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PREFACE

THE Editorial Board of Comprehensive Inorganic Chemistry planned the treatise to fill a
gap in the literature. There was no work that provided more information than could be
found in single volumes but was not so large as to put it out of reach of all but a few central
libraries.

The Editorial Board drew up and incorporated in instructions to authors a scheme that
would make the best possible use of about five thousand pages. It was envisaged that the
treatise would be of service to a wide range of readers many of whom would not be pro-
fessional chemists. Convenience for all classes of reader was of paramount importance so
that if a conflict arose between brevity and ease of use, the latter was preferred. Nevertheless
the arrangement of the treatise is so systematic that such conflicts rarely occurred. The
convenience of the reader has been further ensured by the adoption of a consistent arrange-
ment of material within the chapters on the elements. The editors have been very gratified
to observe that authors have not found the imposed pattern unduly restrictive. It has
certainly helped to keep the accounts coherent and to preserve the intended balance between
the chapters. The editors are very sensible to the effort that authors have made to collaborate.

The section of the book devoted to the survey of topics, particularly those relating to
the transition elements, was a special interest of Sir Ronald Nyholm, whose death after
most chapters were in proof saddened many chemists. We hope that those chapters which
bear repeated evidence of his intellectual influence will be judged to be one of the many
worthy memorials that he left behind him.

A. F. TROTMAN-DICKENSON
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16 GERMANIUM

E. G. RocHow
Harvard University

1. THE ELEMENT

11. DISCOVERY AND HISTORY. OCCURRENCE

Germanium was discovered by Clemens A. Winkler in 18861, following the accurate
prediction of its existence by Mendeleef in 1871 as part of his formulation of the Periodic
Law and his construction of the Periodic Table2. Much has been made in the past of the
“complete agreement” of Winkler’s findings with Mendeleef’s predictions, but a more
critical appraisal making use of modern constants for the element and its compounds3
shows that the correspondence is not as close as once believed (see Table 1). The observation
by Winkler that elemental germanium is not attacked by hydrochloric acid, but is attacked
by concentrated solutions of NaOH, is but the first of a long series of observations pointing
toward a less metallic behavior for germanium than had been expected. The element
actually resembles arsenic in many respects, and Winkler first thought he had found
eka-antimony rather than eka-silicon. When we consider that a water solution of GeO,
is acidic, the point is emphasized.

Winkler obtained his germanium from the mineral argyrodite, which is AgsGeSs.
The element also occurs in canfieldite, (Ags(SnGe)Sg), and in germanite, which is approxi-
mately Cus(Cu,Fe)sAsGeS;;. Many other minerals (especially those of zinc, arsenic, tin,
lead copper, and antimony) contain some germanium. Indeed, the element is extremely
widespread in trace amounts: Papish demonstrated spectrographically that it is in almost
all iron and zinc produced in the United States. The ionic potential (ratio of charge to
radius) of germanium is so much like that of many other elements that germanium has very
few distinctive minerals ; it crystallizes with a dozen other elements in their pegmatite-type
sulfide and arsenide minerals. Only the three special minerals mentioned above have
enough Ge in them to have it appear in their formulas; some 16 other minerals contain
0.1% to 1% Ge, and 700 other minerals contain 0.0001% to 0.1%, Ge#*. Silicate rocks in
general have the lowest Ge content. Coal ash from brown coal frequently contains Ge
in the range 0.005%, to 0.19,; the ash of some anthracites may run as high as 4%, or even
7.5% Ge, thereby providing a possible source of the element5. Some spring waters from
great depths in the earth contain Ge to the extent of 0.03 mg/l., but these are not practicable

1C. A. Winkler, J. prakt. Chem. (2) 34 (1886) 188; Ber. 19 (1886) 210.

2 D. 1. Mendeleef, Liebig’s Ann. Suppl. 8 (1871) 133,

3 A, Turk, H. Meislich, F. Brescia and J. Arents, Introduction to Chemistry, Academic Press, N.Y. (1968).

4 W. Noddack and I. Noddack, Freiburger wiss. Ges. 26 (1937) 3/38, 21.

S Gmelins Handbuch der anorganischen Chemie, 8th ed., System No. 45, suppl. vol., pp. 1-27, Verlag
Chemie, Weinheim (1958).

1



2 GERMANIUM: E. G. ROCHOW

TABLE 1. PREDICTION OF THE PROPERTIES OF GERMANIUM

““Eka-silicon” Germanium
Property Predicted in 1871 Reported in 1886
by Mendeleef by Clemens Winkler Currently accepted
Atomic weight 72 72.32 72.59
Specific gravity 55 5.47 5.35
Melting point High — 947°C
Specific heat (cal/g deg) | 0.073 0.076 0.074
Gram-atomic volume
(cm3) 13 13.22 13.5
Color Dark gray Grayish-white Grayish-white
Valence 4 4 4
Reaction with acids and | Es will be slightly at- | Ge is dissolved by | Ge is dissolved by
alkalis tacked by such adids neither HCl nor neither HCI nor
as HCl, but will resist NaOH in dilute solu- NaOH in dilute solu-
attack by such alkalis tion, but is dissolved tion, but is dissolved
as NaOH by concentrated by concentrated
. NaOH NaOH
Boiling point of the |
tetraethyl derivative 160°C | 160°C 185-187°C
Specific gravity of the .
dioxide 4.7 4.703 4.228
Specific gravity of the
tetrachloride 1.9 1.887 1.8443
Boiling point of the
tetrachloride 100°C 86°C 84°C

Adapted from Turk, Meislich, Brescia and Arents, Introduction to Chemistry, Academic Press, N.Y.,
1968, by permission.

sources. On the cosmic scale, germanium occurs as a trace element in iron meteorites,
in stony meteorites, in the sun, and in the starss.

The abundance of Ge in the igneous rocks of the earth is usually given as 7 g per metric
ton, or 7 x 10-4%6, so it is somewhat more rare than Ga and Pb (15 and 16 ppm, respectively)
but more abundant than As, Be, B, and Br. The hydrosphere contains very little: some
0.00005 mg/1. The cosmic abundance is 50 atoms per 106 atoms of silicon?.

1.2. PRODUCTION AND INDUSTRIAL USE

Minerals of high Ge content, such as germanite, usually are roasted first to convert
the sulfide to oxides, and then are put through an acid or alkaline extraction process
(the advantage of the alkaline process is that gallium may be recovered at the same time).
Special methods are used for the recovery of Ge from coal and from zinc ore concentrates.
The processes will be treated briefly here; full details and references are available in the
Gmelin supplementary volumes.

By the acid method, germanite or other roasted ore is treated with fuming HNO;
or a mixture of H,SO4 and fuming HNO; until only a greenish-white powder is left. The

6 T. Moeller, Inorganic Chemistry, p. 30, J. Wiley & Sons, N.Y. (1952).

7 H. E. Suess and H. C. Urey, in McGraw-Hill Encyclopedia of Science and Technology, Vol. 4, p. 548,
New York (1960).

8 Gmelin, loc. cit., pp. 27-34.
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HNO, is fumed off, concentrated HCl is added, and the mixture is heated in a distilling
flask fitted with a fractionating column and an inlet tube for chlorine. The GeQ, slowly
converts to GeCly and distils over, leaving non-volatile chlorides behind. The purpose
of the chlorine is to keep arsenic in the pentavalent state, because AsCls is less volatile
than AsCl;. The GeCl, can be rectified further, or hydrolysed to GeO; and then put through
the HCI1+Cl, treatment again to purify it.

By the alkaline method, the finely powdered ore is digested with an equal weight of
50%, ag. NaOH, evaporated to dryness, and then stirred with hot water, filtered and washed.
The filtrate contains sodium salts of Ge, Ga, As, and Mo oxyacids and thioacids. It is
neutralized with H>SO, and acidified with HNO;, precipitating As,S; and sulfur. The
filtrate is neutralized and NHj is added, precipitating a hydrous GeO,. This can be filtered
off and converted to GeCls by the HCI4CI; treatment described above. Gallium usually
is recovered from the alkaline filtrate by electrolysis.

An alternative dry method involves heating the powdered original ore in an oxygen-free
stream of N, at 800° for 5 hr to drive off sulfur and As,S;. The residue is then heated to
825° in a stream of NH; for 12 hr, whereupon GeS, is reduced to GeS and sublimes. This
can be oxidized to GeQ, with fuming HNQ; and treated as above.

Germanium-containing zinc oxide can be mixed with powdered charcoal and NaCl,
and then heated to sintering temperature to drive off GeCly and other chlorides. The
condensate is taken up in water, treated with H,SQ4 to precipitate PbSQy, and the filtrate
treated with zinc dust to precipitate the Cu, Ge, and As. Ignition of the precipitate gives
oxides which can be heated with conc. HCI and Cl, as above.

Germanium in coal presents a special problem because during the usual procedure for
burning the coal the Ge is converted to volatile GeO and is lost from the ash. For this
reason the best starting material for recovery of Ge from the coal is not the ash but the
flue dust. This can be treated as an “ore”, or simply heated with 209, HCIl to drive off all of
the volatile chlorides. The oily layer of the distillate is then fractionated in a stream of
chlorine to recover the GeCly, and the water layer is treated with H,S to precipitate As;QO3,
GeS;, and most other sulfides. The precipitate is extracted with conc. NaOH, and the
extract either neutralized and heated with a large excess of HCI and Cl; to distil GeCls, or
made 12 N with H,SO4 and treated with H,S to precipitate GeS,.

Elementary Ge is usually prepared from the pure white dioxide by reduction. This has
to be done very slowly, below 540°, if hydrogen is used as the reducing agent, because
too much volatile brown GeO is lost at higher temperatures. A simple and effective
laboratory method, developed by Dennis9, consists in reducing GeO, with sugar charcoal
(as a source of very pure carbon free of Si and metals) in a graphite crucible. The GeO; is
ground with an equal volume of sugar charcoal and then mixed with a similar quantity of
finely pulverized NaCl. This mixture is put into the bottom of a graphite crucible and
overlaid with a layer of NaCl, then a thick layer of sugar charcoal, and finally more NaCl.
The crucible is then heated slowly, preferably over its entire surface (as in an induction
furnace). The GeO; is reduced, any fumes of GeO are caught by the charcoal layer, the
NaCl melts and acts as a flux, and the globules of Ge (m.p. 947°, vs. m.p. 801° for NaCl)
coalesce at the bottom of the melt. The cooled crucible is broken open and the salt dissolved
away from the regulus with warm water. Germanium does not form a carbide, and the
element is not attacked by molten NaCl.

To obtain ultrapure elementary Ge for semiconductor use, the tetrachloride usually is

9 L. M. Dennis, Zeit. anorg. allgem. Chem. 174 (1928) 97; J. Am. Chem. Soc. 45 (1923) 2033,
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purified extensively by distillation and then hydrolyzed to GeO,. This is reduced slowly in
H, (in graphite boats), melted to bars, and then purified by extensive zone-melting refining
(see description under preparation of ultrapure silicon). The purity of the metalloid can be
measured during the process by following its Hall-effect constant and its conductivity.

Nuclear Properties

The isotopes of Ge are listed in Table 2 (with nuclear masses given on the scale of
12C = 12.00000), and the nuclear behavior is summarized as of July 196610,

The natural mixture of isotopes has a cross-section of 2.23 barns for thermal neutrons;
the cross-section becomes 5.13 barns for neutrons of 10.0 eV, and 4.47 barns for neutrons of
3800 eV energy. Neutron bombardment of the lighter isotopes of Ge results in the usual
(n,y) reaction to give the next heavier isotope, but 70Ge undergoes an (n,p) reaction to give
70Ga, and 72Ge and 73Ge react the same way. The 74Ge isotope undergoes an (s,a) reaction
to give 1Zn. The isotopes of masses 74, 75, 76, 77 and 78 are fission products from the
slow-neutron fission of 235U.

Physical Properties

Germanium is a brittle metalloid which crystallizes in the cubic system, with a diamond
lattice. There are no polymorphs. In the massive form its color is much like that of nickel ;
it is decidedly more yellowish than silicon. Since it is neither ductile nor malleable, its
mechanical properties are difficult to measure with precision, but a list of selected physical
properties is given in Table 3.

Because the classic investigations of Shockley and others on the properties of solid
semiconductors (which led to the development of transistors, crystal diodes and many other
electronic solid-state devices) were done with crystalline germanium, the electrical properties
of the element have been studied more thoroughly than those of any other solid substance.
The electrical conductivity and the Hall effect, in particular, have been investigated over an
enormous range of compositions and of electrical and magnetic field strengths. Germanium
of the very highest attainable purity is itself an intrinsic semiconductor ; thermal promotion
of electrons from a filled band to an empty conduction band is relatively easy (compared
with that required in silicon or in diamond), and such promotion naturally increases the
conductivity. Still easier access to conduction bands is provided by the deliberate intro-
duction of new electron energy-level bands by adding controlled amounts of other elements.
These impurities cause germanium to function also as an extrinsic semiconductor with just
the right properties for the function in mind. The qualitative theory of such operation is
easily understood : the introduction of B, Al, Ga and In causes substitution of some of the
Ge atoms in the lattice with a Group III element, which can supply only three electrons to
the binding network instead of four, and hence there is an electron deficiency (a “hole”) in
the structure. Migration of electrons from neighboring binding sites to the “holes™ con-
stitutes electrical conduction, and at the same time creates corresponding deficiencies else-
where. Such introduction of Group III elements therefore makes an unfilled conduction
band out of a previously filled one, and the resulting material is spoken of as p-type
germanium because it contains “positive holes”. Similarly, the introduction of P, As or Sb
into the germanium crystal results in the replacement of some Ge atoms with Group V

10 D. T. Goldman and J. R. Roeser, Chart of the Nuclides, Gen. Elect. Co. Ed. Div., Schenectady,
N.Y. (1966).
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elements having five electrons per atom instead of four, and the migration of these extra
electrons under influence of an electric field constitutes the electrical conduction of n-type
germanium. Junctions between n- and p-types of germanium function as rectifiers because
they set up a barrier to conduction in one direction but not in the other: an a.c. field
alternately sweeps out the carriers (when the situation is negative electrode/p-type/n-type/
positive electrode) and then pushes carriers across the junction (when the situation is positive

TABLE 3. PHYSICAL PROPERTIES OF ELEMENTAL GERMANIUM

Property Constant Ref.
Atomic weight 72.59
Melting point 947.4° d
Heat of fusion 98.3 £4.9 cal/g b
Boiling point 2830° d
Heat of vaporization, liquid 79.9 kcal/g-atom d
Heat of sublimation 84 kcal/g-atom b
Vapor pressure of liquid
at 996° 10-4 torr
at 1112° 10-3 torr
at 1251° 10-2 torr b
at 1421° 10-1torr
at 1635° 1 torr
Specific heat C, (cal/g-atom °C) 1.497 at 50°K b
3.309 at 100°K
4.453 at 150°K
4.992 at 200°K
Thermal cond., cal/sec/cm2/°C 0.15 d
Entropy, std. 10.1 cal/g-atom °C b
Debye temperature 362°K d
Crystal lattice diamond str., A4 type b
Thermal expansion at 25° 6.1 x10-¢ d
Lattice constant
at —253° 563A
at 20° 5.6576 A b
at 840° 5.681 A
Interatomic distance 2.445A b
Lattice energy 42 kcal/g-atom b
Density D}’ 5.323 g/cc d
Atomic radius 126 A e
Tonic radi Ge+ 0.73A c
Get+0.53 A
Atomic volume at 20° 13.57 b
Valency 1,2and 4
Coordination nos. 12, 8,4
Electronegativity 2.01 Pauling a
2.02 electrostatic a
Hardness
Brinell 190 kg/mm2 b
Moh scale 6
Bulk rigidity modulus 1.3 x 1012 dynes/cm? d
Shear strength 1400 at 10,000 kg/cm?2 b
5700 at 50,000 kg/cm?2
Yield point
at 523° 1.1 kg/mm2 b
at 614° 0.052 kg/mm2
Elastic constants
i 12.92 x 1011 dynes/cm2 b
C12 4.79 x 1011 dynes/cm?
Caq 6.70 x 1011 dynes/cm?2
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TaBLE 3—Continued

Property Constant Ref.
Elastic modulus F 8000 kg/mm?
Young’s modulus Yj; 1.558 d
Torsion modulus F 3000 kg/mm?2 b
Poisson’s number 0.32
Compressibility —Av/v,
at 30° 14.11 x 10-7p—6.09 X 10-12p2 b
at 75° 14.39 x 10-7p—6.96 x 10-12p2 b
Surface tension at m.p. 600 dynes/cm b
Parachor 40.1 b
Velocity of sound at 20° 5.4 X105 cm/sec b
Optical reflectance
at 8.7u 35.4% b
at 20u 33.8%
at 4lp 40.3%
at 117u 79%
at 152u 46%,
Refractive index, n, 3.994 d
Refractive index at 2.0 microns 4.125 d
Refractive index, temperature dependence
at 2.25 microns (dn/dT) 5.25x10-4 d
Extinction coefficient 1.0 at 0.8 b
0.1 at 1.2
10-3 at 1.6p
10-6 at 2.0u
10-7 at 2.2u
Magnetic properties :
Specific susceptibility, x 106 -0.122 at 20°C d
-0.146 at —183°C
Diamagnetic susceptibility, x 106 (Ge2t) -—16.8
(Gett) —10
(Get) —100
Electrochemical potentials:
Ge = Ge2t+2e- E° =00V d
Ge+50H- = HGeO, +2H,0+4e~ E°=—-10V
Ge+2H,0 = GeO,+4H™* +4¢- E°=-015V
Ge-+3H,0 = H;GeO3+4H++-4e~ E°=0131V
Electrical properties :
Band gap at 0°K, eV 0.75 d
Intrinsic resistivity at 27°C, ohm-cm? 47
Dielectric constant, E 15.7
Electron mobility drift, cm2/— V/sec 3800 (3900)
Hole mobility drift, cm2/—V/sec 1800 (1900)
Density of intrinsic electrons, ny,
at 300°K, per cc 2.4 %1013
n, (where k = Boltzmann’s constant) 3.1 x1032T3 exp (—0.785/kT)
Arc spectrum lines 2709, 2754, 2691, 2651.5,
2592, 2651, 3269 and
3039 A b
Polarographic waves —145and —-1.70V b

t F. A. Cotton and G. Wilkinson, Advanced Inorganic Chemistry, 2nd ed., p. 103,

Interscience, New York (1966).

b Gmelins Handbuch der anorganischen Chemie, 8th ed., System No. 45, supplementary

volume, Verlag Chemie, Weinheim (1958).
¢ L. Pauling, Z. Krist. 67 (1928) 377.

4 E. G. Rochow, Ind. Eng. Chem. 55 (1963) 32.
¢ R. T. Sanderson, J. Chem. Phys. 20 (1952) 535.
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electrode/p-type/n-type/negative electrode). Such Ge diodes are cool, small, non-micro-
phonic, rapid-operating devices which are very useful for radio demodulation and for
switching circuits. The introduction of a second junction, either as a pnp or an npn arrange-
ment, allows the center material to control much larger battery-induced currents between the
two end materials, and so the arrangement (called a transistor) functions as an amplifier.
Since the thickness of center material can be made very small (by diffusion techniques), the
transit time for electrons can be correspondingly short, and the device will function at high

TABLE 4. IMPURITY ENERGY LEVELS IN GERMANIUM

Element as Electron donor (D) Ionization energy gap, eV, from
impurity or acceptor (A) conductance band valence band

B A 0.0104

Al A 0.0102

Ga A 0.0108

In A 0.0112

P D 0.0120

As D 0.01257

Sb D 0.0097

Li D 0.0093

Zn A 0.031*

Ni A 0.20

Co A 0.3 0.25

Fe A 0.25*

Cu A-1 0.037*
A-2 0.285-0.315

Au A-1 0.15*
A-2 0.20

Pt A-1 0.04
A-2 0.2

* Other (higher) values listed also.
Source: Gmelin, ref. 5, pp. 148, 149.

frequencies. Since it needs no cathode heater current, operates cold, and is small and
mechanically nearly indestructible, the transistor has been welcomed into the electronics
field and has been responsible for many of the new developments within that field.

Details of the effect on electrical conductivity brought about by controlled impurities in
germanium, and of the dependence of conductivity on external factors, fill 330 pages of the
supplementary volume of Gmelin (ref. 5, pp. 124-454) just in summary. Few of these
facts are of interest to chemists, but the selected values for energy gaps (ionization energy in
eV from nearest conductivity and valence bands) given in Table 4 may be useful.

1.3. CHEMICAL BEHAVIOR OF THE ELEMENT

Germanium does not absorb nitrogen, but adsorbs H,, CO and CO;, H,0, alcohols,
and oxygen- and halogen-containing compounds generally. When H,O is adsorbed and the
Ge subsequently is heated, H; is liberated and a film of oxide forms on the surface. Atomic
hydrogen attacks Ge to form hydrides. Oxygen is adsorbed, but reaction with the under-
lying metalloid begins only at 575°; the rate of oxidation in terms of the quantity @ of O,
taken up in time ¢ follows the relation Q = Q« (1 —e™**), where Q= is the ultimate quantity



TABLE 5. REPRESENTATIVE INTERMETALLIC COMPOUNDS OF GE

CHEMICAL BEHAVIOR OF THE ELEMENT

Parameters
Composition Structure Space Measured
group a b c density
LiGe tetrag. - 0.438 — 0.580 —
NaGe monocl, G 1233 | 0670 | 1.142 3.09
KGe cubic - 1.278 — —_ 2.78
RbGe cubic - 1.319 — — 3.63
CsGe cubic — 1.367 — — 4,28
eCu3Ge rhomb. D, 0.265 0.455 0.420 14.00
Mg,Ge cubic o} 0.639 — — 3.09
Caj3Ge cubic o} 1.019 — — 2,20
Ca,Ge rhomb. 12+ 0907 | 0773 | 0.483 —
CaGe rhomb. Dy, 0.400 0458 | 1.084 —
BaGe rhomb. D}, 0.507 1.198 | 0.430 —
BaGe; cubic o’ 1.452 — — 428
ScsGes hexag. D}, 0.794 — 0.588 2.76
Y sGes hexag. D}, 0.847 — 0.635 5.40
LasGe;s hexag. D}, 0.896 — 0.680 —
CesGey hexag. D}, 0.888 — 0.657 —
PrsGe; hexag. D, 0.880 — 0.660 —
NisGe; hexag. D}, 0.876 — 0.657 —
SmsGes hexag. D}, 0.865 — 0.649 —
GdsGe; hexag. D}, 0.855 — 0.641 —
TusGe; hexag. D, 0.831 — 0.623 —
LusGe; hexag. D}, 0.824 — 0.617 —
TiGe rhomb. a, 0.381 0.523 0.683 5.86
ZrGe rhomb., D 0.708 0.390 | 0.540 —
HfGe, rhomb. Dy 0.382 1.500 | 0.378 —_
ViiGes rhomb. — 1.341 1.609 0.502 6.89
NbGe; hexag. Dt 0.496 — 0.677 —
aTas;Ges tetrag. D 0.660 — 1.201 —
TaGe; hexag. D} 0.495 — 0.674 —
Cr3Ge cubic 03 0.461 — — 7.28
Mo;Ge cubic 03 0.493 — — 9.70
Mn;sGe; hexag. D, 0.7184 — 0.505 —
Mn;;Geg rhomb. — 1.322 1.583 0.509 7.38
Fe;Ge cubic o} 0.357 — — —
FeGe; tetr. D3 0.590 — 0.494 7.70
CoGe; tetr. byl 0.568 0.568 1.081 —
NiGe rhomb. D 0.581 0.538 0.343 —
RuGe cubic T* 0.485 — — —
RhGe rhomb. DI 0.570 0.648 0.325 9.70
PdGe rhomb. D¢ 0.6258 | 0.578 0.348 —
OsGez tetr. c3, 0.899 0.309 0.769 11.10
IrGe rhomb. D¢ 0.628 0.561 0.349 —
PtGe rhomb. D¢ 0.609 0.573 0.371 —
PtGe; rhomb. Di 0.619 0.577 0.291 —_
Th3Ge; tetr. D3, 0.797 — 0.417 10.48
UsGe; hexag. D, 0.858 — 0.579 13.40
Pu;Ge; hexag. DY, 0.3975 — 0.420 10.60
GeAs; rhomb. D3, 0.372 1.01 1.474 —
GeSe; rhomb. — 1.299 0.694 2.213 4,56
Ge,Tes hexag. D, 0.432 — 0.530 —
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of O, consumed after a very long time, and the rate constant k has a value of 0.034 min-1 at
615° and 0.87 min—1 at 703° 11,

Methyl and ethyl chlorides and bromides (and undoubtedly many other alkyl and some
aryl halides) in the vapor phase attack heated germanium to form the corresponding organo-
germanium halides!2, The powdered element burnsin Cl, and Br, when warmed, forming the
tetrahalide. Dry hydrogen chloride attacks the element at elevated temperatures to form
GeCly and impure GeHCl;:

Ge+4HCI = GeCly+2H;
Ge+3HC! = GeHCl3+H;

(pure GeHCl; is best made by the union of GeCl, and HCI; see Dennis®). Sulfur reacts with
Ge only at red heat, but H,S reacts at 400° to form GesS,.

Water slowly dissolves a thin evaporated film of Ge on Cu if oxygen is present, presum-
ably because of the appreciable solubility of GeO,. A 3%, aq. solution of H,0; dissolves
massive Ge slowly at 20°, but quite rapidly at 90°-100°. Concentrated sulfuric acid at 90°
has a slight action on massive Ge (1%, loss of weight in 1 week), and concentrated nitric acid
attacks it only superficially. Aqueous solutions of NaOH and KOH have little effect, but
fused NaOH, KOH, Na,COs, Na,0O, and Na,;B40; dissolve all forms of Ge quickly, forming
alkali germanates. A solution of NaOCl also dissolves powdered Ge, forming GeO;.
Solutions of amides in lig. NH3 do not attack it.

Germanium appears to form no carbide, but it alloys with many metals and metalloids.
A complete tabulation of intermetallic compounds (as of 1968)13 lists 152 compositions,
from which the representative metal germanides of Table 5 have been abstracted. The
relation of Ge with Si is unique: a continuous series of solid solutions is formed, and the
two liquids also form ideal mixtures. About eighty ternary intermetallic compounds are
known, and phase diagrams for many of the binary and ternary systems have been
reported13.

14. BIOLOGICAL ACTIVITY

Germanium is a ubiquitous component of living organisms, but it has no structural
function (as silicon has in some exoskeletons), nor is it a proven required trace element for
plants or animals14, Sax15 reports that germanium has a low order of toxicity. Its com-
pounds in general are much less poisonous than those of lead and tin, but GeH4 hasa
hemolytic effect and is dangerous at levels above 100 ppm. Germanium halides hydrolyze
to hydrohalogen acids, of course, and can be biologically unpleasant for this reason. The
other product of hydrolysis, GeO,, becomes toxic only at the level of 300 to 600 mg per
kilo of body weight, and some tolerance to it can apparently be acquired by repeated
sublethal doses!s, 16,

11 R, B. Bernstein and D. Cubicciotti, J. Am. Chem. Soc. 73 (1951) 4112.

12 E. G. Rochow, J. Am. Chem. Soc. 69 (1947) 1729 ; ibid. (1948) 437 ; ibid. 72 (1950) 198.

13 G. V. Samsonov and V. N. Bondarev, The Germanides (in Russian), publ. by Metallurgy, Moscow
(1968).

14 H, A. Schroeder and J. J. Balassa, Abnormal trace metals in man: germanium, in J. Chron. Dis. 20
(1967) 211-214,

15 N. L. Sax, Dangerous Properties of Industrial Materials, p. 736, Reinhold Publ. Corp., N.Y. (1962).

16 See summary of biological activity given by F. Rijkens in Organogermanium Compounds: A Survey
of the Literature from Jan. 1950 to July 1960 (Institute for Organic Chemistry of the T.N.O., Utrecht,
Holland, 1960), and the subsequent publications of the Germanium Research Committee through that
Institute.
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Although not markedly toxic, germanium is of some interest in two widely separated
areas of biology and physiology : its erythropoietic effect, and the possible bacteriocidal or
fungicidal effect of organogermanium compounds. Stimulation of the formation of red
blood cells (erythrocytes) by injections of GeO, was first reported in 192217, and caused a
flurry of activity aimed toward the treatment of anemias. The effect seems to vary among
individuals and with the kind of anemia being treated, and the results sometimes are
temporary. In all cases the effect is less pronounced than with repeated small doses of
arsenic trioxide, but of course the danger of poisoning also is less. Acting on the view that
the low solubility of GeO; in water might be the reason for the marginal and inconsistent
results, much higher levels of germanium in the form of the highly soluble dimethyl-
germanium oxide were adminstered to hamsters, and while these demonstrated the non-toxic
behavior of (CH3)>GeO, the effect on erythrocyte levels was inconclusive!s.

The markedly poisonous nature of organolead compounds and the known bacteriocidal
and fungicidal properties of some trialkyltin compounds have led to study of the effect of
organogermanium compounds on microorganisms, but no utility has been found!6. The
marginal toxicity of most germanium compounds leads to the recurrent hope that some
rather particular organogermanium structures will be found to be effective against invading
microorganisms, or may restore balance to a pathogenic condition, without being
dangerously toxic to a human host. So far, however, any such chemotherapeutic activity
of germanium remains in the realm of hopeful speculation. On the average, each one of us
ingests 1500 pg of germanium daily in our food4, so we already have in our tissues an
appreciable level of this element for which no function or decisive effect is known. Therefore
any possible chemotherapeutic application would very likely require some specificity of
structure (presumably in the direction of organogermanium chemistry), or some markedly
higher local level of concentration of the element by methods as yet unknown.

1.5. ANALYTICAL DETERMINATION

Germanium can be detected by the blue line in its arc spectrum!9 at 4686 A, by the band
emission spectrum of its oxide in the visible range, and by the pale blue color of a flame into
which a solution containing at least 10 mg of Ge per ml is sprayed. The decomposition of
GeH, in a heated glass tube (as in the Marsh test for As) has also been used, but the GeH,
must be generated by electrolysis of a dilute solution of NaOH containing the sample20.
In solution, the presence of Ge can be determined by the precipitation of white GeS; from
12 N H;SO4 by addition of H,S; the only other white sulfide is ZnS, and this precipitates
only in alkaline solution. The presence of Ge in solution can also be recognized by the
formation of a lemon-yellow Ge heteropolyacid when a 5%, solution of ammonium molyb-
date is added in 0.15 to 0.34 N HNOs. Various organic reagents (such as 9-phenyl-2,3,7-
trioxy-6-fluoron) can also be used for the colorimetric estimation of Ge2l.

The quantitative determination of Ge can be accomplished gravimetrically by precipita-
tion of GeS; from 6 N HSO4, followed by thorough washing of the sulfide and then

17 F. S. Hammett, J. E. Nowrey and J. H. Miiller, J. Exp. Medicine 35 (1922) 173 and 507; J. H.
Miiller and M. S. Iszard, Am. J. Med. Sci. 163 (1922) 364 ; J. H. Miiller, J. Metab. Res. 3 (1923) 181.

18 E, G. Rochow and B. M. Sindler, J. Am. Chem. Soc. 72 (1950) 1218,

19 J, Papish, F. M. Brewer and D. A. Holt, J. Am. Chem. Soc. 49 (1927) 3028; J. Papish, Econ. Geol.
23 (1928) 660 and 24 (1929) 470.

20 S. A. Coase, Analyst, 59 (1934) 462.

21 See Gmelins Handbuch, System No. 45, suppl. vol., pp. 460463, Verlag Chemie, Weinheim (1958).
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oxidation to GeO; by repeated treatment with 309, H»O, before ignition and weighing22.
Magnesium germanate, barium germanium tartrate and various forms of complexed
germanium molybdates may also be precipitated as weighable forms of Ge22. Titration
of Ge complexes of polyhydric alcohols such as mannite and glucose with phenolphthalein
indicator also is possible. Various colorimetric methods, based mostly on molybdate
complexes, have been used?2. In mineral and nonvolatile inorganic samples, determination
of Ge is best accomplished by arc emission spectroscopy, making use of the lines at 3039.1,
2754.6, 2709.6, 2651.2 and 2592.6 A. By use of internal standards and previous calibration,
determination down to the level of 0.0005%, Ge is possible!9.23. The polarographic
determination of Ge4+ at a mercury cathode in alkaline solution (1 M NH,C1+-0.5 M NH3;
E,= —1.45 and —1.70 V) or in acid solution (with the aid of NaH,PO; as reducing agent)
also is possible24.

2. COMPOUNDS OF Ge(l)

2.1. MONOHYDRIDE, (GeH).

The action of moist air on alkali germanides, or better, the addition of NaGe to cold
water25, or the action of NH4Br on NaGe in ligq. NH325, or the slow action of metallic Na
on GeHCl; vapor at 60°26), gives a brown amorphous solid of composition GeH which is
insoluble in organic and inorganic solvents but is rapidly oxidized to GeO, by HNO; or
H,0,. When dried in air it oxidizes with an explosive puff as soon as it is dry. In vacuum
it evolves hydrogen slowly at 100° and decomposes explosively at 160° to form GeH, and
finely divided Ge.

2.2. MONOHALIDES

Germanium monofluoride, GeF, is known only from the band emission spectrum from
a discharge in GeF,;. The bond force constant of the molecule is calculated to be 3.92 < 105
dynes/cm?7,

Monomeric GeCl also is known from its band spectrum ; the force constant is calculated
to be 2.2x 105 dynes/cm. A solid “subchloride”, (GeCl),, is a high polymer of unknown
structure made by passing GeCly and H, through a hot tube at 1000°, or by reduction of an
aq. solution of GeCly with H3PO,. It is a dark brown solid which is stable up to 360° in
vacuum but decomposes at 500° to give GeCls and Ge; it is insoluble in common organic
solvents, slightly soluble in HO (and slowly hydrolyzed), and oxidized rapidly by hot
HNO:;. Boiling aq. KOH dissolves it very slowly :

2GeCl+6KOH = 2K,GeO3+2KCl+3H>
The monobromide GeBr is known from its band spectrum, and the force constant is

22 See Gmelin, loc. cit., pp. 465-467.

23 Wa. Gerloch and We. Gerlach, Die chemische Emissionsspektralanalyse, Part 2, pp. 63 and 155,
Leipzig (1933).

24 1. M. Kolthoff and J. J. Lingane, Polarography, Vol. 2, p. 522, Interscience, N.Y. (1952).

25 I.. M. Dennis and N. A. Skow, J. Am. Chem. Soc. 52 (1930) 2369; C. A. Kraus and E. S. Carney,
ibid. 56 (1934) 765.

26 .. M. Dennis, W. R. Orndorff and D. L. Tabern, J. Phys. Chem. 30 (1926) 1050.

27 E. B. Andrews and R. F. Barrow, Proc. Phys. Soc. A63 (1950) 185.
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2.0x 105 dynes/cm. No Gel is known, even from a band spectrum, but the force constant
for a hypothetical Ge-I bond is calculated to be 1.46 x 105 dynes/cm. No oxide, nitride or
sulfide of Ge in the 41 oxidation state is known.

3. COMPOUNDS OF Ge(II)

3.1. DIHYDRIDE, GeH; (“"POLYGERMENE")

The action of conc. HCI on a mixture of powdered NaCl and CaGe (with exclusion of
oxygen) produces a yellow solid polymer of the composition (GeHy);. Hydrolysis of
Mg,Ge in equal volumes of alcohol and conc. HCI gives a less pure product ; small amounts
can also be made by the thermal decomposition of Ge;Hs. The substance is readily oxidized
by bromine to GeBry, and by conc. HNO;3 or H;O; (in alcohol plus ag. NH;) to GeO,.
Conc. aq. alkalies convert it (by complex reactions) to GeHy and alkali germanites. At 200°
(in the absence of air) it decomposes slowly to H; and Ge, and rapidly at 300°. A sharp
blow on the dry solid can cause explosive decomposition to Ge, with burning of the
liberated hydrogen. Treatment with hot aq. HCI yields H,, Ge, GeH,s, Ge,Hg and GesHs.

3.2. GERMANIUM DIFLUORIDE, GeF,

Germanium is much more easily reduced to the 42 state than silicon, and the tetra-
halides GeX, react with elementary Ge to form dihalides GeX;. The action of GeF4 on
powdered Ge produces a white solid for which no physical constants are available, but the
chemical properties show it to be quite certainly GeF, (see section on GeF,). Better
examples are found among the higher dihalides.

3.3. GERMANIUM DICHLORIDE, GeCl;

The slow passage of GeCl, vapor (at low pressure, ca. 0.1 torr) over powdered Ge at only
300° produces a light-yellow solid GeCl,, which condenses in the cooler parts of the tube28.
The same product is obtained from the thermal decomposition of GeHCl; (which, however.
is usually made by the combination of GeCl, and HCI):

70°
GeHCly = GeCl,+HCl
20°

Excess H; and GeCly vapor passed through a hot silica tube at 800° also produce some
GeCl;.

At room temperature GeCl, is stable but easily oxidized. It adds Cl, and Br; to form
tetrahalides (although I, is likely to form Gel,), and it adds HCI readily to form GeHCl;,
but strangely it does not seem to add alkyl halides to form organogermanium halides. It
hydrolyzes to form yellow Ge(OH), (which dehydrates to brown GeO) and HCI (which may
react with excess GeCl,). It disproportionates in vacuum at 1000° or more to GeCly and
elementary germanium,

28 L. M. Dennis and H. L. Hunter, J. Am. Chem. Soc. 51 (1929) 1151 ; F. M. Brewer, ibid. 31 (1927) 1817.
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34. GERMANIUM DIBROMIDE, GeBr;

The reduction of GeBry and GeHBr; with zinc28, or the action of a deficiency of HBr
on Ge at 400°, produces GeBr», a yellow solid which melts at 122° and is slightly soluble in
5N aq. HBr. Such a solution forms white crystalline coordination compounds with
(CH;3)4NBr, (CH;)4AsBr and (CH3);C,HsAsBr2S. Pure GeBr; disproportionates to GeBry
and Ge at 150°, and hydrolyzes to Ge(OH),. It reacts readiiy with dry HBr at 40° to form
GeHBr;28.

3.5. GERMANIUM DIIODIDE, Gel,

Low-temperature methods are preferred for the preparation of Gel,. Treatment of
freshly precipitated Ge(OH), with hot conc. HI, followed by reduction of the liberated iodine
with H3PO; and then cooling of the solution, causes precipitation of flaky crystals of Gels.
Similarly, powdered GeS may be extracted with warm conc. HI, the excess GeS filtered off,
the solution cooled and the crystals of Gel, recovered. However, the simplest preparative
method consists in the reduction of Gel; with a slight excess of H;PO,: 20 g of Gely is
dissolved in 10 ml of 579, HI+20 ml H,O and 7.6 ml of 50%, H3;PO, added with stirring.
The mixture is refluxed, the red crystals of Gel, slowly being converted to bright-yellow Gel,.
The mixture is cooled to 10°, the Gels, filtered and washed with dil. HI, and dried in vacuum
(yield 75%,)3.

Pure sublimed Gel, is an orange solid which crystallizes in the hexagonal system:
a=4.249, c =6.833 A, Ge-I distance = 2.99 A31. At 544° to 643° it disproportionates

2Gel,(s) = Ge(s)+Gelu(g)

with a heat of sublimation AH°==30.1 kcal/mole, a free energy change AG°=17.9
kcal/mole, and an entropy change AS° = 41.0 cal/mole deg31, The crystals do not oxidize
in dry air, but hydrolyze slowly in moisture. They dissolve in liq. NHj; (with formation of
GeNH) and in aq. HI. Iodine in aq. KI4+HCI! oxidizes Gel, to Gely:

HCl
Gel,+1> +KI

Gel (dissolved)4-19.06 kcal3t
In the absence of HI, hydrolysis takes place during oxidation:
Gelz+13-4+3H20 = HyGeO3+4H+-+51-426.0 kcal31

Many addition compounds of Gel, with amines and other nitrogenous bases are known32.

3.6. GERMANIUM MONOXIDE, GeO

When GeO; is reduced to metal with carbon (q.v.) there is troublesome loss of volatile
brown GeO, and the same can be said for any high-temperature reduction of Ge(IV)
compounds with oxygen present. A mixture of Ge and GeO, powders heated to 1000°
gives a yellow sublimate of amorphous GeO, and further heating at 650° gives dark-brown

29 T, Karantassis and L. Capatos, Compt. rend. 199 (1934) 64.

30 L. S. Foster, Inorg. Syntheses, Vol. 3, p. 63, McGraw-Hill, N.Y. (1950).

31 W, L. Jolly and W. M. Latimer, J. Am. Chem. Soc. 74 (1952) 5752.
32 T, Karantassis and L. Capatos, Compt, rend. 201 (1935) 74 ; D. A. Everest, J. Chem. Soc. 1952, 1670.
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crystalline GeO. Hydrolysis of germanium dihalides and GeS gives Ge(OH),, which
dehydrates readily to GeO.

Crystalline GeO has a density of 1.83, a heat of formation (at 25°) of 6.0 kcal/mole, and a
vapor pressure of 1.80 torr at 915° 9.9 at 948° and 28.5 at 978°. The vapor-pressure
equation is 4.57 log p = — 63,000/ T+57.933, and the entropy content is Sxgs = 56.1 cal/mol
deg. The molar magnetic susceptibility is —28.6 x 10-6. Chemically, GeO disproportion-
ates rapidly at 700° to Ge+GeO;; the heat of this reaction is 54.8 kcal/mole and the
entropy change is 42.0 cal/mol deg33. It is oxidized by a variety of reagents, among them
silver perchlorate33:

GeO+2AgClO4+6HF = 2Ag+2HCIO4-+H;0+HyGeFs+66 kcal

3.7. GERMANIUM(II) HYDROXIDE, Ge(OH),

Besides its derivation from other Ge(II) compounds, Ge(OH), may also be prepared by
the direct reduction of an acid solution of GeO,. As done originally34, GeO; is dissolved in
aq. HCI (6 N) and reduced with H;PO,, whereupon yellow or red Ge(OH), is precipitated by
the addition of aq. NHj3. The product is washed with O,-free water and dried. By a more
recent procedure’l, 6 g of GeQ, is dissolved in 30 ml of conc. NaOH, precipitated and
redissolved by adding sufficient 6 N HCI, and then reduced with 45 ml of 50%, H;PO; at 100°
over 5 to 6 hr. Neutralization of the cooled solution with NHj precipitates yellow Ge(OH)s,
which can be filtered under N,. The color appears to be due to the presence of some GeQO,
because the material slowly dehydrates and darkens upon standing, and eventually becomes
dark-brown GeO. The hydroxide is very easily oxidized to GeQ; ; the standard potential for
the reaction

Ge(OH);+H;0 = GeO,+2H*+2¢~

is —0.118 V3L,

Because of the change in composition, the chemical properties of Ge(OH); change with
the age and color of the material. Freshly precipitated material dissolves readily in conc.
HCI. The solubility of aged material in 4 N HCl is only 0.01 mole/l., but at high concentra-
tion of HCI the solubility increases markedly. Dilute aq. NaOH does not dissolve detectable
amounts of Ge(OH), if the base is less than 1 N, but 50%, NaOH dissolves it by oxidizing it
to sodium germanate, with evolution of hydrogen:

Ge(OH)2-+2NaOH = Na»GeO3+H>0+H;

Latimer3s gives the potential for the germanite-germanate oxidation in basic solution as
—14V.

3.8. GERMANIUM MONOSULFIDE, GeS

Although GeS was first made by reducing GeS; with Ge (Winkler) or with H, at 480°
(Dennis), the simplest way to prepare it now is to precipitate GeS, (as by the action of H,S

33 W. Bues, H. v. Wartenburg, Z. anorg. Chem. 266 (1951) 281.

34 L. M. Dennis and R. E. Hulse, J. Am. Chem. Soc. 52 (1930) 3553.

35 W. M. Latimer, Oxidation Potentials, p. 136, Prentice-Hall, N.Y. (1938). The sign has been reversed
in the sentence above, in keeping with present practice. For later information on Ge(II) compounds, see
2nd ed. of Latimer (1952), pp. 145-148.
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on a solution of GeCly in 6 N HCI) and reduce the fresh precipitate with excess H;PO, by
stirring on a steam bath until a clear, colorless solution results. The cooled solution is then
saturated with H,S and neutralized with aq. NH;, with H,S still flowing. The resulting GeS
is filtered under N, and dried in N, over P,0Os36. The resulting amorphous red-brown
powder may be crystallized by sublimation in vacuum at 600° ; the crystals are orthorhombic
bipyramidal, with a ==4.29, b= 10.42 and ¢ = 364 A (space group D}$). Each Ge atom is
surrounded by six S atoms in a deformed octahedral structure, with Ge-S distances of
2.47,2.64,2.91 and 3.00 A. The closest S-S approach is 3.55 A37. The calculated density is
4.24 g/cc, and the molar susceptibility is —4.9 X 10-6, The crystals appear black, but trans-
mitted light through thin sections is red, and reflected light steel gray3?. The powdered
substance hydrolyzes slowly in moist air and rapidly in liq. H;O to form Ge(OH), and then
GeO. It dissolves slightly in aq. NaOH, but apparently only if some GeS, is present3s,
The solubility product in lig. NHj3 is 9:x 10-6, and no ammonolysis takes place. An excess
of Na in liq. NH; dissolves GeS to form a reddish solution of sodium polygermanide, and
addition of NH4Br to this causes evolution of GeH,437.

3.9. GERMANIUM(II) SELENIDE AND TELLURIDE

When HjSe is passed into an aq. solution of GeCl,, a dark-brown precipitate of GeSe
forms. This substance is insoluble in 5%, aq. HCI, alcohol and ether; it oxidizes readily in
air, but is stable in CO; and can even be prepared from the elements in a CO, atmosphere
at 500°. It crystallizes in the tetragonal system with @ = 8.83 and ¢ — 9.76 A. The measured
density is 5.30, the calculated 5.266 g/cc. The melting point is about 667°. It dissolves in a
solution of Br, in HCI, and H,0; in alkaline solution oxidizes it to GeO, and Se. Aq. HNO;
oxidizes it to GeO, and H,Se0538,

The system Ge-Te shows a eutectic at 375° and an incongruent melting point for the
compound GeTe at 725°. The bond force constant is 2.9 X 105 dynes/cm, and the bond
distance is 2.85 A (calcd. from at. radii, 2.39 A). The crystal structure is cubic, with
a=>5.99 at 460° and 5.98 at 390° (like Ge and Te structures). At room temperature the
structure is more complicated and probably is non-stoichiometric. It is metallic in appear-
ance, with density 6.20. It reacts with conc. HCl, H,SO4 and H,O when heated, but aqua
regia attacks it in the cold, as does a mixture of H,O, and HCI38,

3.10. GERMANIUM(1I) IMIDE AND NITRIDE
In liquid NH3, Gel, is completely ammonolyzed to the imide GeNH :
Gel;4+3NH; = GeNH+2NH4I

The NH4I can be washed from the product by repeated extraction with liq. NHj3, leaving a
canary-yellow powder3? which oxidizes rapidly in air to GeO; and hydrolyzes in oxygen-free
water to Ge(OH), and NH;. When heated to 300° in vacuum, the imide is converted to a

dark-brown nitride:
3GeNH = Ge3N,+NH;

36 L. S. Foster, Inorganic Syntheses, Vol. 2, p. 102, McGraw-Hill, N.Y. (1946); D. A. Everest and
H. Terry, J. Chem. Soc. 1950, 2282,

37 Gmelin, loc. cit., pp. 536-539.

38 Gmelin, loc. cit., pp. 541-544,

39 L. S. Foster, Inorganic Syntheses, Vol. 3, p. 63, McGraw-Hill, N.Y. (1950).
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This nitride decomposes into the elements at 500°, but when heated in H; at 500° to 600° it
forms Ge and NH34. The o form of Ge;N, is hexagonal close-packed, a = 8.202 and
c==5.941 A ; the B form has the phenacite structure4o, with a = 8.038 and ¢ — 3.074 A.

3.11. GERMANIUM(II) COMPOUNDS OF PHOSPHORUS AND ARSENIC

By melting Ge and white P, in an evacuated glass tube, impure GeP is obtained ; the
heat of formation is only 6 kcal/mole. At 540° the substance decomposes according to the
equation

4GeP = 4Ge+-P4—37 kcal

There also are some hypophosphite-halide double salts which can be obtained by evaporat-
ing solutions of Ge(Il) salts containing excess H3PO, left from the reduction procedures
described above. In particular Ge(H;PO,),-GeCl, 3Ge(H,PO,),-GeBr; (m.p. 129°) and
3Ge(H,PO;),-Gel, (m.p. 120°) have been crystallized4!. These compounds are stable in dry
air at 20°, but hydrolyze to Ge(OH),. Warm conc. H,SO4 and HNO; oxidize them rapidly
to GeO;.

If the reduction of GeQO; with limited H3PO; is carried out in hot conc. H3POs solution,
in the absence of halide ions, the cooled solution yields crystals of yellow-green GeHPOs.
This substance begins to decompose at 230° without melting, and becomes black at 300°.
It is soluble in warm aq. HCI, HBr and H3POy,, but insoluble in cold dil. H,SO,4, CH;COOH,
HCOOH and organic solvents. Conc. HNO; oxidizes it to GeO,, and alkaline solutions
convert it to hydrous GeO41.

The phase diagram for the system Ge-As shows the compounds GeAs; (m.p. 732°) and
GeAs (m.p. 737°)42. The a-phase is made up of mixed crystals of As and GeAs; and is
hexagonal in structure with a — 3.701 A, ¢ — 10.71 A and c/a — 2.894 ; pure As crystallizes
in a foreshortened hexagonal structure, with a =3.754 A, ¢ = 10.52 A and c/a = 2.802.
Both GeAs and GeAs; show an enhanced diamagnetism ; the values for atomic susceptibility
at 20° are: pure As —6x1076, GeAs; —19x1076, GeAs —16x 1076 and pure Ge
—13x10-6. The alloying of As with Ge renders the As more stable to the air, and the
compounds mentioned above remained unaltered for months42.

3.12. ORGANIC DERIVATIVES OF Ge(II)

The action of CgH;sLi on Gel; in organic solvents gives an orange-brown solution from
which polymers of the composition (CsHs),Ge have been isolated43. Gilman and Gerow44
studied the reaction in detail, and noted that a complex of the composition (CgHs)3GeLi is
first obtained, and this dissociates to products which are difficult to characterize. Bromina-
tion of the product, for example, gives (CsHs);GeBr instead of the expected (C¢Hs),GeBr,.
Preparation of germanium(II) alkyls and aryls by other routes is difficult because germanium

40 W, C. Johnson, J. Am. Chem. Soc. 52 (1930) 5160; S. N. Ruddlesden and P. Popper, Acta Cryst. 11
(1958) 465.

41 D, A. Everest, J. Chem. Soc. 1952, 1670; 1953, 4117.

42 Gmelin, loc. cit., pp. 560 and 561.

43 0. H. Johnson, Chem. Revs. 48 (1951) 259 ; L. Summers, Iowa State Col. J. Sci. 26 (1952) 292.

44 H. Gilman and C. W. Gerow, J. Org. Chem. 23 (1958) 1582.
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dihalides reduce mercury alkyls to metallic mercury, and organometallic reagents containing
more active metals form complexes with the Ge(Il) products4s.

4. COMPOUNDS OF Ge(IIT)

Germanium in an oxidation state of 3 is rare, but a few compounds of the type
R,Ge-GeR; (which some might consider compounds of divalent germanium, rather than
trivalent) are known. The first of these is the supposed dimer (GeH,); which was obtained
by the reaction of NaGeH; with bromobenzene in liquid ammonia46:

2NaGeH; +2CoHsBr 1 NH3 | ) NaBr 1 2CsH -+ (GeHy),
The (GeHy); so obtained is not like the polygermene obtained by the action of conc. HCl

on CaGe (vide supra), but is a white solid which disproportionates on warming to room
temperature:

3(GeH,),; = 2GeHy+4GeH

The same white solid reacts with one equivalent of Na in lig. NH; to give a deep red solution
supposedly of the composition NaH,Ge-GeH,Na (like analogous tin compounds)4s.

A supposed Ge,Cls has also been obtained, by the thermal decomposition of GeCl at
210° at only 0.05 to 0.1 torr. The white crystalline product dissolves in GeCly and CsHs,
melts at 30°, is oxidized by air and by H;QO,, and dissolves in warm aq. KOH with evolution
of H,47. No Ge;Brg or Ge,lg has been reported.

One possible interpretation of the term “Ge(III)” would include compounds of the type
Ge;Hg and Ge;Clg. These are definitely of the structure X3Ge-GeX3, and so are compounds
of tetracovalent germanium. For this reason, Ge;Hg is described below along with GeH,
and the other hydrides of Ge(IV), Ge;Cls is included with the chlorides, and so on.

5. COMPOUNDS OF Ge(IV)

5.1. GERMANIUM(1V) HYDRIDES

Monogermane, GeH,

This formerly was made by the action of acids on an alloy of magnesium with
germanium4. If aqueous acids are used, large quantities of hydrogen are produced and
must be separated from the mixture of germanium hydrides; furthermore, the yield of
hydrides based on Ge is disappointing. Ammonia-system acids are more satisfactory: the
action of NH4Br on powdered Mg—~Ge alloy (3 parts Ge+2 parts Mg fused at 800°) sus-
pended in lig. NHy converts 60%; to 709, of the Ge to the various hydrides, which are
separated by distillation in a vacuum chain. Some GeHyj also is obtained from the thermal

45 G. Jacobs, Compt. rend. 238 (1954) 1825,

46 S. N. Glarum and C. A. Kraus, J. Am. Chem. Soc. T2 (1950) 5398 ; C. A. Kraus, J. Chem. Ed. 29
(1952) 417.

47 Gmelin, loc. cit., p. 514.

48 L. M. Dennis, R. B. Corey and R. W. Moore, J. Am. Chem. Soc. 46 (1924) 657 ; H. J. Emeléus and
E. R. Gardner, J. Chem. Soc. 1938, 1900.
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decomposition of solid GeH, and also by the electrolysis of a solution of GeO, in H,SO,.
More modern and practical methods consist in the reduction of GeCly by LiAlHy in ether4
(which requires only the simple separation of GeH, from ether vapor), and the still simpler
and easier reduction of GeO; by NaBH, in water solutions0?, 50°, By the last method, GeO,
is dissolved in 1 M HBr and an excess of NaBH, solution (5 g in 100 ml H,0) is added
dropwise. The GeH, (with about 1%, Ge,Hp) is condensed from the stream of H; in a series
of five traps cooled to —196°; the yield is 989%,50°,

Monogermane is a stable, colorless gas with physical properties listed in Table 6. It
reacts with sodium dissolved in liq. NHj3 (with evolution of Hj) to form NaGeH3, the same
product obtained by splitting Ge,Hg with Na in the same medium. Treatment of the
NaGeH; with NH4Br in the same solvent then evolves pure GeHs. Thermal decomposition
(to Ge+2H,) is very slow at 280°, but rapid at 375°; the deposited Ge is a catalyst for the
further decomposition, so the rate is proportional to the 1/3 power of the pressure of GeH,.
Under appropriate conditions, the dissociation is a first-order reaction5!. The photo-
chemical decomposition (under Hg-arc irradiation, the GeH, being sensitized with Hg
vapor) begins with stripping of one H atom and then a stepwise degradation of GeH,
fragmentsS2.

In contrast to SiH; and SnHy, GeH, does not ignite when it meets air. It can be mixed
with pure oxygen, at low pressure, and the oxidation begins only slowly at 320°. In the
range 230° to 330° the reaction produces H>O and a white deposit of GeO,, but at higher
temperatures explosions may result, and brown Ge is deposited as the thermal dissociation
of GeH, precedes the oxidation of its products.

In sharp distinction to SiH,4 (which is decomposed rapidly by even exceedingly dilute
alkali solutions), GeHy is unaffected by 309, aq. NaOH, and of course is not hydrolyzed by
the 1 M HBr in which it is made. It is a potent reducing agent ; it reacts with aq. AgNO; to
evolve hydrogen and precipitate a black mixture of Ag and Ge. Oxidizing agents convert it
to GeO, and H,O. It dissolves in lig. NH; to form a conducting solution believed to
contain NH4+ and GeHj ions, and the solution dissolves P4 to form an ammonium phospho-
germanide. Sodium and potassium in liq. NH3 convert GeHy to NaGeH; and KGeHj,
white solids which are unstable at room temperature and decompose to the metal germanide
and hydrogen. The substances MGeHs react in liq. NH, with CH;Cl to form CH3;GeHs,
but the same substances react with CH;Br; in a reductive way, not to yield H3;GeCH,GeH353:

CH;Br;+2NaGeH3;+NH3; —— CH3GeH3 +GeH3;NH2+2NaBr

In the same solvent NaGeHj; reduces aromatic halides to hydrocarbons, rather than
forming RGeH,53:

NaGeH3+CgHsBr ————— CsHg+GeH3+NaBr

49 A. E. Finholt, A. C. Bond, K. E. Wilzbach and H. L. Schlesinger, J. Am. Chem. Soc. 69 (1947) 2692.

s0= T, S. Piper and M. K. Wilson, J. Inorg. Nucl. Chem. 4 (1957) 22.

sob J, E. Griffiths, Inorg. Chem. 2 (1963) 375.

51 H. J. Emeléus and H. H. G. Jellinek, Trans. Faraday Soc. 40 (1944) 93.

52 H. Romyn and W. A. Noyes, J. Am. Chem. Soc. 54 (1932) 4143; H. E. Mahncke and W. A. Noyes,
ibid. 87 (1935) 456.

53 F. G. A. Stone, Hydrogen Compounds of the Group IV Elements, chap. 3, Prentice-Hall, N.J. (1962).
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TABLE 6. PROPERTIES OF THE Ge(IV) HYDRIDES

Property GeH,4 GeyHg GesHg GegHyo | GesHj,
Melting point, °C —164.8 —109 —105.6
AH fusion, cal/mole 199.7
Boiling point, °C —88.1 29 110.5 176.9 234
AH vaporization, cal/mole 3360 6400 8000 9650 11,300
Vapor pressure
at —127°C, torr 53.0 !
at —115° 142.5 3
at —105° 282.0
at —95° 523.5
at —68.1° 6.4
at —38.9° 38.6
at —10.2° 152.7
at 0° 239.0
at +18.8° 503.5
at 25.3° 39.9
at 45.0° 90.9
at 80.9° 317
at 99.5° 545
Density at m.p., g/cc 1.52¢ 1.98 2.20
Critical temp., °K 308 483 588 665 730
Critical pressure, atm 54.8 45.7 379 32.5 28.8
AS vap. (Trouton constant) 19.8 20.2 20.8 215 222
Molar heat capacity, cal. at m.p. 15
Transition temps. in solid, °C -210
—-199.8
—196.5
IR abs. bands, cm~1 & 2090
930.9
2114
819.3
Raman frequencies, cm-1 2
) 2089
d12 816
V234 2106
0345 920
Heat of formation, kcal/mole 21.6 38.7
Bond energy, kcal
Ge-H 69.0
Ge-Ge 379
Ge-H bond distance, A® 1.527 '
Ge-Ge bond distance, AP 2.41 2.41 ‘
Index of refraction n i
at 5484 A 1.00091 i
at 5893 A 1.00089 ‘
Molar refraction, cm3/mole at I
5893 A 13.35 z
Surface tension at b.p., dynes/cm 15.80 :
Parachor 108.5 '

 See also spectroscopic data on GeHy, GeDy, etc., in F. G. A. Stone, Hydrogen Compounds
of the Group IV Elements, pp. 74-76, Prentice-Hall, Englewood Cliffs, N.J. (1962).

® L. E. Sutton, Interatomic Distances (Spec. Publ. 11, Chemical Society, p. S-5).

¢ At -142° not at m.p.
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Digermane, Ge;Hg

This is obtained as a by-product in the preparation of GeHy as described above, and also
by the circulation of GeH, through a silent electrical discharge at low pressuress4. The
physical properties, insofar as they are known, appear in Table 6.

Digermane decomposes at 200° in a manner that fits the scheme55s

GeHg —— 2GeH;3
GeH 3+ Ge2H6 —_— GCH4 +G82H 5
GesHs ————— GeHs+GeH;
GeH; —— Ge+H>
2GeH; ———— GeHs+Ge

The activation energy for such pyrolysis is 33.7 kcal55. Digermane oxidizes more easily than
GeH,, but less readily than Si;Hg; oxidation proceeds at 100°:

2G62H6 + 702 —_— 40602 + 6H20

In lig. NH;, a solution of Ge,Hg has a conductivity of 0.97 X 10-3 recip. ohm-cm at —60°
(1.35x 1073 at 47°), which is 10,000 times as large as that of the pure solvent and indicates
formation of a salt-like (NH4)>GeyHy. The solution dissolves P4 in much the same way as
does a solution of GeH456.

The higher germanes also ensue from circulation of GeH, through an electric discharges+,
more Ges;Hg being obtained than Ge;Hs. Some Ge;Hjg also was obtained by the classical
method of Dennis, Corey and Moore48, and most of the physical properties of the substance
in Table 6 come from a sample prepared that way. When exposed to the air, Ge;Hj soon
changes to a white solid, but does not ignite. It does not dissolve in water, but appears to
be oxidized by air in the water. It is immiscible with 339, aq. NaOH, and does not react
with it. Like Ge,Hg, Ge;H g dissolves in CCly and reacts with it, apparently to form GeCl,.

The formulas GeysH;y and GesHj, in Table 6 refer to mixtures of isomers in unknown
proportions. The GesHio decomposes slowly above 50° and rapidly above 100° to give
GeH, and liquid productss3, and GesH;, decomposes at 100° to GeHy and a solid residue.
At 350° all the higher hydrides become Ge and H,.

5.2. GERMANIUM(IV) HALIDES

Germanium Tetrafluoride, GeF,

This probably is obtainable from the elements, but is much more easily obtained in pure
form by the thermal decomposition of barium fluorogermanate, BaGeFs. This salt is made
by adding BaCl, to a solution of GeO; in aq. HF ; the white granular solid is washed with
cold water and dried at 120°. When heated in a silica tube (copper is unsatisfactory),
copious evolution of GeFy4 begins at 600°. The gas does not attack dry glass at 25°, nor
silica glass at 700°, but copper and other base metals reduce it at elevated temperatures.
The gas itself does not decompose at 1000° and 100 mm. When passed over reduced Ge at
temperatures above 100°, or over crystalline Ge at 350°, a white volatile solid GeF, is

54 J, E. Drake and W. L. Jolly, Proc. Chem. Soc. 1961, 379.
55 H. J. Emeléus and H. H. G. Jellinek, Trans. Faraday Soc. 40 (1944) 93.
56 P. Royen, Z. anorg. Chem. 235 (1938) 324.
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formed. This solid dissolves in water, and the solution reduces KMnQOj4 and I ; when H,S
is added to it, GeS precipitatess7.

The physical properties of GeF, are given in Table 7. Chemically, GeF4 reacts with
limited water to precipitate gelatinous GeO, and form HF. In a large excess of water, the
gas dissolves and heat is evolved; addition of KOH precipitates K,GeFs, showing that
H,GeF; is formed in the solution. Hydrolysis of small amounts of GeF, vapor in the throat
and lungs produces hoarseness and extreme irritation. When the vapor of GeF,4 (at 1 atm) is
passed over heated AICl;, MgCl, or FeCls, complete exchange of halogen occurs, giving
only GeCl; and no mixed halides.

Besides tie two fluorogermanate salts already mentioned, many others can be precipi-
tated or crystallized from water solution. The easiest method of preparation is to dissolve
dried precipitated GeO, in an excess of 40%, aq. HF, and then add the base and cool the
solution. Many organic bases form fluorogermanates this way, as well as hydrazine,
ammonia and metallic hydroxides.

Germanium Tetrachloride, GeCl,

This is the oldest and best-known covalent compound of germanium. It was prepared
in 1886 by Clemens Winkler, who found that the germanium in a solution of GeO, in a
large excess of hydrochloric acid could all be recovered as GeCly just by heating the solution.
Finely divided Ge ignites in chlorine, and massive Ge heated in a stream of Cl, soon reaches
incandescence and produces GeCl;. The tetrachloride may also be made from GeO; by
heating the dioxide to 500° in a stream of CCls vapor carried by N;. The reductive chlorina-
tion also is possible with COCI, or a mixture of CO and Cl; at 600°. Passing Cl, over a
heated mixture of carbon and GeQO; is not a satisfactory method; the best large-scale
method is distillation from aq. HCl. Crude GeCly can be freed from Cl; by blowing a
stream of dry air through it (or by shaking it with Hg or with Hg,Cl,) and then purified by
fractional distillation (see isolation of Ge from its ores, supra). The physical properties of
pure GeCl, are given in Table 7. References 58—69 are a guide to the older literature.

Pure GeCly is a colorless, refractive liquid with a sharp, penetrating odor. It fumes in
moist air, and its vapor deposits a chalky coating of GeO, on glass surfaces which have not
been dried in vacuum. The vapor is very stable (undecomposed at 950°) but very reactive
toward alkali metals (mixing the vapors of GeCly and K gives a rapid reaction and a blue
chemiluminescence). It undergoes halogen exchange if treated with PI3 or SbF; or SnBry.
Hydrogen reduces the vapor to Ge at 600°, forming GeCl, as an intermediate product.

Liquid GeCly reacts rather slowly with liquid water at the interface, depositing GeO,.
In liquid ammonia it forms the imide Ge(NH),, which decomposes on heating to form a
nitride Ge;Ny. The liquid is without action on H>SO4 or conc. aq. HCI, but reacts slowly
with conc. aq. HNOj to become colored with oxides of nitrogen. In acetic anhydride GeCly
forms the tetra-acetate,

GeCly+4(CH3C0)20 = Ge(CH3C00)4+-4CH3COCI

but this cannot be isolated by distillation and is better prepared by a metathetic reaction
with thallinm monoacetate in acetic anhydride solution, precipitating TICl. Primary and
secondary amines react to form the amine hydrochloride and a substituted imide Ge(NR),,
but tertiary amines such as (C;H;s);N form addition compounds, usually of the type

57 L.. M. Dennis and A. W. Laubengayer, Zeit. f. Phys. Chem. 130 (1927) 520; L. M. Dennis, Z. anorg.
Chem. 174 (1928) 119,
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TABLE 7. PROPERTIES OF THE GERMANIUM TETRAHALIDES GeX4 58768

Property GeFy GeCly GeBry Gely
Melting point, °C - 15t —49.52 26 146
Crystal form and color white orange
octahedr. cubic
Boiling point, °C —36.5¢ 83.1 186 ca. 400
A H vaporization, kcal/mole 8.34 7.35 20.1¢
Entropy of vap., cal/mole-deg 20.65 37
Vapor pressure: at —62.7°, torr 75.9
at —41.4° ' 452 1.0
at 0° 25
at 39.4° 161
at 81.0° 708.5
at 93.7° 58.4
at 140.0° 232
at 180.2° 655
at 373°p 0.17
at 393°b 0.66
at 408°v 1.36
Critical temp., °K 548
Critical pressure, atm 36.6
Specific heat C,, joule/g-deg 19.57¢ 0.699 23.34¢ 25.1¢
Ratio of specific heats 1.42
Standard entropy, cal/mole-deg 72.08 83.05 94,77 107.9
Density at 30°C 2.126¢ 1.844 2.1002 4.322!
Surface tension, dynes/cm at 30° 22.44 35.51
Parachor 253.2 309.7
Velocity of sound, m/sec, 30° 768.6
Compressibility, cm2/dyne x 1012 91.3
Dielectric constant, 0°C 2.491
Ge-X distance, A 1.67 2.08 2.29 2.50
X-X distance, A 2.73 3.39 3.82 4.09
Raman frequencies, cm™1: v 740 397 235
o 132 80
V234 451 327
O345 171 112
Magnetic susceptibility, x 106 —491 —72.0 —-174
Index of refraction: D line, 22.5° 695.4° 1.4644
white light, 20° 1.4648 1.6296
white light, 25° 1.4614 1.6270
Molar refraction (Lorentz-Lorenz) 10.2 31.465
Heat of formation, kcal/mole 165 78.5
Bond energy, kcal/mole, Ge-X 63.5 48.1
2 For a-form of GeCly; the metastable -form melts at —52.0°. b Vapor pressure of
solid which sublimes. ¢ Sublimation temp. at 1 atm. 4 Heat of sublimation.
e Density of liquid at 0° under pressure. f Melting point of solid under 3032 mm pr.;

subs. sublimes. ¢ In cal/mole-degree at 25°. b (n—1)x 106 at Hg line 5461 A.
{ Measured as liquid under pr., 20°; for gas —33+0.01. i At 26°.
58 L. M. Dennis and F. E. Hance, J. Am. Chem. Soc. 44 (1922) 306.

9 L. M.

Dennis and F. E. Hance, Z. anorg. Chem. 122 (1922) 275.

60 A, W. Laubengayer and D. L. Tabern, J. Phys. Chem. 30 (1926) 1048.
61 W, A. Roth and O. Schwartz, Z. phys. Chem. 134 (1928) 466.

62 R. N.

Pease, J. Am. Chem. Soc. 43 (1921) 193.

63 M. E. Lear, J. Phys. Chem. 28 (1924) 889,

64 L. M.

Dennis, W. R. Orndorf and D. L. Tabern, J. Phys. Chem. 30 (1926) 1052.

65 F. M. Brewer and L. M. Dennis, J. Phys. Chem. 31 (1927) 1537.
66 F. M. Jaeger, P. Terpstra and H. G. K. Westenbrink, Proc. Acad. Amsterdam 28 (1925) 747.
67 L. M. Dennis and A. W. Laubengayer, Z. phys. Chem. 130 (1927) 527.

8L. M.

Dennis, Z. anorg. Chem. 174 (1928) 119.
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GeCly-d4R3N. Alcohols appear to react only very slowly with GeCly to form esters; since the

reaction with water
GeCly+2H,0 = GeO;+4HCI

is definitely reversible at high concentrations of HCI (vide supra), the reaction with alcohols
probably soon comes to equilibrium. Hence germanium alkoxides are best made by
dissolving sodium in the alcohol and then adding GeCly:

GeCly+4C;HsONa = Ge(OC;Hs)4+4NaCl

Germanium tetrachloride is readily purified and stored, and so is the favorite starting
material for preparing a wide variety of organogermanium compounds through the agency
of Grignard reagents, lithium alkyls and sodium condensations:

4C,HsMgBr (in Et,0)+GeCly = (CoHs)sGe+4MgBrCl
C¢HsMgCl (in THF)+GeCly = C¢HsGeCl3+MgClz

The subject of organogermanium chemistry is treated separately in a later section, but it
may be said that ever since Clemens Winkler made the first organogermanium compound
from it in 1887, GeCly has been very important to the subject. It also is the common
starting material for the preparation of addition compounds (with ethers and esp. cyclic and
aromatic ethers, for examples?) and of coordination compounds of the transition metals70,
In this connection, it is interesting to note that although silicon forms very stable fluoro-
silicates containing the SiFg~ ion, it forms no chlorosilicates M;SiClg; germanium, on the
other hand, not only forms fluorogermanates M,GeFg, but also chlorogermanates, such as
Cs,GeClg 71.

Germanium Tetrabromide, GeBr,

This is readily prepared from the elements by conducting Br, vapor (diluted with Ny)
over powdered Ge heated to 220° and collecting the products in an ice-cooled trap, or by
refluxing finely powdered Ge with liquid Br; for 4 hr, evaporating the excess bromine at 25°,
removing the last Br, with HgCl, and then distilling the tetrabromide. Pure GeBr, forms
colorless ice-like crystals which turn yellow in ultraviolet light and hydrolyze rapidly in
moist air. Active chlorides (such as C¢HsPCl) convert it to chlorobromides, and eventually
to GeCl;. However, there is no halogen exchange with SnCls. Active metals such as Mg
strip the bromine from GeBr, at 25° to 40°, leaving black dispersed Ge.

Germanium Tetraiodide, Gel,

This may also be prepared from the elements, but its purification by distillation or
sublimation is difficult because of decomposition. An easier way is to heat GeO, and aq. HI
together, and then to extract the Gely into CCly or Cs¢Hg72. Thus GeO, is heated in a
pressure flask with 20 equivalents of HI (sp. gr. 1.7) to 150° until the GeO; is dissolved, and
then a stream of hot CO; is blown into the flask to vaporize any free iodine. Upon cooling,

69 H. H. Sisler, H. H. Batey, B. Pfahler and R. Mattair, J. Am. Chem. Soc. 70 (1948) 3818, 3821.

70 F, G. A. Stone, New Pathways in Inorganic Chemistry, p. 283, Cambridge Univ. Press (1968).

71 A. W. Laubengayer, O. B. Billings, and A. E. Newkirk, J. Am. Chem. Soc. 62 (1940) 546.

72 L. S. Foster and A. F. Williston, Inorganic Syntheses, Vol. 2, p. 112, McGraw-Hill, N.Y. (1946);
H. Bauer and K. Burschkies, Ber. 66 (1933) 277.
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orange crystals of Gel, deposit. These crystals slowly turn brown and disintegrate in moist
air, becoming eventually a brown paste of GeO; in HI. Dry Gels decomposes at 440°.
Aq. NaOH converts it to Na,GeO; and Nal, and liq. NH; converts it to Ge(NH,),. Warm-
ing with SnCly, ZnCl,, CdCl,, HgCl,, PbCl,, AsCls, SbCl; or SbCls converts it to GeCly.
Passing NH;3 through a solution of Gely in CCl, gives Gel4-8NHj3, and in the same solvent
organic amines react with Gels to give addition compounds containing 4, 5, 6 or 10 molecules
of amine’3.

A few mixed halides, such as GeF;Cl, GeF,Cl,, GeFCls, GeClBr;, GeCl,Br, and
GeCl3Br are known’4, with properties intermediate between those of the tetrahalides.
Those containing chlorine and bromine disproportionate readily.

Halogermanes, GeH X, ,

Many volatile hydride-halides of germanium are known, some of which are charac-
terized as given in Table 8. Of these, the most important are the “haloforms”” GeHCl; and
GeHBr;. Mention has already been made of the ready reaction of GeCl, with anhydr. HCI
to form GeHCl;; variations of this preparative method include passing GeCl, vapor and H,
through a silica tube at 900°, and heating Ge powder in a stream of HCI (diluted with N,)
at 500°. Parallel methods may be used for preparing GeHBr;3, or GeS may be dissolved in
409, aq. HBr. A more difficult route involves the preparation of GeH, and then the
halogenation of this by reaction with limited HCI or HBr in contact with crystals of AICl,
or AlBr;. Warming GeHCl; to 75° causes it to return to GeCl, and HCl. The hydride
nature of the hydrogen in GeHClj; is shown by dissolving the GeHCl; in alcohols, whereupon
H; slowly is evolved and GeCls and GeCl; remain. The reactions of the hydride-halides
follow in other respects the reactions of both halides and hydrides?s, including preferential
hydrolysis of the halogen :

2GeH;3Cl+-H,0 = (GeH3),0+2HCI

As in silicon chemistry, halogen exchange with chloroform and other carbon halides is
noted :

GeHBr;+CHCIl3; = GeHCIBr,+CHCLBr

Mixtures of GeHCl; and GeHBr; will also undergo halogen exchange to give GeHCIBr,
and GeHCL,Br.

Some halogenated digermanes and digermoxanes are HiGeGeH,Cl (b.p. 88°), Ge,Cls
(m.p. 41°), C1;GeOGeCl; (m.p. —60°, b.p. 70° at 13 mm, density 2.057 at 20°) and
H3GeGeHsl (m.p. —17°).

5.3. GERMANIUM(IV) CHALCOGENIDES

Germanium Dioxide, GeO,

This is the best-known solid compound of germanium. It is a stable, unreactive white
powder which melts to a glass and can be used as a constituent of glasses which are more

73 T. Karantassis and L. Capatos, Compt. rend. 193 (1931).

74 W. E. Anderson, J. Sheridan and W. Gordy, Phys. Rev. (2) 81 (1951) 819; M. L. Delwaulle, Compt.
rend. 234 (1952) 2361 ; G. S. Forbes and H. H. Anderson, J. Am. Chem. Soc. 66 (1944) 931.

75 F. G. A. Stone, Hydrogen Compounds of the Group IV Elements, pp. 63-76, Prentice-Hall,
Englewood Cliffs, N.J. (1962).
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refractive than the corresponding silicate glasses?6. It is readily obtained by the hydrolysis
of GeCl, yielding a microcrystalline form of the hexagonal modification of GeQ, (with a
structure much like that of low quartz)?7. This is often called the ““soluble” form, because it
dissolves in cold water to the extent of 4 g/l. The same crystalline modification also is
obtained by holding GeO; glass at 1080° until it devitrifies. The only other modification of
GeO, is the “insoluble” or tetragonal form, which is obtained by hydrothermal conversion
of the “soluble” form (by heating with water in 2 bomb at 355° for 100 hr). The “insoluble”
form is stable up to 1033°, where it inverts slowly to the ““soluble” form (which melts at
1116°). The physical properties of both forms are given in Table 9. The “soluble’ form of

TABLE 9. PHYSICAL PROPERTIES OF GeO, AND GeS;,

Property Soluble GeO; Insoluble GeO, Vitreous GeO; GeS;
Melting point, °C 1116 1086 ca. 800
Specific heat s
Crystal system hexagonal tetragonal amorphous orthorhomb.
Crystal habit rhombohed. prisms
Crystal structural type low quartz rutile
Unit cell, A

a 4.987 4.394 11.66
b 22.34
¢ 5.652 2.852 6.86
Space group D} D4 i
Ge-X dist., A 1.86 1.65 2.19
Density, g/cc at 25° 4228 6.239 3.637 2.942°
Index of refr.
w 1.695 1.99
€ 1.735 2.05 1.607
Inversion point, °C 1033 1033
Solubility, g/l. H>O, 25° 4.53 0 5.18
Magnetic suscept., X106 —34.3 —53.3

» C, = 11.2+7.17x1073 T cal/mole.
b At 14°,

GeO; is dissolved and converted to H,GeFg by 25 N HF, and is attacked by 12 N HCI and
5 N NaOH, but the “insoluble” form resists these reagents; it dissolves only in 10 times its
weight of fused NaOH at 550°, or in 5 times its weight of fused Na,CO; at 900° 77. The
vitreous form of GeO, has the same structure as fused silica, and reacts with aq. HF and
HCI like the hexagonal crystal modification. The electrical conductivity of GeO; is about
10 times that of SiO,, at temperatures up to 1100°.

Germanium Disulfide, GeS;

As indicated above, the common hexagonal form of GeQ, is very soluble in moderately
concentrated aqueous acids. When 6 N H,SO, is saturated with GeO; and then HS is
introduced, a precipitate of white GeS; forms (sometimes in pearly platelets). This may be
filtered, then washed with H,S-saturated water, H,S-saturated alcohol, and finally ether.
The GeS, must be dried in a desiccator, otherwise it will oxidize and hydrolyze. The

76 L. M. Dennis and A. W. Laubengayer, J. Am. Chem. Soc. 47 (1925) 1945; J. Phys. Chem. 30 (1926)

1510.
77 A. W. Laubengayer and D. S. Morton, J. Am. Chem. Soc. 54 (1932) 2303.
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physical properties are listed in Table 9. Pure GeS; dissolves in 12 N HCI, evolving H,S.
When heated in air it turns brown and melts to a dark, vitreous mass, evolving SO;. In
water it hydrolyzes slowly, with a prominent odor of H,S. It is slightly soluble in liq. NHj,
and in that medium reacts with dissolved sodium to give Na,S and a dispersion of elementary
Ge; addition of more sodium converts the latter to sodium germanide, which reacts with
NH,4Br to produce GeHy. In absolute alcohol GeS, reacts with H,S to form a polymeric
white solid, H,Ge,Ss.

Germanium Diselenide, GeSe;

This is produced when H,Se is introduced into a solution of GeO; in 6 N HCL. It is an
orange solid which melts at 707° (with decomposition). The density is 4.56 at 25°, and the
crystal form is orthorhombic, with @ = 12.96, b — 6.93, ¢ = 22.09 A. The crystals oxidize
when heated in air, with separation of the selenium. Aqueous acids have little effect on the
substance in the absence of an oxidizing agent, but Br; in 12 N HCl dissolves it. Conc. HNO;
oxidizes it to GeO; and H,Se0;.

Tellurium forms alloys with Ge, and the phase diagram shows evidence of a compound
GeTe, but no GeTe;. The GeTe is metallic in appearance, with a density of 6.20. Conc.
HCl, and H;SO,; and H,0, have no action on the solid, but conc. HNQO; attacks it and
forms GeOa,.

5.3. OXYACID SALTS OF Ge(1V)
Acetate

The addition of TIC;H30; to a solution of GeCl, in acetic anhydride gives a precipitate of
TICl and a solution of Ge(C;H30,)4, from which the latter can be isolated by concentrating
the solution at low pressure and then cooling it. The Ge(C,H3O;) separates in white needles,
m.p. 156°, It is soluble in benzene and acetone, and almost insoluble in CCl, and ether. It
hydrolyzes readily in moist air to GeO, and HC;H30,.

Oxalate

When excess GeQ; is heated with oxalic acid, a syrupy liquid of the composition
H,[{Ge(C,04)3] is obtained. The NaOH titer of this corresponds to only three-quarters of
the original oxalic acid. No crystalline compound can be isolated, but the liquid forms
stoichiometric complexes with quinine and with strychnine.

Sulfate

When GeCl, is heated with SO3 in a bomb tube at 160° for 12 hr, S,05Cl, and an unstable
sulfate of Ge(IV) are formed7s.

GeCly+6503 = Ge(804)2+25,05Cl>

Organogermanium Oxyacid Salts

The preparation of oxyacid derivatives of Ge(IV) is facilitated by the presence of alkyl
and aryl groups linked to Ge, so that formates, acetates, chloroacetates, perfluoroacetates,

78 E, Hayek and K. Hinterauer, Monatsh. 82 (1951) 205.
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propionates and benzoates become possible. For preparation and properties, see the
extensive publications of H. H. Anderson?.

Alkoxides Ge(OR),

The action of sodium alkoxides (and of other alkoxides of active metals®0) on GeCls,
Ge,OClg, etc., gives colorless liquid germanium alkoxides of pleasant odor. The physical
properties of some representative compounds are given in Table 1081. These substances

TABLE 10. SOME ALKOXIDES OF GERMANIUM

Compound M.p,, °C B.p., °C | At. pr. mm n® a2
Ge(OCHj)4 —18 145 760 1.4015 1.3257
Ge(OC;Hs)4 -72 184 741 1.4073 1.1395
Ge(O n-C3H7), 178 115 1.4200 1.0664
Ge(0 i-C3H7)4 109 30 1.4141 1.0245

at 25°
Ge(O n-C4Ho)y 143 8 1.4255 1.0173
at 25° at 25°
Ge(O i-C4Ho)y 265 760
Ge(O sec-C4Hyo)y 137 54 1.4291 1.0164
at 25° at 25°
Ge(O tert-C4Hg), 44 224 760 1.0574
at 25°
Ge(OCgHs)y 220 0.3
Ge(OSiPhj)s 237

Reference: V. F. Mironov and T. K. Gar, Organic Compounds of Germanium (in Russian), Academy of
Sciences, U.S.S.R. Moscow (1967).

cannot be made in satisfactory yield directly from the alcohol and GeCl,, probably because
of reversibility of the alcoholysis. However, if a hydrohalogen acceptor such as NH; or
pyridine is present, the alcoholysis proceeds satisfactorily. The germanium alkoxides are
stable in dry air but are slowly hydrolyzed by moisture. Partial hydrolysis leads to polymeric
alkoxygermanium oxides (R0);GeOGe(RO)3, etc. The compound Ge(OSiPhs), is much
more resistant to hydrolysiss2.

6. ORGANOGERMANIUM COMPOUNDS
6.1. GENERAL

Although germanium is a rather rare and little-known element, a large proportion of the
research effort on it has been devoted to organogermanium chemistry. As a metalloid,
germanium forms strong and durable bonds to carbon (bond dissociation energy
Ge-CHj3; = 59.1 kcal/mole, Ge-~-C;Hs 56.7 kcal, Ge-C3H,; 56.8 kcal83), as well as to

79 H. H. Anderson, J. Am. Chem. Soc. 73 (1951) 5798 and 5800; ibid. 74 (1952) 2370 and 2371 ; ibid. 79
(1957) 326, J. Org. Chem. 20 (1955) 536 and 900.

80 D. C. Bradley, L. Kay and W. Wordlaw, Chem. and Ind. 1953, 746; J. Chem. Soc. 1956, 4916 ; ibid.
1958, 3656.

81 For references see F. Rijkens, Organogermanium Compounds, Inst. Org. Chem. T.N.O., Utrecht,
Holland (1960), as well as ref. 80 above.

82 V. Gutmann and A. Meller, Monatsh. 91 (1960) 519,

83 H. A. Skinner, The strengths of metal-to-carbon bonds, Advances in Organometallic Chemistry, 2
(1964) 99, Academic Press, N.Y.
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hydrogen, oxygen and the halogens. Hence there are very many varieties of organo-
germanium compounds, and the roster of individual compounds reached 2300 in 196784,
Obviously a complete account cannot be given here. All that can be done at present is to
review the general methods of preparation, to list the physical properties of some representa-
tive compounds and to summarize the chemical behavior of these. For more detailed
information, the reader is referred to several compilations and general textbooks of
organometallic chemistry which have appeareds!. 84-87, Current reviews appear in Advances
in Organometallic Chemistry (Academic Press, N.Y., 1964-).

6.2. PREPARATIVE METHODS
1. Alkylation of Ge halides, alkoxides, etc., by zinc alkyls and aryls:

GeX4+2R3Zn = R4Ge+2ZnX,

This reaction, first used by Winkler in 1886, is fairly satisfactory for tetra-alkyls (aside from
the unpleasant making and handling of zinc alkyls), but it is difficult to control for the
purpose of making organogermanium halides, and so is not much used any more. Mercury
alkyls can be used instead of those of zinc.

2. Alkylation of Ge halides by Grignard reagents:

GeCl3+-2RMgCl = RyGeCly, etc.

This method is so versatile and so readily controlled that it is the favorite for making most
compounds of the type RGeX3, RiGeX and R4Ge. It also is used for preparing those
dialkyldichlorogermanes which cannot be obtained readily by direct synthesis. Mixed alkyls
of the type RR'R"’R’"’Ge can also be made by successive alkylations with respective Grignard
reagents, indicating the degree of flexibility which is possible. In the Grignard preparation
of organogermanium halides, since halogen exchange between Ge and Mg is possible, it is
important to use organomagnesium bromides with GeBry4, and so on.

3. Alkylation of Ge halides and pseudohalides by organolithium reagents: 1t is principally
a matter of choice whether organomagnesium or organolithium alkylating reagents be used,
but sometimes there are advantages from the use of hydrocarbon solvents (possible with
RLi), and sometimes no corresponding RMgX can be made (as was the case at one time
when CH,=CHL.i could be obtained but not CH,—=CHMgX).

4. Sodium condensation reactions: These are so difficult to control that they are seldom
used.

5. Direct synthesis: This is principally a method for making dialkylgermanium
dichlorides and dibromides, especially from the lower alkyl halides:

2CH;3Cl+Ge(+Cu catalyst at 300°) = (CHj3)>GeCl;

84 V. F. Mironov and T. K. Gar, Organic Compounds of Germanium (in Russian), Acad. Sciences,
U.S.S.R. Moscow (1967). See also F. Glockling, Chemistry of Germanium, Organic and Inorganic, Academic
Press, N.Y. (1969), which appeared after this account was written.

85 Gmelins Handbuch der anorganischen Chemie, 8th ed., System No. 45, supplementary vol., Verlag
Chemie, Weinheim (1958).

86 R. Weiss, Organometallic Compounds (ed. by M. Dub), Vol. 11, Compounds of Ge, Sn, and Pb, Springer
Verlag, N.Y. (1967).

87 H. C. Kaufman, Handbook of Organometallic Compounds, Table for Group 1VB, Van Nostrand,
N.Y. (1961).
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The reaction always produces some RGeCl; (and a trace of R3GeCl) as well as R,GeCl,
but the proportion of RGeCl; usually is less than that obtained in the corresponding silicon
reaction. The method is simple and inexpensive, where it is applicable, and complexes with
ethers are avoided entirely. Either powdered fused germanium or the black powder
obtained by reducing GeO, with H, may be used, and 109, Cu powder is appropriate as
catalyst8s,

6. Addition of Ge-H compounds to alkenes and alkynes: The addition of GeHCl; (so
readily obtained ; see above) to terminal olefins provides a good example of this convenient
reaction8?;

GeHCl3;+CHj3(CH2).CH =CH; = CH;3(CH2).CH,CH,GeCl3

The various additions are catalyzed by free-radical initiators, by ultraviolet light, by Pt on
charcoal or by H,PtCls, and by powdered Cu; each reaction has its own optimum con-
ditions. In general, the additions are easier to conduct than those of the corresponding Si-H
compounds, and GeHCl, is far more reactive than SiHCI; in such reactions. A tabulation
of 109 organogermanium compounds prepared by such germane-to-olefin addition reactions,
together with references and a discussion of the technique, is given in a 1966 review90,

7. Addition of alkali-metal derivatives of organogermanium compounds to unsaturated
compounds: This is a limited reaction, but a very handy one in some cases where a fourth
organic group is to be added to germanium?!:

(CHs)3GeLi+CgHy3CH =CH; = (CsHs)3GeCH,CHLICgH;3
+ HO
(CsHs)3GeCH,CH,C6Hi3

(C6Hs)3GeK+HCHO = (CsHs);GeCH0K
{ H,O
(CsHs)3GeCH,OH

The reaction with carbonyl compounds does not always result in addition (as in the reaction
with formaldehyde, above), but may result in decarbonylation:

2(C5H5)3G¢Li + CO(OCzH 5)2 = (C6H5)3Ge—Ge(C6H5)3 +CO+ 2LiOC2H5

8. Other methods: Organodigermanes frequently are obtained by reductive coupling
through the agency of Grignard reagents, and indeed the reaction of an excess of C¢HsMgBr
with GeCly can produce a preponderance of either (CgHs)4Ge or (CsHs)3Ge-Ge(CgHss)s,
depending on a slight change in the procedure®2. These coupling reactions usually are
explained by the formation of R;GeMgX intermediates, although there is much controversy
about whether germanium can form such Grignard-like compounds. Exchange reactions
are quite common in germanium chemistry also, so that the interaction of (C¢Hs);GeK and
(CsH;)3SiCl gives not only (CeHs)3GeSi(CgHs)s, but also (CgHs)3;GeGe(CsHs); and
(CsH5)38i8i(CsHss)393.

88 E. G. Rochow, J. Am. Chem. Soc. 69 (1947) 1729; ibid. 72 (1950) 198.

89 A. K. Fisher, R. C. West and E. G. Rochow, J. Am. Chem. Soc. 76 (1954) 5878.

% E. Y. Lukevits and M. G. Voronkov, Organic Insertion Reactions of Group IV Elements, Consultants
Bureau, N.Y., Plenum Press (1966).

91 H. Gilman and C. W. Gerow, J. Am. Chem. Soc. 77 (1955) 5740; ibid. 19 (1957) 342 ; ibid. 82 (1960)
4562,

92 D. M. Harris, W. H. Nebergall and O. H. Johnson, Inorganic Syntheses, 5 (1957) 70-74.

93 F. Rijkens, Organogermanium Compounds, p. 39, Germanium Research Committee, TNO, Utrecht
(1960).
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63. TETRA-ALKYLS AND TETRA-ARYLS, R4Ge

The tetra-alkyls of germanium are somewhat more reactive than those of silicon, but are
stable substances obtainable in great variety ; hundreds of them (with similar and dissimilar
R groups) are listed in the 1967 compendium prepared by Weiss86. The physical properties
of a few are given in Table 11. The C-Ge bonds can be cleaved by bromine in CCly

(CsHs)aGe+Bra, = (CsHs)3GeBr+CgHsBr
or by hydrohalogen acids in the presence of aluminum halides (HF requires no AlF3):

(CH3)4Ge+HBr(AlBry) = (CH3)3GeBr+CHg4
(C2Hs)sGe+HF = (C;Hs)3GeF+C,Hg

The R—Ge bond is moderately stable to aqueous acids, but HNO; in (CH3CO),0 will cleave
it, and so will HCIO4 in aq. C;HsOH. The relative rates of cleavage of -C¢H4 OCHj; groups

TaBLE 11. SOME TETRA-ALKYLS AND TETRA-ARYLS, R4Ge®

Compound Mp., °C B.p., °C | At.pr. mm n¥ dao

(CH;3)4Ge»' ¢ —88 43.5 760 1.3882

(C:Hs)4Gee —-92.5" 163.5 760 1.4428 0.9941
(n-C4Ho)4Ge 278 760 1.4571 0.934
(i-C4Ho)4Ge 135 17 1.4594 0.9374
(CeHs)aGe 235.7 > 400 760

(CH;=CH)4Ge 53 27 1.4676 1.040
(CF,=CF)4Ge 123 760 1.3662 1.7719
(CsHsCH>CH2CH3)4Ge 245 0.05 1.5704 1.106¢
(CH3);CsHsGe 183 760 1.5045
(CHj3)3C¢HsCH2Ge 94 28 1.5140 1.1011
(CH3)2(C2Hs)2Ge 108 760 1.4221 0.9885
(CH3)2(C5H5)2GC 145 10 1.573 1.18
CH3(C;Hs);Ge 135 760 1.4328 0.9912
(CH;3);CH:CHyGe 70.6 735 1.4153 0.997
(CH3);CH,CH : CH,Ge 101 760 1.4333 0.9952
(C2H;s)3CH,CH : CH,Ge 180 732 1.4594 1.0004
(C2Hs)3CsHsGe 108 2 1.4598 0.9479

» Ge-C bond distance = 1.98 A.

b Two crystal forms ; m.p. of second form —89°.

° At 25°

4 Proton magnetic resonance shift » = 9.87. For detailed information on N.M.R. spectra see M. L.
Maddox, S. L. Stafford and H. D. Kaesz, Adv. in Organometallic Chem. 3 (1965) 1-179.

¢ N.M.R. constants in Maddox, Stafford and Kaesz, compilation cited above.

from Si, Ge, Sn and Pb in the reaction of (C,Hs);sMCsHsOCH; with HCIO; were
1:36:105:108, as measured in aq. ethanol.94 Transfer of alkyl groups to Ge of GeCls and
GeBr4 occurs in the presence of AICl; or AlBr;, and to SnCly without the aluminum halide.
Metallic Li or Na-K alloy will cleave (CsHs)4Ge, but not (C4Hg)4Ge.

Some interest attaches to the unsaturated tetra-alkyls of germanium and their possible
polymerization. Vinyl and allyl compounds of the type R,GeR’s, (where R’ is methyl
or ethyl) have been polymerized at 6000 atm and 120°, using peroxide initiators?5. Mono-
vinyl and monoallyl compounds gave oily liquids, while the polyfunctional compounds

94 C. Eaborn and K. C. Pande, J. Chem. Soc. 1960, 1566.
95 F. Rijkens, ref. 93, p. 29.
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gave flexible or glassy solids. Readiness of polymerization of analogous .vinyl and allyl
compounds of Group IV elements increases in the order Sn, Ge, C, Si%. Polymers may
also be made by the addition of R,MH, compounds (where M is a Group IV element) to
unsaturated tetra-alkyls of the type R;MR’,, where R’ is an alkyl group with terminal
unsaturations. References to many polymerization experiments with olefinic R4Ge com-
pounds are given by Weisss6,

64. ORGANOGERMANIUM HYDRIDES

Many alkyl and aryl derivatives of GeH, are known, and the properties of a few
representative compounds are given in Table 12. They show most of the reactions of the

TABLE 12. SOME ORGANOGERMANIUM HYDRIDES¢

Compound M.p., °C B.p.,°C | At.pr., mm n¥ dao
(CH3)3GeH4 26 760 1.0128
(CH3);GeH,* —149 6.5 744
CH3GeHj® —158 —-23 760
(C,H5);GeHe¢ 120 760 1.4382 1.0043
(C>Hs),GeH> 72.5 740 1.4208 1.0378
(C3H7)3GeH 183 760 1.4441 0.9694
(C3H7),GeH: 126 760 1.4340 1.003
(C4Ho)3GeH 123 20 1.4508 0.9155
C4HoGeHj3 74 760 1.4200 1.022
(C¢Hs)3GeH¢ 42.5% 128 0.03
(CsHs)2GeH, 93 1 1.5921
CH;=CHCH,GeHj3 37 760 14315 1.0797
(n-C¢H;3)1GeH 123 0.5 1.4565 0.917°
(n-CsHy3)2GeH, 13 8 1.4522 0.9484
n-CgH13GeHj 128 760 1.4350 0.9972
(n-C;H;5)3;GeH 182 17 1.4600 0.9108
(n-C;H;5),GeH; 148 10 1.4543 0.9348
n-C7H;1sGeH3 85 74 1.4390 0.9819
n-CgH1;GeH3s 80 31 1.4422 0.9719

& g-form; f-form melts at 27°.

b At 25°,

¢ Observations on bond lengths in these compounds, together with some discussion of their chemical
behavior, appear in F. G. A. Stone, Hydrogen Compounds of the Group IV Elements, chapter 3, Prentice-Hall,
Englewood Cliffs, N.J. (1962).

4 See also Monogermanes—their synthesis and properties, by J. E. Griffiths, Inorg. Chem. 2 (1963) 375.
Vapor pressures for CH3;GeH3, (CH3)2GeH, and (CH3)3GeH are given there.

germanium hydrides themselves, moderated by the presence of R groups: hydrogen is
replaced by halogen through the action of HX, reducing action is evident, hydrogen
is expelled by GeCly and SO,Cl,, etc., and addition to alkenes and alkynes occurs. It is
interesting that lithium alkyls react in such a way as to metalate the germanium

(C:Hs)3;GeH+RLi = (C;Hs)3GeLi+RH

whereas R3SiH gives R4Si and LiH.

6.5. ORGANOGERMANIUM HALIDES

Preparative methods 2, 3, 5, and 6 (see above) come into full play here, as well as
halogen cleavage of tetra-alkyls and tetra-aryls. Hence very large numbers of compounds
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R1GeX, R,GeX, and RGeX; are known, along with organogermanium halo-hydrides
and organo-functional germanium halides. A full listing extends into the hundredsss;
some constants for a few representative compounds are given in Table 13. Organogermanium
halides hydrolyze reversibly (in sharp contrast to organosilicon halides) to give organo-
germanium oxides and hydroxides, and reaction with ammonia gives primary, secondary,

TABLE 13. SOME ORGANOGERMANIUM HALIDES86 &

Compound M.p., °C B.p., °C | At. pr., mm n¥ dxo
(CH3)3GeF 76 746 1.3863 1.230
(CH3)3GeCl —-15 97 730 1.4337 1.2493
(CH3)3GeBr 115 760 1.4660 1.5486
(CH3);Gel 136 760 1.5159
(C2Hs):GeF 148 760 1.4206 1.1527
(C2H5)3GeCl 174 760 1.4643 1.175
(C,Hs)3;GeBr 191 760 1.4829 1.412
(C2Hs);Gel 212 760 1.528 1.608
(C3H7)3GeF —27.5 203 760 1.4340 1.074
(C3H7)3GeCl —-70 227 760 1.4641 1.10
(C3H7)3GeBr —47 242 760 1.4832 1.282
(C3H7)3Gel —38 259 760 1.5144 1.443
(CH;==CH)3GeBr 58 10 1.5057
(CH3),CoHsGeCl 99 760 1.4285 1.1763
(C4Hy),CsHsCH=CHGeCl 140 0.4 1.540 1.1293
(CH3),GeF, 112 750 1.3743 1.5726
(CHj3),GeCl, —22 124 760 1.4600 1.4552
(CHj3),GeBr; 153 746 1.5268 2.1163
(Csz)zGBClz 172.8 760
CH3(C;H5)GeCl, 149 760 1.4660 1.4381
(n-C3H7),GeCl, 0.5 183 760 1.4128 1.248
(i-C3H7)2GeCl, —-52 203 760 1.4738 1.264
CH;3GeF; 38 96.5 751
CH3GeCls 110 727 1.4685 1.7053
CH3GeBr; 168 750 1.5770 2.6337
CH3Gelj, 48-55 237 752
CyHsGeCl; 140 760 1.4750 1.6006
C3H,GeCl3 163.5 756 1.4779 1.5146
CeHsGeCl3 115 19 1.5702 1.6641
CH,=CHGe(l; 128.5 756 1.4815 1.6520
CH,=CHCH,GeCl; 154 743 1.4928 1.5274
Cl3GeCH,CH»GeCl; 56 131 12

a See also J. E. Griffiths, Inorg. Chem. 2 (1963) 375.

and tertiary amines (depending on conditions and size of R group). Lithium in THF
brings about coupling of R3GeBr and R;SiCl to give GeSiRj compounds.

Organogermanium chlorides (and indeed GeCly also) undergo an interesting and often
useful reaction with diazomethane to replace chlorine ligands with chloromethyl groups,
thereby establishing new Ge—C bonds%:

CH3GeCl3+CH,N; — > CH3(CH,CGeCly +N,

(vield 78%,; b.p. 72° at 40 mm, n% = 1.4890, d%° = 1.642).
This is an illustration of a general method for obtaining chloromethyl derivatives of

96 D. Seyferth and E. G. Rochow, J. Am. Chem. Soc. 17 (1955) 907.
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Ge and Si, in which a cold solution of CH,N; in ether is added to the germanium chloride
in the presence of a small amount of suspended copper powder. Nitrogen evolution takes
place at —60°, and there are few by-products.

6.6. ORGANOGERMANIUM OXIDES

Considerable interest attaches to the possibility of making polymeric organogermanium
oxides (-R,GeO-), analogous to the silicones (-R,SiO-),, etc., so some attention has been
given to the matter. When a mixture of (CHj3),SiCl, and (CHs),GeCl, is hydrolyzed, the
mixture of water-immiscible dimethylsiloxanes is found to contain no germanium; all of
the germanium is found in the water layer. When (CH3),GeCl, alone is added to water it
dissolves, and evaporation of the solution in an oven at 105° leaves nothing behind. This
indicates that the hydrolysis of (CH;3),GeCl, in pure water is reversible and incomplete,
and that the partial hydrolysis products are water-soluble. A study of the hydrolytic
dissociation97 shows that a 0.6 M solution of (CH3),GeCl, in water has a pH of 1.2, and that
titration of this with 0.1 N NaOH produces a curve very much like that for the titration
of HCI, with no precipitation of (CH3)2GeQO or (CH3),Ge(OH); even up to pH 12. The
van’t Hoff i factor is 5. This indicates that the hydrolytic dissociations

(CH3)2GeCl, = (CH3)Ge**++2CI-
(CH;3),Ge**+H,0 = (CH3);GeOH++H*
and (CH3);GeOH* +H,0 —— (CH3),Ge(OH)y(sol)+ H*

are taking place, and this was confirmed by precipitating sulfide, chromate, and thio-
cyanate salts of the (CH3),Get+ ion%. Hence (CHj3)GeCl, behaves like a strong diprotic
acid in water.

Extraction of a water solution of (CHj3)2GeCl, with petroleum ether, followed by
intensive drying of the ether layer before evaporation, leads to a cyclic tetramer [(CH3)2GeOl4
which melts at 92°0®). This dissolves readily in water (where it is present as monomeric units,
probably (CH;3),Ge(OH),), and evaporation of the water solution yields a white polymer
[(CH3),GeO}, which melts at about 132° and appears fibrous but is revealed by electron
microscopy?® to consist of dendritic orthorhombic crystals. In the vapor phase at 200°
and 100 mm, dimethylgermanium oxide exists as a trimer98 ; rapid quenching of the vapor
produces unstable crystals which revert to the tetramer. The three forms of (CH3):GeO
have different infrared spectra®., 100, with Ge-C asymmetric stretching absorption at
598 cm~1. The tetramer is non-toxic to hamsters, and causes little or no increase in the
red blood cell count; both observations point toward no appreciable metabolism of the
substance, and hence a biological stability101,

Diethylgermanium oxide may also be made by hydrolyzing (C;Hs),GeCl, prepared
from Ge by the direct reaction of C,H;sCl102, The hydrolysis product is an oily mixture
of polymers, less soluble in water than (CH3),GeO but decidedly soluble.

97 E. G. Rochow and A. L. Allred, J. Am. Chem. Soc. 77 (1955) 4489.

98 M. P. Brown and E. G. Rochow, J. Am. Chem. Soc. 82 (1960) 4166.

99 E. G. Rochow and T. G. Rochow, J. Phys. Colloid Chem. 55 (1951) 9.

100 M, P. Brown, R. Okawara and E. G. Rochow, Spectr. Acta, 16 (1960) 595.

101 E, G. Rochow and B. M. Sindler, J. Am. Chem. Soc. 72 (1950) 1218. For erythropoietic effect of
inorganic Ge compounds, see section on biological activity above.

102 E. G. Rochow, J. Am. Chem. Soc. 72 (1950) 198.
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6.7. ORGANOFUNCTIONAL ORGANOGERMANIUM COMPOUNDS

Besides the simple alkyl and aryl germanium hydrides, halides, and related derivatives,
there are many organogermanium compounds which have organofunctionality of one or
more types:

(a) Unsaturation, as in vinyl, allyl, and other alkenyl and alkynyl compounds, obtained
by dehydrochlorination or by Grignard or related techniques.

(b) Halogen substitution, as in CH>Cl-Ge compounds from diazomethane reactions,
or CF3-Ge compounds (from addition of CF;l to Gely, etc.).

(c) Cyano-, acetoxy-, and alkoxy-alkyl derivatives, often obtained from the corresponding
haloalkyl compounds, or by such specialized procedures as addition of acrylonitrile to
Ge-H bonds. Fifty such compounds are listed (with properties and references) in the
Weiss compilation8s,

6.8. OTHER ORGANOGERMANIUM COMPOUNDS

A long series of organogermanium pseudohalides has been obtained by the action of
AgCN, AgCNS, AgCNO, etc., on organogermanium halides'03. The properties of some
representative compounds are given in Table 14.

TaBLE 14. ORGANOGERMANIUM PSEUDOHALIDES

Compound M.p., °C B.p.,°C | At. pr., mm n® da
(CH3)3GeCN 38.5 150 760 —
(CH3)3GeCNS 192 760 1.4960
(CH3)3GeN; —65 138 760
(CH3).Ge(N3),2 —14 452 2
(C;H5);GeCN 18 213 760 1.4509 1.111
(C2Hs)3GeNCO —264 200 760 1.4519
(C,Hs)3GeNCS —46 252 760 1.517 1.184
(C2Hs)2Ge(NCO), -32 135 52 1.4619 1.330
(C2H;5)>2Ge(NCS), 16 114 1 1.356
CaHsGe(NCO); -131 139 52 1.4739 1.5344
(n-C3H7)3GeCN —-13 116 10 1.544 1.041
(n-C3H7)3GeNCO -19 114 10 1.4575 1.055
(n-C3H7)3GeNCS —56 143 9 1.5063 1.105
(n-C4Hg);GeNCO 109 2 1.4595 1.044
(n-C4Hg)3GeNCS 135 2 1.5039 1.071

Similarly, organogermanium esters of organic and inorganic acids may be made by
reaction of silver or other heavy-metal salts of the acids with organogermanium halides,
or by reaction of the latter with the acids themselves (or their anhydrides). Such esters
act like organogermanium halides in their sensitivity to water and their solvolytic dis-
sociations. Many are known (see ref. 86 for a listing); space permits only the physical
constants for the trimethylgermanium esters and a few higher trialkylgermanium com-
pounds in Table 15.

103 H. H. Anderson, J. Am. Chem. Soc. T1 (1949) 1799 ; ibid. 72 (1950) 194 ibid. 73 (1951) 5439, 5798;
ibid. 74 (1952) 1421, 2370, etc. ; ibid. 79 (1957) 326.
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TABLE 15. TRIALKYLGERMANIUM ESTERS OF INORGANIC ACIDS36

Compound M.p., °C B.p.,°C | At. pr., mm n¥ dx
[(CH3)3Ge]3BO;3 128 0.25 1.4607 1.1723
(CH3)3GeCl,PO, 61 dec. 100 subl. 1
[(CH3)3Gel3AsO4 46 130 1.5
[(CH3);Ge]3VO4 —18
[(CH3)2Ge]>S04 138 subl.

(CH3)3GeSO308Si(CH3); 93 dec.

[(CH3)3Ge),SeO4 147 135 1

(CH3)3GeClO4 5 91 2

[(C>H:);Gel,S04 -4 165 3

(C2Hs)3GeSO3CH;3 280 760 1.4650 1.286
[(n-C3H7)3Ge)hSO4 370 760 1.186
[(i-C3H7)3Ge)2SO4 380 760 1.482 1.217
(n-C4Ho)3GeSO3C;Hss 337 760 1.4654 1.117

The organogermanium oxides86 are best represented by the solid polymers of (CH3);GeO
(vide supra) and by the bis-trialkylgermanium oxides and their aryl counterparts (which are
liquids prepared by hydrolysis of the chlorides R3GeCl, or by oxidation of the hydrides,
or by hydrolytic cleavage reactions). The physical properties of a few such germanoxanes
are given in Table 16, together with those of (CH3),GeO for comparison.

TABLE 16. ORGANOGERMANIUM OXIDES86

Compound M.p., °C B.p.,°C | At. pr., mm ny® dao
(CH3)3GeOGe(CHj3); —61.1 137 730 1.4308 1.2086
(C2Hs)3GeOGe(C,Hs)s 131 20 1.4612
n-Pr3GeOGen-Pr; —55 175 14 1.4648
i-Pr3GeOGei-Pr; 315 dec. 760 1.4836 1.112
i-Pr3;GeOH —15 216 760 1472 1.077
n-Bu3;GeOGen-Bu; 173 1 1.4652
(n-CsHj1)6Ge20 157 0.06 1.4656
(n-C¢Hi3)6Ge20 210 0.04 1.4645 0.963 at 25°
[(CH;)zGeO]J 1334
[(CH3)2GeOl4 91 88 1
[(C2H5);GeOl3 19
[(C2H5)>,GeOls 27.1 129 3

Besides the organogermanium oxides which invoke purely Ge-O-Ge structures, it is
quite easy to make mixed organometallic oxides which involve Ge-O-Si and Ge-O-Sn
linkages. These result from the interaction of compounds of the type R3;SiOLi with
R3GeCl, or from the reaction of R3SiCl with R3GeOLi, and so on. The properties of
some of these mixed oxides appear in Table 17. The oxygen linkage is reactive to several
kinds of cleavage agent: phenyl lithium converts (CH3)3;GeOSi(CH3); to (CH;3)3GeCsHs
and (CH3)¢Si>086, and AICly converts it to (CHj3)3GeCl and (CH3):SiOAICL.  Sulfur
trioxide converts the same substance to the mixed sulfate (CH3);GeOSO,0Si(CHs);86.
The substance (CH3);GeOSi(CHs3); itself is said to be very toxics6, which is surprising in
that its fragments are not known to be.
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TABLE 17. SOME ORGANOGERMANIUM MIXED OXIDES86

Compound M.p., °C B.p., °C At. pr., mm
(CH3)3GeOSi(CHs); —68 117 723
(CH3)3GeOSi(C2Hs5); 33 1
(C,H5)3;GeOSi(CH3)s 77 16
(CH;3)2Ge[0Si(CH3);]2 -6l 54.5 11
CH;Ge[OSi(CH3)3]3 70 10
(CH3)3GeOSn(CH3)3 51 12

alkoxides are given in Table 18.

TABLE 18. ORGANOGERMANIUM ALKOXIDES36

Closely related to the mixed oxides are the organogermanium alkoxides, which contain
the linkage Ge-O-C and may be considered as alkoxide counterparts of the organo-
germanium halides. Indeed, they may readily be made from such halides by the action
of sodium or lithium alkoxides, or by the action of the alcohols themselves if an HCI
acceptor such as a tertiary amine also is used. Conversion reactions of organogermanium
alkoxides with higher alcohols also are possible. The physical properties of some such

Compound B.p.,°C | At. pr., mm n¥ das
(CH3);GeOCH; 88 753 1.401 1.075
CH3Ge(OCH3); 137 760 1.4053 1.264
(C;H5)3GeOCHj3 163 760 1.43622 1.0682
(C2H5)3;GeOC3Hy 190 760 1.4388% 1.025»
(C2H5)3GeOCH,C=CH 92 17 1.46009 1.0958
(C2H5)3;GeOCH,CH=CH; 85 19 1.44528 1.0418
(C2H;5)3GeOCsHs 140 18 1.51028 1.133s
(C2H;5)3GeOCH,CH,0Ge(CH3)3 162 11 1.4640% 1.149»
(C4Hg):GeOCH; 136 16 1.4502# 0.988»
(C4Hy)3GeOC,H; 129 10 1.44812 0.9728
(C4H9)3GeOCH=CH; 86 1 1.45802 0.9882
(C4Ho)3GeOCgHyy 180 16 1.46802 0.996%

s At 20°C.

As expected, there also are many organogermanium sulphides and mercaptides. These
are obtained by the reaction of organogermanium halides with sodium sulfide or mercaptide,
or by reaction with H,S in the presence of an HCI acceptor. Some compounds are listed

in Table 19.
TABLE 19. ORGANOGERMANIUM SULFIDES AND MERCAPTIDESS6

Compound M.p., °C B.p., °C | At. pr., mm ny dao
(CH3)3GeSGe(CH3)y —-27 68 12
[(CH3),GeS]s 55.5 302 760
[(G-C3H7).GeS]3 119 1 1.551 1.327
(CH3)3GeSeGe(CHs)s 94 13
[(CHg)zGeSe];; 53
(C2Hs)3GeSCH,C¢Hss 131 1 1.549 1.139
(C2Hs)3GeSC4Ho 120 4 1.4880 1.0546
(C2H5)3GCSC6H13 109 1 1.488 1.029
(C;H5)3GeSCeH 5 113 1 1.553 1.153
(CsHs)3GeSH 112
(CsHs)3GeSCH; 87
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Similarly, nitrogen derivatives of organogermanium halides can be made by reaction
with alkali-metal amides, or (in some cases) by reaction with ammonia or amines directly.
Transamination is possible as a way of making one organogermanium amine from another,
and even some organogermanium oxides can be converted to amines or amides by azeo-
tropic distillation with an amine86. In general, organogermanium compounds of nitrogen
and phosphorus and are sensitive to water, acids, and oxidizing agents. The properties of
some representative compounds are given in Table 20. Related compounds containing
the Ge-N-Sn and Ge~-N-Pb linkages also are known86, and can be prepared similarly.

TABLE 20. ORGANOGERMANIUM DERIVATIVES OF NITROGENS6

Compound M.p., °C B.p.,°C | At pr., mm n® dayg
[(CH3);Ge]sN 60 2
[(CH3)3;Ge],NH 47 17
C>HsGe[N(CH3)2]3 —46 106 34 1.049s
C;H;Ge[N(C,H5s),)3 118 12 1.108»
Ge[N(C2Hs)2)s 109 2 1.215»
[(C4H9)2GCNH]3 172 0.004 1.4889
(C4Hy)2Ge[N(CH3),)> 116 7 1.4605 1.001

a2 At 22°C.

Lastly, there are organodigermanes and polygermanes, made by the condensation of
organogermanium halides, using alkali-metal acceptors for the halogen atoms. Mixed
compounds containing Ge-Si, Ge-Sn, and Ge-Pb bonds also may be made, usually by
the reaction of R3GeK or R3GeLi with the appropriate organometallic halide (or vice versa,
using R3GeCl and R;SiK, etc.). Intercondensations such as that of R3GeBr with R;SiCl
(using sodium) also are possible. Cleavage reactions of such polymetalloidal compounds
provide the basis for much speculation about relative electronegativities, but the relative
bond energies usually provide a more reliable clue to what happens. The physical properties
of some organogermanes and related compounds are given in Table 21.

TABLE 21. ORGANODIGERMANES, POLYGERMANES AND RELATED COMPOUNDSS86 ¢

Compound M.p., °C B.p., °C | At. pr., mm n¥ dag
(CH3)3GeGe(CHj), —40 138 750 1.4564
(C2Hs)3GeGe(CyHs), 62 0.007 1.4690
(C2H3)3GeGe(CyHi)2 55 0.3 1.5217= 1.171»
(CsHs)3GeGe(CeHs)s 330 2710 10
CH;[Ge(CHj),15CH; 44 0.05 1.4940 1.2311
CH3[Ge(CH3),]4CH3 82 0.8 1.5161 1.3094
CHj3[Ge(CH;3),],CH; 97 0.2 1.5356 1.3806
(C2H5)3GeSi(C,Hs)s 255 760 1.4860 0.97914
(C6H5)3GeSi(CoHs)3 96
(C6Hs)3GeSi(CeH5)3 357
(C2H5)3GeHgSi(C2H5)3 131 1.5

& At 25°C.

b Sublimation conditions.

¢ Many more complicated organopolygermanes are listed in an article by H. Gilman entitled
Catenated organic compounds of silicon, germanium, tin and lead, in Adv. Organomet. Chem. 4
(1966) 1-94.

a4 At 26°C.
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7. COMPLEXES OF GERMANIUM(IV)

7.1. FLUOROGERMANATES AND CHLOROGERMANATES

As described in the section dealing with GeF,, many fluorogermanate salts of organic
and inorganic bases may be made by dissolving GeO, in 409%, ag. HF and then adding
the basel04:

GeO,+6HF = HyGeFs+2H,0
H2G6F5 +2C6H5NH2 = (C5H5NH3)2GCF5

Similarly, chlorogermanates such as Cs;GeCls have been known many years7l. Such
halocomplexes of the form M,GeXs constitute the simplest and earliest complexes of
Ge(IV), and reveal much about germanium with a coordination number of six. The
octahedral GeFg grouping is a dinegative ion, of course, but within the anion the bonding
is much the same as that in the neutral SF¢105. Alkali-metal fluorogermanates are soluble
in water ; the heavy-metal ones are not. The solubilities and densities of some nitrogen-base
fluorogermanates104 are given in Table 22.

TABLE 22. SOME NITROGEN-BASE FLUOROGERMANATES104

das H,O CH;3;0H C;H;OH
(NH,).GeFg 2.564 sol. insol. insol.
(NH;0H),GeFg 2.492 sol.® sol. sl. s.
(N2Hs)2GeFg 2.406 sol.® sl. s. sl. s.
(C¢HsNH;),GeFg 1.579 sol.® sol. s. hot
(CsHsNH,CH3),GeFg 1.631 sol.® sol. sl. s.
(C¢HsNHMe,),GeFs 1.548 sol.® sol. sol.

& With hydrolysis.

7.2. COMPLEXES OF TRANSITION METALS

The newer coordination chemistry of germanium deals largely with germane, chloro-
germane, and organogermanium derivatives of w-complexes of the transition metals06,
The presence of = acceptor ligands “‘conditions” the transition metal to form o bonds to
certain alkyl groups!07, and also to analogous groups containing other Group IV elements.
A great many such compounds are known1%6, some made by metathetical reactions involving
a carbonyl metal anion:

(C6Hs)3GeCl+ n-CsHsW(CO); = (CsHs)3GeW(CO)3n—CsHs+Cl-

104 T, M. Dennis, B. J. Staneslow and W. D. Forgeng, J. Am. Chem. Soc. 55 (1933) 4392.

105 W. Hiickel, Structural Chemistry of Inorganic Compounds, Vol. 2, p. 689, Elsevier Publ. Co., Amster-
dam (1951).

106 F. G. A. Stone, New Pathways in Inorganic Chemistry (ed. Ebsworth, Maddock and Sharpe),
chapter 12, pp. 283-302, Cambridge Univ. Press (1968).

107 J, Chatt and B. L. Shaw, J. Chem. Soc. 1959, 705; J. Chatt, Rec. Chem. Prog. 21 (1960) 147.
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This method can be used to attach four metal atoms to Ge, starting with GeCly. Other
compounds are made by elimination reactions, such as

HGeCl3+CIMn(CO)s = Cl3GeMn(CO)s+HCI

Another general method consists in the insertion of germanium dihalides into metal-metal
bonds, giving M-Ge-M configurations:

Gel; +Co02(CO)s = (CO)4Co(Gelz)Co(CO)s

Lithium derivatives of organogermanium compounds can also be used to react with
halogen-bearing transition metals in suitable complexes:

2(CsHs)3GeLi+[(CH5)3P12PtCly = [(CsHs)3GeloPt[P(C2Hs)3], 4-2LiCl

The structures of some transition metal-germanium compounds have been determined
by X-ray crystallographic study, and these show the Ge atoms to be in distorted tetrahedral
configuration, while the transition metals (here iron and manganese) show basically octa-
hedral bonding106, In(CsHs);GeMn(CO)s the space group is Py, and the Ge-Mn distance is
2.5354-0.02 A108. In Cl,Ge[Fe(CO),n—CsHs), the space group is C 2/c, and the Ge-Fe
distance is 2.364-0.01 A109,

The square-planar Pt-Ge complexes are said to be stable up to 150°, but the triphenyl-
germanyl-palladium complex [(CoH;s);PLPd[Ge(C¢Hs);]: decomposes in solution at 20° 106,
The transition metal-germanium bonds are only moderately reactive: the compounds
(R3P),Pt[Ge(CsHs);, are unaffected by air and water, but the Ge-Pt bonds are cleaved
by I, HCI, and CCly. Reduction of Ge-Cl bonds with NaBHy, is possible without destroying
the Ge-Fe bond106:

NaBH4
ClzGe[FC(CO)zn—CsHslz _— > HzGe[Fe(CO)zn—Csﬂs]z

Related compounds containing organogermanium groups bonded to Cu, Ag, Au, Ti,
Zr, Hf, Nb, Ta, Cr, W, and Mo have been collected by Weiss86 from the patent literature
(where they are of interest as catalytic agents), but the compositions and structures are
not always clear. Some interest in such complexes as antiknock agents and as starting
materials for thermal metal plating also is expressed.

108 B, T. Kilbourne, T. L. Blundell and H. M. Powell, Chem. Comms. 1965, 444,
109 M. A. Bush and P. Woodward, J. Chem. Soc. 1967, 1883.
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1. THE ELEMENT

1.1. HISTORICAL

In the book of Numbers in the Bible’s Old Testament, tin is mentioned as a metal of
value under the name bedil. The ancient Indian author Veda refers to tin as frapu. Objects
made of tin have been found in the tombs of ancient Egypt!, and the tin-copper alloy
bronze has been used from ancient times. Caesar, recording the presence of tin in Britain,
referred to it as plumbum album as also did Pliny, to distinguish it from lead, which was
plumbum nigrum.

Up to the 12th century A.D., the tin deposits of Cornwall were the only large European
source of tin2. Subsequently the mines of Saxony and Bohemia became important.
Nowadays, however, the Continent of Europe is almost entirely dependent upon imported
ores.

1.2. OCCURRENCE AND DISTRIBUTION

Tin is found in nature almost exclusively as the tin(IV) oxide known as cassiterite or
tinstone. Small quantities of stannite, Cu,S.FeS.SnS,, are known, and occasionally small
amounts of tin metal are found in nature along with gold.

Cassiterite is found as primary deposits interspersed in other rocks particularly as
“reef-tin” in granite, or alternatively in secondary deposits as “stream-tin”, mixed with
large quantities of clay and sand.

Principal suppliers of tin are Malaysia, Bolivia, Indonesia, Congo, Siam and Nigeria.
Further important deposits are worked in China, Australia, Rhodesia, South Africa,
Alaska, United States, Chile and the United Kingdom.

Tin is estimated to be present in the earth’s crust as 4 x 10-3%, by weight, and to be in
sea water at a concentration of 0-003 g/ton.

1.3. EXTRACTION

Despite the 78:6%, of tin in pure SnQO,, the tin ores for extraction of the metal
often contain only a few per cent of tin. Initial concentration is carried out by flotation
removal of lighter rocks, such as silica, and magnetic removal of certain impurities such
as tungsten minerals. Roasting volatilizes sulphur and arsenic and oxidizes many metals

1 A. H. Church, Chem. News, 36 (1877) 168.
2'T. R. Holmes, Ancient Britain, p. 483, Oxford (1907).
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present, such as bismuth, zinc, iron and copper, into oxides which can be washed out by
acid.

Cassiterite is reduced by carbon in a blast or reverberatory furnace. The crude
molten tin is usually contaminated with iron, which is removed by oxidation. (This
used to be carried out by “poling” the molten tin with a fresh green wood pole, which
on charring released gas vigorously, and stirred the tin into contact with atmospheric
oxygen.)

Tin is extensively recovered from tin plate scrap, either by electrolysis, whereby the
scrap is made the anode in a caustic soda cell, or by detinning with chlorine to produce
tin(IV) chloride. Iron unlike tin is not readily attacked by dry chlorine.

14. INDUSTRIAL AND COMMERCIAL UTILIZATION OF TIN

The primary tin consumption for the U.S.A., Japan, U.K., Germany and France for
1968 totalled over 120,000 tons. This was utilized as tinplate (47%,), solder (219,), bronze
(89%), babbitt (bearings) (6%,) and tinning (5%,). The remaining 139, was utilized for a
wide miscellany of alloys and chemicals.

In addition to the extensive use of tin metal itself and its alloys, various compounds of
tin are used in industry and commerce. Tin(IV) oxide is used as an opacifier for vitreous
enamels, in ceramic glazes and as a polishing powder. Tin chlorides are used to weight
natural silk, stabilize soap perfumes, silver glass mirrors and as chemical reducing agents.
Tin(II) fluoride finds extensive use as an additive to dentifrices?.

Monobutyltin compounds stabilize plastic films, and dibutyl and other organotins are
present in up to 19/, by weight of tin in polyvinylchloride, as a stabilizer*.

Tributyltin compounds are used in industrial fungicides, insecticides, anti-fouling paints
and disinfectants; and triphenyltin derivatives are now manufactured in hundreds of tons
for agricultural pesticide purposes®.

1.5. ALLOTROPES OF TIN

Tin has two crystalline forms. Above 18° the stable form is the so-called 8 or white tin,
and below 18° the stable form is the so-called a or grey tin. An often described y form of
tin has no basis in fact.

In the grey a-tin each atom has four tetrahedral bonds resulting in three-dimensional
covalent bonding throughout the crystal. In this a-form tin has an analogous structure to
the diamond form of carbon.

In B-tin each atom has four nearest neighbours at 3-016 A in the form of a very flattened
tetrahedron, and two further neighbours at 3-175 A. Thus instead of tetrahedral co-
ordination as in a-tin, the white B-form of tin has each tin atom in a somewhat distorted
octahedral environment as shown in Fig. 1.

Tin metal, as normally utilized, is the white B-form, and although the transition
temperature for B-tin to a-tin is about 18°, the conversion of white to grey tin does not

3 Tin in Your Industry, Ed. W. T. Dunne, The Tin Industry Board, Malaysia.

4 H. Verity Smith, Organotin Stabilizers, The Tin Research Institute, Greenford, Middlesex, England
(1959).

5J. G. A. Luijten and G. J. M. van der Kerk, 4 Survey of the Chemistry and Applications of Organotin
Compounds, The Tin Research Institute, Greenford, Middlesex, England (1952).
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take place except at much lower temperatures. An exception to this, however, is when grey
tin is present and catalyses conversion of -tin to «-tin below 18°.
Once started, the change from S-tin to a-tin proceeds quite rapidly, and due to the very

F1G. 1. (a) The tetrahedral environment of the tin atom in a-tin (cubic) and (b) the distorted

®

octahedral environment of the tin atom in f-tin (tetragonal).

different crystalline forms and densities of the two allotropes, this conversion causes the tin
to completely crumble and powder. The consequent destruction of tin objects caused this

allotropic change to be known as tin disease, tin pest or tin plague.

1.6. ISOTOPES OF TIN

The isotopes of tin are listed in Table 1. None of the naturally occurring isotopes of
tin is radioactive, and it is notable that no single isotope constitutes even one-third of

natural tin.

TABLE 1. THE NATURAL AND ARTIFICIAL IsoTOPES OF TIN

%

abundance in

%

abundance in

Isotope | natural tin Half-life Isotope | natural tin Half-life
108Sn — 0-167 days || 119mSp — 250 days
109Sn — 1080 sec 1198n 8-58 —
110§ — 0-171 days || 120Sn 32.97 —
1118n — 2100 sec 121m8n — > 400 days
1128n 095 — 1218n — 105 days
1138n —_— 118 days 1228n 4.71 —
1148n 0-65 — 123m§n — 2370 sec
1158n 0-34 — 1238n — 136 days
116Sn 14-24 — 1248p 5.98 —
117m8n — 14 days 125mSp — 570 sec
117Sn 7-57 — 1258n — 9.9 days
118Sn 24.01 — 126Sn 3000 sec
1278n — 5400 sec

1.7. CHEMICAL PROPERTIES OF TIN METAL

Tin is virtually unattacked in air and water at ordinary temperatures, but at higher
temperatures a film of oxide forms on the surface. Burning tin at white heat produces
tin(IT) oxide. Dilute acids only attack tin slowly to give tin(II) salts and hydrogen.
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TABLE 2. PHYSICAL DATA FOR TIN

(Temperatures °C)

Melting point 232°; A H fusion 1-69 kcal/mole; A S fusion 3-35 cal/deg/mole
Boiling point 2687°; A H evaporation 69 kcal/mole

Temperature

‘ 700 ’ 1000 '1200)1700‘2300

|
Vapour pressure (mmHg) ‘ 7-4 x10°6 ! 83 x1073 ’ 0-17 ’ 30-6 ] 638

Critical temperature
Critical pressure

Specific heat (cal/deg/mole)

Heat of formation at 25°

Free energy of formation at 25°

Entropy at 25°

Thermal conductivity
Density

Electrical resistivity at 20°

3460° (1)

650 atm

6-30 (25°)

AH® = 000 (solid)

A H° = 72 kecal/mole (vapour)
AG° = 0-00 (solid)

AG° = 64 kcal/mole (vapour)

[l

S§° = 10-7 cal/deg/mole (solid)
S§° = 40-2 cal/deg/mole (vapour)

0-157 (18°), 0-143 (200°), 0-078 (500°) cal/sec/cm/deg
a 7-285, B 5-769 ( —2.79%, change in density on fusion)
11 x 10—6 ohm cm; superconductor below 3-72°K

Ion

‘ Snt

Sn2+

Sn3+ | Sn4+

Sns5+ | Sn6+ | Sn7+

Sns+

Snd%+

Tonization potential (eV) | 7-332 | 146 | 307 } 464 ' 91

(103) ' (126) ‘ (151) ‘ (176)

Surface tension at 400° = 700425 dynes/cm

Viscosity of liguid tin (centipoises)

1-88 (250°), 1-38 (400°), 0-87 (800°)

Temperature -173 -73 10 20
Form a a a B liquid
Specific magnetic susceptibility x 106 cgs | - 0267 | -0-289 | -0-312 | +0-026 | —0-038

Ionic radii

aSn — fSn at 18°

A H 0-6 kcal/mole

Sn2+ 1.02A; Sn4+ 0.71 A

AS 2-1 cal/deg/mole

TABLE 3. THERMODYNAMIC DATA FOR CERTAIN TIN SPECIES

AH° AG® S°

Species State kcal/mole | kcal/mole | cal/deg/mole
a-Tin crystal 0-6 1-1 10-7
fi-Tin crystal 0 0 12.3
Tin gaseous 72 64 40-25
Snt gaseous 242-6 — —
Sn2+ gaseous 581-4
Sn2+ aqueous -2.39 -6-28 -59
Sné+ aqueous 0-65
SnO crystal - 684 -61.5 135
SnO; crystal -138.8 -124-2 12.5
SnFZ- aqueous -474.7 -420
Sn{OH)Z~! aqueous -310-5 —
SnCl, crystal -83-6 -72.2 29.3
SnCly liquid -1303 -113-3 61-8
SnBr; crystal -63-6 -59-5 34.9
SnBry liquid -971
Snly crystal -344 -344 40-3
SnS crystal -18-6 -19.7 23.6
Sn(S04); | crystal -393.4 -346-8 371
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Concentrated nitric acid produces the hydrated tin(IV) oxide sometimes called metastannic
acid. Tin evolves hydrogen with hot alkali solutions to form alkali stannates.

A number of dilute chemical solutions attack tin metal slowly, with consequent corrosion.
Among these are aluminium chloride, aluminium potassium alum, ammonium sulphate,
hydrochloric acid, hydrobromic acid, hydriodic acid, fluorine, chlorine, bromine, iodine,
iron(I1I) chloride, potassium carbonate, potassium hydroxide, silver nitrate, zinc chloride,
glycerol and maleic acids.

1.8. NUCLEAR MAGNETIC RESONANCE

The technique of nuclear magnetic resonance spectroscopy has been extensively
utilized in tin chemistry.

There are three naturally occurring isotopes of tin which have non-zero nuclear magnetic
moments—1158n (0-35%, abundance), 117Sn (7-679%, abundance) and 119Sn (8-68%, abun-
dance). In each of these isotopes the spin number (I) of the nucleus is one half; thus there
are no quadrupole moments?.

One of the most extensively studied effects of the presence of these three spin-active
tin isotopes has been in organotin chemistry, where the presence of satellite bands on many

TABLE 4. CHEMICAL SHIFTS OF THE 119Sn NUCLEAR
MAGNETIC RESONANCE IN VARIOUS COMPOUNDS FROM
THE 119Sn RESONANCE IN (CH3)4Sn

Compound Shift (6) ppm
Snl4 (CS; soln.) 1701
SnSO4 909
SnBr4 638
SnCl; (aqueous soln.) 521t
SnCly 150
Sn(C4Ho)4 12
Sl‘lCl3(C4H9) 3
(CH3)4Sn 0
(CHg)zSnClz -36
(Csz)zSnClz -62
(C4Hb),SnCl; (in acetone) -7
(C4H9)zan|2 (in CSz) -114
(C2Hs)3SnCl -151

+ This figure is concentration dependent, and can be
lowered by up to 200 ppm by the addition of hydro-
chloric acid, due presumably to the build up of SnCl;~
ion concentration.

of the proton magnetic resonances is due to the spin-spin interaction with tin isotopes of
non-zero magnetic moments in about 179, of the molecules present. In common with
many metal alkyls, the coupling constant for interacting nuclei separated by three bonds is
usually greater than for nuclei separated by two bonds. Thus in tetraethyltin Jg, cg _cn, for
the methyl protons is + 71-2 ¢/s, and Jg,, oy, for the methylene protons is + 322 ¢/s.

6 Handbook of the Physicochemical Properties of the Elements, Ed. G. V. Samsonov, Oldbourne Press,
London (1968).

7). W. Emsley, J. Feeney and L. H. Sutcliffe, High Resolution Nuclear Magnetic Resonance Spectroscopy,
Vol. 2, p. 1082, Pergamon Press (1966).
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In proton magnetic resonance spectra the satellite bands due to 117Sn and 119Sn can
usually be well resolved.

In observing the nuclear magnetic resonance of the tin isotope atoms, however, the
119Sn isotope is both slightly more sensitive to detection, and is also the most abundant
isotope. Thus it is usual to observe the 119Sn spectra in nuclear magnetic resonance
investigations on tin.

The most common reference material to date for tin resonance measurements is the
11980 line in tetramethyltin. This is usually used as a capillary external reference. Table 4
shows some 119Sn chemical shifts from the 119Sn resonance in (CH3)4Sn.

From the table it will be seen that there are not different regions of resonance for Sn'!
compounds and Sn'Y compounds. Large solvent effects in both chemical shifts and coupling
constants involving the 119Sn nucleus are extensively reported, and are assumed to reflect
the different coordination tendencies of tin towards many solvents, and to other species
present in solutions.

Many useful relationships enable 119Sn chemical shift data to be extensively applied;
thus for example when chlorine, bromine or iodine are attached to tin, each makes a fixed
contribution to the overall 119Sn shift regardless of the other groups attached to tin.

The very large range over which the 119Sn chemical shifts extend suggests that the
paramagnetic contribution to the shielding is the major factor controlling the shielding
of the tin nucleus.

1.9. MOSSBAUER SPECTROSCOPY

In addition to being a most powerful probe of the structure and nature of solid tin
containing materials in the laboratory, the Méssbauer effect is rapidly gaining usage in the
field of analysis of mineralogical tin-containing samples®. A portable Mssbauer spectro-
meter weighing less than 7 1b is now available for this purpose.

Isomer shift values seem to follow the electron density in the 5s subshell of tin, and
hence it is possible to distinguish between the formal oxidation states of tin(II) and tin(IV).
If the a (grey) form of tin is taken as a standard, then all tin(IV) compounds fall below this
and all tin(II) compounds are abovel0,

In many minerals of the type MSnO,, the relative oxidation states of M and Sn were
often assigned intuitively, and frequently erroneously. Mossbauer spectroscopy has now
been utilized to assign definitively an oxidation state of tin, and hence of M in these
materials. Similarly the so-called di-organotins R,Sn were first shown by Mdssbauer
spectroscopy to be polymeric derivatives of tin(IV), rather than tin(II) compounds.

Most Mossbauer measurements of 119™Sn spectra are taken at very low temperature,
but it has been noted that six-coordination of tin is usually accompanied by the presence
of a measurably large resonance at ordinary temperatures!1.

A useful feature of 119mSn Mussbauer spectra is the quadrupole splittings, which can
be informative on the environmental symmetry of tin in a compound. A non-zero value
of field gradient is expected in any molecule which does not possess cubic symmetry, with
an accompanying quadrupole splitting of the Mossbauer resonance.

8 J. J. Burke and P. C. Lauterbur, J. Am. Chem. Soc. 83 (1961) 326.

9 J. J. Zuckermann, in Mégssbauer Effect Methodology, 3 (1967) 15.

10 V. S, Shpinel, V. A. Bryukhanov and N. N. Delyagin, Soviet Physics J.E.T.P. 14 (1962) 1256.

11 V. I. Goldanski, E. F. Makarov, R. A. Stukan, T. N. Sumarokova, V. A. Trukhtanov and V. V.
Khrapov, Doklady Akad. Nauk. S.S.S.R. 156 (1964) 474.
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Very curiously, there is an absence of this quadrupole splitting in many tin compounds
possessing obvious chemical asymmetry at the tin atom. Such asymmetric tin compounds
have been classified into two sets. In the first set, where tin is directly bonded to atoms
possessing lone pairs of electrons (F, Cl, Br, I, O, S, N, etc.), there is usually the expected
measurable quadrupole splitting. In the second set of asymmetric Sn(IV) compounds,
where tin is bonded directly to atoms bereft of lone pair electrons (H, Li, C, Ge, Sn, Pb,
etc.), the predicted quadrupole splitting is not observed12,

TABLE 5. THE MOssBAUER SHIFTS OF TIN AND SOME TIN COMPOUNDS RELATIVE

TO a-TIN
Compound Shift (9) relative to a-tin, mm/sec

Tin(Il) chloride 2-40
Tin(II) bromide 2-10
Tin(II) iodide 2.00
Tin(II) fluoride (monoclinic) 1-45
Pyridine tin(II) dichloride 1-30
Tin(II) sulphide 1-25
Tin(Il) fluoride (orthorhombic) 1-20
Tin(IT) telluride 1-20
Tin(II) orthophosphate 1-10
Tin(II) oxide ((tetragonal) 0-70
p-Tin 0-60
Tin(II oxide (orthorhombic) 0-60
a-Tin 0
Tin(IV) iodide -0-20
Organometallic tin(IV) compounds -0-30 to -1-93
Tin(IV) sulphide -0-80
Tin(IV) bromide -1-00
Tin(IV) chloride -1.90
Tin(IV) oxide -226
Tin(1V) fluoride -2-50

From Table 3 it is tempting to infer that in grey (a) tin there is tin(IV) interbonded, and
in white (B) tin there is tin(II) interbonded The suggestion receives chemical support, in
that the action of concentrated hydrochloric acid upon grey tin and white tin produces
respectively SnCly.5SH,0 and SnCL.2H,0.

2. COMPOUNDS

2.1. ALLOYS

Tin is one of the very important alloying metals, and the number of different alloys are
too numerous to mention. Small changes in composition are made to suit specific purposes,
and some representative compositions are given in Table 6.

About 20%, of the world tin production goes to make solders of different types. Itis
the tin present that confers the ability of the solder to stick metals together.

True bronzes are copper based tin alloys with a good combination of chemical resistance,
mechanical strength and ease of manufacture.

12 N. N. Greenwood, quoted in ref. 9.
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Tin-rich babbitt alloys find very extensive use as bearing metals in marine engines and
automobile engines.

TABLE 6. REPRESENTATIVE COMPOSITIONS OF SOME TIN ALLOYS

Sn Cu Pb Sb Bi Other
Alloy % % % % % %
Rhine metal 97 3
Tinfoil 88 3 8 1
Woods metal (m.p. 70°C) | 12.5 25 50 Cd 125
Fusible alloy 15 32 53
Pewter 85 7 2 6
Soft solder 50 50
Babbitt 90 4 6
White metal 5 1 75 19
Gun metal (bronze) 10 90
Speculum (bronze) 33 67
Medal (bronze) 8 90 Zn2
Phosphor (bronze) 10 797 9.5 P08

Tin is commonly a constituent of easily fusible alloys used in fire warning apparatus
and other safety devices.

2.2. TIN(I) BONDING

With a ground state configuration for tin of 5s25p2 it can form covalent tin(II) com-
pounds with use of two unpaired p-electrons. Should the 552 electrons take no part in
compound formation, the bond angle in such an SnX, molecule would be 90°. Normally,

Sn Sn
c1/ \Cl Cl/ \Cl
Cl
@ (b)

P Cl
M~ Sn\ Cl
Cl

©

FiG. 2. (a) SnCl, (gaseous), (b) SnCly—, (¢) M « SnCl; complex, illustrating the directional lone
pair of electrons in each case.

however, the s-electrons are incorporated into an sp2 hybridized bond situation, and the
resultant bond angle is about 120°. Thus, for example, tin(II) chloride in the gas phase has
the structure illustrated in Fig. 2 (a), with two sp2 orbitals forming covalent bonds to
halogen and one directional lone pair of electrons. Figure 2 (b) shows the SnCl;~ ion in
which tin(I) may be regarded as sp3 hybridized, with the two tin chlorine bonds and the
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directional lone pair of SnCl;, but with the coordination of a chloride ion into the vacant
sp3 orbital. Figure 2 (c) shows how the directional lone pair of SnCl;~ behaves as a donor
ligand to metals, etc. In this latter case it is possible for the tin atom to act simultaneously
as a w-electron acceptor, thus increasing the overall strength of the tin-acceptor atom
bond13.

With a second ionization potential of 14-63 eV tin easily looses two 5p electrons to form
a dipositive ion of 552 configuration. The separation of this ground state (5s2) of Sn2+ ion
from the first excited state (5s1p!) is only 6-64 V. In such circumstances it is possible to
gain extra crystal field stabilization by s—p mixing. Such extra stabilization energy can only
be achieved, however, by an unsymmetrical distortion of the environment of the ion14.

The large size of the Sn2* ion gives it usually an octahedral environment in materials
containing smaller ions such as fluoride and oxide; and maximum distortion is to be
expected in such compounds of tin(II). The extra stabilization, and hence the extent of
distortion, will, however, fall rapidly with increasing tin—anion distances.

2.3. TIN(IV) BONDING

Hybridization of the available 5s and 5p orbitals of tin produces a suitable situation for
the formation of four tetrahedral covalent bonds Many tin compounds such as the tin(IV)
halides (except fluoride) and the organotins have this covalent mode of bonding.

Whereas tin(II) compounds do not appear to utilize the 5d orbitals except in the possible
cases of w-bonding in donor-acceptor complexes, tin(IV) compounds make extensive use
of 5d orbitals. Thus, for example, in complexes such as (CHj3);SnCL.C,H,N, the five-
coordinate tin atom is sp3d hybridized in a trigonal bipyramidal environment. Similarly
in octahedral molecules or ions such as L,SnCly and SnClZ-, the 54 orbitals of similar
energy to the 55 and 5p orbitals are utilized to form sp3d2 hybrid orbitals for largely covalent
bonds.

The Sn4+ ion (radius ~ 0-74 A) may be regarded as present in the lattices of compounds
like tin(IV) oxide and various stannates. The 550p0 configuration of the Sn4+ ion should give
regular octahedral coordination for tin in ionic lattices, but there are notable tendencies
towards a distortion from octahedral environments to tetrahedral environments, due
possibly to the partially covalent (and hence tending towards tetrahedral) character of the
bonding in the lattice.

Whilst these descriptions of ionic and covalent bonding in Sn(II) and Sn(IV) represent
considerable oversimplification, they do allow an effort at classification of tin compounds.

24. ORGANOMETALLIC COMPOUNDS

Compounds of tin(II) possessing a tin—carbon bond are extremely rare, and many
compounds previously characterized as dialkyl- and diaryltins are now known to be
telomeric derivatives of tin(IV) of the type (R;Sn),. Exceptions are 10,11-dihydrodibenzo-
stannoepin!5 and bis(cyclopentadienyl)tin16. The structure of the 10,11-dihydrodibenzo-
stannoepin is very likely to be as in Fig. 3. The structure of (CsHs);Sn in the gas phase is

13 J, D. Donaldson, Progress in Inorganic Chemistry, 8 (1967) 287.

14 . E. Orgel, J. Chem. Soc. (1959) 3815.

15 H. G. Kuivila and O. F. Beumel, J. Am. Chem. Soc. 80 (1958) 3250.
16 I.. D. Dave, D. F. Evans and G. Wilkinson, J. Chem. Soc. (1959) 3684.
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Bond Bond length () Compound Method
Sn~Sn 2-8099 a-Tin X-ray diffraction®
Sn-Sn 3.022 B-Tin X-ray diffraction®

3.181
Sn-H 1-701 SnHD; Infrared spectroscopy?
Sn-D +0-001
Sn-H 1-700 CH;3SnH; Microwave spectroscopy®
Sn-H 1.785 SnH Infrared spectroscopy?
(short-lived species)
Sn-F 2-15 SnF, X-ray diffraction®
{2-45 (orthorhombic)
2:30
SnF bridged 208 SnF4 X-ray diffraction!
terminal 1-88 (crystal)
SnF [(CH3)3SnFl, X-ray diffraction8
bridged 2:15 (crystal)
Sn—Cl 2:42 SnCl, Electron diffraction®
(gas)
Sn-Br 2-55 SnBr; Electron diffraction®
(gas)
Sn-1 2.73 Snl, Electron diffraction®
(gas)
Sn-Cl 2.78 [SnCl>]), X-ray diffraction!
bridged 2:67 (crystal)
terminal
Sn-Cl 2.31 SnCl4 Electron diffraction!
(gas)
Sn-Br 244 SnBr4 Electron diffraction®
(gas)
Sn-1 2.64 Snly Electron diffractionk
(gas)
Sn-Cl {2-42 {CsHsCH : (NH,1)},SnClZ~ X-ray diffraction!
2-50
2-50
Sn—Cl1 243 Cs2SnClg X-ray diffraction™
2-45 K>SnClg
2:41 (NH4)2SnCls
2-39 T1,SnClg
Sn-Br 2-64 Cs2SnBrg X-ray diffraction®
2-59 (NH,4),SnBrg
2-59 szsnBr 6
Sn-1 2.85 Cs,Snlg X-ray diffraction®
2.84 Rb28n15
Sn—-Cl 232 CH;3SnCl, Electron diffraction?
Sn-C 2-19
Sn-Cl 234 (CH;3)SnCl, Electron diffraction?
Sn-C 2:17 -
Sn-Cl 2.37 (CH3);38nCl Electron diffraction?
Sn-C 2-19
Sn-Br 2:45 CH;3SnBr3; Electron diffraction?
Sn-C 2:17
Sn-Br 248 (CH3)>SnBr, Electron diffraction?
Sn-C 2-17
Sn~-Br 249 (CH3)3SnBr Electron diffraction?
Sn-C 2:17
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TABLE 7—Continued
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Bond Bond length () Compound Method
Sn-1 268 CH;Snl; Electron diffraction?
Sn—C 2-17
Sn-1 269 (CH3)2Snl; Electron diffraction?
Sn-C 2-17
Sn-1 2.72 (CH3)3Snl Electron diffraction?
Sn—C 217
Sn-Cl 2:42 CsHsN . (CH3)3SnCl X-ray diffraction®
Sn-C 2:18 (CH3)45n Electron diffraction”
Sn-0O 1-837 Sn-O Infrared spectroscopy?

(short-lived species)
Sn-O 198 K>Sn(OH)¢ X-ray diffraction®
1.93 Na,Sn(OH)¢
Sn-Mn 2.674 (C6H5)3SnMn(CO); X-ray diffractiont
Sn-Mn 2-627 (C6Hs)3SnMn(CO)4P(CsHs)3 X-ray diffraction®
Sn-Mn 270 (CsHs)2Sn{Mn(CO)s}> X-ray diffractionv
Sn-Fe 2.54 Sn{Fe(CO)4}4 X-ray diffraction™
Sn-Fe (CH3)4Sn3{Fe(CO)4}4 X-ray diffraction*
Interior 2.75
Terminal 263
Sn-Fe 249 {7-CsHsFe(CO)3}25nCl, X-ray diffraction¥
Sn-Pt 2.54 [Pt(SnCl3)s]3~ X-ray diffraction®
Sn-Ir 2-64 (CgHj2)2IrSnCl; X-ray diffraction®

s J. Thewlis and A. R. Davey, Nature, 174 (1954) 1011 (a-tin), and W. B. Pearson, Lattice Spacings and
Structures of Metals and Alloys, Pergamon Press (1957) (5-tin).
® G. R. Wilson and M. K. Wilson, J. Chem. Phys. 25 (1956) 784.
¢ D. R. Side, J. Chem. Phys. 19 (1951) 1605.
4 G. Herzberg, Molecular Spectra and Molecular Structure Infrared Spectra of Diatomic Molecules,
2nd ed., Van Nostrand, New York.
e J, D. Donaldson and R. Oteng, Inorg. and Nuclear Chem. Letters, 3 (1967) 163.
R. Héppe and W. Dahne, Naturwiss. 49 (1967) 254.

C. Clark, R. J. O’Brien and J. Trotter, J. Chem. Soc. (1964) 2332.

E. Rundle and D. H. Olson, Inorg. Chem. 3 (1964) 596.

4

s H.

b M. W. Lister and L. E. Sutton, Trans. Faraday Soc. 37 (1941) 406.
! R.

1 R. L. Livingstone and C. N. R. Rao, J. Chem. Phys. 30 (1959) 339.

k M. Lister and L. E. Sutton, Trans. Faraday Soc. 37 (1941) 393.
1 C. Kung-Du, L. Chao-Fa and T. You-Chi, Acta Chim. Sin. 25 (1959) 72.

o G, Engel, Z. Krist. 90 (1935) 341.

n J. A. A. Ketelaar, A. A. Rietdijk and C. H. Staveren, Rec. Trav. Chim. 56 (1937) 907.
° W. Werker, Rec. Trav. Chim. 58 (1939) 257.

? L. E. Sutton and H. E. Skinner, Trans. Faraday Soc. 40 (1944) 164.

1 R. Huhne, J. Chem. Soc. (1963) 1524,

r L. O. Brockway and H. O. Jenkins, J. Am. Chem. Soc. 58 (1936) 2036.

O. Bjorling, Arkiv. Kemi, 15 (1941) 100.
Weber and R. F. Bryan, Chem. Comms. (1966) 443.
Bryan, J. Chem. Soc. (A) (1967) 172.
Kilbourn and H. M. Powell, Chem. and Ind. (1964) 1578.

Fritchie, R. M. Sweet and R Schunn, Inorg. Chem. 6 (1967) 749.

O’Connor and E. R. Corey, Inorg. Chem. 6 ¢1967) 968.
Cramer, R. V. Lindsey, C. T. Prewitt and U. G. Stolberg, J. Am. Chem. Soc. 87 (1965) 658.

s C.

t H. P.

uR. F.

vB.T.

¥ P. F. Lindley and P. Woodward, J. Chem. Soc. (4) (1967) 382.
xC.J.

vJ E.

zR.D.

*P.

Porta, H. M. Powell, R. J. Mawby and L. M. Venanzi, J. Chem. Soc. (A4) (1967) 455.
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an angular sandwich moleculel?, but this may be different in the crystal, and could be
different in the gas, solution and solid phases.

The literature of organometallic tin chemistry is now one of the largest for any element,
but is fortunately particularly well documented and reviewed18-21. In this section discussion
is confined to the tetra-organotins, as the chemistries of the extensive ranges of R3SnX,

Sn

FiG. 3. An example of an organometallic derivative of tin(II) 10,11-dihydrobenzostannoepin.

R>SnX and RSnX3 compounds are more appropriately covered in those sections dealing
with the properties of the functional groups X when attached to tin (vide infra).

The tetra-alkyl- and tetra-aryltins are either colourless liquids or white crystalline solids,
which are stable to air and water; many of them are now available in commercial quantities.
In addition to the symmetrical compounds R4Sn where four identical alkyl or aryl groups
are attached to tin in a tetrahedral configuration, many unsymmetrical organotins of type

TABLE 8. SOME EXAMPLES OF TETRA-ORGANOTINS

Compound M.p. °C B.p. °C/mm
(CH3)4Sn -54 78/760
(C3Hs)4Sn -136 to - 146t 180/760
(n-C3H7)4Sn -109 111/10
(is0-C3H7)4Sn 103/10
(n-C4Ho)4Sn 145/10
(C6H5)4Sn 229
(CH; =CH)4Sn 57/17
(CH, =CH -CH)sSn 70/1-5
(C6H5C:C)sSn 174 decomp.

(CH3);8nCgF's

(CH3)3SnCF;

(m—CF3~C6H4)4Sn

(CH 3) 3SnC6H 5 208, / 760
(CH3)2Sn(C2Hs)2 144/760
(C6Hs-CH2)25n(C;Hs) (C4Hy) 209/9
(CGHs)gan iIC-Ci CSn(C5H5)3

t Various crystal modifications.

R;SnR’, RySnR’;, R,SnR'R”, etc., have been synthesized. Table 8 contains a limited

selection of tetra-organotins, illustrating the wide range of organic groups attachable to
tin(IV).

17 A. Almenningen, A. Haaland and T. Motzfeldt, J. Organometallic Chem. T (1967) 97.
18 R. K. Ingham, S. D. Rosenberg and H. Gilman, Chem. Revs. 60 (1960) 459.
19 W, P. Neumann, Die Organische Chemie des Zinns, Ferdinand Enke, Stuttgart (1967).
20 Organometallic Compounds, Ed. M. Dub, 2nd ed. vol. II, Springer-Verlag, Berlin (1967).
( 21 E, Krause and A. von Grosse, Die Chemie der Metall-organischen Verbindungen, Borntraeger, Berlin
1937).
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Formation of Tin-Carbon Bonds

The different methods now available for the formation of tin—carbon bonds are classified
below.

Use of Organomercurys and Organozincs

These methods are largely of historical importance, and some of the very earliest
organotins were prepared from them. These methods still find application in special
circumstances.

SnCl;+R,Hg R,SnCl,+Hg

25nCl;+2RHgCl ———— R3SnCl; +-2Hg+SnCly
SnCls+2R2Zn ——— R4Sn+2ZnCl;
SnCl;+RzZn —— [R2Sn], +ZnCl,
Sn+RZnCl ——— R4Sn

Use of Sodium and Sodium-Tin Alloys

These methods are also of historical interest, but have continued to receive considerable
attention, as the corresponding reaction for lead has proved such a convenient source of
organoleads. A virtually quantitative yield of tetra-ethyltin is reported from ethyl bromide
and a tin alloy containing 14%, of sodium and about 159, of zinc. It is important to note,
however, that quantitative in this context means a maximum of 25%, based on tin due to
the composition (NaSn) of the alloy.

4RX+-4NaSn ———> R4Sn+4NaX+(35n | )

The reaction is actually known to be considerably more complex than indicated by this
overall equation; and trialkyltin halides, dialkyltins and hexa-alkylditins are formed as
by-products. Of recent interest has been the Wurtz type of reaction between organic
halides and tin tetrahalides in the presence of sodium:

4RC1+-SnCls+4Na ———— SnR4-+4NaCl

Direct Interaction of Alkyl and Aryl Halides with Metallic Tin

The requirements of large amounts of organotin halides for industry makes this a
particularly attractive route, and considerable efforts have been made to perfect a process
comparable to the Rochow Process for the organosilicon halides22 23, Whilst the “direct
process” reaction between tin and ethyl iodide has been known for well over a century,
only recently have the right conditions for the formation of good yields from alkyl halides
been determined.

CH3Cl+Sn — 7, CH3SnCls +(CH3),SnCly+(CH3)3SnCl

(6-6%) (39%) 4-6%)
In this particular reaction small amounts of iodomethane and triethylamine were the
catalysts.

22 H. Tokunaga, Y. Murayama and 1. Kijima, Japanese Patent (1964) 24958 ; C. 4. 62 (1965) 14, 726.
23 Nitto Chemicals, French Patent (1965) 1,393,779 ; C.A. 63 (1965) 9985.
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Use of Grignard Reagents and Organolithiums

This is the most important laboratory method for the formation of the tin—carbon bond
and is probably still the most extensively used industrial process.

SnX4+4LiIR ——— SnR4+4LiX
SnX4+4RMgX ——— SnR4+4MgX,

The reactions are of wide applicability for a great range of organic groups. Steric hindrance
affects these reactions considerably, and yields from secondary or tertiary aliphatic groups
is poor; and only two tertiary butyl groups may be attached to a tin atom. An excess of
the organolithium or Grignard reagent is normally used to avoid, as far as possible, the
formation of organotin halides as by-products. In many cases the Grignard reagent is
generated in situ, and the synthesis consists of running the organic halide into a mixture
of tin tetrahalide and magnesium metal, often in a hydrocarbon solvent, rather than ether.

Miscellaneous Methods

In addition to the methods classified above, a number of other routes to tin—carbon
bonds have been reported, and some of these are indicated in equation form below.

4R3A14-3SnCly —— 3R4Sn+4AICI;
4CH;N;+-SnCly ——— (CICH?)4Sn+4N
4C¢HsC: CNa+SnCly —— (CsH;sC:C)4Sn+4NaCl
CH;Cl+SnCl; ———— CH3SnCl3
CH;I+K25n0; ——— K[CH3SnOO]+-KI
CsHsN,Cl+-SnCl; ———— C¢HsSnCl3 4N

Additional to the wide range of symmetrical tetra-alkyls and tetra-aryls of tin(IV),
numerous compounds of general formula R3SnR’, RoSnR’R”, etc., are known where
different alkyl and aryl groups are attached to a single tin atom.

A representative selection of organotins is listed in Table 8. A number of very compre-
hensive listings of such compounds are available.

The existence of tin-carbon bonds is not restricted to linear species, and many rings are
known in which the tin-carbon bond is part of the heterocyclic bonding system. In the
main these are made by metathetical reactions or intermolecular hydride additions.

CH;-CH,
(CHy, SnCl; + CH;CH, —_—

Li Li /Sn\
C¢H;s CsHs
CH, CH,
CH,~CH, CsH;
H-Sn —CHCH—CH,  —1%° _ N Sn/ N

GsH;

| Sn
CeH; / \CH,_— CHZ/ \Csﬂs
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R
[
N
(CH,),SnClL + @( \J@ —_— D
Li Li

Hs C6H5

Physical Properties of Organotins

The physical properties of the tetra-organotins greatly resemble the hydrocarbons of
similar constitution, but with higher density, refractivity, etc. Thus the lower members of
the tetra-alkyltins are volatile liquids which become waxy solids at long chain length, and
the tetra-aryls are all high melting point solids.

Electron diffraction, microwave spectroscopy and X-rays have shown the four organic

(CHJ)J Sﬁl@ \Q
H

(CH,),5n H” “Sn(cHy),

FiG. 4. Rapid movement of the trimethyltin group around the cyclopentadienyl ring in
CsHsSn(CH3)3.

groups in symmetrical organotins R4Sn to be perfectly tetrahedral about the central tin
atom.

The nuclear magnetic resonance spectra of organotins, in which a cyclopentadienyl
group is attached to tin are of particular interest. They indicate that the o-bond between
tin and the carbon of the cyclopentadienyl group in, for example, (CH3)3SnC,H; has a life-
time of less than 10—4 sec at ordinary temperatures, and that the tin atom wanders around
the C; ring24 25,

Chemical Properties of Organotins

Here discussion is limited to those reactions of organotins in which the tin—carbon bond
isinvolved Properties of the compounds of type R3SnX, R,SnXj;, etc., which are dependent
upon the properties of the Sn—X bond rather than the organotin function of the molecule,
are discussed under the various Sn—X sections below.

Organotins do not undergo hydrolysis or oxidation under ordinary conditions, but if
ignited burn strongly with the emission of clouds of tin oxide.

Water and alcohol can sometimes bring about the fission of the tin—carbon bond in
reactive organotins.

2Ce¢Hs: CSn(CyHs)3 +H20 ———— 2CgHsC: CH +{(C2Hs)3Sn},O
NC;sH;4.Sn(CH3);+ROH ———— CsHsN+(CHj3)3SnOR
Mercaptans do not require especially active tin—carbon bonds to react with organotins,
and under varying conditions virtually all types of tin—carbon bond can be converted to

24 H. P. Fritz and C. G. Kreiter, J. Organometallic Chem. 1 (1964) 323,
25 A. Davison and P. E. Rakita, J. Am. Chem. Soc. 90 (1968) 4479.
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tin—sulphur bonds by thiols, and similarly for selenols. Elemental sulphur and selenium
similarly break the tin-carbon bond

R4Sn+R’'SH ———R3SnSR’+RH
(C6Hs)4Sn+Se ——— (C¢Hs)3SnSeCsHss

Under conditions of high temperature and pressure, hydrogen removes aryl groups from
tin to deposit metal
(CsHs)sSn+Hy ———— 4CgHg+Sn

The organic groups attached to tin vary considerably in their ease of fission by halogen.
In increasing ease of removal these groups are butyl, propyl, ethyl, methyl, vinyl, phenyl,
benzyl, allyl, cyanomethyl and —CH,COOR, an order which applies to many other
tin—carbon fission reactions besides those of halogens.

Tin will often exchange organic groups cleanly, in good yield, with another metal or
non-metal, providing a useful synthetic route to these materials.

(CeHsCH2)3SnCl4+-4CH;Li ————— 3CsHsCH,Li+(CH3)4Sn+-LiCl
(CH2 ZCH)4SH +4C6H5Li —_— 4CH2 :CHLi+ (C6H5)4Sﬂ
(C6Hs)4Sn+BCly ———— CgHsBCl>+(CeHs)3SnCl

Among other reagents causing fission of tin-carbon bonds are hydrogen halides,
mercury halides, bismuth halides, thallium chloride, arsenic halides, phosphorus halides,
sulphuric acid, nitric acid, sulphur, sulphur dioxide, sulphuryl chloride and organic acids!8.

Organotins undergo proportionation reactions with tin tetrahalides to give the range of
organotin halides, which are discussed in detail below.

nR4Sn+(4 -n)SnX4 ——— 4R, SnX4_,
(rn=1,2and 3)

2.5. HYDRIDES
Binary Hydrides

The two binary hydrides of tin that are known to date are SnH4 and Sn,Hg?%.

SnH, was originally prepared in very low yield by the treatment of tin-magnesium alloy
with dilute acids. The lithium aluminium hydride reduction of tin(IV) chloride has made
SnH, easily available; in the presence of a trace of oxygen this reaction gives 80-909, yields.
The oxygen is believed to inhibit the decomposition of stannane to tin and hydrogen27- 28.
Tin(II) chloride is reduced by aqueous sodium borohydride to 849, yield of SnHj4 under
optimum conditions29.

In addition to a good yield of SnH,, the potassium borohydride reduction of stannite
ion in solution produced the hydride distannane Sn,Hg. This hydride may be distilled in
a vacuum system without decomposition provided relatively low pressures are used, but
if a vessel containing Sn,Hg is allowed to warm to room temperature it is completely
decomposed?’.

26 F. G. A. Stone, Hydrogen Compounds of the Group IV Elements, Prentice Hall (1962).
27W. L. Jolly, Angew. Chem. 72 (1960) 268 ; J. Am. Chem. Soc. 83 (1961) 335.

28 H. J. Emeléus and S. F. A. Kettle, J. Chem. Soc. (1958) 2444.

29 G. W. Schaeffer and M. Emilius, J. Am. Chem. Soc. 76 (1954) 1203.
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From the infrared spectrum3¢ of SnH,, the estimated bond dissociation energy for
Sn—-H is 73-7 kcal/mole, which compares well with the value of 70-3 kcal/mole obtained as
a mean dissociation energy for Sn-H from mass spectrometry measurements3l. The
thermochemical bond32 energy of Sn-H has been obtained as 60-4 kcal/mole.

Analysis of the stretching vibrations33 in SnHDs gives a value of the Sn-H distance as
1-701--0-001 A, in good agreement with the Sn—H bond distance of 1-700+-0-015 A derived
from the microwave spectrum?* of CH;SnHj3.

The nuclear magnetic resonance spectrum33 shows a = value of the protons in SnH,
at 6-15, along with very large tin—proton coupling constants 119Sn-H=1931 c¢/s and
117Sn~H = 1846 c/s.

All physical data on SnH; and SnD4 are in full accord with a regular tetrahedral
structure36.

Stannane37 melts at —146° and has a normal boiling point of —52:5°,

Stannane undergoes appreciable decomposition to tin and hydrogen even at ordinary
temperatures, but about 100°C it is very rapidly decomposed. The decomposition is first
order with respect to stannane. Somewhat remarkably, oxygen inhibits decomposition at
pressures above Imm, and stannane may be stored mixed with oxygen at room temperature.
At low pressures oxygen catalyses the decomposition of stannane3s. 39,

Stannane is toxic and is intermediate between silane and germane in its chemical
properties; it is unattacked by dilute acids and alkalis, but is decomposed by concentrated
acid or alkali. It is a powerful reducing agent, and is rapidly decomposed by solutions
of transitional metal salts. Stannane and hydrogen chloride evolve hydrogen to form
stannyl chloride, H3;SnCl, which is very unstable, undergoing noticeable decomposition,
even at —70°. (Contrast H;GeCl stable at 20°C and H3SiCl stable at 200°C.)

Sodium in liquid ammonia may be titrated against SnH4 to produce H3SnNa and
H,SnNa,. It would appear, however, that these two sodium derivatives are only stable as
amines, as removal of ammonia, even at —63-5°, causes decomposition. H3SnNa reacts
with alkyl iodides in liquid ammonia to produce alkyl stannanes RSnHj, and H;SnNa with
ammonium chloride regenerates SnH,428.

The SnHj radical may be trapped in an inert matrix at low temperature, and has been
well characterized by its electron spin resonance spectrum40.

Stannane reduces nitrobenzene in 949, yield and reduces benzaldehyde to benzyl
alcohol virtually quantitatively. Only a 299, yield of isopropylamine was obtained from
2-nitropropane due to extensive decomposition of the stannane, catalysed by the amine37.

Cobalt naphthenate di-tert-butyl peroxide, or palladium (10%, on charcoal) or hexa-
chloroplatinic acid are effective in catalysing the addition of stannane to olefins to form the
corresponding tetra-alkyltins.

Stannane reacts with boron trifluoride to form tin(IV) fluoride quantitatively.

30 L. May and C. R. Dillard, J. Chem. Phys. 34 (1961) 694.

31 F, E. Saalfeld and H. J. Sues, J. Inorg. and Nuclear Chem. 18 (1961) 98.

32 S. R. Gunn and L. G. Green, J. Chem. Phys, 65 (1961) 779.

33 G. R. Wilkinson and M. K. Wilson, J. Chem. Phys. 25 (1956) 784.

34 D. R. Lide, J. Chem. Phys. 19 (1951) 1605.

35 H. D. Kaesz and N. Flitcroft, J. Am. Chem. Soc. 85 (1963) 1377.

36 I. W. Levin and H. Ziffer, J. Chem. Phys 43 (1965) 4023 ; 1. W. Levin, ibid. 46 (1967) 1176.
37 G. H. Reifenberg and W. J. Considine, J. Am. Chem. Soc. 91 (1969) 2401,

38 K. Tamaru, J. Phys. Chem. 60 (1956) 610.

39 S. F. A. Kettle, J. Chem. Soc. (1961) 2569.

40 R, L. Moorehouse, J. J. Christiansen and W. Gordy, J. Chem. Phys. 45 (1966) 1751.
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Organotin Hydrides

Any extensive study of the chemistry of the tin-hydrogen bond is extremely difficult
in SnHy due to its inherent instability. In the case of the organotin hydrides, this difficulty
is considerably allayed. The stability of the organotin hydrides increases with decreasing
number of tin—hydrogen linkages in the molecule?®.

The organotin hydrides are almost invariably synthesized by the reduction of the
corresponding organotin halide.

CH;3SnCl; 4 LiAlHy ——— — CH3SnH;3
(Csz)zSﬂC]z + LiA1H4 _ (C2H5)zan2
(C6Hs5)3SnCl+LiAlHy — > (CsHs);SnH

(CHj);SnNa-+NH4Br ————— (CH3)3SnH

Al/Hg+H,0

(C4Ho)38nCl — (C4Ho)3SnH

Examples of tin hydrides are known containing two or more tin atoms

(C4Ho)>Sn—Sn(C4Ho), +LiAlH4

Cl Cl
— (C4H9)2S|H—S|H(C4H9)2

H H
[(C4Hp)2Sn}n +(C4Ho)2SnH;

6(CsHs)2SnH; ————— H[(C¢Hs);Sn]¢H +5H>

Table 9 shows some examples of organotin hydrides together with boiling points where
recorded.

TABLE 9. ORGANOTIN HYDRIDES

Hydride B.p. °/mm Hydride B.p. °/mm
SnH4 - 52/760 (C4H9)2SI]H2 75 -~ 76/12
CH3SnHj3 0/760 (C4Hs)3SnH 76 - 78/0.7
(CH3);SnH, 35/760 C¢HsSnH3 57 - 64/105
(CH3)3SnH 59/760 (CsHs)2SnH; 89 -93/0.3
C,HsSnHj3 35/760 (Ce¢Hs)3SnH 168 - 172/0-5
(C2H5)2SnH2 99/ 760 (C4H9)zan(Cl)

(C:Hs)3SnH 52/20 (C4Hy)2SnH(OOCCH3)
(C3H7)3SnH 76 — 82/ 12 (C4H9)25n-Sn(C4H9)z
C4HoSnHj3 99 - 101/760 | |
H H
H[(C¢Hs)25nlsH

In general, pure samples of tri-organotin hydrides are only slightly decomposed after
several months at ordinary temperature ; but on the other hand butyltin trihydride deposits
an extensive yellow precipitate after only a few hours.

The tin-proton coupling constants in the methyltin hydrides, CH3SnHj3 (Jy5o,,,, = 1852;
J176a—n = 1770); (CH3)2SnH; (Jyy,,, =1758; iy, = 1682); (CH3)3SnH (Jyyq,,, = 1744;
1750 = 1664) c/sec, show a steady fall from SnHa (Jy3e,_, = 1931; Jyy,, . =1846), with
increasing methyl content. The extra methyl groups are believed to cause a reduction in
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the s character of the tin orbitals in the tin~hydrogen bond, and hence a reduction in the
Sn-H coupling constant4!. The dominant Fermi contact contribution to the coupling is
proportional to the s character in the hybridized orbital used in the Sn-H bond

The reactions of the organotin hydrides are extremely diverse, and the organotin
hydrides have found some use as specialist reducing agents in synthetic organic and in-
organic chemistry. The following equations illustrate the diversity of organotin hydride
reactions42, 43,

(C6Hs)3SnH -+ CH:CHCsHs ———— (CgHs)3SnCH,CH,CsH 5

(C3H7)3SnH+CH:CC¢Hs — (C3H7);SnCH:CHC¢H5
CH,CH,
(CsHj5)2SnH; +(C6Hs)SiCH:CHz), ——— (CsHs)28n Si(CeHs)2
CH,CH;

(CeH;)2SnH, 4 CH,:CHCOCH3 ——— [(C¢H3),Sn],+CH,:CHCH(OH)CH;
(C6Hs)3SnH+CeHsCHO ————— CgHsCH2OH +(CgHs)3SnSn(CgHs)s
(C4Hy)3SnH + BrCH,CHBrCH3; ———— CH2:CHCH3+H; +(C4Ho)3SnBr
CCly+ (C4H9)3SnH ——— CHCl3+ (C4H9)3SnC1
(C 3H7)3SnH+RCHoN; ——— (C 3H7)3SnCH,R
(C6Hs)2,PCl+(C6Hs)3SnH ——— (CHs),PH 4+ (CgH)3:SnCl
(C3H5)3SnH+ RCHO ——— (C;H$)3SnOCH3R
(CzH 5) 3SnH + CsH 5NZCHC6H 5§ —> (CzH 5) 3SDN(C6H 5)CH2C6H 5
(CH;) 3SnH + (CF 3)2C0 —_— (CH3)3SHOCH(CF3)2
(C2H5)3SnH +(CoHs)2Zn ———— (C;Hs)3SnZnSn(C;Hj5)3+2C;Hs
(C2Hs)3SnH +[(C;H5)3Ge]3Sb ——— [(C2H5)3Sn]38b+(C2Hs);GeH

2.6. COMPOUNDS OF NITROGEN, PHOSPHORUS, ARSENIC,
ANTIMONY AND BISMUTH

Tin forms binary compounds with each of these Group V elements.

Tin nitride Sn3N, is obtained by thermal decomposition of the product of reaction from
liquid ammonia and tin(IV) chioride44, and also by atomization of a tin cathode in an
atmosphere of nitrogen4s. Sn3;N, is reported stable to water, but to form tin(IV) chloride
and ammonium chloride on attack by hydrochloric acid.

Tin and red phosphorus react in sealed evacuated silica tubes at about 500° to produce
tin phosphides.

Many stoichiometries for tin phosphides are reported in the earlier literature, but more
recent investigations show the phase Sn4P; to predominate, though other phases with higher
phosphorus content such as SnP are also formed. A single crystal of SnsP; has trigonal
symmetry. This gives a structure where two non-equivalent phosphorus atoms are both
surrounded octahedrally by six tin atoms with a mean tin phosphorus distance of 2:7 A.
One type of tin atom is octahedrally surrounded by six phosphorus atoms, but the other

41 J. R. Holmes and H. D. Kaesz, J. Am. Chem. Soc. 83 (1961) 3903.

42 H. G. Kuivila, Advances in Organometallic Chemistry, 1 (1964) 47.

43 N, S. Vyazankin, G. A. Rasuvaev and O. A. Kruglaya, Organometallic Reviews, 3 (1968) 323,
4 R, Schwarz and A. Jeanmaire, Chem. Ber. 65 (1932) 1443.

45 W. Janeff, Z. Physik. 142 (1955) 619.
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type of tin atom is coordinated octahedrally by three phosphorus atoms and three tin atoms,
with a tin-tin distance of above 3:25 A46,

A phase with this type of structure also crystallizes in the tin-arsenic system, but from
phase analytical data the composition is near to Sn3As;. The substitutional solution of tin is
believed to account for the deviation from the stoichiometric composition SnsAs;47.

Tin becomes hard when alloyed with arsenic and there is a tendency for the alloys to
crystallize. A full tin-arsenic phase diagram has been recorded4s.

The phases in the tin-antimony and tin-bismuth alloys have been investigated. Com-
pounds of stoichiometry SnSb, SnsSb;, Sn3Sb;, SnSb, and Sn3Bi have been claimed. The
tin-antimony alloys form the basis of the so-called brittania metal and algiers metal.

Organotin Amines, Phosphines, Arsines, Stibines and Bismuthines

In addition to the binary compounds and alloys discussed above, there exist a large
number of molecular compounds in which tin is bonded to the elements nitrogen, phos-

'z Ncl

C4F,NR’, R,SnPR7.

cl,

R PH

R,SnOCONR!, R,SnCiCC H;

CeH,CiCH

{(CeHY PRI C

R, SnH
{1} 1t R,Sn-NRY 2 R;SnSnR%
R"OH
C¢H;); P}, PtHCI
RiSnOR” 50, {cHe).
HCl
R;SnOSONR; {ic ) B)Pisar
J
R;SnCl

FiG. 5. Some reactions of the tin-nitrogen bond in organotin amines.

phorus, arsenic, antimony and bismuth. In these compounds it is possible to study the
properties of discrete tin~Group V element single bonds.
Organotin nitrogen compounds are now very numerous4d, and tin derivatives of amines,

46 Q. Olofsson, Acta Chem. Scand. 21 (1967) 1659.

47 G. Hagg and A. G. Hybinette, Phil. Mag. 20 (1935) 913.

48 Q. A. Mansuri, J. Chem. Soc. (1923) 214.

49 J. G. A. Luijten, F. Rijkens and G. J. M. van der Kerk, Advances in Organometallic Chemistry, 3
(1965) 413,
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hydrazine, formamide, urea, carbodi-imide and carbamic acids, etc., have been reported.
Most intensive investigations have been carried out on the organotin amines, and all types
are known from (R3Sn);N, where nitrogen is coordinated by three tin atoms, to (R,N)4Sn,
in which one tin is coordinated by four nitrogens, and cyclic amines of the type (R,SnNR1);.
All these organotin amines are very water sensitive.

Some syntheses of the organotin amines are outlined in equation form below, and some
of the extensive reactionss0 of this class are illustrated in Fig. 5. Itis obvious from Fig. 5
that the organotin amines are available as powerful synthetic intermediates for a number
of important reactionss!, 52, 53,

SnCls+4LiINR; — Sn(NRj)4

Li;N+3R;3SnCl ———» (R3Sn);N

R3SnNR,+RJNH —— R;SnNR,
(CH3);SnN(CH3)2+ RNH; ——— [(CH3)3Sn);NR

Organotin phosphines, arsines, stibines and bismuthines are known, and are exemplified,
together with some of the commoner organotin amines in Table 10.

TaBLE 10. SOME EXAMPLES OF ORGANOTIN AMINES, PHOSPHINES, ARSINES,
STIBINES AND BISMUTHINES

B.p. °/mm B.p. °/mm
Compound [m.p.] Compound [m.p.]
(CH3)3SnN(CH3); 126/760 (CH3)3SnAs(CHs)
(CsH.5)3SnN(CH.3), 166/0-1 (CH3)3SnAs(CgHs), 136/0-5
(CsHs)2Sn{N(CH3)2}2 128/0-2 {(C6H;5)3Sn}2AsCsHs [115]
Sn{N(CH3)2}4 51/0‘15 {(C5H5)3Sn}3AS [2]6]
CH;35n{N(CzH5s)2}3 92/0-1 Sn{As(CeHs)z}a [70}
{(CH3)3SH}2NCH3 64/3
{(CH3)3Sn}3N 133/20 (C2Hs)3SnSb(CgHs), 146/0-18
{(CH3),SnNC,Hs}3 104/0-05 (CeHs)3SnSb(CgH s)2 [116]
{(CsHs)3Sn}2SbCsHs [120]
(C6Hs)2Sn{Sb(CsHis)2}2 [150]
(C2Hs)3SnP(C;Hs), 70/0-3 {(CH3)3Sn};3Sb [39]
(CH;3)3SnP(CgHis), 147/0-7 Sn{Sb(CsHs)2}4 [75]
{(CH3)3Sn},PCHj3 90/3
(CsHs)2Sn{P(CsHs)2}2 (80}
{(CH;3)3Sn};P 137/3
{(CsHs)3Sn}3P [201] (CoH)3SnBi(CeHs)z
CsHsSn{P(CsHs)z}3 [117] {(CsHs)3Sn}»BiCsHss
Sn{P(CsHs)2}4 [107] {(C2H;)3Sn}3Bi
[{(CsH5)35n}2P]2 [110] Sn{Bi(CsHs)2}4
{(CsHs)2SnPCsHs}s [64]

All of these compounds are basic in character and in contrast to the planar trisilylamines,
the compounds {(CH3);Sn};X, where X =N, P, As and Sb have all been shown to be
pyramidal moleculess4.

50 M. F. Lappert and B. Prokai, Advances in Organometallic Chemistry, 5 (1967) 225.

51 K. Jones and M. F. Lappert, Proc. Chem. Soc. (1964) 22 ; J. Organometallic Chem. 3 (1965) 295.
52 T. A. George and M. F. Lappert, Chem. Comm. (1966) 463.

$3 D. J. Cardin and M. F. Lappert, Chem. Comm. (1966) 506.

54 R. E. Hester and K. Jones, Chem. Comm. (1966) 317.
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2.7. OXIDES AND OXYGEN COMPOUNDS
Tin Oxides

Tin(II) oxide may be condensed from the vapour and trapped in an argon or nitrogen
matrix at low temperature. In this form tin(II) oxide consists of SnyO; species which have a
structure based on a planar (V) rhombusss,

The common form of SnO is the black tetragonal orthorhombic modification (density
6-32). It is prepared by the hydrolysis of tin(II) salts to hydrated tin(II) oxide, with sub-
sequent dehydrationS6. Special care has to be taken with reagents and with conditions to
obtain pure samplesS7. This black oxide has a layer structure in which the tin atom lies at
the apex of a square pyramid, the base of which is formed by the four nearest oxygen atoms
(Sn—O = 221 A). The Sn-Sn distance between the layers at 3-70 A is so close to that of
the Sn—Sn distance in tin metal, that some mode of tin—tin interaction cannot be ruled
outss,

A red orthorhombic modification of SnO is formed by heating suspensions of the white
hydrous oxide. The red metastable form can be stabilized by the presence of about 1%,
phosphite, but if ammonia is used in the hydrolysis of the tin(II) chloride solutions, a red
form of SnO is formed in the absence of stabilizing phosphitess.

Tin(II) oxide undergoes rapid oxidation with incandescence to tin(IV) oxide upon heating
around 300°. The action of heat upon tin(II) oxide in non-oxidizing conditions has yielded
a very diverse range of reported results, and it is likely that different workers may have
studied the oxide in differing states of purity!3. On heating, tin(II) oxide disproportionates
into tin(IV) oxide and tin. Whilst many intermediate oxides such as Sn,03, Sn304and SnsOg
have been reported, it would appear that only Sn3O4 exists as a well-characterized discrete
phase between SnO and Sn0,60, The formulation Sn,"Sn™Q, for this intermediate oxide is
not inconsistent with the Mossbauer spectrum.

Tin(II) oxide is amphoteric, dissolving in acids to give the tin(II) ion or anion complexes
thereof; it dissolves in alkalis to form Sn(OH);~ solutions.

Tin(IV) oxide occurs in nature as cassiterite, with a rutile type structure. It is also known
in rhombic and hexagonal forms. Pure tin(IV) oxide is white and sublimes above 1800°
without melting. It is not soluble in water, and is hardly attacked by acids or alkalis but
dissolves easily on fusion with alkali hydroxides to form alkali stannates. SnQ, is reduced
to tin by heating with carbon or hydrogen, and forms tin(IV) chloride on heating in chlorine.
Hydrous tin(IV) oxide is formed by hydrolysis of tin(IV) salt solutions. The so-called
a-oxide (or a-stannic acid) formed by the slow, low temperature hydrolysis is readily
soluble in acids and bases, showing the amphoteric nature of SnO,. Rapid high temperature
hydrolysis produces the so-called B-oxide (or B-stannic acid), which is exceedingly inert to
solvents. Both a- and B-oxides have the rutile structure with absorbed water, and the some-
what considerable differences in their properties are believed due to differences in particle
size and surface properties.

55 J. S. Anderson, J. S. Ogden and M. J. Ricks, Chem. Comm. (1968) 1585.

56 M. Baudler, in Handbook of Preparative Inorganic Chemistry, Ed. G. Baurer, 2nd ed., p. 736
(1963).

57 W. Kwestroo and P. H. G. M. Vromans, J. Inorg. and Nuclear Chem. 29 (1967) 2187.

58 W. J. Moore and L. Pauling, J. Am. Chem. Soc. 63 (1941) 1392.

59 J. D. Donaldson, W. Moser and W. B. Simpson, J. Chem. Soc. (1961) 839; Acta Cryst. 16 (1963)
A22,

60 F. Lawson, Nature, 215 (1967) 955.



OXIDES AND OXYGEN COMPOUNDS 65

Hydroxy Compounds

Tin(II) hydroxide is not known. The hydrolysis61 of tin(II) salt solutions under controlled
conditions indicates the presence of the ions SnOH+, Sny(OH),2*+ and Sn3(OH)42+, and it has
been proposed that this has a ring structure as Fig. 6 (a).

Single crystals of the tin(II) oxide-hydroxide compound 3Sn0.H,O are obtained by the
very slow hydrolysis of tin(II) perchlorate solution. In X-ray structural determinations2

Sn
H\o/‘ \O/H 2+)

l OH
Lo |
\0 /
1
H
@)
2-)
Sn -) Ho/Tn
HO \
o o
HO OoH \ /H
OH © s

(b)
FIG. 6. Proposed structures of (a) Sn3(OH)}*, (b) Sn(OH);~ and (c) {Sn;O(OH)4}2 .

this has been shown to contain SngQOjs clusters, with six tin atoms at the corners of an
octahedron, and an oxygen atom above each of the octahedron’s eight faces, thus closely
resembling the cluster structure of MogCl§~. The formula is thus best written as SngOgH,.
This stoichiometry allows all of the oxygens in an infinite array of SngOjs clusters to be joined
by hydrogen bonds.

It is interesting to note that the structure of the only well-characterized solid hydroxide
phase, SngOgHy, can be derived by the condensation and deprotonation of two of the cyclic
ions Sn3(OH)3*, which are believed to predominate in solution.

Tin(II) oxide dissolves in alkalis to form the hydroxy-stannate(II) ion Sn(OH);~, many
salts of which have been isolated. The ion has the pyramidal structure illustrated in Fig.
6 (b). In addition to the Sn(OH);~ ions the oxotetrahydroxyditin anions (Fig. 6 (c)) are
known, and are partial dehydration products of the Sn(OH);~ anions. Thus whereas
Ba{Sn(OH);}, is the product of the interaction of barium hydroxide solution and NaSn(OH);
solution at 35°, at higher temperatures the salt Ba{Sn,O(OH),} of the dehydrated anion is
formeds3,

61 R, S. Tobias, Acta Chem. Scand. 12 (1958) 198,
62 R, A. Howie and W. Moser, Nature, 219 (1968) 372.
63 C. G. Davies and J. D. Donaldson, J. Chem. Soc. (4) (1968) 946.
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Tin(IV) hydroxide is not known. Hydrolysis of tin(IV) salt solutions produces a white
voluminous precipitate, which is not detectably crystalline, and may contain bonded water
in a tin oxide gel. The freshly prepared material is called a-stannic acid, and is easily soluble
in acid. Ageing produces S-stannic acid (or metastannic acid), which is more inert in
acids, and has also developed an X-ray diffraction pattern characteristic of tin(IV) oxide.
This metastannic acid may be obtained directly from tin and concentrated nitric acid. It
remains open whether the differences between a- and S-stannic acids are solely due to
differences in particle size.

The drying of tin(IV) oxide gel at 110° gives a reproducible product SnO;H,, which
looses water stepwise between 110° and 600° to produce crystalline cassiterite64,

Fusion of B-stannic acid with excess of alkaline hydroxide produces the crystalline salts

HO (2-)
OH
HO Sn OH
HO/
HO

F1G. 7. Structure of the hexahydroxytin(IV) anion Sn(OH)Z .

MISn(OH)s; and Sn(OH)?- ions are also well characterized in many other saltss5. 66. The
hexahydroxytin(IV) anions have the octahedral structure shown in Fig. 7, and the
corresponding hexadeuteroxy compounds are knowns67,

The hydrolysis of organotin halides gives rise to organotin hydroxides of different types,
many of which, however, show a marked tendency to condense with loss of wateros. 69,

Trimethyltin hydroxide is an example of a well-characterized organotin hydroxide.
In the crystal it has the chain structure illustrated in Fig. 8 (a). In non-polar solvents a
dimeric species {(CH3);SnOH}; is present and is believed to have the dihydroxo-bridged
structure of Fig. 8 (b).

Stannites and Stannates

The dehydration of trihydroxytin(II) anions to the oxotetrahydroxydistannites may be
carried to completion on heating, to produce the stannites.

Many alkali and alkaline earth stannates have been reported and some have been well
characterized. The action of heat upon the salt K,Sn(OH)6 produces the hydrates
K2Sn03.H,0 and 3K;Sn0;.2H,0 in addition to the anhydrous salt K,SnOs.

64 E. W. Giessekke, H. S. Gutowsky, P. Kirkov and H. A. Laitinen, Inorg. Chem. 6 (1967) 1294.
65 R. W. G. Wyckoff, Am. J. Sci. 15 (1928) 297.

66 R. L. Williams and R. J. Paces, J. Chem. Soc. (1957) 4143,

67 M. Maltese and W. J. Orville-Thomas, J. Inorg. and Nuclear Chem. 29 (1967) 2533.

68 J. G. A. Luijten, Rec. Trav. Chim. 85 (1966) 873.

69 R. Okawara and M. Wada, Advances in Organometallic Chemistry, 5 (1967) 137.

70 N. Kasai, K. Yasuda and R. Okawara, J. Organometallic Chem. 3 (1965) 172.
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Three distinct anhydrous salt phases may be produced by heating together the alkali
oxides MO and SnO; in different ratios and under varying conditions’!. K,SnOj is tri-
clinic; K,SnO; is orthorhombic with each tin atom almost at the centre of a deformed
octahedron, with chains of octahedra sharing faces; K;Sn;0; is orthorhombic?2. Strong

CH, CH, CH, CH,
l Ho o\ / | H
Sn (o] Sn (o) Sn (¢}
/N I N
CH, CH, CH, CH, CH,

(CH,);Sn

H

/ O \
Sn(CH,),

\o/

H

(b)

F16. 8. (a) Polymeric structure of (CH3);SnOH in the crystal, (b) dimeric structure of
(CH3)3SnOH in solution.

heating of K4SnO, converts it successively to K,SnO3, K2Sn307 and eventually SnO, by loss
of Kzo

In addition to the alkali stannates, other tin(IV) stannates such as CdSnQOs, Ca,SnQO4and
Cd,SnO4 have been fully characterized.

The stannates are usually white crystalline substances sensitive to carbon dioxide; they
react vigorously with water73, 74,

Peroxides and Perstannates

Many hydroperoxides of tin and perstannates with such formulations as H;Sn;O7,
HSn04.3H0, KSn04.2H,0 and K;Sn,0,.3H,O have been reported from the action of
hydrogen peroxide upon solutions of tin(II) and tin(IV). The exact nature of these com-
pounds is unknown, and in many cases they may be only hydrogen peroxide adducts?s. 76. 77,

Stable organotin hydroperoxides are well characterized. Thus trimethyltin hydro-
peroxide is formed from (CH3);SnOH and hydrogen peroxide, and is quite stable when pure.

71 M. Tournoux, Ann. Chim. 9 (1964) 579.

72 R, Hoppe, H. J. Roehrborn and H. Walker, Naturwiss. 51 (1964) 86.

73 1. Morgenstern-Baradau, P. Poix and A. Michel, Compt. rend. 258 (1964) 3036.
74 M. Troemel, Naturwiss. 54 (1967) 17.

75 M. W. Spring, Bull. Soc. Chim. 1 (1889) 180.

76 M. P, Pierron, Bull. Soc. Chim. (1950) 291.

77 S. Tanatar, Chem. Ber. 38 (1905) 1184.
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(CH3):SnOOH decomposes on warming to (CH3),SnO, CH30H and oxygen’. Similarly,
H,0; on {(C;H5);Sn},0 produces (C;Hs);SnOOH-H,0, at —60°, and at room temperature
forms the explosive compound (C;H,),Sn(OH)OOH7.

Organotin alkylhydroperoxides 80, 81, 82 have been synthesized by a number of methods.
Exemplary of these is the action of alkylhydroperoxides upon organotinhydrides.

(C4H3)3SnH+C4H{O0H (C4H3)3;SnO0CH}

Examples of the compounds R’s_,Sn(OOR), can be made in solution for n — 1—4, but
only the species where n—1 and n =2 are isolable as pure materials. But these latter
compounds such as (C4H§)s SnOOC4H and (C4H$).Sn(OOC4Hj); may be purified by
vacuum distillation.

Dialkyltinoxyperoxides and bis(triaryl)tinperoxides R;SnOOSnR; have been reported.

Organic Stannites and Stannates

Alkoxy compounds of both tin(II) and tin(IV) are known and may be regarded as the
esters of the oxides SnO and SnOs,.

Tin(Il) alkoxides have been prepared from either the action of tin(II) halides upon
sodium alkoxides83, or from the reaction between tin(II) halides and alcohols in the presence

Sn Sn

o’ o

b
@
FiG. 9. (a) 2,2"-Biphenylenedioxytin(I[) and (b) o-Phenylenedioxytin(I).

of triethylamine$4. Both tin(II) methoxide and tin(II) ethoxide are very reactive compounds.
They are hydrolysed rapidly to tin(II) oxide, but with limited water the bis{alkoxytin(II)}
oxide ROSnOSnOR is formed.

Another class of tin(II) organic oxygen derivatives are the tin(I) heterocycles formed by
many dihydric phenols. Examples of this type of tin(II) oxygen ring system are 2,2'-
biphenylenedioxytin(II) and o-phenylenedioxytin(II) illustrated in Fig. 9.

These tin(II) ring compounds are crystalline with remarkable thermal stability. They
may be polymeric in the solid state with intermolecular tin-oxygen bridges, but in pyridine

78 R. L. Daunley and W. A. Aue, J. Org. Chem. 30 (1965) 3845.

7 Yu. A. Aleksandrov and V.A. Shushkov, Zh. Obshch. Khim. 35 (1965) 115.

80 A. J. Bloodworth, A. G. Davies and J. F. Graham, J. Organometallic Chem. 13 (1968) 351.
81 D, L. Alleston and A. G. Davies, J. Chem. Soc. (1962) 2465.

82 A, G. Davies and J. F. Graham, Chem. and Ind. (London) (1963) 1622,

83 E. Amberger and M. R. Kula, Angew. Chem. 75 (1963) 476 ; Chem. Ber. 96 (1963) 2556.

84 J, Morrison and H. M. Haendler, J. Inorg. and Nuclear Chem. 29 (1967) 373.
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solution they are monomeric and may utilize an empty p-orbital to complex donor solvents
such as pyridiness. 86,

Tin(IV) organic oxygen compounds are of many different types, and their chemistry has
been extensively investigated.

Tin(IV) Alkoxides

Tin tetrachloride and sodium ethoxide produce the double alkoxide NaSny(OC,Hs)o, and
not Sn(OC;Hs)s. The tetra-alkoxides of tin are best produced by an alcohol exchange
reaction with the dimeric isopropyl alcoholate of tin tetra-isopropoxide8?. 38,

{Sn(OC3H1)4C3HL0H) 2+ 8ROH ———— 2Sn(OR)4+10C3sH,OH

The tin alkoxides of primary alcohols are involatile and are presumably polymeric, with
bridging alkoxy groups, but the monomeric tertiary alkoxides distil easily at reduced
pressure, e.g. (C4Hy'0)4Sn b.p. 99°/4 mm.

Organotin Oxides and Alkoxides

In addition to the tin(IV) alkoxides mentioned above, there have been synthesized many
organotin compounds in which tin-oxygen bonds are present!8, 19. The organostannoxanes
are mostly obtained by the hydrolysis of the requisite halides, as exemplified below.

Rysnx _ROOH” & SnOSnR;
R,SnX; M_, R,SnO
RSnX3 —Ma RSn(O)OH
— R,Sn o) R.Sn o] R,Sn 0
le] R,Sn (*) R,Sn 0] R,Sn
@
(CH,),Si
DN _
O\ /SI(CHJ)J
(CH,).Sn o— :n(CH;)z—— o
0 Sn(CH)); —O0——— Sn\
o
(CH,),Si

SI(CH,),
(b)

FiG. 10. (a) Proposed structure of (R»Sn0O), species, and
(b) the structure of {(CH3)3;SiO(CH3),SnOSn(CH3),OSi(CH3)3}2.

85 J, J. Zuckermann, J. Chem. Soc. (1963) 1322,

86 G, T. Cocks and J. J. Zuckermann, Inorg. Chem. 4 (1965) 592.

87 D. C. Bradley, E. V. Caldwell and W. Wardlaw, J. Chem. Soc. (1957) 4775.
88 D, C. Bradley, Progress in Inorganic Chemistry, 2 (1960) 303.



70 TIN: E. W. ABEL

R3SnOSnR; species are monomeric and structurally analogous to the organic ethers,
though they are believed to be considerably more basic39. 9. The dialkyl- and diaryltin
oxides R,SnO are formally analogous to the silicones, but bear no resemblance in physical
properties, being semi-crystalline powders. They are believed to contain polymeric chains,
in which coordination takes place as shown in Fig. 10 (a) to render each tin atom five-
coordinate. This would suggest that all tin atoms are present in four-membered Sn-O
ringss9.

This ladder type of structure has recently been confirmed9! for the dimeric species
{(CH3),SiO(CH3)2Sn0Sn(CH3),08i(CHa)3}» as shown in Fig. 10 (b).

Little structural information is available about the so-called alkyl/arylstannonic acids
RSn(O)OH, but these may have a ring structure, and undergo dehydration to polymers as
indicated below.

[¢] ‘ [¢]
HO\S —"~__ R O " —R

- n Sn\ Sn Sn

R | OH R/ \O/

l 150¢
[¢] /9 — - [¢] (0]
\Sn/ \ o /
o~ R AN NS .
L i

Organotin alkoxides have been synthesized in a variety of ways, as outlined below.

R3Sn0OSnR3;+R’OH —— R3SnOR’
R,SnO-+R’OH ——— R,Sn(OR’),
R3SnCl+NaOR’ ———— R3SnOR’
R3SnOR’+R”OH ——— R3SnOR”
R3SnNR,+R"OH ——— R3S5nOR”
R3SnOR’+R”"COOR” —— R3SnOR”

Some diols produce®? cyclic alkoxides as illustrated in Fig. 11.

CH cH

C.H, o} e C4H, 0 2
\s ya o N / \(1,1-{/ \Clﬂz

n Sn
CH . _CH CH,
e
C4H9/ \0/ ™~ / SN e

CH 3 (‘.4H9 CHZ
() (b)

Fic. 11. The cyclic organotin alkoxides formed from (C4Hg);SnO and (a) 2,3-butanediol and
(b) cyclohexanediol.

The tin-oxygen bonds of organotin oxygen compounds are often extremely reactive and
undergo a wide variety of reactions as illustrated in Fig. 12.

89 E. W. Abel, D. A. Armitage and D. B. Brady, Trans. Faraday Soc. 62 (1966) 3459.

90 E. W. Abel, D. A. Armitage and S. P. Tyfield, J. Chem. Soc. (4) (1967) 554.

91 R. Okawara, N. Kasai and K. Yasuda, Abstracts 2nd Intern. Symp. Organometallic Chem., p. 128,
Wisconsin (1965).

92 W. J. Considine, J. Organometallic Chem. 5 (1966) 263.
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Phenyltin trichloride and tropolone produce CsHsSn(tropolonato),Cl, which is con-
verted to CgHsSn(tropolonato); by reaction with sodium tropolonate. The complex
CsHsSn(tropolonato)s is monomeric, and is believed to contain hepta-coordinate tin93.

R, SnN(C;H)CSOR’

{ R,SnOH
(R;Sn),0
(CHL) COOR®
10 CLHNGS R, SON(CH,) COOR!
CH;NCO
(RySn),S H,S .~ pr CH,00CCECCOOCH
T RSnOR = T 1,000 = CCOOCH;
R;Sn OR’
R”SH
R,SnSR* R;SnCH,COOR’
>0 (cCL).co ‘
R;SnOC (CCL),0R’

R;SnOCOOR’

R,SnSCSOR

Fi1G. 12. Some reactions of organotin alkoxides.

In contrast to the corresponding alkoxides of tin, the oxinates R,Sn(Ox); are stable to
moisture. From spectroscopic data these tin oxinates are believed to be chelate compounds
of hexa-coordinate tin. The corresponding RiSnOx types are believed to be penta-coor-
dinate%4.

Carboxylates

Tin(II) carboxylates such as tin(IT) formate®s and tin(II) acetate% are made by dissolving
tin(II) oxide in the requisite carboxylic acid. Tin(II) acetate is stable, and can be stored for
some months in air, but over longer periods of time it undergoes slow oxidation. It can
be sublimed in vacuum to give very pure (CH3COO),Sn at about 150°, but at higher
temperatures decomposes to tin(Il) oxide, carbon dioxide and acetone. Tin(II) acetate
hydrolyses slowly over several hours in water, but the adduct (CH3COO),Sn.2CH;COOH
formed by dissolving tin(IT) acetate in glacial acetic acid is unhydrolysed, even in boiling
water.

Tin(II) acetate is a useful reducing agent, and can act under certain conditions both as
a reducing and acetylating agent, thus for example a 759, yield of 1,4-diacetoxynaphthalene
is obtained from 1,4-naphthaquinone and tin(II) acetate in 20 min,

93 E. L. Meutterties and C. M. Wright, J. Am. Chem. Soc. 86 (1964) 5132; Quart. Revs. (London) 21
(1967) 123.

94 K. Ramaiah and D. F. Martin, Chem. Comm. (1965) 130.

95 J. D. Donaldson and J. F. Knifton, J. Chem. Soc. (1964) 4801.

96 J. D. Donaldson, W. Moser and W. B. Simpson, J. Chem. Soc. (1964) 5942.
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With the exception of tin(II) formate, the tin(II) carboxylates are fibrous in nature, and
of low solubility, suggesting a linear polymeric structure which can break down on sub-
limation, or upon solution in donor solvents. The Mdossbauer and infrared spectra of
tin(II) carboxylates are both in accord with the presence of long chains of pyramidally
coordinated tin atoms containing bridging carboxylate groups®7.

In addition to the simple tin(I[) carboxylates, evidence has been presented for many
more carboxylate species of tin(II); thus CH3;COOSn*, (CH;C0O0),Sn, (CH;COO);Sn;-,
(CH3COO)sSn;~ and (CH3COO);Sn— have all been reported in tin(Il)-acetate solutionss.

The tri-acetatostannates have been well characterized and isolated as pure salts of the
alkali metals and ammonia, and also as the alkaline earth salts.

The discrete (RCOO);Sn~ ions in the tricarboxylatostannates have distorted pyramidal

"‘ R
N\ Sn O\l /O
(O//‘S R <N// ’Sn\x>
R R
(@) ®)
S

FiG. 13. (a) Five-coordinate tin in RjSn-oxinate, (b) six-coordinate tin in R,Sn(oxinate), and
(c) eight-coordinate tin in Sn{oxinate).

coordination about each tin atom as shown in Fig. 14(b). The more complex anions such
as (CH3COO0);Sn3;~ and (CH3;COQ)sSny~ may be regarded as having chain structures
analogous to the tin(II) carboxylate chain illustrated in Fig. 14 (a).

Tin(IV) tetracarboxylates may be synthesized from anhydrous acetic acid and tin(IV)
chloride, or from thallium(I) carboxylate and tin(1V) iodide. They are in marked contrast
to the tin(II) carboxylates, in that they are exceedingly sensitive to hydrolysis by traces of
moisture, but are soluble in most organic solvents®, 100,

Ditin hexa-acetate (CH3COO)¢Sn; is formed by the action of acetic acid upon hexa-
phenylditin at 120°. It is quite a stable compound, and is believed to have the structure
illustrated in Fig. 15, where two bridging acetate groups are present in addition to the

97 J. D. Donaldson and A. Jelen, J. Chem. Soc. (A) (1968) 1448.

98 J. D. Donaldson and J. F. Knifton, J. Chem. Soc. (4) (1966) 332,

99 M. Baudler, Handbook of Preparative Inorganic Chemistry, Ed. G, Brauer, Vol. 1I, 2nd ed., p. 747,

Academic Press, New York.
100 H. Schmidt, C. Blohm and G. Jander, Angew. Chem. A59 (1947) 233.
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metal-metal bond. Hydrogen chloride at —100° converts ditin hexa-acetate to ditin
hexachloride101,

The organotin(IV) carboxylates are of particular interest in that they appear to exist
in more than one form. When trimethyltin hydroxide reacts with, for example, formic and
acetic acids, the products are the very insoluble (CH3);SnOOCH and (CH;3);SnOOCH;.

VN Oy 0\\ O\\
_C-R C-R _CR >C-R
(gﬂ il csl)n IOSn
d \0 0/ \o o/ \o o/ \0
Ne? No? N N
R R R
@
O/Tn\( )

(b)
F1G. 14. Proposed structures of (a) tin(II) carboxylates and (b) the tricarboxylatotin anions.
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Fic. 15. Ditin hexa-acetate.

These insoluble products are believed to be associated by bridging carboxylate groups,
either as linear or ring polymers69.

If, however, the polymeric forms of (CH3);SnOOCH and (CH3);SnOOCCH; are heated
in cyclohexane at 100° for several hours, they are both converted to new soluble forms.
A remarkable point of interest is that the soluble and insoluble forms of these organotin
carboxylates are sublimable in high vacuum without interconversion102,

101 E, Wiberg and H. Behringer, Z. anorg. Chem. 329 (1964) 290.
102 P, B. Simons and W. A. G. Graham, J. Organometallic Chem. 8 (1967) 479.
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Tetra-ethylammonium trisoxalatostannate(IV) and tetra-ethylammonium trismalonato-
stannate(IV) are made by the treatment of {(C;Hs)sN},SnBrs with silver oxalate and silver
malonate respectively in acetone. These complex ions are not hydrolysed by water, and
their infrared and Raman spectra have been measured and discussed103,

2.8. TIN SALTS OF INORGANIC OXY-ACIDS

Numerous tin(IT) and tin(IV) salts of inorganic oxy-acids, such as dithionatesi06,
carbonates, arsenates!04, 105 vanadates!04, 105, tungstates104, borates104, nitrates, sulphates,
etc., have been reported in the literature. Very many of these, however, are ill characterized
and of dubious stoichiometry. Some of the more authenticated compounds are discussed
below.

Nitrates

A normal tin(II) nitrate is unknown, but dilute solutions of tin(II) nitrate are reasonably
stable107, Such solutions may be made by nitrate metathesis from tin(II) chloride or
sulphate, or alternatively by the dissolution of tin(II) oxide in dilute nitric acid. Efforts to
evaporate such solutions to crystallization result in decomposition which may be violent.
A number of explosions have been attributed to tin(II) nitrate systems, where the decom-
position products are tin(IV) oxide and various nitrogen compounds such as hydroxylamine
and nitrous oxide108.

A basic tin(Il) nitrate Sn3(OH)4(NOs3); is made by the action of nitric acid upon a paste
of hydrous tin(Il) oxide. It is believed to be ionic and to contain the ion Sny(OH)3*
illustrated in Fig. 6 (a). Basic tin nitrate is partly hydrolysed on dissolution in water. The
presence of Sn(II) ions with NO;~ makes thermal decomposition of the basic nitrate
exceedingly violent, and Sn3(OH)4(NO;), may be classified as a high explosive107,

Tin(IV) nitrate is formed by the action of N;Os, CINO; or BrNO; upon tin(IV)
chloridel0®, 110, The white volatile Sn(NQOs)4 is believed to contain eight-coordinate tin,
with each nitrate group behaving as a bidentate ligand. Tin(IV) nitrate reacts readily with
aliphatic hydrocarbons with the formation of carboxylic acids, alkyl nitrates and nitro-
alkanes; it reacts vigorously with diethyl ether. These reactions are attributed to the easy
release of the very reactive NO; radicals.

Sn(NO3)4

Sa(NO3),+2NO;

The compounds which release NOj radicals appear to be those in which the nitrate
group is bonded in bidentate fashion. Thus the pyridine adduct Sn(NO;)4(CsHsN),, in
which all of the nitrate groups are monodentate, is unreactive towards hydrocarbons and
ether.

When SnCly and N,Oy4 are mixed at —10° in a stream of nitrogen, the compound

103 P, A. W. Dean, D. F. Evans and R. F. Phillips, J. Chem. Soc. (4) (1969) 363.
104 S, Prakash and N. R. Dabhr, J. Indian Chem. Soc. 6 (1929) 587.

105 E, B. Maxted and N. J. Hassid, J. Soc. Chem. Ind. (London), 50 (1931) 399.
106 E, A, O’Connor, Nature, 139 (1937) 151.

107 J, D. Donaldson and W. Moser, J. Chem. Soc. (1961) 1996.

108 I, H. Milligan and G. R. Gillette, J. Phys. Chem. 28 (1924) 744.

109 W, Schmiesser, Angew. Chem. 67 (1955) 493.

110 C, C. Addison and W. B. Simpson, J. Chem. Soc. (1965) 598.
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SnCl4.NyOy4 is formed as a pale yellow very hygroscopic powder. This is formulated as
NO*[SnClNOs]~ in which a bidentate nitrate ligand produces an octahedral tin anion!11,

By a similar type of reaction between Cs;SnClg and liquid N;Os the hexanitrate ion
Sn(NO3)2~ was obtained as the caesium salt. The Sn(NOs3)2- may be presumed to be
octahedral, with monodentate nitrate ligands!12,

A number of organotin nitrates such as (CH;);SnaNO; and (CH3),Sn(NO;); are
known18, 113, Structural information on these compounds to date is largely based upon
spectroscopic data, and is conflicting. Organotin nitrates do however appear to contain
metal coordinated nitrate groups, which may be mono- or bidentate, and in some cases
bridgings?. In the case of adducts such as [(CH;);Sn(NH;3),]*NO;~, however, there is
non-coordinated nitrate ion present.

Triphenyltin nitrate has poor stability, and decomposes at quite low temperatures to
nitrobenzene and diphenyltin oxidel14.

(C6H5)3SnNO3 ———— (C6Hs)2Sn0O+CgHsNO,

Phosphates and Phosphites

The chemistry of tin phosphates is exceedingly complex, and very many stoichiometries
have been reported114, 115,

Tin(II) orthophosphate Sn3(PO,); is reported from the interaction of sodium hydro-
gen phosphate upon tin(1I) sulphate in sulphuric acid. Other tin(II) phosphates recorded
are SHHPO4, Sn(H2P04)2, Sn2P207 and Sn(PO;)z.

Tin(IV) phosphates include SnyO(PO4);10H,0, Sn;O(PO4); and SnP4;O,. Many complex
phosphates such as KSn(PQy4);, KSnOPO, and NaySn(PQO,), are known!16,

The stoichiometry of the tin(II) and tin(IV) phosphates is controlled by the particular
phosphate ion which is complexing to the tin(lI) or the tin(IV) ion; thus a whole range of
pyrophosphates and tripolyphosphates of tin have been detected, and there is a trend for
tin(II) to complex long-chain polyphosphates, with average chain lengths up to fourteen117,

Tin(IV) hypophosphite is remarkable in that it represents a class of compound con-
taining tin(IV) and a strongly reducing anion. Considering the reduction potentials,

Sn4+4-2e
H;PO;+2H+

— Sn2+ (E = 0-15V)
> H3P0,+H,0  (E = -0:50V)

the very existence of Sn(H,PQ;), is surprising. The isolation of tin(IV) hypophosphite by
bubbling oxygen through a solution of tin(II) oxide in hypophosphorous acid may be due
to a combination of the low solubility of the product, and the often slow kinetics of hypo-
phosphite reductions at ordinary temperatures!18,

In addition to the simple tin(IV) hypophosphite, a number of halogenohypophosphites

111 C, C. Addison and W. B. Simpson, J. Chem. Soc. (A) (1966) 775.

112 K. W, Bagnall, D. Brown and J. G. H. du Preez, J. Chem. Soc. (1964) 5523.

113 C. C. Addison, W. B. Simpson and A. Walker, J. Chem. Soc. (1964) 2360.

114 P_ J, Shapiro and E. 1. Becker, J. Org. Chem. 27 (1962) 4668.

115 E, Jablczynsky and W. Wieckowsky, Z. anorg. Chem. 152 (1926) 207.

116 J, W. Mellor, Comprehensive Treatise in Inorganic and Theoretical Chemistry, vol. VII, p. 481
Longmans, London (1927).

117 R. E. Mesmer and R. R. Irani, J. Inorg. and Nuclear Chem. 28 (1966) 493,

118 W, B. Simpson, Chem. Comm. (1967) 1100.
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of tin(Il) and tin(IV) such as SnClL.Sn(H,;PO03)4, Snls.Sn(H,POz)s, SnBr,.3Sn(H,PO,), and
Snl,.3Sn(H,PO,), have been reported11?

Perchlorates

The action of CL,03 upon tin(IV) chloride is reported to produce the tin(IV) perchlorates
Sn(Cl04)4.2CL0Og¢ and Ch,Sn(ClOy),, the structures of which are unknown, but which
presumably must contain perchlorate groups coordinated to tin!20,

Organotin perchlorates such as (CH3)3;SnClO4 and (CH3),Sn(ClOy), are better character-
ized, and are electrolytes in aqueous solution. Trimethyltin perchlorate (m.p. 128°) is
volatile, and in the vapour the molecule is likely to have a bidentate perchlorate group
attached to five-coordinate tin. In the crystal, however, the perchlorate group may have
a bridging role in the structure!2!,

Solutions of tin(II) perchlorate have been used in studies of tin complex formation, and
one crystalline species has been isolated. Tin(II) perchlorate trihydrate is made by the
action of tin(II) oxide upon 70%, perchloric acid. Sn(ClOg4),.3H,0 is very hygroscopic,
melts at 240° and decomposes explosively at 250°. Mdossbauer measurements suggest that
one water molecule is bonded to tin, as in the tin(Il) chloride dihydrate122,

Sulphates

Tin(II) sulphate may be prepared by dissolving tin metal or a tin(II) salt in sulphuric
acid. Pure tin(II) sulphate, however, is best made by the displacement of copper from a
copper sulphate solution by metallic tin. Crystals of SnSOy4 are white and orthorhombic
(a==881; b="7-17 and ¢ = 5-35 A). Tin(II) sulphate has an excellent shelf life, and is
strongly recommended as a pure source of Sn(II)123.

The thermal decomposition of SnSO; yields sulphur dioxide and tin(IV) oxide, and is
an example of the numerous internal oxidation-reduction reactions which are undergone
by oxygen containing tin(II) compounds.

The solubility of tin(II) sulphate in water decreases steadily with rise in temperature
(352 g/100 ml of solution at 20°, 22-0 g/100 ml of solution at 100°). It is also quite soluble
in concentrated sulphuric acid.

The basic tin(II) sulphate Sn3(OH),0SO, is obtained as a well-defined crystalline
material by the action of ammonia solution upon tin(II) sulphate. This basic tin sulphate
looses water in one stage at 230° to leave the tin(II) oxysulphate Sn;0,SO,.

Tin(IV) sulphate as the dihydrate Sn(SOs),;.2H>0 is obtained from hydrous tin(IV)
oxide in hot dilute sulphuric acid. The colourless crystals are exceptionally hygroscopic
and best stored in sealed ampoulesi24, Tin(IV) sulphate hydrolyses completely in water,
with precipitation of hydrous tin(IV) oxide, but is nevertheless freely soluble in dilute
sulphuric acid to give a clear solution.

119 D, A. Everest, J. Chem. Soc. (1951) 2903 ; ibid. (1954) 4698 ; ibid. (1959) 4149.

120 H, Schmeisser, Angew. Chem. 67 (1955) 493,

121 R, Okawara, B. J. Hathaway and D. E. Webster, Proc. Chem. Soc. (1963) 13.

122 C, G. Davies and J. D. Donaldson, J. Inorg. and Nuclear Chem. 30 (1968) 2635.

123 J, D. Donaldson and W. Moser, J. Chem. Soc. (1960) 4000.

124 M. Baudler, Handbook of Preparative Inorganic Chemistry, Ed. G. Brauer, Vol. I, 2nd ed., p. 744,
Academic Press, New York.
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Estimates of activity coefficients suggest that the dissolution of hydrous tin(IV) oxide
in dilute sulphuric acid produces the SnSO42+ ion in solution, with more concentrated
sulphuric acid solutions causing further complexing to form Sn(SO,); and H,Sn(SOy); in
solution125,

Tetramethyltin reacts with sulphuric acid to evolve methane and produce trimethyltin
hydrogen sulphate (CH3);SnHSQ,. The trialkyltin hydrogen sulphates and the dialkyltin
dihydrogen sulphates behave as strong bases. It is most likely, however, that the cationic
species present are protonated hydrogen sulphates, rather than stannonium ions126,

Phenyltin compounds undergo cleavage in sulphuric acid to produce the hexa(hydrogen
sulphate) stannic acid H,Sn(HSO4)s and its anions.

2.9. CHALCOGEN COMPOUNDS
Sulphides

The only three well-characterized sulphides of tin are SnS, Sn,S; and SnS,, though
SnySs has been claimed127 by thermal decomposition of SnS,. SnOS is reported from the
action of sulphur upon tin(II) oxide, and Sn,S;0, SnsOsSs and Sn3;0;S; have been reported
as hydrated materials from various aqueous precipitations128, 129,

Tin(II) sulphide may be made by the direct combination of the elements, but this
product is usually non-stoichiometric; it is usually obtained by the sulphide precipitation
of tin(II) salts, whence the initially hydrated form is easily dehydrated. Crystalline SnS,
m.p. 1153°K, b.p. 1500°K, density ~ 5, has a very distorted NaCl structure!30 in which
each tin atom has four different near neighbour sulphur distances of 2:624, 2:68 A (2),
3-27 A (2) and 3-39 A. The analogous PbSnS; which occurs in Bolivian ores as the mineral
theallite has the same distorted structure, in marked contrast to the perfect NaCl lattice of
PbS.

SnS is reduced to tin by hydrogen, and converts to tin(IV) oxide on heating in the air.
It is virtually insoluble in water (solubility product ~ 10-27 at 25°C), but it can be re-
crystallized from tin(IV) chloride solutions as grey-blue metallic platelets.

Tin sesquisulphide has been reported as a constituent of Bolivian ores!3!, and has been
shown by X-ray work to be a distinct phase. The structure consists of infinite double
rutile type strings of Sn'VSs octahedra with Sn' ions attached laterally132.

Tin(IV) sulphide is prepared commercially as yellow platelets (density 4-51) by the
action of tin foil upon flowers of sulphur, and is used as mosaic gold and may be purified
by sublimation. It is precipitated from mildly acid solutions of tin(IV) salts by sulphide ion.

SnS, crystallizes with a CdI, structure133, When formed by precipitation from
aqueous solution the SnS; is easily redissolved in warm hydrochloric acid, but the product
of the high temperature dry synthesis is very insoluble.

125 C. H. Brubaker Jr., J. Am. Chem. Soc. 76 (1954) 4269 ; ibid. 77 (1955) 5265.

126 R. J. Gillespie, R. Kapoor and E. A. Robinson, Canad. J. Chem. 44 (1966) 1197.

2:)27 Ya I. Gerasimov, E. V. Kruglova and N. D. Rozenblyum, Zhur. Obsch. Khim., S.S.S.R. 7 (1937)
e F. W. Schmidt, Chem. Ber. 27 (1894) 2739.

129 P, Sisley and L. Meunier, Bull. Soc. Chim. 51 (1932) 939

130 W. Hofmann, Z. Krist. 92 (1935) 161

131 Neues Jahrb. Mineral Monatsh., (1964) 64.

132 D. Mootz and H. Puhl, Acta Cryst. 23 (1967) 471.
133 A. F. Wells, Structural Inorganic Chemistry, 3rd ed., p. 520, Oxford (1962).
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Thiostannates

The thiostannates may be made by a number of methods such as the action of alkali
sulphide solutions upon tin(IV) sulphide or upon various stannate solutions. Well-
crystallized species of definite stoichiometry are formed, which appear to be salts of the
SnS2- and SnS}- ions. Invariably, however, the thiostannates crystallize highly hydrated,
as for example in Na,SnS;.8H,0 and NasSnS4.18H,0, and some water appears to be more
strongly bound than the rest134, The structure of these compounds is unknown, but it has
been suggested that the ions present may be either [(HS);Sn(OH);]2~ or [(H20)3SnS;]2-,
and either [(HS),Sn(OH),S,]¢~ or [(H20),SnS4]+ rather than simply SnS3~ and SnS}-.

In addition to the binary sulphides, other classes of compounds contain tin-sulphur
bonds. Of these, the coordination complexes of thio-ethers with tin halides are discussed
below in the chemistry of the tin halides.

Organotin Sulphides

The tin-sulphur covalent bond has been extensively studied, and a variety of synthetic
methods!35 available for its formation are outlined below.

SnCl4+NaSR ——» (RS)4Sn
(CsHs)3SnCl+AgS —— (CgHs)3SnSSn(CgHs)s
(CH3)3;SnOH+RSH ———— (CHj3)3SnSR
R,SnO+R’SH ———— R,Sn(SR);
(R3Sn);0+H,S ———— (R3Sn),S
(C¢Hs)4Sn+S ———— (C¢Hs)SnS
(CH3)3SnSn(CH3)3+S — > (CH3);SnSSn(CHs)s
C¢HsNCS +(C>H;5)3SnH ———— (C>H5)3SnSCH:NCgH s

Some of the different types of organotin sulphur compounds are illustrated in Fig. 16.
In all of these compounds, the tin(IV) atom is approximately tetrahedral, with the exception
of Fig. 16 (f), which is polymeric136, and in which tin is probably octahedral by inter-
molecular coordination. This polymer may be broken down by ligands such as amines
to produce complexes like Fig. 16 (g)137.

The base strength measurements suggest that the organotin sulphides such as
(CH3):SnSSn(CHa); are stronger bases than the simple organic sulphides. This would be
in accord with little or no back-bonding from sulphur to tin, and tin’s lower electro-
negativity89.90,

Organotin sulphur compounds are fairly robust compounds, but undergo fission by
halogens and halides. They are now manufactured on a large scale for industrial uses,
especially as stabilizers for polyvinyl chloride and related plastics, where the RoSn(SR”)z
types are extensively used4.

134 E. E. Jelley, J. Chem. Soc. (1933) 1580.

135 E. W. Abel and D. A. Armitage, Advances in Organometallic Chemistry, 5 (1967) 1.
136 R, C. Poller, Proc. Chem. Soc. (1963) 312.

137 R. C. Poller and J. A. Spillman, J. Chem. Soc. (4) (1966) 958.
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Selenides

In addition to SnSe and SnSe,, the phase diagram138 for tin~selenium shows the forma-
tion of Sn,Se; by a peritectic reaction at 650°. Sn,Se; has a tetragonal type of lattice

a=61774, c =586 A1%,

(CH;),8nSCH, S
@ (CH,),sn / \San;),

®)

s
.. S CH;—§ S —CH
/Sn\ / \S / 2
CH, CH, CH, "
s \S—CHZ
) @
SCH CH, S §
|Sn J EI >Sn/
CH,S/ \SCH, 8 \S CH,
®
SCH,
@©

®

F1G. 16. Some examples of organotin—sulphur compounds.

SnSe is a grey blue solid, and may be synthesized by the direct interaction of the
powdered elements, which starts at about 350°, and is extremely exothermic140. It melts
at 861° and may be distilled without decomposition. Single crystals of considerable size

138 F. Laves and Y. Baskin, Z. Krist. 107 (1959) 377.

139 §, Willy, Compt. rend. 251 (1960) 1273.
140 Y, Matakuta, T. Yamamoto and A. Osazaki, Mem. Fac. Sci. Kynsyu Univ, Bl (1953) 98.



80 TIN: E. W. ABEL

are grown with some easel4!, Crystal data on SnSe are contradictory, giving either a
rhombic140 structure a =433 A, b=2398 A, ¢=11-18 A, or a cubic NaCl type of
structure!l42,

SnSey, m.p. 625°C, may be prepared by vacuum melting of stoichiometric quantities of
the elements and as single crystals by the Bridgman method143. SnSe; has a CdI, structure
a=3-811 A and c = 6137 A.

Both SnSe and SnSe; are semiconductors with specific resistances in the range 103 to
101 ohm cm, but electrical properties vary considerably with the history of heat treatment
of the alloys. Impurities in SnSe behave somewhat unusually, and it is likely that antimony
for example replaces tin atoms in the lattice up to 200°C, but above that replaces selenium
in the lattice144.

Both Sn,;Se; and SnSe, decompose on heating to SnSe and selenium. The molecules
Sn,Se; are detected by the mass spectrometer at high temperatures in the vapour, and these
are believed to be tetrahedral clustersi4s.

The selenothiostannates SnSe,S2~ and the selenostannates SnSe;2~ are analogous to
the thiostannates, and though well characterized, are of unknown structure!4s,

Organic Selenides

A variety of molecular compounds exist in which there are discrete tin-selenium bonds.

The sodium, potassium and magnesium salts of selenols react with tin tetrahalides to
afford complete halogen replacement!4?, and organdtin selenolates have been made in
aqueous solution from the selenols!4,

RSeNa
R gX} +8nXs — > (RSe)sSn

R3SnX+R’SeH ——— R3SnSeR

The organoditin selenides are made by the action of the appropriate organotin halide
upon sodium selenide149, 150,

R3SnCl+ NajSe ———— R3SnSeSnR;

The organotin selenols R3SnSeH have not been reported, but their lithium salts such
as (CsHs)3SnSeLi are known1s1,

Some representative organotin—selenium compounds are listed135 in Table 11.

Tellurides

The heating together of tin and tellurium causes the formation of SnTe with incan-
descence. SnTe can be sublimed to give large crystals and is stable at high temperatures.

141 P, F. Wells, J. Electrochem. Soc. 113 (1966) 90.

142 1, S. Palatkin and V. V. Levin, Doklady Akad. Nauk. S.S.S.R. 96 (1954) 975.

143 O. Mitchell and H. Levinstein, Bull. Am. Phys. Soc. 6 (1959) 133,

144 D, M. Chizhikov and V. P. Shchastlivyi, Selenium and Selenides, Collets Press, London (1968).
145 R. Colin and J. Drowart, Trans. Faraday Soc. 60 (1964) 673.

146 F, C. Mathers and H. S. Rothrock, Ind. Eng. Chem. 23 (1931) 831.

147 H. J. Backer and J. B. G. Hurenkamp, Rec. Trav. Chim. 61 (1942) 802.

148 E, W. Abel, D. A. Armitage and D. B. Brady, J. Organometallic Chem. 5 (1966) 130.
149 I, Riudisch and M. Schmidt, J. Organometallic Chem. 1 (1963) 160.

150 M. Schmidt and H. Ruf, Chem. Ber. 96 (1963) 784.

151 H, Schumann, K. F. Thom and M. Schmidt, J. Organometallic Chem. 2 (1964) 361.
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SnTe is deposited from tin(II) solutions by the action of hydrogen telluride!52, and similarly
SnTe, is supposedly formed from hydrogen telluride and tin(IV) solutions!53, The linear
SnTe, molecule is analogous to CO, and is detected at high temperatures.

Melting SnTe under high pressure gives two solid polymorphs154, as well as liquid

TABLE 11. EXAMPLES OF MOLECULAR COMPOUNDS
CONTAINING TIN-SELENTUM BONDS

(C6HsSe)sSn [(CH;)3Sn];Se
(p-CH3-CsH4Se)4Sn (CH3Sn)4Seq
(tert-C4HoSe)4Sn (CgHs)3SnSeLi
(p-Cl-CeHsSe)aSn (CeHs5)3SnSePb(CeHs)s
(CH,)3SnSeCgHs [(n-C4Ho),SnSe],

around 117°K. The normally NaCl structure of SnTe is converted by a pressure of 18,000
atm to an orthorhombic form with a 3609, increase in electrical resistivity1ss,

The organic tin-tellurium compounds have been little investigated, but the hexaphenyl-
ditintelluride [(CgHs)3;Sn],Te and its lithium salt have been reported156

2.10. HALOGENO COMPOUNDS
Tin(IT) Halides

Tin(II) fluoride is obtained as colourless monoclinic crystals by the evaporation of a
solution of tin(IT) oxide in 40%, hydrofluoric acid157, 158, From solutions of tin(IT) fluorides
with other fluorides an orthorhombic form of pure tin(1I) fluoride has been isolated159, In
this form tin is in an irregular trigonal pyramidal environment, with two Sn-F bonds of
2:15 A, and one of 2:45 A160, Three other fluorines at about 2-80 A make up an overall
distorted octahedral environment. From Md&ssbauer spectroscopy the tin—fluorine bonds
in the orthorhombic form are believed to be more covalent than in the monoclinic form.
Tin(II) fluoride is very soluble in water, and is extensively utilized.as a constituent of
dentifrices161-163, The mixed halide SnFCl is obtained by action of hydrofluoric acid upon
tin(II) chloride164,

Tin(I) chloride is available commercially as the dihydrate, which is itself of interest.
In crystalline SnClL.2H,0 one molecule of water is lattice aquationl6s, but the other is
coordinated to the tin dichloride molecule, whereby the tin nominally attains an octet of
electrons. Anhydrous tin(II) chloride is obtained from the dihydrate by the action of acetic

152 W, Biltz and W. Mecklenburgh, Z. anorg. Chem. 64 (1909) 226.

153 A. Brukl, Montash. 45 (1924) 471.

154 W, Klement and L. H. Cohen, Science, 154 (1966) 1176.

155 J. A. Kafalas and A. N. Mariano, Science, 143 (1964) 952.

156 H., Schumann, K. F. Thom and M, Schmidt, J. Organometallic Chem. 2 (1964) 361.
157 W. H. Nebergall, J. C. Muhler and H. G. Day, J. Am. Chem. Soc. 74 (1952) 1604.
158 G. Bergerhoff, Acta Cryst. 15 (1962) 509.

159 J. D. Donaldson, R. Oteng and B. J. Senior, Chem. Comm. (1965) 618,

160 J. D. Donaldson and R. Oteng, J. Inorg. and Nuclear Chem. Letters, 3 (1967) 163.
161 M. R. Mericle and J. C. Mubhler, J. Dental Research, 43 (1964) 1227.

162 W, A. Zacherl and C. W. B. McPhail, J. Can. Dental Assoc. 31 (1965) 174,

163 V. Mercer and J. C. Mubhler, J. Oral Therap. Pharmacol. 1 (1964) 141.

164 W, H. Nebergall, G. Baseggio and J. C. Mubhler, J. Am. Chem. Soc. 76 (1954) 5353.
165 D, Grdenic and B. Kamenar, Proc. Chern. Soc. (1960) 312.
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anhydride. Crystalline SnCl; has a layer structure in which there are Sn—Cl-Sn—Cl chains166
The Sn—Cl bonds in the chain are 2-78 A, and the pyramidal coordination of each metal
is completed by a further chlorine at 2:67 A. Considering the overall structure of SnCl,
from layer to layer, tin may be regarded as nine-coordinate in this structure. Tin(II)
bromide and tin(II) iodide are similar to SnCl; in the crystal, in that they do not contain

/ ” \
Cl ® Cl

I TN

c cl cl
(®)

Sn

/N

Cl OH,

cl
©

FiG. 17. Tin(Il) chloride: (a) an angular discrete molecule in the gas phase; (b) the polymeric
(SnCly), chain present in crystalline SnCl; ; (c) coordination about tin in SnCl,-2H,0, where only
one water molecule is actually coordinated to tin.

discrete SnBr; and Snl, molecular units, but a polymeric layer structure; Snl; is conveniently
made as brilliant red needles by heating iodine in 2§ hydrochloric acid with tin167,

In the gas phase SnCly, SnBr, and Snl, exist as discrete angular molecular species168
(see Table 7).

The solubility of the tin(II) halides in water falls off markedly from SnCl; (84 g of SnCl,
in 100 g of water at 0°C) to Snl, (0-96 g of Snl; in 100 g of water at 0°C).

Halogenotin(II) Anions

The halogenotin(II) acids H,SnX4 have been claimed both in solution and as crystalline
solids in the older literature169, 170, Better characterized, however, are the many halogeno-

166 R. E. Rundle and D. H. Olson, Inorg. Chem. 3 (1964) 596.

167 W. Moser and L. C. Trevena, J. Chem. Soc. (D) (1969) 25.

168 M, W. Lister and L. E. Sutton, Trans. Faraday Soc. 37 (1941) 406.
169 S, W. Young, J. Am. Chem. Soc. 23 (1901) 450.

170 R. Wagner, Chem. Ber. 19 (1886) 896.
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tin(II) salts such as KSnF3, Na,Sn,Fs, (NH4)4SnCls, NH4SnCl3, K4SnCls, KSnBr3, K,SnBry,
K4SnBrg, CsSnyls, KSnls, etc,171-173,

Though the precise nature of many of these salts is unknown, information regarding
the discrete ions present in some of these complexes show these materials to be lattice salts
only.

Salts of the ions SnX; (where X==F, Cl, Br and I) have all been obtained from aqueous

/ sn\
X X
X
(@)
X cl
X \ B —= Sn < cl
x/ cl
®
F
F F
BN S S ~
n
AN
F F
©

FiG. 18. (a) Pyramidal structure of the SnX3~ ion due to the presence of a sterically active lone pair
of electrons. (b) The complex ion [X3;B.SnCl3J~ illustrating coordination by the lone pair of
electrons on SnCl;~. (c) Structure of the Sn,Fs— anion.

solution. The SnXj; ions are pyramidal, as shown in Fig. 18 (a), due to the presence of a
sterically active non-bonding pair of electrons. This electron pair makes the trihalogenotin
anions excellent ligands, resulting in a wide range of transitional metal complexesi74, 175,
In addition to being a o-bonding donor group, the SnX; anion ligands are believed to be
powerful sr-acceptor ligands. Complexes which involve only the o-donor characteristics
are exemplified by the boron halide complex anions [X3B.SnCl]~, which are believedi’s to
contain a boron-tin bond as shown in Fig. 18 (b). The formation and decomposition of
some SnCl; complexes are exemplified in the following equations.

R4AsSnCl3 +BX3 ———— R4AsH[X3B.SnCls3]—
PtCl13—+2SnCly~ ———— [CL,Pt(SnCl3)2]2~+2Cl~
[CLPH(SnCl3);12~+2(CeHs)sP ———— {(CHs)3P)2PtCl2+-2SnCl3~
Pt(CO).Cl;+2SnCl3~ —— [ClPt(SnCl3)2),~+-2CO

171 E, Rimbach and K. Fleck, Z. anorg. Chem. 94 (1916) 139.

172 W. Pugh, J. Chem. Soc. (1953) 2491.

173 V. Auger and T. Karantassis, Compt. rend. 181 (1925) 665.

174 J, F. Young, R. D. Gillard and G. Wilkinson, J. Chem. Soc. (1964) 5176.

175 R, D. Cramer, R. V. Lindsey, C. T. Prewitt and U. G. Stolberg, J. Am. Chem. Soc. 87 (1965) 658.
176 M. P. Johnson, D. F. Shriver and S. A. Shriver, J. Am. Chem. Soc. 88 (1966) 1588.
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Despite the existence of many well-characterized salts, M2SnCl,.H,0, MISnCl,..nH,0
and M"SnBrs.nH,O0, it is unlikely that any contain a discrete SnX2- ion. A structural
investigation of the salt K,SnCls.H,0O showed it to be a lattice salt KCI.KSnCl;.H,O with
the tin atom present in a distorted pyramidal SnCl;~ ion, with three more distant chlorine
atoms in the lattice completing a roughly octahedral environment about tin177,

The ions SnoXs~ (X =F and CI) are well defined!78, thus Sn,Fs~ is formed in con-
centrated tin(If) solutions containing insufficient fluoride ions to complete the formation of
SnF;~. Na,Sn,Fs contains discrete Sn,Fs— ions as shown in Fig. 18 (c). Two SnF, groups
are linked by fluorine, with bridging Sn—F distances of 2-22 A and terminal Sn-F bond
lengths of 2-07 A17,

SnyFs~ anions are also present in salt melts, and similar tin(II) chloride melts with the
alkali metal chlorides provide evidence for the presence of Sn,Cls~ ions, and also Sn;Cly-
ions180,

SnF;- is considerably the strongest of the halogenotin(Il) complexes, as illustrated!8?
by the dissociation constants SnF3~ 1-1 X 10-11, SnCl3~ 3 x 10-5, SnBr3~ 4:5x 102,

Coordination Complexes of Tin(IT) Halides

Tin(II) fluoride, chloride and bromide all have Lewis acid capability to form complexes
with suitable bases. Complexes of oxygen and nitrogen species are numerous, and those

TABLE 12. STOICHIOMETRIES OF SOME COORDINATION COMPLEXES OF TIN(IT) HALIDES

SnF, SnCl, SnBr;

Water (1:1) | Water (1:1 and 1:2) | Pyridine 1:2)

Dimethylsulphoxide (1:1) | Dioxane (1:1) | Aniline (1:2)

Pyridine (1:1 and 1:2) | Dimethylsulphoxide (1:2 and 2:3) | Toluidine (1:1 and 1:2)
Dimethylformamide (1:1) | Benzidine (1:1)
Pyridine N-oxide (1:1 and 1:2) | Piperazine (1:1)
Pyridine €1:1 and 1:2) | Tetramethylthiourea (1:1)
2,2’-Bipyridyl (1:1)
Thiourea (1:1, 1:2 and 2:5)
Tetramethylthiourea 11

of sulphur somewhat rarer. Table 12 gives some examples of well-defined complexes of
these three tin(IT) halides13.

With six outer shell electrons the tin(II) halides can be expected to be monofunctional
acceptors to complete a valence shell. Whilst this accounts for the many 1:1 complexes
in Table 12, it cannot be an explanation for other well-characterized stoichiometries.
Whilst many of these other stoichiometries may be analogous to SnCl,.2H,0, in which one
water molecule is coordinated and the other is only lattice water, it cannot be ruled out
that in certain cases tin may usel3 vacant d orbitals to form these SnCl,.(base), complexes,
where n> 1.

177 . Brasseur and A. de Rassenfosse, Z. Krist. 101 (1939) 389.

178 J, D. Donaldson and J. D. O’Donoghue, J. Chem. Soc. (1964) 271.

179 R. R. McDonald, A. C. Larson and D. T. Cromer, Acta Cryst. 17 (1964) 1104.
180 I, S. Marozor and Li Chih-Fa, Zhur. Neorg. Khim. 8 (1963) 708.

181 J. M. van den Berg, Acta Cryst. 14 (1961) 1002.
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Tin(IV) Halides

Tin(IV) fluoride may be prepared by the action of anhydrous hydrogen fluoride upon
tin(IV) chloride182. It is an extremely hygroscopic white crystalline solid which may be
sublimed at about 700°. Although it is likely that gaseous SnF4 has tetrahedral molecules
with four-coordinate tin, solid SnF, differs markedly from the other three tin(IV) halides

Fi1G. 19. The layer structure of crystalline SnFj.

in that each tin atom is six-coordinate. Crystalline tin(IV) fluoride has a layer structure!83
as illustrated in Fig. 19. Each tin atom is attached to four fluorine atoms in the plane of
the layer with Sn—F = 2:08 A, and also to two terminal fluorine atoms above and below the
layer plane with Sn—F = 1-88 A.

Tin(IV) chloride, bromide and iodide are all conveniently made by the direct action
of the halogen upon metallic tin. Some of their physical properties are described in Table 13,

TABLE 13. PROPERTIES OF Sn(IV) CHLORIDE, BROMIDE AND IODIDE

Property SnCly SnBry Snly

Colour Colourless Colourless Brown
Melting point, °C ~-33.3 31 144
Boiling point, °C 114 205 348
A H(fusion), kcal/mole 2:19 3.15 4.53
A H(vap), kcal/mole 7-96 10-39 13-61
Density, g/ml 2-23 (20°C) 3.34 (35°C) 4-56 (20°C)
Sn-X bond length (A) 231 244 264
Vapour pressure (logio®) 18249 2270-8 29739

(T in “Kelvin) 7-59676 — — 7-63048 — 5 7-66607 —
Critical temperature, °C 319
Critical pressure, mmHg 28,080
Specific heat, cal/deg/g 0-1476
Dielectric constant 3.2
Magnetic susceptibility -115 - 149

(per mole x 10-6)

All three of these tetrahalides are volatile molecular species, in which discrete SnXs molecules
are present in the gas, liquid and solid phases.

Tin(IV) chloride forms a number of hydrates, but that stable at ordinary temperature
and pressure is SnCls.5H,O. Tin(IV) tetrahalides are all hydrolysed by aqueous alkali.

182 O, Ruff and W. Plato, Chem. Ber. 37 (1904) 673.
183 R, Hoppe and W. Dahne, Naturwiss. 49 (1967) 254.
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There is a rapid exchange of halogens in mixtures of tin{IV) chloride, bromide and

iodide, and Raman spectra have shown the presence of all possible molecules of formula
SnBr,I,Cly_,_, in such a mixturels4,

Hexahalogenotin(IV) Anions

The anions SnX2- (X = F, Cl, Br and I) may be obtained from solutions of the tetra-
halides containing an excess of halide ion. They have been isolated as salts with a wide
variety of cations M+ and M2+. The salts contain discrete cations and the SnXZ- anions
which are octahedral. A crystal structure determinationi8s of Na,SnFg showed tin to be in
a distorted octahedral environment of fluorines, with Sn—F bonds of 1-83, 192 and 1-96 A.

The well-characterized salt formulated as Kz:HSnFg is better written as K,SnFs. KHF,,
and consists of a lattice of K+, SnFZ~ and linear FHF ions!86.

The parent acids of hexachlorostannates!8?. 188 and hexabromostannates!®9 may be
precipitated as H,SnCls.6H,0O and H>SnBrs.8H2O by the action of hydrogen halide upon
a concentrated solution of the appropriate tin(IV) halide.

(NH4),SnClg is the “pink salt” mordant of the dyeing industry.

In addition to the hexahalogenostannates a number of other complex halogenostannates
are known, in which other ligands besides halogen are coordinated to tin. These may be
prepared in a number of ways, and have been extensively studied9, Thus increasing
addition of alkali to aqueous solution of SnF2- causes initial formation of SnFs(OH)2-,
and then SnF4(OH)3-, which is present in cis and trans forms; finally SnF3(OH)3~ as cis
and trans isomers is obtained. Examples of other mixed di-anions of this type are SnFsCl2—,
SnF4CI2- (cis and trans), SnCl3F%~ (cis and trans), SnClsF2-, SnBrF%~, SnBrCIF;-, SnIF?-,
Sn(NCO)F%~, Sn(NCO),F2- (cisand trans), Sn(NCS);F3-, Sn(CN)FZ- and Sn(OOCCF3)F2~.

In addition, octahedral mono-anions are known where one of the ligands is neutral,
as, for example, in Sn(H,O)Fs-, Sn{(CH3),SO}CIFs;~, SnNCS{(CH;),SO}F,~ and
Sn{(CH6H5)3P}F5_.

It is unlikely that the pentahalogenotin(IV) anions SnXj3 exist in solution, as they would
pick up a solvent molecule to complete six-coordination. The SnX3~ anions are, however,
known in crystals, and SnCls— has been shown to be a trigonal bipyramidal speciesi9!.

Coordination Complexes of Tin(IV) Halides

All four tetrahalides of tin form addition compounds with certain electron donors (L),
such as amines, cyanides, ethers, sulphides, ketones, phosphines, arsines, etc.192, The most
usual stoichiometry of these compounds is L,SnXy, but the presence of 1:1 adducts has
been demonstrated in solution!93, and the occasional 1:1 adduct has been reported as a

184 C, Cerf and M. B. Dethaye, Bull, Soc. Chim. France (1964) 2818.

185 Ch. Hebecker, H. G. von Schnering and R. Hoppe, Naturwiss. 53 (1966) 154.
186 M. F. A. Dove, J. Chem. Soc. (1959) 3722,

187 R, Engel, Compt. rend. 103 (1886) 213.

188 K. Seubert, Chem. Ber. 20 (1887) 793.

189 B, Rayman and K. Preis, Ann. Chem. Liebigs. 223 (1884) 324.

190 P, A. W. Dean and D. F. Evans, J. Chem. Soc. (A) (1968) 1154.

191 R, F. Bryan, J. Am. Chem. Soc. 86 (1964) 734.

192 I, R. Beattie, Quart. Revs. 17 (1963) 382.

193 D, P. N. Satchell and J. L. Wardell, Proc. Chem. Soc. (1963) 86.
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solid. Some examples of tin(IV) halide complexes are given in Table 14, together with the
stereochemistry, where known. In general, the stereochemistry of these octahedral com-
plexes appears to be governed by steric factors, thus small ligands tend to give cis adducts,
while larger sterically hindered ligands produce trans adducts.

The adducts of the more powerful donors give complexes such as (pyridine),SnCl; which
are very insoluble!%4, but with weaker ligands, complexes such as (tetrahydrofuran),SnCly
are soluble in solvents such as benzene, frequently with extensive dissociation19s.

Although crystalline adducts have not been isolated, there is evidence that 1:1 complexes
are formed between tin(IV) chloride and aromatic hydrocarbons in solution1%6,

Organotin Halides

The organotin halides are among the most widely investigated and used compounds of
tin; and virtually the whole field of organotin chemistry is based upon the use of these
materials as precursors1®?, The three basic types of organotin halide are R3SnX, R,SnX;
and RSnXj; and each class is known for a wide range of organic groups R, and all of the
halogens with the sole exception of the type RSnFs.

Many methods of synthesis are available, and all find their use for special cases8. The
halogenation of tetra-organotins may be carried out by a number of reagents as outlined
below, and possibly represents the most extensively used synthesis for the organotin halides.

R4Sn+X; ——— R3SnX+RX
R3SnX + X5 ——— RoSnX;+RX
R4Sn+HX ————— R3SnX+RH
R3SnX+HX ———— RySnX>+RH
(C4Hy)2Sn(CH = CHa);+AsBrs ————» (C4Ho)2SnBr2+(CH; = CH),AsBr
(C6H;s)sSn+BF3 ———— (CsHs);SnF+-C¢HsBF;
R4Sn+S0,Cly ———— R;SnCl;+2RCl14-S0;

Another very widely used synthesis of the organotin halides involves the proportionation
reaction between tetra-organotins and tin(IV) halides198, In these reactions, illustrated
below, it is to be noted that there is conservation of the whole organic content of the reaction
as the required organotin halide, in contrast to the losses of organic groups in the above
equations.

3R4Sn+SnXy — 4R;3SnX
R4Sn+SnXy ——— 2R,SnX>,
R4Sn+-3SnX4 ———— 4RSnX;

These reactions take place in decreasing order of ease Cl> Br> I, with fluoride little
utilized199.

194 S, T. Zenchelsky and P. R. Segatto, J. Am. Chem. Soc. 80 (1958) 4796.

195 H. H. Sisler, E. E. Schilling and W. O. Groves, J. Am. Chem. Soc. 73 (1951) 426; H. H. Sisler,
H. H. Batey, B. Pfahler and R. Mattair, J. Am. Chem. Soc. 70 (1948) 3821.

196 J, J. Myher and K. E. Russell, Canad. J. Chem. 42 (1964) 1555.

197 1. Ruidisch, H. Schmidbauer and H. Schumann, Halogen Chemistry, Vol. 2, p. 269, Ed. V. Gutmann,
Academic Press (1967).

198 G, E. Coates, M. L. H. Green and K. Wade, Organometallic Compounds, 3rd ed., Vol. 1, p. 430,
Methuen (1967).

199 E, V. van den Berghe and G. P. van der Kelen, J. Organometallic Chem. 6 (1966) 522,
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The tin—tin bonds in hexa-organoditins and the cyclic di-organotins undergo fission with
halogen to form the corresponding halides19, 200,

R;Sn.SnR; +X2 — 2RgsnX
(R2Sn), +nX; ————— nR,8nX,

The direct alkylation and arylation of tin halides with a variety of reagents is useful in
certain cases, but usually leads to a mixture of products!97.

SnX4+nRMgX ———» R,SnX4_,+-nMgX;
SnX4+-#RLi —» RySnX4_n+nLiX
SnX,+RoyHg ——— RySnX,+Hg

There have been extensive investigations of the so-called “direct synthesis”, from tin

TABLE 14. SOME COORDINATION COMPLEXES OF TIN(IV) HALIDES

Complex Notes Complex Notes
(Pyridine),SnF, {(CoHs)28),SnCly trans
(CH3);NSnF, . {(CHj3)3N}>SnCly trans
(CH3CN),SnF,4
(Tetrahydrofuran),;SnF, (Pyridine),SnBr4

{(CH3)3N},SnBr n=1o0r2
(Pyridine),SnCly (Tetrahydrofuran),SnBr4 Soluble in
chloroform,
smells of
tetrahydro-
furan
{(CH;);N},.SnCL; n=1or2
{(CH3)2C0O}2SnClg cis
(CH3CN),SnCl4 cis, soluble | (Pyridine),Snly Insoluble
in benzene
(POCl3),SnCl4 cis {(CH3)3N},Snl, Soluble in
: (CH3)3N
(Tetrahydrofuran);SnCly trans
(Tetrahydrothiophen),;SnCly | trans

metal and alkyl or aryl halides, and many organotin halides have been successfully synthes-
ized in this way201-204,
Sn+3CH3;Br ————— CH3SnBr3+SnBr;
2Sn+3C¢HsCH>Cl ————— (C¢HsCH5)3SnCl+4-SnCl,

catalyst
—_—

Sn+2RX RzSan

In addition to the mononuclear organotin halides described above, there exist a very
limited number of organoditin halides and organodistannoxane halides, as mentioned in
Table 15.

With the exception of the fluorides, the organotin halides are liquids or low melting
solids, and are mostly readily soluble in organic solvents, and are quite volatile.

200 W, P. Neumann and 1. Pedain, Ann. Chem. Liebigs. 672 (1964) 34.

201 K. Kocheshkov, Chem. Ber. 61 (1928) 1659.

202 A, C. Smith and E. G. Rochow, J. Am. Chem. Soc. 75 (1953) 4103, 4105.
203 K. Shishido, Y. Takada and Z. Kinugawa, J. Am. Chem. Soc. 83 (1961) 538.
204 V, Oakes and R. E. Hutton, J. Organometallic Chem. 6 (1966) 133.
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Weak intermolecular association in trimethyltin chloride is believed to be via chlorine
bridges, as shown by the dependence of the position of the tin~chlorine stretching frequency

TABLE 15, SOME REPRESENTATIVE ORGANOTIN HALIDES

Compound M.p.° B.p. °/mm Compound M.p.° | B.p. °/mm

(CH3)3SnF 375 decomp. (C¢Hs)2SnBr2 38

(CH3);3SnCl 38 154/760 | CeHsSnl; 220/760
(decomp.)

(CH3)3SnBr 27 165/760 || (C4Hyp)3SnCl 147/5

(CH3)3Snl 3.4 170/760 (CH; = CH)3SnCl 60/6

(CH;3)2SnF; | 360 decomp. (CICH)3SnCl 140/5

(CH3)2SnCl, 108 190/760 | (CH3)2(C2Hs)SnCl 180/760

(CH;)zSnBrz 74 209/ 760 (CH3)(C2H5)SHC]2 52

(CH;),Snl, 44 228/760 || a-C10H7SnCl3 78

CH;3SnCl; 46 CI(C4Hs);Sn.Sn(C4Hg)>Cl 112

CH3SnBr; 53 211/760 || Br(C4Hy);Sn.Sn(C4Ho)>Br 104

CH;Snl; 85 CI(C;H5),;Sn.Sn(C2Hs):Cl 175

(Ce¢Hs5)3SnCl 107 249/13.5 || Br(C4Hy)2SnOSn(C4H),Br | 104

upon the state of aggregation205. In general, however, organotin chlorides, bromides and
iodides are unassociated in gas, liquid or crystal form.
In contrast, all of the organotin fluorides have strongly associated polymeric structures.

/

F
. _~CH,
CH;——S5n
CH; .
N
F .
CHp~ Sn—CH, (I:Hx/ \("H!/
CH, Sln ?n
F \E/CHJ\F/CHNF/
- H, ~ cH,”
s N\
/ |
CH;; \ \F/ CH“\F/(er‘\P/
/* /N ~ \EHV N
211
CH §n—CH; éH
/ CH,;
(a) (b)

FIG. 20. (a) The chain structure of (CH;3);SnF and (b) the sheet structure of (CH3)2SnFa.,

Thus, for example, trimethyltin fluoride has the chain structure shown in Fig. 20 (a), in which
each tin atom is five-coordinate206.

Dimethyltin difluoride forms a layer structure as shown in Fig. 20 (b), wherein SnF,
units form a two-dimensional infinite sheet, and the two methyl groups attached to each tin

205 H. Kriegsmann and S. Pischtschan, Z. anorg. Chem. 308 (1961) 212,
206 H. C. Clark, R. J. O’Brien and J. Trotter, Proc. Chem. Soc. (1963) 85; J. Chem. Soc. (1964) 2332.
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are present above and below the sheet, giving each tin atom a resultant octahedral co-
ordination207, Such a structure is analogous to SnF; in Fig. 19 when terminal fluorine atoms
are present instead of methyl groups.

Organotin halides are chemically very reactive, and the halogen may be replaced by a
wide variety of other atoms or groups.

Hydrogen replaces halogens, upon treatment with various hydrides!9, 208, 209,

4R4_,SnX, +nLiAlH; ———— 4R4 ,SnH, +nLiX+nAlX;
(R = alkyland aryl; X = Cl, BrandI;» = 1,2 and 3)
R,.SnCly_n+R2AIH ———— R,;SnH4_, +R2AICI
n=1,2and 3)

The halogen of organotin halides is replaceable by a wide variety of metals and

metalloids197, 210,
R3SnCl+4+Li ——— R3SnLi

(CH3)3SnCl+NaMn(CO)s ——— > (CH3);SnMn(CO)s
(CH3),Sn.Sn(CH3),
[ ]

(CH3)2SnBr,+Na Na Na

(CH})zanaz
(CeH;s)3SnCl+Ca —— (CgHs)3SnCaSn(CgHs)s
(C6Hs)3SnCl+(CeHs)sMK ———— (CsHs)3SnM(CgHs)s
(M = Si, Ge and Sn)

Similarly a range of non-metals replace halogen211-213,

R3SnCl+LiNR} — R3SnNR}
R3SnCl + LiP(C6H5)2 — R]SnP(C6H5)2
R,SnX ;+ R"OH ————= R,Sn (OR'),

(CH,),SnBr;+HSCH,CH,SH + CH,
\S CH,

~ n ~ 4
CH, s-CH,

(CH;);SnCl + NaN; ——(CH3)>SnN3

In addition to these reactions involving displacement of halogen, many organotin
halides behave as Lewis acids, like the tin(IV) halides themselves. Many different types of
coordination complex are known?214.

Although the tetra-organotins are unable to form stable complexes, in which tin has
a coordination number greater than four, the introduction of one halogen atom on tin is

207 E. O. Schlemper and W. C. Hamilton, Inorg. Chem. 5 (1966) 995.

208 A. E. Finholt, A. C. Bond and H. L. Schlesinger, J. Am. Chem. Soc. 69 (1947) 1199.

209 W. P. Neumann, Angew. Chem. 73 (1961) 542.

210 F, G. A. Stone in New Pathways in Inorganic Chemistry, Ed. E. A. V. Ebsworth, A. Maddock and
A. G. Sharpe, Cambridge University Press (1968).

211 G. J. M. van der Kerk, J. G. A. Luijten and M. J. Janssen, Chimia. 16 (1962) 10.

212 E, Wiberg and R. Rieger, German Patent 1,121,050 (1960).

213 E, W. Abel and D. B. Brady, J. Chem. Soc. (1965) 1192.

214 R, C. Poller, J. Organometallic Chem. 3 (1965) 321.
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sufficient to produce Lewis acids which can complex with even relatively weak donor bases.
Figure 21 (a) shows the stereochemistry of the complex (pyridine) (CHj3);SnCl215, 216,

In addition to neutral ligands, the tri-organotin halides will take up halide ion217 to
form the complex ions R3SnX,~; the trigonal bipyramidal structure of (CH;3);SnBr,- is
illustrated in Fig. 21 (b).

The Lewis acidity of the organotin halides increases considerably with higher halogen
content, and the difference between their dipole moments in dioxane and hexane has been

Py Br
CH, )
~—— CH. T~
Sn CH, Sn CH
CH3/ cH— :
c Br
(@) ®)

F1G. 21. Structures of (a) pyridine(CH3)3SnCl, and (b) the (CH3)3SnBr,™ cation.

used as a measure of complex forming ability to obtain the following series of descending
Lewis acidity, SnCl, > CﬁHsSnCh > (C4H9)zan12 > (CﬁHs)zanlz > (C5H5)3SDC1 >
(C4Hog)3SnCl218, Thus the halides R,SnX; react with many bases to form very stable 2:1
complexes, which contain octahedral six-coordinate tin. Examples of this type of complex
are (pyridine),(C;Hs),SnCly; a,a’-dipyridyl (CH3).SnCl; and 1,10-orthophenanthroline
RzSIle.

The di-organotin dihalides coordinate with one or two halide ions219 to give respec-
tively trigonal bipyramidal ions such as (CH3),SnF;~ or octahedral di-anions220 like
(C2Hs)>SnCl,~ and (CHj3),SnBr;~.

Tin(IV) Oxyhalides

A variety of tin oxyhalide stoichiometries have been reported by heating partly hydro-
lysed tin halides, but all of these materials are rather ill defined221-223,

The compounds of formula SnOX, (X = F, Cl, Br and I), however, are analytically well
characterized, though of unknown structure to date.

SnOF; is prepared as outlined in the scheme below, and is reported to be polymeric,
and to contain six-coordinate tin224,

CIF CIONO;
_—

sncls — 9, snFscl, F,Sn(ONOy);, — 22, F5n0

215 1, R, Beattie and G. P. McQuillan, J. Chem. Soc. (1963) 1519.

216 R, Hulme, J. Chem. Soc. (1963) 1524,

217 D. Seyferth and S. O. Grim, J. Am. Chem. Soc. 83 (1961) 1610.

218 I. P. Goldshtein, E. N. Guryanova, E. D. Deleneskaya and K. A. Kocheshkov, Doklady Akad. Nauk
S.S.S.R. 136 (1961) 1679.

219 C. J. Wilkins and H. M. Haendler, J. Chem. Soc. (1965) 3175.

220 O. A. Reutov, O. A. Ptytzina and M. D. Patrina, Zhur. Obshch. Khim. 28 (1958) 588.

221 C. M. Carson, J. Am. Chem. Soc. 41 (1919) 1969.

222 Davy, Phil. Trans. 102 (1912) 169.

223 M. Randall and S. Murakami, J. Am. Chem. Soc. 52 (1930) 3967.

224 K. Dehnicke, Chem. Ber. 98 (1965) 280.
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SnOCl, is made directly by the action of Cl,O upon tin(IV) chloride.

Cl1,0+5nCl4

SnOCl,+2Cl;

It is an isomorphous white powder, and a cryoscopic molecular weight determination
suggests the trimeric formulation (SnOClL,);, possibly as a cyclic stannoxane22s,

The passage of C1,0 or ozone into molten tin(IV) bromide produces SnOBr; as a solid
amorphous to X-rays226, Similarly, the iodide SnOl, is made from tin(IV) iodide and
ozone; and from spectroscopic evidence it is believed to consist of discrete SnOl,
molecules227,

The oxyhalides were originally reported to form co-ordination compounds such as
SnOl, pyridine, with a variety of bases. A careful re-investigation of the pyridine.SnOCI,
system, however, has revealed that the complexes formed are those of tin(IV) chloride, with
a stoichiometric quantity of tin(IV) oxide present228.

x—> 2 (SnOCl,-pyridine)
2Sn0OCl;+2 pyridine —{

N\, (pyridine),SnCls+Sn0;

It would appear therefore that the tin(IV) oxyhalides undergo disproportionation to tin(IV)
halide and tin(IV) oxide in the presence of base.

2.11. PSEUDOHALOGEN COMPOUNDS

Few simple tin pseudohalides are known, but there is an extensive chemistry of organotin

pseudohalides229, in which the synthesis and properties of the tin—pseudohalogen bonds have
been studied.

Cyanides

The only cyanides of tin are the organometallic cyanides of tin(IV), which have a number
of available syntheses229,

(C6H5)JSHOH +HCN — (C6H 5)3SnCN
(CzH 5)3SIIOSH(C2H5)3 +HCN ——» (C2H.5)3SnCN
R2Sn[N(C,Hs)2];+ HCN ———— R;Sn(CN),
(CH3)3Snl+ AgCN —— (CH3)3SnCN
(C4Hs)3SnCl+KCN (C4Hy)3SnCN

Trimethyltin cyanide has a remarkable structure in which disordered CN groups are
symmetrically disposed on either side of planar (CH3);Sn groups to produce polymeric
chains containing trigonal bipyramidal five-coordinate tin.

Thus in the solid, the structure is intermediate between the cyanide and isocyanide forms,
with Sn—-C and Sn-N distances equal. The C-N bond is short (1-09 A) indicating an

225 K. Dehnicke, Z. anorg. Chem. 308 (1961) 72.

226 K. Dehnicke, Chem. Ber. 98 (1965) 290.

227 K. Dehnicke, Z. anorg. Chem. 338 (1965) 279.

228 |, R. Beattie and V. Fawcett, J. Chem. Soc. (A4) (1967) 1583.

229 J, S. Thayer and R. West, Advances in Organometallic Chemistry, 5 (1967) 169.
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essentially ionic group (cf. CN in NaCN = 1-05 A), compared to the covalent cyanides
where C-N is about 1-16 A230,

The melting or disolution of (CH3);SnCN breaks up the polymeric structure, but there
is no firm evidence whether the tin—carbon bonds remain intact to form (CH3);SnCN, or
whether they break to form the isocyanide (CH3);SnNC. The formation of (C4 Ho);SnNCS
from tributyltin cyanide is taken as evidence for the isocyanide formulation, but this is not
conclusive. Also iron pentacarbonyl suffers the displacement of a carbon monoxide group
by trimethyltin cyanide, to give the substituted carbonyl (CH3);SnNC.Fe(CO),, which is
believed to be the isocyanide complex231,

Azides
Tin(IV) azide is unknown, but from the interaction of tin tetrachloride and sodium
azide, the hexa-azidostannate may be isolated232,

NaN3+SnCly ——— NaySn(N3)s
Organotin azides229, 233 and an azidochlorotin234 are also known.

R3;SnCl+NaN3; ———— R3SnNj
(R = CHj3, C4Hs and C¢Hs)
SnCly+CIN3 ——— Cl3SnN;

The organometallic azides largely lack any sensitivity to shock, and are surprisingly
thermally stable; thus triphenyltin azide decomposes around 300°C, to tetraphenyltin and
nitrogen23s,

The azide group in RiSnNj; behaves as a Lewis base to form such complexes as
(CsHs):SnN3.BBr; and (CgHs);SnN3.SnCl14236. Such complexing is also believed to be

lcn, CH, CH, CH,
LN Sn NS NEN= Sn==N NN = Sn NN
/ N\ I /N
CH, CH, CH, CH, CH,

FiG. 22. Trimethyltin azide polymer.

present in the solid azides, R3SnNj, where the tin atom is in a bipyramidal five-coordinate
environment with azide groups as bridges between planar R3Sn units. If, however, the azide
is severely hindered sterically, such as in the compound {CsHsC(CH3);CH,}3SnNj, it is
unassociated237.

Tributyltin azide and acetylene dicarboxylic acid evolve hydrazine and form

230 E, Schlemper and D. Britton, Inorg. Chem. 5 (1966) 507.

231 D. Seyferth and N. Kahlen, J. Am. Chem. Soc. 82 (1960) 1080.

232 E, Wiberg and H. Michaud, Z. Naturforsch. 9b (1954) 500.

233 M. F. Lappert and H. Pyzora, Advances in Inorganic and Radio Chemistry, 9 (1966) 133,
234 K. Dehnicke, Angew. Chem., Intern. Edit. 3 (1964) 142.

235 W, T. Reichle, Inorg. Chem. 3 (1964) 402.

236 J, S. Thayer and R. West, Inorg. Chem. 4 (1965) 114,

237 J, S. Thayer, Organometallic Revs. 1 (1966) 157.
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(CoHg);SnOOCC :CCOOSn(CsHy);; with the acetylenedicarboxylic ester, however,
nitrogen is retained with the formation of triazoles238,

R,SnN; + C,H,00CC:CCOOC,H C;H,00C=CCOOC,H
R;Sn—N N
NV

Isocyanates

Si(NCO), and Ge(NCO), are both known compounds239, but there is no report to date
of Sn(NCO),. There are, however, a number of covalent, volatile organotin(IV) isocyanates
of the type R3SnNCO and R;Sn(NCO);229, 233,

R3SnOH }
R.SnOSnR S+ COMNH22 ——— R3$nNCO

The infrared spectrum of (CHj3);SnNCO has been recorded and fully assigned240, The
tin isocyanates can be assigned this formulation rather than the cyanate alternative with
some confidence from spectroscopic results. No cyanates have been reported, and are
presumably unstable with respect to the isocyanates, as in the very unstable organic
cyanates. It may, however, be possible to isolate tin cyanates at low temperatures.

The organotin isocyanates are very sensitive to hydrolysis, and many partially hydrolysed
isocyanates such as (CsHs)4Sny(NCO)>(OH), and (C4Ho)sSny(INCO)4O; have been isolated.

The triphenyltin fulminate (CgHs);SnCNO rearranges at 146-148° to the isocyanate
(C6H5)3SHNCO.

The carbon-nitrogen double bond of these isocyanates undergoes insertion of ammonia,
amines, alcohols, etc., in the manner of the organic isocyanates229, 233,

(C4Hg)3SnNCO +NH3 ———— (C4Ho)3SnNH.CO.NH,

Isothiocyanates and Isoselenocyanates

Although Sn(SCN), has been briefly mentioned in the literature24!, the known chemistry
of isothiocyanatotin(IV) compounds is restricted to organometallic isothiocyanates and com-
plexions. A wide range of syntheses have been used to obtain the organotin(IV) isothio-

cyanates229, 233,
(C4Ho)3SnCl+ AgNCS —————> (C4Hy)3;SnNCS

(CHg)zSnC12+NaCNS —_— (CH3)zsn(NCS)2
(C;H5)3Sn0Sn(C2Hs); + HNCS ———— (C;H5)3SnNCS
(CH3)3SnNC +S— (CH3)3SnNCS
(C4H9) 3SnOSn(C4H9)3 +NH2CSNH2 (C4H9)3SHNCS

These compounds are very stable thermally; thus (C4Hg)3;SnNCS withstands prolonged
heating in vacuum at 180° without change.

238 J. G. A. Luijten and G. J. M. van der Kerk, Rec. Trav. Chim. 83 (1964) 295.
239 F, A, Miller and G. L. Carson, Spectrochim. Acta 17 (1961) 977.

240 J. S. Thayer and D. P. Strommer, J. Organometallic Chem. 5 (1966) 383.

241 R. Bock, Z. anal. Chem. 133 (1951) 110.
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Spectroscopic data points to the isothiocyanate Sn—N=C=F structure242, despite the
very strong tendency for tin to bond to sulphur, and the normally weak tin-nitrogen bond.
Similarly, the corresponding selenocyanates are believed to have the SnNCSe sequence of
bonding229,

Certain of the organotin isothiocyanates are sufficiently strong Lewis acids to form
complexes, as do the tin(IV) halides. Thus in (CH3),Sn(NCS)(bipy), the central tin atom
becomes octahedral upon coordination of the 2,2’-bipyridyl. In the same way, the thio-

NCs

NCS @
T on
SCN— Sn
cHy |
NCS

NCS

NCS @

NCS F
SCN— Sn — NCS SCN-~—Sn NCS
seN”” I F

NCs NCS

NS (2) F ®
l NCS l F
SCN-——Sn—/- NCS F Sn ~ F

F/l F/‘
F

NCS

FI1G. 23. Some isothiocyanato anions of tin(LV).

cyanate ion may behave as the Lewis base243, and complex ions such as [(CH3);Sn(NCS)], -,
[(CH3),Sn(NCS),]2- and [CH3Sn(NCS)s]2~ are known (Fig. 23).

The complex isothiocyanato-fluoride ions Fs_,Sn(NCS), (n=1, 2 and 3) have been
characterized in solution, and cis and trans isomers recognized from 19F nuclear magnetic
resonance studies190, where n = 2 and 3 (Fig. 23).

Tin(II) isothiocyanate is best made by controlled crystallization from a solution of tin(II)
sulphate and sodium thiocyanate244. The white crystalline product is believed to contain
predominantly N-bonded isothiocyanate groups, but extensive thiocyanato bridging is also
suggested by infrared spectroscopy.

Thermal decomposition of Sn(NCS), gives predominantly SnS at about 150°, a mixture,
of SnS and SnS; at about 200°, and above this temperature predominantly SnS;244,

Sn(NCS), is hydrolysed by water, and forms weak complexes with dialkyl ethers.

242 R, A. Cummins and P. Dunn, Australian J. Chem. 17 (1964) 411.

243 A, Cassol, R. Portanova and R. Barbieri, J. Inorg. Nuclear Chem. 27 (1965) 2275.
244 B, R. Chamberlain and W. Moser, J. Chem. Soc. (A) (1969) 354.
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From potentiometric studies, the species Sn(NCS)*, Sn(NCS), and Sn(NCS);~ are
shown to be present in aqueous solution245, and the salts K;Sn(NCS)4. MeOH, KSn(SO4)NCS,
CsSn(NCS)s, (CH3)4NSn(NCS); and (C;Hs)4sNSn(NCS); have been isolated, but no struc-
tural data is available for these compounds244,

2.12. METAL-METAL BONDS INVOLVING TIN
Alkali Metal Derivatives

These compounds have proved very powerful intermediates in the preparation of a wide
range of organotin compounds, and several methods have been investigated for their
synthesis. Many of the syntheses are carried out in liquid ammonia246-248,

R;3SnX+2Na R;3SnNa+NaX
R,SnX;,+4Na ———— R;SnNaz +2NaX
R3SnSnR3;+2Na ——— 2R3SnNa

Organotin alkali derivatives can, however, be prepared in solvents other than liquid
ammonia, probably with greatest success in the case of lithium; thus (Cs¢Hs);SnLi and
(CH3)3SnLi are obtained in about 80%, yield from the corresponding halide and lithium in
tetrahydrofuran249, In addition, the organotin lithiums can be prepared from the
diphenyltins250, or from tin(II) chloride2s1,

{(CsHs)2Sn},+CsHsLi (CéHs)3SnLi
3RLi+SnCl; ——— R3SnLi+2LiCl,

Conductivity measurements show triphenyltin sodium and trimethyltin sodium to be
strong electrolytes in liquid ammonia252, 253, but no solid structural information is available.
It is possible that these materials have an electron deficient type of bonding in the crystals,
similar to the alkali metal alkyls.

The organotin alkali metal compounds are air sensitive, converting to the oxides
R3SnONa, which hydrolyse to the hydroxide R3SnOH or the oxide (R3Sn),0.

The ionization of these compounds in solution may be formulated as M+SnR3~, with the
R3Sn~ ion exactly analogous to the organic carbonion. Thus these powerfully nucleophilic
ions complement the R3Sn+ cations present in solutions of the organotin halides, and where
a synthesis is not possible with one, it can normally be accomplished by the other.

One specially interesting synthesis of organotin substituted alcohols involves the insertion
of epoxides and other cyclic esters into the tin—-alkali bond, and subsequent hydrolysis of the
sodium alkoxide formed?254.

1
R3SnNa+0.CH. CHR ——— R3SnCH,CH(R)ONa

245 A, M. Golub and V. M. Samoilenko, Ukrain. Khim. Zhur. 29 (1963) 789.

246 R, H. Bullard and F. R. Holden, J. Am. Chem. Soc. 53 (1931) 3150.

247 C. A. Kraus and W. N. Greer, J. Am. Chem. Soc. 47 (1925) 2568.

248 C. A. Kraus and H. Eatough, J. Am. Chem. Soc. 55 (1933) 5014.

249 H. Gilman and O. Marrs, quoted in ref. 18.

250 G, Wittig, F. J. Meyer and G. Lange, Ann. Chem. Liebigs. 571 (1951) 167.

251 H, Gilman and S. D. Rosenberg, J. Am. Chem. Soc. 75 (1953) 2507; J. Org. Chem. 18 (1953) 680
and 1554.

252 C, A. Kraus and W. H. Kahler, J. Am. Chem. Soc. 55 (1933) 3537.

253 C. A. Kraus and E. G. Johnson, J. Am. Chem. Soc. 55 (1933) 3542.

254 H. Gilman, F. K. Cartledge and S. Y. Sim, J. Organometallic Chem. 4 (1965) 332.
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Tin Bonded to Other Non-Transitional Metals

The organotin equivalents of Grignard reagents and the organotin equivalents of
magnesium dialkyls are made according to the equations below2ss,

C;HsMgBr+(CgHs)3SnH ———— (CsHs)3SnMgBr+C>Hg

2CeH)ssnCl+2Mg CHIBT (e oit);snMe

A similar displacement of hydrocarbon from complexed alkyls of cadmium and zinc
produce metal-metal bonded species of these metals as shown in Fig. 24 (a) and (b)2s6.

Tin-boron bonds have been formed by the metathesis of triethyltin lithium with the
respective dimethylaminoboron chlorides to give species containing either one or two
boron-tin bonds, as illustrated in Fig. 24 (c) and (d)257.

The chemistry of the compounds containing tin bonded to another Group IV element,
other than carbon or tin itself, is extensive. The two most useful synthetic methods have
been the elimination of alkali halide, and the displacement of amine258, 259,

R3SnN(C;Hs)2+(CsHs)3GeH
(CsHs):;SﬂLi +(C6H5)3SiCl

R3SnGe(CsHs)y
(C6Hs)3SnSi(CeHs)3

Of particular interest are the compounds {(CsHs);sM}4M’ such as {(C¢Hs);Pb}4Sn and
{(C;Hs)3Sn}4Ge, for which almost all combinations of the Group IV elements are known for
carbon to lead260,

Tin-Tin Bonds

In addition to the tin-tin bonds present in the metallic tins, there exists a good range of
molecular species which contain tin-tin bonds. A number of general methods have become
apparent for the formation of the tin-tin bonds261,

The tin equivalent of a Wurtz reaction between organotins and sodium yields the tin—tin
bond262.

2R3SnCl+4-2Na ————— R3Sn-SnR;

The weak bonds between tin and oxygen and tin and nitrogen gives the opportunity for
the displacement of amines263 and alcohols264 and even water265 by tin hydrides, with a
concomitant metal-metal bond formation.

R3SnNR; + HSnR3 ——— R3SnSnRj + R;NH
R3;SnOR’+HSnR3 ———— R3SnSnR3+R’OH
(R3Sn)>0+2HSnR3 ——— 2R3SnSnR3+H0

255 C, Tamborski, F. E. Ford and E. Solonski, J. Org. Chem. 28 (1963) 181 and 237.

256 H, M. J. C. Creemers, Hydrostannolysis, T.N.O. Utrecht, Schotanus and Jens, Utrecht.
257 H, Noth and K. H. Hermannsdorfer, Angew. Chem. 76 (1964) 377.

258 W, P. Neumann, B. Schneider and R. Sommer, Ann. Chem. Liebigs. 692 (1966) 1.

259 H. Gilman and S. D. Rosenberg, J. Am. Chem. Soc. 74 (1952) 531.

260 L. C. Willemsens and G. J. M. van der Kerk, J. Organometallic Chem. 2 (1964) 260.
261 H. Gilman, W. H. Atwell and F. K. Cartledge, Adv. Organometallic Chem. 4 (1966) 49.
262 H. Gilman and S. D. Rosenberg, J. Org. Chem. 18 (1953) 1554.

263 H, J. M. C. Creemers and J. G. Noltes, Rec. Trav. Chim. 84 (1965) 382.

264 A, K. Sawyer, J. Am. Chem Soc. 87 (1965) 537.

265 W, P. Neumann, B. Schneider and R. Sommer, Ann. Chim. Liebigs. 692 (1966) 1.
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Tin hydrides lose hydrogen easily to form tin-tin bonds.
2R35nH —_— R3SnSnR3 +H2

In addition, the metathetical elimination of alkali halides has proved useful for the non-

symmetrical compounds.
R3SnNa+CISnR; ——— R3SnSnR;

By these methods molecules containing up to nine sequential tin—tin bonds have been
synthesized!9,

7 A

||

\N N/ —=N N:
\Cd/ \Zn/
PN RN

(CsH;);Sn Sn(CgHy) (C¢H,),S5n Sn(C,Hy);
@ )
NCH,), Sn(C,HY)s
(C;Hy5n—B (CH,);Sn—B
N(CH), N(CH;)
© @

Fic. 24, Some examples of metal-metal bonded species containing (a) cadmium-tin bonds, (b)
zinc~tin bonds, (¢) and (d) tin-boron bonds.

Linear and Branched Polytins

Virtually all of the known compounds of this class are organotin derivatives, though a
very few examples containing tin-halogen, tin-hydrogen and tin-oxygen bonds are known.

Ditins

A very large number of ditins are known, and have usually been made by one of the
general reactions outlined above. The robustness of the tin-tin bond is very dependent upon
the other substituent groups, thus hexamethylditin and hexa-ethylditin are both unstable in
the presence of air, but hexaphenylditin is unaffected by oxygen in benzene solution261.
The air oxidation of hexa-ethylditin is proposed to occur through a peroxide
(C2Hs);Sn008n(C,Hs); to the oxide (C2Hs);SnOSn(C,Hs); 266,

266 Yu A. Alexandrov and N. N. Vyshinki, 7r. Khim. i Khim. Tekhnol. 4 (1962) 656.
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The tin—tin bonds in hexa-arylditins do not undergo dissociation to give free radicals, as
do the corresponding hexa-aryls of carbon.

The Raman spectrum of hexamethylditin has been analysed267 to give a tin—tin stretching
force constant of 1:0-4+-0-1x 105 dynes/cm. Nuclear magnetic resonance spectra of di- and
poly-tins have been interpreted to indicate an increasing percentage of s character in the
tin—tin bond with increasing chain length of tin atoms268, Some of the strong ultraviolet
absorptions in the hexa-organoditins are believed to be characteristic of the tin—tin bond269,

The metal-metal bond in ditins undergoes a range of reactions which can be regarded as
either fissions or insertions. In the latter type of reaction the two tin moieties remain in the
same molecule.

Organotin halides are the products from the reaction of ditins with both halogen and

hydrogen halide!8, 270,
RasnSnR;; +X2 — 2Rgsnx
R3SnSnR;+2HX ——— 2R3SnX+H;

In both cases reaction quantities and conditions must be carefully controlled in order to
avoid fission of the tin—carbon bonds present.

Organic halides cause a number of different types of reaction; thus, for example,
trifluoromethyliodide behaves as a halogen271.

(CH3)3SnSn(CHj3)3 + CF3l ———— (CH3)3Snl +(CH3)3SnCF;
Trityl chloride has an analogous behaviour to the reaction of hydrogen chloride above272,
(C:H5)3SnSn(C2H5)3 +2(CsH5)3CCl ———— 2(C,H5)3SnCl+(C6H;s)3C.C(CeHs)s

These dehalogenations at carbon are extended in the action of hexa-ethylditin upon
ethylene dibromide, where intramolecular removal of the halogen takes place273.

(C2Hs)3SnSn(CyH;5)3 + BrCH>CH,Br ———— CH3:CH;+2(C>H;s)3SnBr

It is possible that such a dehalogenation reaction may have extensive usage in organic
chemistry.

Hexa-organoditins take up sulphur to produce the bis(trialkyl/aryltin) sulphides
R3SnSSnR;.

Organic peroxides274, peranhydrides275 and peroxy esters276 cause the fission of tin-tin
bonds to give the corresponding tin-oxygen compounds.

R3SnSnR;+ (tert-C4Hg0); ———— R3SnO-t-C4Hy
R3SnSnR;+(CeHsCOO0); ————— R3SnOCOCH s
R3SnSnR;-+CeHsCOOO-t-C4Hyg R3SnOCOCsH;s+R3SnO-t-CsHy

267 M. P. Brown, E. Cartmell and G. W. A. Fowles, J. Chem. Soc. (1960) 506.

268 T, L. Brown and G. L. Morgan, Inorg. Chem. 2 (1963) 736.

269 W, Drenth, M. J. Janssen, G. J. M. van der Kerk and J. A. Vleigenthart, J. Organometallic Chem. 2
(1964) 265.

270 G, Tagliavini, S. Faleschini, G. Pilloni and G. Plazzongna, J. Organometallic Chem. 5 (1966) 136.

271 H. C. Clark and C. J. Willis, J. Am. Chem. Soc. 82 (1960) 1888.

272 G. A. Razuvaev, Y. L. Dergunov and N. S. Vyazankin, Zhur. Obshchei. Khim. 32 (1962) 2515.

273 G. A. Razuvaev, N. S. Vyazankin and Y. I. Dergunov, Zhur. Obshchei. Khim. 30 (1960) 1310.

274 W. P. Neumann and K. Rubsamen, Chem. Ber. 100 (1967) 1621.

275 G. A. Razuvaev, N. S. Vyazankin and O. A. Shchepetkova, Zhur. Obshchei. Khim. 30 (1960) 2498.

276 N. S. Vyazankin, G. A. Razuvaev and T. N. Brevnova, Doklady Akad. Nauk. S.S.S.R. 163 (1965)
1389.
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Under special circumstances olefins277 and acetylenes2?8 will undergo an insertion type
of reaction to the multiple bond by the addition of the two halves of a ditin.

CF2:CF; + (CH3)3SnSn(CH3; 3 ————— (CH3)35n.CF>CF,.Sn(CH3)3

CF; Sn(CHj);
CF3C:CCF3+4-(CH3)3;SnSn(CH3); ————— CZC\
(CH;);Sn CF3

Hexachloroditin contains a tin-tin bond, but disproportionates below 0°C to tin(II) and
tin(IV) chloridesto1,

Tri-, Tetra-, Penta- and Hexa-Tins

Whilst tin—tin bonds appear to be incapable of existing in the very long chains of the
lighter Group IV elements, the ability to catenate is still considerable, and up to six adjacent
tin-tin bonds are known, with even more in the cyclic species19. 261, The increasing number
of tin-tin bonds lowers considerably the stability of many of these compounds, and renders
them unstable in the atmosphere. Additional to the linear polytins are some branched
species exemplified by {(CsHs)3Sn}4Sn and CgHsSn{Sn(C;Hs)s}; 279, 280,

SnCl, (CsHs)3SnCl

(CsHs)3SnLi ——————— {(CeHs)3Sn}Li {(CsH;5)35n}4Sn
CeHisSnHy SCHNSINR2 | o Sn(Sn(CzHs)s)s +3RNH

Cyclic Polytins

Four-,281 five-,282 gix- 282, 283 and nine-membered?284 rings are well characterized in this
class.

\/

\ \/ S
R by A oSl s "~snl-
—Sn—Sn— Sn”"  “Si —Sa n | )
v g\ / | |Sn_ >sn Sn\\

~Sn —Sn— /lSn—Sri\ -7Sn\ $n” \ \Sn/ Sn<
‘ /\ N /
Sn—— Sn

A I~

The synthetic methods!? for formation of the tin-tin bonds, and the fission reactions of
the tin rings largely parallel those for the linear polytins.

271 M. A. A. Beg and H. C. Clark, Chem. and Ind. (London) (1962) 140,
2718 W. R. Cullen, D. S. Dawson and G. E. Styan, J. Organometallic Chem. 3 (1965) 406.

(19;2; ?8 Gilman and F. K. Cartledge, Chem. and Ind. (London) (1964) 1231; J. Organometallic Chem. 5§
280 H. M. J. C. Creemers, J. G. Noltes and G. J. M. van der Kerk, Rec. Trav. Chim. 83 (1964) 1284,
281 W. V. Farrar and H. A. Skinner, J. Organometallic Chem. 1 (1964) 434,

282 W. P. Neumann and K. Konig, Ann. Chem. Liebigs. 677 (1961) 1.
283 D. H. Olson and R. E. Rundle, Inorg. Chem. 2 (1963) 1310.
284 W, P. Neumann and J. Pedain, Ann. Chem. Liebigs. 672 (1964) 34.
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(CeH)SnH, —PYI4IRC_ 1ec b1y Snle

(is0-C4Ho)2Sn{N(C2Hs)2}2 4 (is0-C4Hg)>SnH, {(iso-C4Ho),Sn}e
(CoHy),SnH, +(C;Hg)SnCl, —21E%C . ((c HgSns)
T“(Csﬂs)s ?sﬂs
Sn Sn
s’ l s, s \Sn(CsHs);
SnGHy), Sn(CHy),
@ ®

FiG. 25. (a) Tetra(triphenyltin)tin and (b) phenyltri-(triphenyltin)tin.

Tin-Transitional Metal Bonds

Many transitional metals have now been incorporated into compounds containing tin—
transitional metal bonds210. 285, The syntheses can be roughly divided into four main
classes.

(a) Insertion Reactions
Cl

|
SnClz+Co02(C0O)s ——— (CO)4Co-Sn—~Co(CO)4

Cl
SnCl 3

SnCl,+ [(CsHs)3;PLPtCly ——— {(C¢Hs)3P)2Pt
Ci
(b) Alkali Halide Metathesis
(CsHs)3SnLi+{(CeHs)aP}PtCly ———— (CsHs)sSnPt(CD{P(CsHs)s}z
CH;3

|
(CH3),5nCl,+2NaRe(CO)s — (CO)sReSnRe(CO)s

CH;
(c) Elimination Reactions
SnCly+7=-CsHsFe(CO);HgCl ———— nt-CsHsFe(SnCl3}(CO),+Hg
Zr{N(C>H3s),}4+4CsHs);SnH —— Zr{Sn(CsHys)3}4+4(C,Hs):NH

(d) Oxidative Addition Reactions
SnCly+{(CsH5)3P}2Ir(CO)Cl ———— {(CsHs)3P}:PIr(SnCl3;}(CO)Cl,
(C6H5)3SnCl+{(CsHs)3P}aPt —— (CsHs)3SnPtCK(CeHs)3P}2

The number of individual compounds that possess one or more tin-transitional metal
bonds is very large, and the table only includes some representative examples.
Covalent metal-metal bonding in these compounds can be inferred from the synthetic

285 N. S. Vyazankin, G. A. Razuvaev and O. A. Kruglaya, Organometallic Revs. (A), 3 (1968) 323,
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methods and from chemical composition. Moreover, X-ray crystallographic studies of a
number of compounds have shown directly the presence of the tin-metal bond286-289.

/ (CO)«T"\ / Te(co)ix
\Sn/ (CO),Fe / \ Fe(CO),

R
Cl
/ Pt(SnCl P l\l/lo(CO)J 7-CgHj
a, P (SnCly) e (CO)ZFe_Tn_Fe(CO): ot
Sn Pt t{Sn
(C1,Sn), 32 Mo(CO), =CHs
Sln
Cl
Re(CO); Re(CO); o
(CO)Re-Sn Sn-Re(CO), | snc,
Sn(C:Hs):
Re(CO), Re(CO); oc
Cco
Sn(CgHs) O/ H~ o
| |
CH
(CsHy); Sn—Zr —Sn(CgHs) CHJ\CI¢NE?R}/N§(': _CH,
Co
~C=N"  “N=C~cH
Sn(CgHs), CH; l\f )f 3
o 0
S Hr

FiG. 26. Some examples of metal sequences and metal clusters containing tin-transitional metal
bonds.

Figure 26 illustrates some of the many metal sequences and metal clusters known to

contain tin-transitional metal bonds.
A number of reagents cause fission of the tin—transitional metal bond2%0, 291,

(CH3)3SnCo(CO)4+13 ———— (CH3)3SnI + Co(CO)41
(CH3)3SnMn(CO)s+(CsHs):PCl ———— (CH3)3SnCl+[(CsH5),PMn(CO)4},+CO
(CH3)3SnMn(CO)5 + C2F4 _— (CH3)3SI1CF2CF2MD(CO)4

286 H. P. Weber and R. F. Bryan, Chem. Comms. (1966) 443.

287 R. F. Bryan, Chem. Comms. (1967) 355; J. Chem. Soc (A) (1967) 172.

288 P. Woodward and P. F. Lindley, J. Chem. Soc. (A4) (1967) 382.

289 C. J. Fritchie, R. M. Sweet and R. Schunn, Inorg. Chem. 6 (1967) 749.

290 E, W. Abel and G. V. Hutson, J. Inorg. and Nuclear Chem. 30 (1968) 2339
291 H. C. Clark, J. D. Cotton and J. H. Tsai, Inorg. Chem. 5 (1966) 1582.



TABLE 16. COMPLEXES CONTAINING DISCRETE TIN-TRANSITIONAL METAL BONDS ARRANGED BY GROUPS

14 Cr Co
(C6H5)3SnMn(CO)s {CsHsFe(CO)2}4Sn (CsHyg)38nCo(CO)4 [CsHs(CC
(CsH5)2Sn{Mn(CO)s}2 (CH3)4Sn3Fes(CO)6 BrSn{Co(CO)4}3
Nb Mo Rh
(CO)sMnSn(CH3);Mo(CO);CsHs (CO)MRU{SN(CeHs)3)2  {(CeHs)3P}2(CO)2RhSn(CH3);
{Ru(SnCl3)2(C0O)2CL12-  [Rh(SnCl3)(CO)YClJ]2—
Ta Ir

w
CsHs(CO);WSn(CH3)3

(CH3):5n{Re(CO)s}2
[{(CO)sRe}3Sn],

(C6H5);P(CO)3IrSn(CgHs)s {(CgHs)3P
[IraCle(SnCl3)4)4— [Pt(SnCl3)
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In contrast, however, many reactions may be carried out on such molecules, whilst the
metal-metal bond remains intact292, 293,

(C6Hs)3SnMn(CO);5+Cly ———— Cl3SnMn(CO)s+CeHsCl
ClzSn{Co(CO)4}2+RMgX R;5n{Co(CO)4}2

Some complexes containing platinum-tin bonds function as hydrogenation catalysts294,
and although complexes in which the SnCl13~ ligand is attached to platinum can be isolated
crystalline, in solution some dissociation takes place leaving vacant sites for coordination of
olefins and hydrogen. Thus a highly reactive intermediate is produced, reverting to the
original complex after hydrogen transfer to the olefin (or acetylene) has occurred. It is
believed that the very high trans-activating ability of the SnCl3~ group is important here,
and this trans effect is thought to originate mainly in the w-acceptor ability of the ligand
These same platinum~-tin complexes catalyse double bond migration in olefins.

292 R. D. Gorsich, J. Am. Chem. Soc. 84 (1962) 2486.
293 F, Bonati, S. Cenini, D. Morelli and R. Ugo, J. Chem. Soc. (4) (1966) 1052.
294 R, D. Crammer, E. L. Jenner, R. V. Lindsay and U. G. Stolberg, J. Am. Chemn. Soc. 85 (1963) 1691
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1. THE ELEMENT

11 HISTORICAL

The very easy extraction of lead from its ores made it one of the few metals used exten-
sively from earliest times!. One of the earliest-dated specimens is a lead statue found in the
Dardanelles on the site of the ancient city of Abydos. This is believed to date from 3000 B.c.

Lead was in common usage in Ancient Egypt for ornamental objects and solder, and lead
salts were used to glaze pottery. The Hanging Gardens of Babylon were floored with sheet
lead as a moisture retainer, and the Babylonians and other ancients used lead for caulking
and for the fastening of iron bolts and hooks in bridges, houses and other stone buildings.

The most extensive use of lead by the ancients was for the manufacture of water pipes.
The Romans produced lead pipes in standard diameters and regular 10-ft lengths. Many
such pieces of pipe work have been recovered perfectly preserved in modern times from ruins
in Rome and many other Roman sites throughout Europe. Over four centuries, it is esti-
mated, the Roman Empire extracted and used six to eight million tons of lead, with a peak
annual production of around sixty thousand tons2.

1.2. OCCURRENCE AND DISTRIBUTION

The most important ore of lead is galena or lead glance PbS, which is widely distributed
throughout the world1. Other ore minerals of lead are anglesite (PbSOs), cerussite (PbCO3),
pyromorphite (PbCl,.3Pb;3(PO4);) and mimetesite (PbCl;.3Pb3(As0,);). Other lesser min-
erals are crocoite (or kallochrome, or red-lead ore) (PbCrO,), wulfenite (or molybdenum
lead spar, or yellow lead ore) (PbMo0O,) and stolzite (PbWO,).

The main sources of lead ores currently worked are in the U.S.A., Australia, Mexico,
Canada and the U.S.S.R., but substantial quantities are mined in Peru, Morocco, Yugo-
slavia, Germany, Spain, South Africa, Italy and Bolivia.

1.3. EXTRACTION
Lead ores are initially crushed and concentrated by flotation, when lighter impurities
such as zinc sulphide are removed. At this stage ore concentrates in general contain about

1 Lead in Modern Industry, p. 1, Lead Industries Association, New York (1952).
2 Nouveau traité de chimie minérale, Vol. VIII, Part 3, p. 469, ed. P. Pascal, Masson et Cie, Paris (1963).
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409, of lead by weight. The ore is roasted in air to convert the sulphide to oxide and sulphate,
in which process extensive evolution of sulphur dioxide takes place.

After mixing with limestone and coke the roasted ore is smelted in blast furnaces to
yield crude lead. Major impurities are gold, silver, copper, antimony, arsenic and bismuth.
At this stage the lead is hard, due to the arsenic and antimony present. The lead is now
melted and kept molten at a temperature below the melting point of copper, whereby the
copper present crystallizes and can be skimmed out. If air is now blown into the molten
lead, arsenic and antimony float out as oxides, and after this process the lead is referred to
as soft lead1.

Gold and silver may be removed from soft lead by the Parkes process. This involves the
preferential extraction of silver and gold into added molten zinc, which then rises to the
surface of the lead and after solidification can be skimmed off. The final impurity of a little
zinc can be removed either by air oxidation, or more recently by evaporation.

This series of processes renders lead one of the purest of commercial metals, and the
chemical specification for the purest commercial grade available in bulk requires 99-94 9
lead with no single impurity greater than 0-0025 %, with the exception of bismuth which may
be up to 0-05 %.

Lead may be further refined electrolytically up to 99-995 %, and finally zone refining.
produces lead better than 99-9999 9/ pure3.

In the earth’s crust lead is estimated to be present as 1-:6 x 10—3 9/ by weight, and to be in
sea water at a concentration of 0-004 g/ton.

14. LEAD METAL

Lead has no allotropic modifications, and crystallizes with face-centred cubic structure
(@ = 49489 A), with nearest neighbour lead-lead distance as 3-49 A4,

Lead, together with iridium and thallium, forms a group of close-packed metals isolated
from the other close-packed metals, in that the interatom distances in iridium, thallium and
lead are very large compared with those of neighbouring elementss.

The outstanding physical properties of pure lead are its high density, softness, mal-
leability, flexibility, low melting point, low strength and low elastic limit. These charac-
teristics, together with its high corrosion resistance, are the basis of most applications of
lead metal.

1.5. ISOTOPES

Table 1 illustrates the range of lead isotopes. Only four isotopes occur in nature and these
are non-radioactive. Lead isotope analyses form an important tool in the calculation of
geological ages in minerals in the region 1-6000 million years, and convenient tables have
been prepared for this purpose. Only 204Pb is known to be completely non-radiogenic.
206Pb, 207Pb and 208Pb can be present (though not necessarily so) in minerals from radio-
active decays.

3 W. A, Tiller and J. W, Rutter, Can. J. Phys. 34 (1949) 96.

4 H.P.Klug, J. Am. Chem. Soc. 68 (1946) 1493.

5 A. F. Wells, Structural Inorganic Chemistry, 3rd ed., p. 975, Oxford University Press (1962).
6 L. R. Stieff, T. W, Stern, S. Oshiro and F. E. Senftle, U.S. Geological Survey, 1959, Paper 334-A.
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TABLE 1. THE STABLE AND RADIOACTIVE ISOTOPES OF LEAD

Isotope Natural abundance Half-life
(%)
195Pb 17 min
196Ph 37 min
197mPh 42 min
198PH 2:4 hr
199mPpy 122 min
19Pb 90 min
200Pp 21-5hr
201mPh 61 sec
201PH 9-4 hr
202mPh 3-62 hr
202Pb ca.3 x 105 years
203mph 6-1 sec
203Pb 52-1 hr
204mPp} 66-9 min
204Pb 1-40
205Pb ca. 5x 107 years
206Pb 25-1
207mPph 0-80 sec
207Pb 217
208Ph 522
209Pb 3:30 hr
210Pb RaD 19-4 years
211Pb AcB 336 min
212Pb ThB 10-64 hr
214Pb RaB 26-8 min

1.6. NUCLEAR MAGNETIC RESONANCE

About one-fifth of the atoms in naturally occuring lead are present as 207Pb, which has
nuclear spin (I) of 4, which enables nuclear magnetic resonance measurements to be carried
out on lead and its compounds. Extremely large chemical shifts up to 16,000 ppm are
encountered, which indicate a large paramagnetic contribution to shielding at the lead
nucleus. The calculated values for paramagnetic shielding of 207Pb nuclei are in good agree-
ment with those observed experimentally?. Some 207Pb chemical shifts are recorded in
Table 2.

High resolution proton magnetic resonance spectra have been reported for organoleads
and organolead hydridess. In (CH;)3sPbH the 7 value of the hydridic proton is 2-32, and the
coupling constant for 207Pb and the hydric proton is large, at 2379 cycles/sec. The 7 vaiue of
the methyl protons in (CH3)3PbH and (CH3)4Pb are respectively 9-15 and 9-27.

In tetraethyl lead the observed coupling constant from 207Pb to the methyl protons
(125 cycles/sec) is larger than the coupling constant from 207Pb to the methylene protons
(41-0 cycles/sec), though notably the two constants are of opposite sign?.

7 L. E. Orgel, Mol. Phys.1(1958) 322.

8 M. L. Maddox, S. L. Stafford and H. D. Kaesz, Adv. Organometallic Chem. 3 (1965) 12.

9J. W. Emsley, J. Feeney and L. H. Sutcliffe, High Resolution Nuclear Magnetic Resonance, Vol. 2,
p. 688, Pergamon Press, Oxford (1966).
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TABLE 2. SOME 207Pb CHEMICAL SHIFTS RELATIVE TO METALLIC LEAD10- 11

Shift () Shift ()
Compound ppm Compound ppm

Pb metal 0 Pb(NO3),.solution + 14,400
PbO; (98 % pure) + 6900 PbO (yellow) + 7400

(CH;CO0O0),Pb.3H,0 +10,900 PbO (red) +11,200
(CH3COO0),Pb solution +12,300 Pb(Cl10y4), .solution + 14,100
PbCl,.powder +13,800 PbTe + 10,800
PbSO4.powder +15,200 PbS +10,100
Pb(NO3),.powder + 15,200 PbSe + 8700

1.7. ALLOYS

Lead is alloyed with many other metals, and some compositions of these alloys are
represented in Table 3.

TABLE 3. REPRESENTATIVE COMPOSITIONS OF SOME LEAD ALLoYs}

Alloy Pob §n Sob As Cd | Other
% % % % % %
Battery plate 94 6
Magnolia metal 90 10
Type metal 70 10 18 Cu2
Aluminium solder
(U.S.P. 1,333,666) 92 8
Lead foil 87 12 1
Marine babbitt 72 21 7
Solder (plumber’s) 67 33
Solder (soft) 50 50

+ Most of these alloys are reported with considerable variations
on these compositions.

1.8. CHEMICAL PROPERTIES OF METALLIC LEAD

Pure lead is bluish-white in colour and has a bright lustre. With air and water vapour the
metal forms a thin surface film of oxycarbonate which protects the underlying metal. This
film can easily be observed forming when freshly cut metal rapidly loses its lustre. Whilst
bulk metal is only superficially oxidized, finely divided lead takes fire if dropped through the
air.

The attack of lead by oxygenated water produces lead hydroxy compounds, which can
result in lead poisoning by consumption of water carried in lead pipes. If the water contains
small amounts of carbonate or silicate, however, attack of pipes becomes negligible.

10 L, H. Piette and H. E. Weaver, J. Chem. Phys. 28 (1958) 735.
11 J, M. Rocard, M. Bloom and L. H. Robinson, Can. J. Phys. 37 (1959) 522.
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TABLE 4. PHYSICAL DATA FOR LEAD (TEMPERATURES °C)

Melting point 327°; AH (fusion) 1-22 kcal/mole; AS (fusion) 2-03 cal/deg/mole
Boiling point 1751°; AH (evaporation) 43-0 kcal/mole

Temperature 920 1000 1100 1250 1340
Vapour pressure, mm Hg 0-49 1-77 6-85 37-5 90-3
Specific heat (cal/deg/mole) 6-32 (25°)
Heat of formation at 25° AH® = 0-00 (solid)
AH® = 46-34 kcal (vapour)
Free energy of formation at 25° AG° = 0-00 (solid)
AG° = 38-47 kcal (vapour)
Entropy at 25° S° = 15-51 cal/deg (solid)

= 41-89 cal/deg (vapour)
Thermal conductivity 0-083 (0°), 0-076 (100°) cal/sec/cm/deg
Density 11-3415 g/cc at 20°; 10-69 at 327° (liquid); 11-00 at 327° (solid)
Electrical resistivity 19 x 10-6 ohms cm: superconductor below 7-23°K

Ion Pb+ Pb2+ Pb3+ | Pb4+ | PbS+ | Pb6+ | Pb7+ | Pbs+ | Pbo+

Tonization potential, eV 7-415 | 15-03 | 3193 | 390 | 69-7 | (84 | (103) | (112) | (142)

Surface tension at 327° = 444 dynes/cm
Viscosity of liquid metal (centipoises) 3-2 (330°), 2-1 (440°), 1-2 (840°)

Temperature —253 25 liquid

Specific magnetic susceptibility x 106 c.g.s. -0-132 { —0-111| -0-075

Ionic radii Pb2+ 1-21 A; Pb4+ 0-84 A

Both in the vapour and in solution in mercury, lead is monatomic.

With a potential of +0-130 V relative to the normal hydrogen electrode, it would be
thought that lead should, in general, dissolve in dilute acids. The discharge of hydrogen
upon lead does, however, have a very high overpotential. This, together with, in some cases
the formation of insoluble coatings, affects profoundly the action of acids upon lead.

Sulphuric acid (unless perfectly anhydrous) does not dissolve lead, due to the insoluble
lead sulphate coating. Lead is widely used for handling sulphuric acid, and is unattacked
even by concentrated acid below 200°C.

Hydrochloric acid dissolves lead very slowly, but nitric acid dissolves lead rapidly with
evolution of oxides of nitrogen and formation of lead nitrate.

Acetic acid rapidly attacks lead in the presence of oxygen.

The solubility of lead in pure water is low12, and equilibration of lead with air-free water
at 24° indicated a solubility of 311 x 106 g/litre.

12 J, C. Pariaud and P. Archinard, Bull Soc. Chim. France, 19 (1952) 454.
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TABLE 5. THERMODYNAMIC DATA FOR CERTAIN LEAD SPECIES

. AH® AG® S°
Species State keal/mole | keal/mole | cal/deg/mole

Lead crystal 0 0 15-51
Lead (Pb) gaseous 46-34 38-47 41-89
Lead (Pby) gaseous 78
Pb+ gaseous 218-8
Pb2+ gaseous 566-9
Pb2+ aqueous 0-39 —5-81 51
Pb4+ aqueous 72-3
PbO (red) crystal —52-40 —45-25 162
PbO (yellow) crystal -52:07 —45-05 166
Pb(OH), crystal —123-0 —100-6 21
PbO; crystal —66-12 —52-34 18-3
Pb304 crystal —175-6 —147-6 50-5
PbF; crystal —158-5 —148-1 29
PbF4 crystal —222-3 —178-1 35-5
PbCl, crystal —85-85 —75-04 326
PbBr; crystal —66-21 —62-24 38-6
Pbl, crystal —41-85 —41-53 42-3
Pbly- aqueous —48-55
PbS crystal —22-54 —-22:15 21-8
PbSO, crystal —219-50 —193-89 352
PbSe crystal —18-0 —15-4 269
PbSeO4 crystal —148 —-122 37
PbTe crystal —-17'5 —18-1 27-6
Pb(N3), crystal 104-3 135-1 495
Pb(NO3), crystal —107-35 —60-3 50-9
Pbi(PO4)2 crystal —620-3 —581- 84-45
PbHPO; crystal —234-5 —208-3 319
PbCO; crystal —~167-3 —149-7 313
PbC,04 crystal ~205-1 ~-180-3 332
Pb(C;Hs)s liquid 52
PbCrO4 crystal —2252 —2036 365
PbMoO4 crystal —265-8 -231-7 38-5
Pb(CH3COO0), | crystal —230-5 40
PbSiO; crystal —258-8 —239-0 27

Bulk metal lead in contact with acidic solutions is a fairly good reducing agent, and with
alkali it is quite a powerful reductor. A technique similar to that of the familiar Jones
reductor with amalgamated zinc is also possible using lead in place of zinc. Although the
reducing power of the lead reductor is less than the Jones zinc reductor, there-are certain
advantages in the selectivity of ions reduced13.

1.9. INDUSTRIAL AND COMMERCIAL UTILIZATION!

World production of lead is about two million tons a year, but because lead is easily
refined, and does not normally become contaminated in service, lead and lead-alloy scrap
constitute an important factor in the lead market. It is estimated that over 80 % of the lead

13 C, W. Sill and H. E. Peterson, Anal. Chem. 24 (1952) 1175.
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TABLE 6. STANDARD REDUCTION POTENTIALS OF LEAD HALF REACTIONS
AT 25°, REFERRED TO THE NORMAL HYDROGEN ELECTRODE!4

Reduction E° in volts
Pb2t 4 2e- =Pb —-0-126
HPbO,~+2¢-+H;0 = Pb+30H- —-0-54
PbCl(S)+2e- = Pb+2ClI- —0-268
PbBrx(S)+2e~ = Pb+2Br- —0-280
Pbl2(S) +2¢- = Pb+2I- ~0-365
PbS(S)+2e- = Pb+82- —0-98
PbSO4(S)+2¢~ = Pb+S02" —0-3563
Pb4+ +2e- = Pb2+ ~+17
PbOx(S)+2e-+4H+ = Pb2++2H30 +1-455
PbO2(S)+2¢-+4H+ + SOﬁ“ = PbSQ4(S)+2H,0 +1-685
PbO,(S)+2e~+H20 = PbO(S, red)+20H- +0-248

The PbSO4-Pb couple is a common reference electrode whose
potential has been determined as a function of temperature from
0° to 60°C. Similarly, data of the other half reactions that are involved in
the lead acid storage battery are known accurately over a 0°-60°C
temperature rangels,

used to manufacture batteries re-enters the market. The following list gives an approximate
indication of some of the major consumers of lead: storage batteries (~35%;), tetraethyl
lead (~10%), cable covering (~10%), solder (~109%;), red lead and litharge (~5%),
building lead (~59%), caulking (~5%,). Other lead uses are white lead, bearing metal,
ammunition, type metal and radiation shields.

1.10. ANALYSIS

No truly specific reagent or test for lead exists. Thus unless the nature of the sample is
known in advance, preliminary separations of lead are made. Useful separation procedures
are well documented!16,

A number of the persistent lines of lead are suitable for spectrographic analysis by arc or
spark spectral?.

No single gravimetric method, of the great variety used in the determination of lead, is
clearly the most satisfactory. The thermal stabilities of a number of the weighed precipi-
tates used have been recorded, and such considerations are clearly important18,

Among the best-known gravimetric precipitants for lead are sulphate, chromate, molyb-
date, phosphate, oxalate, anthranilate, oxinate, mercaptobenzothiazolate and phthalate.

14 W, M. Latimer, Oxidation Potentials, 2nd ed., Prentice-Hall, New York (1952).

15 H. S. Harned and W. J. Harmer, J. Am. Chem. Soc. 57 (1935) 33.

16 T. W. Gilbert, in Treatise in Analytical Chemistry, Part II, Vol. 6, p. 69, ed. I. M. Kolthoff and P. J.
Elving, Interscience, New York.

17 L. H. Ahrens and S. R. Taylor, Spectrochemical Analysis, 2nd ed., p. 242, Addison-Wesley, Reading,
Massachusetts,

18 C, Duval, Inorganic Thermogravimetric Analysis, Elsevier, Amsterdam (1953).
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Volumetric methods of lead estimation involving titration with molybdate, chromate,
phosphoric acid, ferrocyanide, fluoride and iodide are all available, in addition to the
complexometric titrations with reagents such as EDTA.

For the estimation of lead at extremely low concentrations polarographic methods are
best utilized. Anodic dissolution polarography can estimate the lead content of 10-8 molar
lead solutions to a precision of about 5 9 19,

Very small traces of lead in water can be effectively collected by co-precipitation with
mercury sulphide. After treatment with peroxide, the collected HgS is ignited and the mer-
cury vaporized away. The residual lead can be tested with sodium rhodizonate. Lead at
concentrations of 108 are detected easily by this method20. The method is also applicable
to the analysis of reagents for traces of lead contaminant.

The presence of tetra-organolead compounds in fuels is detected by first decolorizing the
fuel from added dye with activated charcoal. A drop of fuel is placed on a filter paper and
irradiated under an ultraviolet lamp, hence evaporating fuel and decomposing the organo-
lead. Lead is then detected by adding a drop of freshly prepared 0-1 9 solution of dithizone
in chloroform. A deep red spot of lead dithizonate indicates presence of lead, and retention
of the green dithizone colour indicates absence of the metall6,

1.11. TOXICITY

All compounds of lead are toxic, and lead poisoning has been long known and exhaus-
tively studied21. Nevertheless, lead poisoning still constitutes one of the most important
industrial hazards22.

Minute quantities of lead are ingested regularly by humans from contaminated food and
drink, but such quantities are easily eliminated by normal body processes. Causes of harmful
accumulations in this way are now very rare.

Serious lead intoxication is now most frequently encountered by inhalation of vapours
or dusts of lead and lead compounds. Thus the processes of spraying or sanding lead paints
are extremely hazardous without proper protection. The specified maximum allowable
atmospheric pollution is 0-15 mg of lead per cubic metre of air.

Lead poisoning can be cured and recovery is usually 100 9. The most common treatment
now is the intravenous injection of the sodium calcium salt of ethylenediaminetetra-acetic
acid, which results in an immediate ten- to thirty-fold increase in the urinary excretion of
lead. The clinical symptoms of lead poisoning are relieved in this way in a short time.

2. COMPOUNDS

2.1. ORGANOLEAD COMPOUNDS

Tetraethyl-lead, together with tetramethyl-lead and the mixed ethylmethyl-leads, is
made on a larger scale commercially than all other organometallic compounds together.

19 T. L. Marple and L. B. Rogers, Anal. Chim. Acta, 11 (1954) 574.
20 F, Feigl, Spot Tests in Inorganic Analysis, Elsevier, Amsterdam (1956).
21 H. B. Elkins, The Chemistry of Industrial Toxicology, 2nd ed., John Wiley, New York (1959).

22 Occupational Lead Exposure and Lead Poisoning, American Public Health Association Inc., New York
(1943).
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Bond

Bond length (A) Compound Method
Pb-Pb 3-49 Lead X-ray diffraction*
Pb-Pb 2-88 (CH3)3Pb-Pb(CH3)3 Electron diffraction®
(Gas)
Pb-H 1-839 PbH Infrared spectroscopy®
(Short-lived species)
Pb-F 2-13 PbF» Electron diffraction®
(Gas)
Pb-Cl 2-46 PbCl, Electron diffraction®
2:46 (Gas) Electron diffraction®
Pb-Cl 2-50 Cs,PbCly X-ray diffraction’
Pb-Cl 2-43 PbCl, Electron diffraction®
(Gas)
PbBr 2-60 PbBr; Electron diffraction?
2-60 (Gas) Electron diffraction®
Pb-1 279 Pbl, Electron diffraction®
2-78 (Gas) Electron diffraction?
Pb-C 2:303 Pb(CH3)4 Electron diffraction®
(Gas)
Pb-C 225 (CH3)3Pb-Pb(CHs), Electron diffraction®
(Gas)
Pb-O 1922 PbO Infrared spectroscopy®
(Short-lived species)
PbO 2-30 PbO (Tetragonal) X-ray diffraction®
PbO 2 PbO (Rhombic) Neutron diffraction
PbS 2:394 PbS Infrared spectroscopy®
(Short-lived species)
PbS 2-962 PbS (Crystal) X-ray diffraction®
PbS 275 Pb(NS);NH, X-ray diffraction!
PbN 227 Pb(NS),NHj; X-ray diffraction'
3-02
PbS 3-10 [(NH2).CSIPbCl, X-ray diffraction™
292
328 .
PbCl 317 [(NH>).CSIPbCl, X-ray diffraction™
275
PbRe 2-77 (CsHs);PbRe(CO)s X-ray diffraction®
PbMo 290 (C6Hs)3sPbMo(CO)3-n-CsHs | X-ray diffraction®

* A. F. Wells, Structural Inorganic Chemistry, 3rd ed., p. 975, Oxford University Press

(1962).

® H. A. Skinner and L. E. Sutton, Trans. Faraday Soc. 36 (1940) 1209,

¢ G. Herzberg, Molecular Spectra and Molecular Structure: Infrared Spectra of
Diatomic Molecules, 2nd ed., van Nostrand.

¢ P. A. Akisin, V. P. Spiridonov and A. N. Khodankov, Zhur. Fiz. Khim. SSSR, 32

(1958) 1679.
® M. Lister and L. E. Sutton, Trans. Faraday Soc. 37 (1941) 393.

! G. Engel, Z. Krist. 90 (1935) 341.

# C. E. Wong and V. Schomaker, J. Chem. Phys. 28 (1958) 1007, but see Interatomic
Distances Special Publication, No. 18, The Chemical Society, London.

b W. J. Moore and L. Pauling, J. Am. Chem. Soc. 63 (1941) 1392.

1J. Leciejewicz, Acta Cryst. 14 (1961) 66.

I M. 1. Kay, Acta Cryst. 14 (1961) 80.

X E. Zeipel, Arkiv. Mat. Astron. Fysik,25A (1935) 1.

! J, Weiss and D. Neubauer, Z, Naturforsch. 13b (1958) 459.

™ M. Nardelli and G. Fava, Acta Cryst. 12 (1959) 727.

® Yu. T. Struchkov, K. N. Anisimov, O. P. Osipova, N. E. Kolobova and A. N.
Nesmeyanov, Dokl. Akad. Nauk SSSR, 172 (1967) 107.
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This renders it a fairly cheap chemical at about $0-35 per pound. A quarter of a million tons
is used annually in the U.S.A. alone as an antiknock agent in motor fuels23—26,

Industrially, the tetra-alkyl-leads are normally made by the action of alkylchloride upon
sodium-lead alloy26, or by the electrolysis of alkylmagnesium halides using a sacrificial lead
anode, where the anode is attacked by alkyl radicals or anions. On a laboratory scale, how-
ever, the action of a Grignard reagent upon lead(II) halide remains the favoured synthesis,
especially of the alkyl compounds R4Pb27. In the case of aryl compounds, R¢Pb; is formed
and has to be treated with halogen to produce R3PbX, which is then further treated with
Grignard to give R4Pb24. Some other methods utilized to form lead(IV)-carbon bonds are

outlined below24,
Pb+Li+ C¢HsBr - (CsHs)4Pb
(C2H;5)Zn+ PbCla — (CoHs)4Pb
RLi+PbX; - R4Pb
R3Al+PbX; — R4Pb

The lead(IV) alkyls and aryls are stable at ordinary temperatures, but release organic
free radicals on heating. Subsequent reactions are complex and among the pyrolysis products
of tetramethyl-lead are 2-methyl-2-propene, propylene, ethylene, hydrogen, methane and
ethane.

The fission of the lead—carbon bond is caused by a number of reagents as outlined

below24,
NH,
R4Pb+Na — RjPbNa
(CH3)4Pb+ AgNO; — (CH3);PbNO;3
(C,H;5)4Pb+ PCl; —— C,HsPCl; + (C,H;),PCi
R4Pb+SOCH —— R,PbCl+ R;3PbCl

TaBLE 8. SOME ORGANOLEAD(IV) COMPOUNDS

Compound B.p., °C/mm Hg | M.p., °C
(CH3)Pb 110° or 6/10 ~275
(C3Hs):Pb 78/10
(n-C3H7)4Pb 126/13
(iso-C3H7)4Pb 120/14
(C¢Hs)sPb 225
(C2Hs);PbCH,-CH=CH, 86/10
p-CHj . CsHPb(CHa); 119/13
(CH3),Pb(C3H7), 72/10
(C2H;5);Pb(CH3)(C3H7) 80/15
(C2H;5)(CH3)Pb(C3H7)(C4Hy) 103/13
(CsHs)3Pb(C  C)2Pb(CgHss)s 187
(CeHs)3;PbCH : C: CH;
(CéF5)aPb 199

23 L, C. Willemsens and G. J. M. Van der Kerk, Investigations in the Field of Organolead Chemistry,
ILZRO, New York (1965).

24 R. W, Leeper, L. Summers and H. Gilman, Chem. Revs. 54 (1954) 101,

25 Organometallic Compounds, 2nd ed., Vol. I1, p. 519, ed. M. Dub, Springer-Verlag, Berlin (1967).

26 G, E. Coates, M. L. H. Green and K. Wade, Organometallic Compounds, 3rd ed., Vol. 1, p. 482,
Methuen, London (1967).

27 M. Baudler, in Handbook of Preparative Inorganic Chemistry, 2nd ed., Vol. 1, p. 763, ed. G. Brauer,
Academic Press, New York.
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From various studies the following series of relative ease of cleavage by halogen or halides
has been established for organic groups attached to lead: a-naphthyl, p-xylyl, p-tolyl,
phenyl, methyl, ethyl, n-propyl, isobutyl, isoamyl, cyclohexyl (least easily cleaved)24,

The only well-defined examples of lead(II) organometallic compounds are bis(cyclopenta-
dienyb)lead(I1) and its ring methyl derivative2s, In the gas phase29 this has a bent sandwich
structure as shown in Fig. 1 (a). Such a structure is also proposed30 to account for the solu-
tion spectra of (CsHs).Pb, where the two rings are believed bonded to two sp2 lead hybrid
orbitals, and a further sp2 orbital contains a non-bonding pair of electrons. Such a bonding
situation is in accord with the crystal structure of the orthorhombic form shown in Fig. 1 (b).

oy ?%
7 o

(@)

Pb—
Fi1G. 1. The structure of (CsHs)Pb: (a) in the gas and solution and (b) in the orthorhombic
crystal form.

Here each lead atom is attached to two bridging cyclopentadienyl groups and one terminal
cyclopentadienyl group3l, The lead to ring bonds are all at approximately 120°, and the
polymer may be considered to arise by the lone pair of elecirons on each monomer inter-
acting with a cyclopentadienyl ring of another monomer.

A monoclinic form of (CsHs),Pb is of unknown structure3!,

2.2. HYDRIDES

Lead hydride is the least well characterized of the Group IVB hydrides. It is formed
along with hydrogen, on the electrolysis of dilute sulphuric acid with lead electrodes, and
by the dissolution of lead-magnesium alloy in dilute acid32. The hydride of lead formed in
small quantities is assumed to be PbHy4 (b.p. ~ —13°C)33,

In alkali or weakly acid solutions, lead cathodes disintegrate at high current densities.
This is believed due to the formation of the unstable hydride PbH, at the cathode, and at

28 E, O. Fischer and H. Grubert, Z. anorg. Chem. 286 (1956) 237.

29 A. Almenningen, A. Haaland and T. Motzfeldt, J. Organometallic Chem. T (1967) 97.
30 L.D. Dave, D. F. Evans and G. Wilkinson, J. Chem. Soc. (1959) 3684.

31 C, Panattoni, G. Bombieri and U. Croatto, Acta Cryst. 21 (1966) 823,

32 F. Paneth and O. Norring, Chem. Ber. 53 (1920) 1693.

33 F. G. A. Stone, Hydrogen Compounds of the Group 1V Elements, Prentice-Hall (1962).
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current densities over 10-50 mA/cm2 the formation of PbH; was believed to be quantita-
tive34,

A lead hydride has been reported from the bombardment of lead films by hydrogen
atoms35.

Organolead Hydrides

The organohydrides of lead(IV) are not as robust as the corresponding compounds of
tin, germanium and silicon, but are nevertheless sufficiently stable for an extensive study of
the lead-hydrogen bond to be made.

Trialkyl-lead hydrides and dialkyl-lead dihydrides were made by reducing the corre-
sponding chlorides with lithium aluminium hydride at low temperature (— 78°)36,37,38,

The exchange reaction between organotin hydrides and organolead salts has also proved
a useful synthesis for organolead hydrides39.

(n-C4Ho)3;PbX + (CeHs)3SnH — (n-C4Hog)3PbH + (CsHs)3SnX

Trimethyl-lead hydride (m.p. ~ —106°) and triethyl-lead hydride (m.p. ~ —145°)

were found to decompose to the corresponding tetra-alkyl-lead, lead metal and hydrogen.

R,PbCH,CH COOCH, R PbX + RH

CH, =CHCOOCH,

RX R,PbCH,

R,PbCH, CH,CN_CH, =CHCN R PbH HCl R,PhC1 + H,
cal

CHCl, + CH,Cl,

H
+ R PbCl = c=C
3 CH=CCN T
H CH,
o CN SNe—c” " Nc—”
CR=C RPN 7N
PbR, 3 : H CN

F1G. 2. Some reactions of the lead-hydrogen bond in trialkyl-lead hydrides.

34 H. W. Salzberg, J. Electrochem. Soc. 100 (1953) 146.

35 E. Pietsch and F. Seuferling, Naturwiss. 19 (1931) 574.

36 E. Amberger, Angew. Chem. 72 (1960) 494.

37 W. E. Becker and S. E. Cook, J. Am. Chem. Soc. 82 (1960) 6264,

38 W. P. Neumann and K. Kuhlein, Angew. Chem. 77 (1965) 808.

39 H. M. J. C. Creemers, A. J. Leusink, J. G. Noltes and G. J. M. van der Kerk, Tefrahedron Letters
(1966) 3167.
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Evolution of hydrogen begins on warming to about —30° to —20°, but even at 0° the
hydrides are not completely decomposed for several hours.

Some of the reactions of trialkyl-lead hydrides are outlined4¢ in Fig. 2.

Very unstable trialkyl-lead borohydrides have been made from organolead alkoxides and
diborane at —78°.

4R3PbOCH; -+ 3(BH3); — 4R3PbBH, + 2HB(OCH3);

These trialkyl-lead borohydrides react with methanol to release trialkyl-lead hydrides,

and decompose at about — 30° to hexa-alkyldileads41.

2.3. COMPOUNDS OF NITROGEN, PHOSPHORUS ARSENIC,
ANTIMONY AND BISMUTH
Binary Compounds

Lead(Il) azide is discussed with the pseudohalides, and lead nitrides are not known.

The phosphides of lead are not well characterized and appear to interconvert easily42,
PbPs was obtained from a liquid ammonia solution of rubidium phosphide and lead nitrate.
PbPs is spontaneously inflammable in air, and dissociates on heating with loss of phos-
phorus43,

The action of phosphine upon alcoholic lead acetate solution produces PbsP; 44,

Arsine and lead(II) acetate form the very unstable arsenide PbiAs,45.

In addition to these few binary compounds of lead with the Group VB elements, there is
a considerable range of mineral compounds which contain lead, and either arsenic, antimony
or bismuth, but these are ternary and quaternary materials such as sartorite PbAs,S,,
dufrenoysite Pb,As,Ss, sperrylite PbsAs,S7, sakharovite PbBiSbS, and semseyite PbgSbgS..

Organolead Amines, Phosphines, Arsines and Stibines

In addition to the binary compounds discussed above, there are a few examples of discrete
lead—nitrogen46, lead-phosphorus, lead-arsenic and lead-antimony bonds in various com-
pounds, but they are considerably more rare than the corresponding compounds of tin,
germanium and silicon.

Coordination compounds such as the di-ammine of diphenyl-lead dibromide contain
discrete lead-nitrogen bonds, but such complexes are very unstable47. In the case of the
diaryl-lead oxinates, however, the coordinate nitrogen—lead bond is quite stable48,

The first organolead amine reported4® was sec-C4Ho.NH.Pb(C,Hs);, prepared from
triethyl-lead chloride and sodium sec-butylamide. Other amines of lead include
(CH3);PbN(CH;3)Ge(CHj3)3 50 and (CH;3)3PbN[Si(CHs3)3], 51.

40 D, Seyferth and R. B. King, Annual Surveys of Organometallic Chemistry, 2 (1965) 184.

41 E. Amberger and R. Honigschmid-Grossich, Chem. Ber. 99 (1966) 1673.

42 Nouveau traité de chimie minérale, Vol. VIII, Part 3, p. 729, ed. P. Pascal, Masson et Cie, Paris (1963).
43 R. Bossuet and L. Hackspill, Compt. Rend. 157 (1913) 720.

44 A, Brukl, Z. anorg. Chem. 125 (1922) 252.

45 A, Brukl, Z. anorg. Chem. 131 (1923) 236.

46 J. G. A. Luijten, F. Rijkens and G. J. M. van der Kerk, Adv. Organometallic Chem. 3 (1965) 397.
47 P. Pfeiffer, P. Truskier and P. Disselkamp, Chem. Ber. 49 (1916) 2445.

48 R, Barbieri, G. Faraglia, M. Giustiniani and L. Roncucci, J. Inorg. Nuclear Chem. 26 (1964) 203,
49 D, O. Depree, U.S. Patent 2,893,857 (1959); C.A. 53 (1959) 18372,

50 I, Ruidisch and M. Schmidt, Angew. Chem. 76 (1964) 686.

51 O, Scherer and M. Schmidt, J. Organometallic Chem. 1 (1964) 490.
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TABLE 9. SoOME COMPOUNDS WITH LEAD BONDED TO EITHER
NITROGEN, PHOSPHORUS, ARSENIC OR ANTIMONY

Compound M.p.,°C[B.p.°Cl{ Reference
(CeHs),PbCl,.4CsHsN a
(CsHs):Pb(NO3),2 .4CsHsN a
(CgHs)szBrz . 2NH3 a
(CeHs),Pb{oxinate), b
(C2H5)2PbNHCH(CH3)C2H5 C
(CH;)3;PbN[Si(CH3)s]2 [85-87/3 mm) d
(CH3);PbN(CH3)Ge(CH3)s [49/2 mm)] e

Co

(C,H,), PbN 131 f

CO

CO

/
(C,H,), PbN\ g

SO

_CO
(Csz)JPbT 135 h
NG
(C,H;s);PbNHSO,CH3 97 h
(C,H;s);PbN(CsHs)SO>CH; 116 h
(CsHs)3PbP(CgH)2 100 i
[(CsHs)3Pb].PCsHs 110 j
[(CH;);Pb]P 47 k
[(C¢Hs)s;Pb]P 110 k
(CsHs)3PbP{Sn(CsHs)s]la 172 1
(CsHs)3PbAs(CsHs) 115 m
[(CH;3);PblAs 45 k
[(CeHs)3PblsAs 158 k
(C6Hs)3PbSb(CHs) 115 m
[(CsHs)3PblsSb 150 k

* P. Pfeiffer, P. Trusker and P. Disselkamp, Ber. 49 (1916) 2445,

b R. Barbieri, G. Faraglia, M. Guistiniani and L. Roncucci,
J. Inorg. Nucl. Chem. 26 (1964) 203.

¢ D. O. DePree, U.S.P. 2,893,857 (1959); Chem. Abs. 53 (1959)
18372,

4 Q. Scherer and M. Schmidt, J. Organometallic Chem. 1 (1964)
490,
° I. Ruidisch and M. Schmidt, Angew. Chem. 76 (1964) 686.

f R. Heap and B. C. Saunders, J. Chem. Soc. (1949) 2983.
8 W.B. Ligett, R. D. Closson and C. N, Wolf, U.S.P. 2,595,789
(1952); Chem. Abs. 46 (1952) 7701.

b B. C. Saunders, J. Chem. Soc. (1950) 684.

! H. Schumann, P. Schwabe and M. Schmidt, J. Organometallic
Chem. 1 (1964) 366.

JH. Schumann, P. Schwabe and M. Schmidt, Inorg. Nucl.
Chem, Letters, 2 (1966) 309,

® H. Schumann, A. Roth, O. Stelzer and M. Schmidt, Inorg.
Nucl. Chem. Letters, 2 (1966) 311.

'H. Schumann, P. Schwabe and M. Schmidt, Inorg. Nucl.
Chem. Letters, 2 (1966) 313.

™ H. Schumann and M. Schmidt, Inorg. Nucl. Chem. Letters, 1
(1965) 1.
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In addition to these ammines, many organolead sulphonamides, phthalimides and
sulphimides contain lead-nitrogen bonds$2.53.54, The sulphimides, phthalimides and
sulphonamides are not hydrolysed by water, in marked contrast to the organolead amines.

The mono-, bi- and tri-lead phosphines exemplified by (CsHs)sPbP(CsHs), 55,
[(CsHs)sP],PCgHs 56 and [(CgHs)sPb]3P57 are all crystalline solids which decompose
readily upon warming. They are synthesized by the reaction of organolead halides with
the requisite phosphine. The same method, along with the metathetical removal of sodium
chloride from the organolead halide and the requisite sodium arsenide or stibnide, is
used to prepare the organolead arsines and stibines in Table 9.

2.4. OXYGEN COMPOUNDS
Oxides of Lead

Lead(II) oxide (litharge) is the oxide of lead formed when lead is heated in the air. The
industrial preparation involves blowing air into molten lead.

Two crystal forms of lead(II) oxide are known: the yellow orthorhombic form is the
stable form above 488°C, and the red tetragonal form is stable at ordinary temperatures38.

Ultrapure PbO is made by precipitation from lead acetate solution by ammonium
hydroxide in polyethylene vessels. In such wet preparations of lead(II) oxide, the yellow
orthorhombic form is first produced which undergoes transformation to the red tetragonal
PbO. This transformation is particularly sensitive to impurities, and the presence of elements
such as silicon, germanium, phosphorus, arsenic, antimony, selenium, tellurium, molyb-
denum and tungsten in concentrations as low as 10 ppm prevents the transformation. The
use of polythene vessels for the preparation of ultrapure red lead(II) oxide is emphasized,
because sufficient silica is released from glass vessels to prevent the yellow to red con-
version58, 59,

The so-called “black’ lead(II) oxide is merely yellow or red PbO with a thin surface film
of elemental lead.

In tetragonal lead(IT) oxide69, each lead atom has four oxygen near neighbours, all lying
to one side, and all of the oxygen atoms lie between every other pair of lead layers as in Fig. 3.

The oxygen atoms in rhombohedral PbO have proved impossible to locate by X-ray
intensity measurements6!, but their positions were determined by neutron diffraction62. The
structure consists of a chain in which lead has two nearest oxygen neighbours
(Pb-O = 2:21 A). These chains are loosely bonded into layers by two Pb-O bonds
(Pb-O = 2:49 A),

The layer in rhombohedral PbO is a slightly puckered version of that in tetragonal PbO,
where four equal Pb-O bonds (2:30 A) replace the two short (2-:21 A) and two long (249 A)

52 H. McCombie and B. C. Saunders, Nature, 159 (1947) 491,

53 R. Heap and B. C, Saunders, J. Chem. Soc. (1949) 2983.

54 B. C. Saunders, J. Chem. Soc. (1950) 684,

55 H. Schumann, P. Schwaben and M. Schmidt, J. Organometallic Chem. 1 (1964) 366.
56 H. Schumann, P. Schwaben and M. Schmidt, J. Inorg. Nuclear Letters, 2 (1966) 309,
57 N. H. W. Addink, Nature, 157 (1946) 764.

58 W. Kwestroo and A. Huizing, J. Inorg. and Nuclear Chem, 27 (1965) 1951.

59 W. Kwestroo, J. de Jonge and P. H. G. M. Vromans, J. Inorg. and Nuclear Chem. 29 (1967) 39.
60 W, J. Moore and L. Pauling, J. Am. Chem. Soc. 63 (1941) 1392,

61 A, Bystrom, Arkiv. Kemi 17B (1943) No. 8.

62 J, Leciejewicz, Acta Cryst. 14 (1961) 66,
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Pb-O bonds. This close similarity of structures presumably allows small impurities to
stabilize the yellow rhombic form at ordinary temperatures. The two crystal forms can be
obtained simultaneously by heating lead carbonate at 400° in a melt of potassium and sodium
nitrates, when over a period of one day red prisms of tetragonal PbO and yellow plates of
rhombic PbO are formed along with orange needles of Pb30,.

F1G. 3. Tetragonal lead(II) oxide.

Lead(IV) oxide can be obtained in a very pure form by the hydrolysis of lead tetra-
acetate63-64, In this form it is particularly reactive and useful as an oxidizing agent in organic
chemistry, More usually lead(IV) oxide is made by the hypochlorite oxidation of lead(II)
acetate solutionsss, or by the action of nitric acid upon Pb30;.

Formed in this way PbO; has the rutile structuress, but another orthorhombic form of
PbO; is known$6, This is prepared by the anodic deposition during electrolysis of lead ace-
tate, lead nitrate or sodium plumbite solutions under specific conditions. This so-called
a-form of PbO, has the niobite (columbite) type of structure, which consists essentially of a
hexagonal close-packed assemblage of oxygen atoms in which one-half of the octahedral
holes are occupied by Pb4+ ions. This gives the Pb4t ion six oxygen nearest neighbours, two
at2-16 A, two at 217 A and two at 2-22 Ass,

Lead(IV) oxide is formed in nature as the somewhat rare mineral plattnerite, which is
isomorphous with rutile and many other dioxides like SnO,, MnO,, ZrO; and ThO,.

Lead (IV) oxide is difficult to obtain in a perfectly anhydrous state, as the temperature
for complete drying initiates release of oxygen to form PbO and Pb3O4. If carefully heated in
a stream of oxygen, however, completely anhydrous lead(IV) oxide can be made.

The action of heat decomposes lead(IV) oxide to oxygen (partial pressure of O, reaches
one atmosphere at 344°C with a coarse-grained PbO,) and to Pb and Pb30,. Lead(IV) oxide
is a powerful reducing agent but is not a peroxide. Rapid grinding with sulphur or red
phosphorus produces inflammation, explaining the use of lead(IV) oxide in matches.

63 R, Kuhn and I. Hammer, Chem. Ber. 83 (1950) 413.

64 M. Baudler, in Handbook of Preparative Inorganic Chemistry, 2nd ed., Vol. 1, p. 757, ed. G. Brauer,
Academic Press, New York.

65 A, Bystrom, Arkiv. Kemi, Min. Geol. 20A (1945) No. 11.

66 A, I. Zaslavsky, Yu. D. Kondrashev and S. S. Tolkachev, Dokl. Akad. Nauk SSSR, 75 (1950) 559.
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Lead(IV) oxide is an essential constituent of the lead-acid accumulator. A single cell of
the battery consists of one electrode of lead sponge and the other of a mesh of lead which is
impregnated with lead(IV) oxide. The electrolyte is strong sulphuric acid.

The two electrode reactions are:

PbSO4+2¢~ — Pb+SO;~ Ey = —~0-356 V
Pb02+503‘+4H++2e‘ — PbSO4+H20 Ey = 1-685V
Acting in opposition the electrode reactions provide an overall potential of 2:041 V, but
the potential delivered by the cell will depend upon temperature, the acid concentration sad
current flow.

FIG. 4. Structure of Pb304.

Pb30,4 has a structures7-68. 69 which consists of chains of Pb'YOg octahedra joined by
opposite edges; the chains are linked by Pb(II) ions coordinated by three oxygen atoms
pyramidally as in Fig. 4. Thus Pb3O4 can be looked upon as lead(Il) plumbate, and nitric
acid attacks Pb3O4 to, in effect, remove 2PbO and leave PbO,.

The finely divided Pb3;O4 (minium or red lead) used as a preservative and in paints is
usually made by the action of heat upon PbO or PbCOj in a current of air. A macrocrystal-
line form is obtained by the slow crystallization of Pb;O4 from a mixed solution of
K3Pb(OH); and K;Pb(OH)g 79, or alternatively from PbO; and sodium hydroxide in the
presence of water in a steel bomb at about 375° 71.

Pb3O4 evolves oxygen on heating, and the oxygen reaches a pressure of about 0-2 atm
at about 550°. If, however, dissociation into oxygen and lead(I) oxide is prevented by
raising the oxygen pressure over PbyQy, it melts at about 830°.

67 8. T. Gross, J. Am. Chem. Soc. 65 (1941) 1107,

68 M, Straumanis, Z. Phys. Chem. B52 (1942) 127.

69 A, Bystrom and A. Westgren, Arkiv. Kemi, Min. Geol. 16B (1943) No. 14; ibid, 25A (1947) No. 13.

70 M. Baudler, in Handbook of Preparative Inorganic Chemistry, 2nd ed., Vol. 1, p. 755, ed. G. Brauer,
Academic Press, New York.

71 G, L. Clark, N. C. Schieltzand T. T. Quirke, J. Am. Chem. Soc. 59 (1937) 2305.
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Much has been written of oxides of lead, other than Pb3O4, which lie between the
compositions of PbO and PbO;.

The differential thermal analysis of the decomposition of PbO,, together with X-ray
analysis, has shown two further oxide phases as illustrated below?2.

about 280°
PbO, —— a-PbO; (x~1-66)
about 375°
«-PbQ, —— B-PbO, (y ~1-5)
above 375°
B-PbO, ——> Pb304
A monoclinic structure is proposed for o-PbQOj.¢6, Which is probably the Pb;0;; and

Pb;sO; of earlier workers. -PbO;.5 has an orthorhombic structure, with composition Pb,Os.

Hydroxy Compounds

There appears to be only one crystalline lead oxide-hydroxide, which has been formulated
as 3PbO.H;073. Comparisons of the X-ray data with the corresponding tin compound
suggest that this compound is better written as PbgOgHa4, with a structure illustrated in Fig. 5,
in which an octahedral Pbg cluster is contained in a cube of oxygen atoms, with hydrogen
bonds between all oxygen atoms74.

Fi1G. 5. Proposed cluster structure of the PbsOs units in lead oxide-hydroxide. Z=Pb; @=0.

PbsOsH, is obtained either by hydrolysis of lead(II) acetate solutions?5, or from reduced
pressure evaporation of solutions of tetragonal PbO in large volumes of carbon dioxide free
water76. Such a preparation and the proposed structure are in line with the hydroxy-lead(II)

72 G, Butler and J. L. Copp, J. Chem. Soc. (1956) 725.

73 G. Todd and E. Parry, Nature, 202 (1964) 386,

74 R. A. Howie and W. Moser, Nature, 219 (1968) 372.

75 F.C. Hentzand S. Y. Tyree, Inorg. Chem. 3 (1964) 844,
76 A, Olin, Acta Chem. Scand. 16 (1962) 983.
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anions Pb3(OH)2+ and Pbs(OH)$* which are reported in partially hydrolysed solutions of
lead(II) salts. Such ions are likely to contain metal clusters.

When aqueous sodium hydroxide is added to a solution of lead nitrate, two basic nitrates
are precipitated with stoichiometries Pb(NO3),.Pb(OH); and Pb(NO;),.5Pb(OH),. Even
at pH = 12 (which is considerably past the equivalence point), there is no indication of
precipitation of Pb(OH); as such77.

Many other alkali precipitations from solutions of lead(Il) salts have various basic salt
formulations, and are often well-characterized crystalline materials.

If a current of air is passed through a solution of lead(Il) acetate during the addition of
sodium hydroxide solution, the carbon dioxide content of the air is sufficient to precipitate
all of the lead as hexagonal platelets with the formulation 3PbCO;.2Pb(OH),78. Another
better-known basic carbonate of lead 2PbCO3. Pb(OH); is formed when lead sulphate or
lead chloride is boiled with sodium carbonate solution.

The commercial product “white-lead” is of variable composition, but is essentially the
2PbCOj3. Pb(OH); mentioned above. It is made by a number of processes, which give differ-
ent physical characteristics such as particle size, which affect its use as a white paint pigment.

In the Dutch and German “dry * processes lead sheet is exposed to acetic acid vapour
and carbon dioxide. Lead acetate, basic lead acetate and finally basic lead carbonate (white
lead) appear to be formed sequentially. The so-called French, English and Hebrew “wet”
processes involve the formation of a suspension or dough of basic lead acetate by dissolving
lead(Il) oxide in boiling lead acetate solution. The subsequent passage of carbon dioxide
produces the basic lead carbonate. The formation of black lead sulphide in sulphur-con-
taining atmospheres is a drawback in the use of 2PbCO;. Pb(OH); as a white pigment.

2PbCO;3.Pb(OH); is found as a mineral hydrocerussite (or plumbonacrite) in many
parts of the world, and has also been obtained as a corrosion product of lead roofing79.

The complex formation between Pb2+ and OH~ has been studied in perchlorate solutions
and the following complex ions are noted80: 8! to be present in solution before precipitation
commences, Pb(OH);, Pby(OH)4+, Pb,OH3*, Pb3(OH)3*, PbOH*, Pbs(OH)3*, together
with dissolved Pb(OH),.

The predominant jon present is Pby(OH)2*, which is likely to have a cyclic bridged
structure similar to that of Sny(OH)3".

The so-called metaplumbates MIPbO3.3H,0 are made by fusing lead(IV) oxide with an
excess of potassium hydroxides2: 83, These compounds are actually the alkali metal salts of
the hexahydroxylead(IV) anion Pb(OH)Z™. The salts contain discrete Pb(OH)Z™ ions
analogous to the corresponding Sn(OH)2™ of tin(IV)84: 85, Na,Pb(OH)s has also been made
by the electrolytic oxidation of alkali hydroxide solutions of Pb(Il), and also by the con-
trolled alkali hydrolysis of lead(I'V) acetate8s.

77], L. Pauley and M. K. Testerman, J. Am. Chem. Soc. 76 (1954) 4220,

78 H. Mauch and A. Brunhold, Helv. Chim. Acta, 60 (1957) 86.

79 J. W. Mellor, A Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vol. VII, p. 837,
Longmans Green, London (1927).

80 B, Carrell and A. Olin, Acta Chem. Scand. 14 (1960) 1999,

81 A. Olin, Acta Chem. Scand. 14 (1960) 126 and 814,

82 1, Bellucci and R. Parravano, C.R. Accad. Lincei, 14 (1905) 378.

83 R, Scholder, in Handbook of Preparative Inorganic Chemistry, Vol. I, p. 1694, ed. G. Brauer, Academic
Press, New York,

84 R. L. Williams and R. J. Pace, J. Chem. Soc. (1957) 4143.

85 M. Maltese and W. J, Orville-Thomas, J. Inorg. and Nuclear Chem. 29 (1967) 2533.

86 A, Simon, Z. anorg. Chem. 177 (1929) 109,
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Plumbites and Plumbates

As already mentioned in the hydroxide section above, alkaline solutions of lead contain
a complex set of lead hydroxo cations; but at low lead concentrations the anion Pb(OH)g is
present. This trihydroxyplumbite is also believed present when precipitated amphoteric lead
“hydroxide” is dissolved in alkali. No evidence for the Pb(OH)2™ anion has been found,
though solutions of lead ‘“‘hydroxide™ in strong potassium hydroxide solution are often
written as K,Pb(OH)a.

In addition to the hexahydroxyplumbates referred to above in the hydroxide section,
there are two other types of plumbate. The alkali metal plumbates have the formulation
MIPbO;. These are made by the carefully controlled dehydration of the MIPb(OH)s salts
of the alkali metals86. 87, If the dehydration is not carefully controlled below 110°, however,
the M}Pb(OH)s decomposes with evolution of oxygen as well as water. Alternatively
K,PbOj; along with K,Pb307 can be made in a melt of KOH and PbO,, and they are both
isostructural with the corresponding stannates88.

The metaplumbates of strontium and barium M"PbOj3 are made by fusion of strontium
or barium nitrates with lead(II) oxides8%. The oxides of nitrogen released convert the
lead(Il) to lead(IV). Calcium orthoplumbate Ca;PbOy is formed when calcium nitrate and
lead(IX) oxide are fused in the stoichiometry Ca(NOs3),.PbO. The barium and strontium
orthoplumbates are prepared by heating barium or strontium carbonates with lead(II)
oxide in the stoichiometry [MCOs],.PbO; the necessary oxidation is caused by the atmo-
sphere90.

BaPbO; (density 8-30) has the ideal perovskite structure and SrPbO3 (density 7-79) has a
somewhat deformed orthorhombic perovskite structure®!.

BasPbOy4 (density 7-34) is tetragonal with Pb-O distances 215 and 2:07 A and BaO
distances 2-66 and 2-88 A 89,

Neither the metapiumbates nor the orthoplumbates can be regarded as containing dis-
crete PbO%~ and PbOj}™ ions respectively®.

Oxy and Hydroxy Halides

The lead oxyhalides Pb,OCl,, Pb3O,Cl; and Pb3;OCl4 occur in nature respectively as
matlockite (PbCl, . PbO), mendipite (PbCl,.2PbO) and penfieldite (2PbCl,. PbO).

Lead oxyfluorides of unknown composition are reported from the passage of fluorine
over PbQO,, or steam over PbF,. An oxyfluoride PbyOF; is reported to be tetragonal®2.

In addition to the oxychlorides occurring as minerals, the two compounds Pb,OCI; and
Pb30,Cl; can be made in a number of ways, including the action of the requisite amount of
alkali upon lead chloride solutions. Pb30,Cl; melts without decomposition at 693°C, and
the heat of formation from PbCl; and 2PbO is 9-24 kcal/mole93.

The compositions Pb;OBr;, Pb3O;Br; and PbsO4Br; have been reported for the lead
oxybromides, but only Pb,OI, for the oxyiodides?3.

87 M. Baudler, in Handbook of Preparative Inorganic Chemistry, Vol. 1, p. 758, ed. G. Brauer, Academic
Press, New York.

88 G, Foussassier, M. Tournoux and P, Hagemuller, J. Inorg. and Nuclear Chem. 26 (1964) 1811.

89 R. Weiss and R. Faivre, Compt. Rend., 248 (1959) 106.

90 Nouveau traité de chimie minérale, Vol. VIII, Part 3, p. 627, ed. P. Pascal, Masson et Cie, Paris (1963).

91 R. Weiss, Compt. Rend. 246 (1958) 3073.

92 A, Bystrom, Arkiv. Kemi 24A (1947) No. 33.

93 Reference 90, pp. 642 and 643.
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The chlorite, chlorate and perchlorate together with the corresponding bromine and
iodine compounds are known with various formulae Pb,0, X, but these are discussed below
as oxy-salts, and should not be confused with the lead oxyhalides.

The lead(IT) hydroxychloride Pb(OH)Cl occurs as the mineral laurionite, whose structure
is closely related to that of lead(IT) chloride. In Pb(OH)C], lead exhibits nine coordination,
with five chlorine atoms (Pb-Cl = 3-23 A) and one hydroxide group (Pb—OH = 2-67 A) at
the apices of a trigonal prism, and three further hydroxide groups in the equatorial plane
beyond the centres of the prism faces%4.

An iodo-laurionite Pb(OH)I is made from a solution of lead acetate and warm lead
iodide solution.

The lead(IV) oxychloride PbOCI, is prepared by the action of Cl,O on a solution of
lead(IV) chloride in carbon tetrachloride. PbOCI, (d. 5-04 g/cc) is pale violet when com-
pletely dry, and appears to be amorphous. It decomposes at 95° to lead(II) chloride and
oxygen, and is very hygroscopic, undergoing hydrolysis to lead(IV) oxide and hydrogen
chloride9s.

Organolead Oxides, Hydroxides and Alkoxides

The organolead hydroxides R,Pb(OH), and R3PbOH are prepared by the alkaline
hydrolysis of the corresponding halides. The corresponding oxides R3;PbOPbR3 and
(R2Pb0),, are prepared by the action of sodium upon the hydroxides. The oxides are
extremely sensitive to water, undergoing rehydrolysis to the corresponding
hydroxides?96: 97,98,

The trialkyl-lead hydroxides and oxides are not easy to obtain completely pure, due to a
marked tendency to decompose at room temperature. The triaryl-lead hydroxides, however,
are much more stable99.

The solvated (CHj3),Pb2* ion has been studied in aqueous solution, and it is concluded
that in the [(CH3),Pb(H,0),]2* complex, the CH3-Pb-CHj skeleton is linear. The equilibria
outlined below are for the hydrated (CH;),Pb2+ cation under various conditions of
acidity100,

2 28, 60N #
(CH;),Pb o (CH,);P ol _/Pb(CH3),

pH<5 pH 5-8

on- | |
OH-

[(CH;3),Pb(OH);1~ H=+ (CH3);Pb(OH),
pH > 10 pH 8-10

94 H, Brasseur, Bull. Soc. roy. sci. Liege, 9 (1940) 166.

95 K. Dehnicke, Naturwiss. 51 (1964) 535.

96 Yu. A. Aleksandrov, T. G. Brilkina and V. A. Shushnov, 7r. Khim. i. Khim. Tekhnol. 2 (1959) 623;
C.A.56(1962) 14314c.

97 T. G. Brilkina, M. K. Safonova and V. A. Shushnov, Zhur. Obschei. Khim. 32 (1962) 2684; C.A. 58
(1963) 9112b.

98 Yu. A. Aleksandrov, T. G. Brilkina and V. A. Shushnov, Dokl. Akad. Nauk SSSR, 136 (1961) 89,

99 R. West, R. H. Baney and D. L. Powell, J. Am. Chem. Soc. 82 (1960) 6269.

100 C, D. Freidline and R. S. Tobias, J. Organometallic Chem. 6 (1966) 535.
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The ozonization of tetra-ethyl-lead at — 68° gives an unidentified product which decom-
poses at room temperature to produce (C,Hs);PbOH, [(C2Hs),PbO],, (C2Hs);PbOC,Hs
together with acetaldehyde and ethanoll®l. Good yields of the oxides R;PbOPbRj are
obtained by the action of ozone upon the hexa-organodileads R3PbPbRj.

With alcohols some alkyl-leads undergo fission.

R4Pb+R’OH — R3PbOR’+RH

The alcohol reactivity falls off steadily from R’OH==CH;0H to R"OH=C4HyOH, which
is unreactivel02,

The best preparation of organolead alkoxides involves the metathesis between sodium
alkoxides and the organolead halides103.

Trimethyl-lead methoxide (CHj3)3;PbOCH; is polymericl04, as shown in Fig. 6. The
properties of the lead—oxygen bond in the organolead alkoxides and the organolead oxides

CH, CH, CH, CH CH,
——= Lb ——————— l’b I ————— S Pb/ ———=
N\ l |
CHJ/ CH, | . CHa/ N 3 CH, CH,

F1G. 6. Polymeric structure of (CH3);PbOCH} in the crystal.

have been investigated and many reactions of the ‘““insertion” type are known, as illustrated
by the equations below.

(CsHs)3sPbOCH; + CS; — (CsHs)3Pb-S-C-OCH;
I

S
(C4Ho)3sPbOCHj; + Cl3CCHO - (C4Hyg)3PbO-CH-OCH3

CCl3
(CsHs)3PbOPH(CsHs)3 + Cl3CCHO — (CeHs);PbOCHOPB(C6Hss)3

CCly
(CéHs);PbOCH3 + CgHsNCS — (CgHis)sPb-S-C-O-CH;
1”~J—C6H5
CCly
(C¢Hs)3PbOCH3 + (CCl3),CO — (cﬁHs)ngO(lzocm
ccl,

Many of the complexes of lead such as lead(II) oxinate which are used in lead analyses
presumably contain a lead-phenoxide type of linkage, but no structural data are available.

Triphenyl-lead 8-oxyquinolinate is reported to have lead four-coordinate in ethanol
but five-coordinate in benzene solution (see Fig. 7 (a) and (b))195. In monophenyl-lead

101 Yu. A, Aleksandrov and N. G. Sheyanov, Zhur. Obshchei. Khim. 36 (1966) 953,

102 M, Pedinelli, R. Magri and M. Raudi, Chem. Ind. (Milan), 48 (1966) 144.

103 A, G. Davies and R. J. Puddephatt, J. Organometallic Chem. 5 (1966) 590.

104 E, Amberger and R. Honigschmid-Grossich, Chem. Ber. 98 (1965) 3795.
105 L, Roncucci, G. Faraglia and R. Barbieri, J. Organometallic Chem. 6 (1966) 278.
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tris(8-oxyquinolinate) only one of the nitrogen atoms can be quaternized by methyl iodide,
suggesting the structure in Fig. 7 (c) in which lead is six-coordinate106,

C H,

©

F16. 7. (a) Triphenyl-lead 8-oxyquinolinate in ethanol solution. (b) Triphenyl-lead 8-oxyquino-
linate in benzene solution. (¢) Monophenyltris(8-oxyquinolinate). (ON represents the oxygen
and nitrogen coordination points in 8-oxyquinolinate.)

Carboxylates

The best-known carboxylate of lead(II) is lead(II) acetate, (CH;COO),Pb.3H,0 (sugar
of lead), made by dissolving lead(II) oxide in acetic acid. The salt is very soluble in water
(1 g dissolves in about 1-6 ml of cold water or 0-5 ml of boiling water). Solutions are only
partly ionized107, which accounts for the strong solvent effect of acetates upon lead com-
pounds. (Aqueous solutions of lead(1l) acetate freely dissolve lead(II) oxide.)

Pb2++CH3CO0~ - CH3;COOPb+ Ky = 145
Pb2+ 4 2CH;3;CO0~ —~ (CH3CO0),Pb K, = 810
Pb2++3CH3;COO- — (CH3COO);Pb- K3 = 2950

Lead acetate solutions absorb carbon dioxide from the air and precipitate insoluble car-
bonates.

Many other lead(I) carboxylates are known such as formate, propionate, butyrate,
stearate, oxalate, tartrate, etc., many of which find industrial uses as lubricant additives,
varnish driers, silk weighing, etc.108,

106 F, Huber and H. J. Haupt, Z. Naturforsch. 21b (1966) 808.
107 E, A. Burns and D. N. Hume, J. Am. Chem. Soc. 78 (1956) 3958,
108 The Merck Index, 8th ed., Merck Sharpe and Dohm, Rahaway, New Jersey.
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Lead(IV) acetate is best made by the action of glacial acetic acid upon Pb3O,. The
colourless crystals are very sensitive to moisture, hydrolysing to lead(IV) oxide and acetic
acid109; 110,

It is very extensively used as a selective oxidizing agent in organic chemistry.

Other lead(I'V) carboxylates such as propionate, butyrate and stearate are known.

Organolead(IV) carboxylates of general formulae R3PbO,CR’, R,Pb(O,CR’), and
RPb(O,CR")3 are known. The equations below indicate some of the syntheses avail-
ablel11-115,

R4Pb+R’COOH > R3PbO,CR’
(C2H5)4Pb+ (CH3CO0)4Pb — (C;Hs)3:PbO,CCH3
(C2H;5)6Pbs + (C¢HsCOO0); — (C>H;);PbO2,CCeHs
R3;PbX +R’COOAg — R3PbO,CR’
R3;PbOH+R'COOH —~ R3PbO,CR’
R2PbO+R'COOH — R;Pb(02CR)2
R2PbX,+R'COOAg — R,Pb(0,CR")2
R,Pb(0,CR’),+ Hg(0:CR"), - RPb(0,CR)3
(CH3;C0O0)4Pb+R;Hg -~ RPb(0,CCH3)s3
RPbO,H+R’'COOH — RPb(0O,CR’)3

Very many organolead carboxylates have been investigated for potential commercial
uses. Little structural information is available for these compounds, but the trimethyl-lead
carboxylates are believed to be coordination polymers116, 117 in which planar trimethyl-lead
ions are joined by carboxylate groups as in Fig. 8, producing five-coordinate lead.

TH, | CH, CH, CH,
. \/ | ‘
0---—- Pb---~- o/ Noo [l’h ----- \ /o ----- P<—-—-— /
CH, CH, CH, |C Cé», CH,
R

FIG: 8. Polymeric trimethyl-lead carboxylates.

Organolead peroxides of type R3PbOOR and R3PbOOPbR; exist and are reasonably
stable!18: 119 but the peroxycarboxylates R;PbO3;CR are very unstable and are not well
characterized120,

109 M. Baudler, in Handbook of Preparative Chemistry, 2nd ed., Vol. 1, p. 767, ed. G. Brauer, Academic
Press, New York (1963).

110 H. Mendel, Rec. trav. Chim. 59 (1940) 720.

111 H, Gilman, S. M. Spatz and M. J. Kobbezen, J. Org. Chem. 18 (1953) 1341.

12 B, C, Saunders and G. J. Stacey, J. Chem. Soc. (1949) 919.

113 R, Heap and B. C. Saunders, J. Chem. Soc. (1949) 2983,

114 M, M. Koton, Zhur. Obshchei. Khim. 11 (1941) 376,

115 K., A. Kocheshkov and E. M. Panov, Izv. Akad. Nauk SSSR (1955) 711.

116 R, Okawara and H. Sato, J. Inorg. Nuclear Chem. 16 (1961) 204,

117 M. J. Janssen, J. G. A. Luijten, G. J. M. van der Kerk, Rec. trav. Chim. 82 (1963) 90.

118 A, Rieche and J. Dahlmann, Ann. Chem. Liebigs, 675 (1964) 19.

119 Yu, A. Aleksandrov and T. G. Brilkina, Dokl. Akad. Nauk SSSR, 129 (1959) 321.

120 Y, A, Shushnov and T. G. Brilkina, Dokl. Akad. Nauk SSSR, 141 (1961) 1391,
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25. LEAD SALTS OF INORGANIC ACIDS

Sulphates, Selenates, Fluorosulphonates and Chlorosulphonates

Lead(II) sulphate is precipitated from lead(II) solutions by sulphate ions, and is one of
the popular gravimetric precipitates for lead. Its increased solubility in concentrated sul-
phuric acid suggests formation of sulphato or bisulphato complexes of lead(II). Lead selenate
is precipitated similarly from Pb++ and SeO ~ mixing.

Lead(IV) sulphate may be prepared by a number of methods. Concentrated sulphuric
acid on either lead(IV) fluoride12! or lead(IV) acetate!22 produces Pb(SO4);; and electrolysis
of strong sulphuric acid with lead electrodes gives Pb(SO4), under carefully controlled
conditions123. Pb(SOy); is stable in dry air, but is hydrolysed to PbO, by moisture123

If an acid solution of Pb(SOy); is treated with alkali sulphate, salts such as K,Pb(SO,)s
are obtained. No structural data are available for these salts, but they are likely to contain
the [PbIV(SO4)3]2 — anion 124,

Lead(IV) acetate dissolves in concentrated sulphuric acid!25 to form hexa(hydrogen-
sulphato)plumbic acid H,Pb(HSO,)s, and the ions [HPb(HSO4)s]~ and [Pb{HSO4)s]2".
Lead(IV) acetate is also soluble in selenic, fluorosulphuric and chlorosulphuric acids, giving
yellow solutions which may contain H,Pb(HSeO4)s, H2Pb(FSO3)s and H,Pb(CISO3)s
respectively.

The organometallic sulphates of lead(IV) are stable crystalline compounds made by the
action of sulphuric acid upon the requisite organometallic oxide or hydroxide.

Nitrates

Lead(II) nitrate is normally made by the action of nitric acid upon lead metal or lead(IT)
oxide. It is freely soluble in water, but contrary to the behaviour of most nitrates, it is incom-
pletely dissociated in solution!26.127, The PbNO7 cation has a formation constant of 15-1
at infinite dilution at 25°C.

Pb2++ NOj - PbNO3 X =151

The formation constant of the reaction at ionic strength 2-0 is approximately 2-6.

A number of basic nitrates of lead are known, and are discussed in the hydroxy section
above.

Efforts to prepare lead(IV) nitrate or hexanitrato complexes of lead(IV) have, to date,
been unsuccessful128. The organometallic nitrates of lead(I1V) are, however, well known and
crystalline specimens of such nitrates as (C;Hs);PbNO3, (CH;3);:PbNO;, (CsHs)sPbNO;,
(C2H5)2Pb(NO3)2, (C6H5)2Pb(N03)2.2H20 and (p-CH3 . C6H4)2Pb(NO3)2 . 3H20 can be
prepared by a variety of reactions.

(CsHs)4Pb+ HNO; — (C¢Hjs)2Pb(NO3);.2H,0
(C2Hs)4Pb+HNO; — (C,Hs),Pb(NO3),
(C12H25)3PbCl+ AgNO; — (Cy2H;5);PbNO;
(CsHs)4Pb + Cu(NO3),; — (C6Hs):PbNO3

121 B, Brauner, Z. anorg. Chem.7 (1894) 11.

122 A, Hutchinson and W. Pollard, J. Chem. Soc. 69 (1896) 221.

123 K. Elbs and F. Fischer, Z. Electrochem. T (1901) 343.

124 R, J. Gillespie, R. Kapoor and E. A. Robinson, Canad. J. Chem. 44 (1966) 1197.

125 R. J. Gillespie and E. A. Robinson, Proc. Chem. Soc. (1957) 145.

126 G, H. Nancollas, J. Chem. Soc. (1955) 1458.

127 H. M. Hershenson, M. E. Smith and D. N. Hume, J. Am. Chem. Soc. 75 (1953) 507.
128 K, W, Bagnall, D. Brown and J. G. H. Du Preez, J. Chem. Soc. (1964) 5523.
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The Raman spectrum of an aqueous solution of dimethyl-lead dinitrate suggests that the
dimethyl-lead cation has undissociated nitrate ion as well as water in its coordination
sphere!29,

The action of N2O4 on lead tetra-alkyls produces the compounds formulated as
[R4Pb(NO);](NO3),, in which the octahedral complex ion [R4Pb(NO), ]2+ is believed present.
Although the stoichiometry of this series of compounds is well established, the structural
formulation seems very dubious!3e,

Oxyhalogen Salts

Lead(II) chlorite, chlorate, bromate, iodate and perchlorate are the known oxyhalogen
salts of lead. Pb(ClQ,); is made by the action of Ba(ClO;), solution upon lead nitrate solu-
tion131, The yellow crystals have a pseudotetragonal cell (¢ = 414 A, c/a = 1-51)132,

Lead(Il) chlorite decomposes upon heating to a mixture of lead(Il) chloride and lead(II)
perchlorate, or alternatively to oxygen and lead(II) chloride depending upon the rate and
intensity of heating.

Lead(II) chlorate is obtained as the hydrate Pb(ClO3), . H>O from the dissolution of lead
carbonate in aqueous chloric acid. The anhydrous chlorate is got by careful heating of the
hydrate at 110-150°, but at higher temperatures decomposition to lead(II) chloride, lead(IV)
oxide, chlorine and oxygen occurs, and the breakdown can be explosive.

Solutions of lead acetate and potassium bromate precipitate the less soluble lead bromate.
It is possible for the double salt Pb(BrQs),. Pb(OCOCH3); to be formed in this preparation,
and this double salt explodes violently at about 165°, or even at room temperature upon
percussion. Two fatal accidents have occurred by explosions of Pb(BrQ3), due to the double
salt impurity present, and lead(II) bromate prepared in this way should be treated with
extreme care!33. An alternative synthesis involves treatment of lead carbonate with bromic
acid to form Pb(BrO3),.H,0 134,

Lead iodate precipitates as the anhydrous salt from lead(II) solutions and alkali iodate
solutions. It is thermally more stable than the chlorate or bromate, and only decomposes at
250-300°.

The variation of the aqueous solubilities of lead(II) chlorate, bromate and iodate are
remarkable. 1 ml of water at 18°C will dissolve 4-4 g of Pb(ClOj3),, 1-3 x 10 -2 g of Pb(BrO3),
and 1-9 x 10-5 g of Pb(103)5.

Pb(ClO4),.3H20 (m.p. 84°) is made by the dissolution of lead carbonate in aqueous
perchloric acid135. The monohydrate m.p. 153-155° is also known.

Phosphites and Phosphates

The phosphate of lead(IV) formulated as Pb(H,PO4)4 was synthesized electrolytically
from lead electrodes and strong phosphoric acid136. It is formed as white crystals which are
stable in the air, and it behaves as a slow but fairly strong oxidizing agent, releasing iodine
from potassium iodide.

129 C, E, Freidline and R. S. Tobias, Inorg. Chem. 5 (1966) 354.
130 B. Hetnaiski and T. Urbanski, Tetrahedron, 19 (1963) 1319.
131 G, Lasegue, Bull, Soc. Chim. (France), 11 (1912) 884.

132 C. R. Levi and A. Scherillo, Z. Krist. 76 (1931) 431.

133 Victor, Z. angew. Chem. 40 (1927) 841; C.4. (1927) 3324.
134 C, F. Rammelsberg, Ann. Physik. Chem. 44 (1838) 566.

135 H. F. Roscoe, Ann. Chem. Liebigs, 121 (1862) 356.

136 K., Elbs and R. Nubling, Z. Electrochem. 9 (1903) 776.
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The corresponding monoacid phosphate of lead(IV), Pb(HPOs),, was made by the action
of phosphoric acid upon lead(IV) acetatel37.

Lead(II) hypophosphite Pb(H;PO,), was prepared by dissolution of lead(II) oxide138 or
lead carbonate!3? in hypophosphorous acid, or alternatively by metathesis between lead(II)
nitrate and calcium hypophosphate140, It is slightly soluble in cold water to give a feebly
acidic solution, but is much more soluble in hot water. On treatment of Pb(H,PO;), with
a strong solution of lead nitrate, it forms the nitrohypophosphite Pb(H,PO;)NOa, which
behaves as a detonant140,

The neutral hypophosphite PbP,0s has been characterized by its infrared spectrum!41
over the region 4000-650 cm~1.

The phosphite PbHPO3 may be obtained by the metathesis of lead nitrate or lead acetate
with alkalic phosphitel42, or alternatively by the partial neutralization of phosphorous acid
solution with lead carbonate!43, When PbHPO; is dissolved in a warm concentrated solution
of phosphorous acid the acid phosphite Pb(H;PO3), is obtained, and can be isolated as large
transparent crystals142,

Certain basic phosphites formulated as 2PbHPO;.2PbO.H,0, PbHPO,.2PbO. H,0
and PbHPO;.PbO.3H,O have also been reportedi39. 143,144  though the stoichio-
metries may be dubious. In addition, halogenophosphites and nitratophosphite
PbPO3F 145, PbHPO3PbC]2H20, PbHPO32PbBI’2H2O 146 and PbHPOng(NO3)2 are
claimed142.

Melts of phosphorus(V) oxide and lead(II) oxide containing less than about 659, molar
of lead(II) oxide form glasses, and are not discussed with the discrete phosphates of lead
outlined below.

Lead(II) metaphosphates formulated as dimetaphosphate Pb(PO3),, trimetaphosphate
1[Pb3(PO3)s.3H,0], tetrametaphosphate Pb2(PO3)s and hexametaphosphate Pb3;(POs)s
have been claimed. Preparations usually involve the action of alkali metaphosphate upon
soluble lead(Il) salts, but conditions appear to be critical for obtaining the right pro-
duct147,. 148,149 Fusion methods involving lead nitrate and phosphorus(V) oxide have also
been used!59,

The three orthophosphates of lead are well characterized, and have been extensively
studied.

PbHPO, exists in nature as the mineral monetite (density 5-66 g/cc), which is monoclinic
(@a=466A, b=2664A, c=577A, B =283, the unit cell containing two PbHPO,
unitstsi,

137 A, Hutchison and W, Pollard, J. Chem. Soc. 69 (1896) 212,

138 H. Rose, Ann. Physik. Chem, 12 (1828) 288.

139 M. W. Lotz, Ann. Chim. Phys. [3]43 (1865) 250.

140 E, von Herz, Chem, Zentr. (1919) 271.

141 D, E. C. Corbridge and E. J. Lowe, J. Chem. Soc. (1954) 493.
142 1., Amat, Ann. Chim. Phys. [6] 24 (1891) 315.

143 H. Rose, Ann. Physik. Chem. 9 (1827) 42 and 221.

144 ., M, Kebrich, U.S. Patent 2,483,469 (1949); C.A4. 44 (1950) 2256.
145 D, E. C. Corbridge and E. J. Lowe, J. Chem. Soc. (1954) 4555.
146 R, Weinland and F. Paul, Z, anorg. Chem. 129 (1923) 243,

147 T, Fleitmann, Ann. Physik. Chem. 78 (1849) 253,

148 G, Knorre, Z. anorg. Chem, 24 (1900) 369.

149 A Travers and Yu Kwong Chu, Compt. Rend. 198 (1934) 2169.
150 F, Warschauer, Z. anorg. Chem. 36 (1903) 137.

151 E. Bengtsson, Arkiv. Kemi, Min. Geol. 15B (1941) No. 7.
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PbHPQ, is only slightly soluble in water, and disproportionates to the phosphate
Pb3(POy), and phosphoric acid on boiling in water. PbHPOj is transformed to the pyro-
phosphate Pb,P,0O7 on heating. The decomposition starts at about 195° and probably pro-
ceeds via the tetrametaphosphate of lead.

PbHPO,4 may be synthesized from lead nitrate and phosphoric acid in the right con-
ditions?52,

Phosphoric acid dissolves PbHPO4 to form Pb(H,PO4); 152. This lead diacid phosphate
is stable in the air but decomposed by water. A number of compounds of the type
Pb(HRPOy,),, where R is CH3, C;Hs, C3Hj, etc., are also known153,

Lead orthophosphate Pb3(POs); may be prepared in a number of ways. Pb3(POy), is
the product of the neutralization of PbHPO4 with ammonial54, and lead(II) chloride and
NayHPO, give Pby(POy)2 155. The solubility of lead orthophosphate in water is 1-:35 x 10~4
g/1. at 20°. Pb3(POys); is dimorphic!56 with a transition point at 782°, and it melts at 1104°.

Various apatites of lead are known!56-160 with the general stoichiometry
3[Pb3(POy).]. PbX; where X = F, Cl, Br, I and OH. These apatites of lead form a homo-
geneous crystallographic group in the same way as the better-known apatites of calcium.
The chloroapatite 3[Pb3(PO4).]. PbCl; occurs in nature as the mineral pyromorphite
(density 7-01 g/cc, dielectric constant 47-5at A = 75 cm).

A mixed hydroxyapatite of calcium and lead CasPBs(PO4)s(OH), (density 5-39 g/cc) is
hexagonal witha = 9-62 A and ¢ = 7-08 A161,

Many arsenites and arsenates comparable to the above phosphites and phosphates have
been characterized!62.

Carbonates

Lead carbonate PbCOj3 occurs in nature as the mineral cerusite. It may be prepared by
the action of alkali carbonate upon a solution of lead acetate or nitrate, but the preparation
must be kept cold in order to avoid formation of the basic carbonate. Another method of
preparation of the neutral carbonate involves shaking a cold solution of sodium carbonate
with a suspension of a salt of lead which has a low solubility, but which is not as insoluble
as lead carbonate itself163, Chloride, bromide and sulphate have been utilized in this context.

PbCOj; as cerusite is orthorhombic and is isomorphous with aragonite CaCQ3, stron-
tianite SrCO; and witherite BaCO;.PbCO; has a density 6-58 g/cc and a unit cell
a=5195A,b=8436Aandc = 6152 Al64,

Lead carbonate appears to undergo slight decomposition on exposure to strong light and
is decomposed to carbon dioxide and lead(II) oxide on heating; thus at 184°, for example, it

152 H. Alders and A. Stahler, Chem. Ber. 42 (1909) 2261.

153 J, Cavalier and E. Prost, Bull. Soc. Chim. [3] 23 (1900) 678.

154 3. J, Berzelius, Ann. Chim. Phys. 2 (1816) 258.

155 I, T. Fairhall, J. Am. Chem. Soc. 46 (1924) 1593,

156 A, Ferrari, Gazz. chim. Ital. 70 (1940) 457.

157 M. Amadori, Gazz. chim. Ital. 49 (1919) 38.

158 A, Ditte, Compt. Rend. 96 (1883) 846.

159 H., St. Claire Deville and H. Caron, Ann. Chim. Phys. 67 (1863) 451,

160 R, Klement, Z. anorg. Chem. 237 ¢1938) 161.

161 M. Muller, Helv. chim. Acta, 30 (1947) 2069.

162 Nouveau Itraité de chimie minérale, Vol. VIII, Part 3, pp. 740 et seq., ed. P. Pascal, Masson et Cie,
Paris (1963).

163 W, Herz, Z. anorg. Chem. 72 (1911) 106,

164 H, E. Swanson and R. K. Fuyat, National Bureau of Standards U.S.A. Circular, No. 539, Vol. 2 (1953).
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has a dissociation pressure of 10 mm of mercury165. Decomposition starts at about 130° and
is complete at about 470° 166,

PbCO; has a solubility product in pure water of 3-3x10-14, but the solubility is
much increased by the presence of carbon dioxide in the water, even in quite small
amounts!67,

The halogenocarbonates PbCl,.PbCO3; and PbBr;. PbCOj; are isomorphous68. 169, but
the corresponding iodide could not be made. The chlorocarbonate PbCl,.PbCOj; is present
in nature as the mineral phosgenite, and can be made by the action of phosgene upon lead
hydroxide or by the action of carbon dioxide upon a solution of lead chloride. Natural and
synthetic phosgenite have been shown to have identical crystal structures.

In the thermal decomposition of lead carbonate it is believed that the basic carbonates
PbO.PbCOs, 2PbO.PbCO; and 3PbO.SPbCO; are formed as intermediates166. 170, but the
very well-characterized basic carbonate is the hydroxycarbonate Pb(OH),.2PbCOs, the
mineral hydrocerusite. The basic carbonate Pb(OH),.2PbCOj; can be made by the action of
urea and water upon basic lead acetate. In a sealed tube at 130° the urea is converted to
ammonium carbonate, which precipitates Pb(OH),.2PbCO; as fine hexagonal crystals171,
The hydroxycarbonate 3PbCOj3.2Pb(OH); has been characterized by X-ray crystallography,
and is made by passing air into an alkaline solution of lead acetate172.

2.6. CHALCOGEN COMPOUNDS

Sulphides

Lead(Il) sulphide crystallizes in a perfect NaCl structurel73 with Pb-S distance 2:97 A,
and is the only binary sulphide of lead. It is found in nature as large regular crystals of
galena. It has a grey-blue metallic character and density about 7-6. It is best synthesized in a
crystalline form by the action of thiourea upon sodium plumbite solution174.

PbS is a p-type semiconductor when sulphur rich and an n-type semiconductor when lead
rich. A conductivity of 1-3x 104 Q-1 cm~1 is found for stoichiometric PbS 175, Crystalline
PbS is a remarkable radio detector, and was widely used in early crystal radio
receivers.

Lead sulphide sublimes unchanged!76 and has a vapour pressure of about 20 mm of
mercury at 1000°C, and boils at about 1200°C. It is exceedingly insoluble in water (solu-
bility product about 8 x 10-28 at 25°C)177, but it is attacked by strong acids.

Very many organolead compounds containing covalent lead—sulphur bonds are known

165 A, Colson, Compt. Rend. 140 (1905) 865.

166 A, Nicol, Compt. Rend. 226 (1948) 670.

167 W, Bottger, Z. physik. Chem. 46 (1903) 521.

168 L, G, Sillen and R. Petterson, Naturwiss. 32 (1944) 41; Arkiv. Kemi, Min. Geol. 21A (1946) No. 13.
169 1, Oftedal, Norsk. Geol. Tidsskr. 24 (1945) 79,

170 G, A. Collins and A. G. Swan, Canad. Min. Met. Bull. 508 (1954) 533 ; C.A. 48 (1954) 12620f.
171 L, Bourgeois, Compt. Rend. 106 (1888) 1641.

172 H. Mauch and A. Brunhold, Helv. Chim. Acta, 40 (1957) 86.

173 B. Wasserstein, Am. Mineral, 36 (1951) 102; C.A. 47 (1953) 6824.

174 J, Emerson-Reynolds, J. Chem. Soc. 45 (1884) 162.

175 H. Hinterberger, Z. Physik. 119 (1942) 1.

176 R, Schenk and A. Albers, Z. anorg. Chem. 105 (1919) 164.

177 J, R. Goates, M. B. Gordon and N. D. Faux, J. Am. Chem. Soc. 74 (1952) 835.
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with general formulae R3PbSR’, R,Pb(SR’),, R3PbSPbR3, etc., in which lead(IV) is present.
Some synthetic routes to these types are outlined below178,

(C2Hs);PbOH + (NH2),CS — (C;Hs);PbSPb(C2Hs)s
R3PbOH+R’SH — R3PbSR’

(C2Hs)4Pb+ S — (C,Hs)sPbSPb(CoHs)s

(C6H5)3PbSLi + (C6H5)3SnCl —> (C6H5)3PbSSn(C6H5)3

In addition to these linear compounds, the heterocyclic ring (C¢Hs),PbSCH,CH,S
contains lead—sulphur bonds.

All these sulphur derivatives of lead(IV) are considerably less stable than the corre-
sponding compounds of tin, germanium and silicon178,

Lead, however, is unique in Group I'VB in forming stable lead(II) thiolates. These are
formed instantly as yellow crystalline precipitates by the direct action of thiols upon solu-
tions of lead(II) salts. These lead mercaptides form yellow crystals with sharp melting points
which are soluble in many organic solvents!79, Whilst no structural data are available, these
compounds appear to be covalent thiolates of lead(IT).

Lead(IT) mercaptides have been widely used as intermediates.

(CH;S)2Pb + CH3COCI - CH3COSCH;
(RS)2Pb+BrCH,CH>COONa - RSCH,CH,COONa

They are oxidized in the air or by iodine to produce the corresponding disulphides, but

nitric acid produces the corresponding sulphonic acid.
(RS);Pb+ O — R3S,+PbO
(RS);Pb+1I2 - RS2+ Pbl,

At about 200° the lead(I1) mercaptides disproportionate to the organic sulphide and lead
sulphidel79,

(RS),Pb — RS+ PbS
Selenides

Thermal and X-ray analysis, and other physical methods have shown that PbSe is the
only compound formed in the lead-selenium system180, PbSe is a lead-grey compound,
m.p. 1065°, with a cubic NaCl lattice (@ = 612 to 6-15 A from various determinations).
PbSe occurs in nature as the mineral clausthalite, which is isomorphous with galena. Lead
selenide is synthesized by the interaction of stoichiometric quantities of the elements at
1200-1250°, with subsequent annealing in argon at 800° 181. It can also be made by the action
of hydrogen selenide upon lead salts, but some free selenium is liberated during the reaction.
Lead selenide is precipitated from a solution of lead acetate and selenourea in the presence
of hydrazine. Purification of PbSe can be carried out by vacuum distillation at 10-6 mm Hg,
or alternatively by zone refining. When PbSe crystals are grown from a melt containing a
small excess of selenium or lead, the semiconductor (§x 10-2 to §x 10-3 ohm cm) single
crystals will have respectively hole or electron conductivity180,

Films of lead selenide up to 1000 A thick are completely oxidized to PbSeO; in air at
350° after 10 min; bulk samples oxidize more slowly. The photoconductivity of lead selenide
is sensitive to the content of oxygen and other elements in the deposited film180, Photo-
sensitivity is in the range 310 y, and increases with reduction of temperature182,

178 E, W. Abel and D. A. Armitage, Adv. Organometallic Chem. 5 (1967) 1.

179 E, E. Reid, Organic Chemistry of Bivalent Sulphur, Vol. 1, p. 151, Chemical Publ. Co., New York
(1958).

180 D. M. Chizhikov and V. P. Shchastlivyi, Selenium and Selenides, Collets Press, London (1968).

181 N, Kh. Abrikosov and E. 1. Elagina, Dokl. Akad. Nauk SSSR, 111 (1956) 353.

182 A, Roberts and J. Baines, Phys. Chem, Solids, 6 (1954) 184.



HALOGENO COMPOUNDS 135

Few organic lead-selenium compounds are known, but organolead selenolates such as
(CH3);PbSeR are known, as also are examples of the hexa-aryldilead selenides (R3Pb),Se 178.
The lithium salts (C¢Hs)sPbSeLi are formed in an interesting manner by the direct attack of
selenium upon the lithium triaryl-lead.

(CH;)3PbLi+ Se — (CgHis);PbSeLi

Telurides

PbTe is the sole telluride of lead and occurs in nature as the mineral altaite. It may be
synthesized by high-temperature reaction of stoichiometric quantities of the elements, or by
the action of tellurium powder on a boiling solution of lead salt.

PbTe melts at 860°. It behaves as a semiconductor of the »- and p-types depending upon
which component is present in slight excess. PbTe displays photoconductivity at low
temperatures!83.

The mixed telluride Pb,Sn;_,Te shows potential as a tuneable long-wavelength laser
under variable temperature and pressure184.

Organolead tellurides are very rare and appear to be currently restricted to
[(CsHs)3Pb),Te (m.p. 129°) and its lithium salt (C¢Hs)3PbTeLi 178,

2.7. HALOGENO COMPOUNDS

Lead(II) Halides

Lead(II) fluoride is obtained as a white crystalline powder by dissolving lead carbonate
in hydrofluoric acid and decomposing the hydrofluoride formed by rapid melting. Alterna-
tively it is prepared from lead metal and anhydrous hydrofluoric acid at 160° under auto-
genous pressure.

Lead(IT) fluoride is dimorphic, the low-temperature rhombic PbF; form having the PbCl,
structure and the high-temperature (above 316°C) form having the cubic fluorite structure!8s.

Lead(IT) chloride, bromide and iodide are all prepared by addition of the requisite
halide to solutions of lead(II) ion. Lead(II) chloride and bromide are white like the fluoride,
and lead(II) iodide forms bright yellow very characteristic hexagonal plates. The solubilities
of the lead(II) halides in water increase markedly on heating.

In crystalline PbCl, and PbBr; each lead atom is coordinated by nine halide ions, six of
which lie at the apices of a trigonal prism, with the remaining three beyond the centres of the
three prism faces. Pbl; has the Cdl; layer structure?86,

Electron diffraction measurements of the vapours of PbCl,, PbBr; and Pbl, show them
as angular molecules, with bond lengths shown in Table 7. Some doubt, however, has been
cast upon the existence of PbX» molecules in the vapour state187.

Freezing point curves and conductimetric studies of mixtures of lead(II) halides show
the existence of a variety of mixed halides such as PbFCl, PbFBr, PbFI, PbCl,.4PbF; and
PbBr,.4PbF..

183 E, Schwartz, Nature, 162 (1948) 614.

184 J, O, Dimmack, I. Melngailis and A. J. Strausse, Phys. Rev. Letters, 16 (1966) 1193,

185 A, Bystrom, Arkiv. Kemi, 24A (1947) No. 33.

186 A F. Wells, Structural Inorganic Chemistry, 3rd ed., p. 902, Oxford University Press (1962).
187 P, A, Akisin, V. P. Spiridonov and A. N. Khodankov, Zhur, Fiz. Khim. SSSR, 32 (1958) 1679.
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Lead(II) chlorofluoride is sparingly soluble in water, and is the precipitate deposited
when a lead salt is added to a solution containing both fluoride and chloride ions. This
precipitation of PbFCl is the basis of an important analytical method for the determination
of fluoride. PbBrF is also only very sparingly soluble in water.

PbFCI and PbFBr have a tetragonal complex layer structure.

Lead(IV) Halides

Only lead(IV) fluoride and chloride are known. The non-existence of lead(IV) bromide
and iodide can be put down to the reducing power of Br— and I~ or, stated alternatively, the
inability of bromine and iodine to oxidize lead(II).

Lead(IV) fluoride is obtained by the direct fluorination of lead(II) fluoride at about
300° 188, It is formed as white needles which are very sensitive to moisture, immediately
decolorizing due to the formation of brown PbO,. PbF, has a tetragonal cell (@ = 4:24 A and
¢ = 803 A).

Lead(IV) chloride is a clear yellow highly refracting liquid which fumes in moist air, and
under certain circumstances decomposes explosively to lead(II) chloride and chlorine. It is
best prepared by the action of concentrated sulphuric acid upon pyridinium hexachloro-
plumbate, and stored under pure concentrated sulphuric acid at —80° in the dark189,

Coordination Complexes of Lead Halides

An early report indicates!90 the following coordination complexes of lead(1V) chloride:
PbCl4(NH3)2; PbCl4(NH3)4, PbCl4(CH3NH2)4, PbCl4(C2H5NH2)4; PbCl4(C3H7NH2)4;
PbCl4y(CsHsNH»)3; PbCly(CsHsN),.

No structural information is available upon these complexes, but the L,PbCl, types are
likely to contain six-coordinate octahedral lead, and the L4PbCl, types may contain eight-
coordinate lead191.

The complex bis(thiourea) PbCl, is of some interest as a coordination complex of lead(IT)
chloride. Each lead atom is in a distorted trigonal prism environment of four sulphur atoms
(Pb-S = 3-02 A) and two chlorine atoms (Pb-Cl = 2-75 A). Lead may, however, be re-
garded as seven-coordinate rather than six-coordinate, as each lead atom also has a chlorine
near the centre of a lateral face of the trigonal prism (Pb-Cl = 3-22 A)192,

Halogenolead(IT) Ions

Solutions of lead(II) halides contain the PbX™* ion in addition to the Pb2*+ and X~ ions.
The thermodynamics of these ion dissociations have been investigated by conductimetric
methods193.

Pb2++X= - PbX*

X AGat 25° AH AS
kcal/mole keal/mole cal/deg/mole

Cl —2-18 4-38 220

Br —-2-02 2-88 18-4

188 H, von Wartemburg, Z. anorg. Chem. 244 (1940) 337,

189 W, Blitz and E. Meinecke, Z. anorg. Chem. 131 (1923) 1.

190 J, M. Mathews, J. Am, Chem, Soc. 20 (1898) 834.

191 E, L. Muetterties and C. M. Wright, Quart. Revs. (London), 21 (1967 157.
192 M, Nardelli and G. Fava, Acta Cryst. 12 (1959) 727.

193 G. H. Nancollas, J. Chem. Soc. (1955) 1458.
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Alkali fluorides and lead(II) fluoride form alkali fluoroplumbites. In the case of potassium
the compound formed is K4PbFs, but in the cases of rubidium and caesium the compounds
have stoichiometry MPbF; with perowskite structures194,

The solubilities of lead(II) chloride, bromide and iodide decrease at first in the presence
of halide ion, due to the common ion effect, but with further halide ions the solubility
rapidly increases with the formations of complex ions.

From aqueous crystallizations and phase studies on mixed salt systems, a quite remark-
able number of solid state stoichiometries have been obtained for the halogenoplumbites.
Representative of these are KPb,Cls, K,PbCls, CsPbCl;, RbPbCl;, KPbBr;, KPbl;,
CS4PbC16, K4PbF 6> K4PbC]6 and K4PbBr 6-

Spectroscopic measurements on PbCl,—Cl- solutions do not permit positive identifi-
cation of PbCl; and PbCI2-, but the limiting spectrum of PbCl, in 11 M hydrochloric acid
is believed due to PbCl¢~ in solution19s.

It is likely that the PbX3 ions are pyramidal like the corresponding SnX3 ions. The
pale yellow KPbl3.2H,0 is particularly well known, and is formed when warm aqueous
solutions of lead nitrate and potassium iodide are mixed. The complex is somewhat weak,
and renewed heating causes dissociation to potassium iodide and lead(IT) iodide. Anhydrous
white KPbl; is formed by storing the dihydrate over concentrated sulphuric acid, or by
dissolving KPbl3.2H;0 in acetone (in which it is quite soluble), and precipitating with ether.

Anhydrous KPbl; is curious, in that when reattacked by water it immediately forms
bright yellow lead(II) iodide rather than KPbI;.2H,0. This reaction is used for the detec-
tion of traces of water in gases or organic solvents. The stabilities of the halide complexes
of lead193.196 are in the order I~ > Br— > Cl- > F-; no fluoride complexes are detectable
in solution. It is believed that chlorine, bromine and iodine utilize d-orbitals for partial
double bonding to lead in these complex ions197.

In the salt NH4Pb,Brs the lead atom has two nearest bromine neighbours at 2-98 A,
two bromines at 3-16 A and four bromines at 3-35 A. It would appear to consist of discrete
NH} and Br~ ions along with PbBr, molecules. The Br-Pb-Br angle in the PbBr; units is
~85-5°, and the Pb-Br bond length at 2-98 A is about half-way between covalent and ionic
distances for Pb-Bri98,

The salts K4PbFs, K4PbCls and K4PbBrs are remarkable in having PbX$~ octahedral
anions!99,

Halogenolead(IV) Ions

The hexafluoroplumbates M,PbFg are prepared either by dissolution of alkali plumbate
in hydrofluoric acid, or by neutralizing an alkali metal carbonate with a solution of PbF4 in
hydrofluoric acid.

The salt K3HPbF3 has been prepared in a number of ways, such as adding lead tetra-
acetate to a solution of potassium fluoride in hydrofluoric acid, or by dissolving a fusion of
lead(IV) oxide and alkali in hydrofluoric acid. The well-defined crystals are made up of
K+, HF; and PbF ions200.

194 O, Schmitz-Dumont and G. Bergerhoff, Z. anorg. Chem. 283 (1956) 314.

195 G, P. Haight and J. R. Peterson, Inorg. Chem. 4 (1965) 1073.

196 R. E. Connick and A. D. Paul, J. Am. Chem. Soc. 80 (1958) 2069.

197 8, Ahrland, Acta Chem. Scand. 10 (1956) 723.

198 H. M. Powell and H. S. Tasker, J. Chem. Soc. (1937) 119.

199 G. Bergerhoff and O. Schmitz-Dumont, Z. anorg. Chem. 284 (1956) 10.
200 M. F. A. Dove, J. Chem. Soc. (1959) 3722.
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The alkaline earth salts MPbFs present an interesting series of structural changes.
CaPbF; contains no discrete complex ions, but consists of a superstructure of the ReOj;
type20l, SrPbFg contains linear polymeric complex ions of the type (PbFs):—! along with F-
ions, and BaPbFg has discrete PbF2~ ions. The alkaline earth fluoroplumbates were made
by the direct fluorination of the plumbates MPbO3.

The hexachloroplumbate salts M,PbClg represent a convenient and stable source of
lead(IV). A solution of H,PbClg is easily produced by the action of chlorine upon a fine
suspension of lead(II) chloride in concentrated hydrochloric acid. Subsequent addition of
solutions of either ammonium or potassium chloride produces the corresponding M,PbClg
salt as lemon yellow crystals. The alkali hexachloroplumbates are isomorphous with the
hexachlorostannates.

Organolead Halides

Compared with the other Group IVB organometallic halides, knowledge of organolead
halides is somewhat sparse24, 25. 26, 202_ The types R3PbX and R,PbX are well characterized,
but compounds of formula RPbXj are practically unknown.

The usual method for the preparation of organolead halides is by the action of hydrogen
halides upon tetra-organoleads. Initial reaction involves fission of one carbon-lead bond,
with loss of a further alkyl/aryl group under more vigorous conditions.

R4Pb+HX — R3PbX+RH
RiPbX+HX — RPbX,+RH

The trialkyl- and triaryl-lead halides R3PbX in which X is chlorine, bromine, or iodine
have all been prepared in this way at low temperature in a solvent. At higher temperatures
the principal product is the di-alkyl- or di-aryl-lead halide.

Halogenation by metal and other halides, and by the halogens themselves, has proved
to be useful synthetic routes from the tetra-organoleads to the organolead halides in various
special cases203, 204,

(CsHs)4Pb+ 2A1CIH — (CeHs)2PbClz +2CcHsAIC,
R4Pb+SOCl, - R3PbCI+RSOCI (R = alkyl)
Ar4Pb+SOCIl; - Ar,PbCl,+ Ar;SO

Although at first appearing an unattractive route, the fission by halogens of the lead-lead
bond in hexa-alkyl-dileads is in fact an economic route to the trialkyl-lead halides202,
This is a result of the formation of the hexa-alkyl dileads as cheap by-products of the com-
mercial synthesis of the antiknock tetra-alkyl-leads.

R3Pb.PbR;3+X; — 2R3PbX (R = alkyl, X = CI, BrandI)

The attractive proportionation reaction between tetra-organotins and tin(IV) tetrahalides
for the preparation of organotin halides is of little use in organolead chemistry, as the low
thermal stability of organolead halides and the lead(IV) halides does not allow the tempera-
ture range of these proportionations to be reached, except in a few special cases205,

201 R, Hoppe and K. Blinne, Z. anorg. Chem. 293 (1958) 251.

202 I, Ruidisch, H. Schmidbauer and H. Schumann, Halogen Chemistry, Vol. 2, p. 269, ed. V. Gutmann,
Academic Press (1967).

203 M. Geilen, J. Nasielski, J. E. Dubois and P. Fresnet, Bull. Soc. Chim. Belg. 73 (1964) 293,

204 R, Gelius, Z. anorg. Chem. 334 (1964) 72.

205 P, R. Austin, J, Am. Chem. Soc. 54 (1932) 3287.
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One of the more important synthetic methods for the preparation of the organometallic
halides of silicon, germanium, and tin is the *“direct’” reaction between organic halide and
metal. All efforts to use this approach for the preparation of the organolead halides have
been entirely unsuccessful.

Table 10 contains examples of some representative organolead halides. The fluorides are
best prepared by the action of alkali fluorides upon organolead halides, or hydrogen
fluoride upon alkyl-lead hydroxides20s,

(CsHs);PbBr+ KF — (CgHs);PbF 4 KBr
(CH3);PbOH + HF — (CH3);PbF + H,0

The sole examples of the halides RPbX; reported to date are obtained by partial alkyla-
tion of CsPbCl; with alkyl halide207.

TABLE 10. SOME REPRESENTATIVE ORGANOLEAD HALIDES

Compound M.p., °C Compound M.p., °C
(CH3);PbF 305 decomp. (CH3),PbCl; 155
(CH3)3PbC1 190 decomp. (CaHs)szBI’z —
(CHj3);PbBr 133 decomp. (CeHs),Pbl, 103
(C,Hj5)3Pbl 20 (CsHs)2(CoH5)PbCH 147
(CH,=CH);PbCl 119 (CsH5s)2(CH3)PbBr 118

Definitive structural information on the organolead halides is extremely sparse, and
structural determinations would be desirable. Most organolead halides have low solubilities
in non-polar organic solvents, but dissolve more readily in strongly polar solvating solvents.
The fluorides behave as ionic salts, but early suggestions that other organolead halides are
also largely ionic have not been borne out. Thus trimethyl-lead chloride and tri-ethyl-lead
chloride are non-conducting in tetramethylene sulphoxide208,

Infrared data on the halides (CH3)3;PbX suggest a chain-like constitution involving halo-
gen bridges between lead atoms299.

An X-ray crystal structure determination of diphenyl-lead dichloride showed it to have a
linear polymeric structure as shown in Fig. 9. There is an octahedral coordination about
each lead atom, and all the chlorine atoms are bridging in character2!10,

CoHs CH, Gl a CH “
/I\CI/I\CI/I\CI/I\CL/

C,H; CeHs CgH; CeH;

F1G. 9. Structure of (C¢Hs)2PbCl; in the crystal.

206 E, Krause and O. Schlotting, Chem. Ber. 58 (1925) 427.

207 M. Lesbre, Compt. Rend. 200 (1935) 559; ibid, 210 (1940) 535.

208 N, A, Matwiyoff and R. S. Drago, Inorg. Chem. 3 (1964) 337.

209 E, Amberger and R. Honigschmidt-Grossich, Chem. Ber. 98 (1965) 3795.

210 V, Busetti, M. Mammi and A. Del Prz, Int. Union of Cryst., 6th Int, Cong. Rome, 1963, Abstract
A.73.
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The monohalides R3PbX have an unpleasant smeli, and the lower trialkyl-lead halides
are extremely sternutatory, and should be handled with care.

The organometallic halides are the starting point of most organometallic syntheses
involving lead, and the halogen atom or atoms may be replaced by a great variety of other
atoms and groups.

Borohydrides2!! and aluminohydrides2!2 react with organolead halides to form the
hydrides R3PbH and R,PbH;, but due to the very low thermal stability of the products,
such reactions must be carried out at very low temperatures.

(CH3)3PbBr+ KBH, - (CH3);PbH
(CH3)2PbCl, + LiAlH4 > (CH;3);PbH;

Metallation of the organolead halides by lithium, sodium or potassium yields the syn-
thetically useful metal tri-organoleads, whose exact nature is presently not fully understood.

Under suitable conditions the action of sodium upon the organometallic lead halides
produces a Wurtz type of reaction and the formation of the hexa-organodileads. The
tri-organolead chlorides are reduced to the hexa-organodileads by aluminium in dilute
potassium hydroxide solution213,

In addition to the reactions involving the fission of the lead-halogen bond, the organo-
lead halides undergo coordination reactions in which they remain intact, but undergo
changes of stereochemistry due to the incoming ligand. (CH3);PbCl and (C,Hs)3PbCl both
form 1:1 complexes with tetramethylene sulphoxide, dimethylacetamide and dimethyl-
formamide, in which the oxygen atoms bond to lead to give a trigonal bipyramidal structure
with a planar tri-alkyl lead unit208,

Diphenyl-lead dichloride complexes with such ligands as pyridine (1-2), dimethylsul-
phoxide (1:2), 1,1'-dipyridyl (1: 1), and ortho-phenanthroline (1: 1) to produce octahedral
complexes2i4 as illustrated in Fig. 10.

CeHjs ' AN
N~ C:Hs ()
/ o ‘ Cl
C(,Hg Pb N\ C.H—— pbé(_‘}
/ a”
Cl
Cl
Cl
() (b)

Fig. 10. Six-coordinate lead in organolead complexes. (a) (C¢Hs).PbCl,.dipy. and
(b) [(C;H5):PbClyJ2-.

Both tri-organolead halides and di-organolead dihalides complex with halide ions to
produce trigonal bipyramidal and octahedral complex anions such as [(CsHs)3PbCl]-,
[(C2H5)3PbCl3]2-, [(C2Hs)3PbClz]~ and [(C2Hs),PbCl4]2-.

211 R, Duffand A. K. Holliday, J. Chem. Soc. (1961) 1679.

212 W, E. Becker and S. E. Cook, J. Am. Chem. Soc. 82 (1960) 6264.

213 G. A. Ruzuvaev, M. S. Fedotov, T. N. Zaichenko and K. Vuiskaya, Sb. Stat. Obshchei. Khim. 2
(1953) 1514.

214 K. Hills and M. C. Henry, J. Organometallic Chem. 3 (1965) 159.
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2.8. PSEUDOHALIDES
Thiocyanates and Selenocyanates

Lead(Il) thiocyanate is precipitated from lead(II) solutions by potassium thiocyanate
solution; a very pure form is obtained from lead nitrate. It is light-sensitive, and it decom-
poses at about 190°C215,

Lead(Il) thiocyanate has a structure of particular interest. Each lead atom is eight-
coordinate with two pairs of sulphur atoms (at 3-05 and 3-14 A) and two pairs of nitrogen
atoms (at 2-70 and 2-72 A), all from different thiocyanate ions. Further, all thiocyanate ions
are bridging, and each thiocyanate ion makes contact with four lead(II) ions—two at each
end. The thiocyanate ion is effectively linear with S—C 1-53 A and C-N 1-26 A21s,

Lead(IV) isothiocyanate has been reported from the action of the acid upon lead tetra-
acetate. Pb(NCS),4 undergoes very ready disproportionation to thiocyanogen and lead(II)
isothiocyanate, and has consequently been little investigated217.

The corresponding organometallic derivatives of lead(IV), R3PbNCS and R,Pb(NCS),,
are, however, much more stable and more extensively studied218-219, The isothiocyanato
linkage Pb-N=C==S is believed present in these complexes from spectroscopic evidence,
and a full assignment of the infrared spectrum of (CH;3);PbNCS has been made. In contrast,
however, the selenocyanate (C¢Hs);PbSeCN is believed to have the normal Pb-Se-C=N
attachment rather than the iso alternative220,

Isocyanates
Only organometallic isocyanates of lead(IV) R3PbNCO (R = CH; and C;Hs) are

knownz218,219,
(C2Hs);PbCl+KOCN — (C2Hs);PbNCO

These are believed to contain metal-nitrogen rather than metal-oxygen bonds218,
The triphenyl-lead fulminate (CsHs);PbCNO is reported to rearrange to the isocyanate
(CsHs)3sPbNCO at 174° 221,

Cyanides

Lead(I) cyanide has been little studied222.223, and although a compound has been
formulated as Pb(CN),, there is considerable doubt about its true nature. The action of
hydrocyanic acid upon lead(II) salts has been variously reported as producing Pb(CN), and

Pb(CN),PbO.
Organometallic cyanides of lead(IV), however, are well known!12, 224,225,

R;3PbCl+ KCN — R3PbCN
R3PbOH +HCN — R3PbCN
R3PbOH+NaCN — R3PbCN

(CsH5)3PbCN is reported stable up to 250°C.

215 R, Barbieri, G. Faraglia and M. Guistiniani, Ric. Sci. Rend. (A) 34 (1964) 109,
216 J, A, A. Mokiolu and J. C. Speakman, Chem. Comm. (1966) 25.

217 H, P. Kaufmann and E. Kogler, Chem. Ber. 59 (1926) 178.

218 J, S, Thayer and R. West, Adv. Organometallic Chem. 5 (1967) 169.

219 M. F. Lappert and H. Pyzora, Ady. Inorganic and Radio Chem. 9 (1966) 133.
220 E, E. Aynsley, N. N. Greenwood and M. J. Sprague, J. Chem. Soc. (1965) 2395.
221 W, Beck and E. Schuierer, Chem. Ber. 97 (1964) 3517,

222 N. M. Gupta, J. Soc. Chem. Ind. 39A (1920) 332,

223 S, Grundt, Compt. Rend. 185 (1927) 72.

224 H, H. Anderson, J. Am. Chem. Soc. 66 (1944) 934,

225 H. J. Emeléus and P. R. Evans, J. Chem. Soc. (1964) 510.
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Azides

Azides of lead are known for both Pb(II) and Pb(IV) states.

Lead(1V) azide was made by the action of hydrazoic acid upon Pb304. The red solution
of Pb(N3)4 fades rapidly and the product was not isolated, though nitrogen was evolved and
Pb(N3); was deposited.

Highly explosive red crystals were deposited by the action of (NH4),PbClg upon sodium
azide solution and, though not analysed, a lead(1V) complex azide was believed present?26,

The organometallic azides of lead(IV) are more stable and have been widely studied
The types R3PbN3 and R,Pb(N3;), are obtained by the action of hydrazoic acid upon
R;3;PbOH or R;PbO.

Triphenyl-lead azide melts without decomposition at 180° and is the least thermally
stable of the Group IV triphenylmetal azides; the products of decomposition are (CsHs)4Pb
and nitrogen?218,

Lead(II) azide is dimorphic. The slow diffusion of lead nitrate and sodium azide produces
a monoclinic(8) form (a = 5-:09 A, b = 8-84 A and ¢ = 17:51 A), whilst the a-form is
precipitated on mixing selutions of alkaline azides and lead(II) salts, and is orthorhombic
(@ =6:63A,b = 11-31 A and ¢ = 16-:24 A). The S-form is converted to the «-form by the
action of light, but may be preserved for years in the dark.

Both a- and f-forms of lead(II) azide are very sensitive to shock and to thermal decom-
position, but the activation energy for decomposition of the f-form is considerably lower
than that of the «-form, and at about 260°C the violence of detonation of the 8-form is about
twenty times greater than that of the a-form?227,

Lead(Il) azide has a very low solubility (solubility product at 20°C = 2-58 x 10-9), but is
decomposed by dilute nitric and dilute hydrofluoric acid.

Lead(II) azide is an extraordinarily treacherous compound, and should be handled with
great respect. Explosive decomposition is catalysed by small quantities of impurities.

Various basic azides such as PbNg.PbO and (PbNg)3(PbO)s have been characterized
by X-rays from suspensions of lead azides and oxides228,

29. METAL-METAL BONDS CONTAINING LEAD

Alkali Metal Derivatives

Alkali metal derivatives of the type R3PbM are most stable for R=aryl and M =lithium,
though many others are used in situ in reactions without being isolated24: 26,

NH,
R3Pb.PbR3+Na — R3PbNa

NH,
(CsHs)PbBry+Li —> (CsHs),PbLiy
PbCl+ LiR — R;3PbLi

NH,
R4Pb+ Na —> R3PbNa
No structural information is available for these compounds, but they are likely to have

some ionic character R3Pb—-M+3,

226 H, Moller, Z. anorg. Chem. 260 (1949) 249.
227 C, S. Garner and A. S. Gomm, J. Chem. Soc. (1931) 2123,
228 W, Feitknecht and M. Sahli, Helv. Chim. Acta, 37 (1954) 1423 and 1431,
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The alkali metal tri-organoleads have been widely utilized as synthetic intermediates and
their reactions are exemplified in the lithium organoleads.
(CsHs)sPbLi is completely hydrolysed by water to Pb, LiOH and CsHj.
Displacement of the alkali metal by reactions with halides have proved very extensive.
(C¢Hs)3PbLi+ Hy_nCCl, - {(CsHs)3Pb}.CHy_n n=1,23and 4
(C¢Hs),PbLis_,+ RX — (CsHs),PbRy_, n=2and3
(CsHs)sPbLi+ C,Clg — (CgHs)3PbCl+ LiC,Cls

Insertion reactions into the lithium-lead bond has realized a useful source of organolead
functional derivatives229.

(CsHs)3PbLi+ CH>CH,CH,0 - CsHsPbCH,CH,CH,OLi
(CsHs)3PbLi+ CH;CH,S — (CeHs);PbCHCH,SLI

[rrr—
(CsHs)3PbLi-+ CH,CH>NCOR — (C¢Hs);PbCH,CH,N(Li)COR
(CeHs)sPbLi+ X — (CsHs)3sPbXLi X =8, Se and Te

Compounds with Lead-Lead Bonds

In addition to the lead-lead bonded compounds discussed in detail below, there are many
compounds known in which lead and another Group IV metal are bonded together230,
(CsHs)3GeLi+ PbCly — [(C¢Hs):GelsPb
(C¢Hs)3PbLi+ GeCly — [(C¢Hs)3;PblaGe

As the least extensively catenating member of the Group IVB elements, the longest
sequence of lead is a chain of three atoms.
The hexa-alkyl and hexa-aryl dileads are very numerous and many synthetic approaches
are available231,
(CH3);PbCl + NH,Pb(CH3); - (CH3)3Pb.Pb(CH3);
(CsH3)sPbCl+ Na — (C¢Hs)3Pb.Pb(CsHs);

(CH3)3PbH i (CH3)3Pb . Pb(CH3)3 + Hz
(CH;3),CO+NaPb+H,S04 — {(CH3),CH};Pb.Pb{CH(CH3),;};
(CéHs)sPbLi+(CsHs)sPbCl — (CeHs)sPb. Pb(CeHs)s

(CgH11)3PbNa + Hg — (CeH11)3Pb. Pb(CsHj1)3
Ce¢HsMgBr+PbX; - (CsH;s)3Pb.Pb(CeHs)s

The reaction of Grignard reagents upon lead(II) halides is believed to involve initially the
formation of unstable lead(II) diaryls which polymerize and subsequently decompose to
hexa-aryldileads and lead metal.

CeH,MgBr + PbCl, —* (C(H,),Pb
CH, CH, CH, CH, CgH,

Pb Pb
CGHS C6H5

Pb——Pb— —= (C¢H,),PbPb(CeH,), + Pb
CBHS

H 5 C6 HS

229 |, C. Willemsens and G. J. M. van der Kerk, J. Organometallic Chem. 4(1965) 34.
230 I, C, Willemsens and G. J. M. van der Kerk, J. Organometallic Chem. 2 (1960) 260 et seq.
231 H, Gilman, W. H. Atwell and F. K. Cartledge, Adv. Organometallic Chem. 1 (1964) 90,

Cs
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In addition to the compounds containing just one lead-lead bond, there exists
[(CsH;5)3sPblsPb, which contains four lead-lead bonds and six different lead-lead-lead
sequences (Fig. 11). It is best made by the simultaneous hydrolysis and oxidation of tri-
phenylphembyl! lithium at low temperature230,

The bright red product may be recrystallized from chloroform, but decomposes over a
few days to hexaphenyldilead and lead.

i

Pb(CH),
PoCH),

(GH,),Pb

Fi1G. 11. Tetrakis (triphenyl-lead) lead.

All of the lead-lead bonds in [(CsHs)3;Pb]4Pb are broken by iodine to form (C¢Hs);Pbl
and Pbl,.

Despite early statements to the contrary, the hexa-aryldileads do not dissociate in
solution to radicals as do the hexa-arylethanes. An electron diffraction study of
(CH3)3Pb.Pb(CHj3)3 indicates a normal covalent structure, with Pb-Pb bond length
2:88 A232,

Lead-lead bonds undergo fission by a variety of agents, and some of the reactions are
believed to have complex mechanisms. Some of the overall reactions are represented below.

R4Pby+ HX — R3PbX+ PbX,+RH
RgPb;+ X7 — R3PX + R,PbX; +PbX,
RgPb,+ AlICl; -~ R4Pb+ PbX>+ RAIX,
R¢Pb; + AgNO3 — RiPbNO;3 +Ag
R¢Pb;+ KMnO4 - R3PbOPbLR;
RePbz+ C2HsONa - R3PbOC,;Hs+ Pb(OC;Hs)2
ResPbz+ RSSR — R3PbSR

Hexaphenyldilead disproportionates upon heating to tetraphenyl-lead and lead metal.

The well-characterized ions Pb}~ and Pby~ may be regarded as containing lead-lead
bonds. The structure of Pb}™ is tetrahedral and may be regarded as analogous to the P4
moiety233. It is suggested that the Pb3™ ion takes the shape of a tricapped trigonal prism,
with each lead atom virtually equidistant from the centre of the ion cluster234.

232 H. A, Skinner and L. E. Sutton, Trans. Faraday Soc. 36 (1940) 1209.
233 R, E. Marsh and D. P. Shoemaker, Acta Cryst. 6 (1953) 197.
234 D, Britton, Inorg. Chem. 3 (1964) 305,
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Lead-Transitional Metal Bonds
Whilst lead-transitional metal bonds have not been investigated to the same extent as the
cerresponding bonds of silicon, germanium and tin, there is a significant range of

examples235.
Organolead halides undergo metatheses with metal carbony! anions.

(C,Hs)3PbCi+ Fe(CO);~ - [(C2H5)3PbLFe(CO)4
(CsH5)2PbCl; + Co(CO); — (CsHs)2Pb[Co(CO)4)2
(C6Hs)3PbCl+ n-CsHsCr(CO)y; — (CgHs)3PbCr(CO)3(n-CsHs)

The lead-transitional metal bonds and sequences in these compounds are best illustrated

in Fig. 12.
The lead-transitional metal bonds undergo rapid fission with halogens.

o
¢ o CH, CH,
‘ C N Pb/
0C —Fe Pb(CH,), - N
o¢ I Co (COy, Co (CO),
Pb(C,Hy),
CH, CoH C,H, C.H;
\ 2 3
Pb /Pb
Fe(CO), Fe(CO),
Mn (CO); Mn (CO);
Pb
C,H, CH,
/H\\
o )
rlq Pb(CH,)|
CH;_ 7 ~_ o No _CH,
\C/ ~\Co-” N (l: - (C¢H,),Pb—Re(CO),
CH, —C AN C
3 \N” Py \\N/ ~CH,
I |
(o} 0

\\H/

FiG. 12. Some compounds containing lead-transitional metal bonds.

235 F. G. A. Stone, in New Pathways in Inorganic Chemistry, eds. E. A. V. Ebsworth, A. Maddock and
A. G. Sharpe, Cambridge University Press (1968).
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The lead-platinum bond has been quite extensively investigated236 and the preparation
and some reactions are illustrated in Fig. 13.

cis or trans{(Csz),P}thClz

CeH; CeHq
AN
P
(I:Hz \ _~Pb (CHy),
CHz Pt ~pb (CHys
4N
LiPb(C¢H,), C;H, C.H;
diphos
(C,H,);P (C,H,),P Pb {C¢Hsy) _
(CeHs)4 Pb Heat Pt CN 17—
——— Pt(CN) , +[(C¢H;)3Pb);
{coro,pe}, (CHNLPT N pb (CHy, )
Pt
H, HCl
Br. P (C,H
(C,Hs)P Pt/ Pb(C¢Hs), 2 Cl\Pt/ (CHy),
> ~
H - P(C,Hy), (CZH,)3P/ Pb( CsH,)
Br P(C;Hy),
AN 4
Pt
(C,Hy),P \Br
{+(C¢H;),PbBry)

FiG. 13. Some reactions of the lead—platinum bond.

236 G. Deganello, G. Carturan and U, Belluco, J. Chem. Soc. (A) (1968) 2873,
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1. GENERAL INTRODUCTION

1.1. HISTORY

The history of nitrogen and its compounds dates back to early geological times and to
the controversy of whether the earth’s atmosphere then contained ammonia or nitrogen.
Arabic alchemists are said to have known of salts of ammonia and nitric acid; however,
it was not until 1772 that nitrogen was discovered and 1774 that free ammonia was prepared?.
The preparation of urea from ammonium cyanate by Wohler in 1828 played its part in
helping to break down the ‘““organic™ theory2. Although this undoubtedly removed the
barrier between organic and inorganic chemistry, in some respects the distinction has never
been so rigid as today.

The importance of nitrogen compounds in the soil was only realized after about 1862,
and it was 1886 before it was shown that nitrogen from the atmosphere was “fixed”” by
organisms inhabited in the nodules of roots on certain plants3. The sources of nitrogen
fertilizers in use then were plant and animal wastes, Chile saltpetre, and ammonium
sulphate—a byproduct of the coke and coal-gas industry.

The first synthetic processes involving nitrogen compounds were also important methoas
of nitrogen fixation. The Frank-Caro process (1895) for the production of calcium cyan-
amide is still operated in a modified form for a very small rapidly diminishing market, but
the Birkeland-Eyde (1900) arc oxidation of nitrogen to nitric oxide and hence nitric acid
is now obsolete. However, the first decade of this century saw the major developments in
the industrial production of nitrogen compounds including the Raschig hypochlorite oxida-
tion of ammonia to hydrazine (1907), the Ostwald catalytic oxidation of ammonia to nitric
oxide for nitric acid production (1908) and the Haber catalytic synthesis of ammonia
(1909), all of which are still operated today4: 5. Indeed, it is only recently that any alternative
to the high-pressure catalytic synthesis of ammonia has seemed feasible, but with the recent
preparation of stable molecular nitrogen complexes of certain transition metals, and the
reported conversion of nitrogen to ammonia at room temperature and atmospheric pressure

1 M. E. Weeks revised by H. M. Leicester, Discovery of the Elements, Tth edn., Journal of Chemical
Education, Washington (1968), p. 197.

2 N. V. Sidgwick, The Organic Chemistry of Nitrogen, 3rd edn., revised and rewritten by I. T. Millar and
H. D. Springall, Oxford University Press, Oxford (1966), p. 415.
3 W. D. Stewart, Nitrogen Fixation in Plants, Athlone Press, London (1966).

4 D. W. F. Hardie and J. Davidson Pratt, A History of the Modern British Chemical Industry, Pergamon,
Oxford (1966).

5 C. Matasa and E. Matasa, L’ Industrie Moderne des Produits Azotes, Dunod, Paris (1968) (in French).
147
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in the presence of homogeneous molecular catalystsS, a significant development in nitrogen
fixation would seem to be imminent.

Finally, an historical section would not be complete without a mention of the con-
siderable literature that is already available on the inorganic chemistry of nitrogen. Compre-
hensive texts include Mellor first published in 19287 and with two supplements as recent as
1964 8 and 19679, and Gmelins Handbuch10 of 1936. A new series edited by Colburn!l provides
authoritative reviews of major areas of nitrogen chemistry up to the mid-sixties, and a
bimonthly trade journali2 indicates trends, supplies and prices of commercial materials.
Most of us owe our introduction to nitrogen chemistry to one of the many inorganic
texts13-18, but especially to Yost and Russell’s book!9 of 1944, and more recently the shorter
monograph by Jolly20 in 1964.

1.2, OCCURRENCE AND DISTRIBUTION

Nitrogen constitutes 78 9, by volume of the earth’s atmosphere and occurs in consider-
able quantities in natural gas. The atmosphere also contains small amounts of ammonia,
ammonium salts, nitrates and oxides of nitrogen produced by lightning discharge during
thunderstorms as well as increased concentrations over cities due largely to automobile
exhaust pollution. All soils contain up to 19, combined nitrogen, but the major natural
deposits are as nitre (KNO3) in India, and saltpetre (NaNQ3) in Chile and other desert
regions of South America. Smaller amounts of combined-nitrogen are associated with coal
and oil. A considerable amount is found in vivo, living organisms having an average com-
bined-nitrogen content of about 16 %,.

As nitrogen is not very soluble in water, the oceans are not potential sources of combined
nitrogen, although there is clearly sufficient to meet the demand of all marine life. Marine
algae must obtain their nitrogen from that dissolved in ocean water, and this may be as
low as 0.03 g/ton, of which only about 5% is in the form of nitrate21.

6 R. Murray and D. C. Smith, Coordin. Chem. Rev. 3 (1968) 429,

7J. W. Mellor, Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vol. 8, Nitrogen, Long-
mans, London (1928).

8 Mellor’'s Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vol. 8, Suppl. 1, Nitrogen,
Part I, Longmans, London (1964).

9 Mellor’s Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vol. 8, Suppl. II, Nitrogen,
Part 1I, Longmans, London (1967).

10 Gmelins Handbuch der Anorganischen Chemie Stickstoff, System-Nummer 4, Verlag Chemie, GmbH,
Berlin (1936).

11 Developments in Inorganic Nitrogen Chemistry, Vol. 1 (ed. C. B. Colburn), Elsevier, Amsterdam (1966).

12 Nitrogen, The Journal of World Nitrogen, British Sulphur Corporation Ltd., 23 Upper Brook St.,
London, W1,

13 F. A. Cotton and G. Wilkinson, Advanced Inorganic Chemistry, 2nd edn., Interscience, New York
(1966), p. 323.

14 R. B. Heslop and P. L. Robinson, Inorganic Chemistry: A Guide to Advanced Study (3rd edn.),
Elsevier, Amsterdam (1967), p. 420.

15 C. S. G. Phillips and R. J. P. Williams, Inorganic Chemistry, Oxford (1965).

16 H. H. Sisler, in Comprehensive Inorganic Chemistry Vol. 5 (eds. M. C. Sneed and R. C. Brasted), Van
Nostrand, New York (1956).

17 H. Remy, Treatise on Inorganic Chemistry, Elsevier, Amsterdam (1956).

18 T, Moeller, Inorganic Chemistry, An Advanced Textbook, Wiley, New York (1952).

19 D. M. Yost and H. Russell, Jr., Systematic Inorganic Chemistry, Prentice-Hall, New York (1944).

20 W. L. Jolly, The Chemistry of Nitrogen, Benjamin, New York (1964).

21 D. F. Martin, Marine Chemistry, Vol. 1, Marcel Dekker, New York (1968).



PRODUCTION AND INDUSTRIAL USE OF NITROGEN COMPOUNDS 149

At a time when the analysis of moon samples is awaited, it is appropriate to mention
the extra-terrestrial sources of nitrogen compounds. Spectra of N, NH, NO and CN have
been observed in giant superstars and comets, and recently ammonia spectra from inter-
stellar dust clouds have been reported22. The atmosphere of Mars contains nitrogen, while
that of Jupiter and probably Saturn contain ammonia23,

1.3. PRODUCTION AND INDUSTRIAL USE

The need to develop industrial methods capable of even greater production capacity of
“fixed” nitrogen containing materials for use as fertilizers has run parallel to the ever-
increasing demand for food. Saltpetre can be used directly as a fertilizer, and in 1913
accounted for more than half of the world production of fixed nitrogen. Today, however,
most of the total world production of nitrogen-containing compounds comes from synthetic
routes starting with atmospheric nitrogen. Figure 1 summarizes the present-day route by
which the principal nitrogen compounds are produced.

Hydrazine Hydroxylamine

! i

Air —= Nitrogen —= Ammonia— Nitric Oxide — Nitric Acid

1 &

Ammonium Nitrites —=—  Nitrates
Salts

t

Urea

FiG. 1. Industrial routes to nitrogen compounds.

Although the manufacture of ammonia is the most important single use of elemental
nitrogen, both gaseous and liquid nitrogen have found increasing application as an inert
atmosphere and a cryogenic material. The demand for nitrogen is not expanding more
rapidly than in the food industry where the gas is used during processing and in packaging
to prevent oxidative deterioration, and liquid nitrogen is used for food freezing both in
storage and during transport24,

The principal methods of nitrogen manufacture are by liquefaction of air or removal of
oxygen from air by combustion. The latter source is that normally used in the Haber process
for the synthesis of ammonia25. This is the only nitrogen fixation process of major im-
portance now in world-wide use, and involves the reaction of nitrogen and hydrogen at
high temperatures and pressures in the presence of a catalyst according to the equation

catalyst

N3+ 3H; === 2NH3;

22 A. C. Cheung, D. M. Rank, C, H. Townes and W. J. Welch, Nature, 221 (1969) 917.

23 F. H. Day, The Chemical Elements in Nature, Harrap, London (1963).

24 M., Sittig, Nitrogen in Industry, Van Nostrand, New York (1965).

25 R. Noyes, Ammonia and Synthesis Gas, Noyes Development Corporation, New Jersey (1967).
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Hydrogen for the Haber process is commonly produced by the thermal decomposition,
reforming or oxidation of hydrocarbons, and frequently in conjunction with the nitrogen
purification process. Other sources of hydrogen, such as the electrolysis of water, etc., are
equally acceptable, but depend on resources local to the production site.

A large quantity of ammonia is converted into a variety of ammonium salts by simple
neutralization reactions, principally for use as fertilizers26. Both anhydrous and aqueous
ammonia are also used directly as fertilizers by soil injection and spray techniques. Increas-
ing amounts of ammonia are being converted into urea via ammonium carbamates:

2NH3+ CO, - NH,CO2NH,4 -~ NH>,CONH,+ H,O

Urea contains a higher percentage of nitrogen than any other solid fertilizer, and also finds
application in urea—formaldehyde resins as well as in melamine production.
The production of hydrazine by the Raschig process2? only accounts for a modest
amount of ammonia:
2NH;3;+ OCl- - NoH4+ H;0+Cl-

Because of the high heat of combustion, one of the major uses of hydrazine and its deriva-
tives, and potentially the largest, is as a component of rocket propellants. The rocket motor
of the service module used during the recent successful moon landings was powered by
such a fuel.
Large amounts of ammonia are oxidized via nitric oxide to nitric acid by the following

reactions:

12NH3+ 150; — 12NO+ 18H,0

12NO+ 60, — 12NO;,
12NO;+4H,0 - 8HNO3;+4NO

Nitric acid is used principally for the production of nitrates as fertilizers, nitro-compounds
as explosives and to a lesser extent for a multitude of purposes in the chemical industry26.
Thus from these principal compounds it is possible to synthesize all nitrogen derivatives,
the nature of which are to be described in subsequent sections.

It is probably apparent even from such a brief outline of the major industrial processes
producing nitrogen compounds that they are related to such an extent with each other and
also with the natural resources of a particular country that many factors enter into the
planning of a viable production unit. As an indication of the current trend28, one of the
most modern sites is operated by Esso Chemie at Europoort in The Netherlands, and
includes plants for the production of ammonia, nitric acid, urea and calcium ammonium
nitrate. The ammonia plant is equal to the world’s largest, producing 1500 short tons of
liquid ammonia per day in a single production line. The synthesis gas is obtained bv reform-
ing natural gas from the nearby North Sea gasfields. The carbon dioxide produced in the
shift conversion is removed and regenerated as feedstock for the urea plant. Ammonia is
oxidized via nitric oxide to nitric acid from which ammonium nitrate is formed by neutraliza-
tion. Coagulation of ammonium nitrate solution with limestone gives calcium ammonium
nitrate, another useful fertilizer. The plant is operated with a high degree of automation,
and is located conveniently for shipping.

26 C. J. Pratt and R. Noyes, Nitrogen Fertilizer Chemical Processes, Noyes Development Corporation,
New Jersey (1965).

27 L. F. Audrieth and B. A. Ogg, The Chemistry of Hydrazine, Wiley, New York (1951).

28 Nitrogen, No. 60 (1969) 34.
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1.4. NUCLEAR PROPERTIES

1.4.1. Isotopes and Radioisotopes

Seven isotopes of nitrogen are known of which 14N and 15N are stable and occur in
natural nitrogen-containing substances in the ratio 272:1. Natural abundances of stable
isotopes vary slightly depending on the source of the element; the percentage abundances
99.635 and 0.365 for atmospheric nitrogen correspond to an atomic weight of 14.0067
based on the IUPAC scale 12C = 12.000000 atomic mass units. The remaining five isotopes
12N, 13N, 16N, 17N and 18N are radioactive, the longest lived being 13N with a half-life of
nearly 10 min, and since it is neutron deficient, charged particle accelerators are necessary
to produce it in reasonable amounts. Even so, experiments can be performed near such
equipment29, 13N as 13NHj can be obtained by dissolving the target foils used in the radio-
chemical synthesis 12C(d, #)13N, but a recent report30 indicates that the product reacts as
atomic nitrogen-13 (see section 2.12). The properties of nitrogen isotopes are listed in
Table 1.

Thus as the half-lives of the radioisotopes are inconveniently short for most chemical
experiments, tracer and isotope-effect studies are generally conducted using the stable 15N
isotope. Clearly, the scope and success of such investigations depend on the availability of
efficient methods of separation and enrichment, the variety of labelled compounds which
can be prepared and the analytical techniques to determine and monitor 15N concentration.

1.4.2. Separation of 15N from 14N

(a) By Chemical Exchange3!

If A’ and B’ are two molecules containing 14N, and 4" and B” are similar molecules
containing 5N, then the equilibrium constant for the reaction

A+ B p=A"w+Bw

can be expressed by
_ Q4 /Qu)a)

(05105 )ty
where Q 4, etc., refer to the partition functions for the reaction between A” and A’, etc.
The Q./Q.. ratios can be calculated, and values greater than unity indicate that enrichment
is possible. To obtain appreciable enrichment, a countercurrent system is desirable, and
this is most effective if one phase is liquid and the other gaseous.

Thus for the exchange of gaseous ammonia with aqueous solutions of ammonium
salts described by the equation

15NH;(g)+ 1*NHj(aq) = 1“NHj(g) + SNH](aq)

K

separations of up to 75% 15N have been achieved, and with columns in series 99.9 %
enriched material can be obtained32. 33, The procedure is to pass ammonium nitrate solution
down a packed column to a flask containing aqueous sodium hydroxide. In the flask,

29 J. Hudis, The Radiochemistry of Carbon, Nitrogen, and Oxygen, Natural Academy of Sciences—NRC,
Nuclear Science Series, Washington (1960).

30 M. J. Welch, Chem. Communs. (1968) 1354.

31 Separation of Isotopes (ed. H. London), Newnes, London (1961).

32 W. Spindel, in Inorganic Isotopic Syntheses (ed. R. H. Herber), Benjamin, New York (1962), p. 74.

33 P, S. Baker, in Survey of Progress in Chemistry, Vol. 4 (ed. A. F. Scott), Academic Press, New York
(1968), p. 69.
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ammonia gas is liberated and rises up the column and exchanges with the ammonium ions
in the descending solution. As a result, 15N tends to concentrate in the liquid phase while
the gaseous ammonia contains relatively more of the unwanted lighter isotope. A counter-
current system may take 2-3 weeks to reach equilibrium after which time the aqueous
solution can be continuously bled off at such a rate so as not to disturb the equilibrium.

Similarly, 999, enrichment can be obtained from the process based on the exchange
reaction

ISNO(g) + 14NO73(aq) = 1YNO(g) + 15NO3(aq)

and this method is now used commercially. Nitric oxide is produced from nitric acid at the
bottom of the column and converted back at the top according to the equations34

2HNO;+ 35S0, +2H;0 = 2NO+ 3H,S04
2NO +1.50,+ H,0 = 2HNO;

Isotope separations based on chemical exchange are not restricted to gas-liquid counter-
current methods. For example, high purity 15N has been obtained by exchange between
NH?¥ adsorbed on Dowex X-12 resin and NH? in equilibrium with unionized NH4OH in
solution3s. Since two chemically different species are involved, the isotope exchange factor
is relatively large for the equilibrium

NH;-+OH- = NH,OH

(b) By Thermal Diffusion3?

Although 15N, can be separated by thermal diffusion, the quantity of separated isotope
is relatively small. The separation in a thermal diffusion column containing a mixture of
nitric oxide and nitrogen dioxide is assisted by the gas-phase equilibrium

14NO(g) + 15NO(g) = 1SNO2(g) + 14NO(g)

(c) Other Methods

Many other methods of preparation have been reported for specific applications; even
simple fractional distillation of nitric oxide provides an efficient method3é for the simul-
taneous concentration of the rarer isotopes of both nitrogen and oxygen in the form
15N18Q. Methods applicable to specific nitrogen compounds will be mentioned in the
appropriate section of this chapter dealing with such compounds.

1.4.3. Synthesis of Compounds Containing 15N

The preparative route to a particular labelled compound is to some extent governed by
the enriched starting materials that can be obtained directly from separation methods.
Fortunately, many key nitrogen compounds are now available from commercial sources37: 38
including N,, NO, NO,;, NH;, HNO;, ammonium salts and nitrates, as 5% 30%, or
959, 15N enriched materials. The degree of enrichment is likely to be dictated by the applica-
tion for which the product is required.

34 W, Spindel and T. I. Taylor, J. Chem. Phys. 23 (1955) 981; 24 (1956) 626; Trans. NY Acad. Sci. 19
(1956) 3.

35 H. Spedding, J. E. Powell and H. J. Svec, J. Am. Chem. Soc. 77 (1955) 6125.

36 B. B. Mclnteer and R. M. Potter, Ind. Eng. Chem. Process Design Develop. 4 (1965) 35.

37 Office Nationale Industriel de ’Azote (ONIA), 40 avenue Hoche, Paris (VIII®), France.

38 Isomet Corporation, Palisades Park, New Jersey, USA.
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The preparation of choice should preferably involve only one or two stages, and provide
for quantitative conversion of all the 15N in the enriched starting material into labelled
product, which in turn should be easily separated in high yield from unreacted starting
materials and byproducts. Clearly, methods requiring a gross excess of an enriched material
should be avoided if possible, and to overcome these and other problems, syntheses which
would not normally be used may be applicable. It is safe practice to carry out the prepara-
tion under identical conditions of scale and apparatus using unlabelled materials prior to
the synthesis using enriched compound to establish the procedure for optimum yield. It is
also necessary to consider SN recovery procedures should anything go wrong during the
synthesis and also from the final product. Manipulative technique is simplified, however,
by the fact that all 15N enriched compounds prepared so far undergo negligible exchange
with atmospheric nitrogen under normal conditions, in marked contrast to labelled
hydrogen, carbon and oxygen compounds, where contact with atmospheric moisture and
carbon dioxide must be avoided.

1.4.4. 15N Analysis32

The mass spectrometer has proved to be the most useful instrument for isotopic analysis,
and in general !5N abundance ratios can be determined to a precision of 4-0.1%. Nitrogen
gas is the most satisfactory material for mass spectrometric isotope analysis, as even
mixtures of 14N, 14NI5SN and 1SN, do not exchange at ordinary temperatures. Thus in
most experiments involving 15N, it is necessary to convert the combined nitrogen of the
material to be analysed into elemental nitrogen. Inorganic compounds can either be
reduced to ammonia directly, or oxidized to nitrate and then converted into ammonia by
Devarda’s alloy. Ammonia is readily oxidized to nitrogen by alkaline hypobromite. Pro-
cedures for converting organic nitrogen compounds into nitrogen are based on the methods
of Dumas or Kjeldahl followed by oxidation, taking considerable precautions to avoid
contamination by atmospheric nitrogen (see section 1.8).

Nitrous oxide can be used for mass-spectrometric 1SN analysis instead of nitrogen, and
is useful when the labelling position is of particular interest. This arises because the thermal
decomposition of labelled ammonium nitrate produces two different isotopic isomers of
nitrous oxide, depending on where the !5N originated, which can be distinguished by the
mass spectrometer.

ISNH414NOQ3 ———— > I5SN14NO + 2H,0
Thermal
decomposition

NH4SNO3 ——————— 14NISNO +2H,0

Caution should be exercised in the choice of reference standards for isotopic analysis
as some compounds (salts produced as byproducts of nitric acid, for example) contain
significantly lower than the normal natural abundance level of 15N as a result of isotopic
fractionation during the manufacturing process.

1.4.5. Uses of 15N

Highly enriched 15N, may have nuclear reactor applications because of the low thermal
neutron absorption cross-section compared to ordinary nitrogen29, but the major use of 15N
has been in tracer work. Of particular mention is its use in mechanistic studies of chemical,
biochemical and nitrogen-fixation processes.
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1.4.6. Nuclear Magnetic Resonance39. 40

Although both of the stable isotopes of nitrogen have non-zero spin numbers, neither
isotope is particularly favourable for n.m.r. investigation (Table 2). 14N has a spin number
I = 1 with consequent electric quadrupole moment, and very low n.m.r. sensitivity.

TABLE 2. DATA PERTINENT TO NUCLEAR MAGNETIC RESONANCE STUDIES WITH
NITROGEN ISOTOPES® ®

13N 14N 15N
Natural abundance (%) 99.635 0.365
Spin number (/) in multiples 1 1 3
of h/2n
Larmor frequency in MHz at 104 3.076 4.315
gauss
Electric quadrupole moment (Q) 7.1%102
in multiples of e x 10-24 cm2
Magnetic dipole moment (u) in +0.3221 +0.40361 —0.28309
multiples of nuclear magnetons
(eh/4nMc)
Relative sensitivity to 'H for an
equal number of nuclei:
at constant field 1.01 x 1073 1.04 x 103
at constant frequency 0.193 0.101

2 E. A. C. Lucken, NOR Constants, Academic Press, New York, 1969.
b C. M. Lederer, J. M. Hollander and I. Perleman, Table of Isotopes, Wiley,
New York, 1968.

In compounds where the nitrogen atom is in an asymmetric electronic environment, the
spectra are affected by quadrupole broadening to such an extent that fine structure cannot
be resolved. However, 14N chemical shifts can be measured using broad-line equipment.
Indeed, the discovery of chemical shift is associated with the work of Proctor and Yu#l,
who found that the frequency of the 14N resonance depended on the chemical compound
chosen, and for NH4NO; solution they detected two resonances separated by 1.0 kHz in
a field of 10,500 gauss (ca. 300 ppm). 14N gives rise to chemical shifts extending over a
range of some 900 ppm (Table 3), and values can be correlated with the electronic environ-
ment at the nitrogen atom. Note that the symmetric ammonium ion has the highest chemical
shift whereas structures of lower electronic symmetry at nitrogen such as the nitrite appear
at lower chemical shift. The ammonium, nitrate and nitrite ions in aqueous solution are all
used as reference standards for reporting chemical shifts.

In order to interpret observed chemical shift data, it is necessary to separate the dia-
magnetic and paramagnetic components. This has been carried out for NOX

39 J, A. Pople, W. G. Schneider and H. J. Berstein, High-resolution Nuclear Magnetic Resonance, McGraw-
Hill, New York (1959).

40 J. W, Emsley, J. Feeney and L. H. Sutcliffe, High-resolution Nuclear Magnetic Resonance Spectroscopy,
Pergamon Press, Oxford (1965), p. 1031.

41 W. G. Procter and F. C. Yu, Phys. Rev. 81 (1951) 20.
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TABLE 3. 14N CHEMICAL SHIFTS DETERMINED BY BROAD-LINE NUCLEAR
MAGNETIC RESONANCE SPECTROSCOPY QUOTED RELATIVE TO AQUEOUS
NITRATE ION

(aq NH;j at +353, aq NO; at —232 ppm)

Compound Shift Compound Shift
in ppm in ppm

NOX NO2X
NO+ 7 NOj3 125
NOF -104 NO,F 68
Me,NNO —158 NO,Cl 63
MeONO —188 N20s/CCly 48
NO3; aq —232 CIONO:; 44
NOCI —223 EtONO; 37
O,;NNO —302 Me;NNO; 23
NOBr —325 CF3NO; 23
CF3SNO —-342 CCI3NO, 15
EtSNO —412 CBr3NO; 13
CF3NO —424 HoNNO;/ether 12
PhNO —532 N204 11
Other NO PhNO;, 8

compounds MeNO, -2
~“ONNO™ aq —-15 ONNO, —-67
~ONNO; aq —-83
N—F N—S
ONF; 143 H;N—S0j3 ag 293
NzF,4 46 H3N+—S03 aq 285
NF3 6 S4N4/dioxan 253
cis NoF» -7 XNSF, 220-245
N2F3/HF —22 S3N20, 71
trans N>F> —69 PhNSO 59

SaN3% 9and -3

N-P in Et,0
(NPF2)4 298
(NPF,); 294
(NPCly)4 256
[NP(NCS),]3 253
(NPCL); 247

compounds42- 43, and the graph illustrated in Fig. 2 shows that —g¢, is inversely pro-
portional to the energy of the n — = band in the ultraviolet-visible spectrum as predicted
by Pople theory39.

Although the principal causes of chemical shift differences are understood, the applica-
tions of 14N chemical shifts have been mainly empirical. As an example, the characterization
of metal-pseudohalide complexes raises the problem of which atom is bonded to the metal.
For thiocyanates, where the point of attachment has been reliably determined by X-ray
crystallography, it was found that sulphur-bonded complexes gave 14N chemical shifts

42 J. Mason and W. Van Bronswijk, Chem. Communs. (1969) 357.
43 J. Mason, unpublished results.
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0-20 ppm to low field for the free NCS~ resonance, whereas nitrogen-bonded complexes
appear at 50-130 ppm to high field of NCS—. Thus it is possible to predict whether related
complexes contain metal-nitrogen or metal-sulphur bonds+4.

NOF
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+
4

7001

800

oCF,NO

—o, in ppm, relative to aqueous NH

900 |-

PhNO

1000

I

| | [ !
3000 4000 5000 6000 7000

Amax Of long wavelength band, A

Fi1G. 2. Plot of the paramagnetic component of the observed shift versus the wavelength of the
n — 7 band for NOX compounds.

The problem of 14N quadrupole broadening and lack of fine structure can be overcome
by using the 15N isotope which has a spin number 7 = 4. However, the very low n.m.r.
sensitivity and the low natural abundance (0.365 %) make 15N isotope enrichment essential.
It is for this reason that the technique is likely to be limited to specialized applications. For
example, the structure of S4N7 illustrated in Fig. 3 is consistent with the spectrum obtained
from a sample enriched to 97.29, 15N 45,

44 O. W. Howarth, R. E. Richards and L. M. Venanzi, J. Chem. Soc. (1964) 3335.
45 M. Logan and W. Jolly, Inorg. Chem. 4 (1965) 1508.
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//N\s\
I &)

—343 355 ppm

in 70% HNO, relative to "NH,

FiG. 3. The 15N n.m.r. spectrum and structure of S415N3.

1.4.7. Nuclear Quadrupole Resonance46: 47

As a consequence of its spin number / = 1, the 14N nucleus has an electric quadrupole
moment. The coupling of this nuclear quadrupole moment with the field produced by
electrons from neighbouring atoms causes a torque to be exerted on the molecule that in
turn gives rise to hyperfine structure in the rotational spectrum. The magnitude of the
quadrupole coupling constant eQqg can be determined either from pure quadrupole spectra
or from microwave spectra and related to the asymmetry of the electron charge cloud

TABLE 4. NUCLEAR QUADRUPOLE COUPLING CONSTANTS
OF 14N IN NITROGEN COMPOUNDS?

Molecule eQq (MHz)
NH; —4.0842 +0.0003
NH,D —4.10
ND; —4.080+0.003
NF; ~7.09
NSF; 1.19+0.05
N,O central N —-0.27
N,O terminal N —1.03+0.10
HCN —4.58
MeCN —4.40
HC=CCN —4.20
CICN —3.63
MeNC +0.5
HNCS +1.20

& Landolt-Bornstein, Numerical Data and Functional
Relationships in Science and Technology, New Series,
Group I, Vol. 4, Molecular Constants from Microwave
Spectroscopy, Springer-Verlag, Berlin (1967).

46 E. A. C. Lucken, NOR Constants, Academic Press, New York (1969).
47 H. Sillescu, in Physical Methods in Advanced Inorganic Chemistry (eds. H. A. O. Hill and P. Day),
Wiley, London (1968), p. 434.
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surrounding the nitrogen nucleus. Quadrupole coupling constants for some nitrogen
compounds are listed in Table 4. For nitrous oxide, the central nitrogen atom is in a more
symmetric electron environment than the terminal nitrogen atom corresponding to its
lower coupling constant.

1.5. PHYSICAL PROPERTIES OF THE NITROGEN ATOM

It is usual when discussing the factors which contribute to the overall chemistry of an
element to consider the fundamental atomic properties. Such properties fall broadly into
two groups: (1) properties of the free nitrogen atom itself which can be measured or calcu-
lated directly, e.g., atomic weight or ionization energy, and (2) properties associated with
concepts used to rationalize the behaviour of the nitrogen atom in chemically combined
states, such as electro-negativity and electron affinity. Properties associated with the nitrogen
nucleus have already been listed in Tables 1 and 2, where properties like nuclear spin can
be classified as (1), while nitrogen chemical shift data presented in Table 3 would come under
group (2). Other atomic nitrogen properties are presented in Table 5 and are concerned
mainly with atomic dimensions and thermodynamic functions,

TABLE 5. PHYSICAL PROPERTIES OF THE NITROGEN ATOM

Property Tem;zle(r)a ture Value
Atomic number 7
Atomic weight 14.0067
Metailic atomic radius 0.92 A
Non-polar covalent radius 0.75 A
Average clectron density D = 3Z/4nr3 3.95 electrons/A3
Atomic volume 15.95 cm3
Crystal radius in N-—- 1.71A
Crystal radius in NO3 0.11A
Electro-negativity 2.93 (Sanderson)

3.05 (Pauling)

Electron affinity 0.04 eV, 0.92 kcal/g atom
1st ionization potential 14.54 eV, 335.4 kcal/g atom
Average ionization energy per electron 1231 kcal/g atom
A H7 (enthalpy of formation) 0 112.534 kcal/g atom
A H7 (enthalpy of formation) 298.15 112.979 kcal/g atom
A G (free energy of formation) 298.15 108.883 kcal/g atom
Hjos—H (enthalpy) 298.15 1.481 kcal/g atom
S° (entropy) 298.15 36.622 cal/deg g atom
C, (heat capacity) 298.15 4.968 cal/deg g atom

R. T. Sanderson, Chemical Periodicity, Reinhold, New York (1960).

D. D. Wagman, W, H. Evans, V. B. Parker, I. Halow, S. M. Bailey and R. H. Schumm,

Selected Values of Chemical Thermodynamic Properties, NBS Technical Note 270-3,
Washington (1968).

Parameters from nitrogen atomic spectra which are listed include the ground-state
terms for nitrogen atoms and ions together with their corresponding ionization energies in
Table 6 and the low-lying atomic energy terms in Table 7. In the nitrogen 4S ground state,
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all three 2p electrons have parallel spins, while in the 2D and 2P states two of the 2p electrons
are paired. These nitrogen atoms are produced during the dissociation processes and their
correct assignment was important in determining the value of the dissociation energy of
molecular nitrogen. In Table 6 one must note that N I refers to the ground state and N II
to the singly ionized species. The ionization energies were calculated from the limiting
wave numbers obtained from spectral terms.

TABLE 6. ELECTRONIC DESCRIPTION OF THE GROUND STATES OF FREE NITROGEN ATOM AND lONS
TOGETHER WITH THE CORRESPONDING JONIZATION ENERGIES IN VARIOUS UNITS

Ionization energy
N Ground Spectroscopic
state state Wave numbers kcal/g atom
(cm™1) Volts

I 1522522p3 4832 117345 14.545 335
II 1522522p2 3P, 238846.7 29.605 683
I 1522522p 2P, 382625.5 47.426 1 097
v 152252 150 624 851 77.450 1 784
\" 15225 28/ 7895329 97.863 2 256
VI 152 150 4452800 551.93 12 730
v Is 281 5379860 663.82 15 300

C. E. Moore, Atomic Energy Levels as derived from the Analyses of Optical Spectra, Natl. Bur. Std.
US Circ., 467, Vol. 1 (1949).

From another spectroscopic point of view, when materials are subjected to X-radiation,
electrons from the innermost shells of an atom can be emitted and subsequently detected
by high resolution magnetic or electric analysis. Thus electron spectroscopy for chemical
analysis (ESCA)48 is capable of determining the electronic levels of nitrogen in a molecule

TABLE 7. Low-LYING ATOMIC ENERGY TERMS FOR NITROGEN

Wave numbers Electron
Spectroscopic state (cm™1) volts kcal/g atom
Ground state 4S3/2 1] 0 0
2Dgn 19223 2.383 54.95
2D; 19231 2.385 54.98
2P112.3/2 28 840 3.574 82.45

A. G. Gaydon, Dissociation Energies and Spectra of Diatomic Molecules,
3rd edn., Chapman & Hall, London (1968).

48 K. Siegbahn, C. Nordling, A. Fahlman, R. Nordberg, K. Hamrin, J. Heldman, G. Johansson, T.
Bergmark, S-E. Karlsson, I. Lindgren and B. Lindberg, ESCA Atomic, Molecular and Solid State Structure
Studied by Means of Electron Spectroscopy, Nova Acta Regiae Societatis Scientiarum Upsaliensis, Ser. IV,
Vol. 20, Uppsala (1967), p. 108.
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to the precision set by the widths of the atomic levels themselves. Of particular use to the
chemist is the comparison of values measured for the nitrogen 1slevel in various compounds.

-+ -
For example, sodium azide [Nat(N=N=N)], the central nitrogen atom of the azide ion,
has a calculated charge of +0.64 while the other two nitrogen atoms have a charge of
—0.72. The electron spectrum accordingly shows two nitrogen 1s lines of which the one of
higher kinetic energy is twice the intensity of the other.

1.6. NITROGEN CHEMISTRY

Under the heading of General Introduction (section 1), this section attempts to indicate
the scope of inorganic nitrogen chemistry and to outline the general trends and principles
on which the subject can be rationalized. For this it will be convenient to list those concepts
and fundamental properties associated with chemical combination and to define and illus-
trate such terms with examples from nitrogen chemistry for reference in the detailed dis-
cussion of each type of nitrogen compound in later sections.

Nitrogen will form bonds to most elements, perhaps the only exceptions being the noble
gases; however, there is spectroscopic evidence for a diatomic xenon-nitrogen molecule of
low stability4s. Thus although nitrogen compounds of almost 100 elements need to be
considered, the information is not evenly distributed over the Periodic Table. As so many
of the most important nitrogen compounds contain only the light elements of the first short
period, it is not surprising that nitrogen chemistry has centred around substances containing
the elements hydrogen, carbon, nitrogen and oxygen, which include the organic compounds
containing nitrogens9, together with the hydrides, oxides and their related derivatives.
Naturally these latter compounds will figure prominently in subsequent sections of this
chapter. Apart from the halogen derivatives (see section 9), the nitrogen chemistry of the
remaining elements will be considered individually in the chapter appropriate to the element
concerned. However, as the majority of elements are metals, the nitrogen chemistry of
metals as a group will be considered with reference to their complexes of nitrogen ligands
of the inorganic or organic variety, and their salts of nitrogen anions such as amides, azides
and nitrides. Mention will also be made to the considerable chemistry involving metal—
nitrogen covalent bonds, which has largely emerged from developments in the organo-
metallic chemistry of both transition and non-transition elementssl. It is in such areas that
the formal boundaries between organic, organometallic and inorganic chemistry become
sufficiently blurred as to allow discussion of related compounds without embarrassment or
apology to the purists. In fact, a survey of the known types of organic compounds contain-
ing nitrogen can suggest related structures containing other elements. Subsequent experi-
ments based on such comparative exercises have led to the synthesis of novel compounds to
which a great deal of recent experience in preparative inorganic chemistry bears witness.
And perhaps this practical approach is no more appropriate than in nitrogen chemistry
when one considers all that has been written, e.g., about the low chemical reactivity of
molecular nitrogen, and this is equated with the facile reactions which have recently been

49 J, H. Holloway, Noble-gas Chemistry, Methuen, London (1968), p. 44.

50 N. V. Sidgwick, The Organic Chemistry of Nitrogen, 3rd edn., revised and rewritten by I. T. Millar and
H. D. Springall, Oxford University Press, Oxford (1966).

51 See J. Organometal. Chem,, 1963-date; Organometal. Chem. Rev., 1966—date; Annual Survey of
Organometallic Chemistry, 1964—date (eds. D. Seyferth and R. B. King), Elsevier, Amsterdam.
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reported for the formation of nitrogen complexes in certain transition metal derivatives
(see section 2.11).

The traditional exercise of vertical relationships between nitrogen and the other elements
of Group V is probably not very meaningful except to emphasize their great differences.
So few nitrogen compounds have isostructural phosphorus analogues that only isolated
comparisons can be made52. It is more profitable to relate the chemistry of nitrogen to that
of its neighbouring elements in the first short period, carbon and oxygen, the so-called
horizontal relationship. For example, nitrogen is strongly electro-negative, forms hydrogen
bonds and multiple bonds, is capable of catenation to a minor extent (the longest nitrogen
chain so far reporteds? being Ng in the organic derivative PAN=N—NPh—N=N—NPh
—N=NPh), and is limited to a maximum covalency of four, all properties which would

correctly position nitrogen between carbon and oxygen in the first row of the Periodic
Table.

1.6.1. Bonding

The electronic structures of nitrogen compounds are generally rationalized on the basis
of a completed octet of electrons around each atom in the molecules. From the electronic
configuration 1s22s22p3, nitrogen has five electrons in the valence shell; hence the octet
can be achieved by accepting or sharing three extra electrons from atoms or groups bonded
to nitrogen. As nitrogen only accepts electrons from the most electro-positive elements,

TABLE 8. How NITROGEN CAN ACHIEVE AN OCTET OF ELECTRONS

Type Example
Electron gain N-— LisN lithium nitride
Electron gain and sharing HN— AgNH silver imide
H,N- KNH; potassium amide
Electron sharing single bond ‘N NH; ammonia
Electron sharing double bond /N=C«< R,C=NR imines
/N=N" RN=NR diazenes
N=0 NOCI nitrosyl chloride
Electron sharing triple bond :N=N: N2 nitrogen
N=C—C=N ;N cyanogen
(C=N)- KCN potassium cyanide
Electron loss and sharing NHY NH,4Cl ammonium chloride
NR} quaternary salts
N;H? R4NXN>HsCl hydrazinium hydrochloride

bonding occurs predominantly by the formation of covalent bonds of the single or multiple
variety, which may lead to ionic species by subsequent gain or loss of an electron. Examples
of each type are included in Table 8. Ions formed by electron loss show nitrogen at its
maximum coordination number of four, corresponding to the number of orbitals available
in first short period elements.

52 W. E. Dasent, Nonexistent Compounds, Edward Arnold, London (1965).
53 P. A. S. Smith, Open-chain Nitrogen Compounds, Vol. 1, Benjamin, New York (1965), p. 10.
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There also exist stable compounds such as nitric oxide and nitrogen dioxide in which
there is an odd number of electrons and hence no possibility of achieving completed octets
around all the atoms in the molecules. In such circumstances paramagnetism due to un-
paired electrons can be detected, and bonding descriptions are usually rationalized in
terms of molecular orbital theory. Thus, although electron counts for molecules are still
noted, bonding is thought of in terms of the overlapping of atomic or hybrid orbitals, the
effectiveness of such overlap being controlled by both symmetry and energy considerations.
The usual way of obtaining molecular orbitals is by the linear combinations of atomic
orbitals, the LCAO/MO method. Molecular orbitals formed by overlap of atomic orbitals
along the molecular axis give rise to g-bonds while those formed by overlap of atomic
orbitals perpendicular to the molecular axis produce z-bonds. Nitrogen, like its neighbour-
ing elements of the first short period, is capable of forming such n-bonds predominantly
to itself, carbon, and oxygen of the p,—p, type as indicated in Table 8. While the majority
of examples involving n-bonding ‘will be of this type, mention will of course be made to
Pp»—d, bonding (e.g. in Si-N compounds) which can occur with elements of the second and
subsequent periods. Satisfactory explanations of the bonding in nitrogen compounds are
provided either by the valence bond approach or molecular orbital theory, so both descrip-
tions will be discussed for particular compounds in their appropriate sectionss4.

Information about chemical bonds comes principally from two parameters, bond
length as determined by diffraction or spectroscopic techniquesss, and bond strength
from quantitative energy measurements during a bond-making or more frequently a
bond-breaking processsé. Theoretically one would expect to find a simple relationship
between these two parameters, and undoubtedly short bonds are stronger than long bonds
between the same elements. However, the nature of a particular bond will be dependent on
the electronic configuration of the elements involved, the kind of orbital available and
factors contributing to the bond polarity such as electro-negativity.

On the other hand, there is the problem of what is meant by bond strength. It is only
with diatomic molecules that the bond dissociation energy can be defined unambiguously
as the energy required to split the molecule into its component atoms. The bond dissociation
energies of some nitrogen diatomic species are given in Table 9. For polyatomic molecules
however, it is necessary to distinguish between two situations. The energy required to atomize
a molecule can be determined, and by dividing this value by the number of bonds broken,
the average bond energy E(N—X) results. Alternatively, bond strength could refer to the
energy required to break one specific bond in the molecule in which case it is termed the
bond dissociation energy D(NX>—X). For example, consider the atomization of ammonia:

NHj(g) = N(g)+3H(g);  AHzs = +280.3 keal/mol
As three N-H bonds are broken, E(N—H) = 280.3/3 = 93.4 kcal/mol. However, this
value is different from that for the removal of a single hydrogen atom from ammonia:

NHi(g) = NH,(g)+ H(g); D(NH,—H) = 104 kcal/mol
NHa(g) = NH(g) +H(g); D(NH—H) = 95 kcal/mol
NH(g) = N(g)+H(g); D(N—H) = 81 kcal/mol

54 M. Green, in Developments in Inorganic Nitrogen Chemistry, Vol. 1 (ed. C. B. Colburn), Elsevier,
Amsterdam (1966), p. 1.

55 Tables of Interatomic Distances and Configuration in Molecules and Ions (ed. L. E. Sutton), Chemical
Society Special Publications 11 and 18, London (1958 and 1965).

56 1.. Pauling, The Nature of the Chemical Bond, 3rd edn., Cornell University Press, Ithaca, New York
(1960).
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The sum of the bond dissociation energies is, of course, equal to the energy of atomization,
but the regular decrease in dissociation energy is attributed to decreasing s character of the
bonding orbitals.

TABLE 9. BOND DISSOCIATION ENERGIES IN SOME
DiATOMIC SPECIES OF NITROGEN

Bond dissociation energy
Species eV kcal/mol
NH 3.21+0.16 74
NH+ 3.7+£04 85
BN 4,0+0.5 92
CN 7.75+0.2 178
CN+ 47+04 108
N, 9.760+0.005 225.1
3 8.73+0.01 201.4
NO 6.5+0.01 149.9
NO+ 10.86 +0.04 250.4
NF 4+1 92
MgN 1.5+0.5 35+10
AIN 3+1 70
SiN 45+04 104
PN 7.1+£0.05 164
NS 5.0+0.7 115
NCI 4+0.5 92
NSe 45+1 104
NBr 2.8+0.2 65
SbN 3.1+0.5 71

A. G. Gaydon, Dissociation Energies and Spectra of
Diatomic Molecules, 3rd edn., Chapman & Hall,
London (1968), pp. 257-88.

Such information can be used to estimate other bond energies. For the atomization of
hydrazine,
NoHy(g) = 2H(g)+4H(g);  AH = 411.6 kcal/mol

If we assume that the bond energy of the N~H bonds is the same as in ammonia, then the
bond energy of the N-N bond E(NH;—NH,) = 411.6—(4 x 93.4) = 38.0 kcal/mol. The
bond dissociation energy for the reaction

N>H4(g) = 2NH»(g) gives D(NH>—NH;) = 60 kcal/mol

Clearly these values are significantly different, but by using the sum of the two appropriate
dissociation energies D(INH—H) and D(N—H), a closer estimate to D{NH;—NH,) can be
obtained.

D(NH,—NH,) = 411.6—[2x(95+81)] = 59.6 kcal/mol

Thus bond energies calculated from thermochemical data and bond lengths determined
by diffraction techniques for some common nitrogen bonds are listed in Table 10 together
with the bond order for the particular bond in a specific compound. The bond order is
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defined as the number of electron pairs involved in bonding two atoms in a molecule, and
represents the bond multiplicity. The data in Table 10 is reasonably consistent (compounds
with anomalous values have been intentionally omitted) in that bond energy and bond order
increase as bond length decrease, and can be used to estimate values of unrecorded bond
energies or bond lengths.

TaBLE 10. BoND ENERGIES AND BOND LENGTHS FOR SOME NITROGEN BONDS

Bond energy®
Bond Typical Bond Bond length® (kcal/mol at

molecule order A) 298 K)
N—H NH 1 1.084 85

NH; 1 1.031 934
NH} 1 1.034 86
HN3 1 1.012 85

N—C MeNH; 1 1.47 69.7
N= (MeC=NOH), 2 1.29 147
=C NCCN 3 1.16 197
HCN 3 1.15 197
N—N NzH,4 1 1.45 38
NH>;NO; 1 1.40 67
N,04 1 1.75 52
N=N MeN=—NMe 2 1.24 99
N.0 2 1.29 119

N3 2.5 1.12 201.4

N=N N, 3 1.098 225.1
N—O NH,0H 1 1.47 46
HO—NO; 1 1.36 57
NO3 1.33 1.23 91
MeNO, 1.5 1.22 103
N;O 1.5 1.19 147
NO> 1.75 1.197 112

N,O4 1.75 1.18

N=0 HONO 2 1.20 146
NO3 2 1.154 159

NO 2.5 1.15 149.9

N=0O NO+ 3 1.06 250.5

® Tables of Interatomic Distances and Configuration in Molecules and Ions (ed.
L. E. Sutton), Chemical Society Special Publications 11 and 18, London (1958 and
1965).

v R. T. Sanderson, J. Inorg. Nucl. Chem. 30 (1968) 375.

1.6.2. Oxidation States

Nitrogen is capable of exhibiting all formal integral oxidation states from +5 to —3.
By convention, the oxidation state of nitrogen in a particular molecule or ion containing
fluorine, oxygen or hydrogen, is defined as the formal charge per atom of nitrogen if every
fluorine, oxygen and hydrogen present carries a charge of —1, —2 and + 1 respectivelys7.

57 C. K. Jorgensen, Oxidation Numbers and Oxidation States, Springer-Verlag, New York (1969).
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Some examples are listed in Table 11. This definition relates nitrogen to fluorine—the most
electro-negative element, and to oxygen and hydrogen—the constituent elements of water,
the solvent for which most information is available. It is not in any way meant to restrict
the application of the formal oxidation number concept to compounds only containing the
elements mentioned. Since only oxygen and fluorine are more electro-negative than nitrogen,

TABLE 11. OXIDATION STATES OF NITROGEN COMPOUNDS

Oxidation state Example

5 N,0s5, HNO;, NO;

4 NO,, N,O4

3 HNO,, NO3, NOF, NF;

2 NO, NyF,4
1 N>0, H5N20;, NzO%“, HNF;,
0 N

-1

-2

-3

2
NH,;OH, HaNF
N,Hjy, N2H§
NH;, NHj

it is with these elements that nitrogen can exhibit positive oxidation states although it should
be realized that nitrogen in its positive states is not to be regarded as cationic nor in its
negative states necessarily as an anion. Thus the concept of oxidation number to describe
the oxidation state of an element is most useful in balancing equations, calculating the
stoichiometry of reactions, and especially in conjunction with oxidation-reduction

TABLE 12. STANDARD REDOX POTENTIALS (PH = 0) FOR SOME NITROGEN COUPLES®

EO
Electrode reaction Equation Couple (volts)
N-"te = N-H1I N,H?+3H*+2e = 2NH} NoHE/NHE +1.275
N-1+e = N-U! 2NH;0H*+H*+2e = NoHt+2H,0 NH3;OH+/N;H} +1.42
NO+2e¢ = N N2+ 5H*+4e = NoHE N2/NH? -0.23
NO+e = N-! N2+ 2H>0+4H*+2¢ = 2NH;0H+* N»/NH;0H+ -~1.87
N'+e = No H;N»0,+2H*+2e = N+ 2H,0 H;N>0,/N>» +2.65
Nlte=N! 2NO+2H*+2¢ = H,N,0, NO/H2N,0, +0.71
N'"42e = NI 2HNO; +4H* +4e=N,0+ 3H,0 HNO,/N,O +1.29
Nt 4e = N! HNO;+H*+e = NO+HO HNO,/NO +1.00
NWVWie = NI N304+ 2H* + 2¢ = 2HNO; N>04/HNO, +1.07
NV+2e = NI HNO;+2H++2e¢ = HNO;+H,0 HNO3;/HNO, +0.94
NY4+ N4 e = 2N HNO;+NO+H++e = 2NO3+2H * HNO;:NO/HNO, +0.49
NY+e = NV 2HNO;3+ 2H*+2e = N»O4+2H,0 HNO;3/N2O4 +0.79
3NO+e = 3N'3 3N2+2H++2e = 2HN3 N2/HN3 -31

* G. Charlot, D. Bézier and J. Courtot, Selected Constants. Oxidation-reduction Potentials, Pergamon,
London (1958).
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processess8. Redox reactions can be defined in terms of changing oxidation states, and if
the values of the oxidation-reduction potentials are known, a clear picture of the redox
solution chemistry of the element can be obtained. Apart from normal tabulations (Table
12), Latimer diagrams>® as in Fig. 4 summarize the relationships between the various
states, but these methods of presentation have largely been superseded by a graphical

-3 -2 - 0 41 ) 3 +4 45
+1.35 ~0.05 +1.29 +0.94
[ PN | o +0.79
N2 AL o= T N No-+2251iNo; N,0; HNO,
~0.23 Lz.ss +0.71
0 rTZNZO2 !
+0.496 || +0.86
acid solution
1042 ~1,05 +0.15 +0.01
: [ voos I soz6  —oss I s —oss |
Ni LN O o 28NN o 006 oS08 NG 2088y o NO;
-1, +1.52 +0.18
| 1.16 , 5,

-0.76 [ ~0a4

base solution

FI1G. 4. Latimer diagrams for nitrogen species in agueous solution.

method first suggested by Frosts® and Ebsworth6l, and referred to as oxidation state
diagrams (Fig. 5) by Phillips and Williams. These latter authors emphasize the use of such
diagrams in their textbook, and take nitrogen as the example to illustrate the general
principles of their application®2, It will be shown that oxidation state diagrams for nitrogen
can convey a good deal more information than can be conveniently presented by other
methods.

The oxidation state diagram illustrated in Fig. 5 consists of a plot of the oxidation state
versus the volt equivalent for various nitrogen species (molecules and ions containing the
elements nitrogen, oxygen and hydrogen only) in aqueous acid solution. By definition, the
volt equivalent of any nitrogen species, say HNOs, is the product of its oxidation number
and its redox potential measured relative to elemental nitrogen at 25°C.

E° HNO3/N, = +1.246 V
NV+5¢ = NO
VE =5x%x1246 = +6.23V

58 A. G. Sharpe, The Principles of Oxidation and Reduction, Royal Institute of Chemistry Monographs
for Teachers Series, No. 2, London (1959).

59 W. E. Latimer, Oxidation Potentials, Prentice-Hall, Englewood Cliffs, New Jersey (1952).

60 A, A. Frost, J. Am, Chem. Soc. 73 (1951) 2680.

61 E. A. V. Ebsworth, Education in Chemistry 1 (1964) 123.

62 C. S. G. Phillips and R. J. P, Williams, Inorganic Chemistry, Oxford (1965), p. 314.
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VE represents a reversible electrode potential corresponding to the free energy change
(volts x 23.03 = kcal/mol) of the two nitrogen species involved according to the equation

HNO3;+2.5H; — 0.5N,+ 3H,0O
VE = (6.23 x 23.06) = 144 kcal/mol

Thus in Fig. 5, the values of VE in volts and their corresponding free energy valuesin kcal/mol
are indicated for each nitrogen species, and hence the redox potential of any couple is
simply the slope of the line joining the points corresponding to the two species involved.

volts
Us CL/CI™  +1.36 -6t
0, H7H,0+1.23
M 2+
Fe /FC +0.77 HNO; 138
6 +6.216 ]
N +143.3
HY/H, 0.00
sl +5.426 dits
Zo*YZn  —0.76 +125.1
4 - — 92 e
I K
s 3
< 3 —69 g
h-1 [}
8 El
£ =
g 2F % 2
= >
S 5
I+ 423 &
8
>3]
o o
—1 —1—-23
! | 1 1 1 [ 1 ! ]
-3 -2 -1 0 1 2 3 4 s

Oxidation state

FiG. 5. The oxidation state diagram for nitrogen in acid solution.

The greater the slope, the stronger oxidizing or reducing the couple depending on whether
the slope is positive or negative. So it follows that by comparing slopes of lines one can
compare oxidizing and reducing properties not only within the nitrogen series but with
other elements, and it is for this reason that a group of different sloped lines representing
other redox couples are included near the upper left hand corner of the figure. For example,
the No-N,H? couple will be a thermodynamically stronger reducing agent than H+-H,,
and likewise No-NH3;OH will be stronger than Zn++-Zn. A vertical downward movement
on the diagram corresponds to an increase in stability and occurs with a decomposition
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reaction, e.g. H,N,0, decomposes readily into N>O and H,O. A similar situation arises in
considering ammonium nitrate as the line joining NH? and nitric acid is bisected to give
the position of ammonium nitrate at a point just above N,O. The fact that N,O can be
conveniently prepared by heating ammonium nitrate is at least consistent with this observa-
tion. Thus when more than two species lie on the same line, an equilibrium is likely to
result, whereas any species occurring at a convex point on the diagram should be thermo-
dynamically unstable with respect to disproportionation into the neighbouring species.

7r + 1161
0, HYHO
S oz.Hzo/f)H“}‘”l‘23
’ HNO;
6 +6.216 {138
, +143.3
———— H/Hz f——— N
H20/OH".H3} 0.00 _‘1}5\1.2)’2 1s
sk ) 402
HNO, /7 4ppsy 11246
Zn?*Zn —0.76 : )
]
4 Mg2*/Mg —2.37 —H92 'g
£ NOy a
S +3.643 S
ot H,N,0, +84.0 g
g 3 +2.65 1 ¢
:E NH,0H F61.1g . ®
g +2.14 _ ,NH,OH* N,0; 3
g LL +49.40FY/41.87 +237 J4s =
3 S dNO +52.3 %
> +1.77 &
+40.8 g
1 —23 g
e
NH,
o -0.275 ,~ -0
| 635
-1} “NHy —0— Acid (a;=1.0 ~-23
1 ~0815 cid (ay=1.0)
-18.8 —o— Alkali (agy=1.0)
i1 1 1 | I 1 1 1 1
~3 -2 -1 0 1 2 3 4 [

Oxidation state

FiG. 6. The oxidation state diagram for nitrogen in acid and alkaline solution,

Reactions in alkaline solution can also be considered, and an oxidation state diagram
constructed in a similar way. Figure 6 shows the oxidation state diagram for nitrogen in
both acid and alkaline solutions, and includes the volt equivalents VE and VE(OH) together
with corresponding free energy values for individual nitrogen species. VE and VE(OH)
values differ for charged species due to the reaction

2H,0 +2e — H>+20H-

having a standard potential of 0.828 V on the standard hydrogen scale. This means that
for fully ionized acids, the value of VE(OH) will be lower than VE by 0.828 V corres-
ponding to a decrease of 19.1 kcal/mol. For example, HNO3; = 6.23—0.828 = 54 V or
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144—19.1 = 125 kcal/mol, the lower value being due to the neutralization reaction which
occurs when nitric acid is formed in alkaline solution:

HNO;+OH~ — NOj3+H0

For weak acids, some energy is used to ionize the acid, and hence the VE(OH) value will
be higher than ¥E—0.828 to the extent of (RT/F) In K., where K, is the dissociation constant
for a monobasic acid, i.e.

VE(OH) = VE—[0.828+(RT|F) In K,}

TABLE 13, THERMODYNAMIC FUNCTIONS AT 25°C FOR SELECTED NITROGEN SPECIES

Formula AHjy AGY S°
Species State weight (kcal/mol) (kcal/mol) (cal/deg mol)

N g 14.0067 112.979 108.883 36.622
N, g 28.0134 0 0 45.77
NH; g 17.0306 —11.02 -394 45.97
NH; aq -19.09 ~6.35 26.6
NH} aq 18.0386 —31.67 —18.97 27.1
NoHy 1 32.0453 12.10 35.67 28.97
N>H4 g 22.80 38.07 56.97
N>H,4 aq 8.20 30.6 33
N:H¢ aq 33.0532 —1.8 19.7 36
HNj; 1 43,0281 63.1 78.2 33.6
HN; g 70.3 78.4 57.09
HN3 aq 62.16 76-9 34.9
NH,OH c 33,0300 —27.3
NH;OH aq —23.5 - 5.60 40
NH4OH | 35.0460 —86.33 —-60.74 39.57
NH4HO; aq 51.0454 —69.99 —35.1 328
N;HsOH g 50.0606 —49.0 --18.9 63
N;HsOH aq —60.11 —26.1 49.7
NO g 30.0061 21.57 20.69 50.347
NO, g 46.0055 7.93 12.26 57.35
N>O g 44,0128 19.61 24.90 52.52
N;O3 £ 76.0116 20.01 33.32 74.61
N>O4 g 92,0110 2.19 23.38 72.70
N2Oy4 1 —4.66 23.29 50.0
N>Os5 c 108.0104 —10.3 272 42.6
N»Os g 2.7 27.5 85.0
NO3 aq 46.0055 —25.0 -89 33.5
NO3 aq 62.0049 —49.56 —26.61 35.0
N205~ ag 60.0122 —4.1 33.2 6.6
HNO; aq 47.0135 —28.5 —13.3 36.5
HNO; 1 63.0129 —41.61 —19.31 37.19
HNO; g -32.28 —17.87 63.64
HNO; aq —49.56 —26.61 35.0
HNO;-H;0 1 81.0282 —113.16 —78.61 51.84
HNO;-3H,0 1 117.0589 —252.40 —193.91 82.93
HN>O0; aq 61.0202 —124 18.2 34
H;N,0, aq 62.0281 —15.4 8.6 52

D. D. Wagman, W. H. Evans, V. B. Parker, I. Halow, S. M. Bailey and R. H. Schumm, Selected Values
of Chemical Thermodynamic Properties, NBS Technical Note 270-3, Washington (1968).
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Bases in alkaline solution lie at slightly higher than the VE value, the increase being related
to the acid dissociation constant of the conjugate acid of the base:

VE(OH) = VE+(RT/F)In K,

The free energies corresponding to the VE(OH) values for hydrides such as NH; or N,Hy
are simply the standard free energies of formation from the elements. Clearly, neutral
species such as Ny, N,O, NO and N,04 will be unaffected:

VE(OH) = VE

Thus thermodynamic data for a large number of reactions can be calculated using the
oxidation state diagram in Fig. 6 together with the heats of formation, free energies of
formation and entropies of selected nitrogen species listed in Table 13. However, one
should not forget the limitations of thermodynamic considerations which only sort out
reactions into possible or impossible and does not take into account kinetic factors, i.e.
the rate at which a possible reaction occurs or how they will affect the choice between two
alternative reactions.

1.6.3. Stereochemistry

In common with other neighbouring first-row elements, the maximum coordination
number for nitrogen is four, and thus the only regular stereochemical arrangements that it
can exhibit are tetrahedral, pyramidal, planar, angular and linear. The shapes of most
nitrogen molecules can be predicted using the Sidgwick—Powell63 approach by allowing
each pair of electrons on the central atom to take up the stereochemical position of maximum
repulsion irrespective of whether the electrons are involved in bonding or not. The extension
of this approach by Gillespie and Nyholm64 is also appropriate for considering distortions
produced by the electrostatic interactions between lone pairs and bonds. As the electrons
of a lone pair lie closer to the atomic nucleus than those in a bond, electrostatic repulsion
between electron pairs will be greatest in the sequence

loan pair:loan pair > loan pair: bond pair > bond pair:bond pair

For example, the lone pair:bond pair repulsion reduces the HNH bond angle in NHj to
108° from what is initially regarded as sp3 hybrid orbitals with tetrahedral bond angles of
109° 28'.

Substituted ammonias of the type R3N are in general also pyramidal. Thus molecules
of the type RR'R"N should have non-superposable mirror images and hence exhibit
optical activity. No such optical isomers have yet been isolated because inversion can
readily take place, i.e. where one isomer reverts to the other by an umbrella type of move-
ment and the nitrogen atom crosses over from one side of the plane N’ to the other N”
accompanied by the potential energy change illustrated in Fig. 7. For ammonia this potential
energy barrier to inversion is only about 6 kcal/mol, and similar values would be expected
for R5N type molecules, whereas a barrier of the order of 20 kcal/mol would be necessary
in order to make the rate of interconversion sufficiently slow for isolation of optical isomers
to be possibless.

63 N. V. Sidgwick and H. M. Powell, Proc. Roy. Soc. (London) A, 176 (1940) 153,

64 R. J. Gillespie and R. S. Nyholm, in Progress in Stereochemistry, Vol. 2 (ed. W. Klyne and P. B. D.
de la Mare), Butterworths, London (1968), p. 261.

65 R. E. Weston, J. Am. Chem. Soc. 76 (1954) 2645.
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On the basis of this argument, one might expect all compounds containing nitrogen
bonded to three groups to be pyramidal. However, in circumstances where the lone pair
on nitrogen can participate in partial double bonding (z-bonding) with the neighbouring
atom, even planar structures have been reported. For example, trisylylamine (H3Si)3N is
coplanar with Si-N bond lengths considerably shorter than a single bond (see section 4)66.
Nitrogen is coplanar both in urea NH,CONH, and in formamide HCONH; where the
C-N bond lengths also suggest appreciable double bond characters?.
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F1G. 7. Inversion of R3N compounds.

1.7. BIOLOGICAL PROPERTIES OF NITROGEN

1.7.1. The Nitrogen Cycle

Nitrogen is found in many compounds which are vital to all forms of life including
proteins, nucleic acids, co-enzymes, vitamins and hormones. Animals synthesize these
complex molecules from organic intermediates available in food, while plants are able to
utilize simple inorganic compounds which arise in the soil23. The concentration of nitrogen
compounds in the soil, however, is low, and would quickly become depleted in the absence
of some replenishing process involving the abundant source of the element available from
the atmosphereé8. This process whereby micro-organisms convert atmospheric nitrogen
into simple nitrogen compounds on which the majority of plants can thrive is known as
nitrogen fixation. The initial product of fixation is ammonia, from which further transforma-
tions can be easily rationalized.

The routes by which nitrogen pass between environment and living organisms is usually
illustrated as the nitrogen cycle® in Fig. 8. Organisms thus play a critical role in the nitrogen
cycle which maintains in the soil an adequate supply of nitrogen compounds essential to
plant life. The extra addition of nitrogen compounds to the soil usually leads to both
increased yields and better quality of many crops, but because nitrogen uptake is related to
plant assimilation of other elements, commercial fertilizers are often compounded in definite
ratios of available nitrogen, phosphorus and potassium. The choice of nitrogen compounds
for use as fertilizer is quite wide, and includes ammonia, ammonium salts, nitrates, urea,

66 K. Hedberg, J. Am. Chem. Soc. 77 (1955) 6491.

67 A. F. Wells, Structural Inorganic Chemistry, 3rd edn., Oxford University Press, Oxford (1962).

68 F. Call, in Mellors Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vol. 8, Suppl. 1,
Nitrogen, Part 1, Longmans, London (1964), Section XVII, p. 568.

69 J. J. W. Baker a- . G. E. Allen, The Study of Biology, Addison-Wesley, Reading, Mass. (1967).
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ureaform and calcium cyanamide, in a variety of physical forms as powders, crystals,
pellets, prills and liquid. The actual physical form of a fertilizer is important from the view
of storage and the mode of application?6,

Nitrogen fixing bacteria

e — NH,
Denitrifying bacteria /
Nitrite
bacteria
Denitrif.ying NO7 Putrifying
bacteria bacteria on
dead protein
Nitrate and excreta
bacteria
/_/ Plant Plant Food Animal
NOy — o —™ L T .
metabolism protein protein

FiG. 8. The nitrogen cycle.

With regard to nitrogen uptake, fertilization by foliar sprays is now carried out on an
increasing scale, but nitrogen is usually assimilated by plants in the form of ammonium or
nitrate ions through the root system. Ammonia is rather immobile in the ground being held
in the soil structure as the ammonium cation and tending to be released over a prolonged
period. Nitrate, on the other hand, can move freely in the soil moisture and is taken up
quickly by plants, although losses by leaching can be considerable. Calcium cyanamide is
hydrolysed to give ammonia as also is urea, while guanyl urea and the urea—formaldehyde
condensation product known as ureaform are slow-release fertilizers. Indiscriminate use of
fertilizers can deplete the soil of other essential growth factors or accumulate undesirable
byproducts, which emphasizes the need to select fertilizers to meet the specific needs of the
particular soil and crop combination. The currently used methods of conserving land fertility
by alternating grain with legumes or combining crop rotation with livestock farming will
be substituted by balanced nitrogen fertilizers to ensure continuous utilization of all arable
land.

1.7.2. Nitrogen Fixation

Micro-organisms from the genera Clostridium, Azobacter and Azotobacter, which are
normally found in the soil, are capable of performing the complete process of nitrogen
fixation quite independently, as also are certain species of aerobic, anaerobic and photo-
synthetic bacteria, actinomyces, yeasts and blue-green algae. The only plants which can
take part in nitrogen fixation are those which bear root nodules (notably the legume family)
inhabited by bacteria of the genus Rhizobium. This association between plant and bacteria
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is termed symbiosis, which means that in the presence of a fixed nitrogen source both can
exist separately, but when fixed nitrogen is not available, neither can grow or fix nitrogen
independently3.

Research has been aimed at isolating the nitrogen-fixing enzyme system as cell-free
extracts in a pure state70. It is known that the reduction of elemental nitrogen by the enzyme
system nitrogenase occurs in conjunction with the related system hydrogenase to give
ammonia as the product. No intermediate reduced nitrogen species have yet been isolated.
The enzyme system required for nitrogen reduction involves at least two protein components
which contain the elements iron and molybdenum?1, and is capable of other remarkable
reductions. For example, azide can be reduced to ammonia, cyanide to methane and
ammonia, and even acetylene has been reduced to ethylene. The proposed mechanisms of
fixation have recently been revieweds but are likely to be modified in the light of recent
experience with the chemistry of nitrogen complexes (see section 2.11.3).

1.8. ANALYTICAL CHEMISTRY OF NITROGEN

The methods used in the identification, characterization and analysis of specific nitrogen
compounds and ions will be discussed in each following section, and general reference will
be made to the problems associated with their detection and determination in a variety of
raw materials, processes and products. Thus in this section, only general principles behind
the analytical chemistry of nitrogen will be indicated together with the routine methods of
nitrogen determination currently used in analytical laboratories?2.

Nitrogen, and ultimately all nitrogen compounds are capable of being converted into
molecular nitrogen, can be identified by its emission spectrum with a quartz spectrograph,
and its purity determined by mass spectrometry. For detecting the presence of nitrogen
compounds without regard to specific identification, oxidation to nitrate or reduction to
ammonia followed by some suitable spot test?3 is usually adequate. Nitrogen in organic
compounds is usually detected by Lassaigne fusion with sodium where the resulting cyanide
is confirmed by the Prussian-blue test.

In general, the quantitative determination of nitrogen in unknown materials is also
based essentially on simple conversions to nitrate, ammonia or nitrogen, which can be
estimated by a range of conventional chemical analytical techniques including titri-
metric’4 75, colorimetric76: 77, gravimetric’S and gasometric methods78. However, the need
to develop rapid methods for the analysis of compounds and mixtures associated with

70 L. E. Mortenson, Biochim. Biophys. Acta 127 (1966) 18.

71 L. E. Mortenson, in Survey of Progress in Chemistry, Vol. 4 (ed. A. F. Scott), Academic Press, New
York (1968), p. 127.

72 K. I. Vasu, in Mellors Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vol. 8, Suppl.
II, Nitrogen, Part II, Longmans, London (1967), Section XXXVII, p. 563.

73 F, Feigl, Spot Tests in Organic Analysis, Tth edn., Elsevier, Amsterdam (1966); Spot Tests in Inorganic
Analysis, Elsevier, Amsterdam (1958).

74 A. J. Clear and M. Roth, in Treatise on Analytical Chemistry, Part 1l, Vol. 5 (eds. I. M. Kolthoff and
P. J. Elving), Interscience, New York (1961), p. 217.

75 A. F. Williams, in Comprehensive Analytical Chemistry, Vol. IC (eds. C. L. Wilson and D. W. Wilson),
Elsevier, Amsterdam (1962), p. 203.

76 G. Charlot, Colorimetric Determination of Elements, Elsevier, Amsterdam (1964).

77 M. J. Taras, in Colorimetric Determination of Nonmetals (ed. D. F. Boltz), Interscience, New York
(1958), p. 75.

78 A. 1. Vogel, A Textbook of Quantitative Inorganic Analysis, 3rd edn., Longmans, London (1961).
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industrial processes has required the application of physical methods based on chromato-
graphy, thermal conductivity, mass spectrometry and absorption spectroscopy, the tendency
being for continuous on-line analysis where possible.

The routine determination of nitrogen in organic materials is also as the element or
ammonia, and the methods briefly outlined below are clearly applicable to the analysis of
many nitrogen complexes of metals, organometallic derivatives, as well as some purely
inorganic compounds.

The Dumas method?? dating from 1831 is based simply on the thermal decomposition
of organic material with a metal oxide in an atmosphere of carbon dioxide. The liberated
nitrogen is then measured volumetrically over potassium hydroxide solution which absorbs
the other combustion products and carbon dioxide carrier gas. The method is applicable
with a wide range of samples, even inorganic compounds by adding some organic material
such as benzoic acid, and has reached an advanced state of sophistication with the availa-
bility of an automatic commercial instrument80. For these reasons it is generally the method
of choice.

The Kjeldahl method79 81, although not applicable to all organic nitrogen compounds,
is still widely used in fertilizer and food analysis. The method involves digestion of organic
nitrogen-containing material with sulphuric acid and potassium sulphate in the presence of
a catalyst (HgO) at about 350°C. The nitrogen is converted to ammonia, and remains in
the acid solution as ammonium sulphate. The acid digest is diluted and then made sufficiently
basic to permit quantitative distillation of the ammonia. The ammonia is absorbed' in
standard acid and then back titrated with standard base. Developments have also been
made in automating the method using the Technicon AutoAnalyzer82,

In the ter Meulen method79, organic nitrogen-containing material is pyrolysed in an
atmosphere of hydrogen, and the vaporized products passed over Ni-Mg catalyst at 320°C
to give ammonia which can be determined titrimetrically or colorimetrically depending on
the amount of nitrogen present. This method is particularly good for determining traces
of nitrogen and has found application in petroleum analysis.

The chemical composition of a substance, however, is often only an initial step to
characterizing a new or known compound. The way in which the investigation will subse-
quently proceed depends largely on the equipment available and to some extent on the
techniques in vogue at the time. Many nitrogen compounds which are stable in the gaseous
or liquid phase can be identified, characterized and even analysed by the modern spectro-
scopic techniques applicable in organic chemistry of infrared, ultraviolet, n.m.r., mass
spectrometry and gas-liquid chromatography. Detailed structural parameters of volatile
materials can also be obtained from electron diffraction and other spectroscopic techniques.
The investigation of solid materials, traditionally an inorganic activity, usually relies on
finding suitable solvents in which to carry out spectroscopic examinations. However,
although the results of such “sporting” techniques are adequate in identifying known
substances and predicting structures for new compounds, the chemist is ultimately only
satisfied when he can rationalize the chemistry of the material with structural parameters
from X-ray crystallography.

79 G. M. Gustin and C. L. Ogg, in Treatise on Analytical Chemistry, Part 11, Vol. 11 (eds. I. M. Kolthoff
and P. J. Elving), Interscience, New York (1961), p. 405.

80 Coleman Instrument Co., Maywood, Illinois, USA.

81 R, B. Bradstreet, The Kjeldahl Method for Organic Nitrogen, Academic Press, New York (1965).

82 Technicon Instruments Co. Ltd., Hanworth Lane, Chertsey, Surrey, England.
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2. ELEMENTAL NITROGEN

2.1. DISCOVERY AND HISTORY

Although it is difficult to say who first isolated nitrogen and clearly recognized it as a
definite substance, Rutherford in Scotland is generally credited with the discoveryss,
although Scheele in Sweden made similar independent observations about the same time.
In 1772, oxygen from air was removed by combustion, then the soluble products were
dissolved out, and the remaining gas was reported to extinguish flames and destroy life.
This asphyxiating gas (German Stickstoff), which Scheele called “foul air”, was later recog-
nized to be an element by Lavoisier who called it azote, meaning without life; the prefix az
still being used in chemical nomenclature as an indication of combined nitrogen in many
of its compounds, e.g. azide, hydrazine, etc.

2.2. OCCURRENCE AND DISTRIBUTION

Nitrogen constitutes 78 %, by volume of the earth’s atmosphere. The concentration of
nitrogen gas decreases with increase in distance from the surface of the earth, and it has
been claimed that perceptible fractionation of the two stable isotopes occurs due to gravita-
tion84, Considerable quantities of nitrogen occur in natural gas and thermal springs, and
it has even been detected in the atmosphere of the planet Mars.

2.3. PRODUCTION OF NITROGEN

The three principal methods of manufacturing nitrogen8s are the low-temperature
separation of air, the chemical deoxygenation of air and the dissociation of ammonia. The
preparation of synthesis gas for the production of ammonia will be discussed in section 3.3.

2.3.1. Low-temperature Separation from Air

Gaseous and liquid nitrogen are produced by air separation plants based on the low-
temperature fractional distillation of liquid air86. Modern gas liquefaction plants are based
largely on the Linde process which revolutionized the industry in the early years of this
century by applying the Joule-Thompson effect.

The main stages of the process involve (i) compression of air, (ii) purification of com-
pressed air, (iii) cooling of compressed air, (iv) liquefaction by expansion and cooling, and
(v) fractional distillation.

In the diagram illustrated in Fig. 9, filtered air enters the compressor cylinder 4 and
the pressure is raised to 200 atm. After carbon dioxide and water have been removed in B,
the heat produced by rapid compression is absorbed as it passes through the heat exchanger
C. The compressed air is then allowed to expand suddenly at the orifice D, where it cools
rapidly due to the Joule-Thompson expansion (an isenthalpic process). This cooled air

83 M. E. Weeks, revised by H. M. Leicester, Discovery of the Elements, 7th edn., Journal of Chemical
Education, Washington (1968).

84 F. H. Day, The Chemical Elements in Nature, Harrap, London (1963).

85 B. R. Brown, in Mellor’s Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vol. 8,
Suppl. 1, Nitrogen, Part I, Longmans, London (1964), pp.1-26.

86 M. Sittig, Nitrogen in Industry, Van Nostrand, New Jersey (1965).
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still at slight positive pressure enters the outer tube E surrounding the inner tube leading to
D, and cools it further, producing such a low temperature that the incoming gases liquefy
at D and collect in F. The cooled air leaving E can then be circulated back via the heat
exchanger or direct to the cylinder, thus completing a partial cycle. The compressed air
can also be liquefied in an expanding engine by an isentropic process. The liquid air is
fractionated in various columns depending on whether gaseous or liquid products are
required.

|

FiG. 9. The liquefaction of air.

Modern air separation plants operate very efficiently with a high degree of automation
and are capable of producing several tons of liquid nitrogen per hour8?. Laboratory units
producing high purity liquid nitrogen at up to 4 litres per hour are also availabless,

2.3.2, Chemical Deoxygenation of Air

The obvious chemical method of removing oxygen from air is by combustion89. Usually
the oxidizable substance is a carbonaceous material such as a hydrocarbon or coal. Quanti-
ties are calculated so that all the oxygen is converted to carbon dioxide which can be
removed by scrubbing the gas under pressure with water or monoethanolamine. Residual
water is removed by condensation or by passing through driers containing silica gel or
activated alumina. Substantially pure nitrogen is thus obtained and used as inert atmosphere
for steel- and metal-working.

2.3.3. Dissociation of Ammeonia

For ammonia to be decomposed into nitrogen, the principal use of which is to prepare
ammonia, must sound rather peculiar logic. However, ammonia is readily available in a
pure state and reasonably cheap, and can be “‘cracked” directly simply by reversing the
conditions required for its synthesis (see section 3.3). Ammonia at 600°C and pressures of
1-15 atm in the presence of a catalyst (usually a metal of the platinum group) is almost
completely dissociated into nitrogen and hydrogen. The hydrogen can be partially or

87 M. Sittig and S. Kidd, Cryogenics—Research and Application, Van Nostrand, New Jersey (1963), p. 100.
88 H. E. Charlton and H. J. V. Charlton, Trans. Inst. Chem. Engrs. 41 (1963) CE 254.

89 A J. Moyes and R. F. Keyte, Trans. Inst. Chem. Engrs. 41 (1963) CE 248.

90 Anon., Nitrogen, No. 5 (1960) 38.
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totally removed by combustion with air, and this can occur concurrently with the dissocia-
tion reaction to maintain the temperature. After further treatment, nitrogen can be obtained
pure if required, but the process is particularly useful when a reducing atmosphere is
required.

2.3.4. Other Methods

One way of physically separating air into its components without resorting to low-
temperature distillation is by molecular sieve!. The critical diameters of the atmosphere
gases nitrogen, oxygen and argon are 3.0, 2.8 and 3.8 A respectively. As natural and
synthetic zeolites can be obtained with pore channels of specific dimensions, one with a
cut-off at just below 3 A would be suitable. The method has been shown to be capable of
producing nitrogen 99.25 % pure, but optimum conditions gave a product containing about
109 oxygen.

Other methods which have been suggested include separation by selectively permeable
films, adsorption and diffusion. All these other methods could also be applied more directly
to nitrogen-hydrogen mixtures from ammonia dissociation.

2.3.5. Storage and Handling of Nitrogen36

Although cylinders of compressed nitrogen are convenient for small-scale and inter-
mittent use, the trend in recent years has been more towards the handling of large quantities
as liquid. Small amounts of liquid can be stored in Dewar vessels of glass or copper insu-
lated by a vacuum. Larger quantities are contained in Horton spheres which are made up
of a stainless steel inner sphere surrounded by insulation and supported in a protective
carbon steel shell. Twelve ton loads of liquid nitrogen can be transported by road and
delivered as either gas or liquid.

The main precautions to be observed when handling liquid nitrogen and equipment
that has been in contact with it are with regard to frostbite. Care should be taken to avoid
being splashed especially when immersing an object at room temperature. Precautions
should also be taken to avoid large areas of liquid nitrogen to be exposed to the atmosphere
since it can condense oxygen in concentrations which can become hazardous in the presence
of organic material. Adequate ventilation should be ensured when large amounts of evaporat-
ing liquid nitrogen are confined to enclosed places, as oxygen content of the air can be
reduced with the danger of asphyxiation.

2.4. INDUSTRIAL USES OF NITROGEN
2.4.1. Chemical Applications

The manufacture of ammonia is the most important single use of elemental nitrogen92,
In the Haber process, nitrogen and hydrogen react at high temperatures and pressures in
the presence of a catalyst according to the equilibrium

catalyst

Na(g) + 3H,(g) 2NHj(g)
The process will be discussed in detail in section 3.3,

91 Anon., Chem. Week. 92 (1963) 37.
92 A, J. Harding, Ammonia Manufacture and Uses, Oxford University Press, Oxford (1959).
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Important quantities of nitrogen have been used in calcium cyanamide production93
which can be used as a fertilizer and was formerly an important route to ammonia. The
Frank—Caro process involves burning limestone to produce lime which reacts with coke in
an electric furnace giving calcium carbide as the main product. The finely ground carbide
then reacts with pure nitrogen at 1100°C to give calcium cyanamide.

CaCO3 - Ca0+CO,
Ca0+3C - CaCy+CO
CaC,;+N; - CaCN,+C

Related to this reaction is the Bucher process first described by Castner and which was
formerly used for the manufacture of sodium cyanide by the reaction of nitrogen with red-
hot charcoal and sodium.
Na,C03;+2C — 2Na+3CO
2Na+2C - NayC,
Na;C; + N, - 2NaCN

The Birkeland-Eyde electric arc oxidation of atmospheric nitrogen to nitric oxide for
nitric acid production was developed in Norway using low-cost hydroelectric power. At
the present time, however, all such arc processes are uneconomical and obsolete. A large
demonstration plant was built and operated during 1953 in an attempt to develop a direct
nitrogen-fixation route to nitric oxide by the high-temperature combination of the elements
in the “pebble-bed” or Wisconsin process®4, but this too proved uneconomic,

The use of nitrogen in metal nitride synthesis will be considered in section 4.2.

2.4.2, Cryogenic Applications86. 87

Liquid nitrogen is used in the laboratory as a convenient medium for cooling apparatus,
condensing gaseous materials in vacuum apparatus, and for preparing “slush baths” by
cooling a liquid to its melting point to provide a constant-temperature bath. Liquid air is
no longer used in cryogenic work because of the potential inflammable and explosive
hazards which can occur in the event of contamination by organic materials.

Many materials which are tough or pliable at ambient temperatures become brittle at
Hquid nitrogen temperatures and less likely to overheat or deteriorate during grinding
operations. Other mechanical uses include shrink fitting where a slightly oversize component
contracts sufficiently on cooling to —196°C to slide into position and be held firmly on
expansion as it attains ambient temperature.

Liquid nitrogen is also finding increasing use in food-freezing processes and as a re-
frigerant for frozen and perishable foods during transit. Other modern applications are to
be found in cryobiology and cryosurgery, while the largest single consumer of liquid nitrogen
in the United States is the aerospace industry.

2.4.3. Inert Atmosphere Applications3é

In the laboratory, dry nitrogen is a satisfactory substitute for argon in most of its
applications as an inert atmosphere in dry boxes and glove bags. The food industry use
nitrogen during preparation, packing and canning of a wide variety of food products to
prevent spoilage by atmospheric oxygen. Nitrogen acts as a protective atmosphere for the

93 Anon., Nitrogen, No. 22 (1963) 32.
94 E. D. Ermenc, Chem. Engng. Prog. 52 (1956) 149.
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bright hardening and annealing of steel, chilling in aluminium foundries and during arc
welding. The molten tin bath used in the manufacture of float glass is also protected by
nitrogen.

Chemical industries use nitrogen atmosphere either to avoid reaction with oxygen or
to prevent the formation of dangerous explosive mixtures. Some examples of its application
include the manufacture of reactive organic chemicals, acrylonitrile, polyamides, polyesters,
lubricants and waxes. It is also used in the petroleum industry during fuel storage, polymeriza-
tion processes and plastics fabrication.

Based on its properties as a non-reactive gas, nitrogen finds application as a fluidizing
gas in powder technology, a propellant gas in aerosols, an inert pressure medium for liquids
which are reactive with air and for the agitation of liquids.

2.5. LABORATORY PREPARATION OF NITROGEN

For most laboratory applications, nitrogen from cylinders can be used directly or after
purification. However, laboratory methods of preparation may be appropriate if small
quantities of high-purity nitrogen are required or when the conversion of a nitrogen com-
pound to the element is required during an analytical procedure. Nitrogen prepared by
chemical methods is free from inert gas impurities, which makes it particularly useful for
spectroscopic purposes. Such methods include the followingt-:

(1) The reaction of ammonium ion and nitrite ion:
NH}+NO3; — N;+2H;0
In practice, saturated sodium nitrite solution is added dropwise to hot saturated ammonium
chloride solution. or saturated ammonium nitrite solution can be warmed directly.
(2) The reaction of ammonia and bromine:
8NH3+3Br, — N>+ 6NH,Br

The oxidation of ammonia is a general procedure, other oxidizing agents being dichromate
(as in (3)), ozone, fluorine and manganese dioxide. Ammonia can also be thermally de-
composed to nitrogen and hydrogen in the presence of a platinum catalyst.

(3) The decomposition of ammonium dichromate:
K,Cr-07+ (NH4):S04 —+ N2+ Cr;034+ K804 +4H,0

The thermal decomposition of ammonium dichromate is an explosive reaction which can

be controlled by the presence of sulphate, presumably as a result of slow diffusion in the
solid state.

(4) The thermal decomposition of metal azides?6:

300°
2NaNj3 —> 2Na+ 3N,

Sodium or barium azide can be purified by recrystallization and careful drying, and if the

forerun of nitrogen produced is discarded, then spectroscopically pure nitrogen can be
obtained.

95 Ref. 85, pp. 6-7.

96 P. W. Schenk, in Handbook of Preparative Inorganic Chemistry, 2nd edn., Vol. 1 (ed. G. Brauer)
Academic Press, London (1963), pp. 457-517.
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2.6. PURIFICATION OF NITROGEN

Nitrogen prepared by laboratory methods from aqueous solutions may be purified by
passing the gas through gas-washing bottles containing dilute sulphuric acid to remove
ammonia, iron(II) sulphate solution to remove nitric oxide, chromium(II) or vanadium(II)
solutions to remove oxygen, and, finally, concentrated sulphuric acid to remove water.
The use of gas-washing bottles, however, tends to saturate the gas with water vapour,
necessitating very efficient drying.

As most commercial sources of nitrogen are produced by the liquefaction of air,
cylinders of compressed nitrogen usually contain inert gases (mainly argon), oil vapour,
carbon dioxide, water and oxygen as impurities totaling not more than 0.5% depending
on grade. In general, the low oxygen-low moisture grade nitrogen requires little or no
purification. For most applications, the presence of inert gases is not important, but the
complete removal of oxygen and water is often necessary. Water and carbon dioxide can
be removed by passing the gas through Linde molecular sieve grade 44 followed by passage
through a column of manganese(Il) oxide supported on fireclay at 100°C to remove
oxygen®7. Oxygen can also be removed by passing the gas over copper at 400°C or preferably
an active formi4 at 170°C, over a tungsten filament at 2300°C, or with hydrogen over a
platinum catalyst. Any water present can be removed either by passing the gas through a
trap cooled in liquid nitrogen at —196°C or through a desiccant train containing phos-
phorus pentoxide or anhydrous magnesium perchlorate. Small amounts of oxygen and
water can be removed in one operation by bubbling the gas through a trap containing
25:75 sodium-potassium liquid alloy9s.

For spectroscopic purposes, nitrogen once purified should only be contained in closed
systems previously baked out under high vacuum.

2.7. NUCLEAR ISOTOPES 14N,, 14N15N, I5N;

Atmospheric nitrogen contains 0.365% of the heavier isotope 1SN, and the remaining
99.635 % being the only other naturally occurring isotope 14N. Thermal diffusion columns
can be used to produce highly concentrated 15N from nitrogen gas, but quantities produced
in this way are small98, However, as previously mentioned (section 1.4.4), gaseous nitrogen
is the form to which compounds are converted for mass-spectrometric isotope analysis,
and hence the enriched material can be recovered as the element. Both 15N, and 1SN14N
are available commercially in at least 959 enriched material99.

The mass spectrometry of N, has naturally received detailed attentionl09, particularly
in respect of calculating 15N concentration from direct measurement of the ratio of masses
28:29 (14NE-14N15SN+) or 30:29 (15SN$-15N14N+). This is only possible with any accuracy
because mixtures of 14N,, 14N15N, 15N, do not exchange isotopes at ordinary temperatures.
Indeed, no evidence could be obtained for isotope exchange between 14N, and 15N, over

97 C. C. Addison and B. M. Davies, J. Chem. Soc. A (1969) 1822.

98 K. Clusius, Helv. Chim. Acta 33 (1950) 2134.

99 Office National Industriel de I'Azote (ONIA), 40 avenue Hoche, Paris (VIII¢), France; Isomet Corpora-
tion, Palisades Park, New Jersey, USA.

100 W, Spindel, in Inorganic Isotopic Syntheses (ed. R. H. Herber), Benjamin, New York (1962),
pp. 81-118.
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the temperature range 30-1000°C, and it was concluded that the lower limit activation
energy for the exchange reaction

15N+ 14N14N — 14N 4 1SN 14N

must be between 14 and 31 kcal/mole101,

The reaction of active nitrogen (see section 2.12) with labelled nitric oxide either at
room temperature and 380°C yields 14N15N exclusively in amounts equivalent to the active
nitrogen concentrationl0!

14N+ 15NO - 14NISN+ 0O

2.8. STRUCTURE AND BONDING

Solid nitrogen exists in two enantiotropic forms at atmospheric pressure with a transi-
tion point of 35.6 K 102, At 20 K, the o form is cubic with a molecular lattice containing
four molecules (internuclear distance 1.065 A) per unit cell, whereas at 39 K p-nitrogen
crystallizes in a hexagonal form. Recently, however, a third high-pressure modification
y-nitrogen has been reported to be tetragonal at 20.5 K and 4015 atm pressurel03, Neutron
diffraction indicates single neighbour distances of 1.1 A for liquid nitrogen while gaseous
nitrogen exists as a diatomic molecule with an internuclear distance of 1.097 A as determined
by microwave spectroscopy.

As the diatomic molecular structure is present in all three phases, the simplest descrip-
tion of the bonding in nitrogen is as three electron-pair bonds giving an octet of electrons
on each atom!04. Thus with six electrons involved in a triple bond, this leaves a lone pair
at each end of the molecule (:N=N:).

Molecular orbital theory can also supply a satisfactory description of the bonding in
nitrogen which is consistent with most of its propertiesios. Molecular orbitals in their
simplest form are considered to be linear combinations of atomic orbitals. This approxima-
tion is valid for valence orbitals which interact by the LCAO/MO method only if the orbitals
involved have similar energies and the same symmetry, while the symmetry of the molecule
requires that each molecular orbital be made up of equal contributions from the two
atoms. Assuming the molecule to be lying on the z axis, the s orbitals of each nitrogen can
overlap to form a ¢-bonding and ¢-antibonding molecular orbitals, and the p, orbitals
can do the same. The p. orbitals of each nitrogen being perpendicular to the z axis overlap
to form n-bonding and r-antibonding molecular orbitals parallel to the molecular axis.
The p, orbitals interact similarly. As each orbital is capable of containing two electrons,
the electrons of nitrogen will fill the lowest energy orbitals first. Figure 10 shows the energy
diagram for nitrogen, and can be summarized as

2[N(1522522p.2p,2p:)) > No(156°)2(150*)2(256)2(250*):(2pa)2(2pn’y*

The strikingly similar physical properties of the isoelectronic molecules, nitrogen and
carbon monoxide, invites comparison of the bonding in view of their differing reactivity.

101 R, A, Back and J. Y. P. Mui, J. Phys. Chem. 66 (1962) 1362.

102 B. R. Brown, in ref. 85, pp. 27-149.

103 R. L. Mills and A. F. Schuch, Phys. Rev. Letters 23 (1969) 1154.

104 M. Green, in Developments in Inorganic Nitrogen Chemistry, Vol. 1 (ed. C. Colburn). Elsevier,
Amsterdam (1966), pp. 1-71.

105 C, J, Balihausen and H. B. Gray, Molecular Orbital Theory, Benjamin, New York (1965).
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FiG. 10. Molecular orbital energy diagram for nitrogen.

A point that was not mentioned in the simple molecular orbital description above was that
because the s and p, atomic orbitals belong to the same symmetry species, they can be
hybridized106, Hybridization will give rise to two new levels, 61 predominantly an s orbital
with some p, character, and g, predominantly p, with some s character, whose energies
indicate that the major effect of hybridization is to increase the bonding power of ;. The
energy level diagrams are illustrated in Fig. 11.

For carbon monoxide, however, the atomic orbitals of the two atoms which form the
o-bond are not equivalent. Figure 11 shows that the a1 of carbon interacts with o2 of oxygen
to form the o bond. Consequently the lone pair of carbon in :C=0: will be in a g, orbital
and have largely p. character, while the lone pair of the oxygen atom will be in o1 and have
largely s character.

The bond order, calculated by subtracting the number of antibonding electrons from
the number of bonding electrons and dividing by two, is three for the nitrogen molecule in
agreement with the triple bond obtained by the simple octet rule. This is the maximum
value as either the removal of one electron from a bonding orbital to form N7 or the addi-
tion of an electron to an antibonding orbital to form N7 gives a decrease in the bond order

106 H. H. Jaffé and M. Orchin, Tetrahedron 10 (1960) 212.
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from 3 to 24 accompanied by appropriate increases in the bond length and decreases in
bond dissociation energy.

N N N, N N C C CcO o o
atomic hybrid molecular hybrid atomic atomic hybrid molecular hybrid atomic
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FI1G. 11. Molecular orbital energy diagrams for nitrogen and carbon monoxide.

2.9. MOLECULAR CONSTANTS

Molecular constants for the nitrogen crystal modifications are tabulated in Table 14
and have been mentioned in section 2.8 in connection with bonding.

The principle source of molecular data is from spectroscopy!97. Although the selection
rule requires a change in dipole moment for infrared and microwave spectra to be observed,

107 R, F. Barrow and A. J. Merer, in Mellor’s Comprehensive Treatise on Inorganic and Theoretical
Chemistry, Vol. 8, Suppl. II, Nitrogen, Part 2, Longmans, London (1967), p. 454.
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TaBLE 14. MOLECULAR CONSTANTS OF THE NITROGEN MOLECULE102,103

Crystal modification
Range of stability
Temperature and
pressure of X-ray
structure determination
System
Space group
Symmetry
Lattice constants: a
c
cla
Internuclear distance

a-nitrogen
<356K
21 K/1 atm

Cubic

P2,3
T4

5.667

1.065 A

f-nitrogen®
>356K
50 K/1 atm

Hexagonal
P63/mme
D},
393
6.50
1.654

y-niitrogen
> 3500 atm
20.5 K/4015 atm

Tetragonal
Pdy/mnm
D3,
3.957
5.109

1.29

2 W. E. Streib, T. H. Jordan and W. N. Lipscomb, J. Chem. Phys. 37 (1962) 2962.
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homonuclear molecules can always be suitably perturbed under pressure or in condensed
phases. These absorptions agree with the value of the strongest Raman line at 2331 cm~!
and its overtones!08, As regards electronic spectra, however, there is no shortage of data
as more band systems are known for nitrogen than for any other moleculel07.109.110, and
some of these are indicated in Fig. 12.

Electronic spectra arise from the promotion of an electron from one state to another
and are observed when the electron returns to the original state. Thus for each excited
state, an electronic configuration can be assigned and various parameters like the equi-
librium bond length can be computed.

Values for the constants of the ground state of the nitrogen molecule, for spectroscopic
purposes written

KK(20,)2(20.)2(1m,)*(30,)2 X 1 £},

result from the rotational analysis of the Lyman-Birge-Hopfield system and rotational
and vibrational Raman spectral data:

G, = 2358.07(v+ 1) — 14.188(v+ )2 — 0.0124(v + 1)
B, = 1.9987—0.01781(v + %)
r. = 1.0976 A

i

I

The dissociation energy of N; has been the subject of considerable debatet09, but the value
of 9.760+0.005 eV, 225.1 kcal/mol is now well established.

Three Rydberg series are knowni07, the band heads being represented by the following
equations.
The Worley-Jenkins series converging on X2X+ of N7,

X-X: KK(o)Xo)2(m) o) (npoy), 1Z%
Vm = 125 666~ R[m+0.3450—0.1000/m—0.100/m2]2  m=2,3,...,26

Worley’s third series, converging on v = 1 of A2II,.

A-X: KK(6)2(0.)2(7,)3(6,)(nso,)2, 111,
Vm = 136 607— R/[m—0.0441—-0.018/m]2 m=2,3,...,6

The Hopfield series, which converges on B2X+,
B-X: KK(O'g)2(0’,,)(7[u)4(0'g)2(nsa'g), 12-:;

Vm = 151240— R/[m—0.092]2 m=3,4,...,10, R= 109 735cm™1!

Five electronic states of the nitrogen molecule ion N% are known, X 2%, A2, B2XY,
D(211,) and C22 T ,and all the allowed transitions between these states have been observed107,

108 B, P. Stoicheff, Adv. Spectrosc. 1 (1959) 91.

109 A, G. Gaydon, Dissociation Energies and Spectra of Diatomic Molecules, 3rd edn., Chapman & Hall,
London (1968), p. 184.

110 R. W. Nicholls, in Physical Chemistry, An Advanced Treatise (eds. H. Eyring, D. Henderson and
W. Jost), Vol. 111, Electronic Structure of Atoms and Molecules (ed. D. Henderson), Academic Press, New
York (1969), p. 325.
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The dissociation energy of N3 (X2Z}) has been calculated from the ionization potential of
nitrogen and is related to the dissociation energy of N, by the equation

Dy(N3) = Do(Nz)+IP(N) —IP(N2)

Do(N3) = 9.760+ 14.545~15.58

Do(N%) = 8.73+0.01 eV, 201.4 kcal/mol
re(N3) = 1.118 A

2.10. PHYSICAL PROPERTIES

Physical constants for molecular nitrogen are given in Table 15 together with some
specific values for temperature variable parameters while properties which are described
by equations are listed in Table 16.

The adsorption of nitrogen!92 is being mentioned under physical properties although
this is not intended to presume what mode of interaction between