1963 39 2677; (n.d.) 
Rb _low, tetragonal KHF, structure? yi ee 40 402 (n.d.) 

; : : 1956 78 4256 
high, cubic ondom pyrites) (e) AC 1960 13 113 

Cs low, tetragonal (f) ZaC 1930 191 36 

high, cubic (random CsCl, F—H—F along cube edges) 

NH, Fig. 8.6 (a) 
TI(1) _ pyrites structure“ (no transition to lower symmetry). 

The structure of the ordinary (tetragonal) form of KHF, is illustrated in Fig. 

8.6(b). Potassium and ammonium salts are often isostructural, the K* and NH} ions 

having very similar sizes. The structures of KHF, and NH,HF, are both 

superstructures of the CsCl type, but the HF, ions are oriented differently in the 

two structures (Fig. 8.6). In KHF, each K* ion is surrounded by eight equidistant 

F~ neighbours, but in NH,HF, the NH4 ion has only four nearest F- neighbours 

(at 2°80 A) and four at greater distances (3-02 and 3-40 A). The breakdown of the 

coordination group of eight into two sets of four is to be attributed to the 

formation of N-H—F bonds. 

(b) 

FIG. 8.6. The crystal structures of (a) NH4HF and (b) KHF 2. Hydrogen atoms are not shown. 

The small circles represent fluorine atoms, joined in pairs by F—H—F bonds. 
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The F—H_F distance, 2:27 A, may be compared with H—F, 0-92 A, in the HF 

molecule. 

Other fluorides MHy,F +1 

In addition to KHF, at least four other ‘acid’ fluorides of potassium have been 

prepared, namely, KH,F3, KH3F4, KH4Fs, and K,HsF7. An X-ray study of 

KH,F3“) shows that the anion has the structure (a) with F—-H-F slightly 

larger than in (F—H—F) and a bond angle of 135° as compared with 120° in solid 

HF. In KH,4F, there are (H4F,)~ ions consisting of a tetrahedral group (b) of four 

F atoms surrounding a central one, with F—H—F, 2°45 A.) 

Other ions (X-H—X) and (H,0—H—OH,)* 

We have already noted in our discussion of the hydrogen bond the formation of 

ions of this general type in salts KH(RCOO),, and we shall meet the ion 

[H(CO3),]~ in the later section on the structures of acid salts. With the exception 

of the stable bifluoride ion, which we have discussed, ions of this type, where X is 

Cl, Br, I, NCS, or NO3, are stable only in the presence of large cations as in the salt 

(P(C6Hs)4](NO3. H.NO3).? Salts such as [N(CH3)4] HCl,, [N(C2Hs)4] HBro, 
and [N(C4Ho)4] HI, are stable at room temperature, but all tend to lose HX rather 

readily and some are very unstable towards moisture and oxygen. The salt CsHCl, 

has been prepared but it is stable only at very low temperatures or under high HCl 

pressure, and salts prepared at room temperature from saturated aqueous CsCl and 

HCl are not CsHCl, as originally thought. One is probably CsCl . 3 (H30C1),) and 

another is CsCl. 4 (H30*. HCl). An X-ray study of the latter,@) and of the 
isostructural bromide, shows pyramidal hydronium ions and linear ions (CI-H—Cl) © 

or (Br—H—Br) , of overall length 3-14 A and 3-35 A respectively, but a n.d. study 
is required to locate the H atoms. Infrared and Raman studies of salts of ions such 

as (CI-H—Cl) suggest that their structures are very sensitive to their environment, 

and a final statement cannot yet be made on the structures of these ions.{*) 

The existence of the ion (H,O.H.OH,)* has been suggested in salts such as 

[Co(en),Br,]HBr,.2H,0,©) and it certainly seems to exist in 
ZnCl,.4 HCl. HO, which is (Zn,Cl;) (H,O3)* (see p. 565); the O—O distance is 
reported as 2°35 A. The (H50,)* ion may also exist in ZnCl, . HCl . 2 H,0. 

Acids and acid salts 

Acids 

For a discussion of their structures it is convenient to group the inorganic acids into 
the following classes: 

(a) Acids H,,X,. The most important of these (hydrogen halides and H,S) are 
gases at ordinary temperatures and others are liquids (HN3, H,S,, H,0,). The 
structures of the halogen acids HX and also HS have already been noted; the 
structures of other acids in this class are described under the chemistry of the 
appropriate element X. 
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(b) Polynuclear oxy-acids containing two or more directly bonded X atoms are 

few in number. They include HyN20, H4P20g (both crystalline solids), and the 

polythionic acids HS,O¢ (n = 3-6), which are known only in aqueous solution. 

There are other oxy-ions of this type (e.g. S,04~ and $027) but we restrict our 

examples here to cases in which the free acid can be isolated. 

(c) Per-acids. These contain the system O—O and are described after hydrogen 

peroxide in Chapter 11. (The description of certain ortho-acids as per-acids is 

regrettable but firmly established, for example, perchloric acid, HClO,4, and 

permanganic acid, HMnO,.) 

(d) Oxy-acids H,, XO,. This large group contains all the simple oxy-acids. The 

molecule in the vapour or in the crystalline acid consists of a single X atom bonded 

to a number of O atoms, to one or more of which H atoms are bonded. In aqueous 

solution and in crystalline salts some or all of the H atoms are removed, leaving the 

oxy-ion. When discussing the structures of the crystalline acids it is convenient to 

distinguish as a subgroup the hydroxy-acids X(OH), and to describe them under 

hydroxides (Chapter 14); examples include the crystalline H3BO3 and He TeO,— 

note that H3PO3 is not of this type. Inasmuch as all the H atoms of an oxy-acid 

H,, XO, (other than certain acids of P where some H are directly bonded to P) are 

associated with O atoms to form OH groups (i.e. XO,,_ »,(OH),, ) these compounds 

are formally analogous to the oxyhydroxides of metals described in Chapter 14. 

The structural difference lies in the fact that the non-metal compounds form finite 

molecules in contrast to the infinite systems of metal atoms linked through 

M—O—M bonds in the metal oxyhydroxides. 

Some oxy-acids are liquids at ordinary temperatures (HNO3, H,SO,4, HC1O,), 

many are solids (H3PO,, H3P03, H3PO04, H,Se03, H,SeO,, HIO3, HIO,, and 

H,JO,), and a further set of less stable acids are known only in aqueous solution 

(H,CO3, HNO, H,SO3, HFO, HCIO, HBrO, HIO, HClO, HCIO3, HBrO3). Re- 

placement of OH in certain oxy-acids gives substituted acids such as HSO3F and 

HSO3NH) >. 

(e) Pyro- and meta-acids. Complex oxy-ions formed from two or more XO, 

groups sharing O atoms are numerous. Ions formed in this way from two ortho-ions 

are termed pyro-ions, and a few more complex ions of the same general type are 

known (for example, PsOpntSs0 ioe P,0$ 3). The sharing of two O atoms of every 

XO,, group leads to either cyclic or infinite linear meta-ions. Among the relatively 

few acids of this class which can be obtained as pure crystalline solids are metaboric 

acid, HBO, (three polymorphs) and H,S,07; HPO3 and H4P 07, tend to form 

glasses. Of this same general type are the much more complex iso- and 

hetero-polyacids formed by metals such as Mo and W; they are described in Chapter 

Li: 

Some of the inorganic acids, for example sulphuric acid, were among the 

compounds known to the earliest chemists, but comparatively little is known even 

today of the structures of the inorganic acids as a class. This is largely due to the 

facts that many are liquids at ordinary temperatures or are too unstable to be 

isolated. However, the extension of X-ray crystallographic studies to lower 

temperatures has made possible the determination of the structures of a number of 
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acids and their hydrates which are liquid at room temperature (for example, 

sulphuric acid, nitric acid and its hydrates). The spectroscopy of molecules trapped 

in inert matrices at low temperatures offers a means of studying the structures of 

acids which are too unstable to isolate under ordinary conditions (for example, 

HNO,, p. 657). We deal in this chapter only with crystalline anhydrous acids; the 

hydrates of acids are discussed with other hydrates in Chapter 15. The structures of 

acids such as HS, HN3, HNO3, HNCS, and HNCO, which have been studied in the 

vapour state, are described in other chapters. 

Acid salts 

These are crystalline compounds intermediate in composition between the acid and 

a normal salt in which there is a system of hydrogen-bonded anions, these ions 

being either simple (F ) or complex (XO,). Apart from salts containing ions 

(X—H—X)™ and the more complex ions formed by F which have already been 

discussed, anhydrous acid salts are formed only by oxy-acids. In a hydrated acid 

salt water molecules are incorporated between the hydrogen-bonded anion 

complexes, and their presence does not, as far as is known, affect the basic principle 

underlying the structures of these salts, namely, that the H atoms are associated 

exclusively with the oxy-ions to form the complex acid-salt anion. Since a 

crystalline oxy-acid also consists of an array of hydrogen-bonded oxy-ions the 

structural possibilities are exactly the same for the acid as for an acid-salt anion 

H,(XO,), having the same H: XO, ratio. (In the acid salt the cations are 

accommodated between the hydrogen-bonded anions.) 

The structures of acid salts and crystalline oxy-acids 

The connectedness of the system of hydrogen-bonded anions in a crystalline 

oxy-acid or an acid salt is clearly twice the H : XO,, ratio since each hydrogen bond 

connects two O atoms of different anions. Therefore the same topological 

possibilities are presented by pairs of compounds such as a substituted phosphoric 

acid H(PO,R,) and an acid salt KHSO, or by sulphamic acid, which behaves as 

SO3NH3, and (NH4).H310¢. For the first pair of compounds there is a ratio of 
one H to one anion, so that only cyclic systems or infinite chains are possible. For 
the second pair the ratio is 3: 1, and with six hydrogen bonds from each anion to 
its neighbours the possible structures for the hydrogen-bonded system are 2- and 
3-dimensional 6-connected nets. 

The possible types of hydrogen-bonded anion complex are set out in Table 8.5, 
arranged in order of increasing H: XO,, ratio. 

(a) H: XO, ratio 1: 2. The only possibility is the linking of the XO,, ions in 
pairs as in sodium sesquicarbonate, Na3H(CO3),. 2 H,O (Fig. 8.7). Short O-H—O 
bonds (2:53 A) link the carbonate ions in pairs and longer hydrogen bonds (2:75 A) 
link these pairs to water molecules. The pairs of hydrogen-bonded anions in salts 
such as potassium hydrogen phenylacetate have already been mentioned in our 
discussion of the hydrogen bond. 
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TABLED 8:5 
Hydrogen-bonded anion complexes in acid salts and crystalline oxy-acids 

ie XO, Number of Type of Examples 
ratio O—H—O bonds Hx (XOpn) y an 

from each anion complex Acid salts Acids 

(a) {20 1 Dimer Na3H(CO3)2.2 H,0 () 
KH(C6HsCH2 COO), (2) 

(b) 253 1 and 2 Trimer NH4H>(NO3)3(3) 

(c) ie a1 2 Cyclic dimer | KHSOq,(44 H[PO2(OCH3C6Hs)] “) 
KHCO3,(5) 
SnHPO4(46) 

1-dimensional NaHCo3®) a-HIO3 © 3) 

H[SeO2(CeHs)] 4) 
(CH3)2PO . OHUS) 
HPO (OCgH4Cl)216) 

(d@) 3:2 3 l-dimensional —LiH3 (SeO3)2 7) 
2-dimensional NaH3(SeO3),(®) 

(e) D4 4 l-dimensional (NH4)2H P06 9) (¢-oxalic acid) 
2-dimensional H2Se03 (17) 

H,S04(18) 
Hy Se04(19) 
(a-oxalic acid) 

3-dimensional KH,PO,(° 

(f) Brel 6 2-dimensional H3P0q (2) 
3-dimensional (NH4)2H310,¢() -o38 . NH3@) 

(1) AC 1956 9 82 (n.d.); AC 1962 15 1310 (p.m.r.). (2) AC 1968 B24 323. (3) AC 1950 3 305. 
(4a) AC 1958 11 349; (4b) AC 1971 B27 1092. (5) AC 1968 B24 478. (6) AC 1965 18 818. 
(7) PR 1960 119 1252. (8) AC 1968 B24 1237. (9) AC 1964 17 1352. (10) PRS 1955 A230 
359. (11) JACS 1937 59 2036. (12) AC 1956 9 327. (13) AC 1949 2 128. (14) AC 1954 7 833. 
(1S) AC 1967 22 678. (16) AC 1964 17 1097. (17) JCS 1949 1282. (18) AC 1965 18 827. (19) 
JCS 1951 968. (20) ACSe 1955 9 1557; 21) AE 1960113 320. 

(b) H: XO, ratio 2 : 3. This leads to a hybrid system in which all the XO,, ions 
are not equivalent, unlike all the other cases in Table 8.5. It is included because an 

example is found in NH4H,(NO3)3, an acid salt in which the nitrate ions are 

joined into linear groups of three by hydrogen bonds. 

(c) H: XO, ratio 1: 1. Here the XO,, ions may be linked into cyclic systems or 

infinite chains. Both these possibilities are realized in KHSOq, in crystals of which 

one-half of the sulphate ions form the simplest type of cyclic system, the dimer of 

type (i), below, and the remainder form chains, (ii). The length of all the O-H—O 

bonds is close to 2:67 A. Dimers of type (i) also occur in SnHPO,. 

In the bicarbonate ion in NaHCO; there are infinite chains of composition HCO3 

which are held together laterally by the Na* ions. The H atoms have been located; 

the O—H—O bonds are unsymmetrical, showing that the linear anion is an assembly 

of HCO; ions as shown at (iii). 
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Acids also provide examples of hydrogen bonding schemes of the same kinds. In 

a-HIO; the scheme is essentially similar to that in NaHCO3. The distances between 

O atoms of different IO3 ions were originally interpreted in terms of ‘bifurcated’ 

hydrogen bonds. However, it appears that each I has, in addition to its three nearest 

O neighbours in an IO3 ion, three next-nearest neighbours at distances 

considerably less than to be expected for van der Waals bonds. These latter three 

I_O bonds are shown (for one iodine atom) as dotted lines in Fig. 8.8. This suggests 

that I is forming three weaker bonds as well as three strong bonds. If we disregard 

those short ‘intermolecular’ O—O distances which are edges of the distorted 

octahedral IO, coordination groups, then each IO3 group is joined to its neighbours 

by only two O—H—O bonds forming chains, as in the bicarbonate ion. A neutron 

diffraction study confirms that the O-H—O bonds (length 2-68 A) are normal 

straight hydrogen bonds. 

Disubstituted phosphoric acids, HPO,(OR),, provide examples of both dimers 

and chains exactly comparable with the two types of HSOgq ions, and infinite chains 

also occur in crystalline benzene seleninic acid. The dimer in dibenzylphosphoric 

FIG. 8.8. The crystal structure of 

a-iodic acid shown as a system of 

linked IOg octahedra, or I03 
groups (shaded) joined by normal 
hydrogen bonds (broken lines). 

The smaller circles represent I 
atoms. 
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acid, HPO.(OCH,C,Hs)z, is shown at (iv) and the chain in HSeO.(C¢Hs) at (v). A 
very similar chain is found in dimethylphosphinic acid, (CH3)2PO(OH); the chain 
in HPO.(OC.H4Cl). has been noted earlier. This class also includes carboxylic 

(iv) 

S ‘ 
or aoe 171A Pre 1:765A 

4 SS PG IN ny os 
iS ya 11 103:5° oy 

O ‘oO O 
99° tse4 oy: Nee7 
oC O 1:90 A 

(v) 

acids, in which the ratio of H atoms to R. COO is necessarily unity. The dimers 
present in the vapours and crystals of these compounds are of the same general type 
as the (HSO,4 ), dimer shown at (i). 

(d) H: XO,, ratio 3 : 2. There are now three hydrogen bonds from each oxy-ion, 

giving some interesting types of structure intermediate between those in classes (c) 

and (e). One is the chain (vi) defined by the short O-H—O bonds (2:55 A) in 

O---H---O\ 
NOH O7 Sem Olas Se—0---H---0-Se(0 ON 

O---H---07 
(vi) 

LiH3(SeO3),, in which each SeO3 unit is bonded to two others. If each anion is 

hydrogen-bonded to three others the topological possibilities are similar to those 

for a compound A,X3. In NaH3(SeO3), each SeO3 group is hydrogen-bonded to 

three others, and they form the simplest 3-connected plane (6-gon) net, as in one 

form of As,03. 

(e) H: XO, ratio 2: 1. This ratio implies that four hydrogen bonds link each 

oxy-ion to its neighbours. We therefore have the possibility of all types of 

hydrogen-bonded complex, from finite to 3-dimensional, as in class (d). Acid salts 

provide examples of 1- and 3-dimensional complexes, but layer structures do not 

appear to be known in this class. In (NH4)2H P20. short O-H—O bonds (2:53 A) 

link the anions into chains (Fig. 8.9) which are then further linked into a 3D 

framework by N—H—O bonds. In Chapter 3, in our discussion of the diamond 
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structure, we noted that the anion in KH,PO, is a 3D array of hydrogen-bonded 

PO,(OH), ions (Fig. 8.10). 

Inorganic acids provide a number of examples of layer structures. The layers in 

H,SeO3, H,SeO,4, and H,SOy, are all of the same topological type, being based on 

the simplest 4-connected plane net, but whereas in acids H,XO,q (Fig. 8.11(a)) 

Oxygen 
atoms and 
hydrogen 
bonds at 
heights 

FIG. 8.10. Part of the structure of KH PO, projected on to the basal plane (K* ions omitted). 
The broken lines represent hydrogen bonds which link the PO, tetrahedra into an infinite 

3-dimensional network. 

(a) (b) 

FIG. 8.11. Hydrogen bonding schemes in layers of (a) crystalline H2SOq, (b) orthorhombic H2SeQ3 (diagrammatic). Broken lines indicate O-H—O bonds. 
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there is one hydrogen bond from each O atom, in H,SeO3 (with a smaller number 
of O atoms) there are two hydrogen bonds from one O and one from each of the 
others (Fig. 8.11(b)). This illustrates the point that while the H : XO, ratio in these 
crystals determines the general type of structure it is necessary to take account of 
the nature of the XO,, group if the structure is to be discussed in more detail. 

Oxalic acid (COOH),, has two polymorphs, one of which has a layer structure 
and the other a chain structure: 

a-oxalic acid =--H—-Ov ie wae 

C 
ee ne a On OSH 

a C S H—-O OF HO’ /O 
C=C 

sway \NO=H 

B-oxalic acid 

OS ROS /O-H-- 

-"H-O7 \O--H-O~ = O--- 

(f) H: XO, ratio 3:1. Crystalline H3PO,4 has a layer structure. Within each 

layer each PO(OH)3 molecule is linked to six others by hydrogen bonds which are 
of two lengths. Those between O and OH are short (2:53 A) while those between 

OH groups of different molecules are longer (2-84 A), as shown in Fig. 8.12. The 

salt (NH4)2H3I0, is built of a 3D framework anion in which each molecule is 

hydrogen-bonded to six others, and the cations are accommodated in the interstices. 

Sulphamic acid, which apparently behaves as a zwitterion, 03S .NH3, in the 

crystal, is an example of an acid in which each unit is hydrogen-bonded to 

six others. 

As already noted, the structures of hydroxy-acids, which include B(OH) 3 and 

Te(OH)., are described in Chapter 14 with hydroxides, to which they are more 

closely related structurally, the molecules being linked by long O-H—O bonds (two 

from each OH) as in many organic hydroxy-compounds. One form of metaboric 

acid, consisting of cyclic B303(OH)3 molecules, is also of this type, for the three O 

atoms in the ring are not involved in hydrogen bonding. 

We have confined our attention here to the structures of crystalline oxy-acids 

and ‘acid salts’, but other types of compound present similar possibilities as regards 

hydrogen bond systems. Two of the examples of Table 8.5 illustrate 3D systems of 

hydrogen-bonded ions, forming the simplest 4- and 6-connected nets. The 

‘hydrous oxides’ of Sn and Pb extend the series with an example of a 3D system 

based on the 8-connected body-centred net: 

3D Net 

(H2PO4) Diamond 

(Halo. aun Simple cubic 
Sng O04 (OH)4 Body-centred net 
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COMPOUNDS OF THE NOBLE GASES 

The existence of dimeric noble gas ions was first demonstrated in 1936 in the mass 

spectrometer, and there have been numerous later studies; they are formed by 

collisions involving an excited atom and a neutral atom (X* + X > X35 +e). Other 

unstable species have been shown to exist in discharge tubes, for example, ArO, 

KrO, XeO (band spectrum), XeClq in decay of 1297 to 129Xe (Mossbauer effect), 

and XeF in a y-irradiated crystal of XeF, (e.s.r.). Stable compounds are formed 

only with the most electronegative elements, F and O, and those of Xe are the most 

numerous. The first was prepared in 1962, the orange-yellow XePtF, formed 

directly from Xe and gaseous PtF, at room temperature. Krypton compounds 

include the crystalline KrF,, which forms linear molecules, and an addition 

compound with 2 SbF; the preparation of KrF4 has been described, but this 

compound does not seem to have been well characterized and its structure is not 

known. 

We shall set out here the structures of the compounds of Xe without enlarging 

on their stereochemistry. The close analogy with the structural chemistry of iodine 

will be evident, for the bond arrangements are for the most part consistent with the 

simple view of the stereochemistry of non-transition elements set out in Chapter 7. 

It will be equally evident that the difficulties encountered with certain valence 

groups in connection with the stereochemistries of Sb, Te, and I are also 

encountered here. 

Fluorides of xenon 

These are prepared by direct combination of the elements under various conditions. 

They include the simple fluorides XeF,, XeF4, and XeF¢, which are all colourless 

crystalline solids with m.p. 140°, 114°, and 46°C respectively. There is no reliable 
evidence for an octafluoride, but there is a molecular compound XeF, . XeF4. The 

fluorides form numerous adducts with other halides, for example, 

XeF, : AsFs, 2 XeF, . AsFs 

XeF, . ME;, XeF, sae? MF.z, and XeF¢ ; MF, (M a Bin Ir, etc.) 

which form because the pentafluorides can abstract one F atom from the Xe 

fluoride to form cations as shown in the structural formulae: 

(XeF)*(M2F 41), (Xe2F3)*(AsFe) , (XeFs)(PtF¢) . 

(On the formulation of the (XeF)* ion, see later.) Complex halides formed by 
XeF¢ include RbXeF,, Rb, XeFg, and the corresponding Cs salts. 

The structures of the XeF, and XeFy4 molecules are similar to those of the 
corresponding halogen ions ICly and IClg, namely, linear and square planar. In 
XeF,.XeFq4 there are equal numbers of molecules of the two fluorides with 
structures the same as in the individual compounds. The same linear configuration 
for XeF, is found in XeF,.IFs5, the shape of the IF; molecule being square 
pyramidal with I-F, 1-88 A and bond angle to the axial I atom, 81°. 

In contrast to XeF, and XeF, the hexafluoride has presented great difficulty. 
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The latest e.d. data are not consistent with a regular octahedral structure or with 
the pentagonal bipyramidal model to be expected for a 14-electron valence group. 
It has been suggested that an irregular octahedral model with large amplitudes of 
the bending vibrations and mean length of the (non-equivalent) bonds 1-89 A is 
consistent with the data. 

There are four crystalline forms of XeF¢, those formed at lower temperatures 

having increasingly complex structures, none of which contains discrete XeF, 

molecules: 

Iv ——— (—180°) ——— Ill ———— —25° ———— II ———-+10°C I 

cubic monoclinic orthorhombic monoclinic 

Z 144 64 16 8 

All the forms I, II, and III consist of tetramers. The change from I to II involves a 

gross rearrangement of one-half of the tetramers, while the change from II to III 

consists only in the ordering of the right- and left-handed forms of the tetramer. In 

the more complex cubic form IV there are two kinds of polymeric unit, both 

formed from F ions and square pyramidal XeF ions which are linked through the 

F™ ions by weaker Xe—F bonds into cyclic tetramers and hexamers, these 

numbering respectively 24 and 8 per unit cell. In the tetramer (Fig. 8.13(a)) each 

F” forms an unsymmetrical bridge between two Xe atoms, and therefore each Xe 

has two additional neighbours, but in the hexamer (Fig. 8.13(b)) each F” bridges 

(symmetrically) three Xe atoms. The environments of Xe are therefore as shown in 

Fig. 8.13(c) and (d): 

Tetramer Hexamer 

5F184A 1F1-76A 
SS 4F 1-92 

Xe F 2-23 Xe eae Enea 

F 2-60 3 F 2-56 

Fluoro-ions 

The structures of the adducts which can be formulated as salts containing the 

(XeF)* ion suggest that this is an over-simplification. In the compounds 

XeF,. RuF,, XeF,. 2 SbF;, and FXeOSO,F Xe(11) forms two collinear bonds, one 

Xe—F being appreciably shorter than in XeF, (2-0 A) and the other bond (Xe—F or 
Xe—O) much longer: 

F2xXe2FRuF; 1-88 A 2-19 A 
F—Xe—FSb>F 19 1-84 2.35 
F—Xe—OSO7F 1-94 2-16 (Xe—O) 

As in the case of other noble gas compounds alternative descriptions of the bonding 

in these compounds can be given (see Table 8.6 for references). 
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FIG. 8.13. Structure of crystalline XeF¢ (see text). 

The existence of cations Xe,F3 and XeF¢ has been confirmed by structural 

studies. The compound with the empirical formula 2 XeF,. AsF; contains planar 

ions (Fig. 8.14(a)) similar in shape to (H,F3) , in which the bond angle is 1359 

and I;, bond angle 95°. This is therefore an ionic compound (Xe7F3)(AsF 6). 

The salt (XeF)(PtF,) is made by the action of fluorine under pressure at 200°C 

on a mixture of Xe and PtFs,. It is an assembly of octahedral PtF¢ ions (mean 

Pt—F, 1-89 A) and square pyramidal XeF? ions (Fig. 8.14(b)) in which the mean 

Xe—F bond length is 1-85 A. The Xe atom is 0:34 A below the base of the pyramid, 

and the next nearest neighbours of Xe are F atoms at 2°52, 2:65, and 2:95 A (two). 

The anion XeFZ~ in (NO)3(XeFs)*~, formed from 2 NOF and XeF¢, has the 

form of a very slightly deformed square antiprism. The mean values of the two sets 

of Xe—F distances to the F atoms at the vertices of the two square faces are: 

Xe—4 F, 1:96 A, Xe—4 F, 2:08 A. 
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(a) Xe, F; (b) XeF,* (c) XeO,F, 

FIG. 8.14. Structures of compounds of xenon: (a) Xe F3, (b) XeFs, (c) XeO2 Fo, (d) XeO3F . 

Oxides and oxy-ions 

The trioxide forms colourless crystals which are stable in dry air but deliquesce in 
moist air and are highly explosive. The crystal structure is similar to that of a-HIO3 
(XeO3 is isoelectronic with I03) except, of course, that there is no hydrogen 
bonding: 

M—O O—M—O (mean) 

XeO3 1-764 103° 
103 1-82 OP 

The tetroxide is made by the action of H,SO,4 on the perxenate, NagXeOg. In 

the vapour state it forms a regular tetrahedral molecule, the Ke—O bond length 

(1:74 A) being intermediate between the values found in XeO3 (1:76 A) and 
XeOF, (1:70 A). 

Xenates (containing Xe!) and perxenates (containing XeY") have been 

prepared. For example, CsHXeO, has been made from XeOQ3 and CsOH in the 

presence of F~ ion, and hydrated salts containing the XeO?~ ion from XeF¢ and 

alkali hydroxides. The perxenate ion, of special interest because of the high 

oxidation state of Xe, forms a regular octahedron (Xe—O, 1-86 A) in 

Na, XeO.,. 6 H,O and 8 H20 and in K4XeO¢. 9 H20. 

Oxyfluorides and KXeO3F 

Two oxyfluorides are known. XeOF,, a colourless liquid prepared from XeO3 and 

XeF,, shows a resemblance to halogen fluorides in forming compounds such as 

CsF . XeOFy4 and XeOF,. 2 SbF,. A microwave study indicates a square pyramidal 

configuration with Xe approximately in the basal plane, that is, essentially the same 

structure as XeF., one F being replaced by O. 

The action of XeO3 on XeOF, produces XeO,F,. Its molecular structure 

resembles that of IO,F3, that is, a trigonal bipyramid with a lone pair occupying 

one equatorial bond position (or the linear XeF, molecule plus two equatorial O 

atoms (Fig. 8.14(c)); bond angles are: O—Xe—O, 105:7°, F—Xe—F, 174-7°. Two 
weak additional equatorial bonds (Xe—O, 2:81 A) from each Xe lead to a pro- 

nounced pseudo-octahedral layer of the SnF4 type. 

Closely related to these oxyfluorides is the salt KXeO3F, which is prepared 
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directly from CsF and XeQ3 in solution. In crystals of this compound there are 

pyramidal XeO units with the same structure as the molecule of XeO3 itself: 

(compare 103 1-82 

These XeO3 units are joined through bridging F atoms to form infinite chains of 

composition XeO3F (Fig. 8.14(d)). The Xe—F bonds are of two lengths, 2:36 and 

TABLE 8.6 

Structures of noble gas compounds 

Configuration xXe—H xXe—O Reference 

XeF, Linear 1:98 A TEER GOS IED 355 1Gis) 
2:00 JACS 1963 85 241 (cryst.) 

XeF4 Square planar 1-95 NGC p. 238 (e.d.)* 
1-93 Sc 1963 139 1208 (n.d.) 

XeF¢ Distorted octahedral 1-89 (mean) JCP 1968 48 2460, 2466 

(vapour) ‘ 
Sc 1970 168 248 

Crystal (see text) Sc 1971 171 485 

XeF,. XeFy See text: XeF 2-01 AC 1965 1811 
XeF4 1-96 

XeF, .1Fs 2-02 IC 1970 9 2264 
Xe2F3 1-90 CC 1968 1048 

2-14 
XeFs 1-85 (mean) JCS A 1967 1190 
XeF3~ Square antiprism 1-96, 2-08 Sco 7i 173238 
FXeFSb2F,9 | Linear Xe bonds 1-84 — CG1969562 

2-35 
FXeFRuFs Linear Xe bonds 1-88 - 

2-19 TGs 72 4 
FXeOSO2F Linear Xe bonds 1-94 2-16 

XeOF, Square pyramid 1-90 170A JMS 1968 26 410 

XeO2F 2 Trigonal bipyramidal 1-90 1-71 JCP 1973 59 453 (n.d.) 
XeO3 Pyramidal 1-76 JACS 1963 85 817 
XeO, Tetrahedral 1-736 JCP 1970 52 812 e.d.) 
KXeO3F 2-36 1-77 IC 1969 8 326 

2-48 
xeOge Octahedral 1-86 IC 1964 3 1412, 1417 

JACS 1964 86 3569 
XeCly Linear IC 1967 6 1758 (i-r.) 

Kr—F 
KrF, Linear 1-87 JACS 1968 90 5690 (.r.) 

1-89 JACS 1967 89 6466 (e.d.) 

* NGC: Noble Gas Compounds, H. H. Hyman, Ed., University of Chicago Press, 1963. For refer- 
ences to earlier work see also: Sc 1964 145 773. For discussions of the bonding in noble gas 
compounds see JCS 1964 1442, and IC 1972 11 1124. 
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2-48 A, appreciably longer than in XeF4 or XeF¢ (1:95-2:0 A) but much shorter 

than would be expected for ionic or van der Waals contacts (of the order of 3-5 A). 

The five bonds from Xe, three normal Xe—O bonds and two weak Xe—F bonds, are 

directed towards five of the vertices of an octahedron. 

Structural details for the noble gas compounds and references to the literature 

are given in Table 8.6. 

325 



9 
8 ee eee 

(1) AC 1963 16 185 

The Halogens—Simple Halides 

Introduction 

In every Periodic family the availability of only four orbitals differentiates the first 

member from the later ones which can make use of d in addition to s and p orbitals. 

We therefore find important differences between the first and later elements. In 

addition there are marked differences between iodine on the one hand and bromine 

and chlorine on the other; there is indeed little chemical similarity between the 

extreme members of this family, fluorine and iodine. 

The first outstanding characteristic of fluorine is its extraordinary chemical 

reactivity. It combines directly with all non-metals except N and the noble gases 

(other than Kr and Xe) and with all metals. Moreover the product is (or includes) 

the highest fluoride of the element. For example, AgCl > AgF,, CoCl, > CoF3, 

and the platinum metals yield their highest known fluorides, RuFs, OsF¢, IrF¢, 

and PtF,. Many elements, particularly non-metals, exhibit higher oxidation states in 

their fluorides than in their other halides—compare AsFs, SF.¢, IF7, and OsF¢ 

(earlier described as OsFg) with the highest chlorides, AsCl3, SCl4, ICl3, and OsCl4. 

Fluorine seldom forms more than one essentially covalent bond—see, for 

example, the interhalogen compounds and polyhalides—though two collinear bonds 

(with appreciable ionic character) are formed in crystalline compounds MF3, MF., 

etc. (see later) and in the ion (C,H, )3 Al—F—AI(C2Hs)3, which has been studied in 
the K salt.) Chlorine and bromine form up to four bonds to oxygen and exceed 

this number only in combination with fluorine (CIF,, BrF;, and BrF¢), while 

iodine is 6-covalent in some oxy-compounds and also forms a heptafluoride. An ion 

X3 is not formed by fluorine, and is most stable in the case of 13. Another feature 

of fluorine is its small affinity for oxygen, a characteristic also of bromine and 

incidentally of Se, the element preceding Br in the Periodic Table. 

Fluorine is the most electronegative of all the elements, so that the bonds it 

forms with most other elements have considerable ionic character. With the 

exception of the alkali halides most crystalline fluorides have structures different 

from those of the other halides of the same metal. A number of difluorides and 

dioxides have the same crystal structure, whereas the corresponding dichlorides, 

dibromides, and diiodides have in many cases structures similar to those of 

disulphides, diselenides, and ditellurides. The extreme electronegativity of fluorine 

enables it to form much stronger hydrogen bonds than any other element, resulting 
in the abnormal properties of HF as compared with the other acids HX, the much 
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greater stability of the ion (F—H—F) than of other ions HX3, and structural 
differences between hydrated fluorides and other halides. The structures of the ions 
HX2, H2F3, and H4F; are described in Chapter 8. 

The anomalously low dissociation energy of the F—F bond has usually been 
attributed to the repulsions of the unshared electrons of the two valence shells 
(Table 9.1); the extrapolated value on a 1/R plot, R being the bond length in the 
X—X molecule, gives a value some 226 kJ mol ! higher. It has been pointed out“?? 

that there are similar anomalies in quantities involving only one F atom. For example, 
the plot of electron affinity against ionization potential is linear for I, Br, and Cl 
and would extrapolate to a value 1-14 eV (108-8 kJ mol7') greater than the 
observed value. There are similar anomalies in the dissociation energies of covalent 

molecules such as HX or CH3X or the gaseous alkali-halide molecules in which the 

bonds are ionic bonds. These facts suggest that an abnormally large repulsive force 

is experienced by an electron entering the outer shell wherever it comes from, being 

the same for an electron entering to form an ion as for one which is being shared in 

the formation of a covalent bond. When compared with twice the atomic radius 

(defined as the average radial distance from the nucleus of the outermost p electrons) 

it is seen that the bond in the F, molecule is abnormally long: 

1 pps) om wlbhe I 

2 (atomic radius): 1:14 1:94 2:24 264A 

XX in Xs: 1-43) 1-99) 2-28..2'67,A 

RAIS I ot 

Some properties of the halogens 

Ionic X—X H—X Dissociation Ionization Electron 

radius in X4 in HX energy X—X potential affinity 

(A) (A) (A) (kJ mol~') (eV) (eV) 
1-36 1-43 0-92 154-8 17-42 3-448 

1-81 1-99 1:28 242-7 12-96 3-613 

1-95 2-28 1-41 192-5 11-81 3-363 

2-16 2-66 1:60 150-6 10-45 3-063 

We note later some cations containing exclusively halogen atoms. Iodine also 

forms ions (R—I—R)* in which the groups R are usually aromatic radicals (Ar). The 

halides (Ar—I—Ar)X are not very stable, but the hydroxides are strong bases, 

proving dissociation to (Ar—I—Ar)* ions. These iodonium compounds are the 

analogues of ammonium and sulphonium compounds: 

ORS (Gee ain 

The expected angular shape of (IR,)* has been demonstrated in crystalline 

(CgHs)21*(ICl,), the angle between the iodine bonds in the cation being 94° and 
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I-C, 2:02 A.) Other compounds peculiar to iodine include the iodoso and iodyl 

compounds of general formulae Ar—I=O and Ar—IO, which undergo interesting 

reactions such as 

C,H,10 7 C,H;10, + Ag’ = (CZHaysls oF AglO3. 

Iodine forms a number of so-called salts, IPO4, (CHCl . COO)3 and others of 

unknown constitution which are sometimes regarded as containing I3* ions and 

quoted to illustrate the ‘basic’ properties of iodine. It is, in fact, not certain that 

they are ‘normal’ salts, for the nitrate (prepared by the action of 100 per cent 

HNO; on iodine) is IO(NO3) and not I(NO3)3.0 (Contrast the covalent nitrate of 

fluorine, p. 665.) Both Br and I form nitrato anions which are stable in 

combination with large cations, as in the N(CH3)4 salts of [Br(NO3)2] , 

[I(NO3)2]~, and [I(NO3)4] - (5) On the other hand iodosyl sulphate and selenate 

are both anhydrous compounds with the formulae (I0),SO4 and (10)SeO,.°©) 

Their structures are not known but ir. evidence suggests that they contain some 

polymeric species rather than (10)* ions.(©?) Infrared evidence suggests”) that the 

compound of IO,F and AsF is (10,)*(AsF¢), and iodyl fluorosulphate has been 

prepared as a hygroscopic powder stable up to 100°C, but the structure of the 

IO, ion or group is not known. Magnetic, spectroscopic, and conductivity 

measurements appear to be consistent with the presence of [3 ions (with 

err, 2 BM) in the blue solutions formed by oxidizing iodine in fluorosulphuric acid 

or oleum. On cooling to low temperatures these solutions become red in colour 

and diamagnetic, apparently due to the conversion of 2 I3 into 12*.©) For halogen 

cations see p. 333. 

Nothing is yet known of the structural chemistry of astatine. The isotope Atzie 

is produced by bombardment of Bi by a particles. The formation of compounds has 

been studied in a time-of-flight mass spectrometer, those observed being HAt, 

AtCH3, AtCl, AtBr, and Atl. There was no evidence for the formation of At, 

molecules.{! 9) 

The stereochemistry of chlorine, bromine, and iodine 

The stereochemistry of these elements is concerned with valence groups of 8, 10, 

12, and 14 electrons, except for the few molecules such as ClO, which contain odd 

numbers of electrons. The shapes of all molecules and ions which are known at the 

present time are consistent with the following arrangements of 4, 5, 6, and 7 pairs 

of valence electrons: tetrahedral, trigonal bipyramidal, octahedral, and pentagonal 

bipyramidal, assuming that lone pairs occupy bond positions and that the gross 

stereochemistry is not affected by the 7-bonding present in oxy-ions and molecules. 

Examples are given in Table 9.2. No example of the fully shared 10-electron group 

has yet been studied; the ion 102”, intermediate between IOg and IO2 “may exist 

in Ag3lO;. The configuration of the IF¢ ion, at present unknown, presents the 

same problem as the SeBr2~ and similar ions. 
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TABLE 9.2 

The stereochemistry of chlorine, bromine, and iodine 

No. of Type of No. of Bond arrangement Examples 
o-electron hybrid lone pairs 

pairs 

4 sp? 0 Tetrahedral ClO4, 104 
1 Trigonal pyramidal C103, BrO3, HIO3 
2 Angular ClO2, BrF5 , IR3 

5 sp3d,2 0 Trigonal bipyramidal 1028? 
1 Distorted tetrahedral 102 Fz 

yD, T-shape CIF3, BrF3, R .ICl, 
3 Collinear 13, ICl,, BrICl” 

6 sp? dz 0 Octahedral 1Oze 
1 Square pyramidal BrFs 

a Square planar BrFq, ICl4 

7 spr dade 0 Pentagonal bipyramidal IF7 
i Distorted octahedral IF6? 

The structures of the elements 

Having seven electrons in the valence shell the halogens can acquire a noble gas 

structure by forming one electron-pair bond. Accordingly they form diatomic 

molecules in all states of aggregation. (The detailed structures of the two crystalline 

forms of F, are described on p. 665; neither structure is similar to that of 

crystalline Cl,, Br, and I,.) A remarkable feature is that the molecules are arranged 

in layers, within which the shortest intermolecular distance is considerably less than 

that between the layers (Table 9.3). In Fig. 9.1 (p. 330) we compare the packing of 

the molecules in layers of crystalline I,, ICI, and IBr. This additional weak bonding 

TABLE 9:3 

Interatomic distances in crystalline halogens 

X—X (intermolecular) (A) Reference 

Between 
layers 

In layer 

a JSSC 1970 2 225 
B AC 1964 17777 
AC 1965 18 568 
AC 1965 18568 
AC 1967 23 90 

(See p. 1010) 

B02) 3-82 3-74 
3-31 3:79 3:99 
3-50 3-97 

Gl 

Br 

is very evident also in the structures of polyiodides, which are described later in this 

chapter. It invites comparison with the ‘charge-transfer’ bonds in the numerous 
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(b) (c) 

FIG. 9.1. Molecular arrangement in (a) crystalline a-ICl, (b) IBr, (c) crystalline In. 

molecular addition compounds formed by halogens, and halogen halides, in which 

these bonds are collinear with the X—X molecule and much shorter than the sums 

of the appropriate van der Waals radii: 

= 2:28 A (CH3)2 2:84 A (1) 

jo---Br-Br AG H3CCN---Br—Br--- NCCH3 

eA 2-82 a 2-33EX 

(CH3)2 a 
2 

ae wea aes 

2-76 A H C-CH2 

Interhalogen compounds 

The compounds stable at ordinary temperatures are of the general form XX}, where 

n=1, 3, 5, or 7; none containing more than two different halogens is known. 

(Molecules with the composition BrClz are apparently formed when a mixture of 

the elements with a noble gas is passed through a microwave discharge and 

condensed at 20°K.“!) Their ir. spectra suggest T-shaped molecules like CIF (see 

below).) Interhalogen compounds are made by direct combination of the elements, 

except IF,, which is prepared from IF;. Of the six possible compounds XX’ all 

have been prepared except IF, for the existence of which there is only 

spectroscopic evidence. It has not yet been possible to prepare pure BrF, which 

readily breaks down into BrF3 + Br; phase-rule studies indicate that BrF may exist in 

the liquid state, but it does not exist in the solid state. Of the higher compounds 

CIF3, BrF3, and ICl,, CIF;, BrF; and IF,, and IF, are known. As far as is known 

fluorine forms no compounds of the kind FX3, FX,, or FX7, and iodine alone 

exhibits a covalency of seven. Of the penta- and hepta-compounds only fluorides 

have so far been prepared. 
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The properties of bromine trifluoride 
This compound has become of special interest as a fluorinating agent by means of 
which a large number of new complex fluorides have been prepared. 

(a) Salts of the type KVF, can be prepared by its action on a mixture of KCl 
and VCl3, and it provides a convenient way of making salts such as KBF4, AgPF¢, 
KAsF¢, LiSbF¢, etc. 

(6) Fluorobromonium salts can be prepared in various ways, for example, 
(BrF,)NbF, from Nb,Os, (BrF,)BiF, from BiFs, and (BrF,)AuF, by dissolving 
Au in warm BrF3. 

If these salts react with M(BrF4) in BrF3 solution they give salts of the type (a). 
(c) By the action of NOCI in BrF; solution nitrosyl salts are obtained, while 

N20, in a similar way gives nitronium salts; 

B,03 > NO(BF,) and NO,(BF,) respectively; 
PBrs —~ NO(PF,) and NO,(PF.); and 

SnF, > (NO).SnF¢ and (NO,).SnF¢, and so on. 

Electrical conductivity data on BrF3 have been interpreted in terms of partial 

dissociation into BrF3 and BrF@ ions, and this is supported by the preparation and 

reactions of the fluorobromonium salts (b): 

2 BrF; = BrF3 + BrF 

SbF, + BrF3 = SbF; + BrF3 

A solution of AuBrF, in BrF3 immediately precipitates Ag(AuF,) from a solution 

of AgBrF, in the same solvent: 

(BrF)(AuF4) + Ag(BrF,) > Ag(AuF,) + 2 BrF3 

(The compound (BrF,)(AuF 4) offers a convenient way of preparing AuF3, into 

which it decomposes on heating to 180°C.) 
The solvent action of CIF3 also is presumably due to ionization. For example, it 

dissolves AsF; to give (CIF,)(AsF,), and CIF; and BF3 at —78°C, when warmed to 

room temperature, form BCIF¢ as a colourless solid. It is presumably (BF4)(CIF3). 

The structures of interhalogen compounds 
Bond lengths in gaseous molecules XX’ are listed in Table 9.4. In crystalline 

a-ICl°2) the molecules (mean I—Cl, 2-40 A) form zigzag chains with rather strong 

TABLE 9.4 

Interatomic distances in molecules XX' 

=| 1-628 A PR 1949 76 1723 
Faye 1-759 PR 1950 77 420 
GiBr 2-138 PR 1950 79 1007 
Gi 2-303 PR 1948 72 1268 
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interaction between I and I (3-08 A) and ‘between I and Ci (3-00 A) of different 

molecules (Fig. 9.1(a)). The angles between the I—Cl bond and these weak 

additional bonds are 102° at Cl and 94° at I. Similar bond lengths and angles are 
found in the second (8) form of solid ICI.‘%) Crystalline IBr has a structure very 

similar to that of I,, and here also there are short I-Br contacts in the layers (Fig. 

9.1(b)). The shortest X—X distances between layers are: I—Br, 4-18 A, I-I, 

Br—Br, 4:27 A. This tendency to form additional weaker bonds is also exhibited in 

polyhalides (see later). 

Molecules XX. CIF3 has been studied both by m.w. and also in the crystalline 

state.“5) The (planar) molecule has the T-shape shown at (a), below, the 

corresponding results from the X-ray study being 1-716 and 1-621 A and 86°59’. A 

m.w. study©®) shows that molecules of BrF3 have the same shape as CIF3, with 

Br—F, 1-810 and 1-721 A and F—Br—F, 86°13’. The structure of ICI, in the solid 

state is entirely different,“”) for the crystal is built of planar I,Cl, molecules (b) in 

which the terminal I—Cl bonds are of about the same length as in ICI, ICl,, and 

IClq, but the central bonds are considerably longer. There is no obvious theoretical 
explanation of the form of this molecule. 

1-698 A 11-698 A Cl 2-68 .-° Cle. Cl 

4 7 TIERS Ss we 
87°29 2.39 ss 84 See 

1-598 A Cl METOY SS Cl on Cl 

F 

(a) (b) 

The structure of the simple ICl; molecule would be of great interest, but 
unfortunately vapour density measurements show that ICl3 is already completely 
dissociated into IC] + Cl, at 77°C, though it melts at 101°C under its own vapour 
pressure (12 atm). The absorption spectrum of its solution in CCl4 is the sum of 
those of ICI and Cl,. In benzene iododichloride®®) the linear—ICl, system is 
approximately perpendicular to the plane of the benzene ring. Here the I—-C bond 
occupies one of the equatorial bond positions. (In this molecule I—C] is apparently 
rather longer (2:45 A) than in ICI}.) 

Although compounds such as IAICl, and ISbClg, formed by combining AICl, or 
SbCl; with ICl,, may be formulated as salts containing the (ICl,)* ions, their 
structures are less simple.) The structure of ISbClg consists of (angular) ICl, and 
octahedral SbCl, groups, but there is weak bonding between the groups which links 
them into chains, each I forming two weak bonds (of length about 2-9 A) in 
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addition to those (2-31 A) within the ICI} ion, (a). Together with the, probably 

Cl Cl 

Cl Cl ah lear 

eo Suet ah ee “| = 

Cl 29.8 ae 

US 2-31 A 

91-5° 

(a) 

Cl 

real, lengthening of two of the Sb—Cl bonds, this suggests that the state of the 

compound is intermediate between 

(ICl,)*(SbCl,)~ and (IC1,)~(SbCl4)* 

the first form predominating. Similarly the aluminium compound is in a state 

intermediate between (ICI,)*(AICl4)~ and (ICl4) (AICI, )*. These structures are of 

particular interest because the bond lengths in ICI; are consistent with the 

formulation: 

eh [asec Fs Ese icc 
(ee C= Cl Cltae=Cl él 

Molecules XX';. The square pyramidal configuration expected for molecules of this 

type is confirmed by an X-ray study of crystalline BrF, (at —120°C) which shows 

that the Br atom lies just below the plane of the four F atoms.“! °) One Br—F bond 

(1-68 A) was found to be shorter than the other four (1-75- 1-82 A). 
The square pyramidal shape of the IF, molecule has been demonstrated in 

XeF,. IF; (I-F, 1-88 A), with I situated just below the base of the pyramid, giving 

the angle Fa picai—l—F pasa, 81° (p. 320). 

Molecules XX>. The pentagonal bipyramidal equ tieurauon suggested by i.r. and 

Raman data for IF, is consistent with the e.d. data," 1) for a molecule having all 

I-F bond lengths approximately equal (1-825+0-015 A) but with the five 

equatorial F atoms not quite coplanar. The interpretation of the X-ray diffraction 

data, obtained from the orthorhombic form stable below —120°C, has presented 

much difficulty. The most definite statement in the latest review of the X-ray 

evidence is that it is not possible to demonstrate that the molecular symmetry is 

different from Dg,.?? 

Halogen and interhalogen cations 

Most of our knowledge of these cations has come from work carried out during the 
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past decade. These ions are strongly electrophilic and therefore can exist only in the 

presence of molecules and anions of very low basicity, that is, in solvents such as 

fluorosulphuric or disulphuric acids, IF;, or SbF, or in crystalline salts with anions 

such as AsF¢, SbF¢, or Sb3F1,. The experimental techniques used for studying 

these ions are conductimetric, cryoscopic, spectrophotometric (visible, infrared, 

and Raman), and magnetic susceptibility measurements; the crystal structures of a 

few salts have been determined, containing the ions shown in heavy type below: 

Bry ile. CIF BrF IFS 
Cis Br3 is Chee Ge 

lige BrF3 day 

Is 

Crystalline adducts with halides have been made containing all except the three 

more complex iodine cations; the Cl} cation is known only as a vapour species, and 

is not known to be stable in solution or in the solid state. 

The iodine cations were first studied, the Ij ion (u=2-0 BM) being responsible 

for the blue colour of solutions of iodine in FSO3H (previously attributed to I*). 

This colour changes to the bright red due to [2* at temperatures near the freezing 

point of this solvent. Blue salts I,(Sb2F, 1) and I,(Ta2F, ;) have been isolated, but 

at present the structures of the iodine cations are not known. A study of the crystal 

structure of the paramagnetic scarlet salt Br>(Sb3F,,),“!) which has = 1-6 BM, 

shows that it consists of Brz ions (Br—Br, 2-15 A, compare 2-27 A in Br) and 
anions consisting of three octahedral SbF, groups, the central one of which shares 
trans F atoms (a). 

Sb Sb 

sp ele ? 04 wae 2:33A "7.43 A 

AR) OIG OE ATE A LNISBA 
F 96° F 

(a) (b) 

F..329 4 UR 
. 

. on See 

Br 
ae 1-69 A 

93-5° F F 

(c) 

Ions XX¥4* (20 valence electrons) are expected to be angular. We have already 
noted (p. 332) that the structures of the adducts of ICl3 with SbCl; and AICI, may 
be formulated as containing ICI} ions but that there is considerable interaction 
between anions and cations in these crystals, giving an approximately square 
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arrangement of 4 Cl around I. There is a similar type of interaction between CIF 

and BrF3 with the F atoms of the anions in (CIF, )(SbF,)? and (BrF ,)(SbF,),°*? 

as shown at (b) and (c). Raman spectra of the adducts AsF;. 2 CIF and BF; . 2 CIF 

show that these compounds contain unsymmetrical (CI-CI—F)* cations,“ and not 

the symmetrical ion as formerly supposed. The ion (BrF,)* has been studied in 

(BrF,4)(Sb,F, RS it has the expected SF, type of structure, a trigonal 

bipyramid with the lone pair occupying one equatorial bond position. The mean 

length of the four short Br-F bonds is 1-81 A; two weak bonds in the equatorial 

plane complete distorted octahedral coordination (d). The asymmetry of the 

mean length of 
five Sb-F, 1:75 A 

six Sb-F, 1:90 A 

(d) 

173 o& Sbl:9 i 
F%9 - fy Bae 
Sens De) eS aaa 

Si) eer Tiga ( 173 Sb 

GENS 
re | soe mean length of 

bridge in the (Sb,F,,) ion suggests that this ion is not far removed from 

(SbF) (SbF), the mean length of the six Sb—F bonds in SbF being 1-90 A and 

of the five bonds in SbF, (i.e. excluding the bridge bond), 1-75 A. The IF¢ ion has 

the expected octahedral shape (possibly slightly distorted), in (IF, )(AsF¢), 2 salt 

with the NaCl structure.‘ 
A review of these compounds is available.(®) 

Polyhalides 

These are salts containing anions of the types set out below, which with the 

exception of the IZ” ion in Cs Ig are singly charged. 

Cl3 Br3 I3 

CIF; BrCl3 ICl, IBrF™ 

CIBr3 BrI IBrz ICIBr- 

1,Br- 

CIF, BrF4 [Fp ee iGl,F> IC, 

BrF¢ IF6 
lig 

They may be prepared by direct combination of metallic (or other) halide with 

interhalogen compound (or halogen in the case of CsIF4, CsBrF,, CsCIF4, CsBr3, 

CsI, and CsyIg) either in solution in a suitable solvent or by the action of the 

vapour of the interhalogen compound on the dry halide. KBrF, is prepared by 
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dissolving KF in BrF, and distilling off the excess solvent; KIF4 can be crystallized 

from a cold solution of KI in IF; and KIF, from the hot solution. Very unstable 

compounds must be prepared at low temperatures, for example, NO(CIF,) from 

NOF and CIF at —78°C. In general the only crystalline salts stable at ordinary 

temperatures are those of the larger alkali metals and large organic cations. For 

example, the only salts MI, MICI,, and MICly are those of NHq, Rb, and Cs and of 

ions such as NH(CH3)} and (C,H;N.)*. The stability increases with increasing size 

of cation in a series such as KIC],, RbICI,, and CsICl,, only the last salt being 

stable at room temperature. No anhydrous acids are known corresponding to 

polyhalides, but HICl4. 4 H,O has been described. 

For reasons which will be apparent shortly it is convenient to discuss separately 

the more complex polyiodide ions. 

The structures of polyhalide ions 

Ions (X—X—X) . Structural data for these (linear) ions (Table 9.5) emphasize two 

important features of these ions. First, the ions Br3, ICl,, and I; are found to be 

symmetrical in some salts and unsymmetrical in others. Second, the overall length 

AB IER 

Structures of ions (X'-X?-X?)~ 

Salt VERO EE Excess over Reference 
(A) (A) single bond 

length (A) 

KCIF (i.r. indicates linear) IC 1967 6 1159 

(C6H5N>)Br3 2°54 2-54 0-26 0-26 ACSc 1962 16 1882 
[N(CH3)3H]2Br(Br3) 2-54 2-54 0-26 0-26 PKNAW 1958 B61 345 
(CgH7NH)>(SbBrg)Br3 2°54 2-54 0-26 0-26 IC 1968 7 2124 
CsBr3 2-44 2:70 0-16 0-42 AC 1969 B25 1073 
(PBr4)Br3 2:39 2-91 0-11 0-63 AC 1967 23 467 

(PCly4)ICIy 2-55 2-55 0-23 0-23 JACS 1952 74 6151 
[N(CH3)q ] ICI, 2-55 2-55 0-23 0:23 AC 1964 17 1336 
CAH NBIC), 2-47 2-69 0-15 0-37 ACSc 1958 12 668 

NHq (CIBr) 2-91 2:51 0-59 0-04 AC 1967 22 812 

Cs(I, Br) 2-78 2:91 0-12 0:43 AC 1966 20 330 

N(C2H5)al3 AC 1967 23 796 
As(C6Hs)al3 2-92 2-92 0:26 0-26 AC 1959 12 187 
N(C2H5)4l7 (mean) (mean) AC 1958 11 733 
NHal3 2:79 3-11 0-12 0-44 AC 1970 B26 904 
CsI3 2°83 3-03 0-16 0-36 AC 1955 859, 857 
CsI 2-86 3-00 0:19 0-34 AC 1954 7 487 

of each ion is approximately constant and about 0-5 A greater than the sum of the 
two single bond lengths. We show in Table 9.5 by how much each bond is longer 
than the presumably single bond in the appropriate molecule ICI, J5,tetcaThe 
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asymmetry of these ions has been attributed to the different environments of the 
terminal atoms in the crystals (see for example, AC 1959 12 197). The effect is 
clearly not simply related to the size of the cation, for whereas a large asymmetry is 
observed in CsI3 (and in CsBr3) symmetrical ions are found in a number of salts 
containing very large cations. The bond lengths in the (I—I—Br)” ion, where I-I is 
shorter than I—Br, suggest that the ion is tending towards 

ine PG Bry 

213 291A 

and similarly the increasing asymmetry of the Br3 ion in a number of salts (see 

Table 9.5) suggests that the system is approaching the state Br—Br--- Br. 

Ions (XX‘4)~. Infrared studies“) of the CIF, ion in salts of NO*, Rb*, and Cs*, 
indicate a planar configuration. X-ray studies confirm the square planar shape of 

the BrF ion in KBrF 4°?) (Br—F, 1-89 A) and of the [Clg ion in KICly . H)O. In 
this salt the I-Cl bond lengths apparently range from 2:42 A to 2:60 A (compare the 
sum of the covalent radii, 2-32 A), the variation being attributed to the different 

environments of the Cl atoms. On the other hand the Br—F bond length in BrF 4 is 

not appreciably greater than the sum of the covalent radii (1-86 A). 

Polyiodide ions 

The polyiodides are a remarkable group of salts, most of which are of the type MI, 

in which M is one of the larger alkali metals, NHZ, or a substituted ammonium ion, 

and n =3, 5, 7, or 9; the salt CsyIg is of a different kind (see later). As already 

noted, the tri-iodides consist of cations and I3 ions, but in the higher polyiodides 

the anion assembly is made up of a number of sub-units (I, 13, and I, molecules) 
which are held together rather loosely to form the more complex I,, system. It is a 

feature of all polyiodide ions that some or all of the I—I distances are intermediate 

between the covalent I—I bond length (268A in I,) and the shortest 

intermolecular separation, 3°54 A in crystalline iodine. 

In N(CH3)4I;°!) there are approximately square nets of I atoms (Fig. 9.2(a)) 

and the I—I distances suggest V-shaped I5 ions consisting of an I” ion very weakly 

bonded to two polarized I, molecules. The arms of the V are linear to within 6°, 

and the V is planar to within about 0-1 A. This ion is obviously not related 

structurally to the [Clq ion. 

In [N(C,Hs)q] ee) the anion assembly consists of I, molecules and apparently 

linear I3 ions (see above) in the proportion of two I, to one I3. Between these units 

the shortest contacts are I—I, 3-435 A and within them, I—I, 2-735 A and 2-904 A 

respectively. 
The violet-coloured salt with the empirical formula CsI, is diamagnetic; the I4 

ion would be paramagnetic, having an odd number of valence electrons. An X-ray 

study of the salt‘?? shows that it contains rather extraordinary groupings of eight 

coplanar I atoms as shown in Fig. 9.2(b). In this 13 ion the terminal I, groups are 

very similar to the 13 ion in tri-iodides, so that the ion may be described as an 

assembly of two I3 ions and a polarized I, molecule. 

33H 

(1) IC 1966 5 473 

(2) ICS A 1969 1936 
(3) AC 1963 16 243 

(1) AC 1957 10 596 

(2) See Table 9.5 



(3) AC 1955 8 814 
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20 

FIG. 9.2. Structures of the higher polyiodide ions: (a) I5 in N(CH3)als, (b) inn in CszlIg, 
(c) the I5 layer in N(CH3)qI9, (d) environment of I (shaded circle) in N(CH3)alo. 

In N(CH3)4Ig there is an even more complex arrangement.{?) Five-ninths of the 

I atoms form rather densely packed layers (Fig, 9.2(c)) between which there are I 

molecules (with I—I = 2-67 A, the same as in the ordinary I, molecule); the cations 

lie between the layers in the holes between the I, molecules. The other [—I 

distances are around 2-9, 3-2, and 3-5-3-7 A, and the way in which the structure is 

described depends on the interpretation of these distances. The 2-9 and 3:2A 

bonds link I atoms into V-shaped Is ions, but here it is a terminal atom which is the 

I ion, in contrast to the Is ion in N(CH3)4I,. The next shortest distances in a 
layer are those of length 3-49 A, which would correspond to linking of the I; ions 

in pairs to form closed rings. The linking of the I” ion in a layer to I, molecules 

between layers is shown in Fig. 9.2(d). 
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We see that in iodine itself and in polyiodides there is a tendency to form dense 
planes with I—I distances up to about 3-5 to 3-6 A, with much larger (van der 

Waals) distances of about 4:3A between planes. In the polyiodides there is 

interaction between I ions and the easily polarizable I, molecules, giving I, Is, 

I~, and Ip systems. In the higher members there is progressively less distortion of 

the I, molecule, which has the normal I—I bond length in the ennea-iodide. The 

angles between the weak bonds formed by I” ions are approximately 90°, 

suggesting the use of p orbitals. 

Hydrogen halides and ions HX, Hz X3, etc. 

The interatomic distances, determined spectroscopically, in the hydrogen halide 

molecules are: 

H-F 0-917A H-Br 1-410A 
H-Cl 1-275 H-I 1-600. 

The physical properties of the acids HF, HCl, HBr, and HI do not form regular 

sequences, HF differing from the others in much the same way as H,O from H,S, 

H,Se, and H,Te. The abnormal properties of HF are discussed in Chapter 8 with 

other aspects of hydrogen bonding, as also are the structures of the crystalline 

hydrogen halides. 

Ions (X—H—X) are formed by F, Cl, and Br, but in contrast to the stable and 

well-known bifluorides of the alkali metals the ions HCl; and HBr are stable only 

in a few salts of very large cations. All attempts to prepare salts containing HCl, 

ions from aqueous solution have given hydrated products (for example, 

(CgH5)4As . HCl. 2 H,0) which probably do not contain these ions (see below), 

but anhydrous (C,Hs)4As.HCl, can be prepared from (CgHs)4AsCl and 

anhydrous HCl.) The existence of HCl ions has been disproved in a number of 

salts once thought to contain these ions. For example, the compound 

-CH3CN.2HC1 is not (CH3CNH)*(HCl,)~ but an imine hydrochloride,‘?? 
[(CH3C(CI)=NH,]*Cl”, and in (Cl,en,Co)Cl.HCl.2H,O the odd proton is 
associated with the two H,O molecules in H;03 units and not with the two Cl 

atoms in a HCl, ion.) The structures of Cs3(Cl,.H30)HCl, and the Br 

compound, which apparently do contain HX, ions,“) are described in Chapter 8. 

Only F forms more complex ions H2X3, H4Xs, (see Chapter 8). For the 

hydrates of HCl see p. 562. 

Metal hydrogen halides 

The alkaline-earth salts MHX, where M = Ca, Sr, or Ba, and X = Cl, Br, or I, have 

been prepared by melting the hydride MH, with the dihalide MX, or by heating 

M+ MX, in a hydrogen atmosphere at 900°C.“) The compound CaHCl was 

formerly thought to be the ‘sub-halide’ CaCl. All these compounds have the PbREC) 

structure (p. 408), but the H atoms were not directly iocated. Compounds 

described as MgHX (X= Cl, Br, I) have been shown to be physical mixtures of 

MgH, with MgX,.‘?? 
Si) 

(1) IC 1968 7 1921 

@) GMOS ie Sia, 

(3) JINC 1961 19 208 
(4) IC 1968 7 594 

(1) ZaC 1956 283 58; ibid. 1956 
288 148, 156 

(2) IC 1970 9 317 
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Oxy-compounds of the halogens 

Oxides and oxyfluorides 

The known oxides are listed in Table 9.6, which emphasizes the very different 

behaviours of the halogens towards oxygen. (The oxide ClO is apparently formed 

by the flash photolysis of Cl, and O, mixtures; an oxide which may be Cl,03 has 

been produced as a very unstable dark-brown solid at —45°C by u.v. photolysis of a 

mixture of ClO, and Cl,0¢.) Structural studies have been made of those printed in 

heavy type in Table 9.6; the paucity of structural information being largely due to 

the instability of many of these compounds. For example, F,0, decomposes into 

TAB LESIG 

Oxides and oxy fluorides of the halogens 

clo(2) 
F,0() C120(3) Br 0 C1O2F BrOxF 102F 

Cae Cl103F(8) BrO3F)  103F(9) 
F202 C102 (5 BrO, 1,04 

ClO30F IOF 
ClO3 BrO3 5 ; 

IOF; (11) 
Cl206 BOs) z 
(C104) 
Cl1,0,(6) 

o tae 1953 57 699. (2) JCS A 1968 1704. (3) JCS A 1968 658. (4) JACS 1967 89 2795. 
(5) JCS A 1970 46. (6) TFS 1965 61 1821. (7) RTC 1960 79 523. (8) JCS A 1970 872 
(9) IC 1970 9 622. (10) JACS 1969 91 4561. (11) JCP 1967 47 1731. ; 

the elements at temperatures above —40°C, and no oxides of bromine are stable at 
room temperature. 

Electron diffraction and spectroscopic studies give the configurations (a) and (b) 
for the similarly constituted F,O and Cl,0, and a microwave study gives the 

structure (c) for ClO,. This oxide is of special interest since the molecule contains 

F 
1-418 A 1-704 mo 147A * 

O 103-2° O hie Cl 117-S° 

F Cl O 

(a) (b) (c) 

O\ 115° ,O)1-71 a /O 
oe Tee 1-405 A 

aN Cl 
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an odd number of electrons; its structure is very similar to that of SO,. The 

configuration of Cl,0, is approximately eclipsed, (d). Our knowledge of the 

structures of the oxides of iodine is slight. The pentoxide, I,O«, is the anhydride of 

iodic acid and is a white solid stable up to 300°C. From its i.r. spectrum it has been 

concluded that the molecule has the structure O,I—O—IO, rather than O,1—IO3. 

Two other oxides, both yellow powders, have been assigned the formulae I,O,4 and 

I40,, but the existence of the latter is doubtful.) The diamagnetism of the 

dioxide rules out the existence of IO, molecules, but the existence of discrete 1,0, 

molecules has not yet been proved. Mass spectrometric studies of iodine oxides give 

no evidence for the existence of 1,07. 

Little is known of the structures of the oxyfluorides listed in Table 9.6. 

Compounds XO%F are formed by all three halogens (Cl, Br, and I) and possibly also 

XO3F, since IO3F has been reported. The iodine compounds include the oxide 

pentafluoride, a type of compound also formed by Re and Os. A m.w. study 

indicates C4, symmetry, and presumably therefore the octahedral structure (e). 

| vi OMA0aee OC 

worbagar 
e F F oe A O 

(e) (f) 

Spectroscopic or e.d. studies show that the molecules ClO3F and BrO3F are 

tetrahedral, the former having the structure (f) with multiple bonding in the CI-O 

but not in the CI-F bond. 

Oxy-cations 

Little is yet known of the structures of these ions. An i.r. study of (ClO2)(AsF¢) 

apparently indicates that this compound forms an ionic solid, presumably 

containing the C10 cation.‘?? 

Oxy-acids and oxy-anions 

In the stability of their oxy-acids there are great differences between the 

halogens. The existence of only one oxy-acid of fluorine has yet been firmly 

established, and the only types of oxy-ion formed by all three halogens Cl, Br, and I 

are XO~, XO3, and XO4q (Table 9.7). Structural studies have been made of HOC, 

HOBr, a-HIO;, HC1O,. H2O, HsIO¢, and HI30g. 

Acids HXO and their salts. Until recently neither the acid HFO nor its salts were 

known. Following its earlier detection in low-temperature matrices HOF has now 

been prepared in milligram quantities by passing a stream of F, at low pressure over 

water at O°C. The product is separated in a trap at —183°C. Trifluoromethyl 
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TABLE 9.7 
Oxy-ions XO, of the halogens 

a —, 5= 
XO- XO, X03 XO4 X06 

angular pyramidal tetrahedral octahedral 

ClO~ ClO, C103 ClO4 - 
BrO (BrO> ) BrO3 BrOq mee 
108 103 104 106 

hypofluorite, F3COF, is a very stable gas at ordinary temperatures and is prepared 

by fluorinating methyl alcohol or CO in the presence of AgF . Chlorine, bromine, 

and iodine all form acids HXO, the stability (in all cases small) decreasing from the 

chlorine to the iodine compound. The acids HOC] and HOBr have been prepared by 

photolysis of Ar-HX—O 3 mixtures at 4°K and studied in the Ar matrix by ivr. 

spectroscopy.‘!) Assuming O—H = 0-96 A the structures found are: 

O O 
170A 1-854 

Tate a 
H Cl H Br 

the structures of the ions XO have not been determined. 

Acids HXO, and their salts. There appears to be no conclusive evidence that the 

acids HXO, exist if X is F, Br, or I, and the only salts of one of these acids that 

have been prepared are LiBrO, and NaBrO,."?) LiBrO, is apparently formed by the 

dry reaction between LiBr and LiBrO3, and NaBrO, can be crystallized from a 

solution containing NaOH and Br,. Pure chlorous acid, HClIO,, has not been 

isolated, but treatment of the barium salt with sulphuric acid gives a colourless 
solution which even at 0°C soon turns yellow owing to the formation of ClO, (and 
Cl,). A few crystalline chlorites have been prepared, and the structure of the 
chlorite ion has been studied in AgCIO,‘) and (at —35°C) in NH,C10,.) The 
Cl-O bond length (1-57 A) lies between the value 1-47 A found in ClO and the 
much larger value (1:70 A) in the Cl,O molecule; the bond angle is close to 111°. 

Acids HXO3 and their salts. The acids HCIO;, HBrO3, and HIO3 do not form a 
regular sequence, as is seen from the heats of formation: 100, 52, and 234 kJ 
mol”! respectively. The iodine acid is more stable than the chlorine and bromine 
compounds, for aqueous solutions of HC1O3 and HBrO can be concentrated (in 
vacuo) only up to about 50 per cent molar, whereas an aqueous solution of HIO, 
may be concentrated until it crystallizes. Moreover, whereas in dilute aqueous 
solution iodic acid behaves as a moderately strong monobasic acid, the freezing 
points and conductivities of concentrated solutions suggest the presence of more 
complex ions or possibly basic dissociation to 103 + OH”.“) 

The crystal structure of one polymorph (a) of HIO3 has been determined.) 
The crystal contains pyramidal molecules (a) linked by hydrogen bonds (see 
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Chapter 8). The mean interbond angle O—-I—O is 98°: the next nearest O 
neighbours, completing a very distorted octahedron around the I atom, are at 2°45, 
2°70, and 2:95 A. 

Ch ES ie) ga a ’ 

180A ~I Ge CEP Ae 
Sa ee ®) 

1-90 A ETA 8 Ny 977.4 719A 

OH Rae Se ae 

(a) (b) 

The crystal structure of the so-called anhydro-iodic acid, HI,;0g, formed by the 

dehydration of HIO3 at 110°C, shows that it is an addition compound of HIO3 and 

1,05 with hydrogen bonds between OH of HIO3 and O of I,0;.‘” Bond lengths 

in the pyramidal HIO3 molecule are similar to those in crystalline HIO3, and those 

in the non-planar 1,0; molecule are as shown at (b). This molecule consists of two 

103 pyramids witha common O atom. 

X-ray studies of crystalline salts demonstrate the pyramidal shape of the XO3 

ions (Table 9.8). In crystalline iodates three more neighbours, at distances ranging 

from 2:5-3-5 A complete very distorted octahedra of O atoms around the I atom as 

TA BLES o TS 

Structures of XO3 ions 

X—O (A) Angle O—X—O References 

AC 1965 18 703; JCP 1968 48 1883 
AC 1960 13 1017 
AC 1966 20 758; AC 1966 21 841 

C103 
BrO3 

in HIO3. (Earlier structures assigned to LilO3; and TIO3 in which I had six 

equidistant neighbours were incorrect. In LilO3 I has 3 O at 1-82 A and 3 O at 

2:9 A, the latter distance being 0-7 A less than the van der Waals separation.) 

Acids HXO, and their salts. In the formation of acids HXOg the halogens show still 

less resemblance to one another. Chlorine forms HClO, and perchlorates. 

Perbromates were unknown until 1969, when KBrO, was prepared (by oxidation 

of the bromate by F, in alkaline solution). Periodic acid is normally obtained (by 

evaporation of its solution) as HsIOg; it has been stated that HIOq results from 

heating H,IO, at 100°C in vacuo, and that an intermediate product H4I,0o is 

formed at 80°C. A further peculiarity of the iodine acid is that on further heating 

HIO, does not form the anhydride (1,0, apparently does not exist) but loses 

oxygen to form HIO3. Whereas perchlorates are all of the type M(C104)y, 

periodates of various kinds can be obtained from a solution by altering the 
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temperature of crystallization and the hydrogen-ion concentration. For example, a 

solution of NayH3I0. is obtained by oxidizing NalO3 with chlorine in alkaline 

solution, and from this solution a number of silver periodates may be prepared: 

Ags IO. ate K,4l,0o9 or K4H,1,0j9-8H20 

KOH 

AgNO3 more conc. 
Na,H310, ———_———> Ag2H310, —__—> AglO, 

in dilute HNO3 (orange) 
solution 

‘ HNO3 
(greenish- 
yellow) loses 

NGO, ES AOL, 
acid solution 

(red) (black) 

See, however, the later remarks on the formulae of hydrated periodates. 

The structure of the HClO, molecule in the vapour state has been studied by 

e.d.:(84) it is very similar to that of C1O3F (p. 341). Cl-O, 1-41 A, CI-OH, 1-64 A, 
O—Cl-O, 113° or 117°. 

The ions XOq are tetrahedral with bond lengths similar to those in XO3, namely, 

Cl-O, 1-44 A,{8>) Br—O, 1-61 A, and I—O, 1-78 A.“ In NalO, the anion isa 
slightly compressed tetrahedron, having two bond angles of 114° and four of 107°. 

Periodates containing octahedrally coordinated iodine. Of the halogens only I 

exhibits octahedral coordination by oxygen. Crystalline H,IO, consists of nearly 

regular octahedral IO(OH)s; molecules which are linked by O-H—O bonds (ten 

from each molecule) into a 3D array. The bond lengths are I—O, 1:78 A, I-OH, 

1:89 A, and O-H, 0:96 A.“ The ion 103(OH)3~ is present in salts such as 

(NH4)2H310,, Cd[I03(OH)3]. 3 H,0,“?) and [Mg(H,0)¢] [103(OH)3].“» In 
this ion, (a), the bond lengths were determined as I—O, 1-86 A, and I—OH, 

1:95 A. It seems likely that many ‘hydrated periodates’ have been incor- 

rectly formulated (compare borates, Chapter 24). For example, the Cd salt just 

mentioned was formulated as Cd2H21I,0;9 .8 H2O, apparently analogous to 

K4H,1I,0;59.8H,0. In fact this K salt has also been formulated as 

K,HIO;.4H,0O and K4I,09. 9 H,0; it is obtained from a solution of KIO, in 

concentrated KOH. It actually contains ions, (b), formed from two octahedral 
105(OH) groups sharing an edge. The H atoms were not located, but their positions 
were deduced from the fact that all the bonds marked a have the length 2:00 A 
while the length of the other (terminal) I—O bonds is 1:81 A.{144) Dehydration of 
K4H 1,0; . 8 H20, or crystallization of the solution above 78°C gives K4l,0o, 
which contains ions (c) consisting of two IO, octahedra sharing a face.{1 4) 

The simple octahedral I02~ ion presumably occurs in anhydrous salts MsIOg. 
Like TeO8~ this ion has the property of stabilizing high oxidation states of metals 
(for example, Nee Guill)! as in KNilO, 5) in which K, Ni, and I all occupy 
octahedral positions in an approximately hexagonal closest packing of O atoms. 
(I—O, approx. 1-85 A.) 
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HO O 

| a| | 
OH OH O 

(a) (b) 

of 0 
ya UEP 

ON On 0 
ox 2-01 A 

120° y \LITA 

O 5 O 

(c) 

Two other ions peculiar to iodine may be mentioned here. Potassium 
fluoroiodate, KIO,F,, prepared by the action of HF on KIO3, contains ions with 
the structure (d). The four bonds from I are disposed approximately towards four 

of the apices of a trigonal bipyramid, one bond position being occupied by the 

unshared pair of electrons. The plane of the I and O atoms is normal to the F-I-F 

1-93(-05) A 

7 ‘a O. 1-868 On 1.904 0 
2-00(-05) A | O PVs 127° a 

sil 100° 

oi Van O 116A 

F 

(d) (e) 

axis, and the O—I—O bond angle is contracted to 100°. e) (Note that in this X-ray 

study it was not in fact possible to distinguish between the O and F atoms.) The salt 

KCrIO¢, prepared from K,Cr,0, and HIO3 in aqueous solution, contains ions (e) 

consisting of a tetrahedral CrO, group sharing one O atom with a pyramidal 10; 

group.(!7 

Halides of metals 

The majority of metallic halides are solids at ordinary temperatures and relatively 

few consist of finite molecules in the crystalline state. Since these compounds melt 

and vaporize to finite molecules or ions a comprehensive review would call for a 
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knowledge of their structures in the solid, liquid, and vapour states. Much of the 

available information relates to the solid state, but we shall indicate briefly what is 

known about these compounds in other states of aggregation. 

Metal halides form a very large group of compounds for the following reasons. 

(a) There are some 80 metals and four halogens (excluding astatine, about 

which very little is as yet known, see p. 328), and moreover most transition metals 

and many B subgroup metals form more than one compound with a given halogen. 

For example, Cr forms all five fluorides from CrF to CrF¢ inclusive (and also 

Cr,F,, see below) and CrF has been identified as a vapour species formed from 

CrF, and Cr in a Knudsen cell. The iodides of Nb include Nb¢I,,, Nb3Ig, NblI3, 

NbI,, and NbI,;. A particular halide may have more than one crystalline form; 

polymorphism is fairly common in halides. 

(b) Apart from solid solutions of two or more halides and polyhalides (in which 

the halogen atoms are associated together in a polyhalide ion, as described earlier in 

this chapter) there are metal halides containing more than one halogen. Little is yet 

known of the structures of these compounds, but there are probably a number of 

types. Some are ionic (for example, SrCIF, BaClF, and BaBrF),‘!) others 

apparently molecular (TiCIF3, TiCl,F,, WCIF., etc.). Compounds formed by 

Group V metals exist, like those of P, at least in some cases,‘*) both as covalent 

liquids or low-melting molecular crystals and as ionic crystals. For example, liquid 

SbCl,F3 and crystalline (SbCl4)(SbF.), molecular NbCl4F and (NbCl,4)F. Mixed 

halides such as UCIF3 may have structures related to those of the corresponding 

fluorides. 

(c) In addition to normal halides MX,, there are halides in which 

(i) a metal exists in two definite oxidation states with quite different 
environments forming a stoichiometric compound with a simple formula. Examples 
include Ga'Ga"'Cl, (GaCl,), Pd Pal F, (PdF3), and Cry.) (p. 182). 

(ii) a metal exists in two oxidation states in a phase exhibiting a range of 
composition. The coloured halides intermediate in composition between 
SmF, and SmF 3‘) (cubic SmF.o9-2-14, tetragonal SmF 4.35, and rhombohedral 
SmF.41~2.46) result from addition of F~ ions to the fluorite structure of SmF, 
accompanied by replacement of some Sm?* by Sm3*. 

(iii) there is metal-metal bonding, usually leading to a mean non-integral 
oxidation state of the metal. The metal atoms may have the same 
environment (Ag F, with the anti-Cdl, structure, Nb3Clg and Nb¢1,1, p. 367) or 
different environments, as in Gd Clg or in complex sub-halides such as BiCl,., 67 
(p. 372). In the remarkable structure of Gd,C13°°) there are chains of Gd atoms 
embedded among Cl” ions. The chains may be described either as formed from 
elongated octahedra sharing edges or as tightly bound Gd, units bridged by a second 
set of Gd atoms (Fig. 9.3). Note that on the one hand metal-metal bonding does 
not necessarily lead to non-integral oxidations states—HfCl and ZrCl have metallic 
properties‘®)—and on the other hand there is not necessarily metal-metal bonding 
in a compound MX, with n non-integral (compare the Sm fluorides mentioned 
above). 
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The structures of crystalline halides MX,, 

We may make two generalizations about crystalline metal halides. First, fluorides 
differ in structure from the other halides of a given metal except in the case of 
molecular halides (for example, SbF3 and SbCl; both crystallize as discrete 
molecules) and those of the alkali metals, all the halides of which are essentially 
ionic crystals. In many cases the fluoride of a metal has a 3D structure whereas the 
chloride, bromide, and iodide form crystals consisting of layer, or sometimes chain, 
complexes. (For exceptions, particularly fluorides MF3;—MF,, see Table 9.9.) 
Second, many fluorides and oxides of similar formula-type are isostructural, while 

chlorides, bromides, and iodides often have the same types of structure as 

sulphides, selenides, and tellurides. The following examples illustrate these points: 

FeCl, _ layer structure F 
rutile : 

PdF, PdCl, chain structure 
structure 

SnO4 SnS, layer structure 

TABLE 9.9 

Structures of crystalline metal halides 

CN. 3D complex Layer Chain Molecular 
of M 

4 Zn blende, wurtzite 5+2 TII (yellow) 2 Aul 

MX 6 NaCl 
8 CsCl 

Silica-like structures Hgl, (ed) 2 HgCl, 

Rutile | Cdl, 4 Pt¢Clyo 
MX CaCl, CdCl, 

StI, 7 Eul, 

PbCl, 
Fluorite 

ReO3 and related o AuF3 3 SbF3 
structures (Table 9.16) 6 ZrI3 4 Al, Cle 

X LaF 
a YF; 4 Au2Cle 

9 UCl3 

8 Z1F4 PbF4 5 TeF4 4 SnBr4 

6 a-NbIq4 4 SnIq 

MX4 6 TcCly 
8 UCl, al 6 | REC, 

6 | ecBibs 5 | soci; 
-UF 6 CrFs5 6 Nb2 Clio 

ee ‘ 3 7 PaCls 6 Mo4F 20 
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Metal halides provide examples of all the four main types of crystal structure: 3D 

complexes, layer, chain, and molecular structures, as shown in Table 9.9. 

The great majority of halides MX, MX, and MX; adopt structures shown to the 

left of the heavy line in the table, and most monohalides and most fluorides MF 

and MF; crystallize with one of the following highly symmetrical structures suited 

to (though not exclusive to) essentially ionic crystals: 

Structure Environment of M Environment of X 

MX NaCl Octahedral Octahedral 
CsCl Cubic Cubic 

MX) Rutile Octahedral Triangular 
Fluorite Cubic Tetrahedral 
ReO3 Octahedral Linear 

These and most of the other structures of Table 9.9 have been described and 

illustrated in Chapters 3-6. We shall be more concerned here with structures that 

have not previously been described and we shall deal in turn with the six horizontal 

groups of halides of Table 9.9; a note will be included on the only two known 

metal heptahalides. 

Monohalides 

Alkali halides. At ordinary temperature all the alkali halides crystallize with the 
NaCl structure except CsCl, CsBr, and CsI, which have the CsCl structure. The latter 
is more dense (for a given halide) than the NaCl structure and is adopted under 

pressure by the Na, K, and Rb salts, but no structural changes have been induced in 

Li salts under pressure.“!) The reverse change, from CsCl to NaCl structure, takes 
place on heating CsCl to 469°C, but neither CsBr nor CsI undergoes this 
transformation, at least up to temperatures within a few degrees of their melting 
points. (?) However, all the halides which normally crystallize with the CsCl 
structure can be grown with the NaCl structure from the vapour on suitable 
substrates (NaCl, KBr).‘?) The interionic distances are listed in Table 9.10. (At 
90°K Lil changes to a h.c.p. structure.) 

TABLE 9.10 

Interionic distances in Cs and T\ halides 

aa a 

NaCl structure CsCl structure 
eal 

CsCl 3-47 A 3-56A 
CsBr 3-62 3-72 
CsI 3-83 3-95 

TICl 3-15 3-32 
TIBr 3-29 3-44 
TU : . 3:47 3-64 
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Cuprous halides.) The cuprous halides (other than CuF, which has not been 
prepared pure at ordinary temperatures) crystallize with the zinc-blende structure. 
At the temperatures 435°, 405°, and 390°C respectively CuCl, CuBr, and Cul 
transform to the wurtzite structure, and the last two exhibit a further transition at 
higher temperatures. Argentous halides‘) AgF, AgCl, and AgBr crystallize with the 
NaCl structure and AgI adopts this structure under pressure. The iodide crystallizes 
with both the zinc-blende and wurtzite structures, the former being apparently 
metastable. Silver iodide transforms at 145-8°C to a high-temperature form which is 
notable for its high ionic conductivity (1:3 ohm™! cm™! at 146°C). In this form 
the arrangement of iodine atoms is b.c. cubic, that is, each I has only 8 I neighbours 
as opposed to 12 in the low-temperature polymorphs. The X-ray measurements, the 
high conductivity, and self-diffusion show that the silver ions move freely between 
positions of 2-, 3-, and 4-fold coordination between the easily deformed iodide 
ions. There are at least three high-pressure forms, one with the NaCl structure 
(Ag—I, 3-04 A; compare 2-81 A in the ZnS-type structures). 

Aurous halides. Structural information is available only for Aul, which consists of 

chain molecules with the structure?) 

I 

ie SE 2-62 A 

Subgroup 1B monohalides. Gallium monohalides other than Gal (p.911) are known 

only as vapour species, and little seems to be known about InF. The structures of 

other monohalides of this group are summarized in Table 9.11. TIF has a distorted 

NaCl structure in which the nearest neighbours of Tl are 2 F at 2:59, 2 F at 2-75, 

and 2 F at 3:04 A. The low-temperature form of InCl also has a distorted NaCl 

structure with In—Cl ranging from 2-8 to 3-5 A, the distortion giving In* three 

rather close In* neighbours (3-65 A). InBr, InI, and the yellow form of TII have 
the layer structure illustrated in Fig. 6.1 (p. 193). The metal atom has five nearest 

halogen neighbours at five of the vertices of an octahedron and then 2 + 2 next- 

nearest neighbours. In TII the distances are: one I at 3-36, four at 3-49, and two at 

TABLE 9.11 

Structures of crystalline monohalides 

N*: distorted NaCl structure 

C: CsCl structure 

T: TI structure 
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3-87 A (TI* also has two Tl* neighbours at 3-83 A). Under high pressure TICI, TIBr, 

and TII become metallic conductors; there is a very large (33 per cent) reduction in 

volume of TII under a pressure of 160 kbar.) 

Other monohalides include HfCl and ZrCl in Group IV and the solitary Osl in 

Group VUI. 

Dihalides 

It is convenient to divide these compounds into five groups. 

(i) Tetrahedral structures. This group includes the silica-like structures of BeF, 

(low- and high-cristobalite and quartz structures) and the chain structure of one 

form of BeCl,, which is trimorphic. The unique chain structure is that of the form 

cl cl 
SBe< Gy “Bec Gg > Bem 

stable over the temperature range 403-425°C (m.p.), but this structure is formed 

by quenching the melt and is also formed on sublimation.“ The structures of 

BeBr, and Bel, are not known. 

Zinc chloride also is trimorphic, and all forms consist of tetrahedral ZnCl, 

groups sharing all vertices. Two have 3D structures, one like cristobalite, and the 

third has the layer structure of red Hgl, (p. 162).) There is probably also 

tetrahedral coordination of Zn in the bromide and iodide, but the structures are not 

known in detail.) 

(ii) Octahedral structures (Mg and the 3d metals). The structures containing 

ions of these metals, with radii close to 0-7 A, are summarized in Table 9.12. The 

two modified forms of the rutile structure, R* and R**, are quite different in 

nature, as described in Chapter 6. In CrF, (and the isostructural CuF,) there is 

(4 + 2)-coordination of the metal, the four stronger bonds delineating layers based 

TABLE 9.12 

Crystal structures of dihalides 

tetrahedral structures 

R=rutile. R* and R** = distorted rutile structures. C = CdCl. I = Cdl, structure. I* = distorted 
Cdl, structure. 
4 For detailed studies of 3d difluorides (rutile structure) see: JACS 1954 76 5279; 
AC 1958 11 488. ee 
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on the simple 4-gon plane net. In CrCl,, on the other hand, the four stronger bonds 
define chains of the same kind as in PdCl, (and CuCl,). Details of the Cu 
compounds are given in Chapter 25; for the Cr compounds details are given in Table 
alee 

PA BIB. 9413 

Coordination of Cr in dihalides 

Reference 

PESMIS 7232 
AC 1961 14 927; HCA 1961 44 1049 
AC 1962 15 672 
AC 1962 15 460; AC 1973 B29 1463 

(iii) Dihalides of second and third series transition metals. These elements 
present a very different picture from the 3d metals (Table 9.14). The following 
points are noteworthy: the almost complete absence of difluorides, the absence of 

dihalides of Tc, Rh, Hf, Ta, and Ir, the formation by Hf, Nb, and Ta of halides with 

non-integral oxidation numbers of the metal, and the presence of ‘metal clusters’ in 

compounds of Nb; Ta, Mo, W, Pd, and Pt. We deal with this last group of halides in 

a later section. 

TABLE 9.14 

Dihalides etc. of elements of 2nd and 3rd transition series 

2 NbF).5 = We = Rh PdF, 

ZrCly NbCly.33 MoCl, - 5 RuCl e 2 PdCly 
= NbBr4 Mo Brz = Q oa 5 g PdBr2 

ZrIy NbI,.33 Mol, eg _ ag PdI, 

ate = pes ad = Ir mes 

HfCly.5 TaCly.5 WCl, - OsCly =] PtCl, 

= TaBry.33 WBry = OsBr2 5 3 PtBr2 

_ — WI, Rel, OsI2 ‘site| PtI, 

The only difluoride in this group, PdF,, has the normal rutile structure. PdCl, is 

apparently trimorphic,“') one form (stable over the intermediate temperature 

range) having the simple chain structure of Fig. 9.4.) A second form?) consists 

of hexameric molecules Pd,Cl, 2 (isostructural with Pt¢Cl, )‘*? with the structure 

described on p. 371. Crystalline PdBr, is built of chains of the same general type as 

in a-PdCl, but here they are puckered, and apparently two of the Pd—Br bonds are 

shorter than the other two (2:34 and 2:57 A).©) The structure of Pdl, is not 
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Oo © 
Pd Cl 

36 

FIG. 9.4. The crystal structure of a-PdCly. 

recorded. It is interesting that the dichlorides of Ni, Pd, and Pt provide examples of 

three different structures: 

C.N. of M 

NiCl,: CdCl, layer structure 6 
PdClz: chain structure 4 

and hexamer 

PtCl,: hexamer Ptg Cly2 “ 

The chain structure of Fig. 9.4 has also been assigned to a form of PtCl2, but on 

this point see ref. (4). 

(iv) Dihalides of the alkaline-earths, Cd, Pb, 4f elements, and Th. We include 

here Cd, which represents a case intermediate between our classes (iii) and (iv), and 

Pb, which clearly belongs in this class. 

The alkaline-earth halides are surprisingly complex from the structural stand- 

point, the twelve compounds exhibiting at least six different structures. The 

fluorides adopt the simple fluorite structure (and the PbCl, structure under 

pressure), but the complexity of the other halide structures arises because the metal 

ions are too large to form the polarized AX, layer structures, and instead form 

structures with rather irregular 7- or 8-coordination. The ions Eu? *. Sm2*, and 

Pb?* are similar in size to Sr** and show a behaviour very similar to that of the 

alkaline-earths (Table 9.15). The di-iodides of Tm and Yb crystallize with the CdI, 

structure, like Cal, and PbI,. The unique structure of the golden-yellow ThlI,, 

which exhibits metallic conduction, is described in Chapter 4 as a ‘hybrid’ 

intermediate between the Cdl, and MoS, structures. There is both octahedral and 

trigonal prismatic coordination of Th atoms, the bond length Th—I (3:20, 3-22 A) 

being the same as the mean value in ThlI4. The compound is presumably 

Th!Y(e)I,, two electrons being delocalized within the layers.“') Two black 
chlorides, DyCl, and DyCly.o, have been described, the former being isostructural 
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EB eo a1 

Structures of some crystalline dihalides 

Ca St Ba Eu Sm Pb(0) Cd 

F F/P F/P(Q) F/PQ) F F F/P() F 
a c(4) C/FG) F/P(2) P P pG3) 1 
Br c(s) Sp (8) p(2) Ss, Sp) P L 
I L 8,09) P(2) EVD /s; ik ik 

L =CdCly or Cdl, layer structure. R = rutile structure. C = CaCl, structure. P = PbCl, structure. 
E = Euly (monoclinic) structure. Sy = SrBr2 structure. §; = SrIy structure. F = CaF 2 structure. 

(1) MRB 1970 5 769. (2) JPC 1963 67 2132. (3) JPC 1963 67 2863. (4) AC 1965 19 1027. 
(5) JINC 1963 25 1295. (6) AC 1967 22 744. (7) AC 1969 B25 1104. (8) IC 1971 10 1458. 
(9) ZaC 1969 368 62. (10) AC 1969 B25 796 (mixed halides of Pb). 

with YbCl,, but the structures do not appear to be known with certainty.) ] 

Halides of Nd(i1) include NdCly.3, NdCl,.., NdCl, (PbCl, structure), and NdI,.95 

(SrBry structure).() 

In addition to the rutile and fluorite structures there are some 3D structures in 

Table 9.15 in which the environments of the ions are less symmetrical. The CaCl, 

structure (C) is closer to the ideal h.c.p. AX, structure (p. 141) than is the rutile 

structure; there is slightly pyramidal coordination of Cl” (Br ) suggesting a 

tendency towards the CdI, layer structure with its much more pronounced 

pyramidal coordination of the anions. 

The PbCl, structure to which we refer here is that of salt-like compounds 

(dihalides, Pb(OH)Cl, CaH,). There is considerable variation in axial ratios and 

atomic coordinates for compounds with this structure, and consequent changes in 

coordination number, so that in effect there are a number of different structures 

which should not all be described as the same ‘PbCl, structure’; this point is 

discussed in Chapter 6. The general nature of the structure is most easily visualized 

if the coordination group around Pb?2* is regarded as a tricapped trigonal prism 

(Fig. 6.23, p. 222), but this coordination group is very irregular. There are always 

two rather distant neighbours, and the structure is more accurately described as 

one of 7:3 coordination. In the accurately determined structure of the low- 

temperature (or high-pressure) polymorph of PbF, with this structure the 

interionic distances are: 

Pb—F: 2-41, 2:45 (two), 2°53, 2°64, 2:69 (two), and 3-03 A (two). 

The mean of the first seven distances (2°55 A) is very close to the value (2°57 A) for 

8-coordinated Pb?* in the polymorph with the fluorite structure. One-half of the X~ 

ions have their three close cation neighbours all lying to one side. This is true for all 

the anions in the UCI, structure (Fig. 9.8, p. 359), so that although these are both 

3D structures some or all of the anions have the unsymmetrical environment of 

anions which is a feature of layer, chain, and molecular structures. 

The Eu dihalides are particularly interesting, for all four have different 

structures. The iodide is dimorphic; one form (orthorhombic) is isostructural with 

SrI,, and the other has monoclinic symmetry. These are both structures of 7 : ; 

SBS) 

(2) IC 1966 5 938 

(3) IC 1964 3 993 
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coordination, the 7-coordination being similar to that of Zr in baddeleyite. The 

chief difference between monoclinic Eul, and Srl, lies in the bond angles at the 

3-coordinated I~ ions; these are two of 100° and one of 140° and one of 101° and 

two of 127° respectively (compare ZrO», 104°, 109°, and 146°). 

In the inexplicably complex SrBr structure there are two kinds of Sr? * ion 

with different arrangements of 8 neighbours. One type of ion has 8 Br at the 

vertices of an antiprism (3-14 A), while the other has a very irregular arrangement 

of nearest neighbours: 6 at a mean distance of 3-14 A, 1 at 3-29 A, and 1 at'3-59 A. 

(v) B subgroup dihalides. The structures of these compounds, which are usually 

characteristic of one compound or a small number of compounds, are described in 

Chapters 25 and 26; they include compounds of Cu, Ag, Hg, Ga, Ge, and Sn. 

Trihalides 
Here it is sufficient to recognize three groups: 

(i) octahedral structures (Al, Sc, transition metals, In, Tl), 

(ii) structures of higher coordination (chiefly 4f and Sf metals), 

(iii) special structures of B subgroup compounds. 

(i) Octahedral MX3 structures. Corresponding to the rutile structure for 

fluorides and the h.c.p. (CdI,) and c.c.p. (CdCl) layer structures for other 

dihalides we have the 3D ReO; structure (and variants) and the Bil, and YCI; layer 

structures; the last two are the structures of the low- and high-temperature forms 

respectively of CrCl; and CrBr3. In addition, the Zrl3 chain structure (with 

face-sharing octahedra) is adopted by a number of chlorides, bromides, and iodides. 

Trifluorides. In Chapter 5 we surveyed the structures in which octahedral groups 

are joined by sharing only vertices, and we noted that the structure in which all 

vertices are shared can have an indefinite number of configurations. Two special 

cases may be recognized, one in which the X atoms are arranged in hexagonal 

closest packing, and the other in which these atoms occupy three-quarters of the 

positions of cubic closest packing. A number of trifluorides adopt the h.c.p. 

structure, but in most of these compounds the packing of the F atoms is of an 

intermediate kind (Table 9.16). Moreover it appeared that no trifluoride adopts 

the cubic ReO 3 structure, compounds with this structure being either non- 

stoichiometric (mixed valence) compounds such as Nb(O, F)3 or Mo(O, F)3 or 
compounds such as NbYO,F Recently, however, it has been claimed that pure 
stoichiometric NbF3 with the ReO3 structure is obtained by heating 

3 NbF, + 2 Nb at 750°C under a pressure of 3-5 kbar. The precise nature of the 
anion packing is of interest since it determines the M—F—M bond angle. There is an 
interesting connection, which is not understood, between the structures of these 

compounds and the position of M in the Periodic Table. Confirmation is desirable of 
the structure of AIF, in which the neighbours of Al are apparently 3 F at 1-70 and 
3 F at 1:89 A. The distorted octahedral coordination in the complex monoclinic 
structure of MnF3 (Mn—F bond lengths, 1-79, 1:91, and 2-09 A) may be contrasted 
with the regular octahedral coordination in VF3, and it is interesting that in both 
MoF3 and VF3 M-—F is equal to 1-95 A yet the compounds are not isostructural. 
The compound PdF3 is presumably Pd'(pd?Y Fe). 
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TABLE 9.16 

Crystal structures of trifluorides 

Angle 

M—F—M 

H.c.p. structure 
PdF3, RhF3, IrF3 (also Pt(O, F)3) 12m 

Intermediate packings 
RuF3, MoF3@) Values around 
GaF3, TiF3, VF3, CrF3, FeF3, CoF3 ISO" 
MnF3 (d) 

ScF3,(€) InF;(¢) (AIF3 ?) 
Cubic ReO3 structure 

NbF3(@) 180° 

(4) Rhombohedral VF3 type but close to h.c.p. structure, 
(d) Unique distorted (monoclinic) VF3 type due to Jahn-Teller effect. 

(c) Close to cubic ReO3 structure. 
(4) CR 1971 273 1093. 
For details and references see: Structure and Bonding, 1967 3 1. 

Al 
Sc sit V Gi, Mn Fe Co Ga 

Nb Mo i oe Peau In 

h.c.p. 

Other trihalides. Most of the other halides of metals of this group adopt one 

or more of the following structures (Table 9.17): 

Bil3: h.c.p. layer structure (low-CrCl3) 

YC1,: c.c.p. layer structure (high-CrCl3) 

Zrl;: chain structure. 

TABLE 49.17 

Crystal structures of trihalides 

AICl3 (L) 
AlBr3 (D) 
All3 (D) 

ScCl3 (L) TiClg @/C) VC, @) = C-Cg ))—FeC ly L) GaCl3 (D) i ae Ae es ie 
TiBr3 (L/C) CrBr3 (L)@) ~~ FeBr3 (L) (3) ICS A 1967 1038 

Til3 (C) VI3 (L) Gal3 (D) r ; ‘ ; 
or various compounds of this 

YC13 (L)(2) ZrC3 (L/C) Rucl;(3) (L/C) ~—s InC3, (L) group see also IC 1964 3 1236; 

ZrBr3 (C) MoBr3 (C) InBr3 (L) IC 1966 5 281; IC 1969 8 1994, 

YI3 (L) Zr13 (C) InI3 (D) 

Hfl, WCl; ReCl3 TIC; (L) 
see pp. 366, 369 

For the trihalides of As, Sb, and Bi see p. 706. 

L = Bil or YC1, layer structure; C = Z1l3 chain structure; D = M2 X6. 
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FIG. 9.5. Projection [on (010)] 
of the crystal structure of AIBr3 

showing how molecules Al, Br¢ 
arise by placing Al atoms in pairs 
of adjacent tetrahedral holes in a 
close-packed array of halogen 
atoms. The crosses mark the 
corners of the monoclinic unit cell. 

FIG. 9.6. The structure of the 
molecules AlyClg, Al, Brg, and 

AljI¢ according to Palmer and 
Elliot. 

The Halogens—Simple Halides 

In the Zrl, structure the M—M distance is comparable with that in the metal 

because the MX, octahedra share opposite faces, but there is not necessarily 

metal-metal bonding. The magnetic moment of ZrCl3 (0-4 BM) indicates con- 

siderable overlap of metal orbitals, but the moment of TiCl, (1-3 BM) is not much 

less than the value expected for one unpaired electron (1:75 BM). Similarly, in 

CsCuCl; and CsNiCl3 where the anions have this chain structure, the moments are 

normal for one and two unpaired electrons.“!) 

We have included in Table 9.17 AlCl, and some B subgroup trihalides, but we 

should note the following points. In contrast to AlCl, AIBr3 has a molecular 

structure. The Br atoms are close-packed and the Al atoms occupy pairs of adjacent 

tetrahedral holes (contrast the octahedral coordination in AlF3 and AICl3), and the 

crystal is built of Al,Brg molecules (Fig. 9.6). The same type of molecule is found 

in crystalline GaCl,(?) and in Inl3, with which All, and Gal, are probably 

isostructural.©) In InI; the bond lengths are: In—I,, 2 64 A In—Ip, 2 84 A; angles 

similar to those in GaCl3. Dimeric molecules of the same kind exist in the vapours of 

both these halides. 

ch cl cl 

(ee | eo oe 

2-29(-09) A 2-06(-03) A 

(ii) Structures of higher coordination. The octahedral structures described in (i) 

are not possible for larger ions, and this is nicely illustrated by the Group IIIA 

trihalides, which have a structural chemistry comparable as regards its complexity 

with that of the alkaline-earth dihalides (Table 9.18). The nine compounds studied 

provide examples of no fewer than seven different structures, three layer structures 

(below the heavy line in the table) and four 3D structures. 

The LaF; structure is also called the tysonite structure, after the mineral of that 

name which is a mixed fluoride, (Ce, La, .. .)F3. The structure earlier assigned to 

LaF3 has been revised, and the description depends on the interpretation of the 

various La—F distances. The neighbours of La comprise: 7 F at 2:42-2:48 A, 2 F at 

2:63 A, and a further 2 F at 3-04 A (means of two independent determinations). 

There are three kinds of non-equivalent F ion. If all the above F ions are counted as 

nearest neighbours the metal ions are 11-coordinated, two-thirds of F are 4- 

coordinated, and the remainder 3-coordinated. This 11-coordination group is a 

distorted trigonal prism capped on all faces. If only the 9 (or 7 + 2) F neighbours 

are included in the coordination group of the cation the structure is described as 
one of 9 : 3 coordination. There is no simple description of the cation coordination 

polyhedron, and the 3-coordination of the three kinds of fluoride ion ranges from 

nearly coplanar to definitely pyramidal. The structure is adopted by a number of 4f 

and 5f trifluorides (Table 9.19) and trihydrides (p. 296), some complex fluorides 
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(e.g. CaThF,, SrUF,), and by BiOg.,F2.g (p. 716). The structure of the high- 

temperature form of LaF3 and the later 4f trifluorides is not known. 

TABLE 9.18 

Structures of Group IIA trihalides 

In the YF3 structure there is also a distorted 9-coordination of M3 * (tricapped 

trigonal prism), eight at approximately 2-3 A and the ninth at 2°6 A, so that the 
coordination may be described as (8 +1). This structure is adopted by the 4f 

trifluorides SmF 3 —LuF; and also by TIF; and B-BiF3 (for reference see p. 703). 
The cubic ‘yttrium trifluoride’ referred to in earlier literature is apparently 

NaY3F,1 9; other similar compounds include NH4Ho3F,9 and the Er and Tm 

compounds. The structure of this type of compound is illustrated in Fig. 9.7. The 

@ Na 

O 3Y 

© 4F 

© 3F 

in unit cell 

FIG. 9.7. The crystal structure of NaY3Fi0. 

content of one unit cell comprises Na, 3 Y, and 10 F arranged at random in the 

twelve positions shown by the larger circles.) A very similar cubic phase was also 

thought to be a cubic form of BiF3, having a cell edge very similar in length to that 

of NaY3F jo. It was assigned the structure of Fig. 9.7 with all metal ion positions 

occupied by Bi?* and all twelve F~ positions occupied. (This would correspond to 

the fluorite structure with additional F~ ions—those shown as shaded circles at the 

35/7 

(1) JACS 1953 75 2453 
(2) IC 1966 5 1466; ZK 1965 122 
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body-centre and at the mid-points of the edges of the cubic unit cell.) This cubic 

material is actually Bi,OF,,‘?) presumably with Bi4(O, F);9 in the unit cell; 

compare (Na + 3 Y)F,9. See also p. 716 for other oxyfluorides of bismuth. 

The UCI; structure, in which the coordination group of the metal ion is a 
tricapped trigonal prism, is adopted by numerous 4f and 5f trihalides (Table 9.19) 

TABU Hot. 

Crystal structures of 4f and Sf trihalides 

4f trihalides 

La Ce Poe Nd Pnjaesinee Eum Gdeelbe Dy. How Eres Utne yY Oe ns 

MF; (1) SL a (NRO) CF 

form 

|«~_______YF, structure ———____——> 

+ (not studied) 

Mcl;°?) b- +<——— YC]; structure-—————> 

MBr3 ip P 

MI, (9) Pas Pee Dae —— structure — 

Sf trihalides 

Ac Th Pa U Np Pu Am Cm_ Es B = Bil3 structure 

L= LaF3 

P= PuBr3 

Pp pe) poe) 

Be) BO) 

(1) IC 1966 5 1937. (2) IC 1964 3 185; JCP 1968 49 3007. (3) IC 1964 3 1137. (4) AC 1949 2 
388. (5S) IC 1965 4 985; (Sa) INCL 1969 5 307. (6) A refinement of the (UCI;) structure of 
GdCl3 gives Gd—6 Cl, 2-82 A, and Gd—3 Cl, 2-91 A. (AC 1967 23 1112); and for AmCl3, 
Am—6 Cl, 2-874 A, Am—3 Cl, 2-915 A (AC 1970 B26 1885). 

U= Cl. 

P ps) B 

and also by the trihydroxides of La, Pr, Nd, Er, Sm, Gd, and Dy. Comparison of the plans of the UCI; structure (Fig. 9.8) and the PbCl, structure (Fig. 6.23, p. 222) shows that these two structures are related in much the same way as are the YCl3 and CdCl, structures, though the latter are layer structures while UCI; and PbCl, 
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are 3D arrangements of ions. We have remarked in Chapter 7 that the unsym- 
metrical arrangement of M ions to one side of Cl in these structures is similar to 
that in the layer structures. 

FIG. 9.8. Projection of the crystal structure of UCl3 showing the tricapped trigonal prismatic 

coordination of U (see text). 

In the UCl3 structure the metal atom has nine approximately equidistant 

halogen neighbours (see ref. 6, Table 9.19). In the PuBr3 structure, a projection of 

which is shown in Fig. 9.9, there is only 8-coordination of the metal atoms. This is 

a rather surprising structure in the sense that the halogen atoms are nearly in the 

positions required for 9-coordination of the metal atoms. The ninth Pu—Br bond 

would be that marked c, which would complete a coordination group of the same 

kind as in UCI. This distance is, however, 4:03 A, as compared with 3-08 A for the 

eight near neighbours. The layers are apparently prevented from approaching closer 

by the Br—Br contacts a and b which are unusually short for non-bonded Br atoms 

(3-81 and 3-65 A respectively). 

(iii) B subgroup trihalides. A number of structures peculiar to certain B subgroup 

halides are described in other chapters; AuX3 (Chapter 25), AsX3 etc. 

(Chapter 20). 

Tetrahalides 

More than thirty metals form a tetrahalide with at least one of the halogens, but in 

relatively few cases are all four tetrahalides of a given metal known. All four 

tetrahalides are known of Ge, Sn, Ti, Zr, Hf, Nb, Ta, Mo, W , Th, and U, and at the 

other extreme MF, is the only tetrahalide known of Cr, Mn, Pd, Ru, Rh, Ce, Pr, 

and Tb; no tetrahalides of Ir have been prepared. The crystal structures of more 

than one-half of the seventy or so known tetrahalides are known, and they include 

SO) 

| 
O Pu at y=0 O Brat y =0 

O Pu at y=+} OBraty =+} 

FIG. 9.9. The (layer) structure of 

PuBr3. The planes of the layers 

are normal to that of the paper. 
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structures of all types, 3D, layer, chain,‘and molecular. Most of these structures 

have been described in previous chapters. 

Tetrahedral molecules pack differently in SnBrq‘!? and Snl4{?) with respec- 

tively h.c.p. and c.c.p. halogen atoms; compounds with the latter structure include 

Gel,, SnCly, TiBr4, Til4, ZrCl4, ZrBr4, and PtCl4; a second form of TiBrg is 

isostructural with SnBrg. 

Octahedral structures (see Chapter 5) include two closely related chain struc- 

tures, a-Nbl,4°? and TcCly and the layer structure of SnF, 6) (and the 

isostructural NbF4‘°*) and PbF4). In the a-NbIq chain pairs of Nb atoms are 

alternately closer together and further apart (Fig. 9.10(a)), and the interaction 

Cl 

cl 
| | f | He Re 
| 2-76A 291A 2-694 
| 

; ! Cl Cl 

est Are 4-36A i 
Cl 

(a) (b) 

FIG. 9.10. Edge-sharing octahedral chains in (a) Nbly, (b) TcCl,. 

between pairs of Nb atoms is sufficient to destroy the paramagnetism expected for 

Nb! . The bridge bonds are appreciably longer than the others, and this is also true 

in TcCl4, where there are three different Tc—Cl bond lengths: a = 2:24, b = 2:38, 

and c= 2:49 A There are no metal-metal bonds in this chain (Fig. 9.10(b)), the 

shortest Tc—Tc distance being 3-62 A. The TcCl, structure has been recorded only 
for this compound, but the NblI4 chain is also formed in crystalline NbCl4, TaCla, 

Tal,, MoCl,, WCl4, a-Ptl,°°> and a-ReCl4.‘7) The second form of ReCly (8) has a 
quite different chain structure“®) in which pairs of face-sharing octahedra form an 

infinite chain by sharing a vertex at each end, as shown at the right. 

In SnF4 octahedral SnF¢ groups form a layer by sharing four equatorial F atoms 

as in the K,NiF, structure (p. 171). 

The first 3D octahedral structure for a tetrahalide has recently been assigned to 

IrF,.(8%) In this structure each octahedral IrF¢ group shares four vertices, each with 

one other IrF¢ group, a pair of cis vertices being unshared. The structure is closely 

related to the rutile structure, from which it is derived by removing alternate metal 

atoms from each edge-sharing chain. This relationship may be compared with that 

between the NaCl and atacamite (AX.) structures (Fig. 4.22, p. 143). 

It has been suggested, though not confirmed, that the structure of VF, is related 

to that of VORs (28) In the latter, edge-sharing pairs of octahedral coordination 

groups (here VOF.) are further linked by sharing four of the remaining eight vertices 
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to form layers as shown at (a). The structures of a number of 3d tetrahalides would 

be of special interest because of the presence of excess d electrons, and in this 

connection we may note that the VCl, molecule was assigned a regular tetrahedral 

structure as the result of an early electron diffraction study of the vapour.(8°) 

Other octahedral structures include that suggested for high-MoCl,°?? that is, 

random occupation of three-quarters of the metal positions in the Bil; structure. 

There would be isolated MoCl.¢ octahedra and portions of edge-sharing chains. 

Of three structures with 8:2 coordination, two are examples of antiprism 

coordination and one of dodecahedral coordination. The remarkable Thl, struc- 

ture!) consists of layers formed from square antiprisms Thlg which share two 

triangular faces and one edge; it was illustrated in Chapter 3 as an example of a 

layer based on the plane 6-gon net. In contrast to the molecular ZrCl, and ZrBra, 

Dvn oes has a typically ionic structure of 8:2 coordination. Both types of 

non-equivalent Zr** ion are surrounded by 8 F forming a slightly distorted square 

antiprism which shares vertices with eight others. This structure is confined to 

tetrafluorides of the larger M** ions (Hf, Ce, Pr, Tb, and 5f elements Th—Bk). The 

tetrachlorides of Th, Pa, U, and Np (and also ThBr4 and PaBrq) adopt a different 

8:2 structure. In the UCl, structure a metal atom has eight dodecahedral 

neighbours, and each coordination group shares one edge with each of four others 

in helical arrays around 4, axes, forming a 3D structure of 8 : 2 coordination (Fig. 

9.11).In Thee: 2) which has this structure, the M—Cl distances are four of 2°72 A 

value calculated for minimal ligand repulsion (see p. 69). A very similar coordination 

group is found in the isostructural PaBrg‘!3) (Pa—Br, 2°83 A and 3-01 A). 

FIG. 9.11. Projection of the 

structure of ThCly (UCIq). 
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For the unique structure of TeF4, in which square pyramidal TeF, groups form 

infinite chains by sharing two F atoms, we refer the reader to Chapter 16 (Fig. 16.3). 

The structures of crystalline tetrahalides provide a good illustration of the ways 

in which the same X: M ratio can be attained by sharing of increasing numbers of 

atoms between MX, coordination groups as n increases: 

Coordination of M CN. Elements of coordination Examples 

polyhedra shared 

Tetrahedral 4 None SnIq 
Square pyramidal 5 2 vertices TeF4 
Octahedral 6 4 vertices SnF4 

2 edges TcCl4, NbIq4 
1 face + 1 vertex ReClq4 

Antiprismatic 8 8 vertices Z1F4 
Dodecahedral 8 4 edges ThCl4 
Antiprismatic 8 2 faces + 1 edge ThlI4 

Pentahalides 

Apart from the trigonal bipyramidal SbCl, molecule, which has the same structure 

in the crystalline as in the vapour state, we have to deal here with 6- and 

7-coordinated structures. 

The octahedral structures, described in Chapter 5, include the dimeric and 
tetrameric molecules of types (a) and (b) (Fig. 9.12) and the ‘cis’ and ‘trans’ chains. 

(a) (b) 

FIG, 9.12. Pentahalide molecules: (a) M2Clio, (b) MaF ao. 

The dimers are chlorides and one bromide, while the cyclic tetramers and chains are 
fluorides. As in the case of other halides the molecules (a) or (b) can pack to give 
various types of closest packing of the halogen atoms. For both (a) and (b) the 
h.c.p. and c.c.p. structures are known, and for the dimers also the more complex he 
packing (Table 9.20). In the dimeric molecules the metal atoms are displaced from 
the centres of the octahedra (by 0-2 & in U,Cl,9, and the bridge bonds are 
longer than the terminal ones (for example, 2-69 and 2-44 A in U,Cl, o)- 

The special interest of the two M4X4o structures lies in the fact that the —F— 
bond angles are quite different, 180° (as shown at (b)) and 132° in the c.c.p. and 
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A BLES 9.20 

Structures of crystalline pentahalides 
Dimers M2X 10 

Type of closest packing of X Reference 

M2Clio h c he 

Nb Ta Mo W JCS A 1967 1825, 2017 
U AC 1967 22 300 

Re AC 1968 B24 874 
M2 Bryo B-Paz Brio AC 1969 B25 178 

Tetrameric and linear pentafluorides 

y(t) Ct a 

Nb Mo Te Ru 

Ta wis) Re OsQ0) Ir Bt 
trans chain(6) 

M4F 20 cis chain M4F 20 SP 10” 
—F— 180° —F— 150° —F— 132° | BiFs 
Gic.p> h.c.p. a-UF 5 

also also pentagonal bipyramidal 
WOF,(2) MoOF,(3) chain 
NbCl4F (8) ReOF, (4) PaCl, (7) 
TaCly F(9) TcOF 4 (1) 

(1) ICS A 1969 1651. (2) JCS A 1968 2074. (3) JCS A 1968 2503. (4) JCS A 1968 2511. 
(5) ICS A 1969 909. (6) JACS 1959 81 6375. (7) AC 1967 22 85. (8) ZaC 1968 362 13. 
(9) ZaC 1966 346 272. (10) JCS A 1971 2789. (11) CC 1967 462. Also green trimeric form 
with —F—, 161° (JCS A 1970 2521). (12) IC 1973 12 2640. 

h.c.p. structures respectively. (The cubic closest packing is distorted to give 

monoclinic symmetry in the former structures.) This is reminiscent of the 

trifluoride structures described earlier, as also is the choice of structure by the 

various pentafluorides (Table 9.20). 

The two forms of octahedral MX, chain arise by sharing of adjacent or 

opposite vertices of octahedral MX¢ groups (cis and trans chains); here again it 

would be interesting to know what determines the choice of chain. 

Of the 7-coordinated structures, that of B-UFs is a 3D structure in which U is 

surrounded by 7F of which 4 are shared with other coordination groups (Fig. 

28.2). In the PaCls structure (which is unique to that compound) pentagonal 

bipyramidal groups share two edges to form infinite chains (Fig. 9.13). Bond 

lengths are: Pa—Cl (bridge), 2°73 A, Pa—Cl (terminal), 2:44 A. 

FIG. 9.13. Chain in crystalline PaCls. 
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It will be observed that apart from SbCl; 5-coordination is avoided in all the 

pentahalide structures described, as is also the case in crystalline PCl; and PBrs. 

Hexahalides 

Although infinite complexes (for example, chains or layers built from 7-, 8-, OF 

9-coordination groups) are in principle possible, only octahedral molecular struc- 

tures are as yet known for crystalline hexahalides. X-ray powder photographic 

examination of numerous hexafluorides of second- and third-row transition metals 

shows that they have isostructural low-temperature (orthorhombic) and high- 

temperature (disordered) b.c.c. polymorphs.“!? A more complete study has been 

made of the structurally similar low-temperature form of OsY "OF, ,(?) which 

consists of nearly regular octahedral molecules. Little recent structural work seems 

to have been done on crystalline hexachlorides. Like the halides M,Xjo the 

hexahalides adopt different kinds of closest packing of the halogen atoms: 

h: UCI1.,° WCl., MoCl, 
he: UF, (and OsOFs) 

Heptahalides 

The only known metal heptahalides are ReF, and OsF,, the latter being stable only 

at low temperatures.‘!) The only other heptafluoride known is IF,. The evidence 

for the pentagonal symmetry of ReF, (and IF 7) has been summarized.(?) 

No higher halides are known; the compound earlier described as OsFg proved to 

be OsF¢. 

Polynuclear complexes containing metal-metal bonds 

Binuclear halide complexes formed by Mo, Tc, and Re 

A number of elements form ions M,Clg consisting of two octahedral groups 

sharing a face (p. 166), and similar units are joined by sharing one Cl at each end to 

form the infinite chain molecules in B-ReCl, (p. 87). Within the sub-units Re—Re 

is 2:73 A, indicating a (single) metal-metal bond. The ion ReyClg has a similar 

structure, and presumably also the Mo,Cl3~ ion. Molybdenum also forms two 

other binuclear ions: 

The intermediate ion, Mo,Cl3, has the same general shape as the Mo,Cl3~ ion, to 

which it can be oxidized electrochemically in solution, but with one bridging Cl 

missing and a rather strong metal-metal bond (Fig. 9.14(a)). The Mo,Clg~ ion has 
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an entirely different structure, Fig. 9.14(b), which is also that of the Te, Cle and 
Re,ClZ~ ions. These ions have an extremely short M—M bond and an eclipsed 
configuration, the eight halogen atoms being at the vertices of an almost perfect 
cube. According to a m.o. treatment the metal-metal bond is regarded as quadruple 
(on75), the 6 component accounting for the eclipsed configuration. 

Na 

yh 
O 

(c) 

Cl 

O O 

(or =e ee c—C,H, 

O O 

(CH;)3P (Gl 

(e) 

FIG. 9.14. Binuclear halide ions and related molecules: (a) Mo2Clg~, (b) Re2Cl3~, 
(c) Re2I4(OOC . CeHs )2, (d) RegOCls (OOC . C2 Hs )(P$3)2, (e) Rez OC13(OOC . C2Hs )2 (P$3)2. 

Substitution reactions may be performed on the ReXg nucleus, the general 

shape of which is retained in molecules such as ReyCl¢(PEt3)., in which two 

(trans) X atoms are replaced by phosphine molecules, and Re I4 (benzoate), (Fig. 

9.14(c)); in both of these molecules Re—Re is close to 2:2 A. In molecules such as 

(d) and (e), where there are bridging O and Cl atoms (and six ligands attached to 

each metal atom), the length of the metal-metal bonds is close to 2:5 A. Note the 

range of Re—Re bond lengths, 2:2, 2:5, and 2-7 A in these binuclear complexes. 

(For references see Table 9.21.) 
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TABLE™*9 21 

Metal-metal bond lengths in halide complexes 

Ion or molecule M—M (A) Reference 

ReCl4 (crystalline) Nee JACS 1967 89 2759 

(Rez Clo) 2°71 P. F. Stokely, Ph.D. Thesis M.I.T. 1969 

Re, OCI, (O2CC2Hs5) (P¢3)2 2-52 IC 1968 7 1784 

Rez OCl3 (02 CC2H5)2 (Po3)2 2:51 IC 1969 8 950 

RezCl¢ (PEt3)2 2-22 1G, Noes 7/2) 
(Re2Clg)?~ 2-24 IC 1965 4 330, 334 

(Tc2Clg)(NH4)3 .2 H20 2-13 LC@19TO9TS9 

(Mo,Clg)Kq .2H20 2-13 IC 1969 87 
(Mo 2Clg)CI(NH4 )5 -H2 0 2°15 IC 1970 9 346 
(Mo2Clg )Cs3 2-38 IC 1969 8 1060 

Re3lo 2-44, 2-51 IC 1968 7 1563 
Re3Clo 2-49 IC 1964 3 1402 
Re3Clo (PGEt2 )3 2-49 IC 1964 3 1094 
(Re3Cl41) (Ash4 )2 2-44, 2-48 IC 1966 5 1758 
(Re3 Bry 1)Cs2 2-43, 2-49 IC 1966 5 1763 
(Re3Cl,2)Cs3 2-48 IC 1963 2 1166 
(Req Bry5) (QnH), 2-47 IC 1965 4 59 

Trinuclear halide complexes of Re 

Rhenium forms a variety of ions and molecules based on a triangular unit of three 

Re atoms, for example, Re3Clo(pyr)3, Re3Cl,(NCS)3 and Re3Cl;(NCS)3_, 

Re3Xjo, Re3X7 1, and Re3X?3, (X = Cl, Br), the ions being isolated as salts of 
large cations such as Cs*, As(CgH;)4, etc. (Salts of the type [N(C.Hs5)4] 2 

Re,Br,,5 do not contain Reg complexes but ReBr2~ ions and Re3Brg units.) The 

Re3Cl?5 ion, Fig. 9.15(a), is the anion in CsReCl4. The Re—Re bond length, 
2:48 A, is much shorter than that in the metal (2:75 A) and corresponds to bond 

order 2. The Re—Cl, (2:36 A) and Re—Cl, (2-39 A) bonds are normal single bonds 

(compare 2°37 Ain KgReOCl, 9. H2O), and the length of Re—Cl, (2°52 A) has been 
attributed to overcrowding. The same Re3 nucleus exists in Re3Clo(P¢ Et,)3 and 

many other complexes, and the Re3Cl? ion has a structure very similar to Re3Cl}?> 

but devoid of one equatorial Cl atom. 

The trihalides ReCl3 and ReBr3 have been shown by mass spectrometry to 
vaporize as Re3Xq molecules. Crystalline ReCl3 contains Re3Clg molecules like the 
ions of Fig. 9.15(a) without the equatorial Cl, atoms. These molecules are joined 

through weaker Re—Cl bridges (2°66 A) into layers based on the plane 6-gon net 
(Fig. 9.15(b)). In each bridge one Cl, atom of one molecule occupies the Cl, position 

in the adjacent molecule (Fig. 9.15(c)). In Rel3 the Re3X9 molecules are of the 
same kind, but instead of being linked into layers by the bridges they are linked into 
chains (Fig. 9.15(d)). 
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(d) 

FIG. 9.15. Trinuclear halide complexes of Re: (a) (ResClin) on (b) crystalline ReCl3, 
(c) bridge in ReCls3, (d) crystalline Re3I9. 

Halide complexes of Nb, Ta, Mo, W, Pd, and Pt-containing metal ‘clusters’ 

The compounds to be discussed here are formed by certain metals of the second 

and third transition series, 

Nb Mo Pd 

Tage VW 5Pt 

A limited number of B subgroup metals also form halides in which there is 

metal-metal bonding, notably Hg and Bi. We shall refer briefly to the Bi 

compounds; for mercurous compounds see Chapter 26, and for CugI4(AsEt3)q see 

Chapter 25. 

A feature of the chemistry of Nb and Ta is the formation of many halogen 

compounds in which the metal exhibits a non-integral oxidation number (Table 
9.22). The halides are made by methods such as the following: Nb3I by thermal 

decomposition of the higher iodides, NbgI,, by heating Nb3Ig with the metal, 

CsNb4Cl,, by a vapour transport reaction from a mixture of CsCl, Nb3Clg, and Nb 

metal, and K4Nb,Cl,g by heating together KCl and Nb,Cl,4. A different set of 

compounds is obtained from solution, namely, those containing NbgX, groups, 

which can be obtained in several different oxidation states. The Nb,Cl73 ion may 
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TABLES 9Y22 

Some halides and halide complexes of Nb 

Oxidation number of Nb 

1-83 2 2-33 2°50 2-67 3 4 5 

Nbg6F 45 NbF3 NbFy, NbF; 

(Nbg Cl, 2)Clz Nb3Clg NbCl3 NbClq NbCl, 

Ky (Nb6Cly2)Cle CsNb4Cly1 Cs3Nb Clo 

(Nb6Cly2)?* (Nb6Cl12)3* (NbgCly2)4* 
NbBr2 

Nb6li1 Nb3Ig NbI3 NbIq NbIs 

AUB oo es 

Compounds containing MeXg or MgX 12 ‘clusters’ 

Type of complex Reference 

M6Xg 
Finite 

(Mo6 Clg )Cl¢6 (NH4 )2 . H,0 

(Mo6Clg )(OH)4 (H20)2 .12 HO sere 
1-dimensional 

(We Brg) Brg . Brg We Brie ZaC 1968 357 289 

2-dimensional 
(Mog6Clg )Cl4 MoCl,, Bro, I, Wee ZaC 1967 353 281 

3-dimensional 
(NbelIg )I3 Nbe6l,1 ZaC 1967 355 295 
(Nb6Ig )I3H Nb¢1I,,H ZaC 1967 355 311 

MeX 
Finite i 

PacCi2 PdCl, AnC 1967 79 244 
te Cly2 PtCl, ZaC 1965 337 120 

(W6Cl12)Cl6 WCl3 AnC 1967 79 650 
(Ta6Cl12)Cly (H20), .3H,0 TagCly4 .7H20 IC 1966 5 1491 
pees K4gNbe Clg ZaC 1968 361 235 
al 12C 6) [N(CH3)4]2Nb6Clig IC 1970 9 1347 
( ag Cly2Cle) Hz TagClyg -6H,0 IC 1971 10 1460 

2-dimensional 

ile Tagly44 JLCM 1965 8 388 
(Nb6Cly2)Cly Nb6Cliq ZaC 1965 339 155 

3-dimensional 

Ose aes Nb6Fi5 JLCM 1965 9 95 
( agC 12)Cl3 TagClys5, Tag Brys5 ZaC 1968 361 259 
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be regarded as the structural unit from which (Nb¢Cl, )Cl, and its octahydrate are 

formed. Oxidation of this ion in HCl—alcohol solution by air, followed by addition 

of NEt4Cl, gives (NEt,)3(Nb,Cl,2)° *Cl¢ (u= 1-65 BM), while oxidation by Cl, 
yields (NEt4)2(Nb,¢Cl,)**Cl¢, with approximately zero moment.“!) Similarly, 

the (TagCl,2)"* ion can be reversibly oxidized and reduced (n = 2, 3, 4).‘?? 

In all of the compounds of Table 9.22 except NbF4 and the pentahalides there is 

some interaction between metal atoms. This ranges from binding between alternate 

pairs of Nb atoms in the NbXq chain structure, through the formation of Nb3 

groups in the halides Nb3Xg and groups of four Nb atoms in CsNb4Cl, 1, to the 

formation of octahedral M¢ groups in all the compounds of Table 9.23. 

Halides Nb3Xg form a layer structure) in which Nb atoms occupy 4 of the 

octahedral holes between alternate layers of halogen atoms (Fig. 5.22(d), p. 177). 

The interaction between the Nb atoms is such that triangular Nb3 groups can be 

distinguished which may be shown in idealized form as in Fig. 9.16(a), it being 

understood that these groups share all the outer Cl atoms with adjacent groups as 

indicated. (Of the 13 Cl atoms shown in the Figure, 6 are common to two and 3 to 

three such groups: 4 + 6(4) + 3(4) = 8.) 
In CsNb4Cl,; groups of 4 octahedra may be distinguished on the basis of the 

Nb—Nb distances, namely, a= 2:95, b=2-84, c= 3-56, and d=3-95A (Fig. 

9.16(b)); the group of four octahedra shares edges and faces as shown. 

(a) (b) 

FIG. 9.16. (a) The M3Xg unit in Nb3Clg; (b) the M4X 11 unit in CsNb4Cl; 1. In (a) the atoms 
X? and X? are common to two or three M3Xg groups respectively. In (b) all X atoms on shared 

edges or faces are common to two Mq4Xjq groups. 

We now come to the compounds of Table 9.23, the structures of which are 

based on one of two units, both containing a central octahedral group of metal 

atoms. These halides include not only the compounds of Nb and Ta in which the 

metal has non-integral oxidation numbers but also dihalides of Mo, W, Pd, and Pt 

and WCl3. The units are illustrated in idealized form in Fig. 9.17. In (a) M atoms 

are at the centres of the faces of a cube and X atoms at the vertices, giving a finite 

group of composition MgXg. This group was first recognized as the basic structural 

unit in a number of chloro complexes of Mo. The yellow ‘dichloride’ is soluble in 
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alcohol and from the solution alcoholic AgNO3 solution precipitates only one-third 

of the chlorine. A saturated solution of the dichloride in aqueous HCl produces 

crystals of a ‘chloro acid’, H,(Mo,Cl, 4) .8 HO, from which salts such as 

(NH4)2(Mo6Cl, 4) - H20 can be prepared. Controlled hydrolysis of the solution of 

the chloro acid gives products in which part of the Cl is replaced by OH, H20O or 

both. Attachment of 6 Cl to the MgXg group of Fig. 9.17(a), as shown by the xX 

atoms, gives the ion (Mo,Clg . Cl,)2~ in the chloro acid, while attachment of 4 Cl 

and 2 H,O gives a neutral group [Mo¢Clg. Cl4(H,0)2]6 H2O in the ‘octahydrate’ 

of the dichloride. 

(c) (d) 

FIG. 9.17. Metal cluster complexes: (a) MeXg (or Me6Xg- Xo), (b) MoXi2; (c) crystalline 

MoCl, (details), (d) We Brie. 

If the four equatorial X atoms of Fig. 9.17(a) are shared with other similar 

groups the result is a layer of composition (Mo¢Clg)Cl4, and this is the structure of 

MoCl,, WCl,, etc. (Table 9.23). Details are shown in Fig. 9.17(c). Sharing of all six 

xX atoms with other units gives a 3D framework with the composition MgX 

which represents the structure of crystalline Nb¢I,,. At temperatures above 300°C 

the paramagnetic Nb6I,, absorbs hydrogen at atmospheric pressure to form a 

hydride with the limiting composition Nb¢I,,H, which is diamagnetic at low 

temperatures. A n.d. study shows the H atom at the centre of the Nb¢I,, group. 
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The action of liquid Bry on WBr (W6Br, 2) gives successively WoBriq, WeBrig, 
and WeBrig. In WeBri¢ (WeBrg. Br4) groups are linked through linear Brq groups 
(Fig. 9.17(d)) to form infinite chain molecules. 

The grouping of Fig. 9.17(b) has the composition Mg Xj >, and represents the 
structure of the molecules in one of the crystalline forms of PdCl, and PtCl, and in 
their vapours. Addition of a further X atom to each M gives MgX;¢, which 
is the structure of the molecule in tungsten trichloride. The (Nb,X,7)"* and 
(TagX,2)"* ions can be oxidized from n = 2 to n = 3 and 4, the corresponding 
(MgX18)” ions having m = 4, 3, and 2. Salts containing all of these ions have 
been made, and some of their structures have been determined (see Table 9.23): 

(Nb.Cl,g)* : Nb—Nb, 2:92 A 

(Nb,¢Cl,g)? : Nb—Nb, 3-02 A (see Table 9-23) 

(TagCl,g)? : Ta—Ta, 2:96 A. 

As in the molybdenum complexes derived from Mg Xg units some of the additional 

six ligands may be, for example, HO molecules, and this is so in TagCl, 4. 7 HO, 

in which the structural unit is [TagCl, (Cl, )(H,O)4]. The basic structure of this 

unit had been deduced earlier from X-ray diffraction data obtained from a 

concentrated alcoholic solution of the compound. 

If units MgX,> are joined into layers through four additional (equatorial) X 

atoms the composition is MgXj,4, as in Nb¢Cl,4 and TagI,q. Finally, linking of 

such units to six others through additional X atoms gives a 3D framework with the 

composition MgX,5, and this is the type of structure adopted by Nb¢F,5, 

TagCl,>5, and TagBr,s. 

It will be observed that the atoms of the MgX,, group of Fig. 9.17(b) also 

represent a unit cell of the structure of NbO, which contains the same octahedral 

Nb. group as in the compounds we have been discussing. However, the system of 

Nb—Nb bonds in NbO is continuous throughout the crystal, accounting for the 

metallic lustre and conductivity of this oxide. 

Other polyhedral metal groupings include (presumably) the trigonal bipyramidal 

Pt3Sn, nucleus in the ion (Pt3SngCl, 0) in [N(CH3)4] 4Pt3SngClyo, a compound 

produced by the interaction of PtCl, and SnCl, in acetone in the presence of 

[N(CH3)4] * ions.“*) There is as yet only i. evidence for the structure of the 

(Pt3SngCl, 9)’ ion, but two other complexes containing SnCl3 ligands have been 

(ls 
Sn Sn 

Shes cith R zeal ani R LP tl) c ~ LK A 

Sn | PtR a 
nN 

(a) \ 
Cl; 

(b) 

Sa 

(4) IC 1966 5 109 
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studied. The detailed structure of the anion in (¢3PCH3)3 [Pt(SnCl3)s5], (a), could 

not be determined owing to disorder in the crystal;($) this is not a 

polyhedral cluster compound. A trigonal bipyramidal nucleus exists in 

(GaHia)sBts (Sala). (b), in which the following bond lengths were deter- 

mined: Pt—Pt, 2°58 A, Pt—Sn, 2°80 A, and Sn—Cl, 2-39 A. See also the molecules 

Ptq(OH)4(CH3), 2 etc. described in Chapter 27. 

Molten BiCl, dissolves metallic Bi, and from the melt black crystals of 

composition BiCl,.;67 are obtained. These remarkable crystals‘7) contain poly- 

hedral Big* groups (tricapped trigonal prisms) in which Bi—Bi ranges from 

3-08-3:29 A (compare 3-10 A in the element), distorted tetragonal pyramidal 

BiClz~ ions, and dimeric Bi,ClZ~ ions formed from two such pyramidal groups 

sharing a basal edge. A m.o. treatment of the bonding in the Big * units has been 

given. (®) 

Metal halides in the fused and vapour states 

A complete picture of the structural chemistry of a compound would require a 

knowledge of its structure in the solid, liquid, and gaseous states. The amount of 

information obtainable about the structure of a liquid halide is very limited, and 

few X-ray studies have been made. (Examples include Sila InCl3,°?? and 

Cdn) We are therefore obliged to make direct comparisons of crystal and 

vapour. Strictly, these comparisons relate only to the process of sublimation, and 

if the compound is polymorphic the relevant crystal structure is that of the 

polymorph stable at the temperature of sublimation. 

Physical properties are sometimes indicative of structural changes. Crystalline 

AICI; has a layer structure, and the electrical conductivity of the solid increases 

rapidly as the melting point is approached, at which temperature it falls suddenly to 

nearly zero. At the melting point there is an unusually large decrease in density 

(about 45 per cent) as the ionic crystal, in which Al is 6-coordinated, changes to a 

melt consisting of Al,Cl¢ molecules.) These molecules are the predominant 

species in the vapour at temperatures below about 400°C, and consist of two 

tetrahedral AlCl, groups with a common edge. The viscosity of aqueous ZnCl, 

solutions rises sharply at high concentrations, and the viscosity of the molten salt is 

much higher? than that of normal unassociated dihalides such as MgCl, or CdCl2, 

being intermediate between the value for such compounds and that of BeF,. Like 

ZnCl, BeF, crystallizes as a system of tetrahedral MX4 groups linked through 

vertices (silica-like structure), and the viscosity of the molten BeF, at its melting 

point‘? is of the same order of magnitude as the viscosities of GeO, and B,03, 
that is, about 10° times that of ‘normal’ dihalides. The X-ray scattering curve of 

glassy BeF, at room temperature has been interpreted in terms of a random network 

of the silica type formed from BeF, groups. Similarly the high viscosity of SbF, (at 

room temperature) suggests a chain structure formed from SbF. octahedra sharing 

two vertices. 

The structures of many halide molecules have been studied in the vapour state, 
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generally by electron diffraction. Configurations found for molecules MX,, are: 

MX,: linear; Zn, Cd, and Hg dihalides 

angular; Sn and Pb dihalides | Gane 23) 
MX;;: pyramidal; As, Sb, and Bi trihalides (Chapter 20) 
MX,: tetrahedral; Group IV A and B tetrahalides (Table 21.1) 
MX;;: trigonal bipyramidal; Nb, Ta, As, and Sb pentahalides (Tables 9.25 and 20.3) 

MX¢: octahedral; MoF ,, WCl,, TeF,, and Table 9.25. 

The conventional methods of studying vapour species (e.d. and spectroscopic) 

have been developed in a number of ways. Examples are the microwave 

spectroscopy of molecules formed by the direct vaporization of solids (Ag—Cl, 

2:28 A, Ag—Br, 2:39 A‘7)) or of unstable species prepared in special ways. For 
example, the reaction of aluminium halides with metal gives monohalides (Al—F, 

1:-6544 A, Al—Cl, 2:1298 ROY, Other methods include i.r. studies of molecules in 

the vapour or trapped in matrices,(?? giving estimates of bond angles in molecules 

such as GeF, (94° + 4°) and TiF, (130° + 5°), and dipole moment studies.“!°) The 
deflection of molecular beams by inhomogeneous electric fields shows that some 

MX, molecules have permanent electric dipole moments and are therefore pre- 

sumably non-linear.“!!) The division of the Group II halides into two groups is 

somewhat unexpected and has been confirmed in a number of cases by i.r. studies 

of the halide in solid Kr at 20°K. 

BeF, BeCl, 

MgF, linear 

CaF, CaCl, CaBry Cal, 

SrF, 

BaF, angular 

Estimates of the bond angles include CaF, (140°), SrF, (108°), and BaF, (100°). 
The relation between structure in the crystalline and vapour states is simplest in 

the case of a molecular crystal which vaporizes to molecules of the same kind as 

those in the crystal, a process which merely involves the separation of molecules 

against the van der Waals forces with very little change in the internal structure of 

the molecule. The molecule may be mononuclear (SnI4, WCl¢) or, rarely, 

polymeric (Al,Br¢). In all other cases there is breakdown of more extensive 

metal-halogen systems, either directly to MX, molecules, or in some instances to 

polymeric species which dissociate to monomers at higher temperatures. The vapor- 

ization is accompanied by a reduction in the coordination number of the metal, 

2/0 

(7) JCP 1966 44 391 

(8) JCP 1965 42 1013 
(9) JCP 1965 42 902 

(10) JCP 1964 40 3471 
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which is shown in brackets in the following examples: 

Type of crystal structure Halide Vapour species 

3D complex LiCl (6) LiCl, (2) > LiCl (1) 
CuCl (4) Cu3Cl3 (2) [> CuCl ()] 

Layer CdIy (6) Cdl, (2) 
SbI3 (3 + 3) SbI3 (3) 
AICl3 (6) Al, Cle (4) [— AIC]; (3)] 

Molecular Nb2Clio (6) NbCls (5) 

The structures of the vapour molecules of some halides are closely related to the 
structures of the crystals (Fig. 9.18). Mass spectrometric analysis of the ions 
produced by electron impact shows the presence of dimers, trimers, and in some 
cases tetramers, in the vapours of alkali halides. In particular the lithium halide 
vapours contain more dimers than monomers. The structures of three of the LiX 

TEN. ome ad (ay DENG ry WOES l- De Y7 se An VAN 
C) C) 

¢ x 
o- Ae 

ey & C% & ‘S & & w) 

Environment Cdl, Pol, Asl, in crystal (b) 7 ;: 

FIG. 9.18. Relation between crystal structure and configuration of molecule in the vapour state: (a) molecules AX, A,X», and A4Xq4 derivable from the NaCl structure, (b) molecules 
AX, and AX3 derived from halides with layer structures. 

TABLE 9.24 
Bond lengths in lithium halides 

X Angle X—M—X Reference 
in dimer 

Crystal 

Cl 2°57 108 (4)° JCP 1960 33 685 
116° Br j 2.35 2:75 110 (4)° ZPC 1960 213 111 

I 2°39 2°54 3-03 116 (4)° 



The Halogens—Simple Halides 

TABLE 9.25 

Interatomic distances (A) in some halide molecules 

Linear MX4 molecules) 

Vapour (m.w. )@) crystal F Gl Br I 

Zn 1-81 2-05 2:21 2°38 

Cd 1-97 2-21 2°35) 2-55 

Hg — 2-34 2-44 2-61 

Tici(g) 
T1Br 

TI 

+ CsCl structure. GaCl, () 

5. i ee M—F 
Hg2Cl, (4): Hg—Cl, 2:23 

U 1-996 
Np | 1-981 
Pu 1-971 

(a) JCP 1964 40 156. (b) ZFK 1956 30 155, 951; TFS 1937 33 852. (c) TFS 1941 37 406. 
(d) JACS 1938 601852. (e) K 1959 4 194. (f) JCP 1966 45 263. (g) AP 1936 26 1. (h) AP 1940 

57 21. (i) ICP 1968 48 4001. G) TFS 1940 36 668. 
* Earlier results (JACS 1942 64 2514) for Ga2Breg and In2 X¢ gave only mean values of bridging 
and terminal bond lengths. 
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(12) JPC 1964 68 3835 

(13) JACS 1957 61 358 

(14) JCP 1971 55 4566 

The Halogens—Simple Halides 

dimers have been determined by electron diffraction. They form planar rhombus- 

shaped molecules as expected from a theoretical treatment assuming essentially 

Coulombic interaction between the oppositely charged ions. The bond lengths 

M—X have values intermediate between those in the monomer and in the crystal 

(Table 9.24). There are also some dimers in TIBr vapour.! 2) 

At temperatures above 435°C CuCl has a disordered wurtzite structure, and a 

mass spectrometric study shows‘" 3) that Cu3Cl, molecules are the predominant 

species in the saturated vapour at 450°C. The probable configuration of the trimer 

is an essentially planar 6-ring, but the detailed structure was difficult to establish 

with certainty. A later mass spectrometric study of the vapour in equilibrium with 

solid CuCl (280-430°C) indicated comparable concentrations of Cu3Cl3 and 

CuCl, molecules and a smaller concentration of CusCls molecules.{! 4) 

In contrast to the examples of Fig. 9.18 there is a more radical rearrangement of 

nearest neighbours in changes such as the following: 

crystalline AlCl; (octahedral coordination) > Al,Cl¢ dimer (tetrahedral 
coordination), and 

crystalline NbCl, (octahedral Nb Cl, 9 dimers) > NbCl, (trigonal 

bipyramidal molecules). 

Table 9.25 includes some interatomic distances not given in other chapters. 
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Complex, Oxy-, and Hydroxy-Halides 

Complex halides 

Complex halides are solid phases containing two or more kinds of metal ion (or 

other cation) and usually one kind of halogen atom. The simplest salts of this type 

contain only two kinds of cation and a common anion, and were formerly called 

‘double halides’. As generally understood the term complex halide does not include 

solid solutions such as (Na, K)Cl, the composition of which varies over a range 

dependent on the relative sizes of the two cations, but it does include stoichio- 

metric compounds with random arrangements of two or more kinds of cation (see 

later). There are also compounds containing a metal and more than one halogen, for 

example PbFCl, p. 408, and PbCIBr,“!) etc. with the PbCl, structure, p.221, and (1) AC 1969 B25 796 

polyhalides such as CsICl,, which are included in Chapter 9. Many complex halides 

are anhydrous, others are hydrated to various degrees. Except in one or two special 

cases we shall exclude hydrated salts from the present discussion; their structures 

are described in Chapter 15. 

The empirical formulae of complex halides are of all degrees of complexity, as 

may be seen from the following selection: CsAgl,, CsHgCl3, TIAIF4, Cs3CoCl., 

Na3AlF., NasZr.F,3, Rb2FesF,7, and Na7Zr¢F3,. As is generally true through- 

out the chemistry of solids, similarity in formula-type does not imply that 

compounds have similar structures. For example, KMgF3, NH4CdCl3, and CsAuCl3 

have quite different structures. Moreover, none of these salts ABX3 contains a 

finite complex ion BX3; in fact, CsAuCl3 contains ions of two kinds and is 

preferably written Cs,(AuCl, )(AuCl,). 

Most of the compounds we shall describe have formulae of the type A,,BX,y, 

though we shall mention some with more complex formulae. In particular there are 

a number with binuclear complex ions, for example, B,X,,, B2X 19, and ByXo, 

formed from two octahedral groups with a common vertex, edge, or face; the more 

complex ‘metal cluster’ ions have been described in the last chapter. Adopting the 

convention that B is the more highly-charged cation (or that the oxidation state of 

B is higher than that of A) it follows that most complex halides must contain ions 

A* (alkali metals, Ag*, T1*, NH, etc.) or A? * (alkaline-earths, etc.). For values of 
n up to 6 the possible types of complex halide are: 

MiB ABU xe A Bi XGe AIBIMXe” “A'BY X; 
ASB'X,  AbBIIX,  ADBIYX, 
(CAEBEX:) Neen Sn. (hig Ne 

a BUX: 

(A™B tx.) 

SH 
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The great majority of known complex halides are fluorides; in particular, those with 

n > 7 are almost exclusively fluorides, of elements of Groups IV-VI, Ce, and Sf 

metals. 

A simple possibility for a complex halide is that it adopts a structure of a halide 

(or oxide) A,,X, with A and B replacing, either statistically or regularly, the 

positions occupied by atoms of one kind in the binary halide (oxide); these form 

our class (a) in Table 10.1. Known examples are all fluorides, that is, they are ionic 

crystals, and the basic requirement is that the ions A and B are of similar size and 

carry charges appropriate to the structure, as in Navyosb,cor Kee Be with 

structures of the fluorite type. Other complex halides are conveniently classified 

according to the type of grouping of the B and X atoms in the crystal. These atoms 

may form a finite group, in the simplest case a mononuclear group BX, or the B 

TAB LEO) 

Structures of complex halides 

[eA ALAS AmBXs AmBXe jy SE 

(a) Statistical AX, 

structures or 
superstructures 

Fluorite a-NaYF4 a-K,UF 6 

Trirutile Li2 TiF, 
LaF3 BaThF¢ 
ReOQ3 CaPbF ¢ 

VF3 LiSbF¢ 
Ge3Nq4 (phenacite) Liz BeF4 

3D complexes 
Perovskite ABX3 

(b) Layer structures K2NiF4 

TIAIF4 
a BaMnF4 

(layers + X ions) Ba(CrF4)F2 

(c) Chain structures Ky CuCl3 K2 HgClq . H20 (NHq)2CeF¢ 

CsBeF3 Tl, AIFs Ky ZrF6 

CsNiCl3 (NHq4)2MnFs5 RbPaF¢ Ky PaF7 
r NH4CdCl3 

(chains + X ions) Sr(PbF 5 )F 

Structures containing 

finite complex ions For the ions 

(d) | Mononuclear KPtCly Gacl2 ABX¢ K3Zr1F7 
InCl2-, A2BX6 K,NbF7 
SnCl5. A3BX6 

a see p. Ag BX6 Ky TaF7 

(+ X ions) Cs3(CoCly)Cl (NHq4)3(SiF6)F 

(e) Polynuclear 

(f) Complex ions of two kinds See text 
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atoms may be linked by sharing X atoms to form 1- or 2-dimensional complex ions, 
giving the classes (d), (c), and (b) in Table 10.1. We have added subgroups for 
structures containing additional X ions (not coordinated to B atoms). It might seem 
logical to recognize also 3D system of linked B and X atoms. For example, the B 

and X atoms in the perovskite (ABX3) structure form a framework of vertex- 

sharing octahedra (ReO3 structure) which extends throughout the crystal, with the 

12-coordinated A ions in the interstices. However, there is little advantage to be 

gained from distinguishing the B—X complexes in the essentially ionic fluorides of 

class (a), particularly those with statistical structures (see later), because this would 

involve allocating these structures to classes (b), (c), or (d), and it is preferable to 

keep them together as a group to emphasize their relation to the simpler structures. 
For example, we may distinguish discrete BeF4~ ions in Li, BeF 4, but since both Li* 

and Be?* are tetrahedrally coordinated the structure is equally well described as 

one of the type A3Xq4. Similarly, Li, TiF, (superstructure of rutile, AX, type) 

could be placed in class (d) since it contains TiF2~ ions. On the other hand, if the 

coordination number of B (or A) is greater than the ratio of X to B (or A) atoms, 

then the coordination groups around B(A) must share X atoms. This is the situation 

in the (statistical) fluorite structure of K,UF,. The F: U ratio shows that there 

must be sharing of F atoms between UF¢ coordination groups, but the extent of 

the U—F complex varies in a random way throughout the structure, so that 

allocation to one of the classes (b)-(d) is not possible. 

The formation of an ionic compound A,,BX,, implies the packing of A, B, and 

X ions to give the maximum lattice energy, and the sharing of X atoms between the 

coordination groups around B (or A) ions is presumably incidental to the 

attainment of suitable coordination numbers of A and B. So we find 

c.n.'S of 

AB 

CaPbF,: ReO; superstructure (discrete PbF2~ ions) 6 6 

SrPbF,: linear (PbF;); ions and F ions 1026 

BaPbF,: BaSiF, structure (discrete PbF,”~ ions) 12 6 

The structure of SrPbF, illustrates a further point, namely, that the fact that the 

F: B ratio is equal to the c.n. of B does not necessarily mean that discrete BF¢ 

groups are present, although this is true in many ABX., and A,BX¢ structures. 

Another example is the structure of Ba,ZnF,, which contains ZnF4 layers and 2 

F’ ions. 

It should perhaps be emphasized that although there are undoubtedly dif- 

ferences between the ionic-covalent character of A—X and B—X bonds in many 

complex halides, particularly chlorides, bromides, and iodides of transition and B 

subgroup metals, the recognition of chains, layers, etc. in complex fluorides is 

largely for convenience in describing and classifying the structures; it does not 

necessarily imply any large difference in character between the A—X and B—X 

bonds. For example, in NaKThF,,? there is 6-coordination of Na* (the smallest 

cation) and 9-coordination or K* and Th**. The coordination groups around K and 

Th have F atoms in common but those around Na do not, but it is not desirable to 
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(3) IC 1965 4 1510; ACSc 1966 
20 255 

(4) IC 1962 1 220 (130 refs.) 
(5S) AC 1972 B28 1159 
(6) AC 1972 B28 2115 

(1) IC 1965 4 1510 
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single out the NaF, groups as complex ions simply because they do not share F 

atoms. 

The stability of a crystalline complex halide depends on the nature (size, shape, 

and charge) of all the ions present, and in particular the stability of a finite complex 
ion BX,, depends on the size of the ion A. Many new complex ions have been iso- 

lated in combination with large cations. For example, the salts [N(C,Hs)4] »CeBr¢ 

and [N(CH;)4] Cel, can be prepared from the solid chloro salt and the anhydrous 

acid HX or in acetonitrile solution. Ions prepared in combination with [(C,H;)3PH] * 

include PrI2~ and other hexaiodo 4f ions, Felg, Aulg, etc. Hexachloro ions MCl2~ 

of the 3d metals are not known in aqueous solution but are stable in salts with large 

cations such as Co(NH3)2*. Many complex chlorides, bromides, and iodides which 

cannot be prepared from aqueous solution have been made in recent years under 

anhydrous conditions, i.e. using non-aqueous solvents or crystallizing from the melt. 

The number of complex halides of which structural studies have been made 

is already very large, but many groups have yet to be studied in detail. For 

example, compounds formed by the alkali and alkaline-earth halides include the 

following: 2) 

KCaCl, K,SrCl, K»BaCl, 
KSr,Cl; 

NaCa,Br, LiSr,Brs K,BaBrg 

KCaBr3 K,SrBr4 

KSr,Brs 

There are numerous complex fluorides of alkali metals and metals of Groups 
LIV. The structures of RbBe, F,) and CsBe, F, 6) were mentioned in 
Chapter 3 as examples of the plane 6-gon net and the cubic (10, 3) net. Each BeF, 
tetrahedron shares 3 vertices to form respectively a layer or a 3D framework of 
composition Be, Fs. 

We shall deal first with the more important groups of complex halides according 
to formula type, that is, with the vertical columns of Table 10.1 down to class (d), 
including the small group of halides ABX,, then separately with classes (e) and (f), 
and finally with selected groups of complex halides of particular elements. 

Halides ABX, 

These are necessarily few in number since only singly-charged cations are involved. 
Many pairs of alkali halides form solid solutions (in some cases over the complete 
range of composition) and only the extreme members form compounds, RbLiF, 
and CsLiF,. In these fluorides tetrahedral LiF4 groups share one edge and two 
vertices to form layers, between which the larger alkali-metal ion occupies large 
holes (distorted 8-fold antiprism coordination). In RbLiF, the eight Rb—F 
distances range from 2-78 to 3-16 A (mean 2-95 A), but in CsLiF, two of the eight 
neighbours are appreciably more distant than the other six (Cs—6 F, 2:96-3-15, 
mean 3-07 A, Cs—2 F, 3-50, 3-53 A),“!) 
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Halides Aj, BX3 

Numerous complex fluorides ABF3 and a smaller number of chlorides (for 

example, TIMnCl;, KMgCl,‘!)), bromides, and iodides (e.g. CsPbI3 p. 937) (1) JCP 1966 45 4652 
crystallize with the cubic perovskite structure, with distorted variants of this 

structure, or with the closely related hexagonal BaTiO3, BaRuO3, or BaNiO3 

structures (Table 5.6, p. 187). Examples include AgMF3 (M = Mg, Mn, Co, Ni, 

Zayed interesting as examples of 12-coordinated Ag*, KNiF3 (cubic perovskite), (2) CR 1970 270 216 

RbNiF3 (hexagonal BaTiO), CsNiF3 (BaNiO3), and CsCoF3 (BaRuO;).©? (3) ZaC 1969 369 117 
Three simple chains of composition BX3 are formed from (a) tetrahedral BX4 

groups sharing two vertices, (b) octahedral BX, groups sharing opposite faces, and 

txt xeeex X X 

dae aX REE REE EN Xa Xe 
xX X XX xX X B 

(b) X 

(c) 

(c) octahedral BX¢ groups sharing four edges. All have been illustrated in Chapter 

5; some examples are given in Table 10.2. The chains are arranged in the various 

TABLE: 10:2 

Chain structures of halides Aj,BX3 

Tetrahedral CsBeF3 AC 1968 B24 807 

chains (a) KHgBr3 . H,O AC 1969 B25 647 
K, CuCl, Cs2 AgCl3, Cs2 Agl3 see Chapter 26 

Octahedral CsNiCl3, CsCuCl3,t CsMgCl; (i) JCP 1970 52 815 

chains [N(CH3)q | MnCl,, i) (ii) AC 1967 23 766 

(b) RbCoCI3, (Hi) (iii) ACSc 1967 21 168 

CsCocl; “) (iv) ACSc 1968 22 2793 

CsNiBr3(V) (v) JACS 1966 88 4828 

[N(CH3)q } NiCl3 () (vi) AC 1968 B24 330 

(c) NHgCdCl3, RbCdCl3, KCuCl3t See Chapter 26 

+ distorted (4 + 2)-coordination. 

structures so as to provide suitable coordination groups for the A ions, which are 

large, and in KHgBr3. HO to accommodate also the water molecules between the 

chains. With the structure of this monohydrate contrast the structure of 

a-KZnBr3. 2 H,0, which contains discrete tetrahedral groups [ZnBr3(H,O)] and 

should therefore be formulated K[ZnBr3(H,0)] . H,0.% (4) AC 1968 B24 1339 

The formulae of salts such as A(Pt2Bre), p. 392, and Cs,(AuCl, )(AuCl,), 

p. 393, containing respectively a bridged binuclear anion and two different kinds of 

anion, should not be reduced to the simpler form ABX3. 
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(1) BSFMC 1969 92 335 

(2a) JCP 1969 51 4928 

(2b) ZaC 1965 336 200 

(3) AC 1966 20 135 

(4) IC 1966 5 1498, 1510 

(5S) JACS 1962 84 167 
(6) AC 1969 B25 603 
(7) IC 1965 4 881 
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FIG. 10.1. The crystal structure of 

KyPtCly. 
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Halides Aj, BX4 , 

The major groups of compounds are ABX4 (AIBEUXG andwAUBUX,)eand 

A}B'X,. The structures range from typically ionic structures of fluorides con- 

taining large ions with high coordination numbers (for example, the 9-coordination 

of both types of cation in one polymorph of KCeF,a, p. 996) through octahedral 

chain and layer structures (described in Chapter 5) to numerous compounds ABX, 

and A,BX,4 containing discrete BX4 ions. For compounds ABX, containing the 

larger cations structures of the fluorite type are possible. This could be either a 

random fluorite structure, as adopted by the second form of KCeF,, or a 

superstructure. An interesting distorted superstructure of fluorite is found for some 

fluorides ABF, in which A is Ca or Sr and B is Cr!! or Cu!!, where the 

transition-metal ions have a distorted tetrahedral arrangement of nearest neighbours 

instead of the normal cubic 8-coordination group. This structure is described under 

the fluorite structure in Chapter 6. 

There are two octahedral layers (see p. 171), the planar (‘trans’) layer formed 

from octahedral BX¢ groups sharing all equatorial vertices and the puckered 
(‘cis’) layer in which the two unshared vertices are cis to one another. 
Examples include: 

K,NiF, structure: K,MF, (M = Mg, Zn, Co, Cu (distorted)) 
TIAIF, structure: 6-RbFeF,“ 

‘cis’ layer | BaMnF, structure?*); SrNiF,, BaMF, (M = Mn, Fe, Co, Ni, Cu, Zn) 

The simple octahedral BX, chain (rutile chain) is found with distorted (4 + 2)- 
coordination of M?* in Na,CrF4 and Na,CuF4s?°) see also K,HgCl4. H,0. 

The majority of discrete ions BX4 are tetrahedral and many complex halides are 
isostructural with oxy-salts of similar formula type: 

NH4BF, and RbBF, isostructural with BaSOq, 

Cs2CoCl4 and Cs2ZnCly isostructural with K,SO4. 

‘trans’ layer | 

The phenacite structure (p. 811) of Li, BeF,°) may be described either as 
containing tetrahedral BeF4~ ions or, since both Li* and Be?* are tetrahedrally 
coordinated, as a 3D ionic structure. 

A number of chloro-, bromo-, and iodo- ions which cannot be prepared from 
aqueous solution in metallic salts can be stabilized by very large cations, for 
example, (NEtq)2MBrq (M = Mn, Fe) and [(CgHs)3As(CH3)]  Fel,,(% and the 
structures of a number of MCI4~ ions have been studied in salts such as 
[(C6Hs)3As(CH3)] 2 NiCl4°°) and [(C,Hs)4N] InCl,.6© 

In CsyCuClq the anion has a flattened tetrahedral shape peculiar to this anion 
(Chapter 25), and in K,PtClq and the isostructural Pd compound there are planar 
BX4_ ions (Fig. 10.1). The structure of Pd(NH3)4Clp. H,0 is similar, Pd(NH3)3* 
replacing PtCl4~ and Cl7 replacing K*, with HO molecules at the points indicated 
by small black circles. 

There is 9-coordination (t.c. t.p.) of the 4f metal ions in NaNdF, (and the 
isostructural Ce and La compounds), the structure being related to, but different 
from, the By-NayThF, structure (p. 996) originally assigned to these fluorides.(7) 

The unique Re3Cl?5 anion in Cs3Re3Cl, .(CsReCl,) is described on p. 366. 
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Halides Ay, BXs 

We have seen that there are very few crystalline pentahalides which consist of 
molecules MXs. Similarly, 5-coordination is avoided in many complex halides 
containing X : B in the ratio 5S: 1 . The following types of structure are found: 

CN. of B Examples 

(a) 3D ionic structures: 2) LiUF, (p. 996) 
(b) Octahedral BX; chain: 6 _TI,MF, (M=AI, Fe, Ga, Cr)? 

- (NH4)2MnF,), CaCrF;°), BaFeF, 
(c) Finite BX, ion: 5 (t.b.)(C2gH»,Cl)(SnCl,), [Cr(NH3)¢ ] CuCl, 

(t.p.) (NEtq)2(InCl5), K,SbFs, 
(NH4)2SbCl; 

(d) BX34~ and X7 ions: 4 Cs3CoCls and isostructural salts (p. 394) 
(t.b. = trigonal bipyramidal; t.p. = tetragonal pyramidal.) 

We saw in Chapter S that there are two configurations of the simple octahedral 

MX, chain, the trans and cis chains. Examples of pentafluorides with both types of 

structure were given in Chapter 9, but only the trans chain is known as the 

structure of an anion. The isostructural BaFeF, and SrAlF, are of special interest 

since they contain equal numbers of chains of two kinds, the linear trans chain and 

a ‘ramified’ chain in which two additional octahedral BX¢ groups are attached to 

each member of the simple chain, as shown in Fig. 10.2. The composition of the 
chain remains MX,. This complication is presumably due to the need to accommo- 

date the larger Sr?* and Ba** ions in positions of irregular 8- and 9-coordination 

between the chains—contrast the 7-coordination of Ca** in CaCrF.. 

Examples of the two configurations of finite BX. ions are at present confined to B 

subgroup metals, and references will be found in the chapters which deal 

specifically with these elements. It seems probable that ions BX$~ can be formed 

by many metals which form BX,4 and BX¢ ions if appropriate conditions for 

preparing the salts are found. A primary requirement seems to be a large cation. 

Compounds in class (d) include a number of salts Cs3MCl, (M = Mg, Mn, Co, Ni, 

Cu, and Zn) (see p. 394). There is a considerable number of monohydrated salts 

A,(MX,. H,0) which crystallize with the K,PtCl¢ structure (p. 387) or distorted 

variants of that structure. The anion is here an octahedral group (MX. H,O) and A 

is one of the larger cations: 

(NH4)2(VFs . H20) (NHq)2(FeCls . H20) 
Rb, Rb,(CrFs . H,0) (NHq)2(InCl, 6 H,0) 

TD TL, 

However, all monohydrates of this type do not contain discrete (MX,. H,0) 

groups. In KAIF. H,0©) and K,MnFs. H,0°° there are infinite MX, chains 

formed from octahedral MX¢ groups sharing a pair of opposite vertices; the H,O 

molecules and the cations lie between the chains. 
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FIG. 10.2. The crystal structure 
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types of (FeFs)2"- chain, and 
(b) one ramified chain. 
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(6) JCS A 1971 2653 
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K2ZrF¢; (b) edges of CeFg anti- 

prismatic coordination groups 
shared in (NHq)2CeF¢; (c) the 

structure of Sr(PbF )F. 
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Halides Ap, BX6 

In some complex fluorides A,, BF, the A and B ions occupy the cation positions 

in simple ionic structures AX, either randomly or regularly (superstructure): 

AX, structure CN. of Aand B Random Superstructure 

Rutile 6 Mg2 FeFs Liz TiF 

Fluorite 8 a-K2UF 6 y-Naz2 UF 6 

ReQ3 6 - CaPbF ¢ 
LaF3 9 BaThF¢ =: 

We have already noted that there are discrete BX¢ groups in superstructures such as 

the trirutile structure of Li,TiF, and the ReO3 superstructure of CaPbF¢. In the 

latter structure the small open and black circles of Fig. 10.7 represent Ca** and 

Pb** ions respectively and the large open circles F~ ions. Such structures are 

therefore alternativley placed in class (d) of Table 10.1 as structures containing 

finite BX¢ ions. Similarly, the fluorite superstructure of y-NayUF.¢ contains UFg 
coordination groups which share two opposite edges to form chains, as may be seen 

from Fig. 28.3 (p. 995). 
The sharing of F atoms between BF, coordination groups also occurs in a 

number of other complex fluorides (Table 10.3); it must occur for large B ions with 
cn. > 6. The two closely related K,UF¢ structures are described in Chapter 28. 
Dodecahedral coordination groups share two edges in RbPaF¢ and in K,ZrF¢ (Fig. 
10.3(a)), while antiprism groups share the edges shown in Fig. 10.3(b) in 
(NHq)2CeF,. It is convenient to include here another chain structure which 
illustrates a different way of attaining a F : B ratio of 6: 1. In SrPbF¢ there are 
chains of composition PbF; formed from octahedral PbF¢ groups sharing opposite 
vertices, one-sixth of the fluorine being present as separate F~ ions (Fig. 10.3(c)). 
The structural formula is therefore Sr(PbF;)F. Two-dimensional BX,, complexes 
are rare; they occur in salts BayMF¢, (M = Cr, Mn, Fe, Co, Ni, Zn) which contain 
layers MF4 of the same kind as in K,NiF4 formed from octahedral MF¢ groups 
sharing all equatorial vertices, that is, Ba,(MF4)F). 

TABLE 10.3 
Structures of complex fluorides Am BF ¢ 

Compound C.N. of B Coordination group of B Reference 

1-dimensional BX, complex 
K2 UF 6 t.c. trigonal prism sharing AC 1948 1 265 

two faces 
RbPakF¢ 8 dodecahedron sharing AC 1968 B24 1675 

two edges 
KZrF¢6 8 AC 1956 9 929 (NH4q)2CeF 8 antiprism sharing two edges IC 1969 8 33 y-Na2 Zr1F 6 7 irregular sharing two vertices AC 1969 B25 2164 Sr(PbFs )F 6 octahedron sharing two ZaC 1957 293 251 

vertices 
2-dimensional BX, complex 

Baz MnF4(F2) 6 octahedron sharing four vertices ZaC 1967 353 13 
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Our group (d), comprising compounds containing discrete BX¢ groups, is an 
extremely large one. Not only are there compounds ABX¢, A,BX¢, A3BX¢, and 
A4BX¢6, but the first class includes AIBY x; and AMBIVX.; at least one hundred 
fluorides AIBYF, have been prepared. The octahedral BX¢ ions are large, 
approximately spherical ions, and the crystal structures of these salts are deter- 
mined in a general way by the relative sizes and charges of the A and BX¢ ions 

rather than by the chemical nature of the elements A and B. For example, BaSiF, 

has the same type of structure as TISbF 6, while one form of K,SiF¢ is isostructural 

with K,PtCl,, K,SeBrg, and numerous other compounds, as noted later. 

The structures of many of these compounds may be described in two ways. 

Considering the A and BX¢ ions as the structural units we may describe the 

structures as derived from simple structures AX,, by replacing A or X by BXg ions. 

For example, in many compounds ABX¢ the A and BXg ions are arranged in the 

same way as the ions in the NaCl or CsCl structures. In the K,PtCl¢ structure (Fig. 

10.5) the positions of the K* and PtCl2~ ions are those of the F~ and Ca?* ions in 

the CaF, structure, hence the name ‘anti-fluorite’ structure. Alternatively, if the A 

and X atoms are close-packed, as in KOsF¢ and in many halides A, BX3,, we may 

describe the structures as close-packed assemblies of A and X atoms (ions) in which 

B atoms occupy certain of the octahedral holes between groups of 6 X atoms. This 

aspect of these structures has been emphasized in Chapter 4, and shows, for 

example, the relation between three A,BX¢ structures based on close-packed 

(A + 3 X) layers: 

Structure Sequence of c.p. AX3 layers 

Cs2PuCle (K2GeF 6) h 
K PtCle c 

K2MnF¢ he 

ABXg structures. Most of the compounds A'BY X¢ and Al'BIY xX, are fluorides. 

Compounds containing the heavier halogens are much less stable or in many cases 

unknown, though some ions BCIZ~ form salts of this type with large cations as, for 

example, [Co(NH3)6] TIClg and [Ni(H20).6]SnCl.. All fluorides ABF¢ crystallize 

with structures of the NaCl or CsCl types, various modifications of the ideal cubic 

structures being necessary to give the A ions suitable numbers of X neighbours. Five 

structures have been recognized for fluorides and a sixth, a tetragonal NaCl-type 

structure, is adopted by Na[Sb(OH)g | . 

NaCl type 

(a) LiSbFg: a rhombohedral structure alternatively described as a super- 

structure of VF3 with 6-coordination of both A and B. 

(b) and(c): The NaSbF, and CsPF¢ structures are both cubic, with 6- and 

12-coordination of A respectively. There still seems to be some 

confusion in the literature regarding these two structures. 
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CsCl type 

(d) KNbF,: Tetragonal, coordination of A (8 + 4). 

(e) KOsF,: Rhombohedral—the BaSiF, structure, which is also adopted by 

SrPiF ¢, BaPtF¢, BaTiF¢, and CsUFe: 

Table 10.4 shows that the type of structure of compounds A'BY Eg is largely 

determined by the size of the A ion, the c.n. of which is 6 in (a) and (b), 8 + 4 in 

(d), and 12 in (c) and (e). 

TABLE 10.4 

Crystal structures of fluorides A'BYEF 6 

V, Ru, Ir, Os 

Re, Mo, W, 

Sb, Nb, Ta 

(A few of the Ag and Tl compounds have not been studied.) 

(a) LiSbF¢ structure: AC 1962 15 1098 

(b) and (c) NaSbF¢ and CsPF¢ structures: AC 1956 9 539 

(d) KNbF¢ structure: AC 1958 11 80 

(e) KOsF¢ structure: JINC 1956 2 79; BaSiF,: JACS 1940 62 3126 

For a review see: JCS 1963 4408. 

The KOsF¢ structure may alternatively be described as a slightly distorted 
cubic closest packing of nearly plane layers of composition KF¢ (Fig. 10.4) between 
which Os atoms occupy octahedral interstices. 

@ k° 

F~ 0:27A above 
Oe rescRaeaet FIG. 10.4. The slightly 

puckered KF¢ layer in 
F~ 0:27A below KOsF¢. 
plane of K* ions 

A,BX6 structures. We have already noted examples of halides A,BX¢ with 
statistical AX, structures or with superstructures of AX, structures. Complex 
halides of this group necessarily contain alkali-metal ions, NH4, TI*, or Ag*. The 
majority contain cations which are comparable in size with one or more of the 
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halide ions, and these form structures based on c.p. AX3 layers. Such structures are 
not possible for the smaller Na* or Li* ions, which can be accommodated, like the B 
ions, in octahedral holes in a c.p. assembly of X ions. Accordingly we find a number 
of structures characteristic of compounds Li,BX¢ and Na,BX¢. These are closely 
related to (sometimes superstructures of)-AX, structures, since they represent ways 
of filling (by A, + B) one-half of the octahedral holes in a closest packing of X ions 
(X6). They are described in Chapter 4 and include three closely related structures: 

Trirutile structure: high-Li,SnF¢, low-Li,GeF,: JSSC 1971 3 525 

Na,SiF.¢ structure: Na,MF, (M = Si, Ge, Mn, Cr, 

Ti, Pd, Rh, Ru, Pt, Ir, Os): AC 1964 17 1408; 

JCS 1965 1559 

Li,ZrF¢ structure: Li,NbOF,;: ACSc 1969 23 2949 

Several of these compounds are polymorphic; for example, the low—high 

transitions of Li,SnF¢ (Li2ZrF¢ to trirutile) and Li,GeF¢ (trirutile to Na SiF,). 

We now describe the three c.p. structures (K,PtClg, K,GeF,, and K,MnF,) in 

which A + 3 X together form the c.p. assembly. 

The K,PtCle structure. In this structure (Fig. 10.5) the K* and PtCl2~ ions 

occupy respectively the F~ and Ca?* positions of the fluorite structure. In contrast 

to the K,GeF, and K,MnF¢ structures, which are largely confined to fluorides, 

this structure is more generally adopted by hexafluorides, hexachlorides, hexa- 

bromides, and a few hexaiodides (e.g. Rb,SnI¢, Cs,Tel¢) of the larger alkali 

metals, NH4, and Tl. Some hexaiodides have less symmetrical variants, for example, 

Rb, Ptl, (tetragonal), K,Rel¢ and K,PtI¢ (orthorhombic). 

Other compounds with this structure include hydrated compounds such as 

(NH,)>(FeCl;. HO), K,TcCl,(OH),“!) K,(PtF3Cl3),(?) and Cs,Co!Y F¢. The salt 
(NH,4)2SbBr¢ is a superstructure of K,PtCl, containing SbBr2~ and SbBrg ions (p. 

706). The relation of the K,PtClg to the cryolite and perovskite structures is 

discussed later. 

The K,GeF. (Cs,PuCle) structure. This structure is confined to fluorides 

except for a few compounds such as Cs, PuCl¢ and the trigonal forms of Cs, ThCl¢ 

and Cs, UCIg. It is illustrated in Fig. 10.6. In the ‘ideal’ structure an A ion would 

have 12 equidistant X neighbours, but with the possible exception of Cs,PuCl¢ the 

neighbours of A are either 9 approximately equidistant X atoms with 3 at a rather 

greater distance or groups of 3 + 6 + 3 neighbours. Typical figures are: 

avin Rat 7 5 
In K,GeF6: Ky 4 an sop As MKaTiFe:K\6F 287A 

a 3F 3-08A 

In contrast, the neighbours of the A ions in the K,PtCl¢ structure are always 12 

equidistant X atoms, whether the close packing is perfect or whether there is some 

departure from perfect close packing. In the latter case the coordination group is no 

longer a regular cuboctahedron. 
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FIG. 10.5. The crystal structure 

of KPtCle. 

(1) JCS A 1967 1423 
(2) JCS A 1966 1244 
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FIG. 10.6. The crystal structure of Cs7PuClg (or K2GeF¢). Figures in brackets indicate the 

heights of atoms above the plane of the paper in terms of c (6:03 A). 

The K,MnF¢ structure. This structure is adopted by numerous hexafluorides, 

many of which are polymorphic (Table 10.5).‘%) Of special interest are the red salts 

M,Ni!Y F (Ni—F, 1-70 A) and the rose-coloured M,Cr!¥ Fg (Cr—F, 1-72 A). Since 
the feature common to all the three structures, K,PtCl,, K,GeF., and K,MnF¢, is 

the close packing of the A and X ions, there is no simple connection between the 

relative sizes of the A and BX¢ ions as in the ABX¢ structures of Table 10.4. 

TABLES 1025 

Crystal structures of complex fluorides A,BX¢6 

PtF¢ 

T = KyGeF'¢, H = K2MnF¢, C = K2PtCle structure. 
(a) ZaC 1956 286 136. (b) JCS 1956 1291. 

The cryolite family of structures for compounds A3BX¢ or A,(B'B")X¢. The 
crystal structure adopted by certain salts A3BX¢ is very simply related to that of 
KyPtCle. In (NH4)3AlF, two-thirds of the NHZ ions and the AIF2~ ions occupy 
the positions of the K* and PtClg~ ions in Fig. 10.5, and in addition there are NH 
ions at the mid-points of the edges and the body-centre of the cubic unit cell. In 
this structure, as in Ky PtCl¢, the position of X along the cube edge is variable (u00, 
etc.) with u ~ 4. It is convenient to describe this structure as the cryolite structure 
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although the mineral cryolite itself (Na3AIF¢)°') does not crystallize with the most 
symmetrical form of the structure (compare the distorted form of the ‘perovskite’ 
structure adopted by the mineral of that name). 

From the structural standpoint it is preferable to write the formulae of 
compounds of the cryolite family in the form A,(B'B")X., rather than A3BX¢ 
because in this structure one-third of the A atoms in the formula A3BX¢ are, like 
the B atoms, in octahedral holes in a cubic close-packed Aj X¢ (AX3) assembly; the 
other two-thirds, corresponding to the K* ions in the K,PtCl,¢ structure, are 
surrounded by twelve equidistant X ions. Accordingly the cryolite structure is very 
closely related also to the perovskite structure. In Fig. 10.7 the A and X atoms are 

FIG. 10.7. Relation between perovskite, 

K2PtCle, and cryolite structures. 

Qa Ox SB’ OB’ 

arranged in a c.c.p. arrangement of composition AX3. Insertion of B™ atoms as 

shown gives the A,B”X, (KPtCl,) structure, which requires a unit cell (dotted 
lines) with eight times the volume of the small cube. Insertion of the B’ atoms at 

the points marked gives the cryolite structure, A,(B’B”")X,, and if B’ = B” the 

structure is the perovskite structure (ABX3), referable to the small unit cell. In 

other words, the very symmetrical structure of Fig. 10.7 (with uw = 4) is a 

superstructure of perovskite—compare the elevations of Fig. 4.31(b) and (e), p. 

151. 

As in the case of the perovskite structure there are variants of the cryolite 

structure with lower symmetry. In discussing these structures it is important to 

note that for full cubic symmetry (space group Fm3m) the X atoms must lie along 

the cube edges, their positions being determined by the value of the variable 

parameter u. Cubic symmetry may be retained, though of a lower class (space group 

Pa3) if the X atoms are not constrained to lie on the cell edges, and accordingly 

there is another (less symmetrical) structure, the e/pasolite structure of compounds 

such as K,NaAlF¢,°?) also with cubic symmetry. These structures are distinguished 
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(4) IC 1969 8 2694 

(S) AC 1968 B24 225 

(6) AC 1951 4 503 
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(1) ZaC 1956 284 10 

(2) Vol. 1, p. 319 (1906) 

Complex, Oxy-, and Hydroxy-Halides 

by the letters C and E in Table 10.6. There are also modified cryolite structures 

with only tetragonal or monoclinic symmetry.°?? 

Most of the compounds A3BX¢ with cubic symmetry at room tempera- 

ture appear to be ammonium salts (e.g. (NH4)3AIF¢, (NH4)3FeF.6, and 

(NH4)3Mo003F3): K3MoF¢ is an exception.) Generally departures from cubic 

symmetry are observed, but at higher temperatures the structure becomes cubic, as 

shown in Table 10.6. The behaviour of Li3AIF,, of which five polymorphs have 

been described, is apparently much more complex.(5) There is very irregular 

coordination of three types of non-equivalent Li* ion in the room-temperature 

form. 

A similar behaviour is shown by the isostructural oxides R3WO.¢ and RR" WO. 
and the corresponding Mo compounds.) For example, Ba,CaWO, and 

Ba,CaMoOg are cubic at ordinary temperatures, while Ba,SrWOg is non-cubic but 

becomes cubic at 500°C. The simpler compounds Ca3WO.¢, Sr3WOg¢, and BazWO¢ 

also crystallize at room temperature with distorted forms of the cubic structure. 

The cryolite structure is also adopted by more than twenty chlorides 

Cs,NaM!"Cl, in which M is In, Tl, Sb, Bi, Fe, Ti, Sc, Y, La, and 4f and 5f 
elements,‘’) and by compounds with complex anions or cations. Examples include 

I; [Co(NH3)¢] and numerous hexanitrites M3[M"(NO),], in which M’ = NHg, K, 
Rb, Cs, or Tl, and M” = Co, Rh, or Ir. Salts containing two types of M’ atoms are 

TABLE 10.6 

Compounds with cryolite-type structures 

| —180° 20° 300° 550°C 
ee 

K,NaAlF¢ Cubic (E) Cubic (E) — 
(NHq)3AlF6 : 
(NHL) Fer. Tetragonal Cubic (C) = = 

K3AlF¢ = Tetragonal Cubic (C) a 

Na3AlFe - Monoclinic - Cubic (C) 

also known, for example, K,Ca[Ni(NO,)¢]; for K,Pb[Cu(NO,)¢] see p. 900. 

Oxyfluorides provide examples not only of the monoclinic and tetragonal forms of 

the cryolite structure, but also of the (cubic) elpasolite structure (see Table 10.11, 

p. 405). 

Halides A4gBX,¢. These include (NH,4)4CdCl,“!) and the isostructural salts 
K4MnCl,, K3NaFeCl,, and K4PbF¢, which contain octahedral ions (BX¢)*~. The 
salt K4ZnCl¢ is described in Groth’s Chemische Kristallographie,“?) but its 
structure is not known. If this salt contains ZnCl¢~ ions it would be the only 
known example of 6-coordination of Zn by Cl, but it could conceivably contain 
tetrahedral ZnCl4~ (or trigonal bipyramidal ZnCl2~) ions and additional Cl7 ions. 
There are numerous examples of octahedral coordination of Zn by F. 
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Halides Aj, BX, 

Complex fluorides of this type are formed by various metals of the IVA, VA, and 
VIA subgroups, by Sf elements, and by Tb in the 4f group. Cs3TbF, is the first 
fluoro complex of Tb(Iv) to be isolated.) These compounds provide examples of 
the following types of structure: 

Finite BX, ion: pentagonal bipyramidal—K3,UF,, K3ZrF,, (NH4)3ZrF, 
capped trigonal prism—KTaF,, Rb.UF7, Rb,PuF,(2) 

Linear (BX7)y ion: = _K,PaF,®) (p. 998) 
Finite BX¢ ion +X”: (NH4)3(SiF,)F. 

For further details of the IVA and VA compounds see p. 396, and for compounds 

of Th and U see Chapter 28. The structures of compounds such as RbMoF, and 

RbWE-,, are not yet known. 

The chain ion in K,PaF, (and the isostructural Rb, Cs, and NHg salts) is formed 

from tricapped trigonal prisms PaFg sharing two edges, and was mentioned in 

Chapter 1 as an interesting way of attaining an X:M ratio of 7:1 from a 

9-coordination group. 

Halides Aj, BXg 

A considerable number of fluorides of this kind are formed by transition and Sf 

metals, for example, K,MoFg, and K,WF,“!) (structures not known), Na3TaFg, 

and compounds of Th, U, etc. (For NaHTiFg see p. 399.) 

An ionic 3D structure with 8-coordination of both ions has been proposed for 

Na, UF, °?) (a compound earlier thought to be Na3UF,), and isolated UF§~ ions 

(distorted antiprisms) occur in (NH4)4UFg and the isostructural compounds of Ce, 

Pa, Np, Pu, and Am.@) (There is square antiprism coordination also in Na3TaFg, 

for which see p. 398.) The corresponding Th compound, (NH4)4ThFg, has a quite 

different structure.‘4) There is a chain of composition ThF,, rather similar to that 

in K,PaF,, formed from tricapped trigonal prism ThF, groups sharing two edges. 

The eighth F is a separate F- ion, so that this compound, like SrPbF., has chain 

ions and separate F ions: 

SrPbF¢: (PbF,);, chain ions + F-, 
(NHq4)4ThFs: (Uhh aoe chain ions + F ; 

compare the following compounds containing finite complex ions and additional 

X ions: 

Cs3CoCl, (NH4)3SiF 4 (NHq4)5MoClo ; H,0 

(CoCl,)— (SiF,)7- (Mo, Cle). 
rons iil F- cl 

In Na3UFg (and the isostructural Pa and Np compounds) there is almost perfect 

cubic 8-coordination of the 5f ion.) 
We have now dealt with the vertical subdivisions of Table 10.1. It remains to 

comment on the classes (e) and (f) and to add short sections on the complex halides 

of certain metals. 

Seal 

(Za W961312 277 

(2) JACS 1965 87 5803 
(3) JCS A 1967 1429, 1979 

(1) JCS 1956 1242; 1958 2170 

(2) IC 1966 5 130 

(3) AC 1970 B26 38 

(4) AC 1969 B25 1958 

(5) JCS A 1969 1161 
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(1) See p. 904 
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He 
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(2a) IC 1971 10 122 

(3) AC 1957 10 466 

(4) AC 1958 11 689 

(5) ACSc 1968 22 2943 

(6a) IC 1971 10 1453 

(6b) JACS 1969 91 2174 

(6c) IC 1963 2 817 
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(9) JCS A 1968 1981 
(10) JCS A 1968 2108 

FIG. 10.8. The Tl,Cl3~ ion. 
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(e) Complex halides containing finite polynuclear complex ions 

Ions in which metal-metal interactions play a prominent part are included with 

‘metal cluster’ compounds (p. 367); they are formed notably by Nb, Ta, Mo, W, Tc, 

Re, and Pt. Here we mention only a few examples of simpler groupings involving 

halogen bridges of three main types. 

Single halogen bridges occur in NaSnjF5, in which two pyramidal SnF3 groups 

share one F (p. 936), in (SeF3)(Nb,F,,) where the anion consists of two 

octahedral groups sharing one vertex (p. 600), and in NasZr2F 3 (p. 398) where a 

single F atom links two trigonal prism ZrF¢ groups. 

Double halogen bridges link the metal atoms in the anions in K,(Cu Cl.) and 

[N(C,H5)4]2 Pt2Br¢‘?) and in the anion in (PCl4). Ti, Cl, 9°22) which consists, 

like the Re,Cl,q molecule, of two octahedral groups with a common edge. 

Triple halogen bridges occur in the anions in certain enneahalides which consist 

of two octahedral MX, groups with a common face. For example, Cs3T1,Clo 

contains ions Tl,Clg~ of the type shown in Fig. 10.8. The structure is alternatively 

described as a close-packed CsCl, array with TI? * ions in pairs of adjacent 

octahedral holes (p. 154). Compounds of this type include Cs3TizClg, Cs3V2Clo, 

Cs3CryClo,2) K3W>Clo,“4) and Cs3Bizlg.5) In K3W Clo there is obviously 
bonding between the metal atoms (W—W, 2:44 A) and consequent reduction of 

magnetic moment, but in the other examples given there is no metal-metal 

interaction (e.g. Cr—Cr, 3:1 A) and normal magnetic properties. In this respect the 

ions Mo,Cl3~ (Mo—Mo, 2:66 A) and Mo,Br3~ (Mo—Mo, 2:82 A) seem to occupy 
an intermediate position.“°*) The W,Clg~ ion may be oxidized by Cl, in 

dichloromethane to W,CI3~, which has been isolated in the violet salt 

[((n—C4H9)4N] 2(W2Cly).{°>) The structure of this ion is not known. For 
(Re,Clg)” see p. 364. 

On the evidence of an X-ray powder photograph it is concluded that Cs3Fe,Clo 

is isostructural with the Cr analogue and therefore contains (Fe,Clg)°~ ions.{°°) 

The structure of the (Ti,Cl,)” ion has been determined in (PCCro Cia 

where the bond lengths (terminal Ti—Cl, 2-23 A, and bridging, 2-49 A) are very 

similar to those in the (TiCl,9)*~ ion (above). 

There are other compounds A,,B,X9 which do not contain B,Xg ions. In 

Cs3As,Clo‘’) the nearest neighbours of As are 3 Cl at 2:25 A and 3 more at 

2:75 A, so that this crystal would appear to consist of pyramidal AsCl3 mol- 

ecules embedded among Cs* and Cl” ions. The hydrate of (NH4),;Mo>Clo is 

(NH4)5(Mo2Clg)Cl . HO (p. 366), while KU,F, has a typical ionic structure in 

which U** is 9-coordinated (tricapped trigonal prism) and Kt is 8-coordinated 
(distorted cube).‘®) 

Closely related to the enneahalide ions are molecules. such as 

RuyCls [P(C4H9)3] 4, (a), RugCl4[P(C6Hs)(C2H5)2] 5.01% and Ru2Cl3(CO)s 
SnCl3. As in CrjClj~ there is no metal-metal bonding, as is shown by the 
M—M distances or by the value of the angle ¢. This is 704° for regular octahedra 
sharing a face, 77° in CryCl§~, 794° in (a), but only 58° in W,C13~. 
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(f) Complex halides containing complex anions of more than one kind 
There are numerous complex halides in which both cation and anion are complex 
but little is known of compounds containing two kinds of complex anion. 
Examples include Na3(HF,)(TiF,), p. 399, and the deeply-coloured salts 
(NH4)q(SbY Cl,)(Sb'™Cl,), p. 706, and Cs,(Au'Cl,)(Au!Cl,). The structure of 
the last compound is closely related to the perovskite structure, the structure being 
distorted so that instead of six octahedral neighbours the two kinds of Au atom 
have two collinear or four coplanar nearest neighbours. The linear (GlI=Aul=Cl\s 
and the square planar (Au!'C1,)~ ions can be clearly seen in Fig. 10.9(b). For 
comparison a portion of the ideal cubic perovskite structure is shown in Fig. 
10.9(a), the inscribed cube being the unit cell. For an alternative unit cell see Fig. 
13.3(a) (p. 483). 

FIG. 10.9. The structures of (a) RbCaF3, perovskite structure, and (b) CszAulAUWICl, in 
similar orientations. 

Miscellaneous complex halides 

Apart from the special groups described in the present chapter other complex 

halides are described in other chapters: Sb, Chapter 20, B subgroup elements, 

Chapters 25 and 26, U and 5f elements, Chapter 28. 

Complex chlorides CSMC13, Cs,;MClq4, and Cs3MCl, formed by 3d metals“) 

The eight elements from Ti to Cu inclusive all form ions M?* and in these ions the 

number of d electrons increases from 2 to 9. All of these elements form one or 

more of the following types of complex chloride, CsMCl3, Cs,MClq, or Cs3MCl,: 

CsMCl13: formed by all these elements. The structure (CsNiCl3) consists of c.p. 

Cs* and Cl” ions with M?* in octahedral coordination, which is 

distorted from regular octahedral coordination in the isostructural 

Cr and Cu compounds. 
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(2) AC 1964 17 506 

(3) IC 1966 5 1498 

(4) ZK 1960 114 66 

(5S) AC 1961 14 583 

(1) ZaC 1937 235 139; 1938 238 
201; 1938 239 301 
(2) JSSC 1970 2 269 

Complex, Oxy-, and H. ydroxy-Halides 

Cs,MCl4: found in all systems investigated (CsCI—CrCl, not studied) except V 

and Ni. The only compound found in the CsCl-VCl, system is 

CsVCl3, while in the CsCI—NiCl, system Cs,NiCl, does not exist. 

The salts Cs, MCl4 contain tetrahedral MC13~ ions. 

Cs3MCls: known to be formed by Mn, Co, Cu (not by V) and by Ni, but 

Cs3NiCl, is stable only at high temperatures. It can be prepared 

from the molten salts and quenched, but on slow cooling it breaks 

down into CsCl + CsNiCl,. The salts are isostructural with 

Cs3CoCl,‘?) and contain tetrahedral MC1Z~ and Cl ions. (The ion 

NiClZ~ can exist at ordinary temperatures in conjunction with very 

large cations, as in the salt [((CgHs)3CH3 As] 2 NiCl,, in which it has 

a regular tetrahedral structure (Ni—Cl, 2:27 A).) 

These findings agree well with the expectations trom crystal field theory. A 

strong preference for octahedral coordination should be shown by v2* (d?) and 

Ni2* (d®). In the CsMCl3 compounds the large distortion of the octahedral 

coordination group expected for the d* and d? configurations is found in the 
isostructural CsCuCl3 and CsCrCl; ((4 + 2)-coordination). A non-regular tetrahedral 

coordination is found for Cu?* in Cs,CuClq, but CsCrCl4 has not been prepared. 

As regards these chloro compounds Zn?* (d!°) falls in line with the 3d ions, 

forming Cs,ZnCl, and Cs3ZnCl, with tetrahedral coordination of Zn but not 

CsZnCl3. The preference for tetrahedral coordination by Cl is very marked, being 

found in all three forms of ZnCl, and even in Nay ZnClq. 3 H,0.) However, Zn? * 

is 6-coordinated by Fin ZnF, (rutile structure) and also in KZnF3 which, like the 

corresponding compounds of Mn, Fe, Co, and Ni, has the ideal perovskite structure. 

KCrF3 and KCuF3, as expected, have a distorted variant of that structure, but with 

(2 + 4)-coordination in contrast to the (4 + 2)-coordination in the chlorides.‘*) 

Complex fluorides of A) and Fe(m)? 
These compounds provide a good example of a family of structures based on a 
simple principle, namely, the sharing of vertices between octahedral AIF, (FeF¢) 
coordination groups to give various F : Al ratios. Most of the compounds discussed 
below are formed by K, Rb, and Tl (sometimes also NH4), indicated by M, but 
certain of the structures are peculiar to the smaller Na* ion. An F: Al ratio of 6: 1 
implies discrete AlF, groups, as in the cryolite structure of compounds such as 
Na3AIF¢ and in the more complex structure of cryolithionite, Na3 Li3Al,F, >. This 
mineral has the garnet structure, so that its formula may alternatively be written 
Al,Na3(LiF4)3. This illustrates the point that the description of these complex 
fluorides in terms of AIF, or FeF¢ octahedra is arbitrary in the sense that the Al_-F 
bonds are not appreciably different in nature from the other (M—F) bonds in the 
structures. Sharing of two opposite vertices of each AIF, octahedron gives the AIF, 
chain, and of four equatorial vertices, the ‘trans’ AIF 4 layer (Fig. 10.10(a)). In the 
intermediate layer, of composition Al3F,4, one-third of the AIF’, octahedra share 
four equatorial vertices and the remainder share two Opposite vertices (Fig. 
10.10(b)). The alternative puckered (‘cis’) layer in which two adjacent vertices are 
unshared is found in NaFeF 4. 
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FIG. 10.10. Portions of (a) the AIF 4 layers in TIAIF, and (b) the Al3Fy4 layers in Nas Al3F,q. 

An interesting structure has been suggested for compounds M,Fe,;F, 7 based on 
the dimensional analogy with the oxide MoW, ;03.. In Fig. 10.11(a) each square 
represents a chain of vertex-sharing octahedra perpendicular to the plane of the 
paper (ReO3-type chain), the shaded squares containing Mo. Removal of the metal 
atoms marked by the small black circles and of the O atoms between them would 

kA ry 
iz WY VX et ies 

peog 8: Pa y Ss Q 
(a) (b) 

FIG. 10.11. Relation of octahedral layer Ms X17 (b) to 3D MX3 structure (a). 

leave layers of composition W, 034, suggesting the structure Fig. 10.11(b) for 

M,Fe.F,7 in which the complex layers are perpendicular to the plane of the paper. 

In this layer one-fifth of the octahedra share 6 and the remainder 5 vertices. The 

simplest 3D framework formed from octahedral groups sharing all their vertices 

represents the structures of AIF; or FeF3, and a more complex framework is found 

in a hydrated hydroxyfluoride of Al with the pyrochlore structure (p. 209). These 

structures are summarized in Table 10.7. 
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TABLE, 10.7 

Structures of complex fluorides 

Number of Al(Fe)F 6 Type of Examples 

vertices shared complex 

0 Finite M3FeF¢ Na3AlF¢ (cryolite) 
Na3Li3 Aly Fj2 (cryolithionite) 

D Chain M2 FeFs M2 AIF 

2 and 4 Layer Nas Fe3F 44 Nas Al3F j4 (chiolite) 
4 ‘cis’ layer NaFeF4 

‘trans’ layer MFeF, MAIF, 
(S and 6 Multiple layer M>Fes5F 17) 
6 3D framework FeF3 AIF3 

Some complex fluorides of group IVA and VA elements 

In Group VA there is an interesting gradation in properties from V to Ta. In 

complex salts V prefers bonds to O rather than F—note the extensive oxygen 

chemistry of V and the formation of numerous oxyhalides by V and Nb; Ta forms 

only TaO,F. The most stable salts obtained by the addition of metallic fluorides to 

a solution of Nb,O; in HF are those containing the ion NbOF?~. This ion is much 

more stable than simple NbF, ions. For example, K,NbF, is prepared from a 

solution of K,NbOF, . H,O in HF but is easily hydrolysed back to that salt, while 

Rb,NbF. is made by repeated crystallization of Rb,NbOF, from HF. Finally, 

tantalum prefers to form complex fluorides of the type R,, TaF,,. xH,O rather than 

oxyfluorides, and in these n rises to 8. The V and Nb analogues of salts like 

Na3TaFg are not known. 

The following scheme illustrates, for the potassium-niobium fluorides, how the 

composition of the product varies with the relative concentrations of the com- 

ponent halides and of HF: 

_K,NbOF; . H20 

Key gen CXCES ek Maia > K3NbOF, 

NDE se excess KF 
pre Orne = and 
“ig “limited HF 

MONE “Sy SS 

io * K,;HNbOF, 

K,NbF, 
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Complex fluorides and oxyfluorides provide many examples of isostructural 
compounds as, for example, compounds in the same horizontal row in the following 
table: 

IV V VI 

K,TiF,.H,0 K,NbOF,. H,0 K,WO,F,.H,0 
. NH,) ,NbOF NH TiF ( 4/3 6 

( 4)3 ; i“ Eo ae 

K3ZrF K3NbOF, 

K3HSnFg eee K,HNbOF, 

The special interest of these compounds lies in the shape of the coordination group 
around the metal atom in the complex ion. 

The dodecahedral ZrFg coordination group in K,ZrF¢ has already been noted 
and illustrated in Fig. 10.3 (p. 384). There are also infinite chains of 8-coordination 
groups sharing two edges in (N,H,¢)ZrF,, but here the coordination group is a 
bicapped trigonal prism (Fig. 10.12(a)). Well defined dodecahedral 8-coordination 

(a) (d) 

FIG. 10.12. Complex fluorides of Zr: (a) chain of bicapped trigonal prisms in (N2H¢) (ZrF6), 

(b) 8-coordination group in Lig BeZrF 2, (c) relation between bicapped trigonal prism and 
tetragonal antiprism, (d) 7-coordination of Zr in Nas Zr. F 43. 

of Zr** is found in LigBeZrF, 5, in which there is rather irregular octahedral 

coordination of Li*, tetrahedral BeF4 and discrete ZrFg groups. The ZrFg group 

(Fig. 10.12(b)), formed from two interpenetrating tetrahedra, one elongated (II) 

and the other flattened (I), may be compared with the coordination in ThCl4 and 

related tetrachlorides (p. 361). There is 8-coordination of a different kind in 

Na7Zr¢gF3, and the isostructural compounds of Pa, U, and other Sf elements. 

Thirty of the F atoms together with the Zr atoms form a 3D framework built 

from ZrFg antiprisms. The antiprisms share vertices in groups of six around 

cuboctahedral ‘holes’, and these subgroups consisting of six antiprisms then form 

the 3D framework by sharing some of their edges. The composition of this 

397, 



Complex, Oxy-, and Hydroxy-Halides 

framework is (ZrF5),; the remaining F~ ions and the Na* ions occupy interstices in 

the framework. (Some analogy may be drawn between this structure and structures 

such as pyrochlore (p. 209) and LagRegO19 (p. 183)). The close relation between 

certain pairs of polyhedra has been noted in Chapter 3 (and also in MSIC). Figure 

10.12(c) illustrates this point for.the bicapped trigonal prism and the antiprism. In 

Nas ZryF,3 there is 7-coordination of Zr, two trigonal prisms being linked by F to 

form a Zr F,3 complex (Fig. 10.12(d)). 

TABPEZUOS 

Coordination polyhedra in complex fluorides and oxyfluorides 

F : Zr ratio Formula CN. Coordination polyhedron Reference 

of Zr 

§-17 Na7Zr6F 31 8 Antiprism AC 1968 B24 230 

5:25 RbsZr4F2, Gs ijt See uerd: AC 1971 B27 1944 

6 K2Zr1F6 8 Dodecahedron AC 1956 9 929 

6 (N2H6)ZrF 6 8 Bicapped trigonal prism AC 1971 B27 638 

6 y-Na2 ZrF 6 1 Irregular AC 1969 B25 2164 

6-5 Nas Z1r2F 43 7 Monocapped t.p. AC 1965 18 520 

7 Na3Zr1F7 Fe Irregular AC 1948 1 265 

df (NHq4)3ZrF7 Te Pentagonal bipyramid AC 1970 B26 2136 

8 Lig BeF 4 (Zr1F ) 8* Dodecahedron JCP 1964 41 3478 

* Denotes finite complex ion BX, 

F : Ce ratio Formula CN. Coordination polyhedron Reference 
of Ce 

6 (NH4)2CeF 6 8 Antiprism IC 1969 8 33 
7 (NH4)3CeF7.H,0 8 Dodecahedron AC 1971 B27 1939 
8 (NHq)4CeFg 8* Antiprism AC 1970 B26 38 

* Denotes finite complex ion BX, 

Empirical Type of Shape Reference 
formula complex ion 

(NH4)3SiF7 SiF6. ‘ Octahedral JACS 1942 64 633 
K,NbF., K2TaF4 NbF7 » TaF7 Monocapped t.p. AC 1966 20 220 

K3NbOF. NbOF » (Pentagonal bipyramid)(2) JACS 1942 64 1139 
K,NbOF;s . H20 ROE Octahedral JACS 1941 63 11 

K3HNbOF | NbOFs Octahedral JACS 1941 63 11 

ee. Linear 

Na3TaFg TaF3 Antiprism JACS 1954 76 3820 
: HF, Linear 

Na3HTiF : eats TiF? Octahedral aac e Adee 

(a) Probably as in (NHq)3Zr1F7, but no recent study has been made. 
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The data of Table 10.8 show that Zr** prefers 7- or 8-coordination by F, the 
shape of the coordination polyhedron adjusting to the nature of the cations, and 
F : Zr ratios less than the coordination number requiring the sharing of vertices or 
edges of the coordination polyhedra. The inadvisability of trying to relate ionic 
sizes to coordination number and shape of coordination polyhedron is nicely 
illustrated by the structure of Rbs;ZrqF,,. In this crystal there are four kinds of 
coordination of Zr** ions: 

CN. Polyhedron 

8 irregular antiprism, 

7 irregular antiprism less 1 vertex, 

7 pentagonal bipyramid, 

6 octahedron. 

Complex fluorides A,,BX 7 and A,,BXg provide examples of a number of 

coordination polyhedra (Table 10.8). In contrast to (NH4)3SiF7, which contains 

octahedral SiF2~ and separate F~ ions, (NH4)3ZrF, contains pentagonal bi- 

pyramidal ZrF3~ ions (compare K3UF, and K,U0,Fs, p. 997), while the NbF27 

and TaF4~ ions are monocapped trigonal prisms. Yet another possibility is realized 

in (NH4)3CeF,. H,0, where two dodecahedral coordination groups share an edge 

to form (Ce,F,4)°~ ions. These compounds thus illustrate three ways of attaining 

a F: B ratio of 7: 1, with c.n.’s of 6, 7, and 8 for the B atoms. Conversely, in the 

three ammonium ceric fluorides listed in Table 10.8 there is 8-coordination of Ce 

with F : Ce ratios of 6: 1,7: 1, and 8: 1, while (NH4).CeF¢ is our third example 

of a salt A,BX¢ in which the anion is an infinite chain built of 8-coordination 

polyhedra, all of different kinds: 

Coordination polyhedron 

K,Z1F¢ Dodecahedron 

(NH6)ZrF 6 Bicapped trigonal prism 
(NH4)2CeF 6 Antiprism. 

In Na3TaFg the anion has the shape of a square antiprism; on the other hand there 

is no BXg ion in Na3HTiF, but equal numbers of HF and TiF2~ ions. Similarly, 

K3HNbOF, contains HF and octahedral NbOF2~ ions; the latter are the anions in 

K,NbOF,. H,0. 
Equally interesting are the complex fluorides of Th and U(tv), which are 

described in Chapter 28, and in which 9-coordination also is important. 

Metal nitride halides and related compounds 

‘Nitride halides’ have been prepared in various ways, for example, Mg, NCI (also F, 

Br, I) by direct combination of metal nitride and halide, Mg3NF3 by the action of 

nitrogen on a mixture of metal and halide at 900°C, and ZrNI by heating 
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Ztl4.nNH3. Little is yet known of their structures (Table 10.9). The compound 

VNCl4 is apparently vanadium chlorimide trichloride and has been assigned a 

structure in which the molecules are loosely associated in pairs. The bond 

Cl Cl 
| 164A : 2-60 A 

NZ Clase Be 1 x oi) Cll Clee 8 — ee 
C17: oe Beas | ic 

[159A 
Cl C 

TABLE 10.9 

Metal nitride halides and related compounds 

Structure Reference 

Mg3NF3 Defect NaCl (p. 195) AC 1969 B25 1009 
Mg2 NCI (F) - ZaC 1968 363 191; JSSC 1970 1 306 

ZrNC\|(Br, I) 5 
TiNCI(Br, | FeOCI (N not located) ZaC 1964 327 207 

ThNF LaOF (rhombohedral) 
ThNCI(Br, I) BiOCI ZaC 1968 363 258 

UNC\(Br, I) BiOC1 ZaC 1969 366 43 

[U(NH)C1?} ZaC 1966 348 50 
LaN,.F3_ LaF3 MRB 1971 6 57 
VCl3 (NCI) See text ZaC 1968 357 325 

arrangement around V is square pyramidal or distorted octahedral according to 

whether the weak bonds to Cl atoms of other molecules are included; the accuracy 

of the bond lengths is not clear. The V—N bond length is similar to that in other 

transition-metal complexes in which N and Cl are directly bonded to the metal (e.g. 
K,OsNCl,, Os—N, 1-61 A). 

The defect NaCl structure of Mg3NF;3 is illustrated in Fig. 6.1(e) (p. 193); Mg 
has 4 F and 2 N (octahedral) neighbours (at 2-11 A), N has 6 Mg (octahedral) and F 
has 4 Mg (coplanar) nearest neighbours. The tetragonal structure of Mg, NF (X-ray 
powder data) is apparently an ordered NaCl-like structure which is extended in one 
direction so that the nearest neighbours of Mg are 3 N and 2 F (at a mean distance 
of 2:13 A) with the sixth F at 2-86 A. The coordination of N is distorted 
octahedral, and F has 4 close Mg neighbours as in Mg3NF3. The structure of the 
high-pressure form of Mg,NF is apparently much closer to a cubic NaCl structure, 
as is to be expected since Mg,NF is isoelectronic with MgO. 

Thiohalides 

Very little is known about the structures of metal thiohalides although a 
considerable number have been prepared; for the thiohalides of phosphorus see 
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Chapter 19. For example, all the thiohalides of In have been prepared, and from 

X-ray photographic evidence InSCl and InSBr have been assigned a statistical CdCl, 

structure, but further examination would be desirable if single crystals could be 

grown.!) 
Of the twelve possible compounds ABX where A is Sb or Bi, B is S or Se, and X 

is Cl, Br, or I, all except SbSCl and SbSeCl have been prepared, and of these all 

except BiSeCl are isostructural. The structure of SbSBr‘?? consists of pleated chains 

(SbS)?* between which lie Br ions (Fig. 10.13). The chain is the simplest 

3-connected linear system (see Fig. 3.19(a), p. 87), and it is closely related to the 

chain in Sb,S3 (p. 724). Within a chain, Sb—S = 2:49 A (1) and 2-67 A (2), Sb 

bond angles are 84° (2) and 96° (1), and S bond angles are all close to 96°. The 
nearest neighbours of a Br ion are two Sb (at 2:94 A) and one S (at 3°46 A). For 

Hg3S,Cl3 see Chapter 26. 

The compound NbS,Cl, is not a simple thiohalide for it apparently contains S4 

groups, having a layer structure of the AICl3 type in which one Cl has been replaced 

by an Sy group (S—S, 2-03 A). The nearest neighbours of Nb are 4 Clat 2-61 A 

and 4 S (of two S, groups) at 2:50 A. There are Nb—Nb distances of 2:90 A between 

pairs of metal atoms. 

Molecular metal thiohalides are at present represented only by WSCl4 and the 

similar, but not isostructural, WSBrq.{*) Square pyramidal molecules are associated 

in pairs, the bridging W—Cl distance (3-05 A) being much larger than the mean 

W—Cl (2-28 A) within the WSCl4 molecule. 

Oxyhalides 

Compounds containing one or more elements combined with oxygen and halogen 

atoms are of a number of quite different types, and as with complex halides the 

empirical formulae give no indication of the structures of compounds MO, X,. For 

example, calcium hypochlorite, CaOCly, is a salt containing ClO ions—Ca(OCl). 

Uranyl chloride, UO,Cl, consists of UO3* and Cl” ions, that is, (UO2)Cl,, while 

sulphuryl chloride, SO,Cl,, is a molecular oxychloride. The following groups of 

compounds are included in other chapters: 

salts of oxy-ions of the halogens (Chapter 9); ’ i 

oxyhalides and oxyhalide ions of non-metals (e.g. POF3, PO2F , PO3F* ) are 

described under the appropriate element to which the O and X atoms are 

separately bonded; 

complexes of POCI3, SeOCl,, etc. with halides are included in Chapters 19 and 

16 respectively. 

We include in this chapter a short section on oxyhalide ions of transition metals. 

Oxyhalides of one kind or another are formed by one or more metals of most of 

the Periodic Groups except the alkali metals and possibly the elements of subgroup 

IB, though at present very few sets of compounds of the same formula-type are 

known containing a particular metal and all four halogens. An example is the series 

NbOX;3. We show in Table 10.10 the known compounds of some of the metals of 
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TABLE 10.10 

Some transition-metal oxyhalides 

VI 

CrOF3  CrO.F, CrOF, 
Gi Cis FeOCl 

Vv 

VOF VOF3 
VOCI, Cl3 

Bro Br3 

NbOF3 NbO2F 
NbOCI, Cl3 

Br2 Br3 

Ip I3 

(1) AC 1961 14 1035 

(2) ICS 1964 4944 
(3) AC 1966 20 160 

(4) IC 1965 4 1621 

MoO F2 MoOF4 

MoOCl, MoO02Cl MoOCl3 Ch Cis 
Br3 Br2 

TaO, 1g OsO3 Fy 

OsOF; 
WOF, 

WOCI, WOCl3; WO 2Cl Cl4 

Br3 Br2 Brg 

In 

ReOF, ReOCl3 
ReOFs ReOBr3 
ReQ2F3 

ReO3F 

groups [VA-VIIA and VIII, emphasizing the predominance of fluorides and chlorides 
and the very small number of iodides. Further study may, of course, alter this 
general picture. At least ten types of formula are found: 

MOX, MOX,, MOX3, MOX,, MOXs, 
MO,X, MO Xz, MO 3X3, 
MO3X, MO3X, 

and it is likely that, except in the case of molecular oxyhalides, structural 
differences will be found between crystalline oxyfluorides and other oxyhalides of 
a given metal. 

Oxyhalide ions 

A great variety of oxyhalide ions is formed by transition metals in their various 
oxidation states. The structures of some of the salts are similar to those of oxy-salts 
or complex halides. For example, the ion CrO3F forms an almost regular 
tetrahedron in KCrO3F, and because of the similar sizes of O and F there is random 
orientation of the anions in the crystal (CaWO,-type structure). On the other hand, 
KCrO3CI has a distorted form of that structure because of the difference between 
Cr—O (1°53 A) and Cr—Cl (2-16 A). (NH4)3Mo03F3 has the same structure as 
(NH,4)3AIF,¢, with octahedral MoO3F3~ ions, but whereas K,OsCl, has the 
K,PtCl¢ structure, the salt K,0s0,C14“) has a rather deformed version of that 
structure (Os—Cl, 2:38 A and Os—O, 1-75 A—compare 2:36 A in K,OsCl¢ and 1-66 A in OsO4). The salts CsyMYOCI, (M = Nb, Cr, Mo, W) also have K,PtCl,-type 
structures,(?) and discrete octahedral ions exist in Cs,U0 C14‘) (a), with the two 
short U-O bonds characteristic of uranyl compounds (Chapter 28). 

Some oxyhalide ions are isolable only in combination with large cations. In (C,Hs)4N[ReBr40(H>0)] “ there is a Square pyramidal arrangement of 4 Br and 
1 O (with the metal atom 0-32 A above the base of the pyramid), the sixth ‘octahedral’ bond to HO being very weak (b). 
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Examples of more complex oxyhalide ions are shown at (c) and (d). The anion 
in (NH,)3U0,F, °°) has the pentagonal bipyramidal configuration (c). The bi- 
nuclear ion (Cls;Ru—O—RuCl;)*~ (d), is the anion in K4RuyCl, 90 .H,0,( 
originally formulated as a compound of Ru!¥ , K,RuCl;(OH). (Note that the 
compound thought to be K4Tc Cl, 90 is in fact KyTcCl,(OH), p. 387.) Whereas 
Ko Rue Ci, is paramagnetic with a moment corresponding to two unpaired 
electrons, this salt is diamagnetic. A m.o. treatment accounts for the diamagnetism 
and for the collinear arrangement of the Ru-O—Ru bonds, the length of which 
shows that they are nearly double bonds. An ion of the same kind exists in 
K4Re Cl, 90 . H,0;7) each Re atom is situated 0-12 A out of the plane of its four 
Cl atoms towards the O atom. 

O fe io 
12-32 A 

(a) OH, 

(b) 

O 
19A 

. | | 
\ KY F yee i: MM weet 

GS eee —Ru-N-Ru-OH any.) 2:2A H,0—Ru yy, uw 2 

b GiGi acinnl 

(c) (d) (e) 

Although not an oxyhalide ion, the linear anion (e) in the salt 

K3[Ru,NClg(H,0), | (8) may be mentioned here in view of its similarity to the ion 

(d). 
In addition to finite oxyhalide ions there are infinite oxyhalide ions in some 

complex oxyhalides. Examples include the anion in K,(NbO3F), which has the 

K,NiF, (layer) structure (see Table 10.11), and the cis octahedral AXs chain ion in 

K,(VO,F3),”? F atoms forming the bridges. 

The structures of metal oxyhalides 

We shall discuss these compounds in the following groups: 

(a) ionic oxyfluorides, 
(b) oxyhalides of transition metals in high oxidation states, 

(c) oxyhalides MOCI, MOBr, and MOI, 

(d) other oxyhalide structures. 
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(1) ACSc 1965 19 1401 

(2) AC 1970 B26 830. 
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(a) Ionic oxyfluorides é 

Examples are now known of oxyfluorides having the same structures as most of the 

simple oxides or fluorides MX. or MX3 or structures characteristic of complex 

oxides or fluorides (Table 10.11). There is either random arrangement of O and F 

in the anion positions of such structures or, more rarely, regular arrangement 

(superstructure). We describe shortly the structures of the two forms of LaOF as 

examples of superstructures of the fluorite structure. There are also numerous 

oxyfluorides of transition metals which have structures similar to those of oxides of 

these metals and compositions very close to those of oxides. Examples noted in 

Chapter 13 include Nb30,7F and LiNb,O,5F; more complex examples are 

Nb,7042F and Nb, ,077F with structures related to that of one of the 

forms of Nb,O;. Members of the family M3n+1X%8n-2» built from different 

sized blocks of the ReO3 structure include 

n=9 M8070 (Nb29s) 

n= 10 M3\X78 (Nb31;077F) 

n= 11 M3qXg6 (Nb 7042F). 

In contrast to compounds of this type, which contain very little F, there are others, 

such as (KAO IAS with unique structures (in this case with 6- and 7-coordi- 

nation of Zr**) more reminiscent of complex fluorides such as Na,Zre6F3, (p. 

297): 

In some oxyfluorides the composition is variable within certain limits, in which 

case the formula given in Table 10.11 falls within the observed composition range. 

We noted earlier that the LaF structure is apparently not stable for pure BiF3 but 

becomes so if a small proportion of fluorine is replaced by oxygen (approximate 

formula, BiOg.;F-.) 

Superstructures of fluorite. The cubic fluorite (CaF) structure is illustrated in 

Fig. 6.9 on p. 204. This structure may also be referred to a rhombohedral unit cell 

(a = 7:02 A, a = 334°) containing two CaF, as shown in Fig. 10.14(a). The 

arrangement of the F~ and O77 ions in the rhombohedral form of LaOF is such 

that the symmetry has dropped to rhombohedral, the ions being arranged with 

3-fold symmetry around only one body-diagonal of the original cube (as at (b)). A 

recent reinvestigation of rhombohedral YOF shows that the positions earlier 

assigned to O and F should be interchanged. The distances Y—-O and Y—F are 

different, and it was originally assumed that the latter would be the shorter ones. 

The later results are: Y—O, 2:24 and 2-34 A; Y—F, 2-41 and 2-47 A. (In ScOF the 

Sc—F distances are approximately 0-1 A greater than Sc—O.) In the tetragonal 

superstructure there is a quite different arrangement of the anions (Fig. 10.14(c)). 

This form is stable over a range of composition, expressed by the formula 

MO, F3_2n (0°77 <n < 1-0). At the fluorine-rich limit the composition corresponds 

to the formula MOp.7F 1.6, that is, there is an excess of F over the amount which can 

be accommodated in a fluorite-like structure. In this case it appears that the four O 

positions of Fig. 10.14(c) are occupied on the average by 2-8 O + 1:2 F and an 

excess of 1:2 F” ions occupy some of the interstices marked by small black circles. 
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FIG. 10.14. (a) Alternative rhombohedral unit cell of the fluorite structure. Ca?* ions lie at 
the centres of all faces of the smaller cubes, but only sufficient of these ions are shown to 

indicate the rhombohedral cell. (b) and (c) Structures of the two forms of LaOF (see text). 

LVAVB Ie Ey Ome 

Crystal structures of oxyfluorides 

Structure Examples Reference 

Rutile FeOF, TiOF, VOF (high press./temp.) JSSC 1970 2 49 

a-PbO, NaNbO 2 F 2 (superstructure) AC 1969 B25 847 
ZrO, (baddeleyite) ScOF ACSc 1966 20 1082 

5 AC 1970 B26 2129 
Fluorite AcOF, HoOF AC 1957 10 788 

superstructure: thombohedral: YOF, LaOF, SmOF, etc. JACS 1954 76 4734, 5237 
tetragonal: YOF, LaOF, PuOF IC 1969 8 232 

distorted: TIOF MRB 1970 5 185 
PbCly LaOF and 4f metals (h.p.) MRB 1970 5 769 
ReOQ3 TiOF AC 1955 8 25 

NbO2F, TaO2F AC 1956 9 626 

see oC Ey IC 1969 8 1764 
Mo03 MoqO,,1F 

LaF3 ThOF2 AC 1949 2 388 
BiOg.1 F 2-8 ACSc 1955 9 1209 

Perovskite KNbO}F, NaNbO2F ZaC 1964 329 211 
TUTHHOF, MRB 1970 5 185 

K2NiF4 K2NbO3F JPC 1962 66 1318 
Sry FeO3F JPC 1963 67 1451 

Spinel Cuz FeO3F JPCS 1963 24 759 
Be, Ona. by. CR 1970 270C 2142 

Cryolite Na3 VO2F4 (monoclinic) 
K3TiOFs (tetragonal) | ZaC 1969 369 265 

Elpasolite K2NaVO2F4 
Tetragonal bronze KNb205F AGS¢ 1965)19 1510 

Pyrochlore Cd2Tiz Os F 2 CR 1969 269C 228 

Garnet Y3Fes5012_,Fy MRB 1971 6 63 

Y3AlqNiO,,F 
Magnetoplumbite sad oa JPCS 1963 24 759 



(1) ICS A 1968 536, 543 
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(b) Oxyhalides of transition metals in high oxidation states 

A number of the compounds of Table 10.10 have been studied in the vapour state 

and shown to form tetrahedral molecules (Table 10.12). Both crystalline forms of 

the green OsOF. consist of slightly distorted octahedral molecules; compare the 

regular octahedral structures of OsF, and the 5f compounds MF,.“)) (It is 

interesting that whereas OsOq and OsO3F, are known, the octafluoride has not 

been made nor have OsOF, or OsO,F4.) It is likely that many of the compounds 

of Table 10.10 form molecular crystals; for example, at ordinary temperatures 

TAB Be ror? 

Structures of metal oxyhalide molecules 

Molecule M—O M—X Angles Method Reference 

(A) (A) 

VOCI3 1-56 (-04) 2-12 (-03) O—V—Cl 108 (2)° e:d. JACS 1938 60 2360 

Cl-V—Cl 111 (2)° 

CrO2Cly 1-57 (-03) 2:12 (02) O-Cr—O_ 105 (4)° OXGl JACS 1938 60 2360 

MoO02Cly Ho7s) (ota) 

MnO3F 1-586 (-005) 
ReOQ3F 1-692 (-003) 
ReQ3Cl 1-702 (004) 

(2) AC 1959 12 21 

CG) IESPARTIG SEL TA G1970 
B26 1161 

| 

Cael xX nS 
ONS AIS ei 

ape 
(4) AnC 1964 76 833 

1-99A 

2:53A 

a an! 
Nb O (Ci 

FIG. 10.15. Portion of the infinite 

chain molecule in crystalline NbOCI,. 

O-Cr—Cl 1094 (3)° 
CLCr—Cl 113 (3)° 

2-28 (-03) (O—Mo—O 109}°) e.d. H. A. Skinner, Thesis, Oxford 1941 
O—Mo—Cl 108 (7)° 
Cl—Mo—Cl 113 (7)° 

1-724 (005) O-Mn—F 108°27'(7') mw. PR 1954 96 649 
1-859 (008)  O—Re-F 109° 31’ (16) mw. 
2-229 (004)  Cl-Re—O 109° 22’ (7’) eels JCP 1959 31 633 

CrOCl, is a red liquid (b.p. 117°C). (For the uranyl halides see Chapter 28.) On 
the other hand, NbOCI3 (like VOCI3) is monomeric in the vapour state but has a 
polymeric chain structure (Fig. 10.15) in the crystal.2) Octahedral NbO,Clq 
(trans) groups are linked into double chains by sharing an edge (2 Cl) and two 
opposite vertices (O atoms). There is a close relation between the structure of 
crystalline NbOCI3 and NbCls;, for if the O atoms of Fig. 10.15 are replaced by Cl 
the portion of chain has the composition Nb,Cl,9 and represents the finite 
molecule in the crystalline pentachloride. Other compounds with the structure of 
Fig. 10.15 include: MoOCl3 (tetragonal), WOC13, WOBr3, TcOBr3, NbOBr3, and 
MoOBr3.‘>) 

Extension of the double chain of NbOCI; gives a layer of composition MOX, 
which is apparently the structure of NbOCI,, NbOBr,, and NbOI,.#) 

A number of oxyhalides have structures which are similar to those of halides, 
some of the halogen atoms being replaced by O atoms. Since many of the ionic 3D 
structures of Table 10.11 are adopted by both fluorides and oxides, many of the 
oxyfluorides listed therein could be included here. If, however, we restrict ourselves 
here to structures which are peculiar to halides (that is, are not adopted by oxides) 
the known examples are those of Table 10.13. 
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DABBEMT0.13 

Oxyhalides related to MX4 and MX, structures 

Halide structure Oxyhalides Reference 

Tetramer NbgF 0 (WOF4)a4 JCS A 1968 2074; 

TcCla ReOBr3, TcOCl 
Octahedral oe By 
Pain fe : MoOCls3 (monoclinic) JCS A 1969 2415 
SRT Te a-UFs WOCl4, WOBr4 ZaC 1966 344 157 

CrFs5 MoOF4, ReOFq4, TcOF4 See Table 9.20 
Layer SnF4 WO2Cly ZaC 1968 363 58 

A number of oxychlorides and oxybromides MOX3 have structures similar to 

TcClq (octahedral ‘cis’ chain structure), namely, MoOCl3 (monoclinic), TcOCI3, 

and ReOBr3. In these compounds M is displaced from the centre of the octahedral 

coordination group towards the O atom. In MoOCl3 (monoclinic), for example, the 

bridging atoms are Cl atoms and the bond opposite O is longer in the 

unsymmetrical bridge. 

ie Cl 
as : / 

? bB_C1 93 O C83 Ne Wee 

oe dae “s 
1a 

In WOCI, and WOBrg (a-UFs structure) the bridging atoms are O atoms, but 

these were not accurately located. 

The structure assigned to WO Cl, consists of layers of octahedral WO,Cl, 

groups which share four equatorial O atoms—compare the SnF4 layer structure. 

The oxygen bridges are unsymmetrical, so that in both directions in the layer there 

are alternate short and long W—O bonds (mean lengths, 1-67 and 2-28 A); in this 

connection see the structure of WO3. The O bond angle is approximately 160° and 

W-Cl, 2°31 A. 

(c) Oxyhalides MOCI, MOBr, and MOI 

All the elements Al, Ga, La, Ti, V, and the 4f and Sf metals form an oxychloride 

MOCI and most of them also form MOBr and MOI. Antimony and bismuth also 

form more complex oxyhalides, which are described in Chapter 20, and Bi forms 

BiOF which belongs in this group. Other oxyfluorides MOF of the above elements 

were included in group (a), ionic oxyfluorides. 

All the compounds of this group are structurally quite different from those in 

(a) or (b) and crystallize with one of three layer structures, in which there is 

respectively 4-, 6-, and 8(9)-coordination of M. 
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O Cl above Ga-O plane 

© Cl below Ga—O plane 

FIG. 10.16. Layer of the structure 
of GaOCl (idealized). 

FiG. 10.17. Elevation of the crystal 

structure of InOClI or FeOCl. 

(1) CR 1963 256 3477 

(2) AC 1970 B26 1058 

Bond lengths in FeOCl. 

(3) ACSc 1956 10 1287 
(4) JCS A 1966 1004 
(S) ZaC 1958 295 268 

(6) ACSc 1962 16 777 

Complex, Oxy-, and Hydroxy-Halides 

GaOCl. The structure of GaOcl? (and the isostructural AlOCI, AIOBr, and 

AIO!) consists ot layers of tetrahedral GaO3Cl groups (Ga—O, 1-91 A, Ga—Cl, 

2:22 A) which are linked as shown in Fig. 10.16. Each O atom is common to three 
tetrahedra, the unshared vertices of which are occupied by the Cl atoms. In a given 

row of tetrahedra these Cl atoms lie alternately to one side or the other of the 

(puckered) plane of the Al and O atoms. 

FeOCl. The layers in this structure are of the same type as in y-FeO . OH but 

they are packed together in a rather different way, as described on p. 528. The 

FeOCl structure is closely related to that of BiOCI as may be seen by comparing the 

elevation of FeOCl (Fig. 10.17) with that of BiOCl (Fig. 20.6(c), p. 715); the 

essential difference is that in FeOCl M is 6-coordinated and in BiOCI 8-coordinated. 

Bond lengths in FeOCI?) are as shown. Compounds isostructural with FeOCl 

include InOCI and InOBr,‘?) InOI,“*? VOCI and TiOCl,>) and crocl.©® 
BiOCl. The remaining oxyhalides in this group, which does nor include SbOCI 

(for which see p. 716) are built of layers of a different kind and have the same type 

of structure as PbFCl and PbFBr. Each complex layer in the BiOCl structure 

consists of a central sheet of coplanar O atoms with a sheet of halogen atoms on 

each side, and the metal atoms between the ClI-O—Cl sheets. The plan of a layer is 

shown in Fig. 10.18 together with the sequence of atoms in a direction 

Cl above a 
plane of paper == — il 

Bi ab me i above : 
O plane of paper 4 Bi 

Ss 

OC) O in plane a 
of paper i 

au ; eG) 
i below 

O plane of paper ‘Bi 

=== © 
Cl below : 

plane of paper Bi 

Cl IN 
(a) (b) 

FIG. 10.18. (a) Atomic arrangement in a layer of the structure of BiOCl (or PbFCI). 
(b) Sequence of atoms in a direction normal to the layer (a). 

perpendicular to the layers. Within one of these complex layers a Bi atom is 
surrounded by 4 O and 4 Cl atoms at the vertices of a Square antiprism. However 
the various interatomic distances in these structures (Table 10.14) suggest that, at 
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TABLE 10.14 

Interatomic distances in oxyhalides MOX with the BiOC1 structure (A) 

M—4 O M4 X M—X X—X X—X 

| in same layer innext layer inlayer between layers 

LaOCl 2:39 3-18 3-14 4-11 3-46 

BiOCl 2:31 3-07 3-49 3-88 3-48 

LaOBr 2-40 3-28 3-47 4-15 3-54 

BiOBr 2:32 3-18 4-04 3-92 3-72 

LaOl 2-41 3-48 4-79 4-14 4-14 

BiOl 2-33 3-36 4.88 3:99 4-17 

least in the chlorides and bromides, there are appreciable interactions between the 

metal atoms in one layer and halogen atoms in a neighbouring layer, as indicated by 

the dotted lines in Fig. 10.18(b)—compare the M—4 X and M—X distances in Table 

10.14. This 9-coordination is evident also in BiOF“7? (Bi—4 O, 2-27, 4 F, 2°75, and 

1 F, 2-92 A). The coordination polyhedron is a monocapped antiprism, with one X 

atom beyond the larger square face. The small alteration in the unit cell dimension 

a in the plane of the layer in the series LaQCI-LaOBr—LaOl compared with the 

large increase in the dimension c perpendicular to the plane of the layers, 

a c 

LaOCl 4109A 6-865A 

LaOBr 4-145 7-359 

LaOl 4-144 9-126 

reflects the rigidity of the M,O, system consisting of layers of M atoms on each 

side of an oxygen layer. This type of tetragonal metal-oxygen-metal layer is a 

characteristic feature of the structures of a number of compounds of Bi, La, and Pb 

(e.g. LayMoOg and PbO, p. 461), in particular the complex oxyhalides and oxides 

of Bi which are described on pp. 713 and 716. 

Compounds which crystallize with the BiOCI (PbFCI) structure include: 

MOF: Bi 

MOCI: Bi, 4f compounds from La to Er (TmOCI, YbOCI, and LuOCi have a 

different, unknown, structure), Ac, and Pu 

MOBr: Bi, all 4f compounds” Ac, and Pu 

MOLee Bij la.om, fin, Y by Pu. 

(d) Other oxyhalide structures 

It is likely that many stuctures will be discovered which are peculiar to single 

oxyhalides or to small groups of compounds. For example there are compounds 

M,OCl, and M4OBr6, made by heating together oxide and halide, suitable for the 

ions Ca2*, Sr?*, and Ba**. In BagOClg there is almost regular tetrahedral 

coordination of O by 4 Ba, and Ba is coordinated by either 7 Cl + O or by 

9c1+0.) 
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(2) AC 1968 B24 304 

(1) ACSc 1957 11 676 
(2) JACS 1948 70 105 

(3) HCA 1962 45 479 
(4) HCA 1961 44 2095 
(S) ACSc 1959 13 1049 

FIG. 10.19. Portion of one layer 

of Cd(OH)Cl. The OH groups 
(shaded) lie above, and the Cl 

atoms below, the plane of the 

metal atoms. 

(6) ZK 1934 87 110 

(7) HCA 1964 47 272 
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The structure of PaOCl, (and the isostructural Th, U, and Np compounds) is 

unexpectedly complex.) There are tightly-knit chains of composition Pa3z03Cl, 

(Cl¥) of which the Cl* atoms are shared with other similar chains, forming a 3D 

structure with the composition PaOCl,. There is 2- and 3-coordination of Cl, 3- and 

4-coordination of O, and 7-, 8-, and 9-coordination of the Pa atoms. 

Hydroxyhalides 

Our knowledge of the structures of hydroxyhalides is practically confined to 

hydroxychlorides and hydroxybromides, little being known of the structures of 

hydroxyfluorides or hydroxyiodides. Anhydrous hydroxyfluorides include 

Cd(OH)F, Zn(OH)F and other less well-defined phases. In(OH)F, has a distorted 

ReO; type of structure, in which In is surrounded octahedrally by 2 OH + 4 F (all 

at about 2:07 Ay) Hydrated oxyfluorides of Al with the pyrochlore structure?) 

(p. 209) have been prepared by adding ammonia to solutions of Al,(SO4)3 

containing varying proportions of AIF3. 

The largest groups of hydroxychlorides and hydroxybromides are the com- 

pounds MX(OH) and M,X(OH) 3 formed by Mg and the 3d metals Mn, Fe, Co, Ni, 

and Cu(i1). Their structures consist of c.p. layers of composition X(OH) or 

X(OH)3 as illustrated in Fig. 4.15 (p. 135) between which the metal atoms occupy 

respectively one-half or one-quarter of the octahedral interstices. These c.p. 

structures are not suitable for larger ions such as Pb?* or Y°*, and we deal later 

with compounds containing these ions. 

Hydroxyhalides MX(OH) 

Partial or complete X-ray studies have been made of a number of these compounds, 

for example, CoBr(OH),°°) CuCl(OH),“) and B-ZnC\(OH).) Various layer 
sequences are found comparable to the differences between the C 6, C 19, and C 27 

structures of dihalides and dihydroxides. In CuCl(OH) there is the usual distortion 

of the octahedral coordination group around Cu(i1)—1 Cl at 2-30, 3 OH at 2-01, 

and 2 Clat 2°71 A. 
The structure of CdCl(OH)° differs from the above structures in that each 

layer contains all Cl or OH (Fig. 10.19) instead of equal numbers of Cl and OH in 

each c.p. layer. 

Hydroxyhalides M, X(OH)3 

The structures are of two general types, layers and 3D frameworks. In addition to 
the ordered structures described below (based on regular X(OH)3 layers) the 
hydroxychlorides M,Cl(OH)3 of Mg, Mn, Fe, Co, and Ni form disordered phases of 
the C 6 (Cdl) type in which the Cl-and OH are randomly arranged.‘7) 

For hydroxyhalides M,C\(OH)3 (M,XY3) the structural possibilities are 
essentially the same as for dihalides or dioxides MX, based on close-packed X 
atoms with M occupying octahedral holes; the relevant structure types have been 
set out in Table 4.6 (p. 142). There are, however, two new factors to take into 
account: (i) There are two types of close-packed XY3 layer, the rhombic and 
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trigonal layers of Fig. 4.15(c) and (d), so that the number of structures possible for 

each kind of close-packing is doubled. (We shall suppose that all the layers in a 

given structure are of the same kind, as has been found up to the present time.) (ii) 

The number of possible structures is, on the other hand, reduced owing to the 
requirement that the X or Y atoms shall have their three M neighbours arranged 

pyramidally with X-M—X (Y—M—Y) bond angles of 90°. An asterisk in Table 

10.15 indicates that structures satisfying this requirement are not possible. 

The possible structures for hexagonal and cubic close packing are listed, with 

examples, in Table 10.15, which corresponds to the portion of the more general 

Table 4.6 (p. 142) for ‘one-half octahedral holes occupied’. In the ideal c.p. 

structures the coordination group around a metal atom is an octahedral group (of 

4 OH + 2 X or 5 OH + X) in which the M—O and M—X bonds have their normal 

lengths. As in the case of other cupric compounds there are distortions of the 

TABLE 10.15 

Crystal structures of hydroxyhalides M,X(OH)3 

Layer sequences 

A Bee VABGe er 

Rhombic XY3 layers (Fig. Layer structure Layer structure 

471'5(c); p- 135) (Cdl C 6 type) (CdCl, type) 

Co2 Br(OH)3@) x 

Cu Cl(OH)3() 

(botallackite) 

Cuz Br(OH)3(¢) 

Cuz 1(OH)3©) 

Framework structure Framework structure 
* Cuz Cl(OH)3@) (atacamite) 

B-Mg2 Cl(OH)3 (©) 

Trigonal XY3 layers (Fig. Layer structure Layer structure 

Antio(d)spalss) - — 

Framework structure Framework structure 

* B-CozCK(OH)3) 

(a) AC 1950 3 370. (b) MM 1957 31 237. (c) HCA 1961 44 2103. (d) AC 1949 2 175. (e) ASR 

1954 B3 400. (f) AC 1953 6 359. 

structures to give (4 + 2)-coordination (see Chapter 25). For a further note on 

Cu,Br(OH)3 and Cu,Cl(OH) and illustrations of the botallackite and atacamite 

structures see p. 906. 

Other hydroxyhalides 

The hydroxychloride PbCl(OH) occurs as the mineral laurionite and its structure is 

very similar to that of PbCl, (p. 221) with (7 + 2)-coordination of Pb. 

Other structures with higher coordination of the metal ions include those of the 

two forms of YC\(OH),,°®? in both of which there is 8-coordination of Y** 

(bicapped trigonal prism). 
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Hydrated hydroxychlorides 

Two of these compounds present points of special interest. The action of a solution 

of MgCl, on MgO gives first a compound 5 Mg(OH),. MgCl,. 7 H,O (?) which 

slowly changes into Mg,(OH)3Cl.4H,O. The basis of the structure of this 

compound (and also apparently of a number of other hydrated hydroxy-salts of 

Mg) is the double chain of composition Mg(OH)3(H20)3 which has the same form 

as the double chain anion in NH,(CdCl;). A portion of one of these chains is 

shown in Fig. 10.20(a), and (b) shows the structure viewed along the direction of 

End-on view showing 
four double chains 

Cl and H,0 at 
different heights 

(a) (b) 

FIG. 10.20. The crystal structure of Mg.(OH)3 Cl. 4 H20. 

the infinite chains, which are held together by Cl ions and H,O molecules. The 

structural formula of this compound is accordingly [Mg,(OH)3(H,0)3] 

Cl. H,0.) 
The relationship of the layer structure of Zn;(OH)gCl, .H,O to the Cdl, 

structure is described in Chapter 6. The structure is of interest because 3 Zn are in 

octahedral holes (Zn—O, 2:16 A) and 2 Zn are in tetrahedral holes (Zn—3 O, 2-02, 

Tre Clash) 

Amminohalides 

The absorption of ammonia by many solid halides has been known for a long time. 

The products vary widely in composition and stability. For example, CaCl,. 8 NH3 

and CuCl,.6 NH3, prepared from the anhydrous halides and ammonia gas, readily 

lose ammonia, but many other amminohalides may be prepared from ammoniacal 

salt solutions and some possess considerable stability. The simplest compounds of 

this type have the general formula MX, .mNH3 (with sometimes water of 

crystallization), where m is the normal coordination number of M. They contain 

complex ions M(NH3)/,* and X~ ions. Typical ions of this sort are: Ag(NH3)3, 
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Zn(NH3)4~, and Co(NH3)2*. Many salts [M(NH3),¢]X and [M(NH3),]X3 have 
simple structures, for example, [Co(NH3)6]Cl, with the antifluorite structure of 

K,PtCl,¢, and [Co(NH3)¢] 13 with the (NH,)3AIF, structure. 

The coordination group around M may, however, be made up of NH3 and X as 

in [Co(NH3)<5Cl]Cl, or [Pt(NH3)3Cl,]Cl. Some of these Werner coordination 

compounds are described in Chapter 27. The compounds M(NH3),Cl, are 

non-electrolytes if 2x is the coordination number of M. Zinc, for example, forms 

Zn(NH3)Cl, consisting of tetrahedral molecules (a) which may be compared with 

the ions Zn(NH;)3 *, (b), in a salt such as Zn(NH3)4Cl,. H,0. 

Cy, -O pugiezs NH; ies 
NH; NH3 NH, NH, 

(a) (b) 

The molecule Pd(NH3),I, is similar to (a) but planar instead of tetrahedral. Not all 

compounds with similar empirical formulae are of this type, for one form of 

Pt(NH3)>Cl, consists of planar ions Pt(NH3)3* and PtCl4~, while Cd(NH3) Cl, is 

composed of infinite chains built from octahedral Cd(NH3)2Clq groups sharing 

opposite edges: 

MHS aie be 

Cl Cl = a SS Za — ae 
Cd Cd: Cd 

NH3 NH3 NH3 

This is one of a large family of compounds with octahedral chain structures which 

are listed in Table 25.4 (p. 903). 
For amminohalides of Cu, Ag, and Hg see Chapters 25 and 26, and for those of 

Group VIII metals see Chapter 27. 

Ammines are compared with hydrates in Chapter 15. 
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Oxygen 

After some introductory remarks on the stereochemistry of oxygen and some of 

the differences between oxygen and sulphur we deal with simple molecules and ions 

containing oxygen and then with the following topics: 

peroxo- and superoxo-salts, 

oxo molecules and ions, and 

oxy-ions, isopoly, and heteropoly ions. 

The stereochemistry of oxygen 

With six electrons in the valence shell the simplest ways in which the octet can 

be completed are (a) the formation of the ion O77, (b) the acquisition of one 

electron and the formation of one covalent bond, as in the ion OH, and (c) the 

formation of two electron-pair bonds. The ions O?~ and OH™ are found in the 

oxides and hydroxides of metals. Although the O atom could, in principle, form a 

maximum of four covalent bonds, since there are four orbitals available, the 

formation of more than two essentially covalent bonds is rarely observed (see 

below). Assuming that the bond arrangement is determined by the number of o 

bonds and lone pairs we may summarize the stereochemistry of oxygen as shown in 

Table 11.1. We have included one case where O forms two collinear bonds, the ion 

Ru,OCl+5 (p. 403), in which the bonds from the O atoms have considerable 

double-bond character; other examples will be found in the section on ‘Oxo-salts’. 

The collinear bonds in Sc,Si,O07 are mentioned later. 

TABLE 11.1 

The stereochemistry of oxygen 

No. of Typeof No. of Bond Examples 
o pairs hybrid lone arrangement 

pairs 

2 sp 0 Collinear (Cls RUORUCI,) *~ 

3 sp? 1 Angular O03 

4 sp? 0 Tetrahedral Be4O(CH3COO).¢ 
1 Pyramidal H30* 
a Angular H,0, F,0, H202 
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Differences between oxygen and sulphur 

Tt is not proposed to discuss here the stereochemistry of S, which is much more 
complex than that of O because of the availability of d orbitals, but merely to 
summarize some points of difference between O and S. From O to Te the atoms 
increase in size and we may associate the change in behaviour of the outer valency 
electrons with the increased screening of the nuclear charge by the intervening 
completed shells of electrons. This shows itself in a number of ways: 

(1) The decreasing stability of negative ions. The alkali oxides, sulphides, 

selenides, and tellurides all crystallize with typical ionic structures, showing that all 

the ions O?~, S?~, Se?~, and Te?~ exist in solids. These compounds are all soluble 
in water, but the anhydrous compounds cannot be recovered from the solutions. If 

Na2O is dissolved in water the solution on evaporation yields solid NaOH. A 

concentrated solution of NazS on evaporation yields the hydrate Na,S.9 H,O, 

but in dilute solution the sulphur is almost entirely in the form of SH” ions. This 

hydrosulphide ion is much less stable than the hydroxyl ion and, on warming, 

solutions of hydrosulphides evolve H,S. Solutions of selenides and tellurides 

hydrolyse still more readily, liberating the hydrides, which are easily oxidized to 

the elements. In the case of oxygen, therefore, we have the combination of O77 

with H* giving the very stable OH™ ion, Sulphur behaves similarly, giving the less 

stable SH” ion, but with Se*~ and Te?~ the process easily goes a stage farther to 

H,Se and H,Te. The increasing tendency for the divalent ion to form the hydride 

(X?*~ > XH7 > XH.) is not due to the increasing stability of the hydrides, for this 

decreases rapidly from H,O to H,Te, the latter being strongly endothermic, but 

to the decreasing stability of the negative ions in aqueous solution. 

These elements do not, with the exception of Te, form stable monatomic 

cations. The formation of the ion Te** (in TeO, and presumably in Te(NO3)4 and 

Te(SO4)>) is due to the inertness of the two s electrons (see Chapter 16 for details 

of Te compounds). 

(2) The bonds formed by S with a particular element have less ionic character 

than those between O and the same element. Pauling assigns the following 

electronegativity coefficients: 

‘ay ERS F 40 
Se Swi eee Cle n3 0: 

In many cases a dioxide has a simple ionic structure while the corresponding 

disulphide has a layer structure, and in general the same structure types are found 

for crystalline oxides as for fluorides of the same formula type, and similarly for 

sulphides and chlorides. 

The dioxides of S, Se, Te, and Po, which are described later, range from 

molecular oxides to ionic crystals. 

(3) The highest known fluoride of oxygen is OF2, but S, Se, and Te all form 

hexafluorides. By the action of an electric discharge in O.-F mixtures at low 

temperatures O4F, is produced, together with O,F,, but the only fluorides 

containing directly bonded S, Se, or Te are S2F2, S2F jo, and TezF; 9. As in many 

415 



Oxygen 

other cases these three elements exhibit their highest valence in combination with 

fluorine; this is the only element with which S forms six bonds. 

(4) Except in ozone, the alkali-metal ozonates, the unstable O,F,, and a 

number of organic peroxides and trioxides (e.g. F3C . OOO .CF3), the covalent 

linking of O to O does not proceed beyond O=O or —O—O-. Sulphur, on the other 

hand, presents a very different picture, a feature of its chemistry being the easy 

formation of chains of S atoms—in the element itself, in halides S,X,, poly- 

sulphides, and polythionates. 

(5) Unlike sulphur oxygen seldom forms more than two covalent bonds in 

simple molecules or ions. There are numerous ionic crystals in which O forms three 

bonds (rutile, phenacite, etc.). In salt hydrates where H,O is bonded to a metal 

atom, (a), or in hydroxides where OH bridges two metal atoms, (b), the bonds to 

the metal atoms presumably have appreciable ionic character, and this is probably 

also true in AlOCI (p. 408) and [Ti(OR)4] 4 (p. 942). Three equivalent (covalent ?) 

H H 
Hy ee vet 

(a) (b) (c) 

bonds are formed in the hydronium ion, (c), found in the crystalline monohydrates 

of HCl and other acids, and a variety of methods indicate a rather flat pyramidal 
structure with O—H, 1-02 A and angle H-O-H, 115-117°. The ion O(HgCl)3, 
which is nearly planar (angle Hg-O—Hg, 118°), exists in crystalline Hg30Cl, 
(p. 922). Other examples of the formation of three nearly coplanar bonds are the 
borate ion in SrB,O9(OH),. 3 HO (p. 859) and the cyclic molecule (d). 

(CH3) AlI-O-Si(CH3) Mt ee 
(A) (e) © (@) 

There are many molecules and crystals in which O forms four approximately 
regular tetrahedral bonds, but some or all of the bonds are to metal atoms and 
presumably are fairly polar. We find (e) in numerous monoxides such as ZnO and 
PdO (but note the four coplanar bonds in NbO, a structure in which there is 
metal-metal bonding), in tetrahedral molecules such as OBe4(CH3COO).¢ (Fig. 11.1), 
OMg4Br¢. 4 C4H, 90, and other similar molecules listed in Table 3.1, and also in 
OZn4Be0; 2 and OLa,Re,O;8 (q.v.). The bond arrangement (f) represents the 
environment of OH” in La(OH)3 the environment of the central O atoms in 
[T(OAlkyl)4]4 or of O in [TIOAIkyl] 4, while (g) represents a bridging water 
molecule in a salt hydrate. 

(6) The last important difference between O and S which we shall mention here 
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FIG. 11.1. The molecule 

of beryllium oxy-acetate, 

OBeg(CH3COO).¢, drawn 

(not strictly to scale) to 

show the central oxygen 

atom (large shaded circle) 

surrounded tetrahedrally 

by four Be atoms (small 

shaded circles). An acetate 

group lies beyond each 

edge of the tetrahedron. 

Each Be atom has four O 

atoms arranged tetra- 

hedrally as nearest neigh- 

bours, the central one and 
three of different acetate 

groups. (Small unshaded 
circles represent C atoms; 

H atoms are omitted.) 

is the formation by the former of relatively strong hydrogen bonds, a property of 

only the most electronegative elements. As a result many oxygen compounds have 

properties very different from those to be expected by analogy with the 

corresponding sulphur compounds. 

Simple molecules and ions 

We deal here with the following topics: the molecules O2 and O3 and the ions 03 

and O3; simple molecules OR; simple molecules and ions containing the system 

O—O, viz. 

hydrogen peroxide, H,02, 

oxygen fluorides, 

the peroxide, O03, and superoxide, O3, ions. 

The oxygen molecule and dioxygenyl ion) 

The magnetic moment of the O, molecule indicates the presence of two unpaired 

electrons. The valence bond treatment formulates the molecule with one electron 

pair and two three-electron bonds. The m.o. method, on the other hand, accounts 

for the paramagnetism by showing that one state of the molecule (*), with the 

spins of two electrons parallel, is more stable than the other possible state (! 2) 

with opposed spins, and the molecule is formulated with a double bond (O=O, 

1:211 A). The lengths of selected O—O bonds are given in Table 11.2. 

The O, molecule can be ionized by PtF, to the dioxygenyl ion, O03, which exists 

in O,PtF,, a red crystalline solid formed directly from equimolar quantities of 
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(2) JCP 1966 44 1748 

(3) JACS 1965 87 2581 
(4) JACS 1969 91 2123 

Oxygen 

TABLE 11.2 
The lengths of O—O bonds (A) 

Molecule or ion On 0 Reference 

0; 1-1227 GH 1950* 
OF 1-2107 PR 1953 90 537 
03 1-278 JCP 1956 24131 
O} (in a-KO,) 1-28 (-02) AC 1955 8503 
03” (in BaO,) 1-49 (-04) AC 1954 7 838 
10 1-475 JCP 1962 36 1311 
ais 1-467 ICP 1965 42 3054 

* G, Herzberg, Infra-red Spectra of Diatomic Molecules (2nd. ed.) Van Nostrand Co. N.Y. 

oxygen gas and PtF. at 21°C. This salt exists in two crystalline forms both of 

which are structurally similar to salts such as KPtF, and NO(OsF,). The salts 
O,(BF4) and O,(PF.¢) have been prepared from O,F, and BF3 and PF; 
respectively. A careful n.d. study?) of O,(PtF,) has not provided a definite value 
for the O-O bond length; neither X-ray nor neutron diffraction data can at present 
distinguish between the expected values 1-12 A for O3 and 1-28 A for O35, but the 
formulation O3PtFé is not consistent with known ionization energies. 

A number of transition-metal complexes have been prepared which contain an 
O2 group of some kind as a ligand; examples are shown below. The ‘sideways’ 
attachment of Oy may be contrasted with the ‘end-on’ attachment of N, when that 
molecule functions as a ligand (p.638). The short O—O bond length in the 
(diamagnetic) molecule (a), which is a reversible oxygen-carrier, may be contrasted 

1:95A P(C6Hs)3 (CoHs)aR aye 
Creel O 0 
Cou mae 1°30 A 100°( ptyss° [126A 

225A O P(CeHs)3 (CeHs)3P 

(ay (by) 

with the typical peroxy-bond in the iodine analogue, which does not take up oxygen 
reversibly (p. 423), Peroxo- and superoxo- derivatives of metals are discussed 
shortly. 

Ozone and ozonates 

Microwave studies of O3 give an angular configuration for the molecule of 
ozone, which has a dipole moment of 0-49 D. 

O 

dae aE sg 
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Red ozonates MO3 have been prepared of Na, K, Rb, and Cs by the action of 
ozone on the dry powdered hydroxide at low temperatures, the ozonate being 
extracted by liquid NH 3. Lithium forms Li(NH3)403 which apparently de- 
composes when the NH, is removed, and NH403 also has not been prepared free 
from excess NH3; N(CH3)403 has, however, been prepared.“!) An X-ray powder 
photographic study of KO3, based on a small number of reflections, gave O—O, 
1:19 A and interbond angle, 1007.22) but a more detailed study of the O3 ion 
would be desirable. 

Peroxides, superoxides, and sesquioxides 

All the alkali metals form peroxides M,O,, and peroxides MO, of Zn, Cd, Ca, Sr, 

and Ba are also known. Crystallographic studies of alkali-metal peroxides,“ of 

ZnO, and CdO, (pyrites structure),?) BaO,, and CaO,.8H,O show that the 

crystals contain 03~ ions in which the O—O bond length is 1-49 A (single bond).°?) 

For HgO, see pp. 223 and 924. Heating an alkali-metal peroxide in oxygen under 

pressure at 500°C or the action of oxygen on the metal dissolved in liquid NH at 

—78°C produces the superoxide MO,. Superoxides are formed by all the alkali 

metals, but the only superoxides prepared in a pure state and known to be stable at 

room temperature are those of Na and the heavier alkali metals and 

[(CH3)4N] 0, KS) LiO, has been prepared in an inert gas matrix by oxidation of an 

atomic Li beam by a mixture of oxygen and argon at 15°K. The structure of the 

molecule is not known with certainty, but the shape is probably an isosceles triangle 

with the dimensions, O—O, 1-33 A, and Li—O, 1-77 A.©? 
Superoxides contain O5 ions in which the bond length (1-28 A) corresponds to 

bond order 1-5, as in ozone (Table 11.2). They are paramagnetic with moments 

close to 2 BM, compare the theoretical value (1-73 BM) for one unpaired electron. 

Sodium superoxide is trimorphic. At temperatures below —77°C it crystallizes with 

the marcasite structure (p. 203), above that temperature with the pyrites structure 

(p. 196), and above —50°C the structure becomes disordered owing to rotation of 

the anions. At ordinary temperatures KO,, RbO,, and CsO, are isostructural, 

crystallizing with the tetragonal CaC, structure (p. 757), but KO, also has a 

high-temperature cubic form with the NaCl (or disordered pyrites) structure.(®) 

Sesquioxides of Rb and Cs have been prepared as dark-coloured paramagnetic 

powders (contrast the yellow M,O, and MO,). They have been assigned the 

anti-Th3P,4 structure, (p. 160), that is, they would be formulated M4(O,)3.{7) The 

symmetry of this cubic structure implies equivalence of the three O, ions in 

Ma(Oz)2(03); it was not possible to determine the O—O bond length from the 

X-ray powder data. Further study of these compounds is desirable. 

Molecules OR, 

Molecules of this type are angular, the bond angle usually lying in the range 

100- 110°. For pure p bonds an angle of 90° would be expected, but partial use of 

the s orbital would lead to larger angles, and in the limiting cases 1094° for sp® or 

120° for sp? bonds. When O is attached to two aromatic nuclei the angle is, in fact, 
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close to 120°. In Table 11.3 we also include ethylene oxide, probably with ‘bent’ 

bonds as in cyclopropane. Much larger angles are found in O(SiH3)2, in pyro- 

PAB Bak Teo 

Oxygen bond angles in simple molecules 

Molecule Oxygen bond O—R Method Reference 

angle (A) 

6° 1-436 m.w. JCP 1951 19 676 

eet 133° 1-409 m.w. JCP 1961 35 2240 

H,0 104-5 0-97 ibys JCP 1965 42 1147 

OCI, 110-9° 1-700 m.w. ICS A 1966 336 

O(CH3)2 iililesy: 1-416 m.w. JCP 1959 30 1096 

p-C¢H4(OCH3)4 Wi° 1-36 x AC 1950 3 279 

O(SiH3)2 144° 1-634 e.d. ACSc 1963 17 2455 
O(GeH3)2 126-5° 1-766 eds JCS A 1970 315 

ions and molecules X07, and also in meta-salts. Two collinear bonds are 

formed by O in the ReO structure and in certain silicates (e.g. the Si, 0$* ion in 

ScSi,07) where the bonds presumably have considerable ionic character. (On the 

subject of apparently collinear O bonds in certain pyrophosphates see p. 689.) 

There are also collinear O bonds in Tc,0, and in metallic oxo-compounds 

containing M—O—M bridges; in these cases the bond lengths indicate appreciable 

double bond character. 

Hydrogen peroxide 

The configurations of molecules R; -O—O—R, (and the analogous compounds of 

S, Se, and Te) are of particular interest because wave-mechanical calculations 

indicate that the bond O—R, will not lie in the plane of -O—O—R, but that owing to 

the strong repulsion of the unshared (p,,) electrons of the O atoms the molecule 

will have the configuration shown at (a). The stereochemistry of molecules O,R3, 

SR, etc., is discussed further on p. 591 with the S compounds, of which more 

examples have been studied. For HO, the calculated values of 6 and O are close to 

100° if sp hybridization of the lone pairs is assumed, but a later treatment assuming 

sp? hybridization predicts a dihedral angle of 120°. 
Many studies have been made of the structure of the H,O, molecule giving 

values close to 1-47 A for the O—O bond length, and O bond angle 103° (solid) or 

98° (gas). However, the dihedral angle ranges from 90° in crystalline HO, to 180° 
in NayC,04.H,0,, where the H,0, molecule is found to have a planar trans 

configuration (9 = 97°). This large range of values for the dihedral angle indicates 

that the configuration of this molecule is very sensitive to its surroundings. 

Apparently the energy barrier corresponding to the trans configuration is only 3-8 

kJ mol7! above that of the equilibrium configuration (with @=111-5°), as 

compared with 16-7 kJ mol”! for the cis configuration. The value of @ would 

therefore easily be altered by hydrogen bonding, and also in Na,C,04.H,0, by 
the proximity of two Na* ions which complete a tetrahedral group around the O 
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atom. Values of the dihedral angle found in organic peroxides also cover a wide 
range (Table 11.4). 

TAN ICE) il i 4 

Dihedral angles ROO/OOR 

Compound Dihedral angle Reference 

H2 0, (solid, n.d.) 90-2° JCP 1965 42 3054 
(gas, ir.) iiss JEP 1965 421931 

119-8° VERN IG2Z36ns iil 
H,0,.2H20 129° ACSc 1960 14 1325 
Na2C2 04. H 202 180° ACSc 1964 18 1454 
Li2C 204 . H202 180° ACSc 1969 23 1871 
K,C204 . HO, 101-6° ACSc 1967 21 779 
Rb2C204 . H202 103-4° ACSc 1967 21 779 

O7F2 87-5" JCS 1962 4585 

OR» (organic) Values from 81 to 146° AC 1967 22 281 
AC 1968 B24 277 

Theoretical 90-1 20° CJP 1962 40 765 
WO? 1DGX Bo Wail 
AC 1967 22 281 

Oxygen fluorides 

The (angular) molecule OF, has already been mentioned. Mixtures of oxygen 

fluorides have been prepared by passage of O, + F, through an electric discharge 

and more recently by radiolysis of liquid mixtures of these elements at low 

temperatures with 3-MeV bremsstrahlung. The existence of all compounds O,F, (n 

from 2 to 6) has been claimed but the latest data support the existence of only 

OF, O,F, and O4F,.? It is thought that O3F, and probably also O;F, and (1) JACS 1969 91 4702 
O,F, are mixtures. An infrared study?) of O,F trapped in solid oxygen indicates CUS SRE EE 

a bent molecule with bond lengths similar to those in O,F, (below). The molecule 

O,F, is of the same geometrical type as H)O4, with dihedral angle 87-5° and bond 

angle 109-5° but with very abnormal bond lengths: O—O, 1-217 A and O-—F, 

1-575 A.@) The extreme length of the latter (compare 1-40 A in OF,) and the (3) JCS 1962 4585 
shortness of O—O (the same as in O,) suggest an analogy with the nitrosyl halides 

(q.v.). 

The preparation of organic compounds containing the system —O—O—O-— has 

been described‘? (e.g. F3} COOOCF3) but their structures are not known. (4) JACS 1966 88 3288, 4316 

Per-acids of non-metals 

These include compounds of the following types: 

(1) Permono-acids presumably containing systems H-O—O—A (e.g. H3POs, 

H,SO;). The constitution of perborates and percarbonates such as LiBOq. H,0, 

KBO,. H,O, KHCOg, etc. is not known. These compounds are prepared by the 

action of H,O, on the normal salts, and many are formulated as hydrated 
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compounds. The demonstration that the sodium peroxoborate, originally written 

PT ROSSA AEN Eh NaBO3.4 HO or NaBO,. H,0>. 3 H,0, is in fact Naz [B(O2)2(OH)4]. 6 H,0? 
containing the cyclic ion of Fig. 11.2(a), with O—O, 1-47 A as in H,O,, suggests 

that speculation about the structures of these compounds is less profitable than 

X-ray crystallographic examination. 

(2) Perdi-acids containing the grouping A-O—O—A include H,C,0¢, H4P20g, 

and H,S,0Og. The structure of the S,Og*~ ion has been determined in the 

ammonium salt (Fig. 11.2(b)); the structures of other ions of this class have not 

been established. 

Hf O 
Ov1-47A | O eee 

B—0 ap Baers 0-5 
OH / 

| ere fi 

OH 

(a) 

164A O 
(dipyridyl) 

_ Nl : 

ao 2:23A 1A 
QOn~ /_-9 

Cro | 1-44A a 

LE I=G / 
( aati OF | +97 1408 

180A 157A | 

185A 

©) (d) is 

NH, 
Po, 

is 
/_<0 

Ooc— Ir 43 

aE 90h Vfl | i 

Hi ae Pa, rN 

@ (g) eid S. Nee 

2-28A 

(mean) i 
(1) 

FIG. 11.2. Peroxo-ions and molecules: (a) Bz (O2)2(OH)q ]?~ (b) S 02 (c) (CsHsN 
(d) (dipyridyl)CrO(O2)2, (e) [Mo(Oa alo 5 {f) (NH3)3Cr(O2)o, @) Ppt CONCe (h) [W203(02)q(H20)2]?~, (i) [UO2(O2)3 ] 47 
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Peroxo- and superoxo-derivatives of metals 
Both the peroxo- and superoxo-ions can function as ligands with both oxygen 
atoms bonded to the same metal atom or as bridges between two metal atoms: 

O obs 
MO il Ae Wiig 

Peroxo-ions or molecules in which O37 ions are coordinated to one metal atom 

are formed by a number of transition metals, including Ti, Cr, Mo, W, Nb, Ta, Ir, 

and U. 

The molecule (C;H;N)CrO; has the form of a distorted pentagonal pyramid (or 

trigonal pyramid if O, is counted as one ligand) as shown in Fig. 11.2(c), the two O 

atoms of each O, group being equidistant from the metal atom.‘?) The blue form 

of CrO(O,)2 (dipyridyl) has a closely related structure (Fig. 11.2(d)) with ligand 

atoms at the vertices of a pentagonal bipyramid.®) It has been suggested that the 

blue and violet perchromates are probably of this general type; for example, the 

explosive violet KHCrO, may be K[CrY!0(O0,),OH]. The red perchromates (and 

isostructural Nb and Ta compounds) such as K3CrOg contain the ion CrY(O,)3~, 

in which four O37 ions form a dodecahedral arrangement (as in Mo(CN)g_) with 

apparently a slightly unsymmetrical orientation of the O, groups relative to the 

metal atom.{*) The paramagnetism of K3CrOg indicates one unpaired electron, 

confirming its formulation as a peroxo-compound of Cr(V). The anion in the dark 

red [Zn(NH3)q4] [Mo(O)4] (5) has a very similar structure (Fig. 11.2(e)) with all 

Mo—O, 1-97 A, and O—O, 1-55 A. 

The action of H,O, on (NH4),CrO,4 in aqueous ammonia gives dark-reddish- 

brown crystals of (NH3)3CrO4, which have a metallic lustre. They consist of 

pentagonal bipyramidal molecules (Fig. 11.2(f)) in which the four O atoms, one N, 

and Cr are coplanar (as also are Cr and the three N atoms).{°) As regards its 

stoichiometry this compound could be formulated as a Cr(11) superoxide or a Cr(iv) 

peroxide. Ihe magnetic moment (indicating 2 unpaired electrons) and its chemistry 

suggest the latter formulation, for in the former Cr(11) would contribute 2 unpaired 

electrons and so also would the two Oj ions. The O—O bond is anomalously short, 

but the widely different lengths found for this bond in the tetraperoxo-ions (above) 

suggest that none of the O—O bond lengths is very accurately known. On the basis 

of O—O bond lengths the Ir iodo compound 7?) of Fig. 11.2(g) is described as a 

peroxo-compound of Ir(11) and the structurally similar chloro compound ®) could 

be formally described as a superoxo-compound of Ir(11) (O—O, 1:30 A), but there 

are then problems in accounting for its diamagnetism. For m.o. descriptions of the 

bonding in these complexes see references 7 and 8. The arrangement of ligands 

(counting O, as one ligand) in each of these molecules is trigonal bipyramidal. 

The colourless tetraperoxoditungstate (v1), K.W20;;.4H20, contains the 

binuclear ion of Fig. 11.2(h). Around each W atom the configuration of ligands 

is pentagonal bipyramidal, the bond lengths suggesting double bonds to the single O 

atoms (compare W—O in CaWOga, 1°78 A). The bonds to the water molecules are 

obviously weak. The diamagnetic K,Mo.0;,.4 H,0" °) has a very similar 
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structure. Figure 11.2(i) shows the structure of the anion in Nag [U0,(03)3]- 

9H,O'!) in which three O, groups in the equatorial plane and the two uranyl O 

atoms form a trigonal (hexagonal) bipyramidal coordination group around U. 

Niobium provides examples of peroxo-complexes in which respectively 2, 3, and 

4 037 groups are attached to the metal atom: (NHq)3[Nb(O2)2(C204)2]. 

H,0,('2) K[Nb(O2)3C;2HgN2].3 H,0,“!>) and KMg[Nb(O,)4].7H,0.¢% In 
all of these complexes there is a dodecahedral arrangement of atoms bonded to Nb, 

these being 8O atoms or 60 and 2N in the phenanthroline complex. The 

Nb(O,)%~ ion is similar in structure to the Cr and Mo ions, and in all these 

compounds O—O is close to 1:50 A in the peroxo-ligands. In the dioxalato complex 

the two O, ligands occupy cis positions. 

Cobalt provides examples of both peroxo- and superoxo-bridges between metal 

atoms. There are pairs of ions having the same chemical composition but different 

charges, one series of salts being greenish-black in colour and paramagnetic with 

moments corresponding to one unpaired electron, while the other salts are 

reddish-brown and diamagnetic: 

(a) [(NH3)s;Co—O,—Co(NH3)5]°*!%) —_ (c) [(NH3)s Co—O2—Co(NH3)5]** O” 

NH2~ NH (b) [(VH3)4Co<_ 5 7 Co(NHa)a] **® (@) [(NH)3C0< 5 7 Co(NH3)a]™ 
2 

green—paramagnetic red—diamagnetic 

The paramagnetic compounds contain superoxo-bridges and e.s.r. data indicate that 

the odd electron spends equal times on both Co atoms, which are both Co(11). In 

(a) the O—O bond length (1:31 A) is typical of a superoxo-compound, and the 
system Co—O—O—Co is coplanar, and in(b) the central 5-ring is planar. In the ion (c) 
the O—O bond is similar in length to that in HyO, (1-47 A), the O-O—Co angle is 
113° and the dihedral angle is 146°. Note that in both these series of compounds 
the Oy groups bridge by forming one bond from each O atom, as at (a), (b), and (c) 
below: 

Ov 1-32 ~Co(NH3)s | Gus a 
‘ 3)5 Ose 

eee (NH3)sCo™.___-” Co(NH3)s 

(a). dihedral angle 
146° 

(c) 

NUD 4+ 

(NH3)4Co (Co(NH3)4 

O=0 

(b) 

A different type of bridge apparently occurs in a red diamagnetic salt which was 
originally regarded as an isomer of the green [(en)2Co(NH)0Co(en), | 

(NO3)q. H20. The latter contains a normal superoxo-bridge of type (b), but the red 
salt is apparently‘! §) 
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(en),Co (NO3)4 oD H,0 

Metal oxo-ions and molecules 

Finite ions and neutral molecules containing O directly bonded to a metal atom are 

formed by many transition metals. They include molecular oxyhalides and 

oxyhalide ions, which are included in Chapter 10, vanadyl and uranyl compounds, 

and numerous oxo-molecules and ions of metals such as Mo, Re, Os, etc. We give 

here a few examples of complexes of which the structures have been determined. 

The octahedral ion in K,[OsY'O,(OH)g4] has the same (trans) configuration as the 

anion in K,(OsO,Cl,). Rhenium forms many octahedral ions (ReY X,OL) where X 

is halogen and L is HO, CH3CN, etc. 

In vanadyl compounds the characteristic coordination group of v!Y is a very 

distorted octahedron. The metal atom is displaced from the centre towards the O 

atom and the sixth ligand is very weakly bonded, (a), or in some cases not within 

bonding distance (b). The coordination is therefore more realistically described as 

tetragonal pyamidal; see also the structures of oxy-compounds of Vi (pL46r): 

(NH4)2 [VO(NCS)4] .5 H,0™ — VO(acac)2°? — NaK3[MoO2(CN)a] .6 H,0°) 

(a) (b) (c) 

Molybdenum provides many examples of oxo-complexes. The ion 

[Mo!Y 0,(CN)4]*~, (c), in NaK3[MoO,(CN)4]. 6 HO is octahedral and not, as 

earlier supposed, an 8-coordinated Mo! complex, [Mo(OH)4(CN)4]*~. Examples 

of MoY! complexes with two or three O atoms bonded to the metal include 

Mo[(CH3)2NCHO] 20,Clz, (d), and MoO3. NH(CH,CH2NH2)p, (e). 

In (e) the MoO3 portion of the molecule is very much like part of a tetrahedral 

MoO, group, having Mo—O, 1-74 A, and O—Mo—O bond angles (106°) close to the 

tetrahedral value. The MoO; portions of the more complex ion (f) have the same 

bond lengths and interbond angles, as compared with Mo—O, 2:20 A, and Mo—N, 

2-40 A, in the edta bridges. 
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Cl . is 

L O O N 

Mo ee Mo 
\ ‘a 

L | O O | N 

O Cl 

Mo[(CH3)2NCHO],0 Cl,“ MoO [NH(CH,CH,NH))2] 

(d) (e) 

O 
C G 

Oo Ce ~ CH, Hz ef eur 

O=Mo-— === Nae Om, Jix 
Va / 

O OW CH 

2 (f) 
[03Mo(edta)MoO3] Nag .8 H,0° 

Metal oxo-compounds containing M—O—M bridges 

We noted earlier that two collinear bonds to metal atoms are formed by O in some 

finite ions and molecules. Examples include compounds of both transition and 

non-transition metals (Table 11.5). In all cases the short M—O bonds indicate 

multiple-bond character though there are still shorter bonds to terminal O atoms in 

some of the molybdenum complexes. Details of some of these complexes are given 

at (a)-(c). Note the trigonal bipyramidal coordination of Al in (a). 

In the ion [O—Re(CN)4—O—Re(CN)4—O]*~, which consists of two octahedra 
in the eclipsed configuration, the terminal Re—O is appreciably shorter (1:70 A) 
than the bridging bond (1-92 A). The cation in ‘ruthenium red’ is a linear system of 
three octahedral groups, [(NH3); Ru-O—Ru(NH3)4—O—Ru(NH3)< ] °* in which the 
mean oxidation state of the metal is 10/3. The mean length of the Ru—O bond has 

been determined in the ‘en’ analogue of this ion. In double bridges M<poM the O 

bonds are necessarily non-collinear. An example is the ion in Ba[Mo,04(C,04)>]. 
5 H2,0, (d), where the Mo—Mo bond length (2:54) indicates sufficient 
interaction between the metal atoms to make the compound nearly diamagnetic 
(0-4 BM). Note the large range of Mo—O bond lengths in these compounds, ranging 
from the very short bonds (1-65 to 1-7 A) to terminal O atoms, through values 
around 1-9 A in the bridges to the long, presumably single, bonds of length 2-1 A 
and above. 
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Weibel: Mall gs) 

Bridged metal-oxo-compounds 

Compound M—O (bridge) Reference 

Type M—O-M 
Al,O (2-methy] 8-quinolinol)4 (@) 1-68 A JACS 1970 92 91 
Gi(GeHa) 10 = TGs. Cis 1-78 JACS 1959 81 5510 
K2 [Ti205(C7H304N)2].5 H2O 942 1-83 IC 1970 9 2391 
Tiz OCI, (acac)4. CHCl; us 1-80 IC 1967 6 963 
[Fe20(H20)2 (C15 H21N5)2] (ClO4)4 1-8 JACS 1967 89 720 

(see p. 948) 
Mo03(S2COC2H5)4_(b) 1-86 JACS 1964 86 3024 
Ky [Mo20;5 (C204)2 (H20)> ] (c) 1-88 IC 1964 3 1603 

Mo203[S2P(OEt)2] 4 1-86 AC 1969 B25 2281 
Mn,O(pyr)2 (phthalocyanin), 1-71 IC 1967 6 1725 

(Cls Ru—O—RuCls)Kq . H20 1-80 IC 1965 4 337 
(Cl, Re—O—ReCl, )K4 . HO 1-86 AC 1962 15 851 
O3Re—O-ReO3 (H20)2 1-80, 2-10 AnC 1968 80 286, 291 
[Fe,O(HEDTA), ]2~ 1:79 IC 1967 6 1825 
[ORe(CN)4—O—Re(CN)40]4- 1-92 IC 1971 10 2785 
[(NH3); Ru—O—Ru(en),—O—Ru(NH3)s5] °* 1-87 IC 1971 10 1943 

me 
Type M— SM 

O 

Ba[Mo704(C204)2].5H20 (dd) 1-91 IC 1965 41377 
[Mo20,4(cysteine)z ]2Naz.5 H20 1-93 AC 1969 B25 1857 

A333) JeX 

N N oF eo re C,04 H,0 | Lo 

OS 168A 5 Neca ia aes ue 
pie So 1-88 vy 

0 Ne | | y om | HO 
0 (L 

N N s 2:19 
Cc 

Sa ae ks) 

O55 be 
O 1-86 A 

N7 CH; eee 191A C.0 
0 ' Ss ILO 2V4 

: 12-10 A -S 2 O 
180). _—Mo~ WS Ah eo ee Nt 

Al O | S Mo Mo 

) Oa EHO (a) S O 2 
1:65 A 

O O 2-22 
S OR (d) 

CO(C2Hs) 9% 

(b) 
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Oxy-ions 

Oxygen accounts for some nine-tenths by volume of the earth’s crust, and the 

greater part of inorganic chemistry is concerned with compounds which contain 

oxygen. In the mineral world pure oxides are rare. Compounds containing two or 

more elements in addition to oxygen may be roughly grouped into classes according 

as there is a small or large difference between the electronegativities of the 

elements. Since compounds A,.X,O, containing two very electronegative elements 

A and X are not numerous, there are two main groups: 

(i) A and X both comparatively electronegative, 

(ii) A electropositive and X electronegative. 

Compounds of the first group, complex oxides, may be regarded as assemblies of ions 

of two (or more) metals and O?~ ions. The numbers of oxygen ions surrounding 

the cations (their oxygen coordination numbers) are related to the sizes of the ions 

(Chapter 7). These coordination numbers are high (up to 12) for the largest ions, 

for example, Cs* and Ba?*, and usually vary, within certain limits, in different 

structures. The crystal structures of complex oxides are described in Chapter 13. 

Compounds of the second group are termed oxy-salts since they are formed by 

the combination of a basic oxide of the electropositive element A with the acidic 

oxide of the electronegative element X. The latter is usually a non-metal but may 

be a transition metal in a high oxidation state. Oxy-salts are assemblies of A ions 

and complex anions XO,,, the binding between the A ions and the oxygen atoms of 

the anions being essentially ionic in character. The complex ion is a charged group 

of atoms, which may be finite or extend indefinitely in one, two, or three 

dimensions, within which the bonds between the X and O atoms are essentially 

covalent in character. (Alternatively, to avoid reference to the nature of the X—O 

bonds we could adopt a topological definition. For example, the complex ion is 

that group of X and O atoms linked by X—O bonds, though to include the small 

number of oxy-ions in which there are XX bonds (03S—S*~, 0;P—PO4_, etc.) or 

O—O bonds (0,S—O—O-SO3 , etc.) we should have to include also XK—X and O—O 

bonds.) If the complex ion is an infinite grouping of atoms then breakdown of the 
crystal necessarily implies breakdown of the ion. If the complex ion is finite the 
same charged group of atoms XO, may persist in solution or in the melt, but the 
stabilities of complex ions and of crystals containing them vary considerably. It 
should perhaps be remarked that there is not in all cases a clear-cut distinction 
between complex oxides and oxy-salts, particularly if the A—O bonds have 
appreciable covalent character. For example, a compound such as BPO4 containing 
the elements B and P of rather similar electronegativity is structurally similar to 
silica, with presumably little difference between the B—O and P—O bonds as regards 
covalent character. 

Types of complex oxy-ions 

X-ray crystallographic examination of salts has established the structures of many 
mononuclear oxy-ions. There is a small number of polynuclear oxy-ions in which X 
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or O atoms are directly bonded, as in the examples quoted above, but most 
polynuclear oxy-ions are formed from XO,, groups joined together by sharing O 
atoms. They are formed by many elements, notably by B, Si, P, Mo, and W, and to 
a much smaller extent by As, V, Nb, S, and Cr(v1). The possible types of complex 
oxy-ion may be derived by considering how XO ; (planar or pyramidal), XOg 
(tetrahedral) or XOg (octahedral) groups, for example, can link up by sharing 
vertices (O atoms) or edges; sharing of faces of polyhedral coordination groups in 
complex oxy-ions is rarely observed. From the ortho-ion XO,, we derive in this way: 

On- 2 
Bee On—2 

On— 1X—O-XOy,_-1 7 " SS 

: 26 OF 
pyro-ion On-2%\Q~ M2 

and other cyclic ions 
ae ~/- = 

meta-ions 

TABLE 11.6 

Shapes of oxy-anions 

Non-linear i - NO CclOz 
Planar BO3 CO3 NO3 aes Bs 

Pyramidal S03 C103 
BrO3 

5 aft 103_ 
Tetrahedral SiOz” POs, S04 C104 

AsO4 104 

vOq” ts MnO4 
Octahedral TeO¢ 106 

Intermediate between the pyro-ion and the infinite linear meta-ion are the ions 

formed from three or more XO, groups such as $3079 and P3075. The simplest 
ions arising from planar BO3 groups are set out in Chapter 24 as possible complex 

borate ions. The oxygen chemistry of the elements Si, P, S, and Cl in their highest 

oxidation states is based largely on tetrahedral XO, groups; there are of course 

exceptions such as the planar SO3 molecule in the vapour state. The types of 

oxy-ion that these elements can form may be summarized as follows. Simple 

pyro-ions are possible for Si, P, and S, the end member of the series being the 

neutral molecule Cl,0O,. Phosphorus and silicon can form cyclic and linear 

meta-ions, and silicon also layer ions (Si,0,);” . The number of complex oxy-ions 

containing silicon is greatly increased by the substitution of some Si by Al, making 

possible the formation of 3D framework ions. Accordingly the greatest variety of 

oxy-ions is formed by Si (see Chapter 23 for silicates and aluminosilicates). 
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Number of 

vertices shared 

ras : 2 6- 4- f= 
1 Finite pyro-ions Si207 3 P2007 , 820% 

: n— — 
2 Closed rings or infinite chains (S1O3)n > (PO3)n 
3 Infinite layer ions (Si2 O05 )y 

4 Infinite 3D ions Aluminosilicates 

The relatively simple pyro- and meta-ions set out above, in which tetrahedral 

XO, groups share only vertices, are not formed by XO¢ groups. Even the Mo,03-, 

W,03~, and Mo307g ions are built of tetrahedral XOq and octahedral XOg groups. 
Octahedral XOg groups can link together to form more complex oxy-ions by 

sharing both vertices and edges to form isopoly ions, or they may form a cluster 

around a central atom of a different element (heteropoly ion). These types of 

condensed polyoxy-ion are formed by Mo and W and to a lesser extent by V, Nb, 

and Ta. As regards their geometry these ions represent an extension of the relatively 
simple octahedral complexes described in Chapter 5 (Fig. 5.8), where they are listed 
in Table 5.3. 

Another type of more complex finite oxy-ion is formed by the bonding of XO,, 

ions to a metal atom, either through X or through one or more of the O atoms. 

Examples are noted in other chapters and include [Co(NO,),]?~ and 

[Co(NO3 )4] ome 

Isopoly ions 

Ions of V,Nb, and Ta 

There is much experimental evidence for the formation of complex oxy-ions in 
solutions of vanadates, niobates, and tantalates. We describe in Chapters 12 and 13 
the structures of some crystalline vanadates; here we note only certain finite 
complex ions which exist both in solution and in crystalline salts. The ion of 
Fig. 11.3(a) has been shown to exist in the salts Naz H(Nb¢0j9) . 15 H,0.“) Light 
scattering from an aqueous solution of Kg(Tag0j9) . 16 H,0 indicates that the 
anion species contains 6 Ta atoms and is presumably similar to the ion in the 
crystal.(?) 

The existence of a decavanadate ion, previously proved to exist in solution, has 
been demonstrated in crystalline salts, at least two of which occur as minerals, 
Ca3V 19028. 27 HzO and KyMg2V 1902. 16 H2O. Salts of this type are formed by 
evaporation of vanadate solutions having pH 2-6. The V,90$g ion (Fig. 11.3(b)), 
studied in the Ca?) and Zn“) salts, contains ten V atoms situated at the vertices of 
a pair of octahedra which share an edge. As regards their geometry both of the ions 
of Fig. 11.3 may be described as portions of NaCl structure, substituting Nb or Ta 
for Na and O for Cl. 
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FIG. 11.3. The NbgO%5 and V190$3 ions. 

Ions of Mo and W 

Only the simplest molybdates and tungstates, namely the ortho salts A, MoO, and 

A,WOsg, are structurally similar to sulphates and chromates in that they contain 

tetrahedral XOq ions (e.g. PbMoOqg, PbWO4, CaMoO,g, and CaWO,y with the 

scheelite structure, Li,MoO, and LizWO, with the phenacite structure). Unlike 

pyrosulphates and dichromates, which contain X,O, ions consisting of two 

tetrahedral groups with a common vertex, the isostructural Na,Mo,0,) and 

Na,W,07 contain infinite chain ions built from tetrahedral and octahedral 

groups—see Fig. 5.43 (p. 191). Again, unlike the trisulphate ion S;079, which is a 

linear system of three tetrahedral SO, groups, the anion in K,Mo30, 9°”? is also an 

infinite chain built from MoO, and MoO, groups—also illustrated in Fig. 5.43. In 

the tetrahedral MoO, groups in Na,Mo,07, Mo—O ranges only from 1-71 to 

1:79 A, but in K,Mo30j,o these groups are apparently much less regular, with 

Mo—O from 1-64 to 1-95A and a fifth O at only 2-08 A; the description in terms of 
5-coordinated Mo is probably more realistic (distorted tetragonal-pyramidal or 

trigonal bipyramidal). In the MoO, groups in both these molybdates Mo—O ranges 

from around 1-7 to values in the range 2-2-2-3 A, and this wide variation is found 

in MoO; itself and in other polymolybdates. 

In more complex polymolybdates Mo is found exclusively in octahedral 

coordination, and the same is true of W in polytungstates. The alkali di- and 

tri-molybdates and tungstates can be made by fusing together the oxides (or normal 

salt and trioxide) and crystallizing from the melt. The more complex isopoly acids 

and their salts are prepared from aqueous solution; they are invariably hydrated and 

contain complex ions containing at least six Mo or W atoms. The old nomenclature 

of some of these salts (meta- and para-salts), though still used, is unsatisfactory 

because paramolybdates and paratungstates contain different types of complex ion 

(a 7-ion and 12-ion respectively) and the same is probably true of the meta-salts. We 

note elsewhere that relatively few oxy-compounds of MoY! and WY! are 

isostructural, and it would seem that this is true also of the polyacids and their 

salts. 
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If the (alkaline) solution of a normal alkali-metal tungstate is neutralized and 

crystallized by evaporation, a ‘paratungstate’ is obtained, which contains the 

(HW, 04,)!°~ ion. By boiling a solution of a paratungstate with yellow ‘tungstic 

acid’ (which results from acidification of a hot solution of a normal or a 

paratungstate) a ‘metatungstate’ results, and acidification of the solution gives the 

soluble metatungstic acid, which may be extracted with ether and forms large 

colourless crystals. The metatungstates contain the (H,W,049)° ion. The 

structures of these two polytungstate ions will be described shortly, but first we 

deal with two polymolybdates which are of quite a different kind. 

The heptamolybdate ion. This anion (Fig. 11.4(a)) occurs in the salt 

(NH4)6Mo07024.4 H> On originally described as a paramolybdate. It is interesting 

that this ion does not have the coplanar structure of the TeMo,0$§4 ion (see later) 

but is instead a more compact grouping of seven MoO, octahedra. There is a 

considerable range of Mo—O bond lengths, corresponding to the fact that there are 

metal atoms bonded to 1, 2, 3, and 4 oxygen atoms. 

BS 
| 

d NI) i 

6= . FIG. 11.4. (a) The Mo7034 ion. (c) and (d) Views of the Mog036 ion. (b) The portion 
common to the two ions. 
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The octamolybdate ion. Salts with the ratio MoO3: M20 equal to 4: 1 have been 
called tetramolybdates. An X-ray study of the ammonium salt? showed that it 
contains ions MogO$q illustrated in Fig. 11.4(c) and (d); it should therefore be 
formulated (NHq)4Mog07¢.5 HO. In this ion six of the MoOg¢ octahedra are 
arranged in the same way as in the Mo0$§4 ion, as shown in Fig. 11.4(b). 

The paratungstate and metatungstate ions. The paratungstate ion has been 
studied in the salt (NH4)10(H2W; 2042) .10H,0.©) It is built from 12 WO, 
octahedra which are first arranged in four edge-sharing groups of three, two of type 
(a) and two of type (b), Fig. 11.5. These groups of three octahedra are then joined 

(a) (b) (c) 

FIG. 11.5. (a) and (b) 3-octahedron sub-units from which the paratungstate ion (c), is built. 

together by sharing vertices as indicated in the figure. In the resulting aggregate the 
42 oxygen atoms are arranged approximately in positions of hexagonal closest 

packing. As in the polymolybdates there is a considerable range of metal- oxygen 

bond lengths, here approximately 1-8, 2:0, and 2:2 A to O atoms bonded to 1, 2, 

and 3 W atoms respectively. It is interesting to compare with this ion the 

metatungstate ion, which is also built of 12 WO, octahedra but in this case arranged 

in four groups of type (b) to give an ion of composition (H.W, .049)° . This ion 

has the same basic structure as the heteropolyacid ion (PW, 049)°~ which is 

described in more detail later. The evidence for the structure of the metatungstate 

ion is indirect, for example, the fact that HgW; 0 g9. 5 HO is isostructural with 

H3PW, 0409.5 H,O0 and Cs3H,W, 2040. 2 H2O with Cs3PW, 049.2 H,0. There 

is still discussion of the number (probably 2) and mode of association of the 

protons with the W,,O4 9 nucleus in metatungstates. 

We noted in Chapter 5 that the very simple A,X 1.6 unit illustrated in Fig. 5.8(j) 

(p. 165) is not known as an ion in solution. However, a discrete W4O,. unit 

with this configuration has been recognized in tungstates of the type 

Li, 4(WO4)3W4016.4 HO and the isostructural (Li, , Fe (WO4)3W4016,(”? in 
which it occurs together with tetrahedral WOZ™~ ions. There is, however, some 

disagreement as to whether one Li occupies the central tetrahedral cavity in the 

W016 group or whether all the cations are situated between the W4O0%¢ and 

WO" ions in positions of octahedral coordination. 
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Heteropoly ions 

These ions consist of compact groupings of (usually) MoOg or WOg¢ octahedra 

incorporating one or more atoms of a different element (hetero-atom), these atoms 

also being completely surrounded by O atoms of the octahedra. In some heteropoly 

ions the MoO,(WO,) octahedra surround the hetero-atom(s) on all sides forming a 

globular cluster within which there are positions for the hetero-atom(s) surrounded 

by 4 (tetrahedral), 6 (octahedral), or 12 (icosahedral) O neighbours. These ions are 

distinguished by heavy type in the accompanying list. Other heteropoly ions do not 

have this globular shape, either because there are insufficient octahedra to surround 

the hetero-atom completely (as in TeMo,0$4) or because the ion is obviously 

composed of two portions linked by the hetero-atom (for example, MnNb, >0}2°). 

Coordination of 

hetero-atom Examples 

Tetrahedral PW12030 etc. Pa Wines 
6- 

Octahedral TeMo6024 
MnM0903? H4Co2Mo 19083 
MnNb 119) 0} 8 < 

Icosahedral CeMo 2083 

Tetrahedral coordination of hetero-atom 

This class includes the best known of the heteropolyacids, the large group of 

12-acids and their salts which were the first to be studied by the X-ray method. 

These compounds contain ions MW, 049 where M is P in the well known 

phosphotungstate ion but may be one of a variety of elements such as B, Al, Si, As, 

Fe. Cu, or Co(1tr). On long standing the 12-ions transform into more complex ions 

such as P,W,g0@ 3, and possibly others, though at present only the structure of the 

2:18 ion is known. The following are typical of the numerous methods of 

preparing heteropoly acids. Ammonium phosphomolybdate is precipitated from a 
solution containing a phosphate, ammonium molybdate, and nitric acid, Alkali 
phosphotungstates result from boiling a solution of the alkali phosphate with WO3. 
The heteropoly acids are very soluble in water and ether and crystallize very well, 
often with large numbers of molecules of water of crystallization. For example, 
hydrates of H3PW, 7040 are described with 5, 14, 21, 24, and 29 H,0. These acids 
have the remarkable property of forming insoluble precipitates with many complex 
organic compounds such as dyes, albumen, and alkaloids. Both the acids and salts 
possess considerable stability towards acids, but are readily reduced by sulphur 
dioxide and other reducing agents. Like the acids many salts are highly hydrated as, 
for example, K4SiW,2040. 18 H20. Caesium, however, forms only the salt 
Cs3HSiW; 2049.0 or 2 HO, no matter what proportions of caesium salt and acid 
are mixed. This salt has a structure similar to that of H4SiW ; O49. 5 H,0, the 
positions of three of the water molecules being occupied by the large Cs* ions. The 
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acids Hs BW, 2049, H6(H2W, 2049), and H3PW, O4o all give similar tri-caesium 
salts in spite of their different apparent ‘basicities’. It would therefore appear that 
the primary factor determining the formula of a salt is the packing of the large 
complex ions rather than the number of H* ions in the acid. 

The PW, 2036 ion. An X-ray study!) of the pentahydrate of 12-phosphotungstic 
acid Showed that the complex ion has the structure shown in Fig. 11.6(b). The 
five water molecules are arranged between these large negative ions so that the 

(a) (b) (c) 

FIG.11.6 (a) Arrangement of one group of three WOg octahedra relative to the central PO4 
tetrahedron in the PW12030 anion (b). (c) The ‘half-unit’. (d) The P2W; 300) anion. 

water molecules, and the three H* ions associated with them, are responsible for 

the cohesion of those ions. The pentahydrates of H; BW; 7049, HaSiW; 2040, and 

of metatungstic acid, He(H2W,2049), are all isostructural with H3PW1049 .5 H20. 

The PW, 039 ion consists of a group of twelve WO¢ octahedra arranged around, 

and sharing O atoms with, a central PO, tetrahedron. The twelve WO, octahedra 

are arranged in four groups of three (of type (b) in Fig. 11.5) and within each group 

each octahedron shares two edges. These groups of three octahedra are then joined 
by sharing vertices to form the complete anion (Fig. 11.6(b)). Figure 11 .6(a) shows 

the disposition of one group of three WO. octahedra relative to the central PO4 

tetrahedron. Each WO, octahedron shares two edges, one with each of the two 

neighbouring octahedra, and each O of the PO, tetrahedron belongs to three WO. 

octahedra. The formation of this ion from four similar sub-units, the groups of three 

edge-sharing octahedra, may be contrasted with the two types of sub-unit in the 

paratungstate ion described earlier. 
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Oxygen 

It is noted in MSIC (pp. 90, 144) that there are three ways of joining together 

four edge-sharing groups of 3 octahedra (as in Fig. 11.5(b)) to form complexes with 

cubic symmetry: 

(a) (b) (c) 
Mi2X38 Mi2 X40 M12X40 

Shape of central cavity Octahedral Tetrahedral Tetrahedral 

Type of packing of X atoms c.c.p. CAG — 

In (c) the 16 X atoms in the central nucleus are c.c.p., but on the four c.p. faces of 

this truncated tetrahedral group the next layers (of six atoms) are placed in 

positions of h.c.p. This is the structure of the PW, ,03o ion and also apparently of 

the metatungstate ion (p. 433). The CoW, 039 ion has been shown to have the 

same structure.) In the M 12X40 group (c) the M atoms are arranged at the vertices 

of a cuboctahedron. The group does not, however, have the full cubic symmetry of 

a regular cuboctahedron, for four of the triangular faces correspond to edge-sharing 

groups of three octahedra and the other four to vertex-sharing groups, with the 

result that the whole complex has only tetrahedral symmetry. The structures (a) 

and (b) are not known for heteropolyacid ions, but (b), which corresponds to a 
portion of the spinel structure, represents the structure of a hydroxy-complex 

formed in partially hydrolysed solutions of aluminium salts. It has been studied in 

Na[Al, 304(OH)2 4(H20); 2] (SO4)q4. 13 HJOC” and [Al,304(OH)25(H20),1] 
(SO4)3 . 16 HzO?) and is illustrated in Fig. 11.7(a). The central tetrahedral cavity 

and the centres of the twelve octahedra are all occupied by Al atoms. (For another 
view of this ELOUP of twelve octahedra see MSIC Fig. 107(b).) Figure 11.7(b) shows 
the PW, 026 ion built from groups of three octahedra sharing additional vertices 
instead of edges, as in Fig. 11.7(a). 

(a) (b) 
FIGS. (a) The ce poMip yap grouping of [Al,304(OH)24(H20),2]7* and related ions. 

(b) The PW, 2035 ion. 
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Oxygen 

The P,W,,083 ion.) This ion is related in a very simple way to the 12-ion. 

Removal of three WO, octahedra from the base of the 12-ion leaves the ‘half-unit’ 

shown in Fig. 11.6(c). If two half-units are joined by sharing the exposed O atoms 

(three of which are shown as black dots in (c)) we obtain the P;W,g025 ion of Fig. 

11.6(d). The upper half of the ion is related to the lower half by the plane of 

symmetry ABC in (b). 

Octahedral coordination of hetero-atom 

The TeMog0$4 ion. An example of the simplest ion of this type is the ion 

TeMo,0$; (Fig. 11.8) which exists in salts such as (NH4)¢(TeMog0 4). 7H,O 
and has been studied in detail in (NHq)gTeMog0 4. Te(OH,. 7 H,O0.™ Crystals 
of this compound also contain octahedral Te(OH).¢ molecules (almost regular, with 

Te—OH, 1-91 A). The atomic arrangement in this ion is clearly the same as in the 

Cdl, layer, with some distortion from the idealized arrangement of Fig. 11.8 due to 

the different Mo—O and Te—O bond lengths. The heteropoly ion in 

Na3H,Cr!!Mo,Qy4. 8 H,O has the same structure (Cr—O, 1:975 A)). 

The MnMo 085 ion. The structure of a 9-ion has been determined in 

(NH4)6MnMo0903> .« 8 H,0.°) In this ion, illustrated in Fig. 11.9, nine MoO, 

octahedra are grouped around, and completely enclose, the Mn‘ * ion. 

FIG. 11.9. The structure of the MnMo90$> anion with ‘exploded’ view at left. The single 

circles represent Mo and the double circle Mn. 

The MnNb,2033_ ion.©) This ion may be constructed from the same 

edge-sharing groups of three octahedra from which PW,204o is built and which 

are also sub-units in MnMog0$3. We may refer to the unit as A or as B if it is 

upside-down (Fig. 11.9). If B is placed on A there is formed an octahedral 

group of six octahedra which is the structure of the Nb,O#5 ion of Fig. 11.3(a). 
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Oxygen 

Two of these units joined together by a Mn atom form the anion in 

Na,2Mn!YNb,503 . H20, as shown in Fig. 11.10. 

The H4Co,Mo;,9083 ion?) A model of this ion, studied in 
(NH4)¢(H4Co2Mo,;9038).7H,0, is readily made from a chain of four edge- 

sharing octahedra by adding eight more octahedra, four in front and four behind, as 

shown in Fig. 11.11. Alternatively the ion may be constructed from two planar 

CoMog units (similar to the TeMog0$4 ion), from which one Mo is removed, and 

one unit is rotated relative to the other so that the Co atom of one unit occupies 

the position of a Mo atom in the other. The four H atoms were not located. 

Icosahedral coordination of hetero-atom 

The CeMo,,0§; ion.) Six pairs of face-sharing octahedra may be joined 
anion. together by coalescing vertices of types A and B (Fig. 11.12(a)) of different pairs. 

The faces shaded in Fig. 11.12(a) then become twelve of the faces of an 

icosahedron and the hetero-atom occupies the nearly regular icosahedral hole at the 

centre of the group. The Ce—O distance (2:50 A) is the same as in ceric ammonium 
nitrate, and in fact the 12 O atoms of the six bidentate nitrate groups in the ion 
Ce(NO3)2~ are arranged in the same way as the inner 12 O atoms of Fig. 11.12(b). 
There is a considerable range of Mo—O bond lengths. 1-68, 1-98, and 2-28 A for 
bonds to O atoms belonging to 1, 2, or 3 MoO¢ octahedra. 

FIG. 11.11. The [H4Co2Mo4 903] °~ 
anion. The black octahedra contain 

the Co atoms. 

FIG. 11.12. The [HgCeMo,204]7~ 
anion. 

(7) JACS 1969 91 6881 
(8) JACS 1968 90 3589 438 
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Binary Metal Oxides 

Introduction 

We shall be largely concerned here with the structures of metal oxides in the 
crystalline state since nearly all these compounds are solids at ordinary tempera- 
tures. We shall mention a number of suboxides, but we shall exclude peroxides and 
superoxides (and ozonates), for these compounds, in which there are O—O bonds, 
are included in Chapter 11. Little is known of the structures of metal oxides in the 
liquid or vapour states, though several have been studied as vapours (Table 12.1). 
The structures of the oxides of the semi-metals and of the B subgroup elements are 
described in other chapters. 

TAB DES ZA 

Metal oxides in the vapour state 

Oxide M—O (A) u(D) M—O—M Method Reference 

Li,O 1-59 180° i1sS Pestle JCP 1963 39 2463 
1-55 m.sp., i.r. JCP 1963 39 2299 

LiO 1-62 F 
Li,0> 1.90 64° MSPs dere JCP 1963 39 2463 

Cs20O #180° m.sp. JCP 1967 46 605 
SrO 1-92 8-91 m.sp. JCP 1965 43 943 
BaO 1-94 7-93 m.w. JCP 1963 38 2705 
MoO3 See p.474 
OsO4 owl e.d- ACSc 1966 20 385 
RuOQ4 1-705 e.d. ACSc 1967 21 737 

Metal oxides range from the ‘suboxides’ of Cs and of transition metals such as Ti 

and Cr, in which there is direct contact between metal atoms, and the ionic 

compounds of the earlier A subgroups and of transition metals in their lower 

oxidation states, to the covalent oxides of Cr(v1), Mn(vit), and Ru(viir). In 

contrast to the basic oxides of the most electropositive metals there are the acidic 

CrO3 and MnO, which are the anhydrides of H,CrO4 and HMnOg. As regards 

physical properties metal oxides range from high melting ionic compounds (HfO, 

melts at 2800°C) to the volatile molecular RuO, (m.p. 25°, b.p. 100°C) and 

OsO,4 (m.p. 40°, b.p. 101°C), both of which are soluble in CCly and H,0, and 
Mn,0, (m.p. 6°C). The colours of metal oxides range over the whole spectrum, 

and their electrical properties show an equally wide variation, from insulators 
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Binary Metal Oxides 

(Na,0, CaO), through semiconductors (VO), to ‘metallic’ conductors (C102, 

RuO,). Binary oxides also include two of the rare examples of ferromagnetic 

compounds, EuO and CrO,. 

The crystal structures of metallic oxides include examples of all four main types, 

molecular, chain, layer, and 3D structures, though numerically the first three classes 

form a negligible fraction of the total number of oxides. The metals forming 

oxides with molecular, chain, or layer structures are distributed in an interesting 

way over the Periodic Table. 

iO) 

TOs Nip Os mRCiOse 

| MoO3 

Cs,O 

Cs30° 

Mn,0,™ 

Tc,0,™ RuO,4™ 

OsO,™ 

™ molecular © chain [Pe] layer structure 

The following generalizations may be found useful, but it should be remembered 

that like all generalizations they are subject to many exceptions, some of which will 

be noted later. 

(1) The majority of metal oxides have essentially ionic structures with high 

coordination number of the metal atom (often 6 or 8), the structures being in many 

cases similar to those of fluorides of the same formula type. However, the adoption 

of a simple structure characteristic of ionic compounds does not necessarily 

preclude some degree of covalent or metallic bonding—witness the NaCl structure 

not only of UO but also of UC and UN. 

(2) The ionic radii of metals other than Kt, Rb*, Cs*, Ba**, and T1* are smaller 

than that of O?~. For example, the ionic radii of Al, Mg, and all the 3d metals lie in 

the range 0:5-0-8 A. For this reason the oxygen ions in many oxides, both simple 

and complex, are close-packed or approximately so, with the smaller metal ions 

usually in octahedral holes. 

(3) Comparison of Tables 12.2 and 17.1 shows that there is little resemblance 

between the structures of the corresponding oxides and sulphides of a particular 

metal except in the case of the ionic compounds of the most electropositive metals 

and the compounds of Be and Zn. In some cases oxides and sulphides of the same 

formula type do not exist or have very different stabilities. For example, PbO, is 

stable at atmospheric pressure but PbS, can only be made under higher pressures. 

In the case of iron the disulphide FeS, has the pyrites and marcasite structures, 

both containing Sy groups, but FeO, is not known. A comparison of the highest 

known oxides of the Group VIII metals emphasizes the individuality of the 
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TABLE 1252 

Binary Metal Oxides 

The crystal structures of metal oxides 

Type of structure Formula type Name of structure Examples 

and coordination 

numbers of M and O 

Infinite MO3 6:2 ReOQ3 WO3 
3-dimensional 

complex 

MO, 8:4 Fluorite ZrO, HfO7, CeO2, ThO2, UO2, 

NpO>, PuO), AmO), Cm0O,, 

PoQ,, PrO, TbO, 

O23 Rutile TiO>, VO, NbO), TaO,, CrO2, 

MoO), WO, MnO,, TcO, 

ReQ,, RuO;, OsO3, RhO,, 

IrO2, PtO., GeO), SnO, 

PbO3, TeO, 

M203 6:4 Corundum Al, O3, Ti203, V203, Cr2 O03, 

5 Fe,03, Rh 203, Gaz03 

ee A-M203 ; 
foe | B-M;04 4f oxides 

6:4 C-M203 Mn,03, Sc2 03, Y 203, In, 03, 

T1003 

MO 6:6 Sodium chloride MgO, CaO, SrO, BaO, TiO, 
VO, MnO, FeO, CoO, NiO, 

CcdO, EuO, 

4:4 Wurtzite BeO, ZnO 

MO, 4:2 Silica structures GeO, 

M20 2:4 Cuprite Cuz0, Ag2zO 

4:8 Antifluorite Li,O, Na20O, K20, Rb2O 

Layer structures 

Chain structures 

Molecular structures 

MoO3, As203, PbO, SnO, 

Re, 07 

HgO, SeO,, CrO3, S$b203 

RuQOg, OsOq, Tc, O., Sb4 06 

Note: this table does not distinguish between the most symmetrical form of a structure and 

distorted variants, superstructures, or defect structures; for more details the text should be 

consulted. 

elements and the difficulty of making generalizations: 

Fe,03 

RuO, 

OsO4 

Co30, NiO 
Rh,0;  PdO 
1rO> PtO, 

(4) In contrast to earlier views on metal oxides, detailed diffraction studies and 

measurements of density and other properties have shown that many metal- oxygen 

systems are complex. In addition to oxides with simple formulae such as M20, MO, 

M,03, MOz, etc. containing an element in one oxidation state and the well-known 

oxides M304 containing M((1) and M(111) there are numerous examples of more 
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complex stoichiometric oxides containing, a metal in two oxidation states, for 

example, 

U0; Os Mn; Og V6013 Tb70j2 

Some metals form extensive series of oxides such as Ti,O2,_ 1 or Mo,03,_ 1 with 

structures related to simple oxides MO, or MO3. Many transition-metal oxides 

show departures from stoichiometry leading to semiconductivity and others have 

interesting magnetic and electrical properties which have been much studied in 

recent years. We shall illustrate some of these features of oxides by dealing in some 

detail with selected metal-oxygen systems and by noting peculiarities of certain 

oxides. 

The structures of binary oxides 

The more important structure types are set out in Table 12.2; others are mentioned 

later. Most of the simpler structures have already been described and illustrated in 

earlier chapters. In Table 12.2 the structures are arranged according to the type of 

complex in the crystal (3-, 2-, or 1-dimensional or finite) and for each structure the 

coordination number of the metal atom is given before that of oxygen. In a 

particular family of oxides the changes in structure type may be related in a general 

way to the change in bond type from the essentially ionic structures through the 

layer and chain structures to the essentially covalent molecular oxides. These 

changes may be illustrated by the structures of the dioxides of the elements of the 

fourth Periodic Group. After each compound we give the c.n.’s of M and O and the 

structure type. Starting with the molecular CO, we pass through the silica structures 

with ionic-covalent bonds to the ionic structures of the later metal dioxides. 

CO, (2: 1) Molecular 

SiO, (4: 2) various 3D networks 

TiO, (6:3) rutile, etc. GeO, (4: mA quartz 
Z10> (6:3)} rutile 

HfO, } (8: 4) fluorite SnO, (6:3) rutile 

ThO, 

PbO> (6: | rutile 
(6:3)} columbite 

The structures of these compounds may be compared with those of the 
corresponding disulphides, which are set out in a similar way at the beginning of 
Chapter 17. 

After noting some suboxides which are peculiar to Rb and Cs we shall describe 
the crystal structures of metal oxides in groups in the following order: M30, M,0O, 
MO, MO,, MO3, MOq; M203, M.O5, M.0,, M3Oq, and miscellaneous oxides 
M,.Oy. The remainder of the chapter is devoted to brief surveys of the oxides of 
certain metals which present points of special interest. 
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Binary Metal Oxides 

Suboxides of Rb and Cs (1) NW 1971 58 623 

The elements Rb and Cs are notable for forming a number of suboxides including (2) NW 1971 58 622 
Rb6O0 and RbgO,) Cs70,°?) Cs,0, Cs7O>, and Cs30. Both of the rubidium 
oxides contain RbgO, groups consisting of two ORb, octahedra sharing one face 

(that is, an anti-M,Xq group). In Rb¢O layers of these groups alternate with layers 

of c.p. metal atoms, so that the structural formula is (Rby9O,)Rb3. The oxide 

Rb,O,, which is copper-red with metallic lustre, consists of these RbyO, groups 

held together by Rb—Rb bonds of lengths 5-11 A, rather longer than those in the 

element (4:85 A) and much longer than the shortest Rb—Rb bonds within the 

groups (3°52 A). 
The bronze coloured Cs7O contains units of a different kind, consisting of three 

octahedral OCs, groups each sharing two adjacent faces to form a trigonal group 

(Fig. 12.1) similar to the sub-unit in Nb3S,4 (p.623). These units are surrounded by 

and bonded to other similar units through Cs atoms (10 per unit) giving the formula 

(Cs, ;03)Cs,9, or Cs7O. The Cs—Cs bonds within the units are much shorter 

(3-76 A) than those between the units (5-27 A), the latter having the same length as 

in metallic Cs. 

FIG. 12.1. The 03Cs,, unit in Cs7O. 

Oxides M30 
Two structures established for suboxides M30 are ‘anti’ structures of halides MX3. 

In C330, which forms dark-green crystals with metallic lustre, there are columns 

of composition Cs30 consisting of OCsg octahedra each sharing a pair of opposite 

faces (Fig. 12.2); this is the anti-Zrl, structure. The Cs—O bond length (2:89 A) is 

similar to that in Cs,O. The Cs—Cs bonds between the chains (around 5-8 A) are 

(3) JPC 1956 60 345 

Neue 
258 
yoxet 

tenn oY 
OZON BO0) Bey 

(ea C)eu G) oars and 

FIG. 12.2. Projection of the crystal structure of Cs30. 
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Binary Metal Oxides 

somewhat longer than in the element (5-26:A), but in the distorted octahedra in the 

chains the lengths of the edges are 3-80 A (six) and 4-34 A (six). The former Cs—Cs 

distance (omitted from ref. 3) is similar to that in Cs7O. 

The oxide Ti3 O° has a structure closely related to the anti-Bil, layer structure 

which has been described in Chapter 4. 

For Cr30, Mo30, and W30 see p. 473. 

Oxides M,O 

The structure adopted by the alkali-metal oxides MO and sulphides M,S other 

than those of Cs is the anti-fluorite structure, with 4:8 coordination. In this 

structure the alkali-metal ions occupy the F~ positions and the anions the Ca?* 

positions of the CaF, structure. We have commented in Chapter 7 on the structures 

of Cs compounds. The structure of Cs,S is not known, and the structure of the 

orange-yellow Cs,O is quite different from that of the other alkali-metal oxides and 

more closely related to Cs30. This oxide has the anti-CdCl, (layer) structure,“!) 

with Cs—Cs distances of 4-19 A between layers and Cs—O distances (2:86 A) within 

the layers, similar to those in Cs30. The corresponding sums of Pauling ionic radii 

are 3-38 and 3-09 A. There is considerable polarization of the large Cs* ions. 

The crystal structure of Cu,O (and the isostructural Ag,O) has been described 

in Chapter 3 together with other structures related to the diamond net. 

Evidence for the existence of In,O in the solid state is not satisfactory,“?) and 

the compound described as Sm, 0 is almost certainly SmH,.©) 

The anti-Cdl, structure of Ti,O is mentioned in the later section on ‘Oxides of 
titanium’. 

Oxides MO 

The structures of metallic monoxides are set out in the self-explanatory Table 12.3. 
The symbols mean that the structure of a particular compound is of the general 
type indicated and is not necessarily the ideal structure with maximum symmetry. 
An interesting point about the wurtzite structure is that unless 4a? = (12u — 3)c7, 
where u is the z coordinate of O referred to Zn at (000), there is a small but real 
difference between one M—O distance and the other three, for example, in ZnO, 
1-973 A (3) and 1-992 A (1).“) For the ideal structure with regular tetrahedral 
bonds wu = 3/8, and c/a = 2/2/\/3 = 1-633. 

Note that Eu is probably the only lanthanide which forms a monoxide; ‘SmO?’ is 
Sm, ON,") and ‘YbO” is Yb, 0€.) 

Whereas the oxides of Mg, the alkaline-earths, and Cd have the normal NaCl 
structure those of certain transition metals depart from the ideal structure in the 
following ways. 

(a) The structure has full (cubic) symmetry only at higher temperatures, 
transition to a less symmetrical variant taking place at lower temperatures, namely, 
FeO, NiO, MnO (rhombohedral), and CoO (tetragonal). For references see PR 1951 
82113) 

(b) The oxide has a defect structure, that is, there is not 100 per cent 
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TABLE 12.3 

Crystal structures of monoxides 

BweIG 6 6 
A Wurtzite structure. O NaCl structure. 0 PtS structure. 

(a) Also a high-temperature polymorph. 

(b) NaCl structure at high pressure (4). 
(c) Polymorphic. 

* There is no reliable evidence for the existence of CrO. 

occupancy of both anion and cation sites. At atmospheric pressure FeO is 

non-stoichiometric (see p. 456). Stoichiometric NiO is pale-green (like Ni** in 

aqueous solution) and is an insulator. By heating in O, or incorporating a little 

Li,O it becomes grey-black and is then a semiconductor (due to the presence of 

Ni?* and Ni?* in the same crystal).©) 

The oxides TiO, NbO, and VO show appreciable ranges of composition, having 

either a superstructure or a defect structure at the composition MO. The oxides of 

Ti and V are discussed later in this chapter. The structure of NbO is described 

shortly. 

The larger unit cells necessary to account for the neutron diffraction data from 

antiferromagnetic compounds such as MnO are due to the antiparallel alignment of 

the magnetic moments of the metal ions. They are not to be confused with the 

larger unit cells of many superstructures which are due to ordered as opposed to 

random arrangement of atoms of two or more kinds. 

Table 12.3 shows that the majority of monoxides adopt the NaCl structure. 

Other structures are peculiar to one oxide or to a small number of oxides; they 

include the following. 

BeO. In the high-temperature (6) form of BeO°) pairs of BeOg tetrahedra share 

an edge and these pairs are then joined through vertices (Fig. 12.3). The 

arrangement of O atoms is essentially the same as in rutile (see Fig. 6.5) and since 

6-BeO is approximately h.c.p. it is closely related to the wurtzite structure of 

low-temperature BeO. One structure is converted into the other by moving one-half 

of the Be atoms into adjacent tetrahedral holes. Owing to the edge-sharing by BeO, 

tetrahedra in 6-BeO there are necessarily short Be—Be distances (2:24 A), the same 

as in metallic beryllium, but this does not imply metal-metal bonding. y-LiAlO, 

has the same structure. 
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FIG. 12.3. The structure 

of 6-BeO. 

NbO. This oxide is unique in having the structure of Fig. 6.1(d) (p. 193)” in 

which both Nb and O form four coplanar bonds, occupying alternate positions in 

one of the simplest 3D 4-connected nets. Alternatively the structure is described as 

a defect NaCl structure, having 3 NbO in the unit cell with vacancies at (000) and 
(344). Note the existence of a 3D framework built from octahedral Nbe units 

(Nb—Nb, 2-98 A) reminiscent of the halide complexes of Nb and Ta (p. 367). This 
structure has been confirmed by neutron diffraction. 

PdO. In this structure also (which is that of PtS) the metal atoms form four 

coplanar bonds; the coordination of O is tetrahedral (Fig. 12.4). As noted in 

Chapter 1 the bond angles represent a compromise between the ideal values of 90° 

and 1094° due to purely geometrical factors. CuO has a less symmetrical variant of 

the PtS structure, and it is interesting that whereas CuO has the less symmetrical 

(b) 

FIG. 12.4. The crystal structures of (a) CuO (tenorite) and AgO, and (b) PdO and PtO. 
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(monoclinic) structure and PtO apparently does not exist yet solid solutions 
Cu, Pt; _,O may be prepared (under high pressure) which have the tetragonal PtS 
structure (0-865 > x > 0:645).8) The structures of CuO and AgO are described in 
more detail in Chapter 25. 

For the structures of the other B subgroup monoxides see Chapters 25 and 26. 

Oxides MO, 

Many dioxides crystallize with one of two simple structures, the larger M** ions 

the rutile structure. The term ‘rutile-type’ structure in Table 12.4 includes the most 
symmetrical (tetragonal) form of this structure and the less symmetrical variants 
referred to later—as indicated by the broken lines in the Table. Polymorphism is 
common; for example, PbO, and ReQ, also crystallize with the columbite 
structure (p. 147), and GeO, with the a-quartz structure, while TiO, and ZrO, are 

trimorphic at atmospheric pressure. TiOz also adopts the columbite structure under 

pressure, and under shock-wave pressures greater than 150 kbar it converts to a still 

more dense form which is not, however, like the columbite structure, retained after 

release of pressure.“') PtO, is a high-pressure compound with two forms, a (hexa- 

gonal, structure not known) and 6 with the CaCl, structure.{?) This is the only 

dioxide known to have this structure, which is closer to the ideal h.c.p. structure 

than is the tetragonal rutile structure (see Chapters 4 and 6). 

Although the coordination group around the metal ion in the tetragonal rutile 

structure approximates closely to a regular octahedron accurate determinations of 

the M—O distances show small differences. For example, in TiO5,°7) Ti—4 O, 1-944 

(0-004) and Ti—2 O, 1-988 (0-006) A, and in RuO,,“*) Ru—4 O, 1-917 (0-008) and 

Ru—2 O, 1-999 (0-008) A. This effect is not confined to the rutile structure for in 

anatase‘>) there are comparable differences: Ti—4 O, 1-937 (0-003), and Ti—2 O, 

1:964 (0-009) A, while in brookite®®) there is a much less symmetrical environment 

of Ti** with Ti—O ranging from 1-87 to 2:04 A. It follows from our discussion of 

the geometry of octahedral structures (Chapter 5) that the significance of these 

differences in bond lengths is by no means obvious. 

TABLE 12.4 

Crystal structures of dioxides 

ani Ive | Cr Mn* rutile-type Ge* 
! laosecsssses 4 structure 

The Nb Mo Te.) o Ru Rht Sn 
eee | 

Hr| Ta |W Re*! Os Ir Pt Pb* | Po 

Ce Pr Tb fluorite 
structure 

Th Pa U Np Pu Am Cm 

* Polymorphic. +} Amorphous when prepared under atm. press. but crystallizes under pressure. 
For a survey (with many references) see: IC 1969 8 841. 
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In the normal rutile structure each M ‘is equidistant from two others in each 

chain of octahedra. Some dioxides (of elements within the broken lines of Table 

12.4) crystallize with less symmetrical variants of this structure, the distortion 

being of such a nature as to bring successive pairs of metal atoms alternately closer 

together and further apart. The same effect is observed in NbO, which crystallizes 

with a complex superstructure of the rutile type. The close approach of M atoms 

can give rise to metallic conductivity (resistivity decreasing as temperature is 

lowered), but the relations between structure, number of d electrons, and physical 

properties are complex. For example, metallic conductivity can occur in com- 

pounds with the undistorted rutile structure (CrO,, RuO,, OsO, and IrO,, and 

the high-temperature form of VO,), and on the other hand the low-temperature 

(<340°K) form of VO, is a semiconductor with the distorted rutile structure. If the 

very short M—M bonds of length close to 2:5 A found in certain of these dioxides 

(Table 12.5) are multiple bonds it is necessary to recognize at least four types of 

structure in this family, namely, the undistorted structure (with or without M—M 

interactions) and distorted structures (with single or multiple M—M bonds). On this 

subject see also p. 202. - 

TOAIBIEIE, 12S 

Metal-metal distances in some dioxides 

Oxide Number of d M—M in chain (A) Reference 
electrons in metal 

TiO, 0 2-96 

vo tetrag. 1 2°85 JPSJ 1967 23 1380 

2 | monocl. 2-62 3-17 ACSc 1970 24 420 
NbO 1 2-80 3-20 AK 1962 19 435 

MoO, » DSM 3-10 ACSc 1967 21 661 
WO? 2 

ae 3 2°5 3-1 ACSc 1955 9 1378 
e 2) 3 

RuO, 3-107 ACSc 1970 24 116 

OsO2 3-184 ACSc 1970 24 123 

The polymorphism of ZrO, presents several points of interest. The normal 
(monoclinic) form, the mineral baddeleyite, changes at around 1100°C to a 
tetragonal form and at around 2300°C to a cubic form (fluorite structure). The 
transition at 1100°C is of practical importance since it restricts the use of the pure 
oxide as a refractory material, thermal cycling through this temperature region 
causing cracking and disintegration. Solid solutions containing CaO or MgO with 
the fluorite structure are not subject to this change.{7) The tetragonal form cannot 
be quenched to room temperature, but tetragonal ZrO. can exist at room 
temperature if prepared by precipitation from aqueous solution or by calcining salts 
at a low temperature. It is apparently stabilized by the higher surface energy arising 
from the smaller particle size, which must not exceed 300 A.8) This tetragonal 
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form?) has a distorted fluorite structure. Instead of 8 O at 2:20 A (the distance 
from Zr‘ * to eight equidistant 07 ~ neighbours in the cubic high-temperature form) 
there are two sets of 4 (at 2-065 and 2-455 A) forming flattened and elongated 
tetrahedral groups—a distorted cubic arrangement similar to that in ZrSiO4. In mono- 

clinic ZrO!) Zr4* is 7-coordinated and equal numbers of O?~ are 3- and 4-co- 

ordinated. The 3-coordinated ions (O;) have a practically coplanar arrangement of 

3 Zr neighbours (Zr—O, 2-07 A) with interbond angles of 104°, 109°, and 143°, 

while the remainder (O;;) have 4 tetrahedral neighbours at a mean distance of 

2-21 A. All the interbond angles lie within the range 100-108° except one (134°). 
The 7-coordination group of Zr** is shown in idealized form in Fig. 12.5; the next 

nearest O* ~ neighbour is at a distance of 3-58 A, and accordingly the 7-coordination 

group is well defined. 

The relation of the C-M,0O3 structure to fluorite is described on p. 451. The 

structures of certain oxides of 4f and 5f elements are related in a more complex 

way to the structures of their dioxides (fluorite structure). For example, PrO, loses 

oxygen on heating to form Pr¢gO,, with a fluorite-like structure from which 

one-twelfth of the anions have been removed at random.‘!!) Terbium forms, in 

addition to TbO,, TbO;.7;5, TbO;.go9, and iO of which the first 

(Tb7,0,.) is noted on p. 501 in connection with the isostructural complex oxides 

M'M%O,5. PuO, loses oxygen to form substoichiometric oxides,“13) but in 
contrast UO, adds oxygen at high temperatures. A n.d. study shows that 

as interstitial oxygen is added to UO, to form UO,+, the original O atoms move to 

more general positions and finally at the composition U4Og the interstitial O atoms 

adopt a new (body-centred) ordered arrangement.‘!4)(1 5) 

Oxides MO3 

These are few in number and include CrO3, MoO3, WO3, ReO3, TeO3, and UO3. 

The (tetrahedral) chain structure of CrO3 is described under the structural 

chemistry of Cr(v1) in Chapter 27. One of the forms of TeO3 is isostructural with 

FeF; (p. 355). The very simple ReO3 structure is described on p. 173, and the 

structures of MoO3 and WO3; are described later in this chapter. For UO3 see p. 

oOo: 

Oxides MO4 

There are only two metal tetroxides, the volatile and low-melting RuOg and OsOg. 

Both exist as regular tetrahedral molecules in the crystalline and vapour states: 

M—O (A) Reference 

RuO4 1-705 (vapour) AGSe 1967 21 737 

OsO4 1-71 (vapour) ACSc 1966 20 385 

1-74 (crystal) AC 1965 19 157 
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(9) AC 1962 15 1187 

(10) AC 1965 18 983 

FIG. 12.5. The coordination of Tie 
in monoclinic ZrO (idealized). 

(11) JACS 1950 72 1386 
(12) JACS 1961 83 2219 

(13) JINC 1965 27 541 

(14) PRS 1963 274A 122, 134 
(15) AC 1968 A24 657 
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Oxides M103 

Of the structures listed in Table 12.2 only two are of importance for elements other 

than the 4f and 5f metals; these are the corundum (a-Al,03) and the C-M,03 

structures. Many oxides M03 are polymorphic, including most (if not all) of the 

Af and Sf oxides. References to recent work, particularly refinements of earlier 

structures, are included in Table 12.6. 

TTA Bile beele-O 

Crystal structures of sesquioxides 

©) () on (=) (iin)" Si in 

© Gee 
La 

O Cstructure.OC structure under atm. pressure; corundum structure under high pressure. 

io Corundum structure. 

* Also other polymorphs. 
(1) Changes to a semiconducting form at low temperatures. 

** There is no evidence for the existence of Co203 or Ni203. 

Crystal structures of 4f and 5f sesquioxides 

I (Ce lee Nl Gin lem (ol Ge) IDNe 18k WU Np Pus Ams em 

Corundum structure: IC 1969 8 1985. Rh2O3, AC 1970 B26 1876. 

In203, ACSc 1967 21 1046. Fe203, AM 1966 51 123, a-Gaz03, JCP 1967 46 1862. 
A-M2 03 structure: AC 1953 6 741. Pr203, IC 1963 2 791. 
B-M,03 structure: Gd203, AC 1958 11 746. Sm203, JE CROSS EOlaops Tb203, ZaC 1968 

363 145. 

C-M2 03 structure: Ing03, AC 1966 20 723. Mn203, ACSc 1967 21 2871. Y.03, AC 1969 
B25 2140. Sc203, ZK 1967 124 136. 
4f sesquioxides: IC 1965 4 426; IC 1966 5 754; IC 1969 8 16S. 
Other structures: 6-Ga203, JCP 1960 33 676. Rh2O3 (high temp.); IC 1963 2 972; (high 
press.), JSSC 1970 2 134. Au, 03, JINC 1969 31 2966 (preparation only). 

The corundum structure is an approximately h.c.p. array of O atoms in which 
Al? * ions occupy two-thirds of the octahedral holes. In one sense the structure is 
surprisingly complex, for there is sharing of vertices, edges, and faces of AlO. 
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coordination groups. Models of this and other c.p. structures suggest that this 

structure is adopted in preference to other geometrically possible ones because the 

arrangement of 4 Al?* ions around O?~ approximates most closely to a regular 

tetrahedral one (see MSIC, p. 63). We have noted elsewhere that for purely 

geometrical reasons a 3D M,X3 structure with regular octahedral coordination of M 

and regular tetrahedral coordination of X is not possible. Because faces are shared 

between pairs of AlO, octahedra in this structure there are two sets of M—X 

distances; a refinement of the structure of a-Fe,03 gives Fe—3 O, 1-945 A, and 

Fe—3 O, 2:116 A. (For y-Fe03 see p. 456.) 
The structures of three forms of Rh,O3 have been determined, the normal 

(corundum) form, a high-temperature orthorhombic form, and a high-pressure 

polymorph made at 1200°C under 65 kbar. In this high-pressure form there are 

pairs of face-sharing octahedra (as in corundum) but a different selection of shared 

edges; the structure may be regarded as built from slices of the corundum structure. 

The C-M,03 structure is related to that of CaF,, from which it may be derived 

by removing one-quarter of the anions (shown as dotted circles in Fig. 12.6) and 

then rearranging the atoms somewhat. The 6-coordinated M atoms are of two types. 

FIG. 12.6. The C-M203 structure of a-Mn 203 and other sesquioxides, showing its relationship 

to the fluorite structure (left). The two kinds of coordination group of the metal ions are shown 

in the right-hand diagram. 

Instead of 8 neighbours at the vertices of a cube, two are missing. For one-quarter 

of the M atoms these two are at the ends of a body-diagonal, and for the remainder 

at the ends of a face-diagonal. Both coordination groups may be described as 

distorted octahedra. The O atoms are 4-coordinated, and in this structure also it is 

probably the approximately regular tetrahedral coordination of 0?~ which is 

responsible for the less regular coordination of the metal ions. In contrast to the 

corundum structure the C-M,0 3 structure is an assembly of edge-sharing 

(distorted) octahedral coordination groups. In fluorite each cubic MXg coordina- 

tion group shares an edge with each of 12 neighbouring MXg groups. Removal of 
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2X at the ends of either a face-diagonal or body-diagonal leaves intact six of the 

original cube edges, so that in the C-M,03 structure each octahedral coordination 

group shares six edges. 

Not all compounds with the C-M,03 structure have the most symmetrical 

(cubic) form of the structure, which is that of the mineral bixbyite, (Fe, Mn)203. 

In (cubic) In,03 the first type of metal ion has 6 equidistant O neighbours (at 

2:18 A) and the other type has 2 O at each of the distances 2:13, 2-19, and 2-23 A 

(mean 2-18 A), and there is some distortion of the tetrahedral arrangement of 

neighbours around O?~ (four angles of 100° and two of 126°). There is much less 
regular coordination of M?* in (synthetic) Mn 03, which is not cubic. Each metal 

ion has 4 closer neighbours (at approximately 1-96 A) and 2 more distant (at 2:06 

and 2:25 A for the two types of metal ion); compare the similar environment of 

Mn?*(d*) in ZnMnzOq, 4 O at 1-93 and 2 O at 2-28 A. 
The A-M,03 and B-M,0O3 structures are associated particularly with the 4f and 

Sf sesquioxides. When there is polymorphism the A, B, and C structures are 

characteristically those of high-, medium-, and low-temperature forms respectively. 

The structures of some 4f and 5f oxides are set out in Table 12.6. A striking feature 

of the A-M,03 structure, which has been confirmed by neutron diffraction, is the 

unusual 7-coordination of the metal atoms (Fig. 12.7). In La,O3 the nearest 

oxygen neighbours of La?* are 3 at 2:38, 1 at 2-45, and 3 at 2:72 A 

Co OLa 

FIG, 12.7. The A-M203 structure of Laz 03 and rare-earth sesquioxides. At the left is shown in 
projection the 7-coordination group around a M>* ion, consisting of an octahedral group of 

O?~ ions with an additional O? ~ ion (heaviest circle) above one of the octahedron faces. 

In the rather complex B-M 03 structure there are three kinds of non- 
equivalent metal ion, some with 6-coordination (octahedral) and the remainder 
with 7-coordination (monocapped trigonal prism). The seventh neighbour is 
appreciably more distant than the six at the vertices of the prism—at 2-73 A (mean) 
as compared with 2-39 A (in Sm,03). On the basis of density differences the 
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expected order of stability with increasing pressure would be expected to be 

C > corundum > B 

cn.of M 6 6 6 and 7 

In fact, InzO3 and Tl, 03 (C structure) do change to the corundum structure under 

pressure, though the isostructural oxides of Mn, Sc, and Y, containing ions of 

comparable size, do not form the corundum structure but go straight to the B 

structure. The corundum structure is the high-pressure structure of Ga,O3 and also 

the structure at ordinary temperatures, but at high temperatures this oxide 

transforms to yet another sesquioxide structure. In this B-Ga,O 3 structure one-half 
of the metal ions occupy tetrahedral and the remainder octahedral holes in an 

approximately cubic closest packing of O?~ ions. The same structure is adopted by 

6-Al,03; other polymorphs of this oxide are noted in a later section on the oxides 

of Al. 

Two gold oxides have been prepared under high oxygen pressure, one of which is 

presumably Au,QO3 since it is apparently structurally similar to a phase Na, Au,03 

obtained when sodium is present (compare Pt30, and Na,Pt304).. All these 

phases gradually decompose when kept in a desiccator, evolving oxygen and leaving 

metallic gold. Their structures are not yet established. 

The structures of Sb,03, Bi,03, and Pb,03 are described elsewhere. 

Oxides M05 

The pentoxides of As, Sb, and Bi are included in Chapter 20; nothing is known of 

the structures of these oxides. We have to deal here with the Group VA pentoxides; 

for Pa,O,5 and UO,.¢ see Chapter 28. 

The structure of V,O< is described under the oxygen chemistry of V (p. 467); 

there is a characteristic 5-coordination with one very short V—O bond. In marked 

contrast to V,Os is the complexity of the crystal chemistry of Nb2O5 and Ta2Os. 

Many Roman and Greek letters have been used to distinguish the numerous 

polymorphs of Nb,0;,‘!? in all of which there is sharing of vertices and edges of 

octahedral NbO, groups in various combinations. We refer the reader first to 

Chapter 5 (p. 184) and then to the discussion of complex oxides of Ti, V, Nb, etc. 

in Chapter 13 (p. 502) where we describe the formation of more complex 

structures from slices or blocks of ReQ3-like structure. The reason for the 

complexity of the crystal chemistry of Nb Os is that these sub-units can be joined 

together in an indefinitely large number of ways. Perhaps these ‘forms’ should be 

regarded as polytypes rather than polymorphs, since they result from a particular 

kind of growth mechanism and in some cases may be stabilized by foreign atoms. In 

this respect they have more in common with the polytypes of, for example, SiC or 

ZnS rather than with normal polymorphs. The sharing of edges of octahedral 

coordination groups reduces the O: M ratio below 3 : 1, and the same processes 

that give the exact ratio 5: 2 also give oxides such as Nb, 2029, Nb22054, and 

Nb»<5O¢ and numerous oxides of Mo and W intermediate between MO, and MO3. 

We give here only a few examples. The ReO3 blocks can be joined as in Fig. 5.38 or 

as in Fig. 5.39; in the latter case tetrahedral holes are formed along the junction 
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(2) NW 1965 52 617 
(2a) JSSC 1970 1419 
(3) ZaC 1967 351 106 

(4) AC 1971 B27 1037 
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(6) JSSC 1970 2 24 
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lines of the ReO3 blocks. Examples of the first type include P-NbO<¢,°?? 

M.Nb,05 2%) and N-Nb,05;°) H-Nb205 (Nb27NbO79) is described on p. 185. 

Figure 12.8(a) shows a projection of the relatively simple structure of P-Nb2Os. 

iS Me \ 

Asks ey 
a 

= 

(b) (c) 

FIG. 12.8. The structures of crystalline oxides: (a) P-Nb2O5, (b) H-Ta20Os5, (c) a-U30g. The 

chains of vertex-sharing octahedra or pentagonal bipyramids are normal to the plane of the 
paper. 

There are at least two structurally distinct forms of Ta,O5, with a transition 

point at 1360°C. As first prepared, by heating Ta in air or oxygen at 600°C, 
Ta,05 is poorly crystalline, but the crystallinity is increased by heating at 1350°C 

and the exact structure (as indicated by the superstructure lines) depends on the heat 

treatment. After extensive heat treatment the structure reaches an equilibrium 

state. (This is also true of a number of phases containing W up to the limiting 

composition 11 Ta,0;.4 WO3.) The structures of the low-temperature form, 

iva; On) and of all these phases are of the same general type, consisting of 

chains built from octahedral or pentagonal bipyramidal groups sharing two opposite 

vertices, these chains being joined by vertex- or edge-sharing to give the 3D 

structure. The high-temperature form, H-Ta,O;5, apparently undergoes various 

phase transitions on cooling, but the tetragonal structure can be stabilized by the 

addition of 2-4 mole per cent of Sc,03. The structure“) Fig. 12.8(b)) is of the 

same general type as L-Ta,O; and consists of blocks of octahedral and pentagonal 

bipyramidal coordination groups at two different ‘levels’ (see p. 185) so that there 

is both 6- and 7-coordination of the metal atoms. These Ta,O; structures may be 
compared with the structure of a-U30g (Fig. 12.8(c)), in which all metal atoms are 
in chains of vertex-sharing pentagonal bipyramids, and with WNb,Og and 
NaNb,0O,>5F (Fig. 13.14, p. 510) in which there is both distorted octahedral and 
pentagonal bipyramidal coordination of the transition-metal atoms. A third ‘form’ 
of Ta2Os, isostructural with one form of Nb,O;, may contain K as an essential 
constituent of the structure.‘®) 

Oxides M,07 

This small group consists of MnO7, which at ordinary temperatures is a deeply 
coloured oil, Tc207, and Re,O,. The last two are yellow, volatile, water-soluble 
solids. Mn,O, is presumably molecular in all states of aggregation, and Tc,0, 
consists of molecules in the crystalline state. In the centrosymmetrical molecule“) 
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the Tc—O—Tce system is linear, the bridge bonds are similar in length to those in the 
Re,OCl}> and Ru,OClfo ions, and the terminal bonds have approximately the 
same length as Re—O in ReO3Cl and Re,O, (1-70 A). 

Re,O, vaporizes as molecules of the same type, but the crystal has an 
interesting layer structure‘?) (Fig. 12.9(a)) in which equal numbers of metal atoms 
are in tetrahedral and octahedral coordination. (Contrast the chain ion in 

169A o 
fe) O 
\ — 1-75A_. \2-15A 

e——_O ——— R 6 — Oe 
yaa 207A 

150° (mean) | 1-80A 

Re0 = —===Re 
ES 

(b) O 

O 

9 oO 

t 180A se /\-75A 
O—Re——O—Re—0O 

/ 2-21A 
(a) Oo | 

() 10 

FIG. 12.9. (a) One layer of the crystal structure of Re207; the small circles represent O atoms 

shared between octahedral and tetrahedral groups, that is, the O atoms of the ring in (b). 

(b) Details of one ring of two tetrahedra and two octahedra. (c) The RezO7(H20)2 molecule. 

Na,Mo,0, which illustrates a third way of realizing the required O : M ratio of 

7 : 2, also with equal numbers of MO4 and MOg groups.) If chains of vertex-sharing 

octahedra at two different levels are linked by tetrahedra, rings consisting of two 

tetrahedra and two octahedra are formed which are perpendicular to the plane of 

the paper in Fig. 12.9(a). In each octahedral ReO, group three of the Re—O bonds 

are appreciably longer than the others. If two of these bonds are broken, as in Fig. 

12.9(b), which shows one of the rings in crystalline Re,O,, molecules are 

produced, accounting for the volatility of the solid oxide. The structure of Re,O7 

is also very closely related to that of the molecule Re,O7(OH,),,‘*) the first 

hydration product of the heptoxide (Fig. 12.9(c).) 

Oxides M304 

Relatively few elements form an oxide M304, which necessarily contains the 

element in two different oxidation states. Of the three possibilities MSMY!Oq, 

MIIMIY Og, and MJ!'M'0,, the first corresponds to an oxy-salt such as K,WOg, 

the second is realized in Pb30Oq, and the third in Fe304, Co304, Mn304, and 

Eu304. The structure of Pb304 is described later in this chapter in the section on 

the oxides of lead and that of Eu304 on p. 496. The 3d oxides M304 have the 

spinel structure, which is described in Chapter 13 since it is adopted by many 

complex oxides XY 704. 
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FIG. 12.10. Structure proposed for 

Na,Pt304. 
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The structure of Fig. 12.10 was proposed many years ago for a compound with 

the limiting composition NaPt304.‘") Although it is doubtful if the full complement 

of Na atoms is ever present there are certainly phases Nay Pt304 (0<x<1),and 

Pd forms phases of the same type. Also it appears that the basic framework of Pt 

and O atoms can exist in the absence of Na atoms, when it is ie oxide Pt304, 

though the phase Na,Pd3O4 cannot be prepared free from sodium. In the Pt304 

framework each O is bonded to 3 Pt (Pt—O, 1-97 A) and each Pt forms 4 coplanar 

bonds to O atoms. Each metal atom also has 2 Pt atoms (at 2°79 A) completing an 

elongated octahedral coordination group, as shown by the heavy broken lines in 

Fig. 12.10. The Na atoms occupy holes surrounded by 8 O at the vertices of a cube 

(Na—O, 2°46 A). 

The oxides of iron 

The structures of FeO (NaCl structure) and of a-Fe,03 (corundum structure) have 

already been noted. The structure of the second (vy) form of Fe203 is related in an 

interesting way to the structures of FeO and Fe3O4. There are 32 oxygen atoms in 

the unit cell of the spinel structure (p. 490) and a total of 24 cations. Magnetite, 

Fe30,, has the spinel structure with the full complement of cations, of which 

one-third are Fe? * and the remainder Fe* *—Fe? *(Fe” *Fe? *)Oq. It appears that the 
inverse spinel structure of magnetite is the reason for its high electronic 

conductivity compared with that of Mn30, (tetragonally distorted normal spinel 

structure), continuous interchange of electrons between Fe’ * and Fe? * ions in the 

16-fold position being possible. (At 119°K magnetite becomes antiferromagnetic, 

and the symmetry drops to rhombohedral or lower.“ )) 

In y-Fe,03 there are on the average only 214 Fe atoms per unit cell distributed 

at random among the eight tetrahedral and sixteen octahedral sites. Accordingly 

y-Fe,03 and Fe3Q, are easily interconvertible. Careful oxidation of Fe3O,4 yields 

y-Fe,03, which is converted back into Fe304 by heating in vacuo at 250°C. The 

relation of FeO to y-Fe,03 and Fe3QO, is of interest in this connection. FeO has, 

ideally, the NaCl structure with four Fe?* and four O27 ions per unit cell, though 

when prepared at atmospheric pressure it is deficient in Fe. (Stoichiometric FeO 

has been prepared at pressures greater than 36 kbar at 770°C from Feg.95O and 

metallic iron,’?)) 

At about 1000°C the composition range is Feg.94g0—Fo.g750, but at lower 
temperatures the composition limits converge. At 570°C the composition is 
Feg.930, and at still lower temperatures disproportionation to a-Fe + Fe30,4 
occurs,‘3) so that this oxide must be prepared at temperatures above 570°C and 
quenched. At about 200°K a second-order change takes place over a range of 
temperature, accompanied by the development of antiferromagnetism and rhombo- 
hedral symmetry, but involving only a very minor structural change.‘*) The length 
of the side of the unit cell varies, approximately linearly, with the composition, and 
typical values are: a = 4-3010 A for 48-56 atomic per cent. Fe and 4:2816 A for 
47-68 per cent Fe. Fe30q has the spinel structure (@ = 8-37 A) with eight Fe2*, 
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sixteen Fe? *, and 32 O27 ions in the unit cell. The arrangement of oxygen ions is 
therefore the same (cubic close-packed) in FeO, y-Fe,03, and Fe30,. If we double 
the above spacings for iron-deficient specimens of FeO (viz. 8-6020 for 48-56 per 
cent and 8-5632 A for 47-68 per cent) and plot them against composition we find 
that the line passes through the points for Fe30,4 and y-Fe,03 (viz. c. 8-37 A, 
42-86 per cent Fe, and c. 8:30A, 40 per cent Fe). The relation between these 
structures is therefore as follows. A cube with edge about 8-6 A containing 32 
oxygen ions can accommodate 32 Fe** ions in the octahedral holes between the 
cubic close-packed oxygen ions. This would give the ideal structure of stoichio- 
metric FeO. If we remove a small proportion of these Fe2* ions and replace them 
by two-thirds their number of Fe?* ions, sO maintaining electrical neutrality, we 
have FeO deficient in iron, alternatively (but incorrectly) described as FeO 
containing excess oxygen (see also FeS, p. 610). (It has been suggested that in 
quenched specimens of Feg.9O there are periodically spaced clusters of vacancies 
(probably about 13) and 4 cations in tetrahedral sites.) 

If the removal of Fe atoms is continued until there are only 24 Fe atoms in the 
volume containing 32 O atoms, the composition is Fe3 O4. Further removal of Fe 
gives y-Fe.03, with an average of 214 metal atoms in the same volume. We have 
now a physical picture of the oxidation of FeO > Fe,0, > y-Fe,03. The oxygen 
lattice of FeO is extended by the addition of more oxygen, added as new layers of 
close-packed oxygen atoms. Into these Fe atoms (ions) migrate, resulting in a 
continuous decrease in the concentration of Fe atoms in a given volume of the 
oxygen lattice. 

The oxides of aluminium 

The hydroxide, M(OH)3, oxyhydroxide, MO(OH), and oxide, M,03, of Al (and 

certain other trivalent elements) exist in a and y forms. We give the mineral names 

of these Al compounds because they are often referred to by name and also because 

the American nomenclature is sometimes different from that used in England. 

Al(OH)3 a bayerite Y gibbsite, hydrargillite 

AIO(OH) a diaspore Y  boehmite 

Al,03 a corundum Y = 

On heating diaspore dehydrates directly to a-Al,O3 but boehmite, both forms of 

Al(OH)3, and compounds such as ammonium alum produce a-Al,03 only after 

prolonged heating at high temperatures. At lower temperatures a variety of phases 

are formed which are collectively known as y-Al,03, and in various studies most of 

the Greek alphabet has been used in naming them. These phases represent various 

degrees of ordering of Al atoms in an essentially cubic closest packing of O atoms, 

described as a defect spinel structure (q.v.), since there are only 214 metal atoms 

arranged at random in the 16 octahedral and 8 tetrahedral positions of that 

structure. This y-Al,03 is important technically because of its great adsorptive 

power (‘activated alumina’) and its catalytic properties, and it is also used in the 

manufacture of synthetic sapphire in the Verneuil furnace. The degree of order and 
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the pore structure depend on the starting material. For example, the arrangement 

of the O atoms in bayerite is h.c.p., and conversion to the c.c.p. spinel structure 

involves rebuilding the whole structure. In the case of boehmite, although the 

structure as a whole is not close-packed the O atoms within a layer are c.c.p., so 

that less rearrangement is required to form the y-Al,03 structure. The following”) 

are typical of the schemes postulated as the result of X-ray or electron diffraction 

studies: 

s 450° 750° 1000° 1200°C 
boehmite ———> yY ——— 6 ——— 6+a —@ 

: 230° 850° 1200°C 
bayerite ———> ] ——+ 9 ——~ 

The 6 and @ phases formed at intermediate temperatures are both highly crystalline 

phases, the former with a superstructure of the spinel type and the latter with the 

6-Ga,03 structure mentioned in the section on ‘Oxides M,03’. 

For 6-alumina and related compounds see p. 494. 

The oxides of manganese 

These comprise MnO, Mn304, Mn,03, Mn;Og, MnO, and Mn,0,. The last is the 

anhydride of permanganic acid (a compound which is a volatile solid stable below 

12C).? and forms an oil or dark green crystals. It breaks down irreversibly at 

temperatures above about 0°C with evolution of oxygen and formation of MnO); it 

is a powerful oxidizing agent, and obviously resembles Cl,O, rather than metallic 

oxides. 

The first three oxides, on the other hand, are closely similar to those of iron. 

The stability of the green MnO to oxygen depends on the temperature of 

preparation, low-temperature ignition of the carbonate giving very reactive 

material. It apparently oxidizes to the stage MnO,.,;3 without forming new 

phases, and it has the NaCl structure, like FeO. There are two forms of the black 

Mn203, @ having the C sesquioxide structure and y being related to Mn3O, in the 

same way as y-Fe,O3 to Fe30,4 (p. 456). All oxides and oxyhydroxides of Mn on 

heating in air to about 1000°C form the purplish-red Mn304, which has a 
distorted spinel structure at ordinary temperatures but apparently becomes cubic at 
temperatures above 1170°C.2) Both y-Mn203 and Mn30, show the same type of 
tetragonal distortion (c : a= 1-16). 

The oxide Mn,;Og is Mn}!Mn}Y Og and is isostructural with Cd,Mn3Og. The 
structure may be visualized as built from CdI,-like layers from which one-quarter 
of the metal atoms are removed (Mn}Y Og), Mn!! atoms then being added above 
and below the empty sites to give the composition Mg X¢g as in Zns5(OH)gCl,. H,0 
(p. 213) or Zns(OH)g(NO3)2. 2 H,O (p. 536). These Mn!! atoms join the ‘layers’ 
into a 3D structure. The coordination of Mn!Y jis distorted octahedral (mean 
Mn!¥_0, 1-87 A) and that of Mn!! is trigonal prismatic (mean Mn!!_0, 2-22 A) 
(Fig. 12.11). There is considerable distortion of the latter coordination group (2:05, 
2:17 (two), 2-28, and 2-31 A (two)).©) 
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The dioxide has long been known as the mineral pyrolusite with the simple 

tetragonal rutile structure, but many materials approximating in composition to 

MnO, have been prepared in the laboratory and recognized in the mineral world. 

They have been described as polymorphs of MnO,, though their compositions are 

often appreciably different from pure MnO, for example, y-MnO, (analysis 

corresponding to MnO,.93) and aMnO, (91:5 per cent MnO,). The 8 form 

(pyrolusite) can be prepared pure, but not by hydrothermal methods. There is a 

large literature on the oxides of Mn, particularly the dioxide, which is important as a 

catalyst and as a component of dry batteries.(4) X-ray studies have now shown why 

the MnO, system is so complex and why different structures appear when the 

oxide is prepared from solutions containing ions of various kinds. Two main types 

of structure have been identified, 3D frameworks and layer structures. 

Framework structures 

These are built of single or multiple octahedral chains joined up along their lengths 

by sharing corners, and they can conveniently be illustrated as projections along the 

length of the chain. In this way Fig. 12.12(a) represents the rutile structure of 

6-MnO,. The mineral ramsdellite and Glemser’s y-MnO, have the structure shown 

at (b), built of double octahedral chains.) This is essentially the diaspore structure 

(Fig. 14.12) except that the short O—O contacts of 2°65 A due to hydrogen 

bonding in AlO .OH (and MnO . OH) have lengthened to the much larger value 

3:34 A in ramsdellite. The collective name y-MnO, is given to a range of materials. 

The X-ray diffraction patterns of the more poorly crystalline materials resemble 

that of pyrolusite, but the patterns of more crystalline preparations show a stronger 

resemblance to that of ramsdellite. It has been suggested‘) that these y phases may 

have structures intermediate between those of Fig. 12.12(a) and (b), being built of 

slices of the 6 and y structures, as shown at (e). 

® 

ec) 
BoE ® (AN) {\\) | © le 
i 
A) 

(a) (b) (c) (d) (e) 

FIG. 12.12. The structures of (a) 6-MnO 2, (b) ramsdellite, (c) aMnO2 and hollandite, 

(d) psilomelane, (e) a “y-MnO ’ intermediate between (a) and (b). 

If some of the Mn‘*+ ions in a MnO, framework are replaced by Mn?* or other 

ions carrying smaller positive charges, then the framework is negatively charged and 

can accommodate other positive ions in its interstices. The structure of Fig. 

12.12(c) corresponds to a group of minerals, hollandite, cryptomelane, and 

coronadite, which with a-MnO, form an isostructural series of the general formula 

AE Bomexie. (2 (A represents large ions such as BasePboowtor Ko, 6 1s 
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Mn‘ *, Fe3*, or Mn?*, and X is O?~ or OH™.) In the compounds studied 0°38 <y < 

1-3 and 0:1 <z<0°5. It is evident that in the more open structures such as (c) and 

(d) some large ions are necessary to prevent collapse of the framework, and 

accordingly the so-called a-MnO, can be prepared only in the presence of a large ion 

such as K*. Some of these compounds show cation exchange like the zeolites. An 

even more open structure is found in psilomelane,“®? (Ba, H,O)Mn50; 9, in which 

there are double and triple chains of octahedra and larger tunnels accommodating 

Ba2* ions and water molecules (Fig. 12.12(d)). Dehydration is accompanied by 

structural change to hollandite, into which psilomelane is converted on heating to 

550°C 

(For a complex oxide containing Mn with a quite different type of structure see 

Mg¢MnOg (p. 501).) 

Layer structures 

There are many ill-defined hydrous manganese oxide minerals somewhat remi- 

niscent of clay minerals, and probably like them having layer structures. A 

well-crystallized lithiophorite, (Alg.¢gLig.32)Mnd", 7Mng.4202(OH)>, has a 2- 
layer structure in which both layers are of the Mg(OH), type (p. 209) with ideal 

compositions MnO, and (Li, Al(OH), .) The layers are held together by O-H—O 

bonds as in Al(OH)3, though it may be deduced from the above formula that if all 

anions in the MnO, layer are O?~ and all are OH” in the (Li, Al(OH), layer then 

the former carries a charge of —0-38 and the latter +0-38 per unit of formula. The 

detailed arrangement of the cations and the positions of the H atoms are not known 

with certainty. 

A Mn-containing layer of essentially the same kind occurs in chalcophanite, 

ZnMn30,. 3 H,0,“!% but with one-seventh of the metal sites unoccupied so that 
the composition is Mn30, instead of MnO. Associated with each Mn layer and 

directly above and below the unoccupied Mn positions are the Zn?* ions 

a bonds 

N-O--O---O--O--O--O- 3 

Plan of one O-Mn_O layer Elevation 

FIG. 12.13. The crystal structure of chalcophanite, ZnMn307 . 3H20. 
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coordinated by three O atoms of the layer and on the other side by three HO, these 
six neighbours forming a somewhat distorted octahedron (Zn—3 O 1-95 (-05) A, 

Zn—3 H2O 2°15 (-05) A). The layers are held together by O-H—O bonds between 

water molecules as shown in Fig. 12.13. The nature of the Zn—O bonds in this and 

other crystals is discussed on p. 914. 

The oxides of lead 

The existence of three oxides of lead, PbO, Pb304, and PbO,, has been recognized 

for a long time, but there has been far less general agreement concerning other 

oxides intermediate between PbO and PbO,.“!) The black Pb,03 is prepared either 

hydrothermally or by heating PbO at 600°C under 1 kbar pressure of O05. A 

brown-black Pb; 0; 9 is described as formed by heating PbO or PbO, at 500°C 

under 175 bar pressure of O,; the existence of a further oxide (Pb, .0, 4?) is not 

fully confirmed.?) Since the oxides PbO, Pb304, and PbO, are to some extent 

interconvertible (by heating in air or in other ways) mixtures are often obtained. 

For example, it is stated that Pb30, results from heating either PbO or PbO, in air 

to 500°C, whereas above 550°C only PbO is stable. In practice, therefore, Pb304 and 

PbO, are not prepared thermally without further treatment if wanted pure in small 

quantities. Careful decomposition of PbCO3 or Pb(OH), gives PbO, oxidation of 

PbO followed by removal of unchanged PbO by acetic acid gives Pb304, while 

PbO, may be prepared by the action of nitric acid on the latter or by oxidation of 

an alkaline suspension of PbO by a hypochlorite. These oxides have striking 

colours—PbO yellow and red, Pb30,4 red, Pb,03 black, PbO, maroon and black, 

showing, as in the case of PbS with its brilliant metallic lustre and semiconductivity, 

that the bonds are not of simple types. 

Lead monoxide, PbO 

This oxide has two polymorphs, a red (tetragonal) form prepared by heating PbO 

in air to 550°C, and a yellow (orthorhombic) form made by heating PbO to 650°C 

or by rapidly cooling molten PbO. Tetragonal PbO has the layer structure of Fig. 

12.14 in which the metal atom is bonded to 4 O atoms which are arranged in a 

square to one side of it, with the lone pair of electrons presumably occupying the 

apex of the tetragonal pyramid ;‘>? for this structure see also pp. 100 and 137. The 

structural chemistry of lead is summarized in Chapter 26. It has not proved possible 

to locate the O atoms in the yellow form of PbO by X-ray diffraction, but their 

positions have been determined by neutron diffraction.) The structure is built of 

layers which are recognizable as very distorted versions of that of Fig. 12.14, but 

instead of four equal Pb—O bonds of length 2-30 A in the red form there are two of 

2:20 A and two of 2:49 A. The shorter bonds delineate zigzag chains (O—Pb—O, 

148°) which are bonded into layers by the longer Pb—O bonds. The shortest Pb—Pb 

distances in and between the layers are respectively 3-47 and 3-63 A. 

461 

(1) JCS 1956 725 

(2) JACeS 1964 47 242 

(3) AC 1961 14 1304 (n.d.) 

(4) AC 1961 14 66, 80 (n.d.) 



(S) ZaC 1965 336 104 (n.d.) 

Binary Metal Oxides 

FIG. 12.14. The crystal structure of tetragonal PbO (and SnO). The small shaded circles repre- 

sent metal atoms. The arrangement of bonds from a metal atom is shown at the right, where the 
two dots represent the ‘inert pair’ of electrons (see p. 937). 

Red lead, Pb304 

The structure of Pb30, is illustrated in Fig. 12.15. It consists of chains of Pbiy 0; 

octahedra sharing opposite edges, these chains being linked by the Pb!! atoms, each 

with a pyramidal arrangement of three O neighbours. The bond lengths and 

interbond angles are: Pb!Y —O, 6 at 2:14 A, Pb!_O, 2 at 2-18 A and 1 at 2:13 A; 

mean O—Pb—O bond angle 76° (as in PbO).? 

S bt +--L-3+--- 
A a 

Y 

OPb'(Zn) @Pb(sb) CE) o 

(a) (b) 
FIG. 12.15. The crystal structure of Pb304 (and ZnSb20q). (a) Portion of the structure out- 
lined in the projection (b) showing the chains of Pb!IVO, octahedra joined by pyramidally 

coordinated Pb!! atoms. 
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Lead sesquioxide, Pb,03 

In this (monoclinic) oxide the Pb! atoms are situated between layers of distorted 
Pb'Y Og octahedra (Pb!Y—O, 2-08—2-28 A, mean 2:18 A). The Pb! atoms are in 
positions of very irregular 6-coordination, these neighbours being arranged at six of 
the vertices of a distorted cube (those at the ends of one face-diagonal being 
absent). The six Pb!!—O distances fall into two sets, three short (2:31, 2-43, and 
2-44 A) and three longer (2-64, 2:91, and 3-00 A), and there are Pb!!_pp!! 
distances around 34 A, as in the metal.‘®) These bond lengths are clearly difficult 
to reconcile with those in the other oxides and with the sum of the ionic radii (for 
6-coordination), about 2°6 A. 

Lead dioxide, PbO, 

The usual maroon form of this oxide has the rutile structure, the mean distance of 

Pb to the six octahedral neighbours being 2:18 A. At 300° under 40 kbar pressure 

this converts to a black orthorhombic polymorph, the structure of which has been 

described in the discussion of close-packed structures in Chapter 4. 

Some complex oxides of Pb(iv) 

Closely related to PbO, are some complex oxides in which Pb(1v) is octahedrally 

coordinated. In StPb0,°” there are rutile-like chains which are joined through 

7-coordinated Sr** ions (instead of Pb!! in Pb30,), while Ba,PbO, has the 

K,NiF4 (layer) structure (p. 171) which accommodates the larger Ba”* ions in 
positions of 9-coordination: 

Isostructural compounds 

CazPbO4 Ca7Sn04 

Sr PbOg CdSn04 

BazPbO4 Sr2 SnO4 

Baz SnO4 

In contrast to the octahedral coordination of M(1v) in these compounds there is 

5-coordination in the hygroscopic oxides K,M!YO3 (M = Zr, Sn, Pb). (8) These 

contain the unusual MX; chain of Fig. 12.16 in which M has a tetragonal pyramidal 

arrangement of 5 O neighbours (one closer than the other four), the M atom lying 

above the base of the pyramid. The detailed structure of the Pb compound was not 

determined; in K,SnO3 bond lengths are: Sn—O, 1-93 A, Sn—2 O, 2:03 A, and 

Sn—2 O, 2:21 A. Note the numerous examples of isostructural compounds of 

Sn(rv) and Pb(iv). 

The oxygen chemistry of some transition elements 

For a discussion of certain aspects of their oxygen chemistry it is convenient to 

group together the six elements Ti, V, Nb, Mo, W, and Re. The following 
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FIG. 12.16. MX3 chain in the struc- 
ture of Ky ZrO3. 

(Cees) 

generalizations may be made. The diagonal relationship emphasized above is associ- 

ated on the one hand with the larger size, more electropositive character, and 

reduced stability of lower oxidation states of Zr, Hf, and Ta as compared with the 

elements to their right, and on the other with the increasing resemblance in their 

highest oxidation states to the typical elements Si, P, S, and Cl as we go along the 

series T, V, Cr, and Mn. Thus Ti is typically ionic in its oxy-compounds, and while it 

can exist in lower oxidation states the ionic form Ti‘ * in octahedral coordination is 

the preferred state of Ti in its oxy-compounds. In some of its oxy-compounds VY 

shows a resemblance to P and the other ‘tetrahedral’ elements Si, Ge, and As (as in 

forming the tetrahedral VO2~ ion), while in others there is octahedral coordination 

by oxygen. However, in many crystals the coordination is more realistically de- 

scribed as trigonal bipyramidal or square pyramidal, the distinction between these 

two descriptions being somewhat arbitrary when there is appreciable distortion 

from the ideal arrangement. 

As far as is known the oxygen chemistry of CrY! is based exclusively on tetra- 

hedral coordination. Cr¥! is present in some, if not all, of the black oxides inter- 

mediate in composition between CrOz and CrO3 (p. 947) which are obviously 

metallic oxides more akin to those of Mo and W. Not much is known of the 

structural chemistry of oxy-compounds of Mn¥!! apart from the fact that the 

permanganate ion MnQOg is tetrahedral. We have already referred to Mn,0-. Both 

Mo”! and WY! form tetrahedral oxy-ions but their complex oxy-chemistry is largely 
based on octahedral coordination, which appears even in the ‘pyro’-salts NayMo,0, 
and Na,W207, (p. 431). Some finite oxy-ions of V, Nb, Mo, and W are described in 
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Chapter 11. Comparatively little is yet known of the complex oxy-chemistry of Re 
and still less in the case of Tc, while that of Ta has yet to be developed, but from 
what we know of these elements it would seem justifiable to group together Ti, V, 
Nb, Mo, W, and Re for a discussion of their complex oxy-chemistry. 

The key to the structures of many of the complex oxy-compounds of these 
elements is the relation to the structures of TiO, (rutile) and ReO3. VO, has normal 
and distorted forms of the rutile structure and NbO, has a complex superstructure of 
the rutile type. WO; crystallizes with distorted forms of the ReO3 structure, but 
MoO has a unique layer structure (p. 473). Octahedral MO, groups share only 

vertices in ReO3, but by the sharing of various numbers and combinations of 

vertices and edges a great variety of more complex structures can be derived from 

portions of ReQ3 structure with formulae in the range MO,-MO3. Similarly, more 

complex structures may be built from portions of the rutile structure by the sharing 

of octahedral faces. In this chapter we shall devote sections to the following topics: 

the oxides of Ti, 

the oxygen chemistry of V, and 

the oxides of Mo and W. 

In Chapter 13 we discuss complex oxides of these elements, including the ‘bronzes’. 

The oxides of titanium 

The elements Ti and V illustrate very well the extraordinary complexity of some 

metal-oxygen systems. 

The h.c.p. metal Ti takes up oxygen to the stage TiO9.50, and in this range three 

distinct phases have been recognized. First there is a random solid solution of O in 

Ti, and this is followed by preferential occupancy of certain positions leading to 

essentially ordered structures at compositions close to TiOo.33 (anti-AX3 layer 

structure) and TiOg.sq (anti-CdI, structure). At higher oxygen content the 

hexagonal closest packing of the metal atoms breaks down. An oxide within the 

composition range TiO9.¢g-TiOg.75 results from oxidizing the metal under a low 

pressure of oxygen at temperatures below 900°C. This oxide has the e-TaN struc- 

ture (Fig. 29.22, p. 1056) but deficient in oxygen. The metal atoms are no longer 

close-packed but each Ti has two nearest Ti neighbours at 2:88 A and twelve more 

at 3-22 A forming a hexagonal prism. Each O has six Ti neighbours at the vertices 

of an elongated octahedron. 

At the composition TiO,.99 the phase has a defective NaCl structure. At high 

temperatures the structure has cubic symmetry with equal numbers of random 

vacancies in the cation and anion positions. At ordinary temperatures it has an 

ordered defective NaCl-type structure (Fig. 12.17) in which one-sixth of the sites 

for each type of ion are unoccupied. The symmetry is monoclinic with the angle 6 

very close to 90° (89-9°). At 800°C the cubic NaCl-type structure has a narrow 

homogeneity range around TiO,.,8; at higher temperatures the range of compo- 

sition increases, with a corresponding variation in the percentages of vacant sites. 
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FIG. 12.17. Successive layers in the structure of TiO (defect NaCl superstructure). The small 

black dots indicate vacant cation or anion sites (one-sixth of the total of each kind). 

For example: 

O: Ti ratio Percentage of sites occupied 

Th O 

1-33 74 98 
1-12 81 91 
0-69 96 66 

Interpolation gives 85 per cent of each type of site occupied at the composition 

TiO) 
These phases are followed by Ti,03, which has the corundum structure at 

ordinary temperatures and undergoes a structural change at 200°C, Ti;05, and no 

fewer than seven distinct phases in the range TiO, .75-TiO,;.99. These form a series 

Ti,O.,_ 1 (n from 4 to 10) comparable with the series of oxides formed by V, Mo, 

and W (see later). At temperatures below 100°C Ti30. consists of a 3D array of 

TiO, octahedra sharing edges and vertices (Fig. 12.18). At 100°C this oxide 

undergoes a rapid and reversible transformation to a form with a slightly distorted 

pseudobrookite structure (p. 498), a structure which is apparently stabilized at 

lower temperatures by the presence of a little Fe. In the low-temperature Ti30, 

there are metal-metal distances of three kinds across shared octahedron edges, 

approximately 3-1, 2:8, and 2:6 A (compare 2:93 A in @-Ti). The oxides TigO7 and 
TisOg, of the Ti,,O7,,_ 1 series, are built of slabs of rutile structure, infinite in two 

dimensions and respectively four and five octahedra thick, joined by sharing 
octahedron faces (compare corundum). 

The highest oxide is the familiar TiO. The three forms stable at atmospheric 
pressure, rutile, anatase, and brookite, all occur as minerals. These three 
polymorphs, together with the high-pressure form with the a-PbO, structure, are all 
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FIG. 12.18. Crystal structure of the low-temperature form of Ti3Os. 

built of octahedral coordination groups, the Ti—O bond lengths in which have been 
noted (p. 447). A fifth polymorph, produced at pressures in excess of 150 kbar, is 
not stable at atmospheric pressure; it may contain Ti in a higher coordination state. 

Numerous complex oxides containing Ti are described in Chapter 13. The binary 

oxides are summarized in Table 12.7. 

The oxygen chemistry of vanadium 

Lower oxides. Thermal and X-ray studies have shown that the vanadium-oxygen 

system shows marked similarities to the titanium-oxygen system up to the 

composition MO,. A notable difference is that the structure of V305 is quite 

different from the structures of the Tiz0; polymorphs. In V30, there is sharing 

not only of vertices and edges of octahedral coordination groups (as in Ti30,) but 

also of faces. Across shared faces V—V is 2:74A and across shared edges 

2:96-3:10 A. 
In addition to the a phase, a solid solution of O in b.c.c. V (up to VOg.93 at 

900°C), and the B phase (‘V40’), VOo.15-VOo.25, consisting of a tetragonally 
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TABLES 12.7 
The oxides of titanium 

Oxide Structure Reference 

Ti30 Anti-AX3 (layer)* AC 1968 B24 211 

TiO Anti-CdlI, (layer) ACSc 1957 11 1641 

6-TiO, O-defective e-TaN ACSc 1959 13 415 
TiO NaCl superstructure AC 1967 23 307 
Ti203 Corundum = 
Ti305 AGISSOM 275 
Ti,O7 Members of homologous series Ti,O2,_1 (4 <n <9) JSSC 1971 3 340 

Tis Oo ACSc 1960 14 1161 
TiO2—-I Rutile, anatase, brookite = 

—II a-PbO 2 JCP 1969 50 519 

Ti—O system: ACSc 1962 16 1245; AK 1963 21 413; JCP 1967 46 2461, 2465. 

* There is an indefinitely large number of c.p. layer structures AX3 in which a particular set of 
octahedral sites is occupied between alternate pairs of c.p. layers. For the pattern of sites of 
Fig. 4.24(e) the two simplest layer sequences give the h.c.p. Bil3z (low-CrCl3) and the c.c.p. 
YCl3 structures. In Ti3O the arrangement of the (c.p.) Ti atoms is h.c.p. and the pattern of sites 
of O atoms is that of Fig. 4.24(e), but the relative translations (parallel to the c.p. layers) of the 
sets of O atoms are different from those of the metal atoms in the Bil3 structure. 

deformed V lattice containing a small concentration of oxygen, !) the oxides listed 
in Table 12.8 have been recognized.‘?) 

In V.03 and the oxides intermediate between V103 and VO, there is octahedral 
coordination of V, appreciably distorted in some cases. For example, in V,0, V—O 
ranges from 1-78 to 2-12 A, and in monoclinic VO, from 1-76 to 2-06 A, but in the 

TABLE 12.8 

The oxides of vanadium 

Oxide Structure Reference 

V00-53 = ACSc 1960 14 465 
VO NaCl structure (homogeneous at 900°C over Refs. 1 and 2 above 

Tange VOo.30-VO1.20) 

VO}j.27 B.c. tetragonal superstucture of NaCl type ACSc 1960 14 465 
(V-deficient) = 

VO1.50 Corundum structure 
VO}-67 A series of six oxides V305 MRB 1971 6 833 
to forming a homologous series 
VO1.387 VnO2n_1 (V305 to Vg045) V40O7 AC 1972 B28 1404 
VO Monoclinic (MoO4-type distorted rutile) ACSc 1970 24 420 

(> 68°C) Tetragonal rutile structure JPSJ 1967 23 1380 
VO4.17 V60413 

ACSc 1971 25 2675 
V02-25 V40Oo9 see text ACSc 1970 24 3409 
02.33 V307 ACSc 1970 24 1473 VO).5 V205 ZK 1961 115 110 



Binary Metal Oxides 

oxides between VO, and V,0O< (i.e. with oxidation states rv and V) the distortion 
of some of the octahedra is so great that the coordination is better described as 
S-coordination. In V¢0, 3 there are equal numbers of three kinds of non-equivalent 
V atoms with nearest neighbours: 

v! Via v3 

177A 1:66 A 1-644 
1-88 (two) 1-76 1-92 (two) 

1-96 1-90 (two) 1-93 

1-99 2-08 1-98 

2°06 2:28 2-26 

These environments would appear to distinguish V! from V? and V2, but the sums 

of the bonds strengths favour (though not in a clear-cut way) describing V! and V° 

as V(iv) and V* as V(v). In V30, the coordination of one-third of the metal 

atoms is (distorted) octahedral, while the remainder have only five nearest 

neighbours (VIY VY O, 2). However, in the compound described as V4Oz all V 

atoms form one short bond (1:60-1:65 A), four bonds in the range 1:87-2:02 A 

and a sixth long bond. The lengths of the latter for the four non-equivalent V atoms 

are 2:23, 2-40, 2:50, and 3-00 A, so that one-quarter of the V atoms are described 

as 5-coordinated. It does not seem possible to correlate the type of coordination 

with the oxidation state of individual atoms (unless the compound were 

Vi" Vv‘ 0,(OH)), 

The oxide V,0,3 containing V'Y and VY is thought to play an important part 

in the action of ‘vanadium pentoxide’ catalysts used in the oxidation of SO, to 

SO 3 and of naphthalene to phthalic anhydride. Its structure has been described in 

Chapter 5. 

A number of complex oxides MVO3 of V!!! with La and the rare-earths have the 

perovskite structure (p. 153), and CaV!¥ 0; also has this structure. 

(In the Ta—O system?) the following phases have been recognized: a, Ta metal 

with up to about 5 atomic per cent O; 8, a deformed version of the body-centred 

cubic @ structure with a maximum O content corresponding to Ta4O; y, TaO with 

the NaCl structure; 5, TaO, with the rutile structure; and Ta,0<.) 

Vanadium pentoxide and yanadates. The structural chemistry of pentavalent V in 

VO; and vanadates is quite different from that of the lower oxides. Ortho- 

vanadates, containing tetrahedrally coordinated VY are often isostructural with 

orthophosphates and orthoarsenates. For example, the dodecahydrates of Na3POq4, 

Na3AsO,4, and Na3VOq are isostructural, as also are the complex salts 

Pb;(PO,4)3Cl, Pb;(AsO4)3Cl, and Pbs(VO4)3Cl, while the rare-earth compounds 

NdVO,, SmVO,, EuVO,, and YVOz, all crystallize with the zircon (ZrSiO4) 

structure like YPO, and YAsO,. The pyrovanadate ZrV,07, is isostructural with 

ZrP,07. 
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Although VY thus behaves like PY in ‘forming the ions VOZ~ and V,09~ it 

shows a much greater tendency than P to form condensed oxy-ions. Soluble ortho-, 

meta, and pyro-vanadates are known, but the order of stability of these salts in 

aqueous solution is the reverse of that of the corresponding phosphates. Whereas 

meta- and pyro-phosphates are converted into orthophosphates on boiling in 

solution, that is, the complex ions break down into simple PO3~ ions, the 

orthovanadate ion VO3~ is rapidly converted into the pyro-ion V> O7~ in the cold, 

and on boiling further condensation into metavanadate ions (VO3), takes place. 

The particular type of vanadate which is obtained from a solution depends on the 
temperature and also on the acidity of the solution. Acidification of a vanadate 

solution leads to the formation of deeply-coloured polyvanadates. A weakly acid 

solution of potassium vanadate contains the V 908g ion (p. 430) but on 

long standing or heating less soluble polyvanadates are precipitated, of which 

KV,03. and K3V<0, AO? are examples. Both these salts have layer structures, and 

there is apparently somewhat irregular coordination of V by 5 or 6 O atoms. In KV30, 

the metal atom has one close O neighbour (at 1-6 A), four more at about 1-9 A, these 

five forming a square pyramid, and a sixth O at a much greater distance (2:5 A) 

completing a very distorted octahedron. This irregular coordination, which is 

characteristic of many complex oxy-compounds of vanadium, is in marked contrast 

to that of P, which retains tetrahedral coordination in all phosphates. The detailed 
environment of V in the colourless, hygroscopic NaVO3 (diopside structure) has 
not been determined, but in both KVO3.H,0° and v,0,@) there is 
5-coordination of V, though of rather different kinds. 

In Fig. 12.19(a) we show a ‘meta’ chain formed of tetrahedral groups linked 
through two corners. If now we place together two chains of type (a) each V has a 
fifth O neighbour in the other chain, as at (b). This double chain occurs in 
KVO3 .H,0 with the bond lengths shown, the five O atoms around V being 
arranged at the apices of a distorted trigonal bipyramid with V displaced towards two 
of the equatorial O atoms. (The K* ions and H,O molecules are accommodated 
between the chains.) In Sr(VO3)2 .4 H,O°®? there are chains similar to those in 
KVO; .H,0. 

If these double chains are now joined through the atoms marked a to form layers 
we have the structure of V,O<, illustrated diagrammatically at (c). We may 
distinguish as O;, O2, and O03 oxygen atoms attached to one two, and three V 
atoms respectively. The bond lengths in KVO3 . H,O and V20s are as follows: 

KVO;.H,0O V205 

207, 1.638167 A FO; eso 
Vie On 98 Value was 

TO, s199 Ole Ts 
Mh Okay 

In KVO3 . H2O there are no further O neighbours which could be included in the 
coordination group, but in V,0. V has a sixth neighbour in the adjacent layer at a 
distance of 2-8 A, as indicated by the dotted lines in Fig. 12.19(c). The idealized 
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structure of V,O< is shown in Fig. 12.22(g) as built of octahedra to indicate its 

relation to the structure of MoO3. In view of the V—O distances it is more realistic 

to describe the coordination as square pyramidal. If the structure of Fig. 12.22(g) is 

viewed in the direction of the arrow (top left) it appears as in Fig. 12.20(a), each 

square representing, as before, a ReO3-type chain perpendicular to the paper, these 

chains now being those along the direction of the arrow. The longer (sixth) V—O 

bond in each ‘octahedron’ is shown as a broken line. Representing the coordination 

group of V as a square pyramid, that is, removing the sixth O from each 

octahedron, the structure is then represented as in Fig. 12.20(b). This characteristic 

coordination group is also found for all the V atoms in two vanadium bronzes, one 

of which has essentially the same structure as V,05, while in some other bronzes 

there is both 5- and 6-coordination (for example, Li,,,V30g) or only 6- 

coordination (Agp.¢3V 20; )—see Chapter 13. 

Vanadium oxyhydroxides. As noted in Chapter 5 some interesting layer 

structures arise by lateral vertex—vertex linking of rutile-type chains. A number of 

these are found as the structures of minerals, some of which are dark-coloured 

compounds containing V in more than one oxidation state. They are listed in Table 

12.9 which shows the apparent (mean) oxidation state of the metal and also 

includes the end-member of the series, VO(OH), which is isostructural with goethite 

and diaspore. The layers in these structures are held together by O—-H - - - O bonds as 

shown in Fig. 12.21. Comparison of Fig. 12.21(c) with the idealized structure of 

V,Os, Fig. 12.22(g), shows that haggite is closely related to V2Os, into which it is 

converted on heating. There is considerable distortion of the VO, octahedra in 

(b) M303 

FIG. 12.21. Structures of vanadium oxyhydroxides: (a) VO(OH)2, (b) V304(OH)4, 

(c) V4O4 (OH). 
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pap 

FIG. 12.22. (a) End-on view of infinite chain of MO¢ octahedra sharing opposite vertices, 
(b) ReO3 structure viewed along direction of chains, (c)—(g) oxide structures in which chains 

of octahedra also share equatorial edges: (c) MoO3 (layer) structure, (d) hypothetical structure 

for oxide M,O3,, (e) and (f) modes of linking slices of ReO3 structure in oxides M,O2y_ 4 
and M,03y_2, (g) idealized structure of V2Os. 

these minerals; for example in haggite, V has 1 O at 1-82 A and 5 more at a mean 

distance of 2-00 A, and in doloresite the short bond is 1:70 A with again 5 more at 

2-00 A (mean). 

The oxides of molybdenum and tungsten 

For an introduction to these and other oxides based on octahedral MO¢ coordi- 
nation groups we refer the reader to the survey of such structures in Chapter 5. 
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TABLE 12.9 

Structures of vanadium oxyhydroxides 

Figure 12.21 Formula Mineral name Oxidation Reference 
state of V 

(a) VO(OH) Paraduttonite 5 

VO(OH)>, Duttonite 4 Bee We 
(b) V304(OH)4 Doloresite 4 AM 1960 45 1144 

V303(OH)s5 Protodoloresite 3% AM 1960 45 1144 
(c) V404(OH)6 Haggite 34 AM 1960 45 1144 

VO(OH) Montroseite 3 AM 1953 38 1242 

We shall discuss the oxides of Mo and W together, but it should be noted that 

there is only a general structural similarity between these compounds. For example, 

both trioxides are built of octahedral MO, groups and there are close relationships 

between certain of the intermediate complex oxides, but of the oxides of these two 

metals only the dioxides are isostructural and Mo does not, for example, form 

compounds analogous to the W bronzes at atmospheric pressure, though at higher 

pressures Mo does form bronzes with structures similar to those of the tungsten 

bronzes (p. 510). 

In general the structural chemistry of Mo oxy-compounds is more complex than 

that of the analogous W compounds; the reason for this difference is not known. 

Before proceeding to the higher oxides of these metals we should mention that 

both are said to form an oxide M30. The second form of tungsten metal described 

as ‘B-tungsten’ is produced by such methods as electrolysis of fused mixtures of 

WO, and alkali-metal phosphates or of fused alkali-metal tungstates at temperatures 

below 700°C; above this temperature it turns irreversibly into a-W. It has been 

suggested!) that 6-W is in fact an oxide W,0, and that the six W and two O atoms 

in the unit cell are arranged statistically in the eight positions (6-fold, open circles, 

and 2-fold, shaded circles) of Fig. 29.4 (p. 1017). (In Cr30“ the metal atoms are 
supposed to occupy the 6-fold and the O atoms the 2-fold positions.) On the other 

hand, it has been shown”? that 6-W can be prepared with less than 0-01 atoms of O 

per atom of W (by reducing WO,.9 by hydrogen), though the presence of a small 

number of impurity atoms seems essential to the stability of the 6-W structure. The 

oxide Mo30 apparently has a defective anti-BiF3 structure (p. 357) with nine Mo 

arranged at random in nine of the twelve positions (000), etc., (4-fold), (444), 

etc., (8-fold), and three O in the 4-fold position ($44), etc.{?) More recently doubt 
has been expressed about the existence of Mo30 (or Gr,0)2 

Dioxides and trioxides. The (isostructural) dioxides have distorted rutile struc- 

tures (p. 448), but the trioxides are not isostructural. MoO3 has a unique layer 

structure (Fig. 12.22(c)).°)? Each octahedral MoO, group shares two adjacent 
edges with similar groups and, in a direction perpendicular to the plane of the paper 

in Fig. 12.22, the octahedra are linked through vertices. Three O atoms of each 

MoO, octahedron are therefore common to three octahedra, two are shared 

between two octahedra, and the sixth is unshared. (See also p. 181.) 
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A mass-spectrometric study has been made of MoO; vapour (at 850°C), in 

which the most abundant species are Mo309, Mo4O,2, and MosQ,5. 

WO3 is monoclinic at ordinary temperatures and tetragonal at temperatures 

above 710°C; a third polymorph has been found in the temperature range 

200-300°C.{7) All forms have structures of the ReO3-type. X-ray and n.d. studies 

of the monoclinic form show that there is a range of W—O bond lengths 

(1:72-2:16 A), four short and two long bonds in each WO, octahedron; long and 

short bonds alternate along two of the axial directions.‘®? 

Intermediate oxides. By heating together the metal and trioxide in vacuo to 

temperatures up to 700°C for varying times a number of intermediate oxides of 

these metals have been prepared.“!) They have been characterized by means of 

X-ray powder photographs and most of their structures have been determined from 

single-crystal data. These oxides, which are blue to violet in colour. include 

M0401 1,(7? Mos014,°) MogOy 3,4? Mog036,) and Moy 7047,°) Wi g049°” 
(in earlier literature WO, or W401 1), W29058°” and W490 118.5%? 

In the orthorhombic form of Mo,O,, three-quarters of the Mo atoms are 

6-coordinated and the remainder tetrahedrally coordinated, and the structure may 

be regarded as consisting of slices of a ReO3-like structure connected by 

4-coordinated Mo atoms. The oxides Mo;0,4, Mo,7047, and W,gQqo are of a 
different type, having both octahedral and pentagonal bipyramidal coordination of 
the metal atoms (see ‘Bronzes’, Chapter 13). 

The oxides MogOz3 and MogQy6, a number of mixed oxides, and W200s8 
form a group based on a common structural principle. In the ReO3 structure 
octahedra are joined through vertices only (Fig. 12.22(b)). If there is sharing of 
edges of octahedra at regular intervals there arise series of related structures which 
may be regarded as built of slices of ReO3-like structure. The simplest possibility 
would be that shown in Fig. 12.22(d), with octahedra of pairs of chains sharing 
edges. The dotted line marks the junction of the two portions of ReO 3 structure. 
Since no O atom is common to more than two octahedra the formula is still 
M,03,. No example of this structure is known. More complex arrangements would 
involve octahedra belonging to groups of 4, 6, etc. ReO3 chains sharing equatorial 
edges, as at (e) and (f), with formulae MnO3n_ 1 and M,03,_ respectively, the 
value of n depending on the repeat distance in the direction of the arrows in Fig. 
12.22(e) and (f).%) 

FIG. 12.23. The crystal 
structure of MogO93. 
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Examples of binary oxides with these structures are Mog0,3 and MogQ4¢ in the 

My,O3n_1 Series and Wy905g and W4 90,18 in the M,O3,_ 4 series. A larger 

portion of the structure of MogO,3 is shown in Fig.12.23. Higher members of the 

M,03, _1 series are represented by mixed (Mo, W) oxides, in which it appears that 

the proportion of W is of fundamental importance in determining the width of the 

ReO3-like slices. The increasing value of n with increasing W content may be 

compared with the sharing of only vertices of WO, octahedra in WO3—contrast the 

complex structure of MoO3. 

Per cent W Structure found 9) 

0 Mog023, Mo9026 
14-24 (Mo, W)1 9029, (Mo, W); 1032 
32-44 (Mo, W) 12035 

48 (Mo, W)14041 

In Fig. 12.22(d), (e), and (f) there are respectively 1, 2, and 3 pairs of adjacent 

MOg octahedra sharing edges; the limiting case would be the structure shown in (g), 

corresponding to the composition M,05. This represents the idealized structure of 

V0; (p. 469). 

The rather irregular coordination of V by five O may be described as square 

pyramidal or, since there is a sixth O at a much greater distance, as highly 

distorted octahedral. Although the sixth O is at a distance nearly twice as great as 

that to the nearest O, this interesting relation between the idealized structure of 

Fig. 12.22(g) and that of MoO; in Fig. 12.22(c) is apparently the reason for the 

considerable solubility of MoO3 in V,0,;. At 650°C about 30 per cent of the V 

atoms can be substituted by Mo, and the structure of (MogaVorn Oss. 1) is of 

the same general type as V,05. MoO3 does not, however, take up V2Oz in solid 

solution; this would require an excess of metal atoms in the structure. 

Another series of molybdenum oxides, Mo,03n—m+1 (2 = 13, m= 2; = 18, 

m = 3;n = 26, m= 4), based on the MoO; structure, has been described.! 
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Complex Oxides 

Introduction 

In Chapter 11 we distinguished between oxy-salts and complex oxides, but 

observed that there is no hard and fast dividing line between the two groups of 

compounds. As regards their crystal structures we may distinguish two main classes 

of complex oxide. 

I. The positions of the atoms are the same (or essentially the same) as in a 

binary oxide. 

(a) In most binary oxides in which all metal atoms are in the same oxidation 

state the environment of all the metal atoms is the same or approximately the same. 

(Exceptions include the minor difference between the two types of distorted 

octahedral coordination group in the C-M,0O3 structure and the much larger 

difference in B-Ga,03, with tetrahedral and octahedral coordination of the metal, 

and the B-M,03 structure, with 6- and 7-coordination of the metal.) In the 

complex oxide with such a structure there may be random arrangement of atoms of 

two or more metals (statistical structure) or a regular arrangement (superstructure). 

(b) If the binary oxide contains the metal in two oxidation states there may 
be appreciably different environments of the two kinds of metal ion as, for 
example, in Pb304 (3- and 6-coordination of Pb(i1) and Pb(iv)) or Eu30,4 (6- or 
8-coordination of Eu(ii1) and Eu(11)). Such structures are also possible for complex 
oxides, the structure usually being a regular one (like that of the binary oxide) 
rather than a statistical one. Some structures common to simple and complex 
oxides are listed in Table 13.1. 

If. In some complex oxide structures the environments of the different kinds of 
metal ion are so different that the structure is not possible for a binary oxide. The 
size difference between the ions necessary for the stability of the structure may be 
too large (as in the perovskite and related structures) or the two (or more) 
oxidation states required for charge balance in the structure may not be possible for 
one metal. (The scheelite structure, for example, calls for equal numbers of 8- and 
4-coordinated atoms in oxidation states totalling 8.) It should be noted that 
positions of different coordination number in complex oxide structures are not 
necessarily occupied by atoms of different metals. Just as one kind of ion occupies 
coordination groups of two kinds in certain exceptional binary oxides, as noted 
above, so we find the same phenomenon in some complex oxides. In the garnet 
structure (p. 500) there are positions of 4-, 6-, and 8-coordination for metal ions. In 
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AeAUB Esa 

Structures common to simple and complex oxides 

Structure Simple oxide Complex oxide 

statistical superstructure 

NaCl MgO etc. Li, TiO3, LiFeO, LiNiO, LiInO, 

Wurtzite ZnO LiGaO 4 
B-BeO B-BeO LiAlO> 

Rutile TiO, etc. CrTaOq4, CrNbO, ZnSb2 Og 
Corundum a-Al, 03 FeTi03 

LiNbO3 
C-M,03 Mn,203, etc. , CaUO3 

Columbite ReO, (high) FeNb 2 0¢ 
Wolframite a-PbO4 NiWOq 

Oxide with same metal Statistical Regular structure 

in two oxidation states 

a-Sb O04 SbNbOg, SbTaOq 
B-Sb304 BiSbO4 

Spinel Fe30O, etc. Inverse spinels MgAl> Og 
LiAl5Og (low) 

Pb304 ZnSb204 

CaFe O4 Eu304 SrEu, O4 

Pseudobrookite Ti305 Fe, TiO; 

Mn>5Og Cd2Mn30g 

Tb 7042 UYIMWMO,, 
Nb 12029 TizNb 19029 

some garnets ions of the same kind occupy sites of 4- and 6-coordination and in 

others sites of 6- and 8-coordination. It is, however, unlikely that all three types 

of site would be occupied by ions of the same kind in a particular crystal. Struc- 

tures of this second main group could be described as characteristically or exclus- 

ively complex oxide structures. 

Many complex oxide structures can be described in such a way as to emphasize a 

particular feature of the structure and have been so described in previous chapters, 

in particular the following groups: 

structures containing chains, layers based on simple plane nets, or frameworks 

based on simple 3D nets (Chapter 3); 

structures in which the O atoms are close-packed and M atoms occupy 

tetrahedral and/or octahedral interstices. In a special group AyBmO3n the A and 

3 O atoms together form the c.p. array (Chapter 4); 

structures, not necessarily close packed, built from tetrahedral and/or octahedral 

coordination groups (Chapter 5). 

The grouping of structures in this way stresses the geometry or topology of the 

structure; we adopt here a more ‘chemical’ classification. We first deal with the 

simpler structures arranged in order of increasing complexity of chemical formula 

and then devote separate sections to certain selected groups of compounds. 
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Complex Oxides 

Oxides ABO, 

A number of oxides M'M"'0, have structures closely related to oxides M!O (Table 

13.2). The tetragonal NaCl superstructure is illustrated in Fig. 6.2, p. 196, and the 

TABLE i322 

Structures of oxides MMHo, 

Coordination of Structure Examples 

metal atoms 

Both tetrahedral Zinc-blende superstructure h.p. eee ) 

Wurtzite superstructure LiGaO, (2 
B-BeO y-LiAl10, (3) 

Both octahedral NaCl superstructure: 

Tetragonal LiFeO2, LilnO,(4) 
LiScOz, LiEuO2 

Rhombohedral LiNiO,, LiVO, 
NaFeO, NaInO(5) 

I i CuCrO (6) CuFeO M? 2 collinear HNaF, 2) 2 

MIU 6 octahedral (see also p. 219). 

relation between the rhombohedral NaCl superstructure and the NaHF, structure 

(which should be written HNaF, in the present context) has been described on 

p. 219. The latter structure is adopted by numerous Ag and Cu compounds 

MMHQ, (e.g. MU = Al, Cr, Co, Fe, Ga, Rh), and also by PdCoO,, PdCrO3, 
PdRhO,, and PtCoO,.) It has been confirmed (Méssbauer) that CuFeO, contains 

Fe?* (and therefore Cu*), and apparently the Pd and Pt compounds contain the 
noble metal in the formal oxidation state +1. (There is some doubt about the 

stoichiometry of PtCoO,; if it is metal-deficient it could be PtaseCopssOrn) 

However, there is apparently metal-metal bonding in the Pd and Pt compounds. In 

the HNaF, structure for compounds ABO) there is linear 2-coordination of A by 

O, but A also has 6 A neighbours, hence the coordination of Pt and Pd in these 

compounds should probably be described as 2 + 6 (hexagonal bipyramidal), the six 

equatorial neighbours being metal atoms, (Table 13.3). Delocalization of electrons 

in the hexagonal layers of metal atoms is responsible for the metallic conduction, 

suggesting the formulation Pt!!Co!"0,(e). 

AUB GE eeoes 

Metal-metal distances in oxides ABO, 

Compound A-6A Distance in metal 

CuFeO, 2:56 A (Cu) 2 3-04 : 
AgFeO, 04 A 2-89 A (Ag) semiconductors 

PtCoO, 2:77 A (Pt) ; 
2°83 A 

PdCoO, 83 2-75 A (Pd) metallic conductors 
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Metaborates MBO, generally contain metaborate ions, but under high pressures 

LiBO, crystallizes as a zinc-blende superstructure. 

Several structures of oxides M!!M!!0, have been determined in which ions of 

appreciably different size are accommodated. In SrZnO, 7) layers of ZnO4 

tetrahedra (sharing all vertices) provide sites for Sr?* ions in 7-coordination 

between the layers (see Fig. 5.6, p. 162 for the layer), while in BaZnO,‘?) the 

ZnO, tetrahedra form a quartz-like framework containing Ba? * ions in positions of 

irregular 8-coordination. In contrast to BaZnO, (and the isostructural Co and Mn 

compounds) BaCdO, “*) has a structure in which there is rather irregular 

(4+ 1)-coordination of Cd and 7-coordination of Ba. In BaNiO, ©? there are 

perovskite-like layers from which one-third of the O atoms are missing. The layers 

are stacked in approximate h.c.p. with Ni atoms between the layers in what would 

have been positions of octahedral coordination, but because of the absence of two 

of the O neighbours Ni has only 4 (coplanar) neighbours. 

Oxides ABO; 

The two largest groups of oxides ABO; are (a) those containing ions A and B of 

approximately the same size and of a size suitable for octahedral coordination by 

oxygen (e.g. 3d ions M?* and M°>*, Zn?*, Mg**, In>*, etc.), and (b) those 
containing a much larger ion which together with O?~ can form c.p. layers AO3. 

An intermediate class contains the defect pyrochlore structure (Table 13.4). Oxides 

of class (a) adopt a sesquioxide structure with either random or ordered 

arrangement of A and B ions, or in some cases a structure peculiar to a small 

number of compounds (e.g. LiSbO3). The ilmenite (FeTiO3) and LiNbO; 

structures differ in the way shown in Fig. 6.19, p. 216, that is, in the distribution of 

the two kinds of ion among a given set of octahedral sites. On the other hand a 

different selection of metal-ion sites is occupied in LiSbO3, as shown in Fig. 

4.24(f); NaSbO3 and NaBiO3 have the ilmenite structure. Typically, transition- 

metal oxides M?*M?*O, adopt a random corundum structure, and oxides 

M?*M* +0, the ilmenite superstructure, for example: 

Corundum FeV, MnFe, FeCr, InFe 
TiV VCr GaFe (under pressure) 

NiCr 

2 : 4+ 4+ mente FeLi OM ara 
NiTi MgMn MgV 

In some systems the oxygen-deficient pyrochlore structure A,B,07_ is stable 

at x= 1 (e.g. PbReO3, BiYO3, AgSbO3, BiScO3, PbTcO3). Pressure may convert 

to the perovskite structure, as in the case of BiYO3 and BiScO3. This change involves 

a rearrangement of the vertex-sharing BO, octahedra to form a different 3D 

framework and an increase in the c.n. of A to 12. In other systems the phase stable 
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TABLE™3.4 

Structures of oxides ABO3 

C.N.’s of Aand B Structure Examples Reference 

6:6 C-M703 ScTi03, ScVO3 IC 1967 6 521 
Corundum: 
random A3*B3*03 
superstructure 

ilmenite AA Be Oe AC 1964 17 240; 
JSS@T97O eS 12 

LiNbO; AtB®*O3 AC 1968 A24 583 
LiSbO3 ACSc 1954 8 1021 

BiSbO3 ACS¢ 1955 911219 
6:6 Defect pyrochlore PbReO3 MRB 1969 4 191 
2546 C.P. structures (see Table 13.5) 

at atmospheric pressure has a defect pyrochlore structure with x < 1. For example, 

heating the components in stoichiometric proportions gives Pb, Ruz07_, which at 

1400°C under a pressure exceeding 90 kbar converts to a perovskite-type PobRuO3 

with loss of oxygen. 

The structures based on c.p. AQ3 layers have the composition ABO; if all the 

octahedral holes are occupied -by B atoms. Together with some closely related 

structures, in which some of these holes are unoccupied, they form the 

subject-matter of the next section. 

Structures based on close-packed AQ3 layers 

Certain cations comparable in size with O?~ form c.p. layers AO 3 which can be 

stacked in various c.p. sequences. Smaller cations can then occupy the octahedral 

holes between groups of six O*~ ions to form structures of the type AyBmOsn: 
Some of these structures have been described in Chapter 4, and it was noted in 
Chapter 5 that these structures may alternatively be described in terms of the way 
in which the BO, octahedra are linked together. Only vertices and/or faces are 
shared, and the extent of face-sharing is indicated in Table 13.5. We shall deal in 
detail only with the simplest of the c.p. ABO3 structures, the perovskite structure. 
The structure of hexagonal BaTiO, is compared with perovskite in Fig. 13.1, and in 
Fig. 13.2 we show sections through the S-, 9-, and 12- layer structures to illustrate 
the relations between the BO, octahedra. 

As regards magnetic properties it is important to distinguish between those 
structures in which octahedra share only vertices and those in which face-sharing 
occurs. The sharing of faces is associated with short metal-metal separations (e.g. 
Ru—Ru, 2.55 A in BaRuO3) and often with abnormal magnetic and electrical 
properties. Face-sharing occurs in those structures which are marked with an 
asterisk in Table 13.5; it ranges from the formation of pairs, in hexagonal BaTiO, 
and high-BaMnO3, through groups of 3 in BaRuQ3, to infinite chains of octahedra 
in BaNiO3 in which every NiOg octahedron shares a pair of opposite faces. 
Face-sharing does not occur in Sts Taq4O;.5 (and the isostructural BasTa4O,5 and 
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TABLE. 13-5 

Structures with close-packed AQ3 layers 

Complex Oxides 

Number of Type of Face-sharing Example Reference 
layers closest packing groups 

De h Chains BaNiO3 AC 1951 4 148 
3 @ - Perovskites 
4* he All pairs High-BaMnO 3 AGMIG2 ts i79 
§ hhece - Srs5 TaqOj5 AC 1970 B26 102 
6: hee Single + pairs hex. BaTiO3 AC 1948 1 330 
8 ccch - St4RezSrO;2 IC 1965 4 235 
oS chh Groups of 3 BaRuO3 IC 1965 4 306 

12 hhec = AqgRezBO;2 IC 1965 4 235 
(A = Sr, Ba) 

(B = Mg, Zn, Co) 

Structures containing other groups of face-sharing octahedra (which are further linked by 
sharing terminal vertices) apparently occur in the system BaMnO3_, (JSSC 1971 3 323) as 
follows: 4 + 2 (6-layer). 4 (8-layer), 3 + 2 (10-layer), and 5 (15-layer). Complete single crystal 

structure determinations have not yet been published. 

FIG. 13.1. The crystal structures of barium titanate, BaTiO3: (a) hexagonal, (b) cubic. 

Ba;Nb40,5) or in AqRe,BO,> (Fig. 13.2). We were careful to say above that 

face-sharing is associated with short metal-metal separations, which are often an 

indication of bonding between the metal atoms. It is important to remember that 

this bonding (and any abnormal physical properties to which it may give rise) is not 

a result of the geometry of the structure but rather the reverse; the structure results 

from the various interactions between the component atoms. Structural studies, not 
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(1) JPC 1964 68 3786 

(2) IC 1962 1 245 

Complex Oxides 

(a) (b) (c) 

FIG. 13.2. Sections through 5-, 9-, and 12-layer structures built of AQ3 layers, showing how 

the BO, octahedra are linked through vertex- or face-sharing: (a) BasTaqOj5, (b) BaRuO3, 

(c) AgReMOj3. In all cases the A atoms are omitted, and in (c) only eight layers are shown. 

only of oxides but also of some halides, sulphides, etc., show that certain 

structures—and hence certain compounds—arise because of the contribution made 

to the lattice energy by metal-metal bonding. In compounds such as TagS and 

Gd,Cl3 this must be responsible for a major part of the lattice energy; in other 

cases it is less important but still a determining factor. For compounds ABO there 

is a choice of structures, in some of which metal-metal bonding plays a larger part 

than in others. It appears, for example, that the hexagonal BaTiO3 structure, which 

is in some cases stable over a range of composition (e.g. BaFeOy.47_7-92),°)? 

requires the transition-metal atoms to stabilize it by metal-metal interactions, 

though it is not necessary for all the B atoms to be of this type; for example, 

BazIrScO, and Ba, IrInO, have this structure. (?) 

Polymorphism of c.p. oxides ABO3 

The extension of earlier studies of polymorphism, involving only temperature 

changes, to include the effect of pressure (which also unavoidably includes a rise in 

temperature) has shown many structural changes in these as in other groups of 

compounds. Five structures are commonly encountered for these c.p. oxides (Table 

13.6). It appears that the amount of ‘hexagonal character’ in a particular compound 

(or series of compounds) decreases with pressure and also with decreasing size of A 

in a series such as BaMnO3, SrMnO3, CaMnO3. It is by no means certain that all the 

earlier literature refers to stoichiometric compounds. For example, BaMnO3,—4 H 
prepared at atmospheric pressure is oxygen-deficient with larger cell dimensions 
than those of stoichiometric BaMnO3 prepared under pressure. The preparation of 
a series of non-stoichiometric polymorphs (polytypes ? ) of BaMnO; with 4-, 6-, 8-, 

10-, and 15-layer sequences has been described. 
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TABLE EAI 3:6 

Effect of pressure on c.p. ABO3 and ABX3 Structures 

h hhe he cch G 

9R 4H 6H 3G 

infinite chains (3) (2) Qed) = 

CsMnF3-I ——>CsMnF3-II 

CsNif3-1 ———> CsNiF3-I] —M———> CsNiF3-Ill 

CP. type 

Symbol + 

Groups of 
face-sharing 
octahedra 

5 kbar | | 50 kbar 

BaRuO3-I>BaRuO3-II>BaRuO3-IIl 

15 kbar | 30 kbar 

BaMnO3-I ———> BaMnO3-II> BaMnO3-II1 

30 kbar 90 kbar 

StMnO3-I —+SrMnO3-II 
50 kbar 

CaMnO3 

+ H = hexagonal, R = rhombohedral, C = cubic. 

For SrMnO3 and BaMnO3 see. JSSC 1969 1 103, 506; JSSC 1971 3 323. 

The perovskite structure 

This structure is adopted by a few complex halides and by many complex oxides. 

The latter are very numerous because the sum of the charges on A and B (+6) may 

be made of 1+5, 2+4, or 3+3, and also in more complex ways as in 

Pb(BiB!)O3, where B'=Sc or Fe and B” =Nb or Ta, or La(Bi B1)O3, where 

B’ = Ni, Mg, etc. and B” = Ru(Iv) or Inv). Also, many compounds ABO are 

polymorphic with as many as four or five forms, some of which represent only 

small distortions of the most symmetrical form of the perovskite structure. The 

study of these compounds under higher pressures has produced many more 

examples of polymorphism (e.g. InCrO3 and TIFeO3).(7? The perovskite structure 

of compounds such as CaFeO3 (high pressure), SrFeO3, and BaFeOs, is of interest 

as an example of the stabilization of a high oxidation state (Fe!) in an oxide 

structure. 

The ‘ideal’ perovskite structure, illustrated in Fig. 13.3(a), is cubic, with A 

surrounded by 12 O and B by 6 O. Comparatively few compounds have this ideal 

cubic structure, many (including the mineral perovskite, CaTiO3; itself) having 

slightly distorted variants with lower symmetry. Some examples are listed in Table 

13.7. These departures from the most symmetrical structure are of great interest 

because of the dielectric and magnetic properties of these compounds. For example, 

many are ferroelectric, notably BaTiO3, some are antiferroelectric, for example, 

PbZrO3 and NaNbO3 (see p. 486), and ferromagnetic (LaCog.2Mno.gO3) and anti- 

ferromagnetic (GdFeO3, LaFeOs, etc.) compounds are known. 
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(3) IC 1965 471 

(4) IC 1967 6 1474 

(b) 

FIG. 13.3. (a) The perovskite 
structure for compounds ABO3 
(or ABX3). Large open circles rep- 

resent O (or F) ions, the shaded 

circle A, and the small circles B 

ions. (b) The crystal structure of 

ReO3. 



(5S) AC 1956 9 256 

Complex Oxides 

TABLES TS, 

Compounds with the perovskite type of structure 

SrTi03 5 SrZrO3, SrHfO3 

SrSnO3, SrFeO3 

BaZrO3, BaHfO3, BaSnO3 

Ideal cubic structure 

BaCeO3 
EuTiO3, LaMnO3 

At least one form with distorted small cell (a ~ 4 A): BaiOsn (Gali Ores) 

Cubic (C) KNbO3 (C, T, O, R) 

Tetragonal (T) KTaO3 (C, ?) 

Orthorhombic (O) RbTaO3 (C, T) 

Rhombohedral (R) PbTiO3 (C, T) 

Distorted multiple cells CaTi03, NaNbO3, PbZrO3 
PbHfO3, LaCrO3 
low-PbTi03 
low-NaNbO3, high-NaNbO3 

The complex oxide BaTiO3 (‘barium titanate’) is remarkable in having five 

crystalline forms, of which three are ferroelectric. The structure of the high- 

temperature hexagonal form, stable from 1460°C to the melting point (1612°C), 

has already been described. The other forms are: 

———> -80° «———> _1+5° «———> 120° <————  1460° «————>  1612°C 

thombo- ortho- tetra- (Curie cubic hexa- 
hedral rhombic gonal temp.) gonal 

polarization polarization spontaneously 

axis: body- axis: face- polarized 
diagonal of diagonal of along ¢ axis 
cube cube (edge of 

original cube 
—- oe 

ferroelectric 

KNbO3 shows the closest resemblance to BaTiO3, having three transitions (to 

tetragonal, orthorhombic, and rhombohedral forms), while NaNbO3 shows quite 

different dielectric behaviour, its transitions (at 350°, 520°, and 640°C) being of a 

different kind from those in KNbO3 and BaTiO3.°>) 
In attempts to understand the distortions from the cubic structure these oxides 

ABO 3 were first regarded as purely ionic crystals. From the geometry of the 
structure it follows that for the ‘ideal’ structure there is the following relation 
between the radii of the A, B, and O77 ions: 

ra +79 =V2(rg +70). 

Actually the cubic perovskite structure or slightly deformed variants of it are found 
for ions which do not obey this relation exactly, and this was expressed by 
introducing a ‘tolerance factor’: 

ra +7o = tV2(rg tro). 
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Provided that the ionic sizes are approximately right, the only other condition to be 
fulfilled is that the structure is electrically neutral, that is, that the sum of the 
charges on A and B is 6. 

It then appeared that for all the compounds with the peroyskite-type of structure 

the value of ¢ lies between approximately 0-80 and 1-00—for lower values of t 
the ilmenite structure is found—and that for the ideal cubic structure ¢ must 

be greater than 0-89. However, it is now evident that although in a given ABO, 

series (with either A or B constant) the use of a self-consistent set of radii does 

enable one to use the tolerance factor f to predict the approach to the ideal 

Structure, it is not possible to compare two series of perovskites in which both A 

and B have been changed because the effective ionic radii are not constant in all the 

crystals. For example, in yttrium compounds B—O varies by as much as 0-09 A, and 

in Fe compounds Fe—O varies by 0-05 A. Moreover, it has been assumed in the 

above discussion that the ionic radii of Goldschmidt were used. If other ‘ionic radii’ 

(e.g. those of Pauling) are used, no such simple relation is found between ¢ and the 

departures from cubic symmetry. Moreover, the properties of solid solutions 

suggest that the above picture is much over-simplified. For example, replacement of 

Ba** by a smaller ion such as Sr** or Pb?* might be expected to have the same 

effect as replacing Ti* * by the larger Zr* * or Sn**. In fact, replacement of Ti by Zr 
or Sn lowers the Curie temperature of BaTiO3 and replacement of Ba by Sr has the 

same effect, but the smaller Pb?* has the opposite effect. Indeed, the situation is 

even more complex, for in the (Ba, Pb)TiO3 system the upper transition 

temperature rises but the two lower transition temperatures fall as Pb replaces Ba. 

In pure PbTiO; the transition (at 490°C) is associated with structural changes so 

extensive as to crack large crystals as they cool through the Curie temperature. 

The determinations of the structures of the tetragonal forms of BaTiO ° and 

PbTiO,” provide good examples of the power of combined X-ray and neutron 

diffraction studies in cases where the X-ray method alone fails to give an 

unambiguous answer. The shifts of Ti and Ba (Pb) are conventionally shown relative 

to the O, octahedra around the original Ti position. In BaTiO3 Ti shifts by 0:12 A 

and Ba in the same direction by 0-06 A (Fig. 13.4(a)). In tetragonal PbTiO; Ti is 

shifted by 0-30 A with respect to the oxygen octahedra and Pb moves in the same 

direction by 0-47 A (Fig. 13.4(b)). The Ti environments in these crystals are shown 

at (c) and (d). In both cases Ti is displaced from the centre of its octahedron giving 

one short Ti—O distance of 1-86 A in BaTiO; and 1-78 A in PbTiO3 (compare the 

mean value 1-97 A in rutile). As regards the Ba, the shift has a negligible effect on 

the twelve Ba—O distances, but in the Pb compound the large shift of Pb does have 

an appreciable effect on the Pb—O distances as shown at (e). These distances may 

be compared with 2:78 A, the sum of the Goldschmidt ionic radii for 12- 

coordination. This difference is the most marked one between ferroelectric BaTiO; 

and PbTiO3, and the environment of Pb, with four short Pb—O distances to one 

side, is reminiscent of that in tetragonal PbO. Whether the important factor in the 

transition to ferroelectric forms is the long-range forces of dipole interaction or an 

increase in the homopolar character of the Pb—O bonds is still a matter for 

discussion and is outside the scope of this book. Detailed studies have also been 
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(6) PR 1955 100 745 

(7) AC 1956 9 131 



(8) AC 1967 22 639 
(9) AC 1969 B25 851 

(10) AC 1963 16 957 

(MIL) KC INGE 5) BIS, BSL) 

(12) AC 1966 20 508 

(13) JACS 1961 83 2830 

Complex Oxides 

(e) 
(c) (d) 

FIG. 13.4. Environments of ions in perovskite-type structures (see text). 

made of the ionic displacements in other perovskites, including CaTiO3, CdTiO3, 

NaTaO3, KNbO3,°°) and NaNbO3.? 
The fact that the structures of compounds ABO3 are dependent not only on size 

factors but also on the nature of B has been demonstrated in many comparative 

studies. For example, while AFeO3 (A =lanthanide) all have perovskite-type 

structures this is true for AMn>*O3 only if A is La or Ce—-Yb. The compounds in 

which A = Ho-Lu adopt a new hexagonal structure with 5- and 7-coordination of 

Mn and A respectively.( °) In the series Ba, _,Sr,RuO3 the structure changes from 

the 9-layer to the 4-layer and then to the perovskite structure for x = 0, 4, and 4, but 

Ba, _,Sr,IrO3 shows a more complex behaviour.‘! !) 

Superstructures of perovskite. If B is progressively replaced by a second metal a 

large size difference tends to lead to superstructures rather than random 

arrangements of the two kinds of ion. The relation of the cryolite structure to 

perovskite has already been described in Chapter 10, where we noted oxides such as 

Ba,CaWO, as having this type of superstructures. (A distorted form of the cryolite 
structure is adopted by Ca3(Ca”U)06,"7) possibly due to the tendency of U(v1) 
to form two stronger bonds; the Ca” ions have a similar environment (compare Mg 
in MgUO,).) Similarly in compounds Ba3M"'Ta,0, there is random arrangement 
of M!! and Ta in the octahedral positions when M!! is Fe, Co, Ni, Zn, or Ca, but 
Ba3SrTaz 0g has a hexagonal (ordered) superstructure.“! 3) 

In a number of oxides 

MNb30, (M=La, Ce, Pr, Nd); and 

MTa30, (M=La, Ce, Pr, Nd, Sm, Gd, Dy, Ho, Y, Er) 
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there is an octahedral framework of the ReO3-type but incomplete occupancy of 
the 12-coordinated sites (i.e. a defect perovskite structure).'*) The B sites in Fig. 
13.5 are all vacant and there is two-thirds occupancy of the A sites. 

(14) AC 1967 23 740 

Oxides ABO, 

Numerous structures are found for compounds ABO,, many of which are 
polymorphic at atmospheric pressure and also adopt different structures at higher 
pressures. These compounds range from those with silica-like structures, with 
tetrahedral coordination of A and B to oxy-salts containing well-defined oxy-ions, 
BOg, and high coordination number of A. Some of these structures are listed in 
Table 13.8, and we comment here only on a number of general points. (For 
uranates CaUO, etc. see Chapter 28.) 

Some series of compounds illustrate the change in environment of A with its 

size, as in chromates of divalent metals: 

Structure C.N. of A 

N 2 
BaSO4 12 PbCrOq, BaCrOg, SrCrO4 ON O00 @ila 
Zr1SiOg 8 CaCrO4 FIG. 13.5. Structure of LaNb30o. 
CrVO4 6 ZnCrO4, CdCrO4, CuCrO4 

TANIBIEIS, 113}. 33 

Crystal structures of compounds ABO, 

CN. CN. Structure Examples Reference 
B A 

4 a Silica-like structures BPOg, BeSOg, 
AlAsOg 

6 CrVO4 AGH 960227321 
a-MnMoO,4 JCP 1965 43 2533 

8 Scheelite (CaWO4) CaWO4 JCP 1964 40501, 504 
Fergusonite MUINbOg AC 1963 16 888 

IC 1964 3 600 
Zircon (ZrSiO4) YVO4 AC 1968 B24 292 
Anhydrite (CaSOq) 

12 Barytes (BaSO4) 

6 6 Rutile (statistical) h.p. CrVO4 AC 1962 15 1305 
AlAsO4 AC 1964 17 1476 

Wolframite (statistical) h.p. FeVOg AC 1964 17 1476 
FeWO,4 ZK 1967 124 192 

Wolframite MnWO,4 ZK 1967 125 120 
NiWO4 AC 1957 10 209 

Wolframite (distorted) CuWO,4 AC 1970 B26 1020 
CoMoO4 AC 1965 19 269 

[4 8 Defect scheelite structure Eu, (WO4)3 JCP 1969 50 86] 
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The tetrahedral coordination of Mo(v1) in @&MnMoO, may be compared with its 

octahedral coordination in CoMoOq, and the 6-coordination of Cr(11r) in CrVO4 

with the 4-coordination of Cr(v1) in the isostructural CuCrO4. (The tetrahedral 

coordination of V in CrVO, has been confirmed by examining the fine structure 

of the K absorption edges of Cr in NiCrO, (tetrahedral Cr(v1)) and CrVO4 and of 

V in CrVOq4 and Na3VO, (tetrahedral V(v)), the characteristic shape of the 

absorption curve showing that it is V that is tetrahedrally coordinated in CrVOxq.) 

Other compounds with the CrVO, structure include InPO4, TIPOq, and an unstable 

form of CrPOq. 

The high-pressure form of CrVOq has the (statistical) rutile structure, with 

6-coordination of both Cr and V, and a change from 4- to 6-coordination of As 

occurs in the high-pressure form of AlAsO4. There are many examples of 

high-pressure oxides having the same type of structure as ambient-pressure oxides 

containing the next element in the same vertical Periodic family (or subgroup), as 

for example h.p. ZnO and normal CdO (NaCl structure), or h.p. SiO, and normal 

GeO, (rutile structure). Examples among oxides ABO, include: 

Wolframite structure Statistical wolframite Rutile 

h.p. MgMoQag, etc. h.p. FeVO4 h.p. CrVOg 

MgWOag, etc. FeNbO, CrNbO4 

The statistical rutile structure is the normal form of many M!'MYO, compounds, 

for example: 

CrTaO4 CrNbO4 AlSbO, RhVO, 

Fe Fe Cr 

Rh Rh Fe 

Vv Rh 

Ga 

The structure of AINbO, (and the isostructural GaNbO,) is mentioned later 

(p. 504). 

The wolframite structure 

This structure takes its name from the mineral with composition (Fe, Mn)WO,. The 

metal atoms each occupy one-quarter of the octahedral holes in a somewhat 

distorted hexagonal close packing of oxygen atoms. The pattern of sites occupied 
between the close-packed O layers is that of Fig. 4.24 (b) (p. 145), in which the 
small black and open circles represent Ni and W atoms in octahedral sites between 
alternate pairs of c.p. layers. In NiWOg (isostructural with the Mg, Mn, Fe, Co, and 
Zn compounds) Nihas six equidistant O neighbours (at 2-08 (0-05) A), but the octa- 
hedral group around W is considerably distorted, there being four O at 1-79 A and 
two at 219A. As noted above this structure is also adopted by the high-pressure 
forms of the corresponding molybdates, and there are also oxides with the statisti- 
cal variant of the structure. In the distorted wolframite structure of CuWO, Cu has 
40 at 198A and 20 at 2-40A. As in all WY'O. octahedra there is a range of 
W-—O distances from 1:76-2:2 A. 
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The scheelite and fergusonite structures 
The scheelite structure is named after the mineral with the composition CaWO,. 
Examples of compounds with this structure include: 

MIMY"0,: NalO,, KIO4, KRuOg, 
M"™MY'Q,: © MMoO, and MWO, (M = Ca, Sr, Ba, Pb) 
M'"MYO,: | MNbOgq and MTaO, (M = Y or 4f metal). 

Detailed X-ray and n.d. studies of the (tetragonal) scheelite structure show very 

slight distortion of the WO, tetrahedra (four angles of 107-S° and two of 113-4°, 
W—O, 1-784 A). Many compounds of the third group listed above have a distorted 

(monoclinic) variant of the structure (fergusonite structure). The oxides 

YTiY,Moy Oy and YTig.s;Wo.504 show an interesting difference, the Mo com- 

pound having the tetragonal scheelite structure and the W compound the fergusonite 

structure. Such differences between compounds of Mo and W are numerous, and 

other examples are noted elsewhere. 

A different deformed version of the scheelite structure is found for KCrO3CL. 

One of several structures found for molybdates and tungstates of trivalent metals 

is the ‘defect scheelite’ structure, adopted by Eu,(WO,4)3 and one polymorph of 

Nd,(MoO,)3. In this structure M3 * ions occupy two-thirds of the Ca’ * sites in the 
scheelite structure. 

Oxides AB,O,4 

Three structures of this type were described in our discussion of the closest packing 

of equal spheres, namely, those in which certain proportions of the tetrahedral 

and/or octahedral holes are occupied: 

of tetrahedral holes: phenacite (Be, SiO4), 

tetrahedral | __h.c.p. olivine (Mg, SiO), chrysoberyl (Alz BeO4), 

octahedral | ° c.c.p. spinel (AlpMgO,). Nl col colw 

Phenacite and olivine are orthosilicates, and since the present group includes all 

compounds B,(AO,) containing tetrahedral AO, ions and ions B of various sizes it 

is a very large one and there are numerous structures, of which a selection is 

included in Table 13.9. For example, the alkali-metal tungstates have four different 

crystal structures: 

Li,WO, (phenacite), NayWO, (modified spinel), K.WO, (and the isostructural 

Rb,WO,), and Cs,WO, (6-K2SOq structure), with respectively 4-, 6-, 8-, and (9 

and 10)-coordination of M* ions. 

However, we are concerned here with complex oxides rather than oxy-salts 

containing well-defined oxy-ions, though the dividing line is somewhat arbitrary, as 

is illustrated by compounds such as Li,BeF4, ZnyGeO, and LiAlGeO, with the 

phenacite structure and LiNaBeF,, Cs,BeF4, and Ba,GeO,4 with the olivine 

structure. 

By far the most important of the structures of Table 13.9 is the spinel structure. 

A recent survey shows over 130 compounds with the cubic spinel or closely related 
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TABLE L329 

Crystal structures of compounds AB, O4 

CN. of B | 4 6 9 and/or 10 

CN, of A 

4 Phenacite Olivine B-K2SOq 

Spinel 

6 | K,NiF4 

8 iE CaFe,04 

CaTiy O4 

For a discussion of the crystal chemistry of compounds AB Oy, see, for example: IC 1968 7 
L762 IS SGu970MeSS 7 

* We could include here a number of structures in which rutile-like chains containing A are held 

together by B in positions of 7-coordination (Sr2PbOq4, p. 176) or 6-, 7-, and 9-coordination 
(Caz IrOq, ZaC 1966 347 282). 

structures; some 30 of these are sulphides but most of the remainder are oxides. 
After the spinel structure we shall deal briefly with two other structures in which 
there is 6-coordination of B, namely, those of CaFe,O4 and CaTi,O4, and then 
with the K,NiF, structure. 

There is considerable interest in the high-pressure forms of oxides AB,0O4, for 
high-pressure forms of olivine, (Fe, Mg).SiOy, are believed to be important 
constituents of the earth’s mantle. High pressure tends to convert a structure into 
one with higher c.n.s, that is, from top left to bottom right of Table 13.9. 
Examples include: 

CazGeO4: olivine > K,NiF4 structure (density increase 25 per cent) 
Mn,GeOq: olivine > Sr. PbO, structure (density increase 18 per cent). 

The normal and ‘inverse’ spinel structures 
The spinel structure is illustrated in Fig. 7.4(a). It is most easily visualized as an 
octahedral framework of composition AX, (atacamite) which is derived from the 
NaCl structure by removing alternate rows of metal ions (Big. .4.22(b) 5 pelas): 
Additional metal ions may then be added in positions of tetrahedral coordination 
(Fig. 7.4(a), facing p. 268). In the resulting structure each O77 ion also has tetra- 
hedral coordination, its nearest neighbours being three metal atoms of the octahedral 
framework and one tetrahedrally coordinated metal atom. 

The crystallographic unit cell of the spinel structure contains thirty-two 
approximately cubic close-packed oxygen atoms, and there are equivalent positions 
in this cell for eight atoms surrounded tetrahedrally by four O atoms and for 
sixteen atoms surrounded octahedrally by six O atoms. (These are not, of course, 
the total numbers of tetrahedral and octahedral holes, which are respectively 64 
and 32 (see p. 127).) Since there are eight A atoms and sixteen B atoms to place in 
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the unit cell (which contains 8 AB,O,4) it was natural to place the A atoms in the 
positions of tetrahedral and the B atoms in those of octahedral coordination. The 
spinels MAl,O4 (where M is Mg, Fe, Co, Ni, Mn, or Zn) have this structure, but in 
certain other spinels the A and B atoms are arranged differently. In these the eight 
tetrahedral positions are occupied, not by the eight A atoms, but by one-half of the 
B atoms, the rest of which together with the A atoms are arranged at random in the 

16 octahedral positions. These ‘inverse’ spinels are therefore conveniently formu- 

lated B(AB)O, to distinguish them from those of the first type, AB,O4. Examples 

of inverse spinels include Fe(MgFe)O4 and Zn(SnZn)O,. 

The nature of a spinel is described by a parameter X, the fraction of B atoms in 

tetrahedral holes; some authors refer to the degree of inversion y (= 2A). For a 

normal spinel \ = 0, and for an inverse spinel \ = 4. Intermediate values are found 

(e.g. 4 in a random spinel), and is not necessarily constant for a given spinel but 

can in some cases be altered by appropriate heat treatment. For NiMn,O, A varies 

from 0-37 (quenched) to 0-47 (slow-cooled).“!) Values of \ have been determined 

by X-ray and neutron diffraction, by measurements of saturation magnetization, 

and also by i.r. measurements. In favourable cases i.r. bands due to tetrahedral AOg 

groups can be identified showing, for example, that in Li(CrGe)O, Li occupies 

tetrahedral positions.‘*? 

If there is sufficient difference between the X-ray scattering powers of the atoms 

A and B it is possible to determine the distribution of these atoms by the usual 

methods of X-ray crystallography, but in spinel itself (MgAl,0,), for example, this 

is not possible. However, the scattering cross-section for neutrons of Mg is 

appreciably greater than that of Al, and this makes it possible to show that 

MgAl,O,4 has the normal spinel structure.°?) Many 2: 3 spinels have the normal 

structure, though some (including most ‘ferrites’) have the inverse structure, as for 

example Ga(MgGa)O, (X= 0-42). All 4:2 spinels so far examined have the 

inverse structure, for example, Zn(ZnTi)O4 and Fe(FeTi)O4 (A = 0-46).6) 

The spinels of composition between MgFe,O,4 and MgAl,O,, which have been 

studied magnetically and also by neutron diffraction,“©) are of interest in this 

connection. MgFe,0,4 has an essentially inverse structure (A ~ 0-45), that is, 

nine-tenths of the Mg** ions are in octahedral (B) sites. As Fe is replaced by Al the 

latter goes into B sites and forces Mg into tetrahedral (A) sites, so that there is a 

continuous transformation from the inverse structure of MgFe,O,4 to the normal 

structure of MgAl,Oq. 
The structures of the spinels present two interesting problems. First, why do 

some compounds adopt the normal and others the inverse spinel structure? Second, 

there are some spinels which show distortions from cubic symmetry. This is part of 

the more general problem of minor distortions from more symmetrical structures 

which was mentioned in connection with ligand field theory in Chapter 7. We deal 

with these points in turn. 

Calculations of the lattice energy on the simple electrostatic theory, without 

allowance for crystal field effects, indicate that while the inverse structure should 

be more stable for 4 : 2 spinels, the preferrred structure for 2 : 3 spinels should be 

the normal structure. In fact a number of the latter have the inverse structure, as 
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EAB LE v3 00 

Cation distribution in 2:3 spinels (values of d) 

(Nees Mg2+ Mn2+ Fe2+ Co2* Ni2* Cu2* = Zn2+ 
B3* a 

AR 0 0 0 0 0-38 = 0 
ert 0 0 0 0 0 0 0 
Fe3t+ 0-45 0-1 0-5 0-5 0-5 0-5 ; 
Mn* = 0 = _ - 
Co3* a e : 0 2 r 0 

shown by the (approximate) values of \ in Table 13.10. The cation distribution in 
spinels has been discussed in terms of crystal field theory.) Although values of A 
(see p. 272) appropriate to spinels are not known, estimates of these quantities may 
be made and from these the stabilization energies for octahedral and tetrahedral 
coordination obtained. The differences between these quantities, of which the 
former is the larger, give an indication of the preference of the ion for octahedral as 
opposed to tetrahedral coordination. 

Excess octahedral stabilization energy (kJ mol™) 

Mn2+ = Fe2+ Cour Ni2* Gu2* tise View Gro Mn3+ Fe3t 
0 igi, 31 86 64 29) 54 158 oS 0 

Thus while Cr°* and Mn3* occupy octahedral sites, most ‘ferrites’ are inverse 
spinels, Fe?* having no stabilization energy for octahedral sites. The only normal, 
or approximately normal, ferrites are those of Zn?* and Mn2 *, divalent ions which 
have no octahedral stabilization energy. The only inverse ‘aluminate’ is the Ni2* 
spinel, and of the above ions Ni?*+ has the greatest preference for octahedral 
coordination. Note that we are disregarding all other factors (covalent bonding and 
differences in normal lattice energies) when we take account only of the crystal 
field stabilization energies. For example, for NiAl,Oq a classical calculation of the 
lattice energy, as the sum of the electrostatic (Madelung) potential, the polarization 
energy, and the Born repulsion energy, shows that the normal structure would be 
some 105 kJ mol7! more stable than the inverse one, so that the crystal field 
stabilization of octahedral Ni2* almost compensates for this. The observed struc- 
ture is in fact very close to the random one, for which X= 0-33. The fact that 
Fe304 is an inverse spinel with cubic symmetry while Mn3Qgq is a normal spinel 
with some tetragonal distortion (for which see p. 458) is explained by the much 
greater preference of Mn** than Fe?* for octahedral coordination by oxygen, as shown by the stabilization energies quoted above. The simple crystal field theory is seen to be very helpful in accounting for the cation distributions in these 2 : 3 spinels. 
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The second problem concerns the departures from cubic symmetry. For 
example, CuFe,O4 is cubic at high temperatures (and at room temperature if 
quenched from temperatures above 760°C), (8) but if cooled slowly it has 
tetragonal symmetry (c : a= 1-06 at room temperature). It is an inverse spinel with 
Fe>* in the tetrahedral sites, and it is interesting that the FeO, tetrahedra are 
not distorted. The tetragonal symmetry appears to be due to the tetragonal 
distortion of the Cullog octahedra (p. 273). CuCrzO, is also tetragonal, but with 
c:a=0-91.0) Here the Cu atoms are in tetrahedral sites, but the bond angles 
of 103° and 123° show a tendency towards square coordination, or alternatively, 
the tetragonal distortion (type (c) of Table 7.14, p. 272) predicted by ligand field 
theory. The spinels of intermediate composition, CuFe,_,Cr,O4, are even more 

interesting!) For x=0 (CuFe,04) there is a tetragonal distortion with 

c:a=1-06, and for x = 2 (CuCr,04) the structure is tetragonal with c: a= 0-91. 

Over the range 0-4<x < 1-4 the structure is cubic. Since for x = 0 the structure is 

almost completely inversed, and at x =2 nearly normal, there is a continuous 

displacement of Fe by Cu in the tetrahedral sites. This is similar to the 

MgFe204-MgAl, Oy series but with the added complication that at one end of the 

series there is distortion due to Cu in octahedral sites and at the other due to Cuin 

tetrahedral sites, the elongation of the CuO, octahedra leading toc : a > 1 and the 

flattening of the tetrahedra toc: a<l. 

(Some sulphides with structures closely related to the spinel structure are noted 

on p. 618.) 

Spinel superstructures 

There are many spinel-like structures containing metal atoms of more than one 

kind. If these are present in suitable numbers they can arrange themselves in an 

orderly way; for example, the 16-fold position may be occupied by 8 A + 8 B or by 

4 A+12B. Large differences in ionic charge favour ordering of cations, and since 

in ‘defect’ structures holes also tend to order, superstructures with ordered 

vacancies are possible. Some examples of spinel superstructures are summarized in 

Table 13.11. A compound may be ordered at temperatures below a transition point 

and disordered at higher temperatures. For example, below 120°K there is ordering 

of Fe?* and Fe>* in octahedral sites in Fe,;04 but random arrangement at higher 
temperatures, leading to free exchange of electrons. The compounds LiAl,Og and 

LiFe;Og have ordered structures at temperatures below 1290° and 755°C re- 

spectively and disordered structures at higher temperatures. In the low-temperature 

forms the 4 Lit and 12M°* ions are arranged in an ordered way in the 16 

octahedral sites but in a random way at temperatures above the transition points. 

‘Ferrites’ etc. with structures related to spinel 

Certain oxides, notably those of the alkali metals, the alkaline-earths, and lead, form 

well-defined ‘aluminates’ and ‘ferrites’ with general formulae M,O . m(Al, Fe).03 

or MO . n(Al, Fe)203. Some of the simpler ‘ferrites’, for example, LiFeO,, NaFeO2, 
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AVS eae lal 

Spinel superstructures 

Compound Occupancy of positions il Reference 

tetrahedral octahedral iy 
—_ 

Zn(LiNb)O4 Zn Nb i ae 
VV(LiCu)O4 Vv Li cu 4 
Fe304 (<120°K) Fest Bes" obese Oa AC 1955 8 257 

8 16 032 

ian 
Fes LiOg (Als LiOg) 8 Fe 4 ve 12 Fe | 032 JCP 1964 40 1988 

ce 
y-Fe,03 8 Fe 4 Fe3t $012Fe | 032 N 1958 181 44 

aS 
(LiFe)Cr40Og 4 Li 4 Fe 16 Cr 032 

In,S3 4g In 8a 16In $32 

Zn Ge3 Og 2 JER SiGe oe Og 

LiZn(LiGe3 )Og eerZn 31Ge ia Og ENP HME othe Ae 

Co3(VO4q)2 (low) NY 3 Coa Og - C. Jouber esis, 

‘ es Grenoble, 1965 

LiGaTiO4g 2 Ga, Li [3 Tin Gae2nt O12 

0 represents vacancy 

and CuFeO, (all with different structures) and MgFe,0O4 and CaFe Oz, are included 

in other sections of this chapter. Examples of more complex compounds include: 

Na,0.11 Al,03, also formed by K 

K,0 .11 Fe203, also formed by Rb 

3 CaO . 16 Al, O03, also formed by Sr and Ba 

SrO . 6 Fe203, also formed by Ba and Pb. 

The first of these, NazO . 11 Al,03, was originally thought to be a form of Al,03, 
hence its name—£-alumina. X-ray investigation, however, showed it to have a 
definite structure closely related to that of spinel, no fewer than 50 of the 58 atoms 
in the unit cell being arranged in exactly the same way as in the spinel structure. 
The large Na or K ions are situated between slices of spinel structure and their 
presence is essential to the stability of the structure (Fig. 13.6(a)). 

Later work indicates“!!) that although the ideal composition of B-alumina is 
Na,O.11 Al,03 the composition of clear single crystals varies between 9-104 
Al,03 : NazO. The Na* ions can be replaced by Ag*, K*, Rb*, ete. by heating with 
the appropriate molten salts. Furthermore, the Ag* may then be replaced by NOt 
(by heating in a NOCI- AICI; melt) or by Ga*. Because of the very high mobility of 
the Na* ions in this structure the compound has become of interest in connection 
with ‘solid’ batteries. The composition of a crystal used in a refinement of the 
crystal structure‘! ?) corresponded to the formula Naz.5gAl);.g03q. It appears 
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Mirror plane Mirror plane 

Mirror plane 

FIG. 13.6. (a) The relation of the structure of g-alumina, NaAl, 10,7, to that of spinel (after 

Beevers and Ross). Large circles represent Na, small ones O, and black circles Al. (b) The 

relation of the structure of magneto-plumbite, PbFe,20j9, to that of magnetite Fe3Oq (after 

Adelskold). Large circles represent Pb, small ones O, and black circles Fe. 

that the distribution of the Na* ions is much more complex than in the original 

structure, and for details the reader is referred to the literature reference. 

The structure of magnetoplumbite, PbFe, 0, 9,‘!”) is similarly built of slices of 

magnetite (Fe30,4) structure alternating with layers containing Pb** ions. In this 

structure (Fig. 13.6(b)) there is a sequence of 5 c.p. layers, four of O atoms (Og per 

cell) and one in which Pb?* ions occupy one-quarter of the c.p. positions (PbO3). 

The composition is therefore PbO, plus the associated Fe atoms in tetrahedral and 

octahedral holes. The compounds containing Ba instead of Pb have been extensively 

studied in recent years, for they form a large family of ferrimagnetic compounds 

valuable in electronic devices. Early studies produced BaFe, 20Oj9, isostructural 

with magnetoplumbite, BaFe,;O,3 17) and BaFe, 0,7 with respectively five and 

six Og layers in the repeat unit. Already the hexagonal ferrites are more numerous 

than the polytypes of SiC, of which at least fifty are known, with c cell dimensions 

up to 990 A. 
These compounds fall into two distinct series, each formed by different stacking 

sequences based on three kinds of sub-unit formed from O4 or BaO3 layers: 

O04 eres () 1 SSO 
O4 ae =O amma ©) 3,50 

2 layers Fae eae 4 ae OA 
S unit pee aA a aa 

Me, Fe,Og a ee ed O04 a ae Sa O4 

5 layers moe CA 

M unit 6 layers 
BaFe,20; 9 Y unit 

Baz Me, Fe,2022 
(Me is usually Zn, Ni, Co, or Fe) 

The blocks S, M, and Y stack in various ratios and permutations but as regards 

sequences the units show decided preferences: M is usually associated with Y (less 
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commonly with S), Y not with S, and M, Y, and S not all together. There 

are therefore two main series, (i) M,S (one S and nv M blocks), giving in the 

limit, M (BaFe,;20,9), and (ii) MpYn, of which the limiting member is Y 

(Ba,Me,Fe, 0). Five of type (i) have been prepared, for example, M¢S is 

BagMe,Fe790;22 with c=223 A, but the much more extensive family (ii) 

includes nearly sixty members. For example, Ma Y33 has the sequence: MY6MY, 9 

MY, MY 140, with composition Ba79Me¢ ¢Feq44Ogo2 and c = 1577 A. It would not 
be feasible to elucidate these complex structures by X-ray diffraction alone, but 

fortunately the stacking sequence can be determined by electron microscopy of 

HNO3-etched samples, using Pt-shadowing of carbon replicas. The etch patterns 

take the form of fine terracing along the sides of gently sloping etch pits, and 

knowing the absolute magnification the heights of the two types of steps can be 

determined from the replicas. For example, a M, Y7 specimen shows large and small 

steps corresponding to the units MY and MY¢ stacked in the sequence MY MY¢ MY 

MY..... The more complex four-step etch pattern of a M4Yj,5 ferrite is 

interpreted as indicating the sequence MY MY, MY3 MY. ... (c+ 793 A). (For 

references to the literature see ref. 15.) 

The structure of Bakes Oyo) is of interest as an example of a 10-layer c.p. 

sequence (cchhh): 

BABA BCA eCus 

where B’ and C" indicate BaO3 layers. It is also remarkable for the three types of 
coordination of the Fe atoms: 

octahedral 18 Fe 

tetrahedral 4 Fe for 2(BaFe ;2 049). 

trigonal bipyramidal patie 

The CaFe,04, CaTi,Oq, and related structures 
For larger A ions the spinel structure is not stable, and we find a number of structures built from ‘double rutile’ chains which form 3D frameworks enclosing 
the larger A ions in positions of 8-coordination. These structures have been described in Chapter 5. 

No other compounds are yet known to have the CaTi,Oq structure, but there are numerous compounds with the CaFe,O, structure, not only oxides MU MHIo ne some sulphides) but also more complex compounds in which ions 3+ rf M*” occupy at random the Fe3+ positions and Na* the Ca2* positions: 

Eu Eulo, CaFe,O4 NaScTiOg Eu 
V> NaScSnO4 Sm Y2 
Cr5 NaAlGeO, Pb | 12] 84 
In, ics Sr ve 
ere: Ba 

(For references see: IC 1967 6 631; IC 1968 7 113, 1762; AC 1967 23 736). 
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In all cases the environment of Ca * (or the equivalent ion) consists of 8 O (S) 
neighbours, the ninth vertex of the tricapped trigonal prism coordination group 
being at a much greater distance. 

In Eu30, Eu?*—6 O (octahedral) at 2-34 A 
6 O (prism) 2:67 A 

E [20 272and 29604 
ees 098A. 

Similarly in NaScTiO, Na* has 8 O neighbours at 2:43-2:65 A and the ninth at 
B-347A8 

In the CaFe,O4 and CaTi,Oyq structures a larger ion (Ca? *) is accommodated 
between double octahedral chains which contains the smaller Fe3 + or Ti?* ions. A 

PIG SS h/ UDC mes tru cture NEO 
BeY20q projected along the di- 
rection of the quadruple rutile 

chains. 

(an 

& Y 

very interesting structure is adopted by BeY,0,"!? in which the smaller Be?* ion 

(Be—O, 1:55 A, Y—O, 2:29 A) is accommodated in positions of 3-coordination 

(coplanar) between quadruple chains. These chains are in contact not only at two 
terminal points but also at the mid-points of both sides, as may be seen from the 

projection of the structure (Fig. 13.7). (This unusual 3-coordination is also found 

for four of the seventeen Be?* ions in Gan Be Osn so) The 3D framework of 

Fig. 13.7 has the composition MO, (M,0O 4) and is found also in a number of 

oxyborates. In the synthetic FeCoBO, there is ordered arrangement of Fe and Co 

in the framework, and B replaces Be in Fig. 13.7. Since there are planar BO3 groups 

in this structure the formula may be written FeCo(BO3)0.°)? In the mineral 

warwickite, Mg3TiB,Og, Ti atoms occupy one-quarter of the metal positions in the 

framework, and Mg may be replaced by Fe.) We may therefore write the 

formulae of these compounds 

Be(Y 20g), B(FeCoO,), and By(Mg3TiOg) 

and it would be interesting to know if the series can be completed by making 
compounds such as Li(M'"'M!Y 0,). (See also p. 228) 
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FIG. 13.8. The K.NiF4 structure. 
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Complex Oxides 

The K,NiF 4 structure 

The structure of a number of complex oxides X,YOq is closely related to the 

perovskite structure, which is that of the corresponding oxide XYO3. A slice of the 

perovskite structure one unit cell thick has the composition X,YOq. If such slices 

are displaced relative to one another as shown in Fig. 13.8, there is formed a 

tetragonal structure with c = 3a, a being the length of the cell edge of the perovskite 

structure. In this structure the Y atoms have the same environments as in 

perovskite, namely six O arranged octahedrally, but the X atoms have an unusual 

arrangement of nine O instead of the original twelve neighbours. If the slices of the 

perovskite structure are n unit cells thick the composition of the crystal is 

Xn+1YnO3n+1- In the complex Sr—Ti oxides the first three members of this series 

have been characterized, namely, Sr. TiOg, Sr3Ti,O,7, and Sr4Ti30,9. The X,YO4 

structure was first assigned to K,NiF,. Examples of compounds with this structure 

are: 

K,MF,4: M= Mg, Zn, Co, Ni 

M,U04: M=K, Rb, Cs 

Sr2MO,: (M = Ti, Sn, Mn, Mo, Ru, Ir, Rh) 

Baz MOx,: (M = Sn, Pb) 

Sr FeO3F, K,NbO3F, La, NiO,. 

For references see 

JPC 1963 67 1451. 

It is interesting to compare the isostructural Sr. TiO4, CazMnOq, and K,NiF, with 

SrTi03, CaMnO3, and KNiF3 which all crystallize with the perovskite structure. 

The distorted variants of this structure adopted by KyCuF, and (NHq)2CuCly 

are described in Chapter 5, where the structure is described as built of (NiF4~),, 
layers formed from octahedral coordination groups sharing their four equatorial 

vertices; the 2D ions are held together by the K* ions. 

Further complex oxide structures 

The pseudobrookite structure, A,BO; 

In this structure“) there is octahedral coordination of the B ions, but the 
coordination of A is unusual. It can be described either as a highly deformed 
octahedron or as a distorted tetrahedron, for in Fe, TiO, Fe has four neighbours at 
a mean Fe—O distance of 1:92 A and two more at 2-30 A. Ti has six octahedral 
neighbours as in the forms of TiO,, FeTiO;, etc. Al, TiO; also has the pseudo- 
brookite structure for Ti305 see p. 466. 

Oxides AB,0O¢ 

We noted in Chapter 4 a number of structures in which metal ions occupy one-half 
of the octahedral interstices in c.p. structures. Three h.c.p. structures of this kind 
are: 

trirutile structure: for which see pp. 147 and 203, 
columbite (niobite) structure (p. 147), 

Na, SiF structure (pp. 147 and 387). 
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Since both A and B ions occupy octahedral interstices in all of these structures they 
are suitable only for the smaller metal ions, as may be seen from the following 
examples: ZnSb,O.¢ (trirutile), (Fe, Mn)Nb,O¢ (niobite), and NiU,0,°) 
(Na, SiF¢ structure). 

The CaTaz Og structure™ has been illustrated with other octahedral structures in 
Chapter 5. As in the CaFe,Oq structure Ca?* is 8-coordinated: the ninth, more 
distant, O would complete a tricapped trigonal prismatic coordination group. 

The pyrochlore structure, A,B,0, 
We have already mentioned this structure in connection with 3D nets in Chapter 3, 
and also as an example of a 3D framework of octahedra in Chapter 5. The geometry 
of the structure is further discussed in Chapter 6 (p.209). We noted that this 
framework has the composition BO, (BO3) and that it can exist without the A 
atoms or without the seventh O atom. In the latter case it serves as the structure of 
a number of oxides ABO; (‘defect pyrochlore structure’). The structure is 
named after the mineral pyrochlore which has the approximate composition 
(CaNa)Nb,O¢F, and since the seventh anion position may be occupied by OH”, 
F~, or even H,O, we write the general formula A,B, X,X” in Table 13.12. The 

largest group of compounds with this structure are oxides AyBO, which include 
the following: 

MIMO: Cd,Nb207, Cd,Re,07, CazTa,07, Hg.Nb>0,, 
Mi™MY0,: M>Ti207 (M = Sc, Y, La, and all lanthanides except Pm). 

M,Pt,07 (M = Sc, Y, In, Tl; made under high O, pressure). 

The coordination group around A in A,B,X, consists of six X atoms of the B,X¢ 

framework and two of the additional X atoms. In some of the oxide structures the 

8 O atoms are approximately equidistant from A, forming an approximately cubic 

coordination group, but in other cases there is an appreciable difference between 

A—6 O and A-—2 0. It is then justifiable to describe the structure as an A,O 

framework interpenetrating the B,O, octahedral framework. Hg,Nb,0O, has been 

described in this way in Chapter 3 as related to the diamond structure, Hg forming 

two collinear bonds to O (Hg—2 O, 2:26 A) in a 3D framework of the same kind as 

WA BIE al3.t2 

Compounds with the pyrochlore structure A, B,X7 

Compound Ad By X6 x 

AgsSbO3 Ag Sb2 O06 - 
Sb30,0H Spl SbY O6 OH 

BiTa, O¢ F Bill Taz 06 F 

AI(OH, F)3.% H20 = ING: (OH, F)¢ (H20)2 
Hg2Nb207 Hg2 Nb» O06 O 

Recent references to complex oxides with this structure include: [C 1965 4 1152; IC 1968 7 
1649, 1704, 2553; IC 1969 8 1807. 
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one of the two equivalent nets in CuO. (The other six O atoms are at a distance of 

2-61 A.) This aspect of the pyrochlore structure is emphasized in Fig. 7.4(b). 

The garnet structure 

The garnets have been known for a long time as a Oy of salsleg ead Saino 

MUMS" (SiO4)3 in which MI! is Ca, Mg, or Fe, and M!!! is Al, Cr, or Fe**. Since 

the total negative charge of —24 can be made up in a variety of ways the garnet 

structure can be utilized by a great number of complex oxides, of which some 

examples are given in Table 13.13. Interest in the optical properties of these 

compounds has led in recent years to many structural studies. 

TABLE) 13213 

Compounds with the garnet structure 

M’ M” M” Reference 

GING 8 6 4 

Mg3 Aly SOs AC 1961 14 835; AM 1965 50 
2023 

C3 Aly Si3 ZK 1966 123 81 
va Alo Aly 
NaCay Mg AS3 

NaCa Zny V3 

Va YAl Al; 
CaNa Ti Ge3 

Ca3 Te, Zn3 IC 1969 8 1000 
Na3 Tez Ga3 IC 1969 8 1000 

Ca3 CaZr Ge3 IC 1969 8 183 
Cd3 CdGe Ge3 Sc 1969 163 386 
Cay Al, (OH);2 AC 1964 17 1329; JCP 1968 

48 3037 (n.d.) 

The backbone of the garnet structure is a 3D framework built of M”O¢ 
octahedra and M'”’O, tetrahedra in which each octahedron is joined to six others 
through vertex-sharing tetrahedra. Each tetrahedron shares its vertices with four 
octahedra, so that the composition of the framework is 023 =(M"03),(M'"0)3 = 
M3M3'0, 9. Larger ions (M’) occupy positions of 8-coordination (dodecahedral) in 
the interstices of the framework, giving the final composition M3M3M3'0,> or 
M3M3(M'O4)3 if it is wished to emphasize the tetrahedral groups as in an 
orthosilicate. In some compounds the M” and M’” positions are all occupied by 
atoms of the same element, when the formula becomes, for example, Y3A150, 9. 
If, in addition. one-half of the M” positions are occupied by M’ atoms the formula 
becomes, for example, Y4Al40; 2 (or YAIO3). 

The ordered arrangement of two kinds of ion in the octahedral sites is also found 
in the tetragonal (pseudocubic) high-pressure forms of CaGeO3 and CdGeO3. The 
structures of the polymorphs of CaGeO, provide an excellent illustration of the 
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increase in cation coordination number with increasing pressure: 

c.n.’s of cations: 6,4 (8 and 6)(6 and 4) 1256 

CaGeO3-II CaGeO3-I1 CaGeO3-III 

structure: wollastonite garnet-type perovskite 

The garnet framework can exist without the M’ ions, as in Al,(WO,)3, or 

M3M3'0,9, when there is considerable distortion, with larger angles at the O atoms 
shared between M” and M’” (143-175°). The same framework is also found in the 
so-called ‘hydrogarnets’. A n.d. study of hydrogrossular, Ca3 Al, (OH), 2, shows that 

tetrahedral O,H4~ groups take the place of SiO4~, the centre of the group being the 

position of Si in the garnet structure. A slightly distorted tetrahedron of O atoms is 

surrounded by a tetrahedral group of H atoms. The coordination group of Ca is 
intermediate between cube and antiprism. 

Miscellaneous complex oxides 

The structure of Li,UO,“!? (with which Na,UO., is isostructural) may be 

described as a NaCl structure in which U occupies $ and Li % of the cation 

positions, or alternatively as containing chains of UO, octahedra sharing opposite 

vertices. The UOg groups are tetragonally distorted, having four shorter equatorial 

bonds (1-99 A) and two longer bonds (2-32 A); contrast the oxides UMO, 4 (below) 
with six equal U—O bonds and BaUO, with two shorter collinear bonds. 

Mg.MnOg and CugPbOg have a slightly distorted NaCl structure?) in which 

one-quarter of the cations M?* have been replaced by half their number of M** 
ions. Since the Mn** ion is rather smaller than Mg? *(Mg—6 O, 2-10 A, Mn—6 O, 
1-93 A) the cubic close packing of the oxygen ions is slightly distorted. From 

calculations of the electrostatic energies of defect structures it has been concluded 

that in general ionic crystals with vacancies will have ordered rather than random 

structures. 

The structure of Zn,Mo}$Y Og presents several points of interest.?) There is 

ABCB ... type of c.p. oxygen atoms. The Mo atoms occupy octahedral holes in 

groups of three, as shown in Fig. 5.22(d), p. 177. Owing to the metal-metal 

interactions (Mo—Mo, 2-52 A) the compound is diamagnetic. One-half of the Zn 

atoms occupy tetrahedral and the remainder octahedral holes, the mean bond 

lengths being: Zn—4 O, 1-98 A, Zn—6 O, 2:10 A. 

Solid solutions UO,+,: Y,03 adopt a defect fluorite structure with a degree 

of anion deficiency depending on composition and partial pressure of oxygen. 

When the oxygen deficiency becomes too large rearrangement takes place to a 

rhombohedral structure M’MgO,,. This structure is derivable from fluorite by 

removing one-seventh of the O atoms and rearranging to provide both MY! and MII 

with octahedral coordination. It is formed by 

UM.0,, M =Laand all 4f metals from Pr to Lu, 

WM,0,, M=Y and all 4f metals from Ho to Lu, and 

MoM,0,, M= Y and all 4f metals from Er to Lu, 

and also by the oxides Tb7O; 2, Pr70;2, and Ce70j9. The structure is restricted to 
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Complex Oxides 

binary oxides of these particular elements because it requires M>* and M‘* ions. 

The oxides UM,O,, are of interest as rare examples of U(v1) with essentially 

regular octahedral coordination by O (6 O at 2:07 A); see also 6-UO3. 

Complex oxides tend to be isostructural with complex fluorides rather than with 

complex chlorides, but note the isostructural oxides and chlorides with c.p. 

AmBnX3m Structures. Other exceptions include Ba3VOs;,°°? isostructural with 

Cs3CoCl, (and the Mn and Fe salts), and SrgMOg (M = Pt, Ir, Rh),“°) isostructural 
with K4CdCl¢. 

In Ca,Fe,0,5 layers are formed from FeO, octahedra sharing 4 equatorial 

vertices, and these layers are joined through vertex-sharing tetrahedra FeO4 to form 

3D framework of composition Fe,O,. This framework consists of equal numbers 

of tetrahedra and octahedra which share vertices: 

20 40 
t ot and O Ay (see p. 188) 

The Ca** ions occupy irregular interstices in the framework.‘7) 

Complex oxides containing Ti, V, Nb, Mo, or W 

In Chapter 5 we derived some of the simpler structures that may be constructed by 

linking together octahedral AX, coordination groups by sharing vertices and edges 

and/or faces to give arrangements extending indefinitely in 1, 2, or 3 dimensions. 

Here we extend the treatment to include some rather more complicated structures. 

In Chapter 5 we used as building units first the AX; (ReO3) chain formed from 

octahedra sharing two opposite vertices and the AX,q (rutile) chain formed from 

octahedra sharing two opposite edges and then the corresponding double chains 

formed from two simple chains by edge-sharing. We also mentioned the ‘shear’ 

structures of certain Mo and W oxides which may be built from slices of the ReO3 

structure and some more complex structures built from blocks of that structure 

(V60;3, high-Nb2 Os). 
We saw that there are two ways in which blocks of ReO3 structure can share 

edges to form more extended structures (Fig. 5.35(a) and (b)), that edge-sharing only 

of type (a) occurs in some Mo and W oxides, and only of type (b) in WNb, 4033, 
but of both types (a) and (b) in one form of Nb2O< and in the simple ‘brannerite’ 

structure of NaVMoOg, and the metamict minerals ThTi,O,¢ and UTi,O,. The 

general types of structure that result are the following. 

(a) Structures of binary or more complex oxides in which all the metal atoms 
are in octahedral coordination groups, 

(b) 3-dimensional frameworks built around ions of Na, K, etc. in positions of 
higher coordination (>6), these ions being essential to the stability of the 
framework, which does not exist as the structure of an oxide of the transition 
element. Normal stoichiometric compounds of this kind include NayTigO,3 and 
KTi3NbOg, with respectively 8- and 10-coordination of the alkali-metal ions. In 
certain frameworks with compositions MO, or MO3, corresponding to a normal 
oxide, a valence change in a proportion of the M atoms leads to the formation of 

502 



Complex Oxides 

non-stoichiometric phases such as Na,MO, or Na,MO3 which have very unusual 
physical and chemical properties. These bronzes are described in a later section. 

(c) Layer structures of compounds such as K,Ti205, Na2Ti307, and KTiNbOs, 
in which the c.n.’s of the alkali-metal ions are respectively 8, 7 and 9, and 8, 
represent an alternative way of providing positions for larger cations. 

(d) We shall also mention a further group of structures which are closely related 
to the bronzes in which there is pyramidal coordination of certain metal atoms. 
This group includes the binary oxides Mo50 44, Mo,7047, and W,g04o. 

A very simple way of utilizing both types of edge-sharing by ReO3 chains is to 
form first a double (or other multiple) chain and to put two of these together to 
form the more complex chain of Fig. 13.9(a) and (b). These chains may then join 

INE INF INE DB SO] YS 

Zp 
TS AOL? </ 

Rie eS 

(b) (c) (d) 
FIG. 13.9. (a) and (b) Multiple chain formed from four ‘ReO3” chains, (c) layer in KTiNbOs, 

(d) 3D framework in KTizNbOg. 

by vertex-sharing into a layer, (c), or by further vertex-sharing to form a 3D 
structure, (d). Both types of structure can accommodate alkali or alkaline-earth 

ions, as in the examples shown. Starting with a triple chain we have the same 

possibilities (Table 13.14). More complex structures of the same general type can 

be visualized with (2 +3) or (3 +4) octahedra in the primary ‘chain’, giving 3D 

structures with intermediate formulae M,O,,, M7O;5, etc. An example of the 

latter is Na, Ti,O,5.(? 

TABLE 13.14 

Structures built from multiple octahedral chains 

Type of chain Layer structure 3D structure Reference 

4-octahedra (Fig. 13.9) M205 M409 

KTiNbO; KTi3zNbO9 AC 1964 17 623 
BaTiqgOo GP 960132 WSS 

6-octahedra M307 M6043 

Na Ti307 AC 1961 14 1245 
Naz Tig 03 AC 1962 15 194 
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Complex Oxides 

A second building principle is to take an infinite block of ReO, structure, join it 

to others to form either (i) isolated multiple blocks or (ii) an infinite layer, and 

then to join such units into 3D structures by edge-sharing of the second type to 

similar units at a different level. The structures are rather simpler in (ii) than in (i) 

and are therefore illustrated first. The smallest possible block of ReO3 structure 

contains 4 ReO3 chains and the 3D framework of AINbO,? is built of such 

sub-units. This framework is not known as the structure of a simple dioxide but it is 

found in Na, TiO,,©) a bronze containing Ti? * and Ti** in which there is partial 

occupancy by Na* of the positions indicated in Fig. 13.10. A number of oxide 

FIG. 13.10. The structure of Na,,TiO>. 

OK e SSSR KOLO 
WY NAVY NINY NY 

phases have structures of this type utilizing larger ReO3 blocks, for example V,0; 3 

((3 x 2) blocks), illustrated in Fig. 5.38 (p. 185), TiNb,O,7 ((3 x 3) blocks), 

Nb, 2029 and TizNb; 909 ((3 x 4) blocks). All members of this family, in which 

the blocks of ReO3 structure contain (3 x n) chains, can be represented by the 

general formula M3,0g, 3. The end-member is represented by Nb30,F and 

V2MoOg (Table 13.15). 

AB LE Sal 

The M3nO0gn—3 family of oxide structures 

n Formula Example Reference 

D MeOss VAC HCA 1948 318 
3 M90; (= M307) TiNb 207 AC 1961 14 660 

4 M12029 Nb120209 ACSc 1966 20 871 

TigNb 1909 AC 1961 14 664 
ec: M308 V2MoOg ACSc 1966 20 1658 

Nb307F ACSc 1964 18 2233 

In the structures we have just described the basic ReO3 blocks are linked into 
infinite ‘layers’ by the first type of edge-sharing. There are also structures in which 
the blocks at both levels are joined in pairs, and here also there is the possibility of 
blocks of various sizes. Figure 13.11(a) shows the structure of Nb. ;O0,¢, ‘7 (and 
TiNb2 4062) where the block size is (3 x 4). In an intermediate class of structure 
there is linking of the ReO3 blocks of one family into infinite layers (those lightly 
shaded in Fig. 13.11(b)) while the blocks at the other level are discrete. This group 
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of structures includes Nb) 054°) and the high-temperature form of Nb,05,{°) — (S) ACSc 1965 19 1401 
which differ in the sizes of the ReO3 blocks at the two levels. In high-Nb,0, (Fig 8) Beat tare 13.11(b)) blocks of (3 x5 h oe eee iG, ‘ For a survey of some of these com- s of (3 x 5) octahedra are joined at one level to form infinite planar pounds see HCA (Fasc. extra 
slabs, and these slabs are further linked by (3 x 4) blocks (heavy outlines). In both Alfred Werner) 1967 207. 
the structures of Fig. 13.11 there are tetrahedral holes, indicated by the black 
circles, some of which are occupied—in a regular way—by metal atoms. In 
high-Nb.O; 27 Nb atoms in the unit cell are in positions of octahedral co- 
ordination and 1 Nb occupies a tetrahedral hole. 

LSS KY 

SJ ~ 

FIG. 13.11. Structures built from ReO3 blocks: (a) TiNb240¢, (b) high-Nb, Os. 

Bronzes and related compounds 

The name bronze, originally given to the W compounds by Wohler in 1824, is now 

applied to solid oxide phases with the following characteristic properties; intense 

colour (or black) and metallic lustre, metallic conductivity or semiconductivity, a 

range of composition, and resistance to attack by non-oxidizing acids. The bronzes 

Na,WO3, for example, have colours ranging from golden yellow (x ~ 0-9) through 

red (x © 0-6) to deep violet (x © 0-3). Most, but not all, bronzes consist of a host 

structure of composition MO, or MO3 in which M is a (transition) metal capable of 

exhibiting a valence less than 4 or 6 respectively. If a proportion of the M(v1) 

atoms in MO3 are converted to M(v) the requisite cations (alkali, alkaline-earth, 

La?*, etc.) are incorporated into the structure to maintain electrical neutrality. The 

electrons liberated in this process are not, however, captured by individual metal 

ions of the host structure, but are distributed over the whole structure giving rise to 

the metallic or semi-metallic properties. From the geometry of the structures it 

would appear that the metallic conductivity of bronzes is not due to direct overlap 

of metal orbitals but to interactions through the oxygen atoms. 

Bronzes have been prepared in which M is Ti, V, Nb, Ta, Mo, W or Re, (see also 

Na, Pt30,4, p. 456). Typical methods of preparation include heating a mixture of 

Na,WO,4, WO3, and WO, in vacuo or reducing NazWOy, by hydrogen or molten 

zinc (for Na-W bronzes), fusing VO; with alkali oxide, when oxygen is lost and V 
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Complex Oxides 

bronzes are formed, or reducing Na, Ti307 by hydrogen at 950°C, when blue-black 

crystals of Na, TiO, are formed. The properties of bronzes and the reasons for their 

formation are by no means fully understood; in particular there is no clear 

connection between the appearance of the ‘bronze’ properties and the structure of 

the phase. For example, there are phases with both the tetragonal and hexagonal W 

bronze structures which are not bronzes (see later). Also, Li,Tig_x/4Og is a 

non-stoichiometric phase with the ramsdellite structure (p. 459) but it is colourless 

(i.e. it is not a bronze), whereas Kg.;3TiO, has the closely related hollandite 

structure and is a bronze. Some bronzes have layer structures, examples of which 

are described later, but most bronzes have 3D framework structures, and the 

composition of the host structure corresponds to a normal oxide (as in Na, TiO), 

Na,.V2,0,5, and Na,WO3) though the framework found in the bronze is not 

necessarily stable for the pure oxide. The hollandite structure of K, TiO, is not 

stable for x =0, and for all the isostructural K, Rb, and Cs compounds x is 

approximately equal to 0-13. The cubic W bronze structure is, however, known not 
only as an oxide structure (ReO3) and in distorted forms for WO; itself, but also 
with its full complement of Na* ions as the stoichiometric compound NaWY 03. 
This high-pressure phase (reference in Table 13.16) has the appearance (bronze 

colour) and metallic conductivity characteristic of bronzes. However, the description 

of such a stoichiometric compound as a bronze would logically imply the extension 

of the term to compounds such as ReO3, CoS,, Thl,, and other electron-excess 

compounds to which we referred in Chapter 7. 

Numerous analogues of the alkali-metal bronzes which have been prepared 
include La, TiO, and Sr,NbO3 (cubic),“!) In,WO3 (hexagonal),(?? Sn,.WO3,°%) 
Bag.42WO3 and Pbo.3,WO3 (tetragonal),‘?) Cu,,WO3,°) and 4f compounds 
Mo.1 WO3.°°) It is possible to replace some W by Ta in both the tetragonal 
and hexagonal bronze structure, as in Kog.s5(Ta9.s;Wo.5)O3 (tetragonal) and 
Rbo.3(Tag.3Wo-7)03 (hexagonal).{7) These cream-white compounds are not 
bronzes but normal oxides. Bronzes containing Re have been made under high 
pressures. (®) 

Tungsten bronzes 

The approximate limits of stability of various bronzes are shown in Table S16: 
but somewhat different ranges have been found by different workers, and it is 
probable that the limits depend to some extent on the temperature of preparation. 

The structures of these compounds provide a very elegant illustration of the 
formation of 3-dimensional networks MO 3 by the joining of MO¢ octahedra 
through all their vertices. The simplest and most symmetrical structure of this kind 
is the ReO3 structure; addition of alkali-metal atoms at the centres of the unit cells 
gives the perovskite type of structure which is that of the cubic phases in Table 
13.16 (Fig. 13.12(a) and (b)). Essentially the same basic framework occurs in the 
tetragonal-II Li and Na compounds, which have a slightly distorted perovskite-type 
structure.“) Two quite different structures are found for the tetragonal K bronze 
(x © 0-48- 0-57) and the hexagonal bronze formed by K, Rb, and Cs with x ~ 0-3, 2) 
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(b) (d) 
FIG. 13.12. Projections of the structures of tungsten bronzes: (a) perovskite structure of cubic 
bronzes, (b) the same showing only alkali-metal ions (shaded circles) and W atoms (small circles), 

(c) and (d) the W frameworks and alkali-metal ions in the tetragonal and hexagonal bronzes. 

(The tetragonal-1 Na compound) has a structure closely related to the tetragonal K 
bronze.) Projections of these two structures are shown in Fig. 13.12(c) and (d), 
where it will be seen that the larger alkali-metal ions are situated in tunnels 
bounded by rings of five and six, instead of four, WO, octahedra. Note that these 
ions do not lie at the same level as the W atoms but c/2 above or below them. It will 

TABLE 13.16 

Stability limits of tungsten bronzes 

8 

be 1-00 

0-50 

tetragonal tetragonal 

II 
0-00 

+ The upper limits shown by the full heavy lines refer to compounds made at atmospheric 
pressure. Under high pressures the stability range of the cubic Na bronze includes stoichiometric 

NaW0Os3, and K bronzes have been prepared with metal content up to Ko.9 (IC 1969 8 1183). 

be appreciated that the upper limit of x in M,WO3 is determined by purely 

geometrical factors. The ratio of the number of holes for alkali-metal atoms to the 

number of W atoms falls from 1 in (b) to 0-6 in (c) and O-33 in (d), so that from 
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Complex Oxides 

the compositions determined experimentally it would appear that nearly the full 

complements of these atoms can be introduced into the structures, and indeed are 

necessary for the stability of the tetragonal and hexagonal phases. 

The tetragonal bronze structure 

We deal in more detail with this structure because it forms the basis of the structures 

of three groups of compounds, namely: 

(i) the bronzes, the highly coloured, non-stoichiometric compounds to which we 

have just referred, 
(ii) ferroelectric, usually colourless, compounds mostly with formulae of the 

type M'Nb,O, or M!!Ta,0., but in some cases containing additional atoms, as in 

Kg LiqgNb 9030, and 

(iii) a large family of (stoichiometric) compounds with formulae such as 

mNb,O,.nWO3 in which metal atoms and additional O atoms occupy some of the 

pentagonal tunnels in the bronze structure. We shall also include here compounds 

such as LiNb,O,;5F with structures of the same general type based on closely 

related octahedral frameworks. 
In the tetragonal bronze structure there are tunnels of three kinds (Fig. 13.13), 

of which only two (S and P) are occupied in the bronzes (class (i)). The 

environment of an atom in a tunnel depends on its height relative to the atoms in 

the framework. In compounds of classes (i) and (ii) the ‘tunnel’ atom is at height 4, 

when the coordination groups of such atoms are: 

T: tricapped trigonal prism (9-coordination), site suitable only for very small ion 

(Cry 
S: distorted cuboctahedral (12-coordination); 

P: in a regular pentagonal tunnel the coordination group would be a pentagonal 

prism with atoms beyond each vertical (rectangular) face. In fact the 

pentagonal tunnels have an elongated cross-section, and the coordination 

group is closer to a tricapped trigonal prism (9-coordination). 

(F is the (distorted) octahedral site in the MO3 framework.) 

The examples in Table 13.17 show how certain of these positions are occupied in 
some of the ferroelectric compounds of class (ii), the numbers at the heads of the 
columns indicating the numbers of sites of each type in a unit cell containing 30 O 
atoms. In LigKgNb; 9030 all the metal sites are occupied, including the T sites for 
very small ions. If the oxidation number of all the atoms in the framework sites is 
5, only 5 M?* ions are required for charge balance and these occupy statistically 
the 2S + 4 P sites. The chemical formula reduces to a simple form if all these atoms 
are of the same element, as in PoNb,Og¢. If, however, some MY is replaced (again 
statistically) by M'Y in the 10 F sites, the full complement of M!! atoms can be 
taken up, as in Bag Ti, NbgO39. 

In class (iii) a new principle is introduced. A metal atom is placed in a P tunnel, 
assumed now to have approximately regular pentagonal cross-section, at the height 
0 (see Fig. 13.13) so that it is surrounded by a ring of five O atoms at the same 
height. An additional O atom is introduced with each metal atom in the tunnel, the 
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TABLE 13.17 

Compounds with structures related to the tetragonal bronze structure 

Ferroelectrics (class (ii)) 

Cell content 4T DSmee P 10F 30 0 Reference 

Lig Ke Nbi9 030 JCG 1967 1 315, 318 
Bae TizNbg O30 AC 1968 B24 984 

(Ba, St)5 Nbjo0 O30 JCP 1968 48 5048 

Pbs Nbio9 030 AC 1958 11 696 

Superstructures (class (iii)) and structures based on other MO3 frameworks of the same general 
type (with T, S, and P tunnels). 

Formula type Composition Reference 

M308 WNb20g NBS 1966 70A 281 
NaNb.6Oj5F (or OH) ACSc 1965 19 2285 
LiNb,O;,5F ACSc 1965 19 2274 
Ta307F ACSc 1967 21 615 

M47047 Mo 47047 ACSc 1963 17 1485 
NbgWo9047 AC 1969 B25 2071 

M23063 Nb 42W 41063 AC 1968 B24 637 
Miscellaneous Mos50 44 AK 1963 21 427 

W 18049 AK 1963 21 471 

On the subject of the nets in these compounds see: AC 1968 B24 50. 

two kinds of atom alternating, giving M seven O neighbours at the vertices of a 

pentagonal bipyramid. The formula of the compound obviously depends on the 

proportion of P tunnels occupied in this way. For example, if one-half of the P 

tunnels in the bronze structure are occupied (by 2M+20) the composition 

becomes M;9+2039+42 or M30g. Occupation of one-third of the P tunnels (which 

implies a larger unit cell) would give the composition M,;7O47 (Mi5+2045+2). 

There are numerous oxide phases with structures of this kind. Some (class (iii)) are 

superstructures of the tetragonal bronze structure (with multiple cells), while others 

are based on closely related but topologically different 3-dimensional MO, 

frameworks. The latter, of which there is an indefinitely large number, have 

different relative numbers of 7, S, and P tunnels and/or different spatial 

arrangements of these tunnels (see reference in Table 13.17). It is interesting that 

compounds so closely related chemically as LiNbgO,5F and NaNb,O,5F have 

structures based on different 3D octahedral nets; both, like WNb,0Og, are of the 

M3Og type, but with additional alkali-metal atoms (not shown in Fig. 13.13). 

These structures may alternatively be described as assemblies of composite units 

of the kind indicated in Fig. 13.14. Such a unit consists of a column of pentagonal 

bipyramidal coordination groups sharing edges with the surrounding columns of 

octahedra; these multiple columns then form the 3D framework by vertex-sharing. 

In the series of stoichiometric oxides formed between Nb,O, and WO3 the 

structures are based on blocks of ReO3 structure up to the composition 

WegNb,80¢o but phases richer in W, starting at WNb2Og, have structures of the 

kind we have just described. 
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FIG. 13.14. Unit cells of the structures of (a) LiNbg015F, (b) NaNbgO,5F. The alkali-metal 

ions are omitted. 

Molybdenum bronzes 

The preparation under high pressure (65 kbar) of Mo bronzes with tungsten bronze 

structures has been described; for example, cubic Na,MoO3 and K,.MoO3 (x ~ 0-9) 

and tetragonal K,MoO3 (x © 0°5). () The Mo bronzes prepared by the electrolysis 

of fused mixtures of alkali molybdates and Mo03°?? have more complex structures. 

A bronze with the approximate composition Nag.9Mog0,7 has a hexagonally 

distorted perovskite structure with an ordered arrangement of Na in one-sixth of 

the available sites and apparently a statistical distribution of 17 O atoms over 18 

sites.) (The observed average structure apparently results from twinning of a 

monoclinic structure in which the O atoms are regularly arranged.) 

Two potassium-molybdenum bronzes, a red Ko. 33Mo00,°4 ) and a blue-black 

Ko.39Mo03 °°) have closely related layer structures. Edge-sharing groups of 6 and 

10 octahedra respectively are further linked into layers by sharing vertices as 

indicated in Fig. 5.34 (p. 183), the composition of the layer being in each case 

MoO3. The layers are held together by the K* ions which occupy positions of 

8-coordination in the first compound and of 7- and (6 + 4)-coordination in the 

second. There is a closely related layer in Csg.2 sMo03,‘° in which the basic repeat 

unit is a different grouping of six octahedra. These units share the edges and 

vertices marked in Fig. 13.15 to form layers between which the larger Cs* ions can 

be accommodated. 

Vanadium bronzes 

These are made by methods such as fusing V,O,5 with alkali-metal oxide or 

vanadate. Oxygen is lost and black semiconducting phases are formed which 

contain some alkali metal and V!Y atoms. Bronzes have been made containing Li, 

Na, K, Cu, Ag, Pb, etc., and in some systems (e.g. LizpO—V 20, and NazO—V0;) 

there are several bronze phases with different composition ranges and structures. 
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FIG. 13.15. The structure of the bronze Csg.25MoO3;: (a) the 6-octahedron unit which shares 
the edges and vertices indicated to form the layers (b), which are perpendicular to the plane of 

the paper. 

The structure of Lig.g4V205 (Fig. 13.16(a)) is essentially that of VO, with a 

small number of Li* ions in positions of trigonal prism coordination. In LiV,0; 

(Fig. 13.16(b)) also there is 5-coordination of the V atoms; both these compounds 

have layer structures. 
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FIG. 13.16. The structures of vanadium and titanium bronzes: (a) Lig.¢4V20s, similar to V2O5 
but with Li* ions (small circles) in trigonal prismatic coordination, (b) LiV2O.5 (Li* in octa- 

hedral coordination), (c) Lij+,V30g (octahedral coordination of Li), (d) Nao.15V205 

(7-coordinated Na*), (e) Ago.6gV205(Ag* with 5 near neighbours), (f) Nag.2TiOz (8-co- 
ordinated Na‘*). 
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In the next two compounds of Fig. 13.16 there is both 5- and 6-coordination of 

V. Lip4xV30g, (c), has a layer structure; in (d), which represents the structure of 

B-Lig.39V205 and Nao.45V20s, the VO; and VO. coordination groups form a 

3D framework. The sodium bronze Na,V 0.5 is stable over the range 

0-15 <x <0-33, the upper limit corresponding to the formula NaV,0,5. This 

corresponds to occupation of only one-half of the available Na®* sites; if they were 

all occupied in each tunnel Na* would have a close Na* neighbour in addition to 

70 atoms. The formula may therefore be written Naz_yV,60;5. A steel-blue 

Pbg.29V20s5 with the structure of Fig. 13.16(d) has also been prepared. 

In the Ag,O—V 05 system there is a bronze Agy_,V6Oj;5 isostructural with 

the Na bronze of Fig. 13.16(d) and also Ago.6g3V2Os, (e), in which the V atoms 

may be described as octahedrally coordinated, though the V—O bond lengths range 

from 1:5-2-4 A. 
The structure of Nag.2TiO, is included at (f) to show the close relation of its 

structure to that of the bronze (e). Further sharing of vertices of octahedra converts 

the layer structure (e) to the 3D framework (f) of the titanium bronze. 

In the systems M,03;—-VO,—V,0; (M=AI, Cr, Fe) phases include one 

(Alp.33V205) closely related to V60,3, from which it is derived by addition of Al 

and O atoms in the tunnels of that structure. There are also phases M, V2_ O04 with 

a superstructure of the rutile type, having equal numbers of MII and VY replacing 

part of the V!Y , as in Fell) 7 V¥.97V4%— 604). For references see Table 13.18. 

TABLES tgehs 

Coordination of V in bronzes 

Fig. 13.16 Bronze CN. of V V—O (A) Reference 

a Lip.¢94V205 5 1-6-2-45 (then 2-82) BSCF 1965 1056 
b LiV20; 5 1-61-1-98 (3-09) AC 1971 B27 1476 
ce Li, +. V30g 6 1-6-2:3 — AC 1957 10 261 

5 1-6-2:1 (2-86) 
d Nag.15V205 6 1-6-2:3 — AGU95 5) 81695 aus 

5 1-6-2-0 (2-68) 
e Ago-63 V205 6 1:5-2:.4 — ACSc 1965 19 1371 

f Nag.2 TiO, AC 1962 15 201; 
IC 1967 6 321 

Pb9.20 V205 BSMC 1969 92 17 
Alg.33V205 BSCF 1967 227 

For later work on M,V20Os phases see: JSSC 1970 1 339, and for a new Ti bronze, K3TigO 7; 
JSSC 19701 319. 

Complex oxides built of octahedral AO, and tetrahedral BO, groups 

Some of the simpler structures of this type were noted in the discussion in 

Chapter 5 of structures built from tetrahedra and octahedra. Here we describe some 

of the structures listed in Table 5.7 (p. 190) and also some more complex structures 
of the same general type. The composition depends on the relative numbers of 
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octahedral and tetrahedral groups and on the way in which the vertices are shared. 
In the simplest case each tetrahedron shares all its vertices with octahedra and each 
octahedron shares four vertices with tetrahedra and two with other octahedra. The 
composition is then ABO.. 

Two simple structures of this kind may be regarded as built from ReO3-type 
chains (in which each octahedron shares two opposite vertices) which are then 
cross-linked by BO, tetrahedra to form 3D structures. In NbOPO, (and the 
isostructural MoOPO4,, VOMoO, and tetragonal VOSO,4) each BO, tetrahedron 
links four such chains (Fig. 13.17(a)) forming a structure which approximates to a 
c.c.p. assembly of O atoms in which Nb atoms occupy 4 of the octahedral holes and 
P atoms 79 of the tetrahedral holes (Fig. 13.17(b)). In a second form of VOSO, 
also each tetrahedral group (SOq) shares its vertices with four octahedral groups 
(VO,) but two of these belong to the same chain, so that the tetrahedral group 
links three ReO3-type chains as compared with four in NbOPO,. 

Although it is convenient to describe these structures in terms of octahedral AO, 

and tetrahedral BO, groups it should be emphasized that while the BO, groups are 

essentially regular tetrahedra the AO, groups are far from regular. The metal atom 

is displaced from the centre towards one vertex of the octahedron, and the 

arrangement of the five bonds may be described as tetragonal pyramidal. The 

distortion of the octahedral coordination group is of a kind found in many oxides 

of VIY, NbY, and Mo”, with one very short and one very long bond and four 

bonds of intermediate length. Some examples are given in Table 13.19. 

TABLE 13,09 

Metal coordination groups in some oxy-compounds 

Compound Bond lengths in octahedron (A) Reference 

short (one) (four) long (one) 

NbOPO, 1-7 1:97 2:32 ACSc 1966 20 72 
Nb307F 1-86 1-98 2-20 ACSc 1964 18 2233 
MoOPO4 1-66 j)oS)7/ 2-63 ACSc 1964 18 2217 
VOMo0O,4 1-68 1-97 2:59 ACSc 1966 20722 
VOSO, (6) (ch.) 1-59 2-03 2:28 ACSc 1965 19 1906 

(a) (tetrag.) 1-63 2-04 2-47 JSSC 1970 1 394 

A number of oxy-compounds containing P and Mo (or W) with low Mo(W) : P 

ratios have been prepared by methods such as the following: Mo(OH)3PO,4 by 

heating a solution of MoO; in concentrated H3POq at 180°C and then diluting with 

conc. HNO3, and WOP,0, from WO; and P,0; on prolonged heating in an 

autoclave at 550°C. These compounds are built from PO, tetrahedra and MoO, 

(WO,) octahedra sharing vertices only, and a structural feature common to several 

of them is a chain consisting of alternate PO, and MoOg¢ groups. In some 

compounds PO, shares vertices entirely with MoO, while in others there is linking 

of PO, groups in pairs or infinite chains, the further linking of these units 

through MoO, octahedra leading to infinite chains, layers, or 3D networks. 
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FIG. 13.17. Projection of the 
crystal structure of VOMoOg,. 
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(b) 

O PO, sharing 4 O atoms 

@ MoO, sharing 4 O atoms 

(c) 

FIG. 13.18. (a) and (b) The double chain MoPOq4(OH)3. (c) The double layer Pz MoOg. 

The formulae assigned to these compounds in column 2 of Table 13.20 indi- 

cate the extent of sharing of O atoms between PO, groups, and the more 

elaborate structural formulae of column 3 show how many vertices of each PO, or 

MoO, group are shared and hence the nature of the fundamental net (column 4). 

The symbol ¢ represents an O atom shared between two coordination groups (PO4 

or MoO,). We comment elsewhere on the surprisingly small number of pairs of 

isostructural Mo and W compounds. Here Na(PMoO,) and Na(PWO.¢) are 

isostructural, but the pairs P; MoOg and P,WOg, P,Mo,0,, and P2W,0,, are not. 

We note now the structural principles in three of the compounds of Table 13.20. 
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PABTER 13220 

Some oxy-compounds built of PO, and MoO. (WO.) groups 

Compound Structural formula Nature of structure 

Mo(OH)3P04 (PO¢3)[Mo¢3(OH)3] 3-connected double chain 
P,MoOg MoO 2(PO3)> (P$4)2n(M007¢4)y, 4-connected double layer 
P2WOg WOP,07 (Pq . PO3)(WOds ) 3,4,5-connected layer 

NaPWO. NaWO,PO4 Na[(P¢4)(WOr¢4)] 4-connected 
P2W2011 W203 (PO4)2 (P¢4) (WO¢s) 4,5-connected} 3D net 
P Mo 2044 (MoO3)2P207 (Po4 . Poq4) (MoO¢s )2 4,5-connected 

References: AK 1962 19 51; ACSc 1964 18 2329 

The structural unit in MoPO,(OH)3 is the double chain of Fig. 13.18(a). The H 

atoms were not located but are presumably attached to the three unshared O atoms 

of each MoOg group and involved in hydrogen bonding between the chains. Since 

each PO, and MoO, shares 3 vertices the topology of the structure may be 

illustrated by the double chain of Fig. 13.18(b). In P,MoOg chains of PO, 

tetrahedra sharing two O atoms are further linked by MoO¢ octahedra to form the 

double layer illustrated diagrammatically in Fig. 13.18(c). The simplest type of 3D 

network is found in Na(PWO.), in which every PO, shares all four vertices with 

MoO, groups and each of the latter shares four vertices with PO, groups. If we 

separate the two unshared O atoms of each MoO, the formula becomes 

Na(PWO4. O,)—compare NaAlSiO,. Basically the anion is a 4-connected net 

analogous to those found in aluminosilicates and in fact is very similar to those of 

the felspars (Chapter 23). 
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(1) JCP 1965 43 2744 

(2) ACSc 1966 20 505 

HO OH? \ ee 
HO Atay <7 Al OL 
HO” “Oo” OH 

(a) 

(3) IC 1968 7 183 
(4) JCP 1959 31 1458 

Metal Hydroxides, Oxyhydroxides, and 

Hydroxy-Salts 

We shall be concerned in this chapter with the following groups of compounds: 

Hydroxides M(OH), (with which we shall include the alkali-metal 

hydrosulphides MSH) 

Complex hydroxides M;.My(OH), 
Oxy-hydroxides MO(OH) 

Hydroxy-salts (basic salts) 

Metal hydroxides 

Compounds M(OH), range from the strongly basic compounds of the alkali and 
alkaline-earth metals through the so-called amphoteric hydroxides of Be, Zn, Al, 
etc. and the hydroxides of transition metals to the hydroxy-acids formed by 
non-metals (B(OH)3) or semi-metals (Te(OH),). The latter are few in number and 
are included in other chapters. 

Apart from the rather soluble alkali-metal (and Tl!) hydroxides and the much 
less soluble alkaline-earth compounds, most metal hydroxides are more or less 
insoluble in water. Some of them are precipitated in a gelatinous form by NaOH 
and redissolve in excess alkali, for example, Be(OH),, Al(OH)3, and Zn(OH),, 
while others such as Cu(OH), and Cr(OH)3 show the same initial behaviour but 
redeposit on standing. Such hydroxides, which ‘dissolve’ not only in acids but also 
in alkali have been termed amphoteric, the solubility in alkali being taken to 
indicate acidic properties. In fact the solubility is due in some cases to the 
formation of hydroxy-ions, which may be mononuclear, for example, 
Zn(OH)3 ~,“)) or polynuclear. From a solution of Al(OH)3 in KOH the potassium 
salt of the bridged ion (a) can be crystallized. (No difference was found between 
the lengths of the Al-O and Al—OH bonds (1:76 A, mean).{?)) It is likely that 
hydroxy-ions of some kind exist in the solution. Hydroxy- or hydroxy-aquo 
complexes also exist in the ‘basic’ salts formed by the incomplete hydrolysis of normal salts (see later section), and some interesting polynuclear ions have been shown to exist in such solutions. The Raman and i.r. spectra?) of, and also the X-ray scattering *) from, hydrolysed Bi perchlorate solutions show that the predominant species over a wide range of Bi and H ion concentration is Big(OH)$3 (Fig. 14.1(a)). Similarly, X-ray scattering from hydrolysed Pb perchlorate solutions 
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indicates at a OH: Pb ratio of 1-00 a complex based on a tetrahedron of Pb atoms, 
and at a OH: Pb ratio of 1-33 (the maximum attainable before precipitation 
occurs) a Pbg complex similar to that in the crystalline basic salt 
Pbg0(OH)¢(C1O)q4)4. H,O—see Fig. 14.1(b).(°) 

In other cases the conductivities of ‘redissolved’ hydroxide solutions are equal to 
those of alkali at the same concentration, suggesting that the ‘solubility’ of the 
hydroxide is more probably due to the formation of a sol. For example, the freshly 
precipitated cream-coloured Ge(OH), ‘dissolves’ in strongly basic solutions to form 
reddish-brown colloidal solutions.) Hydrolysis of metal-salt solutions often yields 
colloidal solutions of the hydroxides, as in the case of the trihydroxides of Fe and 
Cr and the tetrahydroxides of elements of the fourth Periodic Group such as Sn, Ti, 
Zr, and Th. It is unlikely that the hydroxides M(OH), of the latter elements are 
present in such solutions, for the water content of gels MO, . xH,0 is very variable. 

We must emphasize that our picture of the structural chemistry of hydroxides is 
very incomplete. Crystalline material is required for structural studies, preferably 
single crystals, and some hydroxides readily break down into the oxide, even on 
boiling in water (e.g. Cu(OH),, Sn(OH),, TI(OH)3). Many simple hydroxides are 

not known, for example, CuOH, AgOH, Hg(OH),, Pb(OH)4. Though many of the 

higher hydroxides do not appear to be stable under ordinary conditions, 

nevertheless compounds such as Ni(OH)3, Mn(OH)4, U(OH)4, Ru(OH), etc. are 

described in the literature; confirmation of their existence and knowledge of their 

structures would be of great interest. Some may not be simple hydroxides; for 

example, Pt(OH), . 2H,O may be H,[Pt(OH),]. Conductometric titrations and 

molecular weight measurements show that ‘aurates’ and the gelatinous ‘auric acid’ 

prepared from them contain the Au(OH)q ion.{7) The growth of crystals of 

Pb(OH), in aged gels is described in the literature, but the most recent evidence 

suggests that this hydroxide does not exist.(*) The crystalline solid obtained by the 

slow hydrolysis of solutions of plumbous salts is Pbg04(OH)4 (p. 936). 

The structures of hydroxides M(OH),, 

From the structural standpoint we are concerned almost exclusively with the solid 

compounds. Only the hydroxides of the most electropositive metals can even be 

melted without decomposition, and only the alkali hydroxides can be vaporized. 

Microwave studies of the vapours of KOH, RbOH, and CsOH and i.-r. studies of the 

molecules trapped in argon matrices show that the (ionic) molecules are linear: 

M—O (A) O—H (A) u(D) Reference 

KOH 2-18 = = JCP 1966 44 3131 
RbOH 2-31 0-96 - JCP 1969 51 2911; 
CsOH 2-40 0:97 7-1 JCP 1967 46 4768 

(cf. CsF 2-35 (Cs-F) ~ 7:87 PR 1965 138A 1303) 

The structures of crystalline metal hydroxides and oxy-hydroxides MO(OH) are 

determined by the behaviour of the OH ion in close proximity to cations. We may 

envisage three types of behaviour: (a) as an ion with effective spherical symmetry, 
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BIG. 14312 Hydroxy-complexes: 

(a) Bi,(OH)$3, (b) Pb, O(OH)¢Z*. 
In (b) there is an O atom at the 

centre of the central tetrahedron 

and OH groups above each face of 

the terminal tetrahedra. 

(5) IC 1969 8 856 

(6) JINC 1964 26 2123 
(7) ZaC 1960 304 154, 164 

(8) IC 1970 9 401 
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(b) with cylindrical symmetry, or (c) polarized so that tetrahedral charge 

distribution is developed. Attractions between the positive and negative regions of 

ey Or» ¥) 
(a) (b) (c) 

different OH™ ions in (c) leads to the formation of hydrogen bonds. The transition 

from (b) to (c) is to be expected with increasing charge and decreasing size of the 

cation. If the polarizing power of a cation M”* is proportional to ne/r? it can be 

readily understood why there is hydrogen bonding in, for example, Al(OH)3 but 

not in Ca(OH), or La(OH)s, the relative values of the polarizing powers being 

Caz” ie Ga AY 

1°8 2:0 Oey 

Case (a), implying random orientation or free rotation, is apparently realized in the 

high-temperature form of KOH (and RbOH ?). The high-temperature form of 

NaOH was originally supposed to have the same (NaCl) structure but this is not 

confirmed by later work (see later). Apparently the SH” ion behaves in this way in 

CsSH and in the high-temperature forms of NaSH, KSH, and RbSH, which is 

consistent with the fact that S forms much weaker hydrogen bonds than oxygen. 

Behaviour of type (a) is confined to (at most) one or two compounds, and on the 

basis of their structures we may recognize two main groups of crystalline 

hydroxides. The feature which distinguishes hydroxides of the first class is the 

absence of hydrogen bonding between the OH ions. 

I. Hydroxides MOH, M(OH),, and M(OH)3 with no hydrogen bonding 

(a) Random orientation or rotation of OH ions. In the high-temperature form 

of KOH the OH” ion is behaving as a spherical ion of effective radius 1-53 A, 

intermediate between those of F and Cl, and this compound has the NaCl 

structure. It is not known whether the cubic symmetry arises from random 

orientation of the anions or from free rotation. 

Only the most electropositive metals, the alkali metals and alkaline-earths, form 

hydrosulphides. LiSH is particularly unstable, being very sensitive to hydrolysis and 

oxidation, and decomposes at temperatures above about 50°C. It may be prepared 

in a pure state by the action of H,S on lithium n-pentyl oxide in ether solution. Its 

structure is of the zinc-blende type and similar to that of LiNH,, but there is 

considerable distortion of the tetrahedral coordination groups: 

Ps PEERY 
SH | Li 2-46 Lit —4 SH 243A Li ee 

Li 2:67 2 SH 2-67 

The high-temperature forms of NaSH, KSH, and RbSH have the NaCl structure; 

CsSH crystallizes with the CsCl structure. The fact that the unit cell dimension of 
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CsSH is the same as that of CsBr shows that SH™ is behaving as a spherically 
symmetrical ion with the same radius as Br’. In contrast to the low-temperature 
forms of the hydroxides of Na, K, and Rb, which are described in (b), the 
hydrosulphides have a rhombohedral structure at room temperature. In _ this 

calcite-like structure the SH™ ion has lower symmetry than in the high-temperature 

forms and appears to behave like a planar group. It is probable that the proton 

rotates around the S atom in a plane forming a disc-shaped ion like a rotating CO4~ 
ion. 

(b) Oriented OH” ions. The closest resemblance to simple ionic AX, structures 

is shown by the hydroxides of the larger alkali metals, alkaline-earths, and La? *. 

The hydroxides of Li, Na, and the smaller M? * ions form layer structures indicative 

of greater polarization of the OH” ion. 

The forms of KOH and the isostructural RbOH stable at ordinary temperatures 

have a distorted NaCl structure in which there are irregular coordination groups 

(K—OH ranging from 2-69 to 3-15 A). The shortest O—O distances (3-35 A) are 
between OH groups coordinated to the same K* ion and delineate zigzag chains 

along which the H atoms lie. The weakness of these OH—O interactions is shown by 

the low value of the heat of transformation from the low- to the high-temperature 

form (6-3 kJ mol! compare 21-25 kJ mol! for the O—H—O bond in ice). 

The structures of CsOH and TIOH are not known. 

The larger Sr?* and Ba** ions are too large for the Cdl, structure which is 
adopted by Ca(OH). Sr(OH), has a structure of 7 : (3,4)-coordination very 

similar to that of YO.OH which is a 3D system of edge-sharing monocapped 

trigonal prisms.{!) There are no hydrogen bonds (shortest O-H—O, 2:94 A). A 

preliminary examination has been made of crystals of one form of Ba(OH), but the 

complex structure has not been determined.) (For Sr(OH), . H,O see p. 562.) 

The trihydroxides of La, y,2) the rare-earths Pr, Nd, Sm, Gd, Dy, Er, and Yb, 

and also Am(OH)3 *? crystallize with a typical ionic structure in which each metal 

ion is surrounded by 9 OH™ ions and each OH by 3 M3* ions. This is the UCI; 

structure illustrated in Fig. 9.8 (p. 359) in which the coordination group around the 

metal ion is the tricapped trigonal prism. The positions of the D atoms in La(OD), 

have been determined by n.d.5) In Fig. 14.2 all the atoms (including D) lie at 

heights c/4 or 3c/4 above and below the plane of the paper (c = 3-86 A). It follows 

that the D atom marked with an asterisk (at height c/4) lies approximately at the 

centre of a square group of four O atoms, two at c/4 below and two at 3c/4 above 

the plane of the paper, with D—O (mean), 2:74 A. In the OD” ion O—D is equal to 

0:94 A. 
A layer in the structure of LiOH is illustrated in Fig. 3.33 as an example of the 

simplest 4-connected plane layer. In a layer each Li* is surrounded tetrahedrally by 

4 OH™ and each OH" has 4 Li* neighbours all lying to one side. A n.d. study shows 

that the O—H bonds are normal to the plane of the layer (O—H, 0-98 A), and from 

the elevation of the structure in Fig. 14.3(b) it is evident that there is no hydrogen 

bonding between the layers. 
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FIG. 14.4. The 

structure of 

NaOH. Since the coordinates of 

the H atoms have not been de- 
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equal to 1 A. 
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FIG. 14.2. The crystal structure of La(OD)3. 

All atoms are at a height c/4 (light) or 3c¢/4 

(heavy), i.e. 0-96 A above or below the plane of 

the paper. 

The form of NaOH stable at ordinary temperatures has the TII (yellow) 

structure. This is built of slices of NaCl structure in which Na* has five nearest 

neighbours at five of the vertices of an octahedron (Na—OH, 2°35 A). The nearest 

neighbours of Na” in the direction of the ‘missing’ octahedral neighbour are 2 OH © 

at 3-70 A, and the shortest interlayer OH—OH contacts are 3-49 A. The H atoms 
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FIG. 14.3. The crystal structure of LiOH showing positions of protons: (a) unit cell, (b) section 

of structure parallel to (110) showing contacts between OH groups of adjacent layers. 

have been located by n.d. at the positions indicated in Fig. 14.4, the system 

Na—O-—H being collinear. The high-temperature form, which is stable over a very 

small temperature range (299-6-318-4°C (m.p.)), is built of layers of the same kind. 

These apparently move relative to one another as the temperature rises (the 

monoclinic 6 angle varying) so that the structure tends towards the NaCl structure. 

The third type of layer found in this group of compounds is the Cdl, layer, this 

structure being adopted by the dihydroxides of Mg, Ca, Mn, Fe, Co, Ni, and Cd. (In 

addition to the simple CdI, structure some of these compounds have other 

structures with different layer sequences, as in the case of some dihalides.) Each 

OH” forms three bonds to M atoms in its own layer and is in contact with three 
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OH of the adjacent layer. The environments of OH~ in LiOH and Mg(OH), show 
that there are no hydrogen bonds in these structures: 

LL Mg this YA 

35 H OH compare OH 

OR on oH’ | SoH Tam 
OH OH OH OH OH 

As in LiOH the OH” ions in these hydroxides are oriented with their H atoms on 
the outer surfaces of the layers, as shown by an n.m.r. study of Mg(OH), °°? and a 
n.d. study of Ca(OH) .©7) The elevation of the structure of Ca(OH), (Fig. 14.5(b)) 
may be compared with that of LiOH in Fig. 14.3(b). It is interesting that a 
redetermination of the structure of Mn(OH),®) gives Mn—OH equal to 2:21 A, as 

compared with 2-22 A for Mn—O in MnO, indicating that the OH™ radius of 1:53 A 
is relevant only to structures such as high-KOH. 

FIG. 14.5. The crystal structure of Ca(OH), showing the positions of the protons: (a) unit cell, 

(b) section parallel to (110) plane. Ca** ions are at the corners of the cell and OH7 ions on the 

lines $32 and 342. 

From X-ray powder photographic data Cu(OH), has been assigned a structure 

similar to that of y-FeO . OH (which is described later), modified to give Cul! a 

distorted octahedral arrangement of neighbours (4OH at 1-94 and 20H at 

2°63 A).©) This is a surprising structure for this compound since it has two types 

of non-equivalent O atom and is obviously more suited to an oxyhydroxide. Since 

the shortest distance between OH ions attached to different Cu atoms is 2:97 A 

there is presumably no hydrogen bonding. The H positions in this crystal would be 

of great interest, but a detailed study would require larger single crystals than it has 

yet been possible to grow. 

A number of dihydroxides are polymorphic. A new AX, structure has been 

proposed for y-Cd(OH),,° consisting of octahedral coordination groups linked 

into double chains by face-sharing, these double chains sharing vertices to form a 

3D framework of a new type (Fig. 14.6). 

References to the alkali-metal hydroxides and hydrosulphides are given in Table 

14.1. 

321 

(6) JCP 1956 25 742 
(DHCP MIST 26 563(nids): 
AM 196247 1231 (n.m.r.) 

(8) ACSc 1965 19 1765 

(9) AC 1961 14 1041 

(10) AC 1967 22 441 

© Cd at 0 OOH at 0 
O Cd at } OOH at } 

FIG. 14.6. Projection along di- 

rection of double chains of the 

structure of y-Cd(OH)>. 



(1) HCA 1966 49 1971 

(2) ZaC 1964 330 170 

(3) ZaC 1950 261 94 
(4) JNM 1964 11 310 

(S) ACSc 1969 23 2016 

FIG. 14.7. The structure of 

y-Zn(OH), (see text). 
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TABPEN 4%! 

Crystal structures of MOH and MSH 

- LiOH NaOH Kou | RbOH}| CsOH 

Low-temperature form Orthorhombic(2); (€) | Monoclinic(@) | ? 

Transition temp. Fig. 14.3 @)| 599.6°¢ 
High-temperature form Monoclinic(é) 

Low-temperature form Rhombohedrai structure CsCl 

Transition temperature See text ‘) 90° 160-170° ? | structure 

(TI structure) 

i. LiSH NaSH KSH most CsSH 

High-temperature form NaCl structure) | 

@) ZK 1959 1P2" 60) id?) JEP 1962 362665") (b) JOP 95592399332 (e)) ZaGil9399 43 
138. (d) JCP 1960 33 1164. (e) ZK 1967 125 332. (f) ZaC 1954 275 79. (g) ZK 1934 88 97; 
ZaC 1939 243 86. 

II. Hydroxides M(OH), and M(OH)3 with hydrogen bonds 

Zinc hydroxide. A number of forms of this hydroxide have been described, one 

with the C 6 (CdI,) structure and others with more complex layer sequences, 

though some of these phases may be stable only in the presence of foreign ions.“ 

This hydroxide may be crystallized by evaporating the solution of the ordinary 

precipitated gelatinous form in ammonia. The crystals of the € form are built of 

Zn(OH),4 tetrahedra sharing all vertices with other similar groups.) Representing 

the structure as basically a 3-dimensional network of Zn atoms each linked to four 

others through OH groups, the net is simply a distorted version of the diamond (or 

cristobalite) net (see p. 104). The distortion is of such a kind as to bring each OH 
near to two others attached to different Zn atoms, so that every OH is surrounded, 
tetrahedrally, by two Zn and two OH. This arrangement and the short OH-OH 
distances (2:77 and 2:86 A) show that hydrogen bonds are formed in this structure. 

The 6 form of Be(OH), has the same structure;“?) for a-Be(OH), see reference (4). 

One of the less stable forms of Zn(OH),, the so-called y form, has an 
extraordinary structure‘) consisting of rings of three tetrahedral Zn(OH), groups 
which are linked through their remaining vertices into infinite columns (Fig. 14.7). 
The upper vertices (1) of the tetrahedra of one ring are the lower vertices (2) of the 
ring above, so that all the vertices of the tetrahedra are shared within the column, 
which therefore has the composition Zn(OH),. Each column is linked to other 
similar ones only by hydrogen bonds (O—H—O, 2:80 A, Zn—O, 1-96 A). 

Scandium and indium hydroxides. Just as Zn(OH), and Be(OH), have the 
simplest 3-dimensional framework structure possible for a compound AX, with 
4:2 coordination, distorted so as to bring together OH groups of different 
coordination groups, so Sc(OH)3 and In(OH)3 have the simplest 3-dimensional 
framework structure of the AX3 type, namely the ReO3 structure, again distorted 
so as to permit hydrogen bonding between OH groups of different M(OH).¢ 
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octahedra.‘©) The nature of the distortion can be seen from Fig. 14.8. Instead of 
the OH groups lying on the straight lines joining metal atoms they lie off these 
lines, so that each is hydrogen-bonded to two others. The OH group A is bonded to 
the metal atom M and to a similar atom vertically above M and hydrogen-bonded to 
the OH groups B and C. A neutron diffraction study of In(OH)3 7? indicates 
statistical distribution of the H atoms, with O-H—O, 2-744 and 2-798 A. 

FIG. 14.8. The crystal structure 

of Sc(OH)3. 

Aluminium hydroxide. A number of forms of Al(OH) 3 are recognized which 

are of two main types, a (bayerite), and y (gibbsite), but there are minor 

differences within each type arising from different ways of superposing the layers. 

All forms are built of the same layer, the AX3 layer shown in idealized form in 

Fig. 14.9. This may be described as a system of octahedral AX¢ coordination 

FIG: 14.95 Part of a. layer of 

Al(OH)3 (idealized). The heavy 

and light open circles represent 

OH groups above and below the 
plane of the Al atoms (shaded) 

groups each sharing three edges, or as a pair of approximately close-packed X layers 

with metal atoms in two-thirds of the octahedral interstices. The structures differ in 

the way in which the layers are superposed. In bayerite there is approximate 

hexagonal closest packing of the O atoms throughout the structure (as in 

Mg(OH),), but in hydrargillite (monoclinic gibbsite) the OH groups on the 

523 

(6) ZaC 1948 256 226 

(7) ACSc 1967 21 1046 



(1) AC 1964 17 1329 

Metal Hydroxides, Oxyhydroxides and Hydroxy-Salts 

underside of one layer rest directly above the OH groups of the layer below, as 

shown in the elevation of Fig. 14.10. Nordstrandite appears to represent an 

intermediate case, with the layers superposed in nearly the same way as in 

hydrargillite; compare the interlayer spacings (d): 

d (A) Reference 

Bayerite 4-72 ZK 1967 125 317 

Nordstrandite 4-79 AC 1970 B26 649 

Hydrargillite (gibbsite) 4-85 PRS 1935 A 151 384; 

N 1959 183 944 

The mode of superposition of the layers in hydrargillite suggested directed bonds 

between OH groups of adjacent layers rather than the non-directional forces 

operating in Mg(OH), and similar crystals. There has been some discussion of the 

proton positions in gibbsite and bayerite, and these may still be in doubt; the reader 

is referred to the references given above. 

FIG. 14.10. The structures of 

(a) Al(OH)3 and (b) Mg(OH)o, 
viewed in a direction parallel to the 

layers, to illustrate the difference 

in packing of OH groups of dif- 

ferent layers. 

Complex hydroxides 

These compounds are more numerous than was once thought, for many have been 
formulated as hydrates of, for example, meta-salts (e.g. NaSbO, . 3 HO is in fact 
NaSb(OH)¢). Compounds M;.Mj(OH), present the same general structural 
possibilities as complex halides. They range from compounds in which both metals 
are electropositive, when the crystal consists of an array of OH” ions incorporating 
metal ions in holes of suitable sizes entirely surrounded by OH™ ions, to 
compounds in which one metal (or non-metal) is much less electropositive than the 
other and forms an essentially covalent hydroxy-ion. As examples we may quote 
Ca3Al,(OH), 2‘) (formerly 3 CaO . Al,03 . 6 H,0), in which Ca2* and AI3* ions 
are surrounded by 8 OH” and 6 OH™ respectively (Ca—OH, 2-50 AY Al“OH) 
1-92 A), and the group of isostructural compounds Na[Sb(OH)¢], Fe[Ge(OH)¢], 
and Fe[Sn(OH),], in which the bonds from the B subgroup metals probably have 
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appreciable covalent character. The structure of these compounds‘?? may be 
described as a NaCl-like packing of, for example, Fe** and [Ge(OH),¢]?~ ions 
(Fe—OH, 2:14 A, Ge—OH, 1-96 A) or alternatively as a superstructure of the ReO3 
(Sc(OH)3) type, There is presumably a larger difference in bond type in salts such 
as Na[B(OH),4]. 

In view of the behaviour of the OH” in simple hydroxides we may expect layer 
structures to occur frequently. Orderly replacement of two-thirds of the Mg atoms 
in the Mg(OH), layer by K and of the remainder by M!Y gives the structure of 
K,Sn(OH)¢ and the isostructural Pb and Pt compounds. Like NaSb(OH)¢ these 
crystals contain discrete M(OH)¢ groups. 

Binuclear hydroxy-ions (a) occur in Ba,Al,(OH), 9, consisting of a pair of 
edge-sharing octahedra. There is a small difference between the lengths of the 
bridging (1-98 A) and terminal (1-89 A) Al—OH bonds. 

Oxyhydroxides 

The largest class of compounds of which the structures are known are of the type 

MO . OH, formed by Al, Sc, Y, V, Cr, Mn, Fe, Co, Ga, and In. A number of these 

compounds, like the trihydroxides and sesquioxides of Al and Fe, exist ina and y 

forms. (The so-called 6-FeO .OH is not a pure oxyhydroxide; it has the a-MnO, 

structure, and is stable only if certain interstitial ions such as Cl” are enclosed within 

the framework.“')) We refer later to types of oxyhydroxide other than MO. OH. 

As in the case of hydroxides we may distinguish between structures in which there 

is hydrogen bonding and those in which this does not occur; it is convenient to deal 

first with a structure of the latter type. 

The YO . OH structure 

All the 4f compounds MO. OH and YO. OH have a monoclinic structure in which 

M has 7 O (OH) neighbours arranged at the vertices of a monocapped trigonal prism 

(as in monoclinic Sm,03).°?? The interatomic distances suggest that the 

3-coordinated O atoms belong to OH” ions and the 4-coordinated ions are O? ~: 

M M M M 
Sef RENIN SAG IN 
OH and O 
| a ‘1 
M M 

The mean O—OH distance, 3:01 A, indicates that there is no hydrogen bonding, a 

conclusion confirmed by a n.d. study of YO . op.®) 

The InO . OH structure 

This is a rutile-like structure modified by the formation of hydrogen bonds 

(2:58 A) between certain pairs of atoms (Fig. 14.1 1). One form of CrO . OH also 

has this structure, an interesting feature of which is the crystallographic 

equivalence of the O atoms, one-half of which belong to OH groups. 
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FIG. 14.11. The distorted rutile- 

like structure of InO(OH) showing 

hydrogen bonds. 
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The a-MO . OH structure 

Compounds with this structure include: a-AlO .OH (diaspore), a-FeO .OH 

(goethite), a-MnO . OH (groutite), a-ScO . OH,“°) and VO . OH (montroseite). 

In our survey of octahedral structures in Chapter 5 we saw that double chains of 

the rutile type could be further linked by sharing vertices to form either 

3-dimensional framework structures, of which the simplest is the diaspore structure, 
or a puckered layer as in lepidocrocite. These two structures are shown in perspective 

in Fig. 14.12. In Fig. 14.13(a) the double chains are seen end-on, as also are the c.p. 

6 Al ® Fe 

Oo OO 

e-@ OH 
@ OH 

(a) (b) 

FIG. 14.13. Elevations of (a) the a-AlO(OH), diaspore, (b) the y-FeO(OH), lepidocrocite, 
structures. 

layers of O atoms. The H atoms in diaspore have been located by n.d. and are 
indicated as small black circles attached to the shaded O atoms. The O—H—O 
bonds, of length 2-65 A, are shown as broken lines, and the H atom lies slightly off 
the straight line joining a pair of O atoms: 

It will be seen that OH has 3 Al neighbours arranged pyramidally to one side, 
opposite to that of the H atom (Al—3 OH, 1-98 A), while O is bonded to three 
more nearly coplanar Al neighbours (Al—3 O, 1-86 A), the O-H—O bond being 
directed along the fourth tetrahedral bond direction. In the a-MO . OH structure 
each OH is hydrogen-bonded to an O atom; contrast the y-MO . OH structure. 

Bond lengths in the w structures are given in Table 14.2, which also includes 
y-MnO .OH for comparison with a-MnO.OH. In groutite the length of the 
O—H-—O bond is 2:63 A. These Mn!!! compounds are of special interest because of 
the expected Jahn-Teller distortion of the octahedral coordination group. This 
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OH 

2344 

HO OH 

Mn 

1:90 Nae 

O 218 O 

O 

(a) 

major distortion is superposed on the smaller difference between M—O and M—OH, 
as is seen by comparing MnO .OH with AlO.OH and VO.OH (Table 14.2). 
Details of the coordination group in groutite are shown at (a). 

TABLE 14.2 

Bond lengths in MO .OH structures 

a-AlO.OH@) a-VO.OH(2) aFeO.OH() a-MnO.OH(@) y-MnO . OH(2) 
(diaspore) (montroseite) (goethite) (groutite) (manganite) 

M—O (one) 1:94A4 1:89 A 218A 2:20A 
(two) 1-851 1-96 2-02 1-90 1-87 

M—OH (one) 1-980 2:10 2-05 2-34 2-33 
(two) 1-975 2:10 2:12 1-97 1:97 

(a) AC 1958 11 798. (b) AM 1955 40 861. (c) ZK 1941 103 73. @) AC 1968 B24 1233. 
(e) ZK 1963 118 303. 

The y-MO . OH structure 

Compounds with this structure include: y-AlO .OH (boehmite), y-FeO . OH 

(lepidocrocite), y-MnO . OH (manganite), and y-ScO . OH.) 

Two X-ray studies of boehmite were based on the centrosymmetrical space group 

Cmem, and gave 2°47 A and 2:69 A for the length of the O-H—O bond. A p.m.r. 
study 7) shows that this bond is not symmetrical; further study of this structure 

appears to be required. 

The structure of lepidocrocite, y-FeO . OH, is shown as a perspective drawing in 

Fig. 14.12(b). In the elevation of this structure (Fig. 14.13(b)) the broken circles 

indicate atoms c/2 (1-53 A) above and below the plane of the full circles, which 

themselves repeat at c (3-06 A) above and below their own plane. Each Fe atom is 

therefore surrounded by a distorted octahedral group of O atoms, and these groups 

are linked together to form corrugated layers. The H atoms have not been located 

in this structure, but from the environments of the O atoms it is possible to 

distinguish between O and OH. The oxygen atoms within the layers are nearly 

equidistant from 4 Fe atoms (2 Fe at 1-93 A and 2 Fe at 2-13 A), whereas the 
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FIG. 14.14. Elevation of the 

crystal structure of HCrO, show- 
ing the way in which the layers are 

superposed. The broken lines rep- 

resent O-H—O bonds. 
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atoms on the surfaces of the layers are bonded to 2 Fe atoms only (at 2:05 A). 

Also, the distance between the O atoms of different layers is only 2-72 A, so that 

there are clearly OH groups on the outer surface of each layer. In this structure 

there is hydrogen bonding only between the OH groups, each forming two 

hydrogen bonds. 

The formation of O—H—O bonds between the OH groups of different layers 

accounts for the fact that the O atoms of adjacent layers are not packed together in 

the most compact way, though there is approximately cubic closest packing within 

a particular layer. As may be seen from Figs. 14.12 and 14.13, a hydroxyl group 

lies in the same plane as those of the next layer with which it is in contact, so that 

the H atoms must be arranged as indicated in Fig. 14.13(b). The oxychloride FeOCl 

is built of layers of exactly the same kind as in lepidocrocite but the layers pack 

together so that the Cl atoms on the outsides of adjacent layers are close-packed. 

This difference between the structures of FeOCl and y-FeO.OH is quite 

comparable to that between Mg(OH), and Al(OH)3, being due to the formation of 

O—H-—O bonds between the layers in the second of each pair of compounds. 

The structures of the two forms of AlO . OH are of interest in connection with 

the dehydration of Al(OH)3 and AIO. OH to give catalysts and adsorbents. In 

diaspore, a-AlO . OH, the O atoms are arranged in hexagonal closest packing, and 
this compound dehydrates directly to a-Al,03 (corundum) in which the O atoms 
are arranged in the same way. In boehmite, y-AlO . OH, the structure as a whole is 
not close-packed but within a layer the O atoms are arranged in cubic closest 
packing. On dehydration boehmite does not go directly to y-Al,03 with the spinel 
type of structure, but instead there are a number of intermediate phases, and there 
is still not complete agreement as to the number and structures of these phases.(®) 
Among schemes suggested are the following: 

Al(OH)3 (gibbsite) > boehmite > x >5 >k +0 >a 

or gibbsite > boehmite ——— x’ ——~> x 

x 
Nat) << ch aes eres 

It seems likely that these intermediate phases, collectively known as forms of 
y-alumina, represent different degrees of ordering of the Al atoms in a more or less 
perfect closest packing of O atoms (see also p. 457), 

The CrO . OH (HCrO;) structure 
CrO .OH is normally obtained in a red (rhombohedral) form. This is built of 
CdI-type layers which are superposed so that O atoms of one layer fall directly 
above those of the layer below (Fig. 14.14). The structure as a whole is therefore 
not close-packed. This packing of the layers is due to the formation of O~H—O 
bonds which are notable for their shortness, OH—O (2:49 A), OD—O (2:55 A). The 
n.d. and i.r. data show that the latter bonds are certainly asymmetric: 
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(a) 

(b) 

FIG. 14.12 The structures of (a) diaspore, AlO(OH), and (b) lepidocrocite, FEO(OH) (after 
Ewing). Oxygen atoms are to be imagined at the vertices of each octahedron and an Al (or Fe) 

atom at its centre. The double lines indicate O—H—O bonds. 
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but it has not been possible to decide whether the O-H—O bonds are asymmetric 
or symmetrical. This is perhaps a somewhat academic point since the barrier 
between the two minima is apparently very low. The same structure is adopted by 
CoO .OH, obtained by oxidizing B-Co(OH),. A second (green) form of 

CrO . OH is related to the black CrO, in the following way: 

450°C under pressure 

METO>4F HS OA = 2 CiOHOH +4 OF 
350 C in air 

This form is isostructural with InO . OH (distorted rutile structure), the structure of 

which has already been described. 

Other oxyhydroxides 

For other oxyhydroxides of V see p. 471. Uranyl hydroxide, UO,(OH)z, is not a 

compound of the type we have been considering but is the dihydroxide of the 

UO3 * ion. The structures of two of its forms are described in Chapter 28. 

The reduction of MoO3, by a variety of methods, gives compounds 

MoO3_,(OH), (0:'5<x <2) of which the first member is Mo,0;(OH). This 

compound has essentially the same (layer) structure as MoO3. The H atoms have 

not been located but some O—O separations of 2:80 A between the layers 

presumably indicate hydrogen bonds.{!!) In MoO; the metal atoms are displaced 

Mo uy O 

oh pen we ioe 

O 2-33 O O 2°33 

O O 

(a) (b) 

from the centres of the octahedral O, groups to give the rather unsymmetrical 

coordination group shown at (a), which might be described as 

(2+ 2+ 2)-coordination. In Mo,05(OH), where there is 1OH to 50, the 

coordination is that shown at (b), with one very short and one very long bond, 

(1 + 4 + 1)-coordination. 

Hydroxy (basic) salts 

The term ‘basic salt’ is applied to a variety of compounds intermediate between the 

normal salt and the hydroxide or oxide. This broad definition includes compounds 

such as Be and Zn oxyacetates (p. 416), oxy- and hydroxy-halides (Chapter 10), 
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(10) JCP 1969 50 1920 

(11) ACSc 1969 23 419 



Metal Hydroxides, Oxyhydroxides and Hydroxy-Salts 

and hydroxy-oxysalts. We shall confine our attention here almost entirely to the 

last group of compounds. Coordination compounds with bridging OH groups, such 

as [(NH3)q4Co(OH),Co(NH3)4]Cl4, are mentioned under the element concerned. 

Basic salts are numerous and of considerable interest and importance. They are 

formed by Be, Mg, Al, many of the A subgroup transition elements (e.g. Ti, Zr), 3d 

elements such as Fe, Co, and Ni, 4f and 5f elements (Ce, Th, U), and most of the B 

subgroup elements, particularly Cu(i1), Zn, In, Sn, Pb, and Bi. Being formed by the 

action of oxygen and moisture on sulphide and other ores they form a large class of 

secondary minerals, some of which are also important as corrosion products of 

metals. The minerals brochantite, Cug(OH),SO4, and atacamite, Cu,(OH)3Cl, 

form as patinas on copper exposed to town or seaside atmospheres, lepidocrocite, 

y-FeO .OH, is formed during the rusting of iron, and hydrozincite, 

Zn5(OH)¢(CO3)2, is the usual corrosion product of zinc in moist air. White lead, 

Pb3(OH)2(CO3)>, is one of a considerable number of basic salts which have been 

used as pigments, while Mg,(OH)3Cl . 4 H,O is formed during the setting of Sorel’s 

cement. 

Basic salts may be prepared in various ways, which usually involve—directly or 

indirectly—hydrolysis of a normal salt. The hydrolysis may be carried out under 

conditions of controlled temperature, acidity, and metal-ion concentration, or 

indirectly by heating a hydrated salt. Many hydroxy-salts are formed by the latter 

process instead of the anhydrous normal salts, for example, Cu,(OH)3NO3 by heat- 

ing hydrated cupric nitrate. The precipitates formed when sodium carbonate solution 

is added to metallic salt solutions are often hydroxy-carbonates. Some metals do not 

form normal carbonates (e.g. Cu, see p. 887); others such as Pb, Zn, Co, and Mg 
form normal or hydroxy-salts according to the conditions of precipitation. Lead, 
for example, forms 2 PbCO3 . Pb(OH), and PbCO; . Pb(OH)3, both of which occur 
as minerals, while Co forms Co4g(OH)¢CO3 in addition to the normal carbonate. 

Before describing the structures of a few hydroxy-salts we should mention that 
‘structural formulae’ have been assigned to some of these compounds on the 
supposition that they are Werner coordination compounds. We may instance: 

One® OH~ 
fc foe, fe and cu eu] [eos 

for atacamite, Cu,(OH)3Cl, and malachite, Cu,(OH),CO3, respectively. Such 
formulae are quite erroneous, for these compounds do not contain complex 
ions with a central copper atom. Malachite, for example, consists of an infinite 
array in three dimensions of Cu?*, CO3~, and OH™ ions. (For the structure of 
atacamite see p. 906.) On the other hand, finite complexes containing M atoms 
bridged by OH groups do occur in some basic salts; examples will be given shortly. 

The crystal structures of basic salts 

The first point to note that is relevant to the structures of hydroxy-salts is that 
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there is a wide range of OH: M ratios: 

Ca;(OH) (PO4)3 Cu,(OH)PO, Cu(OH)IO3 Zns5(OH)¢CO3 

OH : M ratio 4 4 l 8 

Cu,(OH)3NO3 Th(OH),SO4 

OH: M ratio 3 Z 

The OH ions are associated with the metal ions, so that for small OH : M ratios the 
coordination group around M consists largely of O atoms of oxy-ions; with 
increasing OH: M ratio OH” ions form a more important part of the coordination 
group of M. This is rather nicely illustrated by the hydrolysis of Zr(SO4). . 4 H,O 
at 100°C to Zr,(OH)(SO4)3.4H,O and at 200°C to Zr(OH),SOq, the 
environment of Zr** being compared with that in (cubic) ZrO, the final product 
of heating these salts in air. (There is 7-coordination of the cations in the 
monoclinic form of ZrO.) The O atoms in the coordination groups around the 
metal ions in the following table are, of course, oxygen atoms of SO4 7 ions. 

Coordination groups around Zr** 

Zt(SO4)2 .4 H,O@) Zrz (OH)2(SO4)3 .4 H,O) Z1(OH) S040) Z1O4 
4H,O 2H,0 4 OH 80 
40 2 OH 40 

40 
Antiprism Dodecahedron Antiprism Cube 

In crystals such as those of hydroxyapatite, Ca;(OH)(PO,4)3, which is 

isostructural with Ca; F(PO,4)3, no hydroxy-metal complex can be distinguished, 

but with higher OH:M ratios there is generally sharing of OH between 

coordination groups of different M atoms so that a connected system of OH and M 

can be seen. Such a hydroxy-metal complex may be finite or infinite in 1, 2, or 3 

dimensions, and in describing the structures of hydroxy-oxysalts it is convenient 

first to single out the M—OH complex and then to show how these units are 

assembled in the crystalline basic salt. The description of a structure in terms of the 

M—OH complex is largely a matter of convenience. For example, the M—OH system 

may extend only in one or two dimensions but the oxy-ions may then link these 

sub-units into a normal 3-D structure, that is, one which is not a chain or layer 

structure. Thus, while Cu,(OH)3NO3 and Zn;(OH)gCl, . H,O are layer structures. 

Cu(OH)IO3, Fe(OH)SO,, Zn ,(OH)2SO4, and Zns;(OH)¢(CO3). are all 3D 

structures, though we shall see how they are constructed from 1- or 2-dimensional 

M—OH sub-units. It should be emphasized that there is no simple connection 

between the OH: M ratio and the possible types of M : OH complex. Assuming that 

every OH is shared between two M atoms, cyclic and linear M : OH complexes 

become possible for OH: M+1. An additional reason for distinguishing the 

M: OH complex is that some of the M : OH complexes in basic salts formed from 

dilute solution, with high OH : M ratios, are related in simple ways to the structures 

of the final hydrolysis products, namely, the hydroxide or oxide of the metal. 
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FIG. 14.15. The finite UgO4(OH)q 

complex in Ug O04 (OH)q (SOq)¢. 
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Finite hydroxy-metal complexes 

One product of the hydrolysis of Al,(SO4)3 by alkali is a salt with the empirical 

formula Al,03 .2 S03 .11H,O which contains bridged hydroxy-aquo complexes 

(a) and should therefore be formulated as [Al,(OH)2(H20)g](SO4)2 . 2 H,0.) A 

more complex example is the dimeric Th,(OH),(NO3)¢(H20)¢ complex, (b),?? 

formed by hydrolysis of the nitrate in solution. Three bidentate NO3 ions and 

3 H,0 complete an 11-coordination group about each metal atom. 

The compounds originally formulated ZrOCl, . 8 H,O and ZrOBr,. 8 H,O also 

contain hydroxy-complexes. The complicated behaviour of these compounds in 

aqueous solution suggests polymerization, and in fact the crystals contain square 

complexes (c) in which there is a distorted square antiprismatic arrangement of 8 O 

atoms around each Zr atom. The halide ions and remaining H,O molecules lie 

between the complexes, and the structural formula of these compounds is therefore 

[Zr4(OH)g(H>0),6] Xg . 12 H,O.°*? We refer again to this type of complex later. 

H,0 H,0 4+ 

Bree a | ~H,0 
Al One ae One OW Li San eS ene AE Th a. H,0 l SOH 7)" - HO (0 Ne Rtsag ie Fe N a) 

5) 

_OH st 
(H20)4Zr Son AH20)a 

OH ie OH OH 

BOH 
CH O}aeres te TE O)s 

(c) 

A polyhedral complex is found in U¢04(OH)4(SO4) 6°? and the isostructural Ce 
compound. This complex (Fig. 14.15) consists of an octahedron of U atoms and an 
associated cubic group of 8 O atoms (the positions of the H atoms are not known) 
of the same general type as the Mo¢Cl§* ion (p. 370), but whereas in the Mo 
complex the metal-metal distances are rather shorter than in the metal, here the 
U_—U distances (3:85 A) are as large as in UO3, showing that the complex is held 
together by U—O bonds. The oxyhydroxides Mg04(OH)4 of Sn and Pb form 
molecules of this type (p. 936). 

|-dimensional hydroxy-metal complexes 

A type of chain found in a number of hydroxy-salts with OH : M = 1 consists of 
octahedral coordination groups sharing opposite edges which include the (OH) 
groups. The simplest possibility is that these chains are then joined through the 
oxy-ions to form a 3-dimensional structure, as illustrated by the plan and elevation 
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of the structure of Cu(OH)IO;‘°) (Fig. 14.16). The other four atoms of the 

octahedral coordination group of M in the chain are necessarily O atoms of 

oxy-ions. The structures of Fe(OH)SO, °°) and In(OH)SO, are of the same general 

type. A further interesting possibility is realized in Zn,(OH), S04.” Instead of the 

(a) (b) 

ON Gu en @ sO ee OH 

FIG. 14.16. The structure of Cu(OH)IO3: (a) plan, (b) elevation, in which the octahedral chains 

are perpendicular to the plane of the paper. 

octahedral chains being cross-linked by finite oxy-ions as in Cu(OH)IO3 they are 

linked by chains of a second type running in a direction perpendicular to that of 

the first set, as shown in Fig. 14.17. This structure is one of a number in which 

there is both tetrahedral and octahedral coordination of Zn?*, a point referred to 

in Chapters 4 and S. 

A second kind of M—OH chain is related to the cyclic Zr complex already 

mentioned; it is a zigzag chain of M atoms joined by double hydroxy-bridges. The 

4 OH all lie to one side of a particular M atom, and this chain is characteristic of 

larger metals such as Zr, Th, and U forming M** ions which are 8- (sometimes 7-) 

coordinated by oxygen. The chain can be seen in the plan (Fig. 14.18) of the 

structure of Th(OH),SO,,°? with which the Zr and U compounds are 

isostructural. The chains are bound together by the S03 ions, O atoms of which 

complete the antiprismatic coordination groups around the M atoms in the chains. 

In Hf(OH),SO, . H,0°) 4 OH and H,0O form a planar pentagonal group around 

Hf, and 2 O atoms of sulphate ions complete the pentagonal bipyramidal 

coordination group. 

The dioxides of Ce, Zr, Th, and U all crystallize with structures of the fluorite 

type, and it is interesting to note that three of the complexes we have described 
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OZn OO 60H @S 

(c) (d) 

FIG. 14.17. The structure of Znz(OH)2SOq: (a) plan, (c) elevation, (b) and (d) diagrammatic 

representations of (a) and (c). In (a) and (b) the octahedral chains run parallel to the plane of 

the paper and the tetrahedral chains perpendicular to the paper; in (c) and (d) these directions 
are interchanged. 
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FIG. 14.18. The crystal structure of Th(OH) S04. 
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may be regarded as portions of this structure. In the [Zrg(OH)g(H,0), 6] °* ion 
the hydroxy-bridges are perpendicular to the plane of the Zr atoms, so that the 
arrangement of the 4 Zr and 8 OH is approximately that of Fig. 14.19(a), which is 

simply a portion of the fluorite structure. Similarly the Mg04(OH)4?* ion is the 
portion (b), and the [M(OH),], chain in Th(OH), SO, is the system of atoms (c) 

of the same structure. 

2-dimensional hydroxy-metal complexes 

The hydroxides of Ca, Mg, Mn, Fe, Co, and Ni crystallize with the CdI, (layer) 

structure. Although Cu(OH), does not adopt this structure a number of basic 

cupric salts have structures closely related to it, for example, Cu,(OH)3Br and the 

hydroxy-nitrate to be described shortly. Also, although Zn prefers tetrahedral 

coordination in Zn(OH), itself, various hydroxy compounds with CdI,-like 

structures appear to exist. In a number of basic salts Zn adopts a compromise, as in 

Zn ,(OH),SO4, between the tetrahedral coordination in Zn(OH), and the 

octahedral coordination in ZnCO3 and other oxy-salts, by exhibiting both kinds of 

coordination in the same crystal. This results in more complicated structures, and 

for this reason we shall describe first the very simple relation between 

Cu,(OH)3NO3 and the CdI,-type structure of CuCl, and Cu,(OH)3Br. 

Replacement by Br of one-quarter of the OH groups in a (hypothetical) Cu(OH), 

layer of the Cdl, type gives the layer of Cu,(OH)3Br, with suitable distortion to 

give Cul! (4 +2) instead of regular octahedral coordination. If instead of Br we 

insert one O atom of a NO3 ion, the plane of which is perpendicular to the layer, 

we have the (layer) structure of Cu,(OH)3NO3,0° illustrated in elevation in Fig. 

14.20(a). The other O atoms of the NO3 ions are hydrogen-bonded to OH ions of 

the adjacent layer. 
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FIG. 14.20. Diagrammatic 
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Metal Hydroxides, Oxyhydroxides and Hydroxy-Salts 

We showed in Chapter 6 how the Cdl, layer is used as the basic structural unit in 

a number of more complex structures, including 

Zns(OH)g(NO3)2 .2H,0 AC 1970 B26 860 
Zns(OH)gCl, .H,0 ZK 1968 126 417 
Zns(OH),¢(CO3), AC 1964 17 1051 

The first two structures are layer structures, the layer being derived from a 

hypothetical Zn(OH), layer of the CdI, type. One-quarter of the (octahedrally 

coordinated) Zn atoms are removed and replaced by pairs of tetrahedrally 

coordinated Zn atoms, one on each side of the layer, giving a layer of composition 

Zns(OH)g. In the hydroxynitrate a water molecule completes the tetrahedral 

coordination group of the added Zn atoms, and the NO3 ions are situated between 

the layers, being hydrogen-bonded to 2 H,O of one layer and 1 OH of the adjacent 

layer (Fig. 14.20 (b)). In Zn5(OH)gCl, .H,O the fourth bond from the 

tetrahedrally coordinated Zn is to Cl, and the water molecules are situated between 

the layers. In the carbonate there is also replacement of one-quarter of the OH 

groups in the original Zn(OH), layer by O atoms of CO3~ ions, so that the OH : Zn 

ratio becomes 6: 5 instead of 8:5 as in the other salts. There is direct bonding 

between the tetrahedrally coordinated Zn atoms of one layer and the CO3 groups 

of the adjacent layers, with the result that the structure is no longer a layer 

structure (see p. 213). 

Some basic salts with layer structures are always obtained in a poorly crystalline 

state. For example, crystals of ‘white lead’, Pb3(OH).(CO3),, are too small and too 

disordered to give useful X-ray photographs, but from electron diffraction data it is 

concluded that there are probably Pb(OH), layers interleaved with Pb? * and CO3~ 

ions in a rather disordered structure.“!!) 

Three-dimensional hydroxy-metal frameworks are unlikely to occur in 

hydroxy-oxysalts because the number of O atoms belonging to OH groups is 
usually a relatively small proportion of the total number of O atoms, and therefore 
many M—O—M bridges involve O atoms of oxy-ions. On the other hand, in 
hydroxyhalides such as M,(OH)3X the hydroxyl ions constitute three-quarters of 
the total number of anions, and in some of these compounds 3D hydroxy-metal 
frameworks do accur. (See the note on hydroxy-salts of Cul! in Chapter 25 and the 
section on hydroxyhalides in Chapter 10.) 
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Water and Hydrates 

The structures of ice and water 

The structure of the isolated water molecule in the vapour is accurately known 

from spectroscopic studies, but we have seen in Chapter 8 that compounds 

containing hydrogen are often abnormal owing to the formation of hydrogen 

bonds. Therefore it may not be assumed that the structural unit in the condensed 

phases water and ice has precisely this structure. It is convenient to discuss the 

structure of ice before that of water because we can obtain by diffraction methods 

much more information about the structure of a solid than about that of a liquid. In 
a liquid there is continual rearrangement of neighbours, and we can determine only 

the mean environment, that is, the number and spatial arrangement of nearest 

neighbours of a molecule averaged over both space and time. The only information 

obtainable by X-ray diffraction from a liquid at a given temperature is the 

scattering curve, from which is derived the radial distribution curve, and the 

interpretation of the various maxima in terms of nearest, next nearest neighbours, 

and so on, is a matter of great difficulty. 

Ice 

At atmospheric pressure water normally crystallizes as ice-1,, which has a hexagonal 

structure like that of tridymite. It may also be crystallized directly from the 

vapour, preferably in vacuo, as the cubic form ice-I, with a cristobalite-like 

structure provided the temperature is carefully controlled (—120° to —140°C). 

(This cubic form is more conveniently prepared in quantity by warming the 

high-pressure forms from liquid nitrogen temperature.) Ice-1, is metastable relative 

to ordinary ice-I, at temperatures above 153°K. The existence of a second 

metastable crystalline form, ice-1v, has been firmly established for D,O but less 

certainly for H,O. A vitreous form of ice is formed by condensing the vapour at 

temperatures of —160°C or below. 
In addition to 1, and 1, there are a number of crystalline polymorphs stable only 

under pressure, though the complete phase diagram is not yet established 

(Fig. 15.1). There are five distinct structures (differing in arrangement of O atoms) 

and there are low-temperature forms of two of them; the numbering is now 

unfortunately unsystematic: 

II Ill Vv VI VI 

IX Vill (low-temperature forms). 

23d 

H 

~ at 0:96A 
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FIG. 15.2. The structure of ice-VIII. 

Water and Hydrates 

The forms 11-vil are produced by cooling liquid water under increasingly high 

pressures; cooling to —195°C is necessary for 11, which also results from 

decompressing Vv at low temperature and 2 kbar pressure. Ice-I1I converts to 1X at 

temperatures below about —100°C and vii to viii below 0°C. All the high-pressure 
forms II-VII can be kept and studied at atmospheric pressure if quenched to the 

temperature of liquid nitrogen. 

The main points of interest of the structures of these polymorphs are (i) the 

analogies with silica and silicate structures, (ii) the presence of two interpenetrating 

frameworks in the most dense forms vi and vit (vItr), and (iii) the ordering of the 

protons. Analogies with silica and silicate structures are noted in Table 15.1, 

namely, ice-111 with a keatite-like structure, ice-vI with two interpenetrating 

frameworks of the edingtonite type (p. 828), and ice-vii (and viiI) with two 

interpenetrating cristobalite-like frameworks. In these structures, related to those of 

VII 

VI 

VIII 

fees (ih ee 1 el 

16 18 20 22 24 

k bar 

FIG. 15.1. Partial phase diagram for water. 

forms of silica or silicates, O atoms of H,0 molecules occupy the positions 
occupied by Si atoms in the silica structure or by Si or Al in the case of edingtonite. 
A projection of the Si atoms in keatite is similar to that of the Ge atoms in a 
high-pressure form of that element and has been illustrated in Fig. 3.41 (p.110). 
The arrangement of the O atoms in ice-vi1 (or vitt) is body-centred cubic (Fig. 
15.2). Each HO molecule has 8 equidistant neighbours but is hydrogen-bonded 
only to the 4 of its own framework. At atmospheric pressure (quenched in liquid 
N,) the length of an O—H—O bond is 2-95 A, and at —50°C under a pressure of 25 
kbar it is 2-86 A. 

The hydrogen-bonded frameworks in two of the ice polymorphs (11 and v) are 
different from any of the 4-connected Si(Al)—O frameworks. The (thombohedral) 
structure of ice-11 has some similarity to the tridymite-like structure of ice-1, the 
greater density being achieved by the proximity of a fifth neighbour at 3-24 A in 
addition to the four nearest neighbours at 2-80 A—compare the distance of the next 
nearest neighbours (4:5 A) in ice-Ip. The framework of ice-v also has no obvious 
silica or silicate analogue, in spite of the fact that the ratio of the densities of ice-v 

538 



Water and Hydrates 

to ice-I is the same as that of coesite (SiO) to tridymite. In ice-v H,O has four 
nearest neighbours at a mean distance of 2:80 A and then next nearest neighbours 
at 3-28A and 3-45 A, but more striking is the very distorted tetrahedral 

arrangement of the nearest neighbours, the angles O-O—O ranging from 84°-128°. 

Proton positions in ice polymorphs. In the early X-ray study of ice-1, only the O 

atoms were located. Each is surrounded by a nearly regular tetrahedral arrangement 

of 4O atoms, O—O being 2-752 A for the bond parallel to the c axis and 2-765 A 
for the other three, and the O—O—O angles are very close to 1094°. One H is to 

be placed somewhere between each pair of O atoms. The i.r. absorption frequencies 

indicate that the O—H distance in a H,O molecule cannot have changed from 

0:96 A to 1:38 A (one-half O—O in ice), therefore a H atom must be placed 
unsymmetrically along each O—O line. There are two possibilities: either H atoms 

occupy fixed positions (ordered protons) or there is random arrangement of H 

atoms (disordered protons) with the restriction that at any given time only two are 

close to a particular O atom, that is, there are normal H,O molecules. It was 

suggested by Pauling that an ‘average’ structure, with 4 H at each of 4 N sites (each 

0:96 A from an O atom along an O—O line) within an array of N oxygen atoms 

would account for the observed value (0-82 e.u.) of the residual entropy of ice. 

It has since been shown by a variety of physical techniques that in some of the 

high-pressure forms of ice the protons are ordered and in others disordered, in 

particular, the low-temperature forms IX and VIII are the ordered forms of ice-III 

and ice-viI respectively. The nature of the far infrared absorption bands indicates 

that the protons are ordered in 11 and 1x (sharp bands) but disordered in v (diffuse 

bands). The dielectric properties of all the following forms of ice have been 

studied: 1,,(?) 11, m1, v, and v1,@) vir and viir,“* and the conclusions as to 
proton order/disorder are included in Table 15.1. 

TAGE Lae: 

The polymorphs of ice 
oe 

Polymorph Density Ordered or fete, eee silica Reference 

(g/cc) disordered or silicate 
protons structure 

ois bee 

Ih 0-92 D Tridymite AC 1957 1070 (n.d.) 

Ibe 0-92 D Cristobalite JCP 1968 49 4365 (n.d.) 

II 1-17 O - AC 1964 17 1437 
JCP 1968 49 4361 (n.d.) 

a 146 D Keatite AC 1968 B24 1317 
IX O Keatite JCP 1968 49 2514 (n.d.) 

[IV - - - JCP 1937 5 964] 

Vv 1-23 D — AC 1967 22 706 

VI 1-31 D *Edingtonite PNAS 1964 52 1433 

VII D *Cristobalite JCP 1965 43 3917 

bed NBS 1965 69C 275 
VIII O *Cristobalite JCP 1966 45 4360 

* Structure consists of 2 interpenetrating frameworks. 

Sieh) 

(1) JCP 1968 49 775 
(2) JCP 1965 43 2376 
(3) JCP 1965 43 2384 
(4) JCP 1966 45 3976 



(5) JCP 1968 49 4660 

FIG. 15.3. The effective move- 

ment of (a) H* ion, and (b) OH™ 
ion resulting from small shifts of 

protons (after Bernal and Fowler). 

Water and Hydrates 

The second problem is the relation of the protons to the O—O lines. In ice-I, the 

angles O—O—O are close to 1094°, and n.d. shows that the H atoms lie slightly off 

these lines in positions consistent with an H-O—H angle close to 105°. The regular 

tetrahedral arrangement of the four O neighbours is due to the randomness of 

orientation of the molecules in the structure as a whole. The very large range of 

angles in the (proton-disordered) ice-v has already been noted. In the ordered II 

and 1x phases also n.d. and p.m.r. studies“>) confirm that the H-O—H angle is 

close to 105°. However, the O—O—O angles are respectively 88° and 99°, and 87° 

and 99°: the protons therefore lie appreciably off the O—O lines. 

Water 
The fact that water is liquid at ordinary temperatures whereas all the hydrides CH,, 

NH,, HF, PH3, SH,, and HCl of elements near to oxygen in the Periodic Table are 

gases, indicates interaction of an exceptional kind between neighbouring molecules. 

That these interactions are definitely directed towards a small number of 

neighbours is shown by the low density of the liquid compared with the value 

(1:84 g/cc) calculated for a close-packed liquid consisting of molecules of similar size, 

assuming a radius of 1-38 A as in ice. When ice melts there are two opposing effects, 

the breakdown of the fully hydrogen-bonded system in the tridymite-like structure 

of ice to give a denser liquid, and thermal expansion operating in the opposite 

sense. The first process must take place over a range of temperature in order to 

explain the minimum in the volume/temperature curve. There has been 

considerable discussion of the concentrations and energies of hydrogen bonds in 

water at various temperatures. Raman spectroscopic studies and measurements of 

the viscosity indicate that the number of hydrogen bonds in water at 20°C is about 

half that in ice. The idea that large numbers of hydrogen bonds are broken when ice 

melts or when water is heated is not generally accepted, and certainly does not 

appear probable if we accept Pauling’s value of 19 kJ mol”! for the hydrogen- 

bond energy. Alternative suggestions are the bending rather than breaking 

of these bonds or the breaking of weaker hydrogen bonds. Before describing actual 

structural models suggested for water it is relevant to mention two other properties 

of water, namely, the abnormal mobilities of H* and OH ions and the fact that the 

dielectric constant of water is practically the same as that of ice for low 
frequencies. 

The mobilities of the H* and OH™ ions are respectively 32-5 and 
17:8 x 10~* cm/sec for an applied field of 1 volt/cm, whereas the values for other 
ions are of the order of 6 x 10-* cm/sec. Calculations show that very little energy is 
required to remove a proton from one water molecule, to which it is attached as 
(H30)*, to another, for the states H30, H,0 = H,0, H30 have the same energy. If 
we assume that the H* ion acts as a bond between two molecules, then the process 
shown diagrammatically in Fig. 15.3(a) results in the movement of Ht from A to B. 
The analogous mechanism for the effective movement of OH™ ions through water is 
illustrated in Fig. 15.3(b). Whereas other ions have to move bodily through the 
water, the H* and OH™ ions move by what Bernal termed a kind of relay race, small 
shifts of protons only being necessary. 
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In order to account for the high dielectric constant of water it is necessary to 
suppose that there exist groups of molecules with a pseudocrystalline structure, 
that is, with sufficient orientation of the O-H—O bonds to give an appreciable 
electric moment. The upper limit of size of these ‘clusters’ has been estimated from 
studies of the infrared absorption bands in the 1-1-1-3 y region as approximately 
130 molecules at 0°, 90 at 20°, and 60 at 72°C. In a liquid there is constant 
rearrangement of the molecules, and it is postulated that a given cluster persists 
only for a very short time, possibly of the order of 107!! to 107!° seconds. 

The idea that water is in a general sense structurally similar to ice allowing, of 

course, for greater disorder in the liquid than the solid, is confirmed by the X-ray 

diffraction effects. Radial distribution curves have been derived from X-ray 

photographs taken at a number of temperatures from 1-5° to 83°C and from the 
areas under the peaks the average numbers of neighbours at various distances can be 

deduced, at least in principle. The first peak on the curve suggests that at 1-5°C 

there are on the average 4-4 neighbours at a mean distance of 2-90 A; at 83° the 

corresponding figures are 4-9 at 3-05 A. This first peak is succeeded by a curve 

which rises gradually to a poorly resolved maximum in the region 4:5-4-9 A, 

indicating the presence of molecules at distances between those of the nearest and 

next nearest neighbours in ice (2:8 and 4-5 A). Because of the small number of 

well-defined peaks the radial distribution curve has been interpreted in many ways. 

Various arrangements of water molecules are possible if the only condition is 

that each is surrounded tetrahedrally by four neighbours, but the structure must be 

more dense than the tridymite-like structure of ice-1. Three suggestions have been 

made for the structure of the pseudocrystalline regions. The first is a quartz-like 

packing tending at high temperatures towards a more close-packed liquid, the 

density of quartz being 2-66 g/cc compared with 2°30 for tridymite. The second is a 

structure resembling the water framework in the chlorine hydrate structure (p. 545) 

with non-hydrogen-bonded water molecules in all the polyhedral interstices, of 

which there are 8 in a unit cell containing 46 framework molecules. The third is a 

slightly expanded tridymite-like structure with interstitial molecules. It seems most 

likely that the higher density of water as compared with ice is due to the insertion 

of neighbours between the nearest and next nearest neighbours of an ice-like 

structure. In one model which has been refined by least squares to give a good fit 

with the observed radial distribution curve each framework H,0 has 4 framework 

molecules as nearest neighbours (1 at 2:77, 3 at 2:94 A) and each interstitial 

molecule has 12 framework H,O neighbours (3 at each of the distances 2:94, 3-30, 

3-40, and 3-92 A). In this model the ratio of framework to interstitial molecules is 

Aa 

In view of the very extensive literature on the structure of water we give here 

only a few references to the more recent papers which include many references to 

earlier work.) 

Aqueous solutions 

X-ray diffraction studies have been made of a number of aqueous solutions. It is 

possible to obtain some information about the nearest neighbours of a particular 
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(1) TKBM 1943 3 83; 1944 4 26, 5 
(2) ACSc 1952 6 801 
(3) JACS 1958 80 3576 
(4) JCP 1958 28 464 
(S) JCP 1969 50 4013 
(6) IC 1962 1 941 
(7) JCP 1965 43 2163 
(8) JCP 1969 50 4313 

Water and Hydrates 

ion from the o(r) curve derived from concentrated solutions, though it is doubtful 

if the more detailed deductions made about the structures of solutions of HNO3, 

H,SOq, and NaOH represent unique interpretations of the experimental data.) In 

solutions containing complex ions interatomic distances corresponding to bonds 

within the ions can be identified, for example, peaks at 1:33 A and 1-49 A in the 
radial distribution curves of aqueous solutions of NH4NO3 and HClO, are 

attributable to the N—O bond and Cl—O bonds.*?) Deductions have been made 

about the environment of the cations in solutions of EuCl,,°*? KOH,“ FeCl;,? 

ZnCl, ZnBry,{7 and CoCl,.) (For solutions of hydrolysed Pb and Bi salts 

containing hydroxy-complexes see p. 516.) 

There is inevitably some doubt about the existence of octahedral as opposed to 

tetrahedral complexes in neutral solutions of FeCl; since the peak at 2-25 A can be 

interpreted either in terms of tetrahedral coordination of Fe?* by Cl” (Fe—Cl, 

2-25 A) or as the mean of 4 Fe—O (2:07 A) and 2 Fe—Cl (2-30 A) in octahedral 
complexes of the type that exist in the crystalline hexahydrate (q.v.). On the other 

hand there seems to be no doubt about the existence of FeClg in dilute solutions 

containing excess Cl” ions or of Fe,Clg molecules in non-aqueous solvents of low 

dielectric constant such as methyl alcohol. 

Zinc chloride is extremely soluble in water even at room temperature, and the 

very viscous 27:5 molar solution approaches the molten salt in composition 

(Zno9.29Clo-40(H20)o.49). Its X-ray radial distribution curve is consistent with 

tetrahedral groups ZnCl3(H,0O), which must share, on the average, two Cl atoms 

with one another. In more dilute solutions (SM) groups ZnCl,(H,0), predominate, 

and similar coordination groups are found in concentrated aqueous ZnBr,. These 
change to ZnBr3” in the presence of sufficient excess Br™~ ions. X-ray diffraction 
data from concentrated solutions of CoCl,, on the other hand, have been 
interpreted in terms of octahedral Co(H,0)2* groups (Co—O around 2:1 A), but in 
methyl and ethyl alcohols there are apparently highly associated tetrahedral CoCly 
groups (Co—Cl, approx. 2°3 A). 

Hydrates 

One of the simplest ways of purifying a compound is to recrystallize it from a 
suitable solvent. The crystals separating from the solution may consist of the pure 
compound or they may contain ‘solvent of crystallization’. For most salts water is a 
convenient solvent, and accordingly crystals containing water—hydrates—have been 
known from the earliest days of chemistry, and many inorganic compounds are 
normally obtained as hydrates. We have already noted in our survey of hydroxides 
that many compounds containing OH groups were originally formulated as 
hydrates, for example, NaSb(OH), as NaSbO3 .3H,0, NaB(OH)q4 as 
NaBO,.2H,0, and many others. The term hydrate should be used only for 
crystalline compounds containing H,O molecules or in the case of hydrated acids, 
ions such as H30*, H,03, etc. (see the discussion of these compounds later). Apart 
from inorganic and organic acids, bases, and salts, certain essentially non-polar 
compounds form hydrates, among them being chlorine and bromine, the noble 
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gases, methane, and alkyl halides. Many of these hydrates contain approximately 
6-8 H20O or 17 H,O for every molecule (or atom) of ‘solute’. The hydrates of the 
gaseous substances are formed only under pressure and are extremely unstable, and 
the melting points are usually close to 0°C. In these ‘ice-like’ hydrates there is a 3D 
framework built of H,O molecules which encloses the solute molecules in tunnels 

or polyhedral cavities (‘clathrate’ hydrates). At the other extreme there are 

hydrates in which water molecules (and cations) are accommodated in tunnels or 

cavities within a rigid framework such as the aluminosilicate frameworks of the 

zeolites. Such a hydrate can be reversibly hydrated and dehydrated without 

collapse of the framework, in contrast to the clathrate hydrates in which the 

framework itself is composed of water molecules. Between these two extremes lie 

the hydrates of salts, acids, and hydroxides, in which H,O molecules, anions, and 

cations are packed together to form a structure characteristic of the hydrate. 

Removal of some or all of the water normally results in collapse of the structure, 

which is usually unrelated to that of the anhydrous compound. The monohydrate 

of Na3P30, is exceptional in this respect. In the structure of the anhydrous salt 

there is almost sufficient room for a water molecule, so that very little 

rearrangement of the bulky P3027 ions is necessary to accommodate it. For this 

reason the structures of Na3P30, and Na3P30, . H2O are very similar. 

We shall be concerned in this chapter with the clathrate hydrates and the 

hydrates of salts, acids, and hydroxides. The structures of zeolites are described in 

Chapter 23, as also are the clay minerals, which can take up water between the 

layers. Examples of hydrated ‘basic salts’ and of hydrates of heteropoly acids and 

their salts are-also discussed in other chapters. 

Clathrate hydrates 

In this type of hydrate the water molecules form a connected 3D system enclosing 

the solute atoms or molecules. We may list the latter roughly in order of increasing 

interaction with the water framework: atoms of noble gases (Ar, Xe) and molecules 

such as Cl,, CO», C3Hg and alkyl halides, compounds such as N4(CH,)6 which are 

weakly hydrogen-bonded to the framework, and finally ionic compounds in which 

ions of one or more kinds are associated with or incorporated in the water 

framework. As regards their structures, the frameworks range from those in which 

there are well defined polyhedral cavities to 3- or (3 + 4)-connected nets in which 

there are no obvious voids of this kind. In the first group a H,O molecule is 

situated at each point of a 4-connected net, the links of which (O-H—O bonds) 

form the edges of a space-filling arrangement of polyhedra. These ‘ice-like’ 

structures are not stable unless all (or most) of the larger voids are occupied by 

solute molecules, and the melting points are usually not far removed from 0°C. In 

Table 15.2 we include some less regular structures to which we refer later. The 

polyhedral frameworks are divided into two classes, (a) and (b), the latter involving 

the pentagonal dodecahedron and related polyhedra with hexagonal faces to which 

reference was made in Chapter 3. 
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TAB EE esa. 

Clathrate hydrates 
Oi a ae ee eg Se ot, ee 

HO molecules only in HO and F,N, Sin Reference 

framework framework 

Polyhedral frameworks 

Class (a) 

(i) HPF. .6 HO AC 1955 8 611 

(CH3)4NOH . 5 H20 JCP 1966 44 2338 

ii) (CH3)3CNH)2 . 93 H2O JCP 1967 47 1229 

Cla 
ae Cl,. 74 H20 PNAS 1952 36 112 

JCS 1959 4131 

6-4 CzHqO. 46 H2O JCP 1965 42 2725 
(n-C4Hg)3SF.20H20 | JCP 1962 37 2231 

(ii) CHCl, .17 Hz0 JCP 1951 19 1425 
7-33 H2S.8 C4HgO .136H20 JCP 1965 42 2732 

(iii) (i-C5H1,)4NF . 38 H20 JCP 1961 35 1863 
(iv) Bry . 8-6 HO JCP 1963 38 2304 

Intermediate types 
Class (c) 

(i) (n-C4H9)3SF .23 H20 JCP 1964 40 2800 
(ii) (C2Hs5)2NH.84 H20 JCP 1967 47 1222 
(iii) 4 (CH3)3N.41 H20 JCP 1968 48 2990 

Non-polyhedral frameworks 
Class (d) 

(i) N4(CH2)¢6 .6 HzO JCP 1965 43 2799 
Coy? OuH,0 (ii) (CH3)4NF .4 H,0 JCP 1967 47 414 

FIG. 15.4. The crystal structure of 
HPF. . 6 H,0. 

Polyhedral frameworks 

Class (a). The analogy between the structural chemistry of H,O and SiO, is 

illustrated by the structure of HPF, . 6 H,O. In this crystal the H,O molecules are 

situated at the apices of Fedorov’s space-filling by truncated octahedra, that is, at 

the same positions as the Si(Al) atoms in the framework of ultramarine (p. 832). 

Each H,0 molecule in the framework (Fig. 15.4) is hydrogen-bonded to its four 

neighbours at a distance of 2-72 A, and the PF¢ ions occupy the interstices 

(H,O—F, 2-74 A; P—F, 1-73 A). 
If each link in the ‘Fedorov’ net is to be a hydrogen bond there are sufficient H 

atoms in M.6H,0O. In HPF, .6H,0 there are 13H, and H* is presumably 
associated in some way with the framework. An interesting distortion of this net 
occurs in (CH3)4NOH . 5 H,0, where OH” + 5 H,0 are situated at the vertices of 

FIG. 15.5. The framework of hy- 
drogen-bonded OH ions and HO : 
ae pana in (CH3)4N.OH.5 H,0 the truncated octahedra. Since there are only 11 H all the edges of the polyhedra 
showing distortion of the trun- cannot be hydrogen bonds. The inclusion of the cations in the truncated octahedra 
cated octahedron in the ‘Fedorov’ ; i : i BTR SE Cn ene expands them by extending certain of the edges to a length of 4-36 A (Fig. 15.5), 
O-O edges of length 4-36 A. Much less symmetrical polyhedral cavities are found in (CH3)3C . NH, . 93 H,0. 

The framework represents a space-filling by 8-hedra (f4 = 4, fs =4) and 17-hedra 
(f3 = 3, fs =9, fg = 2, f> = 3). The unit cell contains 156 H,0 (16 formula units), 
and the amine molecules occupy the 16 large voids (17-hedra); the 8-hedra are not 
occupied. 
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Class (b). In this class the (4-connected) networks are the edges of 

space-filling arrangements of pentagonal dodecahedra and one or more of the 

related polyhedra: f, = 12, fg = 2, 3, 4 (Table 15.3). 

TABLE? 15:3 

The dodecahedral family of hydrate structures 

Hydrate Vertices Voids (n-hedra) Total of 
large 

voids 

Cl, . 74 H20O 6 
CHCl; . 17 H20 8 
(i-Cs5H4)4NtF~ . 38 H2O 8 
Br2 . 8-6 H,0 0 

The hydrate of chlorine is of special interest as the solid phase originally thought 

to be solid chlorine but shown (in 1811) by Humphry Davy to contain water. It 

was later given the formula Cl, . 10 H,O by Michael Faraday. The unit cell of this 

(cubic) structure (a © 12 A) contains 46 H,O which form a framework (Fig. 15.6) 

in which there are 2 dodecahedral voids and 6 rather larger ones (14-hedra). If all 

FIG. 15.6. The oxygen framework of the 

Type I gas hydrate structure. At the centre 

of the diagram are two of the six 14-hedra 

voids in the unit cell. 

the voids are filled, as is probable for Ar, Xe, CH4, and H,S, this corresponds to 

46/8 = 53 H,O per atom (molecule) of solute. If only the larger holes are filled the 

formula of chlorine hydrate would be Cl, . 74 HO. Earlier analyses suggested 

8 H,O, which would correspond to 2 H2O in the smaller voids. However, more 

recent chemical analyses and density measurements indicate a formula close to 

Cl, . 74 H,O, suggesting partial ( 20 per cent) occupancy of the smaller voids by 

Cl, molecules. 

The sulphonium fluoride (n-CyH9)3SF forms three hydrates, one of which 

(20H,0) has this structure, apparently with 2S* statistically occupying 
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framework sites, leaving 4 vacant sites, two of which may be occupied by 2 F. In 

hydrates of substituted sulphonium and ammonium salts the bulky alkyl groups 

occupy voids adjacent to the framework site occupied by S* or N*. The host 

structure invariably has higher symmetry than is compatible with the arrangement 

of the guest ions in any one unit cell, and there is accordingly disorder of various 

kinds in these structures. 

The second structure of Table 15.3, which is also cubic (a © 17-2 A), is adopted 

by hydrates of liquids such as CHCI3; a portion of the structure is illustrated in Fig. 

15.7. The unit cell contains 136 HO and there are voids of two sizes, 16 smaller 

and 8 larger. Filling of only the larger voids gives a ratio of 136/8 = 17H,0 

per molecule of CHCl3, CH3], etc., but molecules of two quite different sizes 

can be accommodated, each in the holes of appropriate size, as in 

CHCl; . 2H,S. 17 H,0. In the H,S-tetrahydrofuran hydrate listed in Table 15.2 

there is rather less than half-occupancy of the smaller holes by molecules of H2S. 

FIG. 15.7. Part of the framework of water 
molecules in a hydrate M.17 H2O shown as a 

packing of pentagonal dodecahedra and hexa- 
kaidecahedra. At the centre part of one of the 

larger holes can be seen. 

In the third structure of Table 15.3 the 80 polyhedral vertices in a unit cell are 

occupied by 76 H,0, 2 N*, and 2 F-. Alkyl groups project from N* into the four 

(tetrahedrally disposed) polyhedra meeting at that vertex (two 14- and two 

15-hedra). 

Class (c). In (n-C4Hg)3SF.23H,0 there are layers of pentagonal 

dodecahedra similar to those in the 38-hydrate structure just mentioned, and 

between them are large irregularly shaped cavities which accommodate the cations. 

The formation of this structure apparently represents an attempt to accommodate 

the (n-C4Hg)3S* cation in a hydrate with composition close to that of the 

20-hydrate which forms the cubic structure already described. 

Amines form numerous hydrates, with melting points ranging from —35° to 

+5°C and containing from 34 to 34H,O per molecule of amine. The structures 

include the cubic gas hydrate structure and some less regular ones. For example, in 

(C,Hs)NH . 83 H,0 layers of 18-hedra (fs = 12, fg = 6) are linked by additional 
water molecules to form less regular cages (12 in a cell containing 104 H,O). The N 

atoms are not incorporated in the framework but are hydrogen-bonded to the H,O 

molecules as in N4(CH2)¢ . 6 HO (see later). 
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Class (d). These hydrates are distinguished on the grounds that there are no 

well defined polyhedral cavities, the nets being 3- or (3 +4)-connected. The 

3-connected framework in N4(CH,)¢ .6H,O (m.p. 13°5°C) is that of Fig. 3.31 
(p. 97), the same as one of the two identical interpenetrating frameworks in 

6-quinol clathrates. Since a framework of this kind built of H,O molecules has 

only 9 links (O—H—O bonds) for every 6 H,O there are 3 H atoms available to 

form hydrogen bonds to the guest molecules. The latter are suspended ‘bat-like’ in 

the cavities halfway between the 6-rings (Fig. 15.8), that is, they occupy the 

FIG. 15.8. The structure of (CH2)6Nq . 6 HzO showing one molecule of (CH2)6N4 ‘suspended’ 

in one of the interstices. The (CH2)¢Nq4 molecule is represented diagrammatically as a tetra- 

hedron of N atoms attached to the hydrogen-bonded water framework by N ... H—O bonds 

(heavy broken lines). 

positions of the rings of the second network in the B-quinol structure. One-half of 

the H,O molecules form three pyramidal O-H—O bonds and the remainder four 

tetrahedral hydrogen bonds (one to N). One-half of the protons are disordered 

(those in the 6-rings), the remainder are ordered—compare ice-I, in which all the 

protons are disordered, and ice-II, in which all protons are ordered. 

In (CH3)4NF .4 H,O the F~ ions and HO molecules form a hydrogen-bonded 

framework (Fig. 15.9) in which F~ has a ‘flattened tetrahedral’ arrangement of 
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4 H,0 neighbours (O—F—O, 156° (two) and 924° (four)) and HO has three nearly 

coplanar neighbours (O—O, 2:73 A, O—F, 2:63 A). The cations occupy cavities 

between pairs of F” ions. 

FIG. 15.9. The framework of F~ ions 
(4-connected) and HzO molecules 

(3-connected) in (CH3)4NF.4 H20. 
The heights of atoms above the plane 
of the paper are in units of c/100 

(c = 8-10 A). 

10-90A 

b= 

a=10-90A 

eS H,0 D F- 

Hydrates of oxy-salts, hydroxides, and halides 

We exclude from the major part of our discussion the structures of hydrated 

complex salts, since the principles determining their structure are much less simple. 

For example, in hydrated complex halides A,,(BX,) . PHO, which we consider 

briefly later, the water is in some cases attached to B (e.g. in(NHq4)2(VFs5 . H20)) 

while in others (e.g. K,(MnF,) . HO, p. 383) it is situated together with the A 

ions between BX,, complexes (here infinite octahedral chain ions). Similarly there 
are octahedral (HgCl4)2”~ chains in K,HgCl4 . H,O between which lie the K* ions 
and the H,O molecules. 

Before reviewing the crystal structures of these compounds we note some 

general points. They form an extremely large group of compounds, ranging from 

highly hydrated salts such as MgCl, . 12 H,O and FeBr, . 9 H,O to monohydrates 

and even hemihydrates, for example, Li,SO4 . HO and CaSOq . $ HO. Moreover, 

a particular compound may form a series of stoichiometric hydrates. Many simple 

halides form three, four, or five different hydrates, FeSO,q crystallizes with 1, 4, 5, 

6, and 7 HO, and NaOH is notable for forming hydrates with 1, 2, 34, 4,5, and 7 

H,O. The degree of hydration depends on the nature of both anion and cation. In 

some series of alkali-metal salts containing large anions such as SOZ” or SnBr2~ the 

Li and Na salts are hydrated while those containing the larger ions of K, Rb, and Cs 

are anhydrous. The alkali-metal chlorides behave similarly, but the fluorides show 

the reverse effect, and the figures in Table 15.4 illustrate the difficulty of 

generalizing about the degree of hydration of series of salts. 

548 



Water and Hydrates 

TABLE 15.4 

Hydrates of some alkali-metal salts 

K Rb Gs 

2,4 4 3,15 

We have seen that the structures of the ice polymorphs and of the ice-like 

hydrates indicate that the H,O molecule behaves as if there is a tetrahedral 

distribution of two positive and two negative regions of charge. The arrangement of 

nearest neighbours of water molecules in many crystalline hydrates is consistent 

with this tetrahedral character of the water molecule. In hydrated oxy-salts we 

commonly find a water molecule attached on the one side to two O atoms of 

oxy-ions and on the other to two ions M* or to one ion M? * thus: 

OLRSOR 

The neighbours of a water molecule may equally well be other water molecules 

suitably oriented so that oppositely charged regions are adjacent. In this way groups 

of water molecules may be held together as in H3PW, 2040 . 29 HO, and water 

molecules in excess of those immediately surrounding the metal ions may be 

present, as in NiSO,4 . 7 H,0, which may be written [Ni(H,0)¢]H,0 . SOq. In our 

discussion of the structures of hydroxides we saw that in suitable environments, the 

OH group is polarized to the stage where an O—H-O bond is formed, and in 

hydrates we find an analogous effect. In hydrated oxy-salts and hydroxides the 

short distances (2:7-2-9 A) between O atoms of water molecules and those of the 

oxy-ions are similar to those found in certain hydroxides and oxyhydroxides, and 

indicate the formation of hydrogen bonds. In hydrated fluorides there are O—H--F 

bonds of considerable strength, and we give examples later of O—H---Cl bonds. We 

deal separately with hydrated acids and acid salts in which protons are associated 

with some or all of the water molecules to form H,0* or more complex groupings. 

Some of the numerous possible environments of a water molecule in hydrates 

are shown in Fig. 15.10. It might seem logical to classify hydrates according to the 

way in which the water molecules are bonded together. If all the H,O molecules in 

a particular hydrate have environments of one of the types shown in Fig. 15.10, 

with 4, 3, 2, 1, or zero H,O molecules as nearest neighbours then the systems of 

linked H,O molecules (aquo-complex) would be as follows: (a) and (b), all possible 
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M2+ M+ M+ 

(c) (d) (e) 

FIG. 15.10. Environment of water molecules in crystals. The larger shaded circles represent M*, 

OH-, F~, or oxygen of oxy-ion. 

types up to and including 3D frameworks, (c), rings or chains, (d), pairs of H2O 

molecules, and (e), no aquo-complex. For example, each HO in Li,SO,4 . H,O is 

of type (c), hydrogen-bonded to two others, so that chains of water molecules can 

be distinguished in the crystal, whereas in KF .2 H,O each H,O is surrounded 

tetrahedrally by 2 F~ and 2 K” ions, as at (e), that is, there is no aquo-complex. 

However, any classification of this kind would be impracticable because the water 

molecules in many hydrates do not all have the same kind of environment. There 

may be a major difference in environment, as when some of the H,O molecules are 

bonded to the metal atoms and others are accommodated between the complexes 

as, for example, in [CoCl,(H,0)4] .2 H,O, or there may be differences between 

the environments of the various water molecules of one M(H,0), complex. Thus in 

NiSO, . 7 H,0 the seventh H,O molecule is not in contact with a metal ion but in 

addition there is the further complication that the environments of the six H,O 

molecules in a Ni(H,0)2* group are not the same and are in fact of no fewer than 

four different types. Some have three approximately coplanar neighbours (Ni?* 

and 2 O of SO4~ or 2 H,O) and others four tetrahedral neighbours (Ni?*, 2 O and 

H,0, or Ni?*, O, and 2 H,0). Much of the structural complexity of hydrates is due 

to this non-equivalence of water molecules which in turn is associated with the fact 

that so many arrangements of nearest neighbours are compatible with the 

tetrahedral charge distribution of the H,O molecule as indicated in Fig. 15.10. 

A detailed description of the bonding in hydrates evidently requires a knowledge 
of the positions of the H atoms. In the earlier X-ray studies it was not possible to 
locate these atoms, and it was assumed that they were responsible for certain 
unusually short O—O or O—X distances in the crystals. Later studies, particularly 
n.d. and n.m.r., have confirmed this and led to the precise location of the H atoms. 
It is now becoming possible to discuss not only the gross structures of the 
compounds, that is, the spatial arrangement of the heavier atoms, but also two 
aspects of the finer structure, namely, the positions of the H atoms in hydrogen 
bonds and the ordering of the protons. Reference to these topics will be made later. 

Since in the hydrates under discussion the H,O molecules tend to associate, 
albeit not exclusively, with the cations, it is convenient to show in any classification 
the nature of the coordination group around the cations. In a hydrated oxy-salt or 
halide this will be made up of O atoms of oxy-ions, halide ions, or O atoms of H,O 
molecules (the H atoms of which will be directed away from M). If 1 is the 
coordination number of M in M,X, .zH,O, where X represents the anion (Cli 

550 



Water and Hydrates 

SOFtOs MOH sy, etc.) we may list hydrates according to the value of z/xn (Table 
15.5). Evidently, very simple structures may be expected if z/xn = 1 (z = xn), since 
there is in this case exactly the number of H,O molecules necessary to form 
complete coordination groups M(H,O), around every M ion. However, the 
situation is more complicated than this because if H,O molecules are common to 
two M(H,0), coordination groups there can be complete hydration of M with 
smaller values of z/xn. For example, for octahedral coordination of M (n = 6): 

z/xn Example 

il Discrete M(H20)¢6 groups MgCl, . 6 H20 
2 M(H 0)¢ sharing two edges KF .4H,0 
¢ M(H20)6 sharing two faces LiClO, . 3 HzO 

There is therefore no simple relation between the value of z/xn and the 

composition of the coordination group around M, as is clearly seen in Table 15.5. 

For descriptive purposes it is convenient to make three horizontal subdivisions 

of the Table. 

Ap ee/xnySA 

In these hydrates there is sufficient (or more than sufficient) water for complete 

hydration of the cations without sharing of H,O molecules between M(H,0),, 

coordination groups. There are no known exceptions to the rule that if z/xn >1 

(class AI) M is fully hydrated and the excess water is accommodated between the 

M(H,0),, complexes or, alternatively, associated with the anions. A set of very 

simple structures is found if z/xn=1 (class AI), but the structures of greatest 

interest are those of class AJII, at present represented by only two structures, both of 

halides of 3d metals. Although z/xn = 1 some of the coordination positions around 

M are occupied by Cl in preference to H,O. There are no entries in Class AIV, for if 

z/xn > 1 either the cation is fully hydrated or there is excess water of 

crystallization. 

B. 1>(z/xn) 54 

Here there is sufficient water for complete hydration of M assuming that H,O 

molecules can be shared between two (and only two) M(H,O),, coordination 

groups. Structures of all four types I-IV are known, and those of greatest interest 

are perhaps those of types I and III where, as in AIII, structures could be envisaged 

in which all the water would be associated with M ions; instead, only part of the 

water hydrates the cations. 

C. (2/xn)<4 

There is insufficient water for complete hydration of M even allowing sharing of 

H,O molecules between two M(H,0), coordination groups. Apart from one case 

the examples of Table 15.5 are all mono- or di-hydrates, and as might be expected 

are of type IV. Because of its charge distribution a water molecule is unlikely to 

have more than two cation neighbours, and accordingly there are no hydrates in 

classes CI or CII. 
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TABU B eases . 

A classification of salt hydrates My Xj . ZH,0 

M fully hydrated M incompletely hydrated i 

z/xn aoe H2,0 E hi eS A 

2 MgCl, . 12 H,0) 
2 FeBrz .9H,0 
& see text 
x NiSO,4 . 7 H,0(2) 

NaOH . 7 H,0(3) 
1 Sm(BrO3)3 . 9 H,O(4) 

Nd(BrO3)3 . 9 H,O(S) 
CaO, . 8 H,0(6) 
St(OH)2 . 8 H2O(7) 
Zn(BrO3)2 a6 H,068) 

Col, . 6 H,O(9) 
MgCly 26 H 00) CoCl, .6 H,0(5) 

AIC]; . 6 H,OCD NiCl, . 6 H,0('6) 
CrCl; . 6 H,0(2) FeCl; . 6 H,O(7) 
Mg(Cl04)2 .6 H2OU3) | CrCl, .6 H,0U8) 

|_BeSOa .4H,004) 

$ (19) a2CO3. 10 H, 0(29) CuSOq . 5 H,0(26) g NazSO4 = IO H2,0 N 2C 3 2) 4 2 CaCO; 450029) 

, GdCl, . 6 H,0(39) 
: StCl, . 6 HO!) SnCly . 2 H,0(27) FeF, .4H,0G) 

KF .4 H,0(22) FeCl, . 4 H, 0(32) 
MnCl, . 4 H,0(32a) 

3 Na2HAsOyq . 7 H,0(23) 
NaOH . 34 H,0C@4) 

- LiClO4 . 3 H,0(25) FeF3 . 3 H,0(28) CuSOq . 3 H, 0033) 
ee ee ee 

3 CdS0q. £ H,0G4) 
a KF . 2 H,0@5), NaBr .2 H,0(36) 
: CoCly . 2 H,O0G7) 

NiCly . 2 H,0(37a) 
a BaCly . 2 H,0(38) 

SrCly me H,0(39) 

CaSO4 nae H> O(40) 

LiOH .H,0(4)) 
a CuSO4 . H,0(42) 
3 LizSOq . H,0(43) 

St(OH)2 . H, 0(44) 
5 SrBr2 . H,O(45) 
iz Na2CO3 : H,0(46) 

(1) AC 1966 20 875. (2) AC 1964 17 1167, 1361; AC 1969 B25 1784. (3) CR 1953 236 1579. (4) AC 1969 A25 621. (5) JACS 1939 61 1544. (6) AC 1951 4 67. (7) AC 1953 6 604. (8) ZK 1936 95 426. (9) ZSK 1963 4 63. (10) ZK 1934 87 345. (11) AC 1968 B24 954. (12) ZK 1934 87 446. (13) ZK 1935 91 480. (14) AC 1969 B25 304, 310. (15) JPSJ 1961 16 1574. (16) JCP 1969 50 4690. (17) JCP 1967 47 990. (18) AC 1966 21 280. (19) JACS 1961 83 820. (20) AC 1969 B25 2656. (21) KDV 1940 17 Nr.9 (22) JCP 1964 41 917. (23) AC 1970 B26 1574, 1584. (24) BSFMC 1958 81 287. (25) AC 1952 5 571. (26) PRS A 1962 266 95. (27) JCS 1961 3954. (28) AC 1964 17 1480. (29) IC 1970 9 480. (30) AC 1961 14 234. (31) AC 1960 13 953. (32) AC 1971 B27 2329; (32a) IC 1964 3 529; IC 1965 4 1840. (33) AC 1968 B24 
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We have already remarked that in many hydrates the H,O molecules are not all 
equivalent, often having very different environments. It is also found that in some 
hydrates there are two or more kinds of non-equivalent cation. This complication is 
less frequently encountered; an example is NagP,O,.10H,0,) in which 
one-half of the Na* ions have 6 H,O while the remainder have 4 H,0O and O atoms 
of anions as nearest neighbours. We confine our examples in Table 15.5 and the 
following account to hydrates in which all the cations have similar arrangements of 
nearest neighbours, as is the case in most hydrates. 

Hydrates of Class A: z/xn > 1. 
Type Al. This is apparently a very small group of compounds, of which very 

few structures have been determined. 

MgCl, . 12 HO. This compound is of special interest as the most highly 
hydrated simple salt of which we know the structure. It is stable only at low 
temperatures, as shown by the transition points: 

° ° fe ° =e . 181 C MeCl, . 12 H,0 8 H,0 SS ae Ome 
(The known hydrates of MgBr, and MglI, contain respectively 6 and 10, and 8 and 
10 H,0.) The structure consists of very regular Mg(H,O)¢ octahedra and very 

distorted Cl(H20)¢ octahedra (Cl—O, 3-11-3-26 A, but edges, 3:86-5:55 A). Each 

octahedral coordination group shares four vertices, Mg(HO)¢ with 4 Cl(H,O),¢ and 

Cl(H,0)¢ with 2 CI(H,0)¢ and 2 Mg(H,0O)¢, as shown diagrammatically in Fig. 

15.11. The layers, of composition MgCl,(H20), , are held together by O-H—O 

bonds between H,O molecules. The H2O molecules attached to Mg** have two 

other neighbours (H,0 or Cl); the others, one-half of the total, have four 

tetrahedral neighbours (2 Cl” + 2 H,O or 1 Cl” +3 H,0). The structure provides a 

beautiful illustration of the behaviour of the water molecule in this type of hydrate. 

(z/xn = 8/6. We may include here two salts containing hexanitrato-ions, namely, 

Mg[Th(NO3)¢] .8 H,O°) and Mg3[Ce(NO3)¢]> .24H>0,° in both of which 
Mg?* is completely hydrated and one-quarter of the water of hydration is not 

attached to cations.) 

NiSO, .7 HO. Reference has already been made to the fact that as regards 

their environment in the crystal there are five different kinds of HO molecule in 

this hydrate. From the chemical standpoint, however, we need only distinguish 

between those forming octahedral groups around Ni** ions and the seventh H,0 

which is situated between three water molecules of Ni(H,O)¢ groups and one O 

atom of a sulphate ion. 

—16°4 
2 H,0 

Type All. In this, the simplest type of salt hydrate, all the water molecules 

are associated with the cations. The number of O atoms which can be 

(1) AC 1957 10 428 

(2) AC 1964 18 698 
(3) JCP 1963 39 2881 

_e. 2 

FIG. 15.11. Layer formed from 

vertex-sharing [Mg(HzO)¢]?* and 
[CI(H20)6]~ groups in MgCl, .12 

H20O (diagrammatic). The squares 
represent [Mg(H20)¢ ] ?* and the 
thombuses [CI(H20)¢]~ groups. 
Two (unshared) vertices of each 

octahedron are not shown. 

508. (34) PRS A 1936 156 462. (35) AC 1951 4 181. (36) AC 1964 17 730. (37) AC 1963 16 
1176; (37a) AC 1967 23 630. (38) AC 1966 21 450. (39) KDV 1943 20 Nr.5. (40) JCP 1958 
29 1306. (41) AC 1971 B27 1682. (42) CR 1966 B262 722. (43) JCP 1968 48 5561. (44) 
AC 1967 22 252. (45) JPC 1964 68 3259. (46) ZK 1936 95 266. 
Miscellaneous: NaOH . 4 HO JCP 1964 41 924. 
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accommodated around the ion M is determined by the radius ratio ry io, and 

since the bonds M—O are essentially electrostatic in nature the coordination 

polyhedra are those characteristic of ionic crystals. 

Shape of M(H20), complex 

Tetrahedron: BeSO, .4 H,0 

Octahedron: MgCl, . 6 H20; Col, . 6 H20; AlCl; .6 H20; 

CrCl; .6 H,0; Mg(ClO4)2 . 6 H20, etc. 

Square antiprism: CaO, .8 H,0; Sr(OH)2 .8 H20 

Tricapped trigonal prism: Nd(BrO3)3 .9 H20; Sm(BrO3)3 . 9 H,0 

The environment of the water molecules in, for example, BeSO, . 4 H2O is 

consistent with our description of the H,O molecule; it corresponds to (e) 2 of 

Fig. 15210: 

2-62 epee cal cl 

1-61A pin 1:88A UH 
Be Al On 

iz lili 
2-68 Av. 303 Avs. 

-OSO3 Cl 

If the only factor determining the structure of Mg(H,0)¢Clz were the relative 

sizes of Mg(H,0)2* and Cl” this hydrate could have the fluorite structure, but this 

would mean that each H,O would be in contact with 4 Cl” ions. In fact, the 

corresponding ammine, Mg(NH3)¢Cl2, does crystallize with this structure, but the 

hexahydrate has a less symmetrical (monoclinic) structure in which each water 

molecule is in contact with only 2 Cl” ions. Similarly, the ammine Al(NH3)6Cl3 

has the YF3 structure, but Al(H,0),¢Cl; has a much more complex rhombohedral 

structure in which every H,O molecule is adjacent to only 2 Cl” ions, giving it an 

environment very similar to that in BeSOq . 4 H2O as shown above. 

Type Alll. The two structures in this class, both of hexahydrates of 3d 

metal halides, form a striking contrast to two structures of AII. Both contain 

octahedral coordination groups M(H,O)4Cl, with the trans configuration. 

(NiCl, . 6 HO is similar to the cobalt compound.) 

Coordination 

group of M 
Coordination 
group of M Structural formula 

MgCl, .6 H,0 6 H20 CoCl,.6H,0 4H,02¢1 [CoCl,(H2.0)4].2H,0 
AIC]; .6 HO 6 HO FeCl3.6H,0 4H,02Cl [FeCl (H20)4] Cl.2 H,0 

In contrast to CoCl, .6H,O the iodide is Co(H,0)¢I, (type AII). For the 

trichlorides the stabilities of the two hydrate structures are presumably not very 

different, for the hexahydrate of CrCl3 forms structures of both types. Early 
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chemical evidence (for example, the proportion of the total chlorine precipitated 
by AgNO3) indicated the following structures for the hydrates of chromic chloride: 

blue hydrate: [Cr(H,0),]Cl3 
green hydrates: [CrCl(H20)5]Cl, .H 0 and [CrCl,(H0),4]Cl. 2 H,0 

X-ray studies have confirmed the first and third structures. With these hydrates 
compare GdCl3 . 6 H,0 of type BIV (later). 

Hydrates of Class B: 1 >z/xn $4 
Type BI. 

Na SOq . 10 H,O. In two well-known decahydrates, those of Na SO, and 
Na,CO3, the S:1 ratio of H,O:M is achieved in different ways, Na* being 
completely hydrated in both hydrates. In the sulphate there are infinite chains of 
octahedral Na(H20).¢ groups sharing two edges so that there is an excess of 2 HO 
to be accommodated between the chains: [Na(H,0)4] S04 .2 HO. Note that 
octahedral chains of composition Na(H,0)s5 in which the octahedral groups share 
vertices have not been found in a hydrate, possibly because the minimum value of 
the angle Na—O—Na would be approximately 130° (see p. 157). 

Type BII. This is an interesting group of hydrates, in all of which the cations 

are completely hydrated, in which different H,O:M ratios arise as the result of 
sharing different numbers of H,O molecules of each coordination group, as 
illustrated by the following examples in which there is octahedral coordination of 

the cations: 

Number of H20 of each H20: M ratio Examples 
M(H20),, group shared in hydrate 

22 5 NazCO3 .10 H20 

4 4 KF .4H20 
5 34 Na,HAsO, . 7 HO, NaOH. 33 H20 
6 3 LiClO, . 3 H2O 

Na,CO3.10H,0O. Here the Na(H,0O)¢ groups are associated in pairs to 

form units Naz(H20),9 of the same general type as the dimers of certain 

pentahalides. Contrast the structure of Na,SOq . 10 HzO above. 

KF .4H,0. The K(H,0)¢ coordination groups share two edges to give a 

H,0: Mratio of 4: 1. 

Na,HAsO,4 .7H,0. This hydrate contains a unique chain of composition 

Na,(H20),7 (Fig. 15.12) formed from face-sharing pairs of Na(H,O)¢ octahedra 

which also share two terminal edges. The chains are cross-linked at intervals by 

O—H—O bonds, and the AsO3(OH)?~ ions are accommodated between the chains. 

There is the same H,O:M ratio in NaOH . 35 H,0, in which there is complete 

hydration of the cations as in the arsenate. 

LiClO, .3H,O. The value 4 for z/xn in this hydrate results from the 

formation of infinite chains by the sharing of opposite faces of octahedral 
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FIG. 15.12. Chains of composition 

Na2 (H20)7 in Na2HAsOq Sa H,0. 



FIG. 15.14. Portion of the infinite 

1-dimensional cation-water com- 

plex in crystalline SrCly.6 H,0, 
in which each Sr?+ jon (small 
circle) is surrounded by nine water 

molecules. 

Water and Hydrates 

Li(H,0)¢ groups (Fig. 15.13). The four nearest neighbours of a water molecule 

(other than water molecules of the same chain, contacts with which are clearly not 

contacts between oppositely charged regions of H,O molecules) are 2 Li* of the 

chain and 2 O atoms of different ClOZ ions. These Li-H,O—Li and O-H,0—O 

bonds lie in perpendicular planes, so that the four neighbours of H,O are arranged 

tetrahedrally. The structure of LiClO, . 3 H20 is closely related to that of a large 

group of isostructural hexahydrates M(BF4)2 .6 HO and M(Cl104)2 . 6 H20 in 

FIG. 15.13. Plan of the structure of LiClO4 .3 H2O. The heavy full and the broken lines 

indicate O-H—O bonds between HO molecules and oxygen atoms (of ClOq ions) which are 
approximately coplanar. These bonds thus link together the columns of Li(H20O)¢ octahedra, 

which share opposite faces, and the ClOq4 ions. The small black circles represent Li ions in 
planes midway between the successive groups of 3 H20. 

which M is Mg, Mn, Fe, Co, Ni, or Zn. In LiClO, . 3 HO there is a Li* ion at the 

centre of each octahedral group of water molecules in the infinite chain of Fig. 

15.13. If we remove these ions and place a Mg’* ion in each alternate octahedron 

the crystal has the composition Mg(ClO4), .6H,O, and there are discrete 
Mg(H,0)2* groups (Type AID). Instead of 2 Lit neighbours, each H,O has now 
only 1 Mg** neighbour; compare 

vO Li® O 
H H’ 

Mg** rl with 102° O(130° 
fie cate 

cc Le 0 

SrCl, .6H,O. Here there are columns of tricapped trigonal prisms, each 
sharing a pair of opposite faces (Fig. 15.14). This structure is adopted by the 
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hexahydrates of all the following halides: 

CaCl SrCl, 

CaBr SrBry 

Cal 2 Srl 2 Bal 2 

Type BIII. Although there is sufficient water to hydrate M completely, not 

only is there incomplete hydration of the cations but there are H,O molecules not 

attached to cations. 

CuSO, .5 H,0. In this hydrate the metal ion is 6-coordinated, but although 

there are only 5 H,O molecules for every Cu** ion the fifth is not attached to a 

cation. Instead, the coordination group around the cupric ion is composed of 

4 H,O and 2 O atoms of sulphate ions, and the fifth H,O is held between water 

molecules attached to cations and O atoms of sulphate ions, as shown in Fig. 15.15. 

SnCl, .2H,0O. This hydrate is of more interest in connection with the 
structural chemistry of divalent tin. Discrete pyramidal complexes SnCl,(H0), in 

which the mean interbond angle is 83°, are arranged in double layers which 

alternate with layers of water molecules. 

FeF3 .3H,0O. Instead of other simpler structural possibilities, such as finite 

FeF3(H,0)3 groups, one form of this hydrate consists of infinite chains 

(Fig. 15.16(f)) of composition FeF3(H,0), between which the remaining water 

molecule is situated. In the chain there is random distribution of 2 F and 2 H,0 

among the four equatorial positions in each octahedron. In the variant of this chain 

in RbMnCl; .2H,O there is, however, a regular arrangement of 2 Cl and 2 H,O in 

these positions (Fig. 15.16(g)). 

(a) (b) (d) (e) (f) 

FeCl,.4H,O MnCl. 4H,O K MnCl,.2H,O CoCl,.2H,O Fe Fy. 3H 
CoCl,.6H,0 (stable K, [MnCl,.(H,0),] 

FeCl,.6H,O form) E 

OF,Cl © H,0 © F,H,0 

FIG. 15.16. Coordination groups of 3d ions in some hydrated halides and complex halides 

(see text). 

Type BIV. 

CaCO3.6H,0. In addition to the well-known anhydrous forms CaCO3 also 

crystallizes with 1 and 6 HO. In the remarkable structure of the hexahydrate there 

are isolated ion-pairs surrounded by an envelope of 18 water molecules. Of these, 

six complete the 8-coordination group around Ca** and the remainder are bonded 

to other cations. (Each water molecule is adjacent to (only) one Ca** ion.) This 

type of hydrate, in which ion pairs (resembling the classical picture of a CaCO3 

‘molecule’) are embedded in a mass of H,O molecules, may be contrasted with 

DoH 

FIG, 15.15. The environment of 

the fifth HzO molecule (centre) in 

CuSO, .5 H20. The octahedral co- 
ordination group around a copper 

atom is composed of four H2O 
molecules and two oxygen atoms 

of SOs ions (shaded circles). 

Sn 

sei | Ne A 

H,0 Cl Cl 

(g) 

Rb MnCl,.2H,O 

‘ pe) ioe) ee 
Cas Dees 
a | Dey 
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MgCl, . 12 H,O in which separate Mg?* and Cl” ions are completely surrounded 

by water molecules (some of which are shared between the coordination groups) 

and with the clathrate hydrates described earlier. 

GdCl; . 6 HO. Here also there is 8-coordination of the cations (by 6 H,O and 

2Cl-)-contrast [Al(H,0),]Cl; and [Fe(H20)4Cl,]Cl.2H,O. This type of 

structure is adopted by the hexahydrates of the trichlorides and tribromides of the 

smaller 4f metals and by AmCl; .6H,O and BkCl, .6 H,0.“) The larger M?* 

ions of La, Ce, and Pr form MCI; . 7 H20, the structure of which is not yet known. 

FeF, .4H,O and FeCl,.4H,O. In both of these hydrates there are 

discrete octahedral molecules FeX.(H0)q. In the fluoride it was not possible to 

distinguish between F and H,0; the chloride has the ¢rans configuration. Although 

the water content of these hydrates is sufficient to form an infinite chain of 

octahedral Fe(H,0), groups sharing opposite edges, finite groups with 2 Cl 

attached to the cation are preferred. 

MnCl, .4H,O. Two polymorphs of this hydrate have been known for a 

long time (both monoclinic), one of which is described as metastable at room 

temperature. This form has the same structure as FeCl, . 4 HO, i.e. it consists of 

trans MnCl,(H,0)q4 molecules (Fig. 15.16(a)). Somewhat unexpectedly the stable 

form is also built of molecules with the same composition but with the cis 

configuration (Fig. 15.16(b)). 

CuSO, .3H,0. Cupric sulphate forms hydrates with 1, 3, and 5 H,O. In 

contrast to the pentahydrate, in which only 4 H,O are associated with the cations, 

all the water is coordinated to Cu** in the trihydrate. The coordination group 

around the metal ion consists of 3 H,0+10O (mean Cu—O, 1:94 A) with two 

more distant O atoms of S047 ions (at 2-42 A) completing a distorted octahedral 

group. 

Hydrates of Class C: z/xn <4. 

Type CIII. 

CdSO, .§H,O. Our only example of this type of hydrate has a rather 

complex structure owing to the unusual ratio of water to salt. There are two kinds 

of cadmium ion with slightly different environments, but both are octahedrally 

surrounded by two water molecules and four oxygen atoms of sulphate ions. There 

are four kinds of crystallographically non-equivalent water molecules and, of these, 

three-quarters are attached to a cation. The remaining water molecules have no 

contact with a metal ion, but have four neighbours, two other water molecules and 

two oxygen atoms of oxy-ions. It appears that the important point is the provision 

of three or four neighbours, which can be 

cH5O; OGee mel, Oz Og 

Cd?8 HO § or Cd47) 210; or HOF 

peek Haber — Ter O7 

It is well to remember that in the present state of our knowledge we are far from 
understanding why a hydrate with a formula so extraordinary as CdSO,4 naiH5O 
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should form at all; its structure and therefore its chemical formula represent a 
compromise between the requirements of Cd?*, S03, and H,O. 

Type CIV. Our examples here are of mono- and dihydrates. We describe first 
the structures of some dihydrated halides. 

KF .2H,0. In this hydrate each K*(F ) ion is surrounded by 4 H,0O and 
2 F~ (K*) at the vertices of a slightly distorted octahedron. Each H,O has 2 K* and 
2 F’ ions as nearest neighbours arranged tetrahedrally (Fig. 15.17). 

FIG. 15.17. Projection of the crystal 

structure of KF . 2 HO. Heavy circles 

represent atoms lying in the plane of 

the paper and light circles atoms lying 
in planes 2 A above and below that of 
the paper. Shaded circles represent 

water molecules. 

NaBr.2H,0O. There are similar coordination groups (i.e. cis NaBr,(H,0)q) 

in this crystal. The (layer) structure is related to that of MnCl, .4H,O in the 

following way. If an octahedral MX3 layer of the AICl3 (Al(OH)3) type is built of 
cis MX,(H,0)4 groups its composition is MX .2 H,O, and this is the layer in 

NaBr . 2 H,O, shown diagrammatically in Fig. 15.18. Removal of one-half of the 

cations (those shown as small open circles in Fig. 15.18) leaves a layer of 

composition MX, .4H,0, consisting of isolated MX,(H,0)q molecules. This 

represents the structure of the stable form of MnCl, .4H,O to which we have 

already referred. The relation between these two hydrates should be compared with 

that between the structures of LiClO, .3H,O and Mg(ClO,), .6H,0O noted 

above. 

FIG. 15.18. Layer in NaBr . 2 H20. 

BS) 
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FIG. 15.19. Distorted octahedral 

chain in NiCl, aw) H,0. 
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FIG. 15.20. The structure of 

CuCl, (H2 O)2. 
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FIG. 15.22. Section through the 

crystal structure of gypsum per- 

pendicular to the layers (diagram- 
matic). The layers are composed of 

SO3- and Ca?* ions (large open 
circles) with HzO molecules on 

their outer surfaces (shaded). The 

heavy broken line indicates the 

cleavage, which breaks only 

O—H-—O bonds. 
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CoC], .2H,O. The dihydrates of a number of 3d dihalides are built of the 

edge-sharing octahedral MXq chains of Fig. 15.16(e); they include the dichlorides 

and dibromides of Mn, Fe, Co, and Ni. There is an interesting distortion of the 

chain in NiCl, .2H,O, which is not isostructural with the Co compound 

(Fig. 15.19). The planes of successive equatorial NiClq groups are inclined to one 

another at a small angle and the distances between successive HO molecules along 

each side of the chain are alternately 2-92 A and 3-96 A. 

A quite different type of distortion of the octahedron occurs in CuCl, . 2 HO 

where the nearest neighbours of Cu are: 2 H,O at 1-93 A, 2 Cl at 2:28 A, and 2 Cl 

at 2:91 A. In view of the very large difference between the Cu—Cl bond lengths the 

structure is preferably described as built of planar trans CuCl,(H20) 2 molecules. A 

n.d. study showed that the whole molecule is planar, including the H atoms, and 

that the latter lie close to the lines joining O atoms of H,O molecules to their two 

nearest Cl neighbours. (Fig. 15.20.) 

SrCl, .2 H,O and BaCl, .2 H,O. These hydrates have closely related layer 

structures in both of which the coordination group around the metal ion is 

composed of 4 Cl” ions and 4H,0 molecules. The layers are illustrated in Fig. 

SVAN 

FIG. 15.21. Plans of layers in the crystal structures of (a) SrCly . 2 H20, and (b) BaCly . 2 H20. 
Atoms above or below the plane of the metal ions are shown as heavy or light circles 

respectively. 

As an example of a dihydrate of an oxy-salt we describe the structure of 
CaSO, . 2 H,0. 

CaSO4 .2H,0. This hydrate, the mineral gypsum, has a rather complex 
layer structure (Fig. 15.22) in which the layers are bound together by hydrogen 

2:82 A -~O 
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bonds between water molecules and O atoms of sulphate ions. Each H,O molecule 
is bonded to a Ca** ion and to a sulphate O atom of one layer and to an O atom 
(of SOZ°) of an adjacent layer, so that its environment is similar to that of a water 
molecule in BeSO4 .4.H,O or Zn(BrO3) . 6 H,0. These O-H—O bonds are the 
weakest in the structure, accounting for the excellent cleavage and the marked 
anisotropy of thermal expansion, which is far greater normal to the layers than in 
any direction in the plane of the layers. The location of the H atoms on the lines 
joining water O atoms to sulphate O atoms has been confirmed by n.m.r. and n.d. 
studies. 

The structures of CaHPO,.2H,O (brushite) and CaHAsO, .2H,O 
(pharmacolite) are very similar to that of gypsum but with additional hydrogen 
bonding involving the OH groups of the anions.“!) 

In monohydrates H,O molecules form a decreasingly important part of the 
coordination group of the cations as the coordination number of cation increases: 

= 

CN. of M Coordination group 

LiOH . H50 4 2H,0 2 OH 
LiSO4 .H20 4 i re 

Na2CO3 .H,0 6 eke 

1H,050 
StBr2 . H2,0 9 eu 2 H207 Br 

(In two of these monohydrates there are two sets of cations with different 

environments.) 

LiOH .H,O. Each structural unit, Li*, OH™, and H,0, has four nearest 

neighbours. The Li* ions are surrounded by 2OH™ and 2H,0O and these 

tetrahedral groups share an edge and two vertices to form double chains 

(Fig. 15.23) which are held together laterally by hydrogen bonds between OH ions 

and H,0 molecules. Each water molecule also has four tetrahedral neighbours, 

2 Li* and 2 OH” ions of different chains, a similar type of environment to that in 

LiClO, . 3 H,0. 

Li,SO,.H,0. This structure provides a good example of the tetrahedral 

arrangement of four nearest neighbours (2 H,0, Li*, and O of SO37) around a 

water molecule and of water molecules hydrogen-bonded into infinite chains. The 

orientation of the H—H vector in the unit cell agrees closely with the value derived 

from p.m.r. measurements. The O—H—O bonds from water molecules are of two 

kinds, those to sulphate O atoms (2:87 A) and to H,O molecules (2:94 A). 

Na,CO3.H,0. The larger Na* ion is usually surrounded octahedrally by six 

neighbours in oxy-salts. In this hydrate the cations are of two types, one-half being 

surrounded by one water molecule and five O atoms and the remainder by two 

water molecules and four O atoms of carbonate ions. Here also the H,O molecule 

has four tetrahedral neighbours, 2 Na* ions and 2 O atoms of CO4~ ions. 

SrBr, .H,O. It is interesting to note that Sr?* is not 8-coordinated in this 

hydrate as in SrBry but has an environment more resembling that in BaBrz, two of 

the nine nearest neighbours being HO molecules. 
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(1) AC 1969 B25 1544 

FIG. 15.23. Portion of one 
double chain in LiOH.H,0 

(diagrammatic). 



(2) AC 1970 B26 1679 

FIG. 15.24. Environments of the 

two kinds of Zn** ion in 
ZnCly . 14 H20. 

(1) ACSc 1968 22 641 
(2) ACSc 1967 21 889 
(3) ACSc 1968 22 647 

For references to 

studies see Table 15.6. 
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Sr(OH), .H,O. The structure of this hydrate (and the isostructural 

Eu(OH), . HO) is of interest as an example of bicapped trigonal prismatic 

coordination (Sr—6 OH and 2 H,0). 

The classification adopted here is not, without undue elaboration, applicable to 

hydrates in which there are different degrees of hydration of some of the cations. 

For example, in ZnCl, . 14 H,0°? two-thirds of the Zn atoms are tetrahedrally 

coordinated by Cl in infinite chains of composition (ZnCl3)7,_, and the remaining 

Zn atoms lie between these chains surrounded (octahedrally) by 4 HO and 2 Cl (of 

the chains), as shown in Fig. 15.24. Bond lengths found are: Zn=4 ClegasAc 

Zn—2 Cl, 2:60 A and 4 H,0, 2:03 A. 

Hydrates of 3d halides and complex halides. The structures described above 

suggest the following generalizations. 

(i) M(H,0),, groups share edges or faces but not vertices; this is true generally 

in hydrates. 

(ii) There is complete hydration of M in Col, .6 H,O and in one form of 

CrCl, .6 H,O, but in a number of cases where there is sufficient water for 

complete hydration of M this does not occur (Class AIT). Usually H20 is displaced 

by X from the coordination group around M; sometimes both H,O and X are partly 

coordinated to M and partly outside the cation coordination group, as in 

[CrCl,(H,0)4]Cl.2H,O. In a 4f trihalide, Cl is displaced (from a larger 

coordination group) in preference to H,O, namely, in [GdCl,(H,0),] Cl. 

(iii) If sharing of X and/or HO is necessary X is shared in preference to HO, 

as in numerous MX, . 2 H,0. 

(iv) Many of these compounds are polymorphic, and there is probably not 

very much difference between the stabilities of structures containing different types 

of cation coordination group, witness the three forms of CrCl; . 6 H,O, the two 

forms of MnCl, .4 H,0O, and the two forms of RbMnCl, . 2 H,0, one containing 

the dimeric units of Fig. 15.16(d)“ and the other the chains of Fig. 15.6(g).) 

Contrast the finite [MnCl4(H,0)]?~ ions in K,MnCl, . 2 H,0? (Fig. 15.16(c)). 

(v) We noted earlier that hydrated complex halides of the same formula type 

may have quite different structures, and that in A,,(BX,,) .pH,O there is not 

necessarily any HO attached to B; compare the coordination of Mn by 6F in 

K,MnF, . H,0 with that of V by 5 F + H,0 in (NH4)2(VF5 . H,0). 

Hydrated acids and acid salts 

Special interest attaches to the hydrates of acids and acid salts because of the 

possibility that some or all of the protons may be associated with the H,O 

molecules to form ions H30* or more complex species. The acids HX form 

hydrates with the following numbers of molecules of water of crystallization: 

HE + 4 1 
HCl i pe 
HBr UP pre ken! 
HI geo 
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HF behaves quite differently from the other halogen acids, and nothing is yet 

known of the structures of its hydrates. The hydrates of HCI melt at progressively 

lower temperatures (—15-4°, —17-4°, and —24-9°C) and the crystal structures of all 
three are known. The i.r. spectrum of the monohydrate (at —195°C) indicates the 

presence of pyramidal H30* ions structurally similar to the isoelectronic NH3 

molecule.“) This has been confirmed by the determination of the crystal structure. 

In corrugated 3-connected layers of the simplest possible type (Fig. 15.25(a)) each 

O or Cl atom has three pyramidal neighbours, so that the units are Cl” and H,0* 

ions, (i). The distance O—H-:-Cl is 2-95 A and the interbond angle O—H—O is 117°. 

SUAS STAG 

Ber es 

(b) 

FIG. 15.25. Atomic arrangement in layers of the structures of (a) HCl . H2 0, (b) HNO3 . H20, 

(c) HClO, . H20, (d) H2 S04 ° H2 O. 

The angle subtended at O by two Cl is 110°, the H atoms lying about 0-1 A off 

the O—H---Cl lines. (The shortest distance between O and Cl of adjacent layers is 

3-43 A.) 
The dihydrate of HCl contains H,03 units, (ii), in which the central O-H—O 

bond is extremely short, and the O—H---Cl bonds have a mean length of 3-07 A 

(range 3-04-3-10 A), appreciably longer than in (H30)*Cl”. The same units are 

found in the trihydrate, here hydrogen-bonded to 2 H,O (O—H-—O, 2:70 A) and to 
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2 Cl” (O—H—Cl, 3:03 A) instead of to 4 CI as in (H30)*CI”. The third water mol- 

ecule has a normal tetrahedral environment, being surrounded by 2 Cl” (mean 

O—H-—Cl, 3:10 A) and 2 H,O (mean O—H-O, 2-70 A). These three hydrates are 

therefore 

(H3;0)'Cls, (H;03)*Cli, and (H50)iCli: 150 

O s ee 7 2-95A WW Ges 

yeah eae SO---H---0 
(ol vag a CL Z x 

: H UH 2-41 A AL 

Cl : 

(ii) 

0. 
ee 

116 

Lhe, |) AOSe 

O 

(iii) (iv) 

The structure of HBr .4H,O is even more complex, and corresponds to the 

structural formula (H904)*(H703)*(Br )2 .H2O. The environment of the odd 
water molecule is tetrahedral (Br and 3 HO), the shortest distance to neighbour- 

ing water molecules being 2:75 A. The structures of the 03 and Og units are shown 

at (iii) and (iv), the latter being pyramidal. The O—O distances within these units 

are all short compared with other O-H—O bonds in the structure (2-75 A), though 

rather longer than in H,O3. On the grounds that the O—Br distance in the unit (iii) 

is rather shorter than other O—Br distances, the next shortest being 3-28 A, this 

unit could alternatively be described as a pyramidal unit (H703Br ) somewhat 

similar to (H)O4)*. 

The p.m.r. spectra show groups of 3 H atoms at the corners of an equilateral 

triangle in the monohydrates of several acids, including HNO3, HClO,, H,SOq4, and 

HpPtCl,.{?? In (H30)*(NO3)” the number of H atoms is that required to form 

three hydrogen bonds from each ion to three neighbours, and the structure (Fig. 

15.25(b)) is a further example of the simple hexagonal net. In the form of 

HClO, . H,O stable at temperatures above —30°C there is some rotational disorder 

of the H30* ions, but the low-temperature form has a structure of exactly the same 

topological type as that of HNO3.H,0. As in HNO3.H,O there are three 

hydrogen bonds connecting each ion to its neighbours, so that one O of each ClO] 

ion is not involved in hydrogen bonding (Fig. 15.25(c)). In the pyramidal H30* ion 

the angle H-O—H is 112° and the mean O-H—O bond length is 2-66 A. 
The system H,SO,-H,0 is complex, freezing-point curves indicating the 

existence of six hydrates, with 1, 2, 3, 4, 6-5, and 8 H,O. In H,SO, .H,O the 

number of H atoms is sufficient for four hydrogen bonds per unit of formula. The 
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crystals consist of SOgH™ and H30* ions arranged in layers (Fig. 15.25(d)) and 
linked by hydrogen bonds, three from H3;0* and five from SO,H . Since there are 
equal numbers of the two kinds of ion SO4H is necessarily hydrogen-bonded to 
3 H3,0* and 2 SO4H ; there are no hydrogen bonds between the layers. The three 
hydrogen bonds from H30* are disposed pyramidally (interbond angles, 101°, 
106°, and 126°) and have lengths 2-54, 2-57, and 2-65 A. Note that it is O, and not 
O3 that forms two hydrogen bonds. In contrast to the monohydrate, which is 
(HSO4) (H30)*, the dihydrate is (SO)? “(H30)3. Each H30* is hydrogen-bonded 
to three different sulphate ions forming a 3D framework in which SO3~ forms six 
hydrogen bonds, two from two of the O atoms and one from each of the others 
(O—H_O, 2-52-2-59 A, S—O, 1-474 A). 

In HClO, . 2 HO, with a ratio of one proton to two water molecules, we find 
H,O3 units as in HCl . 2 H,0. The O—H—O bond length in this unit is very similar 
to that in HCl . 2 H,O (2-424 A) but the geometry of this ion is somewhat variable. 
It has a staggered configuration in HClO, . 2 H,0, nearly eclipsed in HCI . 3 H,0, 
and an intermediate shape in HCl . 2 H,O. 

Very few structural studies have been made of hydrated acid salts. In 

Na3H(CO3). .2H,0 the proton is associated with a pair of anions, 

(CO3;—H—CO3), and the water is present as normal H,O molecules. On the other 

Nand, eins saliss) such as  (Coen,Br,)Br. HBr. 2H,O ~(p. 312) and 

ZnCl, .4 HCl. H,O in which there is the same ratio of H* : H,O, namely, 1 : 2, 

there are H;O3 ions similar to those in certain acid hydrates. As noted in Chapter 

3, the addition of one Cl” to two ZnCl, permits the formation of a 3D network of 

composition ZnzCls built of ZnClq tetrahedra sharing three vertices (compare one 

form of P,O.). This framework forms around, and encloses, the H;O} ions, so that 

the structural formula is (Zn,Cl,) (H;0,)*. The structure approximates to a 

hexagonal closest packing of Cl in which one-sixth of these atoms have been 

replaced by the rather more bulky H;O3 ions. 

TABLE RSt6 

Proton-water complexes in hydrates 

csi SE Se oe 

Complex nl H": H20 ratio Hydrate Reference 

H30* ei HCl. H20 AC 1959 1217 
HNO3.H20 AC 1951 4 239 

AC 1962 15 18 
AC 1961 14 318 

HC104 . H2O (low) 
HClO, . H20 (high) 

But also in HzSO4 .H20 AC 1968 B24 299 
HzSO,22. 6 JCP 1969 51 4213 

H;0> (2 HCl. 2 H,0 AC 1967 23 966 
HClO, . 2 H2O ICP 1968 49 1063 
(ZnCl,)2 . HCl. 2 H,0 AC 1970 B26 1544 

But also in HCl. 3 H,0 AC 1967 23 971 

H703 1:3 HBr . 4 H,0 JCP 1968 49 1068 
H 904 1:4 
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(3) AC 1953 6 385 

(1) AC 1962 15 353 

(2) JCP 1962 36 50 

(3) PRS A 1958 246 78 

(4) PRS A 1962 266 95 

(5) JCP 1966 45 4643 

(6) AC 1968 B24 1131 

Water and Hydrates 

We summarize these hydrate structures in Table 15 .6, which shows that when 

the ratio H*: H,Ois 1: 1 H,0* is formed; in the mono- and dihydrates of 2804 

this ratio is achieved by ionizing to (HSO,4) (H30)* and (SO4)* (H30)3 

respectively. If the ratio Higscatl; Ougisp ites) H,O3 is formed in a number of 

dihydrates (both of acids and acid salts), but with higher water contents the 

systems become more complex. | 

In contrast to the hydrates we have been describing, the dihydrate of oxalic acid 

contains H,O molecules rather than H,0* ions.°?) Each H,O molecule is 

hydrogen-bonded to 30 atoms of (COOH), molecules, but one of the three 

hydrogen bonds is a short one (2-49 A) to a CO group while the other two are 

longer bonds (2:88 A) to OH groups, which are linked in this way to two water 

molecules. 

The location of H atoms of hydrogen bonds; residual entropy 

We noted in Chapter 8 that in many hydrogen bonds the H atom lies to one side of 

the line joining the hydrogen-bonded atoms, and we have seen that this is also true 

in ice-t and hydrates such as CuCl, . 2 HO; in the latter the angle O—H:---Cl is 

164°. Very similar values are found for O-H--F in FeSiF’, .6 H,0°!) (which is 

isostructural with Ni(H,O)¢SnCl¢ and consists of a CsCl-like packing of Fe(H O}ee 

and SiF2~ ions) and in CuF, . 2 H,0.) The angle subtended at the O atom of 

H,O by the two O atoms to which it is hydrogen-bonded in oxy-salts and acids 

ranges from the value of 84° for (COOH), . 2 H2O to around 130° (possibly larger). 

In chrome alum, [K(H,0)¢] [Cr(H20)¢] (SO4)2 °°? this angle is less than 1044° for 

both types of H,O molecule, while in CuSOgq . 5 H,O“) all but one of these angles 

are greater than H—O—H, the largest being 130° and the mean value 119°. Probably 

the only conclusion to be drawn from these angles is that they show that the H,O 

molecule retains its normal shape in hydrates and that hydrogen bonds are formed 

in directions as close to the O—H bond directions as are compatible with the packing 

requirements of the other atoms in the crystal. 

Like ice-1 certain hydrates possess residual entropy owing to the possibility of 

alternative arrangements of H atoms. The crystal structure of Na,SO4 . 10 H,0 has 

already been described as having 8 H,O in octahedral chains [Na(H,O)4], and 

2 H,O not attached to cations. For the HO molecules in the chains there is no 

alternative orientation, but the hydrogen bonds involving the remaining 2 H,O are 

arranged in circuits such that there are two ways of arranging the H atoms in any 

given ring so as to place one on each O-H—O bond. If the choice of arrangement of 

the H atoms in different rings throughout the crystal is a random one this would 

account for the observed entropy of 2 In 2 per mole. 

It is not feasible to refer here to all the studies of the positions of H atoms in 

hydrates. A comparison of n.m.r. with n.d. results on twelve hydrates‘) showed 

that there is generally very close agreement between the two methods. Many 

references are given in a paper‘) summarizing n.m.r. determinations of proton 

positions in hydrates. 

We have now considered a number of hydrates of different kinds and have seen 
that the behaviour of the water molecules in these structures can be accounted for 
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quite satisfactorily. The surrounding of small positive ions with a layer of 
HO molecules does not lead to structures as simple as might be expected, whereas 
the corresponding ammines usually have the simple structures predicted from the 
radius ratio. The structural differences between hydrates and ammines are due to 
the fact that the neighbours of NH3 do not, as do those of H,0, have to conform 
with any tetrahedral nature of the molecule. We shall conclude this chapter with a 
few remarks on ammines and their relation to hydrates. 

Ammines and hydrates 

Ammines are prepared by the action of ammonia on the salt, using either the gas or 
liquid and the anhydrous salt, or crystallizing the salt from ammoniacal solution. In 
preparing ammines of trivalent cobalt from cobaltous salts, oxidation of the cobalt 
to the trivalent state must accompany the action of ammonia, and this may be 
accomplished by passing air through the ammoniacal solution. No general statement 
can be made about the stability of ammines as compared with hydrates, for, as we 

shall see, the term ammine covers a very large number of compounds which differ 

greatly in constitution and stability. As extremes we may cite the very unstable 

ammines of lithium halides and the stable cobalt- and chrom-ammines. 

A comparison of the empirical formulae of hydrates and ammines leads to the 

following conclusions: 

(i) Oxy-salts. Many sulphates crystallize with odd numbers of molecules of 

water of crystallization, e.g. the vitriols MSO, . 7 H,O (M = Fe, Co, Ni, Mn, Mg, 

etc.), MnSO,.5H,0, and CuSO, .5 H,0, MgSO, .H,0O, and many others. 

Many of the salts which form heptahydrates also form hexahydrates, but the higher 

hydrate is usually obtained if the aqueous solution is evaporated at room temp- 

erature. However, ammines of these salts contain even numbers of NH3 molecules, 

usually four or six, for example, NiSO, . 6 NH3; note particularly the ammine of 

cupric sulphate, Cu(NH3)4SO,4 . H,0. 

The nitrates of many divalent metals crystallize with 6 H,O (Fe, Mn, Mg, etc.), 

but a few nitrates have odd numbers of water molecules, e.g. Fe(NO3)3 . 9 (and 6) 

H,0, Cu(NO3), .3 H,O. Where the corresponding ammine is known it has an even 

number of NH3, as in Cu(NH3)4(NO3)2. There are many other series of 

hexahydrated salts—perchlorates, sulphites, bromates, etc.—and although in such 

cases the ammines often contain 6 NH3, the structures of ammine and hydrate are 

quite different—compare, for example, the structure of [Co(H20)¢](ClO4)2, 

described on p. 556, with the simple fluorite structure of [Co(NH3)¢](ClO4)2. 

The reason for the non-existence of ammines containing large odd numbers of 

NH, molecules is presumably that some of these molecules would have to be 

accommodated between the cation coordination groups and the anions (compare the 

environment of the fifth H,O in CuSO4,.5H,0 or the seventh H,0O in 

NiSO, . 7 H,0). The NH3 molecule does not have the same hydrogen-bond-forming 

capability as HO, particularly to other NH3 molecules. 
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(ii) Halides. In contrast to the oxy-salts, halides rarely crystallize with an odd 

number of water molecules. When they do, the number is usually not greater than 

the coordination number of the metal (see Table 15.5 and note, for example, 

FeBr, .9 H,0). Ina hydrated oxy-salt containing water in excess of that required to 

complete the coordination groups around the metal ions additional water molecules 

can be held between the M(H,0), groups and the oxy-ions by means of O-H—O 

bonds. It seems, however, that additional water molecules are very weakly bonded 

between M(H,0), groups and Cl” ions. The electrostatic bonding is sufficiently 

strong in the system (a) in a crystal such as [Mg(H,0)_6] Cl, but much weaker in 

(b), where HO is bonded between a hydrated metal ion and Cl’. For example, the 

SS = Ss rs 
ZNO, Cl >M—OH,—-H20-C1 

(a) (b) 

hydrates MgCl, . 8 H,O and MgCl, . 12 HO are stable only at low temperatures 

(p. 553). The ammines of those halides which contain odd numbers of H20 in their 

hydrates contain even numbers of NH3 molecules, e.g. ZnCl, . H,0 but 

ZnCl, . 2 NH3. Although the ammines and hydrates of halides usually contain the 

same numbers of molecules of NH3 and HO respectively: 

7 H,0 but 6 NH3 
6H,0, NiCl, .6 NH; NiSO4 6 H,0 

contrast 

.4H,0, CuBr, .4NH3 CuSO, . 5 H,O 4NH3.H,0 

.2H,0O, CuCl, .2, 4, or 6 NH3, Cu(NO3),.3H,0 4NH3 

(CuCl, .4 NH3 ia H,0 

from solution) 

the crystal structures of the two sets of compounds are different, as has already 

been pointed out for the pairs AI(NH3)¢Cl3 and Al(H20)¢Cl3, and Mg(NH3)¢6Cl2 

and Me(H,0). Cl. 

From this brief survey we see that the ammines MX, . nNH3 with 7 greater than 

the coordination number of M are likely to be rare and that n is commonly 4 or 6, 

depending on the nature of the metal M. In these ammines the NH3 molecules form 

a group around M, and these groups M(NH3), often pack with the anions into a 

simple crystal structure. The linking of the NH3 to M in the ammines of the more 

electropositive elements such as Al and Mg is of the ion-dipole type. The stability of 

these compounds is of quite a different order from that of the very stable ammines 

of trivalent cobalt and chromium (see Chapter 27). Magnetic measurements show 

that the (much stronger) M—NH, bonds in the ammine complexes of Co!!! (and also 

of Irl!!, palY pt!Y) would be described as ‘covalent’ or, in ligand-field language, 

‘strong-field’ bonds. In the earlier Periodic Groups the more covalent ammines of the 

B subgroup metals are more stable than, and quite different in structure from, the 

ammines of the A subgroup metals. We may conclude, therefore, that the formal 

similarity between hydrates and ammines is limited to those ammines in which the 
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M—NH3 bonds are essentially electrostatic, and that even in these cases there are 
significant differences between the crystal structures of the two compounds 
MX, .n NH3 and MX, .H,0. This latter point has already been dealt with; the 
former is best illustrated by a comparison of the ammines and hydrates of the salts 
of the metals of Groups I and II of the Periodic Table. 

Of the alkali-metal chlorides only those of Li and Na form ammines, 

MX.y NH3 (max =6), and these are very unstable. Similarly LiCl forms a 
pentahydrate, NaCl a dihydrate (stable only below 0°C), while KCl, RbCl, and CsCl 

crystallize without water of crystallization. The formation of ammines thus runs 

parallel with the formation of hydrates. As the size of the ion increases, from Li to 

Cs, the charge remaining constant, the ability to polarize HyO or NH3 molecules 

and so attach them by polar bonds decreases. In the B subgroup we find an 

altogether different relation between hydrates and ammines. Ammino-compounds 

are commonly formed by salts which form no hydrates and they resemble in many 

ways the cyanido- and other covalent complexes. The only halide of silver which 

forms a hydrate is the fluoride, but AgCl and the other halides form ammines. 

Again, the nitrate and sulphate are anhydrous but form ammines, AgNO 3 . 2 NH3 

and Ag,SO, .4 NH3 respectively. In the latter, the structure of which has been 

determined, and presumably also in the former, there are linear ions 

(NH3,—Ag—NH;)* exactly analogous to the ion (NC—Ag—CN) in KAg(CN),. Gold 

also forms ammines, e.g. [Au(NH3)4](NO3)3, and several of the ammines of 

copper salts have already been mentioned. 

In the second Periodic Group we find a similar difference between the stability 

and constitution of ammines in the A and B subgroups. Magnesium forms a number 

of ammines, but the tendency to form ammines falls off rapidly in the 

alkaline-earths. The compound CaCl, . 8 NH3, for example, readily loses ammonia. 

The degree of hydration of salts also decreases from Ca to Ba except for the 

octahydrates of the peroxides and hydroxides (SrO, . 8 H,O, Ba(OH), . 8 H20), 

which presumably owe their stability to hydrogen bond formation between the 

O3~ or OH ions and the water molecules. In the B subgroup, however, as in IB, 

the ammines and hydrates are structurally unrelated. We find 

ZnCl, . H,O0 but ZnCl, .2NH3 

and 

CdCla3 20,0 and CdCl,.2NH3 

but these two diamminodichlorides have quite different structures, in which the 

bonds M—NH; must possess appreciable covalent character. These structures have 

already been noted in the section on amminohalides in Chapter 10. 
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Sulphur, Selenium, and Tellurium 

We describe in this chapter the structural chemistry of sulphur, selenium, and 

tellurium, excluding certain groups of compounds which are discussed elsewhere. 

Metal oxysulphides and sulphides (simple and complex) are described in Chapter 

17, sulphides of non-metals are included with the structural chemistry of the 

appropriate element, and alkali-metal hydrosulphides are grouped with hydroxides 

in Chapter 14. 

The stereochemistry of sulphur 

The principal bond arrangements are set out in Table 16.1 which has the same 

general form as the corresponding Table 11.1 for oxygen. For the sake of simplicity 

we have assumed sp? hybridization in H,S though the interbond angle (92°) is 

nearer to that expected for p bonds. For other molecules SR, see Table 16.2 

TABLE 16.1 

The stereochemistry of sulphur 

No.of Type of No, of Bond arrangement Examples 
o pairs hybrid lone pairs 

3 sp? 0 Plane triangular SO3 

1 Angular SO, 

4 sp> 0 Tetrahedral SO2Cl, 02S(OH)2 
1 Trigonal pyramidal SOC S(GHa)s 
2 Angular SH2, SCly, Sg 

5 sp>d,2 0 Trigonal bipyramidal SOF, 

1 “Tetrahedral’ SF4 

6 sp?dy 0 Octahedral SFerSoF 10 

(p. 575). The stereochemistry of S is more complex than that of O because S 

utilizes d in addition to s and p orbitals. Although covalencies of two and four are 

more usual than three the latter is found in SO3, sulphoxides, RzS=O, sulphonium 
salts, (R3S)X, and in a number of oxy-ions. The multiple character of most S—O 
bonds does not complicate the stereochemistry because the interbond angles are 
determined by the number of o bonds and lone pairs, as shown in Table 16.1. 
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Elementary sulphur, selenium, and tellurium 

At high temperatures the vapours of all three elements consist of diatomic 
molecules (in which the bond lengths are: S=S, 1-89 A, Se=Se, 2:19 A, and Te=Te, 
2°61 A), but at lower temperatures and in solution (e.g. in CS.) S and Se form Sg 
and Seg molecules respectively. Owing to the insolubility of Te there is no evidence 
for the formation of a similar molecule by this element. 

Sulphur 

Sulphur is remarkable for the number of solid forms in which it can be obtained. 
These include at least four well-known ‘normal’ polymorphs stable under atmospheric 
pressure, numerous high-pressure forms!) of which one is the fibrous form made 
from ‘plastic’ sulphur, so-called amorphous forms characterized by small solubility 
in CS,, and coloured forms produced by condensing the vapour on surfaces cooled 
to the temperature of liquid nitrogen. Some at least of the ‘amorphous’ sulphur 

preparations (e.g. milk of sulphur) give X-ray diffraction lines indicative of some 

degree of crystallinity, and it is perhaps preferable to use the term y-sulphur rather 

than amorphous sulphur.) The term ‘normal’ polymorph used above refers to the 

forms now known to consist of S. or Sg molecules. In recent years cyclic molecules 

S, (n= 7,9, 10, 12, 18, 20) have been prepared by special methods (see below). 

In the orthorhombic form of sulphur stable at ordinary temperatures the unit of 
structure is the cyclic Sg molecule (crown configuration)} in which the bond length 

is 2:06 A, interbond angle 108°, and dihedral angle 99°.) At 95-4°C ortho- 
thombic S, changes into a monoclinic form which normally reverts fairly rapidly to 

thombic S but can be kept at room temperature for as long as a month if it is pure 

and has been annealed at 100°C. This form, Sg, consists of Sg molecules with the same 

configuration as in rhombic S and is remarkable for the fact that two-thirds of the 

molecules are in fixed orientations but the remainder are randomly oriented. “*? 

This randomness leads to a residual entropy of 4 R In 2 per mole of Sg molecules 

(0-057 e.u./g atom), which agrees reasonably well with the observed value (0-045 

e.u./g atom). A second monoclinic form, Muthmann’s S,, also consists of crown- 

shaped Sg molecules.) This form is isostructural with S, (NH), ; for other molecules 

Sg_ (NH), see ‘sulphides of nitrogen’, Chapter 16. 

The rhombohedral S prepared by Engel in 1891 by crystallizing from toluene 

rapidly breaks down into a mixture of amorphous and orthorhombic S. The crystals 

consist of Sg molecules (chair configuration) with S—S, 2:06 A, interbond angle 

102°, and dihedral angle 75°.©) A mass spectrometric study shows that Engel’s 
sulphur vaporizes as S¢ molecules,‘7) whereas the vapour of rhombic S at 

temperatures just above the boiling point consists predominantly of Sg molecules 

with the same configuration as in the crystal.{8) (The vapour from FeS, at 850°C 

consists of S, molecules, the same units as those in the crystal,(?) and mass 

spectrometric studies of solid solutions S—Se show peaks due to S7Se, S¢Seo, 

S;Se3, and possibly other molecules.! Dy 

By the interaction of H,Sg and S4Cl, in CS, a further crystalline form of 

+ For models of the most symmetrical non-planar forms of 8-membered rings see MSIC p. 34. 
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(2) JACS 1957 79 4566 
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FIG. 16.1. (a) The cyclic S;5 

molecule, (b) the Seg cation. 
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sulphur has been prepared“!!) which consists of cyclic S12 molecules (SES, 

2-06 A, interbond angle, 1065°, and dihedral angle 107°). Six of the atoms of the 

ring, those marked a in Fig. 16.1(a), are coplanar, three b lie above and three c 

below the plane of the hexagon of a atoms. By reactions such as those between 

sulphanes and chlorophanes or between (C5 Hs)2TiSs and SClz,S2Cl2, or S020) 

other new cyclic S, molecules have been made in which n = 7,9, 10, 18, or 20.7!” 

For cyclic S2* cations see p. 573. 

In sulphur vapour dissociation to S atoms is appreciable only at temperatures 

above 1200°C, even at a pressure of 0-1 mm. If the vapour at 500°C and 0-1-1-0 

mm, consisting essentially of S, molecules, is condensed on a surface cooled to the 

temperature of liquid nitrogen, sulphur condenses as a purple solid which on 

warming reverts to a mixture of crystalline and amorphous sulphur. The 

paramagnetism of this form supports the view that it consists of S; molecules. (The 

spectra of the blue solutions of S in various molten salts (LiCI-KCl, KSCN) have 

been interpreted in terms of Sy molecules.!?)) The vapour from liquid sulphur at 

lower temperatures (200-400°C) can be condensed to a green solid which is not a 

physical mixture of the purple and yellow forms; the vapour from solid sulphur 

condenses to yellow S. An e.s.r. study of these coloured forms of sulphur suggests 

the presence of at least two types of trapped sulphur radicals.“ 3) 

Fibrous or plastic sulphur results from quenching the liquid from temperatures 

above 300°C and stretching. It contains some S,, the monoclinic Sg form noted 

above, which is extracted by dissolving in CS. The crystallinity of the residual Sy 

can be improved by heating the stretched fibres at 80°C for 40 hours. An X-ray 

study of such fibres shows them to consist of an approximately hexagonal 

close-packed assembly of equal numbers of left- and right-handed helical molecules 

in which the S—S bond length is 2:07 A, the interbond angle 106°, and dihedral 

angle 95°.'4) The helices are remarkable for containing 10 atoms in the repeat 

unit of 3 turns; contrast Se and Te (below). This fibrous sulphur is apparently 

identical with one of the high-pressure forms. 

The properties of liquid S are complex, and although there has been much 

theoretical and practical work on this subject it seems that no existing theory 

accounts satisfactorily for all the properties.“ 5) On melting sulphur forms a highly 

mobile liquid (S,) consisting of cyclic Sg molecules, but at 159°C an extremely 

rapid and large increase in viscosity begins, which reaches a maximum at around 

195°C (S,), above which temperature the viscosity falls off. The specific heat also 

shows a sudden rise at 159°C. The typical \-shaped curve is due to sudden 

polymerization, and estimates have been made from e.s.r. and static magnetic 

susceptibility of the average chain length, which ranges from 10° atoms at about 

200°C to 10° at 550°C.) The X-ray diffraction effects from liquid sulphur show 
that a S atom has an average of two nearest neighbours at approximately the same 
distance as in crystalline $.1 7) 

Selenium 

The ordinary form of commerce is vitreous Se which, if heated and cooled slowly, 
is converted into the grey ‘metallic’ form, the stable polymorph. From CS, solution 
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two red monoclinic polymorphs can be crystallized: both revert spontaneously to 
metallic Se, the 8 form much more rapidly than a-Se. This is an unusual case of 
polymorphism, for both a-“) and B-Se®) consist of cyclic Seg molecules (Se—Se, 
2°34 A, interbond angle 105° in both) and the intermolecular distances also are very 
similar. The metallic form consists of infinite helical chains with Se—2 Seu7 3 
and interbond angle 103°.) The atomic radial distribution curve of vitreous Se has 
been determined from both X-rays and neutrons, and shows that this form contains 
the same helical chains as the metallic form (peaks at 2-33, 3-7, and 5-0 A).“%) 

Tellurium 

The normal form stable at atmospheric pressure is the hexagonal (metallic) form 
isostructural with metallic selenium, in which Te—Te is 2-835 & and interbond 
angle, 103-2°.) Two high-pressure forms have been recognized, one stable at 
40-70 kbar (structure not known) and one above 70 kbar. The latter is apparently 
isostructural with 6-Po, having a structure resulting from the compression of a 
simple cubic structure along the [111] axis.{?) The nearest neighbours are 

Silgsat 200% 2Te at 284A. 
Te ntG Te Sis ecomparete 4Te 3.47 0 hexagonal Te 

Zleigs-S2 

Cyclic S, Se, and Te cations 

A recent development in the chemistry of these elements has been the demon- 

stration of the existence and in some cases the structures of ions S2* etc. These 

elements dissolve in solvents such as concentrated H,SOq, oleum, and HSO3F, in 

which they are oxidized to polyatomic ions which can be isolated in salts such as 

the pale-yellow S,(SO3F), and the dark-blue Sg(AsF,).. (The formulae were 

originally doubled to be consistent with the diamagnetism of the compounds.) 

Elementary Se can be oxidized in HSO3F or oleum to give intensely yellow or 

green solutions from which salts such as Seq(SO3F),, Se,(HS,0,),, and 

Se4(S40;3) may be isolated, and similar compounds of Te have been made. Cyclic 

cations are also formed in compounds such as Seg(AICl4)2, grown by vapour-phase 

transport, Te4(AIClq4)., and Teq4(Al,Cl7)>. 

At present the structures of two kinds of cyclic cation have been established by 

X-ray studies. Ions Se4* and Te4* are planar and almost exactly square. The first 

has been studied in Se,(HS,0,)2.°) The Se—Se bond length (2-28 A) is slightly 

shorter than in the element (2:34 A) and the anions are hydrogen-bonded chains of 

S027 ions, as in NO,(HS,07), p. 656. The Te§ * ion is the cation in Te4(AICl4)2 

and Ter(Al Cla) 07? the latter salt being of interest also as containing Al, Cl7 ions 

with a staggered configuration. The Te—Te bond length (2:67 A) is appreciably 

smaller than in elementary Te (2-84 A); the bond angle (90°) is, of course, smaller 

than in Te (103-2°). The corresponding S—N ring is the planar S,N, ring in 

S,N>(SbCl5).. 
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The 8-ring cations in Sg(AsF¢) ‘>? and.Seg(AICl4)2‘* have very similar shapes 
(Fig. 16.1(b)), intermediate between the crown shape of Sg and that of S4Na: 

Ss (exo-exo) : S3* (exo-endo) : S4Nq (endo-endo). 

These rings differ from the crown ring of Sg in having one very short distance 

across the centre of the ring and two others which are also much shorter than 

would correspond to van der Waals contacts: 

Distance between atoms in Fig. 16.1 (b) Sua Seam 

4-5 286A 2-85.A 
2-3 ‘ ie 2-97 3-33 

It would appear that as electrons are removed from Sg (48 valence electrons) bonds 

are formed across the ring; the 44-electron isoelectronic S4Nq ring is shown since 

S%* is formed in preference to Sg*. In S3* the S—S bond length is apparently 
similar (2-04 A) to that in Sg; the bond angles range from 92 to 104° (compare 

Ss Sap S4Nq 

108° in Sg). In Seg* also the bonds are normal single bonds (2-32 A); the mean 

interbond angle is 98° except at Se! and Se® (90°). 

Molecules SR», SeRz, and TeR, 

Molecules in which R is an atom or group forming a single bond to S, Se, or Te are 
non-linear. Bond lengths (rounded off to two decimal places) and interbond angles 
are summarized in Table 16.2. For S the approximate range 100-110° includes 
most examples except those in certain cyclic molecules such as C,H4S (a) and 
C4H4S (b), and in H,S. In compounds SeR, the Se bond angles lie within the range 
97- 104° except in H,Se (91°), and in Te compounds the bond angles are close to 
100°. 

HC———CH 

H2C—— CH He ee cn 

é S 

(a) (b) 
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RAB EEGs? 

Structures of molecules SR2, SeR, and TeR, 

Molecule Method Reference 

C2H4S (a) JCP 1951 19 676 
C4H4S (b) JACS 1939 61 1769 
CH3SH PR 1953 91 464 

C2,Hs5SH PR 1949 75 1319 
SH, JCP 1967 46 2139 

SF, Sc 1969 164 950 
SCl, TEP ISS 231972 
S(CH3)2 JCP 1961 35 479 
S(CF3)2 TFS 1954 50452 

S(CN)2 JCP 1965 43 3423 

S(SiH3)2 ACSc 1963 17 2264 
S(GeH3)2 TESFASTS TONS 

SeH2 JMS 1962 8 300 
Se(CH3)2 JACS 1955 77 2948 
Se(SiH3 )2 ACSc 1968 22 51 
Se(SCN)2 JACS 1954 76 2649 
Se(CF3)2 TFS 1954 50 452 
Se[SeP(C2Hs)2Se] 2 ACSc 1969 23 1398 

JACS 1947 69 2102 
ACSc 1966 20 24 
ACSc 1969 23 1389 

TeBry 

Te[S2P(OCH3)2]2 
Te[SeP(C>Hs)2S] 2 

Cyclic molecules 

Bond angles C—S—C close to 100° are found in cyclic molecules based on 

strain-free 6-rings. All those studied have the chair conformation; examples include 

1,4-dithiane,“? 1,3,5-trithiane,?? and hexathia-adamantane.‘?) The last com- 

pound, S,¢(CH),, is structurally similar to (CH2)gNq4 and (CH,)¢(CH)q. Trithiane 

forms many metal complexes; the structure of S3(CH2)3. AgClO4.H,O is 

mentioned in Chapter 3 (p. 90). 

The halides of sulphur, selenium, and tellurium 

These compounds form a very interesting group, not only as regards their chemical 

properties but also from the stereochemical standpoint. There has in the past been 

considerable doubt as to which compounds of a particular formula-type actually 

exist, and further work is still required on, for example, the lower fluorides of 
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(2) ZaC 1969 364 241 
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tellurium. The existence of the following compounds can be regarded as reasonably 

certain; some have been well known for many years: 

SoF2 S2Cl, S2Brg Se,Cl, SezBr2 

SF, SCl, SeCl, SeBr2 TeCl, TeBr2 

SEA Cl, SeF, SeCla SeBr4 TeF, TeCl4 TeBrg Tel, 

SF¢ SeF, TeF, 

So Eom Sp Clauen DED TexF io Te, 1, 

SF, isan unstable species which was studied in a microwave cell but not isolated; its 

structure (Table 16.2) was determined from the moments of inertia of 32SF, and 

34SF,. Chlorides S,Cl, up to S5Cl, consisting of S, chains terminated by Cl 

atoms, can be prepared from SCl, and H2S, (n = 1, 2, 3)) and those up to 

SgCl, have been made by the reaction 

CISSCh +, HS, H+. CISSCi= > Cie, Clete 2 HCE 

By the action of HBr the chlorides can be converted into S,, Br, (n from 2 to 8). 

In contrast to the numerous compounds formed with the other halogens, Tel, 

and Te,I, are the only known binary compounds of iodine with these elements. 

Whereas Te forms all four tetrahalides, S forms only SF4 and SClq. The latter 

compound forms a yellow solid melting at —30°C to a red liquid which is a mixture 

of SCl, and Cl, and evolves the latter gas, and it is completely dissociated into SCl, 

+ Cl, at ordinary temperatures. The dielectric constant of the liquid of composition 

SCl, rises from 3 to 6 on freezing, and it has been suggested that the solid is a salt, 

(SCl3)Cl. SeClq forms a colourless solid which sublimes at 196°C to a vapour which 

is completely dissociated to SeCl, + Cl,. Like SClq it apparently exists only in the 
solid state, and here also the Raman spectrum suggested the ionic structure 

(SeCl3)CI.°) However, the Raman data now require reinterpretation in terms of the 

tetrameric species found in crystalline SeCly, TeClq, and TeBrg (see later). SeBrg 

also dissociates on sublimation (to SeBry + Br2) but in CClq solution to an 

equilibrium mixture of SeBry, Se,Brz, and Bry. The conductivity of solutions in 

polar solvents is apparently not due to species containing Se!Y (e.g. SeBr3) but to 

ionization of the lower bromides.“4) The vapour density of TeCl, corresponds to 

the formula TeCl4 up to 500°C, and this is the only one of these tetrachlorides 

which can be studied in the vapour state. 

Halides SX, etc. 

Structural details of the angular molecules SCl, and TeBr, are included in Table 
Loo: 

Halides S4X>, etc. 

In addition to the isomer with the structure XS—SX (which is enantiomorphic) a 
topological isomer S—SX, is possible. S,F exhibits this type of isomerism. Both 
isomers ate formed when a mixture of dry AgF and S is heated in a glass vessel in 
vacuo to 120°C. The isomer S=SF is pyramidal‘) and very similar geometrically 
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to OSF, (Fig. 16.2(a) and (b)); for OSF, see Table 16.3. The isomer FS—SF has 
the H,0, type of structure with an unexpectedly short S—S bond (1-89 A, 
compare 1-97 A in SCl,) and S—F abnormally long (1:635 A). For details of the 
structures of S2F2, S2Cl2, and S,Bry see Table 16.6 (p. 593). 

(a) (b) (c) (d) 

FIG. 16.2. Structures of molecules: (a) S2F2, (b) SOF 2, (c) SF4, (d) SOF a, (e) SF; OF. 

Halides SX4 etc.; molecules R,SeX, and RzTeX, 

As already noted, few of the tetrahalides can be studied in the vapour state; SF4 

and molecules R,SeX, and R,TeX, have a trigonal bipyramidal configuration in 

which one of the equatorial bond positions is occupied by the lone pair of 

electrons. The stereochemistry of these molecules has been discussed in Chapter 6. 

A feature of these molecules is that the axial bonds are collinear to within a few 

degrees and longer than the equatorial ones in a molecule SX4 (or longer than the 

covalent radius sum in a molecule R,SeX,). The lone pair of electrons in SFq is 

used to form the fifth bond in OSF, and these molecules have rather similar 

configurations (Fig. 16.2): 

SF, OSF,°” 
axial S—F 1-643A 1583 A 

equatorial S—F  1:542 1-550 

A m.w. study of SeF,°) shows that this molecule has the same general shape as 

SF, with a similar difference between the equatorial and axial bond lengths: Se—F, 

1-68 A (equatorial), 1-77 A (axial); F—Se—F (equatorial) 100-55°, 169-20° (axial). 
For compounds with NbF; containing the ion SeF3 see p. 600. It is not profitable 

to discuss the early e.d. results for TeCl4 vapour‘®*) since it was assumed that all 

four bonds were of equal length (2:33 A); a molecular configuration of the SF4 type 
would be consistent with the fact that TeCly has a dipole moment (2:54D) in 

benzene solution. 

Other molecules with the same general shape as SFq include Se(C,H;)2Cl, and 

Se(C,Hs)2Brz, Te(CH3)2Cly and Te(CgHs)2Brz. In all these molecules the 

halogen atoms occupy the axial positions; for details see p. 601. 

Crystalline SeCl4, TeClq, and TeBry are isostructural, and the structural unit is a 

tetramer of the same general type as [Pt(CH3)3Cl] 4 which has been studied in 

oe 
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detail for TeCly.©) Four Te and four Cl atoms are arranged at alternate vertices of 

a cube and three additional Cl are attached to each Te. The Te atoms are displaced 

outwards along 3-fold axes so that the coordination of Te is distorted octahedral: 

IW Cl-Te—Cl 
Ccl——— Te— ; 

adh va Te-3 Cl 2:31A 95 
a Seay Te-3 Cl, 2:93 85 

a y 

Cl Te—Ck 
fal 

Cl C1 

The limiting case would be separation into (TeCl3)* and Cl” ions. Comparing the 

Te—Cl distances with those in (TeCl,)(AICIl,4) and (TeCl,)?~, namely: 3 Cl at 

2:28 A and 3 Cl at 3-06 A, and 6 Cl at 2:54 A, it would appear that the tetramer 

Te4Cl,¢ is close to (TeCl3)*Cl”. (An alternative description of the crystal is a 

distorted cubic closest packing of Cl atoms with Te atoms in one-quarter of the 

octahedral holes, but displaced from their centres.) 

Crystalline TeF4 is not a molecular crystal but consists of chains of square 

pyramidal TeF, groups sharing a pair of cis F atoms (Fig. 16.3(a)) similar to the 

isoelectronic (SbF 4), ion in NaSbF4. The Te atom is 0-3 A below the basal plane 

FIG. 16.3. The structure of crystalline TeF 4: 

(a) linear molecule, (b) bond lengths. 

and the bond lengths are as shown in Fig. 16.3(b).“° The simplest view of this 
structure would be to regard the coordination of Te as octahedral (valence group 2, 
10), the lone pair occupying the sixth bond position. However, the bridge is 
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unsymmetrical (Fig. 16.3(b)) and if only the four nearest F are counted as 
neighbours (shaded circles) the configuration around Te would be somewhat similar 
to the GeF, sub-unit in GeF, that is, trigonal bipyramidal with an equatorial lone 
pair. (The three nearest F atoms form a pyramidal group with average interbond 
angle 864°.) 

Hexahalides 

Electron diffraction or microwave studies have shown that the molecules SF ad 1) 
SeF, 2) TeF,,(!?) and also SF,CI(3) and SFBr{!4) have octahedral con- 
figurations—regular in the case of the hexafluorides: 

Saal 156A" 5-Cl 2-034 S—Br 2-19 4 

Se-F 1-69 

Te-F 1-82 

Disulphur decafluoride, S4F 9 

The e.d. data for this halide are consistent with a model consisting of two —SF, 
groups joined in the staggered configuration so that the central S—S bond is 
collinear with two S—F bonds, with all interbond angles 90° (or 180°). S—F, 
1:56 A, and S—S, 2-21 A.“ 5) The length of the S—S bond may be due to repulsion 
of the F atoms. 

Oxyhalides of S, Se, and Te 

The known oxyhalides are set out below, the salient points being the absence (at 

present) of iodides and of any well-characterized compounds of Te, and the 

existence of a number of more complex compounds of S peculiar to that element. 

SOF, SeOF 4 SO2F2 SeO7F2 
Cl, Clh Clo 
Bro Br2 FCI 

SOFCI1 FBr 

SOF4 SO3F2 S205F2 S206F 2 S30gF2 Te302F 44 

SOF. Fs5S . OC1 S8202Fi0 S30gCly 

Details of the structures of the pyramidal molecules of thionyl halides (SOX, ) and 

SeOF, and of the tetrahedral molecules of sulphuryl halides (SO, X,), which have 

been studied as gases, are included in Tables 16.3 and 16.4. The structures of 

SeOCl, (and also SeOF,) have been determined in a number of adducts (p. 600). 

The structure of OSF, is compared with that of SF, in Fig. 16.2. Apart from 

the expansion of the equatorial F—S—F bond angle from 103° (mean of e.d. and 

m.w. values) to 110° the molecules are very similar in shape (S—O, 1-41 A). The 
S—F bond lengths were compared earlier. 

The constitution of SF5;.OF as pentafluorosulphur hypofluorite has been 

confirmed by an e.d. study (Fig. 16.2(e)).) Bond lengths are: S—F, 1-53, S—O, 

1-64, and O—F, 1-43 A in the essentially octahedral molecule. The values of the 

angles are: ¢ = 2°, 6 = 108°. 
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Disulphur decafluorodioxide, S2F \ 902 - is a derivative of hydrogen peroxide, to 

which it is related by replacing H by —SF;. The dihedral angle is similar to that in 

H,O, (© 107°) and the angle S-O—O is 105°. Approximate bond lengths found 

by e.d. are: O—O, 1-46, S—O, 1-66, and S—F, 1-56 IN 

Peroxydisulphuryl difluoride, S,0¢F2, is also apparently of this type. It is a 

colourless liquid prepared by the reaction of F2 with SO, at a temperature above 

100°C, and its chemical reactions together with the i.r. and n.m.r. spectra suggest 

the formula O, FS-O—O—SO,F,? (a). 

O = OG 
oy Ce OF an®) ae, 

F—S Sal She FS S—F 

Oo O O O 

(a) (b) (c) 

The structures suggested for SO3F, (b), and S2O5F2, (c), (and for Tes05 bia ae) 

have not been confirmed by structural studies. 

The oxides of S, Se, and Te 

Disulphur monoxide, S,O 

This very unstable oxide is formed when a glow discharge is passed through a 

mixture of sulphur vapour and SO, and in other ways. A microwave study!) 

shows that the S—O bond is essentially a double bond as in SO,, and the bond 

angle, (a), is very similar to that in SO. The molecule can therefore be formulated 

as at (b). 

1-465 A 

1-884 A 118° (0-5°) 

(a) (b) 

Sulphur monoxide, SO 

The term ‘sulphur monoxide’ was originally applied (erroneously) to an equi- 

molecular mixture of S$,0 and SO,. The oxide SO is a short-lived radical produced, 

for example, by the combination of O atoms produced in an electric discharge with 

solid sulphur. By pumping the products rapidly through a wave-guide cell the 

microwave spectrum can be studied: S—O, 1-48 A, uw = 1-55D (compare SO,, 

1-59D).() 

Sulphur dioxide, SO4 

The structure of this molecule has been studied in the crystalline and vapour states 

by spectroscopic and diffraction methods, most recently by it. in a solid Kr 

matrix.?) All these studies give a bond angle close to 119-5° and the bond length 

1-43 A. The dipole moment in the gas phase is noted above. 

580 



Sulphur, Selenium, and Tellurium 

Sulphur dioxide can behave as a ligand in transition-metal complexes in two 
ways: (i) the S atom forms a single bond M—S to the metal atom, the three bonds 
from S being arranged pyramidally as in Ir(P$3)Cl(CO)SO,,“ or (ii) the S atom 
uses its lone pair to form the o bond to the metal which then forms a 7-bond 

On, 

2:42 A| 
Cl 

(i) (ii) 

making M=S a multiple bond, as in [Ru!!(NH3),4SO Cl] Cl.© In (i) the metal atom 

is situated 0-2 A above the base of the pyramid. In (ii) the atoms O,S—Ru—Cl are 

coplanar and the SO, ligand has the same structure as the free molecule. Compare 

the similar behaviour of NO (p. 654). 

Selenium dioxide, SeO, 

Whereas crystalline sulphur dioxide consists of discrete SO, molecules, crystalline 

SeO, ©) is built of infinite chains of the type 

YA EG 
Wee 

| 90° 

Uy Uy 

O O 

in which Se—O, 1:78 (0-03) A and Se—O’, 1-73 (0-08) A. In SeO, molecules in the 
vapour, studied by electron diffraction, Se—O, 1-61 A, (angle not determined).‘7) 

Tellurium dioxide, TeO, 

There are two crystalline forms, a yellow orthorhombic form (the mineral tellurite) 

and a colourless tetragonal form (paratellurite). There is 4-coordination of Te in 

both forms, the nearest neighbours being arranged at four of the vertices of a 

trigonal bipyramid, suggesting considerable covalent character of the Te—O bonds. 

Tellurite has a layer structure’®) in which TeO, groups form edge-sharing pairs 

(Fig. 16.4(a)) which form a layer, (b), by sharing the remaining vertices. The short 

Te—Te distance, 3:17 A (compare the shortest, 3-74 A, in paratellurite) may be 

connected with its colour. In paratellurite?) very similar TeO, groups share all 

vertices to form a 3D structure of 4 : 2 coordination in which the O bond angle is 

140°. (Figure 16.4(c).) (There are Te.O¢ groups very similar to those in tellurite in 

the mineral denningite, (Mn, Ca, Zn)Te20¢.) 
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FIG. 16.4. Crystalline TeO2: (a) and (b) tellurite, (c) paratellurite. 

These group VIB dioxides form an interesting series: 

CN, Type of structure 

SO2 2 molecular 
SeO, 3 chain 

TeO, 4 layer and 3D 
PoO, 8 3D (fluorite) 

Sulphur trioxide, SO3 
The molecule SO3 has zero dipole moment and e.d. shows it to be a symmetrical 

planar molecule (S—O, 1:43 A, O—S—O, 120°). Like P.O; SO3 has a number 
of polymorphs, and as in the case of P,O, the forms differ appreciably in their 

stability towards moisture. 

The orthorhombic modification consists of trimers (Fig. 16.5(a)). The bond 

length in the ring is 1-62 A, and there is an unexpected (and unexplained) 

difference between the lengths of the axial and equatorial bonds, 1-37 A and 

1-43 A respectively. !) The O bond angle is 121-5°. 
In the asbestos-like form!) the tetrahedral SO, groups are joined to form 

infinite chain molecules (Fig. 16.5(b)), with S—O in the chain 1-61 A and to the 

unshared O, 1-41 A. In addition to these two well-defined forms of known 

structure the existence of others has been postulated to account for the unusual 

physical properties of solid and liquid sulphur trioxide. The properties of the liquid 

are still incompletely understood and the system is obviously complex—compare 

sulphur itself, to which SO; is topologically similar in that both can form chain and 

ring polymers, and units being —S— and —O(SO, )O—. 

Other oxides of sulphur which have been described include the blue-green 

S,0,") (formed by the reaction of S with liquid SO3), and SO, produced by 

the action of an electric discharge on a mixture of 0 or O3 with SO, or SO3. The 

existence of S,O, seems less certain. 

582 



Sulphur, Selenium, and Tellurium 

Selenium trioxide, SeO; 
Pure SeO3 may be prepared by heating K,SeO, with SO3, which gives a liquid 
mixture of SeO3 and SO; from which the more volatile SO, may be distilled. 
Like SO3 it is at least dimorphic. Although the cyclic modification forms mixed 

NG 
Se 

O ve OREN ——, 

ow 123 sex 
? O se? 

155A Tax P77 

crystals with S30, containing 25-100 molar per cent SeOQ3 it consists“!4) of 

tetrameric molecules with a configuration very similar to that of (PNCI,)q. 

A compound Se,0; formed by the thermal decomposition of SeO3 is 

presumably Se?Y Se¥ 02 since it is decomposed by water to an equimolecular 

mixture of selenious and selenic acids. 

Tellurium trioxide, TeO3 : 

The trioxide formed by dehydrating HeTeO, with concentrated H,SO, in an 

oxygen atmosphere is a relatively inert substance, being unattacked by cold water 

or dilute alkalis, though it can act as a strong oxidizing agent towards, for example, 

hot HCl. There is a second, even more inert, form which has been crystallized under 

pressure.“1 5?) The first form is isostructural with FeF3, that is, it is a 3D structure 
formed from TeOg¢ octahedra sharing all vertices.(1 5%) 

Other oxides of tellurium include Te,O, and Te4Oo; there is also a compound 

TeO,(OH). In Te,0;1®) TeY!O,¢ octahedra form layers by sharing four vertices 

(Te—O, 1-92 A) and the Te!Y atoms are situated between the layers bonded to two 

O of the layers and to two additional O atoms (Te—2 O 1-90 A, Te—2 O, 2-08 A). 
The coordination of Te! is similar to that in a- and B-TeO, (p. 581). The structure 

(TeY'0,)Te!YO, has therefore considerable similarity to that of Sb,O4 (p. 720), 
(SbY O,4)Sb!"", there being an additional O atom for each Te!Y atom between the 

layers. 

Oxy-ions and molecules formed by S, Se, and Te 

Our chief concern will be with the compounds of sulphur since these are the most 

numerous and most important. We shall, however, include those species formed by 

Se and Te which are structurally similar to S compounds, for example, XO025 and 

XO3~ ions. We deal in a later section with ions and molecules with stereo- 

chemistries peculiar to Se and Te such as complex oxy-ions of Te. First we consider 

pyramidal and tetrahedral molecules and ions, then ions formed from tetrahedral 

SO, groups by sharing O atoms, and finally the ions $,0%~ and S027. Thionates 

are included in the next main section with compounds containing S,, chains. 

Per-ions are included in Chapter 11, the crystal structures of acids (H2SeO3, 

C.H;SeO . OH, H,SO4, SO3NH3) in Chapter 8, and Te(OH)¢ in Chapter 14. 
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Pyramidal ions and molecules 

These include the following types: 

- = oT 

[Oso | Reso, Rn O ees R 

(a) (b) (c) (d) 

(a) The sulphite, selenite, and tellurite ions have all been shown to have the 

shape of flat pyramids with the structures given in Table 16.3. 

As a ligand SO3~ bonds to transition metals through S in compounds such as 

Coen, (NCS)SO3,') Pd(SO3)(NH3)3,(7? and Na [Pd(SO3)(NH3),] . 6 H,0.©? 
(b) Substituted sulphite ions include SOF (salts of the alkali metals being 

prepared by the direct action of SO, on MF), and O,S.CH,OH . Sodium 

hydroxy-methanesulphinate (dihydrate) is used as a reducing agent in vat dyeing. It 

is made by reducing a mixture of NaHSO3 and formaldehyde by zinc dust in 

alkaline solution. The ion has the structure: 

(c) The simplest members of this class are the thionyl halides SOX, and 

analogous Se compounds (Table 16.3): for adducts of SeOF, and SeOCl, 

see p. 600. The optical activity of unsymmetrical sulphoxides such as 
OS(CH3)(CgH4COOH) and structural studies of (CH3),SO and (CgH5)SO have 

confirmed the pyramidal shape of these molecules. 

(d) The non-planar configuration of sulphonium ions was deduced from the 

optical activity of unsymmetrical ions such as [S(CH3)(C.H;)(CH,COOH)] * and 

has been confirmed by X-ray studies of the salts [S(CH3)3]I and 

[S(CH3 )2C¢gH5]ClOg (Table 16.3). 

Tetrahedral ions and molecules 

By the addition of one O atom to the four kinds of pyramidal ions and molecules 
of the previous section we have: 

2- = 

OWX.-0 R,,-0 Rowe Rae ie 

(e) (f) (g) (h) 
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ATE TE BeliGes 

Pyramidal molecules and ions 
(a) 

O—M—O Reference 

(SO3)?-NH4Cu, Naz 106° ACSc 1968 22 581 
ACSc 1969 23 2253 

(SeO3)* Mg.6 H20 1-69 101° AC 1966 20 563 

(TeO3)>"Cu .2 H,0 1-88 ~100° AC 1962 15 698 
(TeO3)4 Cl. Fe. H3 1-89 96° AC 1969 B25 1551 
(TeO3)?~Ba . HO 1-86 99° (mean) ACSc 1971 25 3037 

(b) 

Molecule or ion sO SC Oo SO) Reference 

O2S(CH2 0H) ~ 1-51 A 1-83 A 109° JCS 1962 3400 

02S .C(NH>)2 1-49 1-85 ee AC 1962 15 675 
HO .OS(CH3) 1-50 (S—O) 1:79 108° AC 1969 B25 350 

1-60 (S—OH) 

(c) 

Molecule S—O S—R Method Reference 

F,SO 1:-41A 159A mw. JACS 1954 76 850 
Cl,SO 106° 114°(@) 1-45 2-07 e.d. JACS 1938 60 2360 
Br2SO 108° 96° 1-45(6) 2-27 e.d. JACS 1940 62 2477 
(CH3)2SO | 107° 97° 1-53 1-80 X AC 1966 21 12 
(CgHs5)2SO]| 106° 97° 1-47 1-76 x AC 1957 10 417 

R—Se—O R—Se—R Se—O Se—R 
SeOF2 SZ. 1-58 1-73 m.w. JMS 1968 28 461 

(d) 

Reference 

ZK 1959 112 401 
AC 1964 17 465 

S(CH3)31 
[S(CH3)2 (C6 Hs )] ClO4 

(a) Angles less than 106° not tested. (b) Assumed. 

Replacement of one O by S in (e) and (f) gives respectively the thiosulphate ion, (i), 

and ions such as the methane thiosulphonate ion, (j): 

PG ZN 
O S O S 

(i) G) 

(ec) The regular tetrahedral shape of the sulphate ion has been demonstrated 

in many salts, and numerous selenates are isostructural with the sulphates. 

The existence of the tetrahedral TeOZ~ ion has not yet been proved by a 
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structural study. In the wolframite structure of MgTeO,"? and in the inverse spinel 

structure assigned to Li,TeO,4‘?? (on the basis of the similarity of its X-ray powder 

photograph to that of Zn(LiNb)O,) there is octahedral coordination of Te(V1) as in 

numerous other complex oxides. The i.r. spectrum of Na, TeO,°? (made by dehy- 

drating NazH,TeO,) shows that this salt is structurally different from the K, Rb, 

and Cs salts, but can hardly be regarded as proving the existence of TeO3~ ions in 

the latter,“4) for there are numerous edge-sharing octahedral structures for com- 

pounds A,BX4. Salts M,H,TeO¢, which could be formulated M,TeO, . 2 H,0, 

contain octahedral [TeO,(OH),4]?~ ions, as in the crystalline Ag salt.) 

Examples of SO%~ behaving as a bridging ligand include the finite ion 

[(en),Co(NH)(SO4)Co(en).]7* (p. 963) and the infinite chain ion in 

K,MnF3S0,°: 

Hy 
N ou F me : . F 2n- 

O20 en 
en) Co Co(en)>; Mn M Se ( )a oe ( )a = l ee ESOuGr oT 

<“o74 F F 
0, O2 

(f) Sulphonate ions RSO3 have been studied in a number of salts. The very 
stable alkali fluorosulphonates, KSO3F etc., are isostructural with the perchlorates. 
In the ethyl sulphate ion in K(C,H,O . SO3) and in the bisulphate ion in salts such 
as NaHSO4. HO and KHSO, the bond S—OR or S—OH is appreciably longer than 
the other three S—O bonds (Table 16.4). There are minor variations in these bond 
lengths depending on the environment of the O atoms: 

SO4H 2-70 A H20 
2:90 A OF 0 a 20 0 O Ae 1-48 \/1-44 1:47 awe x eae 

/ cia A J \3:61 Y \4:56A4 A\ 1054 ORO oO 0) O OH HO OH 
H,0 

M,SO4 NaHSO4 . H,0 KHSO, H,S04 

The structure of the aminosulphonate (sulphamate) ion, SO;NH3, has been 
accurately determined in the K salt, (1). Since the angles S-N—H and H—N--H are 
both 110° the N bonds are not coplanar, as suggested by an earlier X-ray study. We 
may include here two zwitterions. A n.d. study of sulphamic acid, “O38 . NH} 
shows that the molecule has approximately the staggered configuration, (11). Of 
special interest are the N—H---O bonds (2-93-2-98 A) in which the N—H bond 
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TABLE 16.4 

Tetrahedral molecules and ions 

(e) 

Ion M—O Reference 

(S04) 1-49 A AC 1965 18717 
(SeOq)*~ 1-65 AC 1970 B26 

436, 1451 

(f) 

Salt or zwitterion S—O S—X O—S—O O—-S—X 

(SO3F) K 1-434 1:58 A 33 106° JCS A 1967 2024 

(SO30H) Na.H20 1-44, 1-48 1-61 LUZ? 106° AC 1965 19 426 

(SO30H) K 1-47 1-56 i 3 106° AC 1964 17 682 

(SO30C2Hs) K see text AC 1958 11 680 

(SO3NH2) K 1-46 1-67 113° Oe AC 1967 23 578 

(SO3NHOH) K 1-46 1-69 lige 1084° AC 1966 21 819 

-(03SONH3)* 1-45 1-68 A? 102s IC 1967 6 511 

7 (S—ONH3) 
(03SNH3)* 1-44 1-76 115° 103° AC 1960 13 320 

(g) 

Molecule R—S—R O—S—O S—O 

FSO, 96° D4 141A 153A JCP 1957 26 734 

Cl,SO2 Lila’ 120m 1-43 1-99 JACS 1938 60 2360 

(NH>)2 SO, 1h 2¢ (192 1-39 1-60 AC 1956 9 628 
(OH), SO 104° 119° 1-43 1-54 AC 1965 18 827 

(h)-(j) 

S—O Ss S—C 

[(CH3)3SO]*ClO4 1-45 A fe 1:78 A AC 1963 16 676, 
883 

(S.03)2-Mg .6 HO 1-47 2-01 A = AC 1969 B25 2650 
(CH3S202) Na.H20 1-45 1-98 1-77 ACSc 1964 18 619 

makes angles of 7°, 13°, and 14° with the N—O vectors; there are three hydrogen 
bonds from each NH}. Hydroxylamine-O-sulphonic acid has the structure (111). 

a A 1-00 ue 

167A assy Wee nl 
CAN 

1OSmLLO 

0 

(1) 

+ Sy -f 

Me yee 

goes, (e yy 
176A 

YEE A \ 102 a 
O H 

(1) 

O Py apy 

Rips) wey aioe, 
145A O 

(III) 
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(2) ICS A 1968 3043 
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Progressive substitution of SO3 for H in NHg gives the series of ions 

SO} 503 
rw a —N 

Sso5” and 03S Sso03 
H= 

The action of KHSO3 on KNO) gives the trisulphonate, K3N(SO3)3, which may be 

hydrolysed successively to the disulphonate, K,NH(SO3)2, then to the amino- 

sulphonate (sulphamate), KNH,SO3, or to the hydroxylamine-\-sulphonate, 

K[NH(OH)SO3]. The imidodisulphonate ion is the NH analogue of the pyro- 

sulphate ion, with which it is considered later. In K[NH(OH)SO3] the ion has the 

configuration (iv). The closely related nitrosohydroxylaminesulphonate ion, (Vv), 

N—-SO3, H—-N 

e 

ile 
Q106° 117. N7-O /7 Ons n-803 

Se ; | @OYee 
¥ 8 Noe 128A 

nao i167 N 125° 1eG6 ee 

“0,87 108° “OH ei 118° O AS | 

0 038 

(iv) (v) (v1) 

has been studied in the K salt, made by absorbing NO in alkaline K,SO3 solution, 

and later in the ammonium salt.“!) The bonds drawn as full lines all lie in one plane, 

and the bond lengths indicate a single S—N bond (1-79 A) but considerable 7-bond- 

ing in the N—N bond (1-33 A); N—O and S—O are respectively 1-28 and 1-44 A. In 
Frémy’s salt, K [ON(SO3)] @, the bonds from N are coplanar, as in (v), but N-S 

is appreciably shorter (1:66 A). The anions are very weakly associated in pairs, 

(V1), related by a centre of symmetry, reminiscent of the dimers in crystalline NO 

(p. 651). 

(g) Structural studies have been made of the sulphuric acid molecule, of several 

sulphones, R,SO , of sulphamide, (NH, )2SO%, and of the sulphuryl halides SOF, 

and SO,Cl,. Microwave results for SO. F, may be compared with those for SOF): 

1-405 A 1585 A 

FOO F 

96°(_ S_ ) 124° 93°( S re O & Via 
F } O [eh Wi ht 

1:530A 

(h) The trimethyl oxosulphonium ion, (CH3)3SO*, has been shown to be 

tetrahedral in the perchlorate and tetrafluoroborate, with C—S—O, 112-5°, and 

Cac= Ol 0G 

(i) A warm solution of an alkali sulphite M,SO3 dissolves S to form the 

thiosulphate. In this reaction there is simple addition of S to the pyramidal sulphite 

ion forming the tetrahedral S,03~ ion which has been studied in a number of salts 
(S—S, 2:01 A). Thiosulphuric acid has been prepared by the direct combination of 
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H2S with SO3 in ether at —78°C and isolated as the ether complex, 
H28203. 2 (C,H;)20. 

As a ligand the §,037 ion appears to behave in several ways, as a bridging ligand 
utilizing only one S atom in Nag [Cu(NH3)4] [Cu(S,03)2] >>, as a monodentate (3) AC 1966 21 605 ligand bonded through a S atom, in [Pd(en),] [Pd(en)(S,03),], and as a _—((4) AC. 1970 B26 1698 
bidentate ligand forming a weak bond from S, in Ni(tu)4S.03 . H,0.°) The Ni-O SAARI LER 

Sau. 
SO3 O3 | __--S 

SOs s 

bond has the normal length (c. 2-1 A) but Ni—S (2:70 A) is longer than normal 
(2:4-26 A). H3C. 1-45 AO 

(j) An example of an ion of this type is the methane thiosulphonate ion, which ee ra 
has the structure shown in the monohydrated Na salt. ies a 

Details of the structures of tetrahedral ions and molecules (e)-(j) are given in ids 
Table 16.4 8 : 

The pyrosulphate and related ions 

The three related ions 

N A C A O. 1-645 A Nw 1:662 EOM1770 
i CBee a 03 O35 te S03 038 j59¢ SOs 

pyrosulphate imidodisulphonate methylene disulphonate 

have very similar structures (Table 16.5). 

TABLE 16.5 

The pyrosulphate and related ions (in K salts) 

S—O S—O (N, C) S—M—S Reference 

terminal bridging 

(O28-0-S03)7 = 1-437 A 1-645 A iby oy JCS 1960 5112 
(03S—NH—SO3)?~ 1-453 1-662 2505y AC 1963 16 877 
(03S—CH2—SO3)?~ 1-461 1-770 120° ICS 1962 3393 

In (NO,)(HS,07) and Se4(HS,0,). (q.v.) the anion consists of a chain of 

hydrogen-bonded S,07H_ ions: 

OD QO 143A 
\ & 123° aes 

eS 157A 

Fs Onvee an (ep fo 
<—2-57 A—> 

The trisulphate and pentasulphate ions, S307 and S,O7¢, have been studied in (1) AC 1964 17 684 

the K salts but accurate bond lengths were not determined in the former ion.{1)(2) (2) AC 1969 B25 1696 
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(S) AC 1956 9 579 
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They are linear chains of three and five SO4 groups respectively. The configuration 

found for S;O7¢ has nearly planar terminal SO3 groups: 

1:42 A 

ome 
ey \/ e/ J ‘ caale 
Op 1235 S 1-51 svat ise 
ae Dee ee Pe os 0 

159A 167A 14-834 

In addition to the apparent slight alternation in S—O bond lengths in the central 

portion there is an extremely long S—O bond (1-83 A) to the terminal SO3 groups, 

suggesting that the system is closer to a $3075 ion weakly bonded to two SO3 

molecules. It would be desirable to have an independent confirmation of the long 

S—O bond in another salt of this type. A long terminal bridging bond (1:72 A) was 

also found in S309, but high accuracy was not claimed. The ions HS,07 and 

S307 exist, together with nitronium ions, in the salts formed from SO3 and NO; 

or HNO3, namely, (NO, )HS, 07°) and (NO})S3019.“ 

Dithionites 

The S,03~ ion exists in sodium dithionite, the reducing agent, ‘hydrosulphite’. 

This salt is prepared from the Zn salt, which results from the reduction of SO, by 

Zn dust in aqueous suspension. In solution it rapidly decomposes to disulphite and 

thiosulphate: 2S,03~ > S,02~ + S,03~. The structure of this ion is rather 

extraordinary (Fig. 16.6(a)).©) It has an eclipsed configuration with the planes of 

(a) (b) (c) (d) (e) 

FIG. 16.6. The structures of some complex sulphur oxy-ions: (a) the dithionite ion, Ge. 
(b) the metabisulphite ion, COR, (c) the dithionate ion, S3Oca- (d) the trithionate ion, 

S,0¢-; (e) the perdisulphate ion, $027. 

the two SO, nearly parallel (angle between normals 30°), and the S—S bond is very 
long, corresponding to a (Pauling) bond-order of only about 0-3. This very weak 
bond is consistent with the fact that almost instantaneous exchange of °°S occurs 
between the dithionite ion and SO, in neutral or acid solution; none takes place 
between S027 and SO,. Note also that the isoelectronic ClO, does not dimerize 
appreciably. A simplified m.o. treatment has been suggested to account for the 
configuration of this ion. 

Disulphites (‘metabisulphites’) 
If a solution of K,SO, is saturated with SO, the salt KyS,O, may be crystallized 
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from a solution. The disulphite ion has the configuration shown in Fig. 
16.6(b); addition of SO, to the pyramidal SO3~ ion has produced the 
unsymmetrical ion 0,S—SO3": 

OK 217A pe 
OTs fies Note the long S—S bond. 

O 150A 
145A 

The stereochemistry of molecules and ions containing S,, chains 

The atoms of a chain S3 are necessarily coplanar, but chains of four or more S 
atoms present interesting possibilities of isomerism because in a system S,S.83S4°" 

the dihedral angles S,;S3S3/S2S3S,4, etc., are in the region of 90°. We have already 

noted that in 02H, the O—H bonds are not coplanar, and this applies also to S,R 

molecules and the similar compounds of Se and Te. To describe the structure of 

such a molecule it is necessary to specify not only the interbond angles and bond 

lengths but also the dihedral angle ¢ (see (a), p. 420). For S these dihedral angles 

range from 74° in the S27 ion to 110° in the S;027 ion; for Se recorded values 

range from 74-5° to 102° and for Te the only values determined are 72° and 101°. 
Some of these dihedral angles are listed in Table 16.6 and further values, in 

polythionate ions and related molecules, in Table 16.8. 

Since the stereochemistry of a molecule S,,_4Ry, is similar to that of a sulphur 

chain S,, the following remarks apply equally to three main groups of compounds: 

molecules S,,_>R>, polysulphide ions S2~, polythionate ions S,,027 and closely 
related molecules such as TeS,,_ ;O4R3. 

The stereochemistry of azo compounds, RN=NR, is similar to that of, for 

example, dihalogenoethylenes, the compounds existing in planar cis and trans 

forms: 

HW I 3 eee n-R n-R 

| and I heel and | 

ws 1-H aR Rae 

The two forms of a molecule R,SSR,, on the other hand, differ in having R2 on 

different sides of the plane SSR,: 

Ry Ry Ry 

S S 

Ry 

Although they appear to correspond to the cis and trans isomers of an azo 

compound they are in fact d and / enantiomorphs. Examples include S)H), S2F 2, 

and §,Cl,, in all of which the dihedral angle is close to 90°. 

Bea 

(6) AC 1971 B27 517 
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In order to illustrate the possible types of isomers of longer S, chains it is 

convenient to idealize the dihedral angle to 90°. In Fig. 16.7(a) and (b) we show 

the d and / forms of RSSR or —S4—. The possible structures of the Ss; chain are 

found by joining a fifth S atom to Sq in (a) so that the dihedral angle of 90° is 

maintained. Three of the five positions for S; are coplanar with SS3S,4 leaving the 

two possibilities shown in (c) and (d), which are described as the cis and trans forms 

of the —S,;— chain (or RS3R molecule). Of these the trans form is enantiomorphic. 

A similar procedure shows that there are three forms of the —S,— chain, all of 

which are enantiomorphic (Table 16.7). The cis form of Sz and the cis-cis form of 

S6 correspond to portions of the Sg ring, while the trans form of S; and the 

trans-trans form of Sg correspond to portions of the infinite helical chain of 

‘metallic’ Se or Te (or fibrous S)—Fig. 16.7(e). 

/37 
4’ 

to 4* 
92,8 
on 

(a) (b) 

or 2 

1® 

FIG. 16.7. Stereochemistry of 

molecules S,;R2 and S3R, and 
ions S;, , idealized with interbond 

So Chain and dihedral angles equal to 90°. 
(e.g. S2-ion) (a) is given for comparison with 

(Cc) (G)) panda (ec) seandan(b)mtow 

comparison with the sketch of 

H O> on p. 420. 

Cis and irans R—S,—R or—S,— 

Molecules 8$,R, wi S3R5 
Structural «:i4 aud references for these compounds are summarized in Table 

16.6 (p. 593). The halides SX have already been mentioned (p. 576). 
Molecules of the type RS;R that have been studied include 2:2'-diiododiethyl 

trisulphide, S3(C)H4I)2, dimethyl trisulphide, and cyanogen triselenide (selenium 
diselenocyanate). The shape of the first molecule can be appreciated from Fig 
16.7(d). The three shaded circles represent S atoms, and one of the CH PCH ss 
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groups is shown at the right. The terminal portion -S—CH,—CH,~—I is coplanar 

and has the trans configuration, so that SyySySyz, SySyyC, and Sy,CCI lie in three 

mutually perpendicular planes. The corresponding dihedral angles are close to 90° 

(82° and 85° respectively), and the S—S—S bond angle is 113°. An electron 

diffraction study of S3(CH3)> gave the data listed in Table 16.6 where the reference 

for crystalline Se3(CN). is given. In the crystal the molecules have the cis 

TABLE 16.6 
Structures of molecules S,Ry, Se2R, TezR», and molecules containing chains of S (Se) atoms 

Dihedral 
angle 

Compound S—S—R S=s Reference 

S2H2 (95°) 205A (1-33 A) 
SoF> oe 108° 1-89 1-64 
SoCl, ash 107° 1-97 2-07 
S2 Br 84° 1052 1-98 2-24 
S»(CH3)2 = 107° 2-04 1-78 
S2(CF3)2 = 105° 2-05 1-83 
So (C6Hs)2 96° 106° 2-03 1-80 
So (CgHs CH2)2 92° 103° 2-02 1-85 

(S3)?-Ba = 103° [2-2] = 
S3(CH3)2 93° 104° 2-04 1-78 
S3(CF3)2 Ee 104° 2-06 1-85 
S3(CCI3)2 94° 106° (SSS) 2-03 -1-90 

102°4SSC) 
S3(C2H41)2 $45 113° (SSS) 2-05 1-86 

98° (SSC) 

(Sa)?sBa . H,0 

[(Ss)3Pt] (NH4)2 .2 H20 
(S¢)2-Cs2 

see text 

R—Se—R Se—Se Se—R 

Se (CF3)2 = 
Se2(C2Hs5)2 = = = 
Se2(Ce6Hs)2 82° 106° 2-29 1-93 

Se, [(C6Hs)2HC] 2 82° 100° 2.29 1-97 
Se,[S(C2Hs)2P]2 1042° 106° Ty COE 
Sey (p-Cl .C6Ha)2 741° 101° 9533-8 11-03 

R—Te—R Te—Te Te—R 

Te, (p-Cl.C6H4)2 WR 94° 2-70 2-13 

see text Se3(CN)2 

configuration (Fig. 16.7(c)), with dihedral angle SeSeSe/SeSeC equal to 94°. 

Examples of S,, chains with the various configurations are listed in Table 16.7. 

Polysulphides 

These are formed, with the normal sulphide, when an alkali or alkaline-earth 

carbonate is fused with S or, preferably, when S is digested with a solution of the 

sulphide or hydrosulphide. From the resulting deeply-coloured solutions various 
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JACS 1938 60 2872 
JACS 1964 86 3617 

BCSJ 1958 31 130 

JACS 1938 60 2872 
TFS 1954 50 452 
AC 1969 B25 2094 
AC 1969 B25 2497 

ZK 1936 94 439 
JCP 1948 16 92 
TFS 1954 50 452 
ZK 1961 116 290 

JACS 1950 72 2701 

AC 1969 B25 2365 
AC 1969 B25 745 
AC 1953 6 206 

TFS 1954 50 452 
JACS 1952 74 4742 
AC 1952 5 458 
AC 1969 B25 1090 
ACSc 1966 20 51 

AC 1957 10 201 

ACSc 1954 8 1787 
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TAGE. Low, 

Configurations of Sy, chains 

Forms Figure Examples 

S4 or RSSR dor! (a), (b) SiS ,O cE wa OAC 
ph 

cis (c) S506 
Bs orKSsh bier Gandy (a) S3(CoHaD 

cis-cis (d and 1) S602” in K2Ba(S¢06)2 
S6 or RS4R cis-trans (d and /) oe 5, 

trans-trans (d and /) (e) Seupe Ocwan 

[Co (en) Cly] SG O6 - H20 

salts can be obtained containing ions from S3~ to S2~. The alkali-metal compounds 

may also be prepared directly from the elements in liquid ammonia. The relative 

stabilities of the crystalline alkaline polysulphides vary from metal to metal. The 

following well-defined compounds have been prepared: for M2S,, n = 2, 4, and 5 

for Na, 2, 3, 4, 5, and 6 for K, 2, 3, and 5 for Rb, and 2, 3, 5, and 6 for Cs. 

By treating a solution of Cs2S with S the salt Cs,S,. HO is obtained. This can 

be dehydrated in vacuo to Cs2S5, but evaporation of an alcoholic solution yields 

Cs2S,, suggesting that a solution of Cs)S5 contains S2~ and also lower $2~ ions. In 

fact, it seems probable that all polysulphide solutions are equilibrium mixtures of 

various S;~ ions (and M* or M?* ions). Such solutions are immediately 
decomposed by acids, but if a polysulphide solution is poured into aqueous HCl a 
yellow oil separates from which pure acids H,S, (n, 2-5) may be separated by 

fractional distillation as yellow liquids. H,Sg, H,S7, and H,Sg have been 

prepared by the reaction: 2 H,S, + S,Cly > 2 HCl + H2Sq;y. 

KS, and one form of Na2Sz are isostructural with NayO, and contain $37 ions 
(S—S approx. 2-13 A). An early X-ray study of BaS3 gave a bond angle of 103° in 
the angular S3~ ion and a rather long S—S bond length (2:2 A). The ions $4~ and 
S%~ have been studied in BaSq. H,0 and Cs) S¢; they are shown, in idealized form, 
in Fig. 16.7. In the former the S—S bond length is 2-07 A, S—S—S bond angle, 
104°, and mean dihedral angle, 76-4°. In Cs)S, the ion has the form of an 
unbranched chain (mean dihedral angle 106°) with relatively short van der Waals 
distances of 3-4 A between the ends of chains. These weak attractions between 
successive S~ ions link them into infinite helices of S atoms very similar to the 
helical chains in metallic Se and Te, though with a larger bond angle (mean S—S—S, 
100°). [There is apparently an alternation in bond lengths in the S2~ chain (2:02 and 
2:11 A).] By bonding to a metal atom through the two terminal S atoms the Sia 
ion forms chelate complexes M(Ss), and M(S;)3. In (NH4)2Pt(Ss)3. 2 HO the 
6-rings so formed have the chair configuration, with Pt—S, 2:39 A, S—S, 2:05 A, 
S—S-—S, 111°, and dihedral angles 72-83°. 

Thionates and molecules of the type S,(SO,R), 
The lower thionate ions have the general formula S,027, where n = 2s Awe Ol. 
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The dithionate ion, S,0¢_, is formed by the direct union of two SO3~ ions, for 
example by the electrolysis of neutral or alkaline solutions of a soluble sulphite or 
by passing SO, into a suspension of MnOg, in water. This ion is not formed by the 
methods which produce the higher thionates, for these require S in addition to SO; 
groups, as may be seen from their formulae, (03S—S,,—SO3)?~, and they are 
formed whenever S and SO37 ions are present together in aqueous solution. A 
mixture of all the ions from S,027 to S,02~ is usually produced in such 
circumstances (compare the polysulphides), and, moreover, a solution of any one of 
the higher thionates is converted, though very slowly, into a mixture of them all. 
The alkali and alkaline-earth salts, however, are very stable in solution and 
interconversion of ions takes place only in the presence of hydrogen ions. Certain 
reactions tend to produce more of one particular S,,02~ ion, a fact which is utilized 
in their preparation. The controlled decomposition of a thiosulphate by acid gives 
largely S;02~, while the oxidation of S,03~ by H,0, gives S,02~ and by iodine 
(or electrolytically) yields the tetrathionate ion, S402", e.g. 

POS ORS ae Ibiae SH Chaim orl te 

Some of the relations between these ions are indicated in the following scheme: 

2- H202 is 
S038 93.06 

+S Ip 

SO, aa S406 - 

Sn 06 

It was noted earlier that H,S,03 may be prepared directly from HS and SO3 

in ether solution at —78°C. If H,S,, is used instead of HS, acids H(O3S . S,,H) are 
produced which by the action of further SO3 give polythionic acids 

H,(03S .S,, .SO3). Oxidation by iodine gives acids H,(03S.S,, .SO3), by 
which means H,Sg0¢, HS; 90.6, and H2S;20¢ have been prepared. 

The structure of the dithionate ion has been studied in a number of salts 

‘including Na,8,0,5.2H,0,“) K,8,0.,) NaK,Cl,(S,0,), and NaK,Cl 
(SsOn)n and BaS,0O¢. 2 H,0. The normal, centrosymmetrical, form of the 

ion is shown in Fig. 16.6(c), but in the potassium salt the ions are of two kinds, 

some having the centrosymmetrical form and others almost the ‘eclipsed’ 

configuration. The length of the S—O bonds is around 1-43 A and S—S close to 

2:15 A. 

The structure of the trithionate ion is shown in Fig. 16.6(d), derived from the 

crystal structure of K,$30, >) (S—S, 2:15 A). 
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Closely related to the trithionate ion are molecules S(SO,R),‘° and 

Se(SO, R)2? of which the following have been studied in the crystalline state: 

S CeHs 
K dX 2:07 (-02) A 

Se Via 
ye ee 
oe OUO 

Se CeHs 

NER aed 
105 

ye je 
oe 8 CaaO 

The S—O bonds are all of length 1-41 (-04) A. 

In the tetrathionate ion, studied in BaS,Og. 2 H2 OC8) and Na, S406. 2 H,0,? 

the S, chain has the configuration of Fig. 16.7(b), with dihedral angles close 

to 90°. There appears to be a definite difference between the lengths of the central 

and terminal S—S bonds, (a), and this also seems to be the case in dimethane 

sulphonyl disulphide,“!°) (b), with the same S, skeleton, though it is doubtful if 

CeHs 

and 

C,H; 

S SO5 S SO, CH3 
2-02 A 2-06A 

2116A/ 194° 102° “421164 210A 210A 
Fax 

-03S Ss CH302S S 

(a) (b) 

the differences are larger than the probable experimental error in the latter case (see 

also the S27 ion, p. 594). 

Structural studies have also been made of the pentathionate ion and the 

analogous SeS4O2~ and TeS4O27 ions. In BaS;O,. 2 H,O (and the isostructural 

BaSeS40, . 2 H2O) the ion has the cis configuration (Fig. 16.7(c)), in which the S; 

skeleton may be regarded as a portion of an Sg ring from which three S atoms have 

been removed. 

CNA : S 
211A 

S106 103° 
ee) \i4a PANG at 

a “03S Te S03 ~O3S SO3 

The dihedral angles of around 110° in the pentathionate and the related Se and Te 

ions may be compared with the much smaller values in polysulphide ions (p. 594). 
There appears to be a difference in length between the central and terminal S—S 
bonds comparable with that in the S27 ion. 
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In contrast to S;02~ and SeS,02~, the TeS,02~ ion in the ammonium salt has 
the trans configuration of Fig. 16.7(d). This difference is also found in closely 
related molecules of the type 

S S 
RAE Re cake oes 

RO,S SO; Rk Oo 0 Omen 

cis trans 

where R is CH3, CeHs etc. 

Structural data and references for this last group of compounds are summarized 

in Table 16.8. 

TABLE 16.8 

Structural data for pentathionates and related compounds 

(11) ACSc 1965 19 2207 

Compound Configuration Dihedral angle Reference 
CU2VAGScHIGSM 9 D219) 

BaS5 06 Bee: H20 

(orthorhombic) cis iL@? ACSc 1954 8 473 

(triclinic) eis 1074° ACSc 1956 10 288 
BaSeS4O¢. 2 H20O cis 109° ACSc 1954 81701 

BaTeS4O¢ . 2 H2O cis 103° ACSc 1958 12 52 
(NH4)2TeS40¢ trans 90° (mean) ACSc 1954 8 1042 
TeS404(CH3)> trans 81° ACSc 1954 8 1032 
TeS404(Ce6Hs )2 trans 79° ACSc 1956 10 279 

The hexathionates are the most complex salts of this family which have been 

isolated in the pure state. As already mentioned, there are three possible isomers of 

a —S¢— chain (each capable of existing in d and / configurations), assuming that 

free rotation around the S—S bonds is not possible. In K,Ba(Sg0¢)2 the anion has 

the cis—cis configuration! !) which, like the cis configuration of the pentathionate 

ion, corresponds to a portion of the Sg ring. In [Co(en) Cl] .S,0.. H20, on the 

other hand, it has the extended trans-—trans configuration.“ 2) 

Two views of the S,02~ ion in these two salts are shown in Fig. 16.8. There are 

two different dihedral angles in each configuration, the values being: 

S1S2S3/S2S384 S283S4/S3S4Ss5 

K,Ba(S506)2 Nene 89° 

[Co(en), Cl. ] 25606 5 H,0 85° WS 

The structural chemistry of selenium and tellurium 

This is summarized in Table 16.9 where the horizontal divisions correspond to the | 
: , Th | : h 5 Ubi Rhedanwectuctural FIG, 16.8. Configurations of the 

formal oxidation states. e examples given have been establis y structura S602 ion in (a) KyBa(SgO¢)o, 

studies unless marked by a query (?). (For example, the structures of the gaseous (b) [Co(en), Cl, ]2$606 . H2 0. 
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molecules of the dioxides and trioxides are not known.) Configurations to the left 

of the heavy line are also known for sulphur compounds. Simple examples of some 

of these valence groups have already been given, for example, elementary Se and Te 

and molecules SeR, and Se,R, (4,4), SeO3~ (2,6), SeOZ~ (8), molecules SeRzX> 
(2,8) and SeX¢ (12), and the Te analogues. We are concerned here particularly with 

stereochemistries exhibited by Se and/or Te and not by S, that is, those to the right 

of the heavy line, but we shall also note some additional examples of the 

above-mentioned valence groups found in compounds peculiar to Se or Te. 

Se(v 1) and Te(v1) 

Valence group (12). Reference has already been made to the regular octahedral 

shape of the SeF, and TeF, molecules. Of the elements S, Se, and Te, only Te is 

found octahedrally bonded to 6 O atoms, in TeO3, Te(OH),¢, and various tellurates. 

The resemblance to iodine, the only halogen exhibiting 6-coordination by oxygen, 

is marked. Corresponding to IO(OH),; there is the octahedral [TeO(OH),]~ ion in 

K[TeO(OH);5] .H,O. There are also bridged ions, (a) in Ky[Te2O,(OH)q] . 

7-3 H,0, isoelectronic with 1,0g(OH)3 ~, and (b) in Na,K4 [Te.0g(OH),] . 14 H,O 

(Fig. 16.9). In addition there are salts containing infinite chain ions built from 

octahedral groups sharing vertices, (c) in K[TeO,(OH)3], or edges, (d) in 

K[TeO03(OH)]. Note the absence of the TeO3~ ion (p. 585), in which the valence 

group would be (8). Ann.d. study of Te(OH).¢ gives Te—O, 1-91 A. 

so~ 

203A 42:02A 

© Ola [Te O,(OH),]"” [Te O,(OH)]" 
(b) (c) (d) 

FIG. 16.9. Structures of Te(VI) compounds: (a) and (b) bridged binuclear ions, (c) and 
(d) infinite anions. 

Se(1v ) and Te(tv ) 

Valence group (2,6). Simple examples of this valence group include ions such as 
Se(CH3)3 and Te(CH3)}3 (see later) and SeF¥. In crystalline Se(CH3)3I there are 
pyramidal cations but each is associated rather closely with only one I~. Although 
SeI is only a weak bond (3-78 A) this is less than the estimated van der Waals 
separation (4:15 A) and in fact shorter than S---I (3-89 A) in the sulphur analogue. 
Moreover this weak Se--I bond is almost collinear with one of the Se—C bonds, and 
the ion pair has been described as a charge-transfer complex. Similarly, the Se--I 
distance in the complex of I, with 1,4-diselenane is slightly less than the SI 
distance in the S analogue. At the same time there is an increase in I—I from the 
value 2-66 A in the free I, molecule to 2-79 A in the S compound and to 2:87 A in 
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TABLEV 16.9 

The stereochemistry of Se and Te 

tal number 
f o pairs 3 4 5 6 7 

rangement Triangular Tetrahedral Trigonal bipyramidal Octahedral {Octahedral] 

lence group (12) (14) 

TeO3(cryst.), Tel’¢, 

Te(OH), (32). TeOB-(1a) 
[TeO(OH)s] 7») 
[Te20(OH)4]*-@) 
[Te,0g(OH)]°-? 
{TeO>(OH)3] ~(4) 
[TeO3(OH)]-() 

(VI) TeO3 

molecule? 

(VI) SeF6 

(2,8) (221) lence group (2,6) 

TeCl2-(23), TeBr2 (24), (24a) TV) TeO, TeO3- TeX4(?) TeF 4 (cryst.) 
molecule? Te(CH3)30) TeR>X7(14), TeO, ‘| (TeF 5 )K(29) Te(tmtu) Cla (25) 

Te204.HNO3(15) Te(CH3)I4(21) 
Te(C6H403)2 (16) 

IV) SeO, SeO, (cryst.), SeO3” SeR2X7 (19 SeOCl, (pyr) (22) SeCl2-? 
molecule SeOF 2, SeOCl, Brz . SeCgHgS(8) 

Se(CH3)3(7) Cl, SeC4HgSeCl, 19) 
(SeF3)(NbFg )(84) 
(SeF3)(Nby F ; 1) (8) 
SeOF > . NbFs (9) 
SeOCly . SbCl, (19) 
(SeOCly)2 . SnCl4@!) 
(C9HgNO)SeOCl; (2) 
NMeqCl. 5 SeOCl, (3) 

lence group (4,4) (4,6) (4,8) 

11) Te (element) TeoCl(tu) (26) Te(tu)2* (28), Te(tu) X, (29) 
TeBr2 [Teo(tu).]*Cl (27) Te, (tu)3*39, Te(etu) 2X2”) 

TI) Se (element) 

SeR2, Sez R92 

(1a) IC 1964 3 1417. (1b) IC 1964 3 634. (2) ACSc 1966 20 2138. (3) ACSc 1969 23 3062. (4) 

ZaC 1965 334 225. (5) NW 1964 51 634. (6) JCS A 1967 2018. (7) AC 1966 20 610. (8a) JCS A 

1970 1891. (8b) JCS A 1970 1491. (9) JCS A 1969 2858. (10) ACSc 1967 21 1313. (11) AC 

1960 13 656. (12) IC 1967 6 1204. (13) ACSc 1967 21 1328. (14) AC 1962 15 887; IC 19709 

797. (15) AC 1966 21 578. (16) ACSc 1967 21 1473. (17) AC 1953 6 746. (18) IC 1967 6 958. 

(19) AC 1961 14 940. (20) IC 1970 9 2100. (21) JCS A 1967 2018. (22) AC 1959 12 638. (23) 

ACSc 1966 20 165. (24) CJC 1964 42 2758. (24a) JACS 1970 92 307. (25) IC 1969 8 313. 

(26) ACSc 1966 20 132. (27) ACSc 1966 20 123. (28) ACSc 1965 19 2336. (29) ACSc 1966 

20 113. (30) ACSc 1965 19 2395. (31) ACSc 1965 19 2349. (32) ACSc LOT SITES SF, 

eh) 



(b) 

FIG. 16.10. Molecular structures 

Cl, SeCq Hg SeCly 5 

10) SeC4 Hg Sel. 

of (a) (b) 

Sulphur, Selenium, and Tellurium 

the Se compound. It appears that the stronger the bond from S or Se to I the 

weaker is the I—I bond: 

S Ge! I—I Reference 

C4HgS2 . 2 Iz 2:87 A 279 A AC 1960 13 727 

C4HgSe2 . 2 In 2-83 2:87 AC 1961 14 940 
C4Hg OSe . Iz 2-76 2-96 IC 1966 5 522 
C4HgOSe. ICl 2:63 2-73 (—E)) IC 1968 7 365 

We have noted in our description of the crystalline elements and of polyiodides that 

the formation of weak additional bonds intermediate in length between normal 

covalent bonds and van der Waals bonds is a feature of Se, Te, and I. Note the 

different molecular structures of I,Se(C4Hg)Sel, and Cl,Se(C4Hg)SeCl, (Fig. 

16.10). 

The reaction of SeF, with NbF, produces (SeF3)(NbF,) and (SeF3 )(Nb> F; 1). 

F\1-91A 2:05 AUF. 2-05 & F hoe Pas , | pe | ea | Weert 
~ AE DTN I oe 166 ea E E Se Se Nb Nb eae ae 

! ee fo SS LR | SS Za | Ss yw 

F F ; vig as, F 1-824 pan 
(c) a 

(a) (b) Ft ¥ 

Both salts contain pyramidal SeF3 ions, (a), and Se also forms three weaker bonds 
to F atoms of the (NbF.)~ or (Nb2F, ,)~ ions, (b), so that in addition to its three 
nearest (pyramidal) neighbours Se has three more distant F neighbours completing 
a very distorted octahedral coordination group. The large F—F distances between 
these three more distant neighbours (3-4-4:0 A) may be due to the lone pair 
directed tetrahedrally as shown at (c)—compare the 7-coordination group in the 
A-La,03 structure. In (SeF3)(NbF,) Se—F was found to be 1:73 & (and 2:35 A) 
and the interbond angle 95°. 

Details of the SeOF, molecule are included in Table 16.3 (p. 585); the structure 
of the gaseous SeOCl, molecule is not known—this compound is a colourless liquid, 
b.p. 177°C. The term adduct is used for compounds in which the SeOX, (or other 
molecule) retains essentially the same structure as that of the free molecule, in 
contrast to compounds such as SeOCl,, (pyridine),—see later—in which there is 
rearrangement of the Se, O, and Cl atoms and formation of a (2,10) valence group. 
For example, in SeOF,.NbF; the O atom forms part of an octahedral group 
around Nb (Nb—O, 2:13 A, Nb—F, 1-85 A) and the structure of the SeOF, portion 
of the molecule is very similar to that of the free molecule (which has a pyramidal 
shape). Similarly, in SbCl, .SeOCl, and SnCly .2SeOCl, the O atoms of 
SeOCl, complete the octahedral group around the metal atom. Weaker Se--Cl 
bonds usually complete a distorted octahedral coordination group around Se. For 
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example, in SnCl4. 2 SeOCI, these are Se—Cl, 3-01 & (intramolecular) and Se—2 Cl, 
3-34 and 3:38 A to Cl in adjacent molecules, In 8-hydroxyquinolinium trichloro- 
oxyselenate, CyHgNO*(SeOCI;)", there are two additional bonds from each Se 
(2:98 A) to Cl” ions and together the SeOCl, molecules and C17 ions form infinite 

69 A 

Cl 

v 212A 
Sb Cl 

> 

Cha” 

3-dimensional SeOCl; complexes. The sixth Se~-Cl contact is at 3-3 A, still shorter 
than the van der Waals radius sum (3-8 A). The compound [N(CH3)4]Cl . 5 SeOCl, 
is an assembly of N(CH3)q4 and Cl” ions and SeOCI, molecules. 

Valence group (2,8). This valence group occurs in molecules of the type SeX,R, 
and TeX,R, which have already been mentioned (p. 577), and it was noted that in 
these molecules the halogen atoms occupy the axial positions and the lone pair one 
equatorial bond position. Molecules studied include (CgHs)2SeCl, and dibromide, 
(C¢H;)2TeBr2 and substituted derivatives, and molecules such as Br, . Se(CH)4S 
and Cl,.Se(CH)4Se . Clz (Fig. 16.10(a)). In molecules R,Se(Te)X, the equatorial 
angle C—Se—C is 106-110° and in the Te compounds 96-101°, and the 

X—Se(Te)—X angle is close to 180°. The (axial) Se—X and Te—X bonds are much 

longer than the sums of the Pauling covalent radii, while the Se—C and Te—C bond 

lengths are close to the radius sums (Se—C, 1:94 A, Te—C, 2:14 A): 

Observed Radius sum 

251A 2:36A4 

2-68 2:51 

2-70 

Te—Br 

We noted earlier the structures of the two crystalline forms of TeO,. The 

similarity of the bond lengths in Te(1v) catecholate and of the four shorter Te—O 

bonds in both forms of TeO, and in TezO4. HNO3 suggests that the same bonding 

orbitals are used in all these compounds: 

a-TeO> B-TeO2 Te, O4. HNO3 Te(C6 H40 7) 

Te—O (axial) (2) 2:08 A 2-19 A 216A DeMal GX 
2-07 NAV 2-01 

Te—O (equatorial) (2) 1-90 OB E88 1-95, 1-88 (2) 1-98 

On —=Te-0,5 169° 169° 148° 154° 
Oeg—Te—Oeq 102° 101° 100 98 

601 



Sulphur, Selenium, and Tellurium 

The ‘basic nitrate’, Te,O,.HNO3, is made by dissolving Te in HNO3 and 

crystallizing the solution. The structure is built of puckered layers (Fig. 16.11) in 

which there are single and double oxygen bridges between pairs of Te atoms, which 

form four ‘trigonal bipyramidal’ bonds. 

FIG. 16.11. Tellurium-oxygen layer in 

Te, 04 . HNO3 (HNO3 omitted). 

Valence group (2,10). The unique structure of TeF, has been described with the 

other halides (p. 578). Te(Iv) apparently does not form TeF%~ but only TeF5. This 

ion exists as discrete units with the same pyramidal configuration as in TeF4 and a 

structure very similar to that of the isoelectronic XeFZ ion in (XeF;)(PtF,). The 

Te atom lies about 0-4 A below the basal plane of the square pyramid. 

The (2,10) valence group is also found in the Te(CH3)I4 ion in [Te(CH3)3]* 

[Te(CH3)Il,]~, a compound originally thought to be a geometrical isomer of 
Te(CH3)2I2. This salt, which reacts with KI to give Te(CH3)3I and K[Te(CH3)I4], 
consists of pyramidal [Te(CH3)3]* and square pyramidal [Te(CH3)I4]~ ions. 

Te---I contacts (3-84-4-00 A) complete the octahedral environment of both 

types of Te(II) atom, (a) and (b). 

The molecule SeOCl,. 2 C;HsN, (c) provides a further example of this valence 
group. The five ligands forma slightly distorted square pyramidal coordination group, 
the nearest neighbour in the direction of the sixth octahedral bond being a Cl atom 
of another molecule. 
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ea, 0 

I 215A 

Te rT : I CsHsN Cl 

Aw eee 2:92 A 
(mean) wees ra! A (mean) pen 

Se 

CH 3 os CH3 I = I Cl NC; Hs 

CH; | | 
3-88 A 

I Cl 

(a) (b) (c) 

Valence group (2,12). Octahedral Te(1v) complexes imply a valence group of 

14 electrons. Careful X-ray studies of (NHq4),TeCl, and K,TeBr¢ show that the 

anions have a regular octahedral shape, and are therefore exceptions to the 

generalization that the arrangement of bonds formed by non-transition elements 

corresponds to the most symmetrical disposition of the total number of bonding 

and lone pairs of electrons. The electronic spectra suggest that the 5s* electrons are 

g—C(NMe 2 )2 

7A 

Cl Cll 

(d) 
2-53 A 

Cl Cl (2:74 A in Br compound) 

S 
(Me,N).C~ 

partially delocalized to the halide ligands (ref. 24a, Table 16.9). The same problem 

is presented by SbX@~ and IF¢. The Te—CI bond length in TeCl2 is 2-54 A, similar 

to that in molecules TeX,R,. In the octahedral molecule, TeCl4(tmtu), (where 

tmtu is tetramethyl thiourea), there is negligible angular distortion of the bonds (d). 

Se(11) and Te(11) 

Valence groups (4,6) and (4,8). | For Se(11) and Te(i1) the valence groups of 8, 

10, and 12 electrons include in each case two lone pairs. The non-linear bond 

arrangement arising from (4,4) has been encountered in elementary Se and Te, 

molecules SeR, and Se,R, and their Te analogues. The 10-electron group (4,6) 

leads to a T-shaped molecule, as in CIF3. Examples include the molecule (e) and 

the ion (f), in which S represents the sulphur atom of thiourea in CgH, . Te(tu)Cl 

or [CgHs . Te(tu),] Cl. In (e) and its Br analogue the Te—X bonds are remarkably 

long (but Te—C is equal to the radius sum) and Te—S is 2:50 A, while in (f) Te—C is 

again normal but Te—S is abnormally long (2:68 A). 

Four coplanar bonds from Te(II) are expected for the valence group (4,8), as in 

603 



Sulphur, Selenium, and Tellurium 

3:00 A 
eal geo meee 

; 90° Hi 84° 86 86° 

(e) (f) 

IClq, that is, the four equatorial bonds of an octahedral group. This bond 

arrangement occurs in molecules such as Te(tu)2X,, in the cation in salts 

[Te(tu)4] Xz, and in the bridged ion in eee There appear to be 

fet 7A sis ays a Pog 

ae faa ao AN es ais 
h (g) (h) = 

interesting differences between the Te—S and Te—X bond lengths in the cis 

molecule (g) and those in the ethyl thiourea analogue Te(etu) Xz which have the trans 

configuration, (h). The same long Te—S bond (2:68 A) is found in the [Te(tu),]?* 

ion, as compared with values around 2-37 A in compounds of 2-covalent Te(11) 

such as Te(S,0,CH3),. Even longer Te—S bonds were found in the bridged 

[Te2(tu),]** ion, (i), and apparently also some asymmetry for which there would 

appear to be no obvious explanation. 

For the sake of completeness we note here the structures of simple selenides and 

tellurides which are not included in other chapters: 

antifluorite structure: LizSe, NazSe, K2Se, 
LizTe, Na2Te, K Te 

Be Mg Ca Sr Ba Zn Cd Hg 

Se Ih N N N N WZ W Z 
Le Z WwW N N N WZ Z Z 

N = NaCl structure: W = wurtzite structure: Z = zinc-blende (sphalerite) structure 
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Metal Sulphides and Oxysulphides 

The structures of binary metal sulphides 

Introduction 

All metal sulphides are solid at ordinary temperatures, and we are therefore 
concemed here only with their crystal structures. These compounds may be divided 
into three groups, the sulphides of 

(a) the more electropositive elements of the I, II, and IIIA subgroups, 

(b) transition metals (including Cu!!), 

(c) elements of the II, III, 1V, and VB subgroups. 

The crystal structures of some sulphides are set out in Table 17.1, and comparison 

with the corresponding Table 12.2 for oxides shows that with few exceptions (e.g. 

MnO and MnS) structural resemblances between sulphides and oxides are confined 

to the ionic compounds of group (a) and a few compounds of group (c) such as 

ZnO and ZnS, HgO and HgS. The B subgroup sulphides are for the most part 

covalent compounds in which the metal atom forms a small number of directed 

bonds, and while the oxide and sulphide of some elements may be of the same 

topological type (e.g. with 3:2 or 4:2 coordination) the compounds are not 

usually isostructural. For example, GeS, consists of a 3D framework of GeSq 

tetrahedra linked through all vertices (compare the silica-like structures of GeO), 

but the actual framework is peculiar to GeS, and is not found in any form of GeO, 

(or SiO). 

A bond M-—S is more covalent in character than the bond M—O, and accordingly 

while there is often a structural resemblance between oxides and fluorides, the 

sulphides tend to crystallize with the same type of structure as chlorides, bromides, 

or iodides of the same formula type—compare MgF,, MnF, TiO, and SnO, with 

the ionic rutile structure with MgBr,, MnI,, TiS2, and SnSz (CdI, or CdCl, layer 

structures). Layer structures are rare in oxides and fluorides but are commonly 

found in sulphides and the other halides. When discussing the change in type of 

structure going down a Periodic Group towards the more electropositive elements 

the dioxides of the elements of Group IV were taken as examples. The structures of 

the corresponding disulphides are set out below, and they may be compared with 

those of the dioxides shown on p. 442. 
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CS, (finite molecules) 

SiS, (infinite chains in normal form) 

TiS, GeS,, (3D framework of GeS, groups 

ZS } (Cdl, layer structure) sharing all vertices) 

HfS4 SnS, (CdI, structure) 

PbS, (stable only under pressure; 

see p. 934) 

TAB LHe] 1 
The crystal structures of metal sulphides 

Name of Examples 

structure 

Coordination 

numbers of M 

and § 

Type of 

structure 

Infinite Antifluorite LigS, Na2S, K2S, Rb2S 

3-dimensional Sodium chloride | MgS, CaS, SrS, BaS, MnS, PbS, LaS, 
complexes CeS, PrS, NdS, SmS, EuS, TbS, 

HoS, ThS, US, PuS 

FeS, CoS, NiS,@) VS, TiS 

FeS, CoS, NiS>, MnS>, OsS2, RuS2 

Nickel arsenide 

Pyrites or 

marcasite 

Zinc-blende BeS, ZnS, CdS, HgS 

ZnS, CdS, MnS 

PtS 

TiS, ZrS2, SnS>, PtS2, TaS2, HFS, 

Wurtzite 

Cooperite 

Cadmium iodide 

(C 6) 

Layer structures 

Cadmium chloride} TaS> 

(C 19) 

Molybdenum MoS, WS2 

sulphide 

Chain structures Sb2S3 Bi2S3, HgS 

(2) Also the millerite structure (5 : 5 coordination) 

(>) The coordination numbers here are those of Fe by S and of S» groups by Ee or other metal. 

A number of important structure types are found in transition-metal sulphides 

which have no counterparts among oxide structures, notably the various layer 

structures and the pyrites, marcasite, and NiAs structures. Further, many sulphides, 

particularly of the transition metals, behave like alloys, the resemblance being 

shown by their formulae (in which the elements do not exhibit their normal 

chemical valences, as in CooSg, Pd4S, TiS3), their variable composition, and their 

physical properties—metallic lustre, reflectivity, and conductivity. The crystal 

structures of many transition-metal sulphides show that in addition to M—S bonds 

there are metal-metal bonds as, for example, in monosulphides with the NiAs struc- 

ture (see later), in chromium sulphides, and in many ‘sub-sulphides’ such as Hf,S, 
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Ta2S, Pd4S, and Ta4S, some of which are clearly to be regarded as closer to inter- 

metallic compounds than to normal sulphides. The resemblance of alloys is even 

more marked in some selenides and tellurides, and the compounds CoTe and CoTe, 

are described later to illustrate this point. 

The sulphides and oxides of many metals of groups (b) and (c) do not have 

similar formulae; for example, there is no sulphur analogue of Fe,03 or of Pb304 

or oxygen analogue of FeS,. In cases where the oxide and sulphide of the same 

formula type do exist they generally have quite different structures, as in the 

following pairs: CuO and CuS, Cu,O and Cu,S, NiO and NiS, PbO and PbS. The 

structures of all these oxides have been noted in Chapter 12; each is different from 

that of the sulphide. 

We saw in Chapter 12 that from the structural standpoint many transition 

metal-oxygen systems are surprisingly complex. This is also true of many 

metal-sulphur systems, as we shall show later for the sulphides of Cr, Ti, V, Nb, 

and Ta. Before doing this we shall note some of the simpler binary sulphide 

structures, taking them in the order: M,S, MS, MS,, M,S3 and M3S,. The chapter 

concludes with a short account of thio-salts and complex sulphides. 

Sulphides MS 

The alkali-metal compounds have the antifluorite structure; the structure of Cs,S is 

not known. The structure of TI1,S (a layer structure of the anti-CdI, type) is noted 

in Chapter 26. In Group IB there are Cu,S and Ag,S, both known as minerals; for 

Cu,S see Chapter 25. There are three polymorphs of Ag,S: 

L76ae ae ‘ 586" 
monoclinic —~°*s b.c. cubic —°8°°, fic. cubic 

In the monoclinic form (acanthite) there are two kinds of non-equivalent Ag atoms 

with respectively 2 and 3 close S neighbours, but in the high-temperature forms, 

which are notable for their electrical conductivity, there is movement of Ag atoms 

between the interstices of the sulphur framework.!)-(?) A structure of the cuprite 

type has been assigned to Au, $s.) 

Transition-metal sulphides M,S include those of Ti, Zr, and Hf. The physical 

properties of these compounds and the fact that Ti, S$) and Zr,S©) (and also the 

selenides) are isostructural with Ta,P’ show that these are not normal valence 

compounds but essentially metallic phases. In the complex structure of Ti,S there 

are six kinds of non-equivalent Ti atom with from 3 to 5 close S neighbours and 

also various numbers of Ti neighbours at distances from 2:8 A upwards. Each S has 

at least 7 close Ti neighbours arranged at the vertices of a trigonal prism with 

additional atoms capping some rectangular faces. Metal-metal bonding clearly plays 

an important part in this structure, which may be compared with the anti-Cdl, 

structure of Ti,O. In contrast to Ti,S and Zr,S, Hf, S™ has the anti-2H, 

(hexagonal NbS,) structure which has been described in Chapter 4. Within a layer S 

has 6 (trigonal prism) Hf neighbours, while Hf has an octahedral arrangement of 

nearest neighbours, 3S (at 2°63 A) in the layer and 3 Hf (at 3-06 A) of the 

adjoining layer. This compound is diamagnetic and a metallic conductor, and if 
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bond strengths are calculated from Pauling’s equation (p. 1025), including the six 

weaker Hf—Hf contacts at 3-37 A, the total is close to a valence of 4 for Hf: 

Number of bonds Bond Length Bond order 

3 Hf—S 2-63A 0-56 fal 
3 Hf—Hf 3-06 0-50 oe 
6 Hf—Hf 3-37 0-15 

suggesting that all the 5d*s* electrons are used for Hf—S and Hf—Hf bonds. 

Monosulphides 

These compounds provide examples of all our classes (a), (b), and (c). MgS and the 

alkaline-earth compounds form ionic crystals, but the same (NaCl) structure is 

adopted by MnS (but no other 3d monosulphide) and by the 4f and 5f compounds. 
This illustrates the point that similarity in geometrical structure type does not imply 
similar bond character; witness the silver coloured PbS and the metallic gold colour 

of LaS. The d transition-metal monosulphides (class (b)) are considered shortly. 

Monosulphides are formed by the following B subgroup metals (class (c)): Cu, 
Zn, Cd, and Hg, Ga, In, and Tl, Ge, Sn, and Pb. Details of structures peculiar to 
one sulphide are given in Chapters 25 and 26 (CuS, hexagonal HgS, GaS, InS, and 
TIS). Compounds with the zinc-blende and wurtzite structures are listed in 
Table lyse 

The structures of the monochalconides of the Group IVB metals are set out in 
Table 17.2. Both the black P and As structures are layer structures in which M 
forms only three strong bonds, forming corrugated versions of the simple 6-gon net 
as explained in Chapter 3. Further details of the sulphides are given in Chapter 26. 

GUAM THIEN By iyi: 
Structures of Group IVB chalconides! 

S Se Te 

Ge P P As(@) 
N 

Sn P 1p N 
Pb N N N 

@) Below 400°C. (1) IC 1965 4 1363 

P = black P structure. 

As = As structure. 

N = NaCl structure. 

Monosulphides of transition metals. Our present knowledge of the crystal 
structures of these compounds is summarized in Table 17.3, concerning which we 
may note the following points. 

(i) In contrast to the monosulphides with the NiAs Structure, the monoxides of 
Ti, V, Fe, Co, and Ni crystallize with the NaCl structure. 

(ii) Note the special behaviour of Mn, with a half-filled 3d shell (d°). 
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(iii) The structures of the d4 (Cr) anded??(Cul) compounds are peculiar to 
these monosulphides. That of Cr is described shortly; that of CuS (covellite) is quite 
inexplicable as a compound of Cu!!, and in fact the Cu—S system is extremely 
complex. There are four distinct compounds, Cu2S, Cuy.9¢S, Cu,.gS, and CuS, 
with a total of probably as many as nine different structures, though there is still 
some doubt about the structures of some of these phases. The complicated CuS 
structure is described in Chapter 25. 

(iv) PdS and PtS have structures with planar 4-coordination of the metal atoms, 
that of PdS being rather less symmetrical than that of PtS, which is described later. 

The nickel arsenide structure. The structure most frequently encountered is the 
NiAs structure (Fig. 17.1), which is also that of many phases MX in which M is a 
transition metal and X comes from one of the later B subgroups (Sn, As, Sb, Bi, S, 

FIG. 17.1. The structure of NiAs (As atoms 

shaded). The Ni atom in the centre of the 

diagram is surrounded octahedrally by six 

As atomsand has also two near Ni neighbours 

situated vertically above and below. 

Se, Te). We noted this structure in Chapter 4 as having h.c.p. X atoms with M in all 

the octahedral interstices, X therefore having 6 M neighbours at the apices of a 

trigonal prism. The immediate neighbours of a Ni atom are 6 As arranged 

octahedrally (at 2-43 A), but since the NiAs,¢ octahedra are stacked in columns in 

which each octahedron shares a pair of opposite faces with adjacent octahedra there 

are also 2 Ni atoms (at 2:52 A) sufficiently close to be considered bonded to the 

first Ni atom. In the more metallic phases with this structure (e.g. CoTe or CrSb) 

these 8 neighbours are in fact equidistant from the transition-metal atom. It seems 

likely that the metal-metal bonds are essential to the stability of the structure. 

Compounds with this structure have many of the properties characteristic of 

intermetallic phases, opacity and metallic lustre and conductivity, and from the 

chemical standpoint their most interesting feature is their variable composition. In 

some systems the phase MX with the ideal NiAs structure is stable only at high 

temperatures. There are several possibilities for the structure of the phase MX at 

lower temperatures. A less symmetrical variant of the NiAs structure may be 
formed, an entirely new structure may be more stable, or there may be 

disproportionation to M + M;_,X. 
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(1) AK 1954 7 371 
Oa Gal oe 92182 
(3) AJC 1958 11 445 

FIG. 17.2. Unit cells of the struc- 
tures of (a) CoTe (NiAs structure), 

and (b) CoTe, (Cdl, structure). 
Shaded circles represent Te atoms. 

Metal Sulphides and Oxysulphides 

TABLES 73 
Structures of transition-metal monosulphides 

Te i 

OO s 
t 

Zr Mo ine Ru Rh Pd 

Hf Ta W Re Os Ir Pt 

NiAs structure 

wurtzite structure. NaCl structure. or variant. 

Heavy type indicates structures peculiar to single compounds MS to which reference is made in 

the text. 

+ Also the millerite structure (S : 5 coordination) 

¢ An earlier study 1) indicated a tetragonal structure which was a distorted NaCl structure. 

This phase was not found in later studies\“/»\~/ which indicate a cubic structure, apparently a 

defect NaCl structure with ordered vacancies. The same cell (a = 10-25 A) is found over the 

entire composition range Zr5Sg—ZrgSg. 

Some phases M,_,S have a sequence of c.p. S layers different from that in MS 

and are therefore recognized as definite compounds, as in the case of the sulphides 

of Ti described later. Alternatively the packing of the S atoms remains the same as 

in MS and there are vacant metal sites. For the removal of M atoms from the NiAs 

structure there are two simple possibilities: 

(a) random vacancies in (000) and (004)—see Fig. 17.2; 

(b) (000) fully occupied but (004) only partly filled. 

The further alternatives are then (i) random, or (ii) ordered vacancies in alternate 

metal layers. 

All examples of (b) represent structures intermediate between the NiAs structure 

and the C 6 (CdI,) structure. The sulphides of Cr, which are described in a later 

section, provide examples of (b) (i) and (ii), and the Fe—B system illustrates (a) and 

(b) (ii). 

The sulphides of iron include Fe3Sq (spinel structure), Fe7Sg (pyrrhotite), FeS 

(troilite), and FeS, (pyrites and marcasite). ‘Ferrous sulphide’ rarely has the Fe : S 

ratio precisely equal to unity, though stoichiometric FeS can be prepared. A 

microcrystalline form prepared by precipitation has been examined by X-ray 

powder photography and also by electron diffraction. This form (mackinawite) has 
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a structure similar to that of LiOH.’) The composition of ‘FeS’ ranges from 50 to 
approximately 46°6 atomic per cent Fe, and density measurements show that the 
departures from the composition FeS are due to iron deficiency, that is, Fe, _,S. 
At temperatures above 138°C stoichiometric FeS has the NiAs structure, but at 
lower temperatures there are small displacements of the Fe atoms necessitating a 
larger (hexagonal) unit cell.(?) In the low-temperature forms of Fe7Sg one-eighth 
of the metal positions are unoccupied, and these vacancies are distributed in an 
orderly way in alternate metal layers (type (b) (ii) structure).{) There are both 
monoclinic and ‘hexagonal’ forms of Fe;Sg which are superstructures of the defect 
NiAs type; a detailed study of one with trigonal symmetry has been made.“*) At 
temperatures above 340°C Fe7Sg is an example of (a), having random vacancies in 
all the metal positions. 

In the Fe—S system the simple NiAs structure is stable over only a small range of 
composition, and if we include the defect structures the range is still only a few 
atomic per cent S. A number of metal-selenium and metal-tellurium systems show 
a different behaviour. In the Co—Te system the phase with the NiAs structure is 
homogeneous over the range 50-66:7 atomic per cent Te (using quenched samples), 
and at the latter limit the composition corresponds to the formula CoTe,. Over 

_ this whole range the cell dimensions vary continuously, but change only by a very 
small amount: 

a c 

SO per cent Te 3-882 A 5-367 A 
66-7 per cent Te 3-784 5-403 

The explanation of this unusual phenomenon, a continuous change from CoTe to 

CoTe,, is as follows. The compound CoTe, crystallizes at high temperatures with 

the CdI, structure which is retained in the quenched specimen. (On prolonged 

annealing it changes over to the marcasite structure.) This Cdl, structure is very 

simply related to the NiAs structure of CoTe, as shown in Fig. 17.2. In both the 

extreme structures the Te atoms are arranged in hexagonal close packing. At the 

composition CoTe all the octahedral holes are occupied by Co. As the proportion 

of Co decreases some of these positions become vacant, and finally, at the 

composition CoTe, only one-half are occupied, and in a regular manner, forming 

the Cdl, structure. It should be emphasized that the homogeneity range and 

structures of samples depend on the temperature of preparation and subsequent 

heat treatment. For samples annealed at 600°C it is found that at the composition 

CoTe the product is a mixture of Co + Co, _,Te (defect NiAs structure). As the Te 

content increases the structure changes towards the C 6 structure, but before the 

composition CoTe, is reached the structure changes to the marcasite structure. 

The PtS (cooperite) structure. We have seen that FeS, CoS, and NiS crystallize 

with the NiAs structure, in which the metal atoms form six (or eight) bonds. 

Palladium and platinum however, form four coplanar bonds in their mono- 

sulphides. The structure of PtS{>) is illustrated in Fig. 17.3. Each Pt atom forms 
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FIG. 17.3. The structure of PtS, 

showing the planar coordination 

of Pt by four S and the tetrahedral 

coordination of S by four Pt. 
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four coplanar bonds and each S atom four tetrahedral bonds. The bond angles in 

this structure (and in the isostructural PtO and PdO) are not exactly 90° for Pt and 

1094° for S because they represent a compromise. The angle a in the planar chain 

has a value (974°) intermediate between that required for square Pt bonds (90°) 

and the tetrahedral value (1094°). The Pt bond angles are accordingly two of 824° 

and two of 974°, while those of S are two of 973° and four of 115°. In PdS© the 

coordination of the two kinds of atom is similar to that in PtS, but the structure is 

not quite so regular. 

(6) ZK 1937 96 203 

Nf 

SOAP 
Disulphides Pt Pt 

ve SS ve nS Disulphides are formed by the elements of Group IV and also by many transition 

woe elements. At ordinary temperature and pressure GeS, has a 3D framework 

structure in which GeS, tetrahedra share all vertices. At higher temperature and 

pressure GeS2 and also SiS; (which normally crystallizes with a chain structure) 

transform into cristobalite-like structures‘!) in which, however, the M—S—M bond 

angles are close to the tetrahedral value in contrast to the values 140-150° in silica 

structures. The GeS, and SiS, coordination groups are not regular tetrahedra but 

bisphenoids (foreshortened along the 4 axis) giving two S-M—S angles of 118° and 

four of 105°. (For SiS, and GeS, see also pp. 785 and 929.) La and the 4f metals 

form sulphides MS, with x 1-7-2:0 for La and the lighter 4f elements and 1-7-1°8 

(2) IC 19709 1084 for the heavier lanthanides. The detailed structures of these ‘disulphides’ are not 

(3) IC 1964 3 1041 known.?) The disulphide BiS, has been made under pressure.) Most of the 

disulphides of the transition metals have either a layer structure or the pyrites or 

marcasite structures (Table 17.4), in contrast to the essentially ionic rutile-type 

structures of the dioxides. 

(1) Sc 1965 149 535 

TABLE 17.4 

Crystal structures of disulphides 

su V Cr Mn Fe Co Ni Cu Zn 

P P/M P P pa) pa) 

Nb Ake: Ru Rh 
wid) = P P 

Hf Ta W Re Os Ir 

c ci) W Ww P pc) 

C = Cdl, (C 6) structure; W = MoS structure (or polytype); P = pyrites structure; 
M = marcasite structure. 

(2) synthesized under pressure (IC 1968 7 2208). 
Also more complex layer sequences. 

(©) Cation vacancies at atmospheri iff ites-li pheric pressure; two different pyrites-like structures und : 
(IC 1968 7 389). pes 

The layer structures are of two main types, with octahedral or trigonal prismatic 

coordination of the metal atoms The simplest structure of the first kind is the Cdl, 

(C 6) structure of TiS,, ZrS,, HfS,, TaS,, and PtS,. (It is stated that TaS, has 
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been prepared with all the four layer structures adopted by the cadmium halides, 
namely, C6, C27, C19, and the 12-layer rhombohedral structure of CdBrl 
(p. 209)). Two distorted forms of the C6 structure have been described in which 
there are short metal-metal distances indicating metal-metal bonds. In one, the 
structure of WTe, and the high-temperature form of MoTe,‘*) the metal atoms 
are situated off-centre in the octahedra leading to corrugated layers and two short 
M—M distances (compare the 8-coordination in NiAs), for example: 

W-2W 2-864 
WTe, 

W-—6 Te 2-71-2-82 

In ReSe,‘*) the shifting of Re from the octahedron centres leads to three nearest 
Re neighbours at distances from 2:65-3:07 A which may be compared with 2-75 A 
in the metal. 

The structures in which there is trigonal prism coordination of the metal atom 
contain pairs of adjacent S layers which are directly superposed (and therefore not 
close-packed), but the multiple S—M—S layers are then packed in the same way as 
simple layers in normal c.p. sequences. The simplest structures of this kind are 
illustrated in Fig. 4.11 (p. 130), in which the nomenclature is similar to that used 
for mica polytypes. No example of the (2T) structure is yet known, but examples 
of three structures are: 

2 H; (C7): MoS, (molybdenite), WS,, MoSe,, WSe,, low-MoTe, 

2H,: hexagonal NbS, 

3R: rhombohedral MoS, ‘NbS3, TaS,, WS, ReS, 

The plan of a layer of the structures of Fig 4.11 has been illustrated in Fig. 4.9(b) 

(p. 128). As noted in Chapter 4 polytypes of some chalconides have been 

characterized in which the sequence of c.p. layers leads to both octahedral and 

trigonal prism coordination of M (e.g. TaS, and TaSe,‘?); the classification of such 

structures has been discussed.?? 

The pyrites and marcasite structures. The pyrites and marcasite structures, named 

after the two forms of FeS,, are of quite a different kind. They contain discrete S, 

groups in which the binding is homopolar, the S—S distances being 2:17 A and 

2:21 A respectively. Geometrically the pyrites structure is closely related to that of 

NaCl, the centres of the S, groups and the Fe atoms occupying the positions of 

Na* and Cl” in the NaCl structure. Every Fe atom lies at the centre of an 

octahedral group of six S atoms, and the coordination of S is tetrahedral (S + 3 Fe). 

The c.n.’s are the same in the marcasite structure, which is derived from the rutile 

structure by rotating the chains of edge-sharing octahedra so that there are short 

S—S distances (2:21 A) between S atoms of different chains, as shown in Fig. 6.5(d) 

(p. 200). The two structures are illustrated in Fig. 17.4 and are further described in 

Chapter 6, the pyrites structure on p. 196, and the marcasite structure on p. 203. 
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There are interesting changes in the S—S and M-—S distances in the 3d 

disulphides with the pyrites structure, differences which have been correlated with 

the numbers of dy electrons.(!°) 

Se M—S Number of dy 
electrons 

MnS 2-086 A 2-59 A 2 

FeS, 2-171 2-259 0 
CoS2 2-124 2-315 1 

NiS2 2-065 2-396 2 

FIG. 17.4. The structures of the two forms of FeS2: (a) pyrites, and (b) marcasite. In (a) the 
SS distance has been reduced to accentuate the resemblance of this structure to that of NaCl. 
In (b) the shaded circles represent Fe atoms, six of which surround each S2 group as is also the 

case in the pyrites structure. 

Note the abnormal distances in MnS,, attributed to the stability of the half-filled 
3d shell. A cupric sulphide with the composition CuS;.9 having the pyrites 
structure has been prepared from covellite (CuS) and S under high pressure at a 
temperature of 350°C or above.(!!) 

Just as the NiAs structure is adopted by a number of arsenides, stibides, etc. in 
addition to sulphides, selenides, and tellurides, so the pytites structure is adopted 
by compounds such as PdAs,, PdSb» (but not PdP,), PtP,, PtAs,, and PtSb,. 
Also, instead of S, or As, groups we may have mixed groups such as AsS or SbS, 
and we find a number of compounds structurally related to pyrites and marcasite 
but with lower symmetry due to the replacement of the symmetrical Sz or As, 
group by AsS, etc. So FeS, and PtAsy have the pyrites structure but NiSbS a less 
symmetrical structure related to it. Similarly, FeS, and FeAs, have the marcasite 
structure, but FeAsS and FeSbS have related structures of lower symmetry 
(arsenopyrite structure). 
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All three minerals, CoAsS, cobaltite, NiAsS, gersdorffite, and NiSbS, ullmannite, 

have structures which are obviously closely related to pyrites. There are three 

simple structural possibilities: 

(i) Each S, group in pyrites has become As—S (Sb—S). 

(ii) One-half of the S, groups have become As, (Sb). 

(iii) There is random arrangement of S and As (Sb) in the S positions of pyrites. 

Structure (i) was originally assigned to all three compounds, but as the result of later 

studies“! ?) the following structures have been proposed: CoAssS, (ii), NiAsS, (iii), 

and NiSbS, (i). It would seem that the greatest reliance may be placed on the later 

work on CoAsS, which shows that the apparently cubic structure is a polysynthetic 

twin of a monoclinic structure, and it is not impossible that other structures in this 

family are in fact superstructures of lower symmetry. As a result of the difference 

between Ni—Sb, 2:57 A, and Ni—S, 2:34 A, the symmetry of NiSbS has dropped to 

the enantiomorphic crystal class 23; the absolute structure has been deter- 

mined.“! 3) 

The marcasite structure is adopted by only one disulphide (FeS,) but also by a 

number of other chalconides and pnictides. Their structures fall into two groups, 

with quite differently proportioned (orthorhombic) unit cells, and there are 

apparently no intermediate cases: the differences in bonding leading to the two 

types of marcasite structure are not yet understood. 

cla c/b 

Normal marcasite structure 0-74 0-62 FeS, 
FeSe, CoSe, £-NiAs, 

FeTe, CoTe,  NiSb, 

Compressed marcasite structure 0-55 0-48 Cropp eb wes RUE 

(lollingite structure) !* FeAs, RuAs, 
FeSb 2 RuSb 2 

OsP,  OsAs, OsSb, 

In marked contrast to Pt, which forms only PtS and PtS, (Cdl, structure), Pd 

forms a variety of sulphides, selenides, and tellurides,“!>) the sulphides including 

Pd4S, Pd3S, Pd2..8, PdS, and PdS,. Some are high-temperature phases, for 

example, Pd3S, which can be quenched but on slow cooling converts to 

Pd,.2S + Pd4S. Both Pd3S and Pd4S are alloy-like phases, with high c.n.’s of Pd: 

Pd: 2S +10 Pd 28 
Pd38: Pd,S: Pd 

Pdy: 2S+7Pd 10 Pd 

Whereas RhS, and RhSe, have the normal pyrites structure, PdS, and PdSe, have 

a very interesting variant of this structure‘! ®) which results from elongating that 

structure in one direction so that Pd has four nearest and two more distant S (Se) 

neighbours instead of the octahedral group of six equidistant neighbours. 

Alternatively the structure can be described as a layer structure, the layer consisting 
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of Pd atoms forming four coplanar bonds to S2 (Se, ) groups, as shown in Fig. 17.5. 

With this structure compare that of CuF,, with (4 + 2)-coordination, derived in a 

somewhat similar way from the 6-coordinated rutile structure (p. 202). The 

following interatomic distances were found: 

In PdS, Pd—4S, 230A S-S, 213A 

Peon lo 

a 2:44 A In PdSe, Pd—4 Se, Se—Se, 2:36 A 

Pd=72 Se_ 3-25 

FIG. 17.5. The crystal structure of PdS2. 

The large open circles represent S atoms. 

There is also a high-pressure form of PdS,, apparently with a less elongated 

pyrites-like structure. 7) 

Sulphides M183 and M3S4 

Most of the known sesquisulphide structures may be placed in one of three groups, 

corresponding to metal coordination numbers of 3, 4 and/or 6, or greater than 6 

(Table 17.5). 

Structures which do not fit into this simple classification include Sn,S3 and 

Rh, $3. In Sn,$3“!) double rutile chains (as in NH4CdCl,) of composition Sn'Y S, 
are connected through Sn! atoms. In the octahedra Sn—S ranges from 2°50-2°61 A 

(mean 2:56 A) and Sn'! has 2S at 2-64 A and 1 S at 2-74 A (mean 2°67 A). The 
structure of Rh,S3 (and the isostructural Ir, S3)?) consists of pairs of face-sharing 

octahedra which are linked into a 3D structure by further sharing of S atoms, so 

that a structure of 6 : 4 coordination (distorted octahedral and tetrahedral) results. 
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Class (i) 

Characteristic MyX3 structures with 3-coordination of M (but see text): 

Metal Sulphides and Oxysulphides 

PAB UE T.5 
Crystal structures of sesquisulphides M,S3 and related compounds 

AS2S3 (layer) structure 

Sb2S3 (chain) structure: Bi2S3, Th2S3, U2S83, Np283 

Class (ii) 

Structures with close-packed S and 4- or 6-coordination of M 

Coordination h.c.p. GEG. Di More complex 
of M sequences 

Tetrahedral Random wurtzite Random zinc-blende 

(Al)S3, B-Ga2S3) (y-Ga2S3) 
Ordered defect 
wurtzite 

(a-Ga2S3) 

Tetrahedral B-InzS3 
and (see Table 17.6) 

octahedral 

Octahedral NiAs superstructure Ordered defect NaCl Mo283, 

(Cr2S3) (Sc2S3) Bi2Se3 
Corundum structure Bi2Te3 
(ALS3) Sc2Te3 

Other octahedral structures: Rh2S3 

Class (iii) 

Structures with higher coordination of M: 

6 and 7: Ho2S83 

7 and 8: Gd283 

8: Ce2S3 (La283, Ac2S83, Pu2S3, Am )S3) 

This structure has obvious resemblances to the corundum structure. The shortest 

Rh—Rh distance (3-2 A) shows that there are no metal-metal bonds. 

Class (i): MzS3 structures with 3-coordination of M. It might be expected that 

some of the simplest structures for sulphides M,S3 would be found among the 

compounds of Group V elements. Strangely enough, phosphorus forms no sulphide 

P,S3 (or P4S¢), though it forms four other sulphides (p.694). As.S3 has a simple 

layer structure?) (p. 723), but that of Sb.S3 is much more complex (p. 724). The 

structure of Sb,S3 is illustrated in Fig. 20.13; it has been confirmed by a later 

study of the isostructural Si, Seya0? 

Class (ii): structures with close-packed S. In these structures metal atoms occupy 

tetrahedral and/or octahedral holes in a c.p. assembly of S atoms. With the 

exception of one form of Al,S3 which crystallizes with the corundum structure 

these are not typically M,X3 structures but are defect structures, that is, MX 

structures (zinc-blende, wurtzite NiAs, or NaCl) from which one-third of the M 

atoms are missing. In some structures the arrangement of the vacancies is random 

and in others regular. 

The structures of a number of sulphides are related in the following way. A 
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cubic block of the zinc-blende structure with edges equal to twice those of the unit 

cell (Fig. 3.35(b), p. 102) contains 32 c.c.p. S atoms. Removal of one-third of the 

metal atoms at random gives the structure of y-Ga,83.°) (At temperatures above 

550°C B-Ga,S3 has a random wurtzite structure.) In this structure an average of 

214 tetrahedral holes are occupied in each block of 32 S atoms In Cog Seo the 

metal atoms occupy the same number of tetrahedral holes (32) as in ZnS—but a 

different selection of 32 holes—and in addition 4 octahedral holes. The neighbours 

of a Co atom in a tetrahedral hole are 1 S at 2:13 A and 3 S at 2:21 A but also 3 Co 

at 2°50 A (the same as Co—Co in the metal). In RH eS; <0 the corresponding 

phase in the Rh—S system, the metal-metal bonds (2:59 A) are even shorter than in 

the metal (2-69 A). 

If the appropriate sets of 8 tetrahedral and 16 octahedral holes are occupied in 

an assembly of 32 c.c.p. S atoms we have the spinel structure, and this is the 

structure of Co3S4, though in this case the cubic closest packing is somewhat 

distorted. (Zr3S,4 is another example of a sulphide of this type.) The spinel-type 

structure of Co3Sq4 extends over the composition range Co3.4S4 to Coz.96S4 for 

solid phases prepared from melts, i.e. it includes the composition Coz$3, but 

Co,S3 prepared by heating together Co, S, and a flux has a statistical spinel 

structure, so that CozS3 is related to Co3Sq4 in the same way as Fe, 03 (cubic) is to 

Fe, O04.0y 
In y-Al,03 214 metal atoms are distributed at random over the 8 tetrahedral 

and 16 octahedral sites of the spinel structure. In the low-temperature (a) form of 

In,S3 there is believed to be preferential occupation of the octahedral sites, as has 

been suggested for y'-Al,O3. The structure of the high-temperature (8) form of 

In,S3 may be described as an ordered defect spinel superstructure. The dimensions 

of the very elongated tetragonal unit cell are: Gtetr. = cubic/W2; Ctetr. = 3cubie> 

Aeubic being the edge of the cubic spinel cell. This cell therefore contains 48 O 

atoms, and In atoms occupy 8 tetrahedral and 24 octahedral sites, as compared 

with 12 tetrahedral and 24 octahedral sites in the spinel structure.{) (In addition 

to the two forms of In,S3 indium forms InS, IngS7, and In3Sq (stable above 

370°C).)¢® Four forms of Al,S3 have been described, a and 6 with defect 

wurtzite-like structures, y (corundum), and a high-pressure tetragonal form with a 

defect spinel structure like B-In, $3.) 

The (unique) structure of Sc SC] is, like that of B-In,S3, referable to a cell 

containing 48 c.c.p. S atoms, but this cell has dimensions 2a, ./2a, and 3./2a, where 

a would be the cell dimension of a simple NaCl structure. All Sc atoms occupy 
octahedral holes, so that the structure is a defect NaCl structure with ordered 

vacancies. Each S atom has 4Nb neighbours at four of the vertices of an 
octahedron (cis vertices vacant) and there is very little disturbance of the original 
NaCl structure, for all the bond angles are 90° to within 1-2°. This is the structure 
of the yellow stoichiometric Sc.S3, which is a semiconductor. There is also a black 
non-stoichiometric ScyS3 which is a metallic conductor (Sc3#,(e)3,S3_), also with 
a NaCl-type structure referable to the simple rhombohedral cell of Fig. 6.3(b). The 
cell content is presumably 1 Sc at (000), 0:37 Sc at (444), and 2S at (444). This 
group of c.p. structures is summarized in Table 17.6. 
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TABLE I Wa 

Sulphides with cubic close-packed S atoms 

Structure Interstices occupied 

Octahedral Tetrahedral 

Ges NaCl All ~ 

Sce283 Defect NaCl 2/3 _ 

B-In2S3 Defect spinel (superstructure) 1/2 WALD 

Co3S4 Spinel 1/2 1/8 

Coo9Sg 1/8 1/2 

y-Ga7S3 Defect zinc-blende (random) ~ 1/3 

Zinc-blende = Zh 
" Wurtzite — Aj2 

It is interesting that although ScTe has. like ScS, the NaCl structure, the close 

packing of Te in ScyTe3 is of the cchh (12-layer) type, with alternate layers of 

octahedral metal sites one-third occupied (statistically).( 3) The same layer 

sequence is found in Fe3S,4, with every fourth layer of octahedral sites unoccupied. 

For Cr3S,4 and Ti3S4 see pp. 622 and 625. 

In contrast to Bi,S3, the corresponding selenide and telluride have structures in 

which Bi occupies octahedral holes in close-packed assemblies of Se or Te atoms. 

Interesting examples of some of the more complex types of close packing are found 

in Bi,Se3, Bi,Te,S, Bi,Te3 (the last two being the minerals tetradymite and 

tellurobismuthite respectively), and in Bi3Se,. 

Representing the S, Se or Te layers by A, B, or C (p. 127), and the Bi atoms as a, 

b, or c in the octahedral positions between the layers we find the 9-layer sequence 

eine ABN IR (GR GANG A oe 

Cc Cana a b b 

in Bi,Se3, Bi,Te,S, and Biz Te3, and the 12-layer sequence 

Cote Gee Abe Aa CC. BC A CALC... 

CanG GC iW we €¢ b a 

in Bi3 Seq: 

The chh sequence also occurs in MosSa0 but this is not a layer structure 

since the following fractions of octahedral sites are occupied between successive 

pairs of (approximately) c.p. layers: 

eo ip ik © ip ip 

1 4 3 etc. 

M; My My 
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(15) AC 1968 B24 1102 

Metal Sulphides and Oxysulphides 

There is appreciable distortion from the ideal c.p. structure (in which the metal 

atoms would be at the centres of the octahedral holes) owing to the formation of 

zigzag chains of metal-metal bonds in both the fully occupied and the 

half-occupied metal layers. These bonds are not much longer than in the metal. In 

the isostructural NbzSe3 (and Ta, Se3)) there is metal-metal bonding only in 

the fully occupied layers, possibly because Nb and Ta each has one fewer d electrons 

than Mo: 

M—M in chains within metal layers 

Mo283 Nb2Se3 

My layer 2:85 A 2-97 A 

My, layer 2503) 3-13 
Compare b.c. metal 2:73 2-86 

The compounds we have been discussing illustrate three ways of attaining the 

composition M,X3 by occupying two-thirds of the octahedral holes in c.p. 

assemblies. The fractions of holes occupied between successive pairs of c.p. layers 

are: 

c.p. sequence 

Bi9Se3 0 1 0 1 1 chh 

Mo283 ] 4 4 F 1 4 i . chh 

ScaTe3 I 4 1 4 1 4 cchh 

Class (iii): structures with higher coordination of M. We now come to a group of 

structures adopted by sesquisulphides of Y, La, and the 4f and Sf elements in which 

the c.n. of some or all of the metal atoms exceeds 6. 

There has been some confusion about the structures of certain 4f metal 

sesquisulphides, probably because they lose S if not made in a closed apparatus. For 

example, the Ce,S3; (defect Th3P4) structure has been assigned to all the 
compounds from La2S3 to Dy2S3, but a later study showed only Eu3S, to have 
this structure. It is still not certain that the Ce,S3 structure can exist for the exact 
composition MjS3 for any Ln,S3. Another structure (6 or B) as yet undetermined, 
has been assigned to ‘sesquisulphides’ of some of these elements, but this also may 
be characteristic only of S-deficient compounds. Table 17.7 shows the structures of 
the Ln,S3 compounds; La, Y, and Sc are added at places appropriate to their ionic 
radii. 
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TAB la) 17/5 7/ 

Crystal structures of 4f sesquisulphides 

(ita) (CS Jee INa@l Iain Sin sim Cyl Wey iD (OO) le ise Win Say In Xo) 

? * 

SS Qibts Scie ——$—$ $$ 

<———— Hopsa-sttuctute > <———>_SC7S3 

Corundum 

structure 

* Only Eu3Sq prepared. 

With increasing ionic size the c.n. increases from 6 (octahedral) in Sc2S3 and in 

Lu,S3; and Yb,S3, to 8 (dodecahedral) in phases M,S3-M3Sq4 with the defect 

Th3P, structure: 

CN. of M Mean c.n. Reference 

Ho283 6 and 7 65 IC 1967 6 1872 
a-Gd>$3 7 and 8 74 IC 1968 7 1090 
Cass. 8 8 IC 1968 7 2282; IC 1969 8 2069 

The Ho,S3 structure is not a simple c.p. structure but has one-half of the metal 

atoms 6- and the remainder 7-coordinated, and two-thirds of the S 4-coordinated, 

and one-third 5-coordinated. The Gd,S3 structure also is complex, with equal 

numbers of metal atoms 7- and 8-coordinated (mono- and bi-capped trigonal 

prism), and all S atoms 5-coordinated (two-thirds square pyramidal and one-third 

trigonal bipyramidal). 

In the Ce,S3 structure metal atoms occupy 8 of the metal positions in the 

Th3P, structure, that is, 103 Ce are distributed over 12 positions in a cell 

containing 16 S atoms The formula is therefore preferably written Ce2.¢gS4. The 

coordination polyhedron CeSg is a triangulated dodecahedron. The cell dimensions 

of the La and Ce phases with this structure remain nearly constant over the 

composition range My.6gSq (M283) to M3Sq4. This would not be expected if some 

M3* are changing to the larger M2* ions; possibly the metal remains as M°*, the 
extra electrons being delocalized. On the other hand, the cell dimension does 

increase on going from Sm,S3 to Sm3S4, Sm?* being more stable than Ce**; 

compare the difference between CeS and SmS. The former is metallic with a 

magnetic moment corresponding to Ce>*, that is, it is Ce? *(e)S?~, whereas SmS is 

a semi-conductor with magnetic moment corresponding to Sm?*S?~. Other com- 

pounds with the Ce,S3 structure include AcyS3, PuzS3, and Am,S3. 

The sulphides of chromium 

The Cr—S system is much more complex than it was originally thought to be. 
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(1) AC 1957 10 620 

(2) IC 1969 8 566 

(3) CR 1964 258 5847 

Metal Sulphides and Oxysulphides 

Between the compositions CrS and CrzS$3 there are three definite solid phases: 

Crs monoclinic ~ CrS9.97 

Cr7S, ‘trigonal Cro.gg5—Crg.378 

CrsS,¢__ trigonal Cro.g5S 

Cr3S4 monoclinic Cro.79S—Crg.765 

Cr,83 trigonal Cro. 699 

Cr.S3 rhombohedral Cro.67S 

In all the trigonal Cr sulphides Cr has six S neighbours at 2-42-2-46 A but there are 

also Cr—Cr bonds of length approximately 2-80 A, that is, there are ionic Cr—S 

bonds but also metal-metal bonds. 

All these sulphides except CrS“) have structures intermediate between the NiAs 

and Cdl, (C 6) structures. In CrzSg there are random vacancies in alternate metal 

layers of the NiAs structure, while the others have ordered vacancies in alternate 

metal layers. The proportions of occupied metal sites between c.p. layers are: 

1nd a) 1g) “anda 120 

MsSg M3Sq M)S3 MS, 

The patterns of vacant metal sites in Cr2S3 (trigonal and rhombohedral forms) and 

CrsS¢ are shown in Fig. 17.6; Cr3S,4 is also of this type. A further sulphide, Cr5Sg, 

has been produced under pressure :(?) it also has a structure of the same general 

type, as also does the isostructural V< Sp: 

Plan showing NiAs-type 
unit cell 

B 
eeoeeeee 

ry e 

FOIE OO OVODC eeooece FIG. 17.6. Ordsred vacancies in 
eo ee e e e e e e the NiAs structure: (a) Crs S¢, 

EllicieleciesictCl eles e s'e eccccece  ‘b) trigonal Cr2 $3, (c) rhombo- 
| : hedral Cr2 83. 

© 060 ee e oe iG e e 

eoeee0e0 eeeeec50e eeeenee 

ee ee e@ e ® e e 

A—-@®@@ee0ee0e0-B @©00080080 e@02e20e0e00 

Elevations 

(a) (b) (c) 

The structure of CrS is unique and intermediate between that of NiAs and PtS. 
The neighbours of Cr are four S at 2-45 A (mean) and two much more distant 
(2:88 A)—compare CrF, with a deformed rutile structure and also (4 + 2)- 
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coordination. Although CrS is formally isotypic with PtS the cells are of very 
different shapes and CrS is best regarded as a new structure type. It is illustrated in 
Bigs tage 

rasan rOrert rag 

(a) (b) (c) 

FIG. 17.7. The relation between the structures of (a) NiAs, (b) CrS, and (c) PtS. In (a) and (c) 

the broken lines indicate the conventional unit cells. 

The sulphides of vanadium, niobium, and tantalum 

The formulae and structures of the sulphides and a comparison with the oxides 

formed by these metals illustrate the general points noted at the beginning of this 

chapter. For example, at least nine crystalline Nb—S phases have been charac- 

terized, and none has its counterpart among niobium oxides. There are two forms 

of NbS,;_, (low temperature, NiAs superstructure, high temperature, MnP 

structure), two forms of Nb,;,S,, and two of NbS, (hexagonal and rhombohedral 

MoS, structures), in addition to the other sulphides noted: 

VASy eID Se Tas 
Ta, 9° 

VS NbS,_, (2 forms) 

ViSa Nb3S,” 
V<Se) 1 NbiaxS> (2 forms) 

NbS, (2 forms) TaS, (Cdl, Cd(OH)CI, 
CdCl, structures) 

NbS; TaS 3 
WSa 

Some of these compounds have complex structures which are not easily described, 

such as the two forms of V3S and Nb2,Sg. The latter is a compound with metallic 

properties in which there are six kinds of Nb atoms with from I to 4 S neighbours. 

The structure of Nb3S,q was illustrated in Fig. 5.41 as built of triple columns 

of face-sharing octahedral NbS,¢ groups, each of which also shares four edges to 

form a 3D structure with a general geometrical similarity to the UCI, structure. The 

simplified projection of Fig. 17.8(a) shows that there are empty tunnels through 

the structure and that the S atoms are of two kinds Those (S,)on the surfaces of 

the tunnels have a very unsymmetrical arrangement of 4 Nb neighbours, while those 

(S2) on the central axes of the columns have 6 (trigonal prism) Nb neighbours. The 
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Metal Sulphides and Oxysulphides 

6x © Cie 
Oe NO OF NGOS 

(b) (c) 

FIG. 17.8. Projections of the structures of (a) Nb3Sq, (b) Ta2S, (c) Tag¢S. 

Nb atoms are displaced from the centres of their octahedral coordination groups so 

that Nb—Nb bonds are formed as zigzag chains perpendicular to the paper as 

indicated in projection by the broken lines in Fig. 17.8(a). The compound is a 

metallic conductor; Nb—Nb, 2:88 A, compare 2°86 A in the metal. 

The structures of Ta,S and TagS are closely related and form a link between the 

metal-rich chalconides (and phosphides), with extensive metal-metal bonding, and 

the ‘metal cluster’ halides of Nb, Ta, etc. discussed in Chapter 9. In both these 

sulphide structures (Fig. 17.8(b) and (c)) the metal atoms form columns consisting 

of body-centred pentagonal antiprisms sharing their basal (pentagonal) faces. (Since 

the Ta atoms at the centres of the antiprisms have an icosahedral arrangement of 12 

nearest neighbours—10 forming the antiprism and 2 at the body-centres of adjacent 

antiprisms—the columns could also be described as built of interpenetrating 

icosahedra.) These columns of metal atoms are held together by the S atoms, which 

in TaS are of two kinds (with 4 or 6 neighbours) and in Ta¢S are all similar and 

have 7 Ta neighbours (monocapped trigonal prism). The Ta atoms at the centres of 

the columns are entirely surrounded by (12) Ta atoms; those on the periphery have 

2 or 3 S neighbours (in Ta,S) or | or 2 S neighbours (in Ta¢S), the remaining close 

neighbours being Ta atoms of the same column. There are no very short Ta—Ta 

contacts between the columns, but although the main metal-metal interactions are 

within the columns the interatomic distances indicate that there may be some 

interaction of this kind between the columns. Thus in TaS the shortest Ta—Ta 

distances are those between atoms at the centres of the antiprisms (2-80 A), as 

compared with 3-14 A between those on the surfaces of the columns, but there are 

some comparable contacts (3:10 A) between the columns. 

It is noteworthy that although S and P are similar in size, and TiS and ZrS are 

isostructural with Ta,P, yet Ta,S has a unique structure with largely Ta—Ta 

interactions, that is. very low Ta—S coordination numbers; compare the 3-5 close S 

neighbours of a metal atom in Ti,S. 
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The sulphides of titanium 

Apart from the extreme compounds TiS3 and Ti,S the sulphides of Ti include TiS, 
and TiS, with the simple (h.c.p.) Cdl, and NiAs structures, and a series of phases 
with compositions intermediate between those of the disulphide and monosulphide 
(Table 17.8). These phases have structures based on more complex C.p. sequences in 
which Ti atoms occupy octahedral interstices. Certain layers of metal atom sites are 
fully (or almost fully) occupied while others are only partially occupied (at 
random)—contrast the Cr sulphides Cr7Sg, CrsS,, and Cr3Sq4, in which the packing 
of the S atoms remains the same (h.c.p.). 

TABLE 17-8 

The sulphides of titanium: TiS-TiS; Li, Ti,. 1S» 

Sulphide S Layer Fractional site occupancy Reference 

sequence between successive S layers 

TiS> h hy.oho < 
TisSg(Ti3Ss) cchh C1-0C0-2/1-oho-2 RTC 1966 85 869 

ys. = Cage AC 1957 10715 
Dives Sa Cieole. 35 ISSC 1970 2 36 
Ti3Sq4 chhchch Co-5/1-0h0-5C0-9520-7C0- 720-95 JSSC 1970 1 519 

TigSs chchh €o-9h9-9C0-6/1- 00-6 TSS @ to OmMes 19) 

TigSo9 chh Co-33/11-020-83 JSSC 1970 1 519 

TiS h hy.ohy-0 — 

Eitiges ss Sc 1972 175 884 

Compounds Li,Ti,.,;S, prepared by melting together metallic Li and Ti,.,S, 

(CdI, structure) have the ch packing for x between 0:1 and 0:3, with apparently 

random occupancy by Li and Ti atoms of octahedral sites in the partially filled 

layers. At higher Li concentrations (0°5 <x < 1:0) a completely different (tetra- 

gonal) structure is adopted. These compounds, and also compounds Na, MoS, and 

M,ZrS, and M,HfS, (M=Na, K, Rb, or Cs) are notable for developing 

superconductivity at very low temperatures. 

Complex sulphides and thio-salts 

An extraordinary variety of solid phases consisting of sulphur combined with more 

than one kind of metal is found in the mineral world. As in oxides isomorphous 

replacement is widespread, leading to random non-stoichiometric compounds, but 

we may recognize three main types of compound. If for simplicity we describe the 

bonds A—S and B—S in a compound A,B,S, as essentially ionic or essentially 

covalent we might expect to find three combinations: 

A=S B—S 

(a) Ionic Ionic 

(b) Ionic Covalent 

(c) Coyalent Covalent 



Metal Sulphides and Oxysulphides 

In (a) and (c) there would be no great difference between the characters of the A—S 

and B—S bonds in a particular compound, while in (b) the B and S atoms form a 

covalent complex which may be finite or infinite in one, two, or three dimensions. 

By analogy with oxides we should describe (a) and (c) as complex sulphides and (b) 

as thio-salts. Compounds of type (c) are not found in oxy-compounds, and 

moreover the criterion for isomorphous replacement is different from that 

applicable to complex oxides because of the more ionic character of the bonding in 

the latter. In ionic compounds the possibility of isomorphous replacement depends 

largely on ionic radius, and the chemical properties of a particular ion are of minor 

importance. So we find the following ions replacing one another in oxide 

structures: Fe? *, Mg? *, Mn?*, Zn?*, in positions of octahedral coordination, while 

Na* more often replaces Ca? * (which has approximately the same size) than K*, to 
which it is more closely related chemically. In sulphides, on the other hand, the 

criterion is the formation of the same number of directed bonds, and we find atoms 

such as Cu, Fe, Mo, Sn, Ag, and Hg replacing Zn in zinc-blende and closely related 

structures. 

Obviously this naive classification is too simple to accommodate all known 

compounds, and because of its basis it has the disadvantage of prejudging the bond 

type. An essentially geometrical classification based on known crystal structures 

would, however, be of the same general type. Class (a) includes structures like those 

of complex oxides (see Table 17.9) but will tend to merge into class (c) as bond 

character changes from ionic to covalent or covalent-metallic. In class (a) the ions 

TRABIGE Reo 

Crystal structures of some complex sulphides and thio-salts 

AxBySz GINS Type of thio-ion Reference 

of Aand B 

(NH4)2WS4 (9,10): 4 Finite AC 1963 16 719 

T13VSq (4+4):4 Finite AC 1964 17 757 
Na3SbSq4 . 9 H2O 6:4 Finite AC 1950 3 363 

KFeS 4 8:4 Chain (edge-sharing) RTC 1942 61 910 
NH4(CuMoSaq) 12:4 Chain (edge-sharing) IC 1970 9 1449 
BazMnS3 7124 Chain (vertex-sharing) MEN /AL WOKS 
Ba2ZnS3 7:4 Double chain ZaC 1961 312 99 
KCug$3 8:4 Double layer ZaC 1952 269 141 
(NHq4)Cu7Sq4 8:4 3D framework AC 1957 10 549 

Structure 
BaZrS3 W256 Perovskite ane } AC 1963 16 134 

BaVS : 
BaTaS3 IQEG CsNiCl3 AC 1969 B25 781; 

IC 1969 8 2784 
BaSnS3 976 NHgCdCl3 MRB 1970 5 789 
NaCrSp, NaInS4 6: 6 NaCl superstructure JPCS 1968 29 977 
LiCrS2 6:6 NiAs superstructure IC 1970 9 2581 
NiC 12Sq 66 NiAs superstructure LCUS6GSI 977 
Bieter GEG NaCl (statistical) RTC 1944 63 32 
7eCr2S4, CuCr2S4 ; AKMG 1943 1 4:6 Spinel 7B No. 12 ZnAlpSq } 2 ZaC 1967 23 142 
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A and B are usually those of the more electropositive elements of the earlier A 
subgroups or of certain B subgroup elements (e.g. In?*, Bi>*). In thio-salts A may 
be an alkali metal, Ag, Cu(1), NH, or TI(1), and B a non-metal or metalloid (Si, 
As, Sb) or a transition metal in a high oxidation state (vrs MoY!), In compounds of 
class (c) both metals are typically from the B subgroups (Cu, Ag, Hg, Sn, Pb, As, 
Sb, Bi) but include some transition elements such as Fe. 

We have noted one difference between complex oxides and sulphides, namely, 
the compounds of class (c) have no counterpart among oxy-compounds. A second 
difference is that sulphides other than those of the most electropositive elements 
show more resemblance to metals than do oxides. Metal-metal bonding occurs only 
rarely in simple oxides whereas it is more evident in many transition-metal 
sulphides. In many complex sulphides of class (c), as indeed in simple sulphides 
such as those of Cu, it is not possible to interpret the atomic arrangements and 
bond lengths in terms of normal valence states of the metals, suggesting a partial 
transition to metallic bonding, as is also indicated by the physical properties of 
many of these compounds. 

Thio-salts 

A considerable number of thio-salts containing alkali metals have been prepared in 
one of two ways: 

(i) The sulphides of some non-metals and of certain of the more electronegative 

metals dissolve in alkali sulphide solutions, and from the resulting solutions 

compounds may be crystallized or precipitated by the addition of alcohol. These 

compounds are usually very soluble, often highly hydrated, and often easily 

oxidized and hydrolysed. Thiosilicates and thiophosphates have been prepared, and 

other compounds of this kind include (NH4)3VSq4, NagGe,S7 . 9 H20, K3SbS3, 

Na3SbS4.9 H,0, thiomolybdates, M,MoS,4, and thiotungstates, M,WS,. The 

existence of tetrahedral thio-ions has been established in Na3SbS4.9 H,O, and in 

(NH4)2MoSq and (NH4).WS,, the last two being isostructural with one form of 

K,SO,. Many other soluble thio-salts presumably also contain finite thio-ions 

analogous to the more familiar oxy-ions. 

(ii) Prolonged fusion of a transition metal or its sulphide with sulphur and an 

alkali-metal carbonate, followed by extraction with water, yields compounds such 

as KFeS,, NaCrS,, and KCu4S3. (This method can also be used to give complex 

sulphides such as KBiS,.) In all these compounds, which are insoluble and highly 

coloured, the alkali metal is apparently present as ions M*, but the thio-ions are of 

various types, chain, layer, or 3D frameworks. 

The steel-blue fibrous crystals of KFeS, are built of infinite chain ions formed 

of FeS, tetrahedra sharing opposite edges, and between these chains lie the K* 

ions surrounded by 8 S atoms (Fig. 17.9). An interesting elaboration of this chain 

occurs in NH, (Cu!MoY'S,), where Cu! and MoY! alternate along the chain. In 

ammoniacal cuprous chloride solution crystals of KFeS, change into the brassy, 

metallic CuFeS, with the zinc-blende type of structure which is described shortly, 

in which no thio-ions can be distinguished. The action of H2S on a mixture of BaO 

and ZnO at 800°C gives Ba,ZnS3, also containing an infinite one-dimensional 
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FIG. 17.9. (a) Arrangement of Fe atoms 

(small circles) in chains of FeS,q tetrahedra 

in KFeS,. (b) Projection of the structure of 
KFeS, along the direction of the chains. 

thio-ion, in this case the double chain of tetrahedra found in the isostructural 

K,CuCl3 (q.v.). BazMnS3, with single vertex-sharing chains is isostructural with 

K,Agl3. 
Copper forms a number of complex thio-salts with alkali metals. Dark-blue 

crystals of KCu,S3 can be prepared by fusing the metal with alkali carbonate and 

sulphur and extracting with water. The crystals are good conductors of electricity. 

Their structure consists of double layers built of CuS, tetrahedra, the layers being 

interleaved with K* ions surrounded by 8 S at the vertices of a cube. A 3D thio-ion 

is found in NH4Cu7Sq4. Finely divided copper reacts slowly with ammonium 

sulphide solution in the absence of air to give, among other products, black, 

lustrous (tetragonal) crystals of NH4Cu7Sq4. We are interested here only in the 

general nature of the structure (Fig. 17.10) which is a charged 3D framework of 

composition Cu7Sq built of columns cross-linked at intervals by Cu atoms arranged 

statistically in three-quarters of the positions indicated by the smallest circles. The 

framework encloses cubical holes between 8 S atoms which are occupied by NHq 
ions. 

O Cu at c/4 

@Q Cu at 3¢/4 

pe UES 
5 Cu, at ee FIG. 17.10. The crystal struc- 

ture of NH4Cu7Sq. 

@) NH; 
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In all the above compounds there is tetrahedral coordination of the metal 
forming the thio-ion. We now give examples of thio-ions in which there is 
octahedral coordination of the metal. The (distorted) perovskite structure of 
BaZrS3 is probably to be regarded as an ionic structure in which Ba? * is 12- and 

Zr** 6-coordinated. (Inasmuch as the ZirS, octahedra are linked by vertex-sharing 

into a 3D framework the ZrS3 complex could be distinguished as a 3D ‘thio-ion’.) 

A number of compounds ABS3 have h.c.p. structures built of AS; layers between 

which B atoms occupy columns of face-sharing octahedral holes (the BaNiO3 or 

CsNiCl3 structure), so forming infinite linear thio-ions. In BaVS3 the V—V distance 

(2:81 A) indicates metal-metal bonding consistent with the metallic conductivity, 

though BaTaS3 (Ta—Ta, 2:87 A) is only a semi-conductor. Double octahedral chain 

ions are found in BaSnS3, SrSnS3, and PbSnS3 (NH4CdCl, structure). Infinite 2D 

octahedral thio-ions occur in NaCrS, and other similar compounds. Crystals of 

NaCrS, are thin flakes which appear dark-red in transmitted light and greyish-green 

with metallic lustre in reflected light. In these crystals there are CrS, layers of the 

same kind as in Cdl, held together by the Na® ions (Fig. 17.11); both Cr and Na 

have 6 octahedral neighbours. Alternatively this structure may be described as a 

superstructure of NaCl; NalnO, and NalInS, are isostructural with NaCrSJ, as also 

are KCrS, and RbCrS,. On the other hand, LiCrS, is a superstructure of NiAs, that 

is, Li and Cr alternate in columns of face-sharing octahedral coordination groups in 

a hexagonal closest packing of S atoms. Alternatively the structure may be 

described as CdI,-type layers of composition CrS, interleaved by Li* ions. There 

are apparently no very strong Li—Cr bonds across the shared octahedron faces 

(Li—Cr, 3:01 A), for the compound has a high resistivity. Just as NaBiS, (statistical 

NaCl structure) is related, in a structural sense, to PbS and other simple sulphides 

with the NaCl structure, so FeCrS, is isostructural with Co3Sq4 and NiCr2Sq and 

NiV,S4 with Cr3S,4, and many of the sulphides of class (c) are related to the simplest 

covalent sulphide ZnS. 

Sulphides structurally related to zinc-blende or wurtzite 

This relationship is most direct for compounds such as a-AgInS, in which Ag and 

In atoms occupy at random the Zn positions in the wurtzite structure. 

Alternatively, there may be regular replacement of the Zn atoms in one of the two 

ZnS structures by atoms of two or more kinds. In both the random and regular 

structures the metal : sulphur ratio remains 1:1. We have seen that in some 

sulphides MS3 and M3Sq only a proportion of the metal sites (tetrahedral or 

octahedral) in c.p. S assemblies are occupied. In the case of ZnS structures this 

implies occupancy of 3 or } of the Zn sites (that is, 5 or 3 of all the tetrahedral 

holes in the c.p. assembly). If instead of an incomplete set of metal atoms some of 

the S atoms are omitted, we have structures in which some of the metal atoms have 

4 tetrahedral S neighbours and others 3 pyramidal S neighbours. Since the latter is a 

suitable bond arrangement for As or Sb we find compounds such as Cu3 AsS3 with 

this kind of structure. A further possibility, the substitution of both Zn and S by 

other atoms, occurs in lautite, CuAss,“? in which the Zn and S positions are 

occupied (in a regular way) by equal numbers of Cu, As, and S. This structure is, 
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Metal Sulphides and Oxysulphides 

however, preferably described as a substituted diamond structure, and it has been 

described in this way in Chapter 3. We may therefore recognize the following types 

of structure: 

M: S ratio 

(i) ie statistical or regular replacement of 
Zn in zinc-blende or wurtzite structures 

(al: [Al,Cd] Sq 

(ite ie [Cu3As]S3 

Examples of classes (i) and (ii) are set out in Table 17.10. 

ABLES 72rU 

Structures related to the zinc-blende and wurtzite structures 

Fraction Zinc-blende Wurtzite 

of metal 

positions 

occupied 

Regular Random Regular Random 
a LAS 

All Zinc-blende BN, BP AIN, GaN, InN 

ZnS 

Daye CX AT Garein 
Wests, Ais, S)5) 

Chalcopyrite AgMX2, CuMX> CdZnSe, BeSiN» 
CuFeS (M=AI, Ga, In ZnSnAs9 CuFe2S3 

XK SaScule} GalInSb2 

ZnSnP4 

CdGeAs > 

T 

Stannite ~ = = & 

CuzFeSnS4 

Cu3AsSq = Cu3AsS4 — 

(luzonite), (enargite) 

Cu3PS4 

1 
3 
3) Regular | Random Ife Random 

AljCdSa, 6-Cu2Hgl4 a-AgoHela B-AlyZnSq 

6-Ag2Hegl4 a-CuzHgl4 
InyCdSeq GazHgTeq | 

2(a 

3 ) Random Random 

y-Ga2Se3 Al,Se3 

y-Ga2S3 B-Ga2S3 
y-Ga7Te3 

y-InzTe3 | 

(2) These fractions correspond to three-eighths and one-third 
holes in close-packed assemblies as listed in Table 4.5 (p, 137). 
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Metal Sulphides and Oxysulphides 

(i) The simplest example of a superstructure of zinc-blende is the structure of 
chalcopyrite, or copper pyrites, CuFeS,, which arises by replacing Zn by equal 
numbers of Cu and Fe atoms in a regular way. As a result of this substitution the 
atoms at the corners of the original ZnS unit cell are not all of the same kind so 
that the repeat unit is doubled in one direction. The unit cell in CuFeS, is therefore 
twice as large as that of ZnS. We may proceed a stage further by replacing one-half 
of the Fe atoms in CuFeS, by Sn, and so arrive at the structure of stannite, 
Cuz FeSnS,4. The structures of ZnS, CuFeS,, and Cu2FeSnS, are shown in Fig. 
17.12. The nearest neighbours of an S atom in the three structures are: 

Zn Zn Cu Fe Cu Fe 

BARE Nook) S./ 
aN eX / \ 

bn ha Fe Cu Sm (Cn 

(ZnS) (CuFeS>) (Cuz FeSnSq) 

O © 
Cu Ie Sn Ny 

(a) ZnS (b) CuFeS, (c) Cu, FeSns, 

FIG. 17.12. The crystal structures of (a) ZnS, showing two unit cells, (b) CuFeS,, and 

(c) Cuz FeSnSq. 

It is worth noting that neither FeS nor SnS has the 4-coordinated zinc-blende 

structure, and also that CuS is apparently not a true sulphide of Cul! The valence 

of Cu (and other elements) in CuS, CuFeS,, etc., is discussed on p. 908. Examples 

of compounds?) with the CuFeS, structure are given in Table 17.10. 

Some compounds have the ordered CuFeS, structure at ordinary temperatures 

and a statistical zinc-blende structure at higher temperatures, for example, 

ZnSnAs,.{>? 

Another example of a compound of this type is Cu3AsS4 (luzonite), 4) the 

structure of which is of the zinc-blende type with three-quarters of the Zn atoms 
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Metal Sulphides and Oxysulphides 

replaced by Cu and the remainder by As. This regular replacement of 4 Zn by 

3 Cu + As leads to the larger unit cell of Fig. 17.13. Another form of Cu3AsSq4 

(enargite) is a superstructure of wurtzite. (4b) 

FIG. 17.13. Projection of the structure 

of luzonite, Cu3 AsSq, along the a axis. 

(ii) Three regular structures of this kind have been described, and although 

examples of sulphides with each of these structures are not known they are 

illustrated here (Fig. 17.14) because of their close relation to chalcopyrite and 

stannite; for examples see Table 17.10. 

(iii) Examples of structures related to ZnS by omission of some S atoms 

include Cu3AsS3 and €u,SbS3.°? though minerals of this family usually contain 

iron and their formulae are more complex. 

aie 

: 
In,CdSe, 

O€2B© (c) 
Gu Hig 1 Ag Hg 

f-Cu,Hel, B-Ag, Hel, 

(a) (b) 

PIG. 17.14. Structures related to the zinc-blende structure: (a) B-CugHglq, (b) B-AgyHel4, 
(c) InzCdSeq. 
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Other complex sulphides 

Cubanite, CuFe,S3,°% is of some interest since it is ferromagnetic. Although the 
metal-sulphur ratio is unity this is not a compound of type (i), for its structure is 
related to wurtzite in a more complex way. It is built of slices of the wurtzite 
Structure joined together in such a way that pairs of FeS4 tetrahedra share edges 
(Fig. 17.15). The resulting Fe—Fe distances (2°81 A) are rather long for 
metal-metal bonds, but presumably indicate appreciable interaction between the 
Fe atoms. 

FIG.17.15. Portion of the struc- 

ture of cubanite (CuFe2S3) 
showing slabs of the wurtzite 

BS structure with the tetrahedra 

(6) e= pointing alternately up and 
eee 2a down. 

Fen Gureke 

] 
| 
| 
| 
| 

| Apices down] 
| 

| 
| 
| 
| 
| 

| Apices up 
i} 

| 
| 
| 
| 
| 

> 
| 
| 

The structural relation of wolfsbergite, CuSbS, ” to wurtzite is less simple. This 

compound has a layer structure in which each Sb atom forms the usual three 

pyramidal bonds and Cu its four tetrahedral bonds to S atoms. In Fig. 17.16(a) is 

shown a plan of part of the wurtzite structure, in which plan Zn and S are 

superposed since they lie (at different heights) on the same lines perpendicular to 

the plane of the paper. If we take a vertical section through this structure between 

the dotted lines we see that a metal atom lying on these dotted lines loses one of its 

S neighbours, shown as a dotted circle, whereas a metal atom lying between the 

dotted lines retains all its four S neighbours. (It must be remembered that each 

metal atom is joined to one S atom lying vertically above or below it, so that the 

number of M—S bonds is one more than the number seen in the plan.) These latter 

atoms are Cu and the former Sb in the layers of CuSbS, which are viewed end-on in 

Fig. 17.17. Comparison of Figs. 17.16 and 17.17 shows the similarity in structure 

of a CuSbS, layer and the section of the wurtzite structure between the dotted 

lines (parallel to the crystallographic 1120 plane). 

The number of complex sulphide minerals is very large, and although it is 

possible to regard many of them as derived from simple sulphide structures (e.g. 

ZnS, PbS) the relationship is not always very close. For example, the Ag and Sb 

positions in miargyrite, AgSbS, °°? are close to those of alternate Pb atoms in 

galena (PbS), but the S atoms are so far removed from the positions of the ideal 
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oy aS -~ -y o> 

(a) 

(b) 

cleavage 
Sat Se Sane > ne ae Dianics 

— 4 a HO oer 

-—}t — — i 

\ \ \ \ \ 

Oe ek 
S Cu Sb 

FIG. 17.16. (a) Plan of a portion of the 

wurtzite structure. The metal atoms, which 

are all Zn atoms in wurtzite, are shown as 

small circles of two types to facilitate 

comparison with Fig. 17.17. (b) The same, 

with certain atoms removed, to show the 

relation to the layers in CuSbS2. 

FIG. 17.17. Elevation of the structure of CuSbSz, 
viewed parallel to the plane of the layers. The 

neighbours of an Sb atom in a layer are one S at 
2-44 A and two S at 2:57A. The broken lines 
between the layers indicate much weaker Sb—S 

bonds (Sb—S = 3-11 A) which account for the very 

good cleavage parallel to the layers. 

PbS structure that there is no very close resemblance between the structures. A 

more important feature of AgSbS, is the pyramidal bonding of Sb to 3 S. In many 

complex sulphides Sb forms three such pyramidal bonds, and sometimes also two 

weaker ones, and these structures are best classified according to the nature of the 

Sb—S complex. This is the SbS, chain in berthierite, FeSbS,4, and fragments 

(Sb3S7) of such chains in jamesonite, FePb4Sb,¢S$,4.'° In a very comprehensive 

classification of the structures of all known complex sulphide minerals“!!) the 

634 



Metal Sulphides and Oxysulphides 

general formula is written in the form AJA; (ByC,)C, where A’ and A” stand for 
metals with the following coordination numbers: 

2 Ag, Tl, Hg Ou PD, be, Co, NinHe 

Ax 3 “Ap, Cu AD eer be 11 
4 Ag, Cu, Zn Deekb, 

The atoms B (As, Sb, Bi) and C (S, Se, Te) form the system B,,,C,, built of 
pyramidal BC3 and/or tetrahedral BC4 groups, and C, represents the S (Se, Te) 
which does not form part of the sulpho-salt complex. The basis of the classification 
is the nature of the B,,C, complex which, together with the coordination 
requirements of the A’ and A” atoms, determines the crystal structure. 

Oxysulphides 

These compounds appear to be formed by a relatively small number of elements. 
Those of non-metals are described in other chapters (COS, P4O,Sq). Three types of 

structure have been found for metallic oxysulphides: 

the cubic ZrOS structure,“ 

the La,0,S structure,” also adopted by Ce,0,S and Pu,0,8, 

the BiOCI (PbFCI) structure, of ThOS, PaOS, UOS, NpOS,© and 
the second form of ZrOS.® 

ZrOS is prepared by passing H,S over Zr(SOq)z at red heat or over ZrO, at 

1300°C; it is dimorphic. In the cubic form the Zr** ion is 7-coordinated, its 

neighbours being 3 O?~ at 2:13 A and 4 S?~ at 2-62 A. The coordination group is a 

distorted octahedron consisting of 3 O + 3 S with the fourth S ion above the centre 

of the face containing the three oxygen ions. This coordination group is illustrated, 

in idealized form, in Fig. 3.6(a), p. 66. 

The structure of La,0,S is closely related to that of the high-temperature form 

of La,03 (the A—M,O3 structure of Fig. 12.7). One-third of the oxygen is 

replaced by sulphur, so that the metal ions have the same 7-coordination group as 

in cubic ZrOS, here made up of 4 0 + 3 S. (For Ce,0,S, Ce—4 O, 2:36 A, Ce—3 S, 

3-04 A.) For further discussion of the La,0,S structure see p. 1004. 

The BiOCI structure has been described and illustrated in Chapter 10. In this 

structure there is 8-coordination of the metal atom, at the vertices of an antiprism, 

by 40+4Cl, but in the isostructural LaOCl a fifth Cl (beyond one square 

antiprism face) is at the same distance from the metal ion as the other four. In 

ThOS etc. the positions of the S atoms were not accurately determined, and these 

atoms were so placed as to give the metal atom 5 equidistant S neighbours, in 

addition to the 4 O neighbours. (Th—4 O, 2:40 A, Th—S S, 3-00 A.) 

The compound ZrSiS may be mentioned here since it was at one time mistaken 

for ZrgS3. It has a structure closely related to the PbFCI structure, the main 

difference being that in the oxysulphides with this structure O—O contacts 

correspond only to van der Waals bonding whereas in ZrSiS there are Si—Si bonds 

(2-51 A). 
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Nitrogen 

Introduction 

Nitrogen stands apart from the other elements of Group V. It is the most 

electronegative element in the group. and from the structural standpoint two of its 

most important characteristics are the following. Only the four orbitals of the L 

shell are available for bond formation so that nitrogen forms a maximum of four 

(tetrahedral) bonds, as in NHg, substituted ammonium ions, and amine oxides, 

R3N . O. Only three bonds are formed in halides and oxy compounds, the bonds in 

many of the latter having multiple-bond character. Like the neighbouring members 

of the first short period, carbon and oxygen, nitrogen has a strong tendency to 

form multiple bonds. It is the only Group V element which exists as diatomic 
molecules at ordinary temperatures and the only one which remains in this form 

(N=N) in the liquid and solid states in preference to polymerizing to singly-bonded 
systems as in the case of phosphorus and arsenic. (For solid Ny see Chapter 29.) 
There is an interesting difference between the relative strengths of single and 
multiple nitrogen-nitrogen, nitrogen-carbon, and carbon-carbon bonds: 

C—C ~347 C—N 305 N—N 163 kJ mol™! 
C— Care al G=NeGlS N=N 418 

GaCa 837 C=N 891 N=N 946 

For the above reasons nitrogen forms many compounds of types not formed by 
other elements of this group, and for this reason we deal separately with the 
stereochemistry of this element. For example, the only compounds of N and P 
which are structurally similar are the molecules in which the elements are 
3-covalent and the phosphonium and ammonium ions. There are no nitrogen 
analogues of the phosphorus pentahalides, and there is little resemblance between 
the oxygen compounds of the two elements. Monatomic ions of nitrogen and 
phosphorus are known only in the solid State, in the salt-like nitrides and 
phosphides of the more electropositive elements. The multiple-bonded azide ion, 
N3, is peculiar to nitrogen. 

The following compounds of nitrogen are described in other chapters: 

Ch.10 Metal nitride halides 
Ch. 16 lons containing N and S 
Ch.19 Phosphorus-nitrogen compounds 
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Ch.21 Cyanogen, cyanates and thiocyanates 

Ch.22 Metal cyanides 

Ch. 24 Boron-nitrogen compounds 

Ch. 29 Interstitial nitrides 

The stereochemistry of nitrogen 

In all its compounds nitrogen has four pairs of electrons in its valence shell. 

According to the number of lone pairs there are the five possibilities exemplified by 

the series 

+ 

H H H H a Byes 

H:N-H lale INTs HON: N and /:N:| 

H H ove 

The last three, the NH, NH?~, and N®~ ions, are found in the salt-like amides, 

imides, and nitrides of the most electropositive metals, but with the exception of 

the amide ion the stereochemistry of nitrogen is based on N* with no lone pairs and 

N with one lone pair. These two states of the nitrogen atom correspond to the 

classical trivalent and ‘pentavalent’ states, now preferably regarded as oxidation 

rather than valence states. 

The stereochemistry of N* is similar to that of C, with which it is isoelectronic: 

\aee @) Nf) =NK and (©) =N*= or -N'S 
tetrahedral planar collinear 

As in the case of carbon, the valence bond representations (b) and (c) do not 

generally represent the electron distributions around N in molecules in which this 

element is forming three coplanar or two collinear bonds. Such bonds often have 

intermediate bond orders which may be described in terms of resonance between a 

number of structures with different arrangements of single and multiple bonds or in 

terms of trigonal (sp?) or digonal (sp) hybridization with varying amounts of 

m-bonding. 

The central N atom of the N3 ion in azides approaches the state =N*= and 

diazonium salts“) illustrate -N*= 

NT ae re Cy —nien 

§ a saa 1°385 1-097 A 
1°15 1-:15A 

[N 

The bond length N—N in the diazonium ion is the same as in elementary nitrogen 

(N=N); the C—N bond is shorter than a normal single bond owing to interaction 

with the aromatic ring. 
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Nitrogen 

When one of the four orbitals is occupied by a lone pair the possibilities are: 

Des ae Aes 
(d)eN= (e) N oma(DotN= 

pyramidal angular 

The unshared pair of electrons in molecules such as NH3 can be used to form a 

fourth bond, the coordinate link (~) of Sidgwick, as in the metal ammines (see 

Werner coordination compounds, Chapter 27). 

An interesting development in the chemistry of nitrogen is the demonstration 

that the N atoms of neutral N, molecules can utilize their lone pairs (like the 

isoelectronic CO) to bond to a transition metal. There is bonding either through 

one N or through both, when the N, molecule forms a bridge between two metal 

atoms. These are examples of case (f) above, and include the trigonal pyramidal 

molecule CoHN,(P$3)3,¢”? in which Co—N is appreciably shorter than in ammines 

(1:96 A), the octahedral ion in [Ru(NH3);N>]Cl,,) and the bridged anion 

N aK 
; NH 

ut ae aN 2NH3 193A a 
ne Ra LZ |/2-12A4 

9A liaNo hee —Ru—N=N—Ru—NH3 
Com 3 Nw a /\ 

1-66 A| NH3 wN 1:124A 

H iA 

(eclipsed configuration) in [(NH3);RuN,Ru(NH3);5](BF4)4.“ in which the 
Ru—N bond length in the linear bridge is markedly shorter than Ru-NH3. The 
cation in the salt [Ru(en),N.N3] PF, °°? is notable for having bonds from metal to 
N of three different kinds, to NH, Nz molecules, and N3 ligands. 

The stereochemistry of nitrogen is summarized in Table 18.1, in which the 
primary subdivision is made according to the number of orbitals used by bonding 
and lone pairs of electrons. The first main subdivision includes the simpler 
hydrogen and halogen compounds, and we shall deal with these first in the order of 
Table 18.1, except that amides and imides will be included with ammonia. The 
second and third sections include most of the oxy-compounds, and since it is 
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preferable to deal with oxides and oxy-acids as groups we shall not keep rigidly to 
the subdivision according to bond arrangement. Certain other special groups, such 
as azides, sulphides, and nitrides, will also be described separately. 

TABLE (18-1 

The stereochemistry of nitrogen 

Ss 
sS 
= 
S ~ LS x 
RS S 
38 5 
a2 8 2 ce/i |: 
oy 8 S 
38 oS SS 
5S ES oaki sale 3 
= es 

4 sp3 0 

y) 

oe Esp. 0 

Nitrogen forming four tetrahedral bonds 

Bond arrangement 

Tetrahedral 

Trigonal 

pyramidal 

Angular 

Trigonal 

planar 

Angular 

Collinear 

Examples 

NHq, (CH3)3N°—O™ 
NH3, NH20OH, NF3, NHF2, NH2F, N2Hq, NoF4 

NHz 

NO2Cl, NO, (OH), NO3, N2O4 

[ON(NO)SO3] ~, [ON(SO3)2] 77 

NOCI, NOF, NO3, N>F} 

N20, NO3, N3H 

The optical activity of substituted ammonium ions (Nabcd)* and of more complex 

ions and molecules (see Chapter 2) provided the earliest proofs of the essentially 

Cl it Cl 
vel 

2:12 A Al 
| 196A 

UN 
ACO TANCE 

CH, 

(a)! 1) 

9 ¢ Ss 
eG y rye 

Al wy) 
He Gee or si CH \N | eA 191A 

e120, Nee @ | ‘o 
H,C 1-91 Al 2 \N—|—Al=o 

Hj CAI \eroeet Al—CHs Viemenble. 
i, ye N. 

CH,—CH) 186A 1:48A 

(by) oe 
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Nitrogen 

tetrahedral arrangement of four bonds from a nitrogen atom. Later, this has been 

confirmed by structural studies of, for example, AIN (wurtzite structure) and BN 

(wurtzite and zinc-blende structures), of ammonium salts, amine oxides, and the 

series of molecules (a)-(c) in which N is bonded tetrahedrally to 3C +1 Al, 

2C+2 Al, and 1 C +3 Al respectively. 

Ammonium and related ions 

It has not generally proved possible to establish the tetrahedral structure of the 

NHj ion in simple ammonium salts by X-ray studies, both because of the small 

scattering power of H for X-rays and because the ion is rotating or shows 

orientational disorder in the crystalline salts at ordinary temperatures. In NH4F, 

however, rotation of the ions is prevented by the formation of N-H—F bonds, and 

the tetrahedral disposition of the four nearest F neighbours of a N atom indicates 

the directions of the hydrogen bonds. It is possible to locate H atoms by neutron 

diffraction, and detailed studies of several ammonium salts have been made. The 

N-—H bond lengths in ammonium salts have also been determined by n.m.r. and 

several studies give values close to 1-03 A.) The structures of substituted 

ammonium ions have been determined in [N(CH3)q4]2SiF.¢, [N(CH3)4] ICI, etc. 

The NFq ion exists in salts such as (NF4)(AsF,) and (NF4)(SbF,) prepared 

from NF3, F, and MF, heated under pressure. (NF4)(AsF¢) is a stable, colourless, 

non-volatile, hygroscopic solid at 25°C, presumably structurally similar to 

(PCl4)(PCl,); n.m.r. shows that all four F atoms attached to N are equivalent.>) 

A neutron diffraction study of NH3;0OH. Cl gives N—O, 1:37 A, and the value 

1:41 A was found in an X-ray study of NH30H . ClO, at =150° 6.4) 

Amine Oxides. In the tetrahedral molecule of trimethylamine oxide, 

((CH3)3NO), N—O = 1-40 A.) Trifluoramine oxide, NF30, is a stable colourless 
gas prepared by the action of an electric discharge on a mixture of NF3 and 
oxygen. Infrared?) and nmr.“ data are consistent with a nearly regular 
tetrahedral shape. Salts such as (NOF2)BF4 and (NOF2)AsF¢ prepared from NOF3 
and the halide contain planar ions NOF3 similar to the isoelectronic COF, Gx 
spectrum). > 

Nitrogen forming three pyramidal bonds 

Ammonia and related compounds 

In general three single bonds from a nitrogen atom are directed towards the apices 
of a trigonal pyramid, as has been demonstrated by spectroscopic and electron 
diffraction studies of NH3 and many other molecules NR3; some results are 
summarized in Table 18.2. A pyramidal configuration is to be expected whether we 
regard the orbitals as three p or three of four sp? orbitals, the unshared pair of 
electrons occupying one of the bond positions in the latter case. For pure p orbitals 
bond angles of 90° would be expected, and mutual repulsion of the H atoms then 
has to be assumed to account for the observed bond angles, which are close to the 
tetrahedral value. It seems likely that the bonds have some s character, though less 
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TABLE 18:2 

Structural data for molecules NR3, NRX, and NRX) 

Molecule N—C N—X Bond angles Method Reference 

(A) (A) 

NH3 HNH 106-6° e:d), ACSc 1964 18 2077 
NH,CH3 1-011 1-474 HNH 105-9° m.w. VCR MOSWe26843 

CNH 112-1° 
NH(CH3)2 1-022 1-466 CNC 111-6° m.w. JCP 1968 48 5058 

CNH 108-8° 
N(CH3)3 1-451 CNC 110-9° m.w. JCP 1969 51 1580 
N(CH3)2Cl LTS eid TFS 1944 40 164 
NH>Cl HNCI 102 ’ 
NHCl, (1-76) CINCI 106° EtG JACS 1952 74 6076 

NCl3 (i.r. and Raman sp. of CClq soln.) JCP 1968 49 3751 
NF3 1-371 FNF 102-2° ence JACSMISO M2182 

m.w TARY IESIO) 7A Sil 3} 
NHF 1-026 1-400 FNF 103° m.w. JCP 1963 38 456 

HNF 100° 
N(C6Hs5)3 1-42 CNC 116° JCP 1959 31 477 

N—Si Si—N—Si 

N(SiH3)3 1-74 120° exe! JACS 1955 77 6491 
N(SiH3 )2H L725 128° exds 
N(SiH3)2CH3 Le 126° Beal JCS A 1969 1224 

AI[N {Si(CH3)3}2]3 1-75 118° ps JCS A 1969 2279 

Ge—N—Ge 

120° Sol, TES ACIS TF. 02935 

than for sp? hybridization, so that the lone-pair electrons have some p character. 

Since this lone-pair orbital is directed it leads to an atomic dipole, and it is this 

which is responsible for most of the dipole moment (1:-44D) of NH3. The 

importance of the atomic dipole is shown by the fact that the pyramidal NF3 

molecule is almost non-polar (0-2 D), due to cancellation of the moments due to 

the polar N—F bonds by the lone-pair moment. In contrast to NF3, NHF, has an 

appreciable moment (1:93 D). 

We should expect a molecule N abc containing three different atoms or groups 

to exhibit optical activity, since the molecule is enantiomorphic. However, no such 

molecule has been resolved in spite of many attempts, and this at one time cast 

doubt on the non-planar arrangement of three bonds from a neutral N atom. In the 

case of NH; itself it has been suggested that the potential energy curve of the 

molecule is of the form shown in Fig. 18.1(a), where the energy is plotted against the 

distance r of the N atom from the plane of the H atoms. There are two minima 

corresponding to the two possible positions of the N atom (on each side of the 

plane of the H atoms), but they are separated by an energy barrier of only about 

25 kJ mol~!. For the resolution of d and / modifications of a substance to be 

detectable at room temperature it has been calculated that the energy of activation 
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(1) JACS 1954 76 2645 

(2) PRS 1963 273A 435, 455 

(3) JCS A 1969 2279 

FIG. 18.2. The structure of the 

molecule of hexamethylene- 

tetramine, Ng(CH2)6. N atoms 

are shaded and H atoms omit- 

ted. This molecule, based on a 

tetrahedral group of N atoms, 

should be compared with those 
of BegO(CH3COO)¢, P4O¢, and 

P4Oi0, Figs. WLI gual 7, 

(4) JPC 1956 60 821 

(G))ZaG 19591299133 

Nitrogen 

Potential 
energy 

FIG. 18.1. (a) Probable form of the 

: potential energy curve for NH3. (b) 

eal) The two possible configurations for 
the molecule NH3 or Nabe. 

r<—=—_- _- —e Tr 

(a) (b) 

for racemization (change of d= /) must be not less than 84 kJ mol”’. The failure 

to resolve substituted ammonias may therefore be due to the fact that the molecule 

can easily turn inside out by movement of the N atom from position N! to N? (Fig. 

18.1(b)). Calculations“) of the rates of racemization of pyramidal molecules XY3 

with N, P, As, Sb, and S as central atoms, based on a potential energy function 

derived from known vibrational frequencies and molecular dimensions, suggest that 

optically active compounds of As, Sb, and S should be stable towards racemization 

at room temperature, and in the case of P possibly at low temperatures. 

Three pyramidal bonds are formed by N in hexamethylenetetramine, N4(CH) )¢ 

(Fig. 18.2), which has been studied many times, in the crystalline state by X-ray 

and neutron diffraction and in the vapour by electron diffraction. In the molecule 

in the crystal: C—N, 1-476 A, C—-H, 1-088 A, NCN, 113-6°, and CNC, 107-2°.) 
Ions and molecules in which m-bonding leads to coplanarity of three bonds from 

N include a number of molecules containing the silyl group (in the lower part of 

Table 18.2). The molecule Al[N{Si(CH3)3} ]3°*) is also of interest as an example 

of Al forming three coplanar bonds. The Si(CH3)3 groups lie out of the AIN; 

plane, the dihedral angle NAIN/AINSi being 50°. In this connection see also the 

structures of urea and formamide (Chapter 21). 

Amides and imides. These salts, formed only by the more electropositive metals, 
contain respectively the NHz and NH?~ ions. The alkali, alkaline-earth, and zinc 
amides are colourless crystalline compounds formed directly by the action of 
ammonia on the molten metal or in solution in liquid ammonia. A solution of 
NaNH) in liquid ammonia is a good conductor of electricity, indicating that the salt 
is ionized in this solvent. 

The high-temperature forms of K, Rb, and Cs amides have the NaCl structure 
but at ordinary temperatures these compounds have less symmetrical structures. 
For example, the Cs salt has a (tetragonal) deformed CsCl structure (like y-NH4Br). 
In NaNH, and LiNH, at ordinary temperatures there are distorted coordination 
groups around the NH ions. In NaNH,‘*) there is tetrahedral coordination of both 
anion and cation, but the arrangement of 4.Na* around N is a very distorted 
tetrahedron, showing that the NH ions are not rotating. LiNH, has a slightly 
distorted zinc-blende structure.5) The tetrahedral coordination is somewhat 
irregular (NH has one Li* at 2:35 A and three Li* at 2-15 A), apparently due to 
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the orientation of the NH dipoles. With LiNH, contrast the layer structure of 
LiOH, in which Li* ions occupy a different set of tetrahedral holes in the same 
arrangement of c.c.p. anions. 

Two forms of Ca(NH2)2 and Sr(NH), have been described, one having a 
structure similar to that of anatase“°) and the other a defect NaCl structure.(7) In 
both polymorphs the NH3 ions are apparently in fixed orientations. The complex 
structures of Be(NH,)2 and Mg(NH;), have not been determined.{7®) 

From the H---H distance (1-63 + 0-03 A) obtained from the p.m.r. spectrum of 
KNH, °®) and the H-N—H bond angle (104°) deduced from the ir. spectrum of 
LiNH, the N—H bond length in the amide ion has been estimated to be 1:03 &.°?) 

The alkali and alkaline-earth imides have typical ionic structures. Li, NH has the 
anti-CaF, structure“! 9) like Li,O, and the alkaline-earth imides crystallize with 
the NaCl structure, as do the corresponding oxides, the rotating NH?~ ion 
possessing spherical symmetry. The following radii have been deduced for the 

amide and imide ions: NHj, 1-73 A, and NH*~, 2:00 A; compare Cl”, 1:80 A, and 
SH, 2:00 A. 

Hydroxylamine 

In crystalline NH,OH the N—O bond length is found to be 1-47 (0-03) A.“!) The 
H atoms were not located, but their probable positions were deduced from a 

reasonable hydrogen bonding scheme. We have referred earlier to hydroxyl- 

ammonium salts. 

For the hydroxylamine NV-sulphonate ion see p. 588. 

The trihalides of nitrogen 

These compounds present no points of particular interest from the structural 

standpoint. (No pentahalides are known.) Partially halogenated compounds which 

have been prepared include NH,F, NHF,, NH,Cl, and NHCl,. Of the trihalides, 

the pure tribromide has not been prepared, though NBr3 (and also NH,Br and 

NHBr,) has been identified in dilute aqueous solution (resulting from the 

bromination of NH3 in buffered solutions) by u.v. absorption and chemical 

analysis.(!?) There is some evidence for the existence of an ammine, NBr3. 6 NH3, 

stable at temperatures below —70°C. The so-called tri-iodide made from iodine and 

ammonia is NI; . NH3 and not the simple halide. This ammine does not contain 

discrete NI3 molecules but consists of chains of NI, tetrahedra sharing two vertices, 

with one NH; attached by a weaker bond to alternate unshared I atoms along the 

chain.“!?*) The trifluoride has been prepared by electrolysis of fused NH,HF, and 

is quite stable when pure. For structural details of NF3, NHXz, and NH X see 

Table 18.2. 

Hydrates of ammonia 

Ammonia forms two hydrates, NH3.H,O and 2 NH3.H,0, and the crystal 

structure of the latter has been studied at 170°K.“%) The crystal apparently 

consists of a hydrogen-bonded framework of composition NH3.H 0, in which 
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(14) AC 1959 12 827 

(15) AC 1959 12 832 

(16) JSSC 1969 1 10 

(17) AC 1965 18 879 
(18) ACSc 1960 14 1466 

Nitrogen 

NH, and HO each form one strong N-H—O bond (2:84 A) and three weaker ones 

(3-13, 3:22, and 3-22 A). The second NH3, which may be rotating, is attached to 

this framework only by a single N-H—O bond (of length 2-84 A). In NH3 . H,O 

the H,O molecules are linked by hydrogen bonds into chains which are then 

cross-connected by further hydrogen bonds to NH3 molecules into a three- 

dimensional network.“'*) There is no hydrogen bonding between one NH3 

molecule and another. As in 2 NH; . H,O the unshared pair of electrons on the N 

atom forms one strong N—-H—O bond (2:8 A) and three weaker ones (3:25 A). It is 

interesting to compare with the hydrates the structure of the cubic form of solid 

NH. 5) This has a slightly distorted cubic close-packed structure in which each N 

atom has 6 N neighbours at 3-4 A and 6 more at 3-9 A, suggesting that three weak 

N—H-—N bonds are formed by each lone pair of electrons. 

Ammines 

All the alkali metals and alkaline-earths (but not Be) and also Eu and Yb dissolve in 

liquid NH3. The alkali-metal solutions are blue, paramagnetic, and conduct 

electricity. Such solutions also dissolve other metals which are not themselves 

soluble in liquid NH3, for example, the Na solution dissolves Pb, and in this way a 

number of intermetallic compounds (NazPb, NaPb) have been prepared. From 

certain of the solutions crystalline ammines can be obtained, including Li(NH3)4 

and hexammines of Ca, Sr, Ba, Eu, and Yb. The hexammines are body-centred 

cubic packings of octahedral molecules M(NH3),¢. The Eu and Yb compounds are 

golden-yellow and are metallic conductors (M—N ~ 3-0 A), the magnetic and 

electrical properties suggesting that two electrons occupy a conduction band.(!®) 

Ammonia also combines with many salts to form ammines in which NH3 utilizes 

its lone pair of electrons to bond to the metal. The M—NH; bond is extremely 

weak in the case of the alkali metals, but stronger to the B subgroup and transition 

metals. In NaCl . 54 NH3, for example, Na* has 5 N neighbours at 2-48 A and 1 N 

at 3-39 A, and the structure is an approximately c.c.p. of NH; molecules and Cl7 

ions." 7) In NHgl.4 NH3 NH4 is hydrogen-bonded to 4 tetrahedral neighbours 
(N—N, 2:96 A) and I” is surrounded by 12 NH3.“! 8) In contrast to the relatively 

weak bonding in the ammines of the more electropositive metals NH3 is covalently 

bonded to metal atoms in numerous molecules and complex ions formed by B 
subgroup and transition metals, the structures of which are described under the 
individual element. 

Molecules containing the system een 
ve SS 

The only known symmetrical molecules of the type a2N—Na, with single N—N 
bonds are those of hydrazine, NyH4, and dinitrogen tetrafluoride, N,F4. In some 
molecules in which O atoms are attached to N as, for example, nitramine, (a), 
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substituted nitramines, (b), and dimers of C-nitroso compounds, (c), the co- 
planarity of the six atoms, the existence of cis-trans isomers of the nitroso 

H O R 
~ me Be i 

(a) (b) (c) 
compounds, and the N—N bond lengths show that the N—N bonds have some 
double-bond character. Note, however, the extremely long N—N bonds in N,03 
(p. 651) and N,O, (p. 652). 

Hydrazine, N.H4 

Hydrazine exists in the form of simple N,H4 molecules in all states. Hydrogen 
bonding is responsible for the high b.p. (114°C) and high viscosity of the liquid. 
Structurally the molecule has one feature in common with H,0,, for rotation of 
the NH, groups about the N—N axis is hindered by the lone pair of electrons—the 
free molecule has a configuration of the gauche type (p. 48). For structural details 
see Table 18.3. 

The monohydrate, N.Hq . HO, apparently has a structure of the NaCl type 
with disordered or rotating NH, and H,O molecules.) (1) AC 1962 15 803 

Hydrazine forms two series of salts, containing the N,H¢ and N,Hé* ions. The 

structures of the halides are described in Chapter 8. From their formulae it is 

evident which type of ion they contain, but this is not true of all oxy-salts. For 

example, N2H4 . H2SO4 might be (NH; )HSO,q or (N2H,)SO4. The type of ion is 

deduced from the crystal structure (arrangement of hydrogen bonds) or from the 

p.m.r. spectrum. Of the sulphates, N»Hq.4, 1, and 2H,SOq, the first is 

(N.H5),S0,°*? and the second, (N,H,)SO,°); the third is presumably = (2) ACSc 1965 19 1612 

(NH5)(HSO4)>. In N,H4 . H3PO, there is a 3D H,PO, framework similar to that oe ne caer 
in KH,PO,, and the salt is accordingly N,H<(H,PO,).‘*? On the other hand. o . E 

NH, .2H3PO4 is (N.H,¢)(H2PO4)2, in which the cation has the staggered 

configuration.) (5) ACSe 1966 20 2483 
There is no definite evidence that the N—N bond lengths in the ions N, Hz and Cl C] 

N,H2* are appreciably different from that in N,H4 (values of 1:43 and 1-42 A 2) 2 NeN ee 

have been recorded) but there is variation in the configuration of the Nj Hg ion. In Pare 

(N,H;)H,PO, it has the staggered configuration, but in (N,Hs).SO, there are Cl Cl 

non-equivalent ions with approximately staggered and eclipsed configurations. 

Hydrazine acts as a neutral bridging ligand in salts of the type Zn(N,H4).X> (6) ZK 1962 117 241 

(X = C1, CH3COO,“7) CNS, “8? etc.), double bridges linking the metal atoms into a yee riers 

infinite chains. 

Dinitrogen tetrafluoride, NF 4 

The molecule of this compound, which is prepared by passing NF3 over various 

heated metals, has a hydrazine-like structure in which the angle of rotation from 

the eclipsed configuration is 70°. A Raman spectroscopic study of the liquid (—80 
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Nitrogen 

to —150°C) indicated an equilibrium mixture of the staggered and gauche isomers. 

NF, dissociates appreciably to the free radical -NFz at temperatures above 100 C 

(compare N04 =2 NO), and this radical can exist indefinitely in the free state; its 

structure has been determined (Table 18.3). This behaviour of N2F, is in marked 

DABLE, 18-3 

Structural data for hydrazine and related molecules 

Molecule N—N N—C(Si) C—F Angle of Method Reference 

(A) (A) (A) rotation 
from eclipsed 

N2H4 1-453 90-95° Lt JCP 1959 31 843 
1-449 e.d BCSJ 1960 33 46 

1-46 Exe JCP 1967 47 2104 

N2(SiH3 )q4 1:46 1-73 82-5° Ssh. JCS A 1970 318 

N>H>(CH3)2 1-45 ed. JACS 1948 70 2979 
N3(CF3)4 1-40 1-433 88° ed. IC 1965 4 1346 

N—F (A) FNF 

NoF4 (ess 1-393 104° 70° ed. IC 1967 6 304 
“NF2 1-363 102-5° ede IC 1967 6 304 

NF 4 (liquid) (mixtures of staggered and gauche isomers) JCP 1968 48 3216 

N—O 

(CH3)2N.NO 1-34 1-46 1-23 GN Oral . ACSc 1969 23 660 
(CH3)2N.NO 2 1-38 1-46 1-22 coplanar €.d. ACSc 1969 23 672 

contrast to that of NH4q, and is responsible for many reactions in which —NF,j is 
inserted into molecules, as in the following examples: 

S.F19 > SF; . NF, 
N.Fy=-NF, + {NO>ON.NPF, 

Cl, > Cl. NF, 

Nitrogen forming two bonds =N~ 

Two bonds formed by a N atom having one or two lone pairs would be expected to 
be angular with bond angles of 120° (one lone pair, sp? bonds) or 1094° (two lone 
pairs, sp? bonds). (Molecules such as diazirine“) (cyclic diazomethane) and 
perfluorodiazirine‘?) are special cases like cyclopropane or ethylene oxide.) If the 

1:426 A 

1-48 A i aa 

off 16:23 A ° . Sonya: Le 1-293 A 
(Gi 

te N 
1-315 & 

diazirine perfluorodiazirine 
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lone-pair orbital has more s character (in the limiting case all s) then angles down to 
90° could be expected. Apart from that in NyH, (100°) bond angles lie in the 
range 110-120° in molecules in which the bonds are formally =N~ but they are 
larger in HN=CO (128°), HN=CS (130°), and CH3N=CS (142°). This bond 
arrangement attracted considerable attention in the pre-structural period for it 
occurs in numerous organic compounds. Early evidence for the non-linearity of one 
single and one double bond from N came from the resolution into its optical 
antimers of the oxime 

Re ere pees > i 2 2\c% ZN. 

HOOC~ ~CH,—CH2~ OH 

and from the stereoisomerism of unsymmetrical oximes (1). 

Bisaeka Bite woes nent 

| | d Ne kaos N “ N 
Ze \ S Vi 

HO OH CeH; Ce6H; 

(1) (11) 

Among the later demonstrations of this bond arrangement are the crystallographic 

studies of cis and trans azobenzene (11) and of dimethylglyoxime. The configura- 

tion of the latter molecule changes from the trans form (a) in which it exists in the 

crystalline dioxime to the cis form (b) when it forms the well known Ni, Pd, and Cu 

derivatives. 

CH3 H3C CH; 

| y, 
HO. 2. Ny eee 

N ‘c 114°OH N 

CH; O Ee SS 

(a) (b) 

Di-imide (N,H,) and difluorodiazine (NF 2) 

The simplest compound of the type RN=NR, di-imide, has been identified in the 

mass spectrometer among the solid products of decomposition of NyH4 by an 

electrodeless electrical discharge at 85°K. Both isomers have been identified (i.r.) in 

inert matrices at low temperatures (as also has imidogen, NH‘), and the structure 

(a) has been assigned to the cis (planar) isomer 

H me el 
pow a\, a [a oN sae 
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(5) JCP 1963 39 1030 
(6) IC 1967 6 309 

(7) JACS 1965 87 1889 

(1) JCP 1959 30 349, 31 564 

(2) JCP 1964 41 999 

Nitrogen 

Difluorodiazine, Nj F5, is a colourless gas stable at ordinary temperatures and is 

prepared by the action of an electric discharge on a stream of NF3 in the presence 

of Hg vapour or, with less risk of explosion, by the action of KOH on 

N,N-difluorourea. The isomer F2 NN is not known, but the two isomers FNNF have 

been separated by gas chromatography, the cis isomer, (b), being the more 

reactive.‘>) The structure of the trans isomer, °) (c), which may be prepared in 45 

per cent yield from NF, and AICls, is similar to that of azomethane, (d). 

° ° F (2) CH 
106 (10 ) ca. 110 3 

N Kyra A compare N v4 A 
i WOE: azomethane / W:24A 

F H3C 

(c) (d) 

The crystalline compound of cis-N)F, and AsFs is soluble (and stable) in 

anhydrous HF. It is isostructural with (NO2 )AsF¢ and is presumably (Nj F)( AsFe) 

containing the linear N,F* ion which is isoelectronic with NO}. 

Compounds containing the system [N--N--N] 

Apart from organic compounds such as the vicinal triazines, which do not concern 

us here, this group contains only hydrazoic acid and the azides. 

Azides 

Reference has already been made to the S3~ and the I5 ions, which may be 

formulated with single bonds, giving the central iodine atom in the latter ion a 

group of ten valence electrons. The azide ion (and radical) is of quite a different 

type, involving multiple bonds; no other element forms an ion of this kind. 

Hydrazoic acid, N3H, can be prepared by the action of hydrazine (N,H4) on NCl3 

or HNO, but it is best obtained from its sodium salt, which results from a very 

interesting reaction. When nitrous oxide is passed into molten sodamide the 

following reaction takes place: 

NH; +N,0 > Nj +H,0. 

When the vapour of hydrazoic acid is passed through a hot tube at low pressure a 

beautiful blue solid can be frozen out ona finger cooled by liquid air. On warming 

to —125°C this is converted into NH4N3. The blue solid gives no X-ray diffraction 

pattern and is apparently glassy or amorphous. Although it was at first thought to 

be (NH), the solid is substantially, if not entirely, NH4N3, and the colour is 

probably due to F-centres.“) 

Numerous structural studies of hydrazoic acid have been made. The three N 

atoms are collinear (compare the isoelectronic N,O molecule, p.650), and the 
molecule has the following structure: ) 
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H 
ee 114° 

0-98 A ND 
—_ 
1:24 a Ne 113 AN3 

Calculations by the molecular orbital method of the orders of the bonds give 1-65 

for N;—N, and 2-64 for N,—N3. 

The azides of the alkali and alkaline-earth metals are colourless crystalline salts 

which can almost be melted without decomposition taking place. X-ray studies have 

been made of several ionic azides (Li, Na,@) K, Sr,“ Ba‘*): they contain linear (3) AC 1968 B24 262 
symmetrical ions with N—N close to 1:18 A. (A number of azides MN3 are Sd as even 
isostructural with the difluorides MHF.) Other azides which have been prepared 

include B(N3)3, AI(N3)3, and Ga(N3)3 from the hydrides, Be(N3). and Mg(N3), 

from M(CH3)2 and HN; in ether solution, and Sn(N3)4 from NaN3 and SnCl,. 

Azides of some of the B subgroup metals explode on detonation and are 

regarded as covalent compounds (e.g. Pb(N3). and AgN3). In one of the four 

polymorphs of lead azide there are four non-equivalent N3 groups, all approxi- 

mately linear but with a small range of N—N bond lengths (1:15-1:21 A) which 

may represent real differences.) In Cu(N3)2°) there are two kinds of ‘a Cae: Ren oreo te 

non-equivalent N3 groups bonded in different ways to the Cu atoms. The 

differences between the results of two studies make it unprofitable to discuss the 

detailed structures of the N3 groups. Any asymmetry seems to be less than in the 

HN3 molecule. 

The azide group can function as a monodentate ligand in coordination 

compounds such as [Co(N3)en,]NO3°7) and [Co(N3)(NH3)s5](N3)2,°°) and ye i 1968 B24 1638 
here again the differences between N—N bond lengths are not too certain. In these tae 

complexes the angle between Co—N and the linear N3 group is around 125°. The 

118A 210A 

$3P N—N-N Posdans aNarce aia oP 

Y HC 
N 

(a) 
(b) 

(c) 

azide group can also act as a bridging ligand (a), when it is symmetrical, with bond 

lengths similar to those in the ionic azides.? (9) IC 1971 10 1289 

Covalent non-metal azides include the halogen azides N3X (X = F, Cl, Br, J), silyl 

azide, H3SiN3, and organic azides. Cyanuric!®) and p-nitrophenyl azides“! !) have an a cee eS 

been studied in the crystalline state and methyl azide‘!?) in the vapour State (e.d.). Ds TPC ae 64 756 

The structures of the last two are shown at (b) and (c). 

For comparison with the bond lengths in azides and other compounds standard 

bond lengths of N—N and C—N bonds are given in Table 18.4. 
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(a) 1-86 A in N2O3; 

N20; 1:53 A in No F 4. 

ley: AN iio 

(b) 1-51 A in amino acids and 

(O5N> = GH, Nj O5)K>. 

Nitrogen 

TABLE 18.4 

Observed lengths of N—N and C—N bonds 

Bond Length Molecule 

(A) 
N—-N(@ 1-46 NoH4 and (CH3)2 N»H2 

N=N 1-23 NF, and N2(CH3)2 
N=N 1-10 N> 

C-N(d) 1-47 CH3NH2, N4(CH2)6, etc. 
CoN ~1-40 C part of aromatic ring, e.g. CgHs . NH. COCH3 
C—N 1-33-1-35 Heterocyclic molecules (e.g. pyridine) 

C=N (1-28) Accurate value not known for a non-resonating molecule 
C=N 1-16 HCN 

The oxygen chemistry of nitrogen 

Oxides 

Five oxides of nitrogen have been known for a long time: N,0, NO, N,03, N,Oq, 

and N,O;. A sixth, NO3, is said to be formed in discharge tubes containing N,O4 

and O, at low pressures. It has at most a short life, like others of this kind which 

have been described (PO3, SO, SO) and radicals such as OH and CH3, for the 

separate existence of which there is spectroscopic evidence. We shall confine our 

attention to the more stable compounds of ordinary chemical experience. 

The trioxide and the pentoxide are the anhydrides of nitrous and nitric acids 

respectively, but NO is not related in this way to hyponitrous acid, H,N,0,. 

Although N,O is quite soluble in water it does not form the latter acid. Nitrous 

oxide cannot be directly oxidized to the other oxides although it is easily obtained 

by the reduction of HNO3, HNO), or moist NO. The oxides NO, N03, and N,O,, 
on the other hand, are easily interconvertible and are all obtained by reducing nitric 
acid with As,O3, the product depending on the concentration of the acid. The 
trioxide, N,O3, probably exists only in the liquid and solid phases, which are blue 
in colour, for the vapour is almost completely dissociated into NO and NO}, as may 
be seen from its brown colour. The tetroxide, N,O4, forms colourless crystals (at 
—10°C), but its vapour at ordinary temperatures consists of a mixture of N,O, and 
NO,, and at about 150°C the gas is entirely dissociated into NO,. On further 
heating decomposition into NO and oxygen takes place, and this is complete at 
about 600°C. Since the pentoxide is easily decomposed to N,Q, there is the 
following relation between these oxides: 

N,0; > N,0, = NO, = NO +0 eee 

N,03 

Nitrous oxide, NyO. This molecule is linear and its electric dipole moment is 
close to zero (0-17 D). Because of the similar scattering powers of N and O it is not 
possible to distinguish by electron diffraction between the alternatives NNO and 
NON, but the former is supported by spectroscopic data. X-ray diffraction data 
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from crystalline N,0) (which is isostructural with CO, ) are explicable only if the 

NNO molecules are randomly oriented. This disorder would account for the 

residual entropy of 1:14e.u. which is close to the theoretical value 

(2 In 2=1:377e.u.). The central N atom may be described as forming two sp 

bonds. the additional 7-bonding giving total bond orders of approximately 2-5 
(N=N) and 1:5 (NO) corresponding to the bond lengths 1-126 and 1-186 A‘) 
and force constants 17-88 and 11-39 respectively.“ 

Nitric oxide, NO. Nitric oxide is one of the few simple molecules which contain 

an odd number of electrons. The N—O bond length is 1:1503 A*? and the dipole 

moment 0-16 D. The monomeric NO molecule in the gas phase is paramagnetic, but 

the condensed phases are diamagnetic. Evidence for polymerization comes not only 

from magnetic susceptibility measurements and from the infrared and Raman 

spectra of the liquid and solid’>) and of NO ina N> matrix at 15°K°®) but also 

from an examination of the structure of the crystalline solid.(7) The variation in 

degree of association with temperature gives the heat of dissociation of the dimer as 

15-52 +0:62 kJ mol™!. Unfortunately there is disorder in the crystal (resulting 

in the residual entropy of 1-5 e.u. per mole of dimer), and although the form of the 

dimer is probably as shown at the right it is not known whether the dimer has the 

Wisedar OPNess. N 

structure | Jor | | or whether the shape is strictly rectangular. The strength 

@nnsode NY Osc ss O 

of the bonding between the two molecules of the dimer is certainly much less than 

that of a single bond. 

Nitrogen dioxide, NO. This is also an odd-electron molecule, and some of its 

reactions resemble those of a free radical, for example, its dimerization, its power 

of removing hydrogen from saturated hydrocarbons, and its addition reactions with 

unsaturated and aromatic hydrocarbons. A microwave study) gives N—O, 1/197 A 

and the O—N—O angle, 134° 15’, in agreement with the results of earlier electron 
diffraction and infrared studies. 

Dinitrogen trioxide, NyO3. Pure N,O3 cannot be isolated in the gaseous state 

since it exists in equilibrium with its dissociation products NO and NO,. However, 

its m.w. spectrum has been studied?) at —78°C and 0-1 mm pressure and indicates 

the planar structure shown. Some of the numerous suggestions as to the nature of 

the extraordinarily long N—N bond are discussed in ref. (9). The structure of 

crystalline N,03 (at —115°C) proved too complex to analyse.(1%) 

Dinitrogen tetroxide, NyOq4. The chemistry of this oxide, the dimer of the 

dioxide, is most interesting. for the molecule can apparently dissociate in three 

different ways. Thermal dissociation takes place according to the equation 

N,0, = 2 NO>. 

Reactions with covalent molecules are best explained by assuming 

N,O, = NOZ + NOZ 
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(compare the ionization of HNO3 in H,SO,), but in media of high dielectric 

constant there is ionization 

N,Oq4 = NO*+ NO3. 

A number of reactions of liquid NO involving nitrosyl compounds and nitrates 

may be interpreted in terms of this type of ionization. It might appear that 

these two modes of ionization support the unsymmetrical formula (b) or the bridge 

formula (c) rather than one of type (a), in which the two NO, groups could be 

me) O CO etn ae =O) Ox 
NENG ‘N=0" ON (N-0 

Ofamn Os On O 
(a) (b) (c) 

either coplanar or inclined to one another. However, the weakness of this argument 

is shown by the fact that the isoelectronic oxalate ion, which is known to be 

symmetrical and of type (a), not only resembles N,Ozq in its vibration frequencies 

but also in its chemical reactions: 

ee Ht 

with | N,0, > NO*+NO; ——> NO*+H,NO3 —— NO*+NO3 +H30* 

H* Ht 
compare C,027 > CO+CO037 ——> CO+H,CO; —— CO+CO, +H30*. 

The most probable structure of the planar N,O,4 molecule in the vapour, ! 1) in the 

monoclinic form of the solid,“?) and in the crystalline complex with 1 : 4- 

dioxane! 3) is that shown, but somewhat different dimensions were found in the 

cubic form of the solid (at —40°C), namely, N—N, 1:64 A, and O—N—O, 126°.%) 

Note the extraordinary length of the N—N bond compared with the normal single 

bond length (1-46 A) in hydrazine, and compare with the long B—B bond in B,Cly 

which is also planar. Infrared studies have been made of N,Og trapped in solid 

argon and oxygen matrices and evidence for various isomers has been given, for 

example, a twisted non-planar form of type (a) and the isomer (b).{15) The 

spectrum of this oxide made by the oxidation of NO in liquid ethane- propane 

mixtures at 80°K has been interpreted as that of (NO)*(NO3). 

Dinitrogen pentoxide, NyO5. This oxide consists of NO; molecules in the 
gaseous state and also in solution in CCl4, CHCl,, and POCI;. An early study of the 
gas by electron diffraction did not lead to a definite configuration of the molecule, 
and a more precise determination is desirable.“ 7) 

When dissolved in HySO4 or HNO; this oxide ionizes 

NOs = NO? +NO3 

and from such solutions nitronium salts can be prepared (see later). The earlier 
recognition of NO and NO3 frequencies in the Raman spectrum of crystalline 
N, Os is confirmed by the determination of the crystal structure. At temperatures 
down to that of liquid N» crystalline N,O, consists of equal numbers of planar 
NO; ions (N—O © 1-24 A) and linear NO} ions (N—-O ~ 1:15 A).“®) (The ir. 
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spectrum of this oxide suggests that at the temperature of liquid He it is a 
molecular solid, possibly O,NONO,,“!9? but this has not been confirmed by a 
structural study.) 

The reaction of NO; with SO3 is noted under nitronium compounds. 

Nitrosyl compounds 

The loss of an electron by NO should lead to a stable ion [:N=O:]* since this 
contains a triple bond compared with a 24-bond (double + 3-electron bonds) in NO. 
Hantzsch showed that nitrous acid does not exist as HNO, in acid solution but as 

~ NO* ions: 

HNO, +H* = NO*t+H,0 
and that the same NO” ions are present in solutions of ‘nitrosylsulphuric acid’, or 
nitrosyl hydrogen sulphate, NO* . HSO3. It has been shown by X-ray studies that 

certain nitrosyl compounds, NO.CIO,, NO.BF4, and (NO),SnCl¢ (originally 

written SnCl4 . 2 NOC), are structurally similar to the corresponding ammonium 

salts, NH4ClO4q, etc., and NO(PtF¢) is isostructural with O,(PtF.¢) and KSbF,.2% 
These nitrosyl compounds presumably contain the NO* ion. The radius of this ion, 

assumed to be spherical owing to rotation, is 1:40 A. 

The nitrosyl halide molecules are non-linear (interbond angles, 110°, 113°, and 
117° in NOF,°?) Noci,?) and NOBr°??) respectively) and the N—O bond length 
is close to 1:14 A, as in NO. This bond length and the fact that the N—X bond 

lengths (1-52, 1-97, and 2-13 A) are considerably greater than normal single bond 

lengths suggest that these molecules are not adequately represented by the simple 

structure (1) but that there may be resonance with the ionic structure (2): 

oe + 

: ys O: io = 

eX BAG 

(1) (2) 

Support for this polar structure comes from the dipole moments of pure NOCI and 

NOBr (2:19 D and 1-90 D respectively) which are much greater than the values 

(around 0-3 D) estimated for structure (1). 

Nitroso compounds 

Structural studies have been made of the free radical [(CH3)3C],NO“ (N—O, 

1:28 A), of nitrosomethane, CH3NO,? (CNO, 113° assuming N—O, 1-22 A), and 

of F3,CNO,°? in which N—O is 1:17 A and angle CNO 121°. The C—N bond is 

abnormally long (1°55 A) as in the nitro compounds, CF3NOpg, etc. (p. 659). Many 

O,NCH2CH2~ 1-304 oy ®) 

N 

o~ ‘CH, CH,NO> 

of these compounds dimerize, the example shown being formed ot gee action of 

N03 on ethylene.) For the ions [ON(NO)SO3]~ and [ON(SO3)2]“, in both of 

which N forms three coplanar bonds, see p. 588. 
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Nitrosyl derivatives of metals \ 

Numerous metallic compounds containing NO have been prepared, most of which 

are deeply coloured (red to black). Examples include the well known nitroprusside, 

K,[Fe(CN);NO], ammines such as [Co(NH3);NO]X,, and numerous other 

complex salts such as K3[Ni(S,03),NO] .2H,O, K,[Ni(CN)3;NO], and 

K, [RuCl, NO]. Many of these compounds can be prepared by the direct action of 

NO on the appropriate compound of the metal, e.g. nitrosyl halides (e.g. 

Co(NO),CI)“) from the halides and nitrosyl-carbonyls (Fe(CO),(NO)2 and 

Co(CO);NO) from the carbonyls, while the action of NO on an ammoniacal 

solution of a cobaltous salt gives two series (red and black) of salts 

[Co(NH3); NO] X,. Apparently the red (more stable) form is a dimer, presumably a 

hyponitrite, [(NH3);Co-ON=NOCo(NH3)5]X4, for equivalent conductivity 

measurements show that it is a 4: 1 electrolyte.? The action of NO under 

pressure on Fe,(CO)9 gives Fe(NO)(CO). or Fe(NO)4 depending on the 
temperature. Solutions of ferrous salts react with NO in the presence of sulphides 

to give Roussin’s black salts, M[Fe4S3(NO),], which are converted by alkalis to 

less stable red salts M,[Fe,S,(NO),]. If mercaptans are used instead of alkali 

sulphides esters of the red salt are obtained, for example, Fe,S,(NO)4(C2Hs)2. 

As a monodentate ligand in metal complexes NO behaves in one of two ways: 

(a) as a 12-electron unit (NO-) when it forms a single bond to M with M-N—O 

around 125°, and (b) more usually, as a 10-electron unit (NO*), when M—N is a 
oe Meo multiple bond and M—N—O is approximately linear. Examples of NO behaving as a 
128° io bridging ligand are given later. 
M core Some of the compounds in Table 18.5 are also of interest in connection with the 

(a) (b) stereochemistry of the transition-metal atom, for example, the tetragonal pyramidal 
structures of [Ir(CO)I(P¢3))NO]* and the Fe and Co compounds 
M(NO)[S2CN(CH3)2] 2,(c), and Mo(C5Hs)3(NO), (d). The Fe molecule of type (c) 

O O 

) \ N’ N Coes | CG.He ve 1:941A0 70 
ay SS Se ; 1-20A (CH )ANC Ve VV eNtchis) ot Mo ec Bes No NI ig 

(CsHs) 07) ak Naess ge [1-12 A 
(c) (d) 0 

(e) 

(3) AC 1970 B26 1899 
(4) JACS 1967 89 3645 

has nearly collinear M-N—O bonds, but the bonding is of type (a) in the Ir and 
probably also the Co compound, the structure of which is known less accurately. 
There are approximately collinear M—N—O bonds in the nitroprusside ion, 
[Fe(CN);NO] *~, and the similar ions formed by Cr and Mn. 

In the molecule (ce) NO behaves both as a monodentate ligand of type (b) (angle 
Cr—N—O, 179°) and also as a bridging ligand. The Cr—Cr distance indicates a 
metal-metal bond.{?) An even more complex behaviour is exhibited in 
(C5Hs)3Mn3(NO),.4) Here NO is functioning in two ways, as a doubly and as a 
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TABLE 18.5 

Structures of metal nitrosyl compounds 

Angle M—N N—O Reference 

Type (a) M—N—O 

[Co(en)2Cl(NO)] ClO4 124° 1:82 A 111A 1019709 2760 
[Ir(CO)C1(P¢3)2NO] BF4 124° 1:97 1-16 JACS 1968 90 4486 
[Ir(CO)I (P63 )z NO] BF4 .CgH6 Wey= 1-89 1:17 IC 1969 8 1282 

Co(NO)[S2CN(CH3)>] 2 (=135~) (1:7) (1-1) JCS 1962 668 

Type (b) 
[Cr(CN)5NO][Co(en)3]. 2 H2O 176° 1:71 1-21 IC 1970 9 2397 
Fe(NO)[S2CN(CH3)> ]2 170° 1-72 1-10 T@SeAg OT OM) 
Naz [Fe(CN)5NO].2 H,0 178° 1-63 1-13 IC 1963 2 1043 
Cr(C5Hs)CI(NO)2 170° 1-71 1-14 JCS A 1966 1095 
Cr(Cs5 Hs) (NCO)(NO)> Al (Loy?) 1-16 JCS A 1970 605, 611 
Mo(NO)(C5H5)3 ask 1-75 1-21 JACS 1969 91 2528 
Mn(CO)>, (P¢3)2NO 178° 1:73 1-18 NC IG OUST 

triply bridging ligand. In Fig. 18.3 the molecule is viewed in a direction 

perpendicular to the equilateral triangle of Mn atoms (Mn—Mn approx. 2°50 A) and 

along the axis of the triply bridging NO, which lies beneath the plane of the paper. 

The crystal structure of one of the black Roussin salts, CsFeqS3(NO),. H,0, has 

been determined.‘*) The nucleus of the ion consists of a tetrahedron of Fe atoms 

with S atoms above the centres of three of the faces (Fig. 18.4(a)). One iron atom 

O 
| —— 

I ‘| 
Fe, S 167 

Zs Om / NAL a0 
Aes Ne Le SNUNZ J en* 168° NS CODE 117° 

~~ Fei i Fei; SEN 74° Ss 

p17 | | 
7 l is [I-84 

| | C1. 1-50 
:. eo 

(a) (b) 

FIG. 18.4. The structures of (a) the FeqS3(NO)7 ion and (b) the Fez Sz (NO)q4(C2Hs )2 molecule. 

(Fe,) is linked to three S atoms and one NO group, and in addition forms weak 

bonds to the other three iron (Fe;;) atoms. The Fey; atoms are bonded to two S 

and two NO and to the Fe; atom. The length of the Fe;—Fe;; bonds (2-70 A) 

corresponds to about a ‘half-bond’, using Pauling’s equation (p. 1025), but there are 

no bonds between Fey; atoms (Feyy—Fey;, 3°57 A). The classical valence bond 

picture (a) gives the iron atoms an effective atomic number of 18 and is consistent 

with the diamagnetism of the compound, but it implies rather high formal charges 
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on Fe, (—2) and Fey; (—3) suggesting resortance with structures which will reduce 

these charges. An alternative model having a four-centre molecular orbital linking 

the iron atoms has also been suggested. Other bond lengths in this molecule are: 

Fe—S, 2:23, Fe;—N, 1°57, Fe;;—N, 1:67, and N—O, 1:20 A. 

The molecule of the red ester, Fe,S(NO)4(C2Hs)z, has the structure) shown 

in Fig. 18.4(b), in which Fe forms tetrahedral bonds to two S and two NO. The 

Fe—Fe distance (2:72 A) is very similar to that in the black salt, and there must be 

sufficient interaction between these atoms to account for the diamagnetism of this 

compound. For nitrosyl carbonyls see p. 772. 

Nitryl halides and nitronium compounds 

The existence of two nitryl halides, NO,F and NO,Cl, is weil established; 

the existence of NO,Br is less certain. The fluoride can be conveniently pre- 

pared by the action of fluorine on slightly warm dry sodium nitrite: 

NaNO, + F; > NO,F + NaF, and is a reactive gas which converts many metals to 

oxide and fluoride or oxyfluoride, and reacts with many non-metals (Br and Te 

excepted) to form nitronium salts. Examples of nitronium salts are (NO, )BF4, 

(NO, )2SiF 6, (NO2)PF., and (NO, )IF¢. 

Nitryl chloride can be prepared from chlorosulphonic acid and anhydrous nitric 

acid. It combines with halides to form salts such as (NO,)SbCl¢ which in an 

ionizing solvent (e.g. liquid SO) undergo reactions of the type: 

(NO2)(SbClg) + N(CH3)4C104 > (NO)CIO, + N(CH3)4SbCl¢. 

Microwave data for NO,F“!) and NO,C1°)? are consistent with planar molecules: 

. O O 47 A . 

1:18 SO 1-20 So 

Nitronium salts contain the linear NOZ ion (N—O, 1-10A), studied in 
(NO,)(C1O4).©? We have already noted that N20Os5 ionizes in HySOq4 to NO} and 
NO3 and that the crystalline oxide consists of equal numbers of these two ions. By 
mixing SO3 and NOs in POCI; solution the compounds N,O; .2 S03 and 
N,05.3SO03 can be obtained, and from a solution of SO3 in HNO; the 
compounds HNO3.2S03 and HNO;.3S03 have been isolated. These 
compounds are in fact (NO2),8,0, and (NO3)3S30;0, NO,(HS,0,) and 
NO2(HS30; 0) respectively. X-ray studies show that crystals of (NO3)5SsOroun 
and NO,(HS,0,)) consist of linear (O—N—O)* ions and $3035 or HS,0, ions 
respectively. 

Acids and oxy-ions 

The existence of three oxy-acids of nitrogen is well established, nitrous, HNO,, 
nitric, HNO3, and hyponitrous, H3N,0,. The preparation of other acids or their 
salts has been described, but we shall comment on these compounds only if 
structural studies have been made. 
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Nitrous acid. Only dilute solutions of nitrous acid have been prepared, and these 
rapidly decompose, evolving oxides of nitrogen. Two structures can be envisaged 
for the molecule of nitrous acid, the second of which could exist in cis and trans 
forms: 

H-NG or ON, OER 
O H O NO 

GIS trans 

(a) (b) 

This tautomerism is suggested by the fact that by the interaction of metal nitrites 
with alkyl halides two series of compounds are obtained, the nitrites—in which the 

NO, group is attached to carbon through an O atom—and the nitro compounds, in 

which there is a direct N—C link. From i.r. studies of nitrous acid gas it is 

concluded“ that there is no evidence for the existence of form (a) and that the 

two isomers of (b) exist in comparable amounts, the trans isomer being rather more 

stable. The structure (c) has been assigned to the trans isomer. ?? 

Metal nitrites and nitrito compounds. Until recently the only stable simple metal 

nitrites known were those of the alkali and alkaline-earth metals, Zn, Cd, Ag(1), and 

Hg(1). The alkali nitrites decompose at red heat, the others at progressively lower 

temperatures. The ionic nitrites of the more electropositive metals contain the NO, 

ion which in NaNO, “!) has the following configuration: ONO, 115-4°, and N—O, 

1-236 A. It may be of interest to summarize here the structural data for the unique 

series NO3, NO,, and NO; with respectively 16, 17, and 18 valence electrons: 

NO} NO} NO} 

N—O 1-10 1-19 1:24A 
ONO angle 180° 134° itis 

(Nothing is known of the structure of the NO3~ ion which may be present in 

sodium nitroxylate, Na, NO,,°?? formed by the reaction between NaNO, and Na 

metal in liquid ammonia as a bright-yellow solid. The paramagnetic susceptibility of 

this salt is far too small for (Na*),(NO,)?~, and is interpreted‘) as due to about 

20 per cent dissociation of the dimeric Nz 04 ion.) 

The insoluble, more deeply coloured, nitrites of metals such as Hg are probably 

essentially covalent compounds. Anhydrous nitrites of Ni(i1) and Co(ir) have been 

made from NO, and a suitable compound of the metal, for example, Ni(NO2 )2 

from Ni(CO)4 and NO, (each diluted with argon).() It is stable up to 260°C. 

Complex nitrites of transition metals (e.g. Na3 [Co(NO,)¢] and K,Pb[M(NO>)¢ | 

(M = Fe, Co, Ni, Cu)) are well known. 

657 

COPIERS SELB 99) 

(2) JACS 1966 88 5071 

H.0:95 A 
—~102° 

Ores ay aes 
111 O 

(c) 

(1) AC 1961 14 56 

(2) B 1928 61 189 

(3) ACSc 1958 12 578 

(4) IC 1963 2 228 



(VGH Goro 
(6) AC 1968 B24 474 
(7) CC 1965 476 

(8) JCS A 1969 1248 

(9) JCS A 1969 2081 

Nitrogen 

As a ligand directly bonded to a metal atom the NO ion can function in the 

following ways: 

2 /O yon £9 
M—N M—O—N M N JONG See 

co ‘O M M 

(i) (ii) (iii) (iv) 

(i) Bonded through N as in complex nitrito ions such as [Co(NO2),]*~ and 

[Cu(NO,)¢] 47 (p. 900)—in K,Pb[Cu(NO,)¢] the dimensions of NO, are the same 

as for the NOz ion(S)—and in complexes such as [Co(NH3)2(NO2)4]~ and 

[Co(NH3)5NO.] eS) 
(ii) Bonded through O, as in Ni[(CH3 )2 NCH CH2N(CH3)2] 2 (ONO), ‘7: 

x vA 
v N(CH2)2NW 

(iii) As a bidentate ligand. In [Cu(bipyr),(ONO)] NO;(8) there is nearly 

symmetrical bridging. Both Cu—O bonds are weak compared with the normal bond 

(~ 2-0 A), and their mean length is 2:29 A. In Cu(bipyr)(ONO),,©? on the other 
hand, one bond to each ONO’ is of normal length and the other very long, but the 

mean (2-24 A) is close to that in the more symmetrical bridge. Since Cu(11) is by no 

means a normal element as regards its stereochemistry (see, for example, its nitrato 

compounds, p. 895) it would be informative to have the structures of compounds 

of other metals in which NO, is behaving as a bidentate ligand. 

-22 A 

ING: Ca O 
2:24 A\ sx 2:33 A XL A999 A 

N Cy ey 2-49 AY 1.98 A 
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(iv) Bridging (unsymmetrically) two M atoms, forming a planar bridge: 

H are (LC) en | H ml Ow) 
2 N O 

Ve (NH3),CX~ SCoWNH (NH3)3Co 9 y—Co(NH3)3 
NEsTA NG? A 119°115° 

ie N-——-O 1-21A 
As 0” 1:30A 

Organic nitro compounds. The NO, group is known to be symmetrical in organic 

nitro compounds, with N—O, 1:21 A, and ONO 125-130° (nitromethane, 

CH3;NO,,“!) and various crystalline nitro compounds). Rather larger angles (132° 

and 134°) have been found in CF;NO, and CBr3NO,.°?) In these molecules the 

C—F, C—Br, and N—O bond lengths are normal, 1:33, 1-92, and 1:21A 

respectively, but C—N is unusually long (1:56 and 1-59 A), and the system 

aN Ge non planar. 

Hyponitrous acid. In contrast to nitrous and nitric acids, hyponitrous acid 

crystallizes from ether as colourless crystals which easily decompose, explosively if 

heated. The detailed molecular structure of this acid has not been determined, but 

it is known that the molecular weights of the free acid and its esters correspond to 

the double formula, H,N,0,, that it is decomposed by sulphuric acid to N,O, and 

that it can be reduced to hydrazine, HyN—NH)j. Infrared and Raman studies show 

conclusively that the hyponitrite ion has the trans configuration (a), but the N—N 

frequency suggests that the central bond has an order of rather less than two.) 

OG o 1:18A_O 
= 1-00 ° 

Earn N “pees raaNQae 
115°) O 

H 

(a) (b) 

The isomer nitramide, HyN . NO,, which decomposes in alkaline solution to N,O 

and which like H3N,0, may be reduced to hydrazine, has the structure (b), in 

which the angle between the NH, plane and the NNO) plane is 52°.) 

Oxyhyponitrite ion. The salt NayN 03 (Angeli’s salt) is prepared by the action 

of sodium methoxide on hydroxylamine and butyl nitrate at Os G; 

C,H jONO, + H,NOH + 2 NaOCH3 > Na,(ONNO,) + C,H OH + 2 CH3OH. 
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Two forms of the salt are known, and although their structures have not been 

determined, i.r. and Raman spectroscopic and other indirect evidence!) are said to 

support the formulae 

O Go % ae 
NX 

SEN N=N 
6 O-O 

(a) (8) 

Peroxynitrite ion. This ion, produced by oxidizing azide solutions by O3 or 

NH,Cl by 0, apparently exists in methanol solutions for weeks. Its presence has 

been demonstrated by its u.v. absorption spectrum, but no solid salts have been 

obtained. The structure (O=N—O—O) has been suggested.) 

Nitric acid and nitrate ion. Pure nitric acid can be made by freezing dilute 

solutions (since the freezing point of HNO; is about —40°C), but it is not stable. 

Dissociation into N,O, and H,O takes place, the former decomposes, and the acid 

becomes more dilute. If strong solutions of the acid are kept in the dark, however, 

decomposition of the NOs is retarded and the concentration of nitric acid remains 

constant. The anhydrous acid and also the crystalline mono- and tri-hydrates have 

been studied in the crystalline state and the structures of the hydrates in solution 

have also been studied.“!) In the vapour state HNO3 exists as planar molecules with 

the structure shown.?) Reliable data on the structure of the molecule in the 

crystalline anhydrous acid were not obtained owing to submicroscopic twinning of 

the crystals.) In the monohydrate‘? there are puckered layers of the kind shown 

in Fig. 15.25(b) (p. 563), where the shaded circles represent O atoms of water 

molecules. N.m.r. studies indicate groups of three protons at the corners of 

equilateral triangles, showing that this hydrate is (H30)*(NO3) and contains 

H30* ions, as do the monohydrates of certain other acids (p.562). In 

HNO; . 3 H,0°°) there is a complex system of hydrogen bonds linking the NO3 

groups and H,O molecules into a 3-dimensional framework. In the NO3 groups the 

bond lengths are approximately equal (1:24 A) and the angles are close to 120°, so 

that here also the crystal appears to contain NO3 ions rather than HNO; molecules. 

Simple ionic nitrates (see later) are quite different structurally from salts 

of the type A,,(XO3), formed by other Group V elements. They contain the 

planar equilateral NO3 ion, geometrically similar to the BO3~ and CO3~ ions, in 

contrast to the pyramidal SO$~ and C103 ions of the elements of the second short 

Period and the polymeric (PO3);, ions in metaphosphates. The N—O bond length 

in NO3 is close to 1-22 A in a number of nitrates,“ though the value 1-27 A was 

found ina n.d. study of Pb(NO3)2 7”) and 1:26 A in AgNO3.{7) 
In addition to normal nitrates salts M[H(NO3).] and M[H,(NO3)3] are known 

in which M is a large ion such as K*, Rb*, Cs*, or ammonium or arsonium ions. 
Two quite different structures have been found for the H(NO3)3 ion; (a) a slightly 
distorted tetrahedral group in [Rh(pyr)4Br,] H(NO3),,° in which the positions 
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of the H atoms are not obvious, and (b) a coplanar pair of NO3 ions linked by a 
ONECCNIG TAA It 

(10) AC 1970 B26 1117 
short hydrogen bond in [As¢4] H(NO3) .°°? In NH4H,(NO3)3°! the H,(NO3)3 
system consists of a central nitrate ion hydrogen-bonded to two HNO} molecules 
which lie in a plane perpendicular to that of the NO3 ion, (c). 

—T 
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(c) (b) 

Metal nitrates and nitrato complexes. There are several groups of compounds in 

which the NO3 group is directly bonded to one or more metal atoms by bonds 

which presumably have considerable covalent character, namely: 

(i) volatile metal nitrates, M(NO3),,, 

(ii) nitrato complexes, [M(NO3),]’”, 

(iii) oxy-nitrato compounds, MO,.(NO3),, and 

(iv) coordination complexes containing —NO3 as a ligand. 

Examples of compounds of classes (i)- (iii) are given in Table 18.6 

TABLE 18.6 

Metal nitrates and nitrato complexes 

Class (i) 

Cu(NO3)2() AI(NO3)3 Ti(NO3)q4 3) 
(also Be, Zn, Mn, (also Cr, Fe, Au, In, (also sn.) Zr) 
Hg, Pd) Co(2) 

Class (ii) 

[Au(NO3)4] KG) [ALTI(NO3 )4]NO [CelV(NO3)¢6] . (NH4)2 (9) 
[InlIT(NO3)q] (NEta) [Th!Y (NO3)6]Mg .8 H.O0U9) 
[Coll(NO3)q] (Asbq)2 () [Celll(NO3)6]2Mg3 .24H,O0(!) 
[Mn1I(NO3 )4] (As#q) (7) 
[Felll(NO3)a] (Asia )(8) 

Class (iii) 

FellIO(NO3) VYO,NO3 ReVIIQ,NO3 Be4O(NO3)¢6 
TilYO(NO3)2 CrV!I03(NO3)2 
Nb YO(NO3)3 UO2(NO3)2 

[UO (NO3)3] Rb(!2) 

(1) JACS 1963 85 3597. (2) CC 1968 871. (3) JCS A 1966 1496. (4) JCS A 1967 1949. (5) 
JCS A 1970 3092. (6) IC 1966 5 1208. (7) JCS A 1970 226. (8) CC 1971 554. (9) IC 1968 7 
715. (10) AC 1965 18 698. (11) JCP 1963 39 2881. (12) AC 1965 19 205. 
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In these various compounds the NO3 group behaves in one of the three 

following ways: 

O 8 va O een 
ONO M NO Ne 

M-O7~ ‘Ge l 
O 

(a) monodentate (b) bidentate (c) bridging 

In (b) and (c) it appears that the NO3 group can bond symmetrically or 

unsymmetrically, that is, the two bonds to the metal atom(s) have the same or 

different lengths. This is discussed further on p. 896 in connection with Cu(NO3 ) 

and related compounds. Owing to lack of sufficient structural information it is not 

yet possible to say whether all these possibilities are realized in each of the above 

four classes, but examples can certainly be given of the following: 

Class (i) (bP 4 (e) 

(ii) (b) 
(iii) (b) (c) 
(iv) (a) (b) 

We now deal briefly with the four groups of compounds listed above. 

(i) Anhydrous metal nitrates. Anhydrous ionic nitrates include the familiar 

water-soluble compounds of the alkali and alkaline-earth metals and those of a few 

B subgroup metals (e.g. AgNO3, Cd(NO3), Pb(NO3)2) and transition metals 

(Co(NO3), Ni(NO3)2). The nitrates of Mg and many 3d metals are normally 

obtained as hydrates, and while the hydrates are normal ionic crystals the 

anhydrous salts are in many cases surprisingly volatile and are less readily prepared. 

Heating of many hydrated nitrates produces hydroxy-salts or the oxide, but the 

volatile anhydrous nitrates of many transition metals and of the less electropositive 

metals (Be, Mg, Zn, Hg, Sn'Y, Ti!Y) may be prepared by the action of liquid N,O; 

or of a mixture of N,Oq and ethyl acetate on the metal or a compound of the 

metal. For example, if metallic Cu is treated with N,Oq and dried ethyl acetate at 

room temperature for 4 hours the addition of further N,O,4 then precipitates 

Cu(NO3)2 . N04. On heating this is converted into anhydrous Cu(NO3)3, which 

may be purified by sublimation. Some of these anhydrous nitrates (e.g. Sn(NO3)4 

and Ti(NO3)4) are powerful oxidizing agents and explode or inflame with organic 

compounds, whereas others (of Zn, Nill, Mn!) are inert. 

There are interesting differences in series such as Zn, Cd, and Hg nitrates. The Zn 

and Hg compounds are volatile, in contrast to Cd(NO3) which is a typical ionic 
nitrate. 

Examples of volatile nitrates which have been studied in the crystalline state 
include Cu(NO3)2, which forms molecules of type (a) in the vapour—for the 
structure of the solid see p. 895, Co(NO3)3, and Ti(NO3)4, which exist as 
molecules in the crystal. In all these molecules NO; is behaving as a bidentate 
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ligand. The relative orientation of the two NO3 groups in the vapour molecule 
Cu(NO3). was not determined. The molecule of Co(NO3)3 is essentially 
octahedral, allowing for the smaller angle subtended at the metal by the bidentate 
ligand; the bond angles not given in Fig. 18.S(a) are close to 100°. The Ti(NO3)q 
molecule is a flattened tetrahedral grouping of 4 NO; around Ti, the 8 O atoms 
bonded to the metal atom forming a flattened dodecahedral group (Fig. 18.5(b)). 

(a) Co(NO3), (b) TNO), 

FIG. 18.5. The molecules (a) Co(NO3)3, (b) Ti(NO3)q. 

There is apparently some asymmetry of the NO; group, (b). The molecule of 

Oo es ran 1-18 3 e ° SA 

O=NG 430° Cuge? SN=-0 (O3N)3Ti VION et a0 

1-30 AOL ool 0% 1-292 A 

(a) (b) 

Sn(NO3)q is similar. In all these molecules there is symmetrical bonding of the NO; 

group to the metal, that is, equal M—O bonds. 

(ii) Complex nitrato ions. Salts containing these ions are prepared either from 

aqueous solution (hydrated compounds) or by special methods such as reacting a 

complex chloride with liquid N,O; or N,Oq4 in CH3CN. In this way 

Cs, [Sn(NO3),¢] is prepared from Cs SnCl¢. 

In the [Au(NO3)q]~ ion Au forms four coplanar bonds to monodentate NO3 

ligands (Fig. 18.6(a)). The four Au—O distances of 2:85 A are too long to indicate 

appreciable interaction between the Au and O atoms. The structures of all 
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FIG. 18.6. The ions (a) [Au(NO3)q] ~, (b) [Ce(NO3)6]?~, (c) [UO2(NO3)3] . 

the ions [Mn(NO3)4]?~, [Fe(NO3)4]~, and [Co(NO3)4]*~ (studied in their 

tetraphenylarsonium salts) are of the same general type as the Ti(NO3)q molecule 

(i.e. symmetry close to Dyq). However, in the first two ions there is symmetrical 

bidentate coordination of the NO3 groups but in [Co(NO3)4]?~ unsymmetrical 

coordination of NO; to the metal, though the two different Co—O bond lengths are 

apparently 2:03 and 2:36 A for two NO3 groups as compared with 2-11 and 2:54 A 

for the other two. This difference in behaviour of the NO 3 ligand in these 

tetranitrato ions is attributed to the lower symmetry of Co(11), d’(high spin) as 

compared with Ti(1v), d°, Mn(11) and Fe(111), d° (high spin), and Sn(tv), d?°. 
Several hexanitrato ions have been studied. There is nearly regular icosahedral 

coordination of the metal atom in Mg[Th(NO3),].8H,O and 

Mg3[Ce(NO3)¢] 2.24 HO. Since Mg?* is completely hydrated in both these 

crystals they are preferably formulated [Mg(H,O),] [Th(NO3),] .2H,O and 

[Mg(H20)¢] 3 [Ce(NO3)¢] 2 . 6 HO. For an ion of this type see Fig. 18.6(b). The 

anion in (NHq)2[Ce(NO3),¢] also has six bidentate NO3 groups bonded to the 

metal atom, but here they are arranged with approximate 7), symmetry. There is 

marked asymmetry of the NO3 group (N—O, 1-235 and 1-282 A) but rather less 

than in Ti(NO3)q (see above). 

(iii) Oxynitrato compounds. Transition-metal compounds MO,(NO3), are 

prepared by methods such as the action of liquid N,O, on the metal oxide or 

hydrated nitrate to give addition compounds with NO. which on heating in vacuo 

give in some cases the anhydrous nitrate and in others an oxynitrato compound. 
The volatile BegO(NO3)¢, formed by heating Be(NO3), in vacuo, presumably has a 
tetrahedral structure similar to that of BegO(CH3COO)<. 

Compounds containing oxynitrato ions include Rb[UO,(NO3)3]. In the anion 
in this salt (Fig. 18.6(c)) the axis of the linear UO, group is normal to the plane of 
the paper and three bidentate NO3 groups complete the 8-coordination group 
around the metal atom. 
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(iv) Coordination complexes containing NO3 groups. There are numerous 
molecules in which NO3 behaves either as a monodentate or as a bidentate ligand, 
for example: 

Monodentate: Cu(en)2 (ONO) AC 1964 17 1145 
Cu(CsHs5NO)2 (NO3)2 AC 1969 B25 2046 

Bidentate: Cul(P$3).NO3 IC 1969 8 2750 
Co(Me3PO) 2 (NO3)> JACS 1963 85 2402 
Th(NO3)4 (OP43)2 KE WOT AL OTS 
La(NO3)3(bipyridyl))  JACS 1968 90 6548 

In the trans octahedral molecule of Cu(en))(NO3), (a), Cu!! forms two long bonds 
to O atoms; in Cu(P¢3)2NO3 there is distorted tetrahedral coordination of Cul, (b). 
The structure of Co(Me3PO),(NO3), may also be described as tetrahedral if the 
bidentate NO3 is regarded as a single ligand, for the optical and magnetic properties 
of this molecule (and also the ion Co(NO3)%~) suggest that the metal atom is 
situated in a tetrahedral ligand field. 

i 
ONO, ae 

a go Va 
en Cu en Cu 

Se ed Aes 
O,NO Opes Po3 

(a) (b) 

(c) 

The molecules Th(NO3)4(OP$3)2 (and the isostructural Ce compound) and 

La(NO3)3(bipyridyl), are interesting examples of 10-coordination. In the former, 
(c), the ‘pseudo-octahedral’ coordination group is composed of four bidentate 

NO3 groups and two phosphoryl O atoms. (There is 11-coordination of Th in 

Th,(OH),(NO3)6(H20), and Th(NO3)q4.5H,O, in which the coordination 
groups around Th are (OH),(H,0)3(NO3)3 and (H,0)3(NO3)q4 respectively.) 

Covalent nitrates. Apart from organic nitrates covalent nitrates of non-metals are 

limited to those of H, F, and Cl. (CINO3 has been prepared from anhydrous HNO; 

and CIF as a liquid stable at —40°C in glass or stainless steel vessels.“!)) Electron 

diffraction studies have been made of the explosive gas FNO3‘?) and of the 

(planar) methyl nitrate molecule.) A refinement of the crystal structure of 

pentaerythritol nitrate, C(CH,ONO,)q4,°” shows that the nitrate group has the 

same structure, (d), as in nitric acid. 

The sulphides of nitrogen and related compounds 

These compounds have little in common with the oxides of nitrogen, either as 

regards chemical properties or structure, and only two sulphides, NjSq4 and N2S<, 
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(1) IC 1969 8 2426 

(2) IC 1966 5 1767 

(3) AC 1966 20 192 

(4) AC 1966 20 186 

Nitrogen 

have formulae similar to those of oxides. The structure of N2Sz is not known; for 

N,Sq see later. This group of compounds contains molecules with 4-, 5-, 6-, 7-, and 

8-membered rings. We shall include here the simpler compounds NSF and NSF3 

because of their close relation to (NSF)q. 

The simplest ring system is that of NS. If N4Sq (see later) is sublimed through 

a plug of silver wool at a pressure of 0-01 mm at 300°C and the products are cooled 

rapidly, a volatile white solid is obtained which has a molecular weight 

corresponding to the formula N2S2. This compound is too unstable for structural 

studies above about —80°C, for it readily polymerizes to the blue-black (NS),., but 

its structure has been established in the crystalline adduct N.S,(SbCI;)2, (a). In 

the planar NS, ring the four bonds are equal in length (1-62 A, as in N4Sq). The 

Sb—N bonds are appreciably weaker than in N4Sq4 . SbCl, (see later), and one 

+ 

217 Ag 214A 

Cl Sais Bi 
“ ox 2-31 A 1:58 95 1-62 

ie OIE eee 
2:28 A INS“ s4 

(a) (b) 

SbCl, is easily removed, leaving NS, .SbCl;. There would appear to be a 

correlation between the Sb—N and Sb—Cl bond lengths in the adducts of SbCls: 

N»S2 . SbCls CH3CN. SbCl, N4Sa . SbCls 

Sb—N 2-28 2:03 rs 
Sb—Cl 2°31 2-36 2°39 A 

By refluxing a suspension of NH4Cl in S,Cl, (or from the interaction of N4S4 

or (NSCl)3 with S,Cl,) orange crystals of N,S3Cl, are obtained. This is a salt, 

(N,S3Cl)*Cl”, containing the very puckered 5-ring (b).? 

The N3S3 ring, with alternate N and S atoms, is chair-shaped in (NSC1)3,‘°? 

formed by chlorination of N4S4, and also in a-sulphanuric chloride, 

N35303Cl3.4) All the N-S bonds are of equal length (1-61 and 1:57A 
respectively) in these two compounds (Fig. 18.7(a) and (b)), but there is a small 

5 1-42 Rn N alwee 

Se oa aad 
v7 2-02 A 

Cl jusea | Cl 

Nv i-s9 A  N 
pais A 

Ba: 
Cl Cl 

(c) 
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(possibly real) difference between the S—Cl bond lengths. In the very similar 

compound, N3S5 PO, Cina” containing one P atom in the ring, (c), all bond (5) ac 1969 B25 651 

lengths are similar to those in N3S303Cl3, but here the ring is nearly planar 

(compare the planar (PNCI,)3 ring). On refluxing with a mixture of S,Cl, and 

CCl4 N2S3Cl, is converted quantitatively into N3S4Cl, and this in turn can be 

converted into (N3S4)NO3 by dissolving in concentrated HNO3. In this salt) the 

cation consists of the planar 7-membered ring shown in Fig. 18.7(c). The S—S bond 

is apparently a single bond but the approximate equality of the S—N bond lengths 

and the well-defined u.v. absorption spectrum suggest a 10-electron 7 system. 

The parent compound from which many nitrogen-sulphur compounds can be 

derived is N4Sq. It is readily prepared by the interaction of sulphur with NH; in 

the absence of water or preferably by passing S,Cl, vapour through hot pellets of 

NH,Cl. It forms yellow crystals and has remarkable chemical properties. The 

N4S,4‘” molecule has the structure shown in Fig. 18.7(d). The N4Sq ring is bent (7) AC 1963 16 891; IC 1966 5 
into an extreme cradle form, giving two ‘non-bonded’ S—S distances of 2°58 A. 2 

These distances, intermediate between a single S—S bond length (2:08 A) and the 

normal van der Waals distance of 3-3 A, suggest some kind of weak covalent 

bonding. (The corresponding distance in N4Se4‘*) is 2-75 A, intermediate between (8) AC 1966 21 571 

2:34 A and 4:0 A.) 

(6) IC 1965 4 681 

(aymNES. GIs (b) N,S,0,Cl, (c) (N3S,)7 (d) N,S, (or N,Se,) (ce) SbElaEN aS, 

FIG. 18.7. Cyclic nitrogen-sulphur systems: (a) N3S3Cl3, (b) N3S303Cl3, (c) (N3Sq)*, 

(d) NgSaq, (e) NaSq . SbCls. 

In two adducts, N4Sq . BF3°%) and NqSq . SbCl,“'° (Fig. 18.7(e)), the NgSq (9) IC 1967 6 1906 
; é : (10) ZaC 1960 303 28 

ring has the cradle form but with the four S atoms coplanar instead of the four N 

atoms as in NgSq. The halide molecule is attached to one N atom of the ring in 

N,S4 . BF3, with N—B, 1-58 A and N-S, 1-66 A. (SS, 3°8 A). 

Mild fluorination by AgF, in an inert solvent converts N4Sq into (NSF)q.1)) In 

this puckered 8-membered ring (boat configuration) the F atoms are attached to S 

atoms, and there is a definite alternation of longer and shorter bonds, (d). More 

vigorous fluorination of N4Sq yields NSF, (ce), 2) and NSF3, (hyisee? in both of mes pe ace 2 re 

which F is bonded to S. Hydrolysis of NSF (or the action of NH3 on SOCI,) gives 

HNSO,“!*) cis-thionyl imide, with the structure shown at (g). (14) JACS 1969 91 2437 

We now come to the imides S;NH, S¢(NH)2, Ss(NH)3, and S4(NH)q. The first 

three result from the action of NH3 on S,Cl, in dimethylformamide at low 
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temperatures, and are separated chromatographically. Sg(NH)q4 is made by reducing 

a solution of N4Sq in benzene by alcoholic SnCl,. Three of the four possible 

structural isomers of Sg(NH)2, namely, | : ole) 1 Bs and | 516) have 

been characterized, and the crystal structures of several of these compounds have 

been studied. All are structurally similar to the Sg molecule of rhombic sulphur, 

that is, they have the crown configuration, though in N4SqHa”? the distance 

separating the two parallel planes in which the 4 S and 4 N atoms lie is only 0°57 A 

(i.e. the ring is nearly planar). Neutron diffraction confirms that H is attached to N 

and the N bonds are coplanar (mean bond angles in ring, SNS, 128°, NSN, 110°, 

and S—N, 1:65 A). In 1: 4 Sg(NH)2“'® the bond lengths are S—S, 2-05 A, and 
N—S, 1:72 A, and both enantiomorphic forms of the molecule are present in the 

crystal. 

The N—S bond lengths in this family of compounds suggest the following 

standard values: S—N, 1:72 A (compare 1:73 A in O3;SNH3) and S=N, 1-54 A; 

lengths of formal triple bonds in NSF and NSF3 are 1-45 A and 1-42 A. 

If N4Sq is heated in solvents N.Sz is produced, while by the action of S in CS, 

solution under pressure N4Sq is converted into NSq4, a dark-red, rather unstable 

solid. Solutions of N,Sq4 in organic solvents are diamagnetic, showing that this 

sulphide is not dissociated, in contrast to N,O4. The detailed structure of the N,S4 

molecule is not known, but a review of its spectra (i.r., Raman, u.v., and mass 

spectra) indicates the structure (h).“! ®) 
Thionitrosyl complexes of a number of metals have been prepared, for example, 

Ni(NS)q and the similar Co and Fe compounds from N,S, and the carbonyls, and 

Pt(NS)q from the action of N4S4 on H,PtCl, in solution in dimethylformamide. 

An incomplete X-ray study of the last compound indicates a planar molecule with 

the cis configuration (i).“?? 

Nitrides 

Most elements combine with nitrogen, and the nitrides include some of the most 

stable compounds known. The following metals are not known to form nitrides: 

(Na?), K, Rb, Cs, Au, Ru, Rh, Pd, Os, Ir, and Pt. We can make a rough division into 

four groups, but it should be emphasized that there is no sharp dividing line, 

particularly in the case of the I[A-IVA subgroup metals. In some cases an element 

forms nitrides of quite different types, and behaviour as both an ionic compound 
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and as a metallic conductor is a feature of a number of nitrides (for example, HEN, 
below). Thus Ca forms Ca3N3, one form of which (a) has the anti-Mn,0; 
structure,(!) but there are also black and yellow forms of the same compound. 
Moreover Ca also forms Ca,N, Ca3Ny, and Ca,,Ng. Ca,N forms lustrous 
green-black crystals with the anti-CdCl, (layer) structure,(?) in which the Ca—Ca 
distances within the layer (3-23 and 3-64 A) are much shorter than in metallic Ca 
(3°88 and 3-95 A). Nevertheless this is apparently an ionic compound, for the 
action of water produces NH; +H). The lustre and semiconductivity suggest 
formulation as Ca} *N?~(e). There are even shorter Ca—Ca distances in Ca,,Neg 
G11 Aj compound which is decomposed by water vapour. Zirconium forms 
not only the brown Zr3N, but also blue Zr,.N (defect NaCl structure)(44) and the 
metallic yellow ZrN. Hafnium forms a nitride HfN which has a defect NaCl 

LizsN Be3N> BN Molecular 
Mg3N> Transition-metal nitrides AIN  Si3Nq4 nitrides of 

Ca3N2 Interstitial and more GaN Ge3Nq non-metals 
Ckc: complex structures InN 

Hg3No 

ionic semi-metallic covalent or ionic-covalent covalent 

structure,(4>) the density indicating that one-eighth of the sites are unoccupied. 

When dissolved in HF all the nitrogen is converted into NH; (NH4) and the 

compound is a metallic conductor (Hf* *N? “(e)?). 

In the first and third of our groups of nitrides the formulae usually correspond 

to the normal valences of the elements and this is also true of some transition-metal 

compounds (e.g. Sc, Y, and 4f nitrides MN, Zr3N,) and of some of the molecular 

nitrides (e.g. P3Nz.);? others, such as NqSq, have formulae and structures which 

are not understood. The molecular nitrides are few in number, and if their 

structures are known they are described under the structural chemistry of the 

appropriate element. 

In addition to the binary nitrides described here, some ternary nitrides have been 

prepared, for example, Lis TiN3, LizNbN4, and LigCrNs, all with the fluorite type 

of structure (superstructures in most cases),(°) and alkaline-earth compounds with 

Re, Os, Mo, or W (e.g. SrgRe3Nj 9, CasMON<).°”? 

Tonic nitrides 

Nitrides of the alkali metals other than Li do not appear to be known in a pure 

state. The simple structure assigned to Li3 N(8) is peculiar to this compound. The 

unusual coordination of Li* is of course related to the very small size of this ion 

compared with N?~, but we noted in Chapter 6 that a structure with tetrahedral 

coordination of Li* is geometrically impossible. One-third of the Li* ions have 2 

nearest N neighbours (at 1:94 A) and the remainder 3 (at 2:11 A). The N?~ ion is 

surrounded by 2 Li* at 1-°94A and 6 more at 2:11 A. We have noted the ReO3 
structure of Cu3N (and the perovskite structure of GaNCr3) in Chapter 6. 
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The nitrides M;N, (M=Be, Mg, Zn, Cd), and a-Ca3N, have the anti-Mn203 

structure, in which the metal ions have 4 tetrahedral neighbours and N has two types 

of distorted octahedral coordination groups. (Be3zN, also has a close-packed 

high-temperature form in which Be is tetrahedrally coordinated; it is described 

on p. 139.) The anti-Mn,03 structure of a-Ca3N, is remarkable not only for the 

tetrahedral coordination of Ca?* but also because this leads to a very open packing 

of the N*~ ions. The Ca—N distance (2:46 A) is about the value expected for 

6-coordinated Ca?*, but the N—N distances are very large. In this structure there 

are empty Ng tetrahedra with all edges 4-4, while the edges of a CaNq 

tetrahedron are 3-76 A (four) and 4-4A (two). All these distances are large 

compared with twice the radius of N°~ (about 3 A). Presumably the abnormally 

low c.n. of Ca? * (and the resulting low density of the structure) is due either to the 

fact that there is no alternative structure of higher coordination (say, 6:9 or 

8:12) or to the fact that the structure is determined by the octahedral 

coordination of N?~, to which the 4-coordination of Ca? * is incidental. 

The radius of the N°~ ion in these nitrides would appear to be close to 1°5 A, 

larger than most metal ions. These compounds are the analogues of the oxides, and 

form transparent colourless crystals. They are formed by direct union of the metal 

with nitrogen, or in some cases by heating the amide. Compare, for example: 

3 Ba(NH>)» oe Ba3N> +4 NH3 

with Ba(OH), ——~ BaO + H,0. 

The nitrides have high melting points, ranging from 2200°C (Be3N>) to 900°C 
(Ca3N,) and are hydrolysed by water to the hydroxides with liberation of 
ammonia. 

The structures of compounds of the type M3N> are summarized in Table 18.7, 
where A represents the anti-Mn,03, B the Zn3P,, and C the anti-La,O 3 structure. 
The Zn3P), structure is closely related to the anti-Mn,03 structure. Zinc atoms are 
surrounded tetrahedrally by four P and P by six Zn at six of the corners of a 
distorted cube. The idealized (cubic) Zn3P, structure is similar to that of Bi,03 
illustrated in Fig. 20.3 (p. 711). 

TABLER IS 7 

Crystal structures of compounds M3N3, etc. 

Be Mg Zn Cd Ca 

N A A A A A 
1p A A B B 
As A Bs Bs 
Sb Cc 
Bi G 

* Neither of these compounds has the simple Zn3P, structure but closely 
related structures (Zn3As7,(19) Cd3Asy (11)), 
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Covalent nitrides 

In contrast to the ionic nitrides of Zn or Cd, the chocolate-coloured explosive 

Hg3N, made from Hgl, and KNH, in liquid ammonia, is presumably a covalent 

compound, For the nitrides of B, Al, Ga, In, and Tl the geometrical possibilities are 

the same as for carbon, there being an average of 4 valence electrons per atom in MN. 

Boron nitride has been known for a long time as a white powder of great 

chemical stability and high melting point with a graphite-like layer structure. It has 

also been prepared with the zinc-blende structure‘! 2) by subjecting the ordinary 

form to a pressure of 60 kbar at 1400-1800°C. This form, ‘borazon’, is very much 

more dense, 3-47 as compared with 2-25g/cc for the ordinary form. In contrast, BP 

can be prepared by heating red P with B at 1100°C under a pressure of only 2 atm; 

it also has the zinc-blende structure.“'3) The same structure is adopted by 

BAs.‘!44) The structures of the compounds of Group III elements with N, P, etc. 

are summarized below. While BN is presumably a covalent compound, the bonds in 
AIN, GaN, and InN probably have appreciable ionic character, and the compounds 

with the heavier Group V elements are essentially metallic compounds. (For InBi 

see p. 218.) The structure of BeSiN, is a superstructure of the wurtzite structure of 

AIN etc. 4) 

B Al Ga In 

N Tash, W W W 
P Vl Ud Z i, 
AS Z Zz; Z id, 
Sb — Yh, iL, Id 

L = BN layer structure; Z = zinc-blende; W = wurtzite 

The structures of several nitrides M3Nq are known. Both Si3N4 and Ge3Nq have 

two polymorphic forms.‘!5) The structures of both are closely related to that of 

Be, SiO, (phenacite); M has 4 tetrahedral neighbours and N forms coplanar bonds 

to 3M atoms. There is probably appreciable ionic character in the bonds in Ge3Nq 

and also in Th3Nq. In Thy Na ©) there is closest packing of the metal atoms of the 

same kind as in metallic Sm (chh). One-half of the N atoms occupy tetrahedral and 

the other half octahedral holes in such a way that one-third of the metal atoms have 

6N and the remainder 7N neighbours. (The compound originally described as 

Th,N3 is Th,N20, in which N occupies tetrahedral and O octahedral Hee in a 

h.c.p. arrangement of Th atoms; all Th atoms have 4N+30 neighbours.‘ )). For 

an alternative description of this (Ce.02S) structure see p. 1004. 

Nitrides of transition metals 

Some of these compounds have already been mentioned. They are extremely 

numerous, more than one nitride being formed by many transition metals. For 

example, five distinct phases (apart from the solid solution in ae oe have been 

recognized in the Nb—N system up to the composition NbN.* Of the great 

variety of structures adopted by these compounds we shall mention only some of 

the simpler ones. 
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Nitrogen 

In the so-called ‘interstitial’ nitrides the metal atoms are approximately, or in 

some cases exactly, close-packed (as in ScN, YN, TiN, ZrN, VN, and the rare-earth 

nitrides with the NaCl structure), but the arrangement of metal atoms in these 

compounds is generally not the same as in the pure metal (see Table 29.13, p. 1054). 

Since these interstitial nitrides have much in common with carbides, and to a 

smaller extent with borides, both as regards physical properties and structure, it is 

convenient to deal with all these compounds in Chapter 29. 

The nitrides of Mn, Fe, Co, and Ni form a group of less stable compounds of 

ereater complexity than those of the earlier Periodic Groups—compare the formulae 

of the nitrides of the metals of the first transition series: 

ScN TizN V3N CroN MnN(?)  Fe.N CoN Ni3N Cu3N 

TiN VN CrN MngNs Fe3N CoN NigN 

Mn3N) FeqgN Co3N 

Mn2N FegN Co4N 

Mn,N 

MnxN (6) 

Although the N atoms in these compounds are usually few in number compared 

with the metal atoms they seem to exert great influence, and it has been 

suggested ! 8) that the tendency of the N atoms to order themselves is great 

enough to cause rearrangement of the metal atoms in, for example, the change from 

€-Fe,N to ¢-Fe,.N. 

Interstitial structures are not possible for the larger P and As atoms, and apart 

from a few cases such as LaP, PrP, and GeP with the NaCl structure there is usually 

little similarity between nitrides and phosphides (or arsenides). Compare, for 

example, the formulae of the nitrides and phosphides of Mo and W: Mo2N, W2N, 

MoN, and WN, but Mo3P, W3P, MoP, WP, MoP,, and WP.) 
A short section on the structures of metal phosphides is included in Chapter 19. 

Table 18.8 summarizes the coordination numbers of metal and N atoms in a 

number of nitrides. 

TABLE, 16:8 

Coordination numbers in crystalline nitrides 

Nitride Structure C.N. of M CN. of N 

Cu3N Anti-ReOQ3 2 6 
Ti.N Anti-rutile(29) 3 6 
Co2N Anti-CdCl, 3 6 

Ca3N>2 Anti-Mn 4 O03 4 6 

ScN etc. NaCl 6 6 
Th3Nq4 On 7 4,6 

Ge3Nq Phenacite 4 3 
AIN Wurtzite 4 4 

Ca3N 2 Anti-Mn9 03 4 6 

AILi3N2 Anti-CaF 4 8 
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Phosphorus 

The stereochemistry of phosphorus 

Phosphorus, like nitrogen, has five valence electrons. These are in the third 

quantum shell, in which there are d orbitals in addition to s and p orbitals. 

Phosphorus forms up to six separate bonds with other atoms, but covalencies 

greater than four are usually exhibited only in combination with halogens (in the 

pentahalides and PX¢ ions) and with groups such as phenyl, CgH,. (For an example 

of 5 coordination by O see p. 684.) The d orbitals are used for o bonding if more 

than four bonds are formed, but they are also used for 7 bonding in tetrahedral 

oxy-ions and molecules. A very simple summary of the stereochemistry of P may be 

TABLE. Loi 

The stereochemistry of phosphorus 

No. of o Type of No. of lone Bond Examples 

pairs hybrid pairs arrangement 

4 sp? 0 Tetrahedral PH4, PCI4 
POCI, PO,) 20565 

1 Trigonal Ell, P(CN)3, P(C6Hs5)3 

pyramidal 

5 sp°d,? 0 Trigonal Pieper CL PiCeH.)s 
bipyramidal 

6 sp?ds 0 Octahedral | PCI 

given if it is assumed that the arrangement of bonds is determined by the number of 

o electron pairs which are used for either o bonds or lone pairs (Table 19.1). For 

PX, molecules this picture is valid if appreciable hybridization occurs. In PH3 the 

bonds are likely to be essentially p> bonds, and this may also be true in the 

trihalides, but the interpretation of bond angles around 100° is not simple. The 

bond angles in the P3 rings in P4 and P4S; are to be treated as special cases. 

Elementary phosphorus 

Phosphorus crystallizes in at least five polymorphic forms. The white form is 

metastable and is prepared by condensing the vapour. There are apparently two 

closely related modifications of white P, with a transition point at 77 Gr Whe 
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molecular weight in various solvents shows that white P exists in solution as Pa 

molecules, presumably similar to those in the vapour of white P, the configuration 

of which was determined in an early e.d. study.) The same tetrahedral molecules 

exist in crystalline white P,“2) but a complete study of the crystal structure has not 

been made. In the P4 molecule each P atom is bonded to three others, the interbond 

angles being 60° and the bond length 2-21 A, similar to that of many other single 

P—P bonds. There has been much discussion of the nature of the bonds in the Pg 

molecule. Although the use of pd? hybrids (theoretical bond angle 66°26’) would 

result in the least strain it seems that the promotion of two 3p electrons to 3d 

orbitals is unlikely on energetic grounds, and that the bonds are largely p in character. 

In the P, molecule in the vapour of red P the P=P bond length is 1-895 A. (In PN, 

PEN is 1-49 A.) 
Black P has a layer structure‘>) in which each atom is bonded to three others. A 

layer of this structure is shown, in idealized form, in Fig. 19.1. In spite of its 

appearance it is simply a puckered form of the simple hexagonal net, the interbond 

FIG. 19.1. The crystal structure of black phosphorus—portion of one layer (idealized). 

angles being two of 102° and one of 964°. (See also p. 88 for the relation of this 
structure to the simple cubic lattice.) Although black P is the most stable crystalline 

form of the element (see the figures for heats of solution given below) it had until 
comparatively recently been made only under high pressure. It can in fact be made 
by heating white P to 220-370°C for eight days with Hg on Cu as catalyst in the 
presence of a seed of black P, though it then contains Hg which can only be 
removed with difficulty.) 

Density (g/cc) Heat of solution in Br 

White P 1-83 249 kJ mol7! 
Red 2-31 178 
Black 2-69 160 

Hittorfs red P may be made by dissolving white P in thirty times its weight of 

molten lead, cooling slowly, and dissolving away the lead electrolytically. It has an 
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extraordinarily complex structure.“4? Complex chains with 21 atoms in the repeat 
unit are linked into layers by bonds to similar chains which lie at right angles to the 
first set but in a parallel plane. Two such systems of cross-linked chains form a 
complex layer (Fig. 19.2) in which there are no P—P bonds between the atoms of 
one half of the layer (broken lines) and the other (full lines). The whole crystal is 
an assembly of composite layers of the type shown in Fig. 19.2(b) held together by 
van der Waals bonds. Within a layer the mean P—P bond length is 2:22 A and the 
angle P—P—P, 101°. 

FIG. 19.2. The crystal structure 

of red phosphorus: (a) chain 

sub-unit, (b) layer formed 

from cross-linked chains 

(diagrammatic). 

It has been suggested that a brown form of P, formed by condensing the vapour 

of white P at 1000°C or the vapour of red P at 350°C on to a cold finger at 
—196°C, may consist of P molecules.) A vitreous form of P has been prepared 

by heating white P with Hg at 380°C; at 450°C black P is formed.‘®) The 
conversion of P under pressure to forms with the As structure (at 80 kbar) and a 

(metallic) simple cubic structure (at 110 kbar) has been reported, but details are 

not available. 7) 

Phosphides of metals 

This is a very large class of compounds. Many metals, particularly transition metals, 

form more than one phosphide and many of the compounds are polymorphic. As 

regards bonding they range from compounds in which the bonds are probably 

essentially ionic (e.g. Mg3P, with the anti-Mn, 03 structure) containing P?~ ions of 

radius about 1:9A, through ‘covalent’ compounds (e.g. PdP,) to essentially 

metallic compounds. (With increasing metallic character of the metalloid the phases 

become much more complex than the nitrides and phosphides. For example, in the 

K—As system we find K3As, K;Asq, and KAs; K and Sb form similar compounds 

and also KSb,, while Cs and Sb form not only compounds of these four types but 
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also CsgSb, Cs2Sb, and Cs3Sb7.) Somewhat surprisingly some of the alkali-metal 

compounds are apparently not simple ionic crystals, judging by their formulae 

_their structures are not known—for Li forms LiP, in addition to the expected 

Li3P, while the other alkali metals form compounds such as NazP, (and Na3P). 

The structures of the alkal-metal phosphides, arsenides, etc. are shown in Table 

19.2, where N stands for the Na3As structure and L for the Li3Bi structure (p. 

1035). The Na3As structure is somewhat reminiscent of an alloy structure, As having 

11 Na neighbours at distances from 2-94 to 3:30 A, and that of Li3Bi is a typical 

intermetallic structure. With the Group VB metalloids Li also forms 1:1 

TABLE 1972 

Crystal structures of phosphides, M3P, etc. 

Li Na K Rb Cs 

P N N N N 

AS N N N 

Sb a, N N N NL Ibs 

BL 
Bi a,? N N IL, Us, 

6, L 

compounds. In LiAs (with which NaSb is isostructural) the As atoms form helical 

chains (As—As, 2-46 A, compare 2°51 A in the element), and Li has six neighbours 

arranged approximately octahedrally. These compounds have metallic lustre and 

electrical conductivity and there is clearly some degree of metallic bonding. 

The formulae and structures of phosphides are complicated by the presence of 

metal-metal and P—P bonds, as already noted in Chapter | for PdP, and CdP,. The 

extent of the linking of P atoms by P—P bonds provides one way of classifying 

these compounds, but it has little direct relation to the nature of the bonds. Many 

phosphides have geometrically simple structures (Table 19.3), but except in cases 

such as Mg3P, or Zn3P, the structure does not indicate the type of bonds between 

metal and P atoms. Thus LaP has the NaCl structure, but so also does ZrP, and 

indeed also ZrC, ZrN, ZrO, and ZrS. The metallic lustre of compounds such as ScP 

and YP indicates that these are not simple ionic compounds. Table 19.3 shows that 

in some phosphides there are discrete P atoms (that is, P bonded only to metal 

nearest neighbours), whereas others contain systems of linked P atoms of all the 
following types: 

P—P groups in compounds with the pyrites or marcasite structures, 

discrete P4 rings in IrP3 etc. (CoAs3 structure), 

chains in PdP,, 

layers in CdP. 

In all these compounds the P—P bond length is close to 2:2 A (single bond). In 
some of the transition-metal phosphides P—P has rather larger values, 2-4 A (NiP), 
and 2-6-2-7 A (CrP, MnP, FeP, CoP). 
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TCA BIE O23 

Structures of metallic phosphides 

Structure L System of linked P atoms Examples 

Zinc-blende AIP, GaP, InP 

NaCl [Lene Svan Wa, UNE, rede, Cre 

NiAs VP 
Tip@) Isolated P atoms HfP, 6-ZrP 
MnP FeP, CoP, WP 

Anti-CaF 4 Ir2P, Rh»P 

Anti-PbCl, CoP, RuyP 

Anti-Mn) 03 Be3P> ; Mg3P2 

Zn3P2 Cd3 P> 

eS 

Pyrites or Marcasite P> groups PtP>,(24) NiP» (h.p.)(2) 
FeP2{24) OsP2, RuP, 

CoAs3 Py rings RhP3, IrP3, PdP3 (2a) 

P chains PdP»,(3) NiP2, CdP2,(4) BaP3 (4a) 
double chains ZnPbP ; 4(5) 

———_— a 
P layers CdP4(6) 

1 

Examples of relatively simple structures include 

a-CdP, CdP4 Th3Pq4 

Cd—4 P (tetrahedral) Cd—6 P (octahedral) Th—8 P (dodecahedral) 

Me ge one. 
~ P— or tetrahedral) P—6 Th (octahedral PE F Cd (tetrahedral) f Cd +Cd ( ) ( ) 

The form of the chains of P atoms in BaP3 is shown in Fig. 19.3, which also shows 

a projection of the structure of CdP4. The structure of TiP, in which P occupies 

(a) 

FIG. 19.3. (a) Chain of P atoms in BaP3; (b) projection of structure ot CdP4 showing layers of 

linked P atoms which are arranged around screw axes perpendicular to the plane of the paper. 
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octahedral and trigonal prism interstices in a non-close-packed sequence of Ti 

layers, is mentioned on p. 129. The structure of PdP, is noted in Chapter | (p. 

17), that of Th3P4 in Chapter 5 (p. 160), and the relation of the CoAs3 structure 

to the ReO3 structure is described in Chapter 6 (p. 216). Recent studies of 

phosphides with this structure show that the P4 ring is rectangular rather than 

exactly square (P—P, 2:23 and 2:31 A); in CoAs3 the Asq group has a similar 

rectangular shape (As—As, 2°46 and 2:57 A). 

We have emphasized here the existence of P—P bonds in the phosphorus-rich 

compounds. The existence of metal-metal bonds in the ‘lower’ phosphides is also 

of interest, since this has a direct bearing on their magnetic properties.) 

The structures of simple molecules 

Molecules PX3 

If p orbitals are used in simple molecules PX3 interbond angles not much greater 

than 90° are expected. A value of 93-8° is found in PH3 and angles around 100° in 

many pyramidal molecules (Table 19.4). It is of interest that PF3 behaves like CO 

in forming complexes: 

Ni(PF3)4 compare Ni(CO)4 

Pt(PF3)5Cl, Pt(CO),Cl, 
F3P. BH; OC . BH; 

The dm bonding postulated in the Ni and Pt compounds (p. 984) cannot explain the 
shortness of the P—B bond in F3P.BH 3 compared with that in BP (zinc-blende 

structure), 1:96 A, or H3P . BH3, 1:93 A (ref. p. 850): 

HCP and the PH) ion 

Many simple molecules containing P (e.g. the hydrides) are much less stable than 

the corresponding N compounds. This is also true of methinophosphine, HCP, the 

analogue of HCN. Prepared by passing PH3 through a specially designed carbon arc, 

this reactive gas readily polymerizes; it is converted by HCl into H3C . PCl, (H—C 

1:07, C=P, 1:54 A).@) 
The PH, ion, the effective radius of which has been estimated as 2:12 A, occurs 

in KPH, and RbPH3, both of which have distorted NaCl structures. (2) 

Hydrides and molecules Py X4 and P3X¢5 

In addition to PH3 there are a number of lower hydrides.‘!) P,H4 decomposes in 

the presence of water to a solid P,;H,, but in the dry state to PyH4 or 

non-stoichiometric hydrides. P3H; has been prepared by the photolysis of 

P,H,4.°?) The substituted diphosphines P,(CH3)4 and P,(CF3)4 have been 

prepared, and structural studies have been made of compounds P,R4Y, where 

Ris an organic radical (CH3, CgHs, etc.) and Y is S, BH3, or Fe(CO),4, for example; 
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TABLE 19.4 
Structural data for molecules PX 3, POX; and PSX3, and PX, 

Molecules PX3 ete. 
ey 

Length (A) yap 4 it Method | Reference 

P-H 1-4206 : mw. ree 93-8 os | scp 1959 31 449 
P—F 1-570 97-8° ed. IC 1969 8 867 HFP—P 1-58 99° mw. JACS 1968 90 1705 P—Cl 2-04 100-3° mw. ICP 1962 36 589 P—Br 2-20 101-0° e.d./m.w. IC 1971 10 2584 PI 2-43 102° ed. AC 1950 3 46 P—CH3 1-843 98-9° ed. ee a a | scp 196032512, 832 
ee 1-828 = i JCS 1964 3799 P—SiH3 2-248 96-5° ed. JCS A 1968 3002 

Molecules POX3 and PSX3 

Method Reference 

For references see: 

p—O (S) Bo 

POF 
POCI; a IC 1971 10 344 
PSF3 1-53 a 
PSCl; 2-011 

x AC 1971 B27 1459 
AC 1969 B25 974 

POCI; (cryst.) | 1-98 

POBr3 (cryst.) 

IC 1965 41775 1°577 (axial) 

1-534 (equatorial) 
2:14 (axial) 
2-02 (equatorial) 

See: IC 1971 10 344 

C,H S H3C BH 
; aN 2:22A Via : i 2:20 A ye : 

CoH H3B Dar (3) AC 1961 14.178 
a : (b) : (4) AC 1968 B24 699 

BAS Fs 

H,C —P = (CLs 

aii pv (5) ICS A 1968 622 
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FIG. 19.4. The structure of the 

P2I4 molecule. 

Phosphorus 

Bond lengths include: P—C, 1-83 A, P—S, 1-94 A, P—B, 1:95 A, and P—P, 2:20 A. 

In contrast to the symmetrical structure of P,S,(CH3)4 the analogous As 

compound has the unsymmetrical structure (CH3)2S. As.S. As(CH3)2 (p. 724). 

Infrared and 3!P n.m.r. suggest the symmetrical structure for P2I4S, which is 

made from the elements in CS, solution.) 

Other compounds containing the system Ps Pe include the dihalides P2X4, 

hypophosphoric and diphosphorous acids and their ions (see later), and the 

infinite chain in CuBr[Et,P—PEt,] (p. 882). 

Three dihalides are known, P,F4, P,Cl4, and P14. The fluoride is made from 

PF,I and Hg, the chloride by subjecting a mixture of PCl3 and Hy to an electric 

discharge, and the iodide directly from the elements in CS, solution. The P Iq 

molecule in the crystalline iodide is centrosymmetrical, with the structure shown in 

Fig. 19.4.7) The bond lengths are: P—P, 2:21, P—I, 2:48 A, and mean angle I-P—P, 
94°, 

Phosphoryl and thiophosphoryl halides 

Results of electron and X-ray diffraction studies of these molecules are listed in 

Table 19.4. All these molecules are tetrahedral, but since the X—P—X angles range 

from 100° to 108° the tetrahedra are not regular. The P—O bond length is close to 
1-45 A. In the Raman spectrum of solid POBr3 there is an extra vibrational line 

indicating a lowering of the molecular symmetry, which is C3, for the free 

molecule. This is attributed to weak charge-transfer bonds between O and Br atoms 

of different molecules, as indicated by the distance 3-08 A in the infinite chains. All 

other intermolecular Br—O distances are greater than the sum of the van der Waals 

radii (3-35 A). The intermolecular Cl---O distance in the chains in crystalline POCI, 

(3:05 A) may indicate an interaction slightly stronger than van der Waals bonds. In 

the thiophosphoryl halides the P—S bond length (1-87 A) is, like the P-O bond 
length in the phosphoryl halides, close to that expected for a double bond. For 
other phosphorus thiohalides see p. 696. 

POCI; and certain other molecules mentioned below react with some tetra- and 
penta-halides to form molecules in which an octahedral group around the metal 
atom has been completed by one or two O atoms of POCI, (or other) molecules. 
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POCI,), (a) SbCl,;. POCI, (Cher: 

FIG. 19.5. Molecular structures: (a) SbCls .POCI3, (b) SnClq .2 POCI3, (c) (TiCl4 . POCI3), 
(O atoms shaded). 

(b) SnCl,. 2POCI, 

Figure 19.5 shows examples of three molecules of this general type: 

(a) MCI; . POCI, (M = Sb, Nb, Ta), and SbCl, . OP(CH3)3°) 
(b) MCI, . 2 POCI; (M = Sn, Ti®) 
(c) (MCl,. POCI3), (M = Ti). 

In these adducts there is an increase in the c.n. of the acceptor atom while the 

structure of the donor molecule is essentially unchanged. Note, however, the 

remarkable difference between the Sb—O bond lengths in the molecules 

SbCl;. POCI3 and SbCl;. OP(CH3)3, 2°17 and 1-94 A respectively (Sb—Cl, 2:34 A). 

In the POCI3 adducts the O bond angle lies in the range 140-152”. It is interesting 

that SnCl4. 2 POCI; has, like SnCl4. 2 SeOCl,, the cis configuration, in contrast to 

molecules such as trans-GeClg (pyridine)>. 

The O-bridged molecule (a) has been identified by its?’ P n.m.r. spectrum. >? 

i “po 
es gg Cl 

DRO Crehee? a Jl 
AL, \ Ain 212A 

ai dey el Cees Oma x FF a oe ou RO rps 
a” Scr CLP 

(a) 
(b) 

In the molecules of Fig. 19.5 POCI3 is attached to a metal atom through the 

single O atom. The action of Cl,O on a solution of SnClq in POCI3 gives a 

compound with the formula (SnO3P,Clg)2. In addition to POCI, ligands on the 

metal atoms the latter are also bridged by tetrahedral O,PCl, groups, (b), so that a 

(puckered) 8-membered ring is formed.‘© Bridges of the same kind occur in the 

compound Mn(PO, Cl, )3(CH3COOC3Hs)2°”? formed by the action on MnO of 

POCI, dissolved in ethyl acetate. The bridging PO,Cl, groups lead to infinite chains 

(c) of octahedral coordination groups in which the CH3;COOC,H, molecules 

occupy cis positions and successive 8-membered rings are in nearly perpendicular 
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planes. There are chains of the same kind in Mg(PO,Cl,)2(POCI;)2 with two 

OPCl, groups on each metal atom. (®) 

See aie Cl 
—Mn—OP° Cl, 
/| Oop Pee, U8 
O le Oe Oe OR 

Cl,PO—_ Mn. S, a 

OR 2k Owe © | OPCl, 
OR \p/% 

(c) 

Other tetrahedral molecules and ions 5 

Further examples of tetrahedral molecules are shown at (ayo) and (b)°?). Others 

which have been studied structurally include F3P . BH;,°? PS(OCH3)(CgHs)2,7”” 

OP(NH,)3,(7>? and many oxy- and thio-ions described later in this chapter. 

O 
148A 

ie 

P 1-81A 

H7% 102°|100°\ F H3C 106° CH, 

F CH, 

(a) (b) 

The phosphorus analogue of the ammonium ion, the phosphonium ion, has a 

regular tetrahedral structure in the salts (PH4)X. A n.d. study of PHgl gives P—H, 

1-414 A and shows that the P—H bonds are directed towards I” ions. The anion has 

8 H neighbours at the corners of a distorted cube, 4 at 2°87 A and 4 at 3°35 A; the 

atoms P—H—I are practically collinear (i722)? Ions PX 4% are included in the next 

section. 

Phosphorus pentahalides, PX 4 and PX¢ ions 

The stability of the pentahalides decreases rapidly with increasing atomic weight of 

the halogen. The pentafluoride is stable up to high temperatures; PCl, is about half 

dissociated at 200°C; PBrg is less stable, and PI, is not known. In the vapour state 

PF; and PCl, have been shown to exist as trigonal bipyramidal molecules, the 

stereochemistry of which has been discussed in Chapter 7. The axial bonds are 

longer than the equatorial ones as in other molecules of this type (see below). 
Ionization presumably takes place in nitrobenzene, for solutions of PCI, in this 

solvent have appreciable electrical conductivity, and crystalline PCls is built of 

tetrahedral PCI4 and octahedral PCl¢ ions, which are packed together in much the 

same way as the ions in csc.) The PC14 ion also exists in the crystalline 

compounds PCI¢I,) (PCl4)FeCly,°) (PCl4)\(Ti,Clg), and (PCl4)2(Ti,Cl, 9); for 
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the last two compounds see p. 392. PCl¢I, which is prepared by direct 
union of PCls and IClin CS, or CCla, ionizes in polar solvents and consists of Pelt 
and linear IClz ions. Crystalline (PCl,)FeCl, is an aggregate of PClz ions (P—Cl, 
1-91 A) and tetrahedral FeCl ions (Fe—Cl, 2:19 A). 

In contrast to the pentachloride PBrs crystallizes as (PBr4)Br, the P—Br bond 
length in the PBr4yion being 2:15 A. The same cation occurs in PBr,,°>) formed 
by the action of Bry on PBrs, in which the anion is the linear (unsymmetrical) Br3 
ion, and also presumably in compounds such as PBrgI and PBr< ICI. 

Of metallic salts M(PX¢), only hexafluorophosphates appear to be known, and 
of these the salts with large cations such as NH4, K*, Cs*, Ba?*, and Co(NH3)2*, 
are the most stable in the solid state. The first three have been shown to crystallize 
with a NaCl-like packing of M* and octahedral PF ions.‘®) The crystal structure of 
HPF.. 6 H20 is described on p. 544. In the PF¢ ion in this crystal P—F was found 
to be 1-73 A, but in NaPF, (7) the length of this bond is apparently only 1-58 A. 
Moreover, in NaPF¢. H, 0°) the ion was found to be distorted, with four 

(equatorial) P—F bonds of length 1-58 A (these F atoms have a Na‘ ion as nearest 

external neighbour) and two of 1-73 A (these F atoms having a H,O neighbour at 
2°90 A). 

Molecules PR;, PR5_,,Xy, and mixed halides 

Molecules in which five ligands are attached to P have trigonal bipyramidal 

configurations, and in PRs and PX, the axial bonds are longer than the equatorial 

ones. For example, in P(C,H;)<‘1) the length of the axial bonds is 1-99 A as 

compared with 1-85 A for the equatorial bonds; the latter have the same length as 

in P(C,~H;)3. Assuming that the more significant steric interactions are those 

between groups at 90° to one another and that the magnitude of ligand repulsions 

increases in the order F—F < F—R < R-R it is expected that in molecules 

PF,,Rs5_, the groups R will preferentially occupy equatorial positions. This has 

been confirmed (e.d.) for CH3PF4 and (CH3)PF3°?? and for CF3PF4.‘?? The first 
two of these compounds have structures very similar to those of the corresponding 

molecules formed by S and Cl with respectively one and two lone pairs (Fig. 19.6). 

An equatorial position is occupied by H in PHF, ,‘*) but in many molecules of this 

general type there is apparently rapid interchange between axial and equatorial 

F 

ee 

F 

1-612A 

F eee 

1-543A We 1a 1-545A S7i--- F 

F ee 91-8° Fos 88.9° \ CH, 

122:2° 129° 118° 
F le F 

GHEREy SE, : (CHE) yer. 

FIG. 19.6. Structures of CH3PF4, (CH3)2PF3 and other molecules. 
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positions at ordinary temperatures. An ‘extensive review of 5-coordination is 

available.(5) The molecule (a), with three isopropoxy groups and one phenanthrene 

O 
175A 

,.0 2 OCH(CH3)2 
1-64 Ap 

~~ ocH(CH;)3 
1-654 

OCH(CH3)2 

(a) 

quinone molecule bonded to P, is of special interest as an example of a trigonal 

bipyramidal arrangement of 5 O atoms around P. There is very little distortion of 

the bond angles from the ideal values (90° and 120°). 
All the mixed halides PCI,F;5_, have been prepared. They have low- 

temperature forms in which they exist as trigonal bipyramidal molecules and these 

rearrange slowly at room temperature to form ionic crystals. For example, PCl1,F3 

is a gas at room temperature while the ionic form (PCl4)*PF¢ is a hygroscopic salt 

which sublimes, with some decomposition, at 135°C. At temperatures above 70°C 

it changes into PF, + PCl4F, and the latter exists both as a non-polar liquid and 

also as an ionic solid, (PCl4)F.°7? 

The oxides and oxysulphide 

In addition to the trioxide and pentoxide there are crystalline phases with 

compositions in the range POz.9-PO 2.25 which behave chemically as compounds 

containing Pim) and P(v). For example, they hydrolyse to mixtures of phos- 

phorous and phosphoric acids. It is convenient to discuss these phases after the 

trioxide and pentoxide. 

Phosphorus trioxide 

This oxide exists in the vapour state as tetrahedral molecules, PgO,, at moderate 

temperatures; the structure of crystalline P,03 is not known. The results of e.d. 
studies of the vapour of this oxide and related molecules are given in Table 19.5, and 
the structure of the PyO¢ molecule is illustrated in Fig. 19.7. 

Phosphorus pentoxide 

The structural chemistry of this oxide in the solid and liquid states is complex. In 
addition to a high-pressure form“) and a glass there are three polymorphs stable at 
atmospheric pressure. As noted in Chapter 3 these three crystalline forms represent 
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(a) (b) (c) 

FIG. 19.7. The structures of the molecules (a) Pq, (b) Pa O¢, and (c) P4019 in the vapour state 
(diagrammatic). Shaded circles represent P atoms. 

TAB ES Ea hORS 

Observed interatomic distances and interbond angles 

Molecule M—O (A) M—O' or Angle Reference 
M-—S (A) fF 

M—O—M O—M—O 
i— 

P06 Wyatises 128° 99° 
P4019 1-60 1-40 124° OPO 102° JACS 1938 60 1814 

OPO’ 117° K 1959 4 360 
As406 1-80 | 1aXe 100° JCS 1961 5486 

P406S4 1-61 1-85 124° OPO 102° JACS 1939 61 1130 

ORSHI 7a 

different ways of linking tetrahedral POq groups through three vertices to form (a) 

finite P40; 9 molecules‘”? of the same form as those in the vapour (Fig. 19.7(c)), (b) 

a layer structure‘>) based on the simplest planar 3-connected net, and (c) a 

3-dimensional framework“) built of rings of ten POq groups based on one of the 

two simplest 3D 3-connected networks. The accurate data for the layer structure 

(P—O, 1-56 A, P—O’, 1-49 A and P—O—P 145°) may be compared with those for 

the P,4O;,9 molecule given in Table 19.5. These crystal structures throw light on the 

physical and chemical properties of the three polymorphs. The metastable form, 

consisting of discrete PzO;,9 molecules, is the most volatile and hygroscopic; it is 

formed by condensation of the vapour. The rearrangement of the PO, tetrahedra 

required to form the infinite networks of the other two forms does not take place if 

the vapour is rapidly condensed; it occurs only if the molten oxide is maintained at 

a high temperature for a considerable time. These forms are much less volatile and 

less rapidly attacked by water because the extended systems of linked tetrahedra 

must be broken down when the crystal melts, vaporizes, or reacts with water. 

The P4O;, molecule has been studied in the vapour by e.d. with the results 

summarized in Table 19.5. The unshared (outer) O atoms are distinguished as 0’; 

the (multiple) bond P—O’ is the shortest recorded phosphorus- oxygen bond. 
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P(111)P(V) oxides. Oxides with compositions in the range PO .92-PO2-25 (a 

oxide) form a series of solid solutions containing molecules P4Og and P40, which 

have the same general shape as the P4O;9 molecules but with either two or one of 

the outer O' atoms removed.{*) Crystals of composition PO2-25 consist entirely of 

P40, molecules, but apparently up to 90 per cent of these molecules may be 

replaced by P4Og molecules without any change in the mode of packing of the 

molecules. The B phase, stable in the range PO.9~PO;.93 apparently consists of a 

statistical arrangement of P4Og and P4O, molecules. ©? 

Phosphorus oxysulphide 

The oxysulphide P,O¢S4, formed by heating P4O, with sulphur, forms a 

tetrahedral molecule similar to that of P4O;9. The P—S bond length (1-85 A) is 

similar to that in the thiophosphory] halides. 

Molecules of the same geometrical type as P4O; 9 

It is convenient to mention here two molecules which are structurally similar to 

P40,0- The basal ring of PyO,9 can be replaced by a cyclohexane ring, as in the 

phosphoric ester and its S analogue!) which is illustrated in Fig. 19.8. The action 

of excess Ni(CO)4 on P4O¢ yields P40, [Ni(CO)3] 4, in which a Ni(CO) 3 group is 

attached to each P.‘?? 

The oxy-acids of phosphorus and their salts 

The number and stability of the oxy-acids of phosphorus are in marked contrast to 

those of nitrogen. The formulae and basicities of the acids are set out in Table 19.6. 

TA BES Loe6 

Oxy-acids of phosphorus 

Acid Formula Basicity Ion Reference 

Orthophosphorous H3P03 2 HPO3” AC 1969 B25 227 
Hypophosphorous H3PO, 1 HPO AC 1969 B25 1932 

Pyrophosphorous H4P205 2 H>P,02 JACS 1957 79 2719 
Diphosphorous H4P305 3 HP,02 JACS 1957 79 2719 

H5P30g 5 P3032) AC 1969 B25 1077 
H6P6012 6 PeOr ZaC1960 306 30 

Hypophosphoric H4P20¢ 2 H2P,02— AC 1964171352 
H4P20¢ . 2H20 2 (HP206)* AC 1971 B27 1520 

Isohypophosphoric H4P206 3 HP,027 IC 1967 6 1137 

Orthophosphoric H3P04 3 PO3” 
Metaphosphoric HPO3 1 (PO3)/)- see text 

Pyrophosphoric H4P207 4 P3047 

The so-called ‘per-acids’, H3PO,5 and H4P,Og, are omitted as nothing is known of 

their structures. The latter is presumably analogous to H)S,Og. The structures, and 

indeed the existence, of meta- and pyro-phosphorous acids must still be regarded as 

doubtful. Crystalline anhydrous pyrophosphites are well known, for example, 

Na2(H2P,05), which is prepared by heating NayHPO3. By analogy with ortho- 
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phosphorous acid the pyro-acid would be 

a formulation which is supported by the n.m.r. spectrum of Na,(H,P 0s), which 
shows that the ion is symmetrical and that there is one H attached to each P atom. 

Apart from metaphosphoric acid, which is usually obtained as a glass, the other 

acids in Table 19.6 can be obtained crystalline at ordinary temperatures. Neverthe- 

less, the crystal structures of only two of the anhydrous acids, H;PO3 and H3PO,, 

have been studied. 

Orthophosphorous acid 

A striking feature of the phosphorous acids is their abnormal basicities. We might 

have expected H3PO 3 to form salts containing pyramidal PO3~ ions analogous to 

the pyramidal SO4~ and CIO} ions, but the acid is in fact dibasic. Normal salts are 

of the type Na,(HPO3) and Ba(HPO3), though acid salts such as NaH(HPO3) have 

also been prepared. 

In crystalline phosphorous acid the P and three O atoms form a pyramidal group, 
and the fourth tetrahedral position is occupied by a H atom. Unlike the other two 

H atoms this third one does not take part in the hydrogen-bonding scheme. The H 
atoms were not located in the X-ray study, but their positions were inferred from 

the short intermolecular contacts O---H---O (around 2-60 A); they have been con- 

firmed by a n.d. study. Unlike the phosphite ion in MgHPO 3 . 6H,O (with P—O, 

1:51 A, and O—P—O angles of 110°)"!) the H,(HPO3) molecule does not possess 

trigonal symmetry. The ‘normal’ phosphite ion is accordingly (a) and the hypo- 

phosphite ion (b): 

H oWe* H O|” 

Om Wo H~ o 

(a) (b) 

We give in Table 19.6 the reference to CuHPO3 . 2 H,0, which includes ref- 

erences to work on H3PO3. 

Hypophosphorous acid 

The structure of crystalline H3PO, is not known, but the structures of several salts 

have been studied. These salts MH,PO), are not acid salts, in which there would be 

PO3~ ions joined together by hydrogen bonds, for the closest approach of O atoms 

attached to different P atoms in NH4H,PO, is 3-45 A. Instead the salts contain 

tetrahedral H,PO3 ions, though the H atoms were not directly located in the X-ray 

studies. The mean dimensions of the ion are as shown. 

We come now to a group of acids in which there are two or more P atoms 

directly bonded. | 
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Hypophosphoric acid 

Cryoscopic measurements show that the molecular weights of the ethyl ester and of 

the free acid correspond to the formulae (CzHs)4P20.6 and H4P20¢ respectively. 

The magnetic evidence is conclusive on this point. The molecule H,PO3 would be 

paramagnetic since there would be an unpaired electron, but the Na and Ag salts are 

diamagnetic. An X-ray study of (NH4)2H P20. shows that the ion has the staggered 

configuration. The bond lengths P—OH and P-—O are very similar to those in 

KH,PO, (1:58 and 1°51 A) and H3PO, (1°57 and 1-52 A); the ion has a similar 

structure in the ‘dihydrate’ of the acid, which is (H30)$(H,P,0,)?. For 

isohypophosphoric acid see later. 

Diphosphorous acid 

A salt described as a diphosphite, Naz3HP,O;. 12 H,0O, has been prepared by 

hydrolysing PBr3 with ice-cold aqueous NaHCO3. Its n.m.r. spectrum is consistent 

with the structural formula shown. 

H,P30g and HeP,0,-. The ion P,03~ has been studied in Na;P30g. 14 H,0. 

The P—P bond has the length of a normal single bond in this ion, in which P 

atoms are in the formal oxidation states III, Iv, and III. 

Salts of an acid HgP,O0, 2 have been prepared by treating red P suspended in 

alkali hydroxide solution with hypochlorite. An X-ray study of the Cs salt shows 

the ion to contain a chair-shaped ring of six directly bonded P atoms in which P—P 

is approximately 2-2 A. 

Isohypophosphoric acid 

The hypophosphoric acid of an earlier paragraph results from the oxidation of P by 

moist air. The mild alkaline hydrolysis of PCl3 gives a complex mixture of products 

which have been separated chromatographically. One component has been 

identified as isohypophosphoric acid, and the free acid has been prepared from 

PCl3 and H3POq. The trisodium salt, Na3(HP20,) . 4 H,0, results from heating a 

mixture of NagHPOg and NaH,PO3. The n.m.r. spectrum is consistent with the 

structures (a) and (b) for the ion and the acid. 

0 0]3- O. nee 0 
HPO nL6 HSP™ “Gon 
O 0 HO OH 

(a) (b) 

Phosphoric acid and phosphates 

We now come to the extensive oxygen chemistry of P(v) based on discrete Pons 
ions or on tetrahedral PO4 groups sharing one or two O atoms; sharing of three O 
atoms by all PO4 tetrahedra leads to the neutral oxide P,O.. Discrete PO3™ ions 
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are found in the orthophosphates and systems of linked POg groups in pyro-, poly-, 
and metaphosphates. 

Orthophosphoric acid and orthophosphates 

Discrete PO} ions exist in normal orthophosphates. In dihydrogen phosphates 
such as KH,PO,4 and (NyH;)HPO4 PO2(OH), units are hydrogen-bonded to form 
extended anions—see p. 318. Several X-ray and n.d. studies“) give P—O close to 
1-51 A and P—OH 1-55-1-58 A. The length of the hydrogen bonds is around 
2°50 A. In the (layer) structure of H3PO,4°?? there are also hydrogen bonds of 

length 2:84 A; this structure is described in Chapter 8. The P—O bond lengths 

found in H3PO,4 and its hemihydrate‘?) are P—O, 1-52 and 1-49 &, and P—OH, 
1-57 and 1-55 A respectively. 

The structures of a number of orthophosphates are similar to those of forms of 

silica or of silicates. For example, AlPO, crystallizes with all the three normal silica 

structures‘*) and also undergoes a transition from a low- to a high-temperature 

form in each case; YPOg and YAsOg crystallize with the zircon (ZrSiO, ) structure. 

Pyrophosphates 

Pyrophosphates M'Y P,0,, M3!P,0,, and M4P,0, (hydrated) have been studied in 

some detail, particular interest being centred in the bond angle at the bridging O 

atom. Salts of divalent metals often have low-(a) and high-temperature (8) forms in 

which the configuration of the pyrophosphate ion varies somewhat with the size of 

M?*. For small metal ions the configuration is approximately staggered, and for 

large ions nearly eclipsed.) There is considerable variation in the O bond angle, 

from values of 134° (NagP,07 . 10 H,0),*) 139° in one form of SiP,0,,‘ to 
156° in a-Mg,P,0,. The apparent collinearity of the O bonds in the high-tempera- 

ture forms of certain salts M)P,0,7 is now generally attributed either to positional 

disorder (random arrangement throughout the crystal of Op atoms around but off 

Op 

the P—P line, poe) or to highly anisostropic motion of O,; compare 

high-cristobalite. An early study of the cubic polymorph of ZrP,0, (with which 

the Si, Ge, Sn, Pb, Ti, Hf, Ce, and U compounds are isostructural) indicated 

collinear bonds in the P,O, ion. It has now been shown, by a careful study of the 

high-temperature form of SiP», 0, that the true unit cell has 27 times the volume 

of the cell to which the earlier structure was referred, and that the mean P—O—P 

angle is 150°, though there are still a few apparently collinear O bonds in the 

structure. There appears to be a correlation between the O bond angle and the 

difference in length between the terminal and bridging P—O bonds: P—O—P, 130°, 

P—Op, 1-61, P—O;, 1-52 A, (NaqgP207. 10 H,O); P—O-P, 156°, P—Op, 1-58, P—O;, 

1:55 A (a-Mg,P,07). 

Linear polyphosphates 

These contain ‘hybrid’ ions intermediate between the pyrophosphate ion and the 

infinite linear metaphosphate ion, in which the terminal PO, groups share one O 

and the intermediate groups two O atoms. The normal sodium triphosphate, 
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NasP30,9, is known anhydrous and as the hexahydrate; Na,H3P30;9 and 

Na3H,P30;9 have also been prepared. The triphosphate, which is used as a 

detergent in mixtures with soaps and sulphonates, can be prepared in various ways, 

for example, by heating together 

2. Na,HPO, + NaH,PO, > NasP304o + 2 HO. 

X-ray studies of the two crystalline forms of Nass 01,000 show the structure of 

the ion to be 

116° ay 
0 0 (0 
| : |1-50A 

o—P. 12 UP ol eee 
Cie eieae aa al 

1-67 A 

The linear tetraphosphate ion results from alkaline hydrolysis of the cyclic 

metaphosphate, and the salts of large ions such as Pb?*, Ba” *, and N(CH3)4 can be 

crystallized from the acidified solution; they tend to remain in alkaline solution, 

forming viscous liquids. Material marketed as ‘hexasodium tetraphosphate’, 

NagP40,3, is not a simple chemical individual but is a mixture of NasP30;9 and 

NaPO3. The acids H5P30; 9 and Hg P40; 3 have been obtained by passing solutions 

of their tetramethylammonium salts through a cation exchange resin. The poly- 

phosphates containing more than four P atoms are not phase-diagram entities,“ 

and only Ca hexaphosphate can be prepared relatively easily. However, gram 

quantities of pure polyphosphates containing 4-8 P atoms have been prepared 

chromatographically. The basic starting material is a polyphosphoric acid with 

average chain length around five which results from heating 85 per cent aqueous 

HPO, in a gold dish at 400°C for 12 hours. 
The salt K4(P30,NH,).H20O contains an ion of the same type as P30?9 in 

which one O has been replaced by NH) ey 

Metaphosphates 

In these compounds each PO, group shares two O atoms to form rings or chains of 

composition (PO3);, analogous to those in metasilicates. Metaphosphoric acid 
itself has not been obtained crystalline, but as a glass or syrup; it is obviously 

highly polymerized. 

Some metaphosphates are rubbery or horn-like masses and some are mixtures of 

various metaphosphates. Thus the solid of empirical composition NaPO3 obtained 

by heating NaNH,zHPO, or NaH,PO, is not homogeneous, part being soluble and 

the remainder insoluble in water, but under controlled conditions numerous well 

defined crystalline salts can be prepared. Also, by rapidly cooling molten NaPO; to 

below 200°C a brittle, transparent, glassy form is obtained, called Graham’s salt. A 
radial distribution function derived from X-ray data for a NaPO3 glass shows that it 
consists largely of long chains of PO, tetrahedra linked by sharing two vertices and 
held together by O—Na—O bonds. However, these phosphate glasses also contain 
small quantities of cyclic metaphosphates. The penta- and hexa-metaphosphates 
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have been isolated from Graham’s salt, and the presence of the 7- and 8-ring ions 

proved by paper chromatography. Of these higher cyclic ions the 6-ring is most 

resistant to hydrolysis. 

The two simplest water-soluble (cyclic) sodium metaphosphates, which are 

important water-softening agents, are Na3P309, formed by heating NaH,PO, to 

550-600°C, and Na4gP40,>, conveniently prepared by treating the soluble form of 

P,O. with a cold suspension of NaHCO3. The trimetaphosphates contain cyclic 

P3;08~ ions with the chair configuration and the dimensions shown at (a); salts 
studied include Na3P30, and its monohydrate!) and Lik,P309 .H,0.) An 

unusual feature of Na3P30 9. HO is that its crystal structure is almost identical 

wr 0 Po 1-62 A este 
Cait nO O—-p— -r P—O 
| | laa { oe Vea 

fee [pote eon 

CE 
(a) O O 

(b) 

with that of the anhydrous salt. In the structure of the latter there is almost 

sufficient room for the H,O molecule, and only a small expansion of the structure 

is necessary to accommodate it. The chair-shaped tetrametaphosphate ring, (b), has 

been studied in the anhydrous NH,@ 4) and Al salts, and in two crystalline forms of 

NagP40, 2.4 Hose?) The structure of the hexametaphosphate ion has been 

determined in NagP.¢0;8. 6 H,0.) The 6 P atoms of the ring are coplanar, and 

bond lengths are similar to those in the P303~ and P4043 ions. 

The insoluble metaphosphates contain infinite chain ions with the mean inter- 

bond angles and bond lengths shown: 

Die 

SS ys x iy i1aae 1-6 1-48 A 

ge a ae 

Some of these compounds exist in more than one form with different configura- 

tions of the (PO3)) chain, as in the so-called Maddrell and Kurrol salts(>) (two 

forms of NaPO3). The nature of the chains in Na, K, Rb, ©°) Ag, and Pb 

metaphosphates and in LiAsO3 and NaAsO3 is illustrated in the discussion of 

tetrahedral structures in Chapter 23. A complex configuration of the chain, with 8 

tetrahedra in the repeat unit, is found in [Na3H(PO3)4] me) 

Mono- and di-fluorophosphoric acids f . 

Intermediate between the neutral molecule POF; and the ion PO3~ are the ions 

PO,F, and PO; F2~. Salts of both mono- and di-fluorophosphoric acids have been 
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Phosphorus 

prepared, for example, the NH, and K salts and several others. Anhydrous 
monofluorophosphoric acid, which can be prepared in quantitative yield from 
anhydrous metaphosphoric acid and liquid anhydrous HF, is an oily liquid which 

sets to a glass at the temperature of solid CO, and shows a strong resemblance to 

H,SOq. 
Both BaPO3F and KPO,F, are structurally similar to BaSO,. Accurate data are 

available for the PO3F?~ ion in the Ca and NH,“ salts (a), and for the PO, F3 ion 

(b), in its K,®) Cs, and NH4 salts.°°) The POF is appreciably distorted from 

regular tetrahedral shape and is extremely similar in structure to the isoelectronic 

SO,F, molecule (c). The acid HPS,F, and many of its salts have been prepared. 

1-585 A 

ns de : Fane O 
1:506A 1 124° 

5° compare ° 
meee ane Ke ks, PR INES Sia 

Oasit4 a O F O 

1-530A 

(a) (b) (c) 

Phosphoramidates 

In NaHPO3(NH,)*) there are zwitterions *H3N.PO3~, (d), analogous to the 

isoelectronic sulphamic acid, (e), *H3N . SO3 (p. 586). The N—H—O bonds link the 

ions into a 3-dimensional framework, in the interstices of which are located the Na* 

ions. Replacement of one O by S in PO;NH34~ gives the ion [PO,S(NH,)]?~, in 

which the bond lengths shown at (f) come from a study of the di-ammonium 

salt.(5®) There are similar bond lengths in the diamidothiophosphate ion, studied in 

NH, [POS(NH3)] °°? 

pO = H 

ns 2: aN A 2: ae AG. | a 
ae Ages N* 

} ITA 1-764 
= compare 

Nectsta 1-44 yi 

real O | xt 

~? 0 e O - 15 

(d) (e) 

Is, a. 

o/ Nees 

(f) 

692 



Phosphorus 

Phosphorothioates 

Sulphur can replace O in the PO} ~ ion to give the whole range of phosphorothioate 
ions from PSO3~ to PS3~. The sodium salts are all hydrated and generally 
hygroscopic. Thiophosphates have been made from Na,S- P2S; melts with S : Pup 
to 34: 1 as glasses which are very unstable to water. 

In potassium O-O-dimethylphosphorodithioate the ion has the structure (g).°) 

CH,0 S 

ro 

JN 
(g) 

CH,0 

Other substituted phosphoric acids, ete. 

Replacement of H in H3POq by a radical R gives substituted phosphoric acids 

OP(OH),OR and OP(OH)(OR), and finally the phosphoric ester, OP(OR)3. The 

structure of dibenzylphosphoric acid, HPO,(OCH,C,Hs)2,°’) was described in 

Chapter 8; the molecules are linked in pairs by O—H—O bonds as in dimers of 

carboxylic acids. Examples of mono- and di-substituted ions are the phenyl- 

phosphate ion, (h), studied in the K salt,“®) and the diethylphosphate ion, (i), in 

the Ba salt,°) and of an ester, triphenylphosphate, yee 

Ow Oe  loaiHe) oO O OC,H 7 Ni ic Mn 
C:11,04-6 No ena Ss ha Nae 

(h) (i) G) 

oe yn 

Be eae 

(k) 

Replacement of OH in H3PO, by R gives RPO(OH)2 R2PO(OH), and finally the 

phosphine oxide, R3PO. Structural studies have been made of dimethylphosphinic 

acid, (k),“1 !) (see also p. 317), and of its salts.“ 2) Some of the salts M(R2PO.)2, of 

Be, Zn, and other divalent metals, have interesting properties. They range from 

high-melting crystalline salts to compounds which can be melted and drawn into 

fibres and others which are waxy solids. The linear chain in the Zn compound, with 

alternate single and triple -OP(Rz)O— bridges, was mentioned in Chapter 3 as an 

interesting type of chain structure. 
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Phosphorus 

Since groups R,PO, or R2PS, can act.either as bridging ligands or as bidentate 

ligands numerous types of polymeric system can be formed, of which the following 

are examples. The first two are dimers, the others infinite linear molecules. 

\ / acac \ / 
S OPO 

Wy SG Derk odes S y ae 
Fa Oe Es SOR ES 

S SPS S OPO 
TAN i 

{Zn [PS .(i-C3H7)2] 2h 2 ee) [(acac)>Cr . POs@s | pee 

SPS pes OPO OPO 
We Sy 

s Ve Na ae Bea WA SS “ 
aX ex ge i 
SPS SPS ‘opo 
ES i IX (16) 

{Zn[PS,(C2Hs)ala}n {Zn[PO2¢(C4Hy)] 2}n 

Phosphorus sulphides 

Although many sulphides of phosphorus have been described it appears that only 

five are definite compounds, namely, P4S3, P4Ss5, P4S7, P4Soq, and P4S;9. Note 

the surprising absence of P4S,. At some compositions P-S melts can be quenched 

to brittle glasses (S : P ratio 3-5-3-0) or to viscous gums (S : P 1:25 and 1-00), but 

P4S3, P4S7, and P4S; 9 crystallize very rapidly from melts. For S : P between 2 and 

3 the melt viscosity shows a maximum at temperatures above 300°C like sulphur, 

suggesting that the incorporation of P into molten S leads first to branching and 

cross-linking and then to gradual breakdown of the polymeric S structures owing to 

the formation of small cage molecules. 

All the phosphorus sulphides are yellow crystalline solids, all have molecular 

weights (determined either in CS, solution or in the vapour state) corresponding to 

the formulae given, and all are formed by direct union of the elements under 

various conditions. There are interesting relations between these compounds. For 

example, P4S3 readily combines with sulphur to give P4Ss5 or P4S7, and on heating, 

P,S, forms P4S3 and P4S,. In spite of the fact that all the molecules are of the type 

P4S, structural studies show that there is no Py unit common to these molecules. 

The molecules of P4S3, P4S5, and P4S, are illustrated in Fig. 19.9. In all three of 

these molecules there are bonds between P atoms. In the first two there are single 

bonds of about the same length as in white P; in P4S7, however, the only P—P bond 
is a weak one, of length 2:33 A. In sulphur-deficient (6) P4S, apparently some of 
the external S atoms are missing, and the unique P—P bond has a more normal 
length (2:26 A). The P—S bond lengths are generally close to one of two values, 
2:10 A if S is forming two bonds, and 1-93 A to an ‘external’ S attached to only 
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(a) 

(d) (e) 

Phosphorus 

‘er UT ‘O) 

(f) 
FIG. 19.9. The molecular structures of (a) P4Ss5, (b) P4S7, (c) P4S3, (d) a-P4S3I2, (€) B-P4S3I,, 

(f) Py S6 Br2 = 

one P atom. Similar bond lengths are found in P4S;,9, the structure of which is 

similar to that of the P4O, 9 molecule (Fig. 19.7, p.685). Although the S analogue 

of P,O,'is not known there is a sulphide P4S, analogous to P4Oo. Its structure is 

derived from that of P4S,;9 by removing one of the terminal S atoms; it is therefore 

pill p¥s.. Interbond angles lie for the most part in the range 100-115° except 

those in the P3 ring of P4S3, in the quadrilateral P3S ring of P4Ss (mean angle, 

87°), and an exterior angle of 125° in PyS;. References are included in Table 19.7. 

TABLE SLs, 

Phosphorus sulphides, thiohalides, and related molecules 

Molecule P—p 

(A) 

P4S3 2-235 

P4Ss 2-25 

a-P4S7 2-33 

B-P4S7 2-36 

P4S9_x 
P4So 

P4Si0 

P2S.6Br2 

a-P4S3l, 2-20 

B-P4S3ly 2-22 

P2S4(CH3)2 
P2S4(-C3H70)4 

P-S melts 

P4Se3I4 2-22 

Ps 
(A) 

2-090 
2-11 (mean) 

2-10 (mean) 

P=S Reference 

(A) 

AC 1957 10574 
1-94 AC 1965 19 864 
1-92 AC 1965 19 864 

AC 1965 18 221 
ZaC 1969 366 152 

1-93 AC 1969 B25 1229 
1-91 AC 1965 19 864 

1-98 IC 1965 4186 
AC 1959 12 455 

(Reza) JCS A 19711100 
1-95 JCS 1964 4065 
1-91 IC 1970 9 2269 

JINC 1963 25 683 

p—I 
2-47 AC 1970 B26 2092 
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Closely related to the sulphides are. the molecules (a) and (b) containing both 

single and double P—S bonds (see Table 19.7 for references). 

2 S ie 2-11A OTR 

S 2144 CH, L 

S so pA e = ai 
* J NUISA 

FEC S S 

(a) (b) 

Phosphorus thiohalides 

The known compounds are of four structural types: 

(i) PSX3 (X=F, Cl, Br): tetrahedral molecules S=PX3 already summarized in 

Table 19.4 (p. 679). 

(ii) P,S,14: structure not known but presumably a diphosphine (p. 678), 

I,SP—PSI,. 
(iii) P,S;Brg and P,S,Br2: The structure of P,S;Brg is not known. In 

crystalline P,S,¢Brz (formed by the action of Br on P4S,) the molecule consists of 

a P,S,4 ring, with the skew boat configuration, and to each P are attached two 

atoms which are either Br (P—Br, 2:07 A) or S (P—S, 1-98 A). There is apparently 

complete disorder as regards the choice of these atoms. The very flexible skew boat 

configuration is apparently the ring configuration which minimizes repulsions 

between non-bonded atoms consistent with S dihedral angles close to 100°. The 

dihedral angles for P are small (40° and 42°)—Fig. 19.9(f) and Table 19.7. 

(iv) P4S3I,. This compound exists in two forms. The a form is prepared in CS, 

solution from the elements or by treating the 8 form with excess iodine. The 

molecule (Fig. 19.9(d)) consists of one 6- and two 5-membered rings, but has 

different relative arrangements of the P and S atoms as compared with P,S3. This 

compound illustrates an interesting feature of the phosphorus- sulphur compounds, 

the facile rearrangement of the P and S atoms. The reaction of P4S3 with I, under 

mild conditions gives B-P4S3I,. The structure of this form (Fig. 19.9(e)) is much 

more closely related to P4S3, one P—P bond having been broken and two P—I 

bonds formed. The P4Se3I, molecule has the same structure. 

Cyclic phosphorus compounds 

Compounds containing P,, rings 

We have mentioned that connected systems of P atoms occur in some metal 

phosphides and that there are pairs of directly bonded P atoms in P,H, and 
substituted diphosphines, in P,Clq and P Iq, in certain phosphite ions, and also in 
molecules such as RySP—PSR). The systems P—P and P—P—P form parts of the ring 
systems in phosphorus sulphides, while the P4 molecule is built of P3 rings. There 
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are also molecules based on larger P,, rings; the acid [PO(OH)] ¢ has already been 
mentioned. 

The cyclic molecules (a) and (b), in which R is —CF3, are prepared by the action 
of Hg on F3C.. Plz. Both the P,“ and ee) rings are non-planar, with P—P—P 
bond angles of 85° and 101° (mean) respectively and normal bond lengths P—P 
(close to 2-2 A). Compounds originally thought to be the analogues of azo 
compounds, that is, RP=PR, and now known to be cyclic polymers, include 
(CH3P)5 and the phosphobenzenes (PCgHs)5 and (PCgHs)¢ (three polymorphs). 
In the pentamer the Ps ring, (c), is non-planar with dihedral angles ranging from 3° 

| a Et 
ex 

2-24 A x vo \ “PEt 
—Mo EtP | x 2-22 A i yp /__PEt 

wa € P 

Pa PL é Et 
94.6° 1-844 

(c) (d) (e) 

to 61° (mean 38°),{) and in the hexamer the 6-ring, (d), has the chair 

configuration? with the six phenyl groups in equatorial positions and dihedral 

angles 85° (compare 69° in (CsPO,)¢, p. 688, and 89° in (AsCgHs),). For a 
comparison of the structures of these cyclic molecules see reference.) The 

reaction between (PC,H5)4, a molecule of type (a), and Mo(CO). is of interest as 

converting a Py ring into a Ps ring, the product being (CO)4Mo(PC,H5)s;, (e).€) 

Compounds containing (PN), rings 

An example of the smallest ring of this kind is found in (CH3NPCI3),,“') Fig. 
19.10(a), prepared from PCl; and (CH3NH3)Cl. This reaction also produces 

another compound of the same general type, namely, P4(NCH3)¢ Clg”? with the 

structure 

| a | 1 
Cl N Naan aeN — ee Cp ee SS =~ 

in which there is trigonal bipyramidal coordination of P as in the simpler molecule 

of Fig. 19.10(a). The P,(NCH3)2Clg molecule can be regarded as built from two 

PCI; molecules, replacing one equatorial and one axial Cl by N and then joining to 
form a 4-membered ring. The corresponding angles and bond lengths are very 

similar to those in PCls. 
A number of larger (PN), rings have been studied in the cyclophosphazenes. The 

phosphonitrile chlorides, (PNCl2),, may be prepared by heating together PCls and 

NH, Cl, for example, in tetrachloroethane. The extract in light petroleum yields 
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(7) JCS 1961 4777 
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(b) 

FIG. 19.10. The molecular structures of (a) (CH3NPCl3)2, (b) (HN . POs 3m 

crystalline cyclic polymers (PNCI,),, 2 = 3 to 8; the residue is an oil which contains 

polymers up to at least n = 17.2) The fraction insoluble in the petroleum is a 

viscous oil of composition (PNCI,).PCl; probably consisting of linear polymers 

Cl. (PNCI,),PCl4. This material is converted by boiling in tetrachloroethane into 

the rubbery (PNCI,),,, presumably a linear polymer 

Zn Se ees 
Sito be Lat 

The fluorides have been prepared up to (PNF2), 7. For example, both (PNF,)3 and 

(PNF,)4 are volatile solids stable up to 300°C, above which temperature they are 

converted into colourless liquid polymers. 

The (PN), rings have considerable stability. For example, (PNCl,)4 can be 

heated to 250°C before further polymerization takes place, and depolymerization 

takes place only above 350°C. This chloride can be boiled with water, acid, or alkali 

without appreciable decomposition takes place, though slow hydrolysis occurs if it 

is shaken with water in ether solution. Even then, however, the ring system is not 

broken (see later). Aqueous NH3 converts (PNCI,)3 into P3N3Cl4(NH,)2 and 

liquid NH3 gives P3N3(NH})¢. 

X-ray studies have been made of crystalline compounds (PNX,)3 where X is 

F,44) ci) BG scn,) CoHs,( etc. The P3N3 ring in (PNF,)3 and 
(PNCI,)3 is essentially planar with angles of 120° and six equal P—N bonds of 

length 1-56 A (compare 1:78 A expected for a single bond), and is clearly an 

aromatic system in which P uses its d orbitals. In all these compounds both halogen 

atoms are attached to P, and the lengths of P—F (1-51 A) and P—Cl (1-99 A) 

correspond approximately to those of single bonds. 

The 8-membered P4Nq rings show considerable variation in shape in com- 

pounds P4N4Xg. It is planar in (PNF,)4‘”) with a rather shorter P—N bond 
(1:51 A) and angles P-N—P, 147°, and N—P—N, 123°, but in the stable form of 
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PANQere >) the ring has the chair conformation and in the less stable (K) form’?? 

the ring is boat-shaped. The molecule [NP(CH3),] 4 is also boat-shaped,“!° and 

the same conformation is retained in [(NPMe,)qH] auch. 1) By reacting 

[NPMe>]4 with certain transition-metal halides in methyl ethyl ketone compounds 

such as [(NPMe,)4H] CuCl; and [(NPMe,)4H] ,CoCly are produced. In the former 

a CuCl; group is attached to one N of the ring and H to the opposite N atom, as 

shown at (a). The bond arrangement around Cu(ir) is distorted square planar, the 

bond angles being 143°, 134°, and four of 97° (mean). In the Co compound !”) there 

is simply one H attached to the ring, (b), and the crystal contains discrete 

tetrahedral (CoCl,)*~ ions. An interesting feature of both structures is the 

formation of short N—H---Cl bonds (3-20 A). In the Co compound there are rings 

with both the boat and approximately the saddle conformations. 

Cl 
Cl Cl ‘av 

N N 

[ue 
Ne ph ‘s sh 
Gone EONS 

H H 

(a) (b) 

X-ray studies have also been made of molecules containing 10-, 12-, and 

16-membered rings. (PNCI,)s5 ‘1? ) contains an approximately planar ring with no 

suggestion of alternating bond type (mean P—N, 1:52 A). The 12-membered ring in 

P.Ne(NMe)1 200 is highly puckered with all bonds in the ring of length 1:56 A 

(exo P—N bonds, 1:67 A) and angles in the ring, 148° (at N) and 120° (at P). The 

16-membered ring in PgNg(OMe),,6°!°) consists of two approximately planar 

6-segments in two parallel planes joined at a ‘step’; the P—N bond length is the same 

as in the 12-membered ring. 

Hydrolysis of the halides yields the corresponding cyclic metaphosphimic acids 

or their salts, such as Na3(PO,NH) 3 . 4 H20. The carbon and sulphur analogues of 

these acids are the polymerized forms of cyanic acid and sulphimide: 

O meat oo 
C 

HN Nu HN Nya HN~ e 

a CO OH)OP PO(OH) O,S SO 

OE eee ne Nt ayaa 
H H H 

Cyanuric acid Trimetaphosphimic acid Trisulphimide 
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In contrast to the planar 6-ring in the halides and the isothiocyanate the ring of the 

trimetaphosphimate ion in the sodium salt has the chair conformation (Fig. 

19.10(b))“!®) and the P—N bond is appreciably longer (1-68 A) than in (PNX;)q. It 

is confirmed that one H atom is attached to each N atom as shown above for the 

acid. In the fully methylated compound (NMe)3(PO,Me)3‘!7) P—N is 1:66 A, close 

to the value in the trimetaphosphimate ion, and the ring has a distorted boat shape. 

The tetrametaphosphimate ring shows considerable variation in shape like the 8-ring 

in (PNX,)q. It has the boat conformation in (NH4)4 [P4N4H40g]. 2 H,0,“!®? the 
chair conformation in the K salt (tetrahydrate),“'°) and the saddle (cradle) 

conformation in the Cs salt (hexahydrate).1°) The P—O bond lengths are close to 

1-50 A and P_N, 1-66- 1-68 A. 

An interesting ring containing N, P, and S is that in N35 S85 PO, 01, (20) (chair 

conformation). A multiple ring system in which P forms three single (pyramidal) 

P—N bonds is the cage-like molecule P, N,(CH3)¢ (1) 

158A 1-424 

an ae ee -03 A 

1:54 4 144A 

laa N 115° N Wg 

P 159A 
1:96A--Y \ 

Cyl 
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Arsenic, Antimony, and Bismuth 

Elementary arsenic, antimony, and bismuth 

Arsenic is apparently trimorphic and antimony dimorphic. The yellow (non- 

metallic) forms are metastable, and are prepared by condensing the vapour at very 

low temperatures. Arsenic also forms a polymorph isostructural with black P; it is 

prepared by heating amorphous As at 100-175°C in the presence of Hg.“) The 

yellow forms revert to the metallic forms on heating or on exposure to light; they 

probably consist of tetrameric molecules, but owing to their instability their 

structures have not been studied. The Asq molecule in arsenic vapour has the same 

tetrahedral configuration as the Py molecule, with As—As, 2-44 A. Mass spectro- 

metric studies show that the molecules Asy, Sb4, and Big and all combinations of 

these atoms exist in the vapours from liquid mixtures of the elements. 

The metallic forms of As, Sb, and Bi are isostructural, with a layer structure 

(p. 59) in which each atom has three equidistant nearest neighbours, the next set 

of three neighbours being at a greater distance. The distinction between these two 

sets of neighbours grows less going from As to Bi, as seen from the following 

figures: 

3 at 3 at M-M-M 

As 2-51 A 3-154 97° 
Sb a) 2-91 3-36 96" 
Bi 3-10 3-47 94 

The structural chemistry of As, Sb, and Bi 

The series P, As, Sb, and Bi show a gradation of properties from non-metal to 

metal. We shall be concerned here chiefly with the stereochemistry of As and Sb, 

for the Bi analogues of many of the simple molecules containing As and Sb are 

either much less stable or have not been prepared. Simple molecules containing 

multiple bonds are not formed by any of these elements. For example, arseno- 

methane, (AsCH3),,, is not structurally similar to azomethane, H3C-N=N—CH3. 

Arsenomethane exists in two forms, yellow and red. Crystals of the yellow form 

consist of molecules (AsCH3)5 having the form of puckered 5-membered rings 

(mean As bond angle, 102°, As—As, 2:43 A, and As—C, 1:95 A).() Arseno- 

benzene, on the other hand, consists of 6-membered rings [As(C¢Hs)] 6 which are 
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Arsenic, Antimony, and Bismuth 

chair-shaped, with As—As, 2:46 A and As bond angle, 91° 9) The cyclic (CF3ASs)q 

has been characterized by its itr. spectrum, ‘*) and Asq(NMe).,°°? prepared from 

AsCl3 and CH3NHg, is structurally similar to N,(CH2)¢. (For the CoAsg3 structure, 

which contains As4 rings, see p. 216.) Among the few examples of molecules 

containing As—As bonds which are appreciably shorter than that in As, (2:44 A) are 

the molecules (a) and (b)°°) which contain tetrahedral nuclei related to the Asq 

molecule. An interesting difference between P and As is that only one pure arsenyl 

O O 

C G 

pee CO P3P_ A. _©O 

A eas A WY 
As 

As Se > 
227A 259A 

Neo OTN ie 

(a) sk (b) 
(CO)s3 

halide is known; this is ASOF3. All the elements As, Sb, and Bi form a hydride 

MH;. In the preparation of AsH3 and SbH3 (by reduction of the trichlorides in 

aqueous HCl by sodium hydroborate) As,H4 and Sb2H4 are formed as secondary 

products, but no higher homologues have been observed. 

In addition to the usual formal oxidation states III and V Bi appears to form 

metal-metal complexes in molten halides and in crystalline compounds obtained 

from such systems. The ‘sub-halide’ BigCl7 is noted later in this Chapter; it contains 

BiCl2~, Bi,ClZ~, and Bi§* ions. From a solution of Bi in molten NaAlClq the 

compounds Big AICl, and Bis(AICl4)3 have been obtained, possibly containing ions 

Big* and Biz*.(7) In this connection we may also mention the Big(OH){7 ion 

formed when solutions of Bi,03 in HClO, are hydrolysed. There is presumably 

some interaction between the Bi atoms in the octahedral Big nucleus, although the 

Bi—Bi distance (3-7 A) is appreciably greater than in elementary Bi (3-10A).() 

TRANIBILIS. 20) 

The stereochemistry of As, Sb, and Bi 

Total number of Bond type Lone Bond arrangement Proved for 
electron pairs pairs 

4 sp? 0 Tetrahedral As* 
1 Pyramidal As, Sb, Bi 

5 sp>d 0 Trigonal bipyramidal Sb 

1 See text Sb 

6 ar lale 0 Octahedral As”, Sb~, (Bi) 
1 Square pyramidal Sb 

7 1 Octahedral Sb 
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Arsenic, Antimony, and Bismuth 

The bond arrangements of Table 20.1 have been established by structural studies 

of simple ions or covalent molecules for the elements indicated. The presence of a 

lone pair implies M!!!; otherwise MY. The paucity of information about Bi is due to 

the more metallic character of this element, which does not form many of the 

simple covalent molecules formed by As and Sb. The octahedral bonds formed by 

Bi in, for example, the crystalline pentafluoride have considerable ionic character. 

For 7-coordination (spd?) a pentagonal bipyramidal bond arrangement would be 

expected. We noted in Chapter 7 that SbBrg~ should form a distorted octahedron 

since there is a valence group of 14 electrons including one lone pair. In fact the ion 

shows very little distortion from a regular octahedron. (see p. 706). 

Molecules MX3: valence group 2, 6 

The trigonal pyramidal shape of many molecules MX3 formed by As, Sb, and Bi has 

been demonstrated by e.d. or m.w. studies of the vapours or by X-ray studies of the 

solids (Table 20.2). 

TABLE 20.2 

Structural data for molecules MX; and halides MX3 

Molecule M—X (A) X—M—X Method Reference 

AsH3 1-519 91-83° mw. PR 1955 97 684 
As(CH3)3 1-96 96° m.w. SA 1959 15 473 
As(CF3)3 2-053 100° e.d. TFS 1954 50463 
ASF 3 1-706 96-2° m.w. 
AsCl3 2-161 98-7° m.w. BCSJ 1966 3971 
AsBr3 2.33 99-7° ed, IC 1970 9 805 
AsI3 2-55 100-2° ed. 

2-56 102° X ZK 1965 121 81 
As(SiH3)3 2-355 94° ed. ICS A 1968 3006 
As(CH3)I 2-54 104° X AC 1963 16 922 
AsBr(C¢Hs)2 2-40 C2n-C106, | -X ICS 1962 2567 

C—As—Br 95° 

ers lO ES AC 1966 20777 
As(CN)>CH3 94 Xx 
SbF3 1-92 87-3° Xx JCS A 1970 2751 
SbH3 1-707 91-3° m.w. PR 1955 97 680 
Sb(CF3)3 2-202 100-0° e.d. TFS 1954 50463 
SbCl3 2-325 99-5° m.w. ICP 1954 22 86 

2-36 95-2° X JINC 1956 2 345 
SbBr3 2-51 97° ed. AC 1950 3 46 

e 2-50 95° Xx ICS 1964 4162 
g (tyst-) 9.49 95° x ICS 1962 2218 

Sbl3 2-719 99-1° ed. ACSc 1963 17 2573 
See text xX ZK 1966 123 67 

BiF3 See p. x ACSc 1955 91206, 1209 
BiCl3 2-50 84°, 94° (2) Xx AC 1971 B27 2298 

Bee ae io ae TFS 1940 36 681 
BiBr3 2-63 100 ed. 
Bil, See text X ZK 1966 123 67 

For the structures of crystalline SbX3 and BiX3 see p. 706. 
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(1) JCS 1963 4051 

(1) AC 1965 19 197 
(2) DAN 1964 155 545 

(1) JCS 1964 2206 
(2) JACS 1969 91 297 

(3) JACS 1968 90 1718 
(4) ZK 1938 99 367 
(5S) JCS A 1968 2539 
(6) JACS 1968 90 6675 

Arsenic, Antimony, and Bismuth 

Tetrahedral ions MX: valence group 8 

There are no arsenic or antimony analogues of the simple ammonium or phos- 

phonium halides. (Of the latter, PH,Cl, PH,Br, and PH4I are known, the latter 

forming brilliant cubes which can be sublimed like an ammonium salt.) The 

tetrahedral configuration of substituted arsonium ions has been demonstrated in 

crystalline [As(CH3)4] Br!) and [As(C¢Hs)a] I. 
There are many compounds in which As¥ and SbY form tetrahedral bonds 

(valence group 8) as, for example, GaAs, GaSb, InAs, and InSb which, like the 

corresponding phosphides, crystallize with the zinc-blende structure. Tetrahedral 

bonds are formed by As” in the AsO3~ ion in orthoarsenates (and arsine oxides) 

but note the quite different behaviour of Sb” in its oxy-compounds (see later). © 

Tons MX4q: valence group 2, 8 

The formation of 4 bonds by M!! would result in the valence group 2, 8, for which 
there are two closely related bond arrangements, (a) and (b). The structure of a 

O 

ar ‘¢-0 OH 
> Sco sp s 

ne Nee 

(a) (b) (c) 
simple ion MXq is not yet known; finite ions (MX4)~ containing As, Sb, or Bi 
probably do not exist. Tetrachloroarsenites (for example, (CH3)4N. AsCl,4) have been 
prepared but they presumably do not contain finite (AsClq)~ ions but chain ions 
analogous to (SbCl4);,_ etc. described on p. 708. 

An example of this unusual valence group (2,8) is found for Sb(i) in 
antimonyl tartrates. In the potassium salt, KSbC4H,0,. 4H,0,%) the bond 
arrangement around Sb appears to be close to (a), while in the ammonium salt? it 
is closer to (b). The ion is shown at (c). 

Pentahalides and molecules MX: valence group 10 
The following pentahalides are known: 

AsF, SbF, BiF, 

SbCl. 
The trigonal bipyramidal configuration of AsF, and SbCl, molecules in the vapour 
state has been demonstrated by e.d., and the same stereochemistry has been 
confirmed for SbCl, in the crystalline state (Table 20.3). Other molecules shown to 
have this shape in the crystalline state include ASCH.) a0 Sb(CeH. ),OHae? 
Sb(CsHs)4OCH3 = and = Sb(CgHs)3(OCH3)2,) ~— Sb(CH3)3C1,,(%) and 
Bi(CgHs)3Cly.) However, in contrast to the analogous P and As compounds 
Sb(CeH. eo ahasea tetragonal pyramidal configuration with Sb approximately 
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AIOE ORS 

Structural data for pentahalides and adducts 

Molecule M—X (A) Sb—O (N) Reference 

(A) 

ASFs 1-711 (axial) _ IC 1970 9 805 

1-656 (equat.) - 
SbCl, (cryst.) 2°34 (axial) JACS 1959 811 

aie 2-29 (equat.) 

(liquid) = JPC 1958 62 364 

(vapour ) 2-43 (axial) 
2-31 (equat.) APL 1940 1478 

SbF; .SO, 1-85 2-13 JACS 1968 90 1358 
ACSe 1963 17 353 
AC 1966 20749 

SbCls . POC]; 2-33 2-17 
SbCl; .OC(H). N(CH3)2 2-34 2-05 

0:5 A above the base of the pyramid and an angle of 102° between the axial and 

equatorial bonds. At present this remains the only example of a Group V molecule 

of this kind (10-electron valence group) which is not trigonal bipyramidal. 
BiF, has the a-UF. structure (p. 994) in which there is octahedral coordination 

of the metal atom.‘”) (An early e.d. study established the trigonal bipyramidal 

configuration of the molecules NbCl,, NbBrs, TaCl;, and TaBrs 8) 

Formation of octahedral bonds by As’, SbY, and BiY : valence group 12 

Octahedral bonds are formed by As in KAsF, and NO(AsF¢), presumably also in 

salts such as Na(AsF;OH), and possibly in the trimeric ion (a) formed by heating 

this salt. Resolution of the tricatechol derivative (b) into its optical antimers is 

evidence for the octahedral arrangement of the six As—O bonds. The octahedral 

Be = 

O 
FAs. Ash: we 

ore As | 
O O O 
Se 

Fy, 3 

(a) (b) 

configuration of six bonds from SbY has been proved in various salts containing the 

ions SbFg (Sb—F, 1:88 A)“ and SbClg, and also in the ions Sb(OH)¢ and 

SbF4(OH)3 to which we refer later. For the (Sb2F,;) ion in (XeF)(Sb,F, ,) and 

(BrF,)(Sb2F,,) see pp. 321 and 335 respectively, and for (Br )\(Sb3F 16) see 

p. 334. No metallic salts containing the BiFg ion appear to be known, the 

octahedral coordination of Biin BiF, has already been noted. 

The valence group 10 in SbCl, is readily expanded to the octahedral group 12 

not only in the SbCl¢ ion but also in numerous adducts in which an O or N atom 

occupies the sixth bond position. Crystalline SbCl. POCI; consists of molecules 
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(2) JACS 1966 88 616 

Sb(111) 

Sb(v) 

FIG. 20.1. Arrangement of Sbll! 
and SbY atoms ie (NH4)q(SbUL 

Brg)(SbY Brg). 

(3) IC 1971 10 701 
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1-45A -S. 1-38A 

On 15 C 

139° 
ee 

a 1-98 A 213A 

= fsa a Sst 147° P=—Cl 
oat 7, ‘i Mal | ~~ 

2:33 A 

Gl 

(a) (b) 

(a), and adducts are also formed with PO(CH3)3, (CH3)2SOz, etc. (Table 20.3). 

The molecule SbF. SO, is shown at (b). In SbCl;. N4Sq the sixth octahedral bond 

is formed to a N atom of the cyclic N4Sq4 molecule (Sb—N, 2:17A, Sb—Cl, 2-39 A). 

In the compound with ICl;, ISbClg (p. 332) there are recognizable SbCl¢ ions, 

though the bond lengths suggest that the system may be intermediate between the 

states (ICI, )*(SbCl,)~ and (ICl,)~(SbCl,)*. 

Formation of octahedral bonds by Sb!!: palence group 2,12 

We noted in Chapter 16 that not only does the TeClg molecule, in which Te has the 

valence group 12, have the expected octahedral configuration but also the ion 

TeCl2~ (valence group 2, 12) has a regular octahedral configuration in salts such as 

K,TeClg (cubic K,PtCle structure). Ions Sb!!X3- are isoelectronic with the 

corresponding Te!Y X2~ ions. The jet-black salt with the empirical composition 

(NH4)2SbBre is in fact (NHq)4(Sb!!Br¢)(SbY Bre). Its structure is a super- 
structure of the K,PtCle type, the octahedral ions containing Sb!!! and SbY 

alternating as shown in Fig. 20.1 so that the unit cell has twice the c dimension of 

the simple K,PtCl. structure. In spite of the presence of the lone pair on Sb!" the 

SbBr2~ octahedron is undistorted (Sb—Br, 2:795 A); there is slight distortion of the 

SbBrg ions (Sb—Br, 2-564 A). Salts ReSb4Br. 4°) (R = pyridinium) also contain 

Sb!!! and SbY, and should be formulated (C;H;NH),(Sb!!!Br,)(SbY Bre)3. The 
Sb—Br bond lengths are very similar to those just quoted. 

Formation of square pyramidal bonds by Sb!" and Bi!"!: valence group 2, 10 

If the valence group of M in a molecule or ion MXg consists of six electron pairs the 
lone pair is expected to occupy the sixth octahedral position, giving a square 
pyramidal arrangement of bonds. Some complex halides of Sb!!! are of interest in 
this connection (p. 708). 

The crystalline trihalides of As, Sb, and Bi 

The trigonal pyramidal shape of the molecules in the vapours has already been 
noted; Table 20.2 also includes literature references to those halides which have 
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been studied in the crystalline state, namely: 

Asl 3 

SbF3 SbCl3 SbBr3 SbI3 

BiIF; —_BiCl, Bil, 

In crystals of AsI3 and all the Sb trihalides there are 3 closer and 3 more distant 

neighbours, and it is interesting that the distance to the latter in SbI is Jess than 

the corresponding distances in SbCl3, in both polymorphs of SbBr3, or in AslI3 (see 
below): 

SbCl3 a-SbBr3 6-SbBr3 SblI3 

Sb—X in gas molecule 2:33 2°51 2°51 2:72 A 
Sb—3 X 2-36 2-50 2-49 2-87 A 

Crystal { Angle X—Sb—X 87° 95° 96° 95° 96° 
Sb—3 X 2-61 235 S315 > 3-6 3-32 A 

The Bi halides are quite different. The ionic (YF3) structure of BiF3 is noted on 

jah el eit hs 

The chlorides SbCl; and BiCl; and the two polymorphs of SbBr3 form a group 

of related structures in which there are well defined molecules MX3. However, 

BiCl; is abnormal in having all its cell dimensions smaller than those of SbCl, in 

spite of the longer M—X bonds (Sb—Cl, 2:37 A, Bi—Cl, 2-50 A). There appears to 
be a slight but real asymmetry in the molecule, and five more Cl neighbours (at 

3:22-3-45 A) complete a bicapped trigonal prism coordination group. This 

tendency towards a structure of 8-coordination results in the denser packing in this 

crystal, and is somewhat reminiscent of the structure of PbCl,, another ‘inert pair’ 

halide. 
In the iodides, MI;, M occupies octahedral interstices between h.c.p. I atoms, 

but M is progressively further from the centre of the I, octahedron in the series 

Bil,, SbI3, and AsI,: 

3 e234 3122564. 
Bi-61 3-1A Sb} 37 3.32 AS\ 37 3.50 

M—I in MI3 

molecule ? 2-72 2°95 

in vapour 

These figures suggest that SbI3 is intermediate between the (polarized) octahedral 

layer structure of Bil; and the molecular structure of AsI3. 

Complex halides of trivalent Sb and Bi 

Complex fluorides of the following types are formed with alkali metal or similar 

ions: MSbF,, M,SbF., MSb>F,, MSb3Fj0; and MSb4F;3, but apparently salts 
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(1) AK 1951 3 461 
(2) AK 1952 4 175 

(3a) AK 1953 6 77 

(3b) IC 1971 10 1757 

(3c) IC 1971 10 2793 

(3d) AK 1951 317 

(4) JCS A 1970 1356 

(S) JCS A 1971 298 
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M3SbF¢ are not known. K,SbF,!) contains SbF2~ ions with the same tetragonal 

pyramidal configuration as SbC12~ in (NH4) SbCl, (see below). In KSbF, 

similar SbF, groups are joined by sharing two F atoms to form cyclic Sb4Ff¢ ions, 

while in NaSbF,°°*) there are apparently infinite chains formed from SbF, groups 

linked in a similar way. In these complexes the Sb atom lies about 0-2-0:3 A below 

the square base of the pyramid, and this is also true of the 5-coordinated Sb atoms 

in Sb.S3 (see later) and certain complex sulphides (e.g. FeSb,S,). The type of 

Sb—F complex in salts MSb,F, depends on the nature of the cation. In 

KSb, Fo) there are distorted trigonal bipyramidal SbF4 ions, (a), and SbF3 

molecules (Sb—F, 1-94 A) very similar to those in crystalline SbF3;. However, 

whereas in crystalline SbF3 3 F at 2-61 A complete a distorted octahedral group (or 

capped octahedron if the lone pair is included) in KSb,F, there are only 2 

additional (F,) neighbours (at 2-41 A and 2-57 A) which, together with the lone 

pair, complete a distorted octahedron. The structure of CsSb,F,°° is quite 
different. There are well defined Sb,F7 ions, (b), formed from two distorted 
trigonal bipyramidal SbF4 groups sharing axial F atoms, with long bridge bonds. 
(The next shortest Sb—F distance is 2-77 A). Note that the anion in KSb,F, could 
be described as an infinite chain of SbF,(F,)2(2e) groups sharing axial F atoms with 
pseudo-octahedral SbF3(F,)2(2e) groups but with longer (unsymmetrical bridges of 
2-41 A and 2:57 A. The nature of the complex ion in KSb4F ; 3 is not clear.” 

ap 1-944 
x 2:07 A a 125° rd, 

So" ieee iS BAe preset 
F ele gore = W208 

F, 

(a) (b) 

Structural studies have been made of complex chlorides or bromides containing 
ions of the following types: (SbX4), (SbX;)?~, (SbX,)?~, and the enneahalide 
ion (Sb2Xq)°. The anion in (SbCl4\(C;H;NH)™) is an inifinite chain of very 
distorted octahedra sharing ‘skew’ edges (p. 174). All CI-Sb—Cl angles are close to 
90°, but the Sb—Cl bond lengths are: 2 of 2:38 A, 2 of 2:64 A, and 2 of 3-12 A, the 
four latter being involved in the unsymmetrical bridges between the SbCl, groups, 
as shown in Fig. 20.2(a). In (NHq)2 SbCl; 5) the NH 4 and Cl” ions form a distorted 
closest packing with vacant Cl” sites in every third layer, and the Sb atoms occupy 
what would be octahedral holes in a normal closest packing. Owing to the absence 
of some Cl” ions the nearest neighbours of Sb are 5 Cl arranged at five of the 
vertices of an octahedron, the bond lengths being: axial, 2-36 A, equatorial 
2:58 A (two), and 2°69 & (two); the lone pair presumably occupies the sixth bond 
position, Fig. 20.2(b). 
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Ter ear 

NP bot Sb2 38A 

‘.3-12A 

X 2-64A 

a ee 

(SbCl,);, chain (SbCI,)” (BiBr,); chain 

(a) (b) (c) 

| 345A byes 
oe ae \,3:02A | -73:13A ae 

289A ra Sway ee 

3-10A e 
2:87A 

(Bil) chain (Bi Br.) 2" chain 

(d) (e) (f) 

FIG. 20.2. Environments of Sb or Bi in complex halides (see text). 

The (SbBr¢)*~ ion has been studied in halides which also contain the (SbBr¢)~ 

ion, as noted in an earlier section. The enneabromide ion occurs in the 

pyridinium salt (C; Hs; NH); (Sb, Brg )Br2.©°?) It consists of two octahedral SbBr¢ 

groups sharing a face, with Sb—Br: terminal, 2-63 A, and bridging, 3-00 A. 
Complex fluorides of Bi are, like BiF3, ionic compounds. For example, 

NH,BiF, ‘°°? has an ionic structure in which the infinite (BiF4); layer is built of 

BiFg coordination groups (Bi—F, 2:19-2:86 A) of the same type as in ortho- 

thombic BiF3 (p. 357). The ions (SbI4);,~ , (BiBr4)), , and (Bil,)"~ in the 2-pico- 

linium salts‘) consist of infinite ‘skew’ octahedral chains, Fig. 20.2(c) and (d), very 

similar in structure to the (SbCl4) chains shown at (a), with three pairs of bonds of 

similar length. In the bispiperidinium salt (C;H,9NH>)»BiBr,,‘*) with which the Sb 
compound is isostructural, there are chains of octahedral MX, groups sharing cis 

vertices, and here also there is the same pattern of bond lengths, Fig. 20.2(e). If we 

regard the Bi—Br bond in the BiBr3 molecule (2-63 A) as a single bond then the 

two next shortest bonds in (c) and (e) correspond to bond order 4, using Pauling’s 

equation, d, =d, — 0°6 log n. Similarly, if the six octahedral bonds in crystalline 

Bil; (3-07 A) are regarded as having bond order 4 then the shortest bonds in (d) are 

single bonds. Thus in each case the total bond order is close to 3. It may be noted 

that the four stronger bonds could alternatively be regarded as distorted trigonal 
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(9) IC 1963 2 979 

(1) AKMG 1942 15B No. 22 
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bipyramidal bonds, when the remaining two weak (equatorial) bonds would be in 

the plane of the lone pair as shown at (f), where the approximate bond orders are 

indicated. 

An example of Bi forming tetragonal pyramidal bonds is provided by 

Bae Clas In this extraordinary compound, which is formed by dissolving the 

metal in the molten trichloride, there are groups of 9 Bi atoms (at the vertices of a 

tricapped trigonal prism), tetragonal pyramidal BiCl2~ groups, and Bi, C12 ~ groups 

formed from two BiCl2~ ions sharing two Cl atoms: 

Lo | 
Bit NB a 

The structural formula of this halide may be written Big *(BiCl;)3 ~“(Bi,Clg)?~ to 

indicate the relative numbers of the three kinds of structural unit. 

The oxygen chemistry of trivalent As, Sb, and Bi 

In this section we shall summarize what is known of the structures of the trioxides, 

complex oxides, and oxyhalides of these elements. In the-trioxides and in the one 

complex oxide of Sb!!! which has been studied the stereochemistry of the Group 
VB atoms is simple; they form three pyramidal bonds like PI in P4O,. The 

behaviour of Sb in its oxyhalides and Sb30,OH is less simple, and moreover 

different from that of Bi. For this reason the oxyhalides of Sb and Bi are 

considered separately. Structurally related to the oxyhalides of bismuth are a 

number of complex oxides which will also be mentioned. 

The trioxides of As, Sb, and Bi 

Each of the trioxides exists in at least two polymorphic modifications (Table 20.4). 
Vaporization of As and Sb trioxides gives molecules AsgO.g and Sb4O¢ which break 

down to the simpler As,03 and Sb,03 molecules only at high temperatures. The 

TABLE 20.4 

Polymorphic forms of Asz03, Sb203, and Biz 03 

AS703 Sb 03 Bi203 

Low-temperature form Monoclinic Orthorhombic (a) Monoclinic 
(claudetite) (valentinite) 

High-temperature form Cubic Cubic (8) Tetragonal 
(arsenolite) (senarmontite) 

he (y) Cubic? 
Transition temperature 110°C 606°C 710°C (@ — B) 

structure of As,Og in the vapour state has been shown to be similar to that of 
P4056 (see Table 19.5, p. 685). In the cubic forms of AsgO¢ and Sb4O,“!) there 
exist molecules of the same type as in the vapour of As4Og. 
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The mineral claudetite, As,03,°) has the simplest possible type of layer 
Structure for a compound with formula A,X3, namely, a hexagonal net of As 
atoms joined through O atoms. The layers are puckered because the bond angles 
O—As—O are approximately 100° and the O bond angles, 123 (3)°. The As—O 
bond length is 1-80 (0-02) A, as in arsenolite. (Compare the structure of orpiment, 
AS) S33 p. 123.) 

The second form of antimony trioxide, valentinite, has a different type of 
structure.) Instead of finite molecules Sb4O. there are infinite double chains of 
the type shown below, with Sb—O, 2-00 A, O bond angles of 116° and 132°, and 
Sb bond angles of 81°, 93°, and 99°. 

O O O O 
Ny 

we Sie Na Sb x 

Hon Ww ee 
SS “a sh 

Ne, SNA SA 

A rather complex (and unique) structure has been proposed“*) for the mono- 
clinic form of Bi,O3, in which there is irregular coordination of Bi atoms of two 
kinds in a 3D framework of Bi and O atoms. The Bi! atoms have 5 O nearest 

neighbours at five of the vertices of a distorted octahedron at distances from 2-08 

to 2-63 A (and a sixth at 3-25 A), while Bi!’ has an irregular octahedral arrange- 
ment of 6 O at distances from 2:14 to 2:80 A. Three of these are appreciably closer 

(2:14-2:29 A) than the other three (2:48-2:80 A). There still appears to be some 
doubt about the number and structures of the high-temperature forms of this 

oxide. Some of the confusion is undoubtedly due to the fact that this compound is 

very easily contaminated. For example, fusion for a short time in a porcelain 

crucible gives a body-centred phase with the composition SiBi, 70 9; there are 

isostructural compounds of Ge and Ti (see later). If Bi,O3 is fused for a long time 

in a porcelain crucible a simple cubic phase is obtained which probably has 

the structure shown in Fig. 20.3(a) stabilized by a small amount of impurity. This 

structure is similar to that of Zn3P, (p. 670) and it has been claimed that this is in 

fact the structure of high-temperature (pure) Bi,O3.°°) Each Bi atom has 6 O 

neighbours (at 2:40 A) arranged at six of the eight vertices of a cube, those at two 

diagonally opposite vertices being missing. This structure is simply related geo- 

metrically to the fluorite structure which is shown in the same orientation in Fig. 

20.3(b). Removal of one-quarter of the anions (those shown as dotted circles) from 

the unit cell of the latter leaves the arrangement shown in (a). If the metal atoms 

and the shaded O atoms are drawn in a little towards the centre of the cube the 

structure becomes that of AsgO, or Sb4O¢ containing discrete molecules. The 

remaining O atoms then form parts of neighbouring molecules. The tetragonal 

(pseudo-cubic) phase has a = 10-93 and c = 5-62 A, corresponding to four unit cells 

of the cubic structure (a= 5:52 A), with atomic positions slightly different from 

those of the idealized structure of Fig. 20.3(a). 

Ta 

(2) AM 1951 36 833; ZaC 1951 
266 293 

(3) ZK 1937 981 

(4) ACSc 1970 24 384 

(S) ZaC 1962 318 176 

(b) 

FIG. 20.3. The structures of 

(a) BizO3, and (b) CaF. Metal 

atoms are shaded. 



FIG. 20.4. Coordination of Bi in 

GeBi,; 20, 0: 

(1) AC 1958 11 742 

(2) AKMG 1943 17B No. 5 

(3) AK 1955 8 245 
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In the M!Y Bi, O29 phase (ref. Table 20.5) Bi has a very unusual coordination 

by oxygen. In many Bit oxy-compounds the metal atom has 5 or 6 neighbours at 

distances from about 2:1 A to 2:7 A (mean close to 2:4 A) and then a small number 

TABEB S205 

Coordination of Bill! in some oxy-compounds 

Compound Total Bito 5 or6 FurtherQ Mean Bi to Reference 
Cn. O atoms to S5or60O 

BigSi3 Oj 9 2-15-2-62 A 3-55 A 2:39 A ZK 1966 123 73 
Bi2GeO; 7 2-13-2-66 3-18 2-35 ACSc 1964 18 1555 
Bi(OH)CrO4 9 2-23-2-58 3-33 2°38 

(monoclinic) 18 1937 

Bi(OH)CrO, 9  2-19-2-68 3-09 2.38 Noe Ne z 
(orthorhombic) 

: 2:22-2-57 3-45 2-38 

Sole ho — she 3-35 2.32 ACSc 1964 18 2375 
Bi(OH)SeO4 .H20 9 2:19-2:64 3-16 2-40 

Bi,2GeO 9 7 2-08-2-64 3-17 2-36 JCP 1967 47 4034 

of additional neighbours. In some cases, for example, GeBi, 09, the coordination 
group consists of three very close O atoms, a, b, and c, (Fig. 20.4) at 2-08, 2-22, 
and 2:23 A, arranged pyramidally, then d and e at the same distance (2-63 A) and 
finally f and g at 3-08 and 3-17 A respectively. Regarded as a group of 5 neighbours 
the atoms a~e form a square pyramidal group, with mean Bi—O 2-36 A asin many 
other B!!! oxy-compounds (see Table 20.5). 

Meta-arsenites 

Incorrect formulae have been given to some of these compounds. For example, a 
~ salt sometimes formulated as Na,HAsO3 is actually the polymeta-arsenite 

(NaAsO,),, and an X-ray study shows that it consists of chains of pyramidal AsO; 
groups held together by Na* ions.) 

Complex oxides of trivalent As and Sb 

Little is known of the compounds of this group, structural studies having been 
made only of ZnSb,04,°) with which a number of other complex oxides are 
isostructural. This compound may be prepared by heating Sb,03 with ZnO in 
vacuo to 500°C. It has the same structure as Pb304 (p. 462), Sb replacing Pb!! and 
Zn, Pb!Y. The Zn atoms are octahedrally coordinated by 6 O, and assuming Zn—O 
2-05 A, Sb—O was determined as 2:01 (2) and 1-87 A (1). The Sb bond angles are: 
two of of 101° and one of 95° (pyramidal). The corresponding compounds of Mg, 
Mn"! Fel! Coll, and Nil, and also NiAs, Og, are all isostructural with ZnSb,04. 

Some crystalline compounds formed by As,03 with alkali and ammonium 
halides, for example, NH4Cl . As,03. see O RKCINO As7O3, etc., are closely 
related structurally to arsenious oxide. In the former,?) there are hexagonal As,03 
sheets, with all O atoms directed to one side of the sheet, arranged in pairs with the 
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O atoms turned toward each other and with water molecules enclosed between the 
layers. Between these pairs of As,03 layers there are NH@ and Cl- ions. 

Complex oxides of trivalent Bi 

Bismuth forms with other metallic oxides an extraordinary variety of complex 
oxides, in some of which O can be replaced by F. 

The systems Ca(Sr, Ba, Cd, Pb)O—Bi,03. Studies have been made of some of the 
phases formed when Bi,03 is fused with one of the oxides CaO.“ SrO0,“) Bao, 

cdo,) or PbO.) The phases studied show variation in composition over rather 

wide ranges. For example, in the system BaO—Bi703 there is a rhombohedral phase 
(x =0 -10-0-22) and a tetragonal phase (x = 0:22-0:50), where x is the atomic 
fraction of Ba in Baz, Bi,_ 3,03 _,. Structures have been proposed for a number 

of such phases, in which it is concluded that the metal content of the unit cell is 

constant but the oxygen content variable. 

X-ray studies have also been made of a series of complex oxides with tetragonal 

or pseudotetragonal symmetry which all have the a dimension of the unit cell close 
to 3-8 A, and are based on sequences of Bi,O, layers of the same type as in Fig. 

20.6, interleaved with portions of perovskite-like structure. They are summarized in 
Table 20.5. and illustrated in Fig. 20.5. The simplest member of the family is at - 
present represented only by compounds in which part of the O is replaced by F. 

TABLE 20.6 

Complex oxides and oxyhalides of bismuth 

Number of Formula Reference 
perovskite layers 

(A) 
1 BizNbOsF, Biz TaOsF, Biz TiO4F 2 ~16°5 AK 1952 5 39 
2 PbBiz Nb2 09, BigzNbTiOg 25:5 AK 1949 1 463 
8 BigTi3 012 32:8 AK 1949 1 499 
4 BaBig TiqgO 5 41-7 AK 19502 519 

From the structural standpoint these compounds are closely related to the complex 

bismuth oxyhalides (p. 716) in which the square Bi,O, layers are interleaved 

with halogen layers. A great variety of compounds can be prepared, for example, 

(MBi)¢R40; 8, in which M can be Na, K, Ca, Sr, Ba, or Pb, and R is Ti, Nb, or Ta. 

Note that compounds of this family such as Biz TaO.F are quite unrelated to those 

described on p. 720, for example, BiTa,0,F. 

The oxyhalides of trivalent Sb 

Structural data are available for only one oxyfluoride. Four forms of SbOF have 

been prepared thermally from SbF3 and Sb,03. In one form the coordination 

group around Sb!!! consists of 20 and 2F at four of the vertices of a trigonal 

iN 

(1) AKMG 1943 16A No. 17 

(2) ZPC 1941 B49 27 
(3) ZK 1939 101 483 
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FIG. 20.5. The crystal structures of (a) BizNbOsF, (b) BigzNbTiOg, (c) BigTi30;2, and 

(d) BaBigTigO,5, showing one-half of each unit cell. In each diagram C represents the Bi2O, 
layer (in (a), Bi2(O, F)2, in (d) (Ba, Bi)2O2). In (a) A denotes the layer of Nb(O, F)¢ octahedra 
and in (b), (c), and (d) the perovskite portions of the structure. The regions B in (b) and 
(c) mark off unit cells of the hypothetical perovskite structures BaNbg.5Ti9.5O03 and BaTiO3 

respectively. 
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ae 

(c) 

FIG. 20.6. The structures of complex bismuth oxyhalides. (a) Metal-oxygen sheet viewed in 

directions parallel and perpendicular to the sheet. (b), (c), (d) Elevations of structures built from 

(b) single halogen layers Xj, (c) double halogen layers Xz, and (d) triple halogen layers 

X3 (Sillén) 

bipyramid, the lone pair occupying an equatorial bond position, as in Sb2O, (Fig. 

20.8(c)). These groups share edges to form infinite chains.“!?) 

Other oxyhalides, mostly oxychlorides and oxybromides, result from the 

controlled hydrolysis of the trihalides, and are of interest for two main reasons. 

First, they are quite unrelated to the oxyhalides of bismuth. Although both 

antimony and bismuth form compounds MOX the structures of the antimony 

compounds are quite different from those of the compounds BiOX, which have 

been described on p. 408. The more complex oxyhalides of Sb have no analogues 

among Bi compounds. Second, a feature of the published structures of the 

antimony oxyhalides is the coordination of Sb by either three or four O atoms. It 

should perhaps be remarked here that the investigation of the structures of these 

complex compounds is difficult, and the precise positions of the O atoms are by no 

means certain. However, it appears that a feature of these compounds is the 

formation of extended Sb—O systems, generally layers, interleaved with halogen 
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ions. Structural studies have been made, of the following compounds, listed in 

order of decreasing X: Sb ratio: spocl,“!>) Sb,0;5Cl, and Sb,05Br2,°?? 

[SbyO3(OH)q] [(OH)2_ x(H20)1 +x] Cla+x) and SbgO1o(OH)2%2) (X = Cl, 
Br, or I). 

ona is built of puckered sheets in which two-thirds of the Sb atoms are linked 

to 20+1ClI and the remainder to 40, the sheets (SbeOeCina being held 

together by Cl” ions. (The distinction between the two types of Cl is based on the 

much greater Sb—Cl distance (2-9 A) between Sb and interlayer Cl than Sb—Cl 

within a layer (2°3-2°5 A). 

Sb,0<Cl,. Again there are infinite layer ions, here of composition (Sb4O5 eis 

in which one half of the Sb atoms are 3- and the others 4-coordinated, with Cl 

ions between the layers. 

In the two more complex oxyhalides the characteristic structural feature is 

apparently a double chain, in which all the Sb atoms are 4-coordinated, which is 

joined through OH groups to form infinite layers [SbgOs(OH)al aan in the 

first compound and complex cylindrical chain ions [Sb,0;(OH)] 7 * in the second. 

Oxy fluorides of Bi 

We have seen that BiF, is structurally different from all other trihalides of As, Sb, 

and Bi. Similarly, Bi oxyfluorides, with the exception of BiOF, are not related 

structurally to the compounds formed by Bi (or Sb) with the other halogens. 

Oxidation of BiF3 gives the following oxyfluorides, the structures of which are 

described elsewhere as indicated: 

BiOo., F2.g: tysonite (LaF3) structure (p. 356): ACSc 1955 9 1206 

BiOg.sF> (Bi, OFz): cubiei(p. 358); ARPC 1952 35369 

BiOF: BiOCI structure (p. 408): ACSc 1964 18 1823, 1851 

Complex oxyhalides of Bi with Li, Na, Ca, Sr, Ba, Cd, and Pb 

By fusing the bismuth oxyhalides with excess of one of the halides of the above 

metals, Sillén and co-workers have prepared a large number of complex oxyhalides 

in which the halogen is Cl, Br, or less usually I. They all form tetragonal leaflets 

with an a axis of about 4 A, but c axes up to 50 A are found. These compounds are 

closely related to the simple bismuth oxyhalides and like those compounds contain 

characteristic oxygen layers. The metal- oxygen sheet is shown in Fig. 20.6(a). The 

simplest possibility is that sheets of this type alternate with single, double, or triple 

halogen layers, forming the X,, Xz, or X3 structures of Fig. 20.6(b), (c), and (d). 

The simple bismuth oxyhalides are, of course, of Sillén’s X. structure type. More 

complex structures arise if halogen layers of more than one kind occur in the same 

structure, as in SrBiz04Br3 (X, Xz structure). In the X,; compounds, M''BiO,X or 

M'Bi30,4Cl,, and the X,X2 compounds M''Bi3;04Cl;, all the metal atoms are 

associated with the metal-oxygen layer (a), apparently arranged at random in the 

available metal positions, but in the X3 structures there are also metal atoms 

between the halogen layers (d). Not all these latter positions are occupied, however, 
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so that structures containing X3 layers are apparently always defect structures, as 
shown by the formulae of the cadmium bismuth oxyhalides in Table 20.7. A 
further structure type (0; X2) has been suggested for a barium bismuth oxyiodide 
in which the characteristic metal- oxygen layers are separated alternately by double 
halogen layers and oxygen layers. 

Other compounds also related structurally to these oxyhalides include 

Biz 403,Cl,9 and the corresponding Br compound. The existence of Bi oxyhalides 

other than BiOX has been disputed, but according to Sillén the compounds 

Bi24031;X19 (originally formulated Bi,O)X3) do exist, and the chloride, for 

example, can be prepared by heating BiOCl to temperatures above 600°C. A 

structure has been proposed for these compounds. The various structure types 

proposed by Sillén for these oxyhalides are shown diagrammatically in Fig. 20.6, 

and some representative compounds are listed in Table 20.7. It should perhaps be 

remarked that certain features of these structures cannot be regarded as wholly 

satisfactory, though there seems little doubt about the general scheme according to 

which they are built. The general geometrical analogies with the layer-type 

hydroxyhalides will be obvious. 

TABLE 20.7 

Structure types of bismuth oxyhalides 

Structure type Examples 

XxX BaBiOCl, CdBiO2 Br, LiBiz04Cl, 
X BiOCl, LaOCl 
X3 Ca, .25Bi,.5O02Cl3 

XK, X2 SrBi304Cly 

X2X3 Ca2-3x Biz +2x04Cls 
X1X1X2 St Biz 03 Br2 

X1X2X3 Cd2~3x,Bis +2O06Cl7 

The oxygen chemistry of pentavalent arsenic and antimony 

The oxy-compounds of pentavalent arsenic 

The pentoxides of As, Sb, and Bi cannot be prepared, like P,Os, by direct 

oxidation of the element, for they decompose at high temperatures with loss of 

oxygen. AsO, is prepared by dehydration of its hydrates: 

slays 36°C 7OcG 

As,0,.7H,0 ——> As,0,.4H,0 —— As,0,.3H,O —— As,0, 
(H3AsO,.2H,0O)  (H3AsO4.4H20) (Hs As3010) 

The second of these compounds. H3AsOq. 4 H,0, is a hydrate of H3AsO, for it 

consists of a hydrogen-bonded assembly of tetrahedral AsO(OH)3 molecules and 

H,0 molecules.{!) The third compound, Hs As30; 0, consists of infinite nus of 

octahedral and tetrahedral groups sharing vertices as shown in Fig. 20.7.) The H 

Th 

(a) ZaC 1942 250 173; ZK 1942 
104 178; AKMG 1947 25 49. 

(1) AC 1968 B24 987 
(2) AC 1966 21 808 

BIG] 2Z0iieelbe structure 

Hs As30, 0- 

of 



(3) NBS Circular 539, Vol. 10 

(1960) 

(4a) JINC 1963 25 79, 87, 93 

(4b) AC 1970 B26 1889 
(4c) AC 1970 B26 1584 
(S) AC 1956 9 87, 811 

(6) JCS 1965 4466 

(7) BCSJ 1962 35 1600 
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atoms were not directly located, their probable positions being deduced from the 

O—O separations between the chains; a n.d. study is called for. 

Sb,0O, is formed by dissolving Sb in HCl, precipitating with HNO3, and heating 

at 780°C for 3 minutes. It is a well defined cubic compound, ) but its structure is 

not known. Bi,O;, prepared by oxidizing Bi,O3 in solution or by fusion with 

KCIO3, is a rather ill defined compound, often containing alkali and/or water; it is 

not certain that pure Bi,O, has been prepared. 

The tetroxides As,04{4?) and Sb,O,4 (p. 720) are definite compounds. 
Orthoarsenates are well known, and pyro- and meta-salts are formed by heating 

mono- and di-hydrogen arsenates (compare phosphates). However, it does not 

appear possible to prepare anhydrous H3AsOq4, or the pyro- or meta-acids by 

dehydrating hydrates of the ortho-acid. The structures of several orthoarsenates 

have been determined. YPO, and YAsOy, are isostructural with ZrSiO,, AlPO,4 

crystallizes with all three normal silica structures, and KH,AsOjq is isostructural 

with KH,PO,4. The (AsO30H)?~ ion has been studied in (NHq),HAsO,(4) and 
Na, HAsO,q. 7 H,0;‘4°) bond lengths are close to: As—O, 1-67 A, As—OH, 1-74 A. 

X-ray studies of LiAsO3 and NaAsO3 °°? show that they contain infinite chain ions 
similar to those in diopside: 

OO OO 
fie 4. Wi \Z___ mean 1:64 A 

As As 
Aye « ae NES ae 

There is also tetrahedral coordination of As in cacodylic acid,©)° which form 
hydrogen-bonded dimers in the crystal like carboxylic acids; 

H3C Weed Ls 
4 SY BK pais 

S : S 

OS WY 
H3C OF ces se ‘CH, 

and in arsonic acids, R . ASO(OH),.7? 

Octahedral coordination of As¥ by O in the catechol derivative and in 
H, As30 9 has already been mentioned. 

The oxy-compounds of pentavalent antimony 

The oxygen chemistry of pentavalent antimony was formerly very perplexing, and 
many compounds—some anhydrous, some hydrated—were described as ortho, 
meta-, and pyro-antimonates and were assigned formulae analogous to those of 
phosphates. As a result of the study of the structures of many of these crystalline 
compounds it is found that their structural chemistry is very simple and quite 
different from that of phosphates, arsenates, and vanadates, being based not on 
tetrahedral but on octahedral coordination of SbY by oxygen. Many of the old 
formulae require revision. The compounds in question fall into two main groups: 

(a) salts containing Sb(OH)¢ ions, 

718 



Arsenic, Antimony, and Bismuth 

(b) complex oxides of the following (and possibly other) types, all based 
on octahedral SbO,¢ coordination groups: MSbO3, M!sb0,, M'sb, 0g, 
M'sb,O.. 

The free oxy-acids of antimony are even less stable than those of arsenic. Various 
hydrated forms of the trioxide and pentoxide have been described as antimonious 
and antimonic acids, but their structures are unknown. Finite oxy-ions SbOZ = 
SbO3, and Sb, 045 do not exist. Compounds formerly described as ortho-, meta-, 
and pyro-antimonates all contain SbY octahedrally coordinated by oxygen, either 
as Sb(OH)¢ ions, in compounds which were once described as hydrated meta- or 
pyro-antimonates, or as SbO.¢ groups in the compounds of type (b), which are best 
described as complex oxides, and not as antimonates, for reasons given later. 

(a) Salts containing Sb(OH)¢ ions. Typical of the old formulae are 
LiSbO3.3H,0 and Na,H,Sb,07,.5H,0 for hydrated meta- and _pyro- 
antimonates. In fact no meta- or pyro-ions exist in these salts, which were 
formulated thus to bring them into line with the phosphorus compounds. In no 
case is there any structural similarity between the phosphorus and antimony 

compounds. A study of the crystal structure of sodium ‘pyroantimonate’, 
Naz H2Sb207. 5 H20, shows that its correct structural formula is NaSb(OH)¢, and 

the isostructural silver salt is AgSb(OH),“!). In the pseudo-cubic sodium salt the Na 

and Sb atoms are arranged in the same way as the Na* and Cl” ions in NaCl, and 

each Sb atom is the centre of an Sb(OH)¢ ion. By the action of 40 per cent HF, 

Na[Sb(OH)¢] is converted into Na(SbF,) which has a quite similar structure. 

If a solution of sodium ‘pyroantimonate’ is added to one of a magnesium 

salt the precipitate has the empirical composition Mg(SbO3)2 .12H,O and 
this was considered to be a hydrated meta-antimonate. Its formulation as 

[Mg(H20).¢] [Sb(OH)¢] 2, resulting from an X-ray study of the crystals‘?), shows 
that it is a hydrated antimonate of exactly the same type as sodium pyroanti- 

monate. The old and new formulae of such antimonates are summarized below. 

Old formula Correct structural formula 

Naz HSb207 a) H,0 Na[Sb(OH)¢] 

Mg(SbO3)2 .12 HO Mg[Sb(OH)g]2 . 6 H20 or [Mg(H20)¢6] [Sb(OH)¢] 2 
(Co and Ni salts similar) 
Cu(NH3)3(SbO3)2 Za) H20 [Cu(NH3)3 (H20)3] [Sb(OH)6]2 

LiSbO3 .3 HO Li[Sb(OH)<¢] 

The partial hydrolysis of NaSbF. leads to the formation of a salt originally 

formulated as NaF . SbOF3. H,0. Its correct formula is Na[SbF4(OH),], showing 

that it is of the same type as NaSbF, and NaSb(OH)g.. 

(b) Complex oxides based on SbO. coordination groups. In all these compounds 

antimony is octahedrally coordinated by oxygen, and in some cases the structures 

a2 

(1) ZaC 1938 238 241 

(2) RTC 1937 56 931 
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are similar to those of simple ionic crystals viz. NaSbO 3, ilmenite structure 

(FeTiO3, p.216), FeSbO,, random rutile structure (p.488), and ZnSb20O.¢, 

trirutile structure. It is therefore preferable to describe these compounds as 

complex oxides rather than as ‘antimonates’ of various types. 

M!SbO3. The salt NaSbO3 may be prepared by heating NaSb(OH)g in air or by 

fusing Sb,03 with sodium carbonate—there are similar silver and lithium salts. The 

sodium salt has the ilmenite structure; the compound thought to be a polymorphic 

modification is actually NazSb,0,5(OH)> (see later). The structure of LiSbO3“) is 

related to that of NaSbO3 in the way described in Chapter 4. In both structures M 

and Sb each occupy one-third of the octahedral holes in a h.c.p. assembly of O 

atoms, but the choice of holes occupied is different in the two structures (p. 145). 

KSbO3 is prepared by heating KSb(OH).¢ and is trimorphic. One form has the 

ilmenite structure, and the other a cubic structure?) illustrated in Fig:eo233 

(p. 183). In the latter structure octahedral SbO, groups share edges and vertices, 

and this is also true of K3Sb;0, 4.) There is apparently no compound K,Sb,0s;. 

The compound originally formulated CaSb,O, is actually CaNaSb,0,OH. 

The first product of heating NaSb(OH)¢ is Na,Sb,0;(OH),, or possibly 
NaSbO3. xH,0, which finally decomposes to NaSbO3.‘*) 

All the following compounds have very similar structures: Na,Sb,0;5(OH),, the 
minerals pyrochlore, CaNaNb20,F, and romeite, CaNaSb,0,(OH), Sb30,(OH), 
BiTa,O,¢F, and AgSbO3. The compound Sb30,(OH) is of interest in connection 
with the structure of Sb.O,. When hydrated Sb, Os is heated (at about 800°C) it is 
not directly converted into Sb.0,4, as was at one time supposed, but into 
Sb30¢(OH). This latter compound is converted into the tetroxide only after 
prolonged heating at 900°C, and Sb30,(OH) had been confused with the tetroxide, 
which is also formed by the oxidation of Sb, 03 in air. 

The compound BiTa,O¢F is prepared by heating BiOF with Ta,0,;. The 
structures of the above-mentioned compounds are related in the following way. In 
the unit cell of the pyrochlore structure (see also p. 209) there are eight formula 
weights, that is, 8[CaNaNb,O,F]. The 8 Ca +8 Na may be replaced by 8 Sb(111), 
the Nb by Sb(v), and the F by OH, giving Sb''SbYO,(OH). Alternatively the 
8 Ca + 8 Na may be replaced by 16 Ag and the 8 OH omitted, giving AgSbO,. These 
relationships may be summarized as follows: 

Pyrochlore AgSbO3 Sb30¢ (OH) BiTa,0¢F 

8Ca+8Na 16 Ag 8 Sb CID 8 Bi(IID 
16 Nb 16 Sb (V) 16 Sb(V) 16 Ta 
480 480 480 480 
8F = 8 OH 8F 

Sb204. The normal (orthorhombic) a form, the mineral cervantite, is iso- 
structural with SbNbO, and SbTaQg, and there is also a monoclinic B form made 
by heating the a form in air or oxygen. The structures of the two polymorphs are 
very similar, one being a ‘sheared’ version of the other. Both consist of corrugated 
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sheets formed from SbY O¢ octahedra sharing all their equatorial vertices (as in the 
plane layer in K,NiF4) and the Sb!!! atoms lie between the layers in positions 
of rather irregular pyramidal 4-coordination. The structure of B-Sby 0452) 
is illustrated in Fig. 20.8. The compound studied in the a series was 
SbiUNbr On?) in which the coordination of Sb is similar to that of Fig. 20.8(c), 
with Sb—O distances 2-01, 2-06, 2:13 and 2:33 A and angles 95° and 151°, but 
the environment of Sb!" in a-Sb 0, itself may be slightly different. Bi'!!SbYO, 
has the same structure.@°) 

A \ A 
ie 

(b) 

FIG. 20.8. (a) Layer of composition SbOq4 formed from SbVO. octahedra sharing equatorial 
vertices. (b) Showing Sb’ atoms situated between the SbO, layers, which are perpendicular to 
the plane of the paper. Dotted lines represent the longer Sb—O bonds. (c) The pyramidal 

coordination of SbHI, 

M'sb,O,. Three types of structure have been found for these compounds. 

The small ions of Mg and certain 3d metals form the trirutile structure (p. 203), 

sometimes described as the tapiolite structure, after the mineral of that name, 

FeTa,0,. Compounds with this structure include: 

MgSb20¢ FeSb20¢ MgTaz06 FeTa20¢ 

Zn Co Co 
Ni Ni 

The somewhat larger Mn** ion prefers the niobite structure (p.498). These 

structures are not possible for larger M?* ions, and a hexagonal structure is adopted 

if the ionic radius of M is about 1 A or more.‘ In this structure (Fig. 20.9) the 

M?* and Sb** ions are segregated in layers so that ions varying from Ca?* to Ba? * 
can be accommodated by pushing the Sb—O layers further apart. 

TEA 

(Sa) PCS 1964 400 

(Sb) CC 1965 611 

(Sc) AK 1951 3 153 

(6) AKMG 1941 15B No. 3 
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FIG. 20.9. The crystal structure of PbSb2 O¢: (a) plan, and (b) elevation (viewed in the direction 

of the arrow) on a slightly larger scale. 

M'!!sbO,. A number of compounds of this type have been shown to have a 

statistical rutile structure, that is, the ions M?* and Sb°* occupy at random the 

‘Tighe positions in the rutile structure. They include FeSbO,, AlSbO,, CrSbOq, 

RhSbO,q, and GaSbO,.”? 
Mi!'sb,0,. Two structures have been found for compounds of this type,(®) 

viz. the ‘weberite’ structure for Ca,Sb,07, SrzSb,07, and Cd,Sb,07, and the 

pyrochlore structure for Pb2Sb,07, Ca,Ta,07, Cd,Ta207, and Cd,Nb,0,.) 

These two closely related structures are adopted by a number of complex oxides and 

fluorides. In the weberite structure (of Na,MgAIF7)“!° we can distinguish a frame- 

work of linked MgF, and AIF, octahedra in which all vertices of each MgF¢ and 

four vertices of each AIF, octahedron are shared, so that the framework has the 

composition (MgAIF,) or more generally MX, when all atoms in the octahedra 

are of the same kind. (There is no essential difference in bond type between the 

Mg—F or AI—F and the Na—F bonds but the Na” ions lie in the interstices in 

positions of 8-, or strictly 4 + 4- or 2 + 4 + 2-coordination, and when comparing the 

two structures it is convenient to describe the Mg—Al—F frameworks.) In the 

pyrochlore framework all octahedral MX¢ groups share each X with another group, 

so that the composition of the framework is MX3(M,X¢). There is room for a 

seventh X atom but this is not essential to the stability of the framework, and while 

compounds such as ralstonite, Na,Mg, Alz_.(F, OH). H2O, CayTa07, etc. have 

this structure so also has AgSbO3, already mentioned on p. 720. Since it is difficult 

to illustrate clearly complicated packings of octahedra we show in Fig. 20.10 only 

the Mg and Al atoms of these MX 7 and M X¢ frameworks. Each line joining two 

M atoms represents M—X—M, that is, the sharing of an octahedron vertex, though 

in general the X atoms do not lie actually along these lines. For the pyrochlore 

structure see also Chapters 6 and 13; the structure is illustrated in Fig. 7.4(c). 
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OAl 
(a) (b) 

FIG. 20.10. (a) The M2X7 framework in weberite, Naz(MgAIF 7), (b) the M2X6 (pyrochlore) 

framework in ralstonite, Na,Mg,yAly_(F, OH)¢H20. 

The sulphides of arsenic, antimony, and bismuth 

These elements form the following sulphides: 

As4S3 

As4S4 

As7S3 Sb,83 Bi,S; 

As»S-5 Sb,S5 

Bismuth does not form a pentasulphide; the structures of As.S; and Sb,Sz; are not 

known. 

The sulphide As4gS3 occurs as a mineral (dimorphite) and is dimorphic; the 

structure of one form (a) has been determined.) It consists of molecules very 

similar to those of P4,S3 (Fig. 19.9(c)) with As—S, 2:21 A, As—As, 2:45 A, 

S—As—S, 98°; As—As—As, 60°, As—As—S, 102°, and As—S—As, 106”. 
Realgar, As4S4, is a molecular crystal which sublimes readily in vacuo, and at 

temperatures up to about 550°C the vapour density corresponds to the formula 

As4S,4. At higher temperatures dissociation to As,S, takes place, and is complete 

at 1000°C. The structure of the As,S, molecule is not known, but the As4S4 

molecule has been studied by electron diffraction’) and shown to have the 

configuration of Fig. 20.11, with As—S, 2:23 (0-02), As—As, 2:49 (0-04) A, 

As—S—As, 101 (4)°, S—As—S, 93°, and S—As—As, 100°. This molecule has 
conventional bond arrangements and bond lengths. The crystalline material is built 

of the same molecules,‘?) though As—As was found to be somewhat larger (2°59 A) 

than in the vapour. 

On exposure to light realgar changes very easily to orpiment, As2S3. Crystalline 

orpiment has a layer structure?) (Fig. 20.12) of essentially the same kind as the 

monoclinic form of As,03 (p. 710), but vaporizes to As4S¢ molecules with the 

same configuration as AsqO. (p. 685). In the AsgS_ molecule As—S is 2:25 A, 
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(1) JCS A 1970 1800 

(2) JACS 1944 66 818 

As 

FIG. 20.11. The AsqSq4 molecule. 

(3) AC 1952 5 775 

(4) MJ 1954 1 160 



(5) JCS 1964 219 

FIG. 20.13. The double chains in 

Sb2S3 (diagrammatic). The larger 
circles represent S atoms. All the 
atoms of one chain are shaded, 

and the weak secondary Sb—S 

bonds are shown as broken lines. 

(6) AC 1957 10 99 

Arsenic, Antimony, and Bismuth 

As—S—As, 100°, and S—As—S, 114°. In crystalline orpiment the mean As—S bond 

length is 2:24 A and the mean bond angles at both S and As are 99°. 

FIG. 20.12. A layer of the crystal structure 

of orpiment, As? S3. 

The molecule of ‘cacodyl disulphide’ is of interest as containing Asit! 

(pyramidal) and As¥ (tetrahedral);°? 

H3C 

X y aa sured, 
H,C——As SESS i 

72-08 A 961° Asiil 

H3C CH3 

A simple chain with the composition M,S3 for an element M forming three 

bonds is 

and chains of this type occur in the structure of Sb,S3 and of the isostructural 

Bi,S3. The interatomic distances indicate, however, that these chains are associated 
in pairs as shown diagrammatically in Fig. 20.13, for whereas the atoms M, (see 

above) have three S neighbours at 2°50 A and no others nearer than 3-14 A the 

atoms M, have S neighbours as follows: one at 2°38, two at 2°67, and two more at 

2-83 A in addition to others at greater distances. The M2 —S bonds of length 2:83 A 

are shown as dotted lines in Fig. 20.13. It is clear that no simple bond picture can 

be given for crystalline Sb,S3, but the bonds from the two kinds of non-equivalent 

Sb atoms can be given fractional bond numbers using Pauling’s equation (p. 1025). 
This aU for Sb2S3 has been confirmed by a later study of the isostructural 

Sb» Se3. 
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Introduction 

We shall be concerned here with only some of the simpler compounds of carbon, 

for the very extensive chemistry of this element forms the subject-matter of organic 

chemistry. Carbon is unique as regards the number and variety of its compounds 

based on skeletons of similar atoms directly linked together. There are also 

compounds based on mixed C—N, C—O, and C—N—O skeletons, including cyclic 

systems, to some of which we shall refer later. Two major classes of organic 

compounds are recognized: aliphatic compounds, based on the tetrahedral carbon 

atom, and aromatic compounds, based on the hexagonal C¢ ring, in which some of 

the C atoms may be replaced by N, etc. Corresponding to these two types of carbon 

skeleton in finite molecules are the two polymorphic forms of crystalline carbon, 

diamond—in which each C atom is linked by tetrahedral sp? bonds to its four 

neighbours, and graphite—in which each atom forms three coplanar sp” bonds 

leading to the arrangement of the atoms in sheets. 

/ 
EO (diamond)—aliphatic compounds 

Ore (graphite)—aromatic compounds 

There are also ‘mixed’ compounds containing C¢ rings and, for example, aliphatic 

side chains. 

In contrast to the chemistry of living organisms based on systems of linked C 

atoms there is the chemistry of silicates based on Si atoms linked via O atoms. We 

shall note some of the more important differences between C and Si at the 

beginning of Chapter 23. Here we note only one other feature of carbon chemistry 

which differentiates this element from silicon, namely, the presence of multiple 

bonds in many simple molecules, a characteristic also of nitrogen and oxygen. 

The stereochemistry of carbon 

The structural formulae of carbon compounds were originally based on the four 

bond pictures: 

(a) pe (b) Cr (c) =C= and (d) =C-. 
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(1) JCP 1966 45 1067, 1068 

(2) JPC 1965 69 2182; JCP 1966 
44 1913 

Carbon 

It is now known, however, that (b) is not an adequate representation of the 

behaviour of a carbon atom in many molecules in which it is attached to three 

other atoms. Similarly (c) and (d) are unsatisfactory for many molecules containing 

a carbon atom forming two collinear bonds because there is resonance (a bonding) 

leading to non-integral bond orders, when neither =C= nor =C— accurately 

represents the electronic structure. Their lengths and physical properties indicate 

that many carbon—carbon bonds are intermediate between C—C, C=C, and C=C, 

The stereochemistry of this element may accordingly be discussed under the 

following heads: 

(a) The tetrahedral carbon atom—forming four sp° bonds, 

(b) 3-covalent carbon —forming sp* bonds. With the proviso that intermediate 

types of bond are to be expected, it will simplify our treatment if we recognize 

three cases, to which a number of molecules approximate fairly closely: 

(i) the simple system of one double and two single bonds already noted, 

(ii) one (single) and two equivalent bonds, and 

(iii) three equivalent bonds. 

(i) =C2 (HC), C=CH>, H5C-0, XC 0) 

(ii) —Co : carboxylate ions, benzene, and cyclic C—N systems, 

(iii) ---C< : carbonate, guanidinium, etc. ions, urea, graphite. 

(c) and (d) 2-covalent carbon (sp bonds). The compounds to be considered 

include CO,, COS, and CS, (with which the monoxide and suboxide are 

conveniently included), acetylene, cyanogen, cyanates, and thiocyanates. (There are 

also relatively unstable species containing 2-covalent carbon such as CEy.42 for 

which m.w. data give C—F, 1-30A and bond angle 105° (ground state) or 135° 
(excited state), and the CO} ion. This ion, detected by its e.s.r. spectrum, is formed 

when CO, is adsorbed on u.v.-irradiated MgO and in y-irradiated sodium formate. 

The ion persists for months if formed in a KBr matrix; the bond angle has been 

estimated as 127 + 8°.) 
Although we shall adopt the above rough classification according to the type of 

bonds formed by carbon, it will not be convenient to adhere strictly to this order. 

For example, cyanogen derivatives polymerize to cyclic molecules in which C forms 
three bonds; these cyclic C-N compounds are logically included after the simple 

cyanogen derivatives. The following groups of compounds are included in Chapter 
22: metal cyanides, carbides, and carbonyls, and certain classes of organo-metallic 
compound. 

The tetrahedral carbon atom 

Diamond: saturated organic compounds 

The earliest demonstration of the regular tetrahedral arrangement of carbon bonds 
was provided by the analysis of the crystal structure of diamond. In this crystal 

726 



Carbon 

each C atom is linked to four equidistant neighbours and accordingly the linking 

shown in Fig. 21.1 extends throughout the whole crystal. The bond angles and the 

C—C bond length (1:54 A) are the same as in a simple molecule such as C(CH3)4 or 

in any saturated hydrocarbon chain. The hexagonal form of diamond, related to 

cubic diamond in the same way as wurtzite to zinc-blende, has been produced at 

high temperature and pressure.) The molecule of symmetrical tricyclo-decane 

(‘adamantane’), Cy gH ,., has the same configuration as N4(CH))¢ (Fig. 18.2, p. 

642), and the molecule may be regarded as a portion of the diamond structure 

which has been hydrogenated. A larger portion of the diamond network is the 

carbon skeleton of C;4H 9.2) The relation of Cj gH;¢ and C,4HyQ9 to diamond 

may be compared with that of large planar aromatic hydrocarbons such as coronene 

to graphite. Another interesting molecule is that of ‘cubane’, CgHg, with a cubic 

framework of carbon atoms (C—C, 1-552 A).{) The octaphenyl compound, 

Cg(C¢Hs)g, is, however, a derivative of cyclooctatetraene (p. 730), the lengths of 

alternate bonds in the 8-membered ring being 1-343 A and 1-493 A.{4) 
Many simple carbon compounds have been studied by diffraction or spectro- 

scopic methods, and in all molecules Caq the interbond angles have the regular 

tetrahedral value (109°28’) to within the experimental error. Some reliable values 

of bond lengths in simple molecules of carbon and other Group IV elements are 

listed in Table 21.1. 

FIG. 21.1. The crystal structure 

of diamond. 

(1) JCP 1967 46 3437 

(2) JACS 1965 87 918 

(3) JACS 1964 86 3889 

TABU ER 2 let 

Bond lengths in molecules—Group IV elements 

(4) JCS 1965 3136 

Bond Bond length (A) Molecule Reference 

C—H 1-06 C2H2 PRS A 1956 234 306 

1-10 C2H4 JCP 1965 42 2683 

ee C2He ICP 1968 49 4456 
C-—C 1-53- CrH6 

1:56 antes ACSc 1964 18 603 

C=C 1-34 C2H4 JCP 1965 42 2683 

C= 1-205 C2H2 PRS A 1956 234 306 

C—N See Table 18.4, p. 650 
C—O See Table 21.5, p. 739 

(Cs See Table 21.6, p. 739 

C—F 1-32- CF4 ARPC 1954 5 395 

1-39 CH3F, CC13F JCP 1960 33 508 

C-—Cl 1:755- CF3Cl JCP 1962 36 2808 

1-78 CH3Cl JCP 1952 20 1420 

C—Br 1-91- CF3 Br TFS 1954 50 444 

1-94 CH3Br, CBr4 JCP 1952 201112 

Cc-I 2:14 CF3I1, CH31 JCP 1958 28 1010 

i : H3SiC=CH JCP 1963 39 1181 

ce ere SiH, JCP 1955 23 922 

Si—C 1-83- H3SiC=CH JCP 1963 39 1181 

1-87 (CH3)3 SiH JCP 1960 33 907 

Si—Si 2-33 SizHs5F JCP 1966 44 2619 

2-36 Si[Si(CH3)3 ]4 IC 1970 9 2436 

Si-O 1-64 Si(OCH3)4 JCP 1950 18 1414 



Carbon 

TABLE 2].1—continued 

a a ee ee 

Bond Bond length (A) Molecule Reference 

Da Ah cers athe 9 ci a A ar 

Si-F 1-56- SiBrF 3 JCP 1951 19 965 

1-59 SiH3F PR 1950 78 64 

Si—Cl 1-98- SiF3Cl JCP 1951 19965 

2-05 SiH3Cl ACSc 1954 8 367 

Si—Br 2-15- SiF3Br JCP 1951 19 965 

2-21 SiH3 Br PR 1949 76 1419 

Si-I 2-39- SiF3I JCP 1967 47 1314 

2-43 SiH3I N 1953 171 87 

Si—N 1-72 (CH3)3Si(NHCH3) TES 1962 58 1686 

Lee. ae Be BCSJ 1956 29 95 
Ti—br 2-32 TiBrg 

Zi Gleam 2 ens TFS 1941 37 393 
Th-Cl 2-61 ThCly 

Ge—H 1-52- GeH, JCP 1954 22 1723 

1-54 GeH3F-GeH3Br JCP 1965 43 333 

Ge—C 1-90- H3GeC=CH JCP 1966 44 2602 

1-95 GeH,(CH3)2 JCP 1969 50 3512 

Ge—Ge 2-41 GezH.6, Ge3Hg JACS 1938 60 1605 

Ge—Si 2:36 H3Ge. SiH3 JCP 1967 46 2007 

Geek 1-69- GeF3Cl PR 1951 81 819 

1-735 GeH3F JCP 1965 43 333 

Ge—Cl 2:07- GeF3Cl PR 1951 81 819 

2-15 GeH3Cl 
Ge—Br 2-31 GeH3Br MEL AR ES 
Ge—I 2:50 Gely TFS 1941 37 393 

Sn—H 1-70 SnH4 JCP 1956 25 784 

Sn—C 2-14 SnH3CH3 JCP 1952 201761 
Sn—€] 2-31- SnClq JCP 1959 30 339 

2°37 CH3SnCl3-(CH3)3SnCl TFS 1944 40164 
Sn—Br 2-44- SnBr4q TFS 1941 37 393 

2-49 CH3SnBr3-(CH3)3SnBr TFS 1944 40164 
Sn—I 2-64- Snlq TFS 1941 37 393 

2-72 CH3SnI3-(CH3)3Snl TFS 1944 40 164 

Pb—C 2-20 Pb(CH3)4 JCP 1958 28 1007 
Pb—Cl 2-43 PbCly TFS 1941 37 393 
Pb—Pb 2-88 Pb2(CH3)¢6 TFS 1940 36 1209 

Carbon fluorides (fluorocarbons) 

The product of the decomposition of (CF), (see later) or the direct fluorination of 

carbon is a mixture of fluorides of carbon from which the following have been 

isolated in quantity and studied: CF4, CyF., C3Fg, C4Fyo9 (two isomers), CyF4, 

Cs5Fy9, CgFy2 and C7F,q. All are extremely inert chemically and are notable for 
the very low attractive forces between the molecules, approaching the atoms of the 

noble gases in this respect. There is a great difference between the boiling points of 

the fluorocarbons and the hydrocarbons, as shown in Fig. 21.2. 

Mixed fluoro-chloro compounds have been prepared by fluorinating the 

appropriate chloro compounds; they include CHCIF,, CCl,F,, CHCI,F, CCI3F, 

and CCl,F . CCl,F. The unsaturated compound tetrafluoroethylene, C,F4, can be 
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polymerized under pressure to a solid polymer which is, like the simple 
fluorocarbons, very inert chemically. Polytetrafluoroethylene, (CF,),, consists of 
chain molecules —CF,—CF,— but in contrast to the planar zigzag (CH, ),, chains in 

100 

CF \, 

CF, 

0 CsFio 

CyF io 

Y 
a Rn cae : ‘BS FIG. 21.2.  Boiling-points of 
—100 hydrocarbons, fluorocarbons, and 

noble gases. 

— 200 

H; 

= 1 it | 

He 100 200 300 400 

Molecular weight 

polyethylene they have a helical configuration. The solid carbon monofluoride 

(CF), is closely related to graphite, the layers of which have been pushed apart by 

the introduction of F atoms (see later). 

Carbon forming three bonds 

On p. 726 we recognized three main groups, (i)-(iii), of compounds in which 

carbon forms three bonds. We shall now give examples of each group, and for 

comparison with observed bond lengths we give in Table 21.2 standard values for 

single, double, and triple bonds. It is possible to select examples illustrating a simple 

correlation between types of bond and interbond angles, in which the logical 

sequence would be: 

125% 120° 115° 

125; 120° P52 

(i) (iii) (ii) 
cOCcl, coz” (R . COO) 

but we shall see that there are no clear-cut dividing lines between these classes, 

particularly between (ii) and (iii); cyclic molecules such as C¢H,¢ illustrate this 

point. As we proceed it will become evident that the bonds in many molecules 
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cannot be described in any simple way; a good example is sue Ae of ethyl 

(1) AC 1967 23 410 carbamate, in which there are three different C-O bond mee 

Gu ee, 

Rae 1:22 A 

gla 

LAB Ee? i? 

Observed bond lengths (A) 

Single 

(Ce 
GaN 
C=O) 

1-47 [1-28] 1-16 
1-41 1-22 1-13 

Bond arrangement =C< 

For carbon forming one double and two single bonds the bond angles 

125°16 R, 

Rio) 109° 28" 

125°16, R3 

should be as shown and the lengths of the bonds C=R,, C—R3, and C—R; should be 

those expected for one double and two single bonds respectively. The most 

symmetrical molecules of this type include isobutene, (CH3),C=CH,, form- 

aldehyde, H,C=O, ketones, R,C=O, carbonyl halides, X,C=O, and their sulphur 

analogues, X,C=S. The free molecule (OH),C=O is not known, but the reaction 

between a suspension of Na,CO3 in dimethyl ether and HCI at —33°C is said to 

(2) ZaC 1968 357 78 give the etherate, OC(OH), . O(CH3),.) Less symmetrical molecules approxi- 

mating to this bond arrangement include the boat-shaped molecule of cyclo- 

(3) JCP 1958 28 512 octatetraene, (a),C ) the bond lengths in which indicate that there is comparatively 

(4) ICP 1961 34 1847 little interaction between the bonds in the ring, formyl fluoride, (b),“*) and 

carboxylic acids. 

134A 
ye ea 

118: a fm Ses! 118A 
| eee 110 Os O 

ra 2 hake ee 1272 
eee 1-10 A 

H H 

(a) (b) 
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Carbonyl halides and thiocarbonyl halides. All the compounds COR; (5) JCP 1962 37 2995 
COC? and COBr, ‘7? have been studied in the vapour state by e.d. and/or (6) JCP. 1953 21 1741 
m.w., and COCI, (phosgene) has also been studied in the crystalline state.“®) The (7) JACS 1933 55 4126 
C—X bond lengths are close to the values expected for single bonds, while the C=O (8) AC 19525 833 

F Cl 
1-312 A 

108° ( gaeelerioy,; sie tS ALg 

va o BTHSA 

bonds are slightly shorter than ‘normal’ double bonds. There is no sign of disorder 

in crystalline phosgene, so that the residual entropy (1°63 e.u.) calculated from 

calorimetric and spectroscopic data is unexplained. 

An early electron diffraction study of thiophosgene, CSCl,, assumed C—S, 

1-63 A, which could profitably be checked. The dimer, produced by photolysis of 

CSCl,, has the structure (c), and the compounds with the empirical formulae (9) ZaC 1969 365 199 

(COCI,)5 and (COCI,)3 are (d) and (e).¢% (10) JCS 1957 618 

Cl SN. el NS 50.4 wa ie 
Ca) 96 C a,c-o-c7? a coe Me eS ON SS O—CCl cl S cl : 

(c) (d) (e) 

Carboxylic acids and related compounds. Acids such as formic and acetic 

dimerize in the vapour state. The structures of the monomer and dimer of formic 

acid are shown at (f) and (g)“!!) as determined by e.d. studies of the vapour; the — (11) ACSc 1969 23 2848 

115-4° 5, . . 

warn P Cam 27 
106A 108-5° 

sipcs wanted 123-4° pen ie, 126°( C—H 
1-082 A ye wie 

1-361 A 1-323 A 1-036 A Zo 
0984 4 iaalet g 

<== 0.10 A= 

(f) (g) 

acid has also been studied in the crystalline state.“'*) The dimers of these acids are (12) AC 1953 6 127 

very nearly planar molecules; >) it may be supposed that sp” hybridization of the (13) AC 1963 16 430 

C atom requires also sp” hybridization of the carbonyl O atoms. Consequently the 

two lone pairs of the latter are extended at 120° to the C=O bond and are 

coplanar with it and with the other C—O bond. The whole structure is therefore 

essentially planar. An electron diffraction study of thioacetic acid"'4) gave the (14) JCP 1946 14 560 

et 



(15) JCS 1952 4854 

(16) AC 1965 18 410 

(17) AC 1969 B25 469 

(18) ACSc 1968 22 2953 

(19) AC 1969 B25 2423 

(20) AC 1954 7 588 

(21) JCS 1965 396 

Carbon 

following result, values enclosed in brackets.being assumed: 

[Ls 

he noe -A— 2410-04 A 

Hye erence CA nas 

vm By S 
1-78£0-02 [1-34] 

Many studies have been made of oxalic acid, which has two anhydrous 

polymorphs“! 5) and of oxalates, (NH4).C2O,q. H,0,“! OTK, CG O,et Oo. 8, 

KHC DOA” 8) etc. Although the dihydrate of the acid is not an oxonium salt there 

is comparatively little difference between the dimensions of the (COOH), molecule 

in (COOH). 2 10," ”? (h), and of the ion in alkali-metal salts, (i). Points of 

aes wee 117° O 
Sp S4 AG 21A hid ose 1-26 A 
LE aa 1-29 A 1-25 

oo” Se ie — 

(h) (COOH), . 2H,0 (i) C,037 ion 

interest are the planarity of the oxalic acid molecule, in which the C—C bond is at 

least as long as a single bond, and the variation in conformation of the oxalate ion, 

which is planar in K,C,0,.H,O but non-planar in KHC,O,4 and (NHq)2C204. 

H,0. In the last two crystals the angles between the planes of the COO groups 

are 13° and 27° respectively. The non-planarity is attributed to strong hydrogen 

bonding, which also affects slightly the C—O bond lengths in a number of oxalates. 

H 
Evidently, although formic acid is close to O=C OH , with a marked difference 

between the C—O bond lengths, oxalic acid is closer to —C<-_, the structure 

expected for carboxylate ions. This is also true of oxamide(?®) and dithio- 

oxamide(?!) which are planar molecules in which the C—N bonds are appreciably 

shorter than single bonds: 

ae PSS 1259S 

118°C“) 120° Male fir 

| 1-542 A re. 1-537 A 

1- ve haa A 1- aay 4 Laine 

Two cyclic ions are conveniently included here. They are the square planar 
C404 ion in the potassium salt of 3: 4-diketocyclobutene diol, K,C,40,4 . 
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H,0,(2?) and the croconate ion, C,O2”, studied in (NH4)36,0..02*) The latter 
has almost perfect pentagonal symmetry. In both ions the bond lengths are C—C, 
1-46 A, C=O, 1:26 A. 

O Ocanel se SS =a 

ee ON 0 

ye 
of 

Bond arrangement —C~ 

Carboxylate ions. ons R—COO™ of carboxylic acids are symmetrical with two 

equal C—O bonds (1:26 A) and O—C—O bond angle in the range 125-130°. In 
sodium formate,“ for example, the ion is reported to have C—O, 1:27 A, and 

O—C-—O, 124 (4)°, and bond lengths close to 1:25 A have been found in 

alkaline-earth formates. 

Benzene. A number of studies give values for C—C close to 1:395 A.) 

Bond arrangement 0 

A number of symmetrical ions (and one free radical) have been shown to be planar, 

or approximately so, in the crystalline state. They are listed in Table 21.3, which 

also gives the other ion in the salt studied. 

TABLE 21.3 
Planar ions CX3~, CX3, and CX$ 

Ion C—-X Reference 

C3”: Ca** 1-29 A (C—O) JCP 1967 47 3297 R 
:K3.3H,O 

Css 7k 0 1-71 (C=S) AC 1970 B26 877 
C(CN)3 : NH4 1-40 (C—C) ACSc 1967 21 1530 

:K* 1-39 (G_-C) AC 1971 B27 1835 
: Ag’ es IC 1966 5 1193 

C(SO2CH3)3 :NH4 1-70 (C—S) AC 1965 19 651 

C(p-CgH4NO>)3 1-47 (C-C) ACSc 1967 21 2599 

C(NH)3: NO3, Cl” 1-32 (C—N) AC 1965 19 676 
C(N3)3: SbClg 1-34 (C—N) AC 1970 B26 1671 
C(G@5Hs 32104, BF4 1-45 (CC) AC 1965 18 437 
C(CgH4NH2)3: C104 1-45 (C—C) AC 1971 B27 1405 

Tess) 

(22) JCP 1964 40 3563 

(23) JACS 1964 86 3250 

(1) JACS 1940 62 1011 

(2) PRS A’ 1958 247 1 



(1) AC 1969 B25 404 

(2) JCS 1958 2551 

(1) AC 1951 4 253, 558 

(2) PRS A 1942 181 101; ZK 1956 
107 337 

Carbon 

Carbonate ion. Redetermination of the C—O bond length in calcite and in 

K,CO3.3 HO gives values close to 1:29 A, though the lower value 1:25 A was 

found in sodium sesquicarbonate (p. 314) which has been studied by both X-ray 

and neutron diffraction. 

Triazidocarbonium ion. The dimensions found for this ion are shown at (a) 

3 139A TaN 133A FERS i (orcs ENE 

N3 N tee =N HN’ 121° 
2 

(a) (b) 

Tricyanomethanide ion. The very small deviations from planarity of this ion 

observed in certain salts have been attributed to crystal interactions. This ion can 

form interesting polymeric structures with metal ions. In the argentous compound 

the group acts as a 3-connected unit in layers based on the simplest 3-connected 

plane net, and these layers occur as interwoven pairs as described on p. 90. 

Urea. This molecule, (b), is intermediate between COZ™ and C(NH})3 (guani- 

dinium ion). 

Anumber of studies have shown that the H atoms are coplanar with the C, N, and 

O atoms;“!) other molecules in which N forms three coplanar bonds include 

formamide, H,N . CHO, and N(SiH3)3. Bond lengths in thiourea are C—N, 1-33 A, 

and C—S, 1-71 A.) 

Graphite. A portion of the crystal structure of graphite is illustrated in Fig. 

21.3. The large separation of the layers (3-35 A) compared with the C—C 

bond length of 1-42 A in the layers indicates relatively feeble binding between the 

atoms of different layers, which can therefore slide over one another, conferring on 

graphite its valuable lubricating properties. (The interlayer spacing varies slightly 

with the degree of crystallinity, from 3-354 A in highly crystalline graphite to 

3-44 A in poorly crystalline carbons.) In the graphite structure (Fig. 21.3) the 

carbon atoms of alternate layers fall vertically above one another, and the structure 

can be described in terms of a hexagonal unit cell with a = 2-456 A and c = 

6-696 A. The structure of many graphites is rather more complex.(?) In Fig. 21.4 

the heavy and light full lines represent alternate layers in the normal graphite 

structure, and it is seen that there is a third possible type of layer (broken lines) 

symmetrically related to the other two. A second graphite structure is therefore 

possible in which these three types of layer alternate, a structure with a = 2-456 A 

and c = 3 (6°696) = 10:044 A. Several natural and artificial graphites have been 

found to have partly this new structure and partly the normal structure. It is 
interesting to note that in the normal graphite structure the carbon atoms are not 
all crystallographically equivalent, whereas they are in the second form of Fig. 21.4. 
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FIG, 21.3. The crystal structure of graphite. 

FIG. 21.4. Relative positions of 
atoms in successive layers of the two 

forms of graphite (see text). 

Also, this new form is closely related to diamond, from which it could be derived 

by making coplanar the atoms in the puckered layers parallel to (111) and 

lengthening the bonds between these layers. Graphite can be converted into 

diamond under a pressure greater than 125 kbar at about 3000°K.°?) 

The great difference between the bonding within and between the layers of 

graphite is responsible for the formation of numerous compounds in which atoms 

or molecules are introduced between the layers. Some of these compounds will now 

be described. 

Derivatives of graphite?) 

Charcoal is essentially graphitic in character but with a low degree of order, and 

because of its extensive internal surfaces and unsatisfied valences possesses the 

property of adsorbing gases and vapours to a remarkable extent and of catalysing 

139 

(3) JCP 1967 46 3437 

(4) QRCS 1960 14 1 



(5) AC 1963 16 531 

(6) ZaC 1969 369 327 

(7) PRS A 1960 258 329, 339 

Carbon 

reactions by bringing together the reacting gases. Crystalline graphite is far less 

reactive in this way since the layers of carbon atoms are complete and there is only 

a weak residual attraction between them. Nevertheless it undergoes a number of 

reactions in which atoms or radicals are taken up between the layers. The graphite 

crystal does not distintegrate but expands in the direction perpendicular to the 

layers. 

Graphitic oxide. This name is applied to the pale, non-conducting product of the 

action of strong oxidizing agents such as nitric acid or potassium chlorate on 

graphite. The graphite swells in one direction, and measurements of the inter-layer 

distance in these compounds show that it increases from the value 3-35 A to values 

between 6 and 11 A, this expansion following the increasing oxygen content. The 

composition is not very definite but the limit corresponds approximately to the 

formula C,O(OH). The structure of the oxide is highly disordered, but e.d. 

results‘5) on the dehydrated material (inter-layer spacing ~6°2 A) suggest that 

oxygen may be attached in two ways to the puckered graphite-like sheets: 

ne OG 

Yard tee 
There is no regularity in the stacking of the layers.(©) 

Graphitic ‘salts’. If graphite is suspended in concentrated sulphuric acid to which 

a small quantity of oxidizing agent (HNO3, HClO,, etc) is added, it swells and 

develops a steel-blue lustre and blue or purple colour in transmitted light. These 

products are stable only in the presence of the concentrated acid, being 

decomposed by water with regeneration of the graphite which, however, always 

contains some strongly held oxygen. In the ‘bisulphate’, the maximum separation 

of layers is approximately 8 A. If the electrode potential of the graphite during 

oxidation or subsequent reduction in H,SOy, is plotted against composition, sharp 

breaks are observed in the curve corresponding to the ratios Cog, C4g, and C34 to 

HSOq. (7) Other graphitic ‘salts’, perchlorate, selenate, nitrate, etc., have been 

described. 

Carbon monofluoride. When graphite, previously degassed, is heated in fluorine 

to temperatures around 400-450°C a grey solid is formed with the approximate 

composition (CF),. The expansion of the inter-layer separation to 8:17 A shows 

that the fluorine is contained between the layers. Here again the characteristic 

lustre and conductivity of graphite are absent, the material having a specific 

resistance about 10° times that of graphite. On heating to higher temperatures no 

further fluorine enters the structure, which eventually decomposes into a mixture 

of various carbon fluorides together with soot—compare the final oxidation of 
“graphitic acid’ to mellitic acid, Cs(COOH),. A compound (C,4F),, has also been 
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described and a structure has been suggested, but there does not appear to be 
general agreement as to the positions of the F atoms in either (C4F),, or (CF),,.°®) 

Compounds of graphite with alkali metals and bromine. On treatment with the 
molten metal or its vapour graphite forms the following compounds C,,M with the 
alkali metals: 9) 

Li 6 Lees 

Na only 64 

K 

Rb 8 10 24 36 48 60 
Cs 

Absorption of bromine gives CgBr and CBr, and since it seems that CgK and 
CgBr are similar from the geometrical standpoint, having alternate layers of C 

and K (Br), these compounds are conveniently discussed together. The marked 
temperature-dependent diamagnetism of graphite, due to the large z-orbitals, is 

changed to a weak temperature-independent diamagnetism in CgBr (comparable 

with that of metallic Sn or Zr), and a comparatively strong temperature- 

independent parmagnetism in CgK (comparable with Ca), stronger than that of 

metallic K itself. Both CgK and CgBr are better conductors of electricity 

than graphite. The interlamellar separation of 3-35 A in graphite becomes 7-76 A in 

CgK and 7:05 A in CgBr. It would seem that if these structures were ionic in 

character there would be a larger separation of the carbon layers in the bromine 

compound (since the radius of the Br ion is 1-95 A while that of K* is 1-38 A), 

whereas the metallic radius of K is 2:23 A as compared with the covalent radius 

1:19A of Br. It has therefore been suggested that there are ‘metallic’ bonds 

between K or Br and the graphite layers, the empty electron band in graphite being 

partly filled in the K compound and the full band being partly emptied in the Br 

compound. The fact that Na does not form a similar compound, while Rb and Cs 

do, may be due to the fact that the ionization energy of Na is higher than that of K. 

Graphite complexes with metal halides. In addition to the well-known com- 

pounds with FeCl; and AlCl; complexes can be formed with many other halides, 

for example, CuCl,, CrCl3, 4f trihalides, MoCl,, and also chromyl fluoride and 

chloride. (Crystalline BN also forms similar compounds with AICI; and FeCl;.) An 

electron diffraction study‘! !) has been made of the graphite-FeCl3 system. The 

best characterized phase in the graphite-MoCl; system consists of layers of 

Mo,Cl;9 molecules between sets of four graphite layers.1?) Within a layer the 

Mo,Cl, 9 molecules are close-packed. 
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The oxides and sulphides of carbon 

Carbon monoxide . 

In this molecule, which has a very small (possibly zero) dipole moment, the bond 

length is 1-131 A. The length, force constant, and bond energy (Table 21.4) show 

that it is best represented C=O. 

TABLE 21.4 

Properties of carbon-oxygen bonds 

Bond Length Force constant Bond energy 

(A) Nm (kJ mol‘) 
C=O in H.CHO 1-209 0-0123 686 
O=C=O 1-163 0-0155 803 
C=O 1-131 0-0186 1075 

Carbon dioxide and disulphide: carbonyl sulphide 

The molecules OCO, SCS, and OCS are linear. Bond lengths are given in Tables 21.5 

and 21.6. In carbon dioxide the carbon-oxygen bond is intermediate in length 
between a double and triple bond. The studies of CO, and CS, by high resolution 
infrared spectroscopy provide an example of the use of this method for molecules 
which cannot be studied by the microwave method because they have no 
permanent dipole moment. The structure of the CS, molecule has also been studied 
in the crystalline state. (C-S, 1-56 A).“) Under a pressure of 30 kbar CS, 
polymerizes to a black solid for which a chain structure has been suggested. (2) 

Carbon suboxide 

The third oxide of carbon, the so-called suboxide C30), is a gas at ordinary 
temperatures (it boils at +6°C) and may be prepared by heating malonic acid or its 
diethyl ester with a large excess of phosphorus pentoxide at 300°C. Its preparation 
from, and conversion into, compounds containing the —C—C—C— nucleus are 
consistent with its structure, O-C—C—C—O. The action of water regenerates 
malonic acid, ammonia yields malonamide, and HCl malonyl chloride: 

COOH 
2~cooH all of the form 

H,0 | 

NH3 _CO .NH, anes 
C,0, ———_—_ > 
ae HCl Fos og. NH, BN wcits 

| 
O 

-CO .Cl 
~co C where R = OH, NHg, or Cl 
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Carbon suboxide polymerizes readily at temperatures above —78°C. An e.d. study 

indicates a linear molecule with C—C, 1:28 A, and C—O, 1:16 A,“*) but the (3) JACS 1959 81 285 

possibility of small deviations from linearity could not be excluded. 

_ The oxides C,0) and C03 have been identified in low-temperature (4) JCP 1965 43 3734 

matrices. The latter is an unstable species formed by the reaction of O atoms with — (5) JCP 1966 45 4469 
CO,; its ir. spectrum has been studied in an inert matrix and the cyclic structure O 

(a) suggested. [-c=0 

(a) 
TABLE 21.5 

Lengths of C—O bonds 

Molecule Bond length Method Reference 

CO 1-131 A m.w. PR 1950 78 140 
COCI, 1-166 m.w. JCP 1953 21 1741 
COSe 1-159 m.w. PR 1949 75 827 
CO, 1-163 ie JRNBS 1955 55 183 
COS 1-164 m.w. PR 1949 75 270 
HNCO 1-184 xX AC 1955 8 646 
H,CO 1-209 ede BCSJ 1969 42 2148 
CH30H 1-427 m.w. JCP 1955 23 1200 
HCOO—CH3 1-437 m.w. JCP 1959 30 1529 

AGB bee 

Lengths of C—S bonds 

Molecule Bond length Method Reference 

HNCS 156A m.w. JCP 1953 21 1416 

Ocs 1-56 m.w. PR 1949 75 270 

Te€s 1:56 m.w. PR 1954 95 385 

SCS 1-55 igi JCP 1958 28 682 

(NH2.CS)2 1-65 x JCS 1965 396 

SC(NH?2 )2 1-71 x JCS 1958 2551 

CH3SH 1-81 m.w. PR 1953 91 464 

(CF3)2S | ed. TFS 1954 50452 
(CF3)2S3 1-85 

Two molecules with some structural resemblance to CO. and CS,: 

1-21A _1:185A 121A _ 15958 

1 : 168A 2"! pee 
1 Sis \ hae, and Ke, cf 

146° 176° 168° 78° 

GF OF (6) JCS A 1966 1703 
TUES Ago G7 aLols 

are remarkable for the non-linear bonds formed by (ey RE 8: The C,—C bond ) 

length corresponds to a triple bond and P—C to a double bond, the length of a 

single P—C bond being at least 1°85 A. 
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Acetylene and derivatives 

A literature reference for acetylene is given in Table 21.1 (p. 727). All molecules 

R-C=C_—R are linear, and in all cases the length of the C=C bond is close to 

the value in acetylene itself (1-205 A). In compounds containing the system 

—C=C—C=C— the central bond is only slightly longer (1-37 A) than the double 

bond in ethylene (1-34 A). Also, the terminal bond in molecules X—C=C—X is 

appreciably shorter than a normal single bond. For example, in the molecules 

H3C.C=CX (X = Cl, Br, or I) H3C—C is approximately 1:46 A and C—X is 

1-64,) 1-79, and 1-99 A®) as compared with the single-bond lengths, C—C, 

1-54, C—Cl, 1:77, C—Br, 1:94, and C—I, 2:14 A. 

Very short C—X bonds are also found in HCCF and HCCC) 

a 1-279 1-198 v 1053 CO 1-637 s 1-204 c [085A 

these C—X bond lengths being very similar to those in cyanogen halides. 

Cyanogen and related compounds 

Cyanogen 

For the cyanogen molecule, which is linear, the simplest formulation is N=C—CEN. 

The length of the central bond, 1-38 A, however, is the same as in diacetylene, 

HC=C—C=CH, showing that there is considerable 7 bonding. The C=N bond length 

is the same as in HCN. Bond lengths in cyanogen and related compounds are given 

in Table 21.7. 

TANI, Dil 7 

Structural data for cyanogen and related compounds (A) 

C=N CHE (C=C Reference 

N=C—C=N 1-15 1-38 — JCP 1965 43 3193 
N=¢—G=—¢H 1-157 1-382 1-203 JACS 1950 72 199 
N—Ga 0 —-Ga oN 1-14 1-37 1-19 AC 1953 6 350 

Cyanogen and its derivatives are of special interest because of the ease with 

which they polymerize. When cyanogen is prepared by heating (to 450°C) mercuric 

cyanide, preferably with the chloride, there is also obtained a quantity of a solid 

polymer, paracyanogen (CN),,, which may also be made by heating oxamide in a 

sealed tube to 270°C. The structure of this extremely resistant material is not 

known; some conjugated ring structures have been suggested. The structures of the 

trimeric (cyanuric) compounds are noted later. 

HCN: cyanides and isocyanides of non-metals 

Only one isomer of HCN is known, but organic derivatives are of two kinds, 

cyanides RCN and isocyanides RNC. The latter have been formulated R-N=C, but 
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in fact the C—N bond length in CH3NC is only slightly greater (1-167 A) than in 
CH3CN (1-158 A), which is close to that in HCN itself (1-155 A). The force 
constants of the C—N bonds in HCN, CH3CN, and the cyanogen halides, XCN, 
are in all cases close to 1800 N m‘/, and therefore cyanides are satisfactorily 
represented R—C=N. 

The structures in the vapour state of HCN and of a number of covalent cyanides 
and isocyanides containing the linear systems R(M)—C—N and R(M)—N—C 
respectively are summarized in Table 21.8. There are two crystalline forms of HCN, 

TABLE 21.8 

Structures of covalent cyanides and isocyanides 

Other data Reference 

TFS 1963 59 2661 
CH3CN PR 1950 79 54 

JACS 1955 77 2944 
CH3NC RMP 1948 20 668 
CF3CN JACS 1955 77 2944 

JCP 1952 20591 

S(CN)2 AC 1966 21 970 
P(CN)3 AC 1964 17 1134 
As(CN)3 AC 1963 16 113 
H3SiCN TERM IGOR 2a Si 

the low-temperature orthorhombic form changing reversibly into a tetragonal 

polymorph at —102-8°C. The structures of both forms are essentially the same, the 

molecules being arranged in endless chains: ) 

---N=C—H------N=C_H--- 
<3-18 A> 

The dipole moment of HCN is 2:6 D in benzene solution and 2:93 D in the 

vapour. The abnormally high dielectric constant of liquid HCN is attributed to 

polymerization, and there is i.r. evidence for dimerization in an inert matrix at low 

temperatures. ‘?? 

HCN polymerizes to a dark-red solid which on recrystallization yields almost 

colourless crystals of (HCN)4. This ‘tetramer’ is actually diaminomaleonitrile: ‘>? 

ON Soteean 
on pare QU 165.A 

WA SSE 
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The approximately collinear configuration of M—C=N has been confirmed in a 

number of molecular cyanides (Table 21.8). In some of these cyanides there are 

intermolecular M---N distances less than the sums of the van der Waals radii, and in 

S(CN)2, for example, the two next nearest neighbours of S are coplanar with the 

intramolecular C atoms, suggesting that intermolecular interactions may be 

responsible for the small deviations of the M—C=N systems from exact collinearity. 

The structures of metal cyanides are described in the next chapter. 

Cyanogen halides 

All four cyanogen halides are known. The fluoride is a gas at ordinary temperatures 

and is prepared by pyrolysis of (FCN)3 which in turn is made from (CICN)3 and 

NaF in tetramethylene sulphone. The chloride is a liquid boiling at 14°5°C which 

_ readily polymerizes to cyanuric chloride, Cl3C3N3, and is prepared by the action of 

chlorine on metal cyanides or HCN. The bromide and iodide, also prepared from 

halogens and alkali cyanides, form colourless crystals. All four halides have been 

studied in the vapour state and all except FCN also in the crystalline state (Table 

219% 

TABLE 219 

Structures of cyanogen halides 

C-X C—N C—X X:--Nin Method Reference 
in CX4 crystal 

FCN 126A 116A 1-324 - m.w. TFS 1963 59 2661 
CICN 1-63 1-16 1:77 - m.w. JCP 1965 43 2063 

3-01 A X AC 1956 9 889 
BrCN 1°79 1-16 1-94 m.w. PR 1948 741113 

2°87 X UO? WSS 28) 7/78: 
ICN 2-00 (1-16) 2-14 m.w. PR 1948 741113 

RTC 1939 58 448 

The molecules are linear, and in the crystals are arranged in chains 

----X—C=N----X-C=N---- 

There appears to be some sort of weak covalent bonding between X and N atoms of 
adjacent molecules, the effect being most marked in the iodide, where the 
intermolecular I-N distance is only 2-8 A, far less than the sum of the van der 
Waals radii (see p. 232). The C—X bond lengths within the molecules are 
appreciably less than the single-bond values in the molecules CX, and are the same 
as in H3 C—C=C—X, but C=N is very close to the value in HCN. 

Cyanamide, H,N . CN 

This colourless crystalline solid formed from NH3 and CICN readily polymerizes, 
for example, by heating to 150°C, to the trimer melamine (see later). The bond 
lengths in the molecule are:“) N—C, 1-15 A, and C—NH2, 1:31 A. The group 
N—C-—N also is unsymmetrical in (covalent) heavy metal derivatives such as 
Pb(NCN)°?) (bond lengths approximately 1-17 and 1-25 A) presumably because it 
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is more strongly bonded to the metal through one N. Derivatives of more electro- 

positive metals are salts containing the linear symmetrical NCN?~ ion (studied in 

CaNCN):{%) compare N—C, 1-22 A, with N—N, 1-17 A, in the isoelectronic N3 ion. —_ (3) ACSc 1962 16 2263 
(Only approximate bond lengths were determined in Sr(NCN).)“ (4) ACSc 1966 20 1064 

Dicyandiamide, NCNC(NH})» 

The dimer of cyanamide is formed when calcium cyanamide is boiled with water. 

This also is a colourless crystalline compound, the molecule of which has the 

structure: (5) 
(5) JACS 1940 62 1258 

136a NH 
136A . 

TSR Ne C120 
; 6 , l Set 120 NH, 
N 

Cyanuric compounds 

The cyanogen halides polymerize on standing to the trimers, the cyanuric halides. 

Cyanamide is converted into the corresponding trimer, melamine, on heating to 

about 150°C. Isocyanic acid, however, polymerizes far more readily. If urea is 

distilled, isocyanic acid is formed but polymerizes to cyanuric acid, (NCOH)3, a 

crystalline solid, the vapour of which, on rapid cooling, yields isocyanic acid as a 

liquid which, above 0°C, polymerizes explosively to cyamelide, a white porcelain- 

like solid. This latter material is converted into salts of cyanuric acid by boiling 

with alkalis. These reactions are summarized in Chart 21.1. Cyanuric derivatives 

CHART 21.1 

cyanamide 3 N ’ id 
150 Z cyanuric triamide 

ie CN NH5=—_> HN| ¢ Nt . NH2 (melamine) 

HoN £2 cn. ee 
eee eae NH) 

N 
Che C7 xs -Cl cyanuric 

Nw UN chloride 
oa 

Cl 

evaporate lide (NCOH) 
paren NHsg salt ye é 

NH, HNCO Se 
distil N N 

(urea) isocyanic aS HO. C Ke .OH a oC™ “CO 

OH O 

cyanuric acid 
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FIG, 21.5. The configuration of 
the molecule in crystalline 

cyanuric acid. Broken lines 

indicate N—H---O bonds to ad- 

jacent molecules. 

(6) JACS 1952 74 6156 

(1) ACSc 1965 19 1768 

(2) JCP 1950 18 990 

(3) AC 1955 8 646 
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may be interconverted. For example, if cyanuric bromide is warmed with water, 

cyanuric acid is formed. Cyanuric chloride is converted by the action of NaF in 

tetramethylene sulphone to the fluoride, (FCN)3, pyrolysis of which provides pure 

FCN in good yield. 

The structure of the cyanuric ring has been studied in several derivatives, for 

example, the triazide, triamide (melamine), and cyanuric acid (Fig. 21.5). The ring 

is a nearly regular hexagon with six equal C—N bonds of length 1:34 A. In 

crystalline cyanuric acid the molecules are arranged in layers,(®) six N—H—O bonds 

linking each molecule to four neighbours as shown in Fig. 21.6. 

FIG. 21.6. Layer of hydrogen-bonded 

molecules in crystalline cyanuric acid. 

Isocyanic acid and isocyanates 

In the acids HNCO and HNCS there is the possibility of tautomerism: 

H-O—C=N or H—N=C=O (iso form) 

(S) (S) 

Two series of esters, normal and iso, might be expected but both forms of the acid 
would give the same ion (OCN) , isoelectronic with the azide ion. In fact, the O 
and S compounds show rather different behaviours: 

O compounds S compounds 

Acid entirely in iso form, HNCO Acid tautomeric (in CCl, solution the 

Raman spectrum indicates iso (HNCS); 

vapour at least 95 per cent iso) 

Esters: one type only, iso, RN=C=O Two series of esters: R-S—C=N (normal) 

R—N=C=S (iso) 

The suggestion that freshly prepared isocyanic acid may contain a trace of 
HO—CE=N is based on the presence of a very small amount of cyanate in the 
isobutyl ester prepared from the acid and diazobutane, but there are admittedly 
other explanations.) 

The structure of the isocyanic acid molecule has been studied in the vapour?) 
and crystalline?) states. The H-N—C angle is close to 128° and the bond lengths 
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are: N—H, 0:99 A, N—C, 1:20 A, and C—O, 1:18 A. Values of the R-N—C bond 

angle in esters include 126° in an early e.d. study of H3C . NCO and 150+ 3° in (4) JACS 1940 62 3236 

(CH3)3Si . NCO.“*) The value 180° found in Si(NCO), should perhaps be accepted (5) JACS 1966 88 416 
with reserve. 

Few studies have been made of ionic (iso)cyanates. The fact that the sodium salt 

is isostructural with the azide confirms the linear structure of the ion, but the bond 

lengths N—C, 1:21 A, and C—O, 1-13 A, were not claimed to be highly accurate.®) (6) MSCE 1943 30 30 

In AgNco*”) the isocyanate groups are linked by Ag atoms which form two (7) AC 1965 18 424 

collinear bonds (Ag—N, 2:12 A). (The silver-oxygen distances, 3-00 A, are too long 
for normal bonds; compare 2:05 A in Ag, 0.) 

: DNCO ye 

y g Js 

OCN OCN N C O 
X\ S 1-20 118A 
ae Ag 

NCO . 

Ag 

(There are two crystalline forms of the isomeric fulminate, AgCNO, one containing 

chains somewhat like those in the isocyanate and the other rings of six Ag atoms 

O O 
< N N 

: —CNO C—Ag—C 
Pd 7; We \ 

As fe ae P\ 
ONC! ONC. } ONC ! | CNO 
oa SS \I 1 / 

ree AB Ag. ops 
' CNO a ae 

a N N 
O O 

linked through CNO groups.)‘®) In the chains the Ag—Ag distance, 2:93 A,is only (8) AC 1965 19 662 

slightly longer than in the metal (2-89 A), and in the rings it is 2°83 A. 

Isothiocyanic acid, thiocyanates, and isothiocyanates 

The free acid, prepared by heating KSCN with KHSOz,, is in the iso form to at least 

95 per cent in the vapour state, and the molecule has the structure (a).0) A (1) JMS 1963 10 418 

H H3C 
ne 135% ee oS ene 

99 A [1-82 A] ; 

Ee Cc S S C N Se% )!01° | 
122A 156A 168A  [1-16A] 104 

S C——N 

(a) (b) (c) 
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(2) JCP 1965 43 3583 

(3) JACS 1954 76 2649 

(4) JACS 1949 71 927 

(5) JACS 1966 88 416 

(6) TFS 1962 58 1284 

(7) SA 1962918 1529" (but see 

comments in ref. 5) 

(1) AC 1968 B24 1125 

(2) IC 1965 4 499 

(3) IC 19665 1632 

(4) IC 1970 9 2754 

(5) For refs. see JCS 1961 4590; 

JACS 1967 89 6131 
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microwave study of methyl thiocyanate’?) gives the structure (b), values in 

brackets being assumed. In crystalline Se(SCN),,°2) in which the system S—C—N 

was assumed to be linear, the configuration (c) was found, with dihedral angle 

SSeS/SeSC 79°, but the S—C and C—N bond lengths were not accurately 

determined. 

In molecular isothiocyanates the angle R-N—C has been determined as 142° in 

an early m.w. study of H3C.NCS,“) 154° in (CH3)3Si. NCS,“°) but 180° in 
H3Si-NCS©) and Si(NCS)q. 

Metal thiocyanates and isothiocyanates 

As in the case of metallic cyanides (Chapter 22) we may distinguish three main 

types: 

(i) ionic crystals containing the SCN” ion, 

(ii) compounds containing NCS bonded to one metal atom only, either through 

S (thiocyanate) or through N (isothiocyanate), and 

(iii) compounds in which —NCS— acts as a bridge between two metal atoms. 
We shall give an example of a compound of type (ii) which is both a thiocyanate 

and isothiocyanate; Ni(NH3)3(SCN)2 may represent a fourth class in which there 

are both bridging and singly attached NCS groups in the same crystal. In (i) and (iii) 

there is no distinction between thiocyanate and isothiocyanate. 

(i) Ionic thiocyanates. The dimensions of the (linear) SCN” ion have been 

accurately determined in KSCN:“) S—C, 1:69 A, C—N, 1:15 A. (The approximate 
bond lengths in SeCN~ in KSeCN are: (2) Se—C, 1-83 A, C—N, 1-12 A.) 

(ii) Covalent thiocyanates and isothiocyanates. Numerous ions and molecules 

containing the —SCN or —NCS ligands are formed by transition and B subgroup 

metals (e.g. Cd, Hg). It appears that in general metals of the first transition series 

except Cu(11) form isothiocyanates, -M—N—C-S, while those of the second half of 

the second series and those of the third series form thiocyanates, -M—S—C—N, or 

bridged compounds of class (iii). However, for some metals (e.g. Pd) the choice 

between M—NCS and M—SCN is affected by the nature of the other ligands 

attached to M. The evidence comes from i.r. spectroscopy, the stretching frequency 

of the S—C bond apparently making possible a decision between thiocyanate and 

isothiocyanate; for example, Pd(P¢3)2(NCS), but Pd(Sb¢3),(SCN),. The claim 

that both isomers of Pd(As$3),(SCN), have been isolated has not been confirmed 

by a structural study.(3) Nevertheless there is both a thiocyanato and an 

isothiocyanato ligand in the remarkable square planar Pd complex (a).(4) 

X-ray crystallographic studies have been made of many compounds, of which 
the following are examples: (5) 

Isothiocyanates tetrahedral: [Co(NCS)4]?~ 

octahedral: [Cr(NH3)2(NCS)4]~, Ni(NH3)4(NCS), 

Thiocyanates planar: [Pt(SCN)4]7~ 

tetrahedral: [Hg(SCN)4]?~ 

octahedral: [Rh(SCN)¢]*", Cu(en),(SCN),. 
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A feature of the isothiocyanate complexes is the large variation in the angle 

M-—N-C, from 111° in [Co(NCS)4]?~ and 140° in Ni(en) (NCS), ©, (b), to 180° 
in [Cr(NH3)2(NCS)4] ~~. The correlation of bond angle with bond lengths, to be 

expected if the system approximates to M—-N*=C—S~ or M“N=C=S would not 

appear to be justified by the data at present available. Bond angles M—S—C found 

in metal thiocyanato complexes include 80° in Cu(en),(SCN), 7), (c), and 107° in 

the Pd compound (a), above. Bond lengths in a number of complex thiocyanates and 

isothiocyanates are close to the values, C—N, 1:16 A, and C—S, 1:62 A. Both 

—S—C—N and —N—C-S are linear to within the experimental errors. 

(iii) Thiocyanates containing bridging —-S—C—N-— groups. A study of crystalline 

AgSCN showed that the crystal is built of infinite chains which are bent at the S 

atoms and apparently also at the Ag atoms (where the bond angle was determined as 

9.43 See aa 

Ag CR SrA 

pos st NOD-20A 

Seen 
8 ee ais 8 
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(8) AC 1957 10 29 165°), though the positions of the lighter atoms are not very certain.(8) On the 

subject of the Ag bond angle see also p. 879. 

Bridging of metal atoms by -S—C—N-— occurs in a number of compounds of Cd, 

(9) JCS 1961 1416 (see p. 979) Hg, Pb, Co, Ni, Cu, Pd, and Pt. An example of a finite molecule is the Pt complex 

(10) AC 1960 13 125 (a),{°) while infinite linear molecules are formed in Cd(etu),(SCN), “1%, (b), and 

the isostructural Pb compound. (etu = ethylenethiourea, SC(NHCH,),). Mercury 

provides examples of 2D and 3D complexes (Chapter 26). 
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Metal Cyanides, Carbides, Carbonyls, and 

Alkyls 

In this chapter we deal first with compounds formed by metals containing the 

isoelectronic groups CN, C3~, and CO. (HCN and non-metal cyanides, and also 

cyanates and thiocyanates are included in Chapter 21.) We then describe briefly 

compounds of metals with hydrocarbon radicals or molecules other than olefine 

compounds of Pd and Pt (Chapter 27) and certain compounds of Cu and Ag 
(Chapter 25). 

Metal cyanides 

We may recognize three classes of metal cyanides corresponding to the behaviour of 

the cyanide ion or group: 

(a) simple ionic cyanides, containing the ion CN , 

(b) molecules or complex ions in which —CN is attached to one metal atom 
only (through the C atom), and 

(c) compounds in which the —CN— group is bonded to metal atoms through 

both C and N, so performing the same bridging function as halogen atoms, 

oxygen, etc. 

In a few complex cyanides CN groups of types (b) and (c) are found, for example, 

KCu(CN), and K,Cu(CN)3 .H,O. The structures of these salts are described in 

Chapter 25. 

(a) Simple ionic cyanides 

At ordinary temperatures NaCN, KCN, and RbCN crystallize with the NaCl 

structure, and CsCN and TICN with the CsCl structure. These structures would be 

consistent with either free rotation of the CN ion, when it would behave as a 

sphere of radius about 1:9 A (intermediate in size between Cl” (1:80 A) and Br~ 

(1:95 A)), or with random orientations of CN” ions along directions [111] 

consistent with cubic symmetry. A neutron diffraction study of KCN at room 

temperature indicates free rotation of the ion (C—N, 1°16 Aye 

All the above alkali cyanides exist in less symmetrical ‘low-temperature’ forms, 

in which the CN” ion behaves as an ellipsoid of rotation, with long axis about 4-3 A 
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(3) AC 1962 15 601 

(4) JCP 1949 17 1146 

(b) 

FIG, 22.2. The crystal structure 
of the low-temperature (rhombo- 
hedral) form of CsCN: (a) unit cell 

(Cs* ions shaded); (b) section 
through the structure showing the 

packing of the Cs* and CN7 ions. 
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and maximum diameter about 3-6 A. Their structures are closely related to the 
NaCl or CsCl structures of the high-temperature forms (Table 22.1). (There is also a 

AUD heer. ak 

Crystal structures of the alkali cyanides 

Low-temp. High-temp. Transition point Reference 
jorm form 

NaCN Orthorhombic +15-3°C ZK 1938 100 201 
(Fig. 22.1) 

KCN acl ~108° RTC 1940 59 908 
inic? Between —100° RbCN Monoclinic aA re SR 10404 fae a> 

CsCN Rhombohedral CsCl =55 2 
(Fig. 22.2) 

NH,4CN Tetragonal 2 Continuous RTC 1944 63 39 
(Fig. 22.3(b) change 

LiCN Orthorhombic — No transition RTC 1942 61 244 
(Fig. 22.3(a) ; 

metastable rhombohedral form of NaCN made by quenching the cubic form from 
200—300°C and also a second low-temperature form.(2) A second low-temperature 
form of KCN is stable only in the range —108° to —1 GPE PA) 

The structure of the (orthorhombic) low-temperature form of NaCN (and the 
isostructural KCN) is illustrated in Fig. 22.1; its close relation to the NaCl structure 
is evident. (The portion of structure shown is enclosed by (110) planes.) All the 
CN™ ions are parallel and there is 6-coordination of both anion and cation. 

FIG. 22.1. The structure of the low- 

temperature form of NaCN. The CN” 
ions are indicated by short straight 

lines. 

Low-temperature RbCN also has a deformed NaCl structure, but the details of the 
structure are not known with certainty. The metastable rhombohedral form of 
NaCN is closely related structurally to the high-temperature form (for a@ = 53-2°) 
and not, like low-temperature CsCN, to the CsCl structure.(4) The low-temperature 
form of CsCN is rhombohedral, having a slightly deformed CsCl structure, 
illustrated in Fig. 22.2, in which the CN” ions lie along the trigonal axis. The 
coordination is 8-fold as in CsCl. Lithium cyanide differs from the other alkali 
cyanides in many ways. It has a low melting point (160°C, compare 550° for NaCN 
750 
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and 620° for KCN), a low density (1-025 g/c.c.), and a loosely-packed crystal 
structure in which each ion is only 4-coordinated (Fig. 22.3(a)). Also, it is possible 

FIG. 22.3. The crystal structures 

of (a) LiCN, projected on (100), 

and (b) NH4CN. In (a) the heavier 

circles represent atoms lying in a 

plane 1-86 A above the others. In 
(b) the shaded circles represent 

NHj ions. 

to distinguish the C and N atoms in the CN ions, which is not possible in the other 

alkali cyanides. From an electron count in a Fourier projection it appears that the 

negative charge resides on the N atom, and that the tetrahedral coordination 

group around Li* consists of one C and three N, while a CN” ion is surrounded by 

four Li*, one near the C and three around the N. The change from 8 > 6 > 4- 

coordination in CsCN, NaCN, and LiCN is probably not a simple size effect, for the 

small Li* ion appears to polarize the CN” ion appreciably. 

The structure of NH4CN, which shows no polymorphism in the temperature 

range +35° to —80°C, also has some interesting features. The structure is very 

simply related to that of CsCl, the unit cell being doubled in one direction owing to 

the way in which the CN7 ions are oriented (Fig. 22.3(b)). Although each NH@ ion 

is surrounded by eight ellipsoidal CN” ions, owing to the orientations of the latter 

there are strictly only four in contact with NH (at 3-02 A), the remaining four 

being farther away (3-56 A). 

(b) Covalent cyanides containing —CN 

It should be noted that in X-ray studies of the heavier metal cyanides it is not 

possible to distinguish between C and N atoms. However, from neutron diffraction 

studies of K3Co(CN)¢“!) and KyZn(CN)4°?? (Zn—C, 2:024 A, C-N, 1-157 A) it is 
concluded that the C atom is bonded to the metal, as has always been assumed. 

Only one metal cyanide, Hg(CN)>, is known to have a molecular structure of the 

type we are considering. The crystal is built of nearly linear molecules‘??? 

Gee Ale Cc 

N~ 1-186A 1-986A Hg 173° N 

ae 210A 

N N 
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The two weaker bonds from Hg to N atoms in a plane perpendicular to the 

C—Hg—C plane may account for the departure of the C-Hg—C bond angle from 

180°. In the ions to be discussed now the C—N bond is collinear with the 

metal-carbon bond; the system M—C—O in metal carbonyls is also linear. 

Many heavy metal cyanides redissolve in the presence of excess CN’ ions to 

form complex ions [M(CN),]” . Since these ions are primarily of interest as 

illustrating the stereochemistry of the metal atoms, details and references are in 

most cases given in other chapters. 

Bond arrangement Examples 

2 collinear K[NC—Ag—CN] (also Au) 

4 coplanar Ba[Pd(CN)4] .4 H2O {also Ni, Pt) 

4 tetrahedral K3[Cu(CN)aq] 
6 octahedral K4[Fe(CN)¢] .3 H20 

8 dodecahedral K4[Mo(CN)g] . 2 H20 (also W, Re) 

8 antiprism Na3[Mo(CN)s] .4 H20O (also W) 

The octahedral configuration of a number of M!!I(CN)2~ ions has been 

established by X-ray studies of, for example, K3Co(CN),g (above), 

[Co(NH3)¢] [Cr(CN)¢], and [Co(NH3);H 0] [Fe(CN)¢], the last two crystallizing 

with the [Ni(H,0),] [SnCl,] structure. The ferrocyanide ion has been studied in 

K4Fe(CN), . 3 HO and in the free acid, HyFe(CN), (Fe—C, 1-89 A).©? 
Octacyanide ions are formed by Mo(1v) and (v), W(iv) and (v), and Re 

(v) and (v1). Since the original proof of the dodecahedral (D2g) configuration of 
the anion in KzMo(CN)g . 2H,O (with which the W compound is isostructural) 
there has been much interest in the configuration of these octa-coordinate ions be- 

cause n.m.r., e.s.r., magnetic and other measurements suggested antiprismatic (D4,q) 

geometry. X-ray studies show that (i) the same ion, for example, Mo(CN)3~, may 

have different configurations in different salts, and (ii) the same configuration may 

be adopted by ions such as W(CN)g~ and W(CN)g_ in spite of the presence of the 

extra electron in the latter. There is only a slight, though possibly significant, 

difference between the shapes of the antiprismatic coordination groups in the last 

two cases. Evidently there is not a very large energy difference between the Dg 

and D4q configurations, the detailed geometry of which is given in Chapter 3. It 

appears that the geometry of these ions cannot be deduced from factors such as 

ligand-ligand repulsions, m-bonding, etc., but that lattice energy is the most 

important factor. An extreme example of the importance of lattice energy is the 

series of fluorotantalates Na3;TaFg, K,TaF,7, and CsTaF,, where the size of the 

cation actually determines the composition of compounds crystallizing from 

solution. 

Structural data for these ions are summarized in Table 22.2. 

A complex cyanide which presents a problem in bonding is the salt with the 

empirical formula K,Ni(CN)3, originally supposed to contain Ni(1). In fact the salt 

is diamagnetic both in solution and in the solid state; Ni(1) would contain one 
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TABLE 22.2 

Structures of octacyanide ions 

Dodecahedral (D2 q) Antiprismatic (D4q) Reference 

Mo(CN)z [(n-C4H9)aN] 3 ; IC 1970 9 356 
Mo(CN)3g Na3 4 H20 4 W(CN)ENag 4 Hyd AC 1970 B26 684 

Mo(CN)g Ky .2H20 ? JACS 1968 90 3177 
W(CN)s Hy .6 H2O AC 1970 B26 1209 

unpaired electron. The complex ion is apparently dimeric, but the nature of the 

bridge between the metal atoms is not known.‘ Reduction of this salt yields the (4) JACS 1956 78 702 

yellow K4Ni(CN)4, presumably containing a tetrahedral ion Ni°(CN)4~ iso- 

electronic with the tetrahedral Ni(CO)4 molecule. 

(c) Covalent cyanides containing —CN— 

In some metal cyanides the CN group acts as a bridge between pairs of metal atoms 

by forming bonds from both C and N, the atoms M—C—N—M being collinear or 

approximately so. The simplest finite molecule of this kind which has been studied 

is (NH3);Co . NC. Co(CN), (a), in its monohydrate.“) A more complex example (1) IC 1971 10.1492 

R R 

R-Au-C=N-AD-R 

ene 160° igo SC0< i : 

» 5A i | (2) PRS A 1939 173 147 (a) RTAUNEC—AUCR 

R R 

(b) 

is the cyclic molecule [Au (n-C3H7)2 .CN] 4 (b).°2) Examples of the other main — (3) JCS 1958 3412 

types of structure include: (4) APURSS 1945 20 247 

: (5) CRURSS 1941 31 350 

chain structures: AgCN and AuCN, Ag3CN(NO3), (for which see Chapter 25), 

layer structures: not known for simple cyanides, but found in Ni(CN) ae NE ae pen aso ee 

CoH,‘ (p. 101), and o 

3-dimensional frameworks: Zn(CN),‘) and Cd(CN), ©? with the anti-Cu,O 

structure (p. 106), and Prussian blue and related compounds which are 

discussed in the next section. The anti-cuprite structure is shown in Fig. 22.4. 

As in Cu, 0 the structure consists of two identical interpenetrating nets which 

are not cross-connected by any Cu—C or Cu—N bonds (see Chapter 3). 

YY 
Prussian blue and related compounds FIG. 22.4. Struct at 

When cyanides of certain metals, for example, Fe, Co, Mn, Cr, are redissolved by | d(CN), Sa Peery 

the addition of excess alkali cyanide solution, complex ions M(CN), are formed. Zn(CN)p. 
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The alkali and alkaline-earth salts of these complexes are fairly soluble in water and 

crystallize well. The ferrocyanides and chromocyanides (for example, Ky Fe(CN)¢ 

and K4Cr(CN)¢) are pale-yellow in colour. The ferricyanides and manganicyanides, 

for example, K3Fe(CN)¢ and K3Mn(CN)¢, are deeper in colour and are made by 

oxidation of the M(CN)é~ salts. Solutions of the manganese and cobalt M(CN)¢ 

ions oxidize spontaneously in the air to the M(CN)g salts. When solutions of tie 

complex cyanides are added to solutions of salts of transition metals or Cu , 

insoluble compounds are precipitated in many cases. Thus addition of potassium 

ferrocyanide to ferric salt solutions gives a precipitate of Prussian blue, and cupric 

salts produce brown cupric ferrocyanide. These precipitates are usually flocculent 

and may form colloidal solutions on washing. When dried they are very stable 

towards acids, whereas alkali ferrocyanides yield the acid HyFe(CN)¢ on treatment 

with dilute HCl. Such compounds are obviously quite different in structure from 

the simple soluble ferrocyanides. 
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(a) Fe Fe (CN) (b) K Fe Fe (CN), (c) K, Fe Fe (CN), 

FIG. 22.5. The relationship between (a) Berlin green, (b) Prussian blue, and (c) potassium 
ferrous ferrocyanide. 

The iron compounds have been known for several centuries and valued as 
pigments. The name Prussian (Berlin) blue is given to the compound formed from a 
solution of a ferric salt and a ferrocyanide, while that obtained from a ferrous salt 
and a ferricyanide has been known as Turnbull’s blue. It appears from Mossbauer 
studies that both of these compounds are (hydrated) Fel! [Fe(CN).] 3, with 
high-spin Fe!!! and low-spin Fe"! in the ratio 4:3.) There is also a ‘soluble 
Prussian blue’ with the composition KFe[Fe(CN)¢] which is also a ferrocyanide. 
Most, if not all, of the compounds we are discussing are hydrated; we consider the 
water of hydration later. 

An early X-ray study?) of Prussian blue and some related compounds showed 
that in ferric ferricyanide (Berlin green), FeFe(CN),, Prussian blue, KFeFe(CN).¢, 
and the white insoluble K,FeFe(CN),¢, there is the same arrangement of Fe atoms 
on a cubic face-centred lattice. In Fig. 22.5 ferrous atoms are distinguished as 
shaded and ferric as open circles. In (a) all the iron atoms are in the ferric state; in 
(b) one-half the atoms are Fe!! and the others Fe!!! and alkali atoms maintain 
electrical neutrality. These are at the centres of alternate small cubes, and it was 
supposed that in hydrated compounds water molecules could also be accom- 
modated in the interstices of the main framework. Lithium and caesium, forming 
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very small and very large ions respectively, do not form compounds with this 
structure. In (c), with all the iron in the ferrous state, every small cube contains an 
alkali-metal atom. The CN groups were placed between the metal atoms along all 
the full lines of Fig. 22.5, so that each transition metal atom is at the centre of an 
octahedral group of 6C or 6N atoms. The whole system, of composition 
M'M'(CN). thus forms a simple 6-connected 3D framework. Alkali-metal com- 
pounds with the Prussian blue structure include KCuFe(CN)¢, KMnFe(CN)g, 
KCoFe(CN)¢, KNiFe(CN)., and KFeRu(CN), (ruthenium purple). 

Many ferro- and ferri-cyanides of multivalent metals also have cubic structures of 

the same general type. The unit cell of Fig. 22.5 contains 4 M’, 4M”, and 24 CN, 

where M’ is the atom at the origin and face-centres and M" at the body-centre and 
mid-point of each edge. For a complete 3D framework we therefore require a 

formula of the type M’M’'(CN)., but in many of these complex cyanides, including 

Prussian blue itself, the ratio of M’: M” is not 1 : 1. There are two possibilities for 

TABLE 22.3 

Prussian blue and related compounds 

Number of atoms Example | Number of M" Number of 
for 24 CN per cell for 4M’ CN per cell 

Tiz3[Fe(CN)6]4 54 (32) [D] 

FeFe(CN)¢ 4 4 

Fe4[Fe(CN)¢]3 3 18 
Co3[Co(CN)¢]2 22 16 [B] 
Cu, [Fe(CN)¢] 2 12 

the structure of these compounds. If the metal-cyanide framework is to be 

maintained intact (requiring 24 CN per cell) there would be excess M’ atoms in 

some of these structures, the group A in the left-hand column of Table 22.3. 

Alternatively there could be a deficit of M’’ atoms (which implies fewer than 24 CN 
per cell) as at B in the right-hand column. Density measurements distinguish 

between A and B for Co}! [Co!(CN),¢], . 12 Hy O.°) (and for the isostructural Cd 

and Mn“) cobalticyanides) and confirm B. The unit cell contains 14 formula 

weights, that is, Co4'Coz'z(CN) 16 ‘16 H,O, and therefore one-third of the Co!!! 

positions are unoccupied and at the same time one-third of the CN positions are 

occupied by 8 H,O molecules. The remaining 8 H,0O are situated at the centres of 

the octants of the cell (K* positions in Fig. 22.5(c)). The average environment of 

Col! is N4(H0)>. In Prussian blue, Fe4!! [Fe(CN)5]3 . 15 H,O (made by slowly 
diluting a solution of soluble Prussian blue in concentrated HCl) there is 1 formula 

weight per cell (i.e. 4 Fe!!!) and replacement of one-quarter of the CN by H,0, 

giving the mean environment of Fell! as N4.5(H20), ree For a compound such as 

Ti3[Fe(CN)¢]4 the converse situation arises, as at D in Table 22.3, and since the 

SD 
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(5) C 1969 23 194 
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total number of CN per cell cannot exceed 24 the possibility C would presumably 

be realized if the same general type of structure is adopted, but this point has not 

yet been verified. 

Miscellaneous cyanide and isocyanide complexes 

In addition to complex cyanides containing the simple CN group bonded to metal 

(through C) there are also metal complexes in which cyanide molecules R . CN or 

isocyanides R . NC are bonded to metal atoms. In the former case the bond to the 

metal is necessarily through N, as in [Fe(NCH),¢](FeCl,)., a salt made by 

dissolving FeCl; in anhydrous HCN (Fe—Cl, 1-89 A, Fe—N, 2:16 A, angle Fe-N—C, 

ipl Isocyanides must bond to metal through C and numerous compounds of 

this type are formed by transition metals. In these isocyanide complexes CN .R 

behaves like CO—compare Cr(CN.C¢Hs5)¢ with Cr(CO),, and Fe(NO).(CNR), 

with Fe(NO)2(CO),. Like CO isocyanides stabilize low oxidation states of metals, 

as in the diamagnetic [Mn'(CNR),¢]I and the yellow paramagnetic [Co(CN. 

CH3)5] ClO. The cation in this salt has a trigonal bipyramidal configuration with 

essentially linear Co-C—N—C and Co—C, 1°87A (compare 2:15 A for a single 
bond).‘?) Another example is the salt [Fe(CN .CH3),]Cl,.3H,0, in which 
there is a regular octahedral arrangement of six CN .CH3 molecules around Fe, 

with Fe—C, 1:85 A, and C-N, 1-18 A.@) There are also mixed coordination groups 

in molecules such as the cis and trans isomers of Fe(CN) (CN . CH3)4.°7) 

Organic dicyanides NC.R.CN can act as bridging ligands by coordinating to 

metal through both N atoms, and examples of structures of this kind were noted in 
Chapter 3. 

For the nitroprusside ion, [Fe(CN);NO] *~ see p. 654. 

Metal carbides 

Many metals form carbides M,C, which are prepared either by direct union of the 
elements, by heating the metal in the vapour of a suitable hydrocarbon, or by 
heating the oxide or other compound of the metal with carbon. Their chemical and 
physical properties suggest that they may be divided into four main groups: 

(1) the salt-like carbides of metals of the earlier Periodic Groups, 
(2) the carbides of 4f and 5f elements, 
(3) the interstitial carbides of transition metals, particularly of the [Vth, Vth, 

and VIth Periodic Groups, and 

(4) a less well-defined group of carbides comprising those of metals of Groups 
VII and VIII and also some of those of elements of Group VI. 

Although carbides MC, in groups (1) and (2) are similar structurally they have very 
different properties, so that it is not convenient to adopt a purely structural 
classification. Moreover the dividing lines in Table 22.4 are not entirely clear-cut. 
For example, TbyC and Ho C (like Y,C) have the anti-CdCl, structure, and above 
900°C yttrium carbide has a range of composition (YC,, 0-3 <x <0-7) and a 
defect NaCl structure.) These c.p. Structures are characteristic of the interstitial 
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carbides of class 3. On the other hand, UC has the NaCl structure like many 
interstitial carbides but unlike them belongs to the group of reactive heavy metal 
carbides (PuC, Pu,C3, CeC,, UC , etc.) which have metallic properties but are 
readily hydrolysed. Also, whereas WC does not have a c.p. structure, WC ime Bas 
the NaCl structure with c.p. metal atoms. 

TABLE 22.4 

Examples of metal carbides 

Be2C AlgC3 Cr23C— =MngC Fes C Co3C Ni3C 

TG V4C3 Cr7C3 Mn23Ce6 Fe 9Co CoxC 

CaC2 Class 1 V6Cs5 Mn3C 

SrC4 VgCq7 Mn3C>. 

BaC2 Mn7C3 Class 4 

4f and Sf carbides W2C 

M2C3, MC2 | Y2C WC RuC OsC 
ThC, Tb2C Class 3 

UC Ho2C 

Class 2 

This rough classification is illustrated by the examples of Table 22.4. Little 

appears to be known of the structures of carbides of B subgroup elements or of the 

carbides M,C, formed by the alkali metals.{?? 

Class 1 The carbides of the more electropositive elements have many of the 

properties associated with ionic crystals. They form colourless, transparent crystals 

which at ordinary temperatures do not conduct electricity. They are decomposed 

by water or dilute acids, and since the negative ions are unstable, hydrocarbons are 

evolved. According to the type of CZ” ion present in the crystal we may divide 

these carbides into two main groups: 

(a) Those containing discrete C atoms (or C*~ ions). 

(b) Those in which C3~ ions may be distinguished. 
(There is no proof yet of more complex carbon anions in ionic carbides, but the 

fact that Mg,C3 on hydrolysis yields chiefly allylene, CH;—C=CH, has been 

taken to suggest the presence of C37 ions in this crystal. It is interesting that 

MgC,, which may be prepared by the action of acetylene on Mg(C,Hs)2 and 

yields acetylene on hydrolysis, is unstable at high temperatures and breaks down 

into Mg,C3 and carbon.) 

Carbides of type (a) yield CHq on hydrolysis. Examples are Be,C, with the 

anti-fluorite structure, and Al4C3. The structure of the latter is rather more 

complex and its details do not concern us here.‘?) It is sufficient to note that each 

carbon atom is surrounded by Al atoms at distances from 1:90 to 2°22 A, the 

shortest C—C distance being 3:16 A. As in Be2C therefore there are discrete C 

atoms, accounting for the hydrolysis to CH4. The alkaline-earth carbides, type (b), 

crystallize at room temperature with the CaC structure (Fig. 22.6). (There is some 

LS 

(2) For LigCy see AC 1962 15 1042 
(3) AC 1963 16 559 

FIG. 22.6. The crystal structure 
of CaC. 
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doubt about the structure of MgC,.“)) The CaC, structure is a NaCl-like 

arrangement of M?* and C3~ ions, the symmetry having dropped from cubic to 

tetragonal owing to the parallel alignment of the anions. Carbides of type (b) yield 

acetylene on hydrolysis; compare the hydrolysis of BaO, (with the same structure) 

to H, O>. 

Class 2. The 4f elements from La to Ho form carbides of three types>): M3C, 

in which the C atoms occupy at random one-third of the octahedral holes in a 

NaCl-like structure, M,C3 with the Pu,C3 structure, and MC, with the CaC, 

structure. In the Pu,C3 structure‘®) all the C atoms are present as Cy groups; there 

are 6 Cy groups in the unit cell, which contains 4 Pu,C3. 

The structure of ThC, is very similar to the CaC, structure but of lower 

symmetry (monoclinic). The similarity to the NaCl structure is not readily seen 

from the conventional diagram showing a unit cell of the structure, but can be seen 

from Fig. 22.7 where the relation to the monoclinic axes is indicated. 
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Although the 4f and Sf carbides MC, crystallize with the CaC, or ThC, 
structures these are not salt-like carbides like those of the alkaline-earths. For 
example, CaC, is an insulator but LaC,, ThC,, and UC, have metallic lustre and 
electrical conductivities similar to those of the metals. Also, whereas CaC, gives 
largely C,H, on hydrolysis, ThC, gives almost exclusively CH,4, as also does UC at 
temperatures between 25° and 100°C. The fact that there is no direct relation 
between the structures of heavy metal carbides and their hydrolysis products is 
clearly shown by the behaviour of LaC, and CeC, At room temperature the 
product, though a complex mixture of hydrocarbons, consists predominantly of 
acetylene, but at 200°C contains no acetylene. 

The differences in physical and chemical properties between these carbides MC, 
and M,C3 appear to be related to the C_C bond lengths in the C3~ ions; a number 
of these have now been determined by neutron diffraction (Table 22.5). The value 
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in CaC, is that expected for the (C=C)? ~ ion, while those in the 4f and 5f carbides, 
approaching the value for a double bond, suggest that one or more electrons have 
entered the conduction bond, leading to metallic conduction. (The cell dimensions 
of EuC, apne that this compound is probably Eu!!C,, but the C—C bond length 
is not known.°®)) 

Most, if not all, of the dicarbides of Classes 1 and 2 have one or more 
high-temperature forms in which the fixed alignment of the C37 ions is relaxed. 
Compounds such as LaC, and UC, which at ordinary temperatures have the 
tetragonal CaC, structure, become cubic, the C3~ ions being randomly oriented 
along [111] axes (random pyrites, or high-KCN structure). On the other hand, 
ThC, changes first to a tetragonal structure in which there is random orientation of 
the anions in the basal (001) plane and at 1480°C to a cubic form in which cations 
and anions are centred at the sites of the NaCl structure. As noted under KCN it is 
difficult to ascertain whether there is completely random orientation of the ions in 

TAIBILIS, 225 

Bond lengths in carbides 

Cac Crystal Reference 

1-194 CaC4 JCP 1961 35 1950 
ACSc 1962 16 1212 

1-24 La2C3, Pr3C3, Tb2C3 JCP 1961 35 1960 
1-276 Ce2C3 JCP 1967 46 4148 
1-28-1-29 MC, (M= Y, La, Ce, etc.) JCP 1967 46 1891 
1-295 U2C3 INE IIS) 19) 15S) 
1-34 UC, (cubic) AC 1965 18 291 
E35 UC, (tetragonal) JCP 1967 47 1188 
1-30-1-35 ThC, AC 1968 B24 1121 

a high-temperature cubic form, and if one ion is linear orientation along one of the 

{111] directions is initially more likely. 

Class 3 The interstitial carbides are refractory materials with certain of the 

characteristic properties of metals (lustre, metallic conductivity) and in addition 

extraordinary hardness and infusibility. They derive their name from the fact that 

the metal atoms are close-packed, the C atoms occupying octahedral interstices, but 

it should be noted that the arrangement of metal atoms is not always the same as in 

the metal itself. In such cases a carbide MC is not to be regarded as the limit of solid 

solution of carbon in the metal structure; on the contrary the presence of the C 

atoms has resulted in the rearrangement of the metal atoms to form the NaCl 

structure. Because the C atoms occupy octahedral holes in a c.p. metal structure 

there is a lower limit (around 1-3 A) to the radius of the metal atom that can form 

interstitial carbides; metals with smaller radii form carbides with less simple 

structures. The radii (for c.n. 12) of a number of metals are set out in the 

accompanying table. The metals to the left of the vertical line, with the exception 

of Th (which forms ThC,) form interstitial carbides; those to the right form 

carbides in which the metal atoms are not close-packed (Class 4). 

12) 

(8) IC 1964 3 335 
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Ti 147A Vv 135A . Cr 1-29A 

Zr 1-60 Nb 1-47 Mo 140A Mn 1-37) 

Hf 1-59 Ta 1-47 W 1-41 Fe 1-26 

Th 1-80 Comme 
Ni 1-25 

(2) The crystal structures of the forms of Mn are complex (see p. 1017). 

The main structural features of the transition-metal interstitial carbides are as 

follows. The maximum carbon content depends on the c.p. layer sequence. The two 

octahedral interstices on either side of an h layer are located directly above one 

another, and only one of these is ever occupied. This restriction gives the following 

limiting formulae: 

Layer sequence h hee hhe hhece c 

Limiting formula MC M3C2 M3C2 Ma4C3 MC 

Example See Mo3C2 (Ta2V)C2 V4C3 See 

below below 

Examples of structures based on the two simplest c.p. sequences are numerous. The 

h.c.p. structures are examples of the various ways of filling one-half of the 

octahedral interstices, and the simpler patterns of sites have been illustrated in 

Chapter 4. Examples are given in Table 22.6; a review of these structures is 

available.(?) (The literature of these compounds is confusing. Many have different 

BAB EE2226 

Structures of interstitial carbides 

Hexagonal c.p. metal atoms Structure Examples 
Octahedral sites occupied 

One-half of all sites at random — B-V2C, y-Nb2C 
All sites between alternate pairs of layers anti-CdlI4 a-TazC, a-W2C 

anti-CaCl Co2C 

One-half between each pair of c.p. layers [Fen a-MoxC 
§-Nb2C g-Nb2C 

One-third and two-thirds between successive —_«-FeN e-V2C, e-Nb9C, e-W2C 

pairs of c.p. layers 

Cubic c.p. metal atoms Examples Reference 

All octahedral sites occupied (NaCl Hi Ga ti Gen Gav iG= 

structure) NbC, TaC, 6-MoC;_, 

V3C7 AC 1970 B26 1882 
V6Cs5 PM 1968 18 177 

Ordered defect NaCl structures Sep Omi, OwZt5 @ 

anti-CdCl tio,c | AC 1970 B26 153 

YC, etc.) 

structures at different temperatures and the forms have been designated by Greek 
letters which have not been used consistently by different authors.) The c.c.p. 
structures include not only the carbides MC with the NaCl structure but also a 
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number in which there is an ordered arrangement of vacancies; a feature of certain 
of these structures is the helical arrangement of the vacancies (V6Cs5 and VgC-). As 
remarked earlier, the arrangement of C atoms in the carbides of the heavier metals 
cannot be regarded as firmly established unless neutron diffraction studies have 
been made, as in the examples given in Table 22.6. 

Class 4 The carbides of this class do not possess the extreme properties of the 
interstitial carbides. For example, whereas titanium carbide is not attacked by 
water or HCl even at 600°C, these carbides are decomposed by dilute acids (Fe3C 
and Ni3C) or even water (Mn3C). Although the carbon is present as discrete C 

atoms the products include, in addition to hydrogen, complex mixtures of 

hydrocarbons. 

We shall not attempt here to survey the structures of these carbides, which are 

often complex. At low carbon contents there are marked similarities to borides, but 

when there is more non-metal the similarities are much less marked, for C does not 

show the same tendency as B to form extended systems of non-metal—non-metal 

bonds. There are groups of isostructural carbides and borides (with different 

formulae types) in all of which the non-metal atom has very similar environments, 

often a trigonal prismatic arrangement with from one to three additional 

neighbours beyond the vertical prism faces. Both (6 + 1)- and (6 + 2)-coordination 

of C occur in Cr3C, (and the isostructural Hf3P,),“!° and tricapped trigonal prism 

coordination in the following group of closely related structures: 

Fe3C (cementite),“1 Mn,C, Co3B, Pd3P, Al3Ni 
Mn;C, and Pd;B, 
Cr4C3, ReB3, Th,Fe;° 

It will be noticed that some of these structures are adopted by metallic phases in 

addition to carbides and borides. The WC structure, illustrated in Fig. 4.8(a), 

p.128, provides another example of a structure that is not peculiar to carbides, for 

it is adopted by MoP and WN in addition to WC, RuC, and Os. (12) 

In addition to the binary carbides noted above there are ternary carbides and 

also carbonitrides and oxide-carbides. The behaviour of metals in metal-carbon- 

nitrogen systems ranges from that of Al, which forms a ‘homologous’ series of 

compounds with definite compositions and structures intermediate between those 

of AIN and Al,C3 (namely, AlgC3N,, Al7C3N3, AlgC3N>, and Al,C3N)“ and 
that of Th, in which there is a complete series of solid solutions between ThC and 

ThN; there are also the compounds ThC, and Th3Nq4. The compound Yb,OC is 

mentioned in Chapter 12 as originally mistaken for the monoxide. A number of the 

4f elements form compounds of the type MO,C,“ 5) 6r9M7O,6.4° athe 

conductivity of the silver-grey Nd4O3C, which has a NaCl-like structure, is similar 

to that of Nd metal; it hydrolyses largely to methane, and could be formulated 

Nd3*03~C*“(e),. The structure of Al4O4C has been studied.“ 7) It consists of a 

3D framework formed from AlO3C tetrahedra, an unusual feature of which is the 

association of certain of the tetrahedra in edge-sharing pairs, the shared edges being 

O---O edges. 
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Metal carbonyls 

Preparation and properties 

The compounds of CO with the alkali metals and the alkaline-earths are quite 

different in structure from those of the transition metals. The compound K,(CO), 

formed by the action of CO on the metal dissolved in liquid NH3 is a salt 

containing the linear acetylenediolate ion (OC=CO)? ~, in which the bond lengths 

are C—C, 1:21 A, and C—O, 1-28 A.) This salt is also formed from CO and the 

molten metal at low temperatures; at higher temperatures (above 180°C) the 

product is predominantly Co(OK)e? The so-called carbonyls of the alkaline-earths 

made from the metals and CO in liquid NH3 are mixtures of the metal 

acetylenediolates and methoxides with ammonium carbonate.‘) 

SAVES 15 Eee 

Carbonyls, carbonyl hydrides, and carbonyl halides 

Periodic Element Carbonyls Carbonyl Carbonyl 

Group hydrides halides 

Vv Vv V(CO)6 
VI Cr, Mo, W M(CO)¢6 Cr(CO)5H2 
Vil Mn Mn2(CO)i0 Mn(CO)5H Mn(CO)s51 

Mn (CO)gIp 
Ie, Re M2(CO)10 M(CO)s5I 

Re3(CO)1 Re(CO)5H M3(CO)gI> 
VIII Fe Fe(CO)s Fe(CO)4H 2 Fe(CO)2X2 

Fez(CO)o Fe3 (CO) 11H, Fe(CO)4X2 

Fe3 (CO) ,2 Fe4(CO)13H2 Fe(CO)5X2 

Fe3(CO)9X6 
Co Co7(CO)x: Co(CO)4H Co(CO)X4 

Co4 (CO)12 

; Co6 (CO) 16 

Ni Ni(CO)4 Ni (CO)¢H2 

Certain of the salts of the I B subgroup metals combine with CO forming, for 

example, CuCl(CO) . 2H,0, Ag,SO,4 .CO, and AuCl(CO), of which the last is a 

comparatively stable volatile compound. The structures of these compounds are not 

known, and we shall confine our attention here to the carbonyls and related 

compounds of transition metals. 

Compounds of transition metals containing CO include carbonyls, carbonyl 
hydrides (hydrocarbonyls), and carbonyl halides, of which examples are set out in 
Table 22.7, a few nitrosyl carbonyls, and numerous more complex compounds 
containing a variety of ligands. In Group V only vanadium is known to form a 
simple carbonyl, V(CO)¢—its structure is not known—though compounds 
R . HgTa(CO), (R= CH3, C2Hs, CgHs) have been described. The pentacarbonyls 
of Ru and Os are presumably structurally similar to Fe(CO);, but Ru3(CO), and 
Os3(CO); 2 have different molecular structures from Fe3(CO), 4. The structure of 
Os2(CO)9, which has recently been prepared, is not known. Rhodium and iridium 
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form Ma4(CO),2 and M¢(CO)j6 like Co, but the existence of Rh,(CO)g and 
Ir,(CO)g is doubtful.“ Ru and Os form M(CO)4Hy like Fe, while Rh and Ir form 
M(CO)4H, like Co. No simple carbonyls of Pd or Pt have yet been prepared. With 
the exception of Ni(CO), and the pentacarbonyls of Fe, Ru, and Os, all the 
carbonyls of Table 22.7 are crystalline solids at ordinary temperatures. 

The carbonyls are in general volatile compounds with an extensive chemistry 

which presents many problems as regards valence and stereochemistry. Some are 

reactive and form a variety of derivatives, as shown in Chart 22.1 for the iron 

compounds, while others are relatively inert, as for example, Cr(CO)¢ etc. and 

Re,(CO), 9. This rhenium compound, although converted to the carbonyl halides 

by gaseous halogens, is stable to alkalis and to concentrated mineral acids. A few 

carbonyls may be prepared by the direct action of CO on the metal, either at 

atmospheric pressure (Ni(CO)4) or under pressure at elevated temperatures 

(Fe(CO);, Co4(CO), 2). Others are prepared from halides or, in the case of Os and 
Re, from the highest oxide. The polynuclear carbonyls are prepared photo- 

synthetically, by heating the simple carbonyls, or by other indirect methods. 

The carbonyl hydrides are prepared either from the carbonyls, as shown in the 

chart for Fe(CO)4H,, by reduction with Na in liquid NH3, for Ni,(CO)¢H), or 

directly from the metal by the action of a mixture of CO and H). Cobalt in this 

way gives Co(CO)4H. 

The heavy metal derivatives of H,Fe(CO)4 and HCo(CO)g, the so-called ‘mixed 

metal carbonyls’, show very considerable differences in properties. HgFe(CO), is a 

stable yellow solid, insoluble in both polar and non-polar solvents; these properties 

suggest a polymeric structure for example, of type (a), whereas the derivatives of 
HCo(CO)4, M[Co(CO)4]2, where M= Zn, Cd, Hg, Sn, or Pb, resemble the poly- 

nuclear carbonyls, being soluble in non-polar solvents, insoluble in water, and sub- 

liming without decomposition; they consist of simple linear molecules in the 

crystalline state (see later). 

The formation of carbonyl halides does not coincide with that of carbonyls, as 

shown in the accompanying table, where full lines enclose the elements which form 

simple carbonyls and broken lines those which form carbony] halides: 

These compounds may be formed directly from the metal halides by the action of 

CO (for example, CO and anhydrous Col, give Co(CO)I,) or, in the case of iron 

indirectly from the carbonyls or carbonyl hydrides. The only carbonyl fluoride 

which has been well characterized has the empirical formula Mo(CO),F4;°) a 

dimeric structure with two bridging F atoms has been suggested. The compounds 

Pt(CO),Fg and Rh(CO),F3 have been described as the products of the action of 
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CO on the tetrafluorides. Although simple carbonyls of Pd and Pt are not known 

the dichlorides combine with CO to form compounds with the empirical formulae 

PdCl, . CO, PtCl, . CO, and PtCl,(CO). The compound PtCl,(CO),2 is monomeric 

and a non-electrolyte, and the dipole moment (4:85 D) shows that it has the cis 
configuration, °°) but PtCl, . CO, which is a solid melting at 195°C is dimeric and 

non-polar and analogous to the compounds of PtCl, with arsines and phosphines, 

of the general type 

All the carbonyl halides are decomposed by water, but their stability towards water 

increases from the chloride to the iodide. 

The nitrosyl carbonyls result from the action of NO on the polynuclear 

carbonyls of iron and cobalt. Like the carbonyls the nitrosyl carbonyls react with 

neutral molecules such as organic nitrogen compounds and with halogens, and in 

such reactions CO, and not NO, is replaced. Thus Fe(CO),(NO), with iodine gives 

CHA RT#2231 

Some reactions of iron carbonyls 

HSO4 
pe ee be CO) <|a 

1,(80° C) phenan 
Fe(CO),1, ——————_ Fe(CO),I,, (phenan) 

2 Om 

Peer COR a Oya 
Fe(CO)< I 

HgSO 
[HOA HgFe(CO)4 

NO Fe(CO) (NO), : 

[Fe3(CO),,]?~ 
long u.y. heat I +) Be, (CO)5, se Fe(CO) sit Fe (CO), 5) Fes (CONE, 

S P 

we s Fe3(CO)1,P¢3 
[Fe.(CO)g } ze 

MnO 2(aq.) 

NaOH(aq.) Ht 

aa > wNa[HFe(CO)4] .§——>5 -Fe(CO),H5 
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Fe(NO) I. No reaction has yet been detected between NO and the much more 
stable hexacarbonyls of Cr, Mo, and W. Whereas Mn, Fe, and Co form respectively 
Mn(NO)3CO, Fe(NO).(CO),, and Co(NO)(CO)3, Ni does not form a nitrosyl 
carbonyl of this type (see later) and reacts with NO only in the presence of water. 
A blue compound, Ni(NO)OH, is then formed which is soluble in water and 
possesses reducing properties. It is regarded as a compound of Ni(1) and is obviously 
quite different in type from the nitrosyl carbonyls of Co and Fe. 

Chart 22.1 summarizes some of the reactions of the iron carbonyls. 

The structures of carbonyls and related compounds 

The main features are as follows. 

1. The CO molecule is bonded to the metal atom(s) through C; this has been 

proved for Fe(CO),; and Cr(CO).¢ and is assumed to be true in all other molecules. 

2. The CO molecule behaves as a monodentate ligand, (a), as a bridge between 

two metal atoms, (b), or (less frequently) between three metal atoms, (c). 

0 O 
I C 

M<C=0 Mo eM Maen, 

(a) (b) (c) 

3. The formulae of most simple carbonyls and related compounds are consistent 

with the view that in many of these compounds the metal atom acquires a share in 

sufficient electrons to attain a noble gas configuration. Assuming that CO bonded 

as at (a) contributes 2 electrons, and NO 3 electrons, then in all the following 

compounds the metal would have the Kr configuration: 

Ni(CO 
oe Co(CO)3NO 

Fe(CO)« Fe(CO),(NO), 
Mn(CO)(NO) 

Cr(CO)<¢ 

In Fe,(CO), the same electronic configuration would be reached by the formation 

of a metal-metal bond; metal-metal bonds are an important feature of the 

polynuclear carbonyls. This simple electron counting is consistent with the 

formation of mononuclear carbonyls by the even-numbered elements, Cr(CO),, 

Fe(CO);, and Ni(CO),4, and of polynuclear carbonyls by Mn and Co; it is not, 

however, consistent with the formation of V(CO)¢. 

4. It is supposed that the single o M—C bond in (a) above, formed by the lone 

pair of electrons of the ligand, is supplemented by m-bonding from the filled metal 

d orbitals to a vacant orbital of the ligand, as shown diagrammatically in Fig. 22.8. 
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This ‘back-bonding’ reduces the negative formal charge on M implied by the 

formulation M< C=O and accounts for the fact that CO and other m-bonding 

ligands stabilize low oxidation states of transition metals. In Ni(CO), the formal 

oxidation state of Ni is zero, so that it is forming 4s4p? (tetrahedral) bonds. This 

type of bonding, which also operates in the case of NO, isocyanides, substituted 

phosphines, sulphides, etc., is to be distinguished on structural grounds from that 

operative in the pure t-complexes formed by C5H5, CeHe, etc. which are discussed 

later. The nodal planes of the 7 orbitals used to supplement the o bonding in the 

carbonyls must include the axis of the o bond, requiring that the system M—C—O 

must be linear. In m-complexes in which the bonding involves only the 7 orbitals of 

the ligand the metal atoms lie out of the molecular plane of the CsHs or other 

ligand. 

The evidence for the multiple character of the M—C bond in these compounds is 

indirect. It cannot be deduced directly from the M—C bond length since, for 

example, the length of a single Ni—C bond formed by zerovalent Ni is not known, 

for the good reason that such a bond does not exist. An indirect approach is to 

compare with a bond in a similar molecule which can have no 7 character owing to 

the non-availability of ligand orbitals for the m-bonding. For example, in 

Mo(CO)3(dien) there are no such N orbitals available, and since the radius of N 

(sp?) is similar to that of C (sp) the shortness of Mo—C as compared with Mo—N 

suggests multiple character of the former bond. Unequivocal spectroscopic evidence 

for the multiple character of M—C bonds is not readily obtained since the M—C 

stretching frequencies lie in a region of the spectrum which makes their correct 

assignment difficult. Assuming that strengthening of the M—C bond should be 

accompanied by weakening of the C—O bond the nature of M—C can be 

deduced from the properties of the C—O bond. The length is not a suitable criterion 

since the C—O bond length is obviously not sensitive to bond order in the region in 

which we are interested (varying only from 1:13 A in CO to 1-:17A or so in 
carbonyls), but there are marked reductions in C—O stretching frequencies in 
carbonyls which support the idea of multiple bonding. 

The carbonyls M(CO),, have the highly symmetrical structures listed in Table 
22-83 

Closely related to Fe(CO); are the trigonal bipyramidal molecules 
Fe(CO)4PH¢,°!) (phosphine in axial position) and Fe(CO), (acrylonitrile), ‘) 

TABLE. #2228 

Structures of carbonyls M(CO), 

Molecule Reference 

Ni(CO)q4 Regular tetrahedral 1-83 A : AC 1952 § 795 
Fe(CO)s Trigonal bipyramidal | 1-806 (ax.) 1-145 AC 1969 B25 737 

1-833 (eq.) ACSc 1969 23 2245 
EAS 1-916 1-171 AC 1967 23 977 

fe) 6 Regular octahedral 2-063 1-145 tice, gale eyrg ACSc 1966 20 2711 
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where there is one equatorial bond to the double bond of H,C=CH . CN. 
Surprisingly long axial bonds (1:99 A) were found (compare 1°77 A for the 
equatorial bonds) and 2-10 A to the ethylenic C atoms. Also related to Ni(CO)4 
and Fe(CO)s are the bridged molecules (a)‘%) and (b),*) in which the bond 
arrangements around Ni and Fe are the same as in the simple carbonyls. In (b) the 
axial Fe—C bond appears to be significantly shorter (1:71 A) than the equatorial 
bonds (1-79 A) and C—O longer (1:29 A as compared with 1-16 A). In many 
formulae in the following pages we shall indicate —CO simply by a stroke (—). 

O 

(CeHs5)2 (CH3), \| a, 
E Ni(CO) 2:26A_P. 2:23 A Fe 170A 

(CO),Ni Se ee a \L19 A 
(C6Hs)2 | \ (CH3)> “116 ‘ 

O 

(a) (b) 

An early X-ray study of Fe,(CO), °°? showed that the molecule has the 

structure of Fig. 22.9(a) with three bridging CO groups. The accuracy of location of 

the light atoms does not justify detailed comparison of the two different Fe—C and 

C—O bond lengths (see Co,(CO)g,, later) but indicates appreciably lower bond 

orders in the bridging bonds than in the terminal ones. The Fe—Fe distance 

(2-46 A), equal to twice the ‘metallic’ radius of Fe for 8-coordination, shows that 

there is a Fe—Fe bond, accounting for the diamagnetism and giving Fe the Kr 

closed-shell configuration. 

There are many compounds related more or less closely to Fe,(CO)g including 

(c) with a triple (CH3) Ge bridge,“ compounds of type (d) with double bridges, 

where the bridging group is, for example, NH, ‘7? or SCH; (see p. 774), and singly 

bridged compounds, (e), (CO)4Fe . R . Fe(CO)4, where R is P(CH3)2, Ge(CgH5)2, 

etc. The Ge compounds are of interest as containing 3-membered GeFe, rings— 

compare the 5-membered rings in the compound noted on p. 778. 

Ny Cle: Ne/ 
Fe. 2-40A Fe Sree 

\ Yeti guide i J 

(CH3)2Ge_ )70° |} y Ge(CH3)> H Nz )NH) | 2-404 a 

2:74 A ie F Fe 
a < ye is Sa/aN 

(c) (d) (e) 

The Coz(CO)s molecule,°8) Fig. 22.9(b), has essentially the same structure as 

Fe (CO) with one of the bridging CO groups removed. By forming a metal-metal 

bond (2:52 A) Co acquires the same closed-shell configuration as Fe in Fe2(CO)o. 
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O 1-79A 
O 
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Oe Vie cen co ee NE s OC an Co \e beg Ba eee = Fe | ap ae 
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of IN CO Seed i eae a) | 
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O 
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Ae 
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(1) 

FIG. 22.9. The structures of metal carbonyls: (a) Fe2(CO) 9, (b) Coz(CO)g, (c) Os3(CO) 12, 

(d) Cog(CO); 2, (e) [Feq(CO)1 3] ?~, (f) [Rea (CO)16]?~, (g) and (h) Pty(CO)s [P(C2H4CN)3] 4, 

(i) Rhg(CO) 16. 

(9) AC 1963 16 419 In Mn,(CO), 9°?) and Res(CO), 9°! (and the isostructural Te>(CO there 
(10) IC 1965 4 1140 2(CO)10 2(CO)10 ( 2(CO); 0) 

are no bridging CO groups, the molecule consisting of two —M(CO), joined by a 

metal-metal bond. Each metal atom forms six octahedral bonds (to 5 CO and M) 

and the two octahedra are rotated through about 45° from the eclipsed position. 
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The long M—M bonds (Mn—Mn, 2:92 A, Re—Re, 3-02 A, and Tc—Tc, 3-04 A) are 
attributed to the large negative formal charges and to repulsions between the CO 
groups. Carbonyl ions [M (CO), 9]?~ exist in the Na salts (M=Cr, Mo, W) 
prepared by reducing the hexacarbonyls with NaBHy, and __ ions 
[((CO);M—M'(CO);]~ have been isolated in [N(C.H5)4] * salts (M= Mn, Re; 
M'=Cr, Mo, W).{°) The red diamagnetic form of [Co(CN . CH3)5] (C104), 
contains dimeric ions of the same structural type as Mn,(CO),9, with Co—Co, 
2:74 4.01) 

The molecule of Fe3(CO), > in the solid can be described as resulting from the 
replacement of one of the bridging CO groups in Fe,(CO)g by the unit Fe(CO),, 
the third Fe atom being equidistant from the other two.{'2) The three Fe atoms 
are situated at the corners of an isosceles triangle (f), and the twelve CO are 
arranged at the vertices of an icosahedron (as is also the case in Co4(CO), >, below). 
The apparent incompatibility of the ir. spectrum of Fe3(CO), > in solution with 

CsHs 

we 4 De ae 0 7 Gye 8) 
Ra aie i C 
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ya as 0 oe 

(f) (g) 

the model (f) may be due to rearrangement in solution, a view supported by the 

fact that one isomer of Rh3(CO)3(C5H;)3 has a structure similar to (f) and the 

other has the symmetrical structure (g). (124) 

The anion in [(C,Hs)3NH] [Fe3(CO), ,H]“!) apparently has the same type of 

structure as Fe3(CO), 4. The H atom was not located, but presumably replaces one 

bridging CO. group; there is the same isosceles triangle of Fe atoms (edges 2°58 and 

2:69 A (two)). In Fe3(CO), ;P¢3 one terminal CO is replaced by the phosphine. 

The crystal contains two structural isomers, (h) and (i), and the bridges are slightly 

unsymmetrical,“!*) with a and b approximately 2:04 A and 1-87 A (means). 
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(10a) JACS 1967 89 539 

(11) PCS 1964 175 

(12) JACS 1969 91 1351 

(12a) JOC 1967 10 P3, 331 

(13) IC 1965 4 1373 

(14) JACS 1968 90 5106 



(15) JCS A 1968 778 

(16) IC 1962 1 521 

(17) JACS 1968 90 7135 

(18) IC 1967 8 2011 

(19) JACS 1969 91 1021 

(20) IC 1969 8 2384 

(21) JACS 1966 88 4847 

(22) IC 1968 7 2606 

(23) JACS 1967 89 5366 

(24) JACS 1969 91 1574 
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In contrast to Fe3(CO), 2 the molecules Ru,(CO)jo05 and Os3(CO), Ber) 

(originally formulated as enneacarbonyls) have the symmetrical structure of Fig. 

22.9(c), with 4 CO bonded to each metal atom. In the equilateral triangle of metal 

atoms the bond lengths are: Ru—Ru, 2:85 A, and Os—Os, 2°88 A, and each metal 

atom forms four normal and two ‘bent’ octahedral bonds—compare the similar 

‘bent’ bonds in Co,(CO)g, Rhz(CO)4Cly, etc. 
The anion in [Re3(CO), 2H] [As(CgH5)4] has a somewhat similar structure, 

(j)." The H atoms were not located but presumably bridge the two longer edges 
of the Re3 triangle. As in Ru3(CO), 2 there are no bridging CO groups. 

Molecules and ions containing 4 metal atoms are of two main types, tetrahedral 

and quadrilateral (planar or dihedral). In Irg(CO), 2 the metal atoms form a regular 
tetrahedron of edge 2°68 A,8) with 3 CO bonded to each Ir. The anion in 

[Re4(CO), »H.¢] [As(CgHs)4] also has a regular tetrahedral shape,‘!?) and the H 

atoms (not located) are logically placed along (or close to) the edges. The mean 

Re—Re distance (3-16 A) is close to the larger value in [Re3(CO),2H]~ and 

appreciably larger than the value (around 3-0 A) for non-bridged Re—Re distances 

in, for example, Re,(CO)j 0. 

The tetrahedral molecules Co4(CO),.°?° and Rh4(CO), °?™ are less sym- 

metrical (Fig. 22.9(d)), with three bridging CO groups. One metal atom forms 

octahedral bonds to three others and to 3 CO, while the bond arrangement around 

the basal metal atoms is approximately pentagonal bipyramidal. Owing to 

crystallographic complications (disorder and twinning) the bond lengths are not 

known accurately, but mean metal-metal distances are respectively 2-49 A and 

DT DS 

The carbonyl anion [Fe4(CO),3]*~ has a tetrahedral structure (Fig. 22.9(e)) of 

a quite different kind.?!) An apical Fe(CO)3 unit is bonded to the base of the 

tetrahedron only by Fe—Fe bonds, and a feature of the molecule is the triply 

bonded CO below the base. (There is very weak bonding between the C atom of 

each CO in the basal plane and a second metal atom.) 

The ion [Re4(CO), 4] *~ (Fig. 22.9(f)) has an entirely different shape. The four 
metal atoms are coplanar, all Re—Re distances are close to 3-0 A, and the 
arrangement of bonds around Re is octahedral.??) 

We noted in Chapter 3 some families of tetrahedral molecules, including 
molecules M4X4Yq4 and M4X6 Yq. The molecule Fe4(CO)4(m-C5Hs)4 is tetrahedral 
with a triply bridging CO on each face, while Nig(CO),[P(C,H4CN)3] 4 has a 
bridging CO along each edge and a phosphine molecule attached to each vertex 
(Ni).23) Removal of one of the edge-bridging CO molecules from a molecule of 
this kind leads to opening-up of the tetrahedral to a dihedral (‘butterfly’) structure, 
as in Pig(CO)s (P(CHs)>CeHs| 4,°2 2 as shown diagrammatically in Fig. 22.9(g) 
and (h). The dihedral angle is 83° instead of 1094°, the value in the tetrahedron. 
Removal of one bridging CO and of one metal-metal bond reduces the electron 
count to 16 for the 5-covalent metal atoms, leaving the two 7-coordinated atoms 
with a closed shell configuration. 

The black crystals of Rh¢(CO),6, previously formulated Rh4(CO),,, are 
composed of octahedral molecules (Fig. 22.9(i)) in which there are two CO 
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attached to each Rh by normal Rh—C bonds and also four bridging CO groups.? 5) 
The latter are situated above four of the faces of the Rhg octahedron, and each is 
bonded to three metal atoms. The Rh—Rh distance is 2:78 A, and since the electron 

count for a Rh atom is 56 this compound is an exception to the ‘noble gas rule’. 

Carbonyl hydrides 

Early electron diffraction studies‘? ®) of Fe(CO)4H, and Co(CO)q4H indicated a 

tetrahedral arrangement of 4 CO around the metal atoms, but the H atoms were not 

located. No O—H frequency is observed in the i.r. spectra. The structures of these 

molecules are still in doubt. 

It has been shown that in a number of transition-metal hydrido complexes H 

atoms are directly bonded to M and occupy definite coordination positions (as in 

K,ReHo, HPtBr[P(C,H;)3]2, etc., for which see Chapter 27). This would also 

appear to be true in certain carbonyl hydrides, though the H atoms have been 

directly located by n.d. in only one form of Mn(CO),;H. In Mn(CO),H five CO are 

situated at five of the vertices of an octahedron (Mn—C, 1-84 A) and the H atom is 

situated at the sixth vertex, with Mn—H, 1-60 A.*7) (C—O, 1-134 A). 
The ion HCr,(CO)j9 has been studied in the [N(C,H5)4]* salt, and here the 

logical position for the H atom would be at the bridging position, (a), where it 

would complete each octahedral coordination group.{28) The Cr—Cr distance 

\ 
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(a) (b) 

(3:41 A) is too large for a normal Cr—Cr bond, but 1-70 A is a reasonable value for 

Cr—H (compare Re—H, 1:68 A, in K,ReHg). A similar position seems likely for the 

H atom in HRe,Mn(CO),4,°?? (b), in which Re—Re is 3-39 A (giving Re—H, 

1:70 A) as compared with Re—Mn, 2:96 A. Infrared and n.m.r. studies of 

Os(CO)4H,°” indicate a cis octahedral configuration. 

Carbonyl halides ; 4) 

Structural studies have been made of several of these compounds. Ru! (CO),I,° ) 

forms octahedral molecules with the I atoms in cis positions (Ru—C, 2:01 A, Ru—I, 

2:72 A), and a similar configuration has been assigned to Fe(CO)4I, on the basis of 

ir. evidence.{?2) The structure of [Rh(CO),Cl]2 is more complex.?3) This 

compound is dimeric in solution and also in the crystal, in which the dimers are 

bonded into infinite chains by Rh—Rh bonds as shown in Fig. 22.10(a). To account 

for the diamagnetism it has been suggested that bent metal-metal bonds are formed 

by overlap of d?sp? orbitals at an angle of 564 

Td4 
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(28) JACS 1966 88 366 
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(82) Za@nl9 562870225 

(33) JACS 1961 83 1761 
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Mn,(CO)gBr,°°) forms a symmetrical bridged molecule (Fig. 22.10(b)) with 

Mn—Br, 2°53 A, and Mn—C, 1°81 A. Molecules Mj(CO)g X2 are formed by Mn, Tc, 

and Re in which X = Cl, Br, or I. The closely related molecule Ruy Br4(CO), (34 is 

shown in Fig. 22.10(c). 

(a) (b) (c) 

FIG. 22.10. The structures of (a) [Rh(CO)2 Cl] 2, (b) [Mn(CO)4Br] 2, (c) [RuBr2(CO)3] 2. 

Nitrosyl carbonyls 

Early e.d. studies‘?5) of Fe(CO),(NO), and Co(CO)3NO indicated a tetrahedral 

arrangement of the four ligands with 

C—O and Fe——-N——O 
1-84 1-15 iheyap © ileal 78 

and very similar bond lengths in the Co compound, though it is not likely that the 

bond lengths are of high accuracy. These studies did not prove the linearity of the 

—M—N-—O system, but this has since been demonstrated by m.w. studies of 

molecules such as (C;H;)NiNO.‘°®) Manganese forms Mn(NO)3;CO and 

Mn(CO),NO, and on irradiation the latter is converted into Mn,(CO),(NO),— 

compare the conversion of Fe(CO),; to Fe2(CO)g. The molecule Mn(CO),4NO has a 

trigonal bipyramidal structure, like the isoelectronic Fe(CO);, with NO at one 

equatorial position and linear M—N—O bonds.” Bond lengths are Mn—C, 1:89 A 
(axial), and 1-85 A (equatorial), Mn—N, 1-80 A. 

The Ru and Os compounds of the type M3(CO), 9(NO)2‘°®) are interesting for 

they possess double NO bridges. The two shorter sides of the isosceles triangle 

correspond to normal metal-metal bonds (2°87 A) (a). 

Mixed metal carbonyls 

Many carbonyls have been prepared containing atoms of two or more different 
elements, some with only CO ligands and others with ligands of various types. The 
special interest lies in the metal-metal bonds and in the stereochemistry of the 
metal atoms. We give in Table 22.9 a few simple examples of typical molecules: 
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ADAMS EL Ele BHO) 

Structures of mixed metal carbonyls 

Molecule M—M Metal stereochemistry Reference 

(CH3)3Sn—Mn(CO)<; 2°674 A Sn tetr.; Mn oct. JCS A 1968 696 
(CO)s5Mn—Fe(CO)4g—Mn(CO)5_ —.2:815 Mn and Fe octahedral AC 1967 23 1079 
(CO)4Co—Zn—Co(CO)q 2-305 Co trig. bipyr.; Zn linear JACS 1967 89 6362 
(CO)4Co—Hg—Co(CO)4 2°50 Co trig. bipyr.; Hg linear JCS A 1968 1005 

Miscellaneous carbonyl derivatives of metals 

Molecules containing CO and other ligands are very numerous, and range from 

simple molecules and ions in which all the ligands form a normal coordination 

group around the transition-metal atom to those in which there are more complex 

cyclic and polyhedral systems of metal atoms. Compounds containing unsaturated 

hydrocarbon ligands are described in the following pages, and we mention here only 

a few molecules which present points of special interest. 

The compound Fe;(CO),5C is produced in small quantity when Fe3(CO), 2 is 

heated in petroleum ether with methylphenylacetylene. It has the tetragonal 

pyramidal structure shown in Fig. 22.11(a), in which C is located just below the 

CH: 

(a) (b) (c) 

FIG. 22.11. The molecular structures of (a) Fes(CO);5C, (b) Co3(CO)9C(CH3), 

(c) [Co3(CO)9C] 2CO, (d) (CH3)4Sn3Feq4(CO)16- 

base of the pyramid.) With the Fe—C bonds the Fe atom acquires the Kr 

configuration. Cobalt forms a number of compounds Co3(CO)9C . R, of which the 

methyl compound, Fig. 22.11(b), is remarkable in that an aliphatic C atom bridges 

three Co atoms. The compound is diamagnetic, Co is bonded octahedrally to 3 CO, 

2 Co, and C, and the length of the Co—Co bonds (2:47 A) is similar to that in the 

metal (2:51 A).(2) The molecule [Co3(CO)9C] CO, Fig. 22.11(c), is built of two 

tetrahedral Co3(CO)gC units joined through a bridging co.) In the spiro 

molecule (CH3)4Sn3Fe4(CO)166” Fig. 22.11(d), the three Sn atoms are almost 

exactly collinear and are bridged by Fe(CO)4 groups. There are two different 

Sn—Fe bond lengths, terminal 2°63 A and central 2°75 A. The bond arrangement 

around both types of Sn atom is tetrahedral: Fe—C, 1°75 A, Sn—C, 2°22 A. 
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There are many complex carbonyls containing S or—SR ligands, some of 

which are structurally similar to molecules already described. For example, 

[(C)H,S)Fe(CO)3] >, Fig. 22.12(a), is of type (d), p. 767, there being no bond 
between the S atoms (S—S, 2:93 A), while in the closely related [SFe(CO)3 ] pe) 

Fig. 22.12(b), the S atoms are bonded (S—S, 2:01 A). In S,Fe3(CO). there is the 

more complex nucleus (c), which has been studied in the 1 : 1 molecular compound 

[S_ Fe (CO)¢] [S,Fe3(CO)9] .{7) The molecule [CH3SFe,(CO),¢]2S,°® (d), is of a 
different kind. There is a central S atom bonded tetrahedrally to 4 Fe(CO)3 units 

which are also bridged in pairs by SCH3 ligands. It is convenient to include here 

also (CsHs)4Fe4Sq,°°) (e). The nucleus of the molecule is an elongated 

tetrahedron of Fe atoms (of which only two edges correspond to Fe—Fe bonds, the 

others being much longer (3-37 A)), above the faces of which are arranged the S 

atoms, each bridging 3 Fe. The lengths of the Fe—S bonds in this and the other 

molecules of Fig. 22.12 are very close to that in pyrites (2:26 A). 

SU Css 
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Ses te x Fe Bre Fe o Pus \ } Md 

CH, 2:64 C3Hs (c) (d) 
iC a FIG, 22.12. The molecular structures of (a) [(C2H5S)Fe(CO)3]2, (b) [SFe(CO)3] 2, 

(c) S2Fe3(CO)g9, (d) [CH3SFe2(CO)6] 2S, (€) (CsH5)4FegSa, (f) [SCo3(CO)7] 28>. 

Of the numerous sulphur-containing Co carbonyls we give only a few examples. 
The molecule SCo3(CO) 9 is of the same general type as CH3C . Co3(CO)p, Fig. 
22.11(b), and [SCo3(CO),]S,“") consists of two identical tetrahedral units 
SCo3(CO), bridged by an S, group, as shown in Fig. 22.12(f). The following 
molecules‘!?) all contain bridging —SC,Hs _ groups: Co3(CO)4(SCyH5)<5, 
Cos(CO); 9(SC.Hs5)5, and SCog(CO), 1(SCyH,)4, the latter also containing a Co3S 
unit resembling that in Fig. 22.12(f). 

Compounds of metals with hydrocarbons 

Compounds of metals containing hydrocarbon radicals or molecules are numerous. 
The simplest contain only metal and hydrocarbon radical (metal alkyls and aryls) or 
unsaturated hydrocarbon molecules (for example, Cr(CgH¢) 2), while in others 
there are also ligands such as halogens or CO. Because they are most closely related 
to the metal carbonyls we deal first with transition-metal compounds containing 
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unsaturated hydrocarbons and CO ligands and later with the alkyls of non- 
transition metals. The formulae of many of the simpler transition-metal compounds 
are consistent with the view that the metal gains the following numbers of electrons 
from the ligands: 

HC=CH Q eC CH, 
HC=CH 

3 

and thereby reaches the electronic structure of a noble gas—compare the carbonyls 

and nitrosyl carbonyls. In all the following diamagnetic compounds of the 3d 

elements the metal has the Kr configuration: 

A.N. 

23. V(CO)4(CsHs) 
24 Cr(CO)3(CeHe) Cr(CeH6)2 
ORS Mn(CO)3(C5H;) 

26 Fe(CO)3(C4H4) Fe(CsH5). Fe(CO)(C3H5)(CsHs) 
27 Co(CO).(C5H;) 

28 Ni(C;H;)NO 

while a molecule such as Ni(C;H;), clearly has 2 electrons in excess of the noble 

gas number. The molecule of cyclooctatetraene, CgHg (COT), functions as a 

4-electron donor in (CO)3Fe(COT) but as two (cyclobutadiene) halves in 

(CO)3Fe(Cg Hg )Fe(CO)3 (see later). 

We have already noted the geometrical difference between the bond formed by a 

transition metal to CO, which is a true m bond (overlap of metal d orbitals with the 

m orbital of CO in the nodal plane) and the bond to an unsaturated hydrocarbon in 

which the metal orbital is perpendicular to the nodal plane of the m orbital. The 

term u-bond has been suggested for this latter type of bond. 

Acetylene complexes 

The reactions of acetylene with metal carbonyls can be grouped into two main 

classes: (i) those in which no new C—C bonds are formed, and the acetylene is 

bonded to the metal atom(s) by y-bonds, “bent’ o bonds, or by a combination of u 

and o bonds, and (ii) those in which new C—C bonds are formed by combination of 

some of the CO with the acetylene to form a cyclic hydroxy-ligand or a lactone 

ring. 

(i) Acetylenes replace two CO in Co 2(CO)g, and a study of crystalline 

Co,(CO),(diphenylacetylene) shows that the molecule has the configuration of 

Fig. 22.13(a). The metal atoms form six bonds, arranged octahedrally, one to the 

other metal atom, two to the acetylene carbon atoms, and three to CO molecules; 

the C—C bond in the acetylene has lengthened to about 1-46 A) In 

Co4(CO),; 9C2HsC.C. C,H, ?? the acetylene forms two o bonds to two Co atoms 

and yu bonds to the other two metal atoms (Fig. 22.13(b)). 
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(b) (c) (d) 

FIG. 22.13. The molecular structures of: 

(a) (diphenylacetylene)Coz (CO)e¢, (b) Co4 (CO); 9C2Hs5 CCC2 Hs, 

(c) (CO)3Fe(CgHgO2)Fe(CO)3, (d) (CO)3Co(CO)(C4 H02)Co(CO)3. 

(ii) An interesting reaction is the displacing of two CO groups from two 

molecules of iron or cobalt carbonyl hydrides by acetylenes or other unsaturated 

molecules. A study of the crystal structure‘) of the but-2-yne complex from 

Fe(CO)4H>, which has the formula (OC)3Fe(CgHgO2)Fe(CO)3, shows that the 

molecule has the structure shown in Fig. 22.13(c). All the atoms C! to C® are 

coplanar, and the group CO is perpendicular to this plane. The three CO groups of 

Fep are arranged with three-fold symmetry around an axis which is perpendicular 

to the plane of C®°C?C?C>. There is a covalent Fe—Fe bond, and the m bonding 
between Fep and the ring of carbon atoms is apparently similar to that in 

cyclopentadienyl compounds. 

The action of CO under pressure on Coz(CO)¢C,H), yields a compound with the 

empirical formula Co,(CO) C,H. In this molecule, Fig. 22.13(d), the two Co 

atoms are bridged by one CO and a C atom of a lactone ring.) Each Co is bonded 

to five C atoms in a square pyramidal configuration, and the two square pyramids 

are joined along a basal edge about which the molecule is folded until the Co—Co 

separation has the value 2.5 A. The molecular structure is very similar to that of 

Co(CO)s. 

Cyclopentadienyl complexes 

Cyclopentadiene, C;H¢, is a colourless liquid which readily forms a monosodium 

derivative. This in turn reacts with anhydrous transition-metal halides to form 

derivatives M(C;H;),, some of which may be made direct from the hydrocarbon 

and the metal carbonyls at about 300°C. Some of these compounds, including 

Fe(CsHs)2 (‘ferrocene’) can be oxidized to cations. The following are examples of 
cyclopentadienyl compounds: 

(C;H5).M: M = Fe, Co, Ni, Ru, Rh, Ir, Cr, V, Mn, Mg; 

[(C5;H5)2M|] X: M= Fe, Co, Ni, Ru, Rh, Ir; 

[(CsHs)o>M]X>: | M=Ti, Zr, V; 
carbonyls: (C5Hs)2Mo7(CO)¢, (C5Hs)Fe.(CO),4 
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The interaction of Fe(CO), with excess of cyclopentadiene gives first the 
bridged compound 1 which decomposes at 200°C to ferrocene (11a). (Fig. 22.14). 
The compound I can be isolated if the temperature is kept in the range 100—200°C. 

TES eae 

I Ila IIb Ill 

IV Vv VI 

FIG. 22.14. The structures of cyclopentadienyl derivatives of metals: (I) Fez(CO)4(Cs5Hs)zo, 

(ila) Fe(CsHs)2, (ifb) Ru(CsHs5)2, (Il) M(CsHs)(CO)2, (IV) M(CsHs)(CO)s, 
(V) Moz(CO)6 (C5 Hs5)2, (VI) (C5 Hs )2 TiClz Al(C2 Hs )>. 

The bond lengths, derived from the crystal structure,“!) are shown at (a). The (1) AC 1958 11 620 
Fe—Fe bond length is very close to that in Fe2(CO)o, and the general resemblance 
of the two molecules is evident. 

(2) JCP 1955 23 1966 
Ferrocene has been examined by electron’?) and X-ray diffraction.) The (3) AC 1956 9 373 

cyclopentadienyl rings are parallel, and in the crystal the carbon atoms are situated 
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(10a) JACS 1970 92 208 
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at the vertices of a pentagonal antiprism. There is probably free rotation of the rings 

in the vapour at 400°C. The perpendicular distance between the rings is 

3-25 A-compare 3-35 A in graphite. Bond lengths are: Fe—C, 2-05 A, C-—C, 

1-40 A, assuming C—H, 1-09 A. The length of the Fe—C bond is about the value to 

be expected for a single bond, in contrast to the value 1-84 A in Fe(CO)s, and here 

also Fe has the Kr configuration. The ferricinium ion has been studied in 

(CsHs5)2 Fe(I),‘) but disorder in the crystal made it impossible to determine the 

detailed structure of the ion. 

Magnetic measurements indicate respectively 1 and 2 unpaired electrons in 

Ni(C;Hs)3 and Ni(C;H,;)2. The cyclopentadieny] derivatives of Co, Ni, Cr, V, and 

Mg are isostructural with ferrocene, but in Ru(CsHs)z the rings are in the eclipsed 

positions (11b in Fig. 22.14), with Ru—C, 2:21 A. 
In the mononuclear carbonyl compounds a symmetrical arrangement of the CO 

groups around the axis in pyramidal structures 111 and Iv is consistent with the ir. 

spectra (Fig. 22.14) and has been confirmed by an X-ray study of crystalline 

Cs;HsMn(CO)3.°° Bond lengths found were: Mn—CO, 1:80A, Mn—CsHs, 
2:165 A, and distance of Mn from centre of ring, 1-80 A. 

An X-ray study”) of C;H;Mo(CO),.MoC;Hs gives the structure v in Fig. 

22.14. All the atoms drawn in heavily lie in one plane. The arrangement of bonds 

around a metal atom is such that if the Mo atom is imagined to be at the centre of a 

cube then a CsH, ring lies centrally in one face and the other four bonds (to Mo 
and three C) are directed towards the vertices of the opposite cube face. In this 

molecule Mo has a completed outer shell of eighteen electrons and the compound is 

therefore diamagnetic. Bond lengths include: Mo—C, 2:34 A, Mo—Mo, 3:22 A, and 

the bond angle Mo—C-—O is approximately 175°. 

In the bridged molecule (C;Hs)2TiCl, Al(C,Hs)2, shown in Fig. 22.14 (v1), 

there is an approximately square bridge of side 2:5 A between the two metal 

atoms.8) The bonds from both Ti and Al are arranged tetrahedrally, so that the 

general shape of the molecule is similar to that of the Al,X,¢ molecules. The 

compound (CsH;)3UCI provides an example of a molecule in which three C;Hs 

rings are bonded to the same metal atom. The bond arrangement is tetrahedral.(?) 

The molecule (a) in Fig. 22.15 is included here as an interesting example of a 

5-membered ring of metal atoms of three different kinds.“ 9) 

CH, 

0. ¢ 0 ce / EIUE Sl, | DEX 
Fe Fe C,H, CH \ 

ey a ——* co at * 

RO cor efi \Ni—c,H ) 
RS N ' — ei Bas 4 
SS SNe P \ C,H; PA i 

S C;H Co 
fegexs ZS cae CHa 

1) Oo O Gabe C;H; 

(b) (c) (d) 

FIG, 22.15. The molecular structures of (a) (CO)qgFe(GeCly)z [Co(CO)(C5 Hs) 
(b) Fe2(RS)2(CO)e6, (c) [(¢2P)Ni(C5Hs5)] 2, (d) [(¢2P)Co(CsHs)] >. te 
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We referred earlier (p. 767) to compounds related to Fe.(CO)g of type (b) (Fig. 

22.15) involving a metal-metal bond. The reality of this bond (which may 

alternatively be represented as a ‘bent’ bond) is shown by a comparison of the 

structures of the dimeric [(¢P)Ni(C;H;)] > and [(¢P)Co(C;H,)] 5.19) The Ni 

compound, (c), has a planar bridge system, but in the Co compound, (d), the two 

CoP, planes are inclined to one another owing to the formation of the Co—Co 

bond (Co—Co, 2:56 A, compare Ni—Ni, 3:36 A). An electron count, assuming that 
the two P@¢, ligands provide three, C;H, five, and the metal-metal bond one 

electron to each metal atom, shows that in all these molecules a noble-gas 

configuration is attained: Fe, 26+9+1,Co,27+8+1, and Ni, 28 + 8. 

The structures of a number of non-transition metal cyclopentadienyls have been 

studied. The molecule of Be(C;H;), in the vapour‘!!) has the staggered 

configuration of Fig. 22.14 Ha, but unlike the Fe compound the molecule is 

unsymmetrical as regards the position of the metal atom, which is 1-485 A from 

one ring and 1-980 A from the other (perpendicular distances). In the vapour state 

InC,H,‘!?) and TIC;H,‘!3) form simple pyramidal molecules (In—C, 2:62 A, 

TI-C, 2-71 A). In the crystalline compounds, ! 4) on the other hand, there are 

chains (Fig. 22.16(a)) in which In is equidistant from two C5H,g rings (at 3-2 A) 

and the angle at the In atom is 137°. The shortest In—In distance between chains is 

4:0 A. There are rather similar chains in crystalline Pb(CsH;)2°1 >? with an 

additional C;H; bonded to each Pb (Fig. 22.16(b)). The latter is rather more 

strongly bonded to the metal (Pb—C, 2:76 A) than are the bridging C;Hs groups 

(Pb—C, 3-06 A). The angles at the Pb atoms are approximately 120° and Pb—Pb in 

the chain is 5-64 A. 

(a) 

FIG. 22.16. The structures of (a) In(C5Hs), (b) Pb(Cs5Hs)2.- 

Complexes containing benzene or cyclooctatetraene 

We give here only a few of the simpler complexes of these types. Closely related to 

the cyclopentadienyl compounds is the compound Cr(C6H¢)2; prepared by heating 

a mixture of CrCl3, AICl3, Al powder, and benzene at 150°C. This is a crystalline 

compound (m.p. 284°C) in which molecules of the type shown in Fig. 22.17(a) are 

arranged in cubic closest packing. The Cr—C distance is 2:15 A and the 

perpendicular distance between the rings is 3-23 A) 

It is interesting to compare with the molecule (CO)3 Cr(CgH,)? (Fig. 22.17(b)) 
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the environment of Cu* in CgH¢ . CuAlCl,,© which is shown in Fig. 22.17(c). 

This compound contains tetrahedral AlClq ions, and the neighbours of Cu are a 

C,H, ring and 3 Cl atoms of AICI ions. 

(d) (e) 

FIG. 22.17. The molecular structures of (a) Cr(CgH6)2, (b) (CO)3Cr(CeHe), 

(c) (Cg6H6)CuAICly, (d) (CO)3Fe(CgHg), (e) (CO)3Fe(CgHg)Fe(CO)3.- 

In crystalline AgClO, . CgH,“ there are columns of C,H¢ molecules and Ag* 

ions, two of the latter being associated with each benzene ring, and each Ag” is 

distant 2°50 and 2:63 A from the two C atoms of the nearest C—C bond. The 

energy of the ‘charge-transfer’ bonds has been estimated at about 66 kJ/bond 

mole. In AgNO3 . CgHg‘*? also there are columns of Ag* ions and hydrocarbon 

molecules, between which the anions are situated, and as in the benzene compound 

each Ag” is closely associated with one bond of the organic ring, here with a double 

bond. These shortest Ag—C bonds are again close to 2:5 A in length. There are two 

weaker bonds from Ag* to two other atoms of the ring (Ag—C, c. 2:8 A). The even 
longer Ag—C bonds, of length around 3-2 A, link together the Ag* . CgHg units 

into columns. 

In AgNO3 . CgHg the CgHg ring has the boat configuration like the free molecule, 

but two other shapes of this ring are found,‘°) namely, a dihedral shape in 

(CO)3Fe(CgHg) and a ‘chair’ shape in (CO)3Fe(Cg Hg )Fe(CO)3. In the tricarbonyl 

Fe is attached to part of the ring which behaves like butadiene (Fig. 22.17(d)), 

whereas in the second molecule both ends of the ring are behaving in this way, as 

shown at (e) in Fig. 22.17. There are two configurations of the hydrocarbon ring 
also in Ti2(CgHg)3. The molecule has a double sandwich structure, CgHg 
Ti—CgHg —Ti CeHe) in which the outer rings are planar and the central one 

boat-shaped. 

Metal alkyls 

Simple alkyls M(alkyl), are formed by two groups of metals: 
(i) the alkali metals, Be, Mg, the alkaline-earths, and Al, and 
(ii) the B subgroup metals; little appears to be known of alkyls of the intervening 

transition metals. (For compounds [Pt(CH3)3X]4, one of which, the hydroxide, 
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was earlier thought to be Pt(CH3)q, see p. 982.) It is convenient to deal first with 
group (ii) because with the possible exception of alkyls of Cu, Ag, and Au (of 
which the structures are not known) the B subgroup alkyls are normal covalent 
compounds like those of B, C, Si, etc. in which a C atom of the alkyl group forms a 
single bond to M. 

Alkyls of B subgroup metals 

Alkyls of IB metals include CuCH3, AgCH3, AgC,Hs, and trimethyl gold. The 

last compound has been prepared at low temperatures in ether solution, in 

which it probably exists as (CH3)3 Au . O(C,H;)>. This etherate reacts with ethereal 
HCl to give dimethyl auric chloride, presumably a bridged molecule, 

(CH3)AuCl, Au(CH3)>,. 

The IIB alkyls are normal covalent compounds, the chemical reactivity of which 

decreases from that of the violently reactive Zn(CH3). through Cd(CH3), to the 

relatively inert Hg(CH3)2. The high resolution Raman spectra of these compounds 

show that the molecules are linear; the bond lengths are respectively 1-93, 2-11, and 

2:09 A. 
The alkyls of Ga, In, and Tl form plane molecules Ga(CH3)3 etc.—contrast 

GazClg, Ga,Hg, and the dimeric methyl gallium hydrides—as shown by a 

spectroscopic study of Ga(CH3)3,°2) and an early e.d. study of In(CH3)3 in the 

vapour state,“3) and later by crystallographic studies of In(CH3)3(4) and 
TI(CH3)3.°°) Since these are planar molecules a metal atom necessarily has 

neighbours in directions approximately normal to the plane of M(CH3)3, and these 

complete a distorted trigonal bipyramidal arrangement of nearest and next nearest 

neighbours. The intra- and shortest inter-molecular bond lengths are: 

In—C, 2:16 A (three), 3-11 A (one), and 3-59 A (one); 

TI-C, 2:29 A (three), 3-16 A (one), and 3-31 A (one). 

Alkyls of groups I and II metals and Al 

The alkyls of Na, K, Rb, and Cs are colourless amorphous solids which are insoluble 

in all solvents except the liquid zinc dialkyls, with which they react to form 

compounds such as NaZn(C,H,;)3. The Li compounds are quite different, for they 

are soluble to varying extents in solvents such as benzene, in which they are 

polymeric, and both lithium methyl and ethyl exist as colourless crystalline solids 

at ordinary temperatures. 

Group II provides the crystalline Be(CH3), the very reactive magnesium 

dialkyls, and compounds of the alkaline-earths such as the dimethyls of Ca, Sr, and 

Ba.) 

A number of aluminium alkyls have been prepared: Al(CH3)3 by refluxing Al 

with CH3I in a nitrogen atmosphere, and the ethyl, n- and iso-propyl compounds 

by heating Al with the appropriate mercury dialkyl at 110°C for 30 hours. At 

ordinary temperatures they are water-white liquids (the trimethyl melts at 15 ©), 

very reactive and spontaneously inflammable in air. The trimethyl is dimeric in 

benzene solution and in the vapour state, the ethyl and n-propyl dimers show 
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(7) JACS 1946 68 2204 measurable dissociation, while the isopropyl compound is monomeric.‘7) There is a 

striking similarity between Al(CH3)3 and AICl3. Both exist as dimers in the vapour 

state, and the energy of association is of the same order, viz. 84 and 121 kJ mol"! 

respectively. Both combine with amines and ethers to give coordination compounds. 

Since the structures of the compounds of the heavier alkali metals and of the 

alkaline-earths are not known our discussion is restricted to the alkyls of Li, Be, Mg, 

and Al. All are electron-deficient compounds in which some or all of the CH3 

groups form two or three bonds to metal atoms. These are described as 3- or 

4-centre bonds formed by overlap of an sp? orbital of C with appropriate orbitals 

of the metal atoms. 

Crystalline methyl lithium consists of a b.c.c. packing of molecules Li,(CH3)q. 

The Li atoms are arranged at the vertices of a regular tetrahedron of edge 2°56 A 

and a CH; group is situated above the centre of each face (Li—C, 2-28 A). Since all 

Li and C atoms lie on body-diagonals of the unit cell Li has another CH3 belonging 

to a neighbouring molecule as its next nearest neighbour (at 2-52 A). The 

intramolecular contacts are Li—3 Li (2°56 A) and 3 CH; (2:28 A).©®) In crystalline 

Lig(C2H5)q the tetrahedral molecule is apparently less symmetrical, Li—Li ranging 

from 2:42 to 2-63 A‘) and instead of three equidistant C at 2-28 A Li has 3 C at 

2:19, 2:25, and 2:47 A, this last bond length being very close to the distance to the 

nearest C of an adjacent molecule (2°53 A). These bond lengths are extremely 

difficult to understand, particularly in view of the strong bonding between the Li 

atoms—compare Li—Li, 2°67 A in Li, and 3-04 A in the metal. 

Dimethyl beryllium is a white solid which sublimes at 200°C and reacts violently 

with air and water. It is isostructural with SiS,, the crystal being built of infinite 

chains (a) in which Be forms tetrahedral bonds (Be—C, 1-93 A) to four methyl 

CH CH 

ee me SAE th spate 
pee orn ae oe 

3 3 
(a) 

groups.(!°) Mg(CH3)2 has the same structure (Table 22.10) and the same type of 
chain is found in LiAl(C,Hs)4 where the metal atoms along the chain are 
alternately Li and Al and CH, is replaced by C,H, (Table 22.10). 

In Group III we find a third type of structure for the metal alkyl, namely, the 
bridged dimer (b) of Al,(CH3)s which is structurally similar to the Al, X6 
molecules. There are also less symmetrical molecules with the same type of 
structure, for example, (CH3)5 Al,N(C6Hs)2, where the bridge consists of one CH; 

(8) JOC 1964 2 197 

(9) AC 1963 16 681 

(10) AC 1951 4 348 

H3C CH,02144 CHS HAC CH UN ty eae ear Haat Lanter Sab ior tly a 75° Pex UR UME IB Al rons 
H3C Oak: | Ey Ge CH; ™<CH cH, 

1:97 A 

(b) (c) 
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(Al-C—Al, 79°) and the N(C5H;)2 group (AI-N—AI, 86°) and the central 4-ring is 

not planar as in (b). The mixed alkyl MgAl,(CH3)g, made by dissolving Mg(CH3), 

in Al(CH3)3, has the structure (c) intermediate between those of the simple Al and 

Mg methyls. Some details of the structures of these compounds are summarized in 

Table 22.10. The fluoro-diethyl, AIF(C,H,)»,“ 1) is a very viscous liquid soluble in 

TABLE 22.1.0 

Structures of metal alkyls 

M—M M—C M—C—M Reference 
(bridge) 

[Mg(CH3)2] oo 2:72 A 2:24 A Ss” JACS 1964 86 4825; 
JOC 1964 2 314 

[LiAl(C2H5)4] x 2-71 2:02 (Al) TT? IC 1964 3 872 
2-30 (Li) 

Aly (CH3)¢6 2-60 2:14 ts JACS 1967 89 3121 
MgAl, (CH3)g 2-70 2-10 (Al) 78° JACS 1969 91 2538 

2-21 (Mg) 
Aly (CH3)5N(C6Hs)2 2-1 79° JACS 1969 91 2544 

benzene, in which it is tetrameric; a F-bridged cyclic structure has been suggested 

but not confirmed by a structural study. This is not, like the simple alkyls, an 

electron-deficient molecule. From an early e.d. study it was concluded that in the 

dimeric dimethyl monochloro compound the Al atoms were bridged by the Cl 

atoms,‘1?) but the Raman spectra of (CH3)4Al,X> and (CH3) Al, X4(X = Cl, Br, 

or I) indicate that there are bridging methyl groups, as in Al,(CH3)¢.‘!7) Other 

mixed metal alkyls include LisZ(CHa je prepared from LiCH3 and ZrCl, at a 

low temperature. 
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Introduction 

Although the silicon atom has the same outer electronic structure as carbon its 

chemistry shows very little resemblance to that of carbon. It is true that elementary 

silicon has the same crystal structure as one of the forms of carbon (diamond) and 

that some of its simpler compounds have formulae like those of carbon compounds, 

but there is seldom much similarity in chemical or physical properties. Since it is 

more electro-positive than carbon it forms compounds with many metals which 

have typical alloy structures (see the silicides, p. 789) and some of these have the 

same structures as the corresponding borides. In fact, silicon in many ways 

resembles boron more closely than carbon, though the formulae of the compounds 

are usually quite different. Some of these resemblances are mentioned at the 

beginning of the next chapter. Silicides have few properties in common with 
carbides but many with borides, for example, the formation of extended networks 
of linked Si (B) atoms, though on the other hand few silicides are actually 
isostructural with borides because Si is appreciably larger than B and does not form 
some of the polyhedral complexes which are peculiar to boron and are one of the 
least understood features of boron chemistry. 

Silicon is compared with germanium in a short section on the latter element in 
Chapter 26. Here we shall note some points of difference from and resemblance to 
carbon. The outstanding feature of carbon chemistry is the unlimited number of 
molecules that can be formed by direct bonding of carbon to carbon. Simple 
molecules containing Si—Si bonds are few in number; they include the silanes, 
molecules X3Si—SiX3, some oxyhalides, and compounds such as [Si(CgHs)2] 5,“!? 
which contains a ring of five Si atoms. Many silicides contain systems of linked Si 
atoms, but apart from these cases the chemistry of complex compounds of silicon is 
largely based on linking of Si atoms through O atoms. 

In its simple molecules and ions Si does not exhibit a covalency of less than four 
except (possibly) in the silyl ion (see later). Unlike carbon it does not form a small 
number of multiple bonds, as does carbon in CO, CO,, —CN, etc. Only one oxide 
of Si is stable at ordinary temperatures, and this exists in a number of crystalline 
forms, in all of which—with the exception of stishovite (p. 804)—there is a 
tetrahedral arrangement of four bonds from each Si atom, and in every case the Si 
and O atoms form an infinite 3D network. The lower oxide SiO has nothing in 
common with the gaseous CO. It is produced by heating SiO, with Si at 
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temperatures above 1250°C and disproportionates on slow cooling. It has been 
claimed that if it is quenched it can be obtained at room temperature, but 
apparently not in crystalline form.) The reaction Si + SiCl4 > 2SiCl, is said to 
take place at temperatures above 1100°C.) Certainly SiF4 reacts with Si at 
1150°C to form gaseous SiF 3, a species with a half-life at room temperature of 150 
seconds, (compare | second for CF, and a few hundredths of a second for CH,); 
see also under silicon halides.{*) There is no stable sulphide CS, but material with 

the composition SiS can be sublimed from a mixture of SiS, + Si. At room 

temperature the coloured sublimates are not crystalline and have probably 

disproportionated to SiS, + Si.) The structure of the crystalline SiS, bears no 

relation to that of the simple CS, molecule; the normal form of SiS, consists of 

infinite chains of SiS4 tetrahedra sharing pairs of opposite edges. (There is also a 

high-pressure polymorph with a compressed cristobalite-like structure, M-S—M, 

1094° (6) 
Many of the differences between Si and C, like those between P and N, S and O, 

or Cl and F, are attributable to the fact that the elements of the second short 

Period can utilize d orbitals which are not available in the case of the first row 

elements. We find covalences greater than 4 in compounds of Si, P, and S with the 

more electronegative elements. There are no carbon analogues of the fluorosilicates 

and there is no nitrogen analogue of the PF¢ ion. Although the silyl compounds, 

containing —SiH3, are formally analogous to methyl compounds, they behave in 

many ways very differently from their carbon analogues. The abnormal properties 

of many silyl compounds are probably connected with the powerful electron- 

accepting properties of —SiH3. Although Si is less electronegative than C, —SiH3 is 

a stronger electronic-acceptor than —CH3 because 7 bonding takes place between a 

p, orbital on the atom attached to Si by a o bond and a vacant d, orbital of Si; 

there are no 3d orbitals on the C atom. (Usually 7 bonding is stronger the more 

electronegative is the donor atom.) This characteristic of the silyl group shows itself 

in, for example, the planarity of N(SiH3)3 (p. 642), and the weaker coordinating 

power of silyl compounds. For example, N(SiH3)3 forms no quaternary salts 

[N(SiH3)4]X or [N(SiH3)3H] X, and the addition compound with BF, is much 

less stable than the compound with N(CH3)3. 

The last point we have to mention is the great difference in stability towards 

oxygen and water between pairs of carbon and silicon compounds. In contrast to 

the stable CCl, and CS, the corresponding silicon compounds are decomposed by 

water to form ‘silicic acid’ (and, of course, HCl and H,S respectively), a term 

applied to the colloidal silica which may be obtained hydrated to varying degrees. 

(The preparation of well defined di-, tri-, and tetra-silicic acids has been claimed”? 

by the hydrolysis and disproportionation of ortho silicic esters.) Silicon forms a 

number of hydrides (silanes), and although these are stable towards pure water they 

are hydrolysed by dilute alkali, which has no action at all on the corresponding 

hydrocarbons. In view of the ease with which silicon compounds are converted into 

the oxide or other oxy-compounds, it is not surprising that silicon occurs in nature 

exclusively as oxy-compounds, and we shall devote much of this chapter to a review 

of the extensive chemistry of the silicates. 
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Silicon 

The stereochemistry of silicon 

In the crystalline element and in the great majority of its compounds stable under 

ordinary conditions Si forms four tetrahedral bonds; numerous examples are given 

in this and other chapters. The next most important coordination number is six, 

and there is apparently no tendency to exceed this number. Thus with 

acetylacetone Si forms [Si(acac),] AuClq and Si(acac)3Cl . HCl (a compound 

which has been resolved into its optical antimers),“!? but it does not, like Ti and Zt, 

form M(acac)4; K3SiF7, formed by heating K,SiF, in dry air, is K3(SiF,)F. ) 

The octahedral configuration has been established for finite complexes such as the 

SiF2~ ion—for example, K2SiF¢ has the K,PtCl, structure—, the ion (a) in its 

pyridinium salt,(?) and the neutral molecule (b), and it is probable for the 

es 
79 Heeler 

Si po) NB 
Ne 

L N 
1-93 A 

(a) (b) 

trisoxalato ions in salts (NR4)2[M!Y(C,0q4)3], (M=Si, Ge, Sn, Ti),“°) and 
derivatives PcSiX, of the phthalocyanine.‘°?) Octahedral coordination by oxygen 

occurs in all forms of SiP, Oncue) stable under atmospheric pressure, in 

[Ca3Si(OH)¢. 12 H,O]SO4. CO3°°°) and in a number of high-pressure oxide 

phases, including one form of SiO, itself (stishovite), synthetic KAISi30g, and a 

garnet.‘”) There is also octahedral coordination of Si in the high-pressure forms of 
SiAs, and SiP,. In the usual form of SiP, the coordination numbers of Si and P are 

4 and 3, but in the high-pressure form (pyrites structure) they are 6 (octahedral) 

and 4 (3 Si+P, tetrahedral).®) The persistence of octahedral coordination in the 

high-temperature (cubic) form of SiP,0O7 is noteworthy, as also is the fact that this 

structure is based on the same (6,4)-connected 3D net as the high-pressure form of 

SiP,, from which it is derived (topologically) by inserting an O atom along each 

link (Si-P or P—P) of the SiP, (pyrites) structure. 

There are several compounds in which Si is 5-coordinated. The most straight- 

forward case would be an ion SiXs such as occurs in salts (NR4)(SiFs),(7) in which 
R must be larger than CH3, but their structures are not yet known. Structural 

studies have been made of various chelate species, for example, the anion (c) in its 

tetramethylammonium salt,“!°) and the molecules (d)¢!) and (e).?) (There are 

some unexpected bond lengths in (c)—a very short C—C, 1:29 A, in the phenylene 
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N= F Hoe; ~ os N 
1-79 A H.C /H2}219a oy agence we ‘ie? \ 12.34 A 

1-89 A “ ne | ee 
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\ eae. 1-644 CeHs 

(d) (e) 

(c) 

rings, and C—O, 1-34A.) A notable feature of (d) and (e) both of which are 
approximately trigonal bipyramidal in shape, is the extreme length of the Si-N 
bond (compare 1:74A for tetrahedral coordination). In the cyclic molecule 
[(CH3).N . SiH3] ;,“' > (f), there is presumably trigonal bipyramidal coordination 

N—Si—N 

(CH3)2 (CH3)2 

(f) 

of Si by 3 H (equatorial) and 2 N; the H atoms were not located. Here the Si-N 
bond has the same length as in the 6-coordinated molecule (b). 

The action of metallic K on SiHq or Si,H¢ in aprotic solvents such as 

1 : 2-dimethoxyethane produces KSiH3, which forms colourless crystals with the 

NaCl structure.“ 4) The H atoms were not located, but the SiH3 ion would contain 

3-covalent Si. For the unstable SiF, and SiCl, species see p. 785. 

Elementary silicon and carborundum 

We have mentioned in the previous chapter the two crystalline forms of carbon: 

diamond and graphite. The latter structure is unique among the elements, but a 

number of other elements of Group IV crystallize with the diamond structure; 

silicon, germanium, and tin (grey modification). In the B subgroup only lead has a 

typical metallic structure (cubic close-packed), whereas all the elements of the A 

subgroup crystallize with close-packed structures. In elementary _ silicon 

Si—Si = 2:35 A. 
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Under moderate pressure both Si and Gé transform to more dense (about 10 per 

cent) modifications with different 4-connected nets, both different from the 

diamond structure“) There is little change in bond lengths, but appreciable 

angular distortion—in Si to three angles each of 99° and 108° and in Ge to angles 
ranging from 88° to 135°. The Ge structure is particularly interesting since the 
same network is the basis of the structure of one of the high-pressure forms of SiO, 

(keatite), and also of ice 111. These 4-connected nets have been described in 

Chapter 3. At still higher pressures Ge transforms to the white tin structure. 

Carborundum, SiC crystallizes in a large number of forms. The cubic form 

(B-SiC) has the zinc-blende structure (p. 102), and in addition there are numerous 

crystalline modifications all with structures closely related to the zinc-blende and 

wurtzite structures, which are collectively referred to as a-SiC. The atomic positions 

zinc-blende wurtzite Carborundum- III 

FIG. 23.1. The geometrical relationship between the structures of zinc-blende, wurtzite, and 

carborundum III. 

in Zinc-blende are the same as in diamond, alternate atoms being Zn and S. The 
structures of zinc-blende and wurtzite are not layer structures in the sense in which 
we use this term, but we may dissect these structures into layers of types (a) and 
(b) as shown in Fig. 23.1 (where alternate circles represent Si and C or Zn and S 
atoms as the case may be). It will be seen that the zinc-blende structure is built up 
of layers of type (a) only, while in wurtzite (a) and (b) layers alternate. More 
complex sequences are found in the various forms of a-SiC, for example: 

Layer sequence Alternative symbols 

Zinc-blende . 5 : a 

Wurtzite : : ; @ Ie 2H 
Carborundum III. : aa bb 2? 4H 
Carborundum I : : aaa bb 32 I5R 
Carborundum II ; : aaa bbb 3 3) 6H 
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The first three structures are illustrated in Fig. 23.1. We should, perhaps, point out 
that the crystallographic repeat unit is, in general, a multiple of the layer sequence 
listed in the table because there we have disregarded the relative translations of the 
layers. Thus in zinc-blende the unit cell contains three (a) layers and in 
carborundum I 15 layers (that is, three sets of aaabb). A convenient symbol shows 
the number of layers in the repeat unit followed by H if the symmetry is hexagonal 
and by R if it is rhombohedral. The carborundum structures set out above are the 
most abundant forms in the ordinary material and are relatively simple examples of 
a very large group of structures with increasingly complex layer sequences which in 
some cases repeat only after several hundred layers. The layer sequence has been 
determined in more than seventy of these structures, which are described as 
polytypes to distinguish them from normal polymorphs. Carborundum is 
apparently formed by a sublimation process in the electric furnace, and the 
explanation of these regular sequences must lie in the mode of growth of the 
crystals. It is possible that more than one mechanism may be operative, but growth 
by a dislocations probably provides the best explanation of the long range 
order.? 

Silicides 

Silicides form a large group of compounds the formulae of many of which are not 

explicable in terms of the normal valences of the elements. For example, the 

compounds of the alkali metals include Li, ;Si, and Li,Si, KSi and KSi,, CsSi and 

CsSig. Bonding ranges from essentially metallic or ionic to covalent, and in many 

silicides there are bonds of more than one kind. We shall therefore adopt here only 

a very general geometrical classification, since a knowledge of the structure must 

necessarily precede any discussion of the nature of the bonding in a particular 

compound. 

At one extreme lie silicides containing isolated Si atoms as, for example, 

Ca, Si@) with the anti-PbCl, structure, Mg>Si, which has the antifluorite structure 

(like Mg,Ge, Mg,Sn, and Mg,Pb), and a variety of compounds with typically 

metallic structures—V3Si, Cr3Si, and Mo3Si (6-W structure,), CusSi (@-Mn 

structure), Mn3Si (random b.c.c.), and Fe3Si (Fe3 Al superstructure). The interpre- 

tation of interatomic distances in these structures is not simple (compare 

intermetallic compounds, Chapter 29); for example, in TiSi, (see later) Si has 2 Si 

and 2 Ti at 254A and 3 Ti and 3 Si at approximately 2:75 A. In other silicides 
there are Si—Si distances close to that in elementary silicon (2:35 A). A uniquely 

short Si—Si distance, 2:18 A, has been found in Isinnce The metal atoms lie, in 

positions of 9-coordination, between plane 4-connected nets of Si atoms of the 

kind shown in Fig. 29.13(b). If we recognize distances up to 2°5A or so as 

indicating appreciable interaction between Si atoms we may distinguish systems of 
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linked Si atoms of the following kinds: 

Type of Si complex Examples 

Siz groups U3Si, (Si—Si, 2-30 A) 

Sig groups KSi(25) 
Chains USi (Si-Si, 2-36 A) 

CaSi (Si—Si, 2-47 A) 
Plane hexagonal net B-USi 
Puckered hexagonal net CaSig 
3D framework SrSiz, a-USi2 (ThSiz) 

It is interesting that the silicides of U provide examples of all the main types of 

silicide structure,“?) for in addition to those listed there is U3Si which has a 

distorted version of the Cu3Au structure (p. 842), in which there are discrete Si 

atoms entirely surrounded by U atoms. They also show that some silicides adopt 

the same structures as certain borides which contain extended systems of linked B 

atoms, though because of the greater size of Si and its different electronic structure 

borides and silicides are not generally isostructural. 

The FeB structure of USi and other 4f and 5f monosilicides‘?) (and also TiSi 

and ZrSi) with infinite silicon chains, and the AIB, structure of 6-USi, (and other 

Af and 5f disilicides)“>) with plane hexagonal Si layers, are described and illustrated 

in the next chapter. Here, therefore, we shall first note the structures of some 

silicides with alloy-like structures containing discrete Si atoms and then describe the 

structure of CaSi,, which contains puckered Si layers, and finally the structures of 

SrSi, and a-ThSi, as examples of 3D framework structures. 

TiSi2, CrSi,z, and MoSi,. The structures of TiSi, (orthorhombic), the 

isostructural CrSi,, VSi,, NbSi,, and TaSi, (hexagonal), and the isostructural 

MoSiz, WSiz, and ReSi, (tetragonal) are related in a very simple way, which is 
unexpected in view of their quite different symmetries. TiS, is built of 

close-packed layers of the type shown in Fig. 23.2(a), with the Si: Ti ratio 2: 1. 

The layers are not, however, superposed in such a way as to make the structure as a 

whole close-packed (that is, to give each atom twelve equidistant nearest 

neighbours) but, instead, the Ti atoms of successive layers fall above the points B, 

C, and D respectively (Fig. 23.2(a)). Each atom has therefore ten nearest 
neighbours, Ti being approximately equidistant from 10 Si and each Si approxi- 
mately equidistant from 5 Ti and 5 Si. Crystals of CrSiz contain the same type of 
close-packed layers, and, moreover, the layers are superposed in a similar way, 
giving each atom ten nearest neighbours (Cr to 10 Si, Si to 5 Cr+5 Si). In this 
(hexagonal) structure the repeat unit comprises only three layers, the Cr atoms of 
successive layers falling above the points B and D only (Fig. 23.2(b)). From the 
geometrical standpoint the structure of MoSi, is related to that of CaC,, as may be 
seen by comparing Fig. 23.2(c) with Fig. 22.6, p. 757, though the Si atoms are not 
associated in pairs as are the C atoms in CaC,. (Both structures are tetragonal, CaC, 
having a = 3-89, c = 6:38 A, and the parameter of the C atom (00z) ze = 0-406; 
MoSiy has a = 3-20, c = 7:86 A and zg; © 0:33. The conventional body-centred unit 
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FIG. 23.2. (a) Close-packed MSig layer in some disilicides. (b) Three successive layers in CrSip. 

(c) The crystal structure of MoSi2. (d) Projection of the structure of MoSiz on (110) showing 

the relative positions of atoms in two adjacent layers (full and dotted circles). Metal atoms are 

represented by shaded circles. 

cell is indicated by broken lines in Fig. 23.2(c).) However, the projection of the 

structure on (110), Fig. 23.2(d), shows that MoSi, is very closely related to TiSi, 

and CrSi,. In the (110) plane the atoms are arranged at the points of a hexagonal 

net of exactly the same type as in the latter structures, and here also successive 

layers are superposed in such a way that each type of atom has the same 

arrangement of ten nearest neighbours. In MoSi, atoms of alternate layers fall 

vertically above one another, adjacent layers being displaced with respect to one 

another, so that a Mo atom of an adjacent layer falls over the point B in Fig. 

23.2(d). These three structures thus form an interesting series, all being built from 
the same type of close-packed layers superposed in essentially the same way, to give 

10-instead of 12-coordination, but differing in the number of layers in the repeat 

unit, which is four layers in TiSi,, three in CrSiz, and two in MoSi,. It is found 

that crystals with compositions intermediate between TiSi, and MoSi, adopt the 

intermediate (3-layer) CrSi, structure, and the same is true in the TiSi,-ReSi, 

series.(°) 

CaSi,. In this silicide the Ca and Si atoms are arranged in alternate layers, as 

shown in Fig. 23.3. A silicon layer might be described as a puckered graphite layer 
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FIG. 23.3. The crystal structure of 
CaSiy. 

or a section of the diamond structure parallel to the octahedron plane (111), in 

which each Si has three neighbours at 2:48 A, the bond angles having the normal 

(7) ZaC 1927 160 152 tetrahedral value. The Ca atoms lie between these layers in positions of 

(6+ 1)-coordination (capped octahedron) with Ca—Si close to 3A. The 

(8) AC 1972 B28 2326 hydrolysis of this compound is mentioned on p. 794. 

SrSiz. The structure of this compound‘®) consists of a 3D framework of Si 

atoms each bonded to 3 others (Si—Si, 2:39 A), in the interstices of which are 

situated the Sr atoms (ions) in positions of 8-coordination (approximately a 

hexagonal bipyramid, Sr—6 Si, 3-24 A, Sr—2 Si (axial), 3-36 A). This unusual 

arrangement of 8 neighbours may be compared with that of the A atoms in the 

pyrochlore structure (Fig. 6.12). A Si atom has 4 close Sr neighbours (in addition 

to 3Si of the framework), so that the structure may be described as an AX, 

structure of 8 : 4 coordination. A reasonable interpretation of the structure is to 

suppose that the 3-connected Si framework carries a charge of approximately —1 on 

each Si atom. The framework is the 3D net of Fig. 3.28(a) slightly distorted from 

its most symmetrical configuration (Si bond angles 117-7° instead of 120°), as 
noted on p. 98; the structure is therefore enantiomorphic. It is noteworthy that the 
second simplest 3-connected 3D net, also built of rings of 10 Si atoms, is found in 

a-ThSi,. 

a-ThSi,. Many 4f and Sf disilicides adopt the a-ThSi, structure (and/or a less 

symmetrical variant of this structure) and/or the AIB, structure.) In a-ThSi, the 
Si atoms form a very open, 3-coordinated, 3D network in which the Si—Si bond 
length is 2-39 A, close to the value in elementary Si. This 3D network may be 

O compared with the 3-coordinated boron layer in the AIB, structure (p. 842); it is 
Si emphasized in Fig. 23.4. In the interstices are the Th atoms, each bonded to 12 Si 

neighbours (at 3:16 A). The next nearest neighbours of a Si atom are 6 Th at this 
distance. The close relation between the ThSi, and AIB, structures is emphasized 
by the facts that the disilicides of Th, U, and Pu crystallize with both structures, 
and the disilicides of the earlier 4f metals (La—Ho) crystallize with the ThSi, 

FIG. 23.4. The crystal structure structure (in some cases distorted) while those of Er, Tm, Yb, and Lu adopt the 
of ThSiz. AIB, structure. 
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Silanes 

Hydrides from SiH, to Si7H;¢ have been prepared by the action of 20 per cent 

HCl on magnesium silicide in an atmosphere of hydrogen, or preferably by the 

action of NH4Br on the same compound in liquid NH3. The mixture of gases 

evolved is cooled in liquid nitrogen and fractionated as in the case of the boron 

hydrides. All the above hydrides are obtained in this way in regularly decreasing 

amounts. The two isomers of SiqH;o9 have been separated by gas chromatography 

and identified by their i. and n.m.r. spectra.) Mixed Si—Ge hydrides (e.g. 

Siz3GeH, 9 and Si;GeH, 4) have been prepared by hydrolysis of Mg—Ge—Si alloys 

and by pyrolysis of mixtures of silanes and germanes.‘?) The thermal stability of 

the silanes decreases with increasing molecular weight and the higher members 

break down on heating into mixtures of the lower hydrides—compare the ‘cracking’ 

of hydrocarbons, which is a similar process. The silicon hydrides are not attacked 

by water but are hydrolysed by dilute alkali solutions, hydrogen being evolved and 

a silicate formed. Like the hydrocarbons they may be halogenated, and the 

hydrolysis of the products is described later. 

A convenient general method of preparing Group IV hydrides, simple and 

substituted, is by the action of lithium aluminium hydride on the appropriate 

halide in ether solution: 

4MRyXq_y + (4 —,y)LiAIHy > 4 MRyHa_y + (4 — y)LiX + (4 —y)AIXg, 

where R represents alkyl or aryl groups and X a halogen. In this way, SiCl4 > SiH, 

Si,Cl, > Si.zH,, Et2SiCl, > Et,SiH, etc. (The same method has been used to 

prepare GeHy, SnHg, and the three methyl stannanes.) 

The silanes are very easily oxidized, Si,H¢, for example, being spontaneously 

inflammable in air. In marked contrast to carbon, silicon appears to form no simple 

unsaturated hydrides corresponding to the olefines, acetylenes, and aromatic 

hydrocarbons. Solid unsaturated hydrides such as (SiH2),, of unknown consti- 

tution, have been described, though in a study of the higher silanes no solid 

products were found at any stage. Structurally the silanes are presumably similar to 

the saturated hydrocarbons. Many substituted monosilanes have been prepared, for 

example: 

[Si(CH3)4] Si(CH3)3C1 [SiCl4] SiCl,;H [SiH] 
Si(CH3)Cl, SiCl,H, 
Si(CH3)Cl, SiCIH, 

Halogenated and alkylated disilanes are also known, for example, F3Si—SiF3, 

Cl3Si—SiCl3, (CH3)3Si—Si(CH3)3, etc. 

Various linear and cyclic fully methylated polysilanes can be made by catalytic 

rearrangement of Sig(CH3);4, and the cyclic compounds [Si(CH3)2] , (n = 5-7) 

have been prepared by the action of Li on Si(CH3) Cl, in tetrahydrofuran.‘ 

Structural data for some of these compounds are included in Table 21.1 

(pi 27): 
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Silicon halides 

The lower halides SiF, and SiCl, have already been mentioned. In SiF), 

Si-F = 1591 A and the angle F—Si-F = 101°“; this compound has also been 

studied in solid Ne and Ar matrices.“?) Condensation of gaseous SiF, at low 

temperatures yields a plastic polymer (SiF,), which burns spontaneously in moist 

air and on heating generates all the perfluorosilanes from SiF, to Si,4F39. With 

BF3 in a trap at the temperature of liquid nitrogen SiF, forms compounds such as 

Si, BF, Siz;BFy, etc. which have been identified mass-spectrometrically. These are 

presumably linear molecules F3 Si-(SiF),—BF,.°? 

Electron diffraction and spectroscopic studies show that in the gaseous state the 

halides SiX, form tetrahedral molecules; the simple molecular structure of SiF, in 

the crystalline state has been confirmed by an X-ray study at —145°C.“) 

Higher chlorosilanes have been prepared, some conveniently by methods such as 

the disproportionation of Si,Cl¢ in the presence of trimethylamine, when 5 Si,Cl,¢ 

> 4 SiCl, + Sig Cl, Bey Controlled hydrolysis of these compounds is discussed later 

(p. 795); complete hydrolysis of these halides and of other chloro-silicon 

compounds gives oxy-compounds which are in many cases formally analogous to 

carbon compounds. The silicon compounds bear little rememblance, however, as 

regards physical or chemical properties to their carbon analogues, the final products 

of hydrolysis being highly polymerized solids. All chlorosilanes are readily 

hydrolysed, for example SiH,Cl, gives (H2SiO),,, ‘prosiloxane’, which appears in 
many polymeric forms depending on the mode of hydrolysis. The final product of 
the hydrolysis of Si,Clg is a white powdery solid of empirical composition 
(SiO0H),, called silico-oxalic acid. In spite of its name and formula this compound 
bears no chemical resemblance to oxalic acid, for it is insoluble in water and 
possesses no acidic properties. No salts or esters are known, and it dissolves in 
alkalis with evolution of hydrogen. It is obviously a complex polymer. The 
‘silico-mesoxalic acid’, (Siz0¢H4),, formed by the action of moist air on Si3Clg, 
has rather similar properties. Another polymerized product, also of unknown 
constitution, (SigH2O),, is produced by the action of alcoholic hydrochloric acid 
on CaSi (p. 791). It is spontaneously inflammable in air; it is a reducing agent, and 
is rapidly decomposed by hot water. It forms flakes of the same shape as the 
calcium silicide from which it was formed, which is reminiscent of the graphite 
derivatives described in Chapter 21. 

Oxyhalides and thiohalides 

The oxyhalide SiOCl,, the analogue of phosgene, is not known; it would imply the 
formation by silicon of a double bond to oxygen. The simplest oxychloride known 
is the liquid SizOCl¢, formed by passing a mixture of air and SiCl, vapour through 
a red-hot tube. An electron diffraction study of this compound gives the following 
data: Si-O, 1-64 (0-04), Si—Cl, 2-02 (0-03) A, Ci—-Si-Cl,109|@) The Si-_O—si 
angle was not determined but is probably close to 130°.) 

The linear oxychlorides SinOn_1Clon+2 have been prepared by passing a 
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mixture of O,+2Cl, over heated silicon and also by controlled hydrolysis of 

SiCl, in ether solution at —78°C followed by fractional distillation. All up to and 

including Si,O,¢C1,¢ have been prepared and characterized.) They are colourless, 

oily, liquids, which are incombustible and miscible with solvents such as (2) JACS 1941 63 2753 
chloroform, carbon tetrachloride, and carbon disulphide. They are all hydrolysable, 

the lower ones most rapidly, and with alcohol they form esters, for example, 

Sig05(0C,H5),4. The cyclic compounds (SiOCI,),, n=3, 4, or 5, have been 

prepared.‘?) The corresponding linear oxybromides are known up to SigO05Bryq4, 

and the cyclic (SiOBr,)4 has also been prepared.{*) Mixed fluoro-chloro com- _—_ (3) JCS 1960 5088 
pounds which have been prepared include Si,OF3Cl, and Si,OF,Cl,.©? (4) JACS 1937 59 261 

Whereas controlled hydrolysis of SiCl, at —78°C gives the linear oxychlorides (5) JACS 1945 67 1092 
Si,O,—1Clon+2, a similar treatment of Si,Clg gives another series 

Sign+20nClan+6 containing pairs of linked Si atoms bonded into chains by O 

atoms: 

legal aes 
peC oe etc. 

In this way SigOCl, 9, Sig 02Cl, 4, and Sig03Cl, g have been obtained as colourless 

liquids. (©) 

Thiochlorides that have been prepared include Si,SCl¢ (I), the cyclic compound 

(i 
(6) JACS 1954 76 2091 

S 
S Wa XX 

Cl,Si~ SiCl, cLsi SiCl, 
ve 

I I 
and the crystalline (SiSCl,)q4. 

Cyclic silthianes 

Electron diffraction studies“!) have been made of tetramethyl cyclodisilthiane (a) (1) JACS, 1955 77 4484 

and hexamethylcyclotrisilthiane (b): 

C (CH) o54 
: S S 

aoe Av C 2:15 (-03) A 

Ae 2-18 (-03) A (CH3),Si UTS (ySi(CHa)2 
Si = 

(CH3)2 s 

(a) (b) 
Jb) 
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(C—H was assumed to be 1:09 A, C2Si=€, 110 >and B—-C_-H; tetrahedral.) With 

these data may be compared those for SiS2, namely, Si—S, 2:14 A, S—Si-S, 100, 

S 

and Si—S—Si, 80° in 4-membered rings Si Si. It was not possible to distinguish 

S 

between the chair and boat forms for the trisilthiane ring, but it was stated that the 

ring is definitely not planar like the oxygen analogue. 

Some silicon-nitrogen compounds 

We mention here a few compounds which present points of particular interest. The 

planarity of N(SiH3)3 has been noted; coplanar N bonds are also formed in the 

cyclodisilazane (a). More complex Si—N ring systems include the cyclotetra- 

silazane (b),(?? which is of interest because both chair and cradle forms of the 

1-89 A H 
N ~1-73A 

Si(CH cedar 
trl). vag aiume(Glaa© Si(CH5)2 

N 
(CH3),SiC9F SICH), HN 132° ( NH 

N° 1-72A 

Pi (CH3)2Si____Si(CH3)2 
i N 

fe H 

H3C cy, CHs 

(a) (b) 

molecule exist in the same crystal. The refractory Si,N,.0;>) made by heating to 

1450°C a mixture of Si+SiO, in a stream of argon containing 5 per cent No, is 

related structurally to both SiO, and SigNa? The latter has two crystalline 

forms, both with phenacite-like structures (p. 77) in which Si has 4 tetrahedral 

neighbours and N is bonded to 3 Si (Si—N, 1:74 A). The oxynitride is built of 

SiN30 tetrahedra which are linked to form a 3-dimensional framework. Puckered 

hexagonal nets consisting of equal numbers of Si and N atoms are linked together 

through O atoms which complete the tetrahedra around the Si atoms. One half of 

the Si atoms are linked to the layer above and the remainder to the layer below. In 

the resulting structure every O atom is connected to 2 Si (as in SiO,), and N and Si 

are respectively 3- and 4- connected, as in Siz3N4 (Fig. 3.16(a)); see Figure 23.5. 

Organo-silicon compounds and silicon polymers 

Silicon forms a great variety of compounds containing carbon. In spite of the 

formal resemblance between these and purely organic compounds, there is little 

similarity in chemical properties except in the case of compounds such as the 
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aliphatic quaternary silanes SiR4. Here the resemblance is presumably due to the 

fact that the silicon atom is completely shielded by the organic groups. A few 

organo-silicon compounds are extremely stable. For example, Si(CgHs)4 may be 

distilled unchanged in air at 425°C, and although it is unwise to generalize about 

the stability of silicon compounds we may note two differences between the silicon 

and carbon compounds: 

(1) Silicon has a much greater affinity than carbon for oxygen. For example, 

SiCl4 is violently hydrolysed by water, whereas CClq is stable towards water and is 

only slowly hydrolysed by aqueous alkali. The silicon hydrides are hydrolysed to 

silicic acid, and disilane is spontaneously inflammable in air—contrast the stability 

of the corresponding hydrocarbons. 

(2) No silicon compounds containing multiple bonds to silicon are known. The 

hydrolysis of halogen compounds of silicon (discussed later) does not yield the 

silicon analogues of ketones and carboxylic acids by elimination of water from 

each molecule. Instead, water is eliminated from two or more molecules leading to 

polymerized products. 

The following are some typical methods of synthesizing organo-silicon com- 

pounds: 

SiCl 
Si(OEt), ——> CISi(OEt); etc. 

eon NCE. 
Zn Et 

Nuss 

Si(SR 
EtMgBr i Ja 

C6HsCH2 MgB 
Sil eae = eee (OCH (CHa )SICl, 
(Et = C2Hs; R = organic radical) 

By successive reactions with different Grignard reagents (RMgBr) compounds such as 
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(CgHs5 CH )(C2Hs5 (C3H7)Si(CH2 Ce H,4SO3H) have been prepared. Here we shall be 

chiefly interested in the hydrolysis of substituted chlorosilanes. 

Substituted chlorosilanes, silanols, and siloxanes 

Chlorosilanes were formerly obtained by the action of Grignard compounds on 

SiCl4 but it is also possible to prepare them directly from the alkyl or aryl halide 

and silicon. The vapour of the halide is passed over sintered pellets of silicon 

containing some 15 per cent of silver or copper as catalyst, the products being 

condensed and then fractionated. Most important technically are the methyl 

chlorosilanes, CH3SiCl3, (CH3)2SiCl,, and (CH3)3SiCl. (For structural data see 

Table 21.1, p. 727.) The following vinyl, allyl, and phenyl compounds are among 

those which have been prepared in this way: 

C,H; SiCl, (C,H.)HSICl, C,H-.SiCl, 
(CH) Sich eC Hesieis (Get) sSiel 

(CAH.)siCl, (CeHe) SiC. 

Intensive studies of the products of hydrolysis of substituted chloro-silanes and 

esters have led to an important new branch of chemistry. Many organo-silicon 

compounds were prepared by Kipping and his school in the early years of this 

century and it was observed that glue-like products often resulted from the 

hydrolysis of these compounds, as well as intractable solids of the kinds already 

mentioned. No study was made of these polymeric products which are now the 

basis of silicone chemistry. 

By analogy with carbon we might expect mono-, di-, and tri-chloro silanes to 

hydrolyse to the silicon analogues of alcohols, R3Si . OH, ketones R3Si=O (by loss 

O 
of water from R,Si(OH),), and carboxylic acids, RSIC (by loss of water from 

OH 

the trihydroxy compound). In fact compounds containing Si=O are never formed, 

though the generic name silicone (by analogy with ketone) is applied to the various 

hydrolysis products of dichlorosilanes. 

Silanols R3Si(OH) were obtained in 1911. These compounds tend to condense 

to the disiloxane: 

2 R3Si(OH) > R3Si-O-SiR; 

at rates depending on the nature of the group R. Dicyclohexylphenyl silanol was 

isolated by Kipping, and (C,H, )3Si. OH may be distilled under reduced pressure 

without forming the disiloxane, but the trialkyl silanols are not isolable. The term 
disiloxane is applied to all compounds R3Si—O—SiR; and includes H3Si—O—SiH;, 
(C.H5)3Si-O—Si(C,H5)3, and oxyhalides, X3Si-O—SiX3. The first of these is 
made by the hydrolysis of SiH3Cl by water at 30°C. 

Silanediols R2Si(OH). In the early studies the only diols isolated were those in 
which R is an aromatic radical, but even these compounds condense to linear and 
cyclic polysiloxanes. 
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All the compounds 1, 1, and 111 were isolated during the years 1912- 1914, the last 

two being the first cyclic silicon polymers to be characterized. The first 

dialkylsilanediol was prepared in 1946 by the hydrolysis, by weak alkali, of 

(C2Hs )2SiCl: it isa stable crystalline solid. Later, (CH3),Si(OH), was prepared by 

the hydrolysis of (CH3)Si(OCH3), as a crystalline solid extremely sensitive to acid 

or alkali, which cause condensation to polysiloxanes, mostly the cyclic tri- and 

tetra-compounds. Other diols, prepared include the n- and iso-propyl and butyl, and 

tert-butyl compounds, in addition to tetramethyldisiloxane-1,3-diol (1v). No 

silanetriol RSi(OH)3 has been isolated. 

The structures of silanols and siloxanes 

Although the stereochemistry of silicon in these compounds presents no points of 

special interest, the bond arrangement being the normal tetrahedral one, the 

siloxanes include some interesting ring systems. 

Silanols. Diethylsilanediol, Si(C,H5) (OH) , is a simple tetrahedral molecule: 

O—Si-O, 110°, C—Si—C, 111°, Si—OH, 1-63 A, and SiC, 1-90 A.“ 

For the crystal structure of OHSi(CH3) . C6H4. Si(CH3),OH™? see p. 95. 

Linear polysiloxanes. Several studies have been made of the simplest member 

of this family, O(SiH3),. The most reliable estimate of the Si-O—Si bond angle‘) 

may be compared with the much smaller value in the sulphur analogue: (4) 

HA oe 44 ae Hasi. 100 Sin 
Hsia bil, RA Dare Soles. 3 
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Two studies have been made of hexamethyldisiloxane 

COT) ye ay 

O 

From the dipole moment‘) the Si-O—Si angle was estimated as 160 (15)°, but a 

much lower value, 130 (10)°, was deduced from an electron diffraction study’®) 

which gave Si—O, 1-63 (0:03) A, Si—C, 1:88 (0:03) A, and C—Si—C, 111 (4)”. 

Cyclic polysiloxanes. Particular interest attaches to the configurations of these 

molecules, for the related carbon compounds paraldehyde and metaldehyde have 

puckered rings. The true silicon analogue of paraldehyde, tri-methylcyclo- 

trisiloxane, has been prepared but its structure is not known. 

A detailed electron diffraction study‘”) of hexamethylcyclotrisiloxane estab- 

lished the planarity of the Siz03 ring but indicated considerable thermal motion of 

the methyl groups. To maintain planarity in the Si,O, ring the oxygen bond angle 

would have to increase to about 160°. In fact, the SigO, ring is puckered, with 

Si—O—Si, 142:°5° (compare 144° in a-quartz and 147° in a-cristobalite), Si—O, 
1-65 A, and Si-C, 1:92 A. These data come from an X-ray study of the 

low-temperature form of [(CH3) SiO] 4.°®) The conformation of the 8-ring of 

[(CH3)SiO] 4 is not one of the four more symmetrical ones (see footnote, p. 571); 

contrast the occurrence of both ‘chair’ and ‘cradle’ forms in crystalline 

[(CH3)2SiNH] a, p. 796. 

‘Spiro’ compounds are also known, and the crystal structure of octamethylspiro 

(5.5) pentasiloxane has been determined.) The planar rings lie in two mutually 

perpendicular planes. There is evidence that the methyl groups ‘librate’ about the 

Si—O bonds as if the Si atoms to which they are attached were free to move in a 

‘ball-and-socket’ joint. Data obtained include: Si—O, 1-64+0-03 A, Si-C, 

1:88 + 0-03 A, Si bond angles tetrahedral, Si-O—Si angles 130°. 
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Silicone chemistry 

The basis of silicone chemistry is the use of four types of unit. The monofunctional 
unit (M) results, for example, from the hydrolysis of (CH3)3SiCl or 
(CH3)3Si(OC,H,). These units alone can only give disiloxanes, and in a mixture 
(see later) an M unit ends a chain. 
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(In these formulae O strictly represents half an oxygen atom, since on condensation 
O is shared between two Si atoms.) 

The difunctional unit (D) is formed from (CH3)2SiCl, or (CH3)2Si(OC,Hs)> 
and D units, alone, form cyclic polysiloxanes. The trifunctional unit (T) is formed 
from mixtures containing CH3SiCl;; complete hydrolysis of methyltrichlorosilane 
alone gives an infusible white powder (see later). The quaternary unit (Q) may be 
introduced by using SiClq. The polysiloxanes are the analogues of the silicon- 
oxygen ions found in silicates. The infinite chain polymer (a) is the analogue of the 
pyroxene chain ion (b) (see p. 816): 

fe) 0 0 
a Se moe es St A 

R, R, R, 0% oe oe “S 

(a) (b) 

and the ring polymers are the analogues of the Si;0$~ and Sig0}% ions found in 
the silicates benitoite and beryl (p. 815) 

Rema OO o \/ \/ 
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The next type of polymer would be the infinite 2-dimensional polymer con- 

taining Si atoms joined to three others via O atoms, the fourth bond being that 

to the organic group R (or halogen). The layer would have the composition 

(Siz03R,), and would correspond to the petalite or apophyllite layers of Fig. 23.13, 

p. 818. Polymers intermediate between infinite chains and layers would corre- 

spond to the amphibole chain, for example, having the composition (SigO5 Rg )y. 

Although these ‘pure’ types, apart from the chains and rings, are not known, 2- 

and 3-dimensional linking by means of T and Q groups presumably occurs in the 

gels and resins. Polymers have also been made from silicon compounds containing 

unsaturated organic groups. The vinyl and allyl chlorosilanes already mentioned 

can be hydrolysed to alkylene polysiloxanes which can polymerize further through 

the unsaturated organic groups. 

Technically useful silicones arise by co-hydrolysis of suitable mixtures of 

chlorosilanes or esters yielding mixtures of two or more of the basic M, D, T, or O 

units. The product of hydrolysis of (CH3),SiCl, is a colourless non-volatile oil, but 

this is not stable because the chains end in D groups and further condensation, to 

rings or longer chains, can take place. To stabilize the product it is necessary to 

introduce some M _ units, by cohydrolyzing (CH3)3Si(0C,H;) and 

(CH3)2Si(OC,Hs5)2 or (CH3)2SiCl,. However, if the proportion of the latter is 
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increased more cyclic compounds D, are formed, and to obtain the desired 

mixtures of longer linear polysiloxanes (for oils and greases of various viscosities) a 

device known as catalytic equilibration is used. A liquid methylpolysiloxane 

mixture, the cyclic tetrasiloxane, or a mixture of (CH3)3Si . O . Si(CH3)3 and any 

source of D units is shaken with sulphuric acid for a few hours, when rearrangement 

takes place to a mixture of MD,.M 

CH, a CH, 
| | 

H3C-$i O si O Si-CH; 

CH, bt CH; 
x 

M Dy M 
These equilibrated silicone oils have valuable properties: they are very stable to 

heat and oxidation, they have good electrical properties, and are water-repellent. 

They find application as vacuum oils and greases, water-proofing agents, and paint 

media. 

From these oils the compounds M,D; to M,Do9 have been obtained by 

fractional distillation under reduced pressure. All the following compounds have 

been prepared: linear M,, M,D to M,Do, cyclic D3 to Dg. The last can be prepared 

by the hydrolysis of (CH3),SiCl, or by the depolymerization of dimethylsiloxane 

high polymers. Rearrangement to low cyclic polymers takes place on heating the 

latter to 230-240°C under reduced pressure with NaOH as catalyst, and these can be 

separated by fractional distillation under reduced pressure. 

Other types of polysiloxane obtainable by co-hydrolysis include 7M and QD,. 
The co-hydrolysis product from SiClq and (CH3)SiCl, undergoes rearrangement in 
nitrogen at 400-600°C to give spirosiloxanes such as SisO,¢(CH3)s3, QDa, 
described on p. 800. Combinations of appropriate proportions of Q and T give 

silicone resins which can be hardened by heat treatment. We noted earlier that total 

hydrolysis of a trifunctional silane RSiX3 such as CH3Si(OR)3 or CH3SiCl; gives 
an infusible solid (‘T-gel’) of unknown structure, but partial hydrolysis, for example 
of CH3Si(OC,H;)3 in benzene solution, gives solid mixtures from which well 
defined, high-melting solids have been obtained by fractional sublimation. 
Structures of the type 
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for hexa-and octa- (ethylsilsesquioxane) have been suggested. 
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In siloxanes the silicon atoms are linked, as in complex silicates, through the 
oxygen atoms. It is also possible to link them through carbon atoms, and some 
molecules containing silicon-carbon chains have been prepared, for example 

(CH3)38iX oy S(CHa) 3, Cl3Si 

(CH3)2 
(CH3)3Si Si Si(CH3)3. 

cH, =e CHy-= 

The methyl compounds are prepared by reactions of the type 

(CH3)3Si . CH, . MgCl + (CH3)3SiCl > (CH3)3Si . CH, . Si(CH3)5 

and the chloro compound by passing methylene chloride over silicon-copper 

(compare the preparation of the substituted chlorosilanes, p. 798). 

The Si—O skeletons in mineral silicates can be recognized in the siloxanes prepared 

from them. The ground mineral is treated with a mixture of cold concentrated 

HCl, isopropyl alcohol, and hexamethyldisiloxane. The siloxane layer is separated 

and analysed chromatographically. The trimethylsilyl derivatives correspond to the 

type of Si-O complex in the original silicate. For example, from olivine (an 

orthosilicate) 70 per cent of the Si is recovered as Si[OSi(CH3)3]4, from 

hemimorphite (pyrosilicate) 78 per cent as (Me3SiO)3SiOSi(OSiMe3)3 and 

(Me3SiO)3SiOSi(OH)(OSiMe3)2; there is some cleavage of the original Si-O—Si 

bonds. Differences are found between the products from framework alumino- 

silicates depending on the sequence of Si and Al atoms in the framework.) 

The crystalline forms of silica 

At atmospheric pressure silica exists in three crystalline forms, which are stable in 

the temperature ranges indicated below: 

mg ere rer ance 

Crystallization of the liquid is difficult, and it usually solidifies to a glass which has 

great value on account of its extremely small coefficient of thermal expansion and 

high softening point (in the region of 1500°C). Silica in this glassy form is found in 

nature as the mineral obsidian. These three polymorphic forms of silica are not 

readily interconvertible as is shown by the fact that all three are found as minerals, 

though tridymite and cristobalite are rare in comparison with quartz. Furthermore, 

each of the three forms exists in a low- and high-temperature modification (a and £ 

respectively) with the following transition points: a-6 quartz, 573°, a-6 tridymite, 

110-180°, and a-£ cristobalite, 218° + 2°C. The fact that in the last two cases these 

transitions can be studied at temperatures at which the particular polymorphic 

forms are metastable is a further indication of the difficulty of changing one of the 
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three varieties of silica into another. The general structural relations between these 

crystalline forms of silica have been already noted in. our discussion of nets in 

Chapter 4 and are as follows. The three main forms, quartz, tridymite, and 

cristobalite, are all built of SiO, tetrahedra linked together so that every oxygen atom 

is common to two tetrahedra (thus giving the composition SiOz), but the arrange- 

ment of the linked tetrahedra is quite different in the three crystals. These structures 

are illustrated, as packings of tetrahedra, in Fig. 23.20, between pp. 826 and 827. The 

difference between, for example, tridymite and cristobalite is like that between 

wurtzite and zinc-blende, the two forms of ZnS. On the other hand, the a and B 

forms of one of the three varieties differ only in detail, there being, for example, 

slight rotations of the tetrahedra relative to one another without any alteration in 

the general way in which they are linked together. The change from quartz to 

tridymite thus involves the breaking of Si-O—Si bonds and the linking together of 

the tetrahedra in a different way, and accordingly is a very sluggish process, whereas 
the conversion of a > 8 quartz merely involves a small distortion of the structure 

without any radical rearrangement and is an easy and reversible process. Quartz is 

optically active, in contrast to the other forms, and the fact that a crystal of 

left-handed a-quartz remains left-handed after conversion into the 6 form is further 

evidence of the relatively small change in structure at the transition point. 

The high-temperature forms, tridymite and cristobalite, differ from quartz in 

having much more open structures, as shown by their densities: quartz, 2°655, 
tridymite, 2-30, and cristobalite, 2-27 g/c.c. There are also high-pressure forms of 
silica, coesite,“!) formed by heating dry sodium metasilicate with (NH4),HPO, at 
700°C under a pressure of 40,000 atm, keatite,‘?) which is the stable form in the 
pressure range between those for quartz and coesite, and stishovite, formed at very 
high pressures. The last form has the 6-coordinated rutile structure, (Si—4 O, 1:76 
A, Si-2 O} 1:81 A) while coesite and keatite are based on 4-connected frameworks 
in which the smallest rings are respectively 4- and 8- membered (coesite) and 5-, 7-, 
and 8-membered (keatite). For the basic keatite framework see p. 111. 

In £-quartz, the structure of which is illustrated in Fig. 23.6, there may be 

FIG, 23.6. Plan of the structure of B-quartz. 
Small black circles represent Si atoms. The 
oxygen atoms lie at different heights above 
the plane of the paper, those nearest the 
reader being drawn with heaviest lines. Each 
atom is repeated at a certain distance above 
(and below) the plane of the paper along the 
normal to that plane so that the Si303 rings 

in the plan represent helical chains, 
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distinguished helices of linked tetrahedra, and in a given crystal these are all either 
left- or right-handed, the crystal being laevo- or dextro-rotatory. Some idea of the 
relation between the a and 8 forms of quartz may be obtained from Fig. 23.7, 
which shows, in plan, the arrangement of the silicon atoms in the two crystals. It 
will be seen that the a form is a distorted version of the 8 form, but that the general 
scheme according to which the tetrahedra are linked together is the same in the two 
forms. 

In Fig. 23.8 the structures of 8-tridymite and 6-cristobalite are shown with the O 
atoms midway between, and on the straight lines joining, the pairs of Si atoms. In 
fact, the O atoms lie off the lines joining pairs of nearest Si atoms, giving 

FIG. 23.7. The arrangement of 

the Si atoms (in plan) in 

(a) B-quartz and (b) a-quartz. 

(b) 

FIG. 23.8. The idealized structures of (a) 6-tridymite, and (b) 6-cristobalite (see text). Small 

black circles represent Si atoms. 

Si—O = 1-61 A and an O bond angle close to 144°. A detailed study of the geometry 

of the a-(low) and £-(high) quartz structures shows that in neither structure are 

the SiO, tetrahedra strictly regular. In a-quartz there are two different Si-O bond 

lengths (1-597 and 1-617 A) and the O bond angle is 144°.) (In various felspars 

values of this angle range from 125-160° with a mean value close to 143°.) In 
tetragonal (a) cristobalite Si-O = 1-61 A and O bond angle = 147°.) 

Tridymite presents a more complex picture. The less dense structures of 

tridymite and cristobalite are presumably maintained at high temperatures by the 

thermal movements of the atoms, and it is possible that they are stabilized at lower 

temperatures by the inclusion of foreign atoms. 

Natural tridymite and cristobalite often, if not invariably, contain appreciable 

concentrations of foreign ions, particularly of the alkali and alkaline-earth 

metals,(© suggesting that they may have been deposited as the stable phases at 

temperatures well below the respective transition points. The variable composition 

of these minerals is presumably the reason for wide ranges of temperatures recorded 

for the a-G transition points. The origin of the high-temperature tridymite studied 

by Gibbs is not known but it appears that the monoclinic form stable at room 
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temperature undergoes some sort of structural change at approximately 107°C. 

Above 180°C it transforms to an orthorhombic structure in which the apparent 

Si-O distance is 1:56 A, but corrected for the very large thermal motion this 

becomes 1°61 A.{7? 
There is a remarkable silica-containing mineral called melanophlogite which 

occurs in the Sicilian sulphur deposits in limestone saturated with liquid bituminous 

matter. It contains sulphur and organic matter, including long-chain hydrocarbons, 

and its density is only 2:05 g/cc; it has cubic symmetry and remarkable optical 

properties. Preliminary analysis of the X-ray data‘®) indicates that the structure is 

probably like that of the 12 A gas hydrate (p. 545), in which case it provides 

another example of the close analogy between SiO, frameworks and those formed 

by water molecules. From the structural standpoint melanophlogite has obvious 

analogies with ‘B-quinol’ and the urea~hydrocarbon clathrates, the structures of 

which have been noted in earlier chapters. 

Stuffed silica structures 

This name is given to structures in which the mode of linking of the tetrahedra in 

one of the high-temperature forms of silica is retained, but some Si is replaced by 

Al and cations (usually alkali-metal ions) are accommodated in the interstices to 

maintain electrical neutrality. The holes in the high-quartz structure are only large 

enough for Li* (and possibly Be?*), but those in the high-temperature forms of 
tridymite and cristobalite can accommodate the large alkali-metal ions (Table 23.1). 

We note later that the normal form of LiAISi,O, (the mineral spodumene) contains 

metasilicate chains; it is one of the monoclinic pyroxenes. Heat treatment of glasses 

with this composition gives crystalline forms with stuffed 6-quartz and keatite 

structures. Spodumene is therefore preferably formulated LiAl(Si,O¢), having both 

Lit and Al°* in positions of octahedral coordination between the infinite linear 
anions, while the stuffed silica polymorphs are Li(AISi,0¢), indicating that Al and 

Si are tetrahedrally coordinated in a silica-like framework. 

TABLE 23:1 

Stuffed silica structures 

Silica polymorph Stuffed silica structure Reference 

B-quartz 

B-tridy mite 

High-LiAlSiOg (eucryptite) 

KAISiOg (kalsilite) 

KNa3AlqSiqO;6 (nepheline) 
BaAlzOq (?), KLiSO4 
NaAlSiOg (high-carnegieite) 
Naz BeSiy O6 

LiAlSiz O¢ 

AC 1948 1 27 
AC 1948 1 42 

6-cristobalite DAN 1956 108 1077 

keatite and 6-quartz AC 1971 B27 1132 

Silicates 

The earth’s crust is composed almost entirely of silicates and silica, which 
constitute the bulk of all rocks and of soils, clays, and sands, the breakdown 
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products of rocks. All inorganic building materials, ranging from natural rocks such 
as granite to artificial products such as bricks, cement, and mortar, are Silicates, as 
also are ceramics and glasses. Metallic ores and other mineral deposits form an 
insignificant proportion of the mass of the earth’s crust. Table 23.2, due to 

HA Bib ies sao) 
Compositions of the lithosphere and hydrosphere 

Lithosphere Hydrosphere 

Element % % Radius % Element % 
(weight) (atomic)  (A)(@) (volume) (weight) 

O 46-59 62-46 1-32 91-77 O 85-89 
Si 27°72 21-01 0-39 0-80 H 10-80 
Al 8-13 6:44 O29 0-76 Cl 1-93 
Fe 5-01 1-93 0-82 0-68 Na 1-07 
Mg 2-09 1-84 0-78 0:56 Mg 0-13 
Ca 3-63 1-93 1-06 1-48 S 0-09 
Na 2°85 2-66 0:98 1°60 Ca 0-04 
K 2-60 1:43 1-33 2:14 K 0-04 
Ti 0-63 0:28 0-64 0-22 

All other elements are present in smaller amounts All others less 

than 0-01% 

(a) These ionic radii differ slightly from those given in Chapter 7, since Goldschmidt based his 
values on O?~ 1-32 A. 

Goldschmidt, gives the average composition of the lithosphere; that of the 

hydrosphere is given for comparison. It is seen that more than nine-tenths of the 

volume of the earth’s crust is occupied by oxygen. In many silicates the oxygen 

atoms are close-packed, or approximately so, and the more electropositive ions, 

which are nearly all smaller than oxygen, are found in the interstices between the 

close-packed oxygen atoms. We have already discussed the relation between radius 

ratio and coordination number in Chapter 7. Here we need only remind the reader 

of the usual oxygen coordination numbers of the ions commonly found in silicate 

minerals: 

Be 4 

Li 4 and 6 

Si 4 

Al 4, 6 (rarely 5) 

Mg, Ti, Fe 6 

Na 6 (8) 
Ca 8 

K 6-12 

Since there are a number of ions of similar size which can occupy, for example, 

octahedral holes (i.e. coordination number 6), and since atoms of many kinds were 

present in the melts or solutions from which the minerals crystallized, isomorphous 

substitution is very common in the silicates, which rarely have the ‘ideal’ 
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composition of a simple chemical compound. The analysis of a typical specimen of 

hornblende illustrates this point well. Hornblende belongs to the group of silicate 

minerals called amphiboles (see later), and their ideal composition is represented by 

the following formula: (OH),Ca,Mgs5(SiqO,;,)2. The numbers of atoms present 

for every twenty-four oxygen atoms, that is, O27 + (OH)p, are: 

Si 5-98 8-30 Ti 0-13 Na 0-37 
Al 2732 Fe3t 0-90 K 0:66 } 2-87 

Mg 0-46}4-75 Ca 1-84 
Fe2t 3-16 

Mn2* 0-10 

First, some of the silicon in tetrahedral positions is replaced by Al, for this atom 

may occupy either tetrahedral or octahedral holes. Some, however, of the Al atoms 

(0-30) must be in octahedral holes since in this particular structure there is room 

for only eight atoms in tetrahedral positions. The realization that aluminium can 

play this dual role in silicates was an important result of X-ray studies, for pre- 

viously it was very difficult to interpret correctly analytical figures which gave 

only total Al without distinguishing between that which was replacing Si in the 

‘acid radical’ part of the formula and that which was behaving like Fe? *, Mg? *, 
etc., as simple positive ion. Secondly, we see that in this particular hornblende most 

of the magnesium in the above formula is replaced by divalent iron. From the list of 

elements in octahedral positions (second group) it will be seen that size is more 

important than charge in determining which elements may replace others by 

isomorphous substitution. Any substitution of an ion of one charge by one of 

another must, of course, be accompanied by some other adjustment in the 

structure to maintain electrical neutrality. The replacement of silicon by 

aluminium, which is very commonly found, requires the presence of extra positive 
ions, usually alkali or alkaline-earth, in the structure, and many examples of 
aluminosilicates are given later in this chapter. 

In our discussion of structures based on the closest packing of anions (Chapter 

4) we saw that the choice of tetrahedral sites occupied determines whether there 

are discrete MXq ions in a structure or more extended systems of such tetrahedral 

groups sharing vertices (X atoms) or edges (pairs of X atoms). In silicates usually 
only sharing of vertices between SiO, (or AlO4) groups occurs, and therefore 
silicates are conveniently classified according to the way in which these groups are 
linked together. Discrete SiOZ~ ions occur in orthosilicates. Higher O: Si ratios 
than 4: 1 are possible if there are separate O? ~ ions in addition to the SiO4” ions; 
the structure of Sr3SiO,, for example, is of this type—it is very similar to that of 
Cs3CoCls. Lower O : Si ratios result if there is sharing of O atoms between the 
SiO, tetrahedra. The simplest structures arise if all the SiO, groups are 
topologically equivalent, that is, they all share the same number of vertices: 

(a) One O atom of each SiO, is shared with another SiO, giving the pyrosilicate 
iom.Si,08 | 
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(b) Two O atoms of every SiOg are shared with other SiO, tetrahedra, resulting 
in closed rings or infinite chains, as in 

OFFO ORO 
ny wy 

O O i Si 
oie Ss NY ENR Ne 5 wt 
O O and larger rings, and 

eee ee Sze ) Si 

Gs 3) 8) ee OG 

These complexes are all of the type (Si03)7”~ 

(c) Three O atoms of each SiO, are shared with other SiO, tetrahedra to give 

systems of composition (Si,0;)2”~ . These may be finite or infinite in one, two, or 

three dimensions, as explained in Chapter 3 for 3-connected systems and in 

particular in Table 5.2 (p. 161) for tetrahedra sharing three vertices. 

(d) Sharing of all vertices of each SiO, tetrahedron leads to infinite 3D 

frameworks, as in the various forms of silica, or to double layers. If some of the Si 

is replaced by Al the framework—always of composition (Si, Al)O,—is negatively 

charged, and positive ions must be accommodated in the holes in the structure. We 

shall mention later the felspars and zeolites as the most important classes of 

aluminosilicates with 3D framework structures. An alternative way of linking 

(Si, ADO, tetrahedra so that all vertices are shared is to form double layers, as found 

in the hexagonal forms of CaAl,Si,Og and BaAl,Si,Og. Replacement of Si by Al to 

different extents is illustrated by the formulae of the following minerals: 

SieAll 

ratio 

The various forms of silica: S102 oo 
Orthoclase K(A1Si308) Dall 
Analcite Na(AlSi2z0,¢) .H20 2:1 
Natrolite Na z(Al2Si3049) . 2 H2O Be) 

Anorthite Ca(Al2Si20g) iPS 

In the groups (a)-(d) above we have considered only those Si, O,, complexes in 

which there are the same numbers of shared and unshared oxygen atoms around 

every Si atom, viz. 

3 unshared, | shared Si207 
2 unshared, 2 shared Si03 
1 unshared, 3 shared Si205 

4 shared Si02 

There are other possible complexes in which the environment of every Si atom, in 

terms of shared and unshared O atoms, is not the same. This topological 

non-equivalence of SiO, tetrahedra could arise in complexes of the following kinds: 

(i) polynuclear ions intermediate between Si, O&~ and (SiO3)24> chains, 

(ii) ions formed by union of chain ions (multiple chains), 
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(iii) complex layers, or ‘ 

(iv) frameworks in which SiO, tetrahedra share different numbers of vertices. 

Polysilicate ions, (i), analogous to P3029 and S304, are extremely rare: ot O10 

groups can be distinguished in a rare arsenic vanadium silicate, ardennite’’ *” and 

also, together with SiO, groups, in Ho4(Si30, BK SiOa a >) The linear (Sig016)°~ 

ion in Ba4gSigO, pee consists of three pairs of edge-sharing tetrahedral SiO, groups 

joined through their vertices, as shown below. The more complex chains (ii) are 

described later, as also is one example of a more complex layer, (iii), in which 

O O 8F 

O Vee owe O ye 

ee ee ee ee th vA O SG, v4 O 
O = O 6A O 

two-thirds of the SiO, tetrahedra share 3 and the remainder 4 vertices, giving the 

composition Si;0, (p. 814). Neptunite (p. 824) provides an example of (iv). 

We shall now describe some of the more important silicate structures, dealing in 

turn with the following groups: 

Orthosilicates, containing discrete SiO4~ ions, 

Silicates with Si,O§~ ions, 
Silicates with cyclic (SiO03)2”~ ions, 
Silicates with chain structures—pyroxenes and amphiboles, 

Silicates with layer structures—clay minerals and micas, 

Silicates with framework structures—felspars and zeolites. STS dite sa a 

It should be remarked that although for convenience we adopt this classification 

in terms of the silicon-oxygen complex we are in fact classifying according to the 

(Al, Si)—O complex in many cases, particularly layer structures, where replacement 

of some Si by Al is common, and in framework structures, in which replacement of 

some Si by Al is essential to form a charged framework. For this reason it is more 

logical to recognize not only Al but other tetrahedrally coordinated ions as forming 

part of the complex. These include the ions of 

Li? Be= = B 

(Na Mg) Al Zn Ga _ Ge 

Thus we find AlPOq and BPO, with silica-type structures, and phenacite, Be SiOg, 
is more logically described as a 3D framework M30, than as an orthosilicate, as 

shown by the fact that Ge3N4 has the same structure. Hemimorphite (p. 814) 
contains SizO7 groups, but tetrahedrally coordinated Zn and Si together form a 3D 
framework. Again, Zn plays a role similar to that of Si in Pb(ZnSiO,), larsenite,(>) 
though here the framework is more complex than in the silica structures. In the 
melilite family (p. 814) there are layers in which XO, tetrahedra share 4 and YO, 
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tetrahedra share 3 vertices, giving a layer of composition XY ,0O,, as in 
Ca2(SizMgO7) or Caz(Al,SiO,). Finally, there is the same type of X,O« layer in 
gillespite, BaFe(Si,O, 9), datolite (p. 860), Ca(BSiO,OH), herderite, Ca(BePO,F), 
and gadolinite, FeY (Be Si, 0, 9). 

It should also be noted that the type of Si-O complex is not necessarily the 
most important feature of a crystalline silicate in certain contexts. In the 
transformation of a single crystal of one silicate into another of related structure 
(e.g. by heating) there is certainly rearrangement of the Si-O complex rather than 
disturbance of the cation—oxygen system.‘5) Thus in the conversion of rhodonite 
(p. 817) to B-CaSiO3 there is movement of Si from the 5T chain to form a 3T chain 
which lies in a different direction from the original chain. This involves far less 
movement of the larger ions (particularly O7~) than would a rearrangement of the 
ST chain by twisting about its own axis. A similar case is the ‘dehydration’ of 
xonotlite to wollastonite; for these structures see p. 817. 

Orthosilicates 

These contain SiO4~ ions, the cations occupying interstices in which they are 
surrounded by a number of O?~ ions appropriate to their size: 

CN. of M 

Bez SiOg (phenacite) 4 
(Mg, Fe)2SiOg (olivine) 6 

ZrSiOg (zircon) 8 

The phenacite structure has been mentioned in the discussion of (3,4)-connected 

nets in Chapter 3. 

The garnets are a group of orthosilicates of the general formula RR SIO“) s) 

where R!! is Ca, Mg, or Fe**, and Rs INI (Cit, Ore Fe? a as in grossular, 

Ca3Al,(SiO4)3, uvarovite, Ca3zCr2(Si04)3, and andradite, Ca3Fe,(Si04)3. The 

garnet structure, in which R™ and R!!! are respectively 8- and 6-coordinated by 

oxygen, has been described in Chapter 13. The synthetic garnet pyrope, a high- 

pressure phase of composition Mg3Al,Si30,2, is of interest as an example of 

8-coordinated Mg? * (distorted cube, 4 O at 2:20, at 2-34 A). 
It is not necessary that all the oxygen atoms in an orthosilicate are bonded to 

silicon. We have already mentioned Sr3SiO,;‘?) as containing O?~ ions which are 
not bonded to silicon. The olivine structure may be described either as an assembly 

of SiOZ~ and Mg?* ions or as an array of approximately close-packed O atoms with 

Si in tetrahedral and Mg (or Fe) in octahedral holes. The idealized (h.c.p.) structure 

is illustrated, in plan, in Fig. 23.9(a). The plan of a layer of the Mg(OH), structure 

is shown at (b). Owing to the similar packing of the oxygen atoms in these two 

compounds portions of the two structures fit together perfectly, giving rise to a 

series of minerals of general formula m[Mg,SiO,g].n[Mg(OH),]—the so-called 
chondrodite series. If we compare the compositions of the horizontal rows of atoms 

in the plans of Fig. 23.9(a) and (b) we see that they are of two kinds, x and y, the 

former containing Mg and O and the latter Mg, O, and Si. In brucite, Mg(OH),, the 
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rows are all of the type x; in olivine x and y alternately. Other sequences are 

possible and those found in the chondrodite minerals are as follows: 

Repeat unit 

xxy Norbergite Mg,SiO, . Mg(OH), 

xy, xxy Chondrodite 2 Mg,SiO, . Mg(OH), 

2, SM LORY Humite 3 Mg,SiO, . Mg(OH), 

XV XV OY Clinohumite 4 Mg,SiO, . Mg(OH), 

The compound Al,SiO, exists in three polymorphic forms, cyanite, sillimanite, 

and andalusite. In each of the three forms of Al,SiO,; one-half of the Al atoms are 

6-coordinated and the other half are in positions of 4-, 5-, and 6-coordination in 

sillimanite, andalusite, and cyanite respectively. The latter is accordingly the most 

compact of the three forms, the oxygen atoms being cubic close-packed. Just as the 

FIG. 23.9. Plans of the structures of 
(a) Mg2SiO4, and (b) Mg(OH),>. Small 

black circles represent Si, shaded circles 
Mg, and open circles O atoms. In (a) light 
and heavy lines are used to distinguish 

between SiO, tetrahedra at different 
heights. To the left in (b) the Mg—-OH 
bonds are shown, and to the right an 

octahedral coordination group is 
outlined. 

ie) © 

20 structures of the minerals of the chondrodite seri 
Oe ee eee Nn nl anee readies an ties are closely related to those of 
Hib ey eae tat cram tek an s we ind a more complex mineral, staurolite—with the ideal 
HFe2Al9SigO24, and cyanite, composition HFe, AlgSiqO,4—related in a rather similar way to cyanite. Two unit 

Al,SiOs. cells of the staurolite structure are shown, in plan, in Fig. 23.10, and the broken 
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lines outline cyanite unit cells. It is seen that the cyanite structure is interrupted by 
the insertion of Fe and Al atoms.?) 

A much higher O : Si ratio is found in Fe,SiO,9, extracted from the reheating 
furnace of a steel plant. In a c.c.p. assembly of O atoms Si occupies tetrahedral 
holes, 5 Fe?* octahedral holes, and 2Fe** is equally distributed between 
tetrahedral and octahedral holes.‘?? 

Portland cement. Portland cement may conveniently be mentioned here since 
orthosilicates are important constituents. It is formed by burning a mixture of 
finely ground limestone or chalk with clay or shale, using coal, oil, or gas fuel. The 
main constituents are CaO, 60-67 per cent, SiO, 17-25 per cent, Al,03, 3-8 per 

cent, and some minor ingredients which may have an appreciable effect on its 
properties. The more important compounds formed are Ca,SiO4, Ca3SiO., 

Ca3Al,0., and Ca, AlFeO;. Phase-rule studies show that tricalcium silicate is stable 

only between 1250° and 1900°C, outside which range it decomposes into CaO + 
CazSiO,4, though it will remain indefinitely in a metastable state when quenched to 

room temperature. Ca,SiO, has four polymorphs, of which the two high- 

temperature forms (a’ and q@) are isostructural with B- and a-K,SO, respectively. 

This polymorphism is important because the different forms do not all hydrate 

equally readily. The y form (olivine structure)© ) is very inert towards water and 

therefore valueless as a component of cement, which owes its strength to the inter- 

locking crystals of the hydration products. The B form, on the other hand, which is 

metastable at ordinary temperatures, sets to a hard mass when finely ground and 

mixed with water. (The 6 form has a monoclinic structure closely related to that of 

the a’ form.®) 
Little is yet known of the structures of the hydration products of Portland 

cement, which include hydrated silicates, ‘aluminates’, and more complex com- 

pounds containing SO37 ions arising from the gypsum which is added to control 

the setting time. In two compounds of this family there are apparently discrete 

tetrahedral Si0;0H?~ groups having OH directly attached to Si. They are afwillite, 

Ca3(Si0;0H), . 2 H,0°”? and dicalcium silicate a-hydrate, Ca»(Si030H)OH.“*? 
There are numerous hydrated silicates of the alkali and alkaline-earth metals. Of 

the sodium compounds, with empirical formulae Na,O . SiO,. 5, 6, 8, and 9 H,0, 

the first and last have been studied. Their structural formulae are 
Na,[Si0(OH),] . 4) and 8H,0.( They apparently contain ions [SiO (OH), ] 77 

in which Si—O = 1:59 A and Si—OH = 1-67 A. 

Silicates containing Si,O§~ ions 
We noted earlier that from the structural standpoint it is logical to group together 

all the tetrahedrally coordinated atoms in certain structures rather than single out 

only the Si,O, grouping as a particular type of silicate ion. The latter view regards 

as simple pyrosilicates only the rare minerals thortveitite, Sc2Si, O,,) and 

barysilite, MnPbg(Si,07)3,(”? and the 4f pyrosilicates, MaSi507.—) There has 

been considerable interest in pyrosilicates because of the variation in the Si-O—Si 

bond angle. The 4f pyrosilicates adopt one or more of four structures according to 
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and these compounds provide examples of the whole range of Si—O—Si angles: 

180° (Sc, Yb), 159° (Gd), and 133° (Nd). It is evident that the structure of the 
Si,0$~ ion is very dependent on its environment. There are also minerals which 

contain both Si04~ and Si, 057 ions: 

Vesuvianite Ca, Ala(Mg, Fe)o(Siz07)2(Si04)s(OH)4 
Epidote Ca, FeAl,(Si04)(Siz0,)O(OH)® 

In the following crystals we may regard the Si,O, groups as part of more 

extensive tetrahedral systems in which the larger cations are 8-coordinated (melilite, 

danburite): 

Nature of tetrahedral 

complex 

Melilite type Cay (MgSi2 07) A3X7 layer 

Hemimorphite [ZngSi207(OH)2]H20 A2X3 3D framework 

Danburite Ca(B2Si208) AX) 3D framework 

Certain members of the melilite family are formally pyrosilicates since they 

contain SizO7 units, for example, akermanite, Ca,MgSi,0,7, and hardystonite, 
CazZnSi,0O7; the mineral melilite itself is (Ca, Na) (Mg, Al)(Si, Al),0,. However, 
there is complete solid solution formation between Ca,MgSi,0, and Ca, Al, SiO, 
(gehlenite), and the basic feature of the structure is the XY,0, layer built from 
XO, and YO, tetrahedra sharing respectively 4 and 3 O atoms, as described on 
Palos: 

Hemimorphite, an important zinc ore, is of interest as an example of the way in 
which X-ray studies lead to the assignment of correct structural formulae. It was 
formerly written H2Zn,SiO,, but one-half of the H in this empirical formula is in 
the form of H,O molecules which may be removed by moderate heating of the 
crystal, whereby its form and transparency are not destroyed. The removal of 
further H,O, at temperatures above 500°C, results in destruction of the crystal. 
These facts are consistent with the crystal structure, which shows that the 
composition is Zn4(OH)Si,07. H,0.) The structure may be regarded as built 
from ZnO3(OH) and SiO, tetrahedra: these share three vertices to form layers of 
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the type shown which are then joined through Si-O—Si or Zn—OH—Zn links to 
form a 3D framework. (The Si—O—Si angle is 150°.) There is a strong resemblance 

to the structure of Si, N.O, as may be seen by writing the formulae 

Sy Nip ic Oh Ge 
Zn4 Siz O¢ O (OH), 

and comparing with Fig. 23.5 (p. 797). The H,O molecules are accommodated in 

the tunnels in the framework. We refer to danburite on p. 826. 

’ Silicates containing cyclic (Si03)2"~ ions 

The existence of the Si;0$~ and Si,0}%~ ions in minerals has long been 

established. The former occurs in benitoite, BaTiSiz0,, and catapleite, 

Na2ZrSi3z309. 2 H,O, and the latter in beryl (emerald), Be3Al,Si,O,g, dioptase, 

Cug Sig 0; 8. 6 HOW? (originally formulated as an orthosilicate, CuH,SiO,), and 

tourmaline, (Na, Ca)(Li, Al)3Alg(OH)4(BO3)3Sig0,g.{?) The structures of beni- 

toite and beryl are very similar in general type, as can be seen from the plans in Fig. 

23.11. In each structure the cyclic ions are arranged in layers with their planes 

parallel, but the structures are not layer structures, as might appear from these 

plans, for the metal ions lie between the layers of anions and bind together the 

anions at different levels. Both the Ti** and Ba** ions in BaTiSiz0g are 
6-coordinated (the Ba—O distance being greater than the Ti—O), but in beryl the 

Be?* ions are in tetrahedral and the Al? * in octahedral holes. The low-temperature 
form of cordierite, AlzMg>(Si; Al)O; g, has a similar structure to beryl. 

The synthetic metasilicate K,(HSi03)4° ) contains the silicon analogue of the 

cyclic P4077 ion. The Si,0%5 ion also exists in axinite, a complex borosilicate, but 

only the approximate structure is known;“*) the same ion may exist in the mineral 

baotite.“>) A recent addition to the crystal chemistry of silicon has been the 

discovery of the Sig04$~ cyclic ion in the mineral murite,“©) Ba, o(Ca, Mn, 

Ti)4SigOz4(Cl, OH, O);2 . 4 HO; cyclic metasilicate ions are iow known con- 

taining 3, 4, 6, and 8 Si atoms. 
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FIG. 23.11. Plans of the structures of (a) benitoite, BaTiSi3z09, and (b) beryl, Be3Al5SigO; 8. 
Atoms belonging to complex ions lying at different heights above the plane of the paper are 
shown as heavy and light circles in order to show the nature of the coordination groups around 
the metal ions. Only one of the upper complex ions is shown in (a) and many oxygen atoms are 

omitted from (b) for the sake of clarity. 

Silicates containing chain ions 

Single chains formed from tetrahedral MX, groups sharing two vertices adopt 

various configurations in crystals. Although there are different numbers of 

tetrahedra in the repeat unit, namely, 1, 2, and 3 for the chains (a), (b), and (c) of 
Fig. 23.12 (described as 1T, 2T, 3T, etc. chains) the composition is in all cases MX3 

FIG, 23.12. Single and double chains formed from SiOq tetrahedra. 

since each tetrahedron shares two vertices. In the double chains, (d)-(g), there are 
different proportions of tetrahedra sharing 2 and 3 vertices, Examples of the 
various chains are summarized in Table 23.3. The most important single chain is (b) 
which occurs in synthetic metasilicates of Li and Na and in the pyroxene group of 
minerals, a group which includes enstatite, MgSiO3, diopside, CaMg(SiO3 ), jadeite, 
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NaAl(SiO3)., and spodumene, LiAl(SiO3). Details of the chain in NaSiO3 are 
shown inset; in the various crystals the parallel chains pack so as to provide suitable 
environments for the cations—6-coordination of Mg**, 8-coordination of Ca2+t (in 
diopside). 

Silicates M,Si2O5 prefer the hexagonal layer to the double chain ion (see next 

section). Sillimanite is strictly an orthosilicate, for it contains discrete SiO, groups. 
However, since one-half of the Al atoms are 4-coordinated it may alternatively be 
regarded as an aluminosilicate in which the Si atoms and these Al atoms form 
double chains of type (d). The octahedrally coordinated Al atoms lie between these 
chains, and the compound may be formulated Al(AISiO; ). In the mineral world the 
most important compounds containing double chains are the amphiboles, of which 

TABLE 3.3 

Crystals containing single and double chain ions 

Single chain (MO3), Double chain 

1T CuGeO3,K,Cucl; M305 AI(AISiOs) (sillimanite) 
2T _‘Pyroxenes, Li, Si03, Na, Si03 (1) M4Qj1 (e) amphiboles 

RbPO3,(2) LiAsO3,(3) SO3 (f ) NazZrSiqO,, (vlasovite)(2) 
Suh 6-Wollastonite,(4) high-NaPO3 M,60;47, Cae Sig 017(OH), (13) (xonotlite) 

(Maddrell salt),(5) Cay NaHSi3 Oo 
(pectolite)(6) 

4T Linear: Pb(PO3)2(7) 
Helical: NaPO3 (Kurrol salt A),(8) AgPO3(8) 

5T CaMnaSis015 (9) (thodonite) 
7T (Ca, Mg) (Mn, Fe) Si7O2, (9) (pyroxmangite) 
8T Na3H(PO3)4() 

(1) AC 1967 22 37. (2) AC 1964 17 681. (3) AC 1956 9 87. (4) PNAS 1961 47 1884. (5) AC 
1955 8 752. (6) ZK 1967 125 298. (7) AC 1964 17 1539. (8) AC 1961 14 844. (9) AC 1959 
12 182. (10) AC 1959 12 177. (11) AC 1968 B24 992. (12) CRURSS 1961 141 958. (13) AC 
1956 9 1002. 

tremolite, (OH),Ca,Mgs5(SiqgO11)2, is a typical member. The term asbestos was 

originally reserved for the more fibrous amphiboles, for example, tremolites, 

actinolites,“!) and crocidolites.°2) The name is also, however, applied to fibrous 

varieties of serpentine which are not amphiboles but minerals more closely related 

to talc and the other clay minerals. In fact, some 50 per cent of commercial asbestos 

is chrysotile, for the structure of which see p. 821. Synthetic amphiboles (NaMg, 
NaCo, NaNi) have been prepared hydrothermally as long, flexible, fibrous 

crystals.) 

A different type of chain, also with the composition Si,zO,,, has been found in 

the mineral vlasovite, Nay Z1(Si,O, ; ). This consists of rings of four tetrahedra (Fig. 

23.12(f)) and like the amphibole chain has equal numbers of tetrahedra sharing two 

and three vertices. An example of the SigQ,7 chain is included in Table 23.3. Also 

included in the Table are some other meta-salts containing tetrahedral chain ions. 

Chains differ not only in the number of tetrahedra in the repeat unit along the 

chain (1T, 2T, etc.) but also in the relative orientations of the tetrahedra within a 
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repeat unit. In Table 23.3 we distinguish two types of 4T chain, one essentially 

linear (two pairs of tetrahedra) and the other helical. 

Silicates with layer structures 

In a layer formed from SiOg tetrahedra linked to three others by sharing vertices 

the Si atoms lie at the points of a 3-connected net, which may be plane or 

puckered. Silicate structures based on four different nets are known (Fig. 23.13), of 

(c) 

FIG. 23.13. Layers of SiO4 tetrahedra sharing 3 vertices which are found in silicates, In (a) and 
(b) the small black circles represent Si atoms and the open circles O atoms. Oxygen atoms lying 
above Si atoms are drawn more heavily. The O atoms are omitted from the more complex nets 

(c) and (d). 

which the two simplest are the most frequently encountered. Three main classes of 

layer structure may be recognized according to the way in which the basic layer is 

incorporated in the structure. 

(i) There are single layers, of composition SiO; or (Si, Al).O,, held together 

by cations. Structures of this type are rare in the mineral world but a few examples 

are known, and this type of structure is also found in some synthetic disilicates: 

(a) 6 net: Li,Si,0, and the isostructural H2Si,0, fo Na Si, 0<,?? 

Ag2Si205 it) LiAlSi,O, 0 (petalite),“+) 

(b) 4:8 net: BaFeSig0 10 (gillespite),‘*? CaCuSi40, 9 (Egyptian blue),©) 

Ca4SigO29 . KF . 8 H,O (apophyllite),(”? 

(c) 4:6:8 net: Ky.7Nao.3ZrSig015 (dalyite),“®) 

(d) 4:6:12 net: (Mn, 2Fe3Mg)Si; 2039(OH, Cl)>9 (manganpyrosmalite).() 

The hexagonal layers in Li2SizO, are very puckered, as described shortly; the 
conformation of Si,O; layers has been reviewed.(!°) An interesting ‘topochemical’ 
reaction is the conversion of a single crystal of a-Na,Si,O; into one of Ag 7Si,05 
by heating in molten AgNO3. Acids H,Si,0, have been prepared which are 
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structurally similar to two of the alkali disilicates, and gillespite from which the 

metal ions have been leached by SN HCI gives sufficient X-ray diffraction to show 

that the layer structure is retained in the crystals (of composition 

H4Si40,9.4 HO), which are colourless and have a density of 2:1 g/cc—compare 

3-4 g/cc for the red crystals of gillespite.“ !) 

All the layers of Fig. 23.13 are simple layers in the sense that they can be 

represented on a plane as 3-connected nets without any links overlapping or 

intersecting. More complex layers can be envisaged which have some extension in a 

direction perpendicular to the layer, as in the double layer described in (ii). An 

intermediate possibility is realized in Na Si; OF 1a) We may represent the end-on 

view of an idealized metasilicate chain as in Fig. 23.14(a). In (b) each pair of 

vertex-sharing tetrahedra represents a chain perpendicular to the plane of the paper, 

FIG. 23.14. (a) Metasilicate chain ion 

(Si03)2”- and end-on view. (b) Layer of 
composition Siz05 built of SiO03 chains 
perpendicular to the plane of the paper. 
(c) Layer of composition Si307 similarly 

represented. 

so that (b) represents a buckled layer in which each SiO, group shares 3 vertices. 

This is approximately the configuration of the Si,Os layer in Li,Si,O.. In (c) the 

tetrahedra in the B chains share 3 vertices and those in the A chains all 4 vertices, 

these layers being members of the series Si,,O2.)41: 

chain layers 3D framework 

All the layers are in fact slices of the cristobalite structure, which is the 

end-member of the series, and the Siz0, layer is the anion in Na,Si307. This 

A3X_7 layer, in which all circuits are rings of six tetrahedra, may be compared with 

the simple A3X7 layer in melilite and related compounds which is composed 

entirely of rings of five tetrahedra. We referred to this layer under pyrosilicates; it is 

illustrated in Fig. 5.7(c), p. 163. In both A3X, layers two-thirds of the tetrahedra 

share 3 vertices and the remainder 4 vertices. 

(ii) If the (unshared) vertices of all the tetrahedra of a plane layer point to the 
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same side of the layer, two layers can be combined to form a double layer which 

has the composition (Si, Al)O,, since all the vertices of each tetrahedron are now 

shared. There must be replacement of some of the Si by Al (or possibly Be) since 

otherwise the layer would be neutral, of composition SiO. The hexagonal forms of 

CaAl,Si,O,° 2) and BaAl, Si, 0," 3) contain double layers of this kind (Fig. 

23.15) formed from two 6-gon layers of the type of Fig. 23.13(a). 

The simplest plane 3-connected net is found as a single layer of composition 

Si,O, in (i) and forms the double layer in the structures just mentioned in (ii). 

There is a third way in which this net plays a part in silicate structures which is due 

to the approximate dimensional correspondence between a plane hexagonal SiO; 

layer and the Al(OH)3 or Mg(OH), layers. 

(iii) The third, and by far the most important, family of layer structures is based 

on composite layers built of one or two silicon-oxygen layers combined with layers 

of hydroxyl groups bound to them by Mg or Al atoms. These composite layers are 

the units of structure, and we first consider their internal structure before seeing 

how they are packed together in crystals. Fig. 23.16(a) shows a portion of a sheet 

of linked SiO, tetrahedra, each sharing three vertices, with all the unshared vertices 

pointing to the same side of the layer. Fig. 23.16(b) shows the arrangement of the 

OH groups in a layer of the Mg(OH), or Al(OH)3 structures. The distance between 

the upper O atoms in (a), drawn with heavy full lines, is approximately the same as 

that between the corresponding OH groups in (b). It is therefore possible by 

(ili) 
(ii) 

FIG, 23.16. The formation of 
composite silicon-aluminium- 
oxygen or  silicon-magnesium- 

oxygen layers (see text). 
AAS 
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inverting (a) and placing it on top of (b) to form a composite layer having these O 
atoms in common. The composite layer is shown in elevation in Fig. 23.16(c); it has 

been illustrated in Fig. 5.44 (p.191) as an example of a structure built from 

tetrahedral and octahedral coordination groups. It is possible to repeat this process 

of condensation on the other side of the (b) layer giving the more complex layer 

shown at (d). In illustrating structures based on these layers we shall use the 

diagrammatic forms shown to the right of (c) and (d) to represent layers of these 

types extending indefinitely in two dimensions, a simplification suggested by 

Pauling. Just as the Mg(OH), and Al(OH) 3 layers have the same arrangement of OH 

groups and differ, from the geometrical point of view, only in the number of 

octahedral holes occupied by metal atoms, so in these composite layers there may 

be either Mg or Al ions or, of course, other di- or tri-valent ions of appropriate size. 

The ideal compositions of these layers in the extreme cases are: 

(c) Mg3(OH)4Si,05 or Al,(OH)4Si,0; 

(d) Mg3(OH)2Sig0;9 or Al,(OH)2Si40 yo 

according to whether the octahedral holes are occupied by Mg or Al. The structural 

chemistry of these layer minerals is further complicated by the fact that Si can be 

partly replaced by Al (in tetrahedral coordination) giving rise to charged layers. 

Such layers are either interleaved with positively charged alkali or alkaline-earth 

ions, as in the micas, by layers of hydrated ions in montmorillonite, or by 

possitively charged (Mg, Al) (OH), layers in the chlorites. We may distinguish five 

main structural types, remembering that in each of the five classes the composition 

may range from Mg3 to Al, as already indicated. 

Layers of type (c) only. The pure Mg layer occurs in chrysotile, 

(OH)4Mg3Si,0;5, in which the structural unit is a kaolin-like layer of this 
composition, instead of (OH)4A1l,Si,05 as in Fig. 23.16. Since the dimensions of 

the brucite (Mg(OH),) part of the composite layer do not exactly match those of 

the Si,0,5 sheet, the layer curls up, the larger (brucite) portion being on the 

outside. The fibres are built of curled ribbons forming cylinders several thousand A 

long with a dozen or so layers in their walls and overall diameters of several 

hundred KGa) the detailed structures of chrysotiles are still not known, nor is the 

nature of the material filling the tubes. 

We referred earlier to the silylation of silicates to give trimethylsilyl derivatives 

corresponding to the Si-O—Si systems in the original minerals. A development of 

this idea is to treat chrysotile with a mixture of HCl and ClSi(CH3)3 when the Mg 

and OH ions are stripped off the outside of the layer and replaced by —OSi(CH3)3, 

giving a gel which on treatment with water forms a fibrous mass of ribbons. When 

dry these curl up to form fibres similar in shape to those of the original 

chrysotile.“ 2 

The (OH)4Al,Si.0; layer is the structural unit in the kaolin (china-clay) 

minerals (Fig. 23.17). The three minerals kaolinite, dickite,“!°) and nacrite all have 

the composition Al,(OH)4Si,O5 and their structures differ only in the number of 
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© Mg or Al @ Mg and Al 

(in octahedral positions) 

peers ie Oe IRM pace AlO chlorites brucite 
Mg; (OH), Si,0; Mg; (OH), Si,0 io g | a 13/ 10 (see text) Mg (OH,) 

Kaolinite pyrophyllite muscovite 
Al, (OH), SiO; Al(OH); SigO,) KAI; (OH), SizA10 jo 

FIG. 23.17. The structures of some minerals with layer structures (diagrammatic). 

kaolin layers (1, 2, and 6 respectively) in the repeat unit. In halloysite, the 

commonest of the kaolin minerals, there is an irregular sequence of layers; in 

(17) AC 19514 552 amesite, with the ideal formula (Mg, Al)(SiAlO; (OH)q, the replacement of part of 

the Mg; by Al is balanced by substitution of Al for half of the si) 

Layers of type (d) only. The two extremes are talc, Mg3(OH),SiqO; 9, and 

pyrophyllite, Al,(OH)2Si,gO;9 (Fig. 23.17). As in the kaolins the layers are 

electrically neutral, and there are only feeble attractive forces between neigh- 

bouring layers. These minerals are therefore soft and cleave very easily, and talc, for 

example, finds applications as a lubricant (french chalk). 

Charged layers of type (d) interleaved with ions. Replacement of one-quarter 

of the Si in talc and pyrophyllite layers gives negatively-charged layers which are 

interleaved with K* ions in the micas phlogopite and muscovite (Fig. 23.17): 

(18) AC 1966 20 638 

KMg3(OH) Si3A10 49 _ phlogopite ‘*®? 
KAI,(OH),Si3A10,9 muscovite (1°? 

(19) AC 1960 13 919 
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The potassium ions occupy large holes between twelve oxygen atoms so that the 
K—O electrostatic bond strength is only one-twelfth. These bonds are easily broken 
and the micas accordingly possess very perfect cleavage parallel to the layers. In the 
so-called brittle micas, typified by margarite, CaAl,(OH) Si, Al,0O,9, further 
substitution of Al for Si has taken place so that the negative charge on the layers is 
twice as great as in phlogopite and muscovite. The layers are therefore held together 
by divalent ions such as Ca?*. The increased strength of the interlayer Ca—O bonds, 
with electrostatic bond strength now equal to one-sixth, results in greater hardness, 
as shown by the figures for the hardnesses on the Mohs scale: 

Hardness 

Tale, pyrophyllite 1—2 

Micas 2—3 

Brittle micas 34—5 

Charged layers of type (d) interleaved with hydrated ions. In addition to the 
micas, which are anhydrous, there are some very important minerals, sometimes 
called ‘hydrated micas’, which are built of layers with smaller charges per unit area 
than in the micas, interleaved with layers of hydrated alkali or Mg”* ions. Such 
feebly charged layers can arise by replacing part of the Al, in a pyrophyllite layer 
by Mg as in 

[Mgo-33Al;.67Si4O 19(OH) 2] 3Nag.33 (montmorillonite)(2 
uM 

total 2:00 

or there can be substitution in a talc layer not only in the octahedral positions but 

also in the tetrahedral positions, as in vermiculite: 

: ; 0-64 
[(Mgz.36FedtqgAlo-16)(Si2-72Al, -28)0 19(OH),]° a [Mgo-32 (H0)4-321" 

As might be expected, this mineral dehydrates to a talc-like structure. A section 

through the structure?!) is shown in Fig. 23.18, but only a proportion of the 

interlamellar Mg” * and H,0 positions are occupied. 

Clay minerals. It is customary to group under this general heading a number of 

groups of minerals with certain characteristic properties. They are soft, easily 

hydrated, and exhibit cation exchange with simple ions and also with many organic 

ions. They include the kaolin group, the montmorillonite-beidellite group, and the 

illite clays, related to vermiculite. Apart from their fundamental importance as 

constituents of soils they find many industrial applications. Kaolins are used in 

pottery and ceramics, as rubber fillers, and for filling and coating paper. 

Montmorillonite (bentonite), an important constituent of fuller’s earth, finds many 

applications owing to its property of forming thick gelatinous suspensions at 

concentrations of only a few per cent. For example, sodium bentonite swells 

readily in water and is used as a binder for foundry sand and as a thickener in 
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oil-well drilling muds, while the non-swelling calcium bentonite is converted by 

acids into adsorbents used in oil refining. Vermiculite has many uses, ranging from 

soil conditioner to a porous filler in light-weight plastics and concretes. 

Charged layers of two kinds. In all these layer structures so far described all 

the layers in a given crystal are of the same kind. There are also more complicated 

structures with layers of two kinds, and the chlorite minerals are in this class. In 

kaolin, talc, and pyrophyllite the uncharged layers are held together by compara- 

tively weak forces, and in the micas the negatively-charged layers are cemented 

together by positive ions. In the chlorites another possibility is realized, the 

alternation of negatively-charged layers of the mica type with positively-charged 

layers, that is the structures contain infinite 2-dimensional ions of opposite charge. 

The mica-like layers have compositions ranging from [Mg3(AISi30,9)(OH)2]~ to 

[Mg, AI(Al, Si,0;9)(OH)2] ~. The positive layers result from the replacement by 

Al of one-third of the Mg in a brucite (Mg(OH),) layer, giving the composition 

Mg, AI(OH)~. The sequence of layers in the chlorites is compared with that in 

Mg(OH), and phlogopite in Fig. 23.17. Since there are many ways of stacking the 

layers in the chlorites, as in other layer structures, polytypes are numerous. (2?) 

Silicates with framework structures 

The possible types of 3D structure have been noted earlier in this chapter, namely: 

(a) 3 vertices of each SiO, tetrahedron shared: composition (Si, 0%); amen 

more highly charged if some Si is replaced by Al (or Be), 

(b) 3 or 4 vertices shared. 

(c) 4 vertices shared: composition SiO, or (Si, Al)O,, the charge on the 

framework in the latter case depending on the extent to which Al replaces Si. 

We have already described the forms of SiO, and noted some minerals with 

closely related structures in which some Si is replaced by Al or Be. In each class we 

could imagine additional tetrahedra inserted between the 3- or 4-connected ones 

and having the effect of simply extending the links in the basic 3-, (3,4)-, or 

4-connected net. Little is known of structures of classes (a) or (b), but there is an 

interesting example of a framework based on tetrahedra sharing 3 vertices some of 

which are linked through 2-connected tetrahedra. In _ neptunite, 

LiNa,K(Fe,Mg,Mn)>(TiO)>SigO>>,‘!) there are equal numbers of SiO, tetrahedra 

sharing 2 and 3 vertices. They form two interpenetrating 3-connected nets of the 

ThSi, type (Fig. 3.15(e), p. 76) in which there are two additional tetrahedra 

(sharing two vertices) inserted along one-third of the links of each net. Such nets 

have the same O: Si ratio as the amphibole chain: OSi(O:)(Si207)1=Si40; 1. 
They account for all except two of the O atoms in the above formula; these are not 

bonded to Si but, together with the O atoms of the frameworks, complete 

octahedral coordination groups around the Ti atoms. 

We shall be concerned here exclusively with frameworks in which tetrahedra 

share all four vertices. In all these structures some (often about one-half) of the 

tetrahedral positions are occupied by Al (rarely by Be), and positive ions are 

present to neutralize the negative charge of the (Si,Al)O, framework. These 
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framework structures, and some of their physical properties, are more easily 

understood if they are subdivided according to whether or not there are obvious 

polyhedral cavities or tunnels in the structure. We shall deal here with three groups 

of minerals (and some related synthetic compounds), the felspars, zeolites, and 

ultramarines. The felspar structures are relatively compact, but in the other two 

groups there are polyhedral cavities or tunnels in which are accommodated water 

molecules (in the zeolites) or finite anions (Cl-, S027, S*~, etc. in the 

ultramarines) in addition, of course, to the necessary numbers of cations. Between 

the felspars and the framework structures which may be described as space-filling 

arrangements of polyhedra lie structures of an intermediate nature. For example, 

milarite, K,Caq(Beg AlzSiz4O¢ 0) . H,0®?) contains tightly knit hexagonal prisms 

built from 12 tetrahedra which are linked through single tetrahedra into a 3D 

network (Fig. 23.19). The prisms have the composition (Beg.;9Si9-909)12030; 

while the separate tetrahedra have the mean composition (Beg.2 7 Alo.37Si9-49 )O.- 
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FIG. 23.19. The structure of milarite. In (a) the Si, 2 prisms have been shrunk to show how the 

Be atoms link them together to form the 3D framework. The actual environment of Be is a tetra- 

hedral group of O atoms belonging to four different Si; 2030 prisms, as shown in the projection 

(b). The shaded O atoms belong to the lower 6-rings of Si 2030 groups and the unshaded 

ones to the upper 6-rings of prisms below. If the Si, 2 prisms are shrunk to become 12-con- 

nected points the basic framework is the (12,4)-connected AX3 net shown at (c) and in plan 

at (d). 
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FIG. 23.22. Layers of tetrahedra 

which, by further linking through 
O atoms, form the framework 

structures of (a) paracelsian and 
(b) the common felspars. Open 
and shaded triangles represent 
tetrahedra the fourth vertices of 
which project either above or 

below the plane of the paper. 
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Felspars. These are the most important rock-forming minerals, comprising 

some two-thirds of the igneous rocks. Granite, for example, is composed of quartz, 

felspars, and micas. The felspars are subdivided into two groups according to the 

symmetry of their structures, typical members of the groups being: 

(1) Orthoclase KAISi,0,°> 

Celsian BaAl, Siz Os. 

(2) The plagioclase felspars; Albite NaAlSi308 

Anorthite CaAl,Si,0,.” 

We have already noted that there are hexagonal forms of both BaAl,Si,Og and 

CaAl,Si,Og with double-layer structures. It will be noticed that in the first 

example in each group one-quarter of the tetrahedral positions are occupied by Al, 

requiring a monovalent ion to balance the charge on the AlSi30g framework. In 

celsian and anorthite further replacement of Si by Al necessitates the introduction 

of divalent ions. The plagioclase felspars, albite and anorthite, are of peculiar 

interest since they are practically isomorphous and many minerals of intermediate 

composition are known. The composition of labradorite, for example, ranges from 

AbAn to AbAn3, where Ab=albite and An=anorthite. This isomorphous 

replacement of (K + Si) by (Ba + Al) or (Na + Si) by (Ca + Al) is characteristic of 

felspars and other framework silicates. The felspars of the first group contain the 

large K* and Ba? * ions (radii 1-38 and 1-36 A respectively), whereas the plagioclase 

felspars contain the smaller Na* and Ca? * ions (radii 1-02 and 1-00 A respectively). 
It may be noted here that only the comparatively large positive ions are found in 

felspars. The smaller ions of Fe, Cr, Mn, etc., so commonly found in chain and layer 

silicates do not occur in these minerals, presumably because the frameworks cannot 

close in around these smaller ions. The difference between the symmetries of the 

two groups of felspars is associated with this difference in size of the positive ions, 

for the framework is essentially the same in all the above felspars but contracts 

slightly in the second group around the smaller sodium and calcium ions. 

The (Si,Al)O, frameworks of felspars may be regarded as built from layers of 

tetrahedra placed at the points of the plane 4: 8 net of Fig. 23.13(b), p. 818, the 

fourth vertex of each tetrahedron pointing either upwards or downwards out of the 

plane of the paper. These layers are then joined through the projecting vertices so 

that adjacent layers are related by planes of symmetry. Different 3-dimensional 

frameworks arise according to the relative arrangement of upward- and downward- 

pointing tetrahedra. The layers of Fig. 23.22(a) give the framework of paracel- 
sian,“>) one of the forms of Ba(Al,SizOg) (and the isostructural danburite, 
Ca(B2Si,0g)), while that of the common felspars arises by joining up the more 
complex layers of Fig. 23.22(b). The idealized paracelsian framework is illustrated 
in Fig. 23.21(a). The compound Ba(Al,Si20g) provides one of the best examples 
of polymorphism. Not only are there the two felspar structures of celsian and 
paracelsian with different 3-dimensional frameworks based on the nets of Fig. 
23.22 but there is also the hexagonal form with the double-layer structure 
described on p. 820). Moreover, the latter has low- and high-temperature 
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FIG. 23.20 Stereoscopic photographs showing the structures of the three forms of 

silica, (A) cristobalite, (B) quartz, and (c) tridymite, as systems of linked SiO, 

tetrahedra. 



FIG. 23.21 Stereoscopic photographs showing the structures of (A) paracelsian, 
Ba(Al,Si,Og), (B) a fibrous zeolite, Na(AlISi,0.).H2O, and (c) ultramarine, 

Nas(Al¢Sig024)S2, as systems of linked (Al, Si)O4 tetrahedra. 
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modifications which differ in the precise configuration of the hexagonal layers, 
with different coordination numbers of the Ba? * ions between the layers. 

It seems likely that the finer structural differences between felspars of similar 
types may be connected with the degree of ordering of Si and Al in the tetrahedra 
of the frameworks, for there is an appreciable difference between the distances 
Al—O and Si—O. Estimates have been made of the percentage of Si and Al 
occupying a particular set of tetrahedral sites in a number of structures, though 
there has been some discussion of the precise values of Si-O and Al—O to be 
adopted as standards.) For felspars values close to 1-605 A for SiO and 1-76 A 
for Al—O are probably appropriate. The difference between the low- and 

high-temperature forms of albite, NaAlSi30g, is apparently a question of the 

ordering of Si and Al in the tetrahedral sites. In the low-temperature form there is 

an ordered arrangement of Al in one-quarter of the tetrahedra and Si in the 

remaining sites, but there is a random arrangement in the high-temperature form 

(Al(Si)—O, 1-64 A). A similar value was found for both of the two types of 
non-equivalent sites in sanidine, corresponding to a statistical arrangement of 

4 Al + 3 Si in each type of tetrahedron. ®? 

We noted earlier the change of a synthetic sanidine (KAISi;0g) under high 

pressure (120 kbar, 900°C) to the hollandite structure, in which Si is 6-coordi- 

nated.) 

Zeolites. The zeolites, like the felspars, consist of (Si,Al),02, frameworks, 

substitution of Al for some of the Si in SiO, giving the framework a negative charge 

which is balanced by positive ions in the cavities. The structures are much more 

open than those of the felspars, and a characteristic property of the zeolites is the 

ease with which they take up and lose water, which is loosely held in the structure. 

In addition to water, a variety of other substances can be absorbed, including gases 

like CO, and NH3, alcohol, and even mercury. Also the positive ions may be 

interchanged for others merely by soaking the crystal in a solution of the 

appropriate salt. The ‘permutites’ used for water-softening are sodium-containing 

zeolites which take out the calcium from the hard water and replace it by sodium, 

thereby rendering it ‘soft’. The permutite is regenerated by treatment with brine, 

when the reverse process—replacement of Ca by Na—takes place, making the 

permutite ready for further use. In this interchange of positive ions the actual 

number of ions in the crystal may be altered provided the total charge on them 

remains the same. Thus one-half of the Ca** ions in the zeolite thomsonite, 

NaCa(Al;Sis029) .6H,O, may be replaced by 2 Na‘, thereby increasing the 

total number of positive ions from three to four, there being sufficient unoccupied 

positions in the structure for the additional sodium ions. 

A characteristic feature of zeolites is the existence of tunnels (or systems of 

interconnected polyhedral cavities) through the structures, and we may therefore 

expect three main types in which the tunnels are parallel to (a) one line, giving the 

crystals a fibrous character, (b) two lines and arranged in planes, so that the crystals 

have a lamellar nature, or (c) three non-coplanar lines, such as cubic axes, when the 

crystals have no pronounced fibrous or lamellar structure. The most symmetrical 
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frameworks have cubic symmetry, and in a number of zeolites the framework 

corresponds to the edges in a space-filling arrangement of polyhedra. 

(a) The structure of a _ typical fibrous zeolite, edingtonite, 

Ba(Al,Si30; 9). 4 H,0, is illustrated in Fig. 23.23. The structure may be described 

in terms of a characteristic chain formed by the regular repetition of a group of five 

tetrahedra. These chains are linked to other similar chains through the projecting O 

atoms. These atoms, shown as shaded circles in Fig. 23.23(b), are at heights 3c/8 

and 5c/8 (c being the repeat distance along the chain) above the Si atom which lies 

c= 662A 

Edingtonite 

FIG, 23.23. (a) The common structural feature of the fibrous zeolites, the chain of linked 
tetrahedra. It is attached to neighbouring chains by the vertices Vy and V>. (b) the same chain, showing the silicon-oxygen arrangement. The vertices V, and V4 are at heights 2 and 3 in the repeat of the pattern. (c) The chain viewed along its length. (d) Diagrammatic mrciectien 

of the structure of edingtonite, with numbers 3, 5, to indicate the heights of attachment. 
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on the axis of the chain. Although the resulting structure contains a 3D framework 
there is a marked concentration of atoms in the chains, giving the crystal its fibrous 
character. The structures of thomsonite, NaCa(Al5Sis;0209) . 6 H,0, and natrolite, 
Na2(Al,Si30; 9). 2 H,0, are closely related to that of edingtonite. 

The structure of a fibrous zeolite is illustrated in Fig. 23.21 (between pp. 826 
and 827) as a packing of tetrahedra. 

(b) Lamellar zeolites are frequently important constituents of sedimentary 
rocks. An example is phillipsite, (K,Na)5Si, ; Als03>. 10 HO.“ Each triangle in 
Fig. 23.24(b) represents a pair of tetrahedra sharing a common vertex as shown at 
(a). These pairs are perpendicular to the plane of the paper in (b), so that one of the 
portions of (b) drawn with heavier lines represents a non-linear double chain of 
tetrahedra. In planes above and below that of the paper these double chains (light 
lines) are displaced, and the whole structure therefore consists of a 3D framework 

FIG. 23.24. The structure of 
a lamellar zeolite (phillipsite). 
The double tetrahedral unit 

shown at (a) projects in the 

plan (b) as a single (equi- (a) 
lateral) triangle. 

of tetrahedra each of which is linked to four others through its vertices. There are 

tunnels parallel to the a axis (perpendicular to the paper in (b)) of cross-sectional 

area 12 A? and parallel to the b axis of approximately 9 A? cross-sectional area, but 

none parallel to the c axis. 

Not all zeolites fit neatly into any simple classification. In yugawaralite, 

Ca, Al4Si,; 032.8 H,O, there is a 3D framework consisting of 4-, 5-, and 

8-membered rings in which the widest tunnels form a 2D system (being parallel to 

the a and c axes) but there are also smaller channels parallel to the b axis.(!2) 

(c) We have remarked that the edges in certain space-filling arrangements of 

polyhedra represent the basic (4-connected) frameworks in some aluminosilicates. 

We shall refer to the simplest of these, the space-filling by truncated octahedra, in 

connection with the ultramarines. If the square faces of the truncated octahedra are 

separated by inserting cubes as shown in Fig. 23.25 we have another space-filling, 

by truncated octahedra (t.o.), cubes, and truncated cuboctahedra (t.c.o.). Examin- 

ation of Fig. 23.25 shows that this structure can be described in two other ways. 

The t.c.o.’s form a continuous system in three dimensions, since each shares its 
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octagonal faces with six other t.c.o.’s; there are accordingly tunnels parallel to the 

three cubic axial directions through the larger cavities B. A third way of describing 

the same structure is illustrated in Fig. 23.27(a) later. 

The framework of Fig. 23.25 is that of the synthetic zeolite ‘Linde A’, which 

can be prepared with different Si: Al ratios’) as in Naj2(Al,2Si;204g). 
27 H,0 or Nag(AlgSi; 504g) . 27 HO. The ion-exchange properties of zeolites 

have long been known and utilized, but more recent commercial interest in these 

compounds has been due to their possible use as ‘molecular sieves’. The type of gas 

molecule that can pass through a tunnel is determined by the diameter of the 

tunnel, so that if this has a critical value the zeolite can separate mixtures of gases 

by allowing the passage of only those with molecular diameters smaller than that of 

the tunnel. The cubes in Fig. 23.25 do not represent cavities in the actual 

aluminosilicate framework for each consists of a tightly knit group of eight 

FIG. 23.26. The crystal structure 

of faujasite. The Si (Al) atoms are 

situated at the apices of the trun- 

cated octahedra, which are joined 
together to form a 3-dimensional 

framework. 

tetrahedra, but water can enter both the small holes (4) and the larger holes (B), 
whereas O. can apparently enter only the larger (B) holes (compare the hydrate 
CHCl,. 2 HS . 17 H,0, p. 546). 

In the space-filling arrangement of truncated octahedra each of the polyhedra is 
in contact with 14 others. If hexagonal prisms are placed in contact with alternate 
hexagonal faces, which are parallel to the faces of a tetrahedron, an open packing 
(not a space-filling) of these two kinds of polyhedron may be built (Fig. 23.26) 
which is equivalent to placing truncated octahedra at the points of the diamond net 
and joining through four of the eight hexagonal faces. This is the basic (Si, Al) 
framework in the natural zeolite, faujasite, NaCa,_..(Al,Sis 014) 10 HO. 

Corresponding to these structures which result from joining t.o.’s through cubes 
and hexagonal prisms there is another family derived from the t.c.o., each being 
joined to neighbouring ones through (a) 12 cubes (on Square faces), (b) 8 hexagonal 
prisms (on hexagonal faces), or (c) 6 octagonal prisms (on 8-gon faces). These are 
illustrated in Fig. 23.27. The first, (a), is simply a third way of describing the ‘Linde 
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A’ structure, The second, (b), is the framework of the synthetic zeolite ZK-5, with 

composition approximating to Na39(Al39Sig 60192) . 98 H,0.( 5) There are two 

sets of (interpenetrating) 3D channel systems through the approximately planar 

8-rings, with free diameter of about 3-8 A, as compared with only one 3D system of 

channels in the ‘Linde A’ zeolite. The third, Fig. 23.27(c), is not known as a zeolite 

structure, but is of interest because the polyhedra of Fig. 23.27(c) fill one-half of 

space. There are accordingly two sets of interpenetrating 3D systems of tunnels like 

those shown in Fig. 23.27(c). 

FIG. 23.27. Aluminosilicate frameworks of zeolites: (a) Linde A, (b) zeolite ZK 5, (c) hypo- 

thetical structure. 

Polyhedral cavities of less symmetrical types occur in the closely related minerals 

gmelinite and chabazite.<!®) A Ca-chabazite has the approximate composition 

Ca(Al, Sig)O1 2. 6 H2O, but the Ca may be partly replaced by Na. These structures 

contain hexagonal prisms (as do millarite and the zeolite ZK-5) and larger cavities. 

Their structures may be built up by a process analogous to the closest packing of 

equal spheres, using hexagonal prisms as the units instead of spheres.‘! Dn 

Fig. 23.28(a) and (b) each hexagonal ring represents a hexagonal prism. The layer 

sequence AB .. . (h.c.p.) corresponds to the structure of gmelinite and the sequence 

ABC . .. to chabazite. The resulting polyhedral cavities are illustrated in Fig. 23.28(c) 

and (d); (e) shows how the 3D framework is formed. 

>. 
Oyo lee 

Pe EE 
a 

(a) (b) (c) (d) 

FIG. 23.28. The structure of chabazite (see text). 
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Ultramarines. The last group of framework silicates that we shall mention 

includes the materials called ultramarines, the coloured silicates which have been 

manufactured for use as pigments. The mineral lapis lazuli is of the same type, and 

since a number of colourless minerals such as sodalite are closely similar in 

structure, we shall for simplicity refer to all these silicates as ultramarines. Like the 

other framework silicates they are based on (Si,Al)O, frameworks with positive 

ions in the interstices, but a characteristic of the crystals of this group is that they 

also contain negative ions such as Cl”, SOZ~, or S?~. Like the felspars and in 

contrast to the zeolites the ultramarines are anhydrous. Formulae of representative 

members of the group are: 

Ultramarine NagAl¢Sig0 24 . S2 

Sodalite NagAl¢Sig0 24 . Clz 

Noselite NagAl,¢Sig0 4 .SO4 

Helvite (Mn, Fe)gBegSig04q4 . Sz 

The last-mentioned is of interest as a silicate in which one-half of the tetrahedral 

positions are occupied by beryllium. 

All of these compounds contain essentially the same framework of linked 

tetrahedra (Figs. 23.21 and 23.29), the Si(Al) atoms being situated at the vertices 

FIG, 23.29. The basket-like framework of linked SiOq4 tetrahedra which is the basis of the 

structure of the ultramarines. The silicon atoms are arranged at the vertices of the polyhedron 
shown on the left and the Si-O framework extends indefinitely in three dimensions. 

of Fedorov’s space-filling array of truncated octahedra. The positive and negative 
ions are situated in the numerous cavities in the framework. A refinement of the 
structure of sodalite‘! 8) gives Si—O, 1-628 A, and Al—O, 1-728 A, showing that the 
Si and Al atoms are arranged in an ordered way in the framework. As in the 
zeolites, exchange of these ions for others is possible. For example, sodalite, which 
contains Cl ions, is converted into noselite by heating in fused sodium sulphate. 
Also, ont) ultramarines have been prepared containing ions such as Li*, TI*, Ca?*, 
and Ag* instead of Na* and with Se or Te replacing S. Considerable variations in 
colour, from nearly colourless to yellow, red, violet, and blue, result from these 
various replacements. It will be appreciated that the formulae assigned to the 
compounds in the above list are ‘ideal’ formulae and that considerable variation in 
composition is possible, subject always to the balancing of the total positive and 
negative charges. 
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Introduction 

Boron has little in common with the other elements of Group III. Being the most 

electronegative element of the group it resembles in general the non-metals, 

particularly silicon, far more than aluminium and the metals of the A and B 

subgroups. Boron is the only element of Group III which forms an extended series 

of hydrides. These bear no resemblance to the solid ionic hydrides of the alkali and 

alkaline-earth metals but are volatile compounds like the molecular hydrides of the 

non-metals of the later groups and form a remarkable group of electron-deficient 

compounds. Unlike aluminium, boron forms no stable normal oxy-salts (nitrate, 

sulphate, etc.). An acid sulphate is said to be produced by the action of SO3 on 

boric acid, and tetraacetyl diborate, (CH3COO) ,BOB(CH3COO),, has been made 

(but no normal acetate). The salt (CH3)4N [B(NO3)q4] is formed as a white 

crystalline powder, stable at room temperature and insoluble in water, by the 

action of excess N,Oq at —78°C on solid (CH3)4N(BCl,). The compounds 

B(C104)3, B(ClO4)2Cl, and B(CIO4)Cl, have all been prepared from BCl3 and 

anhydrous HClO, at —78°C as low-melting salts which are sensitive to moisture and 

decompose on warming. On the other hand, boron forms numerous oxy-salts in 

which B is bonded to three or four O atoms, and it also forms the silica-like BPO4 

and BAsO,. 

The halides BX3 are monomeric in the vapour, in contrast to the Al,X¢ 

molecules in the vapours of AICl3;, AlBr3, and AlI;, and these molecules persist in 

the crystalline halides (contrast AICI). Boron also forms the halides By X4, Bg Xa, 

and BgXg, the last two of which are of a type peculiar to this element. The 

monofluoride, BF, can be prepared in 85 per cent yield by passing BF3 over B at 

2000°C; its life is even shorter than that of SiF,. In Group III the extensive 

stereochemistry based on the formation of three coplanar bonds is characteristic of 

B alone; there are also many compounds in which four tetrahedral bonds are 

formed. For example, B(CH3)3 unites with NH3 to form a stable solid 

B(CH3)3 . NH3 which can be distilled without decomposition, and the halides form 

similar compounds. In this respect the aluminium halides behave similarly with 

organic oxy-compounds; AICl3 reacts with many ketones to give RyC=O. AICI;, 

and also forms volatile esters like boron, for example, Al(OC,H; )3. 

The chemical, though not structural, resemblance of boron to silicon is marked. 

Its halides, like those of Si but unlike those of C, are easily hydrolysed, boric acid 
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being formed. The acid HBF, is formed (together with boric acid) when BF3 reacts 

with water, and NaBF, may be prepared from solutions of boric acid and NaHF 9. 

In the case of Si there is, of course, a change from SiF4 to SiFg . Salts M(BCl,) can 

be prepared in anhydrous solvents and are stable only if M isa fairly large ion, for 

example, K*, Rb*, Cs*, N(CH3)4, or PCIZ. The salts N(C2Hs)4BBrq and (pyridi- 
nium)BI4 have been prepared in the liquid hydrogen halides and isolated as very 

hygroscopic white solids. Boron rivals silicon in the number and complexity of its 

oxy-salts. In these compounds B forms three coplanar or four tetrahedral bonds to 

O; in many borates there is both planar and tetrahedral coordination in the same 

anion. Since various borate ions are in equilibrium in borate solutions it is not 

possible to predict the formula of the borate which will crystallize from a solution 

or be formed by double decomposition. Anhydrous borates with a particular 

composition are therefore made by fusion of a mixture of the metal oxide (or 

carbonate) with B03 in the appropriate proportions. Here again borates resemble 

silicates, for many borates made in this way supercool to glasses (like B,O3 itself). 

However, the formation of series of borates containing OH groups is not paralleled 

by silicon. We deal later with boric acids and borates. 

Boron monoxide is prepared in a pure state by heating the element with the 

trioxide to 1350°C. At ordinary temperatures it forms an amorphous amber- 

coloured glass which reacts vigorously with water and alcohol. The molecular 

species in the vapour has been shown to be B,0) There is a second form of the 

monoxide which is a soft white hygroscopic solid (see Chart 24.1, p. 846). Unstable 

boron-oxygen species include B,O (p. 847), BO,” (formed by heating 

ZnO + B,O3 in a Knudsen cell), and the BO ion. The latter has been studied by 

introducing some KBHy, into a pressed KBr disc and heating, when it is formed 

together with B;02~ by oxidation due to included oxygen. The i.r. spectrum 

indicates a linear structure. The ion is not stable, its concentration decreasing 
appreciably after a few months.) 

The sulphide B,S3 is formed by the decomposition in vacuo at 300°C of HBS, 
which in turn is produced by the action of H,S on B at 700°C. Mass spectrometric 
study of the vapour of BS3 shows the presence of many polymeric species.(4) 
Like B,03 it usually forms a glass, but it has been crystallized though its complex 
structure has not yet been determined.(>? 

There is an extensive organo-boron chemistry. Among the simpler types of 
molecule are: 

A Mig o-p-*. (oH Lge , B 
R,BCOH) = R~ SR Ms es 

Compounds RB(OH), polymerize to cyclic trimers only, in contrast to R,Si(OH), 
which give polymeric linear siloxanes; compare the formation of only one cyclic 
metaborate ion, B30. The formation of 6-membered rings is a prominent feature 
of boron chemistry, as in boroxine (p. 862) and the numerous substituted 
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boroxines (boroxoles), (a), B3N3 rings, (b), and B3S3 rings, (c): 

R 
RBOOBR HB BH XB BX 

O\,-0 RN. ,-NR S.,-5 

R H X 

(a) R=H, F, OH, CH, OCH; (b) (c) X = Cl, Br, SH 

The 6-membered B303 ring also occurs in many more complex borate anions. 

Cyclic boron-nitrogen molecules are considered later in this chapter. The cyclic 

molecule (c), X=SH, is the predominant species in the vapour of HBS, at 

temperatures below 100°C.‘ In the crystalline tribromo compound of type (c), 

(BrBS)3, the molecular structure (d) was found.{7) 

The stereochemistry of boron 

The stereochemistry of boron is simple in many of its compounds with the halogens 

(but note BgClg), oxygen, nitrogen, and phosphorus, three coplanar or four 
tetrahedral bonds being formed. The more complex stereochemistry of the element 

in electron-deficient systems (elementary B, some borides, and the boranes) is dealt 

with separately. The planar arrangement of three bonds from a B atom has been 

demonstrated in many molecules BX3 and BR3 (Table 24.1), in cyclic molecules of 

the types noted in the previous section, in many oxy-ions (see later section), and in 

crystals such as the graphite-like form of BN (p. 847) and AIB, (p. 842). 

TABLE 24.1 

The structures of planar molecules BX3 and BR3 

Molecule B—X Other data Reference 

BF3 131A JCP 1968 48 1571 
BCl3 1-74 BCSJ 1966 39 1134 
BBr3 1-87 JACS 1937 59 2085 
BI3 2:10 IC 1962 1 109 (crystal) 
HBF 1-31 B—H, 1-19 A, F—B—F, 118° JCP 1968 48 1 
B(CH3)3 ~ B—C, 1:58 A JCP 1965 42 3076 
B(CH3)2F 1-29 JACS 1942 64 2686 
B(OCH3)3 - B—O, 1:38 A JACS 1941 63 1394 

The tetrahedral arrangement of four bonds from B was established by the 

methods of classical stereochemistry. A molecule such as that of borosalicylic acid 

(1) would possess a plane of symmetry if the boron bonds were coplanar. The 

optical activity of this molecule was demonstrated by its resolution into optical 

antimers using strychnine as the active base. This really only eliminates a strictly 
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coplanar configuration of the complex (or other configuration possessing n 

symmetry, as explained in Chapter 2). More recently the optically active cation (11) 

O O + 
bee Baie Hy, Cl 

f O70 N~ “N(CH co Nc ee (CH3)3 

| 
I O H3C 

(1) (II) 

was resolved by hand selection of crystals, and the detailed structure of the 

analogous bromo cation has been determined in the crystalline hexafluoro- 

phosphate.‘ 1) 

The simplest groups containing B forming four tetrahedral bonds are the ions 

BXq. Some fluoroborates are isostructural with oxy-salts containing tetrahedral 

ions, for example, NaBF4 with CaSO,, CsBF, and TIBF,4 with BaSOq, and 

(NO)BF, with (NO)CIO,. The B—F bond length is 1-41 A in NaBF,‘?) and 

1-406 A in NH,BF,°?); it is interesting that there is no hydrogen bonding in the 

ammonium salt, the shortest N—-H—F distance being 2-93 A (compare 2-69 A in 
NH,4F). The ion BF;0H™ occurs in H(BF30H) and (H30)(BF30H), originally 

respectively formulated as BF3 .H,O and BF3 . 2 Hy 0,4) and the tetrahedral ion 

BOF3~ (B—F, 1-43 A, B—O, 1-435 A) in salts such as BaBOF 3.5) The B(OH), ion 
and many examples of tetrahedral BO, coordination groups are mentioned under 

boron- oxygen compounds later in this chapter. 

Simple tetrahedral molecules include H3B.N(CH3)3, borine carbonyl, 

H3B. Co,f°? (a), the numerous adducts of BF3, and the remarkable molecule 

Bake. PF3,(7) (b). This compound is formed as a very reactive colourless solid 

when the high-temperature species BF is condensed on to a cold surface with PF3. 

eS ie 154A 2 113% 
H———_B———_C——O B 

ol Poe 
a ata F,B~ | Sie 
H B 

F, 

(a) (b) 

This molecule is of special interest as containing one B atom bonded tetrahedrally 
to 1P (B—P, 1:83 A) and to 3 B (B—B, 1-68 A), these B atoms forming three 
coplanar bonds (B—F, 1:31 A, P—F, 1-51 A). 

Many’molecules and crystals containing equal numbers of B and N (or P) atoms 
form structures similar to those of the corresponding compounds of Group IV 
elements. Examples include BN and BP with the diamond structure, the silica-like 
structures of BPOg already mentioned, and analogues of substituted cyclohexanes 
such as [HB . N(CH3)2] 3 with the same chair configuration as Ce6Hj2. 
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Elementary boron and related borides 

Boron is notable for the structural complexity of its polymorphs, some of which 
are almost as hard as diamond. Decomposition of boranes or BI; between 
800-1200°C yields @ rhombohedral boron (B,2); the subscript number is the 
number of atoms in the unit cell. This form is considered to be thermodynamically 
unstable relative to the 6 rhombohedral B,95 which crystallizes from any fairly 
pure molten boron or by recrystallizing the element at any temperature above 
1500°C and is the one polymorph that is readily available. The reaction between 
BBr3 and H over a Ta filament at 1200-1400° gives w tetragonal B50. Massive 
(glassy) boron and the thin filaments which have high tensile strength are 
apparently nearly ‘amorphous’, giving only two diffuse X-ray diffraction rings. All 
three known boron structures and also those of a number of boron-rich borides 
contain icosahedral B, 4 groups with, in some cases, additional B atoms which form 
an essential part of the framework. 

FIG. 24.1. The crystal structures of a-By2 and f-Bygs. (a) and (b), packing of B,2 units in 
a-B,2. (c) Section through the structure of a-B,2 perpendicular to a 3-fold axis showing the 
3-centre bonds. (d) The Bgq unit of B-B; 95 showing the central icosahedron and six only of the 

‘half-icosahedra’, one of which is attached to each B atom of the central B, 2 group. 

In a B,> all the B atoms belong to icosahedral groups which are arranged in 

approximately cubic closest packing. This type of packing may be referred to a 

rhombohedral unit cell with interaxial angle close to 60°. If B,> icosahedra are 

placed at all the points of the rhombohedral lattice of Fig. 24.1(a) 6 B atoms of 

each (those of two opposite faces) can bond to a B atom of another icosahedron by 

a B—B bond of length 1:71 A. These bonds lie along the lattice directions (cell 

edges) and result in a 3D framework in which each icosahedron is connected to six 

others; the directions of these bonds correspond ideally to certain of the 5-fold axes 

of the icosahedron (Fig. 24.1(b)). The remaining six B atoms of an icosahedron, 

which form a buckled hexagon around its equator, cannot bond in this way, the 

shortest contacts in the equatorial plane ABC (shaded) being 2:03 A. The bonding 

in this plane is by means of ‘3-centre’ bonds, as shown in (c). 

This framework can also serve as the basis of the structures of certain borides. 

Groups of atoms YXY can be placed along the body-diagonal of the cell of Fig. 

24.1(a), for at the centre of the cell there is an octahedral hole surrounded by the 
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icosahedra ABCDEF. In B,C these are linear C-C—C groups, and the 3-centre 

bonding in the equatorial plane is replaced by bonds between the six equatorial B 

atoms of the B, > groups and the terminal C atoms of the chains. One-half of the B 

atoms therefore form bonds to 6 B (as in a-B,,) and the remainder are bonded to 

5B+1C. Later work suggests that the only congruently melting borocarbide has 

the composition B,;3C, that is B, 2. CBC, and it seems probable also that B4C is 

(B,,C)CBC rather than (B,2)C3; this field is still being actively studied. In 

AIC4B4o there are apparently linear CBC and CBB chains and also non-linear 

C(AI)B chains. (References to these compounds are given in Table 24.2.) 

TABLE 24.2 

Polymorphs of boron; icosahedral borides 

Structure Units Reference 

a-By2 (chombohedral) By2 (c.c.p.) only AC 1959 12 503 
BaC B,,C; chains CBC CRENIGS 251/859 29) 
By,3P2 By chains PBP AC 1962 15 1048 

By.g9Si (B10.3Si4.7) (Siz )3 ACSc 1962 16 449 

AlC4 Bao B,2; chains CBC, CBB, CAIB AC 1970 B26 315 

Aly.1 Cg B51 By2 (h.c.p.); CBE (CAIC) chains AC 1969 B25 1223 

NaBjs5 By2, 3 B, Na JSSC 1970 1 150 

MgAIBy4 By2, 2 B, Mg, Al AC 1970 B26 616 

a-Bso (tetragonal) (Bi2)4,2B JACS 1958 80 4507 
BeB,2 By2, Be ZaC 1960 306 266 

8-Byo5 (tchombohedral) (Bg4) (BioB . Bio) JSSC 1970 1 268: 
AC 1970 B26 1800 

YBé66 AC 1969 B25 237 

There are many compounds with the same general type of structure as B,C and 
rhombohedral B, though the details of their structures are not in all cases certain. 
The C3 or CBC chains may be replaced by S in B, 2S, by P—B—P in B, 3P, (B—P in 
chain, 1:87 A, P—B;.,, , 2°03 A), O-B—O in B,30, or by 2 Siin By.g9Si. Since 
there would appear to be room for only 2 Si replacing 3 C there is apparently some 
(statistical) replacement of B by Si in the icosahedra, giving a composition close to 
B3,Si, 1 (i.e B3 pois. Sig or By.g 9Si). 

There is a closely related (orthorhombic) phase Al,.,CgBs (variously described 
as AIB; 9, AIB; 2, or AIC4B, 4) in which there is distorted hexagonal closest packing 
of B; 2 icosahedra and linear CBC chains, in some of which Al replaces B. As in BgC 
each B,; 2 group is directly bonded to six others via B—B bonds (1:77 A) so that six 
B atoms of each icosahedron form 6 B—B bonds and the remainder are bonded to 
5 B + C. The bond lengths are similar to those in B,C: 

Bond Alo.1CgBs51 ByaC 

B—B (intra-icosahedral) 1-816A 1-789 A 
B—B (inter-icosahedral) 1-774 1-718 

Bicone 1-623 1-604 

Beran’ 1-467 1-435 
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The close relation between these two structures is shown by the fact that the Al 
compound undergoes a topotactic transition by loss of Al at 2000°C to form B,C, 
a process involving a change from h.c.p. to c.c.p. By y icosahedra. 

In the isostructural NaB, 5 and MgAIB,4 the B, 5 icosahedra are packed in layers 
which are stacked vertically above one another, so that only two direct pentagonal 
pyramidal contacts between icosahedra result (perpendicular to the layers). In the 
layers each B, is bonded to four others at the same distance (1:75 A) but there is 
also bonding through Mg, Al, and additional B atoms. The interstitial atoms 
obviously play an essential part in stabilizing this mode of packing of the 
icosahedra. 

A feature of the polymorphs of boron is the large proportion of atoms which 
form a sixth bond (pentagonal pyramidal coordination) directed outwards along the 
S-fold axis of the icosahedron. The fractions are: 

Rhombohedral B}, 50% 
Rhombohedral Byo, 80% 
Tetragonal B<o 64% 

If all the B atoms of each icosahedron were to form a sixth bond to a B atom of 

another icosahedron there would be formed a radiating icosahedral packing which is 

not periodic (Chapter 4). The structure of rhombohedral B, 95 may be visualized as 

built of units (Bg4)(B;9BB,9). The Bgq unit consists of an icosahedron bonded to 

12 half-icosahedra, one attached, like an umbrella, to each vertex (Fig. 24.1(d)). 

These units are placed at the points of the rhombohedral lattice of Fig. 24.1(a) so 

that six of the half-icosahedra of each Bgg meet at the mid-points of the edges of 

the cell forming further icosahedra. The basic framework therefore consists of 

icosahedra at the points of the lattice of Fig. 24.1(a) each connected to six others 

situated at the mid-points of the cell edges. These icosahedra are directly bonded 

only to two others. The remaining six half-icosahedra of a Bgq unit do not 

juxtapose to form icosahedra but together with the B,o9 units provide further 

bonding in the equatorial plane—compare the 3-centre bonds in B,, and the 

bonding through C atoms in B4C. Along the diagonal of the cell, replacing the CBC 

chain in B4C, are B, 9BB, 9 groups, there being a unique B atom at the body-centre 

of the cell. 

It is convenient to mention here the structure of YBg¢ which is extremely 

complex, with 1584 B and 24 Y atoms in the unit cell, but has high (cubic) 

symmetry. The majority of the B atoms (1248) are contained in units consisting of 

13 icosahedra (156 atoms), twelve around a central one, which are further linked 

by B—B bonds (1:62-1:82 A) into a 3D framework. The grouping of twelve 

icosahedra around a central one represents the beginning of a radiating packing 

which, as already noted, would not be periodic in three dimensions. The packing of 

the B, 56 units already leaves large channels in which the remaining B and the Y 

atoms are accommodated. 

The structure of tetragonal Bsg is comparatively simple. There are 50 atoms in 

the unit cell of which 48 form four nearly regular icosahedral groups which are 
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linked together both directly and through:the remaining B atoms. The latter form 

tetrahedral bonds, but the atoms of the icosahedra form six bonds, five to their 

neighbours in the B, 2 group and a sixth to an atom in another B, 2 or to an ‘odd’ B 

atom. Although all the icosahedral B atoms form ‘pentagonal pyramidal’ bonds, for 

8 of the 12 B atoms there is considerable deviation (20°) of the external bond from 

the 5-fold axis of the icosahedron. The bond lengths in this structure are 1-60 A for 

the 4-coordinated B, 1:68 A for bonds between B, groups and 1:81A within the 
B,> groups. Several borides have been prepared which have the same basic structure 

as tetragonal Bso, for example, NiB,5 and BeB, 2. The metal atoms clearly occupy 

some of the numerous holes in the Bs structure. 

Metal borides and borocarbides 

We deal here with borides and borocarbides other than those containing icosahedral 

B,2 groups. Like carbides and silicides they can be prepared by direct union of the 

elements at a sufficiently high temperature; alternatively some borides and silicides 

result from reduction of borates or silicates by excess metal. As in the case of 

silicides it is not possible to account for the formulae of borides in terms of the 

normal valences of the metals. Thus we have NaB., CaB,, and YB; yttrium also 

forms YB,, YBy, YB, 7, and YBg6, and chromium, for example, forms CrB, 

Cr3Ba4, CrB2, and CrBaq. 

We have described the structures of some boron-rich borides in which there are 

extensive 3D systems of B—B bonds. At the other extreme there are crystalline 

borides with low boron content in which there are isolated B atoms, that is, B 

atoms surrounded entirely by metal atoms as nearest neighbours. With increasing 

boron content the B atoms link together to form first B, units, then chains, layers, 

or 3D frameworks extending throughout the whole crystal (Table 24.3). 

Borides in which there are discrete B atoms include Be4B and Ni3;B (and Co3B) 
with the cementite (Fe3C) structure. In this structure the metal atoms form slightly 
corrugated layers of the kind shown in Fig. 24.2(a). The B atoms lie between the 
layers with six nearest neighbours (B—Ni, 2-04 A) at the apices of a trigonal prism. 
These metal layers are closely related to the layers (parallel to 1011) in hexagonal 
close-packing, as shown in the figure. Next we have Be,B with the fluorite structure 
and the numerous borides M,B with the CuAl, structure described and illustrated 
on p. 1046. In this structure the metal atoms form layers of the type of 
Fig. 24.2(b). Successive layers are rotated through 45° relative to one another and 
the B atoms are at the centres of antiprisms formed by two Square groups in 
adjacent layers. In Fe2B, for example, B has eight Fe neighbours at 2:18 A, and the 
two nearest B atoms are at 2:12 A; there are no B—B bonds. 

Isolated pairs of B atoms occur in the structures of certain double borides 
M)M''B, in which M’ is a large atom (Mo, Ti, Al, or a mixture of these) and M”’ is a 
small atom (Cr, Fe, Ni). Here again the large atoms form the 5-connected net of 
Fig. 24.2(b) and the M” and B atoms lie between the layers, M’’ at the centres of 
tetragonal prisms and B at the centres of pairs of adjacent trigonal prisms 
(Fig. 24.2(c)). In the By groups the B—B bond length is 1:73 A. 
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TABLE 24.3 

The crystal structures of metal borides 

Nature of B complex Structure Examples Reference 

Isolated B atoms BeqB ZaC 1962 318 304 
Fe3C Ni3 B, Co3B ACSc 1958 12 658 
CuAl, Mn >B, Fe>B, Co 2B, Ni2B, ACSc 1949 3 603; 

Mo B, Ta2B ACSc 1950 4 146 
CaF BezB DAN 1955 101 97 
Rh2B AC 1954 7 49 

By groups M>M"B> (Mo, Ti, AI)CrB2 AC 1958 11 607 
Single chains CrB NbB, TaB, VB AC 1965 19 214 

FeB CoB, MnB, TiB, HfB AC 1966 20572 
MoB WB ACSc 1947 1 893 
NigB3 INGO WOSS) 13) NS) 
Ru,1Bg ACSc 1960 14 2169 

Double chains Ta3Bq4 Cr3Bq4, Mn3Bq4, Nb3Bq ACSc 1961 15 1178 

Layers AIBy M = Ti, Zr, Nb, Ta, V, Cr, Mo, U, AC 1953 6 870; 
Mg ACSce 1959 13 1193 

e—Mo—B e—W-—B phase ACSc 1947 1 893 
3D frameworks CrBq ACSc 1968 22 3103 

UB4g M=Y, La, 4f, Th AC 1953 6 269; 
JACS 1958 80 3479 

CaBe M = Sr, Ba, Y, La, 4f, Th, U IC 1963 2 430; 
TSSGaoT OPES, 

UB} M= Y, Zr, 4f AC 1965 19 1056 

Boron 

(a) (b) (Cc) 

FIG. 24.2. (a) Layers of Ni atoms in Ni3B. At the right is shown a portion of a layer parallel to 

the plane (1011) in hexagonal close-packing. (b) Layer of metal atoms in borides with the CuAly 

structure. (c) The structure of borides M)M Bo. 

The two polymorphs of NigB3 form a link between structures such as Ni3B with 

isolated B atoms and those with chains of B atoms. In one form of NigB3 

two-thirds of the B atoms form zigzag chains, the remainder being isolated B atoms, 

while in the other polymorph all the B atoms are in chains. 

Next come three closely related structures (FeB, CrB, and MoB) in which there 

are zigzag chains of boron atoms. In FeB (and the isostructural CoB) each B atom is 

surrounded by 6 Fe at the vertices of a trigonal prism (Fe—B, 2°12—2:18 A), but its 
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nearest neighbours are two B atoms (at-1;77 A) as shown in Fig. 24.3(a). The B 

atoms therefore form infinite chains. 

(a) 

FIG. 24.3. The crystal structures of (a) FeB, and (b) AIB,. The smaller circles represent B atoms. 

In borides of the type M3By the boron atoms form double chains in which the 

central bonds are apparently much stronger than those along the length of the chain 

(Fig. 24.4). The Ta3Bq structure is in this way intermediate between the chain and 

layer borides. 

: 240 
—2:43A wal 

O 1-85A 

s 1-77A 

PIG. 24.4. Arrangements of 
B atoms in borides: (a) 

@ ve isolated B atoms, (b) single 
1-72— 

‘ 1:79A 
chain, (c) double chain, (d) 

hexagonal layer. 

Ta, B Ta B as Be Ta B; 

(a) (b) (c) (d) 

In AIB, the B atoms are arranged in layers with layers of Al interleaved between 
them. The structure of a B layer is the same as that of a layer in the graphite 
structure (p. 734). Each B is here equidistant from three other B atoms (GatdlidouA), 
the next nearest neighbours being a set of six Al at the vertices of a trigonal prism 
(Fig. 24.3(b)). Most of the ‘layer’ borides have the AIB, structure, but in the Mo—B 
and W—B systems there are also phases with the ideal composition M,B., 
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apparently with additional B atoms at the points X of the hexagonal nets of 

Fig. 24.4(d). The tantalum-boron system provides examples of four types 

of boride structure (Fig. 24.4); compare the silicon complexes in metallic silicides. 

With higher boron-metal ratios some extremely interesting 3-dimensional boron 

frameworks are found. In CrBq the B atoms form a very simple 4-connected frame- 

work. Square groups of B atoms (B—B, 1:68 A) at different heights are linked by 

somewhat longer bonds (1-91 A) as shown in Fig. 24.5. Each B forms two bonds of 

each type to other B atoms, while Cr has 2 Cr and 12 B as nearest neighbours. In 

CaB, (and numerous isostructural compounds) the boron network consists of 

octahedral Bg groups joined together as shown in Fig. 24.6. Alternatively this is a 

5-connected net the links of which are the edges of a space-filling array of 

octahedra and truncated cubes. There are large holes surrounded by 24 B atoms 

which accommodate the metal atoms (Ca—B, 3-05 A). The B—B distances of about 

1-7 A are similar to those in the FeB and AIB, structures. 

‘ FIG. 24.6. The crystal structure of 
CaBe. 

The UB, structure is of interest because of the geometrical relationships with 

the structures of borides MB, and MBs. In the AIB, structure there are 

close-packed metal layers in which each M has six equidistant neighbours, and these 

layers are superposed directly above one another so that the B atoms in the holes 

between the layers are surrounded by six M at the vertices of a trigonal prism (Figs. 

24.3(b) and 24.7(a)). In CaBg there is simple cubic packing of the M atoms 

(Fig. 24.7(c)) so that there are holes between groups of eight M atoms situated at 

the vertices of a cube. The CaBg structure can therefore be described as a simple 

cubic M lattice expanded by the introduction of the octahedral Bg groups, though 

since these are joined to neighbouring B, groups there is a continuous 3-dimen- 

sional B framework. In UB, the metal atoms are in layers in which every M has five 

neighbours, and between the layers there are both ‘trigonal prism’ and ‘cubic’ holes, 

as may be seen from Fig. 24.7(b). In the holes of the first type there are single B 

atoms and in the latter Bg groups, and since there are pairs of adjacent holes of the 
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former type the actual B network is that shown in Fig. 24.7(d), with Be groups 

joined through pairs of B atoms. In this structure some B atoms are linked to 

three B, others to five B, and the B—B distances are in the range 1-7—1-8 A. 

Although the B—B distances in the rigid boron framework structures are consistent 

with rp = 0-86 A, the metal-boron distances suggest larger effective radii—from 

0:86 to 1:10 A. Yet another way of describing the CaBg structure is as a CsCl-like 

packing of M atoms and Bg groups. We noted in Chapter 22 that the bonding is not 

FIG. 24.7. The crystal structures of metallic borides: (a) close-packed metal layer in UB2 
(AIB,) with B in trigonal prism holes between layers, (b) metal layer in UBg with positions of 
6- and 8-coordination between layers, (c) metal layer in CaBg (ThBg) structure, (d) the UBq 

structure. 

of the same type in all carbides MC); this is also true in borides MB,. These have 

been prepared containing metals in various oxidation states, namely, 1 (KBg¢), 2 

(Ca, Sr, Yb), and >2 (La, Th). The electronic properties of KBg have not yet been 

studied, but compounds of the second group are semiconductors and those of the 

third are metallic conductors. 

The boron framework in UB, > is illustrated in Fig. 3.47(d) (p. 116) as a space- 

filling arrangement of cuboctahedra, truncated octahedra, and truncated tetrahedra, 

the edges of which form a 5-connected 3D net. The U atoms are situated at the 

centres of the largest cavities in positions of 24-coordination—compare the 
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24-coordination, truncated cubic, of the metal atoms in the CaB, structure. 

Alternatively the structure may be described as a NaCl-like packing of B, 2 groups 

and U atoms. The cuboctahedral B,. groups may be contrasted with the 

icosahedral groups in the polymorphs of elementary B and related borides. The 

B—B bonds in the B, groups are appreciably shorter (1:68 A) than those linking 

the groups (1:78 A in ZrB, >, 1:80 A in UB, 2, 1°81 Ain YB, 2). 
Numerous borocarbides have been prepared, for example, those of Al already 

described and compounds such as Mo,BC,“!) in which C is octahedrally co- 

ordinated by Mo and B has trigonal prismatic coordination and forms chains as in 

CrB. Of special interest are the borocarbides MB,C, formed by Sc and the 4f 

elements. The metal atoms are situated between plane 3-connected layers which in 

the 4f compounds are the 4: 8 net (with alternate B and C atoms) but in ScB,C, 

are the 5 : 7 net, necessarily with pairs of adjacent B and C atoms. The Sc atoms are 

in pentagonal prism holes between the layers, but there are also Sc—Sc distances 

very nearly the same as in h.c.p. Sc metal, so that Sc has (14 + 5)-coordination 

(C2 @al-455B=B1'59 BSG 1:52-1:61 A). 

Lower halides and diboron compounds 

Other compounds in which there are B—B bonds include the halides B, Xq (all four 

of which have been prepared), B4yClq and BgClg, and diboron compounds. Salts 

containing the B,Cl2~ ion include [(CH3)4N] B Clg, prepared in liquid an- 

hydrous HCl, and (PCl4),B Clg. Methods of preparation and relations between 

some of the diboron compounds are indicated in Chart 24.1. 

Halides By X4 

The fluoride, B,Fq4 is an explosive gas. The structure of the planar, centro- 

symmetrical molecule, (a), has been determined in the crystal at 120°C. sThie 

chloride B,Cl4 is formed by passing BCl3 vapour through an electric discharge 

Be Oe 5 Cl Cl 

aaa : Brats Oy Np so — _< 
1-67 (-04) A 1-73 (-02) A 

a oe ae a 
(a) (b) 

between mercury electrodes. It is a colourless liquid which decomposes at 

temperatures above 0°C into a mixture of the yellow crystalline ByClq, red BgClg, 

and the paramagnetic Be Glomes Among its derivatives are esters B,(OR)4 and 

the ethylene compound Cl,B.C,H4.BCl, mentioned later. The compounds 

B,Brg and B31, (a yellow crystalline compound) are formed by methods similar to 

that used for the chloride. 

The crystal structure of B,Cl, has been determined (at —165°C) and it is found 

that the molecule is planar with bond angles close to 120°, (b).) The B—Cl bond 

is normal but B—B is long compared with that expected for a single bond (around 

1-6 A)—compare the long bond in Nz Og and the normal single bond in P14. In the 

vapour, however, the BCl4 molecule has the ‘staggered’ configuration, the planes 
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of the two halves being approximately perpendicular (B—B, 1-70, BeClnlais As 

CI-B—Cl, 119 =) The eclipsed configuration in the crystal may result from 

better packing of the molecules, for m.o. calculations show that the staggered form 

is more stable than the eclipsed by at least 4 kJmol~ 165) 

(4) JCP 1969 50 4986 

(5) JCP 1965 43 503 

CHART 24.1 

Preparation of diboron compounds + 

Me,N__NMe2 ee me e 

BCl3 +2 B(NMe?)3 Me ce in ether Ne 

highly 2 °2 (~-78°) 
ae dispersed 

in molten aqueous 

(MeN)2BCl Na acid hydrolysis 
hydrolysis at 0°C 

_ OH 

400° — ou Pon 

1350° 600° vacuum 
B+B,03 ———-+ glassy (BO), dehydration | | expose to 

é (250°) water vapour 

see ve 

on (soft) (BO) 1 h eee ae n ydrolyse 

BCl3 vapour 

at 200° 

F 1s SbF Cl Gh Done 3 Ss Ee pes VEN BzHe6 

F F Gh BaH 
ethylene ota) 

thermal (80° ) 
decomposition NMe,Cl in ClzB.CH2CH?BCl, 

liquid \anhyd. HCl 

Ol 

BaClg and BgClg (PCl4)2 (Bz Cle) (MeqN)2 cna 
Cl ci 

+ See, for example: JACS 1954 76 5293; JACS 1960, 82, 6242, 6245; JACS 1961 83 1766, 4750: PCS 1964 242 

Penaicen fet The molecule Cl,B .C Hq. BCl, is also planar to within the limits of experi- 

mental error, though the bond lengths are only approximate: a) 

es 120° 

1163°( > B Cc 
ye cone A Ware 

Cl 1234° 116 C é 1-75 (-04) A 
1-58 (-05) A ee 

Cl 
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The B—C bond length may be compared with the (approximate) value 1-52 
(0:07) A found in CgHs. BCI,.” 

Halides B4X4 and BgXg 

Unlike halides B,X4q these halides are electron-deficient. The structures of the 

B4Cl, and BgClg molecules in the crystalline state have been determined. In 

Balas? a nearly regular tetrahedron By is surrounded by a tetrahedral group of 4 

Cl, also nearly regular (Fig. 24.8(a)). The B—Cl bonds (1:70 A) are single, but the 

length of the B—B bonds (also 1:70 A) corresponds to a bond order of about 4, 

assuming a boron radius of 0-8 A and using Pauling’s equation (p. 1025). Assuming 

that one electron of each B is used for a single B—Cl bond there remain 8 electrons 

(4 electron pairs) for the 6 B—B bonds, as shown diagrammatically in the figure. 

The molecule BgClg also consists of a polyhedral boron nucleus to each B atom of 

which is bonded a Cl atom. The polyhedron (Fig. 24.8(b)) is closer to a 

dodecahedron (bisdisphenoid) than to a square antiprism, but there is a con- 

siderable range of B—B bond lengths. The four longer B—B bonds (a) range from 

1-93 to 2:05 A and the remainder from 1-68 to 1:84 A. The mean B—Cl bond length 

is 1:74 A.) Since there are 8 electron pairs available for B—B bonds in this 

polyhedron with 18 edges, of which four are appreciably longer than the other 

fourteen, no simple description of the bonding is possible. 

Boron-nitrogen compounds 

Boron nitride 

Boron nitride, BN, is made by the action of nitrogen or ammonia on boron at white 

heat and in other ways. In the crystalline state it is very inert chemically, though it 

can be decomposed by heating with acids, and is described as melting under 

pressure at about 3000°C. The crystal structure of one form is very closely related 

to that of graphite (Fig. 21.3, p. 735) being built of hexagonal layers of the same 

kind, but in BN these are arranged so that atoms of one layer fall vertically above 

those of the layer below (Fig. 24.9). The B—N bond length is 1-446 A.) In spite 

of the structural resemblance to graphite the physical properties of BN are very 

different from those of graphite. It is white, a very good insulator, and its 

diamagnetic susceptibility is very much smaller than that of graphite. Like graphite 

BN can be prepared with a turbostratic (unordered layer) structure, which can be 

converted to the ordered hexagonal structure by suitable heat treatment.(?) BN 

also crystallizes with the zinc-blende and wurtzite‘) structures. In cubic BN the 

length of the B—N (single) bond is 1:57 A. 
Also isoelectronic with graphite is BO, prepared by reducing B,03 with B or Li 

at high temperatures under high pressure. (In the ‘tetrahedral anvil’ pressures of 

50-75 kbar and temperatures of 1200-1800°C are reached.) The B and O atoms 

were not definitely located in the graphite-like structure of B50? 
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FIG. 24.9. The crystal structure of boron nitride, 

BN. 

Boron-nitrogen analogues of carbon compounds 

The simplest compounds of this kind are molecules 

See UCTOIN 2 DS LG OTA ee 
oN Bic and Se eo ca 

(a) (b) 

which correspond to substituted ethylenes and ethanes. In (a) both atoms form 

three coplanar bonds and the B—N bond length is 1-40+0-02 A. This length is close 

to values in one group of cyclic molecules to which we refer shortly and 

corresponds to a double bond. In (b) both atoms form tetrahedral bonds and the 

B—N bond is a single bond of length close to 1:60 A. Examples include: 

B-N Reference 

(a) (CH3)2N—BCly 1:38 A IC 1970 9 2439 
(CH3)2N—B(CH3)2 1-42 JCS A 1970 992 

(b) (CH3)3N—BX3 1-58-1-64 AC 1969 B25 2338 
IC 1971 10 200 

(All four halides of type (b) have been studied, but since there are differences of as 

much as 0:05 A between the B—N bond length found in crystal and vapour molecule 

detailed discussion of bond lengths is probably premature.) 

Cyclic molecules with alternate B and N atoms include ‘aromatic’ 4-, 6-, and 

8-membered rings and saturated molecules with 4- and 6-membered rings. In the 
former B—N is close to 1-42 A and in the latter, 1:60 A. Examples are given in Fig. 
24.10. In the molecule (a) the 4-ring is planar and the three bonds from each N are 
coplanar, but the shortness of the exocyclic B—N bond (1-44 A, the same as in the 
ring) is not consistent with the fact that the planes NSi, are approximately 
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X=H-F,Cl X =NCS 

(a) (b) (c) (d) 

141A 
HW H, | 1-294 Cc. _\-N(CH,) 8 SBN N=N 4.384 (CH3)2NW Np ne 

(CH);N7 = NCCHY, > ° or nO eas i >) ee i gn Gt | [1-584 
BH eS HG CH 

pee ee ek — 141A 4 7 2 

(CH3), ZS Was As 2 N(CH,), 

(e) (f) (g) (h) 

FIG. 24.10. Cyclic boron-nitrogen, boron-phosphorus, and boron-carbon molecules. 

perpendicular to that of the 4-ring. (B—N, 1-45, N—Si, 1-75, Si—C, 1-87 A).) 
Molecules of type (b) which have been studied include the symmetrical benzene- 
like molecule of borazine itself, B3N3H. (B—N, 1-44 &),@% B,N3C1,2») (B—Cl, 
1:76 A, N—Cl, 1-73 A), B-monoaminoborazine, B3N4H, (B—Nying, 1:42, B—NH), 
1:50 A),@) and B-trichloroborazine (B—N, 1-41, B—Cl, 1-75 A). (This com- 
pound is made by heating together BCl; and NH4Cl at temperatures above 
110°C—compare (PNCI,),.) For references to numerous cyclic B—N compounds 

see reference (10). Compounds (RN. BX)q of type (c) have been prepared from 

BCl; and primary alkylamines and a number of derivatives have been made. In 

crystalline [(CH3)3C .NB.NCS]4 both B and N form three coplanar bonds and 

there is a slight alternation in the B—N bond lengths in the boat-shaped ring: ©? 

S\ 1-564 
Ce Sg Hes 

1-434 eA oS 

146A 140A N 1-464 

yn BO 

The ethylene-like molecules R,N . BX, readily polymerize, and the dimers and 

trimers are the analogues of substituted cyclobutanes and cyclohexanes. Molecules 

of type (d) have planar 4-membered rings‘°)(7) with B—N close to 1:60 A, and the 

molecule (e) has the chair configuration.) The phosphorus analogue of (e) has 

been shown to have a similar configuration with B—P, 1:94 4,0?) and 
the molecule [H,B . P(CH3)2]4 has the structure (f).°) (The As compounds 

[(CH3)2 As . BH, |, (n = 3 and 4) have been prepared.) 

Miscellaneous cyclic boron compounds include (g), with a 5-membered N4B 

ring,“!) and (h), with a B3C3 ring and double bonds to the N(CH3), groups. ! a) 
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Boron-nitrogen compounds related to boranes 

The simple molecule H3N . BHg is mentioned later. Both (CH3)3N . BH3 and the 

closely related aziridine borane“!) (a), have been studied. 

‘Ammoniates’ of boranes. The ammonia addition compound of B,Hg¢ has a 

molecular weight in liquid ammonia corresponding to the formula BzHe. 2 NH3. 

An ionic structure NH{[BH3. NH2. BH3] ~ has been suggested, but the formulation 

as a borohydride, [H.B(NH3)2]"(BHa) , is now preferred. This would appear to be 

consistent with its reaction with NH4 Cl: 

[H,B(NH3)>](BH4) + NH4Cl > [HB(NH3)2]°Cl + HN . BH3 +H, 

or BH, + NHi > H3N . BH3 + Hy 

Crystalline (monomeric) H3N . BH; is a disordered crystal, and X-ray studies give 

B—N approximately 1-60 A.) The other product, [H,B(NH3) 2] Cl has a typical 

ionic crystal structure,“?) consisting of layers of [H2B(NH3)2] * ions (b) inter- 

leaved with Cl” ions. 

N H 
£58k |e 

nose BND 

Ho 
1-820 

H. 173) 771.803 
daa Set 1-18 

ete —_—_—}—— 

Neal ea, ihe’ ee 1-744 —B 1-09 

160 & _— pe 
EDS H 139° spy 7771-23 H 

106° ~N 

(b) (c) 

(High resolution n.m.r. shows that the phosphorus analogue of N3N . BH3 is 

certainly (monomeric) H3P . BH3 in the liquid state, and the i.r. and Raman spectra 

show that the same structure is maintained in the solid state.) The closely related 

H3;B.P(NH,)3, prepared by the action of NH3 on H3B.PF3, consists of 

tetrahedral molecules in which the bond lengths are P—N, 1:65 A, and P—B, 

1:89 A.) 
The action of sodium amalgam on diborane in ethyl ether gives a product of 

composition NaB,Hg which is actually a mixture of NaBH, and NaB3Hgs. The 

latter reacts with NH,Cl in ether at 25°C to give H;N . B3H,. This is a white 

crystalline solid which has a disordered structure at temperatures above about 

25°C; the structure of the molecule has been studied in the low-temperature 

form.©) The framework of the molecule (c) consists of a triangle of B atoms to one 

of which the N is attached. The B3H, portion may be regarded as a distorted 

fragment of tetraborane resulting from symmetrical cleavage of the double bridge. 

(The estimated accuracy of the B—H bond lengths is +0-05 A and of the other bond 

lengths +0-005 A.) For ‘B4H, 0. 2 NH3’ see under B3Hg ion. 
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Aminodiboranes. These compounds are derived from B.H¢ by replacing one 
H of the bridge by NH). Electron diffraction studies of HN . B2H, and (CH3),.N. 
B,H; 7 give the following data: Ca ee we 

H3C CH, 
111-5° 

H, COIN 
N N 

Ae aa (0-03) A 1:55 Se ae 
1-15 (0-09) A 76-2 

B BH, HB ‘BH, 

oa Sa 
ee, 

H “e
r y

a
 

<—1-93
A—> 

eo? Aes. 

(In H,N.B,Hg, the following distances and angles were assumed: N—H, 1-02, 
B—Hpridge» 1°35 A, angles HNH, 1094°, and HBH, 120°.) The B—N bonds are 
similar in length to those in the addition compounds of BF, described later, but the 
B—B distance is very much increased over the value (1-77 A) in B,H¢ owing to the 
interposition of the N atom. 

The oxygen chemistry of boron 

Boron, like silicon, occurs in nature exclusively as oxy-compounds, particularly 

hydroxyborates of calcium and sodium. In borates based exclusively on BO; 

coordination groups there would be a simple relation between the O: B ratio and 

the number of O atoms shared by each BO3 group, assuming these to be equivalent 

and each bonded to 2 B atoms: 

O: Bratio Number of O atoms shared 

3 Orthoborates: discrete BO} ions 0 
24 Pyroborates: discrete ByOg ions 1 
2 Metaborates: cyclic or chain ions 2 

14 Boron trioxide: 3 

Intermediate ratios (e.g. 13) would correspond to the sharing of different numbers 

of O atoms by different BO3 groups, as in the hypothetical (B4O,)2”"~ chain 

analogous to the amphibole chain formed from SiO, groups. All of the above four 

possibilities are realized in compounds in which B is exclusively 3-coordinated, but 

there are two factors which complicate the oxygen chemistry of boron. First, there 

is tetrahedral coordination of B in many oxy-compounds, either exclusively or 

admixed with 3-coordination in the same compound. There is, therefore, no simple 

relation between O: B ratios and the structures of borates; we shall see later that a 

ratio such as 7 : 4 can be realized in a number of ways which, incidentally, do not 

include that mentioned above. Second, there are many hydroxyborates containing 
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OH bonded to B as part of a 3- or 4-coordination group; this is in marked contrast 

to the rarity of hydroxysilicates. Examples are known of all 4-coordination groups 

from BO, through BO3(OH) and BO,(OH)2, both of which occur in 

CaB304(OH)3. HO, and BO(OH)3 (in Mg[B2O(OH),]), to B(OH)4 in tetra- 

hydroxyborates such as NaB(OH)q. The recognition of this fact, as the result of 

structural studies, has led to the revision of many formulae as in the case of 

antimonates (p.719), for example: 

Colemanite, Ca,B,014 a5 H,0, is CaB;0,(OH)3 H,0, 

Bandylite, CuCl, . CuB,04 . 4 H,0, is CuCIB(OH)q, and 

Teepleite, NaBO,. NaCl . 2 H,0, is Na,CIB(OH)q. 

The chemistry of borates is complex both in solution and in the melt. It is 

concluded from !!B n.m.r. and other studies that Na3B30, dissociates in solution 

to B(OH), ions and that at low concentrations tetraborates dissociate completely 

into B(OH)3 and B(OH)4, but that in more concentrated solutions of borates 

various polyborate ions coexist in equilibrium with one another. From melts 

extensive series of borates are obtained, the product depending on the composition 

of the melt, for example: 

17580, Ligh, 0. ligB,0an LiBOs) Lib, O-mmla B.C ;- mab On 
O:Bratio 3 25 2-25 2 1-66 1-625 1-6 

Little is yet known of the structures of metal-rich compounds of these types, but 

the structures of a number of anhydrous borates with O: B ratios between 1-75 

and 1-55 are described later. 

Boron trioxide 

This compound was known only in the vitreous state until as late as 1937, but it 

may be crystallized by dehydrating metaboric acid under carefully controlled 

conditions or by cooling the molten oxide under a pressure of 10-15 kbar. The 

normal form has a density of 2°56 g/cc and consists of a 3D network of BO3 groups 

joined through their O atoms,“!) in which B—O = 1-38 A. This net, an assembly of 

B,00;9 rings has been described in Chapter 3. Under a pressure of 35 kbar at 

525°C B,03—11 is formed (density, 3-11 g/cc).©) This much more dense poly- 

morph is built of irregular tetrahedra, three vertices of which are common to 3 BO, 

groups and one to 2 BO, groups; the structure may be described in terms of 

vertex-sharing pairs of tetrahedra (details shown at (a)). Mass spectrometric studies 

show that liquid B,03 vaporizes predominantly as B,03 molecules. These are 

polar, eliminating the trigonal bipyramidal model, but the structure of the molecule 

is still uncertain; a V-shaped molecule, (b), has been tentatively suggested. 

Orthoboric acid and orthoborates 

In H3BO3 planar B(OH)3 molecules (B—O, 1-36 A) are linked into plane layers by 
O—H—O bonds of length 2-72 A, the angle between which (at a given O atom) is 
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114° (Fig. 24.11). The H atoms were located by X-ray diffraction at positions 
about one A from the O atoms to which they are bonded, a result confirmed by a 
n.d. study of D3BO3 (O—D, 0-97A along a linear O—D--O bond of length 
2:71 A). 

Not very much is known about the structures of orthoborates of the alkali 
metals, and indeed not many appear to have been prepared. In a-Liz;BO3 Li* has a 
distorted tetrahedral arrangement of 4O neighbours at approximately 2 A and a 

fifth at 2-5 A.@) Na,BO3 is formed from Na3B30¢ at temperatures above 680°C 
but has not been obtained pure, there being an equilibrium: Na3B3;0¢= Na3BO3 + 
B,03. There is reason to suppose that some of the alkali orthoborates cannot exist 
(see Chapter 7). Known compounds M3(BO3), include salts of Mg, Ca, Ba, Cd, and 
Co, and there are complex borates such as NaCaBO3 and CaSn(BO3),, the latter 
being isostructural with dolomite, CaMg(CO3) . From the structural standpoint the 

i } 3 ! 7 ) 

. € 2 FIG. 24.11. Portion of a layer 
i ‘ j of H3BO3. Broken lines indicate 

ees as Z S iz x : O—H-::-O bonds. 

3 eee 
1 ! ¢ ) 

: a : 

simplest orthoborates are M'''BO3, which furnish examples of crystals isostructural 
with all three polymorphs of CaCO3: ScBO3 and InBO3 (calcite structure), YBO3 

and LaBO3 (aragonite structure), and SmBO; (vaterite structure). Some recent 

references are given to these compounds.“4) 

Pyroborates 

Two rather different configurations of the pyroborate ion have been found, in the 

magnesium and cobalt salts. In Co7P,0.5) (a), the planes of the BO3 groups 

make angles of 7° with the plane of the central B~O—B system and are twisted in 

opposite directions (mean B—O approximately 1-30 A). In Mg,B,0;,°7) (b), the 

O O O O 

aes pa ou 
Bes BL -~B 

CG SG or Ge eS 
(a) (b) 

853 

(1) AC 1966 20 214 

(2) AC 1971 B27 704 

(3) ACSe 1949 3 660 

(4) AM 1961 46 1030; AC 1966 
20 283; JCP 1969 51 3624 

(1) ACSc 1950 4 1054 

(2) AC 1952 5 574 



20 40 60 80 =: 100 

Mole ” B,O3 

FIG. 24.12, Phase diagram for the 

Bz03—H20 system. 

@B OO 

PG 4 Arrangement of 

B303(OH)3 molecules in a layer 
of one form of crystalline meta- 

boric acid. 

(a) 

(b) 
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angle between the planes of the BO3 groups is found to be 22° 19’, and the mean 

B—O bond length is 1-36 A. The oxygen bond angle in (b) is close to that found in 

metaborates, viz. 130° in CaB,Oq, and 1264° in the B30%~ and B;O7o ions. No 

difference was found between the lengths of the central and terminal B—O bonds. 

For the (OH)3B—O—B(OH)3__ ion see p. 860. 

Metaboric acid and metaborates 

Metaboric acid is known in three crystalline modifications, which provide a good 

example of monotropism (Fig. 24.12) and of the increase in density with change 

from 3- to 4-coordination of B (Table 24.4). The monoclinic form is readily 

prepared by the dehydration of H3BO3 in an open vessel at 140°C; quenching of 

the molten material gives a glass which later recrystallizes as the orthorhombic 

form. If the melt is held at 175°C the most stable (cubic) form is slowly 

precipitated, while complete dehydration at about 230°C yields B, O03. 

TABLE 24.4 

Crystalline forms of metaboric acid 

MP. Density C.N. of B Reference 

Orthorhombic WiGn@ 1-784 g/cc 3 AC 1964 17 229 
Monoclinic 201° 2-045 3 and 4 AC 1963 16 385 
Cubic 236° 2-487 4 AC 1963 16 380 

Orthorhombic metaboric acid is built of molecules B303(OH)3 which are linked 

into layers by O-H—O bonds (Fig. 24.13). Monoclinic metaboric acid is apparently 

built of chains of composition [B30,0H(OH,)], recognition of the OH group and 

the HO molecule resting on the location of the H atoms. The direct bonding of a 

water molecule to B is most unexpected. Cubic HBO, has a framework structure 

built from tetrahedral BOg groups with hydrogen bonds between certain pairs of O 

atoms. 

Metaborates are anhydrous compounds M,.(BO,),; certain compounds originally 
formulated as hydrated metaborates contain B(OH); ions; for example, 
NaBO,. 4 H,0 is NaB(OH)q4. 2 HO. The normal forms of these salts stable under 
atmospheric pressure contain either the cyclic B302~ ion (Fig. 24.14(a)), as in 
Na3B30.6, K3B306, and Ba3(B30¢)2, or the infinite linear (BO,)%~ ion of Fig. 
24.14(b), as in LiBO,, CaB,O4, and SrB,Oq. At higher pressures some of these 
compounds undergo changes to forms (designated by Roman numerals II, III, Cics) 
in which some or all of the B atoms become 4-coordinated (Table 24.5). For 
example, LiBO -11 is a superstructure of the zinc-blende type, in which both Li and 
B are surrounded tetrahedrally by 4 O, at 1:96 and 1-48 A respectively. 
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A surprising difference is found between the structures of the B302°7 ions in 
Na3B30¢ and K3B30g, the structures of which have been carefully refined: 

O O Oi O O Olges 
SB Sp1-280 4 Ne ie 

(Na3B306) | [1-433 A (K3B30.¢) | [1-398 A 
O O O O rae Pha 

| 
O O 

Since these compounds are isostructural these data are not consistent with Pauling’s 
tules if the same relation between bond strength and length is assumed for both 
compounds. 

TABLE 24.5 

Crystalline forms of metaborates 

Pressure Density C.N. of B CN. of Ca Reference 

(kbar) (g/cc) 

Ca(BO )2-I - 2-702 All 3 8 AC 1963 16 390 
Ca(BO3)2-II 12-15 2-885 Half 3 8 AC 1967 23 44 

Half 4 

Ca(BO3 )2-III 15-25 3-052 One-third 3 8 and 10 AC 1969 B25 955 
two-thirds 4 

Ca(BO2)2-IV 25-40 3-426 All 4 (9+3)and12 AC1969 B25 965 

St(BO2)-I cL eee AC 1964 17 314 
St(BO3)-III Infinite chain ion 
St(BO3)>-IV Isostructural with Ca(BO> )2 AC 1969 B25 1001 

LiBO>-I Infinite chain ion AC 1964 17 749 

LiBO)-I Zinc-blende superstructure JCP 1966 44 3348 

Na3B30¢ AC 1963 16 594 
K3B306 Cyclic Be0:8 Bane AC 1970 B26 1189 

Ba(BO )2 AC 1966 20 819 
Cu(BO2)2 3D tetrahedral framework AC 1971 B27 677 

The structures of CaB,O,4-Iv and CuB,O, are of special interest because the 

oxy-ion is a 3D framework formed from tetrahedral BO, groups sharing all 

vertices—compare silica structures. Since the framework contains planar B303 rings 

it may alternatively be described as built from rings of three tetrahedra similar to 

the S30, molecule or Si30§~ ion which share the extra-annular O atoms with 

those of six similar rings. In CaB,04-1v the framework forms around Ca? * ions 

which are either 12- or (9 + 3)-coordinated: 

Caj—-602:70A Cay—302:39A 
6 0 2:67 30 2:48 

3.0 2:60 
303-14 
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In CuB,O, the framework accomodates (or is cross-linked by) Cu* ions which have 

only 4 coplanar nearest neighbours: 

Cu;—4 0 2-:00A Cuyy—4 O1:94A 

(O 3-07) 

In spite of the very different coordination groups around the cations in these 

crystals the volumes of the unit cells, one cubic and the other tetragonal, are almost 

equal (731 and 741 A?). These structures raise a question of nomenclature. 

The prefixes ortho, pyro, and meta applied to acids and salts of Si, P, and As 

refer to tetrahedral ions (or molecules in the case of the acids) which share 

respectively 0, 1, and 2 O atoms, that is, to compounds containing MO4, M207, or 

(MO3), groups. As applied to borates they normally refer to acids and ions in 

which B is 3-coordinated, that is, ortho, BOse. pyro, B, Oe ~, and meta, (BO,))— 

(cyclic or linear). The tetrahedral B ions would be the (unknown) 

ortho, BO”, pyro, B,03~, and meta, (BO3 Rim 

and in addition there would be oxy-ions in which all BOq groups share 3 or 4 O 

atoms, namely, 

(B,0; n~ layers or 3D frameworks, 

(BO); , double layers or 3D frameworks. 

Sharing of two opposite edges of each BO, would give a chain (BO,),— 

structurally similar to the SiS, chain. Three of the ions of the tetrahedral family 

have formulae the same as those of the trigonal family. At present the only known 

type of borate oxy-ion in which all B atoms are tetrahedrally coordinated and all 

shared O atoms bonded to 2 B, as we have assumed above, is the (BO,),— 

framework ion in CaB,O4-IV and CuB,0,4. These compounds are called meta- 

borates, and indeed CaB,O,4-IV is a high-pressure polymorph of the compound 

which in its normal form contains the metaborate ion formed from BO3 groups. If 

we retain the term metaborate for all compounds M(BO,), it loses its earlier 

structural significance, for it includes not only the two extreme types of structure 

(all 3-coordinated B or all 4-coordinated B) but also the intermediate structures 

(e.g. CaB,O4-11 and 111) in which there is coordination of both types. 

Hydroxyborates and anhydrous poly borates 

We discuss these compounds together because their anions either consist of or are 

built from simple cyclic units of the kind shown in Fig. 24.15. The number of 

possible anions is large because 

(i) there are different basic ring systems, three of which, (a), (b), and (c), are 
illustrated, 

(ii) the number of extra-annular O atoms can in principle increase until all the B 
atoms are 4-coordinated, as in the series (a3 )-(a¢), 

(iii) the extra-annular O atoms can be O of OH groups or O atoms shared 
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a3 a, . 
“6 

BetatB, O:) B,O, B,O,, B, 0,(BO,) 

bs B,O, 

Cy, Ce Cs 

ESE BsOs1 B.O, 

FIG. 24.15. Cyclic boron-oxygen systems in hydroxyborates and/or polyborates. The subscript 

is the number of extra-annular O atoms. The formula shows the composition of the 3D anion 
formed if all of these are shared with other similar units. 

between two units. Some of the finite units of Fig. 24.15 in which all the 

extra-annular O atoms belong to OH groups exist in hydroxyborates (Table 24.6), 

but various numbers of these O atoms can be shared to form ions extending 

indefinitely in one, two, or three dimensions. The minimum numbers of shared O 

atoms are obviously 2 for a chain and 3 for a layer or 3D system; the known layers 

are built from 4 or 5-connected units. If some OH groups remain the result is a 

hydroxy-anion, as found in many borates crystallized from aqueous solution; if all 

the extra-annular O atoms are shared the anion is of the type B, O, characteristic of 

anhydrous polyborates prepared from the melt. 

(iv) A particular borate anion may be built of units all of the same kind (for 

example, aq) or it may be built from units of two or more kinds (for example, a4 

and c4). We now amplify (ii)-(iv). 

Of the fully ‘hydroxylated’ units of type (a), a3 is the cyclic B303(OH)3 

molecule, aq and ag are not known, but as occurs in a series of hydrated calcium 

hydroxyborates“) which includes the minerals meyerhofferite, Ca[B303(OH)s |. 

H,0, and inyoite, the tetrahydrate. Sharing of the two O atoms | and 2 of ag gives 

the infinite chain ion in Ca[B;0,(OH)3]. HO, colemanite, (Fig. 24.16(a)), and 

sharing of all the atoms 1-4 gives the 2D ion in Ca[B305(OH)], a layer based on 

the simplest plane 4-connected net. (The 3D structure of CaB,O4-1V may be 

described as built of units ag sharing all extra-annular O atoms.) 

The finite hydroxy-ion by is the anion in K,[B4O5(OH)4]. 2 H2O and also in 

borax, (?) a fact necessitating the revision of a familiar chemical formula, 
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Na,B4O7. 10 HO, to Naz [ByO5(OH)4] 8 H20. Hydrogen bonds link the units 

into chains (Fig. 24.16(b)). The cation-water complex in borax was mentioned in 

Chapter 5 as an example of an infinite chain formed from octahedral [Na(H20)6] 

groups sharing two edges to give the HO : Na of 4: 1. 

(a) (b) 

FIG. 24.16. (a) The infinite-chain ion [B304(OH)3]4”"~ in _CaB304(OH)3 . H20; (b) the 

system of hydrogen-bonded [B,05(OH)4 ] ions in borax. 

The tetrahydroxy-ion cq occurs in K[Bs; O,(OH)4]. 2 H,0,°°) and chains 

formed by sharing the O atoms | and 2 form the anion in the mineral larderellite, 

NH, [B;07(OH), 1]. H,0. An intermediate possibility is realized in the mineral 

ammonioborite, (NHq)3[B,5020(OH)s]. 4 H,0,(4) in which the anion is a finite 

group formed from three c4 units: 

3- 

H O OH HO OH 

5. aes 

The formation of 3D framework anions requires the sharing of at least 3 O by 

each sub-unit, but usually 4 or 5 are shared. The simplest structures arise from the 

units aq, bg, and cq which have their four extra-annular O atoms disposed at the 

vertices of (irregular) tetrahedra. These units can therefore link up to form 3D 

frameworks based on the diamond net, as noted in Chapter 3. There are a number 

of points of special interest. In CsB30,°) the units form one framework, but the 

more bulky bg and cq sub-units form two interpenetrating identical frameworks (in 

Li.B407°) and KB;O,°” respectively). This is also true in Ag>BgO, 3,°°) where 

there is the additional complication that each framework is composed of alternate 

units of two kinds (aq and cq): B30, + BsO0g = BgO,3. The units as and c, have 5 

extra-annular O atoms. In BaB,0O,°?? alternate units of these types form a 3D 

S-connected framework by sharing all these O atoms: B305: + Bs5Og: = 2(B,07.). 

An even more complex system is the anion in CsBy0,4'° which consists of two 

interpenetrating 3D nets each built of two kinds of sub-unit. These are the a3 and 

aq units of Fig. 24.15, which are present in the ratio 2a3: lag, so that the 

composition is 2(B3041) + B305 = ByOy4q. 
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These framework ions usually contain no OH groups, all the extra-annular atoms 
being bridging O atoms. An exception is the anion in K, [B;Og(OH)]. 2 H,0,0 
formed from cs units sharing only four of the extra-annular O atoms. This ion is 
also notable as the first 3D anion in a hydroxyborate crystallized from solution. It 
is, however, made under extreme conditions, namely, by evaporating a very viscous 

supersaturated solution made from 5H3BO3 + 2 KOH at 90°C, conditions approxi- 

mating the anhydrous melts from which anhydrous polyborates are crystallized. 

TABLE 24.6 

Hydroxyborates and polyborates 

Number of Cyclic unit of Fig, 24.15 
O atoms 

shared as ba C4 

0 [B303(OH)5]Ca. HzO |} [B4gO5(OH)4]Na> .8 H2O [Bs;0¢(OH)4]K.2H,0 
2 H20 
4H,0 

2, {[B304(OH)3]Ca .H2O [B4O.(OH)2]?~ [B;O7(OH)2]NH,4-.H20 

4 [B3 Os (OH)]Cat [B4O7]Li2 * [Bs Og]K* 

+ Layer structure. * Two interpenetrating 3D frameworks. 

The hexahydroxy-ion c¢ occurs in ulexite, NaCaB;O0,¢(OH),. 5 H,0.“!?? Table 

24.6 summarizes the formulae of anions formed from the sub-units as, by, and cq. 

We have noted two ways of constructing anions (B4O7)7”~ , in Li,B4O7 and 

BaB,O,7. (The framework in CdB,0,4%) is of the same general type as in 

Li,B,0,.) A third possibility is realized in StB,0,‘!%) which has a 3D anion in which 

all the B atoms are tetrahedrally coordinated and 2/7 of the O atoms are 

3-coordinated. We thus have three quite different ways of attaining the O : B ratio 

der: 

C.N. of B CN, of O 

CdB407 (Li2B407) ey A 
BaB4O7 ae 

StB4O7 (PbB407) 4 2 and 3 

We conclude this section with examples of structures based on a more complex 

tricyclic unit with the composition BgO,(OH)¢ (Fig. 24.17(a)). This unit is 

planar, apart from the OH groups attached to the tetrahedral B atoms, and is of 

interest as containing a central O atom bonded to three B atoms. It is found as a 

discrete anion in Mg» [Bg07(OH)6] 2.9 H,0.(! 5) Sharing of the O atoms shown as 

shaded circles in Fig. 24.17(b) results in a layer of composition [Bg09(OH), Eg 

based on the simplest 4-connected plane net (Chapter 3); this is the anion in the 

Piqieral tanellite, STB} Os(OH),.3 H,0.‘2°) In (Ca,Sr),B140,9COH),. 5 H,0"” 

this tricyclic unit is found as the sub-unit in a much more complex layer. The 
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FIG. 24.17. Tricyclic boron-oxygen unit in hydroxyborates (see text). 

multiple unit consists of two Bg units to one of which is attached a B, side chain, 

and this B, 4 complex is linked into layers by sharing six O atoms with other similar 

units (Fig. 24.17(c)). 

Other borate structures containing tetrahedrally coordinated boron 

Coordination groups ranging from BO, to B(OH), are found in some borates, and 

we Shall note here a number of the more interesting structures. 

The simplest structures containing BO, coordination groups are those of BPO4 

and BAsOg, with silica-like structures. Further similarity to silicon is shown by the 

isomorphism of TaBO,4 and ZrSiO, and by the structure of Zn4BeO, se) The B 

atoms in the 3D framework of this crystal are situated at the vertices of Fedorov’s 

packing of truncated octahedra, the BO, tetrahedra being linked in the same way as 

the SiO, tetrahedra in, for example, sodalite, Na,Si3Al,0, Cl. One O atom does 

not form part of the BgO,, framework, so that the compound may be formulated 

ZngO(B6 0; 2). 

Examples of crystals containing BO3(OH) coordination groups include the 

minerals datolite,“*)? CaBSiO,(OH), and colemanite, CaB304(OH)3. H,0. The 

structure of the latter has been mentioned in the previous section. Datolite consists 

of apophyllite-like sheets of tetrahedra (p. 818) held together by Ca?* ions. The 

tetrahedral groups composing the sheets are alternately SiO, and BO3OH, and each 

tetrahedron shares three vertices with tetrahedra of the other kind, the unshared 

vertices being O of SiOg and OH of BO30H groups. The composition of the layer is 

therefore BOsOH . Si0s =BSiO4 OH (Fig. 24.18(a)). 

The mineral pinnoite,“*? originally formulated MgB,04. 3 H,0, contains ions 

O - 

(OH)3B 124° B(OH); 

in which B forms tetrahedral bonds. 

Tetrahedral B(OH)4 ions are found in salts such as LiB(OH),°°?) (B—OH, 
1-48 A), NaB(OH)4.2H,O™) and Ba[B(OH)4]..H,O“) and in the minerals 
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FIG, 24.18. (a) The BSiO4OH layer in datolite, CaBSiO4 (OH), (b) mode of linking of distorted 
octahedral [Cu(OH)4Cly] and tetrahedral [B(OH)q4] coordination groups in bandylite, 
CuCIB(OH)q. (c) elevation of the structure of bandylite showing the layers (b) held together by 

long Cu—Cl bonds. 

teepleite,“©? Na,CIB(OH)4, and bandylite,“7)? CuCIB(OH),4. The latter is also of 

interest in connection with the stereochemistry of the cupric ion (p. 905). The 

structure may be dissected into puckered layers composed of tetrahedral B(OH), 

groups connected by Cu!! atoms which are thereby surrounded by four coplanar 

OH groups at the corners of a square (Fig. 24.18(b)). The layers are held together 

by long Cu—Cl bonds between Cu atoms of adjacent layers and Cl atoms situated 

between them (Fig. 24.18(c)), the coordination group around Cu being a distorted 

octahedron (Cu—4 OH, 1:98 A, Cu—2 (Cl, 2:80 A). The B—OH bond length is 

1-42 A). 
The mineral hambergite‘*), Be,(BO3)OH, is a hydroxy-orthoborate containing 

planar BO3~ and OH" ions, not tetrahedral (BO3,0H)*~ ions. Similarly fluoborite,(°? 

Mg3(OH,F)3BO3, consists of a c.p. assembly of O?~, OH’, and F™ ions with B in 

positions of triangular coordination and Mg in octahedral holes. In general, O: B 

ratios > 4: 1 do not necessarily imply tetrahedral coordination of B since all the O 

atoms are not necessarily bonded to B. For example, we may have an assembly of O 

atoms in which B atoms occupy some positions of 3-coordination and the metal 

atoms octahedral interstices, as in fluoborite. This is the case in the ‘boroferrites’ 

such as Mg,Fes!B,0,°19 and warwickite,“'!) Mg,TiB,Og (p. 497) and 

in Cog Fes'B,0 19: Such compounds may be regarded as intermediate between ortho- 

borates and oxides. As an example of a compound of this type in which there is 

tetrahedral coordination of B we may quote Fe3BO,,(!”) which is isostructural 

The lengths of B—O bonds 

Observed lengths of B—O bonds range from 1:20 A for B=O in the gaseous B,03 
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molecule to around 1°55 A. The mean value for triangular coordination is 1:365 A 

and for tetrahedral coordination 1-475 A, but there are considerable ranges of 

lengths for both types of coordination: 

B=O BO; BO, 
poeauitehaen 3/04 

1208 $28 Sor aecee b a75 

Cyclic H,B,03, boroxine, H3B303, and boranocarbonates 

Cyclic H,B,03 is formed as an intermediate in the oxidation of B5Ho, B4Hjo, ete. 

as an unstable species with a half-life of only 2-3 days at room temperature. As the 

result of a m.w. study the molecule has been assigned the structure (a).“) Boroxine, 

H3B303, is prepared by the action of Hz on a mixture of B + B03. Although it is 

a ‘high-temperature’ species it can be preserved for an hour or two at room 

temperature under a pressure of 1-2 torr in the presence of excess argon. It 

decomposes to B,03;+B,H, but can be oxidized to cyclic Hy B,03. The 

structure (b) has been assigned to the molecule.‘?? 

126° H 0 H Ea a ars 
it Sas /36s | 138 

105° Geb1208.26 

Cina Bo 
H 

(a) (b) 

A BH3-substituted carbonate ion has been made by reacting H3B.CO with 

KOH to give the boranocarbonate, K,(H3B . CO;).) 

Boranes and related compounds 

Preparation and properties 

The boron hydrides (boranes) were originally prepared by the action of 10 per cent 

HCl, or preferably 8N-phosphoric acid, on magnesium boride. The chief product of 

this method was B4H,9, mixed with small quantities of B5H 9, BgHj,9, and 

B, 0H ,4. This mixture was separated into its components by fractional distillation. 

By He had to be obtained indirectly (with B5;H»o and B, 9H,q4) by heating B4Hyo at 

100°C. It is interesting to note that the action of acid on Mg,Si gives the silanes 

from SiH, to SigH;4 in decreasing amounts. A later method of preparing boron 

hydrides was to pass the vapour of BCl3; with hydrogen in a rapid stream at low 

pressure through an electric discharge between copper electrodes. The main 

boron-containing product of this reaction is ByH;Cl, which decomposes when kept 

at O°C into B)H, and BCl3. These and other methods of preparing diborane were 

adequate while the compound was only of theoretical interest. Diborane is now a 
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useful intermediate and reagent; for example, it converts metal alkyls to boro- 
hydrides, reduces aldehydes and ketones to alcohols, and decomposes to pure 
boron at high temperatures. Moreover, it appeared at one time to have a future as a 
rocket fuel, and efforts were therefore made to find better ways of preparing B,H, 
on a large scale from readily accessible starting materials. Methyl borate can be 
prepared in over 90 per cent yield and in a very pure state by heating B,O3 with an 
excess of methanol and removing the methanol from the CH3O0H—B(OCH3)3 
azeotrope so formed with LiCl. Methyl borate is then converted into 
NaBH(OCH3)3 by refluxing with NaH at 68°C, and the following reaction gives a 
nearly theoretical yield of diborane: 

8 (C,H;),0 : BF3 +6 NaBH(OCH;)3 =A 

B,H¢, +6 NaBF4 +8 (C,H;)20 +6 B(OCH;); 

Diborane may alternatively be made directly from B,03 by heating the oxide with 

Al + AICI; at 175°C under a pressure of 750 atm of H3. 
An outstanding feature of borane chemistry is the large number of reactions 

which result in the conversion of one or more boranes into others. These reactions 

make it possible to develop the whole of borane chemistry from one simple starting 

material, diborane. This point is emphasized in Chart 24.2, which shows only a 

small part of the very complex chemistry of boranes. Pyrolysis of B,H¢ yields a 

number of the lower boranes including, for example, the thermally unstable 

B 5H, ;, but this compound is preferably prepared by utilizing the equilibrium 

BoH at 2.Ballio = 2.BeHy, + 2 Hy: 

This borane can be converted catalytically into Bg H, 0: 

2B 5H, > BeHi9 + 2 B2H, 

or reacted with B4H, 9 to give Bs Hg: 

BsHi1 + BaHio > BsHg + 2 BoHe. 

Recycling of the products of a particular reaction may give a satisfactory yield of a 

desired product (for example, B, 9H; 4 from the pyrolysis of B,H¢), and the use of 

the silent electric discharge (with or without the addition of hydrogen) figures 

prominently in the preparation of boranes. 

In some respects the hydrogen chemistry of boron resembles that of carbon and 

in others that of silicon. For example, boranes undergo many substitution 

reactions, H being replaced by halogen, CN, and organic ligands; derivatives of 

Bi oH;4 include B, 9H; 31 and By oH; I, and ByoH;2L, where L is R2S, RCN, 

R3N, etc. Mono-iododiborane reacts with sodium in exactly the same way as does 

ethyl iodide in the Wurtz reaction: 

2 B,Hs1 + 2 Na > BaHjo + 2 Nal 
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CHART 24.2 

Reactions of diborane 

B,H, at 100°C (CH3)3NHCl 
io Na[B3Hg] 
in diglyme 

NaH at 160 C 
Na[BoHg] 

higher temps. 
Na[Bi2Hj2] 

B3H7N(CH3)3 

lyse (100°C talyst BeHi2. BgHig pyrolyse ( ) neat eu catalys Belo 

or BoHi5 
BioHi4 

NaCN = 
: (ByoH13CN) 

Na or KBH Be H* = 
. BioHia ae et Ollic 

CH,CN, (CH;).S ; C,H 
store at room temp. Bal ee BioHj2 (ligand) rs ByoC2Hi0R2 

under pressure bie (dicarboranes) 

catalyst 
H,),N], BH - ByoH BaH, [(C aa ], 350°C 201116 

at —15 C 

N(C,H;)3 an oxidize 2- 
° - BioH (B20 Hig) ——> Bish: H, at 250°C BsHo high temp. 10110 207118 18112 

NO a 
= NOs (B2oHigNO)° 

LiCH, 
i SSS Se Li(Bs Hg) 

Br, 
Sa ere BGIS lB 

s silent 

discharge BioHie 

H, a B,H, 

silent discharge BsHi2 

CH,OH 
B(OCH3)3 BH3. CO(NH3).2 

NH, 
CO 

BH3.CO 

N(CH3)3 

NE BH7N (CH3)3N . BH3 
3 heat in 

sealed tub B3N3H¢ BaH6 . 2 NH3 ealed tube 

B(CH,), Nunes 
B2Hs5(CH3) — B2H2(CH3)4 ———> ‘diammoniates’ ——> B-methyl derivs. of B3N3H¢ 

NH, and B(CH;), 
CH, NH, N-methyl derivs. of B3N3H¢ B-, N-methyl derivs. of B3N3H¢ 
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compare 

? C,H! +2Na-> Cy4Hio + 2 Nal 

In their reactions with halogens and hydrogen halides, however, the boranes behave 
quite differently from hydrocarbons. Diborane, for example, reacts with HCl to 
give a chloro derivative and hydrogen, and B, 9H, 4—which from its formula would 
appear to be an unsaturated compound—forms with a halogen a substituted 
derivative and not an addition product as is the case with C,H, and other 
unsaturated hydrocarbons. There are large differences in thermal stability between 
boranes such as Bs;Ho and the very unstable Bs5H,,, but generally in their low 
stability and vigorous reaction with water the boranes resemble silanes rather than 
hydrocarbons. 

In addition to the neutral boranes many borohydride ions have been prepared, 
ranging from BH, to Bz9H?s and including a remarkable series of polyhedral ions 
B,H;, (n from 6-12). Unlike the boranes these ions have highly symmetrical 
Structures and appear to be the boron analogues of the aromatic carbon com- 
pounds. There is extensive delocalization of a small number of electrons, in contrast 
to the localized 3-centre bonds in the neutral boranes, and the alkali-metal salts of 
B, Hijo and B, >H75 are extremely stable compounds. Borohydride ion chemistry 
is complicated by the fact that not only are there polyhedral ions B,H?~ but there 
are also (a) many substituted ions (for example, B,,H,,OH*), (b) ions with the 
same composition but different charge (for example, BgH~ and the paramagnetic 

BgHg), and (c) ions with the same boron, or boron-carbon, skeleton but different 

numbers of H atoms and different charges (for example, B,,;H73 and B,,Hja, 

which are reversibly interconvertible). Fully halogenated ions include B, yBr75 and 

B,oCl?9; the latter has been isolated in the free acid, (H30)2B,9Cl, 9. 5 H20. 

Furthermore, oxidation of B,; H{@ gives the By)H?g ion, which consists of two 

Bo units joined by two 3-centre bonds (contrast the borane B,9H;.¢). There are 

also ions in which the two ‘halves’ are linked by NO or a metal atom in place of the 

3-centre bonds, for example, By 9H, gNO?~ and Fe(1-ByCyH, ;)3-. 
Isoelectronic with ions B,H?~ are the dicarboranes, B,C,H,,42, prepared from 

appropriate boranes and acetylene, which also have aromatic character. These also 

form composite m-bonded ions which form salts such as [(C,H5)4N]2 

[Cu(C2BoHj 1)2]. 
We have therefore three main groups of structures to summarize: 

(a) the boranes and their derivatives, including the higher members formed from 

two simpler units joined at a common vertex (B; 9H; 6), a common edge (B, gH, 

B;gH>22), or a common face (By 9H,¢). In Table 24.7 an asterisk distinguishes 

boranes that were prepared by Stock; all of these, and most of the others, fall into 

one of two families, B,H,+4 and B,H,+.6, the former being generally far more 

stable than the latter. 

(b) borohydride ions and metal borohydrides, and 

(c) the polyhedral ions B,,H2~ and the isoelectronic carboranes B,C,H, + and 

their derivatives, including the composite ions mentioned above. 

Table 24.7 lists the boranes and some simple derivatives, with references to 

structural studies. 
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TABLE, 2477 

Boranes and simple derivatives 

BrHn+4 BynHn+6 Others Reference 

B,He JCP 1968 49 4456 (vapour) 
JCP 1965 43 1060 (crystal) 

BaHio JACS 1953 75 4116 (vapour) 
JCP 1957 27 209 (crystal) 

Bs Ho JCP 1954 22 262 (vapour) 
AC 1952 5 260 (crystal) 

BsHi1 JCP 1957 27 209 

BeHio ae JCP 1958 28 56 

67412 

Bg Hi2 aoe AC 1966 20 631 

81116 

Bg Hig 
Bolas JCP 1961 35 1340 

tL BoHys 
BioHi4 IC 1969 8 464 (n.d.) 

BioHi6 JCP 1962 37 2872 

Bie H20 IC 1970 9 1452 

n-BygH22 AC 1966 20 631 

-BygH22 ICP 1963 39 2339 
BooH16 JCP 1964 40 866 

Bz H2 (CH3 )q4 IC 1968 7 219 

Bs Hel AC 1965 19 658 

B5H7(CH3)2 IC 1966 5 1752 

ByoHi31 IC 1967 6 1281 

BioHial2 JACS 1957 79 2726 

Bio Hi2 [S(CH3)2]2 AC 1962 15 410 

The molecular structures of the boranes 

Because of the number and complexity of the boranes and their derivatives we shall 

not attempt to describe all their structures in detail. Apart from B,H¢ most of the 

boranes have boron skeletons which are usually described as icosahedral fragments. 

(They could equally well be related to the more recently discovered carboranes 

B,CoHp+2 since the boron-carbon skeletons in these compounds are highly 

symmetrical triangulated polyhedra (Table 24.8) which include the icosahedron.) 

The great theoretical interest of the boranes stems from the fact that they are 

electron-deficient molecules, that is, there are not sufficient valence electrons to 

bond together all the atoms by normal electron-pair bonds. In these molecules the 

number of atomic orbitals (1 for each H and 4 for each B) is greater than the total 

number of valence electrons: 

Total number of Total number of Number of 
atomic orbitals valence electrons 3-centre bonds 

By He 14 ye 2 

BaHo0 26 22 4 
Bs Ho 29 24 5 

ByoHy4 54 44 10 
BigH22 94 716 18 
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Structural studies show that in molecules of boranes some H atoms (on the 
periphery of the molecule) are attached to a single B (B—Hterminal» 1:2 A) while 
others are situated between B atoms forming B—H—B bridges. These bridges are 
usually symmetrical (B—Hpridge, 1°34 A); an exception is the slightly unsym- 
metrical bridge in Bj gH, 4, with B—Hy, 1:30 and 1-35 A. The B atoms are at the 
vertices of triangulated polyhedra or fragments of such polyhedra, with B—B 
usually 1-70-1-84 A but in rare cases smaller (1-60 A for the basal B—B in BgH; 0) 

or larger (1:97 A for two B—B bonds in B, 9H, 4). In general each B atom is bonded 
to one or more terminal H atoms, but in some boranes which consist of two ‘halves’ 
the B atoms involved in the junctions are bonded only to B atoms or to B atoms 

and bridging H atoms: 

BioH,6: two B bonded to 5 B only 

i-B, gH): one B 5 Ba 2l¢ 

one B 7 B only 

n-Bi gH: two B 6B+1H,. 

In order to account for the molecular structures, retaining two-electron bonds 

and at the same time utilizing the excessive numbers of orbitals available it has been 

supposed that three or more atomic orbitals combine to form only one bonding 

orbital. The structures of the simpler boranes may be formulated with 3-centre 

bonds of three kinds. (Fig. 24.19). In the central (closed) bond, (a), the three B 

atoms use hybrid orbitals and are situated at the corners of an equilateral triangle. 

Q 

central (closed) OU open B—H-—B bridge 

(a) (b) (c) 

FIG. 24.19. Types of 3-centre bond in boranes. 

In the open 3-centre bond, (b), they form an obtuse-angled triangle, and the 

intermediate B atom uses p orbitals, while in (c) the two B atoms are bridged by a 

H atom, and the orbitals used are 1s of H and hybrid orbitals of B. In some of the 

more complex systems, such as the polyhedral ions, complete delocalization of a 

number of electrons (implying the use of a larger number of orbitals) appears to be 

necessary to account for the ‘aromatic’ character—compare C.Hs, CsH¢, and C7H;. 
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Diborane, B,Hg. The results of the latest electron diffraction (sector, micro- 

photometer) study of this (diamagnetic) molecule are: 

Seed EP Geer ae. pees 

Bi ) 965° BBG ious 

H ed § H 

ee 

The plane of the central BH,B system is perpendicular to those of the terminal 

BH, groups (Fig. 24.20(a)). An X-ray study of the crystalline 8 form (at 4:2°K) 

FIG. 24.20. The molecular structures of boranes and 
related compounds; (a) B2H.¢, (b) B4Hjo, (c) Bs5Ho, 
(d) BsHii, (©) BgHi2, (f) BoHis, (g) BioHya, 

(h) By oH 2[S(CH3)2]. 

gives a similar B—B distance but shorter B—H bond lengths (B—H;, 1-09 A, and 
B—Hp, 1:24 A) and angles H;BH;, 124°, and Hp BH, 90°. The absence of a direct 
B—B bond in diborane accounts for reactions such as 

BH, + 2CO>2BH,.CO 
BH. + 2 N(CH3)3 > 2 BH3. N(CH3)3 

and 

BH. + 2 NH3 > NH,(H3B . NH). BH3) 
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Of the six H atoms in B,H¢ only four can be replaced by CH; and in these 

methylated compounds there are never more than two CH; groups on a particular 

B atom. Also, B(CH3)3 is known, but not BH(CH3) 2 or BH,(CH3), which could 

obviously condense to BzH,(CH3)4 and B,H4(CH3), respectively. In the molecule 

(CH3)2BH,B(CH3), the following distances were determined: B—H, 1:36 A, B—C, 
1:59 A, and B—B, 1-84 A. 

Tetraborane (10), BgH;9. The configuration of Fig. 24.20(b) has been estab- 

lished by e.d. and by a study of the crystal structure. The B atoms lie at the corners 

of two triangles hinged at the line B,B3 with dihedral angle B, B3B,/B,B3By4 = 

1244° and angle B,B,Bq = 98°. This second angle would be 90° or 108° 
respectively if the group of four B atoms was a fragment of an octahedron or 

icosahedron. 

Pentaborane (9), B5Hg. The boron framework has the form of a tetragonal 

pyramid (Fig. 24.20(c))—compare the octahedral Bg groups in CaB, and B,gH@7 (see 

later). The mean B—B bond lengths are close to 1-80 A in the base (B,B,) and to 

1-70 A for B,—By. A very similar Bs skeleton is found in BsHgl (I attached to apical 

B,) and in B;H,(CH3)2 (CH3 bonded to two adjacent basal, B2, atoms). 

Pentaborane (11), B5;H,,. In this hydride the boron skeleton (Fig. 24.20(d)) 

may be regarded as a fragment of the icosahedron-like arrangement in B, 9H; 4 or as 

related to the tetragonal pyramid of B5;H» by opening up one of the basal B—B 

bonds. The bond lengths are: 

Br-By = 1:72 A (mean) B—H, = 1-10 A (mean) 

By—Bin= 1-76 (mean) B-ii, = 1-22 

By By = 1-77 Byy-Hvy =1-72 (mean) 

Br- Bry = 1-87 

A feature of this molecule is the unique Hy 1; which is bonded to B, (1-09 A) but is 

also at a distance of 1:72 A from the two Byy; atoms. 

Hexaborane (10), BgHio- An X-ray study of BgH;9 showed that in this hydride 

the B atoms are arranged at the apices of a pentagonal pyramid, so that here also 

the boron skeleton is a portion of an icosahedron. Bond lengths are shown in Fig. 

24.21, the estimated standard deviations being about 0-05 A for B—H and 0:01 A 

for B—B. Note the unsymmetrical nature of the base of the pyramidal molecule, 

with one short B—B bond. 

Octaborane (12), BgH;2. This thermally unstable borane is produced in very 

small amounts by the action of a silent electric discharge on a mixture of BsHo, 

B Hg, and Hz. The molecule is closely related to ByH, 5, the doubly bridged BH 

marked e in Fig. 24.20(f) being replaced by a bridging H atom. Certain of the B 

atoms in Fig. 24.20(e) and (f) are distinguished by letters to facilitate comparison 

of the molecular structures. 

Enneaborane (15), BoH,5. The much less regular skeleton of this hydride (Fig. 

24.20(f)) can be derived from an icosahedron by removing three connected B atoms 

869 

FIG. 24.21. Bond lengths in 

BeHio- 



Boron 

which do not form a triangular group and then opening out the structure around 

the ‘hole’ so formed. 

Decaborane (14), By 9H,4- This (solid) hydride is one of the most stable boranes. 

The B atoms occupy ten of the twelve vertices of a distorted icosahedron, and ten 

of the H atoms project outwards approximately along the 5-fold axes of the 

icosahedron so that the outer surface of the molecule consists entirely of H atoms. 

We have already noted the longer B—B bonds (1-97 A) in this molecule (they are 

the bonds B,—Bg and B5;—B, 9 in Fig. 24.20(g)) and the slight asymmetry of the 

hydrogen bridges. Two isomers of B, 9H, 3I have similar structures to Bj 9H; 4 and 

in ByoH,2I, the iodine atoms are attached to B, and By. In ByoH;2[S(CH3),]2, on 

the other hand, the substituents are bonded to Bg and Bo and there is rearrangement 

of the hydrogen bridges (Fig. 24.20(h)). 

Decaborane (16), ByoH;6. This borane is produced directly from B;Hg (electric 

discharge) with loss of two H atoms. The molecule (Fig. 24.22(a)) consists of two 

Bs units as in Bs Hg joined by a single B—B bond. 

Boranes B,6H29, By gH22, and By 9H,,.A number of higher boranes consist of 

two icosahedral fragments joined by sharing an edge (B, 6H 9 and the two isomers 

of B;gH22) or of two icosahedra sharing two faces (By9H,,¢). Their molecular 

structures are illustrated in Fig. 24.22(b)—(d). 

FIG. 24.22, Structures of boranes: (a) ByioHi6, (b) By 6H20, (c) BygHo2, (d) Boo Hy6.- 

Borohydride ions and carboranes 

Metal derivatives of boranes and related compounds are of at least three types: 

(a) salts containing ions, which range from BH, and B3Hg to polyhedral ions, 
(b) covalent molecules and ions in which BH4 and B3Hg groups are bonded to 

metal atoms by hydrogen bridges, and 
(c) m-type sandwich structures formed by carboranes. 

We shall not adhere strictly to this order. 
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The BHg ion. Numerous borohydrides M(BH,), have been prepared by the 

action of metal halides on NaBHg, obtained from B(OCH3)3 and NaH at 250°C, 

and in other ways. In the series NaBH,, LiBHy, Be(BH,)2, and Al(BH4)s there is a 

gradation in chemical and physical properties, for example, an increase in volatility 

and decreased stability towards air and water. The sodium compound is a 

crystalline solid stable in vacuo up to 400°C, though very hygroscopic. At room 

temperature it has the NaCl structure“! (like the K, Rb, and Cs salts), but below 

—83°C there is a lowering of symmetry to body-centred tetragonal?) (compare the 

ammonium halides). The lithium salt melts at 275°C and apparently has the 

zinc-blende or wurtzite structure.) These salts presumably contain tetrahedral 

BHg ions similar to the tetrahedral BHq groups in the covalent compounds to be 

described shortly. 

Al(BH4)3 is a volatile liquid boiling at 44-5°C and the borohydrides M(BH4)q of 

U, Th, Hf, and Zr are the most volatile compounds known of these metals. 

In the more covalent metal borohydrides BH, is bonded to the metal by 

hydrogen bridges, as shown in Fig. 24.23 for Be(BH,)2,‘”? Al(BH4)3,°? 

[(CgH5)3P] 2. CuBHy,“® and Al(BH,)3. N(CH3)3.°7®) Note the quite different 
mode of bonding of BH, in the Be and Al compounds, and the trigonai prismatic 

arrangement of the 6H atoms around the metal atom in the latter. It was not 

possible to locate the H atoms in the room temperature form of Al(BH4)3. 

(1) JACS 1947 69 987 

(2) JCP 1954 22 434 

(3) JACS 1947 69 1231 

(4) ACSc 1968 22 859 

(S) ACSc 1968 22 328 

(6) IC 1967 6 2223 

(7a) IC 1968 7 1575 

H 
/ 

Hes 

i H 
H H H x Va N(CH;) 
ee \\ SS B 2-02A af 

Be.!-60A Al en S aac AP H | 2008 

He ee /| ‘ ie a DD Al | ae | H 1-20A re ae 
y VISA H H u 219A J nS I] : x Aan H SS 

yes} meine y Nas 128A H~ 98 
H SH f394 1 ee — ey H 46° ae \ BH, An BH, 

—=--|-74A--— ea Al *73° 114° B 4 

H H H 

(a) (b) (d) 

H, S 
N(CH), sao oa Cann 

H H Bisae 

Ce SH lel el © \ is a Ff ae H ae 
ose | he a a 

INO ES ae Bee ae oe | ee a / a= / r 

Fe y i TN EOS ary OGa Ne Mn ~ Don H ae / VK 6 O Ht \ SH BH ee pe Say? 84a | ee tee) NS ue 
7 V80A \ 2-28A c H— Mn— 

H H H gaP 120° Pos O 

(e) (f) (g) (h) 

5 i é y : Be(BHg)2, 
FIG. 24.23. Molecular structures of borohydrides and related compounds: (a) 2 

im Al(BH4)3, (c) [(CgHs)3P] 2Cu(BHa4), (d) and (e) Al(BH4)3 - N(CH3)3, (f) (B3Hg) ; 

(g) [(C6Hs)3P] 2Cu(B3Hg), (h) {Cr(CO)4B3Hg] , (i) HMn3(CO); 0(BH3)2- 
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(7b) IC 1971 10 590 

(8) JACS 1960 82 5758 

(OEIC 827155 

(10) IC 1970 9 367 

(11) JACS 1965 87 2753 
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N(CH3)3, in which the gross structure of the molecule is tetrahedral, (d), but in the 

low temperature form the three BH groups are not equivalent. One is rotated so 

that one H (H*) occupies an apical position of a pentagonal bipyramidal group 

around Al, (e). In the molecule Zr(BH4)4 the BH4 groups are arranged tetrahedrally 

around the metal atom with triple bridges: 7 

The B3Hg ion. The structure of this ion, Fig. 24.23(f), has been determined in 

[H,B(NH3)2](B3Hg)‘*) a compound originally formulated B4H 9. 2 NH3 which 

is prepared from B4H, 9 + NH3 in ether at —78 C:; 

Examples of covalent molecules in which B3Hg is attached to the metal by 

hydrogen bridges include [(C¢Hs5)3P] 2. Cu(B3Hg)°?? and [Cr(CO)4B3Hs] 

N(CH3)4,)% Fig. 24.23(g) and (h). All H atoms were located in an X-ray study of 

HMn;3(CO), 9(BH3)z, (i), the molecule of which contains not only metal—H—boron 

bridges but also Mn—H—Mn bridges.{! !) 

TABLE 24.8 

Polyhedral borohydride ions and carboranes 

Configuration Bribly Byn2C2Hy Reference 
or derivative 

Trigonal bipyramid Bs He 
os B3C2Hs5 IC 1973 12 2108 

Octahedron Bo Hg IC 1965 4917 
Pentagonal bipyramid B7H7” 

B5C2H7 JCP 1965 43 2166 
Dodecahedron Bese IC 1969 8 2771 

ie Bg C2H6(CH3)2 IC 1968 7 1070 
Tricapped trigonal prism Bg Ho IC 1968 7 2260 

a % B7C2H7(CH3)2 IC 1968 7 1076 
Bicapped square antiprism BioH io JEP 1962371779 
11-skeleton 

iS BoC H9(CH3)2 JACS 1966 88 4513 
Icosahedron By2Hi2 JACS 1960 82 4427 

ByoC2Hyio0Br2 IC 1967 6 874 

Composite ions 
2 

ByoHig 
By0H7g (photoisomer) 

LG ST BLO sa 
IC 1968 7 1085 

Boo H1gNO3- IC 1971 10160 

Icosahedral fragments , 

By Hy3 TERS GHeORAOS 
B7C2H 11 (CH3)2 IC 1967 6 113 
BgC2Heg IC 1964 3 1666 

872 



Boron 

Polyhedral ions. From the structural standpoint the simplest polyhedral ions are 
the family B,H?~ which are known for n = 6 to 12 inclusive and are conveniently 

grouped with the isoelectronic carboranes B,—2C,H,. These ions are usually 

isolated in alkali metal or substituted ammonium salts. The boron (or boron- 

carbon) skeletons are the highly symmetrical triangulated polyhedra listed in the 

upper part of Table 24.8, as shown by structural studies of ions, carboranes, or 

substituted carboranes for which references are given. One terminal H is attached 

to each vertex of the polyhedral B, or B,_2C,2 nucleus; there are no bridging H 

atoms. 

In addition to ions B,,H2~ numerous ions containing more H atoms have been 

prepared, and the structures of some have been studied. Such ions include: B;Hg, 

Beem bet ie bint se Biotlae) Biglita, Binll;.. and BijH-,. Im ions of this 
type the excess of H atoms, over the number required for one terminal H on each 

B, are available for bridge formation, which results in rearrangement of the boron 

skeleton. The same situation arises in the carboranes. Thus B7C,H,(CH3), is a 

substituted derivative of a borane of the B, C,H, family, and the B,C, 

polyhedron is the tricapped trigonal prism in which C atoms cap two of the prism 

faces (Fig. 24.24(a)). On the other hand, B7C,H,,(CH3)2 is a derivative of 

B,C,H;3 and the skeleton is an ‘opened out’ icosahedral fragment with two H 

bridges and one H on each B and C atom (Fig. 24.24(b)). Similarly, BgC.H6(CH3 )2 

has the form of a pentagonal pyramid (not an octahedron, like B,Hz_), while 

B,1H73 is strictly an icosahedron less one vertex (two H bridges), Fig. 24.24(c), in 

b : pi 

eo 
wa 

See 
(e) 

2=- 

c) By,H 
FIG. 24.24. Molecular structures of (a) B7C2H7(CH3)2, (b) B7C2H14(CH3)2, (©) Bri His, 

(d) BoC2H14, (e) and (f) BzoH?g, (g) (ByoHigNO)3 : 
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(2) IC 1966 5 1189 

(3) JACS 1965 87 3988 

(4) JACS 1970 92 1173 

(S) JACS 1968 90 4828 

(6) JACS 1970 92 1187 

(7) IC 1969 8 2080 

Boron 

contrast to ByoC,H,, which has the more, symmetrical shape (d) formed by adding 

one B atom to the skeleton of the B,; 9H 14 type. 

Composite ions include the two isomers of By Hig, (e) and (f), and the 

By 9H, gNO?~ ion, (g). The parent ion Bo 0H?s; (e) is formed by oxidation of 

By, oHio by ferric or ceric ion; action of u.v. light in acetonitrile solution gives the 

photoisomer (f). The ion (g) is formed by the action of NO on ByoHi3.- 

Metal derivatives of carboranes. The last group of metal compounds to be 

mentioned here are those in which one or more carborane ions are 1-bonded to a 

transition-metal atom to form either a composite ion or a neutral molecule. 

Examples are shown in the self-explanatory Fig. 24.25, namely, the ions 

[Co(B5C>H,4)2]~ and [ByC,H,,;Re(CO)s3]~% both studied in their Cs salts, 

FIG. 24.25. The molecular structures of (a) [Co(B9C2H 11)2]~, (b) [ByC2H 11 Re(CO)3] , 
(c) Fe(CsHs5)(BgC2H 11). H atoms are omitted. 

and the ‘sandwich’ molecule Fe(m-CsHs)(1-BoC2H11). A number of molecules 

and ions of the type of Fig. 24.25(a) have been studied containing Fe, Co, Ni, Cu, 

and Au in various oxidation states and in some cases with substituents in place of 
some of the H atoms, for example, Ni'¥(ByC,H, o.°> [Cull (Be GsHs 12] 5? 

and [Ni!!(ByC,H,1)2]?~.© Some of these complexes have the symmetrical 

staggered configuration of Fig. 24.25(a) while others have a less symmetrical 

‘sheared’ structure; the difference may be associated with the number of d electrons 

on the 3d transition-metal atom. In the anion in Cs, [(BoC Hy, 1) Co(BgC2Hj 0) 

Co(ByC,H,,)].H,O the metal atoms are bridged by a 10-atom icosahedral 

fragment and also bonded to 1 1-atom fragments.{7? 
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Copper, Silver, and Gold 

Valence states 

Each of these elements follows a transition metal (Ni, Pd, and Pt respectively) with 

a completed d shell. They might be expected to behave as non-transition metals and 

to form ions M* by loss of the single electron in the outermost shell or to use the s 

and p orbitals of that shell to form collinear sp or tetrahedral sp? bonds. In fact, 

both Cu and Ag form ions M* and bonds of both these types, but Au* is not 

known and Au(1) shows a marked preference for 2- as opposed to 4-coordination. 

Moreover, all these elements exhibit higher valences as a result either of losing one 

or more d electrons (e.g. Cu**) or of utilizing d orbitals of the penultimate shell in 

combination with the s and p orbitals of the valence shell. In these higher valence 

states these elements have some of the characteristic properties of transition metals, 

for example, the formation of coloured paramagnetic ions. This dual behaviour 

greatly complicates the structural chemistry of these metals. Since not very much is 

known of the structural chemistry of these elements in certain oxidation states we 

shall deal separately and in more detail with Cu(i), Ag(1), and Au(1), Cu(ir), and 

Au(iIl), and include what is known about Cu(1i1), Ag(irt), and Ag(iir) in our 

preliminary survey. 

In spite of the general similarity in the electronic structures of their atoms, Cu, 

Ag, and Au differ very considerably in their chemical behaviour. First, the valences 

exhibited in their common compounds are: Cu, 1 and 2, Ag, 1, and Au, 1 and 3. 

In addition, Cu and Ag may be oxidized to the states Cu(iu) and Ag(i1) and 

Ag(1it) respectively, but no simple compounds of Au(i1) are known. Most 

crystalline compounds apparently containing Au(i!1), for example, CsAuCl3 and 

(CgHsCH,)2S . AuBrz,“'? actually contain equal numbers of Au(1) and Au(t11) 

atoms. The first fully characterized paramagnetic compound of Au(iI) is 

[Au!(mnt),] [(n-C4H9)4N] »,‘?) which is stable in the absence of air but oxidizes 

rapidly in solution; according to an e.s.r. study the phthalocyanin is a derivative of 

Au(i1).©) Second, the more stable ion of Cu is the (hydrated) Cu** ion, whereas 

that of silver is Ag*. In contrast to copper and silver, there is no ionic chemistry of 

gold in aqueous solution, for the Au* and Au** ions do not exist in aqueous 
solutions of gold salts, at least in any appreciable concentration. The only 

water-soluble compounds of gold, aurous or auric, contain the metal in the form of 

a complex ion as, for example, in solutions of K[Au(CN)2] or Na3[Au(S203).]. 

2 H,0O. Coordination compounds of Au are considerably more stable than the 
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corresponding simple salts. For example, AuCl is readily decomposed by hot water, 

which does not affect [Au(etu),]Cl.H,O. Similarly, aurous nitrate has not been 

made but [Au(etu),]NO3 is a quite stable compound. Auric nitrate can be pre- 

pared under anhydrous conditions and complex auric nitrates such as K[Au(NO3)4] 

are known. 

As already noted, the more stable ion of copper in aqueous solution is the cupric 

ion. Cuprous oxy-salts such as CuzSO4 are decomposed by water, 2 Cu Cie 

Cu?*, and CuNO, and CuF are not known. Although anhydrous Cu2SO3 is not 

known, the pale-yellow Cu,SO3. 4 H,0 can be prepared, and also NH4CuSO3 and 

NaCuSO3. 6 H 0. We refer later to salts containing both Cu(1) and Cu(11). The 

stable cuprous compounds are the insoluble ones, in which the bonds have 

appreciable covalent character (the halides, CuzO, CuzS), and the halides and the 

cyanide are actually more stable in the presence of water than the cupric 

compounds. Thus Cul, and Cu(CN)2 decompose in solution to the cuprous 

compounds. The cuprous state is, however, stabilized by coordination, and 

derivatives such as [Cu(etu)4] NO 3 and [Cu(etu)3] SO, are much more stable than 

the simple oxy-salts (etu = ethylene-thiourea). In pyridine the equilibrium 2 Cu* + 

Cu?* + Cu is strongly in favour of Cu*. In general the cupric salts of only the 

stronger acids are stable, Cu(NO3). and CuSO, for example; those of weaker acids 

are unstable, and only ‘basic salts’ are generally known, as in the case of the 

carbonate, nitrite, etc. However, if a coordinated ion such as Cu(en)3* is formed, 

then stable compounds result, for example, [Cu(en),](NO,),, [Cu(en),]SO3 etc. 

If methyl sulphide is added to a solution of a cupric salt, the cuprous compound is 

precipitated, while if ethylene diamine is added to a solution of cuprous chloride in 

KCl (in absence of air) the cupric ion Cu(en)3 * is formed with precipitation of Cu. 

From these facts it is clear that the relative stabilities of Cu* and Cu?* cannot be 

discussed without reference to the environment of the ions, that is, the 

neighbouring atoms in the crystal, solvent molecules or coordinating ligands if 

complex ions are formed. For the reaction 

2 Cu (g) > Cum (2) + Cu) 

AH = +870 kJ mol™', corresponding to a large absorption of energy. If, how- 
ever, we wish to compare the stabilities of the two ions in the crystalline or 
dissolved states this AH will be altered by a (large) amount corresponding to the 
difference between the interactions of Cu* and Cu?* with their surroundings, as 
represented by lattice energies or solvation energies. These will be much greater for 
Cu?* than for Cut, so that AH’ may become negative, that is, ionic cuprous salts 
are less stable than cupric. With increasing covalent character of the Cu—X bonds, 
AH' again becomes positive, and in the case of the iodide and the cyanide it is the 
cuprous compound which is more stable. The actual configuration of a coordinating 
molecule may be important in determining the relative stabilities of cuprous and 
cupric compounds, as shown by the following figures for (Cu!!)/(Cu!)? in the 
presence of various diamines. 
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(Cul)/(Cul)? 
Ethylene diamine ~10° 

Trimethylene diamine ~ 10+ 

Pentamethylene diamine SxulOna 

(cf. Ammonia MMO) 

Whereas ammonia stabilizes Cu! in the reaction 

2 Cu(NH3)3 = Cu(NH3)3* + Cu, 

the first two diamines stabilize the cupric state. These compounds can form chelate 

complexes with Cu!! but apparently not with Cu!, while pentamethylene diamine 

presumably can be attached by only one NH, to either Cu!! or Cu! and therefore 

behaves like ammonia. 

Compounds of Cu(i11) 

Very few compounds of Cu(ii1) are known. The hydrated periodates 

M,,H7_,Cu(IO¢) (M is an alkali metal) and also KCuO,) are diamagnetic, from 

which it was concluded that the metal atoms are forming four coplanar (dsp?) 

bonds as in the diamagnetic planar 4-coordinated complexes of Au(11). This bond 

arrangement has been demonstrated for (a), which is diamagnetic and isostructural 

with the Au(111) compound.) Both Cu!!—Br (2:31 A) and Cu!!!_s (2-19 A) are 
shorter than the corresponding bonds to Cu(i1). In crystalline Na3KH3 [Cu(I0¢), |. 

14 H,O®>) there are complex anions, (b), consisting of two octahedral IO, groups 

linked by a Cu atom (Cu—4 O, 1-9 A) which forms a fifth bond to a water molecule 

(Cu—O, 2:7A). The complex fluoride Ka cuFe on the other hand, is 

paramagnetic with Mere, corresponding to 2 unpaired electrons, and Cu(1r) has 

; Lorna 
nae ene ee an 

Br S C4Ho Lo \ | 

ance Ore 
(a) 

(b) 

(1) ZaC 1952 270 69 

(2) IC 1968 7 810 

(3) NW 1960 47 377 

(4) AnC 1950 62 339 

been provisionally assigned an octahedral (4s4p34d?) configuration in this 

compound. 

Higher oxidation states of Ag 

The simple argentic ion has been produced in concentrated nitric acid solution, but 

apart from the fluoride, AgF,, compounds of Ag(1I) can be prepared only in the 
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presence of molecules which will coordinate to the metal and form complex ions. 

The structure of AgF,,(!? which is quite different from that of CuFo, is described 

on p. 223. The nitrate is formed by anodic oxidation of AgNO 3 solution in the 

presence of pyridine and isolated as [Ag(py)4](NO3)2 and the persulphate is 

formed by double decomposition and isolated as [Ag(py)4]S2Og. Many other 

coordination compounds of Ag(1I) have been prepared, and their magnetic 

moments (around 2 BM) correspond to | unpaired electron. An incomplete X-ray 

study?) of the isostructural cupric and argentic salts of picolinic acid, (a), provides 

the only evidence for the coplanar arrangement of four bonds formed by Ag(I1) in a 

nee 
oe 

(a) 

finite complex. A preliminary study of AgL,. HO (L= pyridine-2,6-dicarboxylate) 

indicates a distorted octahedral structure in which the two ligands coordinate to the 

metal with different Ag-O and Ag—N bond lengths (Ag—O, 2:20 and 2:54 A, 

Ag-N, 2:08 and 2:20 A). 
The oxide AgO is prepared by slow addition of AgNO; solution to an alkali 

persulphate solution, and is commercially available. It is a black crystalline powder 

which is a semiconductor and is diamagnetic. It is Ag! Ag!"O,),, and its structure is a 

distorted form of the PtS structure, another variant of which is the structure of 

CuO (tenorite). In CuO all Cu atoms have 4 coplanar neighbours, but in AgO Ag(1) 

has two collinear O neighbours (Ag'—O, 2:18 A), the other two atoms of the 

original square planar coordination group being at 2:66 A, while Agit has 4 

coplanar O neighbours at 2-05 A.) Electrolysis of an aqueous solution of AgNO3 

with a Pt anode gives a compound with the empirical composition Ag;NO,, as 

black cubic crystals with a metallic lustre. This is an oxynitrate, Ag(Ag, Og)NO3°° 

and the corresponding fluoride, Ag(Agg,Og)F apparently has a closely related 

structure. One-seventh of the Ag atoms (presumably Ag”) have 8 O neighbours at 

the vertices of a cube (Ag—O, 2°52 A as in AgClO3). The remainder are all 

equivalent and form the AggOg framework; they have a square coordination group 

(Ag—O, 2:05 A). There is clearly interchange of electrons between Ag atoms in 

higher oxidation states, to give a neutral framework of composition Ag¢ Og, leading 

to the colour and semiconductivity (compare the bronzes, p. 505). This compound, 

like AgO, contains the metal in more than one oxidation state. Diamagnetic 

compounds containing exclusively Ag(i11) presumably include the yellow salts 

KAgF, and CsAgF, (which are readily decomposed by moisture), salts such as 

Kg H[Ag(10¢)2] . 10 H,O and NagH3[Ag(TeO,).].18H,O which are probably 

structurally similar to the Cu(111) compounds, and the red salts (sulphate, nitrate, 

etc.) of the very stable ethylenebiguanide complex (b). 
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The structural chemistry of Cu(1), Ag(1), and Au(1) 

The simplest possibilities are the formation of two collinear (sp) or four tetrahedral 

(sp?) bonds. In addition, Cu(1) and Ag(1) form three bonds in a number of crystals, 

and we shall give examples of this bond arrangement after dealing with the two 

simpler ones. 

The formation of two collinear bonds by Cu(1), Ag(t), and Au(1) 
The formation of only two collinear bonds by Cu(1) is very rare, and is observed only 

with the electronegative O atom, in Cu,O (with which Ag,O is isostructural), 

CuFeO, and CuCrO, (p. 478) and also apparently in KCuO, with which KAgO, 

CsAgO, and CsAuO are isostructural.(!2) Although two collinear bonds are formed 

to N atoms in the diazoaminobenzene compound (a), (of length 1-92 A) the 

Cu—Cu distance (2-45 A) is less than in metallic Cu (2:56 A) and presumably 
indicates some interaction between the metal atoms.“>) The formation of 

metal-metal bonds in addition to 2, 3, or 4 bonds to non-metals seems to be a 

feature of the structural chemistry of Cu(1) and Ag(1). The reluctance of Cu(1) to 

form only two collinear bonds leads to many differences between the chemistry of 

Cu(1) on the one hand and Ag(1) and Au(1) on the other. For example, whereas 

Ag(1) and Au(1) form two collinear bonds in AgCN and AuCN and also in the 

M(CN), ions, CuCN has a much more complex (unknown) structure with 36 CuCN 

in the unit cell,{?) and in KCu(CN), Cu(1) forms three bonds (p. 884). With 

long-chain amines cuprous halides form 1:1 and 1: 2 complexes. The former are 

tetrameric and presumably similar structurally to [Cul . As(C,H;)3]4 (p. 883), 

while the 1:2 complexes are dimeric in benzene solution and may be bridged 

molecules, (RNH,).Cu.X Cu(NH,R)2. The compounds formed by Cu(1) and 

Au(1) of the type P(N)-M—C, where P(N) is a phosphine (amine) and C an 

acetylene, have entirely different structures. The gold compounds form linear 

molecules, for example, 

C=C(C,Hs)*? 
Geog le Nennaa Caron 

whereas the phosphine (CH3)3P—Cu—C=C(C,H;) is tetrameric (p. 883), though 

with a quite different structure from (R3PCul)q. 
There are numerous examples of Ag(1) forming two collinear bonds. In AgCN 

there are infinite linear chains of metal atoms linked through CN groups (Ag—Ag, 

5-26 A), and very similar chains exist in Ag3CN(NO3)2, where the NO3 ions 

and the other Ag* ions lie between the chains.{5) There are also linear anions 

as in K[Ag(CN)] (Ag—C, 2:13 A, C—N, 1-15 A)©® and linear cations as in 

[Ag(NH3)2]2SO4. Although two bonds from Ag(t1) are usually collinear this is 

apparently not always so. In crystalline AgSCN (p. 747) a bond angle of 165° was 

found, and in the complex sulphides proustite, Ag3AsS3, and pyrargyrite, 

Ag3SbS3, the same value was found for the S-Ag—S bond angle.(7) In the complex 

with pyrazine, AgNO3 .N,C4H4,(8) Ag forms two bonds to N but also four 

weak bonds to O (two of length 2:72 A, two of 2:94 A), (b), while in KAgCo3°?? 
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there are infinite zigzag chains of Ag atoms bridged by CO3 groups, (c). In the 

remarkable compound (Ag3S)NO3,(1% formed from CS, and concentrated 

AgNO solution, the NO3 ions are situated in the interstices of a framework built 

from SAgg groups (with a configuration intermediate between an octahedron and a 

trigonal prism). Here also there are non-linear bonds from the Ag atoms (S—Ag—S, 

1574): 

O ’ ohne 
Ne / ian / Ag)!70 Ag 

acy AG ee ‘Op -0 
Ag” 221A | 

(b) (c) 

For Au(1) two is the preferred coordination number. AuCN and 

K[Au(CN),]{ are isostructural with the Ag compounds; only approximate 
bond lengths were determined. The most stable amino derivatives of AuCl are 

H3N. AuCl and (H3N—Au—NH3)Cl, and whereas with ligands such as thioaceta- 

mide Cu and Ag form salts of type (d), Au forms only the rather unstable salt (e). 

CH3~ Ess CH3 | 
C=S} Cu(Ag) | Cl C=S—A S=C Br. 

(ee pete asa Ss NH,~ ee NT ae 
(d) (e) 

With trialkyl phosphines and arsines cuprous and argentous halides form the 

tetrameric molecules [R3P(As) . Cu(Ag)X] 4, but Au forms only R3P(As) . AuX. In 

addition to the cases already noted, X-ray studies have demonstrated the formation 

of two collinear bonds by Au(1) in Aul,“!?) which consists of chains of the type 

I 

Au oe we nee Au ae eeu 

]~ 26A 

in ClI-Au—PCl3,1) and in Cs2(Au'Cl,)(AuCl,)“ (p. 393). 

The formation of four tetrahedral bonds by Cu(i) and Ag(1) 

No example of Au(1) forming four tetrahedral bonds has yet been established by a 
structural study, but tetrahedral bonds are formed in numerous compounds of 
Cu(1) and Ag(1), the simplest examples being the cuprous halides and Agl with the 
zinc-blende structure (p. 349). 

Finite complexes of Cu(1) include the Cu(CN)3~ ion (mean Cu—C, 2-00 A), 
the thioacetamide complex [Cu{SC(NH,)(CH3) }4] cl? (with which the Ag com- 
pound is isostructural), and the assortment of molecules shown in Fig. 25.1. 
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FIG, 25.1. Some molecules formed by Cu(I). References (Fig. 25.1): 
(a) JACS 1967 89 3929 

There is considerable distortion of the tetrahedral bond angles in the dimeric azido _—‘) IC. 1969 8 2750 
complex, in which the N3 group is apparently symmetrical (mean N—N, 1°18 A), as a Ler 
compared with the normal unsymmetrical form (N—N, 1:15 and 1-21 A) in (©) JACS 1963 85 1009 
transition-metal complexes in which it is attached to a metal through one N atom 
only. We include the cyclopentadienyl compound (c) since here C;Hs contributes 5 
electrons and Cu acquires the Kr configuration as in the tetrahedral complexes. In 
CoH. CuAICl,°*) Cu has 3 Cl neighbours of different AICIZ ions and the CgHg (3) JACS 1963 85 4046 
ring, which is distorted towards a cyclohexatriene structure, (a). We return to 
polymeric finite complexes later. 

In tris-thiourea Cu(1) chloride, [Cu {SC(NH,), }3]CI™ there are infinite chain (4) AC 1964 17 928 
ions, (b), in which one of the three thiourea molecules forms a bridge between two 
Cu atoms: 

H,N~ NH) 

1-41 A C 
126A | I | 

S (251A - 5 See 

—CheCu--- 137A PN ea ux 

Cl 1.40 AX.29 A | | | I 

(a) (b) 

Chains built from CuX, tetrahedra form the infinite anions in a number of complex 

halides of Cu(1) and Ag(1)—Table 25.1. The two simplest are the vertex-sharing 

MX; (pyroxene) chain and the MX, chain in which the tetrahedral groups share 

opposite edges (as in BeCl, and SiS,). There is some angular distortion of the 

CuCl tetrahedra in the chain anion in the ‘paraquat’ salt, pq? *(CuCl,)., where 

pq’* represents N,N’-dimethyl-4,4'-bipyridylium ion. The cation is an electron- 
acceptor, and the black colour, semiconductivity, and paramagnetism of this salt 

suggest that there is some interchange of electrons between Cu(1) and Cu(i1) in the 

chains. The Mj X3 chain found in CsCu,Cl3 and CsAg,I3 consists of double rows 

of tetrahedra in which each MX,q group shares three edges and two vertices with 

other similar groups (Fig. 25.2(a)). Chains of a similar type form the anion in the 

diazonium salt (CgH;N,)(Cu,Br3), an intermediate in the Sandmeyer reaction. 

The more complex M3Xs5 chain of Fig. 25.2(b) is found in (CisGl-vCullL,), 

where L is N-benzoylhydrazine. Within the chain distorted CuCl, tetrahedra share a 

vertex and either two or three edges. Each Cu(1) is bonded (through Cl) to 3 or 4 

881 



Copper, Silver, and Gold 

TABLE, 25.1 

Complex halides of Cu(1) and Ag(1) 

Nature of M—X Examples Reference 
complex 

MX3 chain K,CuCl3, Csz AgCl3, Csz Agl3, (NH4)2 CuCl, AC 1949 2 158; 
(NHq)2CuBr3, K Agl3, Rb Agl3, (NHgq )2 Agl3 AC 1952 5 506; 

AG 195251433 
MX, chain [Ni(en), ] (AgBr2)2 ACSc 1969 23 3498 

(pq) (CuCl, )2 JCS A 1969 1520 
MXL!’ chain Cul.CH3NC JCS 1960 2303 
MXL” chain CuBr[(C2 Hs )2P—P(C2 Hs) ] ZaC 1970 372 150 
M2X3 chain CsCu2Cl3, CsAg 13. AC 19547176 

(Fig. 25.2 (a)) (Ce6HsN2) . (Cuz Br3) CC 1965 299 
M3Xz5 chain (Cu4Cls ) (L2Cu!!) IC 1971 10138 
(Fig. 25.2 (b)) 

M2X>L” layer Cu,Cl, . N2(CH3)2 AC 1960 13 28 

other Cu(1) atoms in the chain, and certain of the Cl atoms (shaded) complete the 
(4 + 2)-coordination around the Cu(i1) atoms. 

The chain of Fig. 25.2(c) represents the structure of Cul . CH3NC, in which the 
centrally situated Cu atoms are bonded to 4 I as in Cul and the outer ones to 2 I 
and 2CH3NC molecules. The composition of the chain is MXL’, where L’ is a 

FIG. 25.2. Some _ infinite com- 
plexes containing Cu(I): (a) the 

M2X3 chain in CsCuzCl3 and 
Ce6Hs5N2(CuzBr3), (b) the 

(Cu3Cls),"" ion, (c)___ the 
linear molecule [Cul . CH3NC] pn, 
(d) part of layer in 

Cuz Cl, . N2(CH3)2, (e) the 
unsymmetrical chain in 

CuBr[(C2H5)2P : P(C2H5)2). 

(C, H,), (& H,), 

(c) (e) 
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ligand forming a bond to one metal atom only. A ligand L" capable of bonding at 
both ends can link together chains of type (a) to form layers of composition 
Cu, XL", as in Cu,Cl,. N>(CH3)2, Fig. 25.2(d). In this ‘chain’ the bonds shown as 
broken lines are appreciably weaker (2-55 A) than those shown as full lines 
(2:35 A); Cu—N, 1:99 A. There are unsymmetrical chains of a novel type (Fig. 
25.2(e)) in CuBr(Et,P—PEt,). 

We noted earlier the formation of one metal-metal bond by Cu(1), in addition to 
two bonds to N, in [Cu(@NNN¢)] . There are other polymeric complexes in which 
Cu(1) or Ag(1) has close metal neighbours in addition to 3 or 4 non-metal atoms at 
normal distances. The tetrameric molecule Cugl4(AsEt3)4 consists of a central 
tetrahedron of Cu atoms surrounded by tetrahedra of I atoms and triethylarsine 
molecules (Fig. 25.3(a)). In this molecule Cu has, in addition to 3 I and 1 As at 

A B 
A G-CaN-G CaN 

Negus ag ha ] 
a N N Nee 

—9-N=cQ-Nac-O— cen 
99° ’ Sal : N N N & N Ni Ie 

(a) | Die ene G@y-c 
N N)1142 ON IN] IN] 

C-Cu feaciu 
—9-can ()-C=N-4) es No EN 

ec? 117A ‘c-c ; 
P. UN Uy UA J 
Neu C —Cu— C2.-45A 179° 175° Cu-C p— SSE \ we vec N Cu C J NN 

ony eee Oi) ads Bee 
eZ ¢ SrA or cup (d) 
269k % A B 

FIG. 25.3. (a) The molecule CugI4[As(CH3)3] 4, (b) [(CH3)3PCuC=C(C6H5)] 4, (c) layer in 
CuCN . N2H4, (d) layer in CuCN . NH3 (NH3 omitted). 

normal single bond distances, 3 Cu at 2:6 A, similar to the interatomic distance in 

metallic Cu (2°56 ANC? The compound (CH3)3P .Cu .C=C(CgH;) forms tetra- 

meric molecules of a quite different kind. The bonding system is obviously 

complex, involving Cu—C bonds (1:96-2:22 A) and Cu—Cu bonds of two different 

lengths (Fig. 25.3(b)).6© 

Several cuprous compounds form layer structures based on the simplest plane 

4-connected net. In the puckered layers in CuCN . Ny Hg,‘ Fig. 25.3(c), the bond 

lengths are: Cu—C, 1-93 A, Cu—N, 1-95 A, and Cu—2 N (of NH,), 2:17 A; the 
Cu(1) bond angles being 99° (three), 113° (two), and 130° (one). Nitriles of 
aliphatic dibasic acids can function as bridging ligands, -NC—(CH2),—CN-— giving 

compounds of the type (CuR,)X where R is the nitrile and X, for example, NO3 or 

ClOq. All the salts Cu(succinonitrile), C104 ,“*? Cu(glutaronitrile), NO3,0°) and 
Ag(adiponitrile), C10,‘!°) form layers based on the planar 4-gon net. The structure 

of Cu(adiponitrile)NO3,“1)) which consists of six interpenetrating identical 3D 

nets of the cristobalite type, was mentioned in Chapter 3. 
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The ammine CuCN . NH; is built of a unique kind of CuCN layer, Fig. 25.3(d), 

to each Cu of which one NHg is attached, the Cu—NH3 bond being approximately 

perpendicular to the plane of the layer.“ 2) The distinction between C and N atoms 

is not certain, but the arrangement shown appears most likely. Within the planar 

C,Cu, units (which are inclined to the plane of the figure) the Cu—Cu distance 

(2:42 A) is shorter than in the metal, and in addition to this bond Cu has four 

neighbours in a somewhat distorted tetrahedral arrangement (Cu—N, 1-98 A, 

Cu—NH3, 2:07 A, Cu—C, 2-09 and 2:13 A). The Cu—C bonds are abnormally long, 

and the nature of the bonding is not clear. 

Some further examples of tetrahedral Cu(1) are included in the section on 

compounds of Cu(1) and Cu(i1). 

The formation of three bonds by Cu(1) and Ag(1) 

As already noted, the structure of KCu(CN), 1) is quite different from that of the 

isostructural KAg(CN), and KAu(CN),, which contain linear (NC—M-—CN)’ ions. 

The complex ions consist of helical chains (Fig. 25.4(a)) bonded by K* ions lying 

| 
chain axis (@ 

Nie 
2.05A Cu 2 BCE 2s Ss ben ce 

OD Gan GEN 
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N N 
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| 
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between them. The interpretation of the bonding in the chains is not, however, 

clear-cut. The two Cu—C bonds are equal in length (1-92 A), but the Cu—N bond in 

the chain is considerably longer (2:05 A) than expected for a single bond 

(~1-85 A). We may therefore describe the Cu as forming three approximately 

coplanar bonds (possibly sp?, two orbitals overlapping sp orbitals of C atoms and 

one overlapping the s orbital of N), or alternatively the stronger Cu—C bonds form 

non-linear NC—Cu—CN units which are then bonded weakly together by Cu---N 

bonds to form the chains. Whereas Ag(1) and Au(1) form only KM(CN),, Cu(1) also 

forms KCu,(CN)3. H,O and K3Cu(CN),. The latter contains tetrahedral Cu(CN)3~ 

ions (p. 880). In KCu3(CN)3. HO) each Cu(1) forms three nearly coplanar 

bonds, as in KCu(CN),, (interbond angles, two of 112° and one of 134°) in 
puckered layers of the simplest possible type (Fig. 25.4(b)). The lengths of the 

Cu—C and Cu—N bonds are very similar to those in KCu(CN) ,, and the shortest 

Cu—Cu distance is 2-95 A, as compared with 2°84 A in KCu(CN),. The H,O 
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molecules are not bonded to the metal atoms, but occupy holes in the layers, the 

latter being held together by the K* ions. We have noted the quite different 

behaviour of Cu(1) in CuCN . N,H4 and CuCN . NH; in the previous section. 

Cuprous chloride forms crystalline complexes with numerous unsaturated 

hydrocarbons, of which one has already been mentioned. In several of these Cu(1) 

forms two bonds to Cl and a third to a multiple bond of the hydrocarbon, the 

three bonds from Cu being coplanar. In the 1,5-cyclooctatetraene complex, 

CuCl . CgHg,°?) the Cu and Cl atoms form an infinite chain (Fig. 25.5(a)), while in 

the complexes with norbornadiene (C;Hg) and 2-butyne (Ca HZ 2 there are 

Cu,4Cl, rings (Fig. 25.5(b)). 

In polymeric complexes with certain S-containing ligands Cu(1) and Ag(1) form 

bonds to 3 S atoms and there are also 3 or 4 metal-metal bonds. The nucleus of the 

molecule of Cug[(i-C3H70) PS] 4° is a tetrahedral Cu, group having four 

shorter (2:74 A) and two longer (2:95 A) edges to which are bonded four ligand 

molecules as shown in Fig. 25.6(a). Each Cu has 3 S and 3 Cu nearest neighbours. 

There is also a tetrahedral nucleus of metal atoms in [(C,H,;),NCSCu] 4.72) The 

type of polymer appears to be determined by the geometry of the ligand, for both 

[(C3H7)2NCOSCu] 6{7) and [(C3H7).NCS,Ag] 6°’ are hexameric. In the Cug 

octahedron in the former Cu—Cu ranges from 2:70-3:06 A (mean 2:88 A). The 

hexameric molecule of silver dipropyldithiocarbamate, [(C3H7) NCS, Ag] ¢, con- 

tains a distorted octahedral Ag, nucleus which has six short edges (2-9-3-2 A) and 

six longer ones (3-45-4-0 A), the latter being the edges of a pair of opposite faces. 

The ligands behave in very much the same way as in the tetramer (a), one S being 

bonded to one Ag and the other to two Ag atoms. As a result each Ag is bonded to 

3 S (Ag—S, 2:43-2:56 A) and also has 2 Ag neighbours (Ag—Ag, 2:9, 3-0 A) and 2 

more distant Ag (3-45, 4-0 A)—Fig. 25.6(b). The anion in salts (Cugh¢)(Aso4)4,°®? 

in which L is the ligand (a), consists of a cubic cluster of 8 Cu atoms of edge 2°83 A 

surrounded by 12 S atoms of the six ligands which are situated at the mid-points of 

the edges of a larger cube surrounding the Cug group (Fig. 25.6(c)). Each Cu has 

3 S and 3 Cu atoms as nearest neighbours at distances very similar to those in the 

tetramer described above (Cu—S, 2°25 A). 

FIG. 25.6. Details of some polymeric Cu(I) and Ag(I) complexes (see text). In (b) the long 

Ag—Ag bonds are the edges of the unshaded face and of the opposite face of the Age 

octahedron. 
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The unique structure adopted by silver tricyanomethanide, Ag [C(CN)3 ] 9) is 

illustrated in Chapter 3 (p. 90). It consists of pairs of interwoven hexagonal layers 

in which Ag is approximately 0-5 A out of the plane of its three N neighbours. 

Presumably single plane layers would have too open a structure—compare 

KCu,(CN)3.H,0, in which there are K* ions and H,O molecules to occupy the 

large holes in the sheets. 

Three bonds are apparently formed by Cu(1) in certain sulphides, the bonding in 

which is discussed in a later section of this chapter, and also by Ag(1) in a number 

of S-containing compounds, but here also there is often no simple interpretation of 

the bonding. In Ag3;AsS3 there is both planar and pyramidal 3-coordination of 

Ag,“1°) while in Ag(thiourea),CI"!) Ag has three approximately coplanar S 
neighbours but also one Cl at a rather large distance (2:95 A). 

Although the stereochemistry of Ag(1) is simpler than that of Cu(1) in some 

compounds the reverse is true in many complexes with organic compounds. For 

example, the structure of CgH,. AgAICl4‘!?) is much less simple than that of the 

Cu(1) compound (p. 780), Ag forming four bonds to Cl (2°59, 2:77, 2:80, and 

3-03 A) and a fifth to one bond of the benzene molecule. In (C,H;C=C)Ag 

[P(CH3)3] “1? there are two types of Ag atom with entirely different environ- 

ments. One type forms 2 collinear bonds to terminal C atoms of C=C . CgHs and 

the other two bonds to P(CH3)3 molecules (P—Ag—P, 118°) and two bonds to 

triple bonds of the hydrocarbon. 

Certain silver oxy-salts, in particular the perchlorate, are notable for forming 

crystalline complexes with organic compounds. For AgClO4,.C,H,¢ and 

AgNO3. CgHg see p. 780. In the compound with dioxane, AgClO4. 3 C4HgO,,{1*) 

the Ag atoms are at the points of a simple cubic lattice, the ClOqg at the 

body-centre, and the dioxane molecules along the edges. The metal ions are 

therefore surrounded octahedrally by six O atoms (at about 2-46 A), presumably 
bonded by some sort of ion-dipole bonds. Both the perchlorate ions and the 
dioxane molecules are rotating, probably quite freely. 

Salts containing Cu(1) and Cu(i1) 

We comment later in this chapter on the difficulty of assigning oxidation numbers 
to Cu atoms in the sulphides, and in Chapter 17 we noted the structure of KCu,S3. 
Apart from these semi-metallic compounds there are normal coloured salts 
containing Cu(1) and Cu(i1) each with an entirely different stereochemistry. In the 
red salt Cu} SO3. GuSO.22,H,00) Cu(1) has a tetrahedral environment (though 
Cu—S, 2:14, is remarkably similar to Cu—O, 2:11-2:14 A), and Cu(it) has a 
typical (4 + 2)-octahedral coordination group. In the pale-violet Nag [Cu!!(NH3)q] 
[Cul(S O5)51 5?) the Cu(NH3)4* ions are planar (with no other close neighbours 
of Cu(i1)) and the anion consists of chains (a), in which Cu(1) has four tetrahedral § 
neighbours at 2:36 A. In contrast to the pale-yellow a and B CuNCS and the 
light-blue Cu(NCS).(NH3)2 the compound Cu,(NCS)3(NH3)3 is greenish-black.(3) 
There is tetrahedral coordination of Cu(1), by 2N and 2S of NCS groups, and 
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tetragonal pyramidal coordination of Cu(it), (b). The Cu(1) and Cu(ir1) atoms 
presumably interact through the S atoms, (c). 

SO; S 
| 295A . 

SS ale wid CAS Ns C 
Cu a, Cu S. 2-474 

ame eons or 
13-29 A SO3 g 

2:00 A 

(a) (b) (c) 

The structural chemistry of cupric compounds 

This subject is of quite outstanding interest, for in one oxidation state this element 

shows a greater diversity in its stereochemical behaviour than any other element. 

Before commencing this survey it is interesting to note that a number of simple 

cupric compounds are either difficult to prepare or are not known. Although 

crystalline Cu(OH), can be prepared by special methods (for example, by treating 

Cu4(OH)¢SO, with aqueous NaOH, dissolving the hydroxide in concentrated 

NH,OH and removing the NH3 slowly in vacuo over H,SO,4), the ready decompo- 

sition of the freshly precipitated compound is well known. (For the structure of 

Cu(OH), see p. 521.) Two hydroxycarbonates, azurite, Cu3(OH)2(CO3),, and 

malachite, Cu,(OH),CO3, are well-known minerals, but the normal carbonate, 

CuCO3, is not known, though a rhombohedral substance which may have been 

CuCO; has been produced in admixture with malachite by hydrothermal treatment 

of a precipitated hydroxycarbonate.“!) A number of oxy-salts (e.g. nitrate and 

perchlorate) crystallize from aqueous solution as hydrates which cannot be 

dehydrated to the anhydrous salts, but both Cu(NO3), and Cu(ClO,4),. have been 

prepared by other methods (p. 662). They can both be volatilized without 

decomposition and dissolve in a number of polar organic solvents. The structures of 

some of the numerous hydroxy-salts are described in other chapters (Cu(OH)CI and 

Cu,(OH)3Cl in Chapter 10, and Cu(OH)IO3 and Cu,(OH)3NO3 in Chapter 14). 

(See also p. 143 for the relationship of atacamite, Cu,(OH)3Cl, to the NaCl 

structure.) The compounds Cul,, Cu(CN)2, and Cu(SCN), are extremely unstable, 

and CuS is not a simple cupric compound (see later). 

At one time it appeared that the characteristic behaviour of Cu(iI1) was the 

formation of four coplanar bonds, supposedly dsp? as in the case of Ni(11). This 

implied that the ninth 3d electron was placed in a 4p orbital: 

OSD 3d 4s 4p 

D 8 2 6 8+2 2 4+] 
——_——_——" 

shared 
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and a similar assumption was made for Ag(I1). In view of the resistance of Cu(11) to 

further oxidation the existence of a single unpaired 4p electron seems unlikely, and 

it is incompatible with the results of paramagnetic resonance and optical studies. It 

should be emphasized that most of our structural information concerns compounds 

in which the atoms bonded to Cu(i1) are N, O, F, or Cl; comparatively little is 

known about the bond arrangement when the ligands are the less electronegative S, 

I, CN, etc., many of these compounds being much less stable (or unknown). Since 

therefore most of the Cu(i1) bonds we shall be discussing are likely to have a 

considerable degree of ionic character it is now usual to relate the complex 

stereochemistry of Cu(11) to the asymmetry of the Cu? * (d?) ion. Furthermore the 
above simple treatment does not account for the quite characteristic formation of 

one, or more often two, weaker bonds in addition to the four coplanar bonds, or 

for the fact that no cupric compounds apart from the phthalocyanin and similar 

complexes are isostructural with those of Ni(i1) and Pd(i1). The closest structural 

resemblances of Cu(i1) to Pd(i1) compounds are those of CuO to PdO and of CuCl, 

to PdCl,, to both of which we refer later. 

In fact, the only simple salts known to be isostructural with those of Cu(i1), de 

are certain compounds of Cr(i1), d*, as might be expected from ligand field 

considerations. This similarity does not, however, extend to all compounds of these 

elements in this oxidation state. For example, while CrBr, and Crl, have structures 
similar to CuCl, and CuBr2, CrCl, has a distorted rutile-type structure (but 
distorted in a different way from CrF, and the isostructural CuF,) in contrast to 
the CdI,-like structure of CuCl,. In contrast to the complex structure of CuS, CrS 
has the type of structure that might have been expected for CuS (and CuO); this is 
a structure in which Cr has four approximately equidistant coplanar neighbours and 
two more completing a distorted octahedron, that is, the (4 + 2)-coordination 
characteristic of many Cu(11) compounds. (The oxide CrO is not known.) Examples 
of pairs of isostructural Cu(ir) and Cr(11) compounds include the difluorides and 
dibromides, KCuF3 and KCrF3, and the dimeric acetates [M(CH3COO),. HO] 2 
(p. 897). 

The stereochemistry of Cu(i1) is summarized in Fig. 25.7. Four or five bonds are 
formed of length corresponding to normal single bonds. Four bonds are coplanar or 
directed towards the vertices of a flattened tetrahedron; regular tetrahedral 

aa Square planar (4+ 1) 
! 

(4+2) 
‘octahedral’ 

FIG. 25.7. Stereochemistry of 

Cu(II). 

Flattened ; 
tetrahedron Trigonal (244) 

bipyramid ‘octahedral’ 

888 



Copper, Silver, and Gold 

coordination is not observed. Five bonds of approximately single bond length are 
directed towards the vertices of a trigonal bipyramid; this bond arrangement is rare. 
The most frequently observed coordination group of Cu(t1) is a group of 4 coplanar 
neighbours with one or two more distant neighbours completing a distorted 
tetragonal pyramid or distorted octahedron. In view of the Jahn-Teller distortion 
(usually to (4+ 2)-coordination) regular octahedral coordination is not to be 
expected; on this point see p. 273. The coordination of Cu2* by 6 F7 in KCuF3 
and K,CuF, is not far removed from regular octahedral. In these compounds there 
are two close and four more distant neighbours, but the difference between the two 
Cu—F distances is much smaller than in, for example, CuF,, where there is 

(4 + 2)-coordination. 

From the geometrical standpoint the square coplanar arrangement may be 
regarded as the limit of the extension of an octahedron along a 4-fold axis; 

it may alternatively be regarded as the limit of compression of a tetrahedron along a 

2-fold axis (normal to an edge). In the former case the six equal bonds become two 

long and four short, and in the latter case the six equal angles of a regular 

tetrahedral bond arrangement (1095°) become two larger (in the limit 180°) and 
four smaller (in the limit 90°): 

two equal angles ——~ 180° 

six of 1094° —> (> 1093°) 

four equal angles ——> 90° 
(< 1093°) 

regular tetrahedron (flattened tetrahedron) square planar 

We show in Table 25.2 examples of these intermediate configurations which are 

described later in the text; for CuCr,Oy4 see p. 493. 

TABLE 25.2 

Configurations intermediate between square coplanar 
and regular tetrahedral in Cu(1l) compounds 

Compound Interbond angles 

4 of Zot 

(Square coplanar) 90° 180° 

Chelates 93° 154° 
96° lay 

Cu(imidazole), 97° 140° 
(CuCl)? 100° i 30° 

CuCr204 103° 13 

(Regular tetrahedron) 6 of 1094° 
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The available evidence appears to indicate that having formed four strong 

coplanar bonds Cu(11) forms if possible one or two additional weaker bonds 

perpendicular to the plane of the four coplanar bonds. Naturally there must always 

be additional neighbours of some kind in directions normal to this plane, and it is 

necessary to consider their distances from the metal atom in order to decide 

whether they should be regarded as bonded to Cu(11). An alternative to (4 + 1)- or 

(4 + 2)-coordination is to rearrange the four close neighbours to form a flattened 

tetrahedral group. We now examine a number of structures in which Cu(11) has 4-, 

(4 + 1)-, or (4 + 2)-coordination. 

Crystalline Cuo’??) (the mineral tenorite) provides the simplest example of 

Cu(i1) forming four coplanar bonds. The structure is a distorted version of the PdO 

(PtS) structure in which the O—Cu—O angles are two of 844° and two of 954°; Cu 

has 4 O' neighbours at 1-96 A, the next nearest neighbours being two O” at 2-78 A. 
The ratio of these distances is much greater than for the usual distorted octahedral 

coordination of Cu(i1), and the line O’—Cu—O” is inclined at 17° to the normal to 
the Cu(O’)4 plane. The shortest distance Cu—Cu is 2:90 A. Presumably, alternative 

structures such as a distorted NaCl structure with (4 + 2}-coordination for Cu(i1), 

implying also this type of coordination of O, would be less stable than the observed 

structure with planar coordination of Cu(i1) and tetrahedral coordination of O, but 

the relevant lattice energy calculations have not been made. There is also apparently 

square planar coordination of Cu(i1) in CaCu,O3 and Sr,CuO3 the structures of 

which have not been determined in detail.(*>) The crystalline derivative of 

imidazole, Cu(C3N,H3)2,‘> is a 3D network of Cu atoms linked by imidazole 
ligands (a), each N forming a bond to a metal atom. The Cu atoms are of two kinds, 
one-half having 4 coplanar N neighbours (interbond angles close to 90°) and no 
other close neighbours, and the remainder a flattened tetrahedral arrangement of 4 
neighbours (Table 25.2). It is evidently not possible to bring additional N atoms 
closer to the Cu(11) atoms owing to the way in which the imidazole rings are packed. 

The structural similarity of the PdO and CuO structures suggests comparison of 
cupric with palladous halides. In contrast to the normal rutile structure of PdF, 
CuF, has a distorted variant of that structure with (4 + 2)-coordination of Cuse 
the four stronger bonds linking Cu and F into layers (Fig. 6.6, p. 202). The bond 
lengths Pd'!—Cl and Cu!!_C1 are the same (2-30 A) and planar chains of exactly the 
same type are found in CuCl, and in one form of PdCl,: 

Se te ae 

However, the chains pack together quite differently in the two halides (Figy 25.8). 
In PdCl, the next nearest neighbours of Pd are 4 more Cl at 3°85 A arranged at the 
corners of a rectangle, the plane of which is perpendicular to that of the chain; in 
CuCl, the chains are packed side-by-side to form a CdI,-like layer in which Cu(i1) 
has 2 additional Cl neighbours at 2:95 A completing a very distorted octahedral 
coordination group (Fig. 25.9). 
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a=6:85A a=3-81A 
SE 

(a) (b) 

FIG. 25.8. The crystal structures of (a) CuCl,, and (b) PdClz viewed along the direction of the 
chains showing how these are packed differently in the two crystals. Atoms at y = 0 and y =4 
are represented by full and dotted circles respectively. In (a) the broken lines enclose the 

monoclinic cell, and the dotted lines indicate the pseudorhombic unit cell. 

(a) Ab) 

FIG. 25.9. The environment of (a) Pd in PdCl2, and (b) Cu in CuCl. The small circles represent 
metal atoms, 

Finite complexes containing only monodentate ligands range from cations 

through neutral molecules to anions: 
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and others noted in a later section on halogen compounds. Apparently cis and trans 

isomers of strictly planar complexes CuL2X2 have not been characterized. The 

dichloro dilutidine complex exists in two forms, a green /rans planar form and a 

yellow cis isomer with a somewhat distorted configuration.‘ The state of Cu(iI) 

in complexes of the above types in solution is not generally known—completion of 

the octahedron by solvation is likely where this is sterically possible—certainly in 

solids the formation of only four bonds is rare and then it is due to the geometry of 

the complex. Thus in [Cu(pyridine oxide)4] (BF4)2°>) and the perchlorate‘ Cu 

has 4 coplanar O neighbours at approximately 1:95 A but no more neighbours 

closer than 3-35 A. In the bridged cation in the compound (b)‘7) Cu is bonded to 

[ (CH3)2 300A  (CH3)2 
N ; N 

Cucit------ Bile 4 Bro 
ew one Neeser 

a (CH3)2 (CH3)2 J 

(b) 

only 4 coplanar neighbours, the next nearest neighbours being at 4°78 A. On the 

other hand, Cu(pyridine oxide) (NO3), °°) and Cu(pyridine oxide), Cl, 6% form 

dimers in their crystals, each Cu forming a weaker fifth bond to the O atom of a 

pyridine oxide molecule (Fig. 25.10(a)). For suitable ligands X and suitable 

geometry of the monomer this process leads to the formation of the infinite chain 

of Fig. 25.10(b). In some cases the bridging ‘bonds’ are too long to be regarded as 

much more than van der Waals bonds (e.g. 3-05 A in Cu(pyridine), Cl,).C © A 

review of complexes of Cu(1r) with aromatic N-oxides is available“! 1) 

Structures of chelate cupric compounds 

Many chelate cupric compounds have been made, particularly with bidentate and 

tetradentate ligands. In a simple compound such as Cu(en)(BF4)2) there is no 

difficulty in forming two additional weaker Cu—F bonds (2:56 A) to F atoms of 

the anions. If, however, the Cu(i1) atom is at the centre of a large tetradentate 

molecule such as phthalocyanin and forms four coplanar bonds to atoms of that 

molecule, or if the four atoms bonded to Cu(ir) belong to two large coplanar 

molecules as in many chelates CuR,, then no other bonds from Cu shorter than 

about 3-4 A are possible since this is the minimum van der Waals separation of 

adjacent parallel molecules (Fig. 25.11(a)). Only four coplanar bonds are formed by 

Cu(i1) in the bis-salicylaldiminato complex (a),{*) but such cases are rare, and a 

number of interesting possibilities are realized in crystals consisting of molecules of 

this general type. 

(i) If parts of the ligands can be bent out of the plane of the central Cu atom 

and its four coplanar neighbours it may be possible to have two additional Cu—N or 

Cu—O bonds of, say 24 A while maintaining the necessary 34 A between successive 
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(a) (b) 

molecules (Fig. 25.11(b)). This occurs in the cupric derivative of benzene azo-B- 
naphthol, (b).°) 

(ii) Alternatively there may be other atoms in the chelating molecules to which 
Cu can form the two additional bonds, when plane molecules may be stacked as in 
Fig. 25.11(c) with a sideways shift of each successive molecule. The salicylaldoxime 
compound“? (c), has this type of structure. Such additional O atoms are present in 
the molecule of dimethylglyoxime (DMG), but here the presence of the bulky 
methyl groups leads, for the Ni compound, to stacking of the molecules directly 
above one anothef, alternate molecules being rotated through 90° to facilitate 

CH; 
a Ke) aN ee 
aS e, EAS Cer? 

(eG 

(c) (d) 

packing of the CH3 groups (Fig. 25.11(d)). The only intermolecular bonds formed 

by Ni are those to Ni atoms of neighbouring molecules at 3-25 A. This type of 

packing is adopted in one crystalline form of bis-(N-methylsalicylaldiminato)Cu(i1), 

(d),“°? in which Cu has, in addition to its four coplanar neighbours within the 

molecule, no other neighbours nearer than 2 Cu at 3-33 A. 

(iii) Cu(DMG), °° is not isostructural with the Ni compound although the 

structure of Fig. 25.11(d) would be geometrically possible. Stacking of the 

molecules to form infinite columns as in Fig. 25.11(c) is not possible because of the 

CH; groups, but this type of relation is possible between a pair of molecules which 
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are bent to increase the clearance betweem them. Crystalline Cu(DMG), consists of 

dimers (Fig. 25.11(e)). The two molecules of DMG bonded to a given Cu atom are 

inclined at an angle of 23° to one another, and the metal atom is displaced slightly 

FIG. 25.11. Structures of chelated cupric compounds (see text). 

(by 0:3 A) out of the plane of its four N atoms towards an O atom of the other half 

of the dimer. The Cu—N bonds are of normal length (1-95 A) but the fifth bond 

(Cu—O, 2°30 A) is much longer than a normal one (1-9-2:0 A). 

(iv) Dimers of the same type are formed in the chelates formed with 8-hydroxy- 

quinoline”? and NN’-ethylene salicylideneimine, but the corresponding propylene 

compound forms a monohydrate (Fig. 25.11(f)) in which the fifth bond is formed 

to a water molecule (Cu-OH), 2°53 A).{8) Other square pyramidal monomers of 

this type include the chelates with o-hydroxyacetophenone (L = 4-methyl 

pyridine)? and trien (L= SCN) in [Cu(trien)SCN] NCS. ©) (Fig. 25.11(g)). In all 
these molecules the fifth bond is appreciably longer than a normal single bond. 

(v) If large alkyl groups are substituted for H on N in the salicylaldiminato ligand 

in chelates CuL,, (e), there is slight buckling of the molecule and the bond 
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arrangement becomes ‘flattened tetrahedral’: 

COOC>H; COOC>H; 
R CH; H3C 

PO eee: : 
V0’ BNSC NN 

R CH; H3C 
COOC,H, COOC>H; 

(e) (f) 

R = C)Hs“'!) bond angles four of 93° and two of 154°, R = t-C4Hy,{!2) bond 
angles four of 96° and two of 141°. In the dipyrromethene complex (f) 
interference between the methyl groups of the two ligands leads to a very 
non-planar Cu coordination. The ligands remain planar, but the angle between their 
planes is 66°. 3) 

The structures of oxy-salts 

Crystalline oxy-salts provide many examples of (4 + 1)- and (4 + 2)-coordination in 

3D structures. 

The structures of one of the two crystalline forms of anhydrous Cu(NO3), and 

those of a number of complexes formed with organic molecules are of interest not 

only in connection with the stereochemistry of Cu(11) but also as examples of the 

behaviour of the NO3 ligand. (The structure of the vapour molecule Cu(NO;3), is 

described on p. 662.) The molecule Cu(en),(NO3), (p. 899) is an example of 

NO3 behaving as a monodentate ligand, it being bonded to Cu(i1) through two 

long bonds (2:59 A) in a (4+ 2)-coordination group. The basic framework of 

a-Cu(NO3)2‘!) is a corrugated layer (4-gon net) in which each NO; bridges two Cu 

atoms as shown diagrammatically in Fig. 25.12(a). One-half of the anions (N*) also 

form two weak bonds, both from the same O atom. The longer bond (2-68 A) is to 

one of the Cu atoms in its own layer, the other (2-43 A) to Cu of an adjacent layer. 

Each Cu thus forms 4 stronger coplanar bonds (Cu—O, 1-98 A) and 2 weaker ones 

(2:43 and 2-68 A) (Fig. 25.12(b)). The same type of corrugated layer occurs in 

Cu(NO3)>. CH3NO,.°?) As in @-Cu(NO3), all NO} are bridging ions, and to each 

Cu is bonded a CH3;NO, molecule through an O atom (Cu—O, 2°31 A), giving 

(4 + 1)-coordination (Fig. 25.12(c)). (There are also some still weaker interactions, 

Cu-—N, 2:74 A, and Cu—O, 2:75 A.) 

In Cu(NO3)>. 23 H, 0°) the four strong bonds from Cu define groups 

Cu(NO3)2(H20), (Fig. 25.12(d)) and as in the anhydrous nitrate there are two 

kinds of non-equivalent NO3 ions. Here both types of NO3 ion are behaving as 

‘pseudo-bidentate’ ligands, and a second bond from O of one NO; links the square 

coplanar groups into infinite chains. The environment of Cu(11) is very similar to 

that in the nitromethane complex, namely, Cu—4 O, 1:97 A, 1 O, 2:39 A, and 2 O, 
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FIG. 25.12. Structures of cupric nitrato complexes: (a) and (b), oCu(NO3)2, 

(c) Cu(NO3)2.CH3NO2, (d) ~~ Cu(NO3)2.24H20, (e) Cu(NO3)2 . 2 CH3CN, 
(f) Cu(NO3)2 - CaN Hq. 

2:65 and 2:68 A. One-fifth of the H,O molecules are not bonded to Cu but are 

hydrogen bonded to O atoms of NO3 and H,0. 

In Cu(NO3),. 2 CH;CN“ also there are two types of NO3 ion, pseudo- 

bidentate and bridging. The bridging is here unsymmetrical (Fig. 25.12(e)) and links 

the tetragonal pyramidal groups into chains. A simpler behaviour of the NO3 

ligand is found in the chain structure of the complex with pyrazine, 

Cu(NO3)5. CaN,H4? (Fig. 25.12(f)). Here all these groups are behaving as 

unsymmetrical bidentate ligands. Owing to the dimensions of the NO3 ion the two 

weaker Cu—O bonds are inclined at 34° to the normal to the plane of the four 

strong bonds. 

We noted in Chapter 18 the behaviour of NO3 as a monodentate, symmetrical 

bidentate, and bridging ligand. We summarize in Fig. 25.13 the types of NO3 ligand 

observed in the compounds of Fig. 25.12. There appears to be a correlation 
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FIG. 25.13. Behaviour of NO3 ligand in cupric nitrato complexes. 

between the dimensions of the ion and its behaviour as a ligand, though it is not 

certain that the accuracy of location of the light atoms in all these structures 

justifies detailed discussion at this time. 

Cupric salts of carboxylic acids illustrate some of the many types of complex 

that can be formed by bridging -OC(R)O— groups. In anhydrous cupric formate7? 

there is a 3D network of Cu atoms linked by —O . CH . O— groups to give square 

coordination around Cu(11), but these planar CuO, groups are drawn together in 

pairs so that each Cu forms a fifth bond (2-40 A) as in Cu(DMG),. In the 

tetrahydrate‘®) there are infinite chains of composition Cu(HCOO),(H,0),, in 

which Cu has 40 at 2:00 A and 2H,0 at 2:36 A, joined together by hydrogen 

bonding through the other two water molecules as shown in Fig. 25.14(a). In the 

monohydrate of the acetate, on the other hand, there are dimers Cuz(CH3COO), . 

2 H,O of the kind shown in Fig. 25.14(b). The distorted octahedral coordination 

group around Cu is composed of 4 coplanar O atoms (of acetate groups) at 1:97 A, 

one H,O at 2:20 A, and the other Cu atom of the dimer at 2:65 A.) This last 

distance is close to Cu—Cu in metallic copper. The corresponding Cr(11){!®) and 

Rh(in)@ 1) salts have the same structure, and the same type of dimer is formed in 

Cu,(HCOO),[OC(NH,)] 5°17) and in both crystalline forms of Cu,(CH3COO), 
(Cs H.-N), 9G4) urea or pyridine molecules replacing water in Fig. 25.14(b). 

As in the case of the Cu-H,0 bond, the Cu—N bond (2:19 A) is appreciably longer 

than a normal single bond. In these molecules Cu is displaced slightly (about 0-2 A) 

out of the plane of the 4 O atoms and away from the other Cu atom. 

In the dihydrate of cupric succinate! 5) one-half of the water is present as 

isolated molecules of water of crystallization and the remainder is present in 

dimeric complexes like those of Cuy(ac)4(H20)2. The succinate ions form not only 

the bridges in the dimers but also link these units into infinite chains (Fig. 

25.14(c)). 
In the trihydrate of cupric benzoate‘! ®) there are chains CuX,B of the type 

illustrated in Fig. 25.16(c), p. 903, in which X is HO and B is the benzoate group, 

—OC(C,H;)O-; the remaining H,O and C,HsCOO™ ions are accommodated 

between the chains. 
It is interesting to note that (4+ 2)-coordination of Cu(i1) is found in 

a-Cu(NO3), CuSO4{17) (Cu—4 0, 1-9-2-0, 2 0, 2-4 A), and CuSO,. 5 H,0 (p. 

557), but (4+1)-coordination in Cu(NH3)4SO4.H,0."'%) (Cu-4N, 2:05 A, 
Cu—OH,, 2°59 A). 
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FIG. 25.14. (a) Crystal structure of Cu(HCOO),2 . 4 H20, (b) dimeric units in cupric acetate 
monohydrate, (c) chain structure of cupric succinate dihydrate. 

The formation of trigonal bipyramidal bonds by Cu(11) 

The simplest example is the anion in [Cr(NH3)¢] (CuCls).“? The fact that the 

equatorial bonds (2:39 A) are longer than the axial ones (2:30 A) indicates that a 

simple electrostatic treatment of ligand electron-pair repulsions is inadequate and 

that account must also be taken of the interaction of the asymmetric d electrons 

with the ligand electron pairs. Another simple example of this arrangement of five 

monodentate ligands is the anion in Ag[Cu(NH3)2(NCS)3] ‘2 (Fig. 25.15(a)). Ions 

or molecules containing polydentate ligands include iodo-bis-(2,2'-dipyridyl)Cu(i1) 

iodide,“) (b), [Cu(tren)NCS] SCN,‘ (c), and [Cu(Me¢ tren)Br] Br.) In the latter 

case this stereochemistry is not peculiar to Cu(it) for there are similar compounds 

of Niand Co. Note the square pyramidal configuration of [Cu(trien)SCN] ~ (p. 894). 

In contrast to [Cr(NH3)¢]CuCl, there are bridged Cu,Clg~ ions, (d) in 

Co(en)3CuCls. H,0,°°) and, of course, additional Cl” ions. This compound should 

be formulated [Co(en)3] . (Cu Clg )Cl,. 2 H,0. 
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(d) 

FIG. 25.15. Trigonal bipyramidal coordination of Cu(II) (see text). 

There is trigonal bipyramidal arrangement of bonds from Cu(i1) in the tetra- 

hedral molecules CugOClgL4 (p. 81) in which L is, for example, pyridine, 

2-methyl pyridine,“ or (CgH;)3PO (Fig. 25.15(e)).°®) The central O is bonded 

tetrahedrally to 4 Cu (Cu—O, 1-90 A) and each pair of Cu atoms is bridged by Cl 

(Cu—Cl, 2°38 A). The CugOCl,(¢3PO)4 molecule is notable as one of the 

comparatively rare examples of O forming two collinear bonds. The Cu—Cu 

distances in these molecules (around 3-1 A) are too large for metal-metal inter- 

actions, and the magnetic moments (2:2 BM) are larger than the usual range 

(1-8-1-9 BM) observed for trigonal bipyramidal Cu(1).©) A similar moment is 

observed for the ion (CugOCl, 9)*~ in its [N(CH3)4] * salt,“ which has the same 

type of structure as Fig. 25.15(e) with L = Cl, but the moment is lower (1:84 BM) 

for the cubane-like complex CugL,‘!!) formed with the tridentate Schiff base (a) 

in which also there is trigonal bipyramidal coordination of Cu(i1). These magnetic 

moments are discussed in reference 10. 

In crystalline Cu,0(SO,4),“!?) which is formed as brown crystals by heating 

CuSO,4.5H,0O to 650°C, one half of the metal atoms have octahedral (4 + 2)- 

coordination and the remainder trigonal bipyramidal coordination; these are 

presumably essentially ionic bonds. There is also trigonal bipyramidal coordination 

of Cu(it) in Cuz;WO,‘!?) and very distorted octahedral coordination of W (3 O, 

1-79 A, 3.0, 2:09\A)- 

Octahedral complexes 

Special interest attaches to octahedral complexes because of the expected Jahn- 

Teller distortion. Complexes of type (a) naturally lend themselves to this type of 

distorted octahedral structure, and this has been confirmed in a number of cases 

such as Cu(en),X,") (X=SCN, NO3, etc.) Complexes CuLg, (b), still present 

problems, in particular salts containing ions CuLg* or CuLg~ which have cubic 

symmetry. The salts Cu(NH3)¢X2 are tetragonal (X = Cl, Br, or I) with distorted 

octahedral cations (Cu-4.N, 2:1 A and Cu-2N, 2:6A approximately).‘?) The 

cubic phases reported for the bromide and iodide may be deficient in ammonia, but 

the BFz and ClOq salts are also reported to be cubic. This symmetry would 

presumably be consistent with distorted octahedral cations only if there is assumed 

to be either restricted rotation or statistical orientation of a statically deformed 
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group or some type of ‘dynamic’ tetragonal distortion. There is a similar difficulty 

with salts K,Pb[M(NO,)¢] (M = Fe, Co, Ni, Cu) which are cubic at room 

temperature.‘?) It is also considered possible that the interactions of the Pb?* ion 

with the O atoms of the NO, groups might counteract the tendency of Cu(11) to 

have a static unsymmetrical environment. The Cu—N bond (2:11 A) is appreciably 

longer than the normal value (2:00 A) for a distorted octahedral environment. For 

K,Ba[Cu(NO,)¢] spectroscopic data (polarized electronic and e.s.r.) suggest a 

tetragonally distorted octahedral environment of the Cu(i1) atom.(4) 

A rhombic distortion of Cu(H,0)2* groups has been found in two salts. The 

structure of the cupric Tutton’s salt, Cu(NH4)(SO4)2. 6 H,0,©) is generally 

similar to those of the Mg and Zn compounds (in which there is little, if any, 

distortion of the M(H,O),¢ octahedra), but there is definitely a non-tetragonal 

distortion of Cu(H,0)@*, and a similar effect is found in Cu(ClO4),. 6 H,0:°©) 

2 Ova Ova Oat 

Cu(NH,)5(SO4),,6H,O>, 19605 2100 27 8 
Cu(ClO4)> . 6 HO 209 216 228A 

Complexes of type (c) are found at positions with site symmetry 32 (D3) in 
Cu(en)3S04°7) (Cu—N, 2:15 A) and in CuB;(C1O4)2‘*) where B represents the 
ligand (e). The neutral molecule CuB,(C1O4),°?) has the expected structure of 
type (a) with long bonds (2°55 A) to O atoms of the ClO, ligands, but in 
CuB3(ClO4), which is isostructural with the Co and Mg compounds, Cu has six 

(CH3).N Vitdlinka (CH3)2N N(CH3)2 yaa: 
oS ee 

(e) 

equidistant O neighbours (Cu—O, 2:07 A). In an unsymmetrical complex such as 
[Cu(bipyr),NO,]NO3°!® there is necessarily unsymmetrical octahedral co- 
ordination because of the different dimensions of the ligands, (f); but note 
the different Cu—N bond lengths and the two long bonds to O atoms of NO3. 
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There would appear to be a definite Jahn-Teller effect in Cu(bipyridine) (11) JACS 1969 91 1859 
(F3C .CO.CH.CO.CF3)2,"'") in which there are unequal Cu—O bond lengths 
and moreover distortion of the normally symmetrical ligand, (g). 

ae A 

O O 

(ns A [122 A 

G Cc 

1.39 A ~ C143 A 

(f) (g) 

In Cu(diethylenetriammine),NO3, of type (d), there is tetragonal distortion, 
with two shorter trans Cu—N bonds (2:01 A) and four longer bonds (mean 
2:09 A) 22) (12) ICS A 1969 883 

Cupric halides—simple and complex 

Some details of the structure of these compounds are given in Table 25.3. The 

structure types (second column) are the ‘ideal’ structures with approximately 

regular octahedral coordination; they have all been described in earlier chapters, 

and earlier in this chapter we have referred to the cupric halides. The following 

points amplify the Table. 

(i) The distortion of the coordination group around Cu** in KCuF3 and 

K,CuF, is in the opposite sense to that in CuF, and Naj,CuFg, but the shorter 

Cu—F bond length is the same in all three compounds. The weighted mean of the 

six Cu—F bond lengths is the same for the two types of distortion (about 2:03 A), 

but the difference between the two Cu—F bond lengths is very different. For 

(4 + 2)-coordination the difference is 0:34 A in CuF, (0-5 A in CuF,. 2 H,O) but 

for (2 + 4)-coordination it is only 0-11 A in KCuF3 and 0-13 A in K,CuF,. 
(ii) Both K,CuF4 and (NHq4),CuCly crystallize with distorted forms of the 

K,NiF4 structure (Fig. 5.16, p. 172) but whereas in the former compound the 

distortion is not sufficient to justify distinguishing linear CuF, molecules, in the 

latter case the difference between the two Cu—Cl bond lengths (0:48 A) is perhaps 

sufficient to justify description in terms of planar CuCl} ~ ions. 

(iii) The structure of the CuCl3Z~ ion is very sensitive to its surroundings. We 

have just mentioned (NH4)2CuClq. In (C2H;NH3)2CuCl, the longer bonds in the 

(4 + 2)-coordination group, 2°98 A, can hardly correspond to more than van der 

Waals bonding. In the bright-yellow Cs salt and in the N,N’-dimethyl-4,4’- 
bipyridinitum (DMBP) salt the ion has a flattened tetrahedral shape, with Cl-Cu—Cl 
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TABLESZ3.3 : 

Crystal structures of cupric halogen compounds 

Compound Octahedral Coordination group of Cu (or Cr) Reference 

structure type 

CuF Rutil 4F1-93A 2F2-27A4 JACS 1957 79 1049 
ceed aS 4 F 2-00 29-43 PCS 1957 232 
NazCuF, Na2MnCly4 4F 1-91 25 2:37 ZaC 1965 336 200 
CuF 2.2 H,0 2F1:90201:94 2F 2-47 JCP 1962 36 50 (n.d.) 
KCuF3 Pesovelite 2 F 1-96 4 F 2-07 JCS 1959 4126 
KCrF3 2 F 2-00 4F 2-14 AC 1961 14 19 (n.d.) 
K,CuF4 K,NiF4 2F 1-95 4 F 2-08 JORNI59 30991 

4X DDS 
CsCuCl3 CsNiCl3 2:28, 2:36 2-78 IC 1966 5 277 
[(CH3)2NH2]CuCl3 2-25-2-35 2-73 (one) JCP 1966 44 39 
(NHq)2CuCl4 K,NiF4 2-31 Deaf) JCP 1964 41 2243 
LiCuCl; .2 H20 2-33 O 2-60, Cl 2-90 AC 1963 16 1037; 

JCP19635392923) Gud?) 
CuCl, (en) . H2O 4N 2-00 © 2-62,,.Cl2- 8 JCS A 1967 1435 
CuCl, .2 H20O CoCl, . 2 H20 Di@le2=29 2-94 ACSc 1970 24 3510 

20 1-96 
K,CuCly .2 H20 DIC 29 2-90 AC 1970 B26 827 (n.d.) 

DO) WeS7) 
CuCl, CdI4 2-30 2-95 JCS 1947 1670 
(C2H5NH3)2CuCly 2:28 2:98 ICA 1970 4 367 
KCuCl3 NH4CdCly 2-29 3-03 JCP 1963 38 2429 
Cu3Cle (C6H7NO)2 .2 H2O See text IC 1968 7 2035 
CuCl, (pyt)2 a-CoCly (pyr) 2N 2-02 3-05 AC 1957 10 307 

2 C12-28 

CuBr2 Cdl, 2-40 3-18 JACS 1947 69 886 

CsyCuCly 2-20 JPC 1961 65 50 
Cs2CuBrg 2-39 Secrest AC 1960 13 807 
(DMBP)CuClq 2-25 AC 1969 B25 1691 

Cs3CuyCl7 ae H,0 See text AC 1971 B27 1528 

bond angles in the ranges 124-130° (two) and 103-100° (four). Quite similar bond 
angles are found in the distorted spinel structure of CuCr,0Oq. 

The description of the anions in the chloro compounds depends on the 
interpretation placed on the two Cu—Cl bond lengths. The description in terms of 
distorted octahedral coordination groups brings together a number of structures 
based on octahedral chains of the types described in Chapter 5. The simple 
edge-sharing chain has the composition (AX4)?”~ if all the larger circles in Fig. 
25.16(a) represent halogen atoms, AXL4,(b), if the shaded circles represent neutral 
ligands such as HO, NH3 or pyridine, or AX B, (c), if B is a ligand capable of 
bridging two Cu atoms. The simple octahedral chain ion (CuCl,)2”~ has not yet 
been found in a complex cupric chloride, but the CuCl, . L, chain is the structural 
unit in CuCl, . 2 H,O and other compounds listed in Table 25.4. Examples of the 
CuCl,B chain of Fig. 25.16(c) include the complexes with 1: 2: 4-triazole and 
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FIG. 25.16. Infinite linear ions and molecules with octahedral coordination of metal atoms: 
(a) AXa, (b AX2L2 in CuCl» mie, H20, (c) AX 7B in CuCl, : C2N3H3 or CuCl, : ONN(CH3)2, 

(d) (CuCl3),,~ in KCuCl or in CuCl, . NCCH3 (if shaded circles represent N), (e) [CuCl3(H20)] 72- 

in LiCuCl3 . 2 H2O (shaded circles represent HzO molecules). is 

TABLE 3235.4 

A family of octahedral chain structures 

Type of complex Regular octahedral Distorted octahedral Reference to 
coordination coordination Cu compound 

Single chain 

Fig. 25.16 
(a) AX2> Naz MnCly Na,CuF4 ZaC 1965 336 200 

pees ta? i vlan? eats He See Table 25.3 

CdCl, (NH3)2 a-CuBr(NH3)2 AC 1959 12 739 
a-CoCly (pyt)2 CuCl (pyr). 

(c) AX2B = CuCl, (triazole) AC 1962 15 964 
CuCl, (Me,NNO) AC 1969 B25 2460 

Double chain 

(d) AX3 NH4CdCl3 KCuCl3 See Table 25.3 
AX )L CuCl, (NCCH3) JCP 1964 40 838 

(e) AXa TcCly 
yo om Li[CuCl;(H20)] .H20O See Table 25.3 

(CH3),NNO. In the latter compound the bond lengths found were: Cu—4 Cl, 

2:29 A, Cu—O, 2:29A, and Cu—N, 3-00A, suggesting (4+ 1)- rather than 

(4 + 2)-coordination. 

The double chain ion (CuCl3)),_ of Fig. 25.16(d) is the anion in KCuCl3, with 

which KCuBr3 is isostructural; it also represents the linear molecule CuCl, . 

NC(CH3). In the AX, chain of Fig. 25.16(a) the AX, octahedra share two opposite 

edges. In the chain of Fig. 25.16(e), necessarily of the same composition, a 

different pair of edges is shared, giving a staggered arrangement of pairs of 

octahedra. This is the anion in LiCuCl;. 2 HO, the shaded circles representing 

H,O molecules. The composition of the chain is CuCl;(H20); the second HO and 

the Li* ions are situated between the chains. These structures are summarized in 

Table 25.4. 
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By describing the structures of these compounds in this way we have emphasized 

the octahedral (4 + 2)-coordination of Cu(i1). Alternatively we may describe the 

systems formed by the four stronger Cu—X bonds. These are layers in CuF 3, chains 

in CsCuCl,; and CuCl,, ions Cu,Clg~ in KCuCl3 and LiCuCl3.2H,0, and 

CuCl,(H,0), molecules in CuCl. 2H,O and K,CuCl,. 2 HO. The structure of 

this last compound may therefore be described as an aggregate of CuCl,(H20O), 

molecules, K*, and Cl” ions; it does not contain Cueiza ions. The infinite helical 

chains (CuCl;)//— in CsCuCl, are of the type (a) while those in CuCl, are formed 

from planar CuCly groups sharing opposite edges, (b). 

Ch [12364 
Cu Cl Cl Cl 

i laea ei cae a “1 pore none ne 
Oe Vag Cl Cl Cl 

Cl (él cl) (cl 

2:28 A 

(a) (b) 

Two structures are of some interest in this connection. In [(CH3)2NH,] CuCl; 
planar Cu,Cl2~ ions are linked into chains by a fifth ‘bond’ (2-73 A) from each Cu 

atom. The sixth octahedral position is occupied by a methyl group (Cu—CH3, 

3-78 A), so that Cu(i1) is here exhibiting 5-coordination (tetragonal pyramidal) (c). 

In a 2-picoline-N oxide complex, Cu3Cl¢(CgHzNO). . 2 H,O dimers Cu,Cl4L, are 
bridged by CuCl,(H,0), molecules through Cu—Cl bonds of two lengths, 2-65 A 

and 2:96 A, to form chains in which there is both 5- and 6-coordination of Cu(i1) 

atoms (d). 

cl og ee eee SR cl 
Gt tele Gee en 
rake ne ene Cul £Ou cee yee 

Sh ya Gh ee" / Chi Gi O ee 

8 roe i 

(c) (d) 

The Cu,Cl2~ ion is simply a portion of the CuCl, chain, and there are some 
compounds of CuCl, with organic molecules which have structures very closely 
related to these two systems; they are prepared by dissolving anhydrous CuCl, in 
hot solvents such as acetonitrile or n-propanol and crystallizing the resultant 
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solutions. The yellow-red CuCl). CH3CN consists of dimeric molecules (e) which 
are packed in the same way as the Cu,Cl2~ ions in KCuCl;. The longer Cu—Cl 
bonds link each molecule to two others to form chains (Table 25.4), the CH3CN 
molecules projecting from both sides of the double octahedral chain as indicated by 
the shaded circles (N atoms) in Fig. 25.16(d). The packing of the longer molecules 
Cu3Clg(CH3CN)2 (f), and CusCl,9(C3H,OH), is different, the longer Cu—Cl 
bonds linking atoms of one molecule to atoms of four adjacent ones, so that layer 
structures are formed. The structures of the layers are different in these two 
compounds; the layer in the former is shown in Fig. 25.17. 

FIG. 25.17. Portion of layer of 
Cu3Cl6(CH3CN)2 showing how 
each molecule is bonded to four 
others by long Cu—Cl bonds 
(dotted). Only N atoms (shaded) 

of CH3CN molecules are shown. 

We note the bridged Cu2Cl§~ ion (p. 898) as an example of Cu(11) forming 

trigonal bipyramidal bonds. There are apparently bridged ions [Cu,Cl;(H20),]~ in 
the salt Cs3CuyCl, . 2 HO. The (4 + 2)-coordination is unusually unsymmetrical (g), 

but the range of Cu—Cl bond lengths (2-09- 2-41 A) suggests that further study of 
this structure may be desirable. 

Cl or gs 

H,0—— Cu-——CI—Cu»—0H, 
AES Ree 

a4 cag? Cl 

(g) 

Cupric hydroxy-salts 

Copper(11) forms an extraordinary variety of hydroxy-oxysalts,“’? many of which 
occur as (secondary) minerals. Examples include Cu(OH)IO3, Cu,(OH)3NO3, 

Cu,(OH),CO3 (malachite),) Cu,(OH)PO,4 (libethenite), Cu3(OH)3POq, 
Cus(OH)4(PO,)2, and Cu4(OH)¢SO, (brochantite). The structures of Cu(OH)IO3 

and Cu,(OH)3NO3 have been described in Chapter 14, where the general features 

of the structures of some hydroxy-salts are noted, CuB(OH),Cl (bandylite) in 

Chapter 24, and the (layer) structure of CuHg(OH),(NO3)3(H,0), > on p. 102. 

In most of these compounds Cu(11) has 4 coplanar O and 2 more distant ones 
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completing a distorted octahedral coordination group, but in some cases the sixth O 

is so far away from Cu that the coordination is preferably described as tetragonal 

pyramidal (for example, in Cu3(OH)3AsO4, clinoclase).{) 

The structures of two forms of Cu,(OH)3Cl, atacamite and botallackite, and of 

Cu,(OH)3Br have been described under ‘Hydroxyhalides’ (p. 410), where refer- 

ences are given. Atacamite has a framework structure which, in its idealized form, is 

derivable from the NaCl structure, as shown in Fig. 4.22 (p. 143). Botallackite and 

Cu,(OH)3Br have layer structures of the CdI, type. In all these structures there is 

the characteristic distorted (4 + 2)-coordination. 

Cu,(OH)3C1 Cu,(OH)3Br 

pes 202A 40H 2-004 Hoe 200A | 40H 20A 
Se OF ee aa eee OY 
2Cl 2:76 OH 2:36 2Br 3-0 OH 23 

Cl 2:76 Br 2°8 

(e) (f) 
FIG. 25.18. (a), (b), (c). Elevations of the crystal structures of CuCl,, Cu»(OH)3Br 
Cuz (OH)3Cl (atacamite). (d), (e), (f). Projections of portions of these pines ape a 
shaded in (a)-(c)) showing a layer of metal atoms (smallest circles) in the plane of the paper 
and close-packed layers of halogen atoms (or halogen atoms and OH groups) above and below the plane of the paper. The largest circles represent halogen atoms. Full lines indicate short Cu—OH or Cu—X bonds, and the heavier broken lines long Cu—OH or Cu—X bonds. (See text). 
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The metal atoms do not all have the same environment in these hydroxyhalides, 

one half being surrounded by 4 OH + 2 X and the remainder by 5 OH + X. These 

coordination groups in a compound M,A3B are a consequence of the relative 

numbers of A and B atoms and of the coordination numbers of M (6), A (3), and 

B (8). It is not possible for all the M atoms in such a structure to have the same 

environment, and the fact that the M atoms are (crystallographically) of two kinds 

has no chemical significance. 

In Fig. 25.18 are shown elevations and plans of portions of the structures of 

CuCl,, Cu,(OH)3Br, and Cu,(OH)3Cl. Although atacamite does not have a layer 

structure it can be dissected into approximately close-packed layers of the same 

type as occur in the hydroxybromide, as described on p. 410 and illustrated in Fig. 

25.18(e) and (f). 

The sulphides of copper 

The Cu—S system is remarkably complex, and the structures of CuS and Cu,S are 

not consistent with their formulation as cupric and cuprous sulphides. The phases 

recognized, with their mineral names, are set out in Table 25.5. 

TUAIB ILE Se 

The sulphides of copper 

CuS (covellite)“) — stable below 500°C 

Cu ,.gS (digenite (2). 
cue f3:C 

cubic ——~ metastable low-temperature  ———~> 
form 

(twinned rhombohedral 

superstructure) 

‘ : 3) : 
Cuy,.9658 (d urleite)‘ : 3 cubic 

tad 100°C high-temperature 

It form 

complex (128 S/cell) 4) metastable tetragonal\5) (c.c.p.S) 

Cu,S (chalcocite) 

470°C 
wm = —————> Tt ——- 

monoclinic(®) — hexagonal7) 

Covellite, which can be ground to a blue powder, is a moderate conductor of 

electricity and has an extraordinary and unique structure. One-third of the metal 

atoms have three S neighbours (at 2:19 A) at the corners of a triangle, and the 

remainder have four S neighbours arranged tetrahedrally (at 2-32 A). Moreover, 

two-thirds of the S atoms are present as Sy groups like those in pyrites, so 

that if we regard this as a normal covalent structure it would be represented 

Cu4Cus'(S2)2S2. 
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The three distinct species with formulae near to or equal to CuyS all have a 

high-temperature form based on c.c.p. S atoms in which there is statistical 

arrangement of the Cu atoms, probably in tetrahedral holes, this Cu,_,S phase 

being stable over the composition range x = 0-0-0-2. In high-digenite there is on the 

average 9/10 of a Cu atom within each S, tetrahedron but not centrally situated. In 

the intermediate metastable form some of the Cu atoms have moved so that now 

some Sq tetrahedra are unoccupied and in the occupied tetrahedra Cu is statistically 

distributed over 4 equivalent (off-centre) positions. 

The extremely complex structure of Cu,.9¢S-I1I is not known, but in the 

metastable tetragonal form there is almost perfect cubic closest packing of the S 

atoms in which Cu occupies trigonal holes (Cu—3 S, 2°31 A); S is surrounded by 6 

Cu at the vertices of a trigonal prism. There is very slight displacement of the Cu 

atom towards a tetrahedral hole, and in addition to its three S neighbours Cu has 

2 Cu at 2-64 A and 2 more at 2:97 A. In hexagonal chalcocite-11 the Cu atoms are 

disordered in a h.c.p. array of S atoms, being statistically distributed in three types 

of site. In the unit cell containing 2 S atoms there is the following average 

occupancy of sites: 1-74 Cu in sites of 3-coordination (Cu—S, 2-28 A), 1-42 Cuin 

sites of tetrahedral coordination with Cu non-central (Cu—3 S, 2°59 A, Cu—1 S, 

2:15 A), and 0:84 Cu in sites of 2-coordination, on edges of Sq tetrahedra 

(Cu—2 S, 2:06 A). In addition, there are separations of only 2:59 A between the 3- 
and 4-coordinated Cu atoms. 

A very careful study of low-chalcocite, which was originally referred to an 

orthorhombic cell containing 96 Cu,S, has shown that the true symmetry is 
certainly not higher than monoclinic. In the proposed structure, which has 48 Cu,S 
in the unit cell, all Cu atoms are 3-coordinated, mostly in or near positions of 
planar coordination in a h.c.p. array of S atoms. Certain features of the structure, 
notably two very long Cu—S distances (2:88 A, compared with 2-33 A, mean), 
suggest that although this structure must be very near to the true one, there may 
still be complications due to submicroscopic twinning. 

The physical properties of these compounds, which include metallic lustre, 
intrinsic semiconductivity, and in some cases ductility, the close contacts between 
Cu atoms in some of the phases, and the variety of arrangements of the bonds from 
the Cu atoms, indicate that these are semi-metallic phases, as also are some of the 
numerous complex sulphides. On the grounds that the chalcopyrite (zinc-blende 
superstructure) structure of CuFeS, is adopted by CuAIS, and CuGaS, we could 
formulate this compound as Cu Fells: with tetrahedral coordination of Cul, but 
in stromeyerite, AgCuS,®) there is trigonal coordination of Cul. It does not seem 
possible to assign oxidation numbers to Cu in the numerous complex sulphides (e.g. 
CuFe,S3, cubanite (p. 633), Cu3Fe4S,, CusFeS,, bornite,“®) and Cu,FeS,) in 
such a way as to give a consistent stereochemistry of Cu(1) and Cu(i1). 

The structural chemistry of Au(i11) 

In this oxidation state gold forms four coplanar covalent bonds. When forming 
these bonds the effective atomic number of Au(it) is 84, five shared electrons 

908 



Copper, Silver, and Gold 

being added to the 79 of the free atom, as is seen from the bond pictures 

fer | 2 | 
[a in K[AuBrg] or —Au< in Au,Cl, 

| | (see below). 

Ill The electronic structure of the 4-covalent Au’ atom is thus 

Sei mesh) Sd 6s 6p 

2 8 18 ay) 2 6 Se eee. ee 

shared 

so that four coplanar dsp? bonds are formed. 

Information about the structural chemistry of Au(t11) comes from (a) auric 

compounds and (b) compounds containing both Au(1) and Au(tr). The square 

coplanar structure has been confirmed for the anions in K(AuF,),“) (Au—F, — 1) JCS A 1969 1936 
1:95 A), K[Au(NO3)4], (p. 663) and K[Au(CN),]. H,0, (Au—C, 1:98 A), and (2) AC 1970 B26 422 
for the AuClg ion in Cs,Au'Au!!Cl, (p. 393). The structures of the auric halides 
themselves are less simple. Crystalline AuF3 has a unique helical (chain) structure 

formed from planar AuF 4g groups sharing cis F atoms (Fig. 25.19)?*). The lengths of 

the Au—F bonds in the chains are 1:91 A and 2-04 A (bridging), and the F bond 
angle is 116°. Weaker bonds of length 2-69 A complete octahedral groups around 

the Au(1i1) atoms. The vapour density of the chloride between 150° and 260°C 

indicates Au,Cle molecules, and the elevation of the b.p. of bromine by the 

bromide shows that this compound exists in solution as Au,Brg molecules. An 

X-ray study?) showed that crystalline AuCl, consists of planar dimers: 

FIG. 25.19. The helical AuF3 
molecule viewed along its length. 344 

> ae A 
Au (2a) JCS A 1967 478 

(3) AC 1958 11 284 

The compound EI ACARI Oe consists of bridged dimeric molecules, and the —_ (4) JCS 1937 1690 

coplanar configuration of four bonds from Au(11I) has also been confirmed in 

AuBr3P(CH3)3°>? and in the compounds (a)-(c): (5) ICS 1946 438 

Dra —C,4Ho I 

ee CH3), ! (CH 
Bes meals : ei ns oe (6) IC 1968 7 810 

(a)®) ey (1) IC 1968 72636 

ING Ns 
F3C CF 

3 SoA Pr 3 (CH.)> (aka 

i Au é (P¢3Cl) } 

Fc °5 SS CR; 3.35 A 

(b)™ (c)® (8) IC 1969 8 1661 
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There appears to be weak additional bonding in (c) (as in the Ni and Pt compounds, 

where M—I distances are 3-21 A and 3:50 A). The sum of the ‘covalent radii’ gives 

Au-—I = 2:73 A for a single bond. 
The action of AgCN on Au,Br2(C2Hs)q gives the cyanide, which has a 4-fold 

molecular weight. The bridged structure noted above for the bromo compound is 

possible because the angle between two bonds from a halogen atom can be 

approximately 90°, but a similar structure is not possible for the cyano compound 

since the atoms linked by the CN group must be collinear with the C and N atoms. 

Accordingly this compound forms a square molecule of type (d), the structure 

having been established for the case R = -OsHae) 

| i 
R—Au—G=N > ftank 

t 

N C 
il | 
C N 

Rak i yee 

beet 
(d) 

Dimethyl auric hydroxide, [(CH3)2AuOH] 4 is also a cyclic tetramer, (e), but 
there is apparently a strange asymmetry and the interbond angles at Au(iII) range 
from 81 to 106°; the range of Au—O bond lengths, 1:87-2:40 A, is inexplicably 
large. 9) 

Examples of compounds containing Au(1) and Au(t1) include Cs,(AuCl, ) 
(AuCl,) and (CgH;CH,).S.AuBrz, which have already been noted, and the 
compound (f).4!) All these compounds contain Au(1) forming 2 collinear and 
Au(tit) forming 4 coplanar bonds. In contrast to the black Cs,(AuCl, )(AuCl) 

H3C (Hs 
H3C~),, —CH; 

N g/ ‘ 
H CaHo~n Se aS C4H N—C Atri Ge NGS ans I 

fe H a 
bee aot yes = ~C4Hy in 

HaGne \~CH; 
Hac CH; 

(e) (f) 
there is no interaction between Au(1) and Au(1II) in the compound (f), which 
forms yellow needles. In crystalline [Au!"(dimethylglyoxime),](Au!Cl,) Au(111) 
forms two weak bonds in addition to the four coplanar bonds. The crystal consists 
of planar [Aul!(DMG),] * and linear (AutChE)s ions so arranged that there are 
ee Cake Au(1) and Au(itI) atoms in which the metal-metal distance is 
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The Elements of Subgroups IIB, LIB, 

and IVB 

Introduction 

Before the structural chemistry of these elements is considered in more detail 

attention should be drawn to one feature common to a number of them. We have 

seen that the elements Cu, Ag, and Au can make use of d electrons of the 

penultimate quantum group and in the case of Cu can lose one or two of the 3d 

electrons to form ions Cu?* and Cu?*. Some elements of the later B subgroups 
show a quite different behaviour. In addition to forming the normal ion M¥* by 

loss of all the N electrons of the outermost shell (V being the number of the 

Periodic Group) there is loss of only the p electron(s), the pair of s electrons 

remaining associated with the core—the so-called ‘inert pair’. For a monatomic ion 

this implies that M must have at least 3 electrons in the valence shell, and we have 

therefore to examine the evidence for the existence of ions M* in Group IIIB and 

ions M** in Group IVB. Mercury retains the structure 78 (2) in its monatomic 

vapour and would have the same effective atomic number in (Hg—Hg)’ * if the free 

ion exists; this point is mentioned later. The very small degree of ionization of 

mercuric halides was regarded by Sidgwick as evidence for the inertness of the pair 

6s electrons of Hg, but the Hg?* ion obviously exists in crystalline HgF , (fluorite 

structure). Evidence for the existence of ions may be adduced from the properties 

of compounds in solution or in the fused state, or from the nature of their crystal 

structures. 

Ga*, In*, and T1* 
All the monohalides of Ga are known as vapour species, being prepared by methods 

such as heating Ga + CaF, in a Knudsen cell or by vaporizing GaCl2, but only Gal 

has been prepared as a solid (actually Gali ne) its structure is not known. 

Reduction of the dibromide by metal proceeds only as far as Gabresosn. Both 

Ga,O and Ga,S have been prepared, but their structures also await examination. 

However, the Ga” ion exists in the crystalline ‘dichloride’, Ga*(GaCl,)~,‘*) and the 

fused salt (at 190°C) also has this ionic structure for its Raman spectrum is very 

similar to that of the GaClq ion formed in a solution of GaCl; containing excess 

Cl~ ions. The fused dibromide is similar.‘4) The Ga* ion can be introduced into the 

B-alumina structure (q.v.) and then replaced by Na* in molten NaCl (810°C) to 

form the original compound.‘°? 
All the crystalline monohalides of In exist except InF, which is known only as a 
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FIG. 26.1. The crystal structure 

of GaS. 
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vapour species, though these compounds: are much less stable than the thallous 

compounds. The In* ion is present in crystalline InBr and InI (see Chapter 9), but 

it is not stable in water, in which both InCl and InCl, form In? * + In. Solid InCl, is 

diamagnetic and is presumably In(InCl,); In also forms the chlorides IngCls, 

IngCl,, and In,Cl3, the latter presumably being Ing Gmc). The T1* ion is 

certainly stable, for the soluble TIOH is a strong base like KOH, and the halides 

have ionic crystal structures; note, however, the unsymmetrical structures of TIF 

and yellow TII (Chapter 9). 

For compounds apparently containing divalent Ga, In, or Tl, there are two 

simple possibilities: equal numbers of M* and M?* (or M! and M!! in a covalent 

compound) or ions (M—M)** analogous to Hg$*. The former alternative has been 
confirmed in a number of compounds; there is no evidence for binuclear ions. The 

diamagnetic GaS®) is not an ionic crystal but contains Ga bonded to four 

tetrahedral neighbours (1 Ga + 3 S) to form a layer structure (Fig. 26.1). With the 
equivalence of all the Ga atoms in GaS compare the presence of equal numbers of 

TI(1) and Ti(i11) in TIS (p. 928). 

InS‘?) may be described as built of puckered 3-connected layers similar to those 

in GeS and SnS), but the layers are translated relative to their positions in GeS so 

that there are close In—In contacts between the layers (2°80 A). The structures are 

compared in Fig. 26.2. As a result In has a distorted tetrahedral arrangement of 4 

nearest neighbours (3 S, 2°57 A, 1 In, 2-80 A). A S atom has 3 In neighbours and 

also 1S at the surprisingly short distance of 3-09 A (in addition to 4S at 3:-71A 
and 2 S at 3-94 A); confirmation of this distance would seem desirable. 

O In at 0 OQ 'Ge'at 0 
O Inat a/2 O Geat c/2 

< : O Sat0 O Sat 0 
4 a ' 

' O Sat a/2 ‘iOS atae 

(a) InS (b) GeS 

FIG. 26.2. Projections of the structures of (a) InS, (b) GeS (layers perpendicular to plane of 
paper), showing one In—In bond in (a) as a broken line. 

Ge2*, Sn?*, and Pb2* 
Compounds of divalent Ge are well known. There is no evidence that GeO is a 
stable phase at temperatures below 1000°K (compare SiO), but compounds stable 
at ordinary temperatures include GeS, all four dihalides, and complex halides such 
as MGeCl3. The Ge?* ion is not stable in water, and its crystal structure shows that 
GeF, is not a simple ionic crystal (p. 929). There seem to be no simple ionic 
crystalline stannous compounds. In solution Sn?* presumably exists as complexes; 
its easy conversion into Sn** gives stannous compounds their reducing properties. 
Lead presents a quite different picture. The stable ion is Pb? *. This has no reducing 
properties, and there is no evidence that Pb** can exist in aqueous solution, but it 
certainly exists in crystalline compounds such as PbO, (rutile structure). 
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The structural chemistry of zinc 

The structures of many of the simple compounds of the IIB elements have been 

described in earlier chapters. Cadmium, like zinc, has only one valence state in its 

normal chemistry and its structural chemistry presents no points of special interest. 

We therefore confine our attention here to zinc and mercury. 

From the geometrical standpoint the structural chemistry of zinc is compara- 

tively simple. There is only one valence state to consider (Zn!!) and in most 

molecules and crystals the metal forms 4 tetrahedral or 6 octahedral bonds; two 

collinear bonds are formed in the gaseous ZnX, molecules and presumably in 

Zn(CH3)2, and some examples of 5-coordination are noted later. 

A comparison of the structures of compounds of Be, Mg, Zn, and Cd reveals an 

interesting point; we exclude Hg from this series because there is practically no 

resemblance between the structural chemistries of Zn and Hg apart from the fact 

that one form of HgS has the zinc-blende structure. In the following group of 

compounds italic type indicates tetrahedral coordination of the metal atom in the 

crystal; in other cases the metal has 6 octahedral neighbours. 

BeO MgO ZnO CdO 

BeS Mgs ZnS CdS 

BeF, MgF, ZnF, CdF, 

BeCl, MgCl, ZnCl, CdCl, 

B-Be(OH) 4 Mg(OH), Zn(OH), Cd(OH), 

Apart from the halides (for which see Chapter 9) the Be and Zn compounds are 

isostructural. Octahedral coordination of Zn is found in ZnF, and also in the 

following compounds, all of which are isostructural with the corresponding Mg 

compounds: ZnCO3, ZnWO,, ZnSb2O,, Zn(ClO4)2. 6 HO, and ZnSOq. 7 H20. 

Comparison with the Be and Cd compounds is not possible for all these salts either 

because Be does not form the analogous compound or because their structures are 

not known. Compounds in which Zn, like Be, has 4 tetrahedral oxygen neighbours 

include ZnO, Zn(OH), Zn,SiO4 (contrast the 6-coordination of Mg in Mg,SiO,), 

and complex oxides such as K,ZnO, (chains of edge-sharing ZnO, tetrahedra)!) 

and SrZnO, (layers of vertex-sharing tetrahedra).‘?) These differences in oxygen 

coordination number are not due to the relative sizes of the ions Be? *, Mg**, and 

Zn? * for the last two have similar radii; moreover, there is 6-coordination of Mg? a 

by Cl” in MgCl, but 4-coordination of the metal in all three crystalline forms of 

ZnCl,. The tetrahedral coordination by Cl persists in ZnCl,. 14 H,0°?? and in 

ZaCl,. 4 HCl . Hy 0.4) In the former all the Cl is associated with two-thirds of the 

Zn atoms in tetrahedral ZnCl, groups which share two vertices to form chains 

(ZnCl3), _. The remaining Zn atoms lie between the chains surrounded octa- 

hedrally by 2 Cl and 4 H,0; note that the more electronegative O (of H» O) belongs 

to the octahedral coordination groups. The structural formula could be written 

(Zn'***-Cl,)> [Zn°°'\(H20)4] though this does not show the actual coordination 

numbers of the two kinds of Zn atom (ion). In the second compound ZnClq 

tetrahedra each share 3 vertices to form a 3D framework of composition 
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(Zn,Cl5), which forms around (H;02)* ions, ie. (Zn,Cl,) (H502)*—see 

Chapter 15. 

It would seem that the tetrahedral Zn—O bonds have less ionic character than 

octahedral ones. Evidently the character of a Zn—O bond will depend on the 

environment of the oxygen atom, though a satisfactory discussion of this question 

is not yet possible. In ZnO the O atom is forming four equivalent bonds (a), in 

Zn,SiO4 bonds to 2 Zn and 1 Si(b), and in ZnCO; bonds to 2 Zn and 1 C of a€Gss 

ion, within which the C—O bonds are covalent in character, (c). 

Sd ey Fn Si les 
ypc 

; Re : at > 2 i nae 
7 ae 77 Ta Sia =O 

we | | ~ ca) i ee | ee 

(a) (b) (c) 

Both tetrahedrally and octahedrally coordinated Zn occur in a number of 

crystalline oxy-compounds, including ZnyMo30g, Zn,(OH)2SO,4, y-Zn3(PO,)2, 

ZnMn307. 3 HO, Zn;(OH)gCl,. H2O, and Zn;(OH)¢(CO3)2. The structures of 

the hydroxy-salts are described in other chapters. In some crystals there appears to 

be a clear-cut difference in length between the tetrahedral and octahedral Zn—O 

bonds, for example, 2:02 and 2:16 A respectively in Zns;(OH)gCl,. H,O and 1-95 

and 2:10A in the hydroxycarbonate, while in ZnMn30,.3 H,O the octahedral 

coordination group is made up of 30 of H,O molecules (Zn—O, ~2-15 A) and 

30 of the Mn30, layer (Zn—O, ~1:95 A), and in the inverse spinel 

Zn(Sbo.¢7Zn,.33)O4 there is apparently little difference in length between the two 

types of Zn—O bond (all close to 2:05 A).©? It is probably not profitable to discuss 

this subject in more detail until more precise information on bond lengths is 
available. 

A similar difference in M—O bond character presumably exists in oxy- 

compounds of divalent lead. Many anhydrous oxy-salts of Pb!! are isostructural 

with those of Ba (and sometimes Sr and Ca): 

CN. of M 

PbSO4, BaSO4 12 
Pb(NO 3)25 Ba(NO 3)2 6+6 

PbCO3, BaCO3 9 

in which it is reasonable to conclude that the Pb is present as (colourless) Pb? * ions 
with radius close to those of Ba?* and Sr**. With these compounds compare the 
coloured PbO (two forms) in which Pb has only 4 nearest neighbours, in contrast to 
the NaCl structure of the colourless BaO and SrO. 
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5-covalent Zn 

Monomeric chelate complexes with a trigonal bipyramidal bond arrangement 
include [Zn(tren)NCS] SCN) and ZnCl,(terpyridyl),) Fig. 26.3(a). The stereo- (1) JACS 1968 90 519 
chemistry of such complexes is strongly influenced by the structure of the (2) AC 1966 20924 
polydentate ligand, but there are other compounds which, like the cupric 
compounds discussed earlier, emphasize the importance of considering the structure 
as a whole. Some chelates such as the 8-hydroxyquinolinate >) form dihydrates 
which consist of octahedral molecules (Fig. 26.3(b)), while others form mono- 
hydrates in which the configuration of the molecule is intermediate between tetra- 
gonal pyramidal and trigonal bipyramidal. In the monoaquo bis-(acetylacetonate) 
molecule,‘*+) Fig. 26.3(c), the configuration is nearer the former, with all 
Zn—O = 2-02 A and the Zn atom 0-4 A above the base of the pyramid, but we 
saw in Chapter 3 that the choice of description for this type of configuration is 

(3) AC 1964 17 696 

(4) AC 1963 16 748 

105° H,0 f 

acy N24 3 vel S 
112°%ZnkN ) OLA, Rain (3.38A 
AYA 09k oi) 5 — 
ty = H,0 7.22A Dada 

218A one 

&) (b) (c) (d) (e) (p 
FIG. 26.3. Zn forming 5 or 6 bonds in molecules. 

somewhat arbitrary. The configuration of the monohydrated complex with 

NN’-disalicylidene ethylene diamine is of the same general type, with Zn 0:34 A 

above the plane of the ON, square.‘S) The reason for the formation by these (5) JCS A 1966 1822 

chelates of a monohydrate rather than a dihydrate is presumably associated with 

the packing of the molecules in the crystal. In crystals of the last compound there is 

strong hydrogen bonding of H,0 to two O atoms of an adjacent molecule 

(O-H:O *%2:5A), and this may be a decisive factor in determining the 

composition and structure of the crystalline compound. 

In the foregoing examples Zn achieves 5-coordination in a monomeric complex. 

A fifth bond is formed in some compounds by dimerization, as in Fig. 26.3(d), a 

type of structure already noted for a number of Cu! complexes. In the 
diethyldithiocarbamate“® apparently one of the four short bondsis formed toaS (6) AC 1965 19 898 

atom of the second molecule of the dimer. A further possibility is realized in 

bis-(N-methylsalicylaldiminato) zinc, Fig. 26.3(e), in which the five bonds from 

each Zn are formed within a simple bridged dimer;‘”) the Mn and Co compounds __ (7) IC 1966 5 400 
are isostructural. A rather surprising structure is adopted by anhydrous Zn(acac),. 

We note elsewhere the polymeric structures of [Co(acac).]4 and [Ni(acac),] 3 

formed from respectively 4 and 3 octahedral coordination groups. The Zn 

compound is trimeric but structurally quite unlike the linear Ni compound. The 

central Zn is octahedrally coordinated, but the terminal Zn atoms are 5-coordinated 

(Fig. 26.3(f)), the bond arrangement being described as approximately trigonal 

bipyramidal.‘®? (8) AC 1968 B24 904 

aS 



(1) AC 1966 21 536 

(2) JCS A 1970 714 

(3) AC 1966 21 919 

(4) AC 1963 16 498 

(5S) AC 1963 16 343 

(6) AC 1965 18 367 

(1) IC 1962 1 700 

The Elements of Subgroups IIB, IIIB, and IVB 

Coordination compounds with tetrahedral or octahedral Zn bonds 

We note here a few compounds presenting particular points of interest. 

Zinc dimethyl dithiocarbamate!) forms dimeric molecules, Fig. 26.4(a), in 

which the ligand behaves in two different ways, Zn forming somewhat irregular 

tetrahedral bonds. The diethylthiophosphinate forms dimers of the same kind, 

S2P(C,H5)2 replacing SS ON(CH pana? By way of contrast there is the much 

simpler behaviour of a similar ligand in zinc ethylxanthate, Zn(S,COC,Hs),.) 

Here each ligand forms a single bridge between tetrahedrally coordinated Zn atoms 

to give a layer based on the simple plane 4-gon net (Fig. 26.4(b)). 

In salts Zn(N,H4)2X, the hydrazine molecules link the Zn atoms into infinite 

chains, Fig. 26.4(c), and the two X ligands complete the octahedral coordination 

N(CH,), 

SiN g-6 ey eee 
et 7 eS: 

oe FIG. 26.4. Zn forming tetrahedral 
J bonds in (a) Zn[SzCN(CH3)2] 2 
(CH3), and (b) Zn(S,COC,Hs)2, and 

(a) octahedral bonds in 
(c) Zn(N2 Hq )2Clo. 

aaa ZZ Se i a 

S | S SS Pee _~ oe 
\ NS - A Zn Zn = 
See / S54 aN ea 

S S 

| | (c) 
21 SS 

rere | OC,H, 

group of Zn. In the chloride,“*) the Zn—Cl distances are surprisingly large (2:58 A) 
compared with values around 2-25 A for tetrahedral ZnClZ~ in (NH,)3ZnCly. Cl 
etc. A similarly long Zn—Cl bond (2-53 A) is found in the trans octahedral 
molecules of the biuret complex,‘*) in which H,N.CO.NH.CO. NH, behaves as 
a bidentate ligand like acac in Zn(acac),(H0),, Fig. 26.3(b). In the dihydrazine 
isothiocyanate©®) all six Zn—N bonds are said to be equal in length (2-17 A). 

The structural chemistry of mercury 

Mercury forms two series of compounds, mercurous and mercuric, but the former 
are not compounds of monovalent Hg in the sense that cuprous compounds, for 
example, are derivatives of monovalent Cu. A number of elements form compounds 
in which there are metal-metal bonds but mercury is unique in forming, in addition 
to Hg?* and the normal mercuric compounds, a series of compounds based on the 
grouping (~Hg—Hg—). (Evidence for the formation of the Cd$* ion in molten 
Cd,(AICl4) at 250°C is limited to the observation of one Raman line.) 
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Mercurous compounds 

The fact that the ‘mercurous’ ion in aqueous solution is not Hg* but Hg3* 
(presumably, (H,O0—Hg—Hg—OH,)?*) was demonstrated by investigating the 
equilibrium between Ag* and mercurous ions in the presence of excess liquid 
mercury and by measuring the e.m.f. of a cell containing mercurous nitrate solution 
at two different concentrations with mercury electrodes. As far as is known all 
mercurous compounds contain pairs of Hg atoms in linear groups X—Hg—Hg—X in 
which the bonds formed by Hg are two collinear sp bonds as in molecules of 
mercuric compounds X—Hg—X. Even Hg,F, has the same linear molecular 
structure as the other halides, though the structure has an extraordinarily large F—F 
separation (3-85 A) between different molecules, and the (hydrated) nitrate and 
perchlorate do not contain Hg—Hg?* ions but linear groups H,O—Hg—Hg--OH3 *. 
Since Hg in these compounds has only two nearest neighbours its coordination 
group is necessarily completed by a number of more distant neighbours. In the 
halides Hg,X these complete a distorted octahedral group, but the number and 
arrangement of next nearest neighbours of Hg in crystalline mercurous compounds 
in variable. In the bromate, which consists of linear molecules 03 Br—Hg—Hg— 
BrO3, two more O atoms complete a very distorted tetrahedral group. The sulphate 
consists of infinite linear molecules and the next nearest neighbours of Hg are three 

O O 

aoe \65) XP eS sa HE 3% 
Of. Ome Pe Se 

O atoms of adjacent chains at 2:50, 2-72, and 2-93 A. 

The latest data on mercurous halides (Table 26.1) do not confirm the earlier 

conclusion that the length of the Hg—Hg bond increases with decreasing 

electronegativity of the halogen. Organic mercurous compounds containing the 

system —C—Hg—Hg—C-— are not known. “Mercurous oxide’ is apparently a mixture 

of HgO and Hg.*?? 

TABLES 6-1 

Interatomic distances in mercurous compounds 

Hg—Hg Hg—X Hg—4 X Reference 

Hg2F2 251A 2-144 EON 
Hg2Cl, DSB 2-43 374) | JCS 1956 1316; 
Hg2Br> 2-49 2-71 3-32 CC 1971 466 
Hg2Io Rae 2-68 3-51] (Under investigation) 

Hg2(NO3)2 .2 H20 2-53 UESM9S Gals 12 
He, (Cl04)2.4 H20 2-50 Hg—O 2-12 (0-05) ACSc 1966 20 553 
Hg2(BrO3)2 2°51 ACSc 1967 21 2834 
Hg2S0O4 2-50 ACSc 1969 23 1607 

O17, 

(2)iZa@ 1933211233 



(1) IC 1962 1 182 

(2a) AC 1964 17 933 

(2b) IC 1971 10 2331 

(3) JCP 1964 40 2258 

(4) JCP 1954 22 92 

(5) ACSc 1958 12 1568 

The Elements of Subgroups ITB, IIIB, and IVB 

Mercuric compounds 

In most of its compounds Hg(11) forms either two collinear or four tetrahedral 

bonds which are presumably essentially covalent and may be described as using sp 

or sp> hybrids. There are no examples as yet of the formation of six equivalent 

octahedral bonds, though this may possibly occur in compounds such as 

[He(C;H;NO)¢] (C104)... A few examples of 3-covalent Hg(Ir) are noted later. 

The only simple ionic compound is HgF 2 (fluorite structure), in which Hg?* has 8 

equidistant F~ neighbours. Even oxygen is not sufficiently electronegative to ionize 

Hg, and we find Hg forming two short collinear bonds to O in both forms of HgO 

and also in crystals such as HgSOq. HO?) where Hg has a distorted octahedral 

coordination group of 5 O (of anions) and 1 H,0: 

0 O. Gat250A) 

2-17 “a 2:24 A 

Hg 
5 LN 

reas 
O O 

O OH, 

In HgCN(NO3)°?°) linear chains -Hg—-CN—Hg—CN-— are stacked with their axes 

parallel, and the coordination group around Hg(i1) is completed by three pairs of O 

atoms of NO} ions. Here the metal atom forms 2 short collinear bonds (2-06 A) to 

C or N (which were not distinguishable) and 6 Hg—O bonds (2°73 A) in the 

equatorial plane (compare uranyl compounds, Chapter 28). 

In all crystals in which Hg(11) forms only two short collinear bonds the 

coordination group necessarily includes a number of other atoms, as in the case of 

mercurous compounds. These additional neighbours often complete a distorted 

octahedral group, so that an analogy may be drawn between this (2 + 4)- 

coordination of Hg(i1) and the (4+ 2)- or less common (2 + 4)-coordination of 

Cu(i1) described in the previous chapter. In other cases there are only two next 

nearest neighbours forming, with the two close neighbours, a distorted tetrahedral 

group. This type of coordination is associated with departures from collinearity of 

the two strong bonds. Before dealing with selected groups of compounds we 

mention some examples of Hg(11) forming 2 collinear or 4 tetrahedral bonds. 

Molecules (other than the dihalides, for which see later) which have been shown 

to be linear include H3C—Hg—CH3, F3C—Hg—CF3, mercaptides RS—Hg—SR, “> 
C,H;S—Hg—Cl, Cl-Hg-SCN, and Br—Hg—SCN. From the bond lengths 

H3C—Hg—Cl and H,C—Hg—Br,“*) namely, Hg—C, 2:07 A, Hg—Cl, 2:28 A, and 
Hg—Br, 2:41 A, the radius of 2-covalent Hg has been deduced as 1:30 A. (The value 
1:48 A, on the Pauling scale, has been suggested for tetrahedral Hg(11).) 

In several crystalline compounds X-Hg—X or X—Hg—Y in which one or both of 

the bonds are to C or S, the bonds are not collinear. A combined X-ray and neutron 

diffraction study of Hg(CN),‘*) shows that there are two additional weak Hg—N 

bonds in a plane perpendicular to that of the two Hg—C bonds, (a), the angle 

between the latter being 171(+2)°. Smaller interbond angles are found in the 
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ONAN, Nis 
a 2-70 A 25-264 
80 ee <i se _ 

(a) (b) 

dithizone complex, Hg(C, 3H; ;N4S).2 C;H5N, (b), which crystallizes with two 

pyridine molecules of crystallization.“©) This very distorted tetrahedral arrange- 

ment with one large angle between bonds of normal length and a small angle 

(80-100°) between the two weaker bonds occurs in a number of crystals and also 

in the molecule HgCl,[OAs(C,H;)3] 2,7”, shown at the right, in which the Hg—Cl 

bonds have the normal length but Hg—O is considerably longer than in, for example, 

HgO (2-05 A). In KI . Hg(CN),>,°®) on the other hand, Hg forms two approximately 

collinear bonds in Hg(CN), molecules but 41” ions complete an octahedral co- 
ordination group (Hg-I, 3-38 A). It seems likely that the dipole moments (in solution) 

of molecules HgX, (dihalides, diphenyl, etc.) are due to interaction with the solvent, 

since such molecules are linear in the solid and vapour states.) 

Some examples of the formation of four tetrahedral bonds by Hg(i1) are given 

on the next few pages. We note here some complexes, finite, 1-, 2-, and 

3-dimensional, in which Hg forms bonds to 4S atoms which in three of the 

compounds belong to SCN groups. There is a tetrahedral anion in [Hg(SCN)q] 

[Cu(en)> | (49) the thioxan complex (a), is a tetrahedral molecule.“!!) In the 

infinite chain (b) the trithiane molecules act as bridges between the HgCl, 

groups.‘!?) The layer in CoHg,(SCN),¢. CsH,‘!%) was noted in Chapter 3 as a 

Cl Cl 

(ie 
S\_ Se 

a ee 
2-61 A S 

O O 
(a) (b) 

rather complex example of a layer based on the plane 4-gon net. Octahedral 

Co(SCN). groups are linked through their terminal S atoms by pairs of Hg atoms 

which are bridged by two S atoms (Fig. 26.5); the CgHg molecules are 

919 

(6) JCS 1958 4136 

(7) ACSc 1963 17 1363 

Cl 
147° Cl 
C9338 
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rro 
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(8) AC 1963 16 105 

(9) JCP 1964 41 3276 

(10) AC 1953 6 651 

(11) JCS A 1967 271 

(12) JCS A 1966 1190 

(13) HCA 1964 47 1889 



(14) AC 1968 B24 653 

FIG. 26.6. The crystal structure 

of NHq HgCls. 

Cl 
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The Elements of Subgroups IIB, LTB, and I VB 

accommodated between the layers. ‘In the diamond-like structure of 

CoHg(SCN)4“1%) the —SCN— ligands link Co and Hg into a 3D framework in 

which Co has four tetrahedral N and Hg four tetrahedral S neighbours. 

FIG. 26.5. Portion of layer in 

CoHg2(SCN)6 . (Gr He. 

Mercuric halides—simple and complex. In contrast to HgF>, which crystallizes 

with the fluorite structure, HgCl,, HgBr2, and the yellow form of Hg, crystallize 

as linear molecules X-Hg—X; four halogen atoms of other molecules complete very 

distorted octahedral coordination groups around Hg(11). (Alternatively, the HgBr2 

structure may be described as built of very distorted Cdl -type layers.) The red 

form of Hgl, has a quite different layer structure in which each Hg atom has four 

equidistant I neighbours arranged tetrahedrally. In the remarkable structure 

assigned to an orange form of Hgl, multiple groups of four tetrahedra, similar to 

the P40, molecule, replace the single tetrahedra in the layer of red Hgl,. The 

molecules HgCl,, HgBr2, and Hgl, have been shown by electron diffraction to 

form linear molecules in the vapour state. Interatomic distances in these halides are 

included in Table 26.2. 

Many complex halides MHgCl; and M,HgXg, are known; the structures of fluoro 

compounds are not yet known. In a number of chloro compounds there is the same 

(2 + 4)-coordination of Hg(I1) as in HgCl, (Hg—2 Cl at about 2-3 A and 4 more 

distant neighbours), and the structures may be described in terms of these very 

distorted octahedral HgClg groups. They include K,HgCl4.H,0 built of edge- 

sharing chains (a), and NH4HgCl3 in which the octahedra share four equatorial edges 

to form layers in which the Hg—Cl bonds are so much longer (2:96 A) than those 

perpendicular to the layers (2:34 A), that this crystal is an aggregate of HgCl, 

molecules, Cl”, and NHj ions (Fig. 26.6). The salt CsHgCl; has a deformed 
perovskite structure in which Hg has 2 Cl neighbours at 2:29 A and 4 Cl at 

2:70 A. 
On the other hand, in salts of very large cations there is trigonal coordination of 
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TABLE 26.2 

Interatomic distances in mercuric compounds 

Compound Numbers of X atoms Hg—X in vapour 
around H¢g in crystal molecule(@) 

Dra 2 at 

HgF 8 at 2-40 A 
HgCl, (4) 3:34 3-63 2:34 A 
HgBr2©) 3-23 3-23 2-44 
Hel, (yellow) @) 4 at 3-51 2-61 
Hgly (red) @) 4 at 2-78 
Hgl, (orange) 1) 4at 2-68 A 

NH4HgCl; (2) 2-96 2-96 
K,HgCly.H,0W”) 2-8 3-15 
CsHgcl,” 4 at 2:70 
(Bu3 As) (HgBr2)3(8) 4 at 3-1-3-2 

(a) TFS 1937 33 852. (b) AK 1950 22 14. (c) ZK 1931 77 122. ) IC 1967 6 396. (e) ZK 
1938 100 208. (f) DAN 1955 102 1115. (g) JCS 1940 1209. (h) ZK 1968 128 97. 

Hg(i1) as in, for example, (CH3)4N(HgCl3) and the isostructural bromide“) and 

iodide. In the bromide, which was studied in detail, approximately planar HgBr3 

groups (Hg—Br, 2-52 A) are linked into chains by a fourth bond from each Hg 

(Hg—Br, 2:90 A), a system intermediate between discrete HgBr3 ions and chains 

formed from HgBr,4 tetrahedra sharing two vertices as in a metasilicate chain. In 

(CH3)3SHgl; °?? there is also approximately planar coordination of Hg (Hg—3 I, 

2:71 A) but in this case the Hgl, groups are linked into chains by very much 

weaker bonds (Hg—I, 3°52 and 3-69 A), the five bonds forming very distorted 

trigonal bipyramidal coordination groups around the metal atoms. 

Tetrahedral coordination of Hg(i1) by halogen atoms occurs in only one of the 

dihalides (red HgI,) but it is a feature also of complex halides such as Ag, Hgl, and 

Cu,Hgl, (p. 630). However, the tetrahedral ions HgX2~ (including HgF4_) are 

stable in combination with large cations, as in the mercurichloride of the alkaloid 

perloline (Hg—Cl, 2-50 A), in [N(CH3)q] 2HgBr4, and [(CH3)3S] 2Hgl4. Note 

the large difference between Hg—Cl when two collinear bonds are formed (2°3 A) 

and the value 2:°5A for tetrahedral bonds. Both types of bond occur in 

CgH, 2S2- Hg, Clq,” in which some of the Hg atoms form two approximately 

collinear bonds (Hg—Cl, 2:30 A, CI-Hg—Cl, 168°) and the remainder form four 

tetrahedral bonds (Hg—2 Cl, 2:51 A, Hg—2 S, 2°53 A). 

Mercuric halides combine with tertiary phosphines and arsines (e.g. As(C4Hg)3) 

to form crystalline products (R3ASs).(MX2)n- The compound [(C4Hg)3As] 2 

[HgBr,] 2 consists of molecules in which the two Hg atoms are joined by halogen 

atoms: 

(C4Ho)3A8—_ as oT 

Bra) Bre 2 sAS(CaHo) 3 
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(1) AC 1963 16 397 

(2) AC 1966 20 20 

(Q)ROS W363 7A 

(4) JCS 1965 5988 
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FIG. 26.7. The environment of a 
mercury atom of a HgBr2 molecule 

in [(Cq Hg)3As] 2Hg2 Bra 5 HgBrp. 

(5) JCS A 1969 2501 
For other references see Table 

26.2 
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(2) AK 1964 22 517, 537 

(3) ACSc 1964 18 1305 
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This compound is therefore similar in general type to the gold compounds already 

described (p.909) and to the bridged palladium compounds mentioned later 

(p. 978), except that the bonds from the metal atoms are disposed tetrahedrally 

instead of being coplanar. The product richer in mercuric bromide and having the 

empirical formula [(C4H9)3As] 2[HgBr2]3 is found to be a mixed crystal of 

[(C4Hy)3As] 2Hg2Br4, the above bridged molecule, and HgBr2. In this crystal the 

environment of a Hg atom of a HgBr, molecule is very similar to that in HgBr2 

itself. There are two near Br neighbours and four more distant ones which belong to 

bridged molecules, as shown in Fig. 26.7. An unsymmetrical bridge is found in 

Hg,Cl4(Se . P3)2°*): 

Pa Ba ee oe 
O3P oe ee B23 A _UP¢3 

Cl C1278 A Se 

Oxychlorides and related compounds. Like many other B subgroup elements 

mercury forms numerous oxy- and thio-salts. The oxidation state of the metal in all 

of these compounds is not obvious, as for example in the complex structure of 

2 HgO . Hg,Cl,.“) The existence of the following mercuric compounds has been 

confirmed: Hg3OCl, (colourless), Hg3;0 Cl, (black), Hg4O3Cl,, (yellow, the 

mineral kleinite), and Hg;O4Cl, (red). The structure of Hg3OCl, shows it to be an 

ionic compound, trichloromercury oxonium chloride, for the crystal is an aggregate 

of Cl” and OHg3Cl3 ions. The latter have the form of flat pyramids with the 

configuration shown.‘?? 

The structures of crystalline compounds of B subgroup elements in which the 

metal forms a small number of stronger bonds can be described in terms of the 

molecules or ions delineated by the stronger bonds. With the description of 

NH4HgCl; as HgCl, molecules, NH3z, and Cl” ions, compare the structure of 

2 HgO . Nal,‘*) which contains infinite zigzag chains like those in orthorhombic HgO 

embedded in a mixture of Na* and I” ions. Three I~ neighbours complete a 

I 

180° OW 2-014 ze a 
H H 28 ee 

Ss ae oe -Hg 
O ie =! Se O Poe 

eed ie x. 
3974 1 I ae 

tetragonal pyramidal group around Hg(i1). The structure of NH4Pb,Br, will be 

noted later in this chapter as a further example of a compound of this 
type—NHq(PbBr,).Br. 

The structure of the black Hg30 Cl, which, like Hg3OCl4, may be prepared by 

the action of marble chips on aqueous HgCl,, is complex. There are two kinds of 

Hg(i1) atoms with quite different environments. The structure is not known 
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sufficiently accurately to warrant detailed description?) but appears to contain 
HgO chains, Hg**, and Cl” ions, It has also been described as built of HgOCl layers 
and mercuric ions.{> 

The structures of two of the three polymorphs of the corresponding sulphur 

compound, Hg3S,Cl,, are accurately known. In both there are continuous 

frameworks (Hg3S,)2”~ built from pyramidal SHg3 groups sharing Hg atoms 

(S—Hg-S, 166°, Hg—S—Hg, 92° (a form), 95° (y form)). In the w form this 

is a 3D network (see p. 95) and in the y form a 2D system; Cl” ions complete 
distorted octahedral groups around Hg (Hg—2 S, ~2:4 A, Hg—4 Cl at distances from 

D135 A)§9) 
In HgO . Hg(CN), there appear to be molecules NC . HgOHg . CN, but the two 

different Hg bond angles (180° and 156°)? suggest that the light atoms may not 

have been accurately located. The structural chemistry of these compounds will be 

known to greater accuracy when neutron diffraction studies have been made, as in 

the case of Hg3OCl, and HgO. 

Mercuric oxide and sulphide. The two well-known forms of HgO are the stable 

orthorhombic and the metastable hexagonal forms. The former is made, for 

example, by heating the nitrate in air and the latter by the prolonged action of 

NaOH on K3Hgl, solution at 50°C. Both form red crystals which grind to a 

yellow powder like the precipitated form. The former is built of infinite planar 

zigzag chains: ‘* 

O 180° 0 “2 ae —~ 

= 2-05 A 

and the next nearest neighbours of Hg are 40 atoms of different chains at 

2:81-2:85 A. The hexagonal form?) is isostructural with cinnabar (HgS) and is 

built of helical chains in which the bond angles and bond lengths are the same as in 

the planar chains of the orthorhombic form. Two further O atoms at 2:79 A and 

two at 2:90 A complete a very distorted octahedral coordination group around Hg. 

The determination of these structures provides a good example of the use of both 

X-ray and neutron diffraction. It is not possible to locate the O atoms by X-ray 

diffraction but it is possible using neutrons, for which the relative scattering 

amplitudes are much more closely similar and moreover independent of the angle of 

scattering. Apparently at least two other forms of HgO can be prepared 

hydrothermally. 

‘Mercuric sulphide, HgS, is dimorphic. Metacinnabarite, a rare mineral, 

crystallizes with the zinc-blende structure, in which Hg(11) forms tetrahedral bonds 

(Hg—S, 2°53 A). The more common form, cinnabar, has a structure‘) which is 

unique among those of monosulphides, for the crystal is built of helical chains in 

which Hg has two nearest neighbours (at 2:36 A), two more at 3-10 A, and two at 

3-30 A. Interbond angles are S—Hg—S, 172° and Hg—S—Hg, 105°. Cinnabar is 

notable for its extraordinarily large optical rotatory power which is, of course, a 

property of the solid only. 
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Two other oxy-compounds may be mentioned here, though the details of their 

structures are not established. Alkali-metal compounds of the type Na,Hg0,“? 

apparently contain linear (O—Hg—O)?~ ions (Hg—O ~ 1-95 A), and one of the two 

forms of HgO,°°) (prepared from HgO and H,0, at —15°C) consists of chains 

O- 

Be 
oO Ug-0 

The relation of the structure of B-HgO, to PdS, and AgF, is described on p. 223. 

Mercury-nitrogen compounds. By the interaction of mercuric salts with ammonia 

in aqueous solution a number of compounds can be obtained, depending on the 

conditions. They include: 

Hg(NH3)X>, diamminohalides (X=Cl, Br) 
HgNH,X, aminohalides (X=F,7 Cl, Br) 

Hg,NHX>, iminodihalides (X=Cl, Br) 

and Hg,NX, Millon’s base (Hg.N .OH .xH,0O) and salts (X=Cl, Br, I, NO3, and 

ClO,4). The chlorides Hg(NH3) Cl, and HgNH,Cl have long been known as fusible 

and infusible white precipitates respectively. 

The structural feature common to all these compounds is the presence of 

complexes containing Hg!! forming two collinear (sp) bonds and N forming four 

tetrahedral bonds, though in the iminodihalide Hg, NHBr, there is also an unusual 

(3 + 2)-coordination of one-quarter of the Hg atoms. 

The diamminohalide Hg(NH3)2Cl, (with which the dibromide is isostructural) 

has a very simple cubic structure?) (Fig. 26.8(a)) in which the unit cell contains 

4[Hg(NH3),Cl,], so that only one-sixth of the Hg positions are occupied 

(statistically). Each Hg position has two equidistant NH3 neighbours and every 

NH3 will have, on the average, one Hg neighbour. Accordingly there are isolated 

(H3N . Hg. NH3)?* ions randomly arranged. In HgNH,Br°?? the positions avail- 

able for Hg, N, and Br are the same as in Hg(NH3),Br, but there are twice as many 

Hg atoms, so that each shaded circle in Fig. 26.8(a) now represents Hg/3. Since any 

particular Hg atom has two equidistant N atoms as nearest neighbours and since the 

number of Hg and N atoms is the same, each N atom will have an average of two Hg 
neighbours. There must therefore be chains 

NH$ iota 
Hg 

SSE Hi 

but these are not straight and parallel over long distances but bent at each N atom 

and irregularly arranged in the crystal. 

+ This compound is apparently not structurally similar to the chloride and bromide.(1) It may 
be a 3-dimensional framework of the Millon’s base type with NH,* and F- ions in the 
interstices, that is (Hg2N)F . NHgF. 
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FIG. 26.8. Structures of mercury-nitrogen compounds: (a) Hg(NH3)2Cl2, (b) —Hg—NH2- 

chains in orthorhombic HgNH2Cl, (c) [Hg3(NH)2] layer in HgyNHBr, (d) unit cell of 
Hg2 NHBrz, (e) NHg2 NO3, (f) NHg2Br, (g) layer in Hg, N2H2Clp. 

Independent X-ray studies of HgNH,Cl‘*) and HgNH,Br©) led to the 
assignment of an orthorhombic structure (Fig. 26.8(b)) also containing infinite 

chain ions bound together by halide ions. In this (regular) structure the zigzag chains 

are arranged in parallel array, but it appears‘) that this structure is not characteristic 

of pure HgNH.2X, being formed only when there is a small amount of halide HgX, 

in solid solution. (The nuclear resonance spectrum of ‘infusible white precipitate’ is 

consistent with the presence of NH) groups”) and eliminates older formulae 

involving NHj or NH3.) 
With increasing Hg: N ratio more extended complexes become possible. In 

Hg, NHBr,‘®? three-quarters of the Hg atoms form hexagonal layers of composition 

(NH).Hg3 in which N is attached to three Hg and one H (Fig. 26.8(c)), the 

remainder of the Hg atoms being situated between the layers surrounded by three 

coplanar Br atoms at 2:6 + 0-1 A and two more at 3-08 A completing a trigonal 

bipyramidal coordination group. A unit cell of the structure is.shown in Fig. 

26.8(d). 
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Finally, 3-dimensional NHg, frameworks similar to those in the forms of SiOz 

(9) ZaC 1953 274 323; AC 1951 occur in Millon’s base, NHg,OH.xH,O (x=1 or 2), and its salts.9) The 

GARE Gaetan aay framework in the nitrate, NHg NOs, is of the cristobalite type, and other salts also 

have this cubic structure if prepared from the nitrate (Fig. 26.8(e)), but it seems 

likely that the hexagonal (tridymite-like) structure of Fig. 26.8(f) is more stable for 

the halides. The base itself and the bromide and iodide can be prepared initially in 

this hexagonal form or by heating the cubic modifications. In these frameworks N 

forms four tetrahedral bonds and Hg two collinear bonds (Hg—N ~ 2:07 A). The 

OH™, X~ or other ions occupy the interstices in the frameworks. 

Many heavy-metal salts are reduced to the metal by hydrazine, and this is true of 

mercuric oxy-salts. From the chloride and bromide, however, compounds of the 

types [Hg(N2H4)] X2, [Hg(N2H4)2] X2 and (Hg.N,H,)X» may be prepared. The 

chloride (Hg.N,H>)Cl2, is closely related structurally to HgNH,Cl, but whereas 

(10) ZaC 1956 285 5;Z ee . SUN_NH™ Oy ogee 
oN re aC 1957 HN\ can form only chains the unit ~HN—NH. forms layers‘!°) (Fig. 26.8(g)), 

between which are situated the Cl” ions. 

Summarizing, these mercury—nitrogen compounds provide examples of all four 

types of Hz—N complex, namely: 

finite (H3N—Hg—NH;)”” ions in Hg(NH3)2X2, 

chains -NH,—Hg—-NH,—Hg— in HgNH2X, 

layers Hg3(NH), in Hg.NHBr2, 

Hg NH) in (Hg,N2H2)Cl2, 

and 3-dimensional frameworks in Hg,NX. 

The structural chemistry of gallium and indium 

To our earlier remarks on the lower valence states of these elements we add here a 

summary of their structural chemistry in the trivalent state. Many Ga(11) and 

In(1m1) (and a few Tl(111)) compounds have similar structures, and there is a strong 

resemblance to Al, which forms compounds structurally similar to all those of 

Table 26.3. (The structures of most of these compounds are described in other 

TABLE G-3 

Environment of Ga(IIl) and In(iIl) in simple compounds 

Tetrahedral coordination Octahedral coordination 

Li(GaHq) GaF 3 
GazCle and InzCl¢ (vapour molecules) InCl3 (and TICl3) 
GaPO, (cristobalite structure) GaSbO, (statistical rutile structure) 

GaN, InN (wurtzite structure) a-Gaz0O3 (corundum structure but 

GaP, InP (zinc-blende structure) also C-M203 structure like Inz03) 

In(OH)3 

Gay S3 

Both tetrahedral and octahedral coordination in 6-Gaz03, In,S3 
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chapters.) Like Al, Ga exhibits both tetrahedral and octahedral coordination by Cl 
and O; in 6-Ga.03 there are both kinds of coordination in the same crystal. For 
Ga(CH3)3 and In(CH3) see p. 781. 

More complex examples of tetrahedrally bonded Ga(i11) include 
Na{Ga[OSi(CH3)3] 4} and the cyclic molecule Ga4(OH)4(CH3)g,°2) which has 
a structure similar to that of the corresponding gold compound but with tetrahedral 
instead of coplanar bonds from the metal atoms. 

3 

In [N(CyH5)4] 2 InCl;©? In forms five bonds directed towards the vertices of a 
Square pyramid, the metal atom being 0-6 A above the base; compare the similar 
structure of Sb(CgH;)5. The configuration of the InCl2~ ion is close to that 
calculated for minimum CI—Cl repulsions using a simple inverse square law. 
Contrast the trigonal bipyramidal structure of the isoelectronic SnCl5 ion. 

8-coordinated In presumably occurs in the anion in [N(C2Hs)4] [In(NO3)4] 
which is isoelectronic with Sn(NO3)4. 

The structural chemistry of thallium 

The structures of some simple thallous and thallic compounds have been noted in 

earlier chapters. The thallous halides show a remarkable resemblance to those of 

Ag(1) in their colours and solubilities, though their crystal structures are different 

owing to the different sizes and polarizabilities of the cations. TIF, like AgF, is 

soluble in water and the other halides are very insoluble. TIOH is a strong base, 

soluble in water like the alkali hydroxides, and T1,SOzq is isostructural with K,SO4. 

Compounds which apparently contain Tl(11) in fact contain Tl(1) and Tl(11). 

For example, both TICl, and T1,Cl3 are diamagnetic, whereas Tl(11) would have 

one unpaired electron. The former is presumably similar to TIBr,“!) which is 

isostructural with Ga,Cl4, that is, it is Ti (tle Bre) and contains the same 

tetrahedral ion as CsTIBr4 (TI—Br, 2:51 A). The complex structure of Tl,Cl3 has 

not been determined; the compound is presumably T14(TI™'Cl,) containing the 

same octahedral ions as K3TICl¢. 2 H,O and similar salts. The compound TII3 is 

not thallic iodide but is isostructural with NH4l, and is therefore Tie lsee The 

halogen complexes of Tl(111) have been reviewed.‘3*? 
Sulphides of thallium which have been described include Tl,S (anti-Cdl, 

structure), TIS, Tl,S3, and TIS,. The details of the (distorted) anti-CdI, structure 
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of T1,S‘%>) do not appear to be known: In crystalline TIS the metal atoms are of 

two kinds, one set having four (tetrahedral) and the other eight nearest neighbours. 

The former are linked by the S atoms into chains of tetrahedra sharing opposite 

edges: 

S 
a 

S 

ae: 
The 

ae 
Weaatee i oa 

steis Le = 

whereas the latter lie between the chains in position of 8-coordination. The large 

distance between these latter Tl atoms and their eight S neighbours (3-32 A) 

compared with the TI—S distance of only 2-60A in the chains suggests the 

formulation of the compound as an ionic thallous thallic sulphide, TH (THES. ee 

In addition to the tetrahedral and octahedral coordination of Tl(111) or TI? * in 

halide complexes and other compounds there may be 5-coordination in compounds 

such as (CgH5)2LTI(NO3), where L is OP(C,H, )3, but their structures are not yet 

known. 

In its covalent compounds thallium shows no reluctance to utilizing the two 6s 

electrons for bond formation. Indeed monoalkyl derivatives TI(Alk) in which the 
valence group would be (2, 2) are not known, whereas trialkyls (valence group 6) 

are known and the most stable alkyl derivatives are the dialkyl halides such as 

[T1(CH3)2]I. These are ionic compounds—[T1(CH3), ] OH being a strong base—and 

in the TI(Alk)3 ions the thallium atom has the same outer electronic structure as 
mercury in CH;—Hg—CH3, viz. (4). Accordingly the (CH3—TI—CH3)* ion is 

linear, as shown by the determination of the crystal structure of TI(CH3) I.°© In 

molecules such as TI(Alk),A, where A represents a molecule of a 6-diketone, Tl 

apparently has the valence group (8). 

R 
jt A 

O R alee 

ye Bie oe Seu R.O——|—Tl oon y 

Td, 
R 

Thallous alkoxides exist as tetramers in benzene solution, and an X- -ray study of 
(TIOCH3)4‘7) shows a tetrahedral arrangement of the metal atoms as in the 
idealized structure shown above, but the alkoxyl groups were not located. In such 
molecules Tl forms pyramidal bonds, with valence group (2, 6). 
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The structural chemistry of germanium 

The more important characteristics of this element are perhaps most easily seen by 

comparing it with silicon. The resemblance of Ge(1v) to silicon is very marked. Not 
only are the ordinary forms of elementary Ge and Si isostructural but so also are 

Gel, and Sily, hexagonal GeO,“ and SiO, (high-quartz), tetragonal GeO, and 

the rutile (high-pressure) form of SiO,, and many oxy-compounds of the two 

elements. The Ge analogues of all the major types of silicates and aluminosilicates 

have been prepared, ranging from those containing finite ions to chain, layer, and 

3D framework structures.) Examples of germanates containing various types of 

complex ion which are isostructural with the corresponding silicates include: 

Be,GeO, and Zn,GeO,4 with the phenacite and willemite structures respectively, 

Sc2Ge,0, and ScySi,0,, BaTiGe3;0, with the same type of cyclic ion as in 

benitoite, and CaMg(GeO3), with a chain ion similar to that in diopside. The 

extent of this structural resemblance to Si is seen from the facts that two crystalline 

forms of Ca,GeQO, are isostructural with two forms of Ca,SiO4, while Ca,GeO,; 

crystallizes with no fewer than four of the structures of Ca3SiO,. In contrast to the 

close similarity of the oxygen chemistry of Ge to that of Si, the structures of the 

normal forms of SiS, and GeS, are entirely different, though there is tetrahedral 

coordination of Si and Ge. The normal form of SiS, has a simple chain structure 

whereas GeS, has a unique 3D structure in which the GeS, terahedra share all 

vertices as in silica-like structures. However, both SiS, and GeS, have the same 

structure at high pressures, a ‘compressed’ cristobalite-like structure (p. 612) in 

which the S bond angle is close to the regular tetrahedral value. Silanes up to 

Si7H,;. have been prepared, and germanes up to GegH 9 have been characterized. 

(Reduction of an aqueous germanate solution by KBHg, gives a good yield of GeH,, 

from which the higher members are produced by the action of a spark discharge.) 

In all the above compounds Si or Ge form four tetrahedral bonds. 
The major differences between these elements may be summarized: (i) the much 

greater stability of Ge(11) than Si(11), (ii) the greater tendency of Ge(1v ) to form 6 

bonds, and (iii) the formation of salts by Ge(1v). We deal briefly with these three 

points. 

(i) The divalent state does not enter into normal silicon chemistry, though it 

may be important at high temperatures (see SiO, p. 784), but as already noted a 

number of compounds of Ge(I1) are stable at ordinary temperatures. Six octahedral 

bonds are formed by Ge(iIl) in Gel, (CdI, structure) and in CsGeCl, ‘>? 

(high-temperature form, perovskite structure, low-temperature form, deformed 

perovskite structure), and in GeS. In GeS, however, three S atoms are appreciably 

closer than the others (p. 937) as in SnS, and this preference for 3-coordination is 

more pronounced in GeF . This halide (made from GeF, + Ge at 300°C) has a 

unique structure in which trigonal pyramidal GeF3 coordination groups share two 

F atoms (F bond angle 157°) to form infinite chains‘*) (Fig. 26.9). The bond to 

the unshared F atom is appreciably shorter (1:79 A) than those in the chain (1-91, 

2:09 A), and weaker bonds (2:57 A) link the chains into a 3D structure. This is 

obviously not an ionic crystal, and the stereochemistry of Ge(II) is very similar to 
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that of Sn(11) in NaSn2F;: 

GeF (Sn,F;)~ GeF, (SnjF5)~ 

(For the labelling a 179A 2:08 A ab 92° 830 
of the bonds see b 191A 2:07 A cd 163, - 
Fig. 26.9). Cc 2:09 A 2:22 A ac 86. 81, 

d 257A 2-53 A be 85 84 

Regarding Ge as forming three pyramidal bonds the valence group is (2, 6); if the 

much more distant fourth F is included the valence group would be (2, 8), derived 

from a trigonal bipyramid, as shown at (b) in Fig. 26.9. (Gaseous GeF, exists only 

at high temperatures in the presence of excess metal, and the vapour contains 

polymeric species up to Ge3Fz; SnF, behaves similarly.) 

2:57A 

(a) 

FIG. 26.9. The crystal structure of GeF: (a) projection along the chains, (b) environment of Ge. 

(ii) We noted at the beginning of Chapter 23 that the number of molecules, 
ions, or crystals in which Si forms 6 bonds is very small. Although the structural 
chemistry of Ge(1v) is very largely based on 4-coordinated (or 4-covalent) Ge 
examples of octahedral coordination are more numerous than in the case of Si. For 
example, there is 6-coordination in the stable (tetragonal) form of GeO, (Ge—4 O, 
1:87 A, Ge—2 0, 1:90 A‘5®) in contrast to 4-coordination in the soluble quartz- 
like form. Examples of 6-coordinated Ge(Iv) include molecules such as trans- 
GeCla(pyr)2°) (Ge—Cl, 2:27 A), the GeF2~ and GeCl2~ ions, and FeGe(OH),,(7) 
which is isostructural with FeSn(OH), and NaSb(OH), (Ge—6 OH, 1-96 A). There 
is both tetrahedral and octahedral coordination of Ge in K3HGe,0,, .4H,0,() 
which has an elegant framework structure built of GeO, and GeOg groups (Fig. 
5.45, p. 191) and possesses zeolitic properties, and in Na4Ge 9049.68 
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(iii) The more metallic character of Ge is shown in the formation of salts such as 

Ge(SO4)2, Ge(Cl04)4, and GeH,(C,04)3, which have no silicon analogues. 9? 

The structural chemistry of tin and lead 

A comparison of the structural chemistry of these two elements reveals some 

interesting resemblances and also some remarkable differences. The atoms of each 

element have the same outer electronic structure, two s and two p electrons, and 

each has oxidation states of 2 and 4. The more metallic nature of lead is shown by 

the difference between the structures of the elements (Chapter 29) and by many 

differences between stannous and plumbous compounds. It will be convenient to 

deal first with Sn(iv) and Pb(iv) since the structural chemistry is more 

straightforward for the higher oxidation state. Few compounds of Sn(11) and Pb(11) 

are isostructural and compounds containing these metals in both oxidation states 

are different for the two elements (e.g. Sn2S3 and Pb30,). 

Stannic and plumbic compounds 

Bond arrangements found are tetrahedral, trigonal bipyramidal, and octahedral for 

completely shared valence groups of 8, 10, and 12 electrons respectively. Higher 

coordination numbers are exhibited by Sn(iv), 7, and 8, and by Pb(iv), 8, in 

certain complexes formed by chelating ligands, most or all of the bonds being 

formed to O atoms. 

Tetrahedral coordination. The simplest examples are molecules MX, and 

MX,4_,Y,, a number of which have been shown to be tetrahedral either in the 

vapour or crystalline states: 

SnCl4, SnBry, Snl,, Sn(CgHs)4“1% (crystal); (CH3)3SnX etc., PbCly, 
Pb(CH3)4 and Pb,(CH3),¢ in the vapour state (references in Table 21.1, p. 727). 
In contrast to the tetrahedral structure of (CH3)3SnCl in the vapour state there is 

considerable distortion of the molecule in the crystal, weak bridging Sn—Cl bonds 

suggesting a tendency to polymerize to an octahedral chain structure:(1>) 

Some compounds (CH3)3SnX and (CH3)2SnX2 show a clear-cut change from a 

tetrahedral monomer to a polymeric structure with 5- or 6-coordination of Sn (see 

later). 

Monomeric Sn!!R, compounds generally polymerize to Sn!V compounds, either 

linear (for example, H[Sn(C¢Hs)2] 6H) or cyclic molecules. An example of the 

latter is [Sn(CgHs)2]6, Fig. 26.10(a), which has been studied in the crystalline 
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hoes 2-33A 

H.C ie CH, cI ae, 
2-16 A’ O CorN 

2-49 , 
O NorC 

1-95A 1-45A 

(b) (c) 

FIG. 26.10. Stereochemistry of Sn(IV): (a) cyclic [Sn(CgHs)2]6 molecule (phenyl groups 
omitted), (b) infinite chains in (CH3)3SnCN, (c) SnClq . 2 POCIs, (d) SnClq . 2 SeOCly. 

complex with m-xylene.) The Sn—Sn bond length in the ring (2°78 A) is the same 

as in grey tin (2:80 A). There is also tetrahedral coordination of Sn in complexes 

containing the ligand —SnCl, such as (CgH, )3Pt3(SnCl3). (see p. 372). In 
these complexes Sn is bonded to 3 Cl and 1 Pt atom. 

There are numerous molecules in which Sn is bonded to other metal atoms to 

which are attached ligands such as CO, C5;H5, and phosphines. Four bonds from Sn 

in such cases are arranged tetrahedrally with various degrees of distortion from 

regular tetrahedral bond angles. For example, in Sn[Fe(CO),] Ae ) there is 

appreciable distortion to bring together one pair of Fe atoms (Fe—Fe, 2°87 A). The 

special interest of these compounds lies in the metal-metal bonding. 

Trigonal bipyramidal coordination. The simplest example is the (SnCl,)~ ion‘? 

which has been studied in the salt of the substituted cyclobutenium ion (a). Both 5- 

and 6-coordination of Sn(iv) occur in crystalline [(CH3)SnCl(terpyridyl)] * 

[(CH3)2SnCl3]~, which is an assembly of the ions (b) and (c).() 

CeHs C,H; + Cl pa j + 

CH 
CiSng ne and ors) 

H GrHe | 3 3 CH; 
C1 CoH; ie nN 

(a) (b) (c) 

Crystalline compounds (CH3)3SnX do not consist of tetrahedral molecules (like, 
for example, (CH3)3GeCN?) or of ions Sn(CH3)3 and X~ In (CH3)3SnF there are 
chains in which Sn(CH3)3 groups are linked through F atoms. Owing to disorder in 
the crystals it is not possible to interpret the X-ray data unambiguously, but Sn is 
certainly S-coordinated and the bridging —F— bonds are non-linear.‘7) Crystalline 
(CH3)3SnCN©?) consists of infinite chains of planar Sn(CH3)3 and CN groups 
(Fig. 26.10(b)) in which Sn forms three short bonds (Sn—C, 2:16 A) to CH; and 
two longer ones (2:49 A) to C or N (not distinguishable in the X-ray study). The 
structure of (CH3)3SnOH is apparently similar. In Sn(CH3)3 (dicyanamide)(®") the 
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(angular) NCN.CN group behaves like CN in Sn(CH3)3CN, Sn(iv) forming 
trigonal bipyramidal bonds to 3 equatorial CH3 groups and to 2 axial N atoms. (In 
Sn(CH3)2(NCNCN), there is octahedral coordination of Sn, as in Sn(CH3 )2F 2 (see 
next section). There is a square net of Sn atoms which are bridged by -NCNCN— 
groups, the octahedron being completed by two axial CH groups. The structure of 
the dicyanamide ligand is worthy of note: it is shown at the right. 
Infrared studies of other salts (CH3)3SnX (X = ClO4, BFq, NO3) suggest strong 
interaction between (CH3)3Sn and the anion.‘?) The perchlorate and nitrate react 
with ammonia to form the ion (CH3)3Sn(NH3;)3 in which the valence group of 10 
shared electrons would be the same as in (pyr)(CH3)3SnCl.“% In this trigonal 
bipyramidal molecule the methyl groups occupy the equatorial positions; no 
example of this bond arrangement around Pb(iv) has yet been established. 

For the unusual square pyramidal coordination of Sn'V (and Pb!Y) in K,M!YO, 
see p. 463. 

Octahedral_ coordination. The structures of crystalline SnF,“'!) and 
SnF,(CH3)‘!?) have been described in Chapter 5. Octahedral SnF, and 
SnF4(CH3)2 groups respectively share four equatorial vertices (F atoms) to form 
infinite layers: 

Sn—F (bridging) Sn—F (terminal) Sn—C 

SnF4 2:02 A 1:88 A 
SnF2(CH3)2 2D 2-08 A 

Numerous octahedral ions MX@~ are formed by these elements. For example, 

Rb2SnClg and Rb,PbCls both crystallize with the K,PtCl, structure; ions 

intermediate between SnF27 and Sn(OH)2~ have been studied in solution >) and 

isolated in salts such as M) SnF;(OH) and M,SnF4(OH),.! 7) 
In the crystalline compounds SnCl, . A>, where A is, for example, Poci,“! 5) or 

SeOcl, (1°) two O atoms of the A molecules complete octahedral coordination 

groups around Sn(iv) with the cis configuration (Fig. 26.10(c) and (d)). The 

compound with C,HgS (tetrahydrothiophene)! 1) is exceptional not only in 

having the trans configuration, attributable to the bulky ligand, but also in having a 

high dipole moment in solution (5 D) for which there is no obvious explanation. 

Other examples of octahedral Sn(1v) complexes include the molecule of dimethyl 

Sn_ bis-(8-hydroxyquinolinate), (a), 8) and SnCl4[NC(CH2)3CN] 20) (b) in 

N 
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which the glutaronitrile molecules link the Sn atoms into infinite chains (note the 

cis N atoms in the coordination group of Sn). 

There is octahedral coordination of the metal atoms in the dioxides of Sn and 

Pb; these are essentially ionic crystals. The structure of Sn(OH)q is not known. The 

gel-like Sn(OH)q, precipitated from SnClq solution by NH,OH, dries to constant 

weight at 110°C with the composition Sn03H,. Dehydration to SnO, above 600°C 

apparently takes place through a number of definite crystalline phases with the 

compositions Sn20;H, SngO9H3, and SngO, gHs.62) 

In SnS, (CdI, structure) Sn has six octahedral neighbours and S forms three 

pyramidal bonds. If this is regarded as a covalent crystal Sn has a valence group of 

12 shared electrons. Lead forms no disulphide under atmospheric pressure, but two 

high-pressure forms of PbS, have been made,‘?!) one of which probably has the 

CdI, structure, like SnS,. The Sn(1v) atoms have six octahedral neighbours in 

SnUsn!¥S,, which is isostructural with NH,CdCl;.‘?) For references to 

octahedral Sn(1v ) complexes, see ref. (23). 

7- and 8-coordinated Sn(iv); 8-coordinated Pb(iv). Examples of structural 

studies which definitely establish c.n.’s greater than 6 for Sn(Iv) or Pb(Iv) are few 

in number, and all involve coordination wholly or largely by pairs of O atoms in 

special chelating ligands. 

In the monohydrate SnY(H,0),°?7) where H4Y = edta, Sn(IV) is bonded to 

three pairs of O atoms of the ligand and to one H,O molecule. There is no simple de- 

scription of the geometry of the 7-coordination polyhedron, which is very similar to 

that in Mn! HY(H.,O)—illustrated in Fig. 27.3(d). With the tropolonato (T) ligand, 

(a), the metal forms chelate complexes SnT3Cl and SnT3(OH) the configuration 

Isl Le = O 
Gest 0 0 te, 

Vi C ~ 7-68 
HC | O 

pos “ a O° O HH c= 
x 

(a) (b) 

of which approximates to pentagonal bipyramidal, (b).5) In the ligand T the 
distance between the O atoms is 2:56 A. In the bidentate NO; ion it is only 2°14 A, 
and in the Sn(NO3)4 molecule‘? ®) there is a tetrahedral arrangement of four NO3 
groups around the 8-coordinated Sn(1v) atom. This special type of 8-coordination 
is also possible with the acetato ligand, in which O—O is similar to that in NO3; 
8-coordination of Pb(1v) is found in Pb(ac)4, the coordination polyhedron having 
the form of a flattened triangulated dodecahedron.?7) 
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Stannous and plumbous compounds 

The structural chemistry of Sn(ir) is complex, and it is evident that the structures 
of even the stannous halides are not those of simple ionic compounds. Details of 
the distorted rutile-like structure of SnF,) are not yet known. Although the 
structure of SnCl,?) could be described as a distorted PbCl, structure the range 
covered by the Sn—Cl distances is so large that it is more reasonable to describe 
crystalline SnCl, as formed from pyramidal SnCl3 groups sharing 2 Cl atoms 
(Sn—1 Cl, 2:66 A, Sn—2 Cl, 2-78 A, interbond angles 80° (two) 105° (one)). The 
next nearest neighbours are at 3-06 A (2), 3:22 A (1), 3:30 A (1), and 3-86 A (2). 
The Raman spectrum of molten SnCl,“) is very similar to that of the solid, 

suggesting that the liquid also consists of chains of linked SnCl3 groups like the 

solid. The compound originally formulated as SnCl,.2H,O is in fact [SnCl, 

(H,0)]H,0, consisting of pyramidal groups (Fig. 26.12(a)) and separate H,O 

FIG. 26.11. Projection of one-half 
of a unit cell of the crystal struc- 
ture of SnI,. The chains containing 
the two kinds of Sn atom are per- 

pendicular to the paper. 

© lato O Sn at 0 

© lat b/2 © Snat b/2 

molecules. Similarly, the salt K,(SnCl;)Cl.H,0 was formerly thought to be 

isostructural with K,HgCl4.H,O and to contain (MXp)eae ions formed from 

octahedral MX¢ groups sharing opposite edges. In fact Sn has only 3 nearest 

neighbours which form a pyramidal SnCl3 ion in which the mean Cl—Sn—Cl bond 

angle is 85° and mean Sn—Cl, 2°59 A.) There are similar pyramidal SnClj ions in 

CsSnCl,°°>) (3 Cl at 2°52 A, 3 Cl at 3-21 A) and pyramidal Sn(O,CH)3 ions 
(Sn—O, 2:16 A, O—Sn—O, 82°) in KSn(HCOO)3.6° 

The structure of SnBr, is at present being studied; that of Sni, 2 is a unique 

AX, structure of unexpected complexity which is shown in projection in Fig. 26.11. 

One-third of the Sn atoms (Sn’) are in positions of nearly regular octahedral 

coordination in rutile-like chains which are cross-linked by double chains containing 

the remaining metal atoms. The latter (Sn”) form 5S shorter and 2 longer bonds to I 
atoms: 

a 3-00 A ) mean 

Sn”—I { 2b 22018 A Sn’—I 6 at 316A 
2c 3-25 

2d 3-72 
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(1) AC 1962 15 509 

(2) AC 1962 15 1051 

(3) JCP 1967 47 1823 

(4) JCS 1961 3954 

(Sa) JINC 1962 24 1039 

(5b) ACSc 1970 24 150 

(Sc) ACSc 1969 23 3071 

(Sd) AC 1972 B28 2965 



(6) AC 1968 B24 803 

(7) AC 1964 17 1104 

(8) AC 1970 B26 19 

(9) N 1968 219 372 

(10) AC 1972 B28 864 

The Elements of Subgroups ITB, IIIB, and IVB 

The bonds b link the double chains to the rutile-like chains to form layers in the 

direction of the arrows in Fig. 26.11. These layers are linked by the weaker d bonds 

into a 3D structure. All five of the shorter bonds lie to one side of Sn”. The 

coordination of Sn” may be described as monocapped trigonal prismatic, the two 

longer bonds going to atoms of one edge; with this (5 + 2)-coordination compate 

the (7 + 2)-coordination of Pb in PbCl,. The two longer bonds from Sn’, with 

electrostatic bond strength 1/6 as compared with 1/3 for the other five, can be 

regarded as replacing the sixth octahedral bond formed by Sn. 

H,O 
Sn Sn 

216AL A GE } PCa 
mean 85 Le DD 

sn 1c se rane \S2 
ee a See a 

2:59A 2-03A 

Cl 

(a) [Sn Cl,(H,O)]H,0 (b) KSnF,.} H,O 

4-— 

OZ AING oo 1% yy AS 
WAS OZs eee | ey 

205A 2-04A (c) NaSn,F; 
(mean) 

(d) Na,Sn3Fyo 

FIG. 26.12. Halogen-metal complexes in stannous compounds: (a) [SnCl2(H20)] H2 90, 

(b) KSnF3 < 4H20, (c) NaSn2Fs, (d) NaqSn3F40- 

In the system NaF-SnF,—H,O the only compounds formed are NaSn,Fs5 and 

Na4Sn3F,9, while KF forms KSnF3.4H,0; note the absence of MjSnFq. In 
KSnF; . 4 HO the infinite anion consists of square pyramidal SnF,4 groups sharing 
opposite vertices (Fig. 26.12(b)), and the water molecules are not bonded to the Sn 

atoms.©®) In NaSn,F,‘7? pairs of pyramidal SnF3 groups share a F atom to form 

Sn Fs ions which are then linked through weaker bonds (2:53 A) to form chains 

(Fig. 26.12(c)). The terminal and bridging bonds are very similar in length to those 

in KSnF3.4 H,O. In NaqSn3F,o ‘%) there are complex anions formed from three 

square pyramidal SnF4 groups, but there is a large range of bond lengths (Fig. 

26.12(d)). In particular the outer bridging bonds are very long, suggesting a tendency 

to split into a central SnF3~ ion and two SnF3 ions. Clearly it is not easy to give a 

satisfactory description of the bonding in these complex fluorides. 

Simple dihydroxides M(OH), do not appear to be formed by Sn or Pb; instead 

they form Mg04(OH),4°?? containing MgOg groups similar to the Mo¢Clg groups 

described in Chapter 9. By careful heating the Sn compound may be converted into 

a metastable (red) form of SnO. The usual blue-black form of SnO is isostructural 

with tetragonal PbO. In contrast to the 4-coordination by O in the tetragonal forms 

of SnO and PbO there is 3-coordination of the metal in rhombic PbO and also in 

SnSOq4,{1° in which Sn has 3 close O (at a mean distance of 2:26 A bond angle, 

78°) and no other neighbours closer than 2:95 A. 
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The structure of GeS and SnS is a layer structure similar to that of black P (see 
pp. 674 and 912) which may also be described as a very deformed version of the 
NaCl structure in which Sn(i1) has 3 pyramidal neighbours; compare the 
environments of a metal atom in GeS, SnS, and PbS: 

1S 2-474 Se 6 

Ge 2S 2°64 Sn 29 2°68 6 equidistant 

Sy 8s 258 3-27, S atoms at 2:97 A. 

2.5. 3-00 ies ams 39 

The simplest way of describing the structural chemistry of many compounds of 
Sn(i1) and Pb(11) is to regard the bonds as covalent and to suppose that the 
preferred bond arrangements are trigonal pyramidal or tetragonal pyramidal with 
valence groups (2, 6) and (2, 8) respectively, the lone pair occupying the remaining 

bond position in each case. If we show the origin of the electrons by using the 

symbols (—) and (+) to indicate normal and coordinate covalent bonds we then 

have the following bond pictures, of which the pyramidal arrangement (a) is similar 

to that for Sb(i11): 

Sn> Sn Sn 
aa rs or be | ~ ye ii AS 

trigonal pyramidal tetragonal pyramidal 

(a) (b) (c) 

SnCl, SnS SnO 

PbO (rhombic) (GeS) PbO (tetragonal) 

Plumbous compounds fall into two groups as regards their structural chemistry. 

In combination with the more electronegative halogens Pb forms the colourless 

Pb?* ion, rather larger than Sr?*, which is 8-coordinated in the high-temperature 

form of PbF, and also in Pb,Cu(OH),Cl,. In low-PbF, and also in PbCl, and 

PbBr, there is the less regular 7 (+2)-coordination described in Chapter 6. In Pbl, 

and in many complex halides Pb(11) is octahedrally coordinated, and the compounds 

are often isostructural with Cd salts: 

Cs4PbX, (X =Cl, Br, 1) K4CdClg structure with discrete 

PbX?_ ions 
CsPbX3 perovskite-type structures, or 

NH,CdCl, structure for the yellow 

low-temperature form of CsPbI3. 

There is apparently appreciable distortion of the Pblg octahedra in CsPbl]3, in 

which there are three Pb—I distances, 3-01, 3:25, and 3:42 A. 

In essentially covalent molecules Pb(i1) forms 2, 3, or 4 bonds. In molecules of 

the dihalides we should have the valence group (2, 4), assuming simple electron-pair 

bonds, and such p? bonds would be mutually perpendicular. The structures of the 
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(12) ZaC 1966 343 315 

(13) K 1956 1 514 

(14) AC 1966 21 350 

(CS) PAGS S927, 

(16) AC 1960 13 898 

(17) ACSc 1950 4 613 

(18) AC 1961 14 747 

The Elements of Subgroups IIB, IIIB, and IVB 

free molecules PbCl,, PbBr3, and PbI,,-and SnCl,, SnBr2, and Snl, have been studied 

by the electron diffraction method; they are non-linear. The salt NH4Pb2Brs 

consists of PbBr, molecules, NHq, and Br7 ions.“ !) The nearest neighbours of a Pb 

atom are 2 Br at 2°89 A, 2 Brat 3:16 A, and 4 Brat 3-35 A, and the angle between 

the bonds from Pb to its two nearest Br neighbours is 854°. 

A rather irregular pyramidal arrangement of three bonds is formed by Pb in 

Pb(N,S)NH3,{!?) in which the system PbN,S, is planar, Po—S, 2-73, Pb—NH3, 

2:24, and Pb—Nying, 2°29 A. The square pyramidal bond arrangement is found in 

molecules of the diethyl thiocarbamate, 3) (b), and the closely related ethyl- 

xanthate.“!4) Presumably an appreciable degree of ionic character is responsible for 

158A N Pb 

nffir ae 
° 154A Crt )a Na O CNG. it 95 ‘2 J (CHs)> e aig (C2Hs)2 

88° 1:72A S 

(a) (b) 

the much less regular arrangements of 7 or 8 neighbours found in compounds such 

as PbCl,(thiourea),‘' 5) and Pb(thiourea) acetate, Pb [SC(NH3)> | (C5H3505)5.0 9 

In contrast to the colourless PbF,, PbCl,, and oxy-salts such as the nitrate, 

sulphate, etc. containing Pb? * ions, the oxides are highly coloured. (Note also that 

whereas PbSO,g and PbMoO, are colourless and PbCrO, pale-yellow, coprecipitated 

solid solutions of these compounds with appropriate CrO,4 : SO4 : MoO, ratios 

have intense scarlet colour, the scarlet chrome pigments.) In tetragonal PbO and 

Ag, PbO, “7? a Pb atom is bonded to 4 O atoms at the basal vertices of a square 

pyramid, while in Pb304, PbTiO, PbCu(OH),SO,‘!*) Pb!! is 3-coordinated, 
and an analogy may be drawn with Sb(i11). Instead of emphasizing the Pot’ OF 

octahedra in Fig. 12.15, p. 462, we could distinguish (Pb4!0,)"~ chains in which 

Pb!! forms three pyramidal bonds, like Sb!!! in MgSb,04. We have already noted 

the NaCl structure of PbS, but the physical properties of galena, for example, its 

opacity and brilliant metallic lustre, are not those of simple ionic crystals. 

For Pb(C5Hs)2 see p. 779; for Pb4a(OH)4* and OPb,(OH)é*, p. 517, and for 
Pbg04(OH),4 and SngO04(OH),4, pp. 319 and 936. 
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Group VIII and Other Transition Metals 

Introduction 

This chapter is largely concerned with the structural chemistry of Fe, Co, Ni, Pd, 

and Pt, for the most part in finite complexes. The structures of the simpler 

compounds of these and other transition metals have been described under Halides, 

Oxides, etc. in the appropriate chapters. Other groups of compounds described in 

earlier chapters include hydrido compounds, oxo-, peroxo-, and superoxo- 

compounds, carbonyls, and nitrosyls, in Chapters 11, 12, and 18, respectively. We 

note here a few general points. 

The formation of complexes with certain ligands or with particular types or 

arrangements of bonds seems to be characteristic of small numbers of transition 

metals. For example, there are metal-metal bonds in compounds of many elements 

(Chapter 7) but Nb, Ta, Mo, W, Re (and Tc) are notable for forming metal-cluster 

compounds with the halogens (p. 364); some other groups of complexes containing 

metal-metal bonds are summarized in Table 7.8 (p. 253). The formation of 

complexes containing, in addition to other ligands, a small number of O atoms 

strongly bonded to the metal is an important feature of the chemistry of V(iv) (see 

pp. 425 and 943 for vanadyl compounds), Mo(v), and Mo(vt) (p. 425). 
Complexes containing neutral molecules such as CO, NO, NHs3, etc. have been 

known for a long time, and more recently complexes have been prepared containing 

N, (Co, Ru) and SO, (Ir, Ru). It appears that certain ligands bond to transition 

metals in two quite different ways, for example, SO, (p. 581), NO (p. 654), and 

SCN” (p. 746). There are interesting differences between compounds formed with 

molecular Nj and O,. In the N, compounds (p. 638) there is end-on coordination 

of the Nz molecule, which retains the same structure as the free molecule, but there 

is a radical rearrangement of O, when it bonds to Ir. Moreover, this rearrangement 
differs in IrCl(CO)O,(P¢3)2, which is formed reversibly from IrCl(CO)(P¢3), in 

benzene solution, and the analogous I compound, which is formed irreversibly 

(p. 418). a (1) IC 1969 8 709 
Of special interest are the multiple bonds to N studied in some compounds of Os (2) IC 1967 6 204 

and Re. In the anion in K,[OsY!NCI.],‘!) (a), the bond to N is a formal triple ‘ 

bond, as in the 5-coordinated complex ReY NCI,(P¢3),‘7? which has a con- 7 
Eeonees (3) IC 1969 8 703 

figuration intermediate between tetragonal pyramidal and trigonal bipyramidal. In 

the molecule (b)‘?) the ReY —N bond is longer (double ?) and in (c) longer still; 

this unexpected result suggests that steric factors may affect the metal- nitrogen bond 

length. Note the lengthening of the M—Cl bond trans to M—N in both (a) and (c). 
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CH 
N N 
Il A |e A 

Cw I oil peta 
J commn 7.36 A wal 

Cl Ce Et¢.P4,4| Cl 
Cl Cl 

(a) (b) 

N 
Liga 

Reis 

Bath S55 5 eb 
Cl 

(c) 

Certain bond arrangements are favoured by particular ligands in finite 

complexes. The unusual trigonal prismatic coordination of the metal by 6 S in the 

disulphides of Nb, Ta, Mo, W, and Re is also found for a number of these metals in 

chelate complexes with certain S-containing ligands. Examples include 

Mo(SCHCHS)3 and the isostructural W compound,‘5) Re(SC¢2)3,°°” 
V(S2C2¢>)3, and the isostructural Cr compound.‘°>) The dodecahedral bond 

arrangement has been found so far for very few metals in covalent complexes; see, 

for example, the octacyano complexes of Mo and W (p. 752). The trigonal 
bipyramidal arrangement of five bonds has been found in a number of 

transition-metal complexes, including the following d® complexes of the heavier 

Group VIII elements: Os°(CO)3(P63)>,°7? Rh'H(CO)(PO3)3,¢®) and Ir'C(CO)>- 
(P@3).°°) The ligands in these complexes are necessarily those which stabilize low 

oxidation states, as in the case of the tetrahedral Ni(CO)4 and Pt°CO(P$3)3;0 

the last molecule is of special interest since Pt does not form a simple carbonyl. 

The formal oxidation state may be defined as the charge left on the metal atom 

when the attached ligands are removed in their closed-shell configurations, for 

example, NH3 molecule, Cl”, NO*, or H” (if directly bonded to the metal). The 

oxidation states recognized for Mn then cover the whole range from +7 (d°), in 

Mn,0,, to —3 (d'®) in Mn(NO)3CO; they are nearly as numerous for Cr and Fe 
and fall off rapidly on each side of these elements. All the 3d elements from Ti to 
Ni exhibit ‘zero valence’, but the low oxidation states are observed only with 
special ligands which are of two types. The m-acceptor (m-acid) ligands (e.g. CO, 

CN”, RNC, PR3, AsR3) have lone pairs which form a o bond to the metal and they 
also have vacant orbitals of low energy to which the metal can ‘back-donate’ some 
of the negative charge acquired in the formation of the o bonds. Less important 
numerically are the 7-complexes formed by unsaturated organic molecules and ions 
(e.g. CsHs, CH) in which all bonding between metal and ligand involves ligand 7 
orbitals; their structures are described in Chapter 22 and later in this chapter (Pd 
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and Pt compounds). The highest oxidation states are exhibited in combination with 

the most electronegative elements O and F, but two points are worth noting in this 

connection. First, the highest oxidation state is not in all cases exhibited in 

combination with F, the most electronegative element; for example, Mn and Tc 

exhibit their ‘group valence’ in Mn,O,7 and Tc,0O, but they do not form 

heptafluorides, and Ru and Os form tetroxides but not octafluorides (Table 27.1). 

Second, several elements exhibit higher oxidation states in complex fluoro- or 

AUB Eel 

Highest oxidation states in binary fluorides and oxides 

Fluorides Oxides 

Groups Mn Fe Co Ni | Groups Mn Fe Co Ni 
IiI-VI + 3 3 2 II-VI if 3 2 2 
3-6 lic Ro ehh eed. 3-6 Ae im IRI 

6 6 6 4 7 8 3 2 
Re Os Ir Pt Re Os Ir Pt 
7 6 6 6 q 8 4 4 

peer | 

oxy-ions than in simple fluorides or oxides. Compare Cs,Co!Y F, and Cs,Ni!’ F, 

with CoF3 and NiF), the highest fluorides at present known; a somewhat similar 

difference is found in the oxy-compounds. Iron rises to Fe(v1) in (FeO,)?~ as 

compared with Fe(111) in the highest oxide. The highest simple oxide of Co is CoO 

(there is no evidence for the existence of pure Co,03), but Co>* exists in Co304 

and Co(1v) may exist in BazCoOq, though this is not certain. (The only Co3* salts 

known are CoF3 (anhydrous and hydrated), Co2(SO4)3- 18 HO and alums, and 

Co(NO3)3. The last salt has been prepared as dark green hygroscopic crystals by 

the action of N,O, on CoF3. It is reduced by water.“'!) For its structure see 

p. 663). Similarly, there is no evidence for the existence of pure anhydrous Ni,03 

but Ni?* is present in LiNiO,. (In Table 27.1 we have disregarded the compound 

IrO,.7 described as formed by fusing Ir with Naz 02.) 

Following brief sections on finite complexes of Ti(1y) and V(1v) and on 

complexes in which certain metals exhibit unusually high coordination numbers, we 

deal in some detail with the structural chemistry of Fe, Co, Ni, Pd, and Pt. 

The stereochemistry of Ti(1v ) in some finite complexes 

Ti(iv) exhibits a variety of coordination numbers, including 4 in TiBrg (and Til,) 

and in Ti,Cl4O(CsHs)2,°1) Fig. 27.1(a), and the cyclic [TIOCI(CsHs)] 4," if 

CH, is regarded as one ligand, 5 in certain complexes noted later, and 7 (but see 

the remarks below). The preferred coordination number, however, particularly with 

O or oxygen-containing ligands is 6. Thus, the tetrahalides readily form adducts 

with molecules such as POCI, and ethyl acetate in which octahedral coordination is 

attained, and the alkoxides form tetramers in which the metal is octahedrally 

coordinated. With acetylacetone Ti forms the octahedral molecule Ti(acac) Cl, 
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and, like Si, the ion [Ti(acac)3]*, but does not, like Zr, form M(acac)4. Only with 

special ligands such as diarsine and the bidentate nitrate ion is Ti known to exhibit 

8-coordination in a finite complex. With diarsine the presumably octahedral 

complex TiCl4(diarsine) is formed and also TiCl4(diarsine),, which has a 

(2) JCS 1962 2462 dodecahedral structure, Fig. 27.1(b), like the Mo(CN)3_ ion.) Similar complexes 

are formed by Zr, Hf, V, and Nb. The As atoms occupy the vertices of type A in 

Fig. 3.7(a) and the Cl atoms the vertices of type B, with Ti—Cl, 2-46 A, and Ti—As, 

271A. 

Examples of 5-coordination include the square pyramidal anion (c) in 

(3) AC 1968 B24 282 (TiCl4O)(NEtg),°) which is isostructural with the corresponding V compound, 
ESO TSE EN and the bridged molecule (d),‘*) in which the coordination is described as close to 

OS ie ee 
CS ONS. 

A SS 
C;H, 180 CsHs 

(a) 

OR=O. CH, eps 
Cc R 250A ; I, — . OH, 

cl Ce pe Pears I Loshote Ree ise a 5 1-83A —- 2-07A 
. nse 2.03AC! 0, OO 1874 

Cl o 1-45A “45° 

(e) 
(g) 

FIG. 27.1 Structures of ions and molecules containing Ti (see text): 

trigonal bipyramidal. In the related (red) phenoxy-compound the (planar) bridge 
was found to be unsymmetrical, with Ti—O, 1-91 A and 2-12 4.65) 

(5) IC 1966 5 1782 The tetrameric molecule of an alkoxide such as [Ti(OCH3)4] 4° has been 
(6) AC 1968 B24 1107 illustrated in Fig. 5.8(h), p. 165, as an assembly of four octahedra. In this tetramer 

there are two pairs of non-equivalent Ti atoms in coordination octahedra which 
share 2 or 3 edges, and the Ti—O bond lengths range from 1-8-2-2 A; some O atoms 
are bonded to one Ti only, others to two or three. These compounds are colourless, 
in contrast to the yellow or red compounds of type (d). Another type of bridged 
molecule is that of TizClg(CH3COOC3H;),,°” (e), in which an ethyl acetate ion is 
bonded to each Ti atom and two Cl atoms form the bridge between the two 
edge-sharing octahedral coordination groups. 

We noted above the acetylacetone complexes Ti(acac),Cl, and [Ti(acac)3] *. In 
the orange-yellow Ti,Cl,O(acac)4,“) which crystallizes with one molecule of 
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CHCl3 as solvent of crystallization, there is an approximately linear Ti—O—Ti 
bridge and short bridging Ti—O bonds (Fig. 27.1(f)). The Ti-O—Ti bridge in the red 
dipicolinic acid salt Ky [Ti205(C;H304N)2]. 5 H,O is strictly linear (Oy, lying 
on a 2-fold axis), and the coordination group around Ti, (g), is similar to that in 
K,W,0; 1.4 H20 (p. 423) which also contains peroxo-groups bonded to the metal 
atoms. In Fig. 27.1(g) the broken lines represent bonds perpendicular to the plane 
of the chelate ligand and the peroxo-group, so that the coordination around Ti may 
be described as either pentagonal bipyramidal or as octahedral if the O, group is 
counted as one ligand. 

The stereochemistry of V(Iv ) in some finite complexes 

The structural chemistry of V in various oxidation states (11—v) in binary 

compounds has been noted in previous chapters, in particular the unusual 

coordination of V(v) by oxygen in oxides and oxy-salts, where there is very 

irregular square pyramidal or octahedral coordination (in addition to tetrahedral 

coordination). Our chief concern here is with compounds of V(1v), but we shall 

mention incidentally several complexes of V(111) and V(v). 

A feature of the 5- and 6-coordinated compounds of V(v) is the formation of 

bonds with lengths in the ranges 1-6-2:0 A or 1-6—2:3A respectively, with one or 

sometimes two bonds much shorter than the others. This irregular 6-coordination is 

also found in methyl vanadate, VO(OCH3)3,°)? which consists of chains of 

octahedral coordination groups each sharing two (non-opposite) edges. These 

groups are very distorted, there being five different V—O bond lengths, the two 

DUR 
shortest (1:54 A and 1:74 A) to unshared O atoms (Fig. 27.2(a)). The Ge 

bridges are alternately symmetrical (all four V—O approximately 2-02 A) and 

unsymmetrical (V—O, 1-85 A and 2:27 A), and the six V—O bonds from any V(v) 
atom have the lengths: 1°54, 1-74, 1-85, 2:02 (two), and 2:27 A. With these figures 

compare the distances to the five near neighbours in vanadyl compounds (Table 

27.2), which include one very short bond and four longer ones which in some cases 

appear to fall into two groups (2 + 2). The mean distance to the four more distant 

Vv 
oe eal CIC 

NF ae 185A Hc-N - 
a aa O~174A WiC p 

2:02A 
(mean) 154A eck iy @ 

(a) (b) 

FIG. 27.2. (a) Portion of chain in VO(OCH3)3, (b) the ligand ‘acen’, (c) the divanadyl-dl- 

tartrate ion. 
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Group VIII and Other Transition Metals 

O neighbours in these complexes is similar to V—O (1-98 A) in v!"(acac)3,7) a 

compound that is readily oxidized to VO(acac),. We have included in the Table 

examples of complexes containing mono-, bi-, and quadri-dentate ligands; the 

skeleton of the ligand acen is shown in Fig. 27.2(b). The divanadyl-d/-tartrate ion 

has an interesting structure containing two V atoms, both of which form square 

pyramidal bonds (Fig. 27.2(c)). 

TABLE: 222 

Bond lengths in vanadyl complexes 

V—O bond lengths Reference 

[VO(NCS)q] (NHq)2 .5 H20 2-05 (V—N) JCS 1963 5745 
VO (acac) 1-57 1-97 ICP 1965 43 3111 
VO(bzac)y 1-61 1-97 ICP 1965 43 1323 
VO(acen) 1-59 {56 V0) IC 1970 9 130 

205 (V—N) 
Na4[VO-dl-tartrate] . 12 H,O 1-62 1-91 2-00 IC 1968 7 356 
(NH4)4 [VO-dl-tartrate] .2 HO 2-02 JCS A 1967 1312 

The characteristic bond arrangement in the vanadyl complexes of Table 27.2 (and 

also in VOSO4 and VOMoOg,, p. 513) is square pyramidal, the V atom lying 

slightly above the equatorial plane, with the short V—O bond apical. On the other 

hand, the molecule VOCI,(NMe;3) °°) has the trigonal bipyramidal structure (a), in 

NMe3 NMe3 
bata Cl Cl 

jive tv LS59A 0 asset 2:24 A 

cisiga [BIR a | 
NMe3 NMe3 
(a) (b) 

which the equatorial bond angles are 120° to within the experimental error. It 
seems that this configuration is favoured by the shape of the tertiary amine, for the 
methyl groups are in the staggered positions relative to the equatorial ligands, a 
view supported by the fact that the V(111) molecule VCl,(NMe3)>,‘ (b), has 
almost exactly the same structure. 

We comment elsewhere on the rarity of trigonal prism coordination, which has 
been observed in complexes M(S,C@)3 in which M is V, Cr, Mo, or Re. In the V 
complex‘5) V—S = 2-34 A and S-V-S= 82° (mean), and the shortest distances 
between S atoms of different ligands are close to 3-1 A; the dimensions of the Re 
and Mo complexes are almost identical to those of the V complex. It has been 
suggested that some type of weak interaction between the S atoms stabilizes this 
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configuration, which is not found for all chelate sulphur-containing ligands. In the 
maleonitrile dithiolate ion in [V(mnt)3](NMe) °° the 6-coordination around V is 
irregular (V—S, 2:36 A), with 2:93 A as the shortest inter-ligand S—S distance. The 
coordination group is intermediate between octahedral and trigonal prismatic, as 
shown by the angle S-V—S for pairs of S atoms that are farthest apart. For a 
regular octahedron this angle would be 180° or 173° for the nearest approach to a 
regular octahedron taking into account the constraints due to the rigid bidentate 
ligand. In V(SC ¢)3 this is 136° (trigonal prismatic coordination), and in the 
dithiolate ion it is 159°. We have included these complexes with compounds of 
V(iv) though the formal oxidation state of the metal could be regarded as zero, 
depending on the degree of delocalization of the four electrons on the three chelate 
ring systems. 

The structural chemistry of Cr(iv), Cr(v ), and Cr(v1) 

Compounds of Cr(Iv) 

In addition to the well known ferromagnetic CrO, (rutile structure) CrF, and 

CrBrq have been synthesized; their structures are at present unknown. The complex 

fluoride K,CrF¢ contains octahedral CrF2* ions. 

The olive-green Ba,CrO4, with a magnetic moment of 2:82 BM, corresponding 

PAB LEQ 703 

Compounds of Cr in higher oxidation states 

Cr(IV) Cr—O (A) Reference 

CrO2 2 at 1:88, 4 at 1-92 JAP 1962 33 1193 

Sr2CrO4 4 at 1-66-1-95, mean 1-82 AK 1966 26 157 

K>CrF¢ ZaC 1956 286 136 

Cr(V) 

Cas OH(CrO4)3 4 at 1-66 ACSc 1965 19 177 
CazCl(CrO4) 4 at 1-70 (mean) 

Angles 105° (4), 119° (2) AC 1967 23 166 

Cr(VI) Cr—O (bridge) Cr—O(term.) Cr—O—Cr 

CrO3 1-75 1-60 143° AC 1970 B26 222 

K,Cr207 1-79 1-63 126° CJC 1968 46 933 

(NHq)2CrO4 2 1-66 E AC 1970 B26 437 

Cr(I1) and Cr(VI) crill_6 0 crvVI40 

CrO01> 1-97 1-65 ACSc 1965 19 165 
KCr30g 1-97 1-60 ACSc 1958 12 1965 
LiCr30g 2:05 1-66 AK 1966 26 131 

CsCr3 0g 1-96 1-63 AK 1966 26 141 

Cr(IV) and Cr(VI) cr1V_-6 O GMA.) 

K2Cr309 1:97 1-65 ACS 1969 23 1074 

For the preparation of high-pressure oxides see ACSc 1968 22 2565. 

945 

(6) TAGS 196789 3353 



O 3Cr 

126° 

CO 

CrO3 

Group VIII and Other Transition Metals 

to Cr(1V), is isostructural with Ba, FeO, and BaTiO, (notable as the only example 

of Ti** tetrahedrally coordinated by oxygen) and like the green Ba3CrOg is a 

compound of Cr(iv). In SryCrOq rather distorted CrO4~ groups were found, which 

may be compared with the nearly regular octahedral coordination in CrO, (Table 

27.3). Oxides MCrO3 (M = Ca, Sr, Ba, Pb) have been prepared under pressure. 

Compounds of Cr(v) 
These include a number of compounds isostructural with silicates or phosphates, 

for example: 

NdCrOq4, YCrO,: (zircon structure), 

Cas;OH(CrO4)3: apatite structure, CrY -OF1-66-A: 

Ca,Cl(CrO4): isostructural with Caz Cl(PO, ). 

Cr(v) is tetrahedrally coordinated by oxygen and has a similar radius to Cr(v1). 

The complete structure determination of Ca,Cl(CrO,4) shows that all the CrO37 

ions are equivalent, i.e. this is not a compound containing Cr({1v) and Cr(v1). The 

magnetic moment has the expected value, 1-7 BM. The CrO3~ tetrahedra are 

slightly distorted. 

Compounds of Cr(v1) 

The structural chemistry of Cr(v1) is very similar to that of S(v1), and accurate 

structural data are available for several simple compounds. 

The crystalline trioxide is built of infinite chains formed by the linking of CrO4 

tetrahedra by two vertices: 

O O O 

Se 
vo se wie, ae 

There are only van der Waals forces between the chains, consistent with the 
comparatively low melting point (197°C). 

In simple crystalline chromates there are tetrahedral CrOZ~ ions in which Cr—O 
is 1-66 A (in the ammonium salt). The tetrahedral CrO3F~ ion (Cr—O, 1-58 A) is 
the analogue of SO3F . The sizes of O and F being very similar, KCrO3F 
crystallizes with the scheelite (CaWO,) structure with random arrangement of O 
and F. KCrO3ClI has a distorted form of the same structure due to the much greater 
difference between Cr—O and Cr—Cl (2:12 A). Polychromates result from the 
sharing of vertices between limited numbers of CrO4 tetrahedra. In K,Cr20, the 
anion has the structure shown. The bridging Cr—O bonds are much longer (1-79 A) 
than the terminal ones (mean, 1-63 A) as in the disulphate ion. 

In the tetrahedral CrO,Cl, molecule the bond lengths are: Cr—O, 1°57 A, and 
Cr—Cl, 2:12 A. (See Table 10.12, p. 406). 
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Compounds containing Cr in two oxidation states 
The structure of Cr.F;, a compound of Cr(i1) and Cr(1i1), has been described in 
Chapter 5. We note here some compounds which contain Cr(iml) and Cr(v1) or 
Cr(iv) and Cr(v1). 

A number of oxides have been prepared which are intermediate between CrO, 
and CrO3. They include Cr,0, and Cr3Og, resulting from the thermal decompo- 
sition of CrO3 under oxygen pressures up to 1 kbar in the temperature range 
200-400°C, and an oxide Cr;0, which forms under oxygen pressures up to 3 
kbar. This last oxide is a compound of Cr(111) and Cr(v1), Cri!4(CrY!04)3, in 
which Cr(111) atoms occupy positions of octahedral coordination (Cr—O, 1:97 A) 
and Cr(v1) atoms positions of tetrahedral coordination (Cr—O, 1:65 A) in an 
approximately c.c.p. assembly of oxygen atoms. The black metallic-looking 
KCr30g prepared by heating K,Cr,0, with CrO3 in oxygen under pressure is also 

a compound of Cr(1t) and Cr(v1), ie. KCr!'(Cr¥'04)5. Octahedral Cr!!!0, and 
tetrahedral CrY'0, groups are linked to form layers of composition Cr30g which 

are held together by the potassium ions. The corresponding lithium salt has a quite 

different structure which is essentially the same as that of a number of chromates 

MCneO, (M = Co, Cu, Zn, Cd), phosphates (Cr, In, Tl), and sulphates (Mn, Ni, 

Mg). The octahedral holes between O atoms of CrOqg groups are occupied at 

random by Li* and Cr?*. (This structure may also be described as an 

approximately cubic closest packing of O atoms with 1/8 of the tetrahedral and 1/4 

of the octahedral holes occupied. 

The compounds M,Cr30, (M = Na, K, Rb) have been prepared under pressure 

as red crystals insoluble in water. The structure consists of rutile-type chains of 

Cr!Y O, octahedra which are cross-linked by CrY'O, tetrahedra. 

Higher coordination numbers of metals in finite complexes 

We have collected together in this section some examples of finite complexes 

formed with polydentate ligands in which transition metals exhibit coordination 

numbers from 7 to 10. For chelates of 4f metals see p. 67. 

We noted in Chapter 10 two rather symmetrical arrangements of 7 nearest 

neighbours found in oxy- and fluoro-compounds of transition metals, namely, 

pentagonal bipyramidal (ZrF3~), and monocapped trigonal prism (NbF4~). The 

ions formed from ethylenediamine tetracetic acid and the closely related diamino 

cyclohexane acid are potentially sexadentate ligands, for there are 4 O atoms and 

_CH,COOH Hh _-CH,COOH 
H3C~ ip CH, COOH Hy¢~ "CH@ (93 >CH,COOH 

| 

HOS CH, COOH H2C. CH, -CH,COOH 
‘CH, COOH H, ~CH,COOH 

2N atoms which can coordinate to a metal atom. In the formulae in this section 

and in Fig. 27.3 we use the abbreviations edta and dcta to mean the ions (4 —) 
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formed from these acids. Three different types of complex formed with Ni, Co, and 

Fe are illustrated in Fig. 27.3 (a)-(c). The Ni(11) and Co(111) complexes are 

octahedral, but in the former, (a), the ligand forms only five bonds to Ni, the metal 

atom completing its coordination group with a water molecule.“!) (Although only 

2H of edta are replaced by Ni only one acetate group is unattached and 

presumably carries one H as OH. The location of the other H atom is not clear, but 

it has been provisionally allocated as shown, on the basis of the Ni—O bond 

lengths.) In the (diamagnetic) Co(11!) complex, ‘”? (b), edta is behaving as a 

sexadentate ligand. On the other hand, in Rb[Fe!!!(H, O)edta] . H,0°?) the anion 

is a 7-coordinated complex, Fig. 27.3(c), with one HO in addition to the 6 bonds 

from edta. The bond arrangement is very approximately pentagonal bipyramidal, 

two O atoms and two N atoms of edta and one HzO molecule forming the 

CH, COOH 

(a) (b) (c) (d) (e) 

FIG. 27.3. Structures of (a) [Ni(edta)H2(H20)], (b) [Co(edta)]~, (c) [Fe(edta)(H20)] 

(d) coordination polyhedron of [MnH(edta)(H20)]~, (e) { (Hz 0)LFe-O—FeL(H20)] > 

where the pentagon represents the ligand L shown in the margin. 

> 

equatorial group of five ligands. In contrast to Ni(i1), Mn(i1) forms a salt of a 

hydrated aquo-complex, Mn? *[Mn!'!(H,0)H(edta)] >. 8 H,0,“ with replacement 

of only 3H atoms of edta. The Mn?* ions in the crystal have normal octahedral 

coordination (by 4 HO and 2 O atoms of anions), but within the complex Mn(II) is 

7-coordinated. The bond arrangement is, however, different from that in the iron 

complex (c) and may be regarded as a skew form of the NbF4~ coordination group. 

A small clockwise rotation of the face aaa and an equivalent anticlockwise rotation 

of bbb, Fig. 27.3(d), would convert this coordination group into a monocapped 

trigonal prism. The Fe(it1) complex with dcta has a configuration very similar to 

that of the Mn complex (d); it was studied in Ca[Fe!"(H,0)dcta] ,. 8 H,0.©? 

It is evident that the geometries of these 7-coordinated complexes are very much 

dependent on the constraints due to the shapes of the polydentate ligands. A more 

extreme example is the pentagonal bipyramidal coordination in complexes formed 

by the pentadentate ligand L, such as the cations in the salts [FeL(NCS),]ClOq, 

(where the NCS groups occupy the apical positions with Fe—N, 2-01 A as compared 
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with 2:23 A for the equatorial bonds), and [(H.0O)LFe—O—FeL(H,0)] (ICOq4)q.© 
The cation in this salt, Fig. 27.3(e), is also of interest as an example of a bridged 
oxo compound of Fe(111) with a linear Fe-O—Fe bridge. 

With bidentate ligands of the type R.CO.CH.CO.R yttrium and the smaller 
4f ions form a number of 7-coordinated complexes in which the seventh ligand is a 
water molecule. These are noted in Chapter 3 in our discussion of 7-coordination. 

Although Zr is 6-coordinated in ions such as ZrCl2~, with the smaller ligands O 
and F there is a marked preference for higher coordination numbers. In a number 
of cases this is 7-coordination as in (NHq4)3ZrF7, in monoclinic ZrO, and in 
ZrOS. The Zr** ion is obviously a borderline case, for in contrast to the above 
examples there is 8-coordination (dodecahedral) in KZrF¢, in the high- 
temperature forms of ZrO, and in numerous hydrated and hydroxy-salts (p. 531). 
From the energy standpoint there is clearly very little to choose between the two 

predominant types of 8-coordination, namely antiprismatic and dodecahedral. In a 

3D structure the crystal energy can be minimized by adjusting the shapes of all the 

various coordination groups, and in extreme cases these geometrical requirements 

actually determine the composition of the salt that crystallizes from solution, as in 

the salts Na3TaFg, K,TaF,, and CsTaF¢, or (NHq)3ZrF7 and K,ZrF¢. In finite 

complexes containing chelate ligands the choice between the two coordination 

polyhedra is probably determined by ‘non-bonded’ interactions between atoms of 

the ligands, and we find 

dodecahedral: Nag[Zr(C,04)4] .3 H,O Ll 963.2250 

K, [Zr(NTA),] . H,0 JACS 1965 87 1610 

antiprismatic: Zr(acac)4 IC 1963 2 243 
[Zr4(OH)g(H0),6] . Clg. 12 H,0 See p. 532 

(a) NTA is the nitrilo triacetate ion N(CH2COO)3_. 

The 9-coordination of La?* and the larger 4f ions in both finite complexes and 

3D structures has been noted in previous chapters. We have seen that 6-fold 

coordination by the ligand edta is possible for small ions M?* and M3*. Even the 

smallest 4f ion is too small for ‘octahedral’ coordination by edta, and with the 

larger ions the ligand occupies only part of the coordination sphere, the remainder 

of which can be filled with, for example, H,O molecules. The very symmetrical 

9-coordination group found in a number of 4f compounds is not consistent with 

the geometry of some polydentate ligands, and we find coordination groups more 

closely related to the dodecahedral 8-coordination group but with additional 

ligands giving 9-coordination or the much less common 10-coordination. Thus in 

the 9-coordinated anion in K[La(H,O)3edta].5 H,O the 40 and 2 N atoms of 

edta and one H,O molecule occupy seven of the vertices of the triangulated 

dodecahedron characteristic of 8-coordination, and there are isostructural salts in 

which the 4f metal is Nd, Gd, Tb, and Er.(7) The arrangement of seven of the 

ligand atoms around Lais similar in [LaH(edta)(H,0)4]. 3 H,0,*? where there are 
4H,O molecules completing a 10-coordination group. It should, however, be 

remarked that this polyhedron approximates closely to a bicapped square 

antiprism. 
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High coordination numbers are also. possible if a group such as NO3 or 

CH;COO™ behaves as a bidentate ligand. In Chapter 18 we noted that 8 O atoms 

(four NO3 ions) surround the metal in [Co(NO3)4]?~ and Ti(NO3)q4 and 12 O (six 

bidentate NO3 ions) in nitrato ions of Ce(111), Ce(iv ), and Th(1v ). Three bidentate 

nitrate ions and two bipyridyl molecules give La 10-coordination in La(NO3)3- 

(bipyridyl), in an arrangement that has been described as a bicapped dodeca- 

hedron. A similar description could be given to the ‘pseudo-octahedral’ 10- 

coordination group in Th(NO3)4(OP¢3)2 (p. 665); for references to these 
compounds see the section on metal nitrates and nitrato complexes in Chapter 18. 

The structural chemistry of iron 

Although all formal oxidation states from and including —2 to +6 are recognized, 

only Fe(ir), and Fe(11!) are of practical importance. Oxidation states lower than +2 

involve m-type ligands and the states —2, —1, and +1 apply to compounds such as 

Fe(CO)(NO), and Fe(NO),X and the ion [Fe(H,0);NO]?* where the meaning 

of the term oxidation state is somewhat dubious. The diamagnetic compound 

Fe(NO),I exists as dimers, (a),“!) very similar in structure to (b)°) except for the 

larger Fe—Fe distance. Unless there is some sort of superexchange interaction 

involving the I atoms in (a) it would seem necessary to account for the 

diamagnetism by postulating metal-metal interaction of some kind, and to suppose 

that the large Fe—Fe distance, as compared with that in (b), is due to the size of I. 

The bond arrangement around Fe is tetrahedral. Crystalline Co(NO),I has a 

HE Ao 
OG 

: N Car 
ON. eo eee ae ON. SX 2/_NO 
1-67 g Fe Pes Fe ( Fe 

N I ONdaald SoG 
<— 3-05 A— C,H; 

| <—— 1). A> 0 

(a) (b) ] 

ON NO ON NO OC 
\f ne Noh eran As(CH3)> 

As 
2-59 A (CH3) 

(c) (a) 

tetrahedral chain structure (c).“) The small bond angle at I in (a) seems to be a 
feature of metal-metal bonded systems; compare 

I J as 
S85 74° Nb’ 98 “NbO 

eS hima 
<3-31 A> <4.36 A> 

ea) 
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The only bond arrangement established for Fe(0) is the trigonal bipyramidal 
arrangement of five bonds, as in Fe(CO);, and Fe(CO)3(diarsine)‘>) (d). 

The normal coordination of Fe(11) is octahedral. Many of the ionic compounds 
in which Fe?* is surrounded by 6 X or 6 O are isostructural with those of other 
metals forming similarly sized ions: 

MO (NaCl structure): Mg, Mn, Fe, Co, Ni 

MF, (rutile structure) 

MSO,.7H,O 

K,M(SOq4)2 . 6 H,O 

M3Bi,(NO3),7. 24 HO 

M = Mg, Mn, Fe, Co, Ni, Zn 

The structural similarity between these M11) compounds does not, however, 

extend to the more covalent compounds. For example, the complex cyanides 

formed by Fe, Co, and Ni are of quite different kinds: 

Ky [Fe(CN).], K3[Co(CN)s], Ky [Ni(CN)4], and K4Ni,(CN)¢ (p. 970). 

(The Co compound was incorrectly described in the older literature as 

K4[Co(CN),] .) The complex thiocyanates are: 

Na,g[Fe(NCS),] . 12 H,0, Na,[Co(NCS)4] . 4 H,0, and Nag[Ni(NCS),] . 12 H,0, 

of which the Ni compound was earlier assigned the formula Naz[Ni(NCS)4] . 

8 H,0. 

The octahedral complexes of Fe(i1) are high-spin (u ~ 5 BM) except for those 

containing strong-field ligands such as Fe(CN)é~ and Fe(CNR)2*, which are 

diamagnetic. Neutral molecules include trans-F e(NCS)(pyr)4°, (e). 

Tetrahedral coordination of Fe(11) is comparatively rare, and in fact has not yet 

been directly established by a structure determination. It has been deduced from 

the existence of compounds isostructural with analogous compounds of Mn, Co, or 

Ni: 

(¢3MeAs), (MCl4), M = Mn, Fe, Co, Ni; JCS 1961 3512 

(Me4N)>[M(NCS)4], M = Fe, Co; ICS 1965 268 
M(@3AsO)>Cl,; M = Fe, Co; ICS 1965 454 

Like (NiCl,)?~ the (FeCl4)?~ ion is stable only in the presence of large cations; 

high-spin Fe(11), d°, has the expected moment of approximately 5 BM corres- 

ponding to 4 unpaired electrons. 
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Square coplanar coordination of Fe(ir1) is observed in the phthalocyanin 

(ut = 3-96 BM) and also in gillespite (p. 818). In this crystal Fe?* has 4 Oat 1:97A 

(compare Fe—6 O (octahedral), 2:14 A) and no other neighbours closer than 

3-98 A. The visible and i.r. absorption spectra have been discussed in terms of 

high-spin Fe? *.©) 
The structural chemistry of Fe(111) is largely that of octahedral coordination, in 

crystalline halides, Fe,03, and numerous finite complexes (Fe(en)3*, Fe(acac)3, 

Fe(C,0,4)3, etc.), but tetrahedral coordination is less rare than for Fe(11). Thus 

there is octahedral coordination of the metal in crystalline FeCl, but tetrahedral 

coordination in the vapour dimer FeCl, and in the FeClq ion, and there is both 

tetrahedral and octahedral coordination of Fe? * in FeO, (inversed spinel structure) 

and also in the complex of FeCl; with dimethyl sulphoxide (L), FeCl;L,. This 

compound consists of equal numbers of tetrahedral (FeCl4)” ions (Fe—Cl, 2:16 A) 

and octahedral trans (FeCl,L4)* ions (Fe—Cl, 2:34 A, Fe—O, 2-01 A).{® The 

complex (f), containing the ligands thio-p-toluoyl disulphide and dithio-p-toluate, is 

of interest as containing 4-membered rings (FeS,C) and 5-membered rings 

(FeS3C).{”) As in the case of Fe(11) compounds the magnetic moments of Fe(111) 

compounds correspond to high spin (d°, 5-9 BM) except for complexes such as 

[Fe(CN),]°~ and [Fe(dipyr)3]?* containing strong-field ligands. 

S 

| ta 
: Aly Na 

SA 

(f) 

The square pyramidal bond arrangement is found in a number of finite 
complexes. Apart from FeH(SiCl3)2(CO)C,H,‘®) they are mostly monomers 
containing two bidentate ligands, (g), or dimers in which a fifth weaker bond is 
formed as shown at (h). The metal atom is situated about 4 A above the centre of the 
Square base of the pyramid. Dimerization of a molecule of type (g) gives a complex 
of type (i) in which the metal atom has distorted octahedral coordination. 
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Examples include the following: 

Bond lengths (A) Reference 

(g) Fe[S,CN(C>Hs)2]2Cl A$0-32701227 IC 1967 6 712 
Fe(salen)Cl 2 01:88, 2 N 2-08 JCS A 1967 1598 

Cl 2-24 
(h) {Fe[S2C2(CN)2]2 }y (n-BugN)2 48 2-23, 8 2-46 IC 1967 6 2003 
(i) [Fe(salen)Cl] 2 2 N 2:10, C1 2:29 JCS A 1967 1900 

SOMeS OME S218 

Salen = NN’ -bis-salicylideneiminato. 

Structural studies of the (very few) compounds containing Fe in higher 

oxidation states appear to be limited to the following. 

Fe(iv): Ba,FeO,—isostructural with Ba,TiOg (tetrahedral coordination of 

Fe(1v). (ZaC 1956 383 330). 
BaFeO).47_2.92—hexagonal BaTiO3 structure (JPC 1964 68 3786) 

The black hygroscopic compound [Fe(diarsine),Cl,|(BF4). may contain an 

octahedral complex of Fe(1v), but its structure is not known.) The magnetic 

moment indicates 2 unpaired electrons which would be consistent with the low-spin 

d* configuration. 

Fe(v1): K,FeO4—isostructural with K,SO4 (ZaC 1950 263 175) 

BaFeO,— isostructural with BaSO4 

The magnetic moments of these compounds are close to the value (2°83 BM) 

expected for 2 unpaired electrons (d*). For the reduction of the oxidation state of 

Fe by pressure, for example, SrFeO3 > SrFeO .g6, see JCP 1969 51 3305, 4353. 
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FIG. 27.4. Coordination of metal 

by four bidentate ligands (see 

text). 
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The structural chemistry of cobalt 

The stereochemistry of cobalt (11)—d" 

We have to discuss the spatial arrangement of 4, 5, or 6 bonds. At one time many 

deductions of bond arrangements were made from magnetic moments, which would 

be expected to have the following (spin-only) values: 

low spin planar por 
‘73 BM 

eens ’ 

high spin tetrahedral 87 

octahedral 

However, the magnetochemistry of Co(11) is complicated by spin- orbital inter- 

actions. Observed moments are almost invariably higher than the above values, and 

for some time it was supposed that typical ranges for the two kinds of complex 

were 1-8-2-1 and 4-3-5-6 BM. More recently many intermediate values have been 

recorded for octahedral complexes (e.g. 2°63 BM for Co(terpyr)zBrz. H,O) and in 

fact these now cover the entire range between 2 and 4BM. The moment is 

evidently very sensitive to the environment of the Co(i1) atom and can no longer 

be regarded as a reliable indication of the stereochemistry. With the discovery of 

high-spin square planar complexes with moments around 4 BM magnetic moments 

do not even distinguish between planar and tetrahedral bonds. Since it is necessary 

also to be sure of the coordination number of the metal, which cannot always be 

correctly deduced from the chemical formula, we shall confine our examples to 

those for which diffraction studies have been made. 

Co(it) forming 4 bonds. The preferred arrangement of four bonds is the 

tetrahedral one, which is found in the Coxe ions (X = Cl, Br, I), which are stable 

in the salts of large cations (Cs,CoCl4, (NBu4)zCol4, and Cs3(CoCl,)Cl), in the 

[Co(SCN),4]?~ ion in, for example, K,Co(SCN),4. 4 H,0,“!) and in the blue forms 

of compounds with organic amines such as CoCl (aniline) .*) In the pink or violet 

forms of these compounds, for example, CoCl, (pyridine), ,@) there are infinite 

chains of octahedral coordination groups which share a pair of opposite edges. 

There is distortion of the tetrahedral coordination group if the ligands are 
bidentate, as in [Co(O,C.CF3)4] (Asq4)2 and [Co(NO3)4] (Asbq)>.65) In 
complexes of this general type there are 8 O atoms (of four bidentate groups) 
around the metal atom and these form two groups, 4 A+ 4B, which separately 
define two interpenetrating (non-regular) tetrahedra (Fig. 27.4(a)). The 8 atoms 
lie at the vertices of a dodecahedron (Fig. 27.4(b)), and in Ti(NO3)q the two sets 
of M—O distances (to A and B atoms) are equal. In [Co(NO3)4]2~ the distances to 
A and B atoms are appreciably different (2-07 A and 2:45 A) so that Co is forming 
4 stronger tetrahedral bonds (i.e. (4 + 4) distorted 8-coordination). In the trifluoro- 
acetato complex the distortion from dodecahedral coordination is much greater, 
the two Co—O distances being 2:00 A and 3-11 A. The four B atoms are coplanar 
with Co, and the angle O, —Co—Ozg is 97°, so that the coordination is much closer to 
regular tetrahedral. The magnetic moments of both complexes are close to 4-6 BM, 
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typical of Co(11) high-spin complexes. (The arrangement of P atoms around Co in 
CoH(PF3)4 is distorted tetrahedral,©) with bond angles ranging from 102-118°, 
but since H is presumably bonded to Co this is an example of 5-covalent Co. The 
H atom was not located in the X-ray study.) 

Square coplanar bonds are formed only in complexes with certain polydentate 
ligands or combinations of ligands such that steric factors prevent a tetrahedral 
configuration. They include the phthalocyanine (low-spin), the bis-salicylaldehyde 
diimine complex (a) (in which the maximum deviation of any atom from the 
mean plane of the complex is 0-6 A and Co—O(N) is 1-85 A), and the ion (b) in the 
salt [Co(mnt),] [N(C4H9)4] 2.8? The magnetic moment of this salt (3:92 BM) 
corresponds to 3 unpaired electrons (d’). The Ni((i1) compound is isostructural. 
Ions [M(mnt),]~ are formed by Ni(t11) and Cu(i).©) The similar ion formed by 

ae 
~ — CN 72> Eanes NOS ASE ene? 

Co | Coa c 

(a) (b) 

ele ‘s CH, 

(c) 

Co(i11) and the ligand (c) has a magnetic moment of 3-18 BM, slightly higher than 

the spin-only value for 2 unpaired electrons (d°); it also is planar.“ ©) 

The planar molecule trans-Co(PEt,’$] .(mesityl),{'!) is an example of a 

spin-paired d’ complex with monodentate ligands. 

Co(11) forming 5 bonds. We shall, somewhat arbitrarily, divide the examples into 

three groups: (i) those approximating to trigonal bipyramidal complexes, with 

monodentate or ‘tripod-like’ tetradentate ligands, (ii) those with a fairly charac- 

teristic square pyramidal structure, with the metal atom 0-3-0-6 A above the centre 

of the base, and (iii) dimeric complexes formed from square planar complexes ML, 

in which each M atom forms a fifth (longer) bond to an atom in the other half of 

the dimer. Many complexes have configurations intermediate between trigonal 

bipyramidal and square pyramidal, and in some cases the 5-coordination is to be 

regarded as indicating a failure to attain 6-coordination owing to the bulky nature 

of the ligand. We shall include these intermediate structures in classes (i) or (ii). 

(i) The two simple types to which we have referred are illustrated in Fig. 

27.5(a) and (b). Examples of (a) include Co(2-picoline N oxide); (CIO4),“!) with 

axial bonds (2:10 A) longer than the equatorial ones (1-98 A), and the less 

symmetrical Co(CO), SiCl,. In [CoBr(Megtren)] Br,“?) Fig. 27.5(b), Co lies 

0-3 A below the equatorial plane, giving N!—Co—N? 81° and N?—Co—N? 118°, 

and the axial Co—N!, 2°15 A, slightly longer than the equatorial Co=N2 (2:08 A). 
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2 BF N 

Tale CH, (ii) 
ae Na (CH,), 

Pa FIG. 27.5. Co(Il) forming five 
Br bonds (see text). 

(i) 

(111) 

These distortions are presumably associated with the geometry of the ligand. There 

is more distortion in Co(QP)CI,“*) where the equatorial bond angles are 109°, 113°, 

and 138° (QP is the P analogue of QAS, p.981), and still more in 

CoBr,(HP¢,)3,°°) where the equatorial bond angles are 98°, 126°, and 136° and 
there is a marked difference between the lengths of the two Co—Br bonds (both 

equatorial, 2°33 A and 2:54 A). (The H atom is omitted from the formula 
throughout ref. (5).) Intermediate configurations are also found with bulky amine 

ligands, as in the high-spin complexes Co(Etgdien)Cl,®) and Co(Me;dien)C1,,°” 

in which the ligands are: 

(CH)> NEt, (CH ) NMe 

‘fs (Etgdien); MeN@ i. i (Me. dien) 
\(CH,)2NEt, (CH) NMe, 

(ii) Square pyramidal monomeric complexes, Fig. 27.5 (ii), include 
CoCl,(L3),“!) where L3 is the tridentate ligand (a), the structure of which is very 
similar to that of ZnCl,(terpyr), p. 915. The metal atom lies above the base of the 
pyramid (0-4 A). 

vs Cl 

Car Ona a =<: L3 = | N N eae Ne Cl 
Cl 

(a) (b) (c) 
(iii) Dimers of the type shown in Fig. 27.5 (iii) exist in [Co(b), ] en and 

[Co(c),].(NBug)>,°%) in which (b) and (c) are the ligands shown above. In both 
complexes the metal atom lies slightly above the plane of the four close S ligands 
(0°37 A and 0-26 A respectively), and the vertical bonds to the fifth S are longer 
than the four basal bonds (approximately 2:40 A and 2:18 & respectively). 

Co(11) forming 6 bonds. With one exception, noted below, the bond arrangement 
is octahedral, and this is found in 3D complexes in crystalline binary compounds 
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(CoO, CoX,, etc.), in layer structures such as K,CoF, and BaCoF,, in chain 
structures of the type CoCl,(pyr),, and in numerous finite complexes which 
include —_ trans-Co(NC5Hs5)4Cly, Co(dimethylglyoxime)Cl,, and Co(acac),- 
(pyr)>.“) In its complexes with acetylacetone Co(it) consistently achieves 
6-coordination. The acetylacetonate sublimes as the tetramer, Cog(acac)g,°?) but 
from solution in inert solvents containing a little water various polymeric species 
can be obtained: Co3(acac),. H,0,°°? Co (acac)4(H0),,{* and finally the simple 
monomeric Co(acac),(H,0),.4) These correspond to splitting the tetrameric 
[Co(acac)»] 4, Fig. 27.6(a), at a shared face (A), giving (b), or at both (A) and (B), 
leaving Co (acac).(H20),, (c); an unoccupied bond position is filled with a H,O 
molecule. 

In the red diamagnetic form of [Co,(CNCH3);9](C1O4)4°°) one of the 

octahedral bonds from each Co is to a second metal atom. In this ion Co(ir) is 

isoelectronic with Mn(0) and forms the same type of structure as Mn (CO); 
(staggered configuration, Co—Co, 2:74 A). The blue solution of this compound and 
the blue crystalline form presumably contain [Co(CNCH3);]7*, the para- 
magnetism corresponding to one unpaired electron. 

FIG. 27.6. The molecular 

structures of (a) Coqg(acac)g, 

(b) Co3(acac)g .H20, (c) 
Co2(acac)4(H20)2. 

(a) (b) (c) 

The very irregular 6-coordination of Co(1) in Co(NO3),[OP(CH3)3]°” is 

noted in Chapter 18. 

The ion [Co3(OCH,CH,NH>),]** is the sole example of trigonal prism 

coordination of Co(i1) by oxygen. In this ion (Fig. 27.7) there is octahedral 

coordination of the terminal Co(111) atoms but trigonal prism coordination of the 

central Co(i1).¢8) It is possible that this unusual coordination is connected with the 

geometry of the ligands, there being apparently better packing of the CH, groups 

(which are not shown in Fig. 27.7) with trigonal prismatic than with octahedral 

coordination around the central Co atom. 

Cobaltammines 

Introductory. The discovery that CoCl3 could form stable compounds with 3, 4, 

5, or 6 molecules of NH; led to Werner’s suggestion that in ‘molecular compounds’ 

such as CoCl3. 6 NH3 the six NH3 molecules are arranged in the first “coordination 

sphere’ around the metal atom and the three Cl atoms in an outer sphere. This was 

consistent with the chemical behaviour of the compounds, with the numbers of 

ions formed from one ‘molecule’, and with the numbers of isomers of mixed 

O57 
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(2) 1C 1965 4 1145 

(3) JACS 1968 90 38 

(4) IC 1966 5 423 

(S) AC 1959 12 703 

(6) IC 1964 3 1495 

(7) JACS 1963 85 2402 

Coin) Co (i) Co (it) 

FIG. 27.7. The structure of the 

ion [Co3(OCH2CH2NH2)6] ?* 
(diagrammatic). 

(8) JACS 1969 91 2394 
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coordination groups such as [Co(NH3)4Ch] *. Some or all of the NH3 molecules in 

[Co(NH3)5]°* may be replaced by other ligands such as Cl”, H,O, NO, C03", 

C,03~, NH,. CH,. CH,. NH) (en), etc. Of the ammines of CoCl, containing 3, 4, 

5, and 6 NH; the first is a non-electrolyte while the others ionize to give 

respectively 2, 3, and 4 ions from one formula-weight, so that they are 

Co(NH3)3Cl3, [Co(NH3)4Cl,] Cl, [Co(NH3)5Cl] Cly, and [Co(NH3)¢] Cl3. Owing 

to the large number of combinations of atoms and groups which may be attached 

to Co these compounds are very numerous. The only comparable group of 

compounds is that formed by Cr(111), but these have been much less studied in 

recent years. 

Many cobaltammines are easily prepared by oxidizing ammoniacal solutions of 

Co(i1) salts by a current of air. For example, if the solution contains CoCl, and 

NO} or CO37 ions the brown Erdmann’s salt, [Co(NH3)2(NO,)4] NHg, or the red 

[Co(NH3)4CO3]Cl may be crystallized out. Crystals of the bridged salt 

[(NH3)>;Co . 02. Co(NH3)5](SCN)4 are formed in a strongly ammoniacal solution 

of Co(SCN), which is left exposed to the atmosphere. In such preparations 

mixtures of cobaltammine ions are formed, both mononuclear and polynuclear, 

solubility differences determining the nature of the product obtained in a particular 

preparation. As an illustration of the stability of certain cobaltammines we may 

quote the action of concentrated H,SOq4 on [Co(NH3)¢] Cl; to form the sulphate 

of the complex, which is not disrupted in the process. The aquo-pentammine, 

[Co(NH3);H,O] Cl;, retains its water up to a temperature of 100°C, and even then 

the complex does not break up but a rearrangement takes place to form 

[Co(NH3).5Cl] Cl,. 

Cobaltammines, including Co(NH3)3F3 (but not K3CoF,, which has 

Herp, = 5°3 BM), are diamagnetic except in special cases where an unpaired electron 

is introduced with a ligand such as O} (see later). Their stability is presumably 
associated with the fact that with 12 bonding electrons added to the d® 
configuration of Co!!! there are 18 electrons to fill the 9 available orbitals; for Cr!!! 

Ul 3d 4s 4p 

alive 

Ill 

Laie 

(90> +———-d? sp3 bonding 

there is a single electron in each of the tz, orbitals. (For Cr!!! there is no difference 
between the magnetic moment for high-spin and low-spin complexes.) 

The isomerism of cobaltammines. The octahedral arrangement of the six ligands 
has now been established by X-ray studies of many crystalline cobaltammines, but 
when it was first suggested it was not by any means generally accepted. However, it 
was consistent with the existence and numbers of isomers of many complexes. For 
example, there should be only two isomers (cis and trans) of an octahedral complex 
CoA4By, but three for a plane hexagonal or trigonal prism model, and the fact that 
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only two isomers of the numerous complexes of this type have ever been isolated is 

strong presumptive evidence in favour of the octahedral model. The demonstration 

of the optical activity of K3Co(C,04)3 provided striking confirmation of the 

octahedral arrangement of the bonds from the Co atom. It is now well known that 

any octahedral complex MA3 in which A represents a bidentate group such as 

C037 or ‘en’ is enantiomorphic, but it will be appreciated that the resolution of 

such a compound appeared surprising, for it was previously formulated as a double 

salt, 3 K,C,0O4 . Coz(C,04)3. Nevertheless, it is a curious fact that the resolution of 

salts like K3[Co(C,04)3] and [Co(NH,. CH,. CH. NH ,)3]Br3 into their optical 

antimers was not considered by some chemists to prove Werner’s hypothesis. There 

still lingered a belief that the optical activity was in some way dependent on the 

presence of an organic radical in the complex. It was not until Werner resolved a 

purely inorganic cobaltammine that the last doubts were removed. The compound 

in question has the formula [Co4(OH)¢(NH3);2]Cl¢; the probable structure of the 

complex ion is illustrated in Fig. 27.8(e) (p. 962). 

Some idea of the complexity of the chemistry of the cobaltammines may be 

gathered from the fact that no fewer than nine compounds with the empirical 

formula Co(NH3)3(NO.)3 are said to have been prepared. There are many possible 

types of isomerism and polymerism, as the following examples will show. 

Isomers have the same molecular weight but differ in physical and/or chemical 

properties. The following kinds of isomerism may be distinguished. 

(i) Stereoisomerism. The isomers contain exactly the same set of bonds, that 

is, the same pairs of atoms are linked together in the isomers. 

(a) The positions of all the atoms relative to one another are the same. The 

only difference between the isomers is that they are related as object and mirror 

image (optical isomerism). 
(b) The constituent atoms are arranged differently in space relative to one 

another (geometrical isomerism). 
Optically active complexes which have been resolved include [Co(C,0q)3] oct 

[Co(en)3]**, and [Co(en),Cl,]*. A more complex type of isomerism can arise 

when the chelate group is unsymmetrical. For a symmetrical group occupying two 

coordination positions (e.g. C04), which we may represent A—A, there is only the 

one stereoisomer (I) which, of course, exists in right- and left-handed modifications. 

If, however, the group is unsymmetrical there are two possible forms (II and ITI) 

exactly analogous to the two stereoisomers of a complex CoA3B3, and each form is 

A A | A A ey 

ico Se aia 
B ee 

I II Ul 
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enantiomorphic. Two such forms of the .tri-glycine complex Co(NH,CH,COO)3 

have been prepared. 

Some bridged complexes provide interesting examples of enantiomorphism. For 

example, [(en)2Co(NH,)(NO,)Co(en)2] Bra exists in d- and /-forms and also in a 

meso form: 

meso- d- and /-forms 

The active forms of this compound were obtained by Werner by resolution with 

d-bromcamphorsulphonic acid. 

Many pairs of geometrical isomers have been made, such as the ‘violeo’ and 

‘praeseo’ series, cis and trans [Co(NH3)q4Cl2] Cl. 
(ii) Structural isomerism. This includes all cases of isomerism where different 

pairs of atoms are linked together in the various isomers. These may therefore 

possess very different chemical properties. We may distinguish three simple kinds of 

structural isomerism. 

(a) A number of cobaltammines containing groups such as NO, or SCN exist 

in two forms, the isomerism being due to the possibility of linking the group to the 

metal atom in the two ways, M—NO, or M—ONO and M—SCN or M—NCS respec- 

tively. When aquo-pentammine cobaltic chloride [Co(NH3);H,O]Cl3 is treated 

with nitrous acid under the correct conditions a red compound is formed which 

evolves nitrous fumes if treated with dilute mineral acids and which at ordinary tem- 

peratures is slowly (and at 60°C rapidly) converted into a brown isomer, The latter 

is quite stable towards dilute acids. The isomers are formulated [Co(NH3);ONO] Cl, 

and [Co(NH3)5NO,]Cl,. Pairs of ‘linkage’ isomers of which structural studies have 

been made include [Co(NH3),;SCN]Cl,.H,0 and [Co(NH3);NCS]Cl,, 

[Co(NH3);NCCo(CN)5] .H,O and [Co(NH3);CNCo(CN),5] .H,O (see p. 753 

and Table 27.4). 

(b) The term ‘ionization isomerism’ has been applied to the isomerism of 
pairs of compounds like [Co(NH3)sBr] SO4 and [Co(NH3);SO,4] Br. There are also 
more interesting cases such as [Co(NH3)5SO3]NO3 and [Co(NH3),;NO,]SOq. In 
these pairs, as in those in (c), the isomerism applies only to the solid state, for the 
actual coordination complexes have different compositions. 

(c) Since many of the octahedral complexes are ions and since there are 
positively and negatively charged complexes, as in the series 

Co(NH3)4(NO2)2, Co(NH3)3(NO2)3, Co(NH3)2(NO>)q, 

it should obviously be possible to prepare crystalline salts in which both the cation 
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TABLE 27.4 
References to the structures of cobaltammines 

Compound Reference 

[Co(NH3)6] 13 
[Co(CN)¢] [Cr(en)3] .6 HO 
Co(N32)3 
[Co(NH3)5NO>] Br2 

[Co(NH3 )sNOz J Cly 
[Co(NH3)s5 CO3] Br, H,0 

[Co(NH3)sN3] (N3)2 
[Co(NH3)5 SCN] Cly . HO and [Co(NH3)sNCS] Cl 
[Co(en)2 (N3)2]NO3 
[Co(en),Cl,]C1, HCl.2H,0 
[Co(NH3)4CO3 ] Br 

Co(NH3)3 (NO, )3 

Co(NH3)3(NO2)2Cl 
[Co(NH3)3(H20)Cl5] Cl 
[Co (NH3)2(NO3)4] Ag 
[(NH3)s NCCo(CN)5] . H2O 
[(NH3)5 Co. NH} . Co(NH3)5 ] (NO3)s 

Oe 
(NH3 )4Co Scowvis)s | Cla .4H20 

OH 

va Ss 
(NH3)4Co an os cof) Cl4 .4 H20 

2 

NH Argos H B (NH3 )3 FOS 0(NH3)3 |Br3 

[(en)2Co(NH2 )(SO4 )Co(en), | Br3 

AC 1969 B25 168 
IC 1968 7 2333 
JACS 1967 89 1530 
AC 1968 B24 474 
ACSc 1968 22 2890 
JCS 1965 3194 
AC 1964 17 360 
AC 1972 B28 1908 
AC 1968 B24 1638 
BCSJ 1952 25 331 
JCS 1962 586; 
ACSc 1963 17 1630 

IC 1971 10 1057 
BCSJ 1953 26 420 
BESS 11952 25 328 
ZK 193695 74 
IC 1971 10 1492 
AC 1968 B24 283 

JCS 1962 4429; 
ACSc 1963 17 85 

IC 19709 2131 

ACSc 1967 21 243 

AC 1971 B27 1744 
[Co3(NH3)g (OH) 2 (NO2)2(CN)2 J (C104)3 . NaClO4 . 2H20 AC 1970 B26 1709 

and the anion are octahedral complexes. We could then have pairs of salts with the 

same composition of which the following are the simplest types: (M'A,)(M7Be) 

and (M'B,)(M7A,) containing two different metals. The pairs of salts 

[Co(NH3)¢] [Cr(CN)6], [Cr(NH3 )¢ ] [Co(CN)g ] and — [Co(NH3)4(H20)]- 
[Cr(CN),¢], [Cr(NH3)4(H20),] [Co(CN)¢] have been prepared. 

(iii) Polymerism. Consider a salt of the type (MA,Bg—,)(MA6—nB,) in 

which the central metal atom is the same in both complexes. Crystals of the 

compound consist of equal numbers of octahedral complexes of two kinds, so that 

the simplest structural formula is that given above. The empirical formula is, 

however, MA3B3, which corresponds to an entirely different compound, in which 

all the structural units are identical. The compounds Co(NH3)3(NO,)3 and 

[Co(NH3)¢] [Co(NO)¢] are related in this way, and [(NH3)3Co(OH)3- 

(Co(NH3)3] Cl; has the same composition as [Co {(OH)2Co(NH3)q }3] Cle. 

The structures of cobaltammines. The structures of many cobaltammines have 

been established by X-ray crystallographic studies. The special interest attaching to 
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a particular compound may lie in the bond lengths, in the mode of attachment of 

the ligands to the metal, in their relative arrangement (geometrical isomerism), or in 

the actual gross stereochemistry in the case of more complex (bridged) complexes. 

For example, in [Co(NH3)¢]I3 the length of the bond Col!_N is 1-94 A, as 

compared with Co!!—N, 2:11 A in [Co(NH3)¢]Cl2 (and planar CoU=N 1: Sak 

In [Co(NH3)4CO3]Br there is a bidentate CO4%~ ligand, Fig. 27.8(a); the 

lengthening of the Co—N bonds trans to the bidentate ligand is probably real. 

Contrast the monodentate CO3~ group in [Co(NH3)5CO3] Br . H2O, where there is 

apparently hydrogen bonding between one O and one NH3 (b). 

Shae 6+ 

(d) (e) 

FIG. 27.8. The structures of cobaltammines: (a) [Co(NH3)4CO3] * (b) [Co(NH3)s5CO3] *, 

(c) Co(N32)3, (d) [Co3(NH3)g(OH)2(NO2)2(CN)2] +(e) probable structure of 

[Co4(OH)6(NH3)12] °*- 

The structure of the diazoaminobenzene (1,3-diphenyltriazene) complex 

Co(N3$2)3; (c), is of interest since the dimeric structure of the cuprous derivative 
(p. 879) might have been attributed to the difficulty of forming a 4-ring. In fact, 

4-membered rings occur in the Co(1I1) compound and also in all complexes 

containing bidentate oxy-ions such as CO3~ (above), NO3, NOz, and OOC . CH3 

which are noted elsewhere. The azide group N3 is a linear ligand which has been 

studied in the [Co(NH3);N3]?* and [Co(en).(N3)2]* ions: 

ag. 

124° Neel oe 

Cee | 115A 

In complexes CoA4B, (and more complex types) the structural study is 

necessary to establish unambiguously the relative arrangement of the ligands, e.g. 

the trans arrangement of the Cl atoms in [Co(NH3)3(H,0)CI,]* and of the two 

NH3 molecules in [Co(NH3),(NO,)4]~. The latter ion, of Erdmann’s salt, had 

been assigned the cis configuration on the basis of self-consistent chemical evidence. 

The three types of binuclear cobaltammine involve a single, double, or triple 

bridge between the metal atoms, the bridging ligands being Cl, OH, NH), or O, in 

most cases. For a bridged cyano compound see p. 753 and Table 27.4. The 

structures of the red diamagnetic peroxo- and the green paramagnetic superoxo- 

compounds are described in Chapter 11. Examples of bridged complexes are 
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included in Table 27.4; some details include: 

lal a St H 4+ 

Neo O 
Sc BOT Aine SSeS Ne ee 
—= 0 ° Coss Co 100° Coz a4 153 SS ea ae 

197A i 

H, 3+ 
N 

(en);Com Co(en), 
Ae 130° 

O7 | <0 

The ion [Co3(NH3)g(OH)2(NO})2(CN),]°* is of special interest as containing not 
only bridging OH groups but also NO} ions bridging through O and N atoms (Fig. 

27.8(d)); in [(en),Co(NH,)(SO4)Co(en,)]?* there is a bridging SO, group (see 

above). 
Bridging can proceed further as in complexes such as 

/ OH OH. 
(NH3)3Co—OH—Co—OH—Co(NH3); | Br3 and | Co 

“OH” “OH 

HOS 
Co(NH3) Cl HO” 3)4 ; 6 

the second of which, Fig. 27.8(e), has already been mentioned in connection with 

the optical activity of cobaltammines. It is noteworthy that the closely related ion 

[Crg(OH),(en),]°* has the different structure illustrated in Fig. 5.10 (p. 167). 

Other oxidation states of Co 

The formal oxidation state —1 may be recognized in the tetrahedral molecule 

Co(CO)3;NO (p. 772). Little appears to be known about the structures of 
compounds of Co(0). 

Co(1). Structural studies do not appear to have been made of complexes in 

which the metal is forming 4 or 6 bonds, in ions such as [Co(CN)3;CO]?~ and 

[Co(dipyr)3]*. On the other hand, several structural studies have established the 

arrangement of 5 bonds. The tetragonal pyramidal structure of the molecule 

Co[S,CN(CH3)2]2NO is described on p. 654, and X-ray studies have established 

the trigonal bipyramidal structure of the following complexes. The molecule 

CoH(P¢3)3N,“” is of special interest as an example of the coordination of 

molecular nitrogen to a metal atom, (a). The bond length in the N, ligand is similar 

to that in the free molecule, and the length of the Co—N bond suggests some 

multiple bond character (single Co—N, 1:95 A). There is apparently similar 

coordination of Nz to the metal atom in the [Ru'(NH;);N]2* ion,“ but 
owing to disorder in the crystal less accurate data were obtained. In our second 

example, Co(P¢3)(CO)3(CF2. CHF,),? (b), the three CO ligands occupy the 
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equatorial positions. The trigonal bipyramidal ion [Co(CNCH3).5]*, studied in the 

perchlorate, (> was mentioned on p. 756. 

Co(1). With very few exceptions, such as the heteropolyacid ion 

(CoW,2040)° (p. 436), the bond arrangement is octahedral. We deal separately 

with examples of the extremely numerous cobaltammines. High-spin Co(111), d°, is 

rare; it occurs in K3CoF¢ but not in Co(NH3)3F3 or most cobaltammines. 

Co(iv). The pale-blue compound originally thought to be K3CoF, was later 

shown to be K3CoF,. However, the brownish-yellow Cs,CoF, has the K,PtCl¢ 

structure,(*) ande.s.t. and optical spectra suggest the presence of Co(Iv) in a-Al,03 

doped with Mg and Co) 

The structural chemistry of nickel 

The stereochemistry of Ni(11)—d® 

The following bond arrangements have been established by structural studies of 

finite ions or molecules: 

CN. Low spin (diamagnetic) High spin (paramagnetic) 

4 Coplanar Tetrahedral 

5 Trigonal bipyramidal Trigonal bipyramidal 

Tetragonal pyramidal Tetragonal pyramidal 
6 (Distorted octahedral) Octahedral 

Much confusion in the literature on this subject has been due to the placing of too 
much reliance on magnetic data of dubious quality and to incorrect deductions of 
coordination numbers from chemical formulae. There are regrettably few examples 
of compounds of which both thorough magnetic and structural studies have been 
made. The following facts have been established: 

(a) Diamagnetism is indicative of planar as opposed to tetrahedral coordination 
if the c.n. is known to be 4, 

(b) S-coordinated complexes may be either diamagnetic or paramagnetic, 
(c) Paramagnetism is exhibited by 4-, 5-, and 6-coordinated Ni(i1). The 

spin-only moment for d® is 2:83 BM, but spin-orbital interactions in magnetically 
dilute systems always lead to higher values. It is probably safe to interpret values of 
uM > 3-4BM as indicative of tetrahedral coordination and values <3-2 BM as 
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associated with octahedral coordination; the interpretation of values in the 
intermediate range is not always clear. Examples of magnetic moments of 
compounds whose structures have been established include: 

mM 
Tetrahedral: (NiCl4)[N(C>Hs)a] 5 3-90 BM 
Trigonal bipyramidal: NiCl,(H,0)[(N(C,H4)3NCH3;] By) 

Octahedral: Ni(pyr)4(ClO 4) 3-24 

The coordination number of the metal atom in a complex cannot in general be 

deduced simply from the chemical formula because a ligand may be shared 

between two (or more) metal atoms in a polymeric (finite or infinite) grouping, or a 
particular ligand may behave in different ways, as illustrated by the behaviour of 

acac in Pt compounds (p. 983). For example, the (paramagnetic) nickel 

acetylacetonate is not a tetrahedral molecule but a trimer, [Ni(acac),] 3, containing 

octahedrally coordinated Ni, and compounds MX L, may be either finite (that is, 

planar or tetrahedral) or an infinite chain of edge-sharing octahedral groups. The 

stereochemistry of Ni is further complicated by the fact that there is evidently little 

difference in stability between the following pairs of bond arrangements for certain 

types of complex: 

(i) square planar (4) and tetrahedral (4), 

(ii) trigonal bipyramidal (5) and square pyramidal (5), 

(iii) square planar (4) and octahedral (6). 

(i) Many compounds NiX,L, exist in two forms. For example, 

NiBr2(PEt¢,),. crystallizes as a dark-green paramagnetic form from polar solvents 

and as a brown diamagnetic form from CS,. Both forms are monomeric in solution 

and presumably tetrahedral and planar complexes respectively. (The blue and 

yellow forms of Ni(quinoline),Cl, are both paramagnetic and may be examples of 

finite tetrahedral and octahedral chain structures.) Square planar- tetrahedral 

isomerism seems to have been observed only with certain series of Ni complexes, 

and pure specimens of both isomers have been isolated only with diphenyl alkyl 

ligands. In series of compounds NiX(PR3)2, with X changing from Cl—Br—I, and 

R3 from (alkyl); to (phenyl)3, the change in configuration usually occurs around 

NiBr,(PR¢,)2, that is, the Cl compounds are mostly planar, the I compounds 

mostly tetrahedral, and the Br compounds often exist in both forms.) In one 

form of NiBr,[P¢2(benzyl)], the crystal contains both planar and tetrahedral 

isomers. This compound crystallizes in a red diamagnetic form and also in a green 

paramagnetic form (moment 2:7 BM). In the latter, one-third of the molecules are 

square planar and two-thirds tetrahedral; the name interallogon compound has been 

suggested for a crystal of this type containing two geometrical isomers with 

different geometries.) Examples of complexes with bond arrangements inter- 

mediate between square planar and tetrahedral are noted later. 

(ii) Numerous 5-covalent diamagnetic complexes have been studied, 

containing both mono- and poly-dentate ligands (examples are given later) and here 
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again two configurations of a complex have been found in the same crystal. The 

Ni(CN)3 ion is stable only in the presence of large cations—at low temperatures 

Kt is sufficiently large—and its configuration is dependent on the nature of the 

cation. In [Cr(tn)3] [Ni(CN)5] . 2 H,O (tn = 1,3- pappene diamine) all the anions 

are square pyramidal (a), but in [Cr(en)3] [Ni(CN)s5] - 14 H,O there are ions of 
(3) IC 19709 2415 both types (a) and (b).( 

K 3 N 
[2-17 A i; wen 

NC nes nae 
/ ty NG ee 

uf ' i 191A wae’ 
/ H / NC 19? - NOON ----4--C 
1-868 | © 

nearest atom N 
at 3-99 A 

(a) (b) 

(iii) Compounds Ni(pyr)4(ClOq4)2, in which ‘pyr’ represents pyridine or a 

substituted pyridine, exist in yellow diamagnetic and blue paramagnetic forms. The 

former contain planar ions, (c), the next nearest neighbours of Ni being O atoms at 

OclO; 
2+ 219A 

Ft yt eS. 

[LX Ne Sy ae oes 

OCclO; 

(c) (d) 
3-34 A, while the latter consist of octahedral molecules, (d).“*) The compounds 

studied were the 3,5-dimethylpyridine compound, (c), and the 3,4-dimethyl- 

pyridine compound, (d). The compounds containing the bidentate ligand 

meso-stilbene diamine, C,H; . CH(NH2)—CH(NH3) .C,gHs, are still more inter- 

(5S) IC 1964 3 468 esting.) The blue and yellow forms are interconvertible in solution, and while the 
hydrated blue form (u = 3-16 BM) of the dichloroacetate contains octahedral ions, 

(e), the yellow form (4 = 2°58 BM) contains planar ions of type (f) and octahedral 

Ay | OCOCHCI, 

(4) AC 1968 B24 745, 754 

2+ 
2°05 A 

(Section y 
; 212A 

H t t 20 stoma 325 A See 
(e) (f) (g) 
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molecules (g) in the ratio 1:2. This is the same ratio of diamagnetic to 

paramagnetic complexes as in NiBr(P¢,Bz), mentioned above, and results in a 

similar intermediate value of Lers.. 

We referred in Chapter 3 to the clathrate compounds based on layers of the 

composition Ni(CN), . NH3. In the clathrates containing C~H, or Cg~H;NH, the 

layers are directly superposed, with NH3 molecules of different layers directed 

towards one another, so that the interlayer spacing is 8-3 A and there are large 

cavities between the layers (Fig. 1.9(b)).°° In the hydrate and in the anhydrous 

compound the layers are packed much more closely (interlayer spacing 4-4 A), the 

NH3 molecules of one layer projecting towards the centres of the rings of 

adjacent layers (pseudo body-centred).‘7) 

Ni(i1) forming 4 coplanar bonds. Planar diamagnetic complexes include the 

Ni(CN)3~ ion, which has been studied in the K“!) and other salts‘?) (Ni—C, 
1:85 A), and molecules such as (a)°?) and (b).“) The numerous complexes with 

bidentate ligands include the thio-oxalate ion, (c),{°) molecules of the types (d)°? 

and (e),™ and the glyoximes, (HY notable for the short intramolecular hydrogen 

bonds. Many divalent metals form phthalocyanins,‘?) M(ir) replacing 2H in 

C3 2H, gNg (Fig. 27.9). 

Co LE HC\1944 PG EtsP2184 _C7jisa 
Ie Ni .16 8 Nic1:87 A Sass, eee 

HC b3 Zs PEt, 
oc 

(a) (b) 

ea S S 
Sa aa aaa otha ROMER 

i Ni RAE ouani PR, 
PSOE Bs abn cal 

(c) (d) 

O--H--O 
H 4H | | 

N~s’ SeeN RC_y ‘n-CR 

| | 
O--H--O 
<2-45 A> 

(e) (f) 

Polymeric species include finite molecules and chains. In Ni3lq4 (L = 

Ho N@CHeCHses),¢ © (g), the three Ni atoms are collinear with a planar 

arrangement of bonds around each. The whole molecule is twisted owing to the 
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symmetrical arrangement of the chelates, around the central Ni atom and the cis 

configuration around the terminal Ni atoms. The Ni—Ni distance in this complex is 

213 

Ae a ee a a oe a 

New Pe PS. 
See ee i ee ee 

(g) 

Nickel mercaptides are mixtures of insoluble polymeric materials and hexamers. 

The molecule of [Ni(SC,H5)z ] a !) is shown diagrammatically in Fig. 27.10. The 

six Ni atoms are coplanar and are bridged by 12 mercaptan groups. The bond 

arrangement around Ni is square planar, with all angles in the Ni,S, rings equal to 

83°, Ni—S, 2:20 A, and Ni—Ni, 2:92 A (mean). The dimethylpyrazine complex, 

NiBr,L,“!? (h), is an example of a chain in which Ni is 4-coordinated by 2 Br and 

by 2 N atoms of the bridging ligands: 

Br CH; Br 
-— 2-314 

\ aon Serer 

qantas = 
Br H3C Br 

(h) 

Departures from exact coplanarity of Ni and its four bonded atoms may occur in 

unsymmetrical complexes, for example, those containing polydentate ligands. In 

the (diamagnetic) complex (i),‘!>) there is slight distortion (tetrahedral rather than 

square pyramidal), the angles S,NiN, and S,NiN, being 173°. Large deviations 

from planarity, leading to paramagnetic tetrahedral complexes, can result if there is 

steric interference between atoms forming parts of independent ligands. In the 

tetramethyl dipyrromethenato complex yt there is interference between the 

CH,* groups, and the angle between the planes of the two ligands is 76°; it is not 

obvious why this angle is not 90°. The 3-substituted bis(N-isopropylsalicylaldi- 

CH CH 
He CH. 2 : 
‘ 

i N 94°N TN aad 
83° * x va * NEEM, HEY Hs 

: | 90°C Ni} 90 Li H3C HS CH3* 
Roe SS SS ya od 

7 oy St ae N 94° N 
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(k) 

minato) Ni complexes, (k),‘1) are of interest in this connection, for they fall into 
two groups; tetrahedral (u + 3-3 BM) or planar diamagnetic according to the nature 
of the substituent in the 3 position. The detailed stereochemistry of these 
compounds is not readily understandable, for the 3-CH3 compound is planar while 
the 3-H and 3-C,H,; compounds are tetrahedral. 

Ni(i1) forming 4 tetrahedral bonds. The simplest examples are the complexes 

Nix3~, NiX3;L™, NiX,L,, and NiL}, where L is a monodentate and L’ is a 

bidentate ligand. The failure to recognize, until fairly recently, the existence of 

halide ions NiX3~ was due, not to their intrinisic instability, but to their instability 

in aqueous solution, where X is displaced by the more strongly coordinating H,O 

molecule. The Nicl3~ ion can be formed in melts and studied in solid solutions in, 

for example, Cs,ZnCl4, but Cs,NiClq dissociates on cooling. On the other hand, 

Cs3NiCl, (analogous to Cs3(CoClq)Cl) can be prepared from the molten salts and 

quenched to room temperature, but on slow cooling it breaks down to a mixture of 

CsCl and CsNiCl; (in which there is octahedral coordination of Ni). By working in 

alcoholic solution salts of large organic cations can be prepared, for example, 

(NEt4)2NiCl, (blue, Were, 3°9 BM) and (As#3Me)>Nilg (red, Uere,, 3°5 BM). There 
is no Jahn-Teller distortion in the NiClZ~ ion, which has a regular tetrahedral shape 

in (As¢3Me),NiC1,“!) but is slightly flattened (two angles of 107° and four of 

111°) in the (NEt,) salt,{?) presumably the result of crystal packing forces. Ions 

NiX37 have been prepared in which X is Cl, Br, I, NCS, or NCO.©? Ions NiX3L7 
which have been studied include those in the salts [NiBr3(quinoline)] (Asé4)°*) and 

[Nil,(P3)] [N(n-C4H,)4].©? In molecules NiX,L, there may be considerable 
distortion from regular tetrahedral bond angles as, for example, Br—Ni—Br, 126° in 

NiBr,(P3)2,°©) and CI-Ni-Cl, 123° and P—Ni—P, 117°, in NiC1,(P$3)2.‘7) We 
have already commented on the planar- tetrahedral isomerism of molecules NiX,L 

and of molecules NiL containing certain bidentate ligands. 

Some more exotic examples of molecules in which Ni forms tetrahedral bonds 

are shown at (a)-(c). 
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C4Ho 

N 2:43 A 
Ee ee Le a 
ee. UP LNi NiL 

L cl Cl a ea 
L 

L= cyclobutadiene‘®) L= cyclopentadiene™? 

(a) (b) 

NA 
i we — 

OC / CO 

, & \ 
PNi—_\ NIP 
Nea 

P 

P= P(C,H,CN)30% 
(c) 

In Nig(CO)¢ [P(C2H4CN)3] 4 Ni acquires a closed shell configuration if the three 

metal-metal bonds (2°57 A, compare 2:49 A in the metal) are included with those 
to the four nearest neighbours (Ni—3 C, 1:89 A, Ni-P, 2:16 A), and for this reason 

Ni should perhaps be regarded as 7- rather than 4-coordinated in this compound. 

The bridged structure assigned to the anion in the red diamagnetic 

Ky Ni,(CN),“! 1) does not appear to have been elucidated in detail. 

Ni(it) forming 5 bonds. The two most symmetrical configurations, trigonal 

bipyramidal and square (tetragonal) pyramidal, are closely related geometrically, so 

that descriptions of configurations intermediate between the two extremes are 

sometimes rather arbitrary. However, complexes with geometries very near to both 

configurations are found for both diamagnetic and paramagnetic compounds of 

Ni(i1), and in one case (p. 966) two distinct configurations of the Ni(CN)2~ ion 

are found in the same crystal. The choice of configuration is influenced by the 

geometry of the ligand if this is polydentate. Apart from the Ni(CN)2~ ion nothing is 

known of the structures of ions NiX3~. In salts such as Rb3Ni(NO4)< there may be 

bridging NO, groups in an octahedral chain, as in [Ni(en),(NO,)]*. Complexes 

with monodentate ligands include the diamagnetic molecule (a) with a nearly ideal 

trigonal bipyramidal configuration (though with P¢(OEt), ligands an intermediate 

configuration is adopted“) and the paramagnetic complex (b) (u = 3-7 BM). ?) 

Complexes with polydentate ligands include the types (c)-(f). We shall not 
discuss all these cases individually since the configuration often depends on the 
detailed structure of the (organic) ligand. For example, in derivatives of Schiff bases 
R . C6H3(OH)CH=N . CH,CH,NEt, (type (d)) the compound NiL, may be 
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c OH, 
GHe= cH 210A 2 2 

Cl vA fe ne Saige oe ypatien ws NCH, CH= NCHS 
| ~PéMe, hea 3361 ‘sy 
C il, H,—CH, 

(L) 
(a) (b) 

NE S N 

/\\/ (/ vi =p NS) 
conceal Fee Saas 

(c) (d) 

Br 1p 

Fie) rae AO 

ish /) S 

perl 2a s 
SS eee x 

(e) (f) 
diamagnetic planar, paramagnetic 5-coordinated, or paramagnetic octahedral, 

depending on the nature of the substituent R.“°) The ‘tripod-like’ tetradentate (3) JACS 1965 87 2059 

ligands such as TSP and TAP tend to favour the trigonal bipyramidal configuration, 

a alee) and P[—(CH)3As(CH3)2] 3 

3 
SCH3 

(TSP) (TAP) 

as in the diamagnetic compounds [Ni(TSP)Cl] ClO, and [Ni(TAP)CN] ClO4.5) (4) 1C. 1969 8 1072 

References to a number of square pyramidal complexes are given in reference (6). (5) JACS 1967 89 3424 

The structure of NiBr2(TAS),°7? in which TAS is the tridentate ligand (6) 1C 19698 1915 
CH (7) PCS 1960 415 

H3C—_ pais 
As—(CH,)3—As—(CH,)3—As (TAS) H,Gae me 2)3 | ( As} CH; 

CH3 

is described on p. 980, where it is compared with a 5-coordinated Pd complex with 

somewhat similar geometry. 
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Ni(i1) forming 6 octahedral bonds. The simplest examples of octahedrally 

coordinated Ni2* are the crystalline monoxide and the dihalides. Octahedral 

complexes mentioned elsewhere include the cation in [Ni(H,0),¢]SnCle, the 

trimeric [Ni(acac)> | 3” and Ni¢(CF3COCHCOCH3); 9(OH)2(H20)2 >) both of 

which are illustrated in Chapter 5 (Fig. 5.9 (p. 166) and Fig. 5.11 (p. 167)). 

Many octahedral paramagnetic complexes of Ni(11) have been studied, and 

x 

L L // | ]} 

L fit 

x 

(a) (b) 

HES 

/) ieee 
N NCS — 

NCS 

(c) (d) 

examples of the general types (a)-(d) include: 

(a) Ni(pyrazole)4Cl, AC 1969 B25 595 

(b) Ni(acac)s(pyr)2 IC 1968)7 2316 

Ni(en)2(NCS), AC 963:16,753 

(c) [Ni(en)3](NO3)2 AC 1960 13 639 
(d) Ni(tren)(NCS), ACSc 1959 13 2009 

In contrast to Ni(tu)4Cl,, which forms finite molecules in which there is an 

(unexplained) asymmetry (the lengths of the two trans Ni—Cl bonds being 2-40 and 

2:52 A),) the thiocyanate Ni(tu),(NCS), consists of infinite chains of edge- 

sharing octahedra, (e);°) in contrast to Ni(en),(NCS)., type (b), the nitrito 

compound Ni(en) ONO is built of chains of vertex-sharing octahedra, (f).‘*? 

os A) 25s A pe ere el 
eS LESS N 

Ni >0 Ni <A 

O 
SCN © 

f) (e) ( 

Se 
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The situation with regard to diamagnetic octahedral complexes is still unsatis- 

factory. Halogen compounds Ni(diarsine),X behave in solution in CH;NO, as 
uni-univalent electrolytes, but in crystals of the brown form of Ni(diarsine),I, 

there are octahedral molecules of type (b) in which Ni—As is 2:29 A but Ni—I, 

3-21 A.) This Ni—I bond length may be compared with 2:55 A in [Nil;(P¢3)] _ 

(tetrahedral) and 2:54 A in Nil, [(CgHs )P(CgH4. SCH3)2] (square pyramidal, ref. 

(6) of previous section). The nature of the Ni—I bonds is uncertain, for the close 

approach of I to Ni is prevented by the methyl groups which project above and 

below the equatorial plane. Structural studies have apparently not been made of 

compounds such as [Ni(diarsine)3](ClO4). which are often quoted as examples of 

octahedral spin-paired Ni(i1). (The electronic structure of the paramagnetic 

[Ni(diarsine),Cl,] Cl, containing one unpaired electron, is uncertain.) 

Other oxidation states of Ni 

The oxidation states other than 11 which are firmly established are 0, 111, and Iv. 

Ni(O). Only tetrahedral complexes are known; they include Ni(CO),, 

Ni(PF3)4, Ni(CNR)q, and the Ni(CN)q~ ion in the yellow potassium salt. Structural 

information regarding these complexes is summarized in Chapter 22. 

Ni(i11). Compounds of Ni(1I1) may include NiBr3(PEt3),, formed by oxida- 

tion of trans-NiBr,(PEt3)2, and Ni(diarsine),Cl3, which results from the oxidation 

of the dichloro compound by O, in the presence of excess Cl” ions. Both these 

compounds have magnetic moments corresponding to | unpaired electron, but their 

structures are not yet known. For the former a trigonal bipyramidal configuration 

would be consistent with its dipole moment, () and this structure is likely in view 

of the structure of the compound Nil Br, . Py .0-5 (Ni!Br2P2) . CoH,{2) in which 
P’ = P(CgH;)(CH3). This compound consists of trans planar molecules NiBr2P5 

with twice as many trigonal bipyramidal molecules NiBr3P, in’ which P 

occupies axial positions (Ni—P, 2:27 A, Ni—Br, 2:35 A). (There is a slight distortion 

of the latter molecules, with one equatorial bond about 0-03 A longer than the 

other two and an angle of 133° opposite this longer bond. The Ni—P bonds are not 

significantly different in length from those in the square Ni(II) complex; the 

Ni—Br bonds are approximately 0:05 A longer.) The diarsine complex is pre- 

sumably [Ni(diarsine),Cl,]Cl containing Ni(111) forming octahedral bonds, though 

there is some doubt as to whether such octahedral complexes should be regarded as 

compounds of Ni(III) since e.s.r. measurements suggest that they should perhaps be 

regarded as Ni(1I1) compounds in which the unpaired electron spends a large part of 

its time on the As atom.®? 

Structural information about simple Ni(111) compounds is limited to those 

containing F or O. K3NiF, has been assigned the K3FeF, structure and has a 

moment of 2:5 BM, intermediate between the values for low- and high-spin. ett 

contains octahedrally coordinated Ni(11). Oxides LnNiO; formed with the 4f 

elements have the perovskite structure, (5) while NiCrO, has a statistical corundum 

structure; it is concluded from the magnetic properties that this compound contains 

high-spin Ni(111).© 

973 

(5) AC 1964 17 592 

(6) JACS 1968 90 1067 

(1) ACSc 1963 17 1126 

(2) IC 1970 9 453 

(3) JACS 1968 90 1067 

(4) ZaC 1961 308 179 

(5) JSSC 1971 3 582 

(6) JAP 1969 40 434 



(yi ZaG 19492582221 

(8) ZaC 1956 286 136 

(9) AC 1951 4 148 

Group VIII and Other Transition Metals 

Ni(iv). The only definite structural information relates to the red salts 

K,NiF,°”? and Cs NiF,.“®) They are diamagnetic and have the K,SiF, structure, 

with octahedral coordination of Ni(1v). The oxide BaNiO3 has been quoted for 

many years as an example of a Ni(Iv) compound,?? but there is still doubt about 

its composition (BaNiO,.5?) and the interpretation of its magnetic properties. 

The diarsine cation mentioned above can be further oxidized to 

[Ni(diarsine),Cl,]** which is isolated as the deep-blue perchlorate, possibly 

containing Ni(Iv). 

The structural chemistry of Pd and Pt 

Planar complexes of Pd(i1) and Pt(11) 

As long ago as 1893 Werner suggested that the four atoms or groups attached to 

divalent Pd or Pt atoms in certain molecules were coplanar with the metal atom, 

this suggestion being made to account for the existence of compounds such as 

Pt(NH3) Cl, in two isomeric forms. For coplanar bonds there would be cis and 

NH3~ NH 
d 

NH,~ ~cl Cie ae NH 

trans forms whereas if the bonds were arranged tetrahedrally there would be only 

one form of such a molecule. It should be noted that no amount of evidence from 

chemical reactions, cis- trans isomerism, or optical activity can prove conclusively 

the coplanar arrangement of four bonds from a metal atom. For example, even if 

the approximate coplanarity of the four ligands is admitted, this does not prove 

that the central metal atom lies in the same plane; it could be situated at the vertex 

of a tetragonal pyramid. In pre-structural days the only way of attempting to prove 

this unusual bond arrangement was to study geometrical and optical isomerism, and 

much ingenuity was used in making appropriate compounds. In addition to the 

cis- trans isomers of compounds PtX,R, three isomers of a planar complex Mabcd 

are possible as compared with only one form of a tetrahedral complex, and all three 

isomers of [Pt(NH3)(NH,OH)(NO.)(CsHsN)]NO 2 have been reported. [Some 
confusion arose in cases where two forms of a compound have the same empirical 

formula but different structures, for example, Pt(NH3),Cl, and 

[Pt(NH3)q](PtCl,).] More complex examples of cis-trans isomers include the 

compounds of Pd and Pt with two molecules of glycine or unsymmetrical 

glyoximes. A molecule such as Pd(glycine), (a), with unsymmetrical rings, would 

H2C-NHo~ ee NH,—CH 2 

Pd 

OC="0 cae eo ecO 
(a) 

be enantiomorphic if the bonds from the metal atom are disposed tetrahedrally, 

whereas if these bonds are coplanar with the metal atom only cis- trans isomerism is 

possible. Attempts to resolve certain compounds of this type have been made and 

have been unsuccessful, but the failure to effect a resolution is clearly of doubtful 
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value as evidence for the disposition of the bonds from the metal atom. This 
difficulty was overcome in an ingenious way by Mills and Quibell (1935) who 
prepared a compound which would be optically active if the bonds from the central 
metal atom were coplanar and non-resolvable if these bonds were arranged 
tetrahedrally. The following sketches show that if the Pt bonds are coplanar, (b), 
the ion possesses neither a plane nor a centre of symmetry, whereas if the Pt bonds 
are tetrahedral, (c), then the planes of the two rings are perpendicular to one 
another and the ion possesses a plane of symmetry. 

H 
if 

i H H NH). C 

| | ——NH, NH,——c Ce NTE e 
u/ H 4 H ct H /! 
| (Sa we N zl H | C,H; y 

] mei 3 | 1 ig? C H 
CeHs CH3 CeHs jp . 

NH, G 
/ 
GH, 

(b) (c) 
The compound, 

[Pt(NH, . CH . CH, . CH .C,H;. NH,)(NH, . C(CH3),CH,NH,)] Cl, 

was resolved into highly stable optical antimers. The corresponding ion containing 
Pd was also shown, in the same way, to have coplanar rings. Here again it should be 
noted that the resolution of these compounds is not conclusive proof of the 
coplanar arrangement of the four Pt or Pd bonds. The metal atom could lie above 
the plane of the four NH» groups, and the molecule would still be optically active. 
Nevertheless, as was pointed out by Mills and Quibell, certain simpler complexes 
should be resolvable if the metal bonds were pyramidal. 

Dipole moment measurements make possible a distinction between cis and trans 

planar molecules or ions, the cis isomer having a larger dipole moment and the trans 

a smaller or zero moment, depending on the nature of the ligands, for example: 

mv 
trans PtBr,(Et3P), 0 cis PtBr,(Et3P), 1ie2"D 

PtCl,(Pr2S)> 235) PtCl,(Pr2S), 05 

(In the phosphine compounds the P bonds are tetrahedral, so that the resultant 

moment of the R3P group is directed along the Pt—P bond, whereas the S bonds in 

the dialkyl sulphide groups are pyramidal and the resultant moment of the ligand 

is not directed along the Pt—S bond.) Note that the existence of only one isomer 

with a high dipole moment is not proof of a planar configuration, for a tetrahedral 

molecule can also have a high moment. (Nickel compounds NiX,L, do not exhibit 

cis-trans isomerism, but some exhibit planar-tetrahedral isomerism, as already 

noted.) 
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In 1922 the planar structure of the ions PdCl{~ and PtClZ~ was proved by the 

determination of the structures of the potassium salts. The coplanar arrangement of 

four bonds from Pd(i1) and Pt(11) has since been demonstrated in many crystals. 

Binary compounds (chlorides, oxides, sulphides, etc.) are dealt with elsewhere; here 

we give examples of finite molecules and ions. 

Pd(11) compounds 

The structures of square planar mononuclear complexes have been established by 

diffraction studies of compounds such as K,PdClq, [Pd(NH3)q4]Cl,.H,O, and 

numerous complex cyanides (many of which are isostructural with the Ni and Pt 

analogues), for example, Ca[Pd(CN)4] . 5 H,O and Na, [Pd(CN)q4] . 3 H,O. Com- 
pounds having points of special interest include the following. In [Pd(en)2]- 

[Pd(en)S,03]“) both ions are square planar, and the $03 ligand is bonded 

through S, (a). The dissolution of Pd in HNO3 followed by treatment with NH3 

does not give the expected [Pd(NH3)q](NO3) but the bright-yellow compound 

[Pd(NH3 )3 NO] 2 [Pd(NH3)4](NO3)4 which contains two kinds of planar ion in 

the proportion of 2: 1.) The n-propyl mercaptide is hexameric,‘>) like the Ni 

compound illustrated in Fig. 27.10, and the molecule (b) is ‘basin-shaped’.“*) In the 

CH,-CH, N 
ee a i 
Ca : Pd 

i : Pa CG Hy AS ae 2-07 2a eS See cH H* H* mae | 2 aX 
i hs Pa—s N WN 

03S 2308 yc |g | OH es 3 S | See 
SGan H C8 CH CH, N 

CH, 
(a) (b) (c) 

2,2'-dipyridyl imine complex (c),“) in which there is interference between the H* 
atoms, the bond arrangement around Pd remains square planar and the ligands 
distort, in contrast to the Ni methenato complex mentioned earlier (p. 968). 

Palladium forms complexes such as the dithio-oxalate ion, Pd(N2S 3H), glyoximes, 
and phthalocyanine which are structurally similar to the compounds of Ni and Pt, 
and also numerous bridged compounds. Early X-ray studies established the planar 
trans configuration of (d) and (e): 

Bri ws eS _7 As(CH 3)3 (C4H9)3P_ P~c-0, oh fll 

ele Pd we < (CHa),As" Brae Br crin"g -CSy PP(CAHS)s 
(d) (e) 

but there have been more recent studies of bridged compounds of Pt to which we 
refer shortly. 
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Examples of the rare compounds in which Pd(11) does not form square coplanar 
bonds include [PdAICl4(C,H¢)] 2 and [PdAl,Cl,(C,H¢)] 9 which are formed when 
AICl3, Al metal, and PdCl, are reacted together in boiling benzene.‘®) The 
molecules have the structures sketched at (f) and (g). These molecules are notable 

| \227a AlN 
<aviyg> yeaAla CD Aa fe Cl 

_-C-Pd—Pd—-Cl \ SE PdPATCI 2.094 
peal Al 2:57 A 
wa a Sala“ N ae oes 

(f) (g) 

for the short Pd—Pd bonds, which are shorter than in the metal (2:75 A), and long 
Pd—Cl bonds. 

Compounds of Pt(11) 

There is no evidence for the formation of more than four bonds (which are 

coplanar) except in the cases noted on pp. 980 and 981. As in the case of Pt(IV) 

(p. 983) the formulae of certain compounds suggest other coordination numbers, 

but structural studies have confirmed 4-coordination. In [Pt(acac) Cl] K,“!? (a), 

S-coordination is avoided by coordination to C, and an X-ray study of the 

compound originally formulated as [Pt(NH3)4(CH3CN),]Cl, .H2,0 shows that 

¢ a pc Be en = C : H Wie mee HyC~ n+? Pt-—_Nw__CH, 
OO oHat H | 96 1 

CH ( 3 NH; NH, 

ee en NE 
(a) (b) 

fiisseee ls enOLMsaiL example “of  O-coordinated  “Pi(1I)” but is 

{Pt(NH;)>[CH3 .C(NH,). NH] 2} Cl. . H,0.) There is planar 4-coordination of the 

metal by two NH; and two acetamidine molecules, (b). 

The compounds of Ni, Pd, and Pt of the type M(diarsine),X, appear to behave 

in solution as uni-univalent electrolytes, indicating a close association of one 

halogen atom with the metal, [M(diarsine),X]*. In the crystalline state?) they 

form very distorted octahedral units with Ni—As, 2:3 A, and Pd(Pt)—As, 2:4 A, but 

M—X very much longer than a normal covalent bond. In Pt(diarsine) Cl, the length 

of the Pt—Cl bond is 4-16 A, suggesting Cl” ions resting on the four CH3 groups 

projecting out of the equatorial plane of the two diarsine molecules. The shorter 

M-—I distances (3-2, 3-4, and 3-5 A for the Ni, Pd, and Pt compounds) may be due to 

considerable polarization of the I” ions; they are intermediate between the covalent 

og 
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Group VIII and Other Transition Metals 

radius sums and the sums of the van der. Waals (or ionic) radii. The Ni—I distance has 

been compared with the much smaller Ni—I distances in paramagnetic tetrahedral 

and square pyramidal molecules on p. 973. 

Like Pd(i1), Pt(i1) forms numerous square planar complexes with monodentate 

ligands, and examples of the more recent structural studies include those of 

PtHBr(PEt3), (p. 300), cis-PtCl,(PMe3)2,) cis- and trans-PtCl,(NH3)2,) 
[PtCl(CO)(PEt3)]BF4,°°? and (PtCl;NH3)K .H,0.7) Complexes containing 
bidentate ligands include Pt(S)N>H),,®? the dimethyl glyoxime, ©?) and 

diglycine.“! o) 

In certain complexes there is observed a lengthening of the Pt—X bonds which 

are trans to a m-bonded ligand (‘trans-effect’). This is seen in PtCl,(PMe3 9, (c), and 

also in the bridged molecule (d),41 1) where it leads to an unsymmetrical bridge 

(and three different Pt—Cl bond lengths). A similar effect is observed in 

Pi, Cla (Pra aces” 

C1278 4 _PMe; 
PK 225 A contrast 

Cl PMe3 

(c) 

on 231A 
C1.2-29 A PEt, Cl Cl ( UAsMe 
>: “331 A 2.27 APE of ene 

Et3P Ser yee hace Sei 
231A 

(d) 

Bridged compounds of Pd and Pt 

Solutions containing PdX3~ or PtX3” ions react with tetramethyl ammonium salts 
to give compounds with empirical formulae of the type (NR4)PdX3 or (NR4q)PtX3 
in which X is Br or Cl. An X-ray study of [N(C)Hs)4]PtBr3“!) showed that it 
contains a bridged ion and accordingly salts of this kind should be formulated 

(NRq)2(Pt2X¢). By the reaction of PtCl, with melted LyPtCl, or of cis LyPtCl, 
with KPtClq in solution bridged compounds Pt2Cl4L, are obtained, L being one 
of the neutral ligands CO, C)H4, NH3, P(OR)3, PR3, AsR3, SR», etc. We have 
already noted that Pd forms similar compounds, and that the molecule Pd,Br,- 
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[As(CH3)3] 2 is planar, apart from the methyl groups, with the trans configuration I: 

guint alee pao re : Te eee hes ree ere 

I Il 

t 

Although three isomers are theoretically possible, all the compounds in which L is 

one of the ligands listed above and X is a halogen are known in one form only, the 

trans isomer I, as shown by dipole moments. 

The bridge between the metal atoms may also be formed by 

R Ra 

or 

R Ry 

Two isomers of the ethyl-thiol compound (Pr3P),Pt2(SR)2Cl, have been isolated, 

with dipole moments 10-3 D (stable form) and zero, from which it follows that the 

stable form is the cis isomer IV and the labile isomer V: ‘2? (2) JCS 1953 2363 

Pr3P g2s PP Pr4P g2iis Cl T3 poe T3 T3 
Se ee o aati Ss rials 

Elum aS Cl Claw 8a a laneer 
CoH. C,H; 

IV V 

It is interesting that in Pt,Brg(SEt2)2 the bridge consists of two S(C2Hs)2 groups 

whereas in the closely related Pd, Brg(SMe 2) the two Br atoms form the bridge: (3) (3) JCS A 1968 1852 

(CHs5)2 

SS Pe, Basins SU abate aie pesca 
Bie ee OOS Bie eee BS 3(CHs ys 

(C2Hs)2 

X-ray examination of the two isomers of Pt,Cl,(SCN)>(Pr3P)2‘*) shows that they (4) JCS A 1970 2770 

have the structures VI and VII: 

Cl NEC-S~ Pr Clee SECEN 0 POPPrs 
VI vil 

O79 



(1) AC 1971 B27 480 

FIG. 27.11. Portion of the infinite 

chain in Pt(NH3)2 Br . Pt(NH3)2- 

Bra 6 

(2) AC 1958 11 624 

(3) JACS 1961 83 2814 

(4) AC 1961 14 475 

VAG Go Iai; 

(6) ZaC 1968 358 67, 97 

(1) JCS 1964 1803 

(2) PCS 1960 415 

Group VIII and Other Transition Metals 

Some highly-coloured compounds of Pt 

A number of crystalline salts consist of alternate planar ions of two kinds stacked 

vertically above one another. The anions and cations of ‘Magnus’s green salt’, 

[Pt(NH3)4]PtCly, are respectively red and colourless in solution, and the green 

colour and abnormal dichroism of the crystals are associated with the metal-metal 

bonds, which are of the same length (3-25 A) as Ni—Ni in Ni dimethylglyoxime. 

Many salts with the same structure are pink, for example, [Pd(NH3)4] PdCl, and 

[Pd(NH3)q4] PtCl4; the unusual optical properties arise only when both ions contain 

Pt(i1) and when Pt—Pt is short. Thus [Pt(NH3)q4]PtCl4 and [Pt(CH3NHy)q] PtCly 

are green but [Pt(NH2C,Hs)q] PtCly is pink. In the last compound all atoms of the 

cation are not coplanar, the planes PtNg and PtCl, being inclined at 29° and the 

Pt—Pt distance is 3-62 A.“) Of interest in this connection are the colours of 

hydrated platinocyanides such as K,Pt(CN)4.3 H,0 (yellow) and 

MgPt(CN)q4. 7 H2O (red-purple, green surface reflection from certain faces) which 

crystallize from colourless aqueous solutions. 

In another type of salt intense colour results from interaction between Pt(11) and 

Pt(iv). The deeply-coloured salt with the composition Pt(NH3)2Br3 contains 

planar Pt!!(NH3),Br2 and octahedral PilY (NH3)oBra molecules.‘?) These are 

arranged in columns in the crystal (Fig. 27.11), the planar and octahedral molecules 

alternating. The Pt(11) atom appears to be forming two additional weak bonds 

(3:03 A) to Br atoms of Pt!Y(NH3)2Br4 molecules; compare Pt-Br within the 

complexes, 2:50 A. Other salts of this kind include [Pt!!(en)Br ] [Pt!Y (en) Brg] @) 
and Wolfram’s red salt, [Pt!!(C,H;NH»)4]* *[Pt!Y (C,H;NH»)4Cl,]7*- 
Cl, .4H,0. In the latter the Cl~ ions (and H,O molecules) lie between the 

chains, which are of the same general type as those of Fig. 27.11. The structure of 

the (anhydrous) Br analogue of Wolfram’s salt has also been determined.) 

There are also coloured compounds formed by partial oxidation of K,Pt(CN),4 

or partial reduction of K,[Pt(CN)4X ], in which the formal oxidation number of 

Pt is non-integral. The Pt atoms are all equivalent and the complexes are stacked in 

columns with very short Pt—Pt distances (around 2-85 A), not very much greater 

than in the metal (2°78 A). Examples are [K Pt(CN)4]-.Clo.32.2°6H,O and 

Mgo.82[Pt(C204)2] . 5-3 H20.°°? 

Pd(11) and Pt(11) forming 5 bonds 

Very few structural studies have been made of complexes in which these elements 

form five bonds. The configuration of the Pd complexes appears to approximate to 

tetragonal pyramidal but with one abnormally long bond. The molecule 

PdBr2L3,"'? in which L is the phosphine shown in Fig. 27.12(a), has a 

configuration close to tetragonal pyramidal but with the axial Pd—Br bond much 

longer than the equatorial ones. In addition, Br? lies below the equatorial plane, 

and in this respect the structure resembles that of the Ni compound NiBr,(TAS)°?? 
(b), where TAS is the tridentate ligand shown on p. 971. The distortion from 
tetragonal pyramidal configuration is much greater in the Ni compound and is 

tending towards trigonal bipyramidal (when the angles 95°, 111°, and 154° would 

all be 120°). There is apparently no distortion of this type in the ion 
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Br, 
92° 2-:93A Pe 

ys AN 105% Ph CH AS] __As! atthio cH) 
ea Re Ow. ‘ Ee ASA! 

2-52A : @ (rE) (Gia 

ae (TPAS) 

(a) (b) (c) (d) 

FIG. 27.12. 5-coordinated complexes of Pd, Ni, and Pt (see text). 

[Pd(TPAS)Cl]*,©) (c), containing the tetradentate ligand TPAS, but here also one 
of the five bonds (Pd—As*, 2-86 A) is much longer than normal (mean of other 
threey2-3 7A), 

Another example of the formation by Pd(11) of four stronger and one weaker 
bond is provided by crystalline trans PdI,(PMe7¢),.‘4) Here the complex is a 
square planar one (Pd—P, 2-34 A, Pd—I, 2-63 A), and the molecules are arranged so 
that on one side Pd has an I atom of another molecule as its next nearest neighbour 
(at 3-28 A); on the other side of the square planar coordination group Pd has two H 
atoms of different CsH; groups as next nearest neighbours. This case is, of course, 
not strictly comparable with (a) and (c) where Pd forms five bonds within each 
finite molecule or ion. 

Pt(i1) shows as much reluctance as Pd(11) to form five bonds, and the only 

examples of S-covalent Pt(i1) are both special cases. One is the ion (d) of Fig. 27.12 

in [Pt(QAS)I] (Béq),“>) of which no details are available; it is described as trigonal 

bipyramidal, with normal single covalent bonds. Here the 3-fold symmetry of the 

tetradentate ligand might be expected to favour the trigonal bipyramidal structure. 

The other compound of which a preliminary study has been made is (¢3PMe) 

[Pt(SnCl3)s ] 6) in which the five ligands are attached to Pt by Pt—Sn bonds. Here 

also the configuration is described as trigonal bipyramidal, but no details are 

available. 

Pd(i1) and Pt(11) forming 6 octahedral bonds 

The reluctance of Ni(11) to form low-spin octahedral complexes, which has already 

been noted, is also shown by Pd(i1) and Pt(11). There is octahedral coordination of 

Pd(i1) in PdF, (rutile structure) and in Pd'(Pd'YF,), but the formation of six 

covalent bonds would require the use of a d orbital of the outermost shell in 

addition to one (n — 1)d, one ns, and three np, possibly as four coplanar dsp? and 

two pd hybrids. Certainly the two bonds completing octahedral coordination of 

low-spin complexes of these elements are much longer than the normal single 

bonds. Known examples have 4 As coordinated to the metal, and it has been 

suggested that with a planar arrangement of 4 As around M back donation of 

electrons from the metal (increasing its positive charge) enables the metal atom to 

bond to more highly polarizable anions such as I’. With only 2 As bonded to the 

metal there is not sufficient back donation, and we find in (a) only four bonds 
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of normal length. In (b),?) the Pd—I bonds are very weak, though this may be 

partly due to the fact that I is resting on the four methyl! groups. In nitrobenzene 

solution Pt(diarsine),I, apparently behaves as a uni-univalent electrolyte, 

x ee Me 

S- TS 

Reali ASO 
— | Bie 
ye oe Me 
fe A 

(a) 

I 

(CH3)2i 13-40 A Vas 

OPT 
eas 
(CH3)2 Toe | 

(b) 

[Pt(diarsine),I]1I. Its structure is very similar to that of the Pd compound, with 

Pt—I, 3-50 A.{9) However, in the dichloro compound, Pt(diarsine) Cl, > the 

Pt—Cl distance is 4-16 A, which can only be interpreted as indicating an ionic bond. 

As noted earlier, the Ni compounds present a similar picture 

Trimethyl platinum chloride and related compounds 

These compounds are of quite unusual interest because their empirical formulae 

suggest coordination numbers 4, 5, and 7 for Pt!Y. Platinum forms a number of 

compounds Pt(CH3)3X, in which X is Cl, I, OH, or SH, which exist as tetrameric 

molecules (Fig. 27.13(a)) in which Pt and X atoms occupy alternate vertices of a 

(distorted) cube. These compounds are notable for the facts that the hydroxide was 

formerly described as the tetramethyl compound“) and the iodide as 

Pt,(CH3),.) In the early study of [Pt(CH3)3Cl], Pt—Cl was found to be 

2-48 A;Ga) the value, 2°58 A determined in [Pt(C,H,)3Cl] 46°>) should be more 
reliable. The following figures for the hydroxide show that there is some distortion 
from the highest possible cubic symmetry: ‘*) 

O2PEOne/s. Pt-C 2:04A 
CEPE-CHT 87° Pt—O 2:22 
Pt—O—Pt 101° Pt—Pt 3-43 

982 



Group VIII and Other Transition Metals 

2:2’-bipyridyl a 

(a) (b) 

Thallous : Tha S 
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N 

N FIG. 27.13. Trimethylplatinum 
Me halides and related compounds. 

GSO 
H®—C—Me 

O 

N 
N 

A neutron diffraction study of this compound has also been made.‘>) Since OH or (9) JOC 1968 14 447 

Cl together provide 5 electrons (one normal and two dative covalent bonds) Pt 
acquires the same electronic structure as in PiGlow 

The bipyridyl derivative (Fig. 27.13(b)) is a normal monomeric octahedral Pt!Y 

molecule, but the empirical formulae of the (-diketone compounds 

isIE ECOP CH. CO GR), (c),.> and Pt(CH)3(bipyr)(R -CO.CH. CO. R), NCEE OE 
(d), would suggest 5- and 7-coordination of the metal respectively, since (7) PRS A 1962 266 527 

B-diketones normally chelate through both O atoms. In fact (c) is a dimer in which 

each diketone molecule chelates to a Pt atom and is also attached to the other Pt 

atom through the active methylene carbon atom. This Pt—CH bond is very much 

longer (2-4 A) than the Pt—CH3 bonds (2:02 A). (The 6-rings are actually 

boat-shaped.) In the molecule (d) use of the O atoms of the diketone would give 

7-coordination of Pt! ; instead, the metal is bonded only to the CH group, so that 

there is octahedral bonding by Pt as in (a), (b), and (c). The bond to the methylene 

carbon is similar to that in (c), namely, 2:36 A. In [(CH3)3Pt(acac)] o(en)®) the 

ethylenediamine bridge completes the octahedral coordination group of each Pt 

atom, and acac coordinates to each Pt through its O atoms in the normal way: 

(8) JCS 1965 630 

acac 

HW co | NH ee PSS 2p 3 

2 ~CHy 
3 

acac 
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The molecules of salicylaldehyde, I, and 8-hydroxyquinoline, II, normally form 

chelate compounds in which two O atoms or O and N are bonded to the metal 

atom: 

C 

OC eae os Nm 

(1) (11) 

so that the compounds with the empirical formulae (C;H;0 )Pt(CH3)3 and 

(CgHgNO)Pt(CH3)3 would appear to contain 5-coordinated Pt!Y. The crystalline 

compounds are composed of dimers, (Fig. 27.13(e)),) and (fy? both 

0 
. 

containing na Pt bridges in which an O atom of the ligand forms bonds to 

O 

both Pt atoms. In (f) the bond lengths are: Pt—O, 2:24 A, Pt—N, 2:13 A, and Pt—C, 

2:06 A. 

In all these compounds there is octahedral coordination of PtlY which is 

achieved in a variety of ways in compounds which present the possibility of 

coordination numbers of 4, 5, and 7. 

Olefine compounds 

It was originally thought that in coordination compounds a bond is formed 

between an atom with one or more lone pairs of electrons and a metal atom 

requiring electrons to complete a stable group of valence electrons. This does 

not, however, account for the formation of compounds such as, for example, 

(C,H4PtCl3)K, by olefines (which have no lone pairs) or for the fact that basicity 

does not run parallel with donor properties in series of ligands, as it might be 

expected to do. For example, basicity falls rather rapidly in the series NH3, PH3, 

AsH,, SbH3, but PR3 and AsR3 form complexes more readily than NR3 (Ris an 

organic radical). 

The elements forming reasonably stable olefine compounds are those with filled 

d orbitals having energies close to those of the s and p orbitals of the valence shell: 

Examples include: C2HqPt(NH3)Cl2, CpH4CuCl, CH, Ag* . aq., CpH,He?* . aq., 
and bridged compounds (diene),Rh}Cl, where diene indicates, for example, 
cycloocta-1:5-diene. It is unlikely that the bond between C,H, and Pt in 
(C,H4PtCl3)K is formed by donation of 7 electrons to Pt, for C,H4 does not 
combine even at low temperatures with an acceptor molecule such as B(CH 
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whereas amines readily do so. Similarly, the P atom in PF forms no compound 
with the very strong acceptor BF3, showing that its lone pair is very inert, yet it 
combines with Pt to form the stable volatile carbonyl-like compounds (PF), PtCl, 
and (PF3PtCl,),. Also, Ni(PF3)4 has been prepared as a volatile liquid resembling 
Ni(CO)4. These facts suggest the possibility of a similar type of bonding in 
compounds in which C,H4, CO, PF3, and possibly other ligands are attached to Pt 
and similar metals, and suggest that an essential part is played by d orbitals. 

a-Type bond ~~ _z-Type bond 
(c) (d) 

FIG. 27.14. Bonding between Pt and (a) PF3, (b) CO, (c) C2Hq. (d) The ion [Pt(C2H4)Cl3] . 

In the free PF; molecule the inertness of the lone pair is due to the withdrawal 

of electrons by the very electronegative F. It is supposed that there is interaction 

between the filled d orbitals of Pt and the d orbitals of P (Fig. 27.14(a)), as 

suggested earlier by Pauling for the interaction of CO with Pt (Fig. 27.14(b)), this 

d, bonding being assisted by the electronegative F atoms attached to P. At the 

same time this process would tend to make the lone pair of electrons on the P atom 

more readily available for o bond formation. The Pt—CO bond may be described as 

a combination of the ordinary dative (a) bond, due to overlap of the carbon orbital 

containing the lone pair and an empty 5d6s6p” orbital, with a m bond resulting 

from overlap of a filled orbital of Pt and the empty p-molecular orbital of CO. As 

regards the nature of the filled orbital used for the 7 bonding, it is thought likely 

that some sort of hybrid 5d6p orbital will be preferred to a simple 5d orbital. 
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A rather similar combination of o and m bonds may be postulated for the 

C,H4—Pt bond, except that here both the orbitals of C,H, are 7 orbitals, namely, 

the 2pm ‘bonding’ orbital containing the two 7m electrons and the (empty) 2p7* 

‘antibonding’ orbital (Fig. 27.14(c)). A feature of this bond is that the bonding 

molecular orbital’ of the olefine is still present. The infra-red spectra of 

K[Pt(C3H¢)Cl3] and (C3H¢)2Pt,Clq show the C=C bond is still present, though 

its stretching frequency is lowered by 140 cm™! as compared with the free olefine, 

the bond being weakened by use of some of its electrons in the bond to the Pt 

atom. In the spectra of K[Pt(C,H4)Cl3] and (C,H4)2Pt,Cl4 the C=C absorption 

band is very weak, indicating symmetrical bonding of C,H, to Pt as indicated in 

Fig. 27.14(d). From the dipole moments of molecules such as_ trans 
C,H4PtCl, . NH2C¢H4 . CH3 and trans C)H4 PtCl, . NH,C,H,4Cl it is estimated that 
the Pt—C,H, bond has about one-third double-bond character. 

The existence of very stable complexes of PtX, with cycloctatetraene (a) and 

CH,=CH . CH,CH,. CH=CH, (b) is consistent with this view of the metal-olefine 

bond because the m bonds in these cis molecules must use two different d orbitals 

CH, 
YES 

wll H,C-CH? “cl 
Eee Pt 

I HC-CHy. pa “c] 

CH, 

(a) b 
232K ( ) 

CN oN pounce 

Pd esr Le 

pleme Nc A ea 

241A 2-274 

(c) 

(d) 

of the Pt atom. On the other hand, the trans compound (C Hq) PtCl,, in which 
the same orbitals of Pt would be used to bind both ethylene molecules, is 
apparently much less stable than the cis isomer. The structure of a cis dichloro 
compound of type (b), PtCl,. Cy 9H; ¢, has been determined.) 
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The hypothesis that olefines are linked to Pt or Pd by interaction between the 7 
orbital of the double bond and a dsp? orbital of the metal is supported by the 
crystal structures of the (dimeric) styrene—PdCl,‘?) and  ethylene—PdCl,® 
complexes. Both these bridged molecules have the trans configuration (c), and the 

plane of the ethylene molecule or of H,C=CH—C in the case of the styrene 

compound, [(C,gH;. CH=CH,)PdCl,] 3, is perpendicular (or approximately so) to 

the plane containing Pd, the two ethylene C atoms and Cl. An interesting point is 

that the bridge system is unsymmetrical in both the ethylene and styrene 

compounds, the Pd—Cl bonds opposite to the Pd—olefine bonds being longer than 

the other two. In the symmetrical molecule Pd,Cl,(C3Hs;), 7) (d), all the Pd—Cl 

(bridge) bonds are long (2°41 A). 

The structures of the molecule PtCl,(C,H,)NH(CH3). and the ion in Zeise’s 

salt, K(PtCl; . C,H,) . H,0,© (see also Fig. 27.14(d)), are shown at (e) and (f). 

The structure of Zeise’s salt is very similar geometrically to that of 

232A 
Cl Cl 

Hootilan © ns or >-NH(CH3)2 Hew’. ae La 

ear Lert 
tea oRezete ae 2-32 A {eo 7eAlll-aaae ee 2:30 A 

2-21A Cl Pe SHA Cl 
2C 2U° 

(e) (f) 

K(PtCl;NH3) .H,0. Within the double layer there are ionic bonds between anions 

and cations and also H,O—CI bonds (3:28 A), and between the layers van der Waals 

bonds between C,H, molecules; in the ammine there are N—H---Cl bonds between 

the layers. In the ion (f) C=C is very nearly perpendicular to the PtCl; plane, its 

centre being approximately 0-2 A above that plane. There is very little difference 

between the lengths of the Pt—Cl bonds cis and trans to CH4; the latter may be 

slightly longer, but the difference is certainly very small and possibly within the 

limits of accuracy of the structure determination. 
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The crystal chemistry of the lanthanides (rare-earths) 

In the fourteen elements (Ce to Lu) which follow La the 4f shell is being filled while 

the outer structure of the atoms is either 5d'6s? or 5d°6s”. Since many of the 

compounds of La are structurally similar to those of the rare-earths we shall include 

this element in our discussion. 

The characteristic valence of the lanthanides is three, but there are some 

interesting differences between the rare-earths. Ce, Pr, and Tb exhibit tetravalence, 

and Sm, Eu, Yb, and possibly Tm, divalence, that is, from the elements following 

La and Gd it is possible to remove two 4f electrons (in addition to two 6s 

4 4 2 4 
(2 Ce Pr Nd Pm Sm Eu Gd) Tb Dy Ho Er Tm Yb @ 

? ? 2 2 2 

electrons), and the elements immediately preceding Gd and Lu can form ions M** 

in addition to M?*. The radii of the 4f ions M?* fall steadily throughout the series 

(p. 260), but this Janthanide contraction is not shown by Eu and Yb in the metals 

or in compounds such as the hexaborides, where the lower valence of these two 

elements is evident from the larger radii compared with those of neighbouring 

elements. The rare-earths therefore fall into two series, with a break at Gd, showing 

the same sequence of valences in each. In Gd there is one electron in each of the 

seven 4f orbitals, so that further electrons have to be paired with those already 

present, and we find a marked resemblance between atoms having the same number 

of doubly occupied orbitals and those with singly occupied orbitals—with Gd 

compare Mn, the middle member of the 3d series of elements. ~ 

Trivalent lanthanides 

A feature of the crystal chemistry of 4f compounds is that numerous structures are 
found for each group of compounds (for example, halides) owing to the variation in 
ionic (or atomic) radius throughout the series. In the compounds of the earlier 4f 
elements there is often a high c.n. of the metal ion which falls to lower values as the 
ionic radius decreases. For example, there are at least seven structures for trihalides, 
with (somewhat irregular) 9-coordination of M in the LaF 3 and YF3 structures, 9- 
or (8 + 1)-coordination in other halides of the earlier 4f elements, and 6-coordina- 
tion (YCl3 or Bil; structures) in the compounds of the later elements. (For a 
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summary see Table 9.19, p. 358.) A number of 4f trihydroxides have the same 
9-coordinated (UCI3) structure as the trichlorides of the earlier rare-earths (p. 358). 
Oxyhalides are described in Chapter 10. 

In oxides M03 there is 6- and/or 7-coordination of M, the La,O3 structure 
being notable for the unusual (monocapped octahedral) coordination of M (Fig. 
12.7, p. 452). This structure is also described in a different way on p. 1004 in 
connection with the structures of compounds such as U,N,S and U,N,Te; it is 
also the structure of Ce,0,S and other 4f oxysulphides. Sesquisulphides adopt one 
or other of three structures, in which the c.n. of M falls from 8 to 6: 

Ce,83 a-Gd,S, Ho,83 Yb,S3 

c.n. of M 8 8 and 7 7 and 6 6 

Other compounds are described in other chapters: 

borides: p. 840; hydrides: p. 294; 

carbides: p. 756; nitrides: p. 668. 

Tetravalent lanthanides 

The oxidation state Iv is firmly established only for Ce, Pr, and Tb, though the 

preparation of complex fluorides containing Nd(iv) and Dy(tv) has been claimed. 

The only lanthanide ion M‘** stable in aqueous solution is Ce**, and this is probably 

always present in complexes, as in the nitrato complex in (NH4)2[Ce(NO3)6] (p. 

664). The only known binary solid compounds of these elements in this oxidation 

State are: 

CeO, PrO, TbO, (fluorite structure) 
CeF, — TbF, (UF, structure). 

Some complex fluorides and complex oxides have been prepared, for example, 

alkaline-earth compounds MCeO3 with the perovskite structure (p. 484). The 

metal-oxygen systems are complex, there being various ordered phases inter- 

mediate between the sesquioxide (p. 483) and the dioxide. In the To—O system) 

there are TbO,.7;5 (Tb70, 4), TbO,.3;, and TbO,.g3, and one or more of these 
phases occur in the Ce—O(?) and Pr—O®) systems. For Tb70; 2 and Pr¢Qj, see p. 
449. 

Divalent lanthanides 

In the lanthanides the oxidation state 11 is most stable for Eu, appreciably less so 

for Yb and Sm (in that order), and extremely unstable for Tm and Nd. It appears 

that Eu is probably the only lanthanide which forms a monoxide, the compounds 

previously described as monoxides of Sm and Yb being Sm,ON and Yb,OC. Of the 

many 4f compounds MX which crystallize with the NaCl structure only EuO, SmS, 

EuS, and YbS contain M(11); all other compounds MS, for example, the bright 

yellow CeS (and also LaS) are apparently of the type M°*S?~ (e). The cell 
dimensions of the 4f compounds MS decrease steadily with increasing atomic 

number except those of SmS, EuS, and YbS, the points for which fall far above the 
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curve!) all compounds MN, including those of Sm, Eu, and Yb, are normal 
: ; Ip, Ul Han 

compounds of M(i11). Europium forms an oxide Eu304 (Eu. Euz O4) which is 

isostructural with SrEu,O,4 (p. 496). 

All dihalides of Eu, Sm, and Yb are known, but less is known of the dihalides of 

Nd and Tm. Of the structures of the Yb dihalides only that of YbI,(CdI, structure) 

appears to be known. The structures of Eu and Sm dihalides are summarized in 

Table 9.15 (p. 353) and the accompanying text, where the similarity to the 

alkaline-earth compounds is stressed. Compounds MI, formed from the metal and 

MI, by La, Ce, Pr, and Gd) are not compounds of M(11), but have metallic 

properties and may be formulated MET (). 

The ionic radius of Yb2* is close to that of Ca?* and those of Sm?* and Eu?* 

are practically identical to that of Sr2*. Accordingly many compounds of these 

three 4f elements are isostructural with the corresponding alkaline-earth com- 

pounds, for example, dihalides, EuO and MS with the alkaline-earth sulphides (NaCl 

structure), EuSOg and SmSO, with SrSO, (and BaSOg). 

The actinides 

Introduction 

Just as the lanthanides form a series of closely related elements following La in 

which the characteristic ions M?* have from 1 to 14 4f electrons, so the actinide 

series might be expected to include the 14 elements following the prototype Ac 

(which, like La, is a true member of Group HI), with from 1 to 14 electrons 

entering the Sf in preference to the 6d shell. In fact there are probably no 5f 

electrons in Th and the number in Pa is uncertain, and these elements are much 

more characteristically members of Groups IV and V respectively than are the 

corresponding lanthanides Ce and Pr. Thus the chemistry of Th is essentially that of 

Th(iv ), whereas there is an extensive chemistry of Ce(111) but only two solid binary 

compounds of Ce(iv), namely, the oxide and fluoride. In contrast to Pa, the most 

stable oxidation state of which is v, there are no compounds of Pr(v). 

Owing to the comparable energies of the Sf, 6d, 7s, and 7p levels, the chemistry 

of the actinides is much more complex than the predominantly ionic chemistry of 

the trivalent lanthanides. The oxidation state 111 is common to all actinides, though 

it is observed only in the solid state for Th and it is unimportant for Pa. Except for 

these two elements the behaviour of 4f and Sf elements in this oxidation state is 

similar, both as regards their solution chemistry and the structures of compounds in 

the solid state—witness the trifluorides AcF,; and UF3;—CmF3 with the LaF, 

structure and the corresponding trichlorides with the same structure as LaCl3. 

(Compounds MO and MS formed by U, Np, and Pu are not regarded as compounds 

of M(11), for compounds MC and MN have the same (NaCl) structure—see p. 992.) 

In contrast to the exceptional 11 and Iv oxidation states of certain 4f elements the 

actinides as a group exhibit all oxidation states from 111 to vi, and there is no 

parallel in the 4f series either to the elements Th and Pa or to the closely related 

group consisting of U, Np, Pu, and Am, all of which exhibit oxidation numbers 

from 111 to vi inclusive (Table 28.1). Other differences between the lanthanides 
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TABLE 28,1 

The oxidation states of the actinide elements 

Ac Th Pa U Np Pu Am Cm Bk Gil 

3 3 3 3) 3 3 3 3 3 3 
4 4 4 4 4 4 4 4 

5 5 5 5 5 
6 6 6 6 

(Heavy type indicates the most stable oxidation state.) 

and actinides include the formation of ions MO3* (by U, Np, Pu, and Am) and 

MO3 (by Np and Am; the U and Pu ions are very unstable), the greater tendency of 

the actinides to form complexes, and the more complex structures of the metals 

themselves; Am is the first actinide to crystallize with a close-packed structure like 

the majority of the lanthanides. 

The radii of actinide ions M** and M** decrease with increasing atomic number 

in much the same way as do those of the lanthanides, the radius of M>* being 

about 0-10 A greater than that of M** (e.g. U?*, 1-03 A, U**, 0-93 A). The 
screening effect of the f electrons does not entirely compensate for the increased 

nuclear charge, and since the outermost electronic structure remains the same the 

radii decrease (‘lanthanide’ and ‘actinide’ contractions). The effect is clearly seen in 

series of isostructural compounds such as the dioxides (fluorite structure) or 

trifluorides (LaF; structure). 

The crystal chemistry of thorium 

Chemically thorium is essentially a member of Group IV of the Periodic Table. It is 

tetravalent in most of its compounds, it is the most electropositive of the 

tetravalent elements, and its chemistry strongly resembles that of Hf. Its ionic 

radius (Th**) is, however, closer to that of Ce** than to that of Hf**, and in its 
crystal chemistry it has much in common not only with U!Y but also with Cel. 

For example, like Ce!Y Th forms no normal carbonate but complex carbonates of 

the type (NH4)2M(CO3)3. 6 H,0, and both elements form complex sulphates and 

nitrates, respectively KgM(SOq)q4 and K,M(NO3).¢. Again, many compounds of Th 

are isostructural with compounds of U!Y and the transuranium elements, as shown 

in Table 28.2 for some of the simpler compounds of these elements. On the one 

hand, ThF, is isostructural with CeF,, ZrF,, and HfF4, and on the other with 

PaF4, UF4, NpF4, PuF4, and AmFy. Some complex fluorides M, ThF¢ are structur- 

ally similar to U(iv) compounds, but other complex fluorides M, ThF4+n have 

distinctive structures, some of which are noted in a later section. The remarkable 

framework in compounds MUMLYF,, (p. 397) is formed not only by Zr and Th 

but also by Pr, Pa, U, Np, Pu, Am, and Cm. Compounds of Th mentioned in other 

chapters include ThC, (p. 758) and Th3Nq4 (p. 671). There is a note on the 

sulphides on p. 1006. 
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TABLE, 28.2 

Structures of compounds of actinide elements 

Rov ih eeetea a Np@ Pu Am(4),(¢) Cm | Structure 

MC N N N N = NaCl 

MN N N N N 

MO N N N N N N N 

MS(@) N N N 

M203 A A/C A/C A/C A or C—M203 

M283 | De) s@ s@) s@) pe) De) D = Ce2S3 (p. 621) 
S = Sb2S3 

MO EB F EF FE F FE I F = CaF, 

MS» p(@) P= PbCl, 

MC, (e C C= CaC2 (p. 757) 

MSi, Si Si Si Si = ThSi, (p. 792) 

MOS B@) B Ba) BM) 

MOC1 B B B B = BiOCI(PbFC1) 

MF3 if I b ic ie L L=LaF3 

MF4 in a U Ut) U | U=UF,4 
MCl3 v(f) vif) vhf) v(f) vi) Vv V = UCl3 

MCla W W W W W = UCl, 

As noted earlier Th(111) is known only in the solid state, in ThCl;, ThBr3, and 

This ete) Th,S3 (Table 28.2), and oxyfluorides. The latter include ThOF 

(statistical fluorite structure)‘?) and ThO grease) (superstructure of LaF3 type), 

this compound presumably containing equal numbers of Th? * and Th** ions. The 

properties of ThI,, the structure of which is described on p. 352, suggest 

formulation as Th!Y I,(e). 

The crystal chemistry of protoactinium 

Although the most stable oxidation state of this element is v no examples are yet 

known of crystalline compounds of Pa(v) which are isostructural with those of Nb 

and Ta. Either the compounds are isostructural with those of U(v) or they have 

structures peculiar to this element, as shown by the examples of Table 28.3. The 

c.n. of Pa>* is generally higher than that of Nb*°* (or Ta>*), consistent with the 

larger radius of that ion (about 0-9 A) as compared with about 0-7 A for the group 

V ions. In view of the fact that recent work on Nb2O;, and Ta,O, has shown that 

the structural chemistry of these oxides is extremely complex, it is likely that 

earlier statements on the similarity of Pa,O;5 to these oxides should be checked. 

Certainly there is no resemblance between the complex oxides formed by Pa(v) 
with 4f elements and those formed by Nb and Ta. For example, Pa does not form 
the analogues of MNb309 and MTa3O, but instead forms extensive solid solutions 

M,03-Pa,0, with fluorite-like structures.“ 

Compounds of Pa(Iv) are structurally similar to those of other actinide (iv) 

compounds. For example, all the compounds PaF,, PaCly, LiPaF;, and 

(NH4)4PaFg are isostructural with the corresponding compounds of U(iv);‘2) see 

also Table 28.2 for PaO, and PaOS. 
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TABLE 28-3 

Comparison of halides of Nb (and Ta), Pa(v), and U(V) 

: C.N. of M 

NbF 
TaF : 6 PaFs 7 UF; a 6 (octahedral) 

Tetramer M4F 9 Isostructural with B-UF; UF s5 6 (AO 2252 832)) 
(octahedral) ; 

NbCl, 
TaCls 6 PaCl; 7 UC; 6 

Dimer M2Cli9 Pentagonal bipyramidal U2 Clio dimer 
(octahedral) chain 

RbPaF¢ 8 and RbUF. 8 
RbTaF, 

Octahedral MF¢ Dodecahedral chain ion 

K,NbF7 9 K,TaF7 7 K,PaF7 9 K,UF7 Hu 

Monocapped trigonal Tricapped trigonal z 
prism ME2s prism chain 

Na3 TaFg 8 s Na3PaFg 8 and Na3UF8 8 
Antiprism MF3 _ Cubic coordination (fluorite superstructure) 

The crystal chemistry of uranium 

The structures of the metal, hydrides, and carbides are described in other chapters, 

as also are the halides MX3, MX4, and MX,. Here we devote sections to certain 

halide structures peculiar to U, complex fluorides of Th and U, oxides of U, uranyl 

compounds and uranates, nitrides and related compounds, and conclude with a 

note on the sulphides of U, Th, and Ce. 

Halides of uranium. Our present knowledge of the structures of the majority of 

the 5f halides is summarized (with references) under Trihalides, Tetrahalides, etc. in 

Chapter 9. The halides of U include: 

CN. of U C.N. of U 

UF; : LaF3 structure ate UF4: ZrF4 structure : 

: lq struct BBe UCI, structure 9 UClq : ThCly structure 

UBr3 
is 

UP s & soe text ; 
UI, : PuBr3 structure 8+1 B 

UCI, : UzClio dimers 6 

UF 6 
ean molecular 6 

wee ee 

(1) AC 1949 2 296 

We comment here on the two forms of UF,“) and on U, Foy (2) AC 1949 2 390 
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FIG. 28.2. Projection of the 
crystal structure of 6-UF5. The 

fluorine ions which belong to the 

coordination groups of two ura- 

nium ions are shown as shaded 

circles. 

The Lanthanides and Actinides 

The two crystalline forms of the pentafluoride are of some interest as illustrating 

two ways in which a ratio of 5F: 1U can be attained. In a-UF, (Fig. 28.1) there 

are infinite chains formed from octahedral UF, groups sharing a pair of opposite 

vertices. In B-UF; each U atom is surrounded by seven F, of which three are 

FIG. 28.1. The crystal structure 
of a-UFs. (Small circles represent 

U atoms). 

bonded to one U only and the other four are shared with a second U atom: (3 x 1) 

+ (4 x 4) = 5. A projection of this structure is shown in Fig. 28.2 to show the way 

in which the 7-coordination groups are linked together. Interatomic distances in 

these essentially ionic structures are: in a-UF,, U-2 F, 2:23 A, U-4F, 2-18 A: in 

6-UF s, U-7 F, 2:23 A (mean). 
In the black U,Fo all the U atoms have nine F neighbours (at 2°31 A), and since 

all the U atoms are crystallographically equivalent there is presumably interchange 

of electrons between ions with different charges (e.g. U* * and U>*), accounting for 
the colour. The same metal and fluorine positions are occupied by Th* * and F™ in 

NaTh, FY?) but in addition Na* ions occupy two-thirds of the available octahedral 

holes between six F” ions (Na—6 F, 2:34 A, Th—9 F, 2:40 A, very similar to the 

corresponding distances in B-Na,ThF¢). 

Complex fluorides of the Sf elements. As already pointed out in Chapter 10 the 

closest relation between the crystal structures of simple and complex halides is 

found for certain of the latter which have the structures of simple halides but with 

statistical distribution of two or more kinds of metal ions in the cation positions. 

Examples include: 

KLaF : BaThF : ‘4 
ure disordered CaF, structure; Cia disordered LaF structure. 
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The statistical fluorite structure is to be expected for a compound A, BE, when 
both A and B are large enough for 8-coordination by F. For smaller A ions other 
structures are found, as for example, NaLaF4 and Na, ThF, with the B,-Na,ThF, 
structure, which is described later, in which there is 6-coordination of A and 
9-coordination of B ions. Other ways in which a more complex structure may be 
related to an A,, X, structure are exemplified by y-Na,UF¢ and Na3UFs (fluorite 
superstructures), Na3zUF, (anion defective fluorite structure), and Na, UF (cation 

defective fluorite structure). 

The y-Na,UF¢ structure is a slightly deformed fluorite structure in which 

both types of positive ion are 8-coordinated. It is illustrated in Fig. 28.3. 

U at 0 © Na ato— Fat oC) 

U at $ OM NraaiO FaiQ©Q 

FIG. 28.3. Projection of the crystal struc- 
ture of y-Na2 UF ¢. The heights of the ions 

above the plane of the paper, are given as 
fractions of the length of the b axis. 

The Na3UF7, structure is also closely related to the fluorite structure. It is 

tetragonal, with a = 5-45 A and c = 10-896 A. A projection of the structure (Fig. 
28.4) shows that the doubling of one axis is due to the regular arrangement of U in 

one-quarter of the cation positions. One-eighth of the F positions of the fluorite 

structure are unoccupied, as shown at the left in Fig. 28.4, with the result that both 

< 

z © Uat 0 O Fat) and 3 

t O Uat} CQ) Fat4 only 

O Naat 0 C) Fat? only 

O Naat} 

FIG. 28.4. Projection on (010) of the (tetragonal) crystal structure of Na3 UF7 (left), to which 

the key refers. The heights are fractions of b (5-45 A) above the plane of the paper. At the right 

is shown a projection of the (cubic) fluorite structure (compare Fig. 6.9, p. 204), in which the 

heights of the atoms are indicated in the same way as for Na3 UF 7. 
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Nat and U** are 7-coordinated. Summarizing, all the following complex fluorides 

of U have structures related to the fluorite structure: 

Statistical Superstructures Anion defective Cation defective 

High-K UF ¢ Na2UF 6 Na3 UF 7 Naz UF 8 

Na3UFg: 

In the complex fluorides we are describing there are high c.n.’s of the 4f and Sf 

elements, and of special interest are (i) the persistence of these high c.n.’s down to 

low F:M ratios, and (ii) the unexpected variations in c.n. in certain series of 

compounds, notably some complex fluorides of thorium. The first point is 

illustrated by the structures of compounds of U(iv), some of which are set out in 

Table 28.4. The same type of 9-coordination (tricapped trigonal prism) is found in 

LiUF, and in two forms of K,UF¢. 

TABLE 28.4 

Coordination of U(IV) in some complex fluorides 

Compound C.N. of U(IV) Coordination Reference 

polyhedron 

LiUFs 9 Eee tp: AC 1966 21 814 
Rb2UF¢ 8 Dodecahedron We MOSS) Sh 333) 
eee 9 t.c.t.p We 1948 1 NSE) 
6,-K,UF¢ ioe Fu: AC 1969 B25 2163 

Na3UF7 i Fig. 28.4 AC 1948 1 265 
K3UF7 7 Pentagonal bipyramid AC 1954 7 792 
LiqgUFg 8 (+1) See text JINC 1967 29 1631 
(NHq4)q4UF 3 8 Distorted antiprism AC 1970 B26 38 

The By-Na,ThF¢ and B,-K,UF¢ structures. These two structures are very 
closely related. Projections on the base of the hexagonal unit cell are given in Fig. 
28.5. In both there is 9-coordination of the heavy metal ions, with fluorine ions 
at the apices of a trigonal prism and three beyond the centres of the vertical prism 
faces. The arrangement of Th (or U) and F is the same as that of Sr and H,0 in 
SrCl. 6 HO (Fig. 15.14, p. 556). The alkali-metal ions are situated between these 
chains in positions of 6- or 9-coordination in B,-Na,ThF, and 8,-K,UF, 
respectively. The former structure is therefore generally preferred by sodium salts 

B2-Na2 ThF¢ structure B,-K2UF¢ structure 

B2-Na2 ThF¢ B,-K2ThF¢ 

B2-Na2 UF 6 B1-K2UF¢ 
B2-K2UF6 ST k 
i Mey Bi-KLaF4 
NaPuF 4 By-KCeF, 
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Na at 0-385 O Fat0 @Mvuao 

© Na at 0-615 OF at } © Kat 3 

FIG. 28.5. The crystal structures of (a) 62-Na2 ThF¢, and (b) B1-K2 UF 6. The heights of atoms 

are given as fractions of the lengths of the hexagonal c axes, which are normal to the plane of 
the paper. 

and the latter by potassium salts. In the isostructural compounds ABX,q there is 

A3B3Xg in the unit cell instead of, for example, Na,ThF, or K,UF¢, that is, the 

same total number of cations. Of these one B ion occupies the Th (or U) position 

and 3 A +4 B the Na (or K) positions, statistically. (Compare, for example, certain 

of the spinels, p. 490.) The structure of NaNdF, (and isostructural Ce and La salts) 

is similar to but different from the B,-Na,ThF¢ structure originally assigned; there 

is 9-coordination (t.c.t.p.) of the 4f ion.“ 

The structures of compounds below the line in Table 28.4 differ from those 

above the line in containing discrete UF, or UFg groups. The structure of Na3;UF, 

has already been noted. One form of K3UF, is isostructural with K3U0,F.; the 

other is similar structurally to K3ZrF, and (NH,4)3ZrF7 (p. 399). In both 

polymorphs the 7 F atoms are arranged at the vertices of a pentagonal bipyramid 

(U—F, 2°26 A), as in Fig. 28.6. 
A number of 8-coordination polyhedra are found for U(tv)— contrast the cubic 

coordination of U(v) and U(v1) in Na3UFg, and Na,UF¢g respectively. It should be 

remarked that whereas in LiUF, there is t.c.t.p. coordination of U with all U—F 

distances between 2:26 and 2:59 A, the coordination polyhedron of U in Li,UF is 

strictly a bicapped trigonal prism (8 F at 2°21-2:39 A). There is a ninth neighbour 

(at 3-3A) beyond the third prism face, and if this is included in the coordination 

group the structure no longer contains discrete UF ¢~ ions, since this more distant 

F” is necessarily shared between UFg groups. 

Our second point concerns the complex fluorides of Th, which are remarkable in 

several respects (Table 28.5). Both (NH4)3ThF7 and (NHq)4ThFg contain infinite 

linear ions of composition (ThF, 3"— formed from tricapped trigonal prism groups 

sharing two edges, though the details of the chains are different in the two crystals. 

The eighth F in (NH4)aThFg is a discrete F ion, not bonded to Th. For 

(NH,)4ThFs there are two types of structure more obvious than the one adopted, 

namely, discrete ThF¢~ ions (which actually occur in (NHq)sThFg) or a chain of 

tricapped trigonal prisms sharing two vertices. Instead of either of these structures 
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TA BLE? 28:5 ‘ 7 

Coordination of metal in some complex fluorides of Th** and Pa 

Compound CN. of M Coordination polyhedron Reference 

RbTh3F 43 8) t.c.t.p. sharing edges and vertices AC 1971 B27 1823 

- eS | 9 t.c.t.p. sharing two faces {See Table 28.4 
1-K2 6 

(NHq)3 ThF7 9 t.c.t.p. sharing two edges AG 1ST B2 e229 

(NHq4)q4ThFg 9 t.c.t.p. sharing two edges AC 1969 B25 1958 

(NHq)5 ThF9 8 Dodecahedron AC 1971 B27 829 

K7The¢ F314 8 Antiprism AC 1971 B27 2290 

RbPaF : AC 1968 B24 1675 
KPaFe. 8 Dodecahedra sharing 2 el IC 1966 5 659 

NH4PaF¢ 
K2PaF7 9 t.c.t.p. sharing 2 edges JCS A 1967 1429 

Na3PaFg 8 Cube JCS A 1969 1161 

there are chains of composition (ThF7);”~ similar to those in K,PaF, (tricapped 
trigonal prisms sharing two edges) plus additional F” ions. More remarkable still is 

(NH,4)5ThF9, which might have been expected to contain ThF3 ions or F ions 

plus (ThFg)#"~ chains built from ThF, groups sharing two vertices (thus retaining 

9-coordination). In fact this crystal contains discrete dodecahedral ThF 3” plus F~ 

ions, that is, the c.n. of Th is lower in (NH4);ThF, than in some compounds with 

lower F: Th ratios (for example, (NHq4)4ThFs, (NH,)3ThF,, and RbTh3F, 3, in 

all of which Th is 9-coordinated) but the same (8) as in K,ThgF3, with an 

intermediate F: Th ratio. Note that the 8-coordination of Th is dodecahedral in 

(NHq4)5ThFy but antiprismatic in K 7Th¢F3,, which is isostructural with 

Na,Zr6F3, (p. 397). 

Oxides of uranium. The oxygen chemistry of this element is extraordinarily 

complex, for although there are oxides with simple formulae such as UO (NaCl 

structure), UO,, and UO3, the last two have ranges of composition which depend 

on the temperature and there are numerous intermediate phases with ordered 

structures. Moreover UO3 is polymorphic, as also is U30g. We summarize here 

what is known of oxides in the range UO,—UO3; references to structural studies 

are given in Table 28.6. 

At ordinary temperatures UO, has the normal fluorite structure. At higher 

temperatures some of the O atoms move into the large interstices at (44) etc. and 
UO, takes up oxygen to the composition UO,.,5. A n.d. study of the disordered 

solid solution at the intermediate composition UO .,3 shows three types of O 
atom, O; close to the original fluorite positions (but moved slightly towards the 

large interstitial holes), and Oy; and Oj;; in positions about 1 A from these large 

holes. At the composition UO..; (U,O9) these three types of O atom are 
arranged in an orderly way forming a superstructure referable to a much larger unit 
cell (64 times the volume of the UO, cell). 
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The phase UO.¢, both forms of UOz.¢7 (U30g), and the orthorhombic a-U03 
(see later) all appear to have related structures, but not all of these are known in 
detail. 

TABLE 28.6 

The higher oxides of uranium 

Oxide Polymorph Coordination of U Reference 

U02.13 — N 1963 197 755 
U4O09 - See text AC 1972 B28 785 
U02.6 = JINC 1964 26 1829 
U308 a All 7 (pentagonal bipyramidal) AC 1964 17 651 

B 2 U, 7 (pentagonal bipyramidal) AC 1969 B25 2505; 

1 U, 6 (distorted octahedral) AC 1970 B26 656 
UO3 a Not known RTC 1966 85 135; 

JINC 1964 26 1829 
B All 6 or 7 (three kinds of Uatom) AC 1966 21 589 
Y All 6 (distorted octahedral) AC 1963 16 993 

& (UO 2.8) 6 (regular octahedral, 2:07 A, DIN Galo Somes 09) 

ReO3 structure) 
High pressure All 7 (pentagonal bipyramidal) AC 1966 20 292 

Two forms of U30g are known, the a form being usually encountered. Their 

structures are closely related, but differ as follows. In a-U30g all U atoms are 

7-coordinated, with 6 O in the range 2:07-2:23 A but with the seventh at 2-44 A 

for one-third of the U atoms and at 2-71 A for the remainder. For a projection of 

this structure see Fig. 12.8(c), p. 454. In the 6 form (prepared by heating a to 

1350°C in air and cooling slowly to room temperature) there is both distorted 

octahedral and 7-coordination (pentagonal bipyramidal). In contrast to the a form 

one-third of the U atoms (UY! ?) have two close O neighbours (1-89 A), but the 

remaining U atoms have quite different environments: 

UreE e890 (2) ve2211 (1)e9 2-30 (2)! 237A) 
Uy : 2:09(4) 2:28 A (2) 
Um: 2:02(1) .2-08(2) 2-29(2) 2-40A(2). 

(The numbers in brackets are the numbers of neighbours at the particular distance.) 

At atmospheric pressure UO3 appears to have six polymorphs, and a seventh has 

been prepared under high pressure. The original “hexagonal a-UO3’ studied by 

Zachariasen is apparently a highly twinned form of the orthorhombic phase 

referred to as UO,.9 or orthorhombic UO3. The experimental densities of both 

‘forms’ of a-UO3 (7:25 and 7:20 g/cc respectively) are not reconcilable with the 

calculated (X-ray) density (8-4 g/cc for both unit cells), and the structures are not 
known. The 6 form has the cubic ReO3 structure, with 6 equidistant octahedral 

neighbours at 2:07 A; it was determined for a crystal with the composition UO).g. 

In the B and y forms U has 6 and/or 7 nearest O neighbours (at distances in the 
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approximate range 1-8-2-4 A), the coordination being irregular; only in the 

high-pressure form are there well defined UO, groups with two short collinear 

bonds (1-83 A) and five U—O 2:20- 2°56 A. 

Uranyl compounds. An interesting feature of the chemistry of U and certain 

other 5f elements is the formation of ions MOZ and MO3*, the former by Pu(v) 

and Am(v) and the latter by U(v1), Np(v1), Pu(v1), and Am(vi1). Uranyl 

compounds contain a linear group O-U—O with short U—O bonds (about 1-8 A) 
and an equatorial group of 4, 5, or 6 O atoms completing 6-, 7-, or 8-coordination 

of U (Table 28.7). Different total coordination numbers are found even in different 

polymorphs of a compound (e.g. UO2(OH),). 

TABLE, 2827 

Coordination of U in uranyl compounds 

Compound U—2 Oin Additional Reference 
| UO2 group neighbours 

a-UO7(OH)2 1-71A 6 OH, 2°48 A AC 1971 B27 1088 
B-UO2 (OH), 1-81 4 OH, 2-30 AC 1970 B26 1775; 

AC 1971 B27 2018 
y-UO02(OH)2 JINC 1964 26 1671, 1829 
UO, (OH)2 .H2,0 AM 1960 45 1026 

UO 2F2 1-74 6 F, 2-43 AC 1970 B26 1540 (u.d.) 
UO, Cl, 
UO,Cl,.H,0 See text AC 1968 B24 400 
UO, Cl, .3 H,0 

(UO2)2 (OH)2 Clo (H2 O)4 1-79 2, OH 2H, OF El ACSc 1969 23 791 
K3U0)F; 1-76 5S F,2:24A AC 1954 7 783 
(NHq4)3U02Fs5 (1-9) (S F, 2-2 A) AC 1969 B25 67 

Cs7U02Cl4 1-81 4 Cl, 2-624 AC 1966 20 160 
Cs,,UO OC, 1-84 sh) AC 1964 17 41 

U0,CO3 GET 6 Oof COs 2-49 A} AC 1955 8 847 
U02(NO3)2 .6H2,0 1-76 2 H20, 4 O of NO3 AC 1965 19 536 (n.d.) 
UO, (NO3)2 .2H20O 1-76 2 H20, 4 O of NO3 IC 1971 10 323 (n.d.) 
Rb(UO2)(NO3)3 1-78 6 O of NO3, 2-48 A AC 1965 19 205 
Na(UO2) (OOC .CH3)3 NOTA 6 O, 2-49 A AC 1959 12 526 
Csz(UO2)(SO4)3 (1-74) S O, 2:37-2:47 A JINC 1960 15 338 
[UO2(CH3COO) 2 (¢3PO)] 2 | (1-78) | ON 3 GHA IC 1969 8 320 

NpO2F 2 AC 1949 2 388 
KAm02F JACS 1954 76 5235 
KAm02CO3 IC 1964 3 1231 

‘Hydrates’ of UO3 include UO3.4 HO, UO3.H,0, and UO3.2H,0. The 
structure of the ‘hemihydrate’ is not known. There appear to be three forms of the 
‘monohydrate’, which is actually UO,(OH),, and possibly two of the ‘dihydrate’ 
(UO,(OH)2. H,0). The latter has been studied as the mineral schoepite; it consists 
of UO,(OH), layers with H2O molecules interleaved between them. The type of 
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layer is similar to that in a-UO02(OH)2. The structures of two polymorphs of 
UO,(OH), have been determined. The B form consists of layers of octahedral 
UO,(OH)4 groups which share all four equatorial OH groups to form a layer based 
on the simplest 4-connected plane net (Fig. 28.7(a)). The H atoms have been 
located by neutron diffraction in both forms of UO,(OH),, confirming the 
formation of O—H—O bonds (2:76 and 2:80A in a and B respectively) between 
the layers. 

The 8 form of UO,(OH), is very readily converted by slight pressure to the a 
form (with increase in density from 5:73 to 6:73 g/cc), in which U has 6 OH 

O,-U-O, group with 
axis perpendicular 
to paper and U in 
plane of paper 

O,, (or F) below 

plane of paper 

(@) Oj, (or F) above 
plane of paper 

OH below plane 
of paper 

OH above plane 
of paper 

OO O8O 

FIG. 28.7. Forms of UO (O02) layers: (a) tetragonal layer in B-UO2(OH)2 and BaUOa, (b) hex- 

agonal layer in a-UO,(OH)>, (c) hexagonal layer in UO, F 2 and CaUOQg. In (a) and (c) O-U—O 

is perpendicular to the plane containing the U atoms; in (b) it is inclined at 70° to the plane of 
the U atoms. 

neighbours in a plane approximately perpendicular to the UO, groups, the layer 

having the form of Fig. 28.7(b)). The ‘tetragonal’ layer of Fig. 28.7(a) and the 

‘hexagonal’ layer of Fig. 28.7(b), or its more symmetrical variant (c), form the basis 

of the structures of a number of uranyl compounds and uranates. 

Crystalline UO,F, consists of layers of the type shown in Fig. 28.7(c), in which 

linear UO, groups are perpendicular to the plane of the paper and the U atoms also 

have 6 rather more distant neighbours forming a puckered hexagon (or flattened 

octahedron). There are no primary bonds between the layers, and a characteristic 

feature of this structure is the presence of stacking faults, which have been studied 

in a later n.d. investigation (see Table 28.7). NpO,F, has a similar structure. If 
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U(v1) in this layer is replaced by Am(v) we have the 2D ion in K(AmO,F ), in 

which K*t ions are accomodated between the layers. From X-ray powder 

photographic studies of UO,Cl, and its mono- and tri-hydrate it has been 

concluded that the UO, group has 5 additional neighbours in the equatorial plane, 

but the interatomic distances found in certain of these structures suggest that these 

compounds require further study. The dihydrate of the hydroxychloride forms very 

interesting dimeric molecules [UO,Cl(OH)(H20),] 2 (a), consisting of two penta- 

gonal bipyramidal groups sharing an edge (2 OH). 

Cl Eg 
ie ES 6) | 

5 } : 
(a) (b) 

Complex ions of various kinds are found in salts containing U oxyhalide ions. 

The pentagonal bipyramidal structure of UO,F2~ in K,;UO Fs (and also in the 

ammonium salt) has been illustrated in Fig. 28.6. In Cs,(UO,Cl4) there are 

octahedral ions (b), but in the oxychloride Cs,(UO,)OCl, (x ~ 0-9) there is 

pentagonal bipyramidal coordination of U. The coordination groups share O atoms 

to form infinite double chains as shown diagrammatically in Fig. 28.8. 

Two studies of UO,(NO3), . 6 H2O give essentially similar structures showing 

that this is a tetrahydrate of the complex (c), in which two H,O molecules and two 

bidentate NO3 ions form a planar equatorial group of 6 O around U. This is the 

structural unit in the dihydrate, in which very similar U—O distances were found 

(U-2 0, 1:76A, U—OH,, 2°45 A, U—-ONO,, 2:°50A). A somewhat similar 

coordination of U, but with three bidentate NO3 ions, is found in Rb(UO,)(NO3)3, 

(d). A n.d. redetermination of the structure of UO,(NO3), . 2 H,O gives the same 

U—O bond length (1:76 A) in the uranyl group as the n.d. study of the hexahydrate. 

O On 
1-764 Va OT 6 N 

EA ers 0 0 
neo BE GAISS 5 A v p 

0 oF | ho 2-40 A fares Decyaaet eae 
2-528 O 

O 
(c) (a) 

The acetate ion, H3C.COO™ (ac), can behave like NO 3 as a bidentate or 
bridging ligand. Thus we find UO,(ac),L, with the octahedral structure (c), in 
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which H,0 has been replaced by L (¢3PO or ¢3AsO), and [UO,(ac),L] > with the 
bridged structure of type (e), containing both bridging and bidentate acetate 

0 cis O 
ac oe Wise | 0 | : O ' . 

U U 54° 1 90 C= fas 100 ike Ss aaeee al 7 | SE 

CHe 
(e) 

groups. The geometry of the bidentate CH3COO™ group is very similar to that 
of the bidentate nitrate ion (p. 658). 

Uranates and complex oxides of uranium. From their empirical formulae 
uranates would appear to be normal ortho- and pyro-salts containing UO{~ or 
Us 027 ions. However, all the known uranates (alkali, alkaline-earth, Ag) are 

insoluble in water, including Na,U,0,. 6 H,O-contrast the soluble alkali chro- 

mates, molybdates, and tungstates. In fact the alkali and alkaline-earth uranates 

MSU0, and MUO, contain infinite 2D ions of the same general types as the 

tetragonal or hexagonal layers of Fig. 28.7: 

hexagonal layer: Na,UOy4, K,UOq,!) CaUO,“”? (and 
thombohedral SrUO,) 

tetragonal layer: SrUO, (rhombic), BaUO,.°”) 

In these ‘uranates’ there are well defined UO, groups, but this is not a feature of all 

complex oxides of UY!, as may be seen from the following figures which show (in 

brackets) the number of O neighbours of U at the particular distance: 

CaUOq: 1-96 (2) 2-30 (6) Ca,UO<: Uy 2-02 (4), 2-25 (2) 
Uyy 1-95 (2), 2-13 (2), 2:21 (2) 

StUO4: 1-87 (2) 2-20 (4) 
BaUOq: 1-89 (2) 2-20 (4) Ca3UOg: 2-03 (3), 2-11 (2), 2:18 (1) 

The distinction between two close and the remaining neighbours can still be 

detected for one-half of the U atoms in Ca,UO, but it has disappeared entirely in 

Ca3UO.. 
In contrast to the 2D ions in SrUO,g and BaUO, there is linking of quite similar 

distorted UO, octahedra into infinite chains in the rutile-type superstructure of 

MgUO,: U—2 O, 1:92 A, U—4 O, 2°18 A.) This formation of two stronger bonds 

by U in the chains leads to a similar, and unusual, unsymmetrical environment of 

Mg between the chains: Mg—2 O, 1:98 A, Mg—4 O, 2:19 A. 
The 3D framework of UO,(O4) octahedra which forms the anion in 

BaU,0,7‘>) has been described and illustrated in Chapter 5 and Fig. 5.28. 

1003 

(1) AC 1948 1 281 

(2) AC 1969 B25 787 

(3a) AC 1954 7 788 

(3b) JINC 1965 27 1521 



(4) AC 19547 795 

(5) JCS 1956 3650 

(1) IC 1965 4 115 

The Lanthanides and Actinides 

In all the uranyl compounds and in some of the uranates U has two nearest O 

neighbours and from four to six next nearest neighbours: 

4 in BaUOg, MgUO4 

5 in K3U0,F5, Cs.(UO2)(SO4)3 
6in CaUOg, UOF2. 

Values of the short U—O distance range from around 1:7 A to 1:96 A, and the 

longer U—O distances are usually in the range 2:2-2°5 A. A bond strength (number) 

s may be assigned to each U—O bond such that 2s = valence (i.e. 2 for Ba, 6 for U, 

and so on), the bond strength being derived from an equation of the type suggested 

by Pauling for metals: Dy—D, = 2k log s, where s is the bond strength, D, the 

single bond length, D, the bond length, and k a constant (here 0-45). Bond 

strengths estimated in this way are, for example, 1-75 A (s = 2), 2:05 A (s = 1, and 

2-45 A (s = 0:33). Although these bond strengths correspond to electrostatic bond 

strengths in ionic crystals it is not implied that the bonds are simple ionic bonds. 

Where U has two close O neighbours and a group of 4, 5, or 6 additional equatorial 

neighbours the geometry of the coordination groups suggests that the bonds have 

some covalent character. The six next nearest neighbours of U in UO,F, and 

CaUO, are only 0:5 A above or below the equatorial plane (perpendicular to the 

axis of the UO, group); in Rb(UO,)(NO3)3 they are actually coplanar, being three 

pairs of O atoms of bidentate NO3 ions. A satisfactory description of the bonds in 

these crystals cannot yet be given, but the possibility of f hybridization in the 

formation of 2 + 6 bonds has been discussed.‘5? 

Nitrides and related compounds of Th and U; the La,03 and Ce202S structures 

Both Th and U form ‘interstitial’ nitrides MN (and also MC and MO, all with the 

NaCl structure). In addition Th forms the typical Group IV nitride Th3Nq, while U 

forms UN, (fluorite structure) and U,N3 (Mn,03 structure).!) Closely related to 

the nitrides are compounds such as Th,N,O and U,N,S which are members of a 

large group of compounds M, YX formed by 4f and 5f metals; some examples are 

set out in Table 28.8. 

TABLE 28.8 

Compounds with the LazO3 (Ce202S) and U,N>2X structures 

La,0,0  Th,N,(NH)(6) = Thy N,.0(5) 
Ce,0,S(1) S Th, (N, 0).P@) S$ .U,N,PG) 7 ULN5S 

Se As Se AS Se 

Ce 02Sb@) Ce,O,Te La,Q,Te  Th,N,Sb(4) Th,N,Te U,N2Sb(4) U,NyTe 
Bi Nd,02Te Bi Bi 

(1) AC 1949 2 60. (2) AC 1971 B27 853. (3) AC 1969 B25 294. (4) AC 1970 B26 82 
(5) AC 1966 21 838. (6) ZaC 1968 363 245. ees 

The compounds in which X = O, S, Se, P, or As have the A-M,03 or La,03 

structure, while those containing larger X atoms (Te, Sb, or Bi) have a different 
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structure, which is also that of (Nat Biz ).0,Cl. In both structures there is a rigid 
layer of composition MY (MY>) built of YMg tetrahedra, which in the La,03 
Structure share 3 edges (Fig. 28.9(a)) and in the U,N>X structure, (b), share 4 
edges. The latter is the same layer as in tetragonal PbO or LiOH. In the La,0, 
structure the third O (X) is situated between the layers surrounded octahedrally by 
6M, while the M atom (on the surface of the ‘layer’) has 4O (Y) neighbours 
within the layer and 3 O (X) neighbours between the layers, as shown at (c). The 
O (Y) atoms within the layers have 4 tetrahedral M (La) neighbours. This La,03 
(Ce20,S) structure of 7 : 3 coordination is adopted by a number of 4f sesquioxides 

elevation in 
direction of elevation in arrow 

direction of 
arrow 

(b) The tetragonal U,N, layer 

La,O, U,N 

La La La— ——— Onn 
é an d Va ~ he 
\ . 

Secu ee SAI A aE LG 8:9 ee Layernot tetrahedra in 

0/00, ie OnULNeI C7 Ne (a) (Laz O2)O, (b) U2 N2X. The diagrammatic 
gS Eig? ebay UNS elevations (c) and (d) show the coordination 

a ci U— of the two types of O atom in Laz 03 and of 
(c) (d) N and Sb in U2N2Sb. 

M,03 and oxysulphides M,0,S, by Ac,03, Pu,03, 6-Am 03, Pu,0,S, and also 
by B-Al,S3. In La,O3 there is a difference of about 0-3 A between the distance 

La—40 within the tetrahedral layer and La—30O between the layers; the 

corresponding difference is, of course, much greater in the U compounds, where Y 

= Nand X =P, As, S, or Se, and in Ce,0,S, where Y = O and X=S: 

M2 Y2X M—4 Y M—3 X 

La,020 2:38-2:45 A IDR 
U2N28 2-28 2-87 
U2N2As 2:27 2-97 

Ce,02S 2:36 3-04 

In the U,N,X structure the tetragonal layers (Fig. 28.9(b)) stack so as to provide 

positions of 8-coordination (cubic) for the larger X atoms (Sb, Bi, Te) between 
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them, and the coordination groups of the atoms are: 

U: 4.N +4 Sb (cubic) 
N: 4 U (tetrahedral) 

Sb: 8 U (cubic) 

as shown diagrammatically in Fig. 28.9(d). 

Sulphides of U, Th, and Ce 

Most of these compounds are very refractory materials melting at temperatures of 

1800°C or higher (CeS melts at 2450 + 100°), and some are highly coloured: CeS, 

brass-yellow, Ce,S3, red, but Ce3S,4, black; the uranium compounds are all 

metallic-grey to black in colour. The following compounds are known: 

CeS h's US 

Ce,S3 Th,S83 U,83 

ThS, US, 
Ce3S4 Th4S 4 

(ThS;.71— 1-76) 

Although the monosulphides all have the NaCl structure they are evidently not 

simple ionic crystals. ThS is, like all the thorium sulphides, diamagnetic, but the 

susceptibilities of the paramagnetic CeS and US indicate respectively 1 and 2 

unpaired electrons. Assuming that electrons not used for bonding would remain 

unpaired in the orbitals available and that, judging from the magnetic properties of 

the transition metals, d electrons will pair to form metallic bonds, the para- 

magnetism may be attributed to unpaired f electrons. We then have the following 

picture: 

GeS' ThS” US Ce283 Th2S3 U2S3 

2 
1 

d electrons used in metallic bonding 
unpaired f electrons 

Calculated lattice energies (using estimated ionization potentials where necessary) 

increase in the order BaS, CeS, ThS, that is, as the number of d electrons available 

for metallic bonding increases from 0 to 1 to 2. The bond lengths M—S show a 
decrease in the same order in both MS and M,S3: 

BaS CeS Ths (US) 
M-S 3-17 2-88 2:84 2:74 A 

(La2S3)  Ce,S83 Th,S3 U.S; 
(3-01) 2:98 2-90 2:82 A 

(1) For references see Table 28.2 whereas Th is normally larger than Ce. The comparison is perhaps less justifiable 
(p. 992) for the sesquisulphides because they do not all have the same structure.‘!) Those of 
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Th, U, and Np have the Sb,S3 structure, but the sesquisulphides of La, Ce, Ac, Pu, 

and Am have a defect Th3P,4 structure. The Th3P, structure is a 3D array of Th 

and P atoms in which Th is bonded to 8 equidistant P and P to 6 Th. In these 

sesquisulphides 103 metal atoms are distributed statistically over the 12 metal sites 

occupied in Th3P4; in Ce3S, all the metal sites are occupied. 

The sulphide Th7S, has a disordered structure‘) in which Th is surrounded by 

either 8 or 9 S, and ThS, has the PbCl, structure. The structure of US, is not 

known. 
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Metals and Alloys 

The structures of the elements 

We have already mentioned the structures of a number of non-metals in earlier 

chapters. In this concluding chapter we shall be concerned chiefly with the 

structures of the metallic elements and intermetallic compounds. We shall confine 

our attention to metals in the solid state and generally to the forms stable under 

atmospheric pressure. High-pressure polymorphs, which are numerous, will be 

mentioned only if they are of special interest. Not very much is known of the 

structures of liquid metals; in the few cases in which diffraction studies have been 

made the structural information is limited to the average numbers of neighbours 

within particular ranges of distance, and typical numbers of nearest neighbours are: 

liquid K (70°C) 8, Li (200°C), 9-8, Hg and Al, 8-9.4) The existence of diatomic 

molecules in the vapours of a number of metals has been demonstrated and their 

dissociation energies determined; they are noted in the discussion of metal-metal 

bonds in Chapter 7 (p. 251). Diatomic molecules have also been detected in the 

vapours above certain metal solutions, for example, GeCr and GeNi.‘?) Before 

proceeding to the intermetallic systems we shall review briefly the structures of all 

the elements in the solid state as far as they are known. For this purpose it is con- 

venient to consider them in groups as indicated below. 

H | He 

(A) iS |B Cc WN © &F Ne 

(A) Na Mg | Al Si bam Cl Ar 

K Ca | Se iV Cran Mini hems Comm Ni | Cus eZine Gas GemeA sm Sema bran ker 

Rb Sr Ye Ae Wi) Me) Te IR TRel ANS || ial Tita srt SOmeLemel Xe 

bt ee sete oe 

Cs Ba |l|/ta) He Ta W Re Os Ir Pt | Au] Hg TI 

no TS 
(2) and the 4f elements. (>) and the 5f elements. 
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The groups are: 

(1) The noble gases. 
(2) Hydrogen, the non-metals of the first two short Periods (excluding B) and 

the later B subgroup elements. 

(3) Boron, aluminium, the elements of subgroups IIB and IIIB, Sn, and Pb. 

(4) The transition elements and those of IB. 

(S) The typical and A subgroup elements of Groups I and II. 

We shall discuss the structures of intermetallic compounds in terms of the groups 

A;, Az, By, and By (see above), of which A, and Ay comprise the A subgroup 

elements together with the Group VIII triads and Cu, Ag, and Au, while B, and B, 

include the more metallic B subgroup elements apart from those of IB. The reason 

for placing these latter elements with the transition metals rather than with the B 
subgroup elements will be apparent later. 

(1) The noble gases 

All these elements except radon have been studied in the crystalline state; they are 

monatomic in all states of aggregation. Details are given in Table 29.1. Helium is 

unique among the elements in that it forms a true solid only under pressure, a 

minimum of 25 atm being necessary. The predominance of the c.c.p. structure is 

not reconcilable with calculations of lattice energies, which suggest that h.c.p. 

should be preferred. 

TABLE 2971 

Crystal structures of the noble gases, Hz, Nz, Or, and Fy 

Element Crystalline forms Reference 

He Three polymorphs of each isotope (#He and *He): PRL 1962 8 469 
b.c.c. = h.c.p. > c.c.p. with increasing pressure. 

Ne G:e.ps 

Ar c.c.p. and h.c.p. (metastable) JCP 1964 41 1078 
Kr CC:p: 

Xe CLE{O. 

For calculations of lattice energies see: JCP 1964 40 2744 

H2 Normally h.c.p. but also f.c.c. under special conditions JCP 1966 45 834 
of crystallization 

N2 a cubic AC 1972 B28 984 
B hexagonal °° text JCP 1964 41 756 

0, a monoclinic JCP 1967 47592 
8B rhombohedral AC 1962 15 845 

¥ cubic AC 1964 17777 
Also a’ and amorphous AC 1969 B25 2515 

F, a monoclinic (below 45-6°K) JSSC 1970 2 225 

8B cubic JCP 1964 41 760 

(2) Non-metals and the later B subgroup elements 

Crystalline hydrogen, oxygen, and nitrogen consist of diatomic molecules. Solid Hy 

has a h.c.p. structure in which the rotation of the molecules probably persists at 
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temperatures down to the absolute zero. The (isostructural) high-temperature forms 

of O, and F, have an interesting cubic structure with 8 molecules in the unit cell, 

of which 2 are spherically disordered while the remaining 6 behave as oblate 

spheroids. A spherically disordered molecule (A in Fig. 29.1) has 12 F, neighbours 

at 3-7 A, while a molecule of type B has 2 neighbours at 3-3 A, 4 at 3-7 A, and 8 at 
4-1 A. Van der Waals distances between (stationary) F, molecules would be 

expected to be 2-7 A for lateral contacts and approximately 4-1 A for end-to-end 

contacts. The shortest intermolecular contacts are within ‘chains’ of molecules 

running parallel to the cubic axes. This structure is clearly not consistent with any 

form of dimer, as at one time suggested for y-Op. 

The low-temperature (a) form of F, apparently consists of a distorted closest 

packing of molecules in which each F atom has 12 nearest neighbours in addition to 

the other atom of its own molecule (at 1-49 A). The molecular axes are nearly 

perpendicular to the plane of a layer and the interatomic distances are greater 

FIG. 29.1. The crystal structure 

of the high-temperature form of 
F,. The two molecules at (000) 
and (433) are spherically dis- 
ordered. The other six, at (440) 

etc., show an oblate spheroidal 
distribution of electron density. 

These molecules are represented 

by their major axes, the minor 

axes lying along the broken lines. 

within a molecular layer (F—9 F, 3-24 A) than between the layers (F—3 F, 2°84 A). 

Contrast the isostructural Cl, Brz, and I, (p. 329). 

As noted in Chapter 3 many of the elements of this group crystallize at atmos- 

pheric pressure with structures in which an atom has 8 — N nearest neighbours, NV 

being the ordinal number of the Periodic Group: 

VII diatomic molecules F,, etc., 

VI rings (Sg, Sg, S12, Seg) or chains (fibrous S, ‘metallic’ Se and Te), 
V tetrahedral molecules in white P and presumably in the metastable yellow 

forms of As and Sb, or layer structures (P, red and black, As, Sb, and Bi), 
IV diamond structure (C, Si, Ge, grey Sn). 

The structures of these elements are described in earlier chapters. The graphite 
structure is obviously exceptional, and the heavier elements in the subgroups 
IVB-VIB become increasingly metallic. In IVB Sn also forms the more metallic 
white polymorph, and Pb is a metal. In VB there is a progressive decrease in the 
difference between the distances to the 3 nearest and 3 next nearest neighbours in 
the layer structures of As, Sb, and Bi, while in VIB the interatomic distances 
between the chains in Se and Te indicate interactions between the chains stronger 
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than normal van der Waals bonding (p. 232). The last member of the VIB subgroup 
is a metal. An X-ray study of metallic Po (in which a powder photograph was 
obtained from 100 ug) showed this metal to be dimorphic, one form being simple 
cubic and the other rhombohedral.) In each form Po has only 6 (equidistant) 
nearest neighbours (at 3-35 A). 

(3) Boron, aluminium, the elements of subgroups IIB and IIIB, tin and lead 

These elements are grouped together because (i) certain of them have peculiar 

structures which do not conform with the principles governing those of the 

elements in the adjacent groups in our classification, and (ii) those which have 

typical metallic structures show certain abnormalities which make it convenient to 

distinguish them from the ‘true’ metals of our fourth and fifth groups. Of the IIB 

subgroup elements zinc and cadmium crystallize with a distorted form of hexagonal 

closest packing, the axial ratio being nearly 1:9 instead of 1-63 as in perfect 

hexagonal closest packing. Each atom has six nearest neighbours in its own plane, 

the other six (three above and three below) being at a rather greater distance. The 

distances to these two sets of neighbours are 2-659 and 2-906 A in Zn and 2-973 

and 3-286 A in Cd. It is not satisfactory simply to regard the atoms in these 

structures as packing like prolate ellipsoids, for in the close-packed € phase of 

Cu—Zn (p. 1044) the axial ratio is Jess than 1:63, that is, we should have to assume 

that the atoms are behaving at some compositions as prolate and at others as oblate 

spheroids. It has been suggested that there is some tendency to form covalent bonds 

(dp? hybrids) in the basal planes, so accounting for the smaller interatomic 

distances in the close-packed planes. The striking decrease in the axial ratio of 

MgCd3 from 1:72 to 1-63 on forming the ordered superstructure at 80°C (this 

superstructure consists of identical close-packed layers of type (d), Fig. 4.15) has been 

attributed to the decrease in the number of Cd—Cd contacts on formation of the 

ordered structure. (There is presumably also some kind of directional bonding in 

Sc, Y, and the hexagonal rare-earths with axial ratio Jess than 1-63, for example, 

Cpa = 1-57 for Y, Ho, Er, and Tm.) 

The normal (a) form of crystalline Hg has a quite different (rhombohedral) 

structure which may be derived from a simple cubic packing by distorting it so that 

the interaxial angle changes from 90° to 704°. Each atom has 6 nearest neighbours 

at 2:99 A and 6 more at 3-47 A. Alternatively the structure may be described as 

resulting from compression of c.c.p. along a body-diagonal, so that it is referable to 

either of the rhombohedral cells (compare Fig. 6.3, p. 197): 

Z= 1: a=2-99 A, a= 704°, 

or 

Z=4:4=458 A, w= 98". 

A second (8) form is produced under pressure and after formation is the stable form 

below 79°K. It is b.c. tetragonal and results from compressing c.c.p. along a cube 

edge, giving each atom 2 nearest neighbours (2-83 A) and 8 more distant ones 

(3:16 A). This structure is also adopted by Cd—Hg alloys containing 37-74 
atomic per cent Hg. 
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The structures of the typical and B subgroup elements of the third Periodic 

Group present many problems. The unexpectedly complex structures of boron are 

described in Chapter 24. Aluminium and thallium have c.p. structures which we 

shall discuss later. Gallium normally crystallizes with a rather complex structure in 

which an atom has the following set of neighbours: 1 at DAA at: TO? areas 

and 2 at 2:79 A. Ina second (8) metastable form the two nearest neighbours define 

chains, but the differences between the distances to the various sets of neighbours 

are comparatively small, there being two at each of the following distances: 2°68, 

2:77, 2:87, and 2:92 A.@) Gallium is notable for its low melting point (about 

30°C), and the association of the atoms in pairs in the normal form of the element 

may persist in the liquid; it is reported that the X-ray diffraction pattern of liquid 

gallium is different from that of a simple close-packed liquid metal such as 

mercury. Indium crystallizes with a structure which is only a slightly distorted 

form of cubic closest packing, each atom having four neighbours at 3-24 and eight 

more at 3-36 A. Thallium is dimorphic, having cubic (8) and hexagonal (a) 

modifications, and lead, which we include in this group, has the cubic close-packed 

structure. 

We have said that the elements Al, In, Tl, and Pb, which crystallize with 

close-packed or approximately close-packed structures, are abnormal in certain 

respects. In the case of Al there is evidence that the atoms are not completely 

ionized in the pure metal and that the atomic diameter of the fully ionized Al? * is 

nearer 2:70 than 2°86 A, the closest distance of approach of atoms in aluminium 

itself. The melting point of the metal is only 8°C higher than that of Mg, in contrast 

to the rise in melting point with increase in valence in the first row and A subgroup 

elements: 

Li Be B ce 

178° 1285° 2300° 3500°C 

Na Mg Al Si 

97° 650° 658° 1410° 

K Ca Sc Ti 

64° 845° 1540° 1675° 

Indium, thallium, and lead form a group of close-packed metals isolated from the 

rest of the close-packed metals. As may be seen from Table 29.2, the interatomic 

distances in these metals are very large compared with those in the neighbouring 

elements. Larger distances are to be expected on account of the much higher 

coordination number, but the distances are much greater than in the close-packed 

silver and gold, whereas there is very little variation in interatomic distance 

throughout the whole series of elements from Cu to As or from Ag to Sb, excluding 

In and white Sn. The figure 2-80 A given for tin in Table 29.2 is the interatomic 

distance in grey tin (diamond structure). The normal form of this element is white 

tin, which has a less symmetrical structure than the grey variety. In white tin (Fig. 

29.2) each atom has 4 nearest neighbours at 3-02 A, forming a very flattened 

tetrahedron around it, and 2 more at 3:18 A. Although the four nearest neighbours 
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TABLE? 9.2 
Interatomic distances in the elements (to nearest neighbours) 

Cu Zn Ga Ge As 
2°55 2-66 2:70(@) 2:44 2 SOA 

Ag Cd Sb 
2:88 2:97 2-90 

Au Hg Bi 
2:88 2-99 3-10 

(@) Weighted mean for 7 nearest neighbours. (b) Grey tin. (c) White tin. 

FIG. 29.2. The crystal structure of white tin, showing the deformed octahedral group of 

neighbours around each atom. 

are at a greater distance than the four nearest neighbours in grey Sn (at 2:80 A) 

there are also 4Sn at 3:77 A and 8 Sn at 4-41 A, as compared with the 12 next 

nearest neighbours at 4:59 A in grey Sn. White Sn is accordingly much more dense 

Ci-3lee/cc), than ‘grey Sny (5°75 g/cc), in .spite of sthe fact that itis. the 

high-temperature form. For the relation of white to grey Sn() see also p. 103. The 

suggestion that Sn is in different valence states in its two polymorphs is supported —(3) prs 1963 A 272 503 

by the fact that if white and grey Sn are dissolved in concentrated HCl the com- 

pounds isolated from the resulting solutions are SnCl, .2 H,O and SnCl, . 5 H,O 

respectively. (4) JCP 1956 24 1009 
Under high pressure (120 kbar) Ge, which is a semiconductor, is converted into 

a highly conducting form with the white tin structure.) On decompression at (5) Sc 1963 139 762 

room temperature this changes into the high-pressure (tetragonal) form illustrated 

in Fig. 3.41(d), p. 110, which is some 11 per cent more dense than the normal 

cubic form (5-91 as compared with 5-33 g/cc). The bond length (2-48 A) in this 
form is very similar to that in cubic Ge, but there is a very considerable range of 

bond angles (88- 135°). (6) AC 1964 17 752 
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It is considered probable that in Tl and Pb, and possibly also in In, the atoms are 

only partly ionized, for example, to the stages Tl* and Pb** in the former 
elements. The peculiar stability of the pair of s electrons in the outer shells of these 

elements has already been noted in Chapter 26. 

(4) The transition elements and those of subgroup 1B 

This group of more than 50 elements, including the 4f and Sf elements, comprises 

most of the metals. The structure of at least one form of most of these metals is 

known (Table 29.3), and with few exceptions they crystallize with one or more of 

three structures. These are the hexagonal and cubic close-packed structures and the 

body-centred cubic structure. 

The two simplest forms of closest packing, hexagonal and cubic, have already 

been described in Chapter 4. In Fig. 29.3 we show these in their conventional 

orientations together with the body-centred cubic structure. Sufficient atoms of 

adjacent unit cells are depicted to show the full set of nearest neighbours of one 

FIG. 29.3. The three commonest metallic structures: (a) cubic close-packing, (b) hexagonal 

close-packing, and (c) body-centred cubic. 

atom. The body-centred cubic structure is slightly less closely packed than the 
others, the effective volume per atom (of radius @) being 6-16a? as compared with 
5-66a* in close-packed structures. In the latter an atom has twelve equidistant 
nearest neighbours, the next set of neighbours being 41 per cent farther away. 

The body-centred cubic structure is commonly the high-temperature form of 
metals which are close-packed at lower temperatures. The transition temperature is 
above room temperature for many metals (Ca, Sr, La, Ce, etc., Tl, Ti, Zr, Th, Mn) 
but below room temperature for Li and Na (78°K and 36°K respectively). In this 
structure an atom has 8 equidistant nearest neighbours, but the six next nearest 
neighbours are only 15 per cent farther away. Neglecting this comparatively small 
difference, or alternatively, adopting the more logical definition of coordination 
number based on the polyhedral domain of an atom (p. 61), the c.n. in this 
structure is 14. Note that if this structure is compressed or extended along one of 
the 4-fold axes to become body-centred tetragonal with axial ratio c: a V4 or/2 
respectively, the number of nearest neighbours becomes ten or twelve. (Compare 
the structure of Pa, p. 1018.) The latter case corresponds to the face-centred cubic 
structure. 
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TABLE 29.3 

The crystal structures of metals 

OOOOH SEE 
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Cl-O® COE: 
The primary object of this Table is to emphasize the widespread occurrence of the b.c.c. and 

the c.p. structures: 
close-packed structures 

Cbs nepal O 

Certain metals show a more complex behaviour and are further discussed in the text, for 

example, Mn, W, 4f and Sf metals (Table 29.4, p. 1019). 

(a) The electrodeposited h.c.p. structure is now known to be that of the hydride CrH (p. 298). 

(b) Normally close-packed chh type. 

(c) A c.c.p. form of La has been described and an intermediate h.c.p. form of Yb 

(260°-720°C) is apparently stabilized by impurities. For references to b,c.c. and c.p. metals 

see: JACS 1963 85 1238. 
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There is an interesting qualitative difference in properties between cubic and 

hexagonal close-packed metals. The ductility, malleability, and softness of pure 

metals depend, at least to some extent, on the ease with which adjacent planes and 

rows of atoms can glide over one another. (These properties are also very much 

influenced by the numbers of flaws and crystal boundaries in the material—a single 

crystal of a metal like cadmium being very soft and easily deformed, whereas the 

polycrystalline material is quite hard and brittle—and also by the presence of 

minute amounts of impurity.) Gliding takes place on the most closely packed 

planes, and the direction of gliding in these planes follows the lines of most closely 

packed atoms. In a cubic close-packed metal there are four equivalent sets of 

parallel closest-packed planes, perpendicular to the four 3-fold axes which are the 

characteristic symmetry elements of a cubic crystal, as compared with only one set 

of such planes in a hexagonal close-packed crystal. Owing to the greater possibility 

of gliding in a cubic close-packed crystal, such crystals are in general more malleable 

and ductile than those with hexagonal close-packed structures. Thus Cu, Ag, Au, 

and y-Fe are fairly soft, ductile, and malleable in comparison with such metals as 

Cr, V, and Mo which have hexagonal close-packed and/or body-centred structures. 

Iron is a particularly important metal which crystallizes with either the cubic 

close-packed or the body-centred cubic structure, depending on the heat treatment 

it has received. We shall deal briefly with iron and steel in the section on interstitial 

compounds. 

There is one feature peculiar to the polymorphism of certain of these transition 

elements. In the case of other elements a particular polymorphic form is, under a 

given pressure, stable over one temperature range. (At atmospheric pressure one 

form may, of course, always be more stable than the other.) Tin, for example, has a 

transition temperature of 13-2°C, below which «a (grey) tin is the stable form and 

above which B (white) tin is the stable form. Iron, on the other hand, crystallizes at 

temperatures below 906°C with the body-centred cubic structure and from 906° to 
1401°C with the cubic close-packed structure, but from 1401°C to the melting 

point (1530°C) the body-centred cubic structure again becomes the stable form. We 

have therefore the face-centred structure stable over a certain temperature range, on 

both sides of which the body-centred structure is stable. Cobalt exhibits a more 

complex behaviour.(!) At temperatures above 500°C the structure is cubic 
close-packed but on cooling it becomes partly hexagonal. The sequence of layers is 

not, however, ABAB... or ABCABC. .. throughout but a random sequence. Thus 

in a typical specimen of ‘hexagonal close-packed’ cobalt at room temperature the 
probability that alternate planes are similar is less than one; a value 0-90 was found 
in one specimen. 

The pure hexagonal structure of Ni is observed only in very thin films deposited 
electrolytically on hexagonal Co. It has the same interatomic distance (2:50 A) as in 
c.c.p. Ni and cell dimensions, a = 2:50 A, and c = 3-98 A. A hexagonal phase with 
Ni—Ni 2-63 A (a = 2:63 A, c = 4-31 A) is the carbide Ni3C which can exist, if the 
particle diameter is less than 200 A, with as little as 1 atomic per cent carbon.(2) 

A second point of interest in connection with the structures of the transition 
metals is the sequence of structures adopted by the elements preceding the metals 

1016 



Metals and Alloys 

Cu, Ag, and Au. Table 29.3 shows that a similar sequence occurs in each of the 
series, Ti-Cu, Zr-Ag, and Hf-Au. It has been suggested that these changes in 

Structure are associated with the extent to which the d-shell is filled. In the IB 
metals the d-shells are full and in these metals the closed d-shells are in contact, 
resulting in intense repulsive forces and hence in close-packed structures. With the 
decrease in number of electrons in these shells a more open structure becomes more 

stable. It should, however, be noted that close-packed structures again occur for the 

elements of the earlier Periodic Groups (see Table 29.3), so that we may 

alternatively regard the elements enclosed by the broken lines (which, except for Ti 

and Zr, are not close-packed at ordinary temperatures) as constituting a group of 

exceptional elements surrounded by those with close-packed structures. 

Manganese. The normal (a) form has a complex cubic structure (Z = 58) which is 

further discussed on p. 1039. In B-Mn (stable between 800° and 1100°C, but can be 

quenched to room temperature) there are two kinds of atom with different 

environments, each set having 12 nearest neighbours at distances from 2:36 A to 

2-67 A. At around 1100°C the y form appears. Quenched material has tetragonal 

symmetry corresponding to a distorted form of the c.c.p. structure which it 

possesses at the high temperature. At 1134°C there is a further transformation to a 

b.c.c. structure, this form persisting up to the melting point (1245°C). 

Tungsten. This element is normally encountered in the b.c. cubic (a) form, but a 

second (3) form, described as being stable at temperatures below about 650°C, has 

long been recognized. This form has to be prepared at temperatures below 650°, 

above which it is irreversibly, though rather sluggishly, converted into a-W, by 

chemical methods such as reduction of an oxide. The claim that ‘6-W’ is in fact an 

oxide w30°) and not a polymorph of the metal (see p. 473) is not universally 

127° 

FIG. 29.4. (a) The ‘B-tungsten’ structure. As regards environment the atoms are of two types. 

The twelve equidistant neighbours of an atom of the first type (shaded circles) and the six 

nearest neighbours of an atom of the second type (open circles) are shown. (b) The arrangement 

of the four nearest neighbours of an atom in metallic uranium (a form). 
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accepted,‘*) for it has been stated >) that B-W can be prepared with less than 0-01 

O atoms per atom of W. In any case it is convenient to refer to the structure of Fig. 

29.4(a) as the B-W structure. It is adopted by a number of intermetallic compounds 

and silicides, including NiV3, GeV3, SiV3, and SiCr3. 

The 4f (lanthanide or rare-earth) metals. The abnormal chemical properties of the 

elements immediatedly preceding Gd and Lu have already been noted in our 

account of the 4f elements (Chapter 28). In the elementary state also Eu and Yb 

are abnormal. The majority of the 4f metals crystallize with the h.c.p. structure, 

though the he type of closest packing is found in Pr and Nd (also La) and the 

9-layer chh sequence is the normal structure of Sm.°) On the other hand Eu is 
b.c.c. and Yb c.c.p. The metallic radii of the other 4f elements fall steadily from 

about 1:82 A (Pr) to 1:72 A (Lu), but Eu (2:06 A) and Yb (1-94 A) have much 

larger radii, presumably due to the withdrawal of one electron into an inner orbital. 

The behaviour of Yb under pressure is extremely interesting.‘7) At 20 kbar the 

metal becomes semiconducting, and at 40 kbar it again becomes a metallic 

conductor. This latter change is accompanied by a structural change (f.c.c. > 

b.c.c.), that is, the c.n. has altered from 12 to 8 + 6 with a decrease in volume of 

3-2 per cent at the transition point. The radius of Yb in the b.c.c. structure 

(1:75 A, corresponding to 1-82 A for 12-coordination) is considerably less than 
that of Yb(II) in the normal form (1:94 A) and lies on the curve for other 4f metals 

M(III), showing that the transition at the higher pressure corresponds to a change 

from Yb(II) to Yb(IID). This transformation requires higher pressure as the 
temperature is reduced. With this behaviour contrast that of Ce, which under high 
pressure changes to another f.c.c. phase, but this change takes place at lower 
pressures as the temperature is reduced—at atmospheric pressure at 109°K. The 
volume decrease of 16-5 per cent accompanying this change is attributed to the 
promotion of a 4f electron to a bonding orbital. Both f.c.c. phases can coexist at 
low temperatures, the cell dimensions at 90°K being 5-14 A and 4-82 A.(8) 

The Sf (or actinide) metals. The elements between Th (c.c.p.) and Am (close- 
packed ABAC...) show a very complex behaviour in the elementary state. Not 
only is polymorphism common, Pu having as many as six forms, but a number of 
the structures are peculiar to the one element. This is true of the body-centred 
tetragonal structure of Pa, in which an atom has ten practically equidistant 
neighbours, and of the a-U, B-U, a-Np, B-Np, and y-Pu structures. 

Uranium is trimorphic: 

a-U (660°C) B-U (760°C) y-U 
orthorhombic tetragonal bic.ce 

The structure of a-U could be regarded as a very deformed version of hexagonal 
closest packing in which each atom has only four nearest neighbours, two at 2:76 A 
and two at 2°85 A. The arrangement of these neighbours is very unusual, for they 
lie in two perpendicular planes at four of the five vertices of a trigonal bipyramid 
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(Fig. 29.4(b)); for further remarks on this structure see p. 1025. B-U apparently has a 
typical metallic structure with high c.n. (12 or more), but there is not yet 

agreement as to the details of this structure. 

Neptunium shows some resemblance to uranium: 

a-Np (278°C) B-Np (540°C) —-y-Np 

orthorhombic tetragonal biec(7) 

In the a form each atom has only four nearest neighbours. For one-half of the 

atoms these are arranged as in a-U, but for the others they are arranged at one 

polar and three equatorial vertices of a trigonal bipyramid. In the 6 form also each 

atom forms four strong bonds, but here one-half of the atoms have their nearest 

neighbours at the vertices of a deformed tetrahedron while for the others they lie at 

the basal vertices of a very flat tetragonal pyramid. 

As already mentioned, Pu is notable for having six polymorphs. The a@ form has a 

complex monoclinic structure in which there are 8 kinds of non-equivalent atom, 

each of which forms a number of short bonds (2:57-2:78 A) with the remainder in 

the range 3:19-3:71 A (compare a-U, a-Np, and 6-Np), giving total c.n.’s of 12-16. 

Three-quarters of the atoms form 4 short and 10 long, one-eighth form 3 short and 

13 long, and the remainder 5 short and 7 long bonds. The 6 form also has a 

complex monoclinic structure (Z = 34, 7 kinds of non-equivalent atom). Co- 

ordination numbers range from 12 to 14, and there is no obvious relation to the a 

or y structures. In the y form (Fig. 29.5) Pu has 10 nearest neighbours: 4 at 

3-026 A, 4 at 3-288 A, and 2 at 3-159 A. The three high-temperature forms have 

much simpler structures, (Table 29.4), the 5’ structure being a slightly distorted 

version of 6. 

TABLE 29.4 

Crystal structures of 5f metals 

Element Crystal structure Reference 

Pa Body-centred tetragonal: c.n. 10, 8 at 3-21 A, 2 at AGHIOS 2 TSa9 

3-33 A 
U a Orthorhombic (A 20 structure) Bee tiext AC 1970 B26 129 

B Tetragonal (Z = 30) AC 1971 B27 1740 

Y Body-centred cubic (U—U, 3-01 A) 

Np a Orthorhombic 
B Tetragonal | See text AC 1952 5 660, 664 

Y Cubic (b.c.?) 
Pu a Monoclinic (c.n. 12-16) AC 1963 16 777 

B Monoclinic (¢.n. 12-14) AC 1963 16 369 

Y F.c. orthorhombic (c.n. 10) AC 1955 8 431 

6 F.c. cubic (Pu-Pu, 3-28 A) 
€ B.c. cubic (Pu-Pu, 3-15 I SNE eeepc 
8! B.c. tetragonal TAIME 1956 206 1256 

Am F.c.c. and he (density 13-67 g/cc, r = 1-73 A) JINC 1962 24 1025 

he (density 11-87 g/cc, r = 1-82 A). JACS 1956 78 2340 

Cm F.c.c. (density 19-2 g/cc,r = 1-55 A) JCP 1969 50 5066 
he (density 13-5 g/cc,r = 1-74 A) JINC 1964 26 271 

1019 

FIG. 29.5. The crystal structure 

of y-plutonium showing the atom 

A and its ten nearest neighbours 
projected on to the base of the 

unit cell. 



(1) AC 1956 9 671 

(2) AC 1959 12 419 

Metals and Alloys 

In two studies of Am metal the hc form was found but with rather different 

densities and cell dimensions (Table 29:4). Although the less dense form was not 

reproduced in the later study it is conceivable that there are two forms of the metal 

with the same structure, as in the case of Ce. In the case of Cm also the he 

structure reported earlier was not found in a later study; here the difference 

between the densities of two (close-packed) forms is more than a little surprising. 

(5) The typical and A subgroup elements of groups I and II 

The metals of this group call for little discussion. The alkali metals adopt the b.c.c. 

structure under ordinary conditions, but under high pressure Cs has been obtained 

in a close-packed form and at low temperatures both Li and Na, but not K, Rb, or 

Cs, transform to close-packed structures.(!) These are essentially hexagonal close- 

packed, but Na exhibits stacking faults and in the case of Li cold-working induces a 

transformation to cubic closest packing. As shown in Table 29.3 Ca and Sr are 

trimorphic, the sequence of structures with rising temperature being the same for 

the two metals: 

Ca: f.c.c. (250°C) h.c.p. (450°C) b.c.c. 
Sr’ fice (215 C) icp: (605 ©) bre-c: 

though a later paper describes only the f.c.c. and b.c.c. forms of Ca? 

Interatomic distances in metals: metallic radii 

Apart from the intrinsic interest of the interatomic distances in metals, it is useful 

to have a set of radii to refer to when discussing the structures of alloys. Since the 

c.n. 12 is the most common in metals, it is usual to draw up a standard set of radii 

for this coordination number. For the metals with ideal close-packed structures the 

radii are simply one-half the distances between an atom and its twelve equidistant 

nearest neighbours. Many structures, however, deviate slightly from ideal hexagonal 

closest packing in such a way that six of the neighbours are slightly farther away than 

the other six, for example, 

Axial ratio 6 at 6 at Mean 

Be 1:5848 2-2235 2:2679 2-25 A 
YA 1-588 3-595 3-663 3-63 

a-Zr 1-589 3-166 3-223 3-19 

In such cases the mean of the two distances is taken. (We are not here referring to 

zinc and cadmium which show a very much larger deviation from closest packing, 

with axial ratios 1°856 and 1°885 respectively.) For metals which crystallize with 

structures of lower coordination the radii for 12-coordination have to be derived in 

other ways. From a study of the interatomic distances in many metals and alloys 

Goldschmidt found that the apparent radius of a metal atom varies with the 

coordination number in the following way. The relative radii for different 
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coordination numbers are: 

Ne 1-00 
8 0-97 
6 0-96 

(4 0-88) 

For the alkali metals, for example, the radius for c.n. 12 is derived from one-half 

the observed interatomic distance in the b.c.c. structure by multiplying by 1-03. 

This ratio, which is equal to 6? 23/3, results from assuming that no change of 

volume accompanies the transition from 8- to 12-coordination (see also p. 1018). 
For some of the B subgroup elements which crystallize with structures of very low 

coordination (for example, Ge, Sn) the problem is more difficult. The use of a ratio 

such as that given above is difficult to justify for such a large change in c.n., since 

the bonds in structures such as the diamond structure are probably nearer to 

covalent than to purely metallic bonds. There are alternative ways of deriving radii 

for c.n. 12 for such elements. Many of these elements form alloys with true metals 

in which both elements exhibit high coordination numbers. The radius of the B 

subgroup element can be found from the interatomic distance in such an alloy, 

for example, that of Sb from the Ag—Sb distance in the hexagonal close-packed 

Ag3Sb or that of Ge from the Cu—Ge distance in the hexagonal close-packed 

Cu3Ge. This method is open to objection since there is probably not true metallic 

binding in such compounds and it is necessary, of course, to assume that the radius 

of Ag, for example, in Ag3Sb is the same as in pure silver. The second method is to 

derive the radius of the B subgroup element from the variation in cell dimensions of 

the solid solution it forms in a true metal. By extrapolation, the cell dimension of 

the hypothetical form of the B subgroup element with c.n. 12, and hence the 

interatomic distance therein, may be obtained, assuming a linear relation between 

cell dimension and concentration of solute atoms. Unfortunately this relation is not 

always linear, thus necessitating the use of empirical relations. Also, it is not certain 

that the radius of the solute element is not affected by the nature of the solvent 

metal, for there may be alterations in the state of ionization of an atom in different 

alloys. Nevertheless it is possible to derive a set of radii for many elements for c.n. 

12 which are valuable when considering the structures of alloys. Such a set of radii 

is given in Table 29.5. 

The actual interatomic distances in the elements are plotted against atomic 

number in Fig. 29.6, which shows a number of points of interest. The general 

periodic variation is apparent, as also is the fact that there is no general increase in 

the size of atoms with increasing atomic number. For example, Th (a.n. 90) is not 

much larger than Li (a.n. 3) and actually smaller than Na (a.n. Tr), owing to the 

tighter binding of the electrons in the heavier elements with increased nuclear 

charge. A second point is that although the transition and B subgroup elements of 

the second long period are larger than those of the first, there is no similar increase 

in size from the second to the third long period. Compare, for example, the atomic 

diameters of Cu, 2°551 A, Ag, 2°883 A, and Au, 2:877 A. We have-already referred 

to the lanthanide contraction and the very close resemblance in chemical properties 
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Interatomic distances in crystals of the elements A 

O Closest distance of approach of atoms in body-centred cubic structures 

® Closest distance of approach of atoms in face-centred cubic structures 

© Closest distance of approach of atoms in close-packed hexagonal structures with axial ratio c/a =1-63 

© Distance between atoms in the basal plane for close-packed hexagonal structures with axial ratio c/a = 1-63 approximately 

A Closest distance of approach of atoms in diamond type structures 

x Interatomic distances in more complex structures 
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TABLE 29.5 
Metallic radii for 1\2-coordination (A) 

iLit Be 
iosyif Well 

Na Mg Al 
1:91 1-60 1-43 

K Ca Sc Ti Vv Cr Mn Fe Co Ni Cu Ti 

223 5 OF e646 1-47 135i 129 S37 12 6 1 Sel eel Sasi, 

R DSi W Zt Nb Mo Te Ru Rh _ Pd Ag Cd 
2°50 2-15 1-82 1-60 1-47 1-40 1-35 1-34 1:34 1-37 1-44 1-52 

Cs Ba La Hf Ta W Reman s Ir Pt Au Hg 
Ds D2 248 San l-59 el 4 Al el 3/3 eel 3 Om 239ml 4 liens) 

4f elements: Ce (1-82)—Lu (1-72) but Eu, 2-06, Yb, 1-94 

Sf elements: Th Pa U Np Pu Am Cm 

1-80 1:63 1:56 1:56 1-64 See Table 29.4 
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FIG. 29.6. Interatomic distances in metals. 
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between such pairs of elements as Zr and Hf or Nb and Ta. The radii of the 
intervening 4f elements fall from 1-82 A (Ce) to 1-72 A (Lu) while the 4f sub-shell 
is being filled, except that Eu and Yb have much larger radii, as mentioned on p. 

1018. The variation of atomic radii in the long periods, with minima in the 

neighbourhood of the Group VIII triads, corresponds to maxima or minima in a 

number of physical properties—compressibility, tensile strength, hardness, and 

melting point. Pauling has suggested that if an element such as iron can utilize its 3d 

orbitals as well as those of the valence shell in its carbonyls and in the ferrocyanide 

and other complex ions, this may also be the case in the metal. Assuming that for 

the elements of the first long period 3d, 4s, and 4p orbitals (nine in number) are 

available for bond formation, then the maximum number of bonds could be formed 

when there are nine electrons available per atom. This occurs at Co, Rh, and Ir, for 

the first, second, and third long periods respectively. In the preceding elements 

there are fewer available electrons and in the later ones more electrons than orbitals 

available. Pauling has considered in some detail the nature of the bonds in many 

metals and some alloys in relation to the bond lengths in the crystals, and his 

theory of resonance in metallic structures will be briefly outlined. 

Theories of metallic bonding 

In the conventional theory of the metallic state, which has developed from the 

early electron-gas theories of Drude and Lorentz, the methods of wave mechanics 

are applied to the behaviour of electrons in a 3-dimensional periodic field, the 

periodicity of which is that of the crystal lattice. The possible states of the 

electrons are described in terms of permitted energy bands (zones) which are 

separated by ranges of forbidden energies, and such a theory gives a satisfactory 

picture of normal conductors, semiconductors, and insulators. It has had con- 

siderable success in calculating properties such as lattice spacings and energies and 

the compressibilities of a number of metals, assuming only the type of crystal 

structure (for example, f.c.c.). It does not offer an explanation of supra- 

conductivity or, of course, of mechanical properties outside the elastic range, the 

latter being due to the secondary structure (mosaic structure, dislocations, etc.). We 

propose to say no more about the wave-mechanical theory of metals here but only 

emphasize that in the band theory the assembly of electrons is treated as a whole, 

first in a simple periodic 3-dimensional field, and then later in a field which is 

modified by supposing that in the vicinity of atoms the wave functions have 

symmetry characteristics resembling those (the s, p, and d functions) of free atoms. 

The wave function of each electron extends over the whole crystal, and in this sense 

the band theory of metals may be compared with the molecular orbital treatment 

of molecules, though as is well known it is not in practice possible to deal with 

genuine molecular orbitals. The analogue of the valence-bond treatment would be a 

theory of metals in which the bonds from a metal atom to its neighbours are 

considered in terms of the electronic structure of the atom, regarding the whole 

crystal as an assembly of atoms linked by localized bonds. 
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Pauling!) adopts the viewpoint that there is no essential difference between 

metallic bonds and ordinary covalent bonds, a view originally put forward by V. M. 

Goldschmidt in 1928. However, there are usually very high coordination numbers 

in metallic crystals as compared with normal covalent crystals, and, moreover, in a 

metal such as sodium only four orbitals (one s and three p) are available for forming 

the 8 + 6 bonds of the b.c.c. structure. Pauling therefore assumes that all or most of 

the outer electrons of the atom, including the d electrons in the case of the 

transition metals, take part in bond formation, and that there is resonance of a new 

type, to which we refer shortly. These concepts imply fractional bond orders and 

valences. The drop in atomic diameter from K through Ca, Sc, and Ti to V (and 

similarly from Rb to Nb and from Cs to Ta) and the approximate constancy of size 

from the element of Group V through the Group VIII triad in each series of 

transition metals is interpreted to mean that on passing from K to V the numbers of 

bonding electrons increase from 1 to 5 per atom, with a regular increase in the 

number of covalent bonds between which resonance can occur and hence a steady 

drop in interatomic distance. It is then supposed that in the elements from Cr to Ni 

not all of the nine available orbitals (s, three p, and five d) are used in bonding, but 

that only 5-78 are stable spd bonding orbitals, 2-44 being atomic non-bonding d 

orbitals and the remaining 0:78 (the metallic orbital) being necessary to allow 

non-synchronized resonance between the individual valence bonds. These numbers 

are derived from the saturation moments of (ferromagnetic) iron, cobalt, and 

nickel. Pauling’s electronic structures for a number of metals are shown in Table 

29.6 

LA BL Be 2936 

Electronic structures in the metallic state (Pauling) 

Metal Atomic Saturation moment Total number Total number of 

d orbitals (BM ) of electrons 3d and 4s electrons 

in bonding 

te - Assumed Observed 3d orbitals 

Cr 0-22 0 0-22 = 5:78 6 
Mn 1-22 0 1-22 = 5-78 7 
Fe 2222510 2-22 2-22 5-78 8 

3-22 
EG SO ES 

Co 2:44 0-78 1-66 1-61 5°78 9 
4-22 

. Ra Patra 

Ni 2:44 1-78 0-66 0-61 5°78 10 

For Cr, Mn, and Fe the number of electrons assigned to atomic d orbitals is less 

than the number of orbitals so that there is no pairing of spins, but in Co, for 

example, there are 3-22 electrons to be accommodated in 2-44 orbitals, and 

therefore 0°78 are paired and the moment drops to 2:44-0:78 = 1-66 BM. 

This picture of a gradual building up of a core of 3d electrons on passing from 

Cr to Ni might account for the difference (leading, for example, to superstructure 
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formation in solid solutions) between elements apparently so similar as Fe and Co 

or Co and Ni. With this may be compared the conventional explanation of the 

magnetic properties of, for example, Ni, that on the average 9-39 of the ten outer 

electrons occupy the 3d shell and that the remaining 0-61 electron occupies the 4s 

shell and is responsible for the cohesive forces, the ‘hole’ of 0-61 electron in the 3d 

level giving rise to the magnetic moment of this value (in Bohr magnetons). For Co 

the cohesion would be due to 0-61 s electron compared with 0-22 for Fe and 1-00 

for Cu, corresponding to magnetic moments: Fe, 2:22, Co, 1-61, and Cu, diamag- 

netic. The difference between normal and metallic resonance may be illustrated by 

considering grey and white tin. In grey tin the atoms are forming normal tetrahedral 

sp? bonds, using only four of the nine (d° sp?) orbitals. There is no ‘metallic orbital’ 

available so that the crystals are essentially non-metallic. In white tin it is supposed 

that the fourteen outer electrons of Sn are in eight of the nine orbitals—six pairs in six 

(d°s) hybrids and two electrons in two other orbitals, leaving one ‘spare’ orbital. Two 

bonds are then supposed to resonate among six bond positions but not necessarily 

synchronously because of the existence of the metallic orbital. The resonance 

involves neutral 2-covalent Sn, 3-covalent Sn~, and 1-covalent Sn*, and it is 

supposed that the crystal is stabilized by this resonance and also by the energy 

resulting from interchange of one electron between p and s orbitals. 

The figures in Table 29.6 imply valences of 5-78 for the transition metals Cr, 

Mn, Fe, Co, and Ni, and the same is assumed for the series Mo—Pd, W—Pt, and 

U_—Cm. It is less easy to justify the valences of 5-44, 4-44, and 3:44 respectively for 

the elements of Groups IB, IIB, and IIIB, which follow from the interpretation of 

interatomic distances in terms of an essentially empirical equation. This relates the 

metallic radius R(n) for a bond of order n (i.e. one involving n electron pairs) to the 

single-bond radius R(1): 

R(1) — R(n) = 0:300 log, 9 (1) 

and values of R(1) for many metals have been tabulated (Pauling, ref. (1)). The 

values of the bond-order v are in general non-integral. For a close-packed structure, 

in which each atom has twelve equidistant neighbours, n = v/12, where v is the 

valence. For example, for the hexagonal close-packed form of Zr, n= 5, and for the 

body-centred cubic form, n = 4 (neglecting the six more distant neighbours). For 

more complex structures in which there are various numbers of bonds of different 

lengths the bonding powers of the atoms are divided up among the different bonds 

in accordance with the interatomic distances, so that 2 Nn = v. The application of 

these ideas to uranium will illustrate the method. 

One form of metallic uranium has the body-centred cubic structure, from which 

R(1) is found to be 1-421 A, assuming v = 5-78. The interatomic distances in the 

orthorhombic a form then correspond to the following bond orders: 

N n 

2at 276A 1-36 
— 0:96\ & Wn =» = 5-96 

see 0-19 
4 3-36 0-14 
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(2) AC 1948 1 212 

(3) JACS 1963 85 1238 

(4) PRS A 1957 240 145 
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This treatment has also been applied to FeSi,?? with which CrSi, MnSi, ReSi, and 

CoSi are isostructural. In the FeSi structure each atom has 7 neighbours of the 

other kind at the distances 2:29 (1), 2°34 (3), and 2°52 (3), and 6 further 

neighbours of its own kind at 2:75 A (for Fe) or 2:78 A (for Si). Application of 

equation (1) using the R(1) values from elementary iron and silicon gives, however, 

a calculated valence of 6-85 (Z Nn) for Si, whereas the value 4 is to be expected. In 

order to retain a valence of 4 for Si it is necessary to neglect the bonding of the Si to 

6 Si at 2:78 A (to which bond equation (1) assigns a bond-order of 0-19), to assume 

for Fe a valence of 6 instead of the 5-78 previously assumed, and to use different 

single-bond radii for Fe’! for the Fe—Si and Fe—Fe bonds on the grounds that these 

(hybrid) bonds have different amounts of d character. More recently it has been 

pointed out?) that the Pauling equation is not consistent with the interatomic 

distances for 12- and 8-coordination in most of the metals which show a transition 

from a c.p. to the b.c.c. structure, the distances being in the ratio 1-03 : 1, and that 

it is questionable whether the equation should be used to discuss interatomic 

distances in intermetallic compounds. 

In later developments of the Pauling theory attempts are made to interpret the 

fractional valences as averages of integral valences, and in addition the hypothesis 

was advanced that a special stability is to be associated with bond numbers that are 

simple fractions (4, 4, etc.). The criticism has been made that the Pauling theory is 
essentially a discussion of known experimental data in terms of empirical assump- 

tions for which no independent evidence is available, that a large number of 

arbitrary assumptions have been made, and that no useful generalizations have yet 

resulted. The need is not for further discussions of structures but for the calculation 

of physical properties by fundamental methods which do not assume the values of 

the properties concerned, or, alternatively, the generalization of facts to a number 

substantially greater than that of the assumptions involved. 

Other authors have attempted to develop hybrid bond theories to account for 

the apparent directional characteristics of metallic bonding. Not only has the 

concept of varying amounts of d orbitals been used but also the concept of partial 

occupation of hybrid orbitals.“4) Four tetragonal pyramidal d* bonds might be 

regarded as forming eight cubic ‘delocalized’ bonds in an electron-deficient system 
comparable with the m-electron systems of conjugated molecules. Alternatively 
eight equivalent bonds directed towards the vertices of a cube may arise from 
tetrahedral sd? and tetragonal pyramidal d* hybrids, and six longer bonds in the 
b.c.c. structure from delocalized d? trigonal prism hybrids. 

Crystal structure and physical properties 

In this section we shall describe the crystal structures of ideal crystals, that is, the 
structures which would extend without interruption throughout ideal crystals but 
which in the normal material, with a mosaic and moreover a polycrystalline 
structure, persist only over comparatively small volumes. In the case of metals and 
alloys the imperfections in the crystals are of the utmost importance in determining 
the properties of the material, and it is necessary to remember that the properties 
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of the greatest value in metals cannot be explained in terms of the ideal structures 
we shall be describing. For the details in the structure of an alloy to be seen under 
the optical microscope they must be of the order of magnitude of 1074 cm, that is, 
the polycrystalline structure or regions of different composition in a non- 
homogeneous alloy must be on this scale. Atomic arrangement as determined by 
the X-ray method is on the scale of 107° cm, interatomic distances lying in most 
cases between 2 and 3 x 10 ® cm and cell dimensions between 2 and 12 x 1078 cm. 
The structures which are found in the intermediate range, from 107-7 to 10°78 cm, 
are probably of as much importance in determining the mechanical properties of a 
metal as the structures visible under the optical microscope. Most metals and alloys 
which have valuable mechanical and physical properties are neither in true equilibrium 
nor are they structurally homogeneous or perfect crystals. 

A pure metal such as copper or iron, with a close-packed structure, is extremely 

soft, being an aggregate of ions held together not by direct bonds between the 

atoms as in a homopolar or ionic crystal but by the ‘atmosphere’ of electrons. As 

far as we know, the elastic limit of a perfect single crystal of a metal, that is, 

without impurity atoms or flaws, may tend to zero as perfect purity and regularity 

of structure are approached. Useful properties arise as the result of the introduction 

of impurities, often in comparatively small concentration, or after cold-working 

(rolling or drawing) or age-hardening. The effect of cold-working is to break up the 

single crystal into an aggregate of small crystals with dimensions of the order of 

10°-*-107° cm, and the properties of the resultant material depend on the average 

size, the state of strain, and the relative orientations of these minute portions of the 

polycrystalline mass. The physical properties of a large number of commercial 

alloys are enhanced by heat-treatment processes referred to as age-hardening and 

precipitation-hardening. In the simple case of a binary alloy the hardening 

constituent is melted with the solvent metal and the alloy is quenched. Since the 

solubility of the former metal is lower at lower temperatures the cold solid solution 

is supersaturated, but the rapid cooling prevents rearrangement of the atoms. The 

alloy is then subjected to the ‘ageing’ treatment, which consists in keeping it at a 

temperature far below its melting point for a considerable time so that the 

supersaturated solid solution begins to break down. The Cu—Al alloy mentioned 

below can be fully hardened at a temperature of 140°C over a period of 22 hours. 

The alteration in physical properties takes place during this ageing process, but the 

alloy may attain maximum hardness before any precipitation visible under the 

microscope has taken place. Apparently the separation of solute from the 

super-saturated solution has taken place to different extents in different alloys 

when maximum hardness is reached. For example, in a silver-copper alloy (7:5 

per cent Cu) of maximum hardness, precipitation is practically complete, that is, 

copper has separated out from the silver lattice. On the other hand, in an 

aluminium-copper alloy containing 4-8 per cent Cu, maximum hardness is 

reached before such precipitation has taken place, the separation of the solute 

having proceeded only as far as the segregation of Cu atoms into ‘islands’ on the Al 

lattice. As our last example we may take an alloy with the approximate 

composition FeCu4Ni3. This is cubic close-packed above 800°C and if quenched 
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retains this structure as a random substitutional solid solution. If annealed for a 

week at 650°C it breaks up into two phases of approximate compositions 

FeCu,3Nig and FeCuNi,, both of which are still cubic close-packed but have 

slightly different cell dimensions. On slow cooling, which is equivalent to a 

treatment intermediate between quenching and quenching followed by complete 

annealing, the alloy apparently attempts to remain a single phase but cannot quite 

achieve this because of the difference in cell dimensions of the two phases 

mentioned above. The result is apparently a lamellar structure with layers 

alternately rich in copper and iron, some hundreds of atoms wide and about fifty 

atoms thick. 

Solid solutions 

A characteristic property of metals is that if two (or more) are melted together in 

suitable proportions a homogeneous solution often results. When cooled this is 

called a solid solution because, as in the case of a liquid solution, the solute and 

solvent atoms (applying the term solvent to the metal which is in excess) are 

arranged at random. Random arrangement of the two kinds of metal atom is always 

found if the alloy is cooled rapidly (quenched). In certain solid solutions with 

particular concentrations of solute a regular atomic arrangement develops on slow 

cooling or appropriate subsequent heat treatment, and we shall describe shortly 

some of the features of this swperstructure formation. It was necessary to qualify 

the first statement in this paragraph because (i) solid solutions are not formed by all 

pairs of metals, and (ii) when they are, the range of composition over which solid 

solutions are formed varies from the one extreme, complete miscibility, to the 

other, immiscibility, depending on the metals concerned. In what follows we are 

referring to substitutional solid solutions, that is, those in which the atoms of the 

solute replace some of those of the solvent in the structure of the latter. There is 

another kind of solid phase, the interstitial solid solution, in which the small atoms 

of some of the lighter non-metals occupy the interstices between the atoms in metal 

structures. We deal with these interstitial solid solutions in a later section. It is 

possible to have a combination of substitutional and interstitial solid solution in 

ternary or higher systems. For example, an austenitic manganese steel is a 

substitutional solid solution of manganese in iron and also an interstitial solution of 

carbon in the (Fe, Mn) structure. 

The conditions determining the formation of solid solutions are as follows: 

(1) The tendency to form solid solutions is small if the metals are chemically 

dissimilar. In general we may say that extended solid solution formation is common 

between metals of our classes A,; and Aj, subject to the further restrictions 

discussed below, and between metals of the same subgroup of the Periodic Table. 

Thus the following pairs of metals form continuous series of solid solutions: K- Rb, 

Ag-Au, Cu-Au, As-Sb, Mo-W, and Ni-Pd. For elements of greatly differing 

electronegativity, for example, an A subgroup metal and a member of one of the 

later B subgroups, not only are the structures of the pure elements quite different 
but, owing to the difference in electronegativity, compound formation is likely to 
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occur rather than solid solution. For this reason we divided the elements into 
groups A,, A>, B,, and By, and we shall later consider in turn the types of 
intermetallic compounds formed between pairs of elements from different groups. 

(2) For two elements in the same group in our classification the range of 
composition over which solid solutions are formed depends on the relative sizes of 
the two atoms. This is to be expected, since if some of the atoms in a structure are 
replaced (at random) by others of a different size, distortion of the structure must 
occur and the cell dimensions alter as the concentration of the solute increases. To 
a first approximation they vary linearly with the atomic percentage of the solute 
(Végard’s law), though in many cases this law is not exactly obeyed. If the 
difference between the radii of the metals is greater than about 15 per cent (of the 
radius of the solvent atom) there is no extensive formation of solid solutions. There 
is rather more tolerance at high temperatures, but then precipitation-hardening 
generally occurs on quenching. For metals crystallizing with very different types of 

Structure the application of this ‘relative size’ criterion is complicated by the 
difference in coordination number in the structures of the two metals. We need not, 

however, go into this point as we shall only be considering solid solutions of metals 

with typical metallic structures of high coordination. 

(3) The mutual solubilities of metals are not reciprocal. Hume-Rothery observed 

that, other things being equal, a metal of lower valence is likely to dissolve more of 

one of higher valence than vice versa—the ‘relative valence effect’. Though there 

may be exceptions to this generalization, it is nevertheless, a useful one. The 

following figures, taken from the much more extensive data quoted by Hume- 

Rothery, give some idea of the striking differences in solubilities in cases where the 

size factor is favourable. 

Solubility of: Zn in Ag 37:8% atomic (Zn) 
Ag in Zn 6-3% atomic (Ag) 

Zn in Cu 38-4% atomic (Zn) 

Cu in Zn 2:3% atomic (Cu) 

We shall now describe some of the changes in structure which take place in certain 

substitutional solid solutions on cooling slowly or annealing. 

Order- disorder phenomena and superstructures 

Some alloys which are random solid solutions when quenched from the molten 

state undergo rearrangement when given a suitable heat treatment or in some cases 

simply when cooled sufficiently slowly. Such a structural change, which begins at a 

temperature often hundreds of degrees below the melting point, results in a change 

from the random arrangement to one in which there is regular alternation of atoms 

of different kinds throughout the structure. We may illustrate such a change by 

showing the structure of a portion of the alloy CuAu (a) as a random solid solution 

and (b) as the ordered superstructure (Fig. 29.7). 

The ordered structure has lower (tetragonal) symmetry than the disordered, 

being a slightly deformed cubic closest packing of the atoms. The structures of Fig. 

29.7 correspond to temperatures (a) above 420°C and (b) below 380°C. At 
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FIG. 29.7. The crystal structure of the alloy CuAu in (a) the disordered, and (b) the ordered 

state. 

intermediate temperatures the structure is more complex, being a superstructure 

with a 10-fold unit cell. Moreover the period of the superstructure can be altered by 

adding a third element of different valence, that is, it is affected by the 

electron : atom ratio. The possibility of rearrangement to form a superstructure is 

determined by the thermal energy of the atoms, the difference in potential energies 

of the ordered and disordered states, and the magnitude of the energy barrier that 

has to be surmounted before two atoms can change places. The formation of a 

superstructure is a co-operative phenomenon like the loss of ferromagnetism, which 

occurs at the Curie point, or the onset of rotation of ions or molecules in crystals. 

A characteristic of such processes is that the behaviour of a particular atom (or 

molecule) is affected by that of its neighbours. Once the process has started it 

speeds up, giving a curve like that shown in Fig. 29.8(a) for the specific heat of 

0-25 
r ae ‘i 

‘ ah 2.0; Wh 
= 020 E 
= © 0-10 
a & 
3 5 
& 0-15 

S 0:06- 

ole 
0-10 - ae 

Al ia 1 ae = ay eee ae eet 
100 200 300 400 500 100 200 300 400 

Temperature (°C) Temperature (°C) 

(a) (b) 

FIG. 29.8. The variation with temperature, on heating, of the specific heat of (a) 6-brass, and 

(b) Cuz Au (after cooling at 30°C per hour). In each case the upper curve is drawn through the 

experimental values and the lower curve is that to be expected in the absence of a 
transformation. 
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B-brass (see below). The rotation of one methane molecule, for example, in a crystal 
of that compound loosens the attachments of the others so that not only is the 
process facilitated for each succeeding molecule but also the thermal energy of the 

molecules is increasing all the time since the temperature is rising. Although 

order- disorder transformations may sometimes be loosely compared with melting, 

since a regular arrangement of atoms gives place to a random one and movement of 

the atoms relative to one another takes place, it is clear that they differ from the 

process of melting in certain important respects. There is no general collapse of the 

whole structure and the transformation takes place over a wide range of tempera- 

ture, though in this latter respect the melting of a glass is similar. In a liquid, 

however, the arrangement of the atomic centres is less regular than in a solid and, 

moreover, is constantly changing, whereas in both the disordered and the ordered 

phases of an alloy the positions of the atomic centres are the same, or the same to 

within very close limits. 

Starting with an ordered alloy at a low temperature two types of order- disorder 

transformation may be recognized: 

(a) Order decreases continuously, passing through all intermediate states, and 

finally disappears completely at the critical temperature. The specific heat shows an 

abnormally great increase with rising temperature and at the critical temperature 

falls suddenly to a value only slightly above the theoretical value. 

(b) The behaviour is similar to that described in (a), except that there is still 

some order left when the critical temperature is reached so that the last stage of the 

rearrangement takes place suddenly. In this case there is also a latent heat in 

addition to the specific heat anomaly. 

We shall now give some examples of order- disorder transformations observed in 

alloys of two types, XY and X3Y. 

B-Brass 

The structures of the ordered and disordered phases are illustrated in Fig. 29.9. The 

atoms are arranged on a body-centred cubic lattice, in one case in a regular way and 

in the other at random. Instead of drawing a large portion of the structure to show 

the random arrangement it is more convenient to use a circle with intermediate 

shading to represent an atom of either kind. The probability of such an atom being 

either Cu or Zn is one-half. In this alloy the transformation takes place over a 

temperature range of some 300°C. Below 470°C it takes place continuously and 

reversibly, there being no sudden change in the degree of order at the transition 

point and therefore no latent heat. The specific heat/temperature curve for a 

change of this sort is shown (for CuZn) in Fig. 29.8(a). To account for the fact that 

the specific heat is still-abnormal above the transition point it has been suggested 

that although the long-distance order has disappeared there is still a tendency for 

atoms to prefer unlike atoms as nearest neighbours. 

Alloys X3Y 

Order- disorder transformations have been observed in the following alloys: Cu3 Au, 

Cu3Pd, Cu3Pt, Ni3Fe, and Fe3Al. In the first four cases the atoms occupy the 
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positions of a face-centred cubic structure, and the relation of the ordered to the 

disordered structure is that shown in Fig. 29.10(a). These transformations are 

sluggish and inhibited by quenching from high temperatures, and annealing for 

several months is necessary to produce a high degree of order in Ni3Fe. The specific 

heat/temperature: curve for Cu3Au is shown in Fig. 29.8(b). Investigation of the 

variation with temperature of the electrical resistance of Cu3Au shows that a 

marked degree of order sets in at the critical temperature, for on cooling through 

this temperature a sudden drop of 20 per cent occurs. Accordingly there is a latent 

heat associated with the order- disorder transformation in Cu3Au. The absence of 

the expected latent heat in the case of Ni3zFe is probably due to the extreme 

FIG. 29.10. The crystal structures 

of (a) Cu3Au, and (b) Fe3Al in 

the disordered and ordered states. 

Al GAN AIRE 

slowness of the rearrangement. The transformation in FeAl is illustrated in Fig. 
29.10(b). 

Certain other alloys X3Y provide interesting examples of superstructures and 
also of close-packed structures containing atoms of two types. The structures of 
Al3Ti and Al3Zr are superstructures derived from the cubic close-packed structure 
of Al. A unit cell of the (tetragonal) structure of Al3Ti is shown in Fig. 29.11 
together with an equivalent portion of the structure of Al. One-quarter of the Al 
atoms are replaced by Ti in a regular manner, and it will be seen that the plane 
corresponding to (111) of Al is now a close-packed X3Y layer of the type shown in 
Fig. 4.15(c). The more complex structure of Al3Zr is closely related to that of 
Al3Ti but contains both types of X3Y layer (Fig. 4.15(c) and (d)). It will be 
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appreciated that the relation of Al;Ti to Al is similar to that of Fe3Al (and the 
isostructural Fe3Si) to Fe. Al3Ti arises by the regular replacement (by Ti) of 
one-quarter of the Al in a face-centred cubic structure and Fe3Al by the regular 
replacement of one-quarter of the Fe by Al in the body-centred cubic structure 
(Fig. 29.10(b)). Another group of alloys have structures which are superstructures 
derived from hexagonal or more complex types of closest packing. In Ni3zSn (and 
the isostructural Mg3Cd and Cd3Mg) and Ni3Ti the layers are of the type of Fig. 
4.15(d) but the structures differ in the sequence of layers (h in Ni3Sn, he in Ni3Ti). 

FIG. 29.11. The crystal structures of (a) Al (two unit cells), and (b) Al3Ti (one unit cell). A 

portion of one close-packed Al3Ti layer is emphasized in (b) where the shaded circles represent 
Ti atoms. 

Examples of intermetallic phases X3Y based on more complex c.p. layer sequences 

are included in Table 4.4 (p. 134). It is tempting to speculate on the reasons for the 

choice of different layer sequences in these compounds. The cubic Cu3 Au structure 

implies that all interatomic distances are the same, and this structure is adopted by, 

for example, the compounds Al3M formed by the smaller 4f metals (e.g. Er). In the 

hexagonal or rhombohedral structures adjustment is possible to give two different 

interatomic distances as required by the larger 4f metals and vat) 

Als Er Low-Al Y High-Al3 Y 

Layer sequence c h chh 

Er — 12 Al2:98A Sx 110) ANI Biol tl AK eA S50 708 

4 Er AY, 3-11 MEP Sey! 

lite mee? TA BIAL PD96 AL Al 2.98 

The polymorphism of Al3Pu‘?) suggests that the relative sizes of the atoms are 
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inore important at lower temperatures. This compound has at least three poly- 

morphs with different layer sequences: , 

(027°C — 1210, CUR 

9-layer 6-layer 3-layer 

chh cch c 

The compound WAI, is an interesting example of a more complex formula 

arising in a close-packed structure by the alternation of layers of composition WAI, 

and Al; in the sequence ABAC. .. AC?) 

The structures of alloys 

We shall now describe briefly some of the structures adopted by alloys. We shall 

limit our survey to binary systems. Adopting the classification of the elements 

indicated on p. 1008, we have to consider three main classes of alloys: 

I. Alloys of two A metals, AA A,B, 

AB, 
II. Alloys of an A and a B subgroup metal, AB 

A,B, 
AB, 

III. Alloys of two B subgroup metals, BB. 

Since we subdivide the A metals into two groups A, and A, and also distinguish 

the earlier from the later B subgroup metals as B, and B, respectively we make 

further subdivisions in class II as shown; we shall not deal systematically with the 

three subdivisions in each of the classes I and III. We have dealt with several systems 

of type AA in our discussion of solid solutions and superstructures, and the only 

other examples we shall mention of class I alloys are some phases formed by 

transition metals (group (c), p. 1038). 

It is not easy to draw a hard-and-fast line between truly metallic alloys and 

homopolar compounds in some cases, particularly those involving elements of the 

later B subgroups (As, Sb, Se, Te), and it is also not possible to adhere rigidly to the 

classification of elements into the groups A,, A>, B,, and B>. This classification is 

used in the Chart 29.1, which shows the groups of alloys we shall consider, but in 

(b), for example (alloys XY5, X2Y,7, XY; 1, etc.), X is an atom taken from our A, 

group extended to include Ga, La, Ce, and Th, while Y is taken from the group Fe, 

Co, Ni, Cu, Be, Zn, and Cd. It is convenient to make our classification somewhat 

flexible so as to allow us to bring together families of structures with a common 

structural theme. Size factors play an important part in determining the appearance 

of the so-called Laves phases with the closely related MgZn,, MgCu,, and MgNi, 

structures. From the structural standpoint these phases are probably most closely 

related to the o phases formed by transition elements, so that although the Laves 

phases are not typically combinations of transition (A,) metals they are con- 

veniently mentioned in connection with the o phases. 
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(a) The NaTl and related structures 

Two structures commonly found for phases of composition A,B, are the caesium 

chloride and ‘sodium thallide’ structures. Among the alloys crystallizing with the 

former structure are LiHg, LiAl, LiTl, MgTl, CaTI, and SrTl. The structure needs no 

description here, but we shall refer to these alloys in section (d). In the NaTI 

structure (which is also that of LiZn, LiCd, LiGa, Liln, and NaIn) the coordinates 

of the atoms are the same as in the CsCl structure (that is, those of a body-centred 

cubic lattice), but the arrangement of the two kinds of atoms is such as to give each 

atom four nearest neighbours of its own kind and four of the other kind (Fig. 

29.12). The interatomic distances in alloys with the NaT] structure are very much 

shorter (some 13 per cent for NaT]I itself) than the sums of the radii derived from 

the structures of the pure metals. 

CHART 29.1 

(f) A,B, phases (a) NaTI structure 

CaCu, ThFe; 

(c) o phases and 

Laves phases 

(d) ‘Electron 
compounds’ 

(e) Al-rich alloys 

(g) Alloys with the 

NiAs structure 

(h) Bi-rich alloys 

(i) systems BB 

It is convenient to include here compounds formed by those B subgroup metals 

which lie on the borderline between B, and B, elements in our classification on p. 

1008. The same atomic positions as those of the NaTI structure (that is, those of the 

b.c.c. lattice) are occupied in some phases X3Y, but the arrangements of the X and 

Y atoms lead to quite different structures. LizBi, Li3Sb, and Li3Pb have the same 

structure as the ordered form of FeAl (Fig. 29.10(b)). In Cs3Sb, which is of interest 
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on account of its photoemissivity, Cs atoms occupy the sites A aud C of Fig. 29.12 

while equal numbers of Cs and Sb atoms occupy at random the sites B and D. Since 

the combination of B and D sites corresponds to a diamond-like arrangement it has 

been suggested that ionization takes place: 3 Cs+Sb> 2 Cs Gs a Sb, ang 

that Cs3~ and Sb* form tetrahedral 6s6p* and Ss5p> bonds respectively, the Cs 

ions occupying the interstices in the diamond network.“!) These structures are 

summarized in Table 29.7, and for completeness we add two other compounds 

already mentioned in earlier chapters (BizOF4, p. 358, and NaY3Fy9, Pp. Seas 

TABLES 29st 

Structures of the CsCl-NaTl family 

4-fold positions of Fig. 29.12 

A B G D 

CsCl Cs és Cl Cl 

NaTl Na Bist Na alt 

Cs3Sb Cs Cs, Sb Cs Gsasb 

Li3 Bi Bi Li Li Li 

Fe3 Al (ordered) Al Fe Fe Fe 

Fe3 Al (disordered) Fe Fe Fe, Al Fe, Al 

Biz OF 4 4 Bi <1 Oh heed 

NaY 3Fejo0 INE, 3) NY ee 

(Fig. 9.7) 

(b) The XY5, XY,1, XY 13, and related structures 

A feature of many compounds of the type A,B, is the tendency of the B,; atoms 

to group together, the type of group depending on the relative numbers of A, and 

B, atoms. For example, in the Na—Hg system, which is notable for the number of 

different phases formed, three of the phases are (in order of increasing Hg content) 

Na3Hg,, NaHg, and NaHg,.“) In the first there are nearly square Hg4 groups 

which are isolated units entirely surrounded by Na atoms. In NaHg pairs of Hg 

atoms (Hg—Hg, 3-05 A) are linked into infinite chains by slightly longer bonds 

(3:22 A), while NaHg, has the AIB, structure (p. 842) with layers of linked Hg 

atoms. In Na, Tl there are tetrahedral Tlq groups which form part of the icosahedral 

coordination group of 9 Na +3 Tl around TL.) There are also tetrahedral groups 
of atoms of the Group IV element in NaSi, and BaSi,, KGe, KSn, and NaPb.©) 
With NaHg and the complex NaPb structure contrast the simple NaT1 structure 
illustrated in Fig. 29.12. 

With higher B, : A, ratios 3-dimensional networks of B, atoms are found, the 
more compressible A; atoms occupying the interstices. (In the XY, structure we 
shall now describe Y is not strictly a B-type atom in our classification of p. 1008, as 
already noted.) The CaCug structure?) is built from alternate layers of the types 
shown in Fig. 29.13(a) and (b), so that each Ca is surrounded by six Cu in one 
plane (at 2°94 A) and by two more sets of six in adjacent planes (at 3-27 A), 
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(a) (b) 

FIG. 29.13. The crystal structure of CaCus (see text). 

making a total c.n. of 18, For this structure Ra should be less than 1-6 Rp; it is in 
fact found for values of Ra between 1:37 and 1-58 Ry. Examples of phases with 
this structure include CaNis, CaZn;, LaZn;, ThZn,, CeCo;, and ThCos. Sr and Ba 
are near the upper size limit, and variants of this structure are found for SrZn< 

and BaZn,.>) By replacing in a regular manner certain of the X atoms in XY, by 

pairs of Y atoms there arise the related structures of Th, Fe, 7, ThMn, 2, and 

TiBersss > 
In the XY, ie and XY, 3 structures the X atoms occupy holes in which they 

are surrounded by 22 and 24 Y atoms respectively. For a given Y atom the smaller 

X metals form the XY,, phase and the larger ones the XY, 3 phase, while if X is 

too large even the XY,3 phase is not formed (Table 29.8). This XY, 3 structure is 

of particular interest on account of the coordination polyhedra. The X atom has 24 

Y neighbours at the vertices of a nearly regular snub cube, which is one of the less 

familiar Archimedean solids and has 6 square faces parallel to those of a cube and 

TABLE 29.8 

Phases with the XY \,; and XY 13 structures 

Radius (A) Phases formed 

Cs 2-72 CsCd 13 

Rb 2:50 RbZn43 RbCd 43 

K 2-35 KZn43 KCd 43 

Ba 2-24 BaZnj43 BaCd 44 

Sr 2:15 StBe 13 SrZn13 SrCd 41 
Ca 97] CaBe,3 CaZn 43 
Na 1-91 = NaZn 13 

La 1-88 LaBe 3 LaZn 44 

U 1:56 UBe 43 

32 equilateral triangular faces. The unique Y atom at the origin has a nearly regular 

icosahedral coordination group of 12 Y atoms, while the coordination group of the 

other twelve Y atoms is much less regular, as shown by the figures for RbZn, 3: 

Roe 224 Zn, 362A 
Zn; — 12Znqy 2:68 (compare the shortest Zn—Zn 

Z LO Zope 2615226 in Zn metal, 2°66 A.) 

laa? RbA a n3:62 

(5) AC 1956 9 361 

(6) AC 1969 B25 464 

CY AC 1952 8 8S 

(8) AC 1953 6 627 

(9) AC 1971 B27 862 
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(c) Transition-metal o phases and Laves phases 

Between electron compounds and ‘normal valence’ compounds, which are charac- 

terized by relatively small numbers of structures, there lie large groups of 

intermetallic compounds in which the structural principles are less clear. In 

the structures to be described in this section the importance of geometrical factors is 

becoming evident, a special feature of these structures being the high coordination 

numbers which range from 12 to 16. 

In a sphere packing the smallest hole enclosed within a polyhedral group of 

spheres is obviously a tetrahedral hole, and therefore the closest packing is 

achieved if the number of such holes is the maximum possible. In a 3-dimensional 

closest-packing of N equal spheres there are 2N tetrahedral holes but also NV 

octahedral holes; more dense packings with only tetrahedral holes are possible, but 

these extend indefinitely in only one or two dimensions.“ A local density higher 

than that of the ordinary closest packings is achieved, for example, by packing 

twenty spheres above the faces of an icosahedron, and this grouping of atoms is in 

fact found in some of the structures we shall describe. However, this type of 

packing of equal spheres cannot be extended to fill space, for holes appear which 

reduce the mean density of the packing to a value below that of closest packing. If, 

on the other hand, there are larger spheres to fill the holes (surrounded by 14-16 

spheres) between the icosahedral groups a very efficient packing results, and this 

suggests at least a partial explanation of the occurrence of the structures we shall 

describe. 

From the fact that the smallest kind of interstice between spheres in contact is a 

tetrahedral hole it follows that we should expect to find coordination polyhedra 

with only triangular faces, in contrast to those in, for example, cubic closest packing 

which have square in addition to triangular faces. Moreover, it seems likely that the 

preferred coordination polyhedra will be those in which five or six triangular faces 

(and hence five or six edges) meet at each vertex, since the faces are then most 

nearly equilateral. It follows from Euler’s relation (p. 61) that for such a 
polyhedron, vs + Ove = 12, where vs and u¢ are the numbers of vertices at which 
five or six edges meet, so that starting from the icosahedron (uv, = 12) we may add 
6-fold vertices to form polyhedra with more than twelve vertices. 

It can readily be shown that there is no polyhedron of this family with Z = 13, 
only one for Z = 14, one for Z = 15, and two for Z = 16 (one of which has a pair of 
adjacent 6-fold vertices). Polyhedra with Z > 16 have at least one pair of adjacent 
6-fold vertices. It is found that the three coordination polyhedra for c.n. >12 ina 
number of alloy structures are in fact those for Z = 14, 15, and 16 which have no 
adjacent 6-fold vertices; they are illustrated in Fig. 29.14. The icosahedron (a) 
may be derived from a pentagonal antiprism by adding atoms above the mid-points 
of the opposite pentagonal faces; the 14-hedron (b) is similarly derived from a 
hexagonal antiprism. Since the distance from the centre to a vertex of a regular 
icosahedron is about 0-95 of the edge length this group may be regarded as a 
coordination polyhedron for radius ratio 0-90. In the 14-hedron (b) the twelve 
spheres of the antiprism are equal and different in radius from the central sphere, 
but also different in size from the remaining two which cap the hexagonal faces. 
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(d) 

FIG, 29.14. Coordination polyhedra in transition metal structures. 

The 15-hedron(c) may be described as a hexagonal antiprism with one atom beyond 
one hexagonal face and two above the other. If the polyhedron (d) for c.n. 16 
consists of a truncated tetrahedral group of 12 B atoms around a central A atom 

plus a tetrahedral group of 4 A atoms which lie above the centres of the hexagonal 

faces it is sometimes referred to as the Friauf polyhedron, after the ‘Friauf phases’ 

MgCu, and MgZn,, though these together with MgNi, are also called the ‘Laves 

phases’. We discuss later the description of this coordination group as one 

corresponding to the radius ratio 1-23. 

In the 14-hedron the lines joining the centre of the polyhedron to the 6-fold 

vertices are collinear, in the 15-hedron they are coplanar (at 120°), and in the 

16-hedron they are directed towards the vertices of a tetrahedron; compare the 

stereochemistry of carbon. Frank and Kasper have pointed out that the basic 

geometry of certain structures in which the coordination numbers of all the atoms 

are 12, 14, 15 and/or 16 can be described in a very elegant way.{?) They describe 

sites with c.n. >12 as major sites, the lines joining major sites which have six 

neighbours in common as major ligands, and the system of major ligands as the 

major skeleton. Since a major ligand connects two points of c.n. 14, 15, or 16 and 

passes through a 6-fold vertex there is a ring of six atoms around every major 

ligand, and the major skeleton generally defines the complete structure uniquely, 

apart from small displacements and distortions. If the only sites in a structure with 

cn. > 12 are 14-coordinated then the major skeleton is simply a set of 

non-intersecting lines, because there are only two major ligands from any point, but 

in structures with sites of 15- or 16-coordination the major skeleton may be a 

planar or 3-dimensional net. In the o phase to be described shortly the major 

skeleton formed by joining the 15-coordinated sites is a planar net, and in the Laves 

phases the skeletons formed by linking the 16-coordinated sites correspond to the 

diamond, wurtzite, and carborundum-III structures. 

In a-Mn there are four kinds of crystallographically nonequivalent atoms with 

the c.n.’s shown in Table 29.9 and Mn—Mn distances ranging from 2:26 to 2:93 A. 

It has been supposed for a long time that the complexity of this structure is due to 

the presence of atoms in different valence states, but there has been no generally 

accepted interpretation of the structure. In the complex o phases formed by a 

number of transition metals there are no fewer than five crystallographically 

different kinds of atom with c.n.’s ranging from 12 to 15. Of the 30 atoms in the 

unit cell 10 have the icosahedral coordination group of Fig. 29.14(a), 16 the 
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14-group of (b), and 4 the c.n. 15 (c). Neutron diffraction studies of Ni—V o phases 

(NigV>1, Nit:Vi9, Ni:3V17) and o-FeV, and X-ray studies of o-MnMo and 
Fe Co Ni 

a-FeMo show that there is a definite segregation of certain atoms into sites of 

(b) highest c.n. and of others into sites of low c.n. If we distinguish between atoms to 

the left and the right of Mn as (a) and (b), we find (a) atoms with c.n. 15, both (a) 

and (b) in positions of c.n. 14, and only (b) in (icosahedral) 12-coordination. 

In the u phases Fe,zW., Fe7Mog, and the corresponding Co compounds, Fe or 

Co is found in positions of 12-coordination (icosahedral) while Mo or W is found 

with higher c.n.’s (14-16) for which the coordination polyhedra are also those of 

Fig. 29.14. Further examples of structures of high c.n. are included in Table 29.9, 

which includes references to some of the more recent work. It is interesting that of 

the three phases in the Mg—Al system the one with the simplest formula (Mg, Al3) 

has the most complex structure, with which may be compared the equally complex 

structure of CugCd3. We have noted the description of these structures in terms of 

the ‘major skeleton’. An alternative, for structures in which there is a reasonable 

proportion of 16-coordinated atoms, is to describe them in terms of the linking of 

the Friauf polyhedra, since by sharing some or all of their hexagonal faces these 

form a rigid framework of centred truncated tetrahedra. For references to such 

descriptions see Table 29.9, in which Z is the number of atoms in the unit cell. 

ALB LBae2 O09 

Coordination numbers in some intermetallic phases 

Compound Zi No. of atoms with c.n. Major ligand network Reference 

es ib} 14 1S 16 

CugCd 3 @) 1124 736 — 120 144 124 AC 1967 23586 
Mg, Al; (g)@ Li6Se0 a 672 252 Pondescseuoat AC 1965 19 401 ption in terms 
e-Mg3Al39 (9) 53) 24 2 13 — 8 of Friauf polyhedra see AC 1968 B24 1004 
R-phase 53 ee. © ee; eee tefa, 10 Mgn4Alag.and AC 1960 13 575 
y-Mg17Ali2 CugCd3 
x-phase 58 24 24 - — 10 JM 1956 8 265 
a-Mn AC 1970 B26 1499 
pee (Mo—Ni) 56 Vie 20 8 4 is interpenetrating AC 1963 16 997 
-phase (3,4)-connected nets AC 1957 101 

o-phase (Ni—V) 30 10 - 16 4 — DY tl 1D) AC 1956 9 289 

Zr4 Als 7 Fe fe 2 pe AC 1 
MgZn  (C 14) 12 8 = = = 4 SSS 

MgCuy, (C15) 24 16 - - ~ 8 3 D 4-connected nets INC IS) 
MgNiy (C 36) 94 16 a Bi a) 8 68 B247,1415 

u-Fe7We 13 (a a) 3D) AC 1962 15 543 
Mg39 (Al, Zn)a9 162 98°F eo er See text AC 1957 10 254 

(a) Also 244 atoms with miscellaneous types of coordination (c.n.’s 10-16). 
(b) Also 6 atoms with c.n. 11. 

; The structure of Mg3 (Al, Zn)q49 provides a beautiful illustration of the 
importance of geometrical factors in determining a crystal structure, for no 
well-defined Brillouin zone could be found to account for its stability. Starting 
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from one atom surrounded by an icosahedral group of 12 others, Fig. 29.15(a), 20 

more are placed beyond the mid-points of the icosahedron faces at the vertices of a 

pentagonal dodecahedron, (b). Beyond the faces of the latter 12 more atoms are 

placed forming a larger icosahedron (c). With the previous 20 these 32 atoms lie at 

the vertices of a rhombic triacontahedron. This figure has 30 rhombus-shaped faces. 

Atoms are now placed beyond the centres of the 60 triangular half-rhombs of the 

triacontahedron; these lie at the vertices of the truncated icosahedron (d). The ad- 

dition of 12 more atoms gives an outer group of 72 atoms which lie on the faces of a 

truncated octahedron (e). Such groups can now be packed to fill space by sharing 

the atoms on their surfaces (f). Within each truncated octahedron there is a nucleus 

(SaaS 

(e) (f) 

FIG. 29.15. The crystal structure of Mg32(Al, Zn)4o9 (see text). 

of 45 atoms, and since each atom of the outer group of 72 is shared with another 

similar group the number of atoms per unit cell is 2{45 +4(72)} = 162. In the 

resulting structure 

98 atoms have c.n. 12 Zn, Al 

12 atoms have c.n. 14 Mg3,(Al, Zn) 49 

12 atoms have c.n. 15 | Mg 

and 40 atoms have c.n. 16 

In the Laves phases AB, typified by MgZnz, MgCu2, and MgNip, with three 

closely related structures, the coordination of A by 12 B + 4 A is consistent with 

the view that the structures are determined primarily by size factors. These phases 
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are formed by a great variety of elements from many Periodic Groups, and the same 

element may be A or B in different compounds. In some ternary systems two or all 

of the structures occur at different compositions, the change from one structure to 

another being connected with electron-atom ratios, suggesting that factors of more 

than one kind may be important in determining the choice of one of a number of 

closely related structures. 

The structures of certain crystals are derived from close-packed assemblies from 

which a proportion of the atoms have been removed in a regular way, as in the 

ReO , structure in which O atoms occupy three-quarters of the positions of cubic 

closest packing. It is of interest to note here some ways of removing one-half of the 

atoms from different kinds of closest packings. From a close-packed layer A we 

remove one-quarter of the atoms as shown in Fig. 29.16(a), and from the layer B 

above we remove three-quarters of the atoms. This leaves a set of isolated 

FIG. 29.16. The structures of the Laves phases (see text). 

tetrahedra. Below the A layer we could place either another B layer (leaving pairs of 

tetrahedra base to base) or a layer in position C, in which case we are left with a 

layer of tetrahedra with vertices pointing alternately up and down (Fig. 29.16(b)). 

Certain sequences of layers of this kind form space-filling assemblies of 

tetrahedra and truncated tetrahedra, as shown in Fig. 29.16(c) and (d). That of Fig. 

29.16(d) is of particular interest as a system of tetrahedra linked entirely through 
vertices, and it is alternatively derived by placing atoms at the mid-points of the 

bonds in the diamond structure and joining them to form tetrahedra around the 

points of that structure. The centres of the truncated tetrahedral holes in (d) also 

correspond to the positions of the atoms of the diamond structure; in (c) they 

correspond to the wurtzite structure. The number of these large holes is equal to 

one-half the number of atoms forming the tetrahedral network, so that if we place 

an atom A in each hole (that is, replacing a tetrahedral group of four B atoms in the 

original close-packed assembly) we have a compound of formula AB, in which A is 

surrounded by twelve B at the vertices of a truncated tetrahedron and is also linked 

tetrahedrally to four A neighbours lying beyond the hexagonal faces of that 
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polyhedron. These are the structures of the Laves phases, MgCu,, MgZn,, and 
MgNi,, which are related as follows: 

Sequence of close-packed layers Network formed by A atoms 

MgCu, AB Geer (c) Diamond 
MgZn ABAC... (he) Wurtzite 
MgNi2 ABC SBAG BE... (che) Carborundum-llIl 

These structures provide an elegant example of the interrelations of nets, open 
packings of polyhedra, space-filling arrangements of polyhedra, and the closest 
packing of equal spheres. 

It has been remarked“) that the description of the Laves phases as suitable for 

atoms with radius ratio ra : rg = 1-225 is an over-simplification, for the observed 

range of the ratio is 1-OS-1-67. In the simplest of these structures, the cubic MgCu, 

structure, the relative interatomic distances are the following fractions of the cell 

edge a: 

A—A_ 0-433, B-B 0-354, and A-B 0-414 

from which it is evident that all three types of contact are not simultaneously 

possible for rigid spheres. Radii r, and rg may be chosen consistent with any two 

of the three types of contact: 

TA:TB 1:09 1-225 1-34 

ra 0-216 0-216 0°237 
rp 0-198 Oe 0-177 

Contacts: A—A A—A A—B 
A—B iB=10) B—B 

B compressed No A—B contacts A compressed 

The majority of compounds with the MgCu, structure have ra :rp > 1:225, 

suggesting that it is important to ensure A—B contacts even at the expense of 

compressing the A atoms, and the largest radius ratios are found for the largest 

electronegativity difference between A and B. 

A similar difficulty arises in the 6-W (A 15) structure (Fig. 29.4(a)) for a 

compound A3B (i.e. atom B at the origin), since the environments of the atoms are: 

2A 0-500a 

A4‘4B 0559 and B—12 A0559a 

8A 0-613 

where a is the length of the edge of the cubic unit cell. There is evidently 

compression of the A atoms in chains parallel to the cubic axes, and in fact the 

stability and widespread adoption of this structure by binary intermetallic phases 

may be due to special interactions between pairs of A atoms, leading to interatomic 

distances which are not reconcilable with rigid spherical atoms. 
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(d) Electron compounds 

In systems A,B,, containing a transition metal or Cu, Ag, or Au and a metal of one 

of the earlier B subgroups, one or more of three characteristic structures are 

generally found. These are termed the 6, y, and € structures, the solid solution at 

one end of the phase diagram being designated the a phase. These 8, y, and € phases 

are not necessarily stable down to room temperature. In the Cu—Al system, for 

example, the 6 phase is not stable at temperatures below about 540°C. The 

structures of these phases are: 

B  body-centred cubic 

complex cubic structure containing 52 atoms in the unit cell. 

€ hexagonal close-packed. 

Although we shall assign formulae to these phases, which are often termed electron 

compounds for reasons that will be apparent later, they may appear over 

considerable ranges of composition. Moreover, although we might expect the B 

(body-centred) structure to contain at least approximately equal numbers of atoms 

of the two kinds, it sometimes appears with a composition very different from this. 

Thus, although the coordinates of the positions occupied in these phases are always 

the same, the distribution of a particular kind of atom over these positions is 

variable. In the Ag—Cd system the 6 phase is homogeneous at 50 per cent Cd and 

has the CsCl structure, but in the Cu—Sn and Cu—Al systems it appears with the 

approximate compositions CusSn and Cu3Al respectively. In these cases there is 

random arrangement of the two types of atom in the body-centred structure. It is 

interesting that whereas Cu3Al has the 6 structure, Ag3Al and Au3Al crystallize 

with the 6-Mn structure (p. 1017), and the same difference is found between Cu; Sn 

(6 structure) and Cu,Si (6-Mn structure). In the case of alloys with the y structure, 

the rather complex formulae such as AgsCdg, CugAlq, Fe5Znz 1, and Cu3,Sng are 

based on the number of atoms (52) in the unit cell. It will be seen that the total 

numbers of atoms in the formulae quoted are respectively 13, 13, 26, and 39. In 

the Ag—Cd system the y phase is stable over the range 57-65 atomic per cent Cd, 

allowing a considerable choice of formulae, that chosen (Ag; Cdg) being consistent 

with the crystal structure. A selection of phases with the B, y, and e structures is 

given in Table 29.10. 

A striking feature of this table is the variety of formulae of alloys with a particular 
structure. Hume—Rothery first pointed out that these formulae could be accounted 
for if we assume that the appearance of a particular structure is determined by the 
ratio of valence electrons to atoms. Thus for all the formulae in the first two 
columns we have an electron: atom ratio of 3 : 2, for the third column 21 : 3}. 
and for the fourth 7: 4, if we assume the normal numbers of valence electrons for 
all the atoms except the triads in Group VIII of the Periodic Table. These fit into 
the scheme only if we assume that they contribute no valence electrons, as may be 
seen from the following examples: 

CuBe (1 + 2)/2 Cus Zng (S + 16)/13 CuZn3 (1 + 6)/4 
Cu3Al (3+ 3)/4| 3 Cug Aly (9+12)/13\21  Cu3Sn (3+ 4/4} Cus Sn (5 + 4)/6{ 2 FesZnz1 = (0+ 42)/26[13 Age Aly (5 + 9)/8 CoAl (0 + 3)/2 Na31Pbg (31 + 32)/39 
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TABLET 2981 0 
Relation between electron : atom ratio and crystal structure 

Electron : atom ratio 3:2 Electron : atom Electron : atom 
TAMLODVWNS ratio 7:4 

B BMn ‘y brass’ e close-packed 
b-c structure cubic structure structure hexagonal structure 

CuBe Ag3Al Cus Zng CuZn3 
CuZn Au3 Al Cug Alg Cu3 Sn 

Cu3Al Cus Si Fes Zn>1 AgZn3 

Cus Sn CoZn3 Nis Cd Ags Al3 
CoAl Cu3;Sng Au3Sn 
(for MgTI, etc., Na3;Pbeg 
see later) 

Certain other alloys also with the body-centred cubic structure, LiHg, MeTl, etc., 

which have already been mentioned, have sometimes been regarded as exceptions to 

the Hume-Rothery rules. They fall into line with the other 6 structures only if we 

assume that Hg or Tl provides one valence electron. Since, however, the radii of the 

metal atoms in these alloys, as in those with the NaTI structure, are smaller than the 

normal values, it is probably preferable not to regard these as £ electron 

compounds. 

Although the alloys with compositions giving the above comparatively simple 

electron: atom ratios generally fall within the range of homogeneity of the 

particular phases, it now appears that the precise values of those ratios, 3/2, 21/13, 

and 7/4, have no special significance. By applying wave mechanics to determine the 

possible energy states of electrons in metals it has been found possible to derive 

theoretical values for the electron : atom ratios at the boundaries of the a, B, and y 

phases, the a phase being the solid solution with the close-packed structure of one 

of the pure metals. In comparing these values with the electron : atom ratios found 

experimentally we have to remember that phase boundaries may change with 

temperature, that is, the tie-lines separating the regions of stability of different 

phases on the phase diagram are not necessarily parallel to the temperature axis. 

TABLE 29°71 1 

Experimental electron : atom ratios 

System Electron : atom ratios for 

Maximum solubility B phase boundary with ¥ phase 
in a phase smallest electron concentration boundaries 

Cu—Al 1-408 1-48 1-63-1-77 
Cu—Zn 1-384 1-48 1-58-1-66 
Cu—Sn 1-270 1-49 1-67-1-67 
Ag—Cd 1-425 1-50 1-59-1-63 
Theoretical 1-362 1-480 1-538 
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This is invariably the case with B phases, the range of composition over which the 

phase is stable decreasing at lower temperatures. In Table 29.11 are given the 

experimental values of the electron : atom ratios for four systems in which both 6 

and y phases occur. The second column gives the electron: atom ratio for 

maximum solubility in the a phase, the third for the 6 phase boundary with 

smallest electron concentration, and the fourth for the boundaries of the y phase. It 

will be seen that there is general agreement with the theoretical values, particularly 

in the second and third columns, though all the values for the y phase boundaries 

exceed the theoretical electron : atom ratio. 

(e) Some aluminium-rich alloys A,B, 

We have already noted that we have yet little understanding of the principles 

determining the structures of many phases formed by transition metals. Here we 

shall simply indicate some of the features of a number of structures which have 
been discussed in more detail elsewhere.“ 

Some of these compounds have simple structures with 8-coordination of the 
transition metal, for example, 

CsCl structure FeAl, CoAl, NiAl 
Ni2 Al structure — Pd Al3 (also Ni, In3, Pt Ga3, etc.) 
CaF structure PtAl,, AuAly, etc. 

[The Nig Al3 structure is a distorted CsCl structure in which 
one-third of the body-centring (Ni) positions are unoccupied. ] 

Certain other structures can be dissected into the 5-connected net of Fig. 
29.17(a) and/or simple square nets. Depending on the relative orientations and 
translations of successive nets of these kinds (composed of Al atoms) there are 
formed polyhedral holes between eight or nine Al atoms in which the transition- 
metal atoms are found. A simple example is the CuAl,-@ structure, in which 
alternate layers of type (a) are related by the translation ac; the Cu atoms are 
situated between the layers surrounded by eight Al at the vertices of the square 
antiprism of Fig. 29.17(b). In Co,Alg (Fig. 29.17(c)) the sequence: square net, 
type (a) net, square net rotated and translated relative to the first, provides 
positions of 9-fold coordination for the Co atoms. 

(Cc) 
FIG. 29.17. The CuAl, (6) and Co Alg structures: (a) Al layer of the CuAl, structure, (b) 8-coordination of Cu in CuAly between two layers of type (a), (c) 9-coordination of Co in 

Cox Alg. 
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The structures of Co,Al; and FeAl; may be interpreted as close-packed 
structures which have been modified so as to permit 9- and 10- (instead of 12-) 

coordination of the transition metal. In Coz Al; (Fig. 29.18) close-packed layers at 

heights c = 4 and 3 are split apart by Co atoms X and Y (which have nine Al 

neighbours) with the result that layers are formed at c © 0 and c ~ 4 (the broken 

lines in Fig. 29.18(b)) which are of the type of Fig. 29.18(c). The Co atoms in the 

original close-packed layers are 10-coordinated. The very complex structure of 

FeAl; may be dissected into layers of two kinds, flat layers as in Fig. 29.19(a) 

alternating with puckered layers of type (b). The flat layers are made up of 

close-packed regions and ‘misfit’ regions, and the triangles of the (b) layers lie 

approximately above and below the Fe atoms of an (a) layer. These Fe atoms have 

ten Al neighbours, whereas those in a (b) layer have nine Al neighbours. 

OPA Oral @ Fe 

at height 0 at height > j 

(a) (b) 

FIG. 29.19. The crystal structure of FeAl3z showing the two kinds of layer into which the 
structure may be dissected. 

(f) Systems A,B, 

The systems A,B, and A,B, containing elements of the later B subgroups, call for 

little discussion here since arsenides have been dealt with to some extent in Chapter 

20, and sulphides, selenides, and tellurides in Chapter 17. The phase diagrams of 

systems A,B, are generally very simple, showing very restricted solid solution and 

only one, usually very stable, compound with a formula conforming to the ordinary 

valences of the elements (Mg,Ge, Mg3As , MgSe, etc.). These intermetallic 

compounds have simple structures which are similar to those of simple salts and 

they are electrical insulators. The structures of some of these compounds are 

set out below. 

Mg2Si Mg3P2 MgsS | og 
Mg2 Ge : Mg3As 9} anti-Mn203 MgSe 

anti-CaF 2 ; 
Mg, Sn Mg3Sb2 AAS MegTe wurtzite 
Mg2 Pb Mg3Bi2 2u3 

1047 

ZB Al at 0-06c 

and 0:44¢ 
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(c) 

PIGS 295 0S5 ne structure of 

CozAls5: (a) projection along 
c-axis of atoms at height =, 

(b) elevation of one unit cell 

viewed in direction of arrow in 

(a)—X and Y are atoms which 

split such planes into two, (c) pro- 

jection as in (a) showing atoms at 

height = 0. 
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The fact that compounds such as Mg,Si ta Mg2Pb have such high resistances and 

crystallize with the antifluorite structure does not mean that they are ionic crystals. 

Wave-mechanical calculations show that in these crystals the number of energy 

states of an electron is equal to the ratio of valence electrons : atoms (8/3) so that, 

as in other insulators, the electrons cannot become free (that is, reach the 

conduction band) and so conduct electricity. That the high resistance is character- 

istic only of the crystalline material and is not due to ionic bonds between the 

atoms is confirmed by the fact that the conductivity of molten Mg,Sn, for 

example, is about the same as that of molten tin. 

As indicated on p. 1034, the dividing line between B,; and B, metals is somewhat 

uncertain. We have included here some compounds of Pb, Sb, and Bi; certain other 

phases containing these metals were included with the A,B, structures on p. 10332 

As examples of structures found in systems A,B, we shall mention first the 

NiAs structure and then the structures of some Bi-rich phases formed by certain 

transition elements. 

(g) Phases A,B, with the nickel arsenide structure 

The A, metals and the elements of the earlier B subgroups (B, metals) form the 

electron compounds already discussed. With the metals of the later B subgroups the 

A, metals, like the A,, tend to form intermetallic phases more akin to simple 

homopolar compounds, with structures quite different from those of the pure 

metals. The nickel arsenide structure has, like typical alloys, the property of taking 

up in solid solution a considerable excess of the transition metal. From Table 29.12 

TAB Baee o7lee 

Compounds crystallizing with the NiAs structure 

(w Au (Cie Mn le Fe Co Ni Pd Ret 

Sn CuSn AuSn FeSn NiSn PdSn PtSn 

Pb PtPb 

AS MnAs NiAs 

Sb CrSb MnSb FeSb CoSb NiSb PdSb PtSb 

Bi MnBi NiBi PtBi 

Se Gise FeSe CoSe NiSe 

Te Guile MntTe FeTe CoTe NiTe PdTe PtTe 

it will be seen that many A,B, compounds crystallize with this structure, which 
has been illustrated on p. 609, where it is discussed in more detail. The following 
compounds crystallize with the pyrites structure: 

PIES 

PdAs, PtAs, 

AuSb, PdSb, PtSb, 

a-PtBi, 
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(h) Some bismuth-rich alloys A,B, 
The structural principles in a group of alloys of Bi with Ni, Pd, and Rh are not 
simple, for although there is in some cases an obvious attempt by Bi to form three 
strongest pyramidal bonds (as in metallic bismuth itself) there is also a tendency to 
attain the much higher coordination numbers characteristic of the metallic state. 
For example, RhBi has a deformed NiAs structure in which the c.n. of Rh is raised 
to 8 and that of Bi to 12. An interesting feature of a number of these alloys is that 
they may be described in terms of the packing of monocapped trigonal prisms (Fig. 
29.20(a)). The transition-metal atoms occupy the centres of these polyhedra but 

FIG. 29.20. Structures of some 

bismuth-rich alloys: (a) coordina- 

tion polyhedron around transition 

metal atom, (b)-(d) packing of 

these coordination polyhedra in 

a-Biy Pd, Bi3Ni, and BiPd. 

are also bonded to similar atoms in neighbouring polyhedra. For example, in Bi3Ni 

(Fig. 29.20(c)) these polyhedra are linked into columns, and a Ni atom is bonded to 

two Ni in neighbouring polyhedra (at 2-53 A) as well as to seven Bi, making a total 

cn. of 9, Fig. 29.20(b) and (d) show how these Bi, polyhedra are packed in 

a-Bi,Pd and BiPd respectively; in all these packings there are (empty) tetrahedral 

and octahedral holes between the Biz polyhedra, which do not, of course, form 

space-filling assemblies. In a-BigRh there is 8-coordination of Rh by Bi (square 

antiprism), so that the characteristic c.n.’s of the transition-metal atoms in a 

number of these alloys are 8 or 9 (7 Bi +2 transition metal) while those of Bi are 

high. ti 1 3:. 
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In contrast to a-Bi,Pd the high-temperature 6 form has a more symmetrical 

(tetragonal) structure which is a superstructure of the f.c.c. structure, of the same 

general type as Cr, Al (Fig. 29.21), which is the analogous b.c.c. superstructure. 

Note that although both Cr Al and 6-Bi,Pd have the same space group (F/4mmm) 

and the same positions are occupied, namely Al(Pd) in (000, $44) and Cr(Bi) in 

+(00z, $4 4 + z), for Cr, Al c : a © 3 (z = 0:32), while B-BiPd has c :a~ 3/2. (z= 

0-36). These compounds are not isostructural; see the discussion of this topic in 

Chapter 6. 

(i) Systems BB 

Alloys containing elements of only the earlier B subgroups have typically metallic 

properties. Solid solutions are formed to an appreciable extent only by elements of 

the same subgroup and, of course, the relative size criterion applies as in other 

systems. Thus Cd and Hg form solid solutions over quite large ranges of 

composition and Cd and Zn over smaller ranges; compare the radii: Zn, 1-37, Cd, 

1:52, and Hg, 1:55 A. Cadmium and tin, on the other hand, are practically 

immiscible. When both the metals belong to later B subgroups a 1: | compound 

with the NaCl structure occurs in a number of cases, for example, SnSe, SnTe, 

PbSe, and PbTe. Finally the zinc-blende or wurtzite structure is generally found for 

1:1 compounds in which the average number of valence electrons per atom is four, 

that is, when the atoms belong to the Vth and (8 — V)th subgroups. Examples of 

compounds with these structures are the sulphides, selenides, and tellurides of Zn, 

Cd, and Hg, and GaAs, GaSb, and InSb. (Compounds such as BeS and AIP also 

crystallize with the zinc-blende structure, which is not restricted to elements of the 

B subgroups.) 

In contrast to InSb, TISb (and also TIBi) has the CsCl structure; InBi is also 

exceptional in having the B 10 structure (p. 218) in which In has four Bi neighbours 

arranged tetrahedrally, but Bi has four In neighbours on one side at the basal vertices 

of a square pyramid. 

The formulae of alloys 

Substitutional solid solutions can have any composition within the range of 
miscibility of the metals concerned, and there is random arrangement of the atoms 
over the sites of the structure of the solvent metal. At particular ratios of the 
numbers of atoms superstructures may be formed, and an alloy with either of the 
two extreme structures, the ordered and disordered, but with the same composition 
in each case, can possess markedly different physical properties. Composition 
therefore does not completely specify such an alloy. Interstitial solid solutions also 
have compositions variable within certain ranges. The upper limit to the number of 
interstitial atoms is set by the number of holes of suitable size, but this limit is not 
necessarily reached, as we shall see later. When a symmetrical arrangement is 
possible for a particular ratio of interstitial to parent lattice atoms this is adopted. 
In intermediate cases the arrangement of the interstitial atoms is random. 

When we come to alloys which are described as intermetallic compounds as 
opposed to solid solutions, we find that in some cases the ratios of the numbers of 
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atoms of different kinds which we should expect to find after examination of the 
crystal structure are never attained in practice. When dealing with electron 
compounds we noted many cases of alloys with quite different types of formulae 
which crystallize with the same structure (e.g. CuZn, Cu3Al, and CusSn all with the 
8 structure). We know that in cases of this kind the compositions are determined by 
the electron : atom ratios. At an appropriate temperature an electron compound, 
like a solid solution, is stable over a range of composition, and the particular 
formulae adopted were selected to conform with the numbers of equivalent 
positions in the crystal structure (e.g. CugAlq rather than, say, Cug Als which also 
lies within the range of stability of this phase) and/or Hume-Rothery’s simple 
electron : atom ratios. We have seen that the precise values of these ratios, 3/2, 

21/13, and 7/4, have no theoretical significance. An alloy such as Ag3Al is 

completely disordered, there being a total of 20 atoms in the unit cell in two sets of 

12-fold and 8-fold equivalent positions. There are, however, alloys other than those 

with the 6, y, and e€ structures the compositions of which are never those of the 

ideal structures. In the Cu—Al system, for example, there is a @ phase with ideal 

formula CuAl,, the structure of which has been illustrated in Fig. 29.17. In this 

(tetragonal) structure there are, in one unit cell, four Cu and eight Al atoms, the 

symmetry requiring these numbers of the two kinds of atom. If, however, an alloy 

is made up with the composition CuAl, it is not homogeneous but consists of a 

mixture of alloys with the CuAl, and CuAl structures. In other words, the CuAl, 

structure is not stable with the Cu: Al ratio equal to 1: 2 but prefers a rather 

greater proportion of aluminium. Thus, although this 6 phase is stable over a certain 

small range of composition, the alloy CuAl, lies outside this range. The laws 

applicable to conventional chemical compounds (see, however, FeS, p. 610) do not 

hold in metal systems, and these facts concerning CuAl, are not surprising when we 

remember that the approximate compositions of the phases in this system with the 

6B and y structures are Cu3Al and CugAly respectively. The 6 phase in the Cr—Al 

system provides another example of the same phenomenon. The body-centred solid 

solution of Al in Cr is stable at high temperatures up to some 30 per cent Al, that 

is, beyond the composition Cr, Al. If, however, an alloy containing about 25 per 

cent Al is cooled slowly, the body-centred cubic structure changes to the tetragonal 

B structure illustrated in Fig. 29.21. As may be seen from the diagram, this structure 

is closely related to the body-centred cubic structure and its ideal composition is 

clearly Cr,Al. Although this 6 structure is stable over a considerable range of 

composition, the alloy Cr, Al lies outside this range. The slow cooling of an alloy 

with the exact composition Cr, Al therefore gives an inhomogeneous mixture which 

actually consists of an Al-rich Cr, Al component and some body-centred cubic solid 

solution. 

Interstitial carbides and nitrides 

We saw in Chapter 4 that from the geometrical standpoint the structures of many 

inorganic compounds, particularly halides and chalconides, may be regarded as 

assemblies of close-packed non-metal atoms (ions) in which the metal atoms occupy 
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tetrahedral or octahedral interstices between 4 or 6 c.p. non-metal atoms. The 

numbers of such interstices are respectively 2N and N in an assembly of N c.p. 

spheres, and occupation of some or all of them in hexagonal or cubic closest 

packing gives rise to the following simple structures: 

Interstices occupied h.¢.p. CCID: Formula 

All tetrahedral = antifluorite A2X 

+ tetrahedral wurtzite zinc-blende AX 

All octahedral NiAs NaCl AX 

4 octahedral nee i) aoe AX) 

The description of these structures in terms of the closest packing of the halide or 

chalconide ions is both convenient and realistic, because in most cases these ions are 

appreciably larger than the metal ions. At the other extreme there are many 

compounds of metals with the smaller non-metals in which the non-metal atoms 

occupy interstices between c.p. metal atoms. For structural reasons it is preferable 

to deal separately with hydrides (p. 291) and borides (p. 840). In the latter 

compounds B—B bonds are an important feature of many of the structures, and 

their formulae and structures are generally quite different from those of carbides 

and nitrides. The structures of carbides of the type MC, have been described in 

Chapter 22. In the LaC, and ThC, structures the carbon atoms are in pairs as Ge 

ions. Although these structures may be regarded as derived from c.c.p. metal 

structures with the C~ ions in octahedral interstices, there is considerable 

distortion from cubic symmetry owing to the large size and non-spherical shape of 

these ions, and these carbides are therefore not to be classed with the interstitial 

compounds. Certain oxides are sometimes included with the interstitial carbides 

and nitrides; these will be mentioned later. It is convenient to deal separately with 

the carbides and nitrides of Fe, which are much more chemically reactive than, and 

structurally different from, the compounds to be considered here. 

Interstitial carbides and nitrides have many of the proverties characteristic of 

intermetallic compounds, opacity (contrast the transparent salt-like carbides of Ca, 

etc.), electrical conductivity, and metallic lustre. In contrast to pure metals, 

however, these compounds are mostly very hard and they melt at very high 

temperatures. Compounds of the type MX are generally derived from cubic close 

packing; those of the type M,X from hexagonal close packing. The melting points 

and hardnesses of some interstitial compounds are set out below. These compounds 

may be prepared by heating the finely divided metal with carbon, or in a stream of 

ammonia, to temperatures of the order of 2200°C for carbides, or 1100-1200°C 
for nitrides. Alternatively, the metal, in the form of a wire, may be heated in an 
atmosphere of a hydrocarbon or of nitrogen. The solid solution of composition 
4TaC + ZrC melts at the extraordinarily high temperature 4215°K. These com- 
pounds are very inert chemically except towards oxidizing agents. Their electrical 
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conductivities are high and decrease with rising temperature as in the case of metals, 

and some exhibit supraconductivity. (The hardness is according to Mohs’ scale, on 

which that of diamond is 10.) 

VERS (elke) Hardness M.P. (°K) Hardness 

TiC 3410 8-9 TiN 3220 8-9 

HfC 4160 ZrN 3200 8 

W2C 3130 9-10 TaN 3360 

NbC 3770 

The term ‘interstitial compound’ or ‘interstitial solid solution’ was originally 

given to these compounds because it was thought that they were formed by the 

interpenetration of the non-metal atoms into the interstices of the metal structure, 

implying that no gross rearrangement of the metal atoms accompanied the formation 

of the interstitial phase. This view of their structures was apparently supported by 

their metallic conductivity, by the variable composition of many of these phases, 

and by the fact that there is an upper limit to the size of the ‘interstitial’ atom 

compared with that of the metal atom. While it is certainly true that the C or N 

atoms occupy interstices (usually octahedral) in an array of (usually) c.p. metal 

atoms, it is now known that the arrangement of the metal atoms in the interstitial 

compound is generally different from that in the metal from which it is formed, 

although initially the metal structure may be retained if a solid solution is formed. 

Thus Ti dissolves nitrogen to the stage TiNg.20, this phase being a solid solution of 

N in the h.c.p. structure of a-Ti. At the composition TiNg.59 the € phase has the 

anti-rutile structure, with distorted h.c.p. Ti, but at TiNo.g9 (at 900°C) the 

arrangement of metal atoms becomes c.c.p. (defect NaCl structure).“') The 
high-temperature form of the metal (above 880°C) is b.c.c. All the metals V, Nb, 

Cr, Mo, and W have the b.c.c. structure, but V,C and Nb,C have h.c.p. metal atoms 

in which C atoms occupy (in various sets of sites) one-half of the octahedral holes, 

while VC, VN, VO, and NbC have the NaCl (f.c.c.) structure. The Nb—N system is 

more complex, and NbO has a unique structure derived from the NaCl structure by 

omitting one-quarter of the atoms of each kind (p. 193). The b.c.c. Cr, Mo, and W 

form the following assortment of compounds, in none of which is the arrangement 

of metal atoms the same as in the metal itself: CryN (hexagonal) and CrN (NaCl 

structure), low-Mo,N (f.c.c.), WN (f.c.c.), and WN (hexagonal). 

In table 29.13 are listed the structures of compounds MC and MN with metallic 

character and known crystal structure. Of all the metals in Table 29.13 forming a 

carbide MC or a nitride MN with the NaCl structure only four have the cubic 

close-packed structure. For all the other compounds the arrangement of metal 

atoms in the compound MX is different from that in the metal itself. (This is also 

true of many hydrides—see p. 294.) Also, although many of these compounds 

exhibit variable composition, some do not, for example, UC, UN, and UO. In any 

case, variable composition is not confined to interstitial compounds—see, for 

example, the note on non-stoichiometric compounds, p. 5. 

1053 

(1) ACSc 1962 16 1255 



(2) AC 1948 1 180 

Metals and Alloys 

TABLE W29713 

The structures of metals and of interstitial compounds MX 

Metal Structure Carbide Nitride Oxide 

Se AL il Al 3} = Bl — 

La AL AL = Bull — 

Ge AVI eAs3 = Bl = 
Pr As = Bl _ 

Nd AL = Bl — 

Ti PA WAGs Bl Bl B1 (p. 465) 
Zr VAR Als, Bl Bl Bal 
Hf ADD AS But B1() - 

Th Ami Bl Bl Bl 

Vv Ale Bl Bl Bl 

Nb An, Bl (C4) See text 

Wal Ay BY (2) = 

Gi Ale Hexen Bal = 

Mo AnD eAGS Hex. Hex. -- 

W A 2 Hex Hex — 

U(y) A 2@) Bl Bl Bl 

A | indicates cubic close-packed, A 2, body-centred cubic, A 3, hexagonal close-packed, B 1, 
NaCl structure. 

(za) Also a and @ forms of lower symmetry. 

(1) B 1 structure for composition NbNg-909-1. 

(2) For Nb and Ta nitrides see text (pp. 671 and 1055) and Table 29.14 (p. 1056). 

It would seem that the salient characteristics of these compounds are: (a) 
adoption in most cases of the NaCl structure irrespective of the structure of the 
metal, (b) high melting point and hardness, and (c) electrical conductivity. Rundle 
therefore suggested?) that these properties indicate metal-non-metal bonds of 
considerable strength, the bonds from the non-metal atoms being directed octa- 
hedrally but not localized (to account for the conductivity), The compounds are 
regarded as electron-deficient compounds in which the non-metal atoms form six 
octahedral bonds either (1) by using three 2p orbitals (for three electron pairs), the 
2s orbital being occupied by an electron pair, or (2) by using two hybrid sp orbitals 
(bond angle 180°) and two p orbitals, which are perpendicular to the hybrid 
orbitals and to each other. The six (octahedral) bonds would then become 
equivalent by resonance. In (1) the bonds would be ‘4-bonds’; in (2) they would be 
‘3-bonds’, using Pauling’s nomenclature (p. 1024). Use of the 2s orbital by an 
unshared pair of electrons would be expected if the non-metal is sufficiently 
electronegative compared with the metal (as in ‘suboxides’, MO), or possibly in the 
nitrides of the more electropositive metals. On this view the total number of 
valence electrons is used for the metal-non-metal bonds in the Group IIIA nitrides 
and the Group IVA carbides, so that the metal-metal distances would be the result 
of the M—X bonding. For Group IV nitrides and Group V carbides there is one 
electron per metal atom available for metal-metal bonds, which would therefore 
have bond-number 1/12 in the NaCl structure. In the Group V nitrides and Group VI 
carbides there are two electrons per metal atom for M—M bonds which would 
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accordingly be %-bonds. These bonds are now sufficiently strong to influence 

the stability of the NaCl structure. Accordingly the Nb-N and Ta-N systems show 
a complex behaviour, and for the carbides and nitrides of Cr, Mo, and W we also 
find structures other than B 1 for the compounds MX. (UC and UN are exceptional, 
possibly because U is not hexavalent in these compounds.) 

An interesting feature of this treatment of these compounds is that it offers 

some explanation of the fact that they are limited to compounds MC and MN (and 

sometimes MO) of the elements of Groups IIA, IVA, VA, and VIA, owing to the 

requirements that (1) one element (M) must have more stable bond orbitals than 

valence electrons, and must therefore generally be a metal, (2) the second element 

must have relatively few bond orbitals, and is therefore generally a non-metal, and 

(3) the electronegativities of the two elements must not differ so much that the 

bond is essentially ionic (hence all fluorides and some oxides are excluded). Boron, 

for example, is classified with the metals in this scheme, so that borides are 

structurally different from the carbides and nitrides. Only metals having more than 

four stable bond orbitals will require C, N, and O to use a single orbital for more 

than one bond; these are the A subgroup metals. In the B subgroup metals the d 

levels below the valence group are filled, as for example in Ga, In, and Tl, which 

have tetrahedral (sp*) orbitals and therefore form normal, as opposed to interstitial, 

mononitrides. Of the A subgroup metals, the alkalis and alkaline-earths are too 

electropositive to form essentially covalent bonds with C, N, and O; hence, the 

interstitial compounds begin in Group III. 

A comparison of the V—C®) and Ta—N“™) systems is instructive. Vanadium 

metal (b.c.c.) dissolves very little carbon, probably not more than 1 atomic per cent 

at 1000°C. It does however, form V,C (with composition range from VCp.37 to 

VCo.s9) with C in one-half of the octahedral interstices of a hexagonal close- 

packed assembly of V atoms, and VC with the NaCl structure (that is, c.c.p. V). 

Although C and N are not very different in size and Ta has the same structure as V, 

there are considerable differences between the V—C and Ta—N systems. Following 

the distorted body-centred cubic 6 phase, containing about 5 atomic per cent N, 

there is a hexagonal close-packed y phase of approximate composition TaN 

(actually TaNo.qg—TaNo-45) isostructural with VC, but after that there is no 

further similarity between the two systems. The 6 phase, TaNo.g_ 9-9, has the WC 

structure with a simple hexagonal sequence of metal layers (p. 128), and e-TaN has 

a new structure (B 35) illustrated in Fig. 29.22. In the hexagonal unit cell of this 

structure there are metal-metal contacts much shorter relative to Ta—N than would 

occur in the NaCl structure (where M—12 M =/2(M—N)): 

Tay 2Ta 2-908A Tajy 2Ta 2-908A 
12 Ta 3-402 3Ta 2-994 
6N_ 2-593 6 Ta 3-402 

6N_ 2-204 
(compare \/2(Tay—N) = 3-67 A) (compare \/2(Tayjy—N) = 3-11 A) 

The metal atom sequences in a number of nitrides and carbides.are summarized in 

Table 29.14. 
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eee O tase 
} ae Q ge @ Ta at c/2 

: a, al | FIG. 29.22. Projection of four 
Or ©, @reae O SANE unit cells of the TaN (B35) 

\ Q. ‘ Z. \ structure. 
Of. 68 Cs Ore 

‘ @ ; @ : \ Ce Sans 
\ Se re: 

TABLEPY 29°14 

Structures of some interstitial compounds 

Metal layer sequence Nitrides Carbides 

VA TA hk y-NbNo.s, 6-TaNo.3_0.9> MoN, WN y-MoC, WC 

(WC structure)() 
AUB ae 6-NbNo.95 (anti-NiAs structure) Mo2C, W2C 

INJEC 4 3 VN, TiN, ZrN HiGyArG 

(NaCl structure) 

ATATB Bae e-NbN y'-MoC 
(A (BACAR Ta3MnNq 

(a) For the relation of this structure to that of NiAs see p. 128. 

[ron and steel 

A simple steel consists of iron containing a small amount of carbon. Many steels 
now used for particular purposes also contain one or more of a number of metals 
(Cr, Mo, W, V, Ni, Mn) which modify the properties of the steel. We shall restrict 
our remarks to the simple Fe—C system. The properties of the various kinds of 
‘iron’ and of steels which make these materials so valuable are dependent on the 
amount of carbon and the way in which it is distributed throughout the metal. The 
Fe—C system is, for two reasons, more complicated than the metal-non-metal 
systems giving the interstitial compounds just described. Firstly, iron is dimorphic. 
The form stable at ordinary temperatures is called a-iron. It has the body-centred 
cubic structure and is ferromagnetic. The body-centred structure is stable up to 
960°C and again from 1401° to 1530°C, the melting point. Over the intermediate 
range of temperature, 906-1401°C, the structure is face-centred cubic (y-iron), in 
which form the metal is non-magnetic. The Curie point (766°C) is lower than the 
a-y transition point, and the term £-iron is applied to iron in the temperature range 
766-906°C. Since there is no change in atomic arrangement at the Curie point we 
shall not refer to B-iron in what follows. The second complicating factor is that the 
C : Fe radius ratio (0-60) lies near the critical limit for the formation of interstitial 
solid solutions. Accordingly, in addition to the latter a carbide Fe3C is formed. 
Thus according to the carbon content and heat treatment the carbon may be 
present either in the free state as graphite, in solid solution, or as cementite (Fe3C). 
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Iron is obtained by smelting oxy-ores with coke, so that in the melt there is an 
excess of carbon. Molten iron dissolves up to 4-3 per cent of carbon, the eutectic 
mixture solidifying at 1150°C. Pig-iron (cast-iron) contains therefore about 4 per 
cent C. There is also up to 2 per cent Si from the clays associated with the ores. The 
carbon in cast-iron may be in the form of cementite (white cast-iron) or graphite 
(grey cast-iron), depending on the silicon content. The presence of silicon favours 
the decomposition of cementite into graphite, and in general some of the carbon in 
cast-iron is present in both forms. The material which solidifies at 1150°C 
containing 4-3 per cent C is a mixture: the maximum solubility of C in y-Fe at that 
temperature, that is, in a homogeneous solid solution, is 1-9 per cent. This 

solubility falls to 0-9 per cent at 690°C, the lowest temperature at which y-Fe is 

rendered stable by the presence of carbon. (Iron can be retained in the non- 

magnetic y form at ordinary temperatures by adding elements such as Mn and Ni 

which form solid solutions with y- but not with a-iron.) Removal of all but the last 

traces of impurity from pig-iron gives wrought iron, the purest commercial iron. 

Steels contain up to 1-5 per cent C; mild steels from about 0-1 to 0:5 per cent. The 

production of steels therefore involves either the controlled reduction of the 

amount of carbon if they are made from pig-iron or the controlled addition of 

carbon if they are made from wrought iron (the process of cementation). We may 

summarize the processes which take place in the production of steels as follows. 

Above 906°C the steel is in the form of a (non-magnetic) solid solution of 

carbon in y-iron (austenite). This is a simple interstitial solid solution in which the 

carbon atoms are arranged at random since there are not sufficient to form a regular 

structure. It is fairly certain that in austenite the carbon atoms occupy octahedral 

holes in the y-Fe lattice. When austenite is cooled slowly, the first process which 

takes place is the separation of the excess carbon as cementite, since the solubility 

of carbon falls to 0-9 per cent at 690°C. Below this temperature y-Fe is no longer 

stable, and the solid solution of C in y-Fe changes at 690° into a eutectoid mixture 

of ferrite and cementite. Ferrite is nearly pure a-Fe; it contains some 0-06 per cent 

of C in interstitial solid solution. The remaining carbon goes into the cementite. 

Pearlite, which is the name given to this eutectoid mixture, has a fine-grained 

banded structure with a pearly lustre and is very soft. The other extreme form of 

heat treatment is to quench the austenite to a temperature below 150°C, when 

martensite is formed. This is a super-saturated solid solution of C in a-Fe and may 

contain up to 1-6 per cent C. It is very hard, extreme hardness being a characteristic 

of quenched steels. (The original y solid solution, austenite, can be preserved after 

quenching only if other metals are present, as mentioned above.) The hard, brittle 

quenched steels are converted into more useful steels by the process of tempering. 

This consists in reheating the martensite to temperatures from 200 to 300°C. The 

object of tempering is the controlled conversion of the quenched solid solution into 

ferrite and cementite. The mixture produced by tempering has a coarser texture 

than pearlite and is termed sorbite. The tempering reduces the hardness but 

increases the toughness of the steel. Sorbite is thus an intermediate product in the 

sequence: austenite-martensite-sorbite- pearlite. These forms of heat treatment are 

summarized on p. 1058. 
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It is interesting that the structure of cementite is not related in any simple way 

to those of a- or y-Fe. In the y structure each Fe atom has twelve equidistant 

nearest neighbours (at 2°52 A, the value obtained by extrapolation to room 

temperature), and in the a structure eight, at 2-48 A. In cementite some of the Fe 

atoms have twelve neighbours at distances ranging from 2°52 to 2-68 A and the 

others eleven at distances from 2-49 to 2-68 A. The most interesting feature of the 

structure is the environment of the carbon atoms. The six nearest neighbours lie at 

the apices of a distorted trigonal prism, but the range of Fe—C distances is 

considerable, 1:89-2:15 A, and two further neighbours at 2°31 A might also be 

included in the coordination group of the carbon atoms. The reason for this 

unsymmetrical environment—contrast the octahedral environment in austenite—is 

not known. 

Austenite 

(solid solution in y-Fe) 

" 
slow cooling quench to quench 

below 150°C —_ (containing 
Mn, Ni) 

(at 609°C) Pearlite 
(ferrite + cementite) Martensite 

(supersaturated ‘austenite’ 

solid solution type steels 

of C in a-Fe) (y-Fe structure) 

tempering 

Sorbite 

(ferrite + cementite) 

The process of case-hardening of steel provides an interesting example of the 

formation of interstitial compounds. In one method both C and N are introduced 

into the surface of steel either by immersion in a molten mixture of NaCN, 

Na,CO3, and NaCl at about 870°C or by heating in an atmosphere of H,, CO, and 

N, to which controlled amounts of NH3 and CH, are added. By these means both 

C and N are introduced. Although Fe does not react with molecular N, certain 

steels can be case-hardened by the action of ammonia at temperatures around 

500°C. The Fe—N phase diagram is complex, and phases formed include: 

a solid solution (about 1-1 atomic per cent N at 500°C). 

y phase (stable only above 600°C, at which temperature composition is 

approximately Fe, N). 

also 16.0) Keg N: 

€ h.c.p. (composition range extends from about Fe3N to Fe,N at low 

temperatures, but composition varies considerably with temperature). 

§¢ Fe,N (orthorhombic, slightly deformed variant of e€). 
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We mention these phases because they illustrate once again how the arrangement of 

metal atoms changes with increasing concentration of interstitial atoms and also 

because an outstanding feature of these nitrides is that with the exception of the y 

phase (stable only at high temperatures and with rather low concentrations of N 

atoms) they have ordered arrangements of the N atoms in the octahedral 

interstices.) 
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Formula Index 

AcBr3, 358 

AcCl3, 358 

AcF3, 358 

AcH>, 295 
Ac 03, 992, 1005 
AcOBr, 409 
AcOCl, 409, 992 
AcOF, 405 
AcyS3, 621, 992 
Ag, 1015 
Ag3Al, 1044 
AgsAl3, 1044 
AgAICl4 s(Calele- 886 

AgAlO>, 478 
AgAIS>, 630 
Ag3AsS3, 879, 886 

AgBr, 349, 373 
(AgBr2 )2[Ni(en)2], 882 
AgCH3, 781 
Ag(C2Ce6Hs)[P(CH3)3], 886 

Ag(C6 H6)C1O4, 780 
Ag(Cg Hg )NO3, 780 
Ag(C4HaN2)NO3 879 

Ag(C4Hg02)3Cl04q, 886 
Ag(CgH4NO2)2, 878 

AgCN, 879 
[Ag(CN)2]K, 879, 884 
Ag[C(CN)3], 90, 886 
Ag3CN(NO3)2, 879 

AgCO3K, 879 
Ag-Cd, 1044 
AgCl, 349, 373 
(AgCl3)Cs2, 882 

AgCoF3, 381 
AgCuS, 908 
AgF, 349 
AgF>, 223, 878 
(AgF4)K, 878 
Ag7FOs, 878 
AgF'eO, 220, 478 
Aga Hgl4, 630 
Agl, 349, 880 
(AgI3)Cs2, 882 
(Agz13)Cs, 882 

[Ag(106)2] KeH. 1OH20, 
878 

AgInS», 630 

AgMnF3, 381 

Ag{NC(CH2)4CN]2ClOq, 
883 

[Ag(NH3)2]2SOq, 879 
Ag7NOi1, 878 

AgO, 878 
Ag0, 879 
AgOK, 879 
Ag2PbO2, 938 

Ag2S, 607 

AgSCN, 747, 879 
Ag[SC(NH2)2]2Cl, 886 

[ Ag{SC(CH3)NH2 }4] Cl, 
880 

[ AgS2CN(C3H7)2 ]6, 885 
(Ag3S)NO3, 880 

Ag3Sb, 1021 

AgSbO3, 499 

AgSbS3, 633 
Ag3SbS3, 879 
[Ag(TeO¢)2] Nag H3 . 18H20, 

878 
Ago-68V20s, Sil 

AgZn3, 1045 
AgZnF3, 391 

Al, 1012 
AlAs, 67] 
AlAsOq, 487 
AlAu3, 1044 
Al, Au, 1046 

AIB,, 128, 842 
AIB2M, 840 
AIB3Hy42, 871 
AIBr3, 355, 375 
AlgC3, 757 
AlsC3N, 761 
AlgCOq, 761 
Al(C2 Hs )2 (Cs Hs )2 Cla Ti, 

778 
Al(CH3)3, 781 
[ AI(CH3)2Cl]2, 783 

[Al(CH3)Cl2 ]2, 783 
[Al(C2H5)2F]4, 783 

[Al2(C2Hs5)6F] K, 326 
Aly (CH3)3 Mg, 783 

Al (CHa)sN(CeHs)5, 782 
AlyCdSq4, 630 
AICI, 373 
INICIES, SES y SPA IS) 
AIC]; . 6H20, 554 
(AICI4 )2Co, 149. 
(AIClq )2 Seg, 574 

AICl4Cu(C6H6), 780 
(Alp Cl7)2Teq, S78) 

AlCo, 1044 
AlsCop, 1047 

AlgCo>, 1046 
AICr>, 1050 
Al,Cu, 1046 
AlCu3, 1044, 1051 
AlgCug, 1044, 1051 
AlsEr, 1033 
AIF, 373 
AIF3, 354 
AI(F, OH)3 . 3H20, 499 
(AIF 4)TI, 395 
(AIF s)Sr, 383 
(AIFs)TIy, 383 
(AIF; . H0)K2, 383 
(AIF6)K3, 390 
(AIF ¢)K2Na, 389, 390 
(AIF6)Li3, 390 
(AlF¢)Na3, 388, 390 

(AIF¢)(NHq)3, 388, 390 
AIF 7MgNaj, 722 
Aly F 12 Li3Na3, 394 

Al3F 144Nas, B95 

AlFe, 1046 
AlFe3, 1031 
Al3Fe, 1047 
AIH3, 292 
AlH3 . 2N(CH3)3, 293 
AlH3 . N2[CH2]2(CH3)a, 

293 
Alls. 3554315 
AILi, 1035 
AILi(C2Hs)q, 782 
Al3Mg2, 1040 

Aly2Mg17;, 1040 

Al39Mg23, 1040 
AIN, 640, 671 
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AIN(CH3)3Cl3, 639 
Al3N3(CH3)6(C2 H4)3, 639 
AlaNa(C6Hs)g, 639 
AI(NO3)3, 661 

[AI(NO3)4], 661 
Al[ N(SiMe3)2 ]3, 641 

AINbOg, 504 

AINi, 1046 

AINip, 1046 
Al, 03, =, 450, 457 

Al,03, —8, 494 
Al, O03, fe 457 

ALOBr, 408 

ALOCI, 408 

AIOI, 408 

Al(OH)3, 457, 523 

[ Al(OH)¢ ]2Caz3, 524 

AlO.. OH, —a, 457, 526 

AlO . OH, —7, 457, 527 

[Al2 (OH) 10] Ba, SS) 

[Als (OH)60] Kp, 516 
[ Alp (OH)2(H20)g] (SOq)2 - 

2H20, 532 

[Al}304(OH)24(H20)12]7-, 
436 

[Al1304(OH)25(H20)11]°, 
436 

Al, O(2-methy1-8-quinolinol)q, 

427 
Al32Ca3051, 494 

AIP, 671 
AIPOa, 689 
Al3Pdy, 1046 
AlyPt, 1046 
Al3Pu, 1033 
Al, S3, 618, 1005 
Al,S4Zn, 626 

AlSb, 671 
AlSbOq, 722 
Al, Se3, 630 

(AISi30g)K, 826 
(AISi3Og)Na, 826 
Al, SiOs, 812, 817 
(Al, Siz Og)Ba, 826 
(Al, Sin Og)Ca, 826 

AITh2 Ha, 299 
Al3Ti, 1032 
AITICl, (C2 Hs )2(CsHs)a, 

778 
Al, TiOs, 498 
Al, W, 1034 
Al3Y, 1033 
Al, ZnSa, 630 
(Al, Zn)49Mg32, 1040 

Al3Zr, 1032 
Al3Zrq, 1040 

Am, 1018, 1020 
AmBr3, 358 
AmCl3, 358, 992 
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AmCl; .6H20, 558 
AmF3, 358, 992 
AmF 4, 361, 992 
(AmF)(NHa)a, 391 

AmH), 295 

AmH3, 293 

Aml3, 358 

AmO, 445, 992 
AmO), 447, 992 

Am303, 450, 992, 1005 
AmOCI, 992 
(AmO,CO3)K, 1000 
(AmO,F2)K, 1000 

Am(OH)3, 519 

Am $3, 621, 992 
Ar, 1009 
Ar, hydrate, 543 

As, 59, 701 

AsBr3, 703 

AsBr(C6Hs)2, 703 

As(CF3)3, 703 

(AsCF3)a4, 702 

A3(CH3)3, 703 
[As(CH3)q]", 704 
(AsCH3)5, 701 

[As(C6Hs)q]*, 704 
As(C6Hs5)s5, 704 

(AsC6Hs)¢, 701 
As(CH3)(CN)2, 703 
As(CH3)Iy, 703 
As(CH3)20. OH, 718 
As7(CH3)4S2, 724 

As(C6H402)3, 705 

As(CN)3, 703, 741 
AsCl3, 703 
(AsCl4)(NMeq), 704 
(As2Clo)Cs3, 154, 392 

As3Co, 216 
As3Co(CO)3, 702 

As7Co2(CO)s5 (P43), 702 

AsF3, 703 
AsFs, 704 

(AsF 6 )IF¢, 535 

(AsF¢)M, 386 
(AsF6)(NO), 705 
AsH3, 703 

Asl3, 703, 707 
Asa (NCH3)é¢, 702 

Asy03, 685, 710 
As O04, 718 
Aso Os, 717 
As703 : NH4Cl. 1H,O, TEMP? 

(AsO )Na, 712 
(AsO3)Li, 718 
(AsO3)Na, 718 
AsO(OH)2R, 718 
(AsO4)CaH . 2H20, 561 
(AsO4)H3 .4H,0, 717 
(AsOq)KH2, 718 

(AsOq4)NazH .7H20, 555 
(AsO4)(OH)3Cu3, 906 
AsOa Y, 718 
AsO(OH)3 . $H20, 717 
AsO2(OH)3, 718 
(AsO30H)2~, 718 
As OqNi, 712 
As, 850723 
As 5Ss. 6172723 
Asq83, 723 

As4Sa, G23 

As2Ss5, (23 

As(SiH3)3, 703 

AtH, 328 
AtBr, 328 

AtCH3, 328 

AtCl, 328 
Atl, 328 
Au, 1015 
AuBr3, 909 

AuBr3 : P(CH3)3, 909 

AuBr : S(C6 Hs5CH2)2, 875 

AuBr2[S2CN(Cq4H9)2], 877, 

909 

Au Bra (C2Hs5)4, 909 

Au(CH3)3, 781 

{[Au(CH3)2,0OH]4, 910 

Au(C2C¢Hs)(NH2C3H7), 
879 

Au[Ce5 H4 (AsMe3 )2 J 21, 909 

AuCN, 880 
[Au(CN)2]K, 880, 884 
[Au(CN)4] K . H20, 909 
[AUCN(C3H7)o]4, 753, 910 
AuCl3, 909 
AuCl. PCl3, 880 
(AuCl, )(AuCl4)Cs3, 393, 

880 

(AuCl,)[Au(DMG)> ], 910 
AuCu, 1029 ; 

AuCu3, 1031 

AuF3, 909 

(AuF4)K, 909 
Aul, 349, 880 

[Au(mnt)2] [(CqH9)4N]2, 
875 

Au(NH3)2Cl, 880 

Au(NO3)3, 661 
[Au(NO3)4]K, 661, 663 
Auy03, 450 
AuOCs, 879 

[Au(OH)4]_, 517 

Au 2S, 607 

[Aut$2Cz (CF3)2 }2] (P63C), 

AuSb, 1048 
AuSn, 1048 
Au3sSn, 1045 



B, 837 

By2(a), 838 

Bso(a), 839 

By05(8), 839 
B2Al, 842 

B,oAl, 838 

B,q4AlMg, 839 

BaoAlCa, 838 
Bay Als.,Ca..838 
BAs, 671 
BAsOa, 860 

B,2Be, 840 

BBr3, 835 

BBr3 . N(CH3)3, 848 

(BBrS)3, 835 

B4C, 838 

B(CH3)3, 835 
B(CH3).2F, 835 

B(CH3)2 - N(CH3)2, 848 

B>(CH3COO)40, 833 
he. CoH,. 872 
B3C3H6[N(CH3)2]3, 849 
BaC> H6(CH3)2, 873 
BLC5H7(CH,)5. 873 
B7C2 Hi; (CH3)2, 873 
[(B9C2H11)2Co] , 874 
[(ByC2H1;Re(CO)3] , 874 
(BoC2 Hi1)(Cs5 Hs )Fe, 874 
[(B9C2H11)2Cu] , 874 
(BoC2H11)2Ni, 874 
[(BoC2Hi1)2Ni]?~, 874 
[(BgC2 Hy 1)2(BgC2H19)Co2 J - 

Cs : H20, 874 

BCMo>, 845 
BzC2Sco, 845 

BeCa, 843 

BCl3, 835 
(BCl4) . 833, 834 

B>Cly, 845 
(BCl¢)?~, 846 
BaClq, 847 

BgClg, 847 
ByoClis, 845 
BCI, . N(CH3)2, 848 

BCl3 . N(CH3)3, 848 
[BCIH(NMe3)(NCoH4CH3)I*, 

836 

B,Cl4 . C2 Ha, 846 

B2Cl4 . (NMe2 Ja; 849 

B3ClgN3, 849 
B3C13H3N3, 849 
BCI(OH)4Cu, 861 
BCI(OH)4Nap, 861 
B(C104)3, 833 

B4Cr, 843 

BF3, 835 
(BF4)”, 836 
BoF4, 845 
BP'5H, 835 

BF3 . N(CH3)3, 848 

BF3 . PF3, 678 

(BF4)2M .6H20, 556 

(BF4)NO, 836 
(BF 30)Ba, 836 
(BF 30H), 836 
(BHq4) , 871 

By He, 868 
(Bais) 872 
BaHyo, 869 

Bs Ho, 869 
Bs5H11, 869 

BeH10, 869 
Bg H17, 869 
BoH15, 869 
Biot 870 
Biche 810 
(By1H13)?-, 873 

BigHoo. 870 
BygH>, 870 
BooH 6, 870 

(ByoH1g)?~, 874 
(ByHp)2-, 872 
BHN(CH3)>, 849 
[BH(OCH3)3] Na; 863 
[BH>(NH3)9]BHa, 850 
{[BH2(NH3)2] Cl, 850 

BH3 . CO, 836 
(BH3 .CO7)K>, 862 
BH, . N(CH3)3, 850 

"NH, 850 
-PF3, 678 
. PH3, 678, 850 

BH . P(NH)3, 850 
(BH4)3Al, 871 
(BH4)3 Al. N(CH3)3, 871 

(BH4)2 Be, 871 

(BH4)Cu . (P43), 871 
(BHa)Li, 871 
(BH )Na, 871 

(BH4)4Zr, 872 
By Ha[N(CH3)2]2, 849 
ByHsN(CH3)2, 851 
By HsNHy, 851 
By H¢Mn(CO) 10H, 872 
By H¢Na, 850 
By HN, 851 
B3H3N3(CH3)3, 849 
B3H3N3Cl;, 849 

B3H¢N3, 849 
B3H6[N(CH3)2 13, 849 
B3H6[P(CH3)2 13, 849 
B3H7Na, 849 
B3H>NH3, 850 
(B3Hg)[H2B(NH3)2], 872 
[B3HgCr(CO)q ][N(CH3)4], 

872 

B3HgCu(P¢3)2, 872 
BaHg[P(CH3)2]4, 849 

Formula Index 

B5H7(CH3)2, 869 

(B29 Hig NO)3-, 874 

BI3, 835 
BI; . N(CH3)3, 848 
ByM>M", 840 
BN, 640, 671, 847 
ByNq[Si(CH3)3]6, 849 
B,5Na, 836 

(BO), 846 
BO», 834 
(BO2)~, 834 
B20, 847 
B03, 96, 852 
B130, 838 
BO3H, 854 
(BO)Li, 855 
(BO, )2M, 855 

B(OCH3)3, 835 
B(OH)3, 852 
(BO3)M, 853 
(BO3)M3, 853 
(BO3)2CaSn, 853 
(BO3)2Co3, 853 

BO3(OH)Be>, 861 
BO3(OH, F)3Mg3, 861 

[B(OH)4] , 852, 860 
[B(OH)q4] Na. 2H0, 854 
BO4Ta, 860 
BO¢Fe3, 861 

B203Hp2, 862 
(BO4)Ca, 854, 855 
[Bo (O2)2(OH)q ] Na 2 6H20 

422 

[B2O(OH)¢] Mg, 860 
By (OH)a, 846 
(B205)Co2, 853 

(B205)Mg>, 853 

BzOgMg2Fe, 861 

B2Og Mg3Ti, 861 

B303H3, 862 
B303(OH)3, 854 
[B303(OH)s5]Ca.H20, 857 
[B303(OH)s]Ca.4H 0, 857 
[B304(OH)3] Ca : H,0, 857 

(B305)Cs, 858 

[B305(OH)] Ca, 859 
(B306)K3, 855 
(B303)Na3, 855 

[BqgO5 (OH)4] Naz 0 8H,0, 

857 

(B407)Ba, 858 
(B407)Cd, 859 
(B4O7)Li, 858 
(B4O7)Sr, 859 
[Bs0¢(OH)4] K .2H20, 858 
[B;0¢(OH)¢] NaCa . 5H20, 

859 

[B5;07(OH)2 ] NHq . H20, 
858 
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Formula Index 

(Bs Og)K, 858 
[B50g(OH)] Kz .2H20, 859 
[B607(OH)6]2Mg2 - 9H20, 

859 
[Bg O9(OH)2] Sr. 3H20, 859 
(Bg O43)Zn, 860 

(Bg013)Ag2, 858 
(Bg014)Cs, 858 
[B14020(OH)6] (Car Sr)2 : 

5H30, 859 
[B15020(OH)3 | (NH4)3 - 

4H,0, 858 
BP, 671, 836 
By,3P2, 838 
BPOq, 860 
B,S3, 834 
Byeagoi 838 
BSi04(OH)Ca, 860 
(By Sir Og)Ca, 826 
BaU, 843 
B,2U, 844 
(BW 170a0)Hs . 5H20, 435 
Bee Y, 839 
Ba, 1015, 1022 
Ba3Al32051, 494 

BaBe, 841 
BaBrz, 222, 353 
BaC2, Sil 

BazCaWO.¢, 486 

BaCdj1, 1037 

BaCdO , 479 
BaCeO3, 484 

Bath 2220353 
BaCl, . 2H,0, 560 
BaCrO3, 134 
Ba2CrOq, 945 

Ba3CrO5, 946 
BaF >, 353, 373 
BaFeO3, 482 
BaFe,20j9, 134, 495 

BaFe,5073, 495 

BaFe;g307, 495 

Baz FeOq, 946 
BazGeQOgq, 489 

BaH>, 292 
BaHCl, 339 
BaHfO3, 484 
Baly, 222, 353 
BalrInOg, 482 

BalrScO6, 482 
BaLiH3, 299 
Ba, MnF4q, 384 
Baz MnF¢, 384 

BaMnO3, 134, 155, 480, 482 
BaNiO>, 479 
BaNiO3, 480 

BaO, 439, 445 
Ba4OCl¢, 409 
Ba(OH)>, 519 
BaP3, 677 

BaPb3, 134 

1064 

BaPbF, 379 
Ba7PbOq, 498. 
Ba(Pbo.gTlo-2)3, 134 
Baq Rez Mg0Oj2, 134 

BaRuO3, 480 

BaS, 606 

BaSe, 604 
BaSiF 6, 379, 386 
BaSnO3, 484 
BazSnOq, 498 
Ba3SrTa20o, 486 

BaqgTaqOj5, 134, 480 

BaTe, 604 

BaThF 6, 378 
BaTiO3, 480 
BaTisO44, 134 

Bay TiOg, 946 
Bag Ti17O40; 134 

BaUF 6, 994 
BaUOa, 1003 
BaU207, 180, 1003 
Ba3WO., 390 
BaY Sq, 496 
BaZns, 1037 
BaZnq3, 1037 

BaZnO2, 479 

BaZrO3, 484 
Be, 1015, 1020 
BeBj2, 840 

Be B, 840 
Be, B, 840 

Bez B2 He, 871 

Be, (BO3)OH, 861 
Be,C, 757 
Be(CH3)2, 781 

Be(Cs5 Hs)2, WS) 

Be,3Ca, 1037 

BeCly, 350, 373 
BeCu, 1044 

BeFo, 350, 372 
BeF3Cs, 381 
(BeF4)Liz, 382 
Bex FCs, 98, 380 
BeyF. Rb, 92, 380 
BeH, 293 
(Be, HEt4)(NaOEt, )>, 293 
Bez Ha(NMe3)2, 293 

(Be2H2Rq4)Naz, 293 

Be, 3La, 1037 
Be3N), 670 

Be(NO3)2, 661 

BeN} Si, 671 
BeO, 445 
Be(OH),, 522 
BegO(CH3COO)¢, 416 
BegO(NO3)e6, 664 

Be3P., 670 

BeS, 606 

BeSO4 : 4H,0 ’ 554 

BeSe, 604 
Be13Sr, 1037 

BeTe, 604 

Be, Ti, 1037 
Be,3U, 1037 

BeY 20a, 497 

Bi, 59, 701, 1022 
Big AICl4, 702 
Bis (AICI4)3, 702 
Big BaTiqgO15, Tle 

BiBr3, 703 
(BiBr4), 709 
(BiBrs (C5 Hi0NH2 )2 > 709 

Bi(C¢H5)3Cly, 704 
BiCl3, 703, 707 
Bio Clan tl0" 
BiCrO4(OH), 712 
BiF3, 357, 703 
(BiF4)NHq, 709 

BiFs, 363, 705 
Bil3, 703, 707 
(Bil4) , 709 
(BizI9)Cs3, 392 

BiIn, 219, 1050 
BiLi3z, 148, 676, 1035 
Bi, NbOSsF, 713 
Bi3NbTiOg, 713 
BiNi, 1048 
Bi3Ni, 1049 
Bi.03, 710 
Bi,05, 718 
BiOBr, 409 
BiOCl, 408, 716 
BiO2 CIM, 716 
Biz04C13M, 716 
Bing OagGeaats 
BiOF, 716 
BiOg.1F 2.8, 404, 356, 716 
Biz OF 4g, 358, 716, 1036 
Bi205Ge, led! 

Bi,2029Ge, WA 

[Big (OH) 12] ®*, 516, 702 
BiOlI, 409 
Bi(OH)SeOq . HO, 712 
Bi.05SOq . H20, 712 
BigOye Size 712) 
Bi. 0 9Si, 711 
BiPd, 1049 
Biz Pd, 1049, 1050 
BiPt, 1048 
Bi, Pt, 1048 
BiRh, 1049 
BigRh, 1049 
BiS>, 612 
Bi2S3, 617, 724 
BiSCl, 401 
BiS Na, 626 
Bi2STe, 619 

BiSbO3, 480 
BiSbO4, 721 
Bi, Se3, 619 

Bi3Seq, 619 

BiSeCl, 401 



Bi, TaOsF, 713 
BiTa2O¢F, 499, 720 
Bi, TiO4F, 713 
BigTi30 2, 713 
BiTl, 1050 
BkCl3 .6H20, 558 
BkFa, 361 
Br2, 233, 327, 329 
Bra . 8-6H20, $44 

Br2(CH3CN)2, 330 
Br2(CH3)2CO, 330 
BrCN, 742 
(Br3)(Ce6Hs5N2), 336 

(Br3)Cs, 336 
(Br3)(PBr4), 336 
BrCl, 331 
BrF, 331 
(BrF)(SbF¢), 335 
BrF3, 331, 332 
(BrF4)K, 337 
(BrF4)(Sb2F 41), 335 
BrFs, 333 
BrH, 339 
BrI, 332 
(BrO,) , 342 

(BrO3)~, 343 
BrO3F, 340 
(BrO3)3Nd .9H30, 554 
(BrO3)3Sm . 9H20, 554 

(BrO3)2Zn. 6H30, 552 
(BrOq) , 344 
Br2(Sb3F 16), 334 

C (diamond), 726 

C (graphite), 734 
CBa, 838 
Cg Br, 737 
(GK Oy AHR) 
C2M, 758 
C2M2, 757 
C2M3, 760 
C3Ma, 760 
Cg K, 737 
CBrani 27 
CBrF3, 727 
CBrH3, 727 

C(C6Hs)3, 733 
C(CH2NO3)q4, 665 
C2 (CH3)X, 740 
CC13F, 727 
CCIF3, 727 
CC1H3, 727 
CC13H . 17H20, 544 
C6Cl4(OH)2, 305 
(Cll, W221 
C2CI1H, 740 
(GP), 130 
CF,, 726 

(CF 3), 729 

Fae 2728 
(CaF )y, 736 
CF4, 727 

CF3CN, 741 

CFH3 9727 
C>FH, 740 
CFHO, 730 

CF31, 727 
(CF3)2S, 739 
(CH2)p, 729 
C15 5727 
CHa. 727 
GoHoez27 
C4H32, 740 

CsHg, 776 
Colle 33 
CsHs, 727, 730 
CatCeH on, 4127 
Cigitie. 727 
C14H20, 727 
CH30, 730 
CH3CN, 741 
CH3COOH, 731 
(CH3COO) Cu . H2 0, 897 

(CH3COO)3NaUO>, 1000 

CH3COSH, 731 
CH3Cl, 727 
CHF, 727 
CHI, 727 
CH3N3, 649 
CH3NC, 741 
CH3NOp, 659 
CH3NO3, 665 
CH30H, 739 
(CH3)3CNH .92H30, 544 
C2H40O, 420 

C>H,60, 420 
(C2 H40)¢6.4(H20)46, 544 
CH3SH, 739 
C3H3X, 740 
(C4HgO)g(H2S)7.33 - 

136H0, 544 
Ce6H4(OH)>, 29, 92, 97 

C6H4(OCH3)>, 420 
CeHinNa; 642 
(CN)2, 740 

(CN)Ag, 753 

(CN)Au, 753 

(CN)2Cd, 753 

(CN)H, 740 

(CN) Hg, 751 
(CN)M, 749 

(CN)NH2, 742 

(CN) Zn, 753 
(CN)3C”, 733, 734 
CN32-, 742 
C(N3)3, 733, 734 

C(NH2)3, 733, 734 
C2(CN)2(NH2)2, 741 

Formula Index 

C2N2 (NH), 743 
C(NH2)HO, 734 
(CNO)Ag, 745 
C(N)OH, 744 
C3NH, 740 
C3N3(N3)3, 649, 744 
C3N3(NH)3, 744 
C3N3(OH)3, 744 
C4N>, 740 
CO, 738 

COBr2, 731 
COCs, 731 
(COCH ya73! 
(COCI,)3, 731 
COF3, 731 
COBH A750 
CO(NH2)2, 304, 734 
(CONH3)3, 732 
(COOH)2, 732 
COOH. CH3, 731 
COOHRH isi 
COONHg. H, 304 
COONa. H, 733 
CO(NH2)OC3Hs, 730 
(CO), K5, 162 
C6 (OK), 762 
(CO3)Ca, 198, 275, 734 
(CO3)Ca.6H20, 557 
(CO3)Cuz(OH)2, 887, 905 

(CO3)2Cu3(OH)2, 887 
(CO3)HK, 315 
(CO3)HNa, 315 
(CO3)Naz . H20, 561 
(CO3)Naz2 . 1OH20, 555 
(CO3)2 HNa3. 2H20, 314 

C20(P3), 739 
C204H2, 319, 732 
C204H2 . 2H20, 305, 306, 

566, 732 
(C204)K2 . H20, 303, 732 
(C,04R)KH, 306, 315 
COS, 738, 739 
(COSH)CH3, 731 
COSe, 739 
CS / 30.0 
CS37, 733 
CSClae 73! 
(CSCI), 731 
CS(NH2)2, 734, 739 
(CSNH2)2, 732 
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Formula Index 

C(S0,CH3) 45033 
C2S(P¢3), 739 

GSien739 
CSi, 788 
Ca, 1014, 1020 
Ca(AlHa)2, 298 

Ca3Al32051, 494 

Ca3 Al, (OH) 12, 501, 524 
Ca3 Aly (Si04)3, 500 

CaBg, 843, 844 
Ca12Be;7029, 497 

CaBro. 3935573 

CaCs, 197,757 
CaClz, 141, 353, 373 
CaCl, .6H0, 556 
CaClH, 339 
CaCr2 Oa, 496 

CaCus, 1036 
CaF», 204, 353, 373 
Cas F(POq4)3, S31 

CaFeO3, 483 
CaFe, Oa, 496 
CaGeO3, 500 

CaH2, 292 
Cal, 353, 373 
Caz IrO4, 490 

CazMnO,a, 498 

Ca7N, 669 
Ca3N2, 669, 670 
Ca,1Ng, 669 

CasNs5Mo, 669 

CaNaNb20.¢F, 499, 720 
CaNaSb20.¢(OH), 720 
CaNis, 1037 
CaO, 445 
Ca(OH)>, 520 
Cas (OH)(POq)3, 531 
CaPbF¢, 379, 384 
CaS, 606 
CaSOq . 2H20, 307, 560 
CaSb>0¢, 721 
CaSb,07, 722 
CaSe, 604 

CaSi, 221, 790 
CaSiy, 791 

Ca2Si, 789 
CaTazO¢, 499 

Caz Ta207, 499 

CaTe, 604 

CaTiO3, 483 
CaTiz Og, 496 

CaTl, 1035 
CaU03, 477 
CaUOq, 1003 
Ca,UOs, 1003 
Ca3UQO¢, 486 

CaV704, 496 
CaZns, 1037 

CaZnj3, 1037 
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Cd, 1011 
Cd3As2, 670+ 

CdBr2, 353, 375 
Cd(CH3)2, 781 
Cd(CN)2, 753 
CdClz, 142, 353, 375 
CdCl, (NH3)2, 413 
(CdCl3)NHq, 176, 381 
(CdCl3)Rb, 381 
(CdCl¢)(NH4)4, 390 
CdCl(OH), 410 
Cd 13Cs, 1037 

Cd3Cuy, 1040 
Cd Ba 7353951) 
CdGeAs>, 630 
CdGeO3, 500 
CdH,, 293 
CdlIy, 142, 209, 353, 375 
Cd 43K, 1037 
Cd Li, 1035 
CdMg3, 1033 
Cd3Mg, 1033 
Cd3N3, 670 
Cd(NCS) (etu)>, 748 
Cd Nb 207, 499, 722 
Cd41Nis, 1045 
cdo, 445 
Cd(OH)2, 520, 521 
CdP, 677 
CdP4, 677 
Cd3P2, 670 
Cd13Rb, 1037 
Cd2Re207, 499 

CdS, 606 
CdS, 612 
Cd2Sb20,, 722 
CdSe, 604 
Cd41Sr, 1037 

Cd2Ta,07, 722 

CdTe, 604 
CATIO3, 486 
CdZnSey, 630 
Ce, 1014, 1018 
CeBa, 841 

CeBg, 841 
CeBr3, 358 

CeCz, 758 
Ce2C3, 7159 

CeCl3, 358 
CeCos, 1037 
CeF3, 358 
CeFq, 361 
CeF 4k, 996 
CeF4Na, 997 
(CeF's)(NH4)2, 384, 398 
(CeF7)(NHq)3 . H20, 398 
(CeFg)(NHq4)q, 391, 398 
CeH2, 295 
CeH3, 295 

Cel, 990 
Cel3, 358 
Ce(103)a4, 281 

Ce(I103)4 . H20, 281 

(CeMo120q2)°~, 438 
CeN, 1054 

[Ce(NO3)6] (NH4)2, 661 
[Ce(NO3)¢6]2Mg3 . 24H20, 

553, 661 
CeO>, 447 
Ce203, 450 

Ce7042, 501 

CeO3Ba, 484 
CeOBr, 409 
CeOCl, 409 
Ce¢O4(OH)4(SO4)6, 532 
Ce,02S, 635, 1004 

Cez07Sb, 1004 

CeS, 606, 989, 1006 
Ce7S$3, 620, 989, 1006 
Ce3S4, 620, 1006 
Cl, 233, 327, 329 
Cl, .74H20, 544 
ClBr, 331 
CICN, 742 
CIF, 331 
(CIF 2)K, 336 
(CIF2)SbF 6, 335 
CIF 3, 332 
(CIF 4)Cs, 337 

- (CIF4)(NO), 337 
(CIF 4)Rb, 337 

C1H, 339 

(C12H) , 312, 339 

Cll, 331 

C102, 340 

C120, 340, 420 

1,07, 340 
(C103) Ag, 342 

(C102)(AsF¢), 341 

(ClO2)NHq, 342 

(C103), 343 
C1O3F, 340 

(ClO4) , 344 

(ClO4)H, 344 

(ClOq4)H. H20, 564 

(ClO4)H . 2H30, 565 
(C104)NO, 653 

(ClO4)NO2, 656 

(ClO4){Li(H20)¢], 555 
See [Mg(H20)¢], 554, 

5 

Cm, 1020 
CmBr3, 358 

CmCl3, 358, 992 
CmF3, 358, 992 
CmF4q, 361, 992 
CmI3, 358 
CmO, 992 



CmO,, 447, 992 
Cm203, 992 

Co, 1016, 1024 

CoAl, Clg, 149, 780 
CoAl, Og, 491 
CoAs3, 215 
CoAsS, 615 

CoAs3(CO)3, 702 
Coz As2(CO)5(Po3), 702 
CoB, 841 

Co7B, 841 
Co3B, 761, 840 
CoBrz, 350 
CoBr(OH), 410 
Co7 Br(OH)3, 411 

{[CoBr(Megtren)] Br, 955 
CoBr2 (HP¢2)3, 956 
CoC, 760 
Co(Cs5Hs)2, 778 

Co2 (C5 Hs )2(P$2)2, 779 
Co(acac)2(H20)2, 957 

Co(acac)4 (HzO), 957 
Co3(acac)¢H 20, 957 

Co4(acac)g, 166, 957 

Co(acac)(pyr), 957 

[Co(edta)] , 948 
[Co(en)2Cl,] Cl SHEA 2H,0, 

961 
[Co(en)Cl(NO)] C104, 655 
[Co(en)2(N3)2] NO3, 649, 

962 

[Coz (en)4NH2(O2)] X4, 424 
Co(en)2(NCS)SO3, 584 
[Coz (en)4(NH2)(SO4)]3*, 

961 
[Co(CF3 . COO)4]?~, 954 
Co(Cs Hs N)2Cly , 954 

Co(C5H5N)4Cl>, 957 
Co(Ce6Hs5 NH}2)2Cly > 954 

[Co(CN)6]>~, 751, 961 
[Co(CN)¢]2Co3 . 12H,0, 

155 
[Co2(CN)(NH3)5(CN)5] - 

H>0, 753, 961 
[Co(CN . CH3)s] C104, 756, 

964 

[Co2(CN . CH3)19] (ClO )a, 
957 

Coz(CO)s, 7167 

Co4(CO) 19, 770 
Co(CO)4H, 771 

Co(CO)In, 763 
Co(CO)3NO, 772 

[Co(CO)4]2Hg, 773 
[Co(CO)q4]2Zn, 773 

Co(CO)3(C2 HF 4 )(Pp3), 963 
Co(CO)4SiCl3, 955 
Co2(CO)¢ [C2 (CeHs)2], 775 
Coz (CO)6 (Cs Hs )2 FeGe2 Cla, 

7178 

Co2(CO)7(C4H2 02), 776 
Co2(CO)9C2H2, 776 

Co3(CO)4(SC2Hs5)5, 774 
Co3(CO)9C F CH3, VB 

Co3(CO) 9S, 774 

Co4(CO)19C2(C2Hs)2, 775 
Cos (CO)10(SC2Hs5)5, 774 
Co¢(CO), 15(SC2 H5)q4, 774 

Co™g(CO)14S4, 774 

Co¢(CO)1gC2 (CO), 773 

[Co(C204)3]3-, 959 
CoCl2, 350, 542 

CoCl, .2H20, 560, 903 
CoCl, .6H20, 554 

(CoCl4)?7, 951 
CoCl3Cs, 381 

CoCl3Rb, 381 
CoClsCs, 394 

CoCl(NO) , 654 

CoCl(OH), 410 

CoCl(QP), 956 
CoCl, L3, 956 

Co72Cl(OH)3, 411 

CoF,, 350 

CoF3, 350) 

CoF3Ag, 381 

CoF3Cs, 381 

(CoF4)?~, 382, 964 
(CoF)Ba2, 384 

(CoF ¢)Cs2z, 387, 964 

(CoF6)K3, 964 

CoH(PF3)4, 300, 955 
CoH(N2)(P$3)3, 638, 963 

[Co(H20)6] (ClO4)2, 556 
Cola, 350 

Col, .6H20, 554 

CoI(NO)>, 950 
CoMnO3, 479 

Co7Mo.6, 1040 

[Co2Mo1903gH4]®, 438 
CoN, 672 
Co(N3¢2)3, 962 

[Co(N3)(NH3)5 ]2*, 649, 962 
[Co(NCS)q4] 27, 746, 951, 

954 

[Co(NH3)2(NO2)4] , 962 
[Co(NH3)3Cl2 (H,0)]*, 962 

[Co(NH3)4CO3] Fas 962 

[Co(NH3)5CO3] , 962 

[Co(NH3)5 NO? ]2*, 658 

[Co(NH3)6] 12, 413, 962 

[Co(NH3)6]X2, 413 

[Co2(NH3)¢6(OH)3]3*, 961 
ee Seuiaienceen 

> 

[Coy (NH3)gCl(NH,)]4*+, 961 
[Co2(NH3)gNH2(NO2)]4+*, 

659 

[Coz (NH3)gNH2(O2)] X4, 
424 

Formula Index 

[Co9(NH3)g (OH), |4+, 961 

[Coz (NH3)10(NO)2] X4, 654 
[Co2(NH3)1902] Xa, 424 

[Co2(NH3) 1902] X5, 424 

[Co3(NH3)g (OH) (NO)>- 
(CN), ]3+, 961 

[Co4(NH3)12(OH)6] Cle, 
959 

Co(NO)[S2CN(CH3)> ] 2, 
654 

[Co(NO2)6] K3, 390 

[Co(NO7)¢]K>Pb, 900 
Co(NO3)3, 661, 663, 941 

[Co(NO3)4]2-, 661, 954 
Co(NO3)2(Me3PO)>, 665, 

957 

[Co3(OCzH4NH2)6]2*, 957 

CoO, 444 
Co304, 492 

Co(OH)2, 520 
CoO(OH), 529 
CoPr6ii7) 

CoP3, 215 
CoP, 677 

Co(PEt2 $)2 (mesityl)2, 955 
CoS, 610 
CoS, 612 
Co783, 618 

Co3Sq4, 618 

Co9S8g, 618 

Co[S2C2(CF3)2]2, 956 
CoSb, 1048 
CoSb3, 216 

CoSb0¢, 721 
CoSe, 1048 
CoSe2, 615 
CoSi, 1026 
CoTaz 06, 721 

CoTe, 611, 1048 
CoTe, 611, 615 
CosTh, 1037 
CoTiO3, 479 

CoVO3, 479 

Co7We, 1040 
[CoW 12049 ]5-, 436 

CoZns, 1045 
Cr, 1024 
CrB, 221, 841 
CrB,, 841 

CrBq, 843 
Cr3Baq, 841 

CrBrz, 351 

CrBr3, 355 
Cr, 1054 
C405, 761 
Cr7C3, 761 
Cr(Cs5 Hs5)2, 7178 

Cr(CgH6)2, 779 

Cr(C6H6)(CO)3, 779 
Cr(Cs5 Hs )CI(NO)>, 655 
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Formula Index 

Cr(Cs Hs )(NCO)(NO)2, 655 
Cro (C5 Hs )2 NH» (NO)3, 654 

Cr(CH3COO), . H20, 897 

[Cr(CN)6 ] [Co(NH3)6], 752 
[Cr(CN)s NO] [Co(en)3] . 

2H20, 655 
Cr(CO)¢, 766 
[Cr2(CO)i9]?~, 769 
[Cro (CO) 10H] A 300, 771 

Gr@iys 202,351 
CrCly, 355 
CrCl3 : 6H20, 554 

(CrzClo)Cs3, 392 

CrF 5, 202, 351, 902 
CrF 3, 355 
Cr2F 5, 182, 346 
CrF3K, 394, 902 
(CrF4)Na2, 176, 382 

(CrF5)Ca, 383 

(CrF5)Tly, 383 
(CrF¢)Baz, 384 

(CrF¢)M2, 388, 945 

CrGe, 1008 
Cree 95298 
CrH, 294, 298 
Giga soil 
(Crl10¢)K, 345 
CrK(SOq4)2 5 12H,0, 566 

[CrMo0¢024] Na3H¢. 8H,0, 

437 
CrN, 1054 
[Cr(NCS)4(NH3)2]~, 747 
Cr(NO3)3, 661 

CrNbOq, 488 
C102, 447, 945 
CrO3, 946 
Cr2 03, 450 

Cr7O5, 947 
Cr30, 473 
Cr30g, 947 
Cr50Oj42, 945, 947 

CrO3M, 946 
(CrO4)2-, 946 
(CrO4)M, 947 
(CrOq)M, 946 
(CrO4)Cay Cl, 946 
(CrO4)Cas (OH), 946 
(CrOq)Bag. 945 

(CrOq)Sr2, 946 

CrO4(NH3)3, 423 

CrOsBa3 946 
(CrOg)K3, 423 
(CrO7)2-, 946 
(Cr30g)M, 945, 947 
(Cr309)K, 945, 947 
CrOCl, 408 
CrO7 Clo, 406, 946 

(CrO3CDK, 402 
(CrOCl15 )Cso. 402 
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(CrO3F)K 402 ~., 
CrOn OFS254926 

CrOs (C5 Hs N), 423 

CrOs (Cio Hg N2), 423 

[Cr3O(ac)¢(H20)3]*, 159 
[Cra (en)¢(OH)¢ ]6*, 167 
Giusy, 2 
Cr2S83, 622 

Cr3Sq4, 622 

Crs S6n 622 

Crs5Sg, 622 

Cr7Sg, 622 

(CrS9)Li, 629 
(CrS>)Na, 629 
Cr S4Cu, 626 
Cry S4Fe, 626 
Cro S4Ni, 626 
Cr(S2C262)3, 940 

CrSb, 1048 

CrSb>, 615 
CrSbOq, 488 
CrSe, 1048 

CrSi, 1026 
CrSiz, 790 
Cr3Si, 789 

CrTaOq, 488 

CrTe, 1048 
CrVOq, 487 

Cs, 1020 
Cs3Bi, 676 

CsBr, 263, 348, 375 
Cs3Br3(H30)(HBr>), 304 
CsCl, 199, 348, 375 
CsCoF3, 134 
Csh 2635375 
E€sHy292 
CsI, 263, 348, 375 
CsLiF, 380 
CsMnF3, 134, 483 

CsNiCl3, 381, 393 
CsNiF 3, 483 
CsO>, 419 
C320, 439, 444 
Cs30, 443 
Cs4O, 443 
Cs70, 443 
Cs7O2, 443 

CsOH, 517 
CsSH, 518 
Cs3Sb, 676, 1035 
Cs,,WO3, 506 
Cu, 1015 

CuAgs, 908 

CuAly, 1046 
CuAIClq . CeHg, 780, 881 
CuAl05, 220 
CuAIS>, 908 
Cu3(AsO4)(OH)3, 906 

CuAsS, 105, 629 

Cu3As83, 632 

Cu3AsS4, 631 
CuBH4(P¢3)2, 871 
Cu[B(OH)4] Cl, 861 
CuBr, 349 
CuBr, 350, 902 
(CuBr3)K, 903 
(CuBr3)(NH4)2, 882 
CuBr2(NH3)2, 903 

Cu Br(OH)3, 411, 535, 906 
CuBr[P2(C>Hs5)4], 882 
[CuBr(Megtren)] Br, 898 
CuBr [S2CN(C4 Ho )2 ] ; 877 

(Cu, Br3)(C6Hs5N2), 881 

CuCH3, 781 
Cu(C4H¢)Cl, 885 
Cu(C7H)Cl, 885 
Cu(CgHg)Cl, 885 
Cu (Cg H12)2Cl2, 881 
Cu(CH3COO) : H20, 897 

Cu (CH3COO)4 (Cs Hs N)2, 

897 
Cul(C, H1G50,)52H5 0.897 
Cu(CgHsCOO), . 3H70, 897 
Cu(C2H3N3)ChL, 902 

Cu(C3HgN2)2(NO3)2, 899 
Cu(C3HgN>)2(SCN)y, 899 
Cu(CzHgN2)3(SO4), 900 

Cu(C3H3N 2), 890 

Cu(Cs5Hs5N)2ChL, 892 

[Cu(C2H4N2H4)2] (BF 4)2, 
892 

[Cu2(C2zH4N2Meq)2(OH)2 J- 
Br>, 892 

Cu(C5H5NO)2Ch, 892 

Cu(CsHsNO)3(NO3)9, 892 
[Cu(CsHsNO)q] (BF 4)2, 892 
[Cu(CsHsNO)a] (ClO4)>, 892 
Cu[(CH3)2CsH3NO],Cl>, 892 
Cu(CgH4NO>), 878 
Cuq4(C7Hy1NO9)a, 899 

Cu(Cg Hy4Nq40q), 893 

Cu(Ci9HgN2)(ONO),, 658 

[Cu(C19HgN2)2ONO] NO3, 
658, 900 

Cu(C oHgNa)[CH(COCF3)2 Ja, 

Cu(Cy6H14N20)>, 893 

Cu(Cs5 Hs). P(C2Hs5)3, 881 

Cu(C2C6Hs) . P(CH3)3, 883 
CuCN, 879 

CuCN . NH3, 884 

CuCN .N>Ha, 883 

[Cu(CN) 2 ]K, 884 

[Cuz(CN)3 ] K. H,0, 884 

[Cu(CN)q ]3-, 880 
CuCO3, 887 

Cu2CO3(OH)», 887, 905 

Cu3(CO3)2(OH)2, 887 



CuCl, 349, 376 
CuCly, 350, 890 
CuCl, .C2H3N3, 902 
CuCl; (Cs5HsN)>, 892, 902 
CuCl, . (CH3)2NNO, 903 
CuCl; (C2 HgN2)2 . H20, 902 
CuCl, 5 2H20, 560, 902 

CuCl, . NCCH3, 905 
(CuCl )2 (pq), 881 
(CuCl3)[(CH3)2NH>], 904 
(CuCl3)Cs, 152, 904 
(CuCl3)K, 903 
(CuCl3)K>, 817, 882 
(CuCl3)Li. 2H0, 903 
(CuClq4)M>, 901 

(CuCl4)K> .2H0, 902 
(CuCl, )[Co(en)3] . H20, 898 
(CuCl; )[Cr(NH3)6], 898 
CuCl, . N2(CH3)2, 882 
(CuCl3)Cs, 881 
(CuzClg)K>, 392 
(Cu,Cl7)Cs3 : 2H2 O, 905 

(Cu3Cls)(CuL2), 881 
Cu3Cl¢(CH3CN)2, 905 
Cu,Cl,(CgH NO); . 2H,0, 

904 
(CugCl,90)*-, 83, 899 
(Cu4Cl190)(3PO)q4, 899 

CusCl19(C3H7OH)2, 905 
CuCl(OH), 410 
Cu,Cl(OH)3, 411, 906 
Cu(Cl104) . 6H20, 900 
CuCrO2, 220, 478 
CuCr7 04, 493, 889 
CuCryS4, 626 
CuF, 349 
CuF 2, 202, 350, 890, 901 
CuF} . 2H20, 565, 901 
(CuF3)K, 394, 901 
(CuF4)K3, 171, 901 
(CuF4)Nay, 176, 382, 903 
(CuF¢)K3, 877 
CuFeO3, 220, 478 
CuFe,04, 493 
CuFeS), 631 
CuFe 283, 633 

CusFeS4, 908 
Cuz FeSnSq, 631 

CuGaO>, 220 
CuGaS2, 908 
Cu3Ge, 1021 
CuH, 293 
Cu(HCOO)>,, 897 
Cu(HCOO),2 . 2H20, 897 

Cu (HCOO),4[OC(NH2)2 1} 2, 
897 

Cu2Hgla4, 630 

CuHg(OH)2(OH2)2(NO3)2, 
102, 905 

Cul, 349 
Cul. CH3NC, 882 
Cu4l4(AsEt3)4, 883 
Cu1(OH)3, 411 
Cul03(OH), 533 
[Cu(iO¢)2] Na3KH3 : 14H,0, 

877 
Cuz Mg, 1039, 1043 
(CuMoS4)NHq, 626 
Cu3N, 672 
Cu2(N3)2(P63)4, 649, 881 
[Cu. N3(C6Hs)2]2, 879 
Cu(NC(CH3)CN]>C10q, 

883 

Cu[NC(CH2)3CN] NO3, 883 

Cu[NC(CH)4CN] NO3, 883 

Cu (NCS)3(NH3)3, 886 
[Cu(NCS)(tren)] SCN, 898 

[Cu(NCS)3(NH3)2] Ag, 898 
[Cu(NH3)4]SO4 . H20, 897 
[Cu(NH3)6] X2, 899 
Cu(NHq4)2(SOq4)2 .6H20, 900 

Cu(NO3)2, 895 
Cu(NO3)9 . CH3NO, 895 
Cu(NO3)2(CH3CN)>, 896 
Cu(NO3)2(C2 Hg No Jo; 665 

Cu(NO3)2(C4H4N2), 896 
Cu(NO3)2(C5Hs5NO)2, 665 
Cu(NO3)2 . 25H) 0, 895 
CuNO3(P03)2, 665, 881 
[Cu(NO3)6] KyPb, 900 

CuO, 446, 890 

Cu,0, 107, 879 
Cuz 03Ca, 890 

CuOK, 879 

Cu0,K, 877 
Cu,OSOq, 899 
Cu03Srp, 890 
Cu(OH)2, 521, 887 

Cu (OH)3NO3, 212, 535 
Cu7(OH)PO., 905 

Cug(OH)¢SOa, 905 
Cu[P203(NMe2)4]2(ClO4)2, 

900 

Cu[P203(NMe2)4]3(ClO4)2, 
900 

CugPbOg, 501 
Cu3Pd, 1031 
Cu3Pt, 1031 
CuS, 907 
CuS}.9, 614 
Cuy$, 907 
CuS>, 612 

CugS3K, 626 

Cu(SCN)2(en)2, 747 
[Cu(SCN)(trien)] NCS, 894 

[CuS2.CN(C2Hs)2]4, 885 

[CuSOCN(C3H7)2 16, 885 

[CuS2P(C3H70)2]4, 8385 

Formula Index 

Cug[S2C2(CN)2]6 . (Asha), 
885 

Cu784(NHq), 626 
[Cuf{SC(NH})> }3] Cl, 881 
[Cu{SC(CH3)NH) }4] Cl, 880 
Cu,S03 . 4H20, 876 
Cu3(SO3)> : 2H,0, 886 

CuSOq, 897 
CuSO, . 3H20, 558 
CuSOq4 . 5H20, 557, 566 

[Cu(S203)2]2[Cu(NH3)4]- 
Nag, 589, 886 

CuSbS2, 633 
Cu3SbS$3, 632 
Cus Si, 789, 1045 
CuSn, 1048 
Cu3Sn, 1044 
CusSn, 1044 
Cu3;Sng, 1044 

Cu,WO¢, 506 
CuWO,, 487 
Cu3WO¢, 899 
CuZn, 1031, 1045 
CuZn3, 1044 
CusZng, 1044 

DBr, 303 

DCI, 308 
D3N, 308 
DsOsso7 
Dy, 1015 
DyCl, 352 
DyCly.-o8, 352 

DyCls, 358 
DyF3, 358 

Dyl3, 358 

Dy 203, 450 

DyOCl, 409 
Dy(OH)3, 519 

Er, 1011 
ErCl3, 358 
ErF3, 358 
Erl3, 358 
Er203, 450 

ErOCl, 409 
Er(OH)3, 519 
ErSiz, 792 
ErTa309, 486 
EsCl3, 358 
Eu, 1018 

EuBr, 353 

EuC2, 759 
EuCl,, 353 
EuCl3, 358, 542 

EuF 2, 353 
EuF3, 358 

EuH2, 292, 295 

Euld, 353 
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Formula Index 

Eul3, 358 
EuLil3, 298 
EuO, 445 
Eu,03, 450 

Eu30q, 496 
EuOCl, 409 
EuOF, 405 
EuS, 606 
EuSOq, 990 
EuTiO3, 484 
EuY2Sq4, 496 

Bas 2 15329) LOO 
FCN, 742 
(F2H)M, 310 
(F2H)NHg, 304, 310 
(Fai K 12 
(F5H4)K, 312 
FNO3, 665 
FO, 421 
F,0, 340, 420 
F202, 421 
F,S, 575 
Fe, 1016, 1024, 1056 
Fe3Al, 207 
FeAl, Oq, 491 
FeAs, 614 
FeAsS, 614 

Fe(AsO@3)2Cly, 951 
Fe(AsMed@3)214, 382 
Fe(diarsine)(CO)3, 950 

[Fe(diarsine) Cl, ]2*, 953 
FeB, 841 

Fe zB, 840 

FeBaSiqgO 19, 818, 952 
FeBr>, 350 
FeBr3, 355 

(FeBrg)(NEtq)2, 382 
Fe3C, 761, 840, 1056 
Fe(C5Hs5)2, WAAL 

Fe(C5Hs5)213, 178 

Fe2(Cs5Hs)2(CO)q, 777 
Feq4(CsHs5)4(CO)q, 770 

Feq(Cs5Hs5)4Sq, 774 
Fe(CsHs5)(CO)H(SiC13)2, 

952 

Fe(CgHg)(CO)3, 780 
Fe(CgHg)(CO)¢, 780 
[Fe(dcta)(Hz0)]2-, 948 
[Fe(edta)(H,0)]~, 948 
[Fe(CN)6] Cuz, 755 
[Fe(CN)¢] Fe, 754 
[Fe(CN)¢] FeK . HO, 754 
[Fe(CN)6] Hq, 752 
Ye) [Co(NH3)5(H20)], 

[Fe(CN)¢]3Feq . 15H 0, 754 
[Fe(CN)¢] aTi3, 755 
[Fe(CN);NO]2-, 654 

1070 

[Fe(CNCH3)6] Cl, . 3H20, 

756 ; 
Fe(CN))(CNCH3)4 756 
Fe(CO)s5, 766 
Fe>(CO)o, 767 
Fe3(CO)12, 169 

[Fe4(CO)13]?~, 770 
Fe(CO)2H), 771 
Fe(CO)y1y, 764 
Fe(CO)> (NO), 772 
Fem(CO)nXp; 762 
Fe(CO),4 (acrylonitrile), 766 

Fe(CO)aHg, 764 
Fe(CO)4Iy, 771 
Fe(CO)4[Mn(CO)s ]2, 773 
Fe(CO)4PHo, 766 
Fe2(CO)6C6Hg 02, 776 

Fe(CO)¢(GeMe)3, 767 
Fez (CO)¢ (NH )2, 767 
Fez (CO)6S2, 774 

Fez (CO)6(SC2Hs5)2, 774, 
778 

[Fe3(CO)11H] % 7169 

Fe3(CO)11P¢3, 7169 

Fe, (CO) 12S(SCH3)2, 7174 

Fe4(CO)16Sn3(CH3)a, 773 
Fes(CO)15C, 773 
Fes(CO)15S4, 774 
FeC32Hi6Ng, 952 

FeCly, 350 
FeCl, . 2H20, 560 
FeCl, : 4H20, 558 

FeCl3, 25, 355, 542 
FeCl3 . 6H20, 554 

FeCl3 (graphite), 737 
FeCl3[(CH3)2SO]2, 952 

(FeCl4), 951 
(FeCl¢ )K3Na, 390 

(Fez Clg )Cs3, 392 
FeCl(salen), 953 

FeCoBQgq, 497 

FeCr3 $4, 626 
FeF, 350 
FeF, : 4H20, $58 

FeF3, 355 
FeF3 .3H0, 557 
(FeF4)Ba, 382 
(FeF4)Na, 394 
(FeF4)Rb, 382 
(FeFs )Ba, 383 
(FeFs)TI, 383 
(FeF'¢)Baz, 384 
(FeF¢)(NHa)3, 390 
(FesF47)M2, 395 

Fel, 350 

Fel(NO)2, 950 
FeMo, 1040 

Fe7Mo., 1040 

FeN, 1058 

FeqN, 1058 
[Fe(NCH)¢] (FeCl4)2, 756 
[Fe(NCS)q]?-, 951 
Fe(NCS)2(pyr)q4, 951 
[Fe4(NO)7S3] Cs, 655 
Fe, (NO)4S2(C2Hs)2, 656, 

950 
Fe(NO)[S2CN(CH3)2 ]2, 654 
[Fe(NO2)¢6] K2Pb, 900 
Fe(NO3)3, 661 

[Fe(NO3)4]~, 661 
FeNbOg, 488 
FeNi3, 1031 
FeO, 195, 444, 454 
Fe,03, —aQ, 450 

Fe203, —7y, 456, 494 

Fe304, 456, 492 
FeO3Ba, 953 
FeO3Sr, 953 
(FeO4)Ba, 953 
FeO,Baz2, 953 
FeOq4K>, 953 

Fez05Ca2, 502 
FeOCl, 408 
FeOF, 405 
(FeO3F)Cuy, 405 

(FeO3F)Sro, 405 

Fe(OH)., 520 
FeO. OH, —a, 526 
FeO. OH, —8, 525 
FeO. OH, —7, 526, 527 
Fe(OH)SOgq, 533 
Fe; 0,2 EF, 405 

Fes5012_>FY3, 405 

Fe;;0;gFBaCo, 405 

[Fe2O(H20)2(CisH21Ns)2]- 
(C104 )4, 427 

[FezO(HEDTA)  ]2~, 427 
Fe,;0,7K, 494 

FeP, 677 
FeP,, 615, 677 
FePb4Sb¢6S14, 634 

FeS, 610 

FeS (marcasite), 203, 613 
FeS2(pyrites), 196, 613 
Fe3Saq, 610 

Fe7Sg, 610 
FeS 2K, 626 

{Fe[S2C2(CN)2]2 }22-, 953 
[Fe(S2CNEt2)2]*, 953 
Fe(S2C . C6H4CH3)2 (S3C . 

Ce6H4CH3), 952 
FeSb, 1048 
FeSby, 615 
FeSbOqg, 488 
FeSb20¢, 2A 

FeSbS, 614 

FeSb2S4, 634 
FeSe, 1048 



FeSe,, 615 

FeSi, 1026 

Fe3Si, 789, 1033 

Fe7SiOj9, 813 

FeSn, 1048 

FeTaOq, 488 

FeTaz0¢; 721 
FeTe, 1048 
FeTe,, 615 

Fe,7Tho, 1037 

FeTiO3, 216,479 
Fe, TiOs, 498 
FeV, 1040 

FeVOq, 487 

Fe7We, 1040 

FeWOx,, 487 
Fes Zn,,, 1044 

Ga, 1012 
GaAs, 671 

GaBr, 375 

GaBr, 911 
GaBr3, 375 
Ga(CH3)3, 781 
[Ga(CH3)20OH]aq, 927 
GaCl, 375 

GaCl,, 355, 911 
GaCl3, 355, 375 
GaF, 375 
GaF 3, 33555) 

GaF 5Tl,, 383 
GaH3 : N(CH3)3, 293 

Gaz HgTeq, 630 
Gal, 375, 911 
Gal3, 355 
GaInSb2, 630 

GaLi, 1035 
GaN, 671 
GaNbOg, 504 
Gaz0, 911 
Gaz03, 450 

GaOCl, 408 
[Ga(OSiMe3)4] Na, 927 
GaP, 671 
Ga3Ptz, 1046 
GaS, 912 
Ga7S, 911 
Ga2zS3, 617, 618, 630 

GaSb, 671 
GaSbOq, 488 
Ga7Se3, 630 

GazTe3, 630 

Gd, 1015 
GdBag, 841 
GdBe, 841 
GdCl3, 358 
GdCl, . 6H20, 558 
GdCl3, 346 
GdF3, 358 

GdFeO3, 483 
GdIy, 990 
GdI3, 358 
Gd703, 450 
GdOCl, 409 
Gd(OH)3, 519 
Ga5S,. 621 
Ge, 110, 788, 1013 
GeAs, 192 

GeBrH3, 728 
GeC, Ha, 728 

Ge(CH3)H3, 728 
Ge(CH3)2 H2, 728 

Ge(CH3)3CN, 932 
(GeCl3)Cs, 929 

GeClF3, 728 

GeCIH3, 728 
GeClq(pyr)2, 930 

GeF 2, 373, 929 
(GeF6)M2, 387, 388 

GeFH3, 728 
GeHq, 728, 929 
Ge He, 728 

Ge3Hg, 728 

(GeH3)20, 420 
Gel, 929 

Gels, 360, 728 
Ge3Na, 77, 671 
GeNi, 1008 
GeO, 447, 929, 930 
GeO3Cu, 817 
GeO, Bez, 929 

GeO4Mny, 176 

GeO4Zn), 929 

GeO;Ca3, 929 

Ge207Sc, 929 

(Ge30g)BaTi, 929 

(Ge7016)K3H dj 4H,0, 1918 

930 
GegO29Naq, 930 

[Ge(OH)¢] Fe, 524, 930 
GeP, 194, 672 
GeS, 608, 912, 937 
GeS2, 612, 912 
GeSe, 608 
GeSiH,, 728 
GeTe, 608 

GeV3, 1018 

H>, 1009 
HBr, 308, 339 
HBr. 4H,0, 564 
(HBr2), 312 
HCN, 740 
(HCO3)K, 315 
(HCO3)Na, 315 
HCl, 308, 339 
(HCl), 312, 339 
HCl. H20, 563 

Formula Index 

HCl. 2H20, 563 

HCl. 3H20, 563 
HF, 308, 339 
(HF2)M, 310 
(HF 2)NHaq, 304, 310 
(HF 2)Na, 304, 310 
(H2F3)K, 312 
(HaF5)K, 312 
HI, 339 
HO (ice), 537 
HO (water), 420, 537, 540 
(H30)*, 312 
H,02, 420 
H2 02 .2H20, 421 
Hz 02 -C204M2, 421 
(Hs5O)*, 312 
HOBr, 342 
HOCI, 342 
H3S, 575 
HS, 593 
He, 1009 
Hf, 297, 1015 
Hf(diarsine) Clq, 942 
HfB, 841 
HfC, 760 
HfCl, 346 
HfF 4, 361 

HfHy.5_1-75, 297 

HfH), 294, 297 
Hf13, 355 
HfN, 669 
HfO 2, 447 
Hf(OH)2SOq . H20, 533 
ld, (7/7) 
Hf3P2, 761 
HfS,, 612 
Hf,S, 607 

Hg, 1011 
HgBr2, 375, 920 

Hg2Brz, 917 
HgBr3K .H20, 381 
HgBr3[N(CH3)q4], Pil 

(HgBrq)?-, 921 
HgBrCH3, 918 
HgBr(NCS), 918 
Hg2Br4(AsBu3)., SPI 

Hg3Br¢(AsBu3)2, 922 
Hg2(BrO3)2, ON) 

Hg(CF3)2, 918 
Hg(CH3)2, 781, 918 
Hg(CN)2, 751, 918 
Hg(CN)2 . KI, 919 
HgCN(NO3), 918 
Hg2(CN)20, 923 

[Hg(C5Hs5NO)¢] (ClO4)2, 
918 

Hg(C13H11Nq4S)2 .2C5H5N, 
919 

HgCly, 375, 920 
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Formula Index 

Hg2Cl2, 375, 917 

(HgCl3)Cs, 920 

(HgCl3)NH4, 920 
(HgCl4)?-, 921 
(HgCl4)K . H20, 31, 920 
HgCl(CH3), 918 
HgCl(SCN), 918 
Hg3Cl202, 922 
Hg3Cl4O, 922 

Hg4Cl,03, 922 

HgsCl,04, 922 
Hg3Cl2S>, 94, 973) 

HgCl,(OAs3)2, 919 
HgCly(S3C3H6), 919 
HgClz (SC4HgO)2, 919 
Hg2Cl4(CgHi2S2), 921 
Hg2Cl4(SeP3)2, 922 
Hg (ClO4)2 .4H20, 917 
Hg[Co(CO)q]2, 773 
HgF 2, 918 

Hg2 F, 917 

HgFe(CO)q, 764 
Hel, 138, 162, 375, 920 
Hg2I2, 917 

(HgI3)[S(CH3)3], 921 
(HgI4)2-, 921 

Hgl4 Ago, 630 

HgLi, 1035 
HgNH2Br, 924 

Hg(NH3)2Br2, 924 
Hg2NHBr2, 925 

HgNH,Cl, 925 
Hg(NH3)2Cly, 924 
HgNHF, 924 

Hg>N(OH) . xH20, 926 
(Hg2N2H2)Clz, 926 
Hg2N(NO3), 926 

Hg(NO3)2, 661 
Hg2(NO3)2 c 2H20, 917 

HgNa, 1036 
Hg2Na, 1036 
Hg2Na3, 1036 

Hg2Nb 207, 109, 499 

HgO, 923 
HgO2, 223, 924 
(HgO)2 Nal, 922 
HgS, 606, 923 
Hg(SR)2, 918 

Hg(SC2Hs5)Cl, 918 
| Hg(SCN)q]2~, 746 
[Hg(SCN)q] [Cu(en) ], 919 
Hg2(SCN)6Co.Ce6H6, 919 
Hg2S0Oq, Oey 

HgSOzq . H20, 918 

HgSe, 604 
HgTe, 604 
Ho, 1011 
Ho C, 757, 760 
HoCl;, 358 

1072 

Hol'3, 358 

HoFeO3,486 

HoH, 296 

HoH3, 296 
Hol3, 358 

Ho703, 450 

HoOCl, 409 

HoOF, 405 

HoS, 606 
Ho2S3, 621 

HoSiz, 792 

In, 233, 327,329 
1,*, 328 
IAICl¢, 332 
(I3) ; 336 

(5) R337 
(Iz), 337 
(Ig), 338 
IBr, 332 
(1, Br)Cs. 336 

(IBrCl)NHa, 336 
[1(C6Hs)2] [1Cl2], 327 
ICN, 742 
ICI, 331 
IClyC6Hs, 332 
(ICl,)Cs, 219, 336 
(ICl5)[N(CH3)4], 336 
(IClz)(PCl4), 336 
1cia4232 
(IClq)K . H20, 337 
(ICrOg)K, 345 
(13)Cs, 336 
(Ig )@s>, 3360330 
IFe2333 
IF 5 e XeF, 33338) 

(IF 6)(AsF¢), 335 
IF7, 333 
IOFs, 340 
(IO)NO3, 328 
(10 2)(AsF'¢), 328 
(102 F2)K, 345 

(103) , 343 
(103)q4Ce, 281 

(103)4Ce. H20, 281 
103H, 315, 316, 342 
(103)Li, 343 
[103(OH)3]3~, 344 
(104) , 344 
(104)K, 489 
(104 )Na, 489 
(10¢)Hs, 344 
(106 )H3(NH4)2, 315, 319 
(106)KNi, 344 
1,04, 340 
1,05, 340, 343 
[120g (OH) |*, 344 
(I, 09)47, 344 

150gH, 343 

1409, 341 
ISbClg, 332 
1,SeC4Hg, 330 

In, 1012 

InAs, 671 

InBr, 349 
InBr3, 355) 

In(CH3)3, 781 
InCs5Hs, 779 

Incl, 349 
InCl,, 912 
InCl3, 355 

(InCl4)(NEtq), 382 
(InCl5)(NEt4)2, 927 
InCrO3, 483 
InF, 375, 911 

InF3, 355 
InF (OH), 410 
Inl, 349 
InI3, 355 

InLi, 1035 
InN, 671 

In(NO3)3, 661 
[In(NO3)4] , 661, 927 

InNa, 1035 

In3Ni, 1046 
In203, 450 

InOBr, 408 

InOCl, 408 
InOl, 408 
In(OH)3, 522 
InO©@BOHNS25 

In(OH)SOqg, 533 
InP, 671 

InS, 912 

In283, 617 

InSBr, 401 

InSCl, 401 

InS2Na, 626 
InSb, 671 

In2Te3, 630 

ie, TO) uss 

IrAs3, 216 
Ir4(CO) 12, 770 
[Ir(CO)CI(NO)(P43)2 1 *, 655 
Ir(CO)CI(O2)(Po3)2, 418 
Ir(CO)2Cl(Po3)2, 940 
Ir(CO)CI(Po3)2SO2, 571 
[Ir(CO)I(NO)(P$3)2 1*, 654 
Ir(CO)I(O2)(Pb3)2, 423 
IrF 3, 355 
IrFq, 360 

IrFs, 363 
IrF 6, 375 
(IrF'¢)M, 386 
[Ir(NO2)6]M3, 390 
TrO2, 447 

(IrO4)Ca2, 176 

(IrO0¢)Srq4, 502 



IrP3, 677 

Ir2P, 677 
IrS2, 612 
IrSb3, 216 
IrSi3, 789 

K, 1020 
K3As, 676 
KBe, 844 
K 3Bi, 676 
KBr, 263, 375 
Re(C0)5. 762 
K6(CO)6, 762 
KCeFq, 996 

KCI2635, 379 
KE 2635570) 
KF .2H0, 559 
KF .4H0, 555 
KFe,;0j47, 494 

KFeS, 626 
KH, 292 
KI, 263, 375 
KLaFq, 994, 996 
KMgCl3, 381 
K2MegF 4, 498 

KMnF¢, 388 

KNbO3, 484, 486 
KNiF3, 381 
K2NiF4, 172, 498 
KO, 418 
KO3, 419 
K,0, 441 
K 709, 419 
KOH, 517, 518, 542 
K3P, 676 
K3S, 606 
KSH, 518 
K3Sb, 676 
KSbO3, 720 
K3Sb;044, 720 
K3Se, 604 
KSi, 790 
KTaO3, 484 
K,Te, 604 

K2ThF6, 995 
K2UF6, 384 
K3UF7, 996 
K3U03Fs, 997, 1002 
K,WO3, 506 
KZn,3, 1037 
Kr, 1009 
KrF, 320, 324 
KrF, 320 

La, 1014, 1018 
LaBa, 841 
LaBg, 844 
Laz Be0s, 95 
LaBr3, 357 

LaCz, 758 
La2C3, 759 
[La(edta)H(H20)q4] . 3H20, 

949 
[ La(edta)(H20)3] . 5H20, 

949 
LaCl3, 357, 358 
LaCrO3, 484 
LaF3, 356 

(LaF 4)K, 994, 996 
(LaF 4)Na, 382, 995, 997 
LaFeO3, 483 
LaH, 295 
LaH3, 295 
Laly, 990 
Lal3, 359 
LaMnOs3, 484, 486 
LaN, 1054 
LaN,F3_x, 400 
La(NO3)3(bipyridyl)>, 665 

LaNb30o, 486 
La,03, 450, 452, 1004 
La(OH)3, 358, 519 
LaOBr, 409 
LaOCl, 409 
LaOF, 404 

LaOl, 409 
Laz02S, 635, 1004 
LaP, 677 
LagRegOj9, 183 

LaS, 606, 989 
LaS$3, 617, 1006 
LaSiz, 792 
LaTa30o9, 486 

La2Ti207, 499 

LaZns, 1037 
LaZn, 1> 1037 

Li, 1014, 1020 
LiAl(C)Hs)4, 782 
LiAlH4, 298 
LiAlO7, 478 
LiAl,Og, 493 
LiAs, 676 
Li3As, 676 
LiBHg, 871 

LiBO,, 478 
LiBeH3, 298 
Li, BeHy, 298 
Li; Bi, 676 
LiBr, 375 

Liz Br2, 374 

Lis Goo 
LiCH3, 782 

LiC2 Hs, 782 
KC IO BY) 
[Gly 374 
LiClO4 . 3H0, 556 
LiCrGeOq, 491 
LiEuO), 478 

Formula Index 

LiF, 375 
LiFeO,, 478 
LiFe; Og, 493 

LiGaH,, 298 
LiGaO,, 478 
i292) 

Lil, 348, 375 
i515, 374 
LilnHa, 298 

LiInO2, 196, 478 
Li3N, 669 
LisN3Ti, 669 
Li7N4Nb, 669 
LigN5Cr, 669 

LiNbO}, 216, 479 
LiNiO,, 478 
Li,0, 439, 441 
115037439 
LiOH, 100, 519 
LiOH . H20, 561 
Li3P, 676 
Li3Pb, 1035 
Lig RhHq, 298 
Li, S, 606 
LiSH, 518 
Li3Sb, 676, 1035 
LiSbF'¢, 385 
LiSbO3, 479 
LiScO>, 478 
Li, Se, 604 
Liz Te, 604 

Li Ti03, 477 
LiTl, 1035 

LigUOs, 501 
LiVO, 478 
Li,WO3, 506 
Li, WOa, 489 
LiZn, 1035 
Li Z1(CH3)e6, 783 

Lu, 1015 
LuCl3, 358 
LuF3, 358 
Lul3, 358 

Lu203, 450 

LuOBr, 409 
LuOCl, 409 
LuSi,, 792 

Mg, 1015 
Mg(AIH4)2, 298 
MgAl,Oq, 491 

Mg3Al>(Si04)3, 500 
Mg 32(Al, Zn)q4g, 1040 

Mg3As2, 670 

MgB, 841 

Mg3 Biz, 670 

MgBry, 350 
MgC>, 757 
Mg2C3, 757 
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Formula Index 

Mg(CH3)2, 782 

Mg(CsHs)2, 778 
MgCly, 350 
MgCl, .6H0, 554 
MgCl, . 12H,0, 553 
MgCl3Cs, 381 
MgClH, 339 
Mg(ClO4)2 . 6H20, 554, 556 
MgF 4, 350, 373 
MgFez0q, 491 

MgGa,Ozq, 491 

Mg2Ge, 789. 1047 

MgH>, 292 
Mgl, 350 
Mg6MnOg, 501 

Mg3N>, 670 
Mg, NCI, 399 
Mg3NF3, 195, 399 

[Mg(NH3)6] X2, 554 
MgNi», 1039, 1043 
Mg2NiH4, 298 
MgO, 445 

Mg(OH)>, 520 
Mg(OH)Cl, 410 
Mg2(OH)3Cl, 410 
Mg2 (OH)3Cl 2 4H20, 412 

Mg3P2, 670 

Mg(PO2Cl,)>(POCI3)2, 682 
Mg2Pb, 789, 1047 
MgS, 606 
Mg3Sb2, 670 

MgSb20¢, 721 

MgSe, 604 

Mg>Si, 789, 1047 
Mg>Sn, 789, 1047 
MgTa20¢6, 721 

MgTe, 604 
Mg3TiB2Og, 497 

MgTI, 1035 
MgUO,, 1003 
MgWOa, 488 
MgZnj, 1039, 1043 
Mn, 1014, 1017, 1024, 1039 
MnAl,Oq, 491 
MnAs, 1048 

MnB, 841 
MnB, 841 
Mn3Baq, 841 

MnBi, 1048 
MnBr, 350 

(MnBrq)(NEtq)2, 382 
Mn3C, 761 

MnsC2, 761 

Mn(CsHs)(CO)3, 778 
Mn3(Cs5Hs5)3(NO)q, 654 
[Mn(edta)H(H20)] , 948 
Mn(CO)10, 768 

Mn(CO)>NO(P$3)2, 655 
Mn(CO)4NO, 772 

1074 

Mn(CO)sH, 771 
Mn(CO)5Sn(CH3)3, 773 
[Mn(CO)s5 ]2Fe(CO)4, 773 
Mn2(CO)gBr2, ie. 

Mn>(CO)gH(P¢2), 300 
MnCl, 350 
MnCl, . 2H,0, 560 
MnCl, .4H30, 558 
(MnCl3)(NMeg), 381 
(MnCl3)Rb . 2H0, 562 
(MnCl3)TI, 381 
(MnClq)K» 5 2H20, 562 

(MnCl4)Na>, 176, 903 
(MnCl¢)Ka4, 390 

MnF>, 350 

MnF3, 355 

MnF Ba, 382 
(MnF'5)(NH4)2, 383 
(MnF 5 )K2. H20, 383 

(MnF ¢)Baz2, 384 

(MnF¢)K>, 388 

(MnF3S0O,4)K2, 586 

Mnl,, 350 
MnMo, 1040 
(MnMo09032)(NH4)6 - 8H 0, 

437 
Mn(NO3)2, 661 
[Mn(NO3)q ]2-, 661 

(MnNb 12038)!2-, 437 

MnO, 444, 458 
MnO}, 447, 458 
Mn203, 450, 458 

Mn707, 454, 458 
Mn304, 458, 492 

Mns5Og, 458 

MnO3F, 406 

(MnOq), 429 
(MnOq)Ca, 498 
Mn307Zn. 3H30, 460 
Mn(OH) , 520 
MnO. OH, 526 

Mn2O(pyr)2(C32Hi6Ng)2, 
427 

Mn(PO2 Cl, )2 (CH3COOC) Hs )a > 

681 

MnRe2(CO) 14H, 771 
MnS, 606, 610 

MnS>, 612, 614 
(MnS3)Baz, 626 

MnSb, 1048 
MnSb0¢, 721 
MnSi, 789 
Mn3Si, 789 
MntTe, 1048 
Mn4 Th, 1037 
MnW0Og,, 487 
Mo, 1015 
MoB, 841 

MoB3, 841 

MoBs, 842 

MoBr2, 368 
MoBr3, 355 
MoC, 1054 
Mo C, 760 

Mo2(Cs5Hs5)2(CO)6, 778 
Mo(Cs5Hs5)3NO, 655 
[Mo(CN)g ]3-, 752 
[Mo(CN)g ]4-, 752 
Mo(CO)¢, 766 
[Mo2(CO)10]?~, 769 
Mo(CO)F 4, 763 
Mo(CO)q4(PC2Hs5)s5, 697 

MoCl,, 368, 370 
MoCly, 360 
MoCls, 363 
MoCl,; (graphite), 737 
MoCle, 364 
(MoClg)Cs3, 364 

(Mo7Clg )CI(NH4)5 5 H20, 

366 
(Mo2Clg)K4 . 2H,0, 364 
(Mo6 Clg )Cla4, 370 

(Mo6Cli4)(NH4)2 : H20, 370 

[(Mo6Clg )(OH)4(H20)2] . 
12H, 0, 368 

MoF3, 355 

MoFs, 363 

(MoF'¢)M, 386 
(MoF¢)K3, 390 
MoH, (C5Hs5)2, 300 

Moly, 368 
MoN, 1054 
MowN, 1053 
MoO2, 448 

MoO3, 439, 473 
Mo30, 473 

Mo4011, 474 

Mos5QOjq, 474, $09 

MogQ0393, 474 

M0906, 474 

Mo;47047, 474, 509 

(MoO3)M,, 510 
(MoO, )Ca, 431 
(MoQgq)Lip, 431 

(MoOq)Mn, 487 

(MoO,q)Pb, 431 
MoO¢Ba2Ca, 390 

(MoOg)[Zn(NH3)a], 423 
(M0207)Naz, 431 

(Mo20;,1)K> : 4H,0, 423 

(M030 49)K, 431 

(Mo7024)(NHa4)6 : 4H,0, 

432 

(Mog026)(NHq)q . 5H20, 
433 

MoOBr3, 406 
MoOCl,, 407 
MoO, Cl, o 406 



(MoOCl<)Cs>, 402 
MoO3_xFy, 405 
MoOF4, 363, 407 
Mo4O; 1 F, 405 

(MoO3F3)(NH4)3, 402 

[MoO2(CN)q4]4-, 425 

MoO Cl, [(CH3)2NCHO]., 
425 

MoO3 5 NH(C2H4NH2)2, 425 

poaaa0a)al Ba . SH20, 
2 

[Mo203(C204)2(H20)2] Ky, 
427 

Mo2703(S2COC, Hs a ’ 427 

Mo203[S2P(OEt)2 ]4, 427 

[MoO (cysteine), |. Na. 
SH20, 427 

Mo 70;(OH), 529 
[Mo20¢(edta)] Nag . 8H20, 

425 
MoP, 761 

MoPOs, 513 
MoP2 0g, 514 
MoPO,(OH)3, 514 
MoS, 612, 613 
Mo283, 619 
Mo(S2C2H2)3, 940 
MoSe2, 613 
MoSi,, 790 
Mo3Si, 789 
MoTe,, 613 

N2, 636, 650 (solid), 1009 

NAI(CH3)3C13, 639 
N3Al3(CH3)6(C2H4)3, 639 
Ng Al4 (Co Hs )g, 639 
N(CH3)3, 641 
[N(CH3)3]4.41H)0, 544 
N(C¢6Hs)3, 637 
N(CH3)2Cl, 641 

N(CH3)2H, 641 
N(C)H5)2H . 82H 0, 544 
N(CH3)30, 640 
[N(CH3)3H] I, 304 
[N(CH3)4]F .4H,0, 544 
[N(CH3)4] OH. 5H,0, 544 
[N(CH3)4]2(SiF 6), 640 
[N(CsHj1)4]F .38H>0, 544 
N>CHp, 646 
N2CF >, 646 
Np (CF 3)4, 646 
No (CH3)2, 648 
N2(C6Hs5)2, 647 
(N2)CoH[P(Ce6H5)3] 355 638 

[(N2)Ru(NH3)5]?*, 638 
[(N2)Ruz(NH3)10]4*, 638 
[(N2)Ru(en)2N3]*, 638 

N3CH3, 649 

N3C3N3, 649 
(N3)2Cu, 649 
Ng (CH2)6, 642 
Na(CH2)6 .6H20, 544 
(NCN)2-, 742 

NC . NH>, 742 
(NC. NH)2, 743 
(NCO) , 745 

NCS, 746 
NCSAg, 747 
NCS . CH3, 745 
NCSH, 745 

NCX, 742 

NCI3, 641 
NF3, 641 
NF 30, 640 
(NFq4)(AsF¢6), 640 

N2F 2, 647 
N>F4, 645 
N(GeH3)3, 641 
NH, 647 

(NH)Ba, 643 

NHCl5, 641 
NHF3, 641 
(NH)Li2, 643 
NHSO, 667 

[NH(SO3)2]2-, 589 
[NH(OH)SO3] , 587 
NH>CH3, 641 
NH)CN, 742 
NH}Cl, 641 
(NH})Cs, 642 
(NH )K, 642 
(NH3)Li, 642 
(NH2)Na, 642 
NH,OH, 643 
(NH )Rb, 642 
(NH )2Ba, 643 

(NH2)2Ca, 643 
(NH3SO3) , 587 
(NH})2SO, 587 
NH3, 308, 640, 644 
NH3 . H,0, 643 
(NH3)2 - H20, 643 
(NH30H)Cl, 304, 640 
(NH30H)C10q, 640 
NH,OSO3, 587 
NH3S03, 315, 587 
NH4Br, 309 

NH,4Cl, 309 
NH,F, 309, 640 
NHal, 309 
NH4l.4NH3, 644 
N2H}, 647 
N2Ha, 645 

N2H2(CH3)2, 646 

N2Hq . H20, 304 
N2 Hq .4CH30H, 304 
(Ny Hs )H2POq, 645 

Formula Index 

(N>Hs5)$O4, 645 
(N>H¢)Cly, 309 
(No H¢)F 2, 309 
(N2 H6)(H2POq)2, 646 
(N2H6)(ZrF 6), 397 

NI . NH3, 643 
(N3)H, 648 
(N3)Na, 649 
(N3)2 Sr, 649 
NO, 651 

NO, 651 
N20, 650 
N203, 651 
No O04, 651 
Nz Os, 652 
NO . BF4, 653 
NOBr, 653 

NO.CH3, 653 

NO[(CH3)3C]9, 653 
NOCI, 653 

NO(C104), 653 

NOF, 653 

(NOF)AsF¢, 640 
NOF3, 640 
NO . N(CH3)9, 646 
(NO)PtF 6, 653 
(NO)>SnCl¢, 653 
[NO(SO3).]27-, 588 

[N>07S03]~, 588 
N202H2, 659 

N203Naz, 659 

N4O04S2Fe2(C2H5)2, 656 

(N707S83 Feq)Cs, 655 

NO>CH3, 659 
NOCl, 656 
NO3(C104), 656 
NO>F, 656 
NO>H, 657 
(NO )(HS7 07), 656 
NO NH), 659 
NO> . N(CH3)>, 646 
(NO>)Na, 657 
(NO>)Na>, 657 
(NO)>Ni, 657 
(NO2)2S30 40, 656 
[(NO2)6M]4-, 658 
(NO3) , 660 

(NO3)Ag, 660 
NO3CH3, 665 
NO3Cl, 665 
(NO3)2Cu, 895 

NO3F, 665 
NO3H, 660 
NO3H . HO, 564, 660 
NO3H . 3H,0, 660 
[(NO3)2H] , 660 
(NO3)9Pb, 660 
(NO3)3HNHa, 315, 661 
NsP3, 669 
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Formula Index 

N3P02S2Cl2, 700 
N6P2(CH3)6, 700 
NSF, 667 
NSF3, 667 
N2S2, 666 
N2S2(SbCls)2, 666 
N2S3Cl,, 666 
N2Sq4, 668 
N2S5, 665 
N3S2Cl4PO2, 667 
N3S3Cl3, 666 
N3S3C1303, 666 

N3S4NO3, 667 
N4Sq, 667 
N4S4BF4q, 667 
N4SqFq, 667 
N4Sq4Ha, 667 
N4S4H2Pt, 668 

N4Sq .SbCls, 666, 667 
(N2SO5)2-, 588 
Nq4Seq, 667 
N(SiH3)3, 641 
N(SiH3)2CH3, 641 

N(SiH3)2H, 641 

N2(SiH3)4, 646 
Na, 1014, 1020 
Na3AlHe, 298 

NaAl,1017, 494 

NaAs, 676 

Na3As, 676 

NaBHaga, 871 
NaBeH3, 298 

Naz BeHa, 298 
Na3Bi, 676 
NaBiO3, 479 
NaBiS,, 626 
NaBr, 263, 375 
NaBr . 2H20, 559 
NaCeF 4, 997 
NaCl, 192, 263, 375 
NaCl. 54NH3, 644 

NaCrS>, 626 
NaF’, 2635375 
NaFeO 2, 478 
NaH, 292 

Nal, 263, 375 
NaInO2, 478 
NaLaF 4, 382, 995, 997 

Na3Li3Al,F 12, 394 
Naz MgAlF 4, 722 

Na20O, 441 

NaOH, 221, 520 
NaNbOs3, 484, 486 
Na3P, 676 
NaPb, 1036 

Na3;Pbg, 1044 

Na,Pt304, 456 

Na2S, 606 
NaSH, 518 

1076 

Na3Sb, 676 
NaSbO3, 479, 720 
Na2Se, 604 
NaTaO3, 486 
NazTe, 604 

Naz ThF 6, 995 
NaTh Fo, 994 
NaTl, 1035 
Na2 UF 6, 995, 996 

Na3UF 7, 995 

Na4UOs, 501 
Na,,WO3, 506 
NaY3F 10, 3515 1036 

NaZnj43, 1037 

Nb, 1015 
Nb (diarsine)>Cl4, 942 

NbB, 841 
NbB), 841 
Nb3Baq, 841 
NbBrs, 375, 705 
NbC, 760, 1053 
Nb3C, 760, 1053 
NbCl,, 360 
NbCl,, 363, 375, 705 
Nb 3Clg, 369 
Nb6Clya, 371 
NbCI4F, 363 
(Nb4Cl, 1 )Cs, 369 

(Nb6Clig)K4, 371 
NbCl, . POCI3, 681 
NbF3, 354 
NbF 4, 360 
NbF 5, 363 
(NbF',)M, 386 

(NbF7)Ky, 398 
(NbF¢)(SeF3), 600 
(Nb2F 11)(SeF3), 600 
NbF 5 : SeOF 2, 600 

NbH, 295, 297 
NbH), 295 
Nblq, 360 
Nb6I11, 370 
Nb61,1H, 370 
NbN, 671, 1054 
NbO, 75, 195, 446 
NbO>, 448 
Nb20s5, 453, 505 
Nb 12029, 504 
Nb22054, 505 
Nb 25062, 504 
NbO3Sr,, 506 
Nb2O¢(Fe, Mn), 147 

Nb 20¢6Pb, 508 
Nb207Cd», 722 
(Nb¢019)Na7H . 15H0, 430 
Nbg 030BagTiz, 508 
Nb 19030K6 Lig, 508 
NbOBr>, 406 
NbOBr3, 406 

NbOCI,, 406 
NbOCI3, 181, 406 
(NbOCIs )Cs2, 402 
NbO>F, 354, 405 
Nb304F, 504, 513 
Nb 17042F, 404 
Nb31077F, 404 
(NbOF5)Liz, 387 
(NbOF;)K> . H20, 398 
(NbOF¢)K3, 398 
(NbOF7)HK3, 398 
NbOFK, 405 
NbO>FNa, 405 
NbO7F2Na, 405 
(NbO3F)K>, 403, 405 
Nb20<5FK, 405 
Nb20.6FCaNa, 720 

Nb6015FLi, 509 
Nb6O15FNa, 509 

NbOI5, 406 
[Nb(O2)4] KMg . 7H 0, 424 
[Nb(O2)3(Ci2HgN2)]K. 

3H70, 424 
[Nb(O2)2(C204)2] (NH4)3 - 

H20, 424 
NbPOs, 513 
NbS, 610 
NbS>, 612, 623 
Nb3Sq, 187, 623 
Nb 1Sg, 623 
NbS2Cly, 401 
NbSbOa, 720 
Nb2Se3, 620 

NbSi2, 790 
NbgW90a7, 509 
Nd, 1018 
NdBe, 841 
NdBr3, 358 

Nd(BrO3)3 . 9H20, 554 
Nd4CO3, 761 
NdCl,, 353 
NdCl5.2, 353 
NdCly.3, 353 
NdCl3, 358 
NdF3, 358 
NdF4Na, 382, 997 
NdH3, 295 
NdI,.95, 353 
NdI3, 358 
NdN, 1054 
Nd303, 450 
Nd(OH)3, 519 
NdOBr, 409 
NdOCcl, 409 
NdS, 606 
Ne, 1009 
Ni, 1016, 1024 
NiAl, Og, 492 
NiAs, 141, 609, 1048 



NiAs>, 615 
NiAsS, 615 
NiB><, 840 
NiyB, 841 
Ni3B, 840 
NigB3, 841 
NiBr2, 350 

NiBr2 [C4H2N2(CH3)2], 968 
NiBr2 (PEt )2, 965 

NiBr2 (P¢3)2, 969 

NiBr[P¢2 (benzyl)]2, 965 
NiBr3(PEt3)2, 973 
[NiBr3(quinoline)] , 969 

Ni3 Brg [PoMe> ] 3, 973 

Ni3C, 1016 

Ni(Cs5H5)2, 778 
Ni(C5Hs5)NO, 772 

Ni2 (C5H5)2(P2)2, 779 
Ni3(CsHs)3NC4Ho, 970 
Ni(C2H2)(P63)2, 967 
Ni(Co$)3(PEt3)>, 967 
Ni[(CH3)4N2 (CH3)2]2- 

(ONO) , 658 

Nig (Cs F 3H402)10(OH)2- 
(H20)2, 167,972 

[Ni(acac)s]3, 166, 972 
Ni(acac)2 (pyr)2, 972 
Ni(edta)H (HO), 948 

[Ni(en)3] (NO3)2, 972 
Ni(Cs5HsN)4(Cl04)>, 965, 

966 

NiCgH14Nq0q, 306, 967 
Ni(C13Hi5N2)2, 968 
NiC32Hi6Ng, 967 

[Ni(CN)q]2-, 967 
[Ni(CN)4]K4, 753 

[Ni(CN)s ]3-, 966 
[Ni>(CN)] Ka, 752, 970 
Ni(CN)» . NH3 . CoHe, 28, 

Tey, SXey/ 

Ni(CN)2 : NH3 : nH20, 967 

Ni(CN)2(PMe2)3, 971 
Ni(CO)q, 765, 766 

Ni (CO)6(P3)2, 767 
Nig (CO)6 [P(C2H4CN)3] 4, 

7170 

NiCl,, 350 
NiCl, . 2H20, 560 
(NiCl3)Cs, 381, 393 
(NiCl3)(NMeq), 381 
(NiCly)?-, 382, 394, 965, 

969 
[NiCl (diarsine), ] Cl, 973 
[NiCl,(diarsine) ]2+, 974 
NiCly (P63)2, 969 

NiClz (pyrazole)4, 972 

NiC13(H,0)[N(C2H4)3NCH3], 
965 

NiCrO3, 973 

NiF>, 350 
(NiF3)M, 381, 483 
(NiF4)K>, 172, 498 
(NiF ¢)Ba, 384 
(NiF ¢)K2, 388, 974 
(NiF 6)K3, 973 
NiHo.¢, 295, 298 
Nil, 350 
[Nil3(P¢3)] , 969 
NiMnO3, 479 
NiMn70q, 491 
Ni(NCS)2(en)>, 747, 972 
Ni(NCS) (tren), 972 
[Ni(NO)¢]KPb, 900 
NiO, 444 
NiO3Ba, 974 
NiO3Ln, 973 
Ni(OH)>, 520 
Niz (OH)3Cl, 410 
NiO1, FAI, Y3, 405 
NiP>, 677 
NiP3, 216 
Ni(PF3)q4, 985 
NiS, 610 
NiS, 612 
[Ni(SC2Hs5)2 16, 968 
[Ni(SC20)2]2-, 967 
Ni3(SC2H4NH}>)4, 967 
Ni(S2N2H)2, 967 
Ni(SPR>)>, 967 
NiSOq . 7H50, 553 
[Ni(S203)(tu)a | . H20, 589 

NiSb, 1048 
NiSb>, 615 
NiSb2O¢, 721 
NiSbS, 615 
NiSe, 1048 
NiSn, 1048 
Ni3Sn, 1033 
NiSnCl¢ : 6H, O, 199 

NiTa,O¢, 721 
NiTe, 1048 
Ni3Ti, 1033 
NiTiO3, 479 
NiU206, 499 
Ni-V, 1040 
NiVO3, 479 
NiWOag, 487 
Np, 1019 
NpBr3, 358 
NpC2, 992 

NpCl3, 358, 992 
NpCly, 361, 992 
NpF3, 358 

NpF 4, 361, 992 
NpF¢, 375 
(NpF )(NH4q)q4, 391 
NpH3, 295 
NpH3, 295 

Formula Index 

NpI3, 358 
NpN, 992 
NpO, 445, 992 
NpO>, 447, 992 
NpOCl,, 410 
NpO2F 2, 1001 

NpOS, 635, 992 
Np283, 992) 

NpSiz, 992 

O,, 417, 1009 
O,*, 417, 418 
O7 , 418, 419 
O2-, 418, 419 
(O2)Ca. 8H20, 419, 554 
03, 418 
On(GEs 55421 
(O3)K, 419 

(03)[N(CH3)4], 419 
(03)Cs2, 419 
(03)Rb>, 419 
OC H.420 
O(CH3)2, 420 
(OCN) , 745 
(OCN)Ag, 745 
OCNH, 744 
OCN(CH3), 745 
OCN[Si(CH3)3], 745 
OCIy, 340, 420 
OF 2, 340, 420 
O2F, 421 
OF, 421 
O(GeH3)2, 420 
OH}, 420, 537 
02H, 418, 420 
Or H2. NazC204, 420 

(OH)Cs, 517 

(OH)K, 517, 518 
(OH)Li, 100, 519 
(OH)Li. H20, 561 
(OH)Na, 520 

(OH)Rb, 517, 519 
(OH)2M, 519, 520 
(OH)3La, 519 
(OH), Sr. 8H20, 554 
(ONC)Ag, 745 
O(SiH3)2, 420 
Os, 1015 

OsAs2, 615 

OsC, 761 
Os3(CO)42, 770 

Os(CO)4H, 771 
Os3(CO)19(NO)>, 772 
Os(CO)3(P$3)2, 940 

(OsCl¢)K2, 402 
(OsClsN)K>, 400, 939 
OsFs, 363 
OsF 6, 364, 375 
(OsF¢)M, 386, 406 
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Formula Index 

OsHBr(CO)(P3)3, 300 
OsO>, 448 
OsO4, 439, 449 
OsOFs, 364, 406 
(OsO2Cl4 )Ky 5 402 

[OsO2(OH)q | Kz, 425 
OsP>, 615, 677 
OsSy, 612 
OsSb, 615 

P (black), 674 

P (brown), 675 

P (red), 674 

P (vapour), 674 

P (white), 673 

P2(BH3)2(CH3)a4, 679 
PBr3, 679 

PBrs, 683 

PBr7, 336, 683 
P(CF3)F 4, 683 
(PCF3)4, 697 
(PCF 3)5, 697 
P(CH3)3, 679 
P(CH3)F 4, 683 
P(CH3)2F 3, 683 
P(CH3)H>, 679 
P(C6Hs)3, 679 
P(C6Hs5)5, 683 
(PC6Hs)s, 697 
(PC6Hs)¢, 697 
P(CN)3, 741 

P2(CH3)4[Fe(CO)4]2, 679 
P2(C2H5)4S2, 679 
PCI,CH3, 678 
PC1,F5_n, 684 
PCly F3, 684 
PCl;, 679 
PCI4F, 684 
(PCl4)(FeCla), 682 

(PClq)(ICl,), 336, 682 

(PCl4)(PF 6), 684 
(PCl4)(TizCly), 393 
(PClq)2(TizCl,9), 392 
PCl, (crystal), 682 

PCl5(vapour), 679 

(PCle) , 682 
PF 2H, 679 
PF3, 679 
PF3 . BH3, 678, 682 
PF4H, 683 

PF., 679 
(PF6)Cs, 385 
(PF¢)H .6H20, 544 
(PF6)M, 683 
(PF¢)Na. H,0, 683 
(PH )K, 678 
(PH2)Rb, 678 
PH3, 679 
PH3 . BH3, 678, 850 

1078 

(PH4)I, 218, 682 
P2H4, 678 
PI3, 679 
Py 14, 680 
P1482, 680 

P4483, 696 
P2MoOg, 515 

P2Mo02044, $15 

PN, 674 
P3Ns, 669 
(PNCIy)n» 697 
PN307S8>Cl4, 700 
P2N6(CH3)¢, 700 
P>(NCH3)2Cig, 697 
(PNBr2)3, 698 

[PN(C6Hs)2]3, 698 
(PNC1,)3, 698 
(PNF2)3, 698 
[PN(SCN)> ]3, 698 
P3(NH)303(OH)¢, 700 
P3(NCH3)303(OCH3)¢, 700 
[PN(CH3)2]4, 699 
(PNCI,)a, 699 
(PNF>)4, 698 
[P4(NH)40g ]*-, 700 
P4(NCH3)¢Clg, 697 
[(PNMe)4H] CuCl, 699 

[(PNMey)4H]CoCly, 699 
(PNCly)5, 699 
[PN(NMe?2)> Ie, 699 

[PN(OMe)2]3, 699 
P(NH2)30, 682 
P>03, 684 
P04, 686 
POs, 684 
P4O¢, 684 
P40¢ . [Ni(CO)3]4, 686 
P406S4, 686 
P40o, 686 
P4Oi0 (crystal), 684 

P4010 (vapour), 685 

POBr3, 679, 680 
PO(CH3)20H, 693 
PO(OC¢Hs)3, 693 
[PO2(OC2Hs)2] , 693 
[PO3(OC¢Hs)]2-, 693 

AHS) Tolar 

[PO2(C6Hs5)(C4H9)] 2Zn, 

694 

[PO2(C6Hs)2 - Cr(acac)2]2, 
694 

(PO2R)2M, 693 
POCI,, 679 
POC; . SbCl, 681 
(POCI3)2 . SnCly, 681 
[POC]3 . TiCly]2, 681 

(PO2Cly )2(CH3COOC>2 Hs )2- 
Mn, 681 

(PO2Cl2)2 (POCI3 )2 Mg, 682 
POF3, 679 
(POF), 692 
PO, H(OCH2C6Hs)2, 315, 

693 
PO, H(OC6Hs5C)2, 315 
(PO2H2)H, 686, 687 
(PO>H>)NH4q, 687 
[POS(NH2)2] , 692 
[PO.S(NH})]2-, 692 
(PO3)Na, 691 
(PO3)Rb, 691 
(PO3)4HNa3, 691 

(PO3F)Ba, 692 
(PO3F)H2, 692 
(PO3F)(NH4)2, 692 
(PO3H)Cu . 2H20, 687 
(PO3H)H2, 686, 687 
(PO3H)Mg . 6H20, 687 
(PO3NH2)HNa, 692 

PO, Al, 689 
(PO4)CaH . 2H20, 561 

(PO4)H3, 315, 689 
(PO4)H3 . 4H20, 689 
(PO4)H>K, 315, 318, 689 
(PO4)HSn, 315 
(PO4)Y, 689 
(P,0;H)H3, 686 
(P205H2)H2, 686 

(P206)Ha, 686 
(P206)H2 (NH4)2, 315; 318, 

686, 688 
(P20¢H)Na3 . 4H20, 688 

(P207)Mg2, 689 
(P207)Naq - 10H20, Sys 5 689 

(P,07)Si, 689 
(P07)Zr, 689 
(P30g)Nas : 14H20, 688 

(P309)LiK> . H20, 691 
(P309)Na3, 691 

[P309(NH2)] K4 .H20, 690 
(P30 10)Nas, 690 

(P4012)(NH4)a, 691 
(P4012)Naq .4H20, 691 
(P6012)Cs6, 688 

(P601g)Na6 5 6H20, 691 

Py4PbZn, 677 

P4S3, 694 
P4S5, 694 
P4S7, 694 
P4So, 695 
P4Sio, 695 

P2S2(CH3)a, 679 
P2S4(CH3)2, 696 
P2S4(C3H70)4, 696 
P2S6Br2, 696 

P4S3Iy, 696 
PS(O3C6 Hg), 686 
PS(OCH3)(C6Hs5)2, 682 



[PS2(OCH3)2]K, 693 
[PS2(C3H7)2 ]2Zn, 694 

[PS2(C2H5)2]2Zn, 694 

PSCl3, 679 
PSF3, 679 
P4aSe3l, 696 

P(SiH3)3, 679 
PWO¢Na, 515 
Po W5O0n 51S 
(PW12040)H3 . 5H20, 435 
(P2W1g062)°-, 437 
Pa, 1018 
PaBrq, 361 

PaBrs, 363 

PaClq, 361, 992 
PaCls, 363, 993 
PaF4, 361,992 
PaF<, 993 
(PaF Li, 992 
(PaF¢)K, 998 
(PaF¢)Rb, 384, 993, 998 
(PaF7)K>, Bo 993, 998 

(PaFg)(NH4)a, 39713 992 

(PaFg)Na3, 993 998 
(PagF31)K7, B97, 

PaH3, 295 
PaO, 445, 992 
PaO», 447, 992 
Pa20s, 992 

PaOCl>, 410 
PaOS, 635, 992 
Pb, 1012 
PbBr2, 353, 375, 938 
(Pb2 Brs)NHa, 938 

Pb(CH3)q, 728 
Pb>(CH3)¢, 728 
Pb(CsHs)2, 779 
Pb(CH3COO)a, 934 
PbCO3, 914 
Pb3(CO3)2(OH)2, 536 
PbGI5e 2215353 53i103,.938 
PbCl4, 728 
(PbCl¢)Rb2, 933 
(PbCl¢)Cs4, 937 
PbCIF, 408 
PbCI(OH), 411 
PbCu(OH) S04, 938 
PbF 2, 222, 353 
PbF4, 360 
(PbF',)Ba, 379 
(PbF¢)Ca, 384 
(PbF¢)Ka, 390 
(PbF¢)Sr, 384 
(PbFg)K3H, 397 
PbFe,20i9, 495 

PbHo.19, 294 
PbHfO3, 484 
PbI4, 353, 375, 938 
PbI3Cs, 937 

Pb(NH3)N2S2, 938 

Pb(NO3)>, 914 

PbO, 218, 461, 936 

PbO», 447, 463 
Pb>03, 463 
Pb30,, 462 
Pb 1019, 461 
PbO, Ag, 938 
(PbO3)K>, 463 
(PbO4)M2, 176, 463 

[Pb(OH)6] Kz, 525 
[PbgO(OH)¢|4*, 517 
Pb¢04(OH)q, 319, 936 
PbPt, 1048 

PbReO3, 480 
PbRuO3, 480 
PbS, 606, 938 

PbS>, 934 
Pb(SCN);(etu)>, 748 
Pb(S>CNEt))9, 938 
Pb[SC(NH})>]Cly, 938 
Pb[SC(NH2)2] (C2H302)2, 

938 

PbSOqg, 914 

PbSb>O¢, 721 
Pb» Sb>07, 722 
PbSe, 608 

PbTe, 608 
PbTIO3, 485 
PbZr03, 483 
Pd, 1015 

[Pd AICl4(C6H,)]>, 977 
[Pd Aly Cl>(C¢He)]>, 977 
Pd As», 614, 1048 
Pd (AsMe3)> Bra, 976 

[Pd(diarsine), Cl] Cl, 977 
PdsB>, 761 
PdBr>, 351 
PdBr2 Wey 980 

Pd4Bra(SMe2)>, 979 

Pd>(C>H4)2Cla, 987 
Pd (CgHg)oClg, 987 
[Pd(CN)4]2-, 976 
Pd2 (C2 04)Clz [P(C4H9)3]2, 

976 

[Pd(C28202)2]?-, 976 
PdCgH14N40q, 976 
PdCly, 351 
(PdClq)?-, 382, 976 

Pd>Cl4R, 987 
PdCoO,, 220, 478 

PdCrO, 220, 478 

PdF>, 351 
PdF3, 355 
(PdF,)K>, 388 
(PdF'¢)Na>, 387 
PdH,,. 295, 298 
Pd(NCS)(SCN)(NMe>- 

C3H6P¢2), 746 

Formula Index 

Pd(NH3)2 19, 413 
[Pd(NH3)2(SO3)z | Nay - 

6H20, 584 
Pd(NH3)3S03, 584 
[Pd(NH3)3NO> ]2[Pd(NH3)q ]- 

(NO3)4, 976 
[Pd(NH3)q] Cl> . HO, 382 
Pd(NO3)>, 661 
PdO, 446 
PdP>, 112, 677 
PdP3, 677 
Pd3P, 761 
PARhO>, 220, 478 
PdS, 612 
PdS55 U7 9963223. 6125 61s 
Pd3S, 615 
Pd4S, 615 
[Pd(SC3H7)2]6, 976 
[Pd(S2C202)21?~, 976 
Pd(S_N>H)9, 976 
[Pd(S03)>(en)] [Pd(en), ], 

589, 976 
PdSb, 1048 
PdSb2, 614, 1048 
PdSey, 615 
PdSn, 1048 
PdTe, 1048 
Po, 1011 
PoO,, 447 
Pr, 1018 
PrBa, 841 
PrBg, 841 
PrBi2, 841 

PrBr3, 358 

Pre5e 159 
PrCl3, 358 
PrF3, 358 
PrF4, 361 
PrH3, 295 
Pri, 990 
PrI3, 358 

PrN, 1054 
PrO2, 447 

Pr.03, 450 
Pr6O44, 447 

Pr7042, S01 

PrOBr, 409 

PrOCl. 409 
Pr(OH)3, 519 
PrP, 672 
PrS, 606 
Bee liOls 
PtAsz, 614, 1048 
Pt(diarsine)2Cly, 977, 981 
Pt(diarsine)2 I, 977, 981 
PtBrH(PR3)2, 300, 978 
PtBrz(PEt3)2, 975 

PtBr3(NH3)2, 980 

Pt2 Br4aL2, 978 
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Formula Index 

Pt2 Bre [N(C2Hs)4]2, 392, 
978 

Pt(C2H4)2Cl, 986 

(PtC>H4Cl3)K, 986 
Pt(C2 Hq )Clz NH(CH3)2, 987 
[Pt(C3H6)Cl3] K, 986 

Pt(CH3)31(Cj9Hg Nz), 983 
Ptz (C3 H6)2Cla, 986 

Pt(CgHj0)Cl2, 986 

Pt(CgHg)Iz, 986 

Pt(CyoH16)Clo, 986 
Pt(C2H5 NH )4Clz3 . 2H20, 

980 
[Pt(acac)2 Cl] K, 977 
Pt(glyoxime)2, 978 

Pt(glycine), 978 

[Pt(CH3)3Cl]4, 982 
[Pt(C2H5)3Cl]4, 982 

[Pt(CH3)30H] 4, 982 

[Pt(CN)4]2~-, 976, 980 
Pt(CO)Cl,, 764 

[Pt(CO)CI(PEt3)2] BF 4, 978 

Pt(CO)2Cly, 764 

Pta(CO)5 (PMez¢)4, 770 

PtCl,, 351 

PtCl4, 360 
(PtCl4)K 2, 382, 976 

(PtCly)[Pt(NH3)4], 980 

(PtCly)[Pt(NH2C2Hs5)4], 980 

(PtCl¢ )K2, 387 

PtClH(PR3)2, 300 

PtCl>(NH3)9, 413, 978 
PtCly (PF 3)2, 985 

PtCly (PMe3)2, 978 

PtCl, (SPr2)2, 975 

(PtCl3F3)K>, 387 

[PtCl3(NH3)] K.H20, 978 

(PtCl4 )KyClo.32 2-6 HzO, 980 

Pt2 Cl, (PPr3)2 (SCN)>, 748, 

979 
PtzCly (PPr3) (SEt)2, 979 

Pt>Cla Ly, 978, 979 
Pt2Cla(PF3)2, 985 

PtCoO, 478 
PtF's, 363 
(Pts )K>, 388 

(PtF’¢)Sr, 386 
PtIq, 360 
(Ptlg)K>, 387 
[Pt(NH3)2(C2N2H6)2) Ch. 

H 0, 977 
PtO, 447 
PtO2, 447 

Pt304, 456 

Pt(O, F)3, 353 
(PtO.¢)St4, 502 
Pt(O7)(PO3)2, 418 

[Pt(OH)¢]K>, 525 
PtP, 614, 677, 1048 

1080 

PESenlalileno iil 
PtS,, 612 : 

[Pt(SCN)a ]2-, 746 
Pt(SN>H)2, 668, 978 
PtSb, 1048 
PtSb>, 614, 1048 
PtSn, 1048 

[Pt(SnCl3)5 ] (¢3PCH3)3, 372, 
981 

Pt3(SnCl3)2(CgH12)3, 372 

PtTe, 1048 
Pu, 1019 
PuBr3, 358 

ute. See 
PuzC3, 758 

PuCl3, 358, 992 
(PuCl¢ )Cs2, 387 
PuF 3, 358, 992 

PuF'g, 361,:992 
PuF¢, 375 
PuF4Na, 996 
PuF7Rb2, 391 

PuFg(NHq)a, 391 

PuH,, 295 
PuH3, 295 

Puls, 358 

PuN, 992 

PuO, 445, 992 
PuO2, 447, 449, 992 
Pu,03, 992, 1005 
PuOBr, 409 

PuOCl, 409, 992 
PuOF, 405 

PuOl, 409 

Pu,0258, 635, 1005 
PuS, 606, 992 
Pu,$3, 621, 992 
PuSi>, 792 

Rb, 1020 
Rb 3As, 676 
Rb 3Bi, 676 
RbBr, 263, 375 
RbCaF3, 153 
RbCl, 263, 375 
RbF, 263, 375 
RbH, 292 
RbI, 263, 375 
RbLiF 2, 380 
RbO», 419 
Rb 20, 441 
Rb6O, 443 
Rb90>, 443 
RbOH, 517, 519 
Rb»S, 606 
RbSH, 518 
Rb 3Sb, 676 
RbTaO3, 484 
Rb, WO3, 506 

RbZnj43, 1037 

Re, 1015 
Re7B3, 761 
[ReBrgO(H20)] N(C2Hs5)q, 

402 
(Re3 Bry 1)Cs2, 366 

(ReqBrj5)(QnH)2, 366 
[Re2(CN)g03]*-, 426 

Rez(CO)10, 768 

[Re4(CO)16]?~, 770 
[Re3(CO)12H2] _, 770 
[Req(CO)12H6] , 770 
Re, (COyeNon lie 
ReCl3, 366 
ReCly, 360, 364 
ReCls, 363 
(RezClg)2-, 365 
(Re2Clo) , 364 

(Re2ClygO)Ka : H,0, 403, 

427 
Rez Cl¢(PEt3)2, 365 

Re3Clo(P¢Et2)3, 366 

(Re3Cly1)(Asoq)2, 366 
(Re3Cl12)Cs3, 366 

ReCl,N(P3)2, 939 
ReFs, 363 

ReF7, 364 

(ReF¢)M, 386 
(ReF¢)M>, 388 

(ReHg)2-, 300 
Re3Io, 366 
(Rel¢)Ky, 387 

ReO), 448 

ReOs, 171.214 
Re207, 455 

Re, 07(H20)>, 427, 455 

ReOBr3, 407 
ReO3Cl, 406 
ReO3F, 406 

ReOF 4, 363, 407 
Reg Oj9Laq, 183 

RezP, B23 

ReS», 613 
Re(S7C22)3, 940 
ReSe,, 613 
ReSi, 1026 
ReSip, 790 
Rh, 1015 
RhAs3, 216 
RhoB, 841 

[RhBr2(pyr)4] H(NO3)2, 660 
Rh(CH3COO), . H20, 897 
Rhq(CO) 12, 770 
Rh¢(CO)16, 770 
Rh3(CO)3(C5Hs5)3, 169 

[Rh(CO)2Cl]2, 771 
Rh(CO) H(P¢3)3, 300, 940 
RhF3, 355 
RhF 5, 363 



[Rh(NO2)6]M3, 390 
RhNbOg, 488 
RhO», 447 
Rh 03, 451 
RhO¢Srq, 502 

RhP3 . 216, 677 
RhoP, 677 
RhS>, 612 
Rh3S3, 616 
RhiaSi ce 618 
[Rh(SCN)¢]3-, 746 
RhSb3, 216 
RhSbOg, 488 
Rh, Si, 223 
RhTaQOq, 488 
RhVOq, 488 
Ru, 1015 
RuAs>, 615 

Ru;1Bg, 841 

RuC, 761 

Ru(CsHs)>, 778 
[Ru(CN)¢] FeK, 755 
Ru3(CO);2, 770 

Ru(CO)qh, 771 

Ru, (CO)sCl3SnCl3, 392 
Ru7(CO)¢Br4, 772 
Ru3(CO);9(NO)2, Tif 

RuCl, 353 
Ru, Cl4(P$Et>)s, 392 
Ru2Cls [P(C4H9)3]4, 392 
[Ru2zClg N(H20)2 ] K3, 403 

(Ru2Cl,90)K4 . H20, 403, 

427 
RuF3, 355 
RuFs, 363 
(RuF'¢)M, 386 
[RUN> (en)N3]*, 638 
[RuN>(NH3)5 ]2*, 638, 963 
[Ruz N2(NH3)10]4*, 638 
[Ru(NH3)4S02Cl] Cl, 581 

[Ru3(NH3)10(en)2O2 ]®*, 427 
[Ru3(NH3)1402]°*, 426 
RuO>, 447 
RuOg, 439, 449 

(RuO4)K, 489 
RuP>, 615, 677 
RuyP, 677 
RuS>, 612 
RuSb>, 615 

BS) Say Sy/ik, SYP 
yal 
S2?-, 594 

S32-, 593, 594 
S42-, 593, 594 
Sa2tn5 73 

S62-, 593, 594 
Sg2+, 573 
Sg (AsF6)2, 574 

S2 Br, 593 

S(CE3) 201059139 
Sa(CH3 915930739 
$3(CF3)2, 593, 739 

SC Ha, 574 
SC4Hq4, 574 
S(CH3)2, 575 

[S(CH3)3 ] I, 585 
[S(CH3)2C6Hs5] C104, 585 
[S(CH3)30]*, 587, 588 
S(CH3)20, 585 
S(C6Hs)20, 585 
[S(C4H9)3] F .20H20, 544 

[S(Cq4Ho)3] F .23H20, 544 
S[C(NH2)2] 02, 585 
S(CH3)O . OH, 585 
S(CH20OH)O, , 584 
S2(CH3)2, 575 

So(C6Hs)2, 593 
S2(C6Hs5CH2)>2, 593 

S5C. Hse 575 
S2Cq4Hg . 214, 600 

S3(CH3)2, 592 
S,Cale,.575 
$3(C2H4D2, 592 

§3(CCl3)>, 593 
S6(CH)4, 575 
SCN , 746 
S(CN)2, 575, 741 
(SCN)Ag, 747, 879 
SCN . CH3, 746 
SCNH, 739, 745 
SCN. SiH3, 746 
SCN . Si(CH3)3, 746 
SCl,, 575 
SClq, 576 

S5015,/593 
SCly, 316 
SF4, 577 
SF6, 579 
SF Br, 579 
SEs GIST 
SoF2, 576, 593 
SoF 10, 579 
SF 602, 580 
S2F 19002, 580 

S(GeH3)2, DiS 

SHEDS a2 
SH), 575 
S5H>, 593 
SH(CH3), 575, 739 
SH(CyHs), 575 
S4N2, 668 
S4Nqa, 667 
SaNqHa, 668 
S4Nq H>Pt, 668, 978 
S4Nq -SbCl5, 667 
S6 (NH), 668 
SO, 580 

Formula Index 

SO>, 580 
SO3, 582 
S20, 580 
$203, 582 

SOBry, 585 
SO(CH3), 585 
SO(C6Hs5)2, 585 

SOCIy, 585 
SOF 2, 577, 585 
SOF 4, 577, 579 

SOF 6, 577, 579 
(SO,CH»OH)~, 584 
SO7Cly, 587 
(SOF), 587 
SOF, 587 
SO2(NH2)>, 587 
SO2(OH)2, 587 
S03-, 584, 585 
SO3F 7, 580 
(SO3NH)~, 586, 587 
SO3NH3, 315, 586 
(SO3NHOH) , 587, 588 
(SO3N70>)~, 588 
(SO;0C He vat587 
(SO30H)~, 587 
S03. ONH3, 587 
SO42-, 586, 587 

SO4H”, 586, 587 
(SOq)[Be(H20)4], 554 
(SO4)Ca . 2H>0, 307, 560 
(SO4)Cd . 2H 0, 558 
(SOq)Cu, 897 
(SOq4)Cu . 3H20, 558 

(SOq)Cu . 5H20, 557, 566 

(SO4)H>, 315, 318, 587 
(SO4)H2 . H20, 564 
(SO4)H> . 2H20, 565 
(SOq)KH, 315 

(S04)Li fH OF 561 
(SOq4)Naz . 10H,0, SoD) 

(SOq4)Ni. 7H20O, 553 

(SO4C2Hs)K, 587 
(SOsN>), 588 
(S202CH3) , 587 
S20F6, 580 
SOsF 9,530 
(S203)2-, 587, 588 
(S,03)Mg .6H30, 304 
(S204)2-, 590 
(S7Os)2-, 590 
S205F 2, 580 
(S206)2-, 595 

(Sy O6NH)K, 589 
(S,07)27, 589 

(S2Og)(NHq)2, 422 
$304(C6Hs5)2, 596 

(S306)2-, 595 

(S30 49)2-, 589 

(S4O¢6)2-, 596 
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Formula Index 

S404(CH3)2, 596 SbO4M, 722 Se3(CN)2, 592 
(S5O¢)2-, 596 Sb, 04M, 462, 712 SeCl4, 576, 577 

[(S5)3Pt]2-, 593 Sb206M, 721 (SeF3)(NbF 6), 600 
(SsO16)?, 589 Sb207M2,722  * (SeF3)(Nb2F 11), 600 
(S606)2-, OT Sb5014K3, 720 SeF4, Sil 

S(SiH3)2, 575 [Sb(OH)6]M, 524, 719 SeF.¢, 579 

Sb, 59, 701 [Sb(OH)¢ ]2[Mg(H20)6], SeH2, 575 
SbBiOg, 721 WAG SeO2, 581 
SbBr3, 703, 707 Sb2 05 (OH)2 Naz, 720 Se205, 583 
(SbBrs)(C5H1igNH2)2, 709 Sb20¢(OH)CaNa, 720 SeO3, 583 
(SbBr¢)4(Cs5 Hs NH)6, 706 Sb207H2Na2 . 5H20, 7119 

(SbBr¢)> (NH4)a, 706 Sb30,0H, 499, 720 

(Sb2Br9)Br2(Cs5HsNH)s5, 709 Sbg019(OH)2Cly, 716 

SeO,H(C6Hs), 315 
(SeO3)2-, 585 
(SeO3)Hy, 315, 318 

Sb(CF3)3, 703 Sb2S3, 724 (SeO3)2LiH3, 315, 317 
Sn(CH3)3Clz, 704 (SbS4)Na3 .9H20, 626 (SeO3)2NaH3, 315, 317 
(SbCqH407)K.4H20,704 — SbSBr, 401 (SeOq)?2-, 587 
Sb(C6 Hs )3(OCH3)2, 704 Sb Se3, 617, 724 (SeO4)H>, 315 
Sb(C6Hs)4OH, 704 SbSeBr, 401 SeOCl,, 600 
Sb(C6Hs5)4OCH3, 704 SbTaOq4, 720 SeOCl2(C5H5N)2, 602 
Sb(C6Hs5)s5, 704 SbTI, 1050 (SeOCly)5 [N(CH3)4] Cl, 601 
SbC13, 703, 707 Sc, 1011 SeOCl, . SbCls, 600 
(SbCl4)(C5Hs5NH), 708 ScB,C, 845 (SeOCI,)2SnCly, 600 
(SbCl; )(NH4)2, 708 Sc2C, 760 (SeOCl3)(C9Hg NO), 601 
SbCl, . OCH. N(CH3)2, 705 
SbCl . P(CH3)30, 681 
SbCl; . POCI;, 681, 705 
SbCls .S4Nq4, 666, 667, 706 
SbF 3, 703, 707 
(SbF 4)K, 708 
(SbF 4)Na, 708 
[SbF4(OH)>] Na, 719 
(SbF )K>, 708 
SbF .SO2, 705 
SbF 6 , 386, 705 
(SbF ¢)Li, 385 
(SbF¢)Na, 385, 719 
(SbF ¢)(BrF 2), 335 
(SbF¢)(CIF 2), 335 
(Sb2F7)Cs, 708 
(SbF 7)K, 708 
(Sb2F1,)(BrF4), 335 

(Sb2F 11)(XeF), 321 
(Sb3F 16)Br2, 334 

(Sb4F 13)K, 708 

ScCl3, 355, 357 
ScF3, 355, 357 
ScN, 672, 1054 

Sc203, 450 

ScOF, 404 

Sc(OH)3, 173, 522 
ScO(OH), 526, 527 
Sc2 Pt,07, 499 

Sc283, 618 

ScTe, 619 
ScTe3, 619 
ScTiO3, 480 
Scz Ti207, 499 

ScVO3, 480 
So, WSS S122 
Sey, 571 
Se4?*, 517/33 

Seg?t, 573 

Seg(AICl4)2, 574 
SeBrq, 576 

Se(CF3)2, 575 

SeOF 2, 585 
SeOF . NbFs, 600 
Se(SCN)2, 575, 745 
SeS204(C6Hs5)2, 596 

(SeS40.6)Ba : 2H20, 596 

Se[SeP(C2Hs5)2Se]2, S75 

Se(SiH3)2, 575 

Si, 110, 787 
(SiA104)K, 806 
(SiA104)Na, 806 
(SiA1,07)Caz, 811 
(Siz AlOg)Li, 806 
(Siz Alz Og )Ba, 820, 826 

(Siz Aly Og )Ca, 820, 826 
(Siz Al,0 19)(OH)2CaAly, 823 
(Siz Al0g)K, 826 
(Siz AlOg )Na, 826 
[Siz3Al019(OH)>] KAl>, 822 
[Si3 A101 9(OH)> | KMg3, 822 

(Siz Al, 0j9)Ba 5 4H,0, 828 

(Siz Aly 019)Nay : 2H20, 829 

SbH3, 7103 Sez (CF3)2, 593 (Sig Al,0 12)(Ca, Na) - 6H20, 

SbI3, 703, 707 Se(CH3)2, 575 831 
(SbIq4) , 709 Se(CH3)3I, 598 Sig Al, 019(OH) >, 822 

SbNbOg, 721 SeC4HgO . Ip, 600 Sig Alo024HFe5, 812 
Sb203, 710 SeC4HgO SCE 600 (Sis Al0O18)Al3Mg>, 815 
Sb2Oq, 720 Se9(C2Hs5)2, 593 (Sis Al,014)NaCao.5 . 10H,0, 
Sb20s, 718 Se2Cq4Hg, 598 830 

Sb40O5 Br, 716 Se,CqHg . 2Cl,, 600 (Sis Al5029)NaCaz = 6H20, 

SbOCI, 716 Se2CqHg . 214, 598, 600 827, 829 
Sbq05Cl2, 716 Se(C6Hs)2Br2, 601 (Sig Alg024)NagS>, 832 

SbOF, 713 Se(C6Hs)2Cly, 601 (Si, Als O32 )(K, Na)s . 
SbO3Ag, 720 Se2(C6Hs5 2; 593 10H,0, 829 
SbO3K, 720 Se, (C6H4Ch2, 993 (Siq2AlqO32)Cay : 8H 0,829 
SbO3Li, 479, 720 Se2 [(CeoHs)2HC]2, 593 (Siz2Al,204g)Naj2 . 27H,O SbO3Na, 479, 720 Se [S(C2Hs)2P]2, 593 830 oa 
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(Siys AlgOag)Nag : 27H20, 

830 
(Siz4 Aly BegO6o)K2Cag . 

H20, 825 

(Sig¢6Als00 192)Na30 : 98H,0, 

831 

(Si2B,0g)Ca, 814, 826 
(Siz Be2Oj9)FeY2, 811 

(Sig Beg024)(Mn, Fe)g : So, 

832 

SiBrF 3, 728 
SiBrH3, 728 
SiC, 788 

[Si(CH3)2]2]n, 793 
Si(CH3)3H, 727 
Si(CH3)2 (OH) , 799 
Si(C2Hs)(OH)y, 799 
[Si(C6Hs)2]5, 784 
Si(C6 Hs )[N(C2H4O)3], 787 
Si(C6 Hs) [N(Cg Hq O)3], 787 
Si(C6Hs)30H, 798 
Sip (CH3)4(OH)20, 799 
Sin (CH3)¢0, 800 
Si3(CH3)¢03, 800 
Sig(CH3)g 04, 800 
Sig(CH3)306, 800 
[Si(C;H70 )3] AuCly, 786 
[Si(C5;H70>)3] Cl. HCl, 786 
[Si(C6H4O2)3]?-, 786 
[Si(CgH4O2)2(CeHs)] , 786 
Sip (CH3)4S>, 795 
Si3(CH3)¢S3, 795 
Si(CN)H3, 741 

[Si(C204)3]2-, 786 
SiCly, 794 
SiCl,, 794 

SinCle, 794 
SiCIF 3, 728 
SiCIH3, 728 
SiF 2, 785, 794 

SiF4, 794 
SiFH3, 728 
SiF'3I, 728 
(SiF's)NR4, 786 
(SiF’¢)Ba, 386 
(SiF ¢)Fe - 6H0, 566 
(SiF'g)M>, 387 
SiF4(CsH5N)2, 786 
SiF 7K 3, 786 
SiF 7(NH4)3, 398 
SiH4, 727, 793 
Sin Ho, 793 
SigHy9, 793 
SiH .C)H, 727 
SiH31, 728 
(SiH3)K, 787 
(SiH3)3N, 641 
[(SiH3 . N(CH3)2]5, 787 

(SiH3)20, 420, 799 

(SiH3)2S, 799 
Si, H,F, 727 
Si3Nq, 671, 796 
Si(NHCH3)(CH3)3, 728 
Si(NCS)4, 746 
Si2N20, 796 
SigN>(CH3)10, 796 
SigNqH4(CH3)g, 796 
SiO, 784 
SiOz, 786, 803 
(SiOBr2)4, 795 
(SiOCI,)4, 795 
Si, OCI6, 794 
SigOCli, 795 
Si(OCH4)4, 727 
(SiOH2) pn, 794 
(SiO2H),,, 794 
(SizOH3)y, 794 
(Siz06H4)n, 794 
[Si0(OH)2] Naz, 813 
(Si03)_AILi, 817 
(Si03)2 AlNa, 817 
(Si03)Ca, 811, 817 
(Si03)(Ca, Mg), 816 
(Si03)3CazHNa, 817 

(Si03)Liz, 816 
(Si03)Na2, 817 
(SiO3)Mg, 816 
(Si030H)2Ca3 . 2H,0, 813 
(Si030H)OH . Caz, 813 
(Si04)AIK, 806 
(SiO4)AILi, 806 
(Si04)Be2, 77, 810, 811 
(Si04)Ca2, 813 

(SiO4)(Mg, Fe), 811 
(SiO4)Zr, 811 
(Si04)3Ca3 Aly, 811 

(Si04)2Ca3Fe, 811 
SiO; Aly, 812, 817 
Si0;Ca3, 813 
SiO;Sr3, 811 
SiOj9Fe7, 813 

Siz 05H, 818 
Siz05M>, 818 
Siz 05 (OH)4 Aly, 821 
Siz 05(OH)4Mg3, 821 
(Si207)Caz Mg, 814 

(Si207)Ca Zn, 814 
(Siz07)3MnPbg, 813 
(Siz07)Sc2, 813 

(Siz07)Na, 819 

(Si309)BaTi, 815 
(Siz09)NazZr. 2H0, 815 
(Si3019)(Si0q) Hog, 810 

(Sig019)BaFe, 818 
(SiqO 19)CaCu, 818 
(Sig019)H4 . 4H20, 819 
SiqO19(OH)2 Aly, 822 
SigO19(OH)2Mg3, 822 

Formula Index 

(SiqgO, 1 )NaZr, 817 

(SiqgO12)8-, 815 

(Sis015)CaMng, 817 

(Sig 015 )Zr(K, Na), 818 

(Sig 016)Baq, 810 

[Sig¢ 917(OH)2] Cag, 817 

(Sig 01g)Be3 Aly, 815 

(Sig 01g )Cug . 6H20, 815 
(Si7021)(Ca, Mg)(Mn, Fe)e¢, 

817 
SigO29Caq . KF . 8H0, 818 
Sig O22 (OH)2CazMg5 5 817 

Sig O22(TiO)2 KLiNa M2, 824 

(Sig O24)16-, 815 

Si12039(OH, Cl)20M 46, 818 

SiP2, 786 
SiP 07, 689, 786 
SiS, 785 

SiS, 612 
SinSClg795 
Sip S2(CH3)4, 795 
Si383(CH3)6, 795 
SigS. Cig3795 
Si(SiMe3)4, 727 
(SiW 12049)Cs3H . 2H20, 434 
(SiW 12049)Hq . 5H, 0, 435 
Sm, 1018 

SmBa, 841 

SmBg, 841 
SmBj2, 841 

SmBr9, 353 
SmBr3, 358 

SmCly, 353 
SmCl3, 358 
SmF3, 353 
SmF 45, 346 
SmF3, 358 
SmH, 295, 444 
SmH3, 295 
Sm]3, 358 
SmN, 672 
SmO, 444 
Sm 0, 444 
Sm203, 450 

SmOBr, 409 
SmOCl, 409 

SmOF, 405 
SmOI, 409 
Sm(OH)3, 519 
Sm2ON, 444 
SmP, 677 

SmS, 606, 621 
Sm 283, 621 

Sm3Sq, 621 

SmSOq, 990 
Sn, 103, 1012 

SnBrp, 375, 935 
SnBrq, 360, 728 

Sn(CH3)H3, 728 
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Formula Index 

Sn(CH3) 7 X4_-n> 728 

Sn(CH3)9 "9, 171, 933 
Sn(CH3)9(NCNCN)>, 933 
Sn(CH3)2 (8-hydroxyquino- 

linate), 933 

[Sn(CH3)2Cl3] [Sn(CH3)9- 
Cl(terpyridyl)], 932 

Sn(CH3)3Cl, 931 

Sn(CH3)3Cl(pyr), 933 

Sn(CH3)3X, 932 

Sn(CH3)3(NCNCN), 932 
Sn(CH3)3 . Mn(CO)s5, 773 
Sn3(CH3)qFeq(CO) 16, WAS 

Sn(C6Hs )q, 934 

[Sn(C6H5)2 le, 931 

Sn(edta)H2 0, 934 

Sn(tropolonato)X, 934 
[Sn(HCOO)3] K, 935 
SnCly, 375, 935 
SnCly 21,0, 557,935 
SnClq4, 360, 728 

(SnCl3)Cs, 935 

(SnCl3)CIK . H20, 935 

(SnCls)~, 932 
(SnCl¢)Rb2, 933 

(SnCl¢)(NO)2, 653 
(SnCl¢){Ni(HO)6], 199 
(SnCl3)2Pt3(CgH12)3, Sy 

[(SnCl3)5 Pt] (63PCH3)3, 372 
SnClq4 : 2C4HgS, 933) 

SnClq4 : NC(CH) )3CN, 933 

SnClq . 2POCI3, 681, 933 
SnClq . 2SeOCI5, 933 
(SnClgO03P)2, 681 

SnF’y, 935 
SnF4, 360, 933 
(SnF'3)K . 4H20, 936 
(SnI’g)K3H, 397 

(Sn F5)Na, 936 

(Sn3F 49)Naq, 936 

[SnI'4(OH)2]M>, 933 
[SnF’s(OH)] M3, 933 
Sn[Fe(CO)q]4, 932 
SnHq, 728 
SnI, 375, 935 
SnIq, 360, 728 
(SnI¢)M>, 387 
Sn(NO3)q, 661, 934 
SnO, 936 
SnO2, 447 
(SnO3)K>, 463 
(SnO4)M>, 176, 463 
Sn(OH)q, 934 
[Sn(OH)¢] Fe, 524 
[Sn(OH)¢]K>, 525 
Sn604(OH)q, 936 
SnP, 192 
SnS, 608 
SnS$2, 934 
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Sn2S3, 616, 934 

SnS3Ba, 626 
SnSOq, 936 
SnSe, 608 
SnTe, 608 

SnZnzOq, 491 
Sr, 1014, 1020 

StB6, 844 
SrBr2, 353 
StBrz . H20, 561 

St€>, 757 
SiGiju353 
SrCly . 2H2 0, 560 
SrCly .6H20O, 556 
SrCrF4, 208 

St2Cul’¢, 208 

Sid Pon Bys)4 SNe) 
SrFeO3, 484 

Stan 292 

STHCI, 339 
SrHfO3, 484 

Stl, 353 

StMnO3, 483 

St9N19Re3, 669 

SrO, 439, 445 

S1(OH)2, 519 

St(OH)2 . HzO, 562 
SrS, 606 

Sr2Sb207, 722 
SrSe, 604 

SrSiy, 192 

SrSnQ3, 484 
Sr5TaqO 5, 480 

SrTe, 604 
SrTiO3, 484 

Sr2 Ti04, 498 

Sr3 T1207, 498 

Srq4Ti3z0j0, 498 

SrTl, 1035 

SrZng5, 1037 

SrZn43, 1037 
SrZnO 4, 479 
SrZrO3, 484 

Ta, 1015 

TaB, 843 
TaB>, 841 
Tag iB. 843 

Ta3Bq, 842, 843 
TaBrs, 375, 705 

TagBrys5, 371 

TaC, 760, 1054 
Ta2C, 760 

TaClq, 360 

TaCls, 363, 375, 705 
Tag Clys ela 
TagCly4 : 7H20, Sali 

(TagClyg)H2 - 6H,0, Sik 

TaCl4F, 363 

TaCl, . POCI;, 681 
Tal’s, 363 
(TaF’¢)M, 386 
(Tal’7)K>, 398 
(Tal’g )Na3, 398 

Tala, 360 

Taelia, By ik 

Ta3MnNq, 1056 

TaN, 1054 
TaN, 1055 
TaO, 469 
TaO,, 447, 469 
Ta,Os, 454 
TaqO, 469 
TaO2F, 405 
Ta03K, 484 
TaO3Na, 486 
(TaOF 6)(NHq)3, 397 
Ta2z0.6M, UA 

Ta207M), 22 

(Tag019)Kg . 16H,0, 430 

Ta2O¢F Bi, 720 
TaP, 607 
TaS>, 606, 612, 623 
Ta2S, 623 
Ta¢S, 623 
TaS3Ba, 626 
TaSbOq, 720 
TaSey, 613 
TazSe3, 620 

TaSin, 790 
TaVOaq, 488 
TibsOs 
Tb2C, 756 
1623755 
TbCly, 358 
TbF3, 358 
TbFa, 361 
Tbl3, 358 
TbO,, 447 
Tb203, 450 
Tb6011, 989 
Tb701>, 449, 501, 989 
TbOCI, 409 
TbS, 606 
Tc, 1015 

Tc2(CO) 10, 768 

TcCla, 360 
[TceCls(OH)] Ky, 387, 403 
(Tc2Clg )2-, 365 

TcF's, 363 
(TcHg)2-, 300 
TcO>, 448 
Te20q, 454 
TcO3Pb, 479 
TcOBr3, 406 
TcOC13, 407 
TcOF4, 363, 407 
VE, S/S 



Tez, SH 

Teg2+, 573 

Te4(AlaClq), 573 
TeBr2, 575 
TeBrq, Sha 

(TeBrg)2-, 603 
Te(CH3)3, 602 
Te(CH3)I4, 602 

Te(C6Hs)2Br2, 601 

Te(GHs oCios 577 
Te(CH3)9I5, 601, 602 
Tes (CgHaCl)2, 593 
[Te(CgH5)(tu)2 ]*, 603 

Te(C6Hs5)(tu)Cl, 603 
Te(tu)42*, 604 

[Te (tu), ]4*, 604 
Te(etu)2 Bro, 604 

TeCly, 576 
TeCl4, 576, 577 

(TeClg)2-, 603 
TeClq(tmtu), 603 

TeFa, 578 

(TeFs), 602 
Tek¢; 579 

Tel4, 576 
(Tel¢)Cs, 387 
(TeM06074)(NH4)¢ - 

Te(OH)¢, 437 
TeO>, 581, 601 
TeO3, 583 
(TeO3)2-, 585 
Te 05, 583 
Te204 : HNO3, 601 

(TeOq)Liz, 586 
(TeOQ4)Mg, 586 
(TeO4)Naz, 586 

Te(OH)¢, 598 
[TeO(OH)s5]~, 598 
[TeO(OH)a ]2-, 586 
[TeO2(OH)3] , 598 
[TeO3(OH)] , 598 
[Te,06(OH)a]4-, 598 
[Te20g(OH)6]®-, $98 

Te302F 14, 579, 580 
TeSaOa(CH4)>,.597 
TeS404(C6Hs)2, S97] 

(TeS406)(NH4)2, 596 

TeS4P>(OCH3)4, 575 
TeS, Se, P5(C> Hs )4.575 
Th, 1014, 1018 
ThBa, 841 
ThBe, 844 
ThBr3, 992) 

ThBra, 361 
ney 992 
ThC, 758 
ThaGs 195 
ThCl;, 992 
Thel,,061. 128 

(ThCl¢)Csz, 387 
ThF 4, 361 

ThI'¢Ba, 994 

ThF 6K, 995 
ThF¢Na>, 995 

ThF¢KNa, 379 

(ThF7)(NH4q4)3, 997 
(ThF'g )(NH4q)q, 391, 997 
(ThF9)(NH4)5, 997 
(Thy F9)Na, 994 

(Th3F 13)Rb, 998 
(The F31)K7, 998 
ThH, 295 
Th4Hy5, 295 

ThlI,, 352 

ThI3, 992 
ThIq, 91, 361 
ThN, 992 

Th3Nq, 671 

ThNCl, 400 
ThNF, 400 

Th2N,0, 671, 1004 
Th2N2S, 1004 
Th2N,Sb, 1004 
[Th(NO3)6] Mg. 8H20, 553 

Th(NO3)4(OP$3)2, 665 
ThO, 445, 992 
ThO >, 447 

ThOCly, 410 
ThOF, 992 
ThOF,, 405 
ThOg.gF 5.5, 992 
Th(OH)2S0Oq, 533 

Th2(OH)2(NO3)6(H20O)6. 532 

ThOS, 635 

ThP, 677 

Th3P4, 160, 1007 
Theta ai 

ThS, 606, 992, 1006 

ThS,, 992, 1006 
Th2S3, 992, 1006 

Th7S 42, 1007 

Wasi, (55 (2 

ThZns, 1037 

Ti, 1014 
THANG, Ha) (Gall. )5Glo, 478 
Ti(diarsine)7 Cla, 942 

TiB, 841 

TiB, 841 
TBI sO 0Ms 5S 

TiBrg, 360, 728 

TiC, 760, 1054 

Ti2C, 760 

Ti2(CgHg)3, 780 

[Ti(C5Hs5)ClO] 4, 941 

[Ti(acac)3]*, 942 
Ti(acac)Cly, 941 

Tiz (acac)4Cl,O * CHCl3, 427, 

942 

Formula Index 

Tig (C5 Hs )2Cl4O, 427, 941 
[Ti2(C7H3NO4)205] K2 . 

5H0, 427, 943 
Tiz(CH3COOC}H5)2 Clg, 

942 

TiCly, 350 
TiCl3, 355 
TiCl4, 728 
(TiClgO)(NEtq)2, 942 
TiCl4(POCI3)>, 681 
[TiCl4 . POCI3] 2, 681 
(Tig Clo )Cs3, 392 

(Tiz Clg )(PCl4), 392 
(TisChio\(POl4144392 
TiF,, 373 

TiF3, 355 
(TiF ¢)Ba, 386 
(TiF¢)K2, 387 
(TiF6)K2 . H20, 397 
(TiF¢)M>, 388 
(TiF7)(NH4)3, 397 

(TiFg)Na3H, 398 
TiFe20Oq, 491 

iilel, YOY 

TiH2, 294, 297 
Til, 350 
Tils..055 
Til4, 360 
TIN, 672, 1054 

Ti2N, 195, 672, 1053 
TiNCI, 400 

Ti(NO3)4, 661, 663 
TiNb207, 504 
TiNb34062, 504 
Ti2Nb 19039, 504 
TiNbO5K, 503 
Ti3NbOoK, 503 
TiO, 445, 465 
TiO2 (anatase), 143, 146, 

466 
TiO2 (rutile), 14, 141, 200, 

447, 466 
Ti, 0, 465 
Ti. 03, 450, 466 
Ti30, 444, 465 
Ti30<, 466 
TigO7, 466 
TisOg, 466 
TiONa,, 504 
TiO 3La,, 506 
TiO, Baz, 946 

Ti307Naz, 503 

Tig_x /40g Li, 506 
TiqgOoBa, $03 

Tig013Naz, 503 

Ti7O,5Naz, 503 

[Ti(OCH3)4]4, 165, 942 
TiOCl, 408 
TiOF, 405 
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Formula Index 

TiOF,, 405 
TiOF'<K3, 405 
Tin 05F Cd, 405 
WES 129 

TiP,, 223 
TiS, 610, 625 
TiS, 612 
Ti2S, 607 
Ti2S3, 144, 625 
Tissyie2s 
TigSe, 134: 625 
Tic Sg. 1344625 
TigSo, 625 
TiS3Ba, 626 
Tis bie 3625 
TiSi, 790 
TiSi,, 790 
TiTe30g, 208 

TiZn20Oq, 491 

TI, 1012, 1014 

TIBr, 348, 349, 375 
TIBr2, O27 

TCH yee ie! 
TI(CsHs), 779 
TI(CH3)1, 928 
TICI, 348, 349, 375 
TICly, 927 
TICI3, 355 
11, Cls,.927 
(TICl¢)K3 . 2H20, 927 
(TlyClg)Cs3, 154, 392 
TIF, 349, 375 

TIF 3, 357 
TIFeQ3, 483 
TU, 194, 221, 348, 375 
T,. 927 
T1,03, 450 
(TIOCH3)4, 928 
TIOF, 405 
TI,OF 2, 405 
TIS, 928 
T1,S, 927 
T1804, 927 
Tm, 1011 
TmCly, 358 
TmF3, 358 
Tml, 352 
Tml3, 358 
Tm703, 450 
TmOBr, 409 

TmOCl, 409 
TmOI, 409 
TmSiz, 792 

U, 1018, 1025 
UB», 841 
UBq, 843 
UBg, 841 
UB», 844 
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UBr3, 358 

UC, 992, 1054 
UC , 758, 759 
Us C3, 159 
U(CsHg)3Cl, 778 
UCI3, 358, 992 
UCla, 361 
UCl., 363 
UCI6, 364 
(UCI¢)Cs2, 387 
UF3, 358 
UF, 361 
UF 5, 363, 993 
UF 6, 364, 375 
UxF 9, 993 
UF 5 Li, 996 
UF6Ba, 994 
UF 6K2, 384, 994, 996 
UF 6Naz, SE 996 

UF Rb, 996 
UF 7K3, 996 
UF 7Na3, 995 
UF g(NHa)a, 391, 996 
UF gLig, 996 
UF gNap, Bis 996 

UF gNa3, 208, 391, 996 

UxF 9K, 392 
UH, 295 
Uls, 358 
UM,6042, 501 
UN, 992 

UN>, 1004 
U2N3, 1004 
UNCI, 400 
U(NH)CI, 400 
U2N>P, 1004 
UNS, 1004 
UO, 445, 992 
UO, 447, 998 
UO3.13, 998 
UO.6, 999 
U03, 999 
U30g, 454, 999 
U40o, 449, 998 
U04K>, 498 
UO4M, 1003 
UOs Lig, 501 
UO;Naaq, 501 

U0¢Ca3, 486 
U207Ba, 180, 1003 

UOC], 410 
UOS, 635, 992 
U(OH)2S0q, 533 
UO2CO3, 1000 
[UO2(CH3COO)3] Na, 1000 
UO2(CH3COO)>(¢3PO),, 

1002 

[UO2(CH3COO), (¢3PO)] >, 
1003 

UO2Cly, 1002 
(UO2C1,0)Cs,, 1002 
(UO4Cl4)Cs2, 402, 1002 
UO2Cl(OH) . 2H20, 1002 
UO2F 2, 1004 
(UO2F5)K3, 997, 1002 

(UO2F5)(NH4)3, 403 
UO2(NO3)2 .6H20, 1002 
[UO2(NO3)3] Rb, 661, 1002 
[UO7(O2)3] Na. 9H2 0, 424 
UO (OH), 1001 
UO (OH)>, H20, 1000 
[UO2(SO4)3] Cs2, 1000 

UP, 677 
US, 606, 992, 1006 
US», 1006 
U2S3, 992, 1006 
USi, 790 
USi2, 790, 792 
U3Si, 790 
U3Sin, 790 

V, 1015 
V(diarsine)Clq4, 942 

VB, 841 
VBo, 841 
VBrp, 350 

VC, 760, 1053, 1055 
VC, 760, 1053 
V6Cs, 195, 760 
VgC7, 195, 760 
V(Cs5H5)2, 778 
V(C5H702)3, 944 
VCly, 350 
VCl3, 355 
VClq4, 361 
(V2Clg)Cs3, 392 

VCl3(NMe3)>, 944 

(VCl4O)(NEt4)2, 942 
VF, 350 
VF3, 355 

VF4q, 360 

(VF6)M, 386 
VH, 295, 297 
VH», 295 
VI4, 350 
VI3, 355 
VN, 672, 1053 
VNCla, 400 

VOo-15-0-25, 467 
VO, 445, 468, 1053 
VO, 448 
V20, 468 
V203, 450, 468 
V205, 470, 495 
V30<6, 467 
V40o, 468 
V6013, 469, 504 
VO>Li, 478 



(VO3)K . H20, 470 

VO3La, 469 

VO3M, 479 

(VO3)Na, 470 

(VO3)2Sr.4H,0, 470 

(VOq)M, 469, 487 

VO5Ba3, 502 

V205 My, 511, 512 

(V207)Zr, 469 

(V308)K, 470 

V30gLis+4,, 512 

V5014K3, 470 

V6O15Nap_x, Syl 

(V 19028), 430 
VO(acac), 425, 944 

VO(acen), 944 

VO(bzac)2, 944 

{VO(dl-tartrate)]4-, 944 

VOCI, 408 

VOCI2(NMe3)2, 944 

VOCI3, 406 

VOF, 405 

VOF3, 360 

(VO2F3)K2, 403 

(VO2 F4)K2Na, 405 

(VO2F4)Na3, 405 

VOM0oOa,, 513 

[VO(NCS)q]?~, 944 
[VO(NCS)q4] (NH4)2 - 5SH20, 

425 

VO(OCH3)3, 943 

VO(OH), 473, 526 

VO(OH)2, 471 

VO2(OH), 473 

V303(OH)s>, 473 

V304(OH)a, 471 

V404(OH)6, 471 

VOSOgq, 513 

VP, 677 

VS, 610 

V3S, 623 

V3S4, 623 

Vs5Sg, 622 

VS3Ba, 626 

(VSq)Tl3, 626 

[V(mnt)3]?-, 945 

V(S2C2$2)3, 940, 944 

VSi2, 790 

V3Si, 789 

W, —a, 1017 
W, —6, 473, 1017, 1043 
WB, 841 
W>Bs, 842 
WBr}, 368 
We Brie, 371 

WC, 128, 761 
W2C, 760 
[W(CN)g ]3-, 752 

[W(CN)g ]4-, 752 
W(CO)6, 766 
[W2(CO)19]2-, 769 
WCl3, 370 
WCl3, 371 
WC1q, 360 
WCl., 363 
WCl6, 364 
(W2Clo)K3, 392 
WF, 363 
WF 6, 375 
(WF6)M, 386 
WI, 368 
WN, 761, 1053 

W2N, 1053 
WO3, 448 
WO3, 474 
W30, 473 
W180a9, 474, 509 
W00sg, 474 
Wa00 118, 474 
WO3M,, 506 
(WO4)Ca, 431, 487 
(WO4)K>, 490 
(WOa)Li>, 431 
(WO4)Mg, 488 
(WOq)Naz, 489 

(WO4)3Euy, 487, 489 
(WO¢)Ba2Ca, 390 
(WO¢)Ca3, 390 
(W207)Naz, 431 

(W2041)K> .4H20, 423 
(W12040H2)®-, 432, 433 

(W 12042H2)!9-, 432,433 

(W4016)(WO4)3Li14 .4H20, 
433 

WOBr3, 406 
WOBrq, 407 
WOCI3, 406 

WOCIaq, 407 
WOCly, 407 
(WOCI.)Cs, 402 
WOF4, 363, 407 
WO3_xF x, 405 
(WO2F4)K2 . H20, 397 
WP, 677 

WS», 612 
(WS4)(NHq)2, 626 
WSBra, 401 

WSCly, 401 
W(S2C2H2)3, 940 
WSe2, 613 

WSiz, 790 
WTe, 613 

Xe, 1009 
Xe, 52H30, 545 
XeF, 320 
XeFq, 320 

Formula Index 

XeF¢, 320 
XeF é XeFa, 320 

XeP . IF 5, 320 
(XeF)(SO3F), 321 

XeF, - RuFs, 321 

XeF> 2SbFs, 321 

(XeF5)(PtF¢), 322 
(XeFg)(NO)2, 322 
(XeF5)(AsF¢), 322 
XeO3, 323 
XeOq, 323 
(XeOq)CsH, 323 

(XeO¢)4-, 323 
XeOF4, 323 
Xe04F 2, 323 
(XeO3F)K, 323 

Y, 1011 
YAIO3, 500 
Y3A150 4, 500 
YAsOq, 689, 718 
YBa, 841 
YBo, 841 
YB, 841 
YC, 756 
YCl3, 355, 357 
YCI(OH)», 411 
YF3, 357 
YH, 295 
YH3, 295 
YI3, 355, 357 
YN, 672 
Y,03, 450 
YOCI, 409 
YOR, 404 
YO. OH, 525 
Y(OH)3, 519 
YPOq, 689, 718 
Y>Pt,07, 499 
Y3S3, 621 
YxTi207, 499 
YVOq, 487 
Yb, 1018 
YbBq, 844 
YbBg, 844 
YbCh, 353 
YbCI13, 358 
YbF3, 358 
YbH), 292, 295 
YbH}.55, 295 
YbIy, 352 
YbI3, 358 
YbMnO3, 486 
Yb203, 450 
Yb20C, 989 
YbOBr, 409 
YbOCI, 409 
YbOI, 409 
Yb(OH)3, 519 
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Formula Index 

YbS, 989 
Yb7S83, 621 
YbSi2, 792 

Zn, 1011 
ZnAl,Oq, 491 

Zn3As2, 670 

Zn4BoOj43, 416 

ZnBrz, 350, 375, 542 
(ZnBr3)K . 2H,0, 381 
Zn(BrO3)2 : 6H20, Do 

Zn(CH3)2, 781 

Zn(C5H702)2, 915 

Zn(C5H702)2 (H20), 915 

Zn(CN)2, 753 
[Zn(CN)4]K2, 751 
Zn5(CO3)2(OH)¢6, 214, 536 

EnElos 3505 3725 315 942 
ZnCly . 14H50, 562, 913 
(ZnCly)2HCIl. 2H0, 98, 565, 

Die 
(ZnClq)Cs, 382 

(ZnCl¢)Kq, 390 

(ZnClq)Nay . 3H20, 394 
(ZnCl5)Cs3, 394 
(ZnzCls)(Hs5 O02), 98, 565 

ZnCl, (NH3)2, 413 
ZnCl (terpyridyl), 915 
ZnCl(OH), 410 

Zns5Cly(OH)g . H20, 214, 
412, 536, 914 

Zn[Co(CO)q4]2, 773 
ZnFy, 350, 375 
(ZnF3)Ag, 381 
(Znl'4)M, 382 
(ZnF4)M>, 382 

(ZnF6¢)Baz, 384 

ZnH2, 293 

ZnIy, 350, 375 
ZnMn307 . 3H20, 214, 460, 

914 

1088 

ZnyMo30g, 501 
Zn3N3), 670 

Zn(NH3)4Cly 5 H,0, 413 

Zn(N7H4)2X2, 645, 915 
Zn(NO3)2, 661 

Zns5 (NO3)2(OH)g c 2H,0, 536 

ZnO, 444 
ZnOy Ba, 479 

ZnOy Ky, 913 

ZnO}St, 479, 913 
Zn(OH)y, 522 
[Zn(OH)q]2-, 516 
Zn2(OH)2SO0a, 533 

Zn4gO(Be6012), 416 

Zng4O(CH3COO)6, 83 
Zn3P, 670 

ZnPbP 14, 677 
ZnS, 103, 606 
ZnS, 612 
(ZnS3)Ba2, 626 

Zn[S2CN(CH3)>]2, 916 
Zn(S2COC6Hs5 )2> 916 

[Zn(SCN)(tren)] SCN, 915 
ZnSb20¢, 203, 721 

ZnSnAsz, 631 
Zr, 1014 

ZrAsyz, 223 
Zr(diarsine)zCl4, 942 

ZrB, 841 

ZrB12, 845 

ZrBr3, 355 
ZrBrqa, 360 

Z1C, 760, 1054 
Zr2C, 760 
Z1(CH3)6Li2, 783 

[Zr(C204)q4] Nag . 3H20, 949 
Zr(C5H7O2)4, 949 

ZrCl, 346 
ZrCl3, 355 
ZrCl4, 360, 728 
ZrFq, 361 

(Z1F6)K2, 384, 398 

(ZrF 6)Li2, 387 

(ZtF’6)N Ha, 397 
(ZrF’¢)Naz, 384, 398 
(ZrF)(NHq4)3, 398 
(ZrF7)Na3, 398 

Z1F 12 BeLig¢, 397 

Z12F 13Nas, 398 

Zr4k'21Rbs, 399 

Z1¢6F3,Na7, 397 

Z17F 1909, 404 

ZrHy, 294, 297 
ZrI3, BOS 

ZrIN, 399 
ZHIOnag281 
ZIN, 669, 672, 1054 
Zr3Na, 669 

[Zr{N(CH2COO)3}2] K2 - 
H,0, 949 

Z1t(NO3)q, 661 
Z14zN2044, 208 

ZrO, 445 

Z1O>, 448 
(ZrO3)K3, 463 
(Z12O5)K, 188 

ZrOBr2 : 8H20, 532 

ZrOCl, . 8H20, 532 
Zr(OH)2SOq4, BSill, S13}8! 

Zr3(OH)2 (SO4)3.4H20, 531 
[Zr4(OH)g(H20) 16] Xg : 

12H,0, 532 
ZrOS, 635 

Zi Soi 7 

Zr(PO4H)2 2 H20, 211 

Z1S, 610 
Z1S>, 612 
ZryS, 607 

Z1354, 618 

Z1S3Ba, 626 
Z1(SOq)o, 282 

Z1(SOq)2 . 4HzO, 531 
ZrSSi, 635 
Zrs5Sc2043, 208 



acanthite, 607 

acetic acid, 731 

acetylene, 740 
complexes with metals, 775 

acids, carboxylic, 731 

classification of, 312 

heteropoly, 434 

hydrated, 544, 562 

iso-poly, 430 

structures of, 314 

acid salt, 314 

actinolite, 817 

adamantane, 727 
afwillite, 813 
age-hardening, 1027 
akermanite, 814 

albite, 826 
alkyl, metal, 780 

allotropy, 8 

alumina, a, 457 

7, 457 
aluminium, complex fluorides of, 394 
amesite, 822 

amides, 642 

amine oxides, 640 

ammines, 412, 957 
compared with hydrates, 567 

amminohalides, 568 

ammonia, 308, 640 

hydrates of, 643 
ammonioborite, 858 
ammonium halides, 309, 640 

amphibole, 810, 817 
anatase, 143, 146, 447 

andalusite, 812 
andradite, 811 

Angeli’s salt, 659 
anorthite, 826 
anti-fluorite structure, 136, 204 

anti-perovskite structure, 215 

antiprism, Archimedean, 63, 68 

bi-capped, 70 
mono-capped, 67, 70 

square, 68 

apophyllite, 818 

Subject Index 

aragonite, 275, 853 
Archimedean solids, 63 

ardennite, 810 

arsenobenzene, 701 

arsenolite, 710 

arsenomethane, 701 
arsenopyrite, 614 

asbestos, 817 
atacamite, 142, 411, 906 

austenite, 1057 

axinite, 815 
axis of symmetry, 40 

azides, 648 

azobenzene, 647 
azomethane, 648 

azurite, 887 

bandylite, 861 

baotite, 815 

barysilite, 813 
barytes, 487 

basic salt, 410, 529 

bayerite, 457, 523 

benitoite, 815 

bentonite, 823 

benzene, 733 

complexes with metals, 779 

Berlin green, 754 
berthierite, 634 

beryl, 815 
bifluorides, 310 

bipyramid, 65 
pentagonal, 67 

bisdisphenoid, 66 
body-centred cubic structure, 120, 1014 

body-centred lattice, 40 

boehmite, 457, 527 

bond, covalent, 236 

length of, 234 
hydrogen, 301, 518 

ionic, 255, 274 
length and electronegativity, 236 

metal-metal, 250 

metallic, 1023 
multicentre, 782, 837, 847, 867 
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order, 235 

in metals, 1025 

strength, electrostatic, 275 
three-centre, 837, 867 

type and electronegativity, 236 
types of, 230 et seq. 

van der Waals, 248 

boranes, 862 

ammoniates of, 850 

borates, 851 

borax, 175, 857 

borazine, 849 

borazon, 671 

borides, 837, 840 

borine carbonyl, 836 

Born-Haber cycle, 257 

bornite, 908 
borohydrides, 870 

boroferrite, 861 

boroxine, 862 

botallackite, 411, 906 

brannerite, 502 

brass, 8B, 1031 

y, 1045 
Bravais lattice, 39 

brochantite, 905 

bronzes, 505 

brookite, 447 

brucite, 209, 520 
brushite, 561 

cacodylic acid, 718 

cacodyl disulphide, 724 

cadmium chloride structure, 142 

cadmium iodide structure, 142, 209 

relation to NiAs structure, 610 

caesium chloride structure, 199 
calcite structure, 198, 275, 734, 853 
caprolactam, 93 

carbamate, ethyl, 730 

carbides, interstitial, 759, 1051 
ionic, 756 

carbonyls, 762 

nitrosyl, 764, 772 

carbonyl halides, 731 

metal, 771 

hydrides, 763, 771 
carborane, 872 

carborundum, 787 

carboxylate ion, 733 

carboxylic acid, 731 

carnegeite, 806 

cassiterite, 200 

cast iron, 1057 

Catalan solid, 65 

catapleite, 815 

cell dimensions, 36, 45 

celsian, 826 

cementite, 761, 840, 1056 
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cervantite, 720 

chabazite, 831 

chain structure, 31, 85 
chalcocite, 907 

chalcophanite, 214, 460 

chalcopyrite, 631 

charcoal, 735 

chiolite, 396 

chlorite, 824 

chondrodite, 811 

chromium, higher valence states, 945 

chrysoberyl, 489 
chrysotile, 213, 821 

cinnabar, 923 

cis-trans isomerism, 48 

clathrate compound, 28, 543 
claudetite, 710 
clay minerals, 821 

clinoclase, 906 

clinohumite, 812 

closest packing, cubic, 121, 130, 1014 

hexagonal, 130, 1014 

nomenclature, 131 
cobaltammines, 957 
cobaltite, 615 
coesite, 804 
colemanite, 857 

columbite, 147, 498 

complexes, finite, in crystals, 33, 81 

infinite 1-dimensional, 31, 85 

infinite 2-dimensional, 29, 88, 100 

infinite 3-dimensional, 27, 94, 102 
compound, electron, 1044 

electron-deficient, 782, 847, 866 
electron-excess, 234 

interstitial, 1051 

non-stoichiometric, 5 
cooperite, 611 

coordination number, 7 

and ionic radii, 261 

and metallic radii, 1020 

and radius ratio, 261 

coordination polyhedra, linking of, 156 
et seq. 

for 7-, 8-, and 9- 

coordination, 67 
cordierite, 815 

coronadite, 459 
corundum structure, 142, 158, 216, 450, 457 

479 
covellite, 609, 907 

cristobalite, 105, 803 
crocidolite, 817 

croconate ion, 733 

cryolite, 215, 388 

cryolithionite, 394 

cryptomelane, 459 

crystal field theory, 491 
crystal, habit, 43 

ionic, complex, 274 
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crystal, habit—continued Egyptian blue, 818 
simple, 260 electron, atom ratio, 1044 

systems, 42 compound, 1044 
cubane, 727 deficient compound, 782, 847, 866 
cubanite, 633 excess compound, 234 
cubic closest packing, 121, 130, 1014 electronegativity, and bond type, 236 

system, 43 coefficient, 236 
cuprite structure, 107 electrostatic bond strength, 275 
cyamelide, 743 elpasolite, 389 
cyanamide, 742 emerald, 815 
cyanates (iso), 744 enantiomorphism, 48, 51 
cyanides, complex, 751 enargite, 632 

covalent, 740, 751 enstatite, 816 
simple ionic, 749 entropy, of hydrates, 566 

cyanite, 812 Oficeyos9 
cyanogen, 740 of nitric oxide, 651 

halides, 742 epidote, 814 

cyanuric acid, 743 equivalent positions, in unit cell, 43 
chloride, 743 Erdmann’s salt, 958, 962 
triamide, 743 eucryptite, 806 
triazide, 649, 744 Euler’s relation, 61 

cyclic molecules and ions, 84 

cyclo-octatetraene, 727, 730 face-centred cubic structure, 121, 130, 1014 

complexes with metals, 779 faujasite, 830 

cyclopentadiene, metal complexes, 776 felspar, 825 
Gaivites 818 fergusonite, 487, 489 

danburite, 814, 826 ferricyanide, 754 

datolite, 860 ne Te 

delafossite, 220 ee sy 

diacetylene, 740 errocene, 

diamond, cubic, 726 ferrocyanide, 754 
fluoborite, 861 all, IO, 72 ? x 

pager eee ie on. 102 fluorides, complex, of aluminium, 394 

diaspore, 457, 526 of Groups IVA and VA elements, 396 

aaate 646 of 5f elements, 994 

i i i of iron, 394 

Boies ioe ped fluorite structure, 136, 204, 447 

i iami defective, 501 

Pecan Ee superstructures of, 404 

digenite, 907 fluorocarbons, 728 

dihedral angle, in hydrogen peroxide, 420 formaldehyde, 730 
in sulphur compounds, 591 formic acid, 731 

diimide, 647 Friauf polyhedron, 1039 

dimethyl glyoxime, copper, 893 fulminate, 745 

nickel, 306, 967 

dimorphite, 723 
diopside, 816 

gadolinite, 811 

galena, 938 
. arnet structure, 500, 811 dioptase, 815 & D ) 

dioxygenyl ion, 417 deen pees: 3 
dithio-oxamide, 732 eek ares 
djurleite, 907 gillespite, 818, 95 

dodecahedron, regular, 62, 118 

rhombic, 65 

triangulated, 66, 68 
doloresite, 471 : 

eee graphite, 734 
eomain, ee Ole te metal halide complexes, 737 
duttonite, 47 oxide, 736 

glide plane, 41 
gmelinite, 831 
goethite, 526 
Graham’s salt, 690 

earth’s crust, composition of, 806 potassium ‘alloys’, 737 

edingtonite, 829 salts, 736 
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grossular, 811 

groutite, 526 

guanidinium ion, 734 
gypsum, 307, 560 

habit, of crystals, 43 

haggite, 471 

halloysite, 822 

hambergite, 861 
hardystonite, 814 

helvite, 832 

hemimorphite, 810, 814 

herderite, 811 

heteropolyacids, 434 

hexagonal closest packing, 130, 1014 

system, 42 
hexamethylenetetramine, 727 

hollandite, 459 
hornblende, 808 

Hume-Rothery ‘rules’, 1044 

humite, 812 
hydrargillite, 457, 524 

hydrazine, 645 
hydrazinium halides, 309 

hydrazoic acid, 648 

hydrogen bond, 301 et seq., 

in hydrates, 543, 566 

in hydroxides, 522 

in ice, 538 

in oxy-acids, 314 

hydrogrossular, 501 

hydronium ion, 312 

hydrosphere, composition of, 807 
hydroxy-apatite, 531 

hydroxylamine, 643 

hydrozincite, 214 

ices ILINS37 

icosahedron, 62, 123, 837, 1038 

ilmenite, 216, 479 

imidazole, copper, 890 

imides, 642 

imidogen, 647 
interhalogen compounds, 330 

interstitial compound, 1051 

inverse spinel structure, 490 
inyoite, 857 
ionic bond, 255, 274 

crystal, 255, 260, 274 

radii, 257, 259 

isobutene, 730 

isocyanates, 744 

isocyanides, 740, 756 

isomerism, 47 ef seq. 
of cobaltammines, 958 

isopolyacids, 430 

isothiocyanates, 745 

jadeite, 816 
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Jahn-Teller effect, 273 

‘jamesonite, 634 

kalsilite, 806 
kaolin, 191, 821 

keatite, 111, 804 
ketone, 730 

kleinite, 922 

Kurrol salt, 691, 817 

labradorite, 826 

lanthanide contraction, 260, 988 

elements, 988 

lapis lazuli, 832 
larderellite, 858 
larsenite, 810 

lattice, 35 

body-centred, 40 

Bravais, 39 

energy, 249, 255 

face-centred, 40 

plane, 37 

primitive, 40 
laurionite, 411 

lautite, 629 

Laves phases, 1034, 1038 

layer structures, 29, 88, 100, 142, 209 

polarization of ions in, 268 

lepidocrocite, 526, 527 

libethenite, 905 

ligand field theory, 270 

lithiophorite, 460 
lithosphere, composition of, 807 
London energy, 249 
lone pair, effect on stereochemistry, 239 
lutidine, copper chloride complex, 892 
luzonite, 631 

mackinawite, 610 

Madelung constant, 256 
Maddrell salt, 691, 817 
magnetite, 456 
magnetoplumbite, 495 
Magnus’ green salt, 980 
malachite, 530, 887 
manganite, 527 

manganpyrosmalite, 818 

marcasite, 203, 613 

margarite, 823 
martensite, 1057 
melamine, 743 

melanophlogite, 806 
melilite, 163, 810 

mellitic acid, 736 
metacinnabarite, 923 
meyethofferite, 857 
miargyrite, 633 
mica, 822 

milarite, 825 



millerite, 606, 610 
Millon’s base, 924 
molybdenite, 613 

molybdenum bronzes, 510 
monoclinic system, 42 

montmorillonite, 823 

montroseite, 473, 526 
murite, 815 

muscovite, 822 

nacrite, 821 

natrolite, 829 

nepheline, 806 
neptunite, 824 
nets, interpenetrating, 80, 107 

plane, 70, 88, 100 

three-dimensional, 74, 94, 102 

uniform, 78 

nickel arsenide structure, 141, 609 

alloys with, 1048 

niobite, 147, 498 

nitramide, 659 

nitramine, 645 

dimethyl, 646 

nitrato complexes, 661 
nitrides, 668 

interstitial, 672, 1051 

nitro compounds, 659 
nitromethane, 659 

nitronium compounds, 656 

nitroso compounds, 653 

nitrosomethane, 653 
nitrosyl compounds, 653 
nitryl halides, 656 

noble gases, 1009 
compounds of, 320 
hydrates of, 543 

norbergite, 812 
nordstrandite, 524 

noselite, 832 

nylon, 92 

obsidian, 803 

octahedral coordination, 140, 148 

molecules and ions, 83, 165 

structures, edge-sharing, 168, 174 

face-sharing, 186 
vertex-sharing, 170 

octahedron, truncated, 63, 115 

views of, 156 

olivine, 489, 811 

optical activity, 51 

order—disorder, in alloys, 1029 

orpiment, 723 
orthoclase, 826 

orthorhombic lattice, 39 

system, 44 
oxalate ion, 732 

oxalic acid, 732 

dihydrate, 305, 566, 732 

Subject Index 

oxamide, 732 

oximes, 647 

oxy-acids, classification of, 313 

crystal structures of, 314 
oxyfluorides, 404 

oxyhalides, 401 

oxyhydroxides, 525 

Oxy-ions, 428 

oxysulphides, 635 

ozone, 418 

paracelsian, 826 
paratellurite, 581 

Pauling’s rules for complex ionic crystals, 276 
pearlite, 1057 
pectolite, 817 

pentaerythritol tetranitrate, 665 
per-acids, 421 

permutite, 827 

perovskite structure, 153, 389, 483 

peroxides, 419 
petalite, 818 
pharmacolite, 561 

phenacite, 77, 489, 810, 811 

phillipsite, 829 
phlogopite, 822 
phosgene, 731 
phosphonitrile compounds, 697 
pinnoite, 860 
plagioclase felspars, 826 

Platonic solids, 62 

point-group, 41 

polarisability, 249, 266 
polyethylene, 729 
polyhalides, 335 

polyhedra, 60 ef seq. 
regular, 61 

semi-regular, 63 
space-filling by, 115, 1041 

polyhedral domain, 61, 149 
ions and molecules, 81 

polyiodides, 337 
polymorphism, 8 

polysiloxanes, 799 
polysulphides, 593 

poly tetrafluoroethylene, 729 

polytype, 10, 789 
Portland cement, 813 

protoactinium, crystal chemistry of, 992 

proustite, 879 
Prussian blue, 753 

pseudobrookite structure, 498 
psilomelane, 459 

pyrargyrite, 879 
pyrites, 17, 196, 223, 613 
pyrochlore, 209, 499, 720 
pyrolusite, 459 
pyrope, 811 
pyrophyllite, 822 
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pyroxene, 810, 816 

pyroxmangite, 817 
pyrrhotite, 610 
pyrromethene, copper complex, 895 

quartz, 803 
quinol, —6, 29, 97 

—y, 92 

racemate, 52 

radii, covalent, 236 

ionic, 257 

metallic, 1020 

Slater S17. 

radius ratio, 261, 274 

ralstonite, 722 

ramsdellite, 459 

realgar, 723 

thodonite, 811, 817 

rhombohedral system, 42 

romeite, 720 

Roussin salts. 654 

ruthenium purple, 755 

rutile structure, 14, 142, 158, 200, 447, 487, 
488 

salt, acid, 314 

basic, 529 

sanidine, 827 

sapphire, 457 
scheelite structure, 487, 489 

schoepite, 1000 
Schomaker-Stevenson equation, 236 

screw axis, 41 

senarmontite, 710 

serpentine, 817 
serpierite, 213 
sesquioxide, 419 
silanes, 793 

silanols, 798 
silazanes, 796 

silicone, 798, 800 

silico-oxalic acid, 794 

sillimanite, 812, 817 

siloxane, 798 

silthianes, 795 

skutterudite, 215, 216 

sodalite, 832 

sodium chloride structure, 141, 192, 1051 

thallide structure, 1035 

solid, regular, 61 

semi-regular, 63 

solution, solid, 1028 

ordering processes in, 1029 
sorbite, 1057 

space group, 39 

sphalerite structure, 102, 136, 630 
spheres, closest packing of, 122 
spinel structure, 489 

spodumene, 806, 817 
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_stannite, 631 
statistical structure, 476 

staurolite, 812 

steel, 1056 

case-hardening of, 1058 
stereoisomerism, 48, 959 

stishovite, 786, 804 

stromeyerite, 908 

sulphamate ion, 586 
sulphamide, 588 
sulphones, 588 

sulphoxides, 584 
sulphuryl halides, 588 

superoxides, 419 
superstructure, 227, 476, 493, 1029 

symmetry, and enantiomorphism, 52 

elements of, 35 et seq. 

system, crystal, 42 

talc, 213, 822 

tapiolite, 721 

tautomerism, 49 

teepleite, 861 

tellurite, 581 

tenorite, 890 

tetragonal system, 44, 45 

tetrahedral coordination, 136, 148 

molecules and ions, 81 

structures, vertex-sharing, 162 

edge-sharing, 164 

tetrahedron, views of, 156 

thioacetic acid, 731 

thiocarbonyl halides, 731 
thiocyanates, 745 
thiohalides, 400 

thionates, 594 

thionyl halides, 584 
thiosulphates, 585 

thomsonite, 827, 829 

thortveitite, 813 

tourmaline, 815 

tremolite, 817 

triazidocarbonium ion, 734 

triclinic system, 42 

tricyanomethanide ion, 734 

tridymite, 803 

trigonal system, 42 

trirutile structure, 203, 721 
troilite, 610 

truncated octahedron, 63, 115 
truncation, 64 

tunellite, 859 

Turnbull’s blue, 754 

Tutton’s salt, 900 

tysonite, 356 

ulexite, 859 

ullmanite, 615 

ultramarine, 825, 832 



unit cell, 12 

uranyl compounds, 1000 
urea, 734 

uvarovite, 811 

valentinite, 710 

vaterite, 853 

Végard’s law, 1029 
vermiculite, 823 

vesuvianite, 814 

vilasovite, 817 

warwickite, 497, 861 
weberite, 722 

white lead, 536 

wolframite, 487 

Wolfram’s salt, 980 
wolfsbergite, 633 
wollastonite, 817 

wurtzite structure, 102, 630 

xenon, compounds of, 320 

xonotlite, 811, 817 

yugawaralite, 829 

Zeise’s salt, 989 
zeolites, 825, 830 

Subject Index 

zinc blende structure, 102, 136, 630 

zircon, 487, 811 
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