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Preface to the Second Edition

When this book first appeared in 1984 it rapidly established itself as one of the foremost textbooks and
references on the subject. It was enthusiastically adopted by both students and teachers and has already
been translated into several European and Asian languages. The novel featurcs which it adopted (see
Preface to the First Edition) were clearly much appreciated and we have been pressed for some time
now to bring out a second edition. Accordingly we have completely revised and updated the text and
have incorporated over 2000 new literature references to work which has appeared since the first edition
was published. In addition, innumerable modifications and extensions incorporating recent advances
have been made throughout the text and, indeed, no single page has been left unaltered. However, by
judicious editing we have ensured that all the features which made the first edition so attractive to its
readers have been retained. ‘

The main plan of the book has been left unchanged except that the general section on organometal-
lic chemistry has been removed from Chapter 8 (Carbon) and has been incorporated, together with a
summary of other aspects of coordination chemistry, in a restyled Chapter 19. However, the chemistry
of even the simplest elements has been considerably enriched during the past few years, sometimes by
quite dramatic advances. Thus the chemistry of the alkali metals has a complexity that was undreamt
of one or two decades ago and lithium, for example, is now known in at least 20 coordination
geometries having coordination numbers from 1 to 12. Compounds of alkali metal anions and even
electrides are known. Likewise, there is expanding interest in the organometallic chemistry of the
heavier congeners of magnesium, particularly those with bulky ligands. Boron continues to amaze
and confound, and its cluster chemistry continues to expand, as does sulfur—nitrogen chemistry, het-
eropolyacid chemistry, bioinorganic aspects of the chemistry of many of the elements, lower-valent
lanthanide element chemistry, and so on through each of the chapters, up to the synthesis and char-
acterization of the heaviest trans-actinide element, Z = 112. It is salutory to reflect that there are now
49 more elements known than the 63 known to Mendeleev when he devised the periodic table of the
elements.

A further indication of the rapid advances that have occurred in the chemistry of the elements
during the past 15 years can be gauged from the several completely new sections which have been
added to review work in what were previously both nonexistent and unsuspected areas. These include
(a) coordination compounds of dihapto-dihydrogen, (b) the fullerenes and their many derivatives, (c) the
metcars, and (d) high-temperature oxide superconductors.



XX Preface to the Second Edition

We hope that this new edition of Chemistry of the Elements will continue to stimulate and inform its
readers, and that they will experience something of the excitement and fascination which we ourselves
feel for this burgeoning subject. We should also like to thank our many correspondents who have kept
us informed of their work and the School of Chemistry in the University of Leeds for providing us with
facilities.

N. N. Greenwood
A. Earnshaw
August, 1997



Preface to the First Edition

IN this book we have tried to give a balanced, coherent and comprehensive account of the chemistry of
the elements for both undergraduate and postgraduate students. This crucial central area of chemistry is
full of ingenious experiments, intriguing compounds and exciting new discoveries. We have specifically
avoided the term inorganic chemistry since this emphasizes an outmoded view of chemistry which is
no longer appropriate in the closing decades of the 20th century. Accordingly, we deal not only with
inorganic chemistry but also with those aspects which might be called analytical, theoretical, industrial,
organometallic, bio-inorganic or any other of the numerous branches of the subject currently in vogue.

We make no apology for giving pride of place to the phenomena of chemistry and to the factual basis
of the subject. Of course the chemistry of the elements is discussed within the context of an underlying
theoretical framework that gives cohesion and structure to the text, but at all times it is the chemical
chemistry that is emphasized. There are several reasons for this. First, theories change whereas facts do
so less often — a greater permanency and value therefore attaches to a treatment based on a knowledge
and understanding of the factual basis of the subject. We recognize, of course, that though the facts
may not change dramatically, their significance frequently does. It is therefore important to learn how
to assess observations and to analyse information reliably. Numerous examples are provided throughout
the text. Moreover, it is scientifically unsound to present a theory and then describe experiments which
purport to prove it. It is essential to distinguish between facts and theories and to recognize that, by
their nature, theories are ephemeral and continually changing. Science advances by removing error, not
by establishing truth, and no amount of experimentation can “prove” a theory, only that the theory is
consistent with the facts as known so far. (At a more subtle level we also recognize that all facts are
theory-laden.)

It is also important to realize that chemistry is not a static body of knowledge as defined by the
contents of a textbook. Chemistry came from somewhere and is at present heading in various specific
directions. It is a living self-stimulating discipline, and we have tried to transmit this sense of growth and
excitement by reference to the historical development of the subject when appropriate. The chemistry of
the elements is presented in a logical and academically consistent way but is interspersed with additional
material which illuminates, exemplifies, extends or otherwise enhances the chemistry being discussed.

Chemistry is a human activity and its results have a substantial impact on our daily lives. However,
we have not allowed ourselves to become obsessed by “relevance”. Today’s relevance is tomorrow’s
obsolescence. On the other hand, it would be obtuse in the modern world not to recognize that chemistry,
in addition to being academically stimulating and aesthetically satisfying, is frequently also useful. This
gives added point to much of the chemistry of the elements and indeed a great deal of that chemistry
has been specifically developed because of society’s needs. To many this is one of the most attractive
aspects of the subject — its potential usefulness. We therefore wrote to over 500 chemically based firms
throughout the world asking for information about the chemicals they manufactured or used, in what



XXii Preface to the First Edition

quantities and for what purposes. This produced an immense wealth of technical information which has
proved to be an invaluable resource in discussing the chemistry of the elements. Our own experience
as teachers had already alerted us to the difficulty of acquiring such topical information and we have
incorporated much of this material where appropriate throughout the text. We believe it is important to
know whether a given compound was made perhaps once in milligram amounts, or is produced annually
in tonne quantities, and for what purpose.

In a textbook devoted to the chemistry of the elements it seemed logical to begin with such questions
as: where do the elements come from, how were they made, why do they have their observed terrestrial
abundances, what determines their atomic weights, and so on. Such questions, through usually ignored
in textbooks and certainly difficult to answer, are ones which are currently being actively pursued,
and some tentative answers and suggestions are given in the opening chapter. This followed by a brief
description of chemical periodicity and the periodic table before the chemistry of the individual elements
and their group relationships are discussed on a systematic basis.

We have been much encouraged by the careful assessment and comments on individual chapters by
numerous colleagues not only throughout the U.K. but also in Australia, Canada, Denmark, the Federal
Republic of Germany, Japan, the U.S.A and several other countries. We believe that this new approach
will be widely welcomed as a basis for discussing the very diverse behaviour of the chemical elements
and their compounds.

It is a pleasure to record our gratitude to the staff of the Edward Boyle Library in the University
of Leeds for their unfailing help over many years during the writing of this book. We should also like
to express our deep appreciation to Mrs Jean Thomas for her perseverance and outstanding skill in
preparing the manuscript for the publishers. Without her generous help and the understanding of our
families this work could not have been completed.

N. N. GREENWOOD
A. EARNSHAW
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Origin of the Elements.
Isotopes and Atomic Weights

1.1 Introduction

This book presents a unified treatment of the
chemistry of the elements. At present 112 ele-
ments are known, though not all occur in nature:
of the 92 elements from hydrogen to uranium all
except technetium and promethium are found on
earth and technetium has been detected in some
stars. To these elements a further 20 have been
added by artificial nuclear syntheses in the labo-
ratory. Why are there only 90 elements in nature?
Why do they have their observed abundances and
why do their individual isotopes occur with the
particular relative abundances observed? Indeed,
we must also ask to what extent these isotopic
abundances commonly vary in nature, thus caus-
ing variability in atomic weights and possibly
jeopardizing the classical means of determining
chemical composition and structure by chemical
analysis.

Theories abound, and it is important at all
times to distinguish carefully between what has
been experimentally established, what is a useful
model for suggesting further experiments, and

what is a currently acceptable theory which
interprets the known facts. The tentative nature of
our knowledge is perhaps nowhere more evident
than in the first few sections of this chapter
dealing with the origin of the chemical elements
and their present isotopic composition. This is not
surprising, for it is only in the last few decades
that progress in this enormous enterprise has been
made possible by discoveries in nuclear physics,
astrophysics, relativity and quantum theory.

1.2 Origin of the Universe

At present, the most widely accepted theory
for the origin and evolution of the universe to
its present form is the “hot big bang”.) It
is supposed that all the matter in the universe

1J. SiLx, The Big Bang: The Creation and Evolution
of the Universe, 2nd edn., W. H. Freeman, New York,
1989, 485 pp. J. D. BaArRrROW and J. Suk, The Left Hand
of Creation: The Origin and Evolution of the Expanding
Universe, Heinemann, London, 1984, 256 pp. E. W. KoLB
and M. S. TURNER, The Early Universe, Addison-Wesley,
Redwood City, CA, 1990, 547 pp.
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was once contained in a primeval nucleus of
immense density (~10° gcm™) and temperature
(~10°2K) which, for some reason, exploded
and distributed radiation and matter uniformly
throughout space. As the universe expanded
it cooled; this allowed the four main types
of force to become progressively differentiated,
and permitted the formation of various types
of particle to occur. Nothing scientific can be
said about the conditions obtaining at times
shorter than the Planck time, tp [(Gh/c)V/? =
1.33 x 107**s] at which moment the forces of
gravity and electromagnetism, and the weak and
strong nuclear forces were all undifferentiated
and equally powerful. At 107# s after the big
bang (T = 10*! K) gravity separated as a distinct
force, and at 1073°s (1028 K) the strong nuclear
force separated from the still combined electro-
weak force. These are, of course, inconceivably
short times and unimaginably high temperatures:
for example, it takes as long as 1072*s for
a photon (travelling at the speed of light) to
traverse a distance equal to the diameter of an
atomic nucleus. When a time interval of 107105
had elapsed from the big bang the temperature
is calculated to have fallen to 10K and this
enabled the electromagnetic and weak nuclear
forces to separate. By 6 x 107¢s (1.4 x 102K)
protons and neutrons had been formed from
quarks, and this was followed by stabilization
of electrons. One second after the big bang,
after a period of extensive particle—antiparticle
annihilation to form electromagnetic photons,
the universe was populated by particles which
sound familiar to chemists — protons, neutrons
and electrons.

Shortly thereafter, the strong nuclear force
ensured that large numbers of protons and
neutrons rapidly combined to form deuterium
nuclei (p+n), then helium (2p+ 2n). The
process of element building had begun. During
this small niche of cosmic history, from about
10-500s after the big bang, the entire universe
is thought to have behaved as a colossal
homogeneous fusion reactor converting hydrogen
into helium. Previously no helium nuclei could
exist — the temperature was so high that the sea

of radiation would have immediately decomposed
them back to protons and neutrons. Subsequently,
the continuing expansion of the universe was
such that the particle density was too low
for these strong (but short-range) interactions
to occur. Thus, within the time slot of about
eight minutes, it has been calculated that about
one-quarter of the mass of the universe was
converted to helium nuclei and about three-
quarters remained as hydrogen. Simultaneously,
a minute 1073% was converted to deuterons and
about 1075% to lithium nuclei. These remarkable
predictions of the big bang cosmological theory
are borne out by experimental observations.
Wherever one looks in the universe — the oldest
stars in our own galaxy, or the “more recent” stars
in remote galaxies — the universal abundance of
helium is about 25%. Even more remarkably,
the expected concentration of deuterium has been
detected in interstellar clouds. Yet, as we shall
shortly see, stars can only destroy deuterium
as soon as it is formed; they cannot create
any appreciable equilibrium concentration of
deuterium nuclei because of the high temperature
of the stellar environment. The sole source of
deuterium in the universe seems to be the big
bang. At present no other cosmological theory
can explain this observed ratio of H:He:D.

Two other features of the universe find
ready interpretation in terms of the big bang
theory. First, as observed originally by E. Hubble
in 1929, the light received on earth from
distant galaxies is shifted increasingly towards
the red end of the spectrum as the distance
of the source increases. This implies that
the universe is continually expanding and, on
certain assumptions, extrapolation backwards
in time indicates that the big bang occurred
some 15 billion years ago. Estimates from
several other independent lines of evidence
give reassuringly similar values for the age of
the universe. Secondly, the theory convincingly
explains (indeed predicted) the existence of
an all-pervading isotropic cosmic black-body
radiation. This radiation (which corresponds to a
temperature of 2.735 £+ 0.06 K according to the
most recent measurements) was discovered in
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1965 by A. A. Penzias and R. W. Wilson® and
is seen as the dying remnants of the big bang. No
other comological theory yet proposed is able to
interpret all these diverse observations.

1.3 Abundances of the
Elements in the Universe

Information on the abundances of at least some
of the elements in the sun, stars, gaseous
nebulae and the interstellar regions has been
obtained from detailed spectroscopic analysis
using various regions of the electromagnetic
spectrum. This data can be supplemented by
direct analysis of samples from the earth, from
meteorites, and increasingly from comets, the
moon, and the surfaces of other planets and
satellites in the solar system. The results indicate
extensive differentiation in the solar system and
in some stars, but the overall picture is one of
astonishing uniformity of composition. Hydrogen
is by far the most abundant element in the
universe, accounting for some 88.6% of all
atoms (or nuclei). Helium is about eightfold
less abundant (11.3%), but these two elements
together account for over 99.9% of the atoms
and nearly 99% of the mass of the universe.
Clearly nucleosynthesis of the heavier elements
from hydrogen and helium has not yet proceeded
very far.

Various estimates of the universal abundances
of the elements have been made and, although
these sometimes differ in detail for particular ele-
ments, they rarely do so by more than a factor
of 3 (10%3) on a scale that spans more than 12
orders of magnitude. Representative values are
plotted in Fig. 1.1, which shows a number of
features that must be explained by any satisfac-
tory theory of the origin of the elements. For
example:

2R. W. WiLsoN, The cosmic microwave background
radiation, pp. 113-33 in Les Prix Nobel 1978, Almqvist &
Wiksell International, Stockholm 1979. A. A. Penzias, The
origin of the elements, pp. 93-106 in Les Prix Nobel 1978
(also in Science 105, 549-54 (1979)).

(i) Abundances decrease approximately
exponentially with increase in atomic
mass number A until A ~ 100 (i.e. Z ~
42); thereafter the decrease is more grad-
ual and is sometimes masked by local
fluctuations.

(i1) There is a pronounced peak between Z =
23-28 including V, Cr, Mn, Fe, Co and
Ni, and rising to a maximum at Fe which
is ~10° more abundant than expected
from the general trend.

(iii) Deuterium (D), Li, Be and B are rare
compared with the neighbouring H, He,
C and N.

(iv) Among the lighter nuclei (up to Sc, Z =
21), those having an atomic mass number
A divisible by 4 are more abundant than
their neighbours, e.g. °0, *Ne, *Mg,
28G5, 328, 3 Ar and *°Ca (rule of G. Oddo,
1914).

(v) Atoms with A even are more abundant
than those with A odd. (This is seen in
Fig. 1.1 as an upward displacement of
the curve for Z even, the exception at
beryllium being due to the non-existence
of ¥Be, the isotope }Be being the stable
species.)

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

(vi) Atoms of heavy elements tend to be neu-
tron rich; heavy proton-rich nuclides are
rare.

(vii) Double-peaked abundance maxima occur
at A=1R80, 90; A =130, 138; and A =
196, 208 (see Fig. 1.5 on p. 11).

It is also necessary to explain the existence of
naturally occurring radioactive elements” whose
half-lives (or those of their precursors) are sub-
stantially less than the presumed age of the uni-
verse.

As a result of extensive studies over the past
four decades it is now possible to give a detailed
and convincing explanation of the experimental
abundance data summarized above. The histori-
cal sequence of events which led to our present
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understanding is briefly summarized in the Panel.
As the genesis of the elements is closely linked
with theories of stellar evolution, a short descrip-
tion of the various types of star is given in the
next section and this is then followed by a fuller
discussion of the various processes by which the
chemical elements are synthesized.

1.4 Stellar Evolution and the
Spectral Classes of Stars®4

In broad outline stars are thought to evolve by the
following sequence of events. First, there 1s self-
gravitational accretion from the cooled primordial

31. S. SHKLOVSKIL, Stars: Their Birth, Life and Death (trans-
lated by R. B. Rodman), W. H. Freeman, San Francisco,
1978, 442 pp. M. HARWIT, Astrophysical Concepts (2nd edn)
Springer Verlag, New York, 1988, 626 pp.

“D.H. CLaRk and F. R. STEPHENSON, The Historical
Supernovae, Pergamon Press, Oxford, 1977, 233 pp.

hydrogen and helium. For a star the size
and mean density of the sun (mass = 1.991 x
10% kg = 1 M) this might take ~20y. This
gravitational contraction releases heat energy,
some of which is lost by radiation; however, the
continued contraction results in a steady rise in
temperature until at ~107 K the core can sustain
nuclear reactions. These reactions release enough
additional energy to compensate for radiational
losses and a temporary equilibrium or steady state
is established.

When ~10% of the hydrogen in the core has
been consumed gravitational contraction again
occurs until at a temperature of ~2 x 10% K
helium burning (fusion) can occur. This is
followed by a similar depletion, contraction and
temperature rise until nuclear reactions involving

L. A. MARSCHALL, The Supernova Story, Plenum Press, New
York, 1989, 276 pp. P. MURDIN, End in Fire: The Supernova
in the Large Magellanic Cloud, Cambridge University Press,
1990, 253 pp.

Genesis of the Elements — Historical Landmarks

1890s First systematic studies on the terrestrial abundances of the elements F. W. Clarke;
H. S. Washington and others
1905 Special relativity theory: E = mc? A. Einstein
1911 Nuclear model of the atom E. Rutherford
1913 First observation of isotopes in a stable element (Ne) J. J. Thompson
1919 First artificial transmutation of an element *4N(a,p)'70 E. Rutherford
1925-8 First abundance data on stars (spectroscopy) Cecilia H. Payne;
H. N. Russell

1929 First proposal of stellar nucleosynthesis by proton fusion to helium

and heavier nuclides

1937 The “missing element” Z = 43 (technetium) synthesized by
IMo(d.mPTc

1938 Catalytic CNO process independently proposed to assist nuclear syn-
thesis in stars

1938 Uranium fission discovered experimentally

1940 First transuranium element 233Np synthesized

1947 The last “missing element” Z = 61 (Pm) discovered among uranium

R. D’E. Atkinson and
F. G. Houtermans
C. Perrier and E. G. Segré

H. A. Bethe; C. F. von Weizsicker

O. Hahn and F. Strassmann

E. M. McMillan and P. Abelson

J. A. Marinsky, L. E. Glendenin
and C. D. Coryell

R. A. Alpher, H. A. Bethe and
G. Gamow

fission products

1948 Hot big-bang theory of expanding universe includes an (incorrect)
theory of nucleogenesis

1952-4 Helium burning as additional process for nucleogenesis

1954 Slow neutron absorption added to stellar reactions

1955-7 Comprehensive theory of stellar synthesis of all elements in observed
cosmic abundances

1965 2.7 K radiation detected

E. E. Salpeter; F. Hoyle

A. G. W. Cameron

E. M. Burbidge, G. R. Burbidge,
W. A. Fowler and F. Hoyle

A. P. Penzias and R. W. Wilson
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still heavier nuclei (Z = 8-22) can occur at
~10° K. The time scale of these processes
depends sensitively on the mass of the star,
taking perhaps 10'? y for a star of mass 0.2 Mg,
101 y for a star of 1 solar mass, 107 y for
mass 10 Mg, and only 8 x 10*y for a star
of 50 Mg; i.e. the more massive the star, the
more rapidly it consumes its nuclear fuel. Further
catastrophic changes may then occur which result
in much of the stellar material being ejected into
space, where it becomes incorporated together
with further hydrogen and helium in the next
generation of stars. It should be noted, however,
thétf; as iron is at the maximum of the nuclear
binding energy curve, only those elements up to
iron (Z = 26) can be produced by exothermic
pracesses of the type just considered, which occur
automatically if the temperature rises sufficiently.
Beyond iron, an input of energy is required to
promote further element building.

The evidence on which this theory of stellar
evolution is based comes not only from known
nuclear reactions and the relativistic equivalence
of mass and energy, but also from the spectro-
scopic analysis of the light reaching us from the
stars. This leads to the spectral classification of
stars, which is the cornerstone of modern exper-
imental astrophysics. The spectroscopic analysis
of starlight reveals much information about the

Ch. 1

chemical composition of stars — the identity of
the elements present and their relative concentra-
tions. In addition, the “red shift” or Doppler effect
can be used to gauge the relative motions of the
stars and their distance from the earth. More sub-
tly, the surface temperature of stars can be deter-
mined from the spectral characteristics of their
“blackbody” radiation, the higher the temperature
the shorter the wavelength of maximum emission.
Thus cooler stars appear red, and successively
hotter stars appear progressively yellow, white,
and blue. Differences in colour are also associ-
ated with differences in chemical composition as
indicated in Table 1.1.

If the spectral classes (or temperatures) of stars
are plotted against their absolute magnitudes (or
luminosities) the resulting diagram shows several
preferred regions into which most of the stars fall.
Such diagrams were first made, independently,
by E. Hertzsprung and H. N. Russell about 1913
and are now called HR diagrams (Fig. 1.2). More
than 90% of all stars fall on a broad band called
the main sequence, which covers the full range
of spectral classes and magnitudes from the large,
hot, massive O stars at the top to the small, dense,
reddish M stars at the bottom. However, it should
be emphasized that the terms “large” and “small”
are purely relative since all stars within the main
sequence are classified as dwarfs.

Table 1.1 Spectral classes of stars

Class® Colour Surface (T/K) Spectral characterization Examples

0 Blue >25000 Lines of ionized He and other 10 Lacertae
elements; H lines weak

B Blue-white 11 000-25000 H and He prominent Rigel, Spica

A White 7500-11000 H lines very strong Sirius, Vega

F Yellow-white 6000-7000 H weaker; lines of ionjzed Canopus,
metals becoming prominent Procyon

G Yellow 5000-6000 Lines of ionized and neutral Sun, Capella
metals prominent (especially Ca)

K Orange 3500-5000 Lines of neutral metals and Arcturus,
band spectra of simple rad- Aldebaran
icals (e.g. CN, OH, CH)

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

@¥Further division of each class into 10 subclasses is possible, e.g. ... F8, F9, GO, G1, G2, ... The sun is G2 with a surface
temperature of 5780 K. This curious alphabetical sequence of classes arose historically and can perhaps best be remembered by

the mnemonic “Oh Be A Fine Girl (Guy), Kiss Me”.
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\——Large, hot, massive—prominent H and He lines

+— e.g. Antares, low density,
' and diameter up to

nx 108 km (low temperature
but enormous surface area)

Moderate T, 4 and m;

rather small diameter;
metallic elements prominent
in spectra

—— Small, dense, reddish, with
temperature sufficiently
low for some compounds
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Figure 1.2 The Hertzsprung-Russell diagram for stars with known luminosities and spectra.

The next most numerous group of stars lie
above and to the right of the main sequence and
are called red giants. For example, Capella and
the sun are both G-type stars yet Capella is 100
times more luminous than the sun; since they both
have the same temperature it is concluded that
Capella must have a radiating surface 100 times
larger than the sun and thus has about 10 times its
radius. Lying above the red giants are the super-
giants such as Antares (Fig. 1.3), which has a
surface temperature only half that of the sun but
is 10000 times more luminous: it is concluded
that its radius is 100 times that of the sun. By
contrast, the lower left-hand comer of the HR
diagram is populated with relatively hot stars of
low luminosity which implies that they are very
small. These are the white dwarfs such as Sirius B
which is only about the size of the earth though
its mass is that of the sun: the implied density

Antares (100)
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Figure 1.3 The comparison of various stars on the

HR diagram. The number in parentheses
indicates the approximate diameter of the
star (sun = 1.0).
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of ~5 x 10* g cm™? indicates the extraordinarily
compact nature of these bodies.

It is now possible to connect this description
of stellar types with the discussion of the thermo-
nuclear processes and the synthesis of the ele-
ments to be given in the next section. When a
protostar begins to form by gravitational con-
traction from interstellar hydrogen and helium,
its temperature rises until the temperature in its
core can sustain proton burning (p. 9). A star of
approximately the mass of the sun joins the main
sequence at this point and spends perhaps 90%
of its life there, losing little mass but generating
colossal amounts of energy. Subsequent exhaus-
tion of the hydrogen in the core (but not in the
outer layers of the star) leads to further contrac-
tion to form a helium-burning core which forces
much of the remaining hydrogen into a vast ten-
uous outer envelope — the star has become a red
giant since its enormous radiating surface area
can no longer be maintained at such a high tem-
perature as previously despite the higher core
temperature. Typical red giants have surface tem-
peratures in the range 3500-5500 K; their lumi-
nosities are about 10>~10* times that of the sun
and diameters about 10—100 times that of the sun.
Carbon burning (p. 10) can follow in older red
giants followed by the o-process (p. 11) during
its final demise to white dwarf status.

Many stars are in fact partners in a binary sys-
tem of two stars revolving around each other. If,
as frequently occurs, the two stars have different
masses, the more massive one will evolve faster
and reach the white-dwarf stage before its part-
ner. Then, as the second star expands to become
a red giant its extended atmosphere encompasses
the neighbouring white dwarf and induces insta-
bilities which result in an outburst of energy and
transfer of matter to the more massive partner.
During this process the luminosity of the white
dwarf increases perhaps ten-thousandfold and the
event is witnessed as a nova (since the preced-
ing binary was previously invisible to the naked
eye).

As we shall see in the description of the
e-process and the y-process (p. 12), even more
spectacular instabilities can develop in larger

main sequence stars. If the initial mass is
greater than about 3.5 solar masses, current
theories suggest that gravitational collapse may
be so catastrophic that the system implodes
beyond nuclear densities to become a black
hole. For main sequence stars in the mass range
1.4-3.5 Mg, implosion probably halts at nuclear
densities to give a rapidly rotating neutron
star (density ~10% g cm™) which may be
observable as a pulsar emitting electromagnetic
radiation over a wide range of frequencies in
pulses at intervals of a fraction of a second.
During this process of star implosion the sudden
arrest of the collapsing core at nuclear densities
yields an enormous temperature (~10'2 K) and
high pressure which produces an outward-moving
shock wave. This strikes the star’s outer envelope
with resulting rapid compression, a dramatic rise
in temperature, the onset of many new nuclear
reactions, and explosive ejection of a significant
fraction of the star’s mass. The overall result is
a supernova up to 10% times as bright as the
original star. At this point a single supernova
is comparable in brightness to the whole of
the rest of the galaxy in which it is formed,
after which the brightness decays exponentially,
often with a half-life of about two months.
Supernovae, novae, and unstable variables from
dying red giants are thus all candidates for the
synthesis of heavier elements and their ejection
into interstellar regions for subsequent processing
in later generations of condensing main sequence
stars such as the sun. It should be stressed,
however, that these various theories of the origin
of the chemical elements are all very recent and
the detailed processes are by no means all fully
understood. Since this is at present a very active
area of research, some of the conclusions given
in this chapter are correspondingly tentative, and
will undoubtedly be modified and refined in
the light of future experimental and theoretical
studies. With this caveat we now turn to a more
detailed description of the individual nuclear
processes thought to be involved in the synthesis
of the elements.
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1.5 Synthesis of the
Elements®-9

The following types of nuclear reactions have
been proposed to account for the various types
of stars and the observed abundances of the ele-
ments:

(i) Exothermic processes in stellar interiors:
these include (successively) hydrogen
burning, helium burning, carbon burning,
the «a-process, and the equilibrium or
e-process.

(i) Neutron capture processes: these include
the s-process (slow neutron capture) and
the r-process (rapid neutron capture).

(iii) Miscellaneous processes: these include
the p-process (proton capture) and spal-
lation within the stars, and the x-process
which involves spallation (p. 14) by
galactic cosmic rays in interstellar regions.

1.5.1 Hydrogen burning

When the temperature of a contracting mass of
hydrogen and helium atoms reaches about 107 K,
a sequence of thermonuclear reactions is possi-
ble of which the most important are as shown in
Table 1.2.

The overall reaction thus converts 4 protons
into 1 helium nucleus plus 2 positrons and 2 neu-
trinos:

4'H — “He + 2t +2v,; Q =26.72 MeV

5D. N. ScHraMM and R. WAGONER, Element production in
the early universe, A. Rev. Nucl. Sci. 27, 37-74 (1977).

SE. M. BURBIDGE, G. R. BURBIDGE, W. A. FOWLER and
F. HOYLE, Synthesis of the elements in stars, Rev. Mod. Phys.
29, 547-650 (1957). This is the definitive review on which
all later work has been based.

7L. H. ALLER, The Abundance of the Elements, Inter-
science, New York, 1961, 283 pp.

721 H. ABRens (ed.), Origin and Distribution of the
Elements, Pergamon Press, Oxford, 1979, 920 pp.

8 R. 1. TAYLOR, The Origin of Chemical Elements, Wyke-
ham Publications, London, 1972, 169 pp.

9W. A. FOWLER, The quest for the origin of the elements
(Nobel Lecture), Angew. Chem. Int. Edn. Engl. 23, 645-71
(1984).

Hydrogen burning 9

Table 1.2 Thermonuclear consumption of protons

Reaction Energy Reaction
evolved, Q time®
IH+'H > 2H+et + v, 144 MeV  14x100 y
H+'H —» 3He + ¢ 5.49 MeV 06 s
3He +3He — “He +2'H  12.86 MeV 108 y

®The reaction time quoted is the time required for half
the constituents involved to undergo reaction — this is sensi-
tively dependent on both temperature and density; the figures
given are appropriate for the centre of the sun, ie. 1.3 x
107 K and 200 g cm 3.

1 MeV per atom = 96.485 x 10° kI mol L.

Making allowance for the energy carried away
by the 2 neutrinos (2 x 0.25 MeV) this leaves
a total of 26.22 MeV for radiation, i.e. 4.20 pJ
per atom of helium or 2.53 x 10° kJ mol™!. This
vast release of energy arises mainly from the
difference between the rest mass of the helium-
4 nucleus and the 4 protons from which it was
formed (0.028 atomic mass units). There are
several other peripheral reactions between the
protons, deuterons and 3He nuclei, but these
need not detain us. It should be noted, however,
that only 0.7% of the mass is lost during
this transformation, so that the star remains
approximately constant in mass. For example,
in the sun during each second, some 600 x 106
tonnes (600 x 10° kg) of hydrogen are processed
into 595.5 x 10° tonnes of helium, the remaining
4.5 x 10° tonnes of matter being transformed into
energy. This energy is released deep in the sun’s
interior as high-energy y-rays which interact with
stellar material and are gradually transformed
into photons with longer wavelengths; these work
their way to the surface taking perhaps 10° y to
emerge.

In fact, the sun is not a first-generation
main-sequence star since spectroscopic evidence
shows the presence of many heavier elements
thought to be formed in other types of stars and
subsequently distributed throughout the galaxy
for eventual accretion into later generations of
main-sequence stars. In the presence of heavier
elements, particularly carbon and nitrogen, a
catalytic sequence of nuclear reactions aids
the fusion of protons to helium (H. A. Bethe
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Figure 1.4 Catalytic C-N-0O cycle for conversion
of 'H to “He. The times quoted are the
calculated half-lives for the individual
steps at 1.5 x 10" K.

and C. F. von Weizsicker, 1938) (Fig. 1.4). The
overall reaction is precisely as before with the
evolution of 26.72 MeV, but the 2 neutrinos now
carry away 0.7 and 1.0 MeV respectively, leaving
25.0 MeV (4.01 pJ) per cycle for radiation. The
coulombic energy barriers in the C-N-O cycle
are some 6-7 times greater than for the direct
proton-—-proton reaction and hence the catalytic
cycle does not predominate until about 1.6 x
107 K. In the sun, for example, it is estimated
that about 10% of the energy comes from this
process and most of the rest comes from the
straightforward proton—proton reaction.

When approximately 10% of the hydrogen
in a main-sequence star like the sun has been
consumed in making helium, the outward thermal
pressure of radiation is insufficient to counteract
the gravitational attraction and a further stage
of contraction ensues. During this process the
helium concentrates in a dense central core (p ~
10° g cm™*) and the temperature rises to perhaps
2 x 10® K. This is sufficient to overcome the
coulombic potential energy barriers surrounding
the helium nuclei, and helium burning (fusion)

can occur, The hydrogen forms a vast tenuous
envelope around this core with the result that the
star evolves rapidly from the main sequence to
become a red giant (p. 7). It is salutory to note
that hydrogen burning in main-sequence stars has
so far contributed an amount of helium to the
universe which is only about 20% of that which
was formed in the few minutes directly following
the big bang (p. 2).

1.5.2 Helium burning and carbon
burning

The main nuclear reactions occurring in helium
burning are:

‘He + *He = ®Be
and
8Be + ‘He —— C* — C+y

The nucleus 8Be is unstable to a-particle
emission (f), ~ 2 x 107'¢ s) being 0.094 MeV
less stable than its constituent helium nuclei;
under the conditions obtaining in the core of
a red giant the calculated equilibrium ratio
of ®Be to *He is ~107°. Though small,
this enables the otherwise improbable 3-body
collision to occur. It is noteworthy that, from
consideration of stellar nucleogenesis, F. Hoyle
predicted in 1954 that the nucleus of '2C would
have a radioactive excited state '2C* 7.70MeV
above its ground state, some three years before
this activity was observed experimentally at
7.653 MeV. Experiments also indicate that the
energy difference Q('2C* — 3*He) is 0.373 MeV,
thus leading to the overall reaction energy
3'He — C+y; Q=7.281 MeV
Further helium-burning reactions can now follow
during which even heavier nuclei are synthesized:
2C+%He —— %O +y; Q@ =7.148 MeV
180 + ‘He — ®Ne +y; Q= 4.75 MeV

ONe + *He —— ®Mg+y; Q =9.31 MeV
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These reactions result in the exhaustion of helium
previously produced in the hydrogen-buming
process and an inner core of carbon, oxygen
and neon develops which eventually undergoes
gravitational contraction and heating as before.
At a temperature of ~5 x 10® K carbon burning
becomes possible in addition to other processes
which must be considered. Thus, ageing red giant
stars are now thought to be capable of generating
a carbon-rich nuclear reactor core at densities of
the order of 10* g cm™. Typical initial reactions
would be:

IZC + 12C N 24Mg + Vs Q = 1385 MeV
e 4 120 > BNa+'H: Q=223 MeV
e 412 WNe 4+ ‘He;, Q = 4.62 MeV

The time scale of such reactions is calculated
to be ~10° y at 6 x 10* K and ~1 vy at 8.5 x
10 K. It will be noticed that hydrogen and
helium nuclei are regenerated in these processes
and numerous subsequent reactions become
possible, generating numerous nuclides in this
mass range.

1.5.3 The a-process

The evolution of a star after it leaves the red-giant
phase depends to some extent on its mass. If it
is not more than about 1.4 Mg it may contract
appreciably again and then enter an oscillatory
phase of its life before becoming a white dwarf
(p. 7). When core contraction following helium
and carbon depletion raises the temperature
above ~10° K the y-rays in the stellar assembly
become sufficiently energetic to promote the
(endothermic) reaction 2Ne(y.a)'*0O. The «-
particle released can penetrate the coulomb
barrier of other neon nuclei to form Mg in a
strongly exothermic reaction:

ONe + y — 150 .+ ‘He;
Q= —4.75 MeV
PNe + He — Mg + y;

Q = +9.31 MeV
ie. 2Ne — %0 + #*Mg + y;
Q = +4.56 MeV

The a-process 11

Some of the released a-particles can also scour
out 12C to give more %0 and the **Mg formed
can react further by **Mg(a.y)?®Si. Likewise
for 32S, ¥Ar and *’Ca. It is this process that
is considered to bec responsible for building up
the decreasing proportion of these so-called a-
particle nuclei (Figs. 1.1 and 1.5). The relevant
numerical data (including for comparison those
for *Ne which is produced in helium and carbon
burning) are as follows:

Nuclide (®Ne) Mg ®Si 7§ ¥ar ©Ca | ¥Ca T
Q. MeV (9.31) 1000 694 666 7.04 528 |9.40 9.32
Relative

abundance

(as obser-

ved) ®4) 078 100 03¢ (14 005200011 0.0019

Big bang and H burning

Logarithm of relative abundance (Si = 10M)

-
-

50 00
Atomic weight

Figure 1.5 Schematic representation of the main fea-
tures of the curve of cosmic abundances
shown in Fig. i.1, labelled according
tn the various stellar reactions consid-
ered to be responsible for the synthesis
of the elements. {(After E. M. Burbidge
et al.®)

In a sense the a-process resembles helium
burning but is distinguished from it by the quite
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different source of the a-particles consumed. The
straightforward a-process stops at *Ca since
*Ti* is unstable to electron-capture decay. Hence
(and including atomic numbers Z as subscripts
for clarity):

WCa +3He —— JTi* + ¢

BT +e™ ——> HSc" + vy

by ’\’49}/
1S¢* —— JiCa+ B + vy
2 3093 h

Then 33Ca+3He — 3Ti+y

The total time spent by a star in this ¢-phase may
be ~107-10* y (Fig. 1.6).

r
Core contraction Cooling

10° 10" 10 i
Time (years)

Figure 1.6 The time-scales of the various processes
of element synthesis in stars. The curve
gives the central temperature as a func-
tion of time for a star of about one solar
mass. The curve is schematic.®

1.5.4 The e-process (equilibrium
process)

More massive stars in the upper part of the main-
sequence diagram (i.e. stars with masses in the
range 1.4-3.5 Mg) have a somewhat different
history to that considered in the preceding
sections. We have seen (p. 6) that such stars
consume their hydrogen much more rapidly
than do smaller stars and hence spend less

time in the main sequence. Helium reactions
begin in their interiors long before the hydrogen
is exhausted, and in the middle part of their
life they may expand only slightly. Eventually
they become unstable and explode violently,
emitting enormous amounts of material into
interstellar space. Such explosions are seen
on earth as supernovae, perhaps 10000 times
more luminous than ordinary novae. In the
seconds (or minutes) preceding this catastrophic
outburst, at temperatures above ~3 x 10° K,
many types of nuclear reactions can occur in
great profusion, e.g. (y,@), (y.p). (y,n), (a,n),
(p.y), (n,y), (p.n), etc. (Fig. 1.6). This enables
numerous interconversions to occur with the
rapid establishment of a statistical equilibrium
between the various nuclei and the free protons
and neutrons. This is believed to explain the
cosmic abundances of elements from »;Ti to
29Cu. Specifically, since 3¢Fe is at the peak of
the nuclear binding-energy curve, this element
is considerably more abundant than those further
removed from the most stable state,

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

Slow neutron capture with emission of y-rays
is thought to be responsible for synthesizing
most of the isotopes in the mass range A =
63-209 and also the majority of non-e-process
nuclei in the range A = 23-46. These processes
probably occur in pulsating red giants over a
time span of ~107 y, and production loops for
individual isotopes are typically in the range
102-10° y. Several stellar neutron sources have
been proposed, but the most likely candidates are
the exothermic reactions *C(@,n)*0 (2.20 MeV)
and 2! Ne(a,n)**Mg (2.58 MeV). In both cases the
target nuclei (A = 4n + 1) would be produced by
a (p,y) reaction on the more stable 4n nucleus
followed by positron emission.

Because of the long time scale involved in
the s-process, unstable nuclides formed by (n,y)
reactions have time to decay subsequently by g~
decay (electron emission). The crucial factor in
determining the relative abundance of elements
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formed by this process is thus the neutron capture
cross-section of the precursor nuclide. In this way
the process provides an ingenious explanation of
the local peaks in abundance that occur near A =
90, 138 and 208, since these occur near unusu-
ally stable nuclei (neutron “magic numbers” 50,
82 and 126) which have very low capture cross-
sections (Fig. 1.5). Their concentration therefore
builds up by resisting further reaction. In this
way the relatively high abundances of specific
isotopes such as §Y and 30Zr, '3¥Ba and '¥Ce,
2%Pb and 22 Bi can be understood.

In contrast to the more leisured processes
considered in preceding paragraphs, conditions
can arise (e.g. at ~10° K in supernovae
outbursts) where many neutrons are rapidly added
successively to a nucleus before subsequent fS-
decay becomes possible. The time scale for the
r-process is envisaged as ~0.01-10 s, so that,
for example, some 200 neutrons might be added
to an iron nucleus in 10-100s. Only when
B~ instability of the excessively neutron-rich
product nuclei becomes extreme and the cross-
section for further neutron absorption diminishes
near the “magic numbers”, does a cascade of
some 8—10 8~ emissions bring the product back
into the region of stable isotopes. This gives a
convincing interpretation of the local abundance
peaks near A =80, 130 and 194, i.e. some
8—10 mass units below the nuclides associated
with the s-process maxima (Fig. 1.5). It has
also been suggested that neutron-rich isotopes
of several of the lighter elements might also
be the products of an r-process, e.g. >°S, %Ca,
“Ca and perhaps *'Ti, “*Ti and °°Ti. These
1sotopes, though not as abundant as others of
these elements, nevertheless do exist as stable
species and cannot be so readily synthesized by
other potential routes.

The problem of the existence of the
heavy elements must also be considered. The
short half-lives of all isotopes of technetium
and promethium adequately accounts for their
absence on earth. However, no element with
atomic number greater than g3Bi has any stable
isotope. Many of these (notably gsPo, gsAt,
gsRn, g7Fr, ggRa, ggAc and 4Pa) can be

The x-process 13

understood on the basis of secular equilibria
with radioactive precursors, and their relative
concentrations are determined by the various
half-lives of the isotopes in the radioactive
series which produce them. The problem then
devolves on explaining the cosmic presence
of thorium and uranium, the longest lived
of whose isotopes are 2*2Th (t121.4 x 1010 y),
28U (124.5 x 10° y) and 25U (#;27.0 x 10° y).
The half-life of thorium is commensurate with
the age of the universe (~1.5 x 10'° y) and so
causes no difficulty. If all the present terrestrial
uranium was produced by an r-process in a single
supernova event then this occurred 6.6 x 10° y
ago (p. 1257). If, as seems more probable, many
supernovae contributed to this process, then such
events, distributed uniformly in time, must have
started ~10'° y ago. In either case the uranium
appears to have been formed long before the
formation of the solar system (4.6-5.0) x 10° y
ago. More recent considerations of the formation
and decay of **Th, U and **®U suggest that
our own galaxy is (1.2-2.0) x 10'° y old.

1.5.6 The p-process (proton capture)

Proton capture processes by heavy nuclei have
already been briefly mentioned in several of the
preceding sections. The (p,y) reaction can also
be invoked to explain the presence of a number
of proton-rich isotopes of lower abundance than
those of nearby normal and neutron-rich isotopes
(Fig. 1.5). Such isotopes would also result from
expulsion of a neutron by a y-ray, i.e. (y,n). Such
processes may again be associated with super-
novae activity on a very short time scale. With
the exceptions of '*In and !'3Sn, all of the 36
isotopes thought to be produced in this way have
even atomic mass numbers; the lightest is }3Se
and the heaviest '35 Hg.

1.5.7 The x-process

One of the most obvious features of Figs. 1.1
and 1.5 is the very low cosmic abundance of
the stable isotopes of lithium, beryllium and
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boron."!” Paradoxically, the problem is not to
explain why these abundances are so low but
why these elements exist at all since their
isotopes are bypassed by the normal chain
of thermonuclear reactions described on the
preceding pages. Again, deuterium and “He,
though part of the hydrogen-burning process, are
also virtually completely consumed by it, so that
their existence in the universe, even at relatively
low abundances, is very surprising. Moreover,
even if these various isotopes were produced
in stars, they would not survive the intense
internal heat since their bonding energies imply
that deuterium would be destroyed above 0.5 x
10° K, Li above 2 x 10° K, Be above 3.5 x 10°
and B above 5 x 10°. Deuterium and *He are
absent from the spectra of almost all stars and are
now generally thought to have been formed by
nucleosynthesis during the last few seconds of the
original big bang; their main agent of destruction
is stellar processing.

It now seems likely that the 5 stable
isotopes °Li, ’Li, °Be, 9B and ''B are
formed predominantly by spallation reactions
(i.e. fragmentation) effected by galactic cosmic-
ray bombardment (the x-process). Cosmic rays
consist of a wide variety of atomic particles
moving through the galaxy at relativistic
velocities. Nuclei ranging from hydrogen to
uranium have been detected in cosmic rays
though 'H and “He are by far the most
abundant components ['H: 500; “He: 40; all
particles with atomic numbers from 3 to 9: 5;
all particles with Z > 10: ~1]. However, there
is a striking deviation from stellar abundances
since Li, Be and B are vastly over abundant as
are Sc, Ti, V and Cr (immediately preceding
the abundance peak near iron). The simplest
interpretation of these facts is that the (heavier)
particles comprising cosmic rays, travelling
as they do great distances in the galaxy,
occasionally collide with atoms of the interstellar
gas (predominantly 'H and “He) and thereby
fragment. This fragmentation, or spallation as it

10H, Regves, Origin of the light elements, A. Rev. Astron.
Astrophys. 12. 437-69 (1974).

is called, produces lighter nuclei from heavier
ones. Conversely, high-speed “He particles may
occasionally collide with interstellar iron-group
elements and other heavy nuclei, thus inducing
spallation and forming Li, Be and B (and possibly
even some “H and *He), on the one hand, and
elements in the range Sc—Cr, on the other. As
we have seen, the lighter transition elements
are also formed in various stellar processes, but
the presence of elements in the mass range
6-12 suggest the need for a low-temperature
low-density extra-stellar process. In addition to
spallation, interstellar (p,«) reactions in the wake
of supernova shock waves may contribute to the
synthesis of boron isotopes:

ﬂ+
BCrp,a)'®B and “N(p,a)''C , 11

A further intriguing possibility has recently
been mooted.'" If the universe were not
completely isotropic and uniform in density
during the first few minutes after the big bang,
then the high-density regions would have a
greater concentration of protons than expected
and the low-density regions would have more
neutrons; this is because the diffusion of protons
from high to low density regions would be
inhibited by the presence of oppositely charged
electrons whereas the electrically neutral neutrons
can diffuse more readily. In the neutron-abundant
lower-density regions certain neutron-rich species
can then be synthesized. For example, in the
homogeneous big bang, most of the Li formed
is rapidly destroyed by proton bombardment
("Li+ p — 2%He) but in a neutron-rich region
the radioactive isotope 8Li* can be formed:

"Li+n — 3Li* (#12 0.845s — B~ + 2*He)

If, before it decays, 3Li* is struck by a preva-
lent “He nucleus then !B can be formed (3Li* +
“He — "B + n) and this will survive longer than
in a proton-rich environment (!'B + p — 3*He).
Other neutron-rich species could also be synthe-
sized and survive in greater numbers than would

11K, CROSSWELL, New Scientist, 9 Nov. 1991, 42-8.
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be possible with higher concentrations of pro-
tons, e.g.:

TLi+’H —"Be+n
Be +°H —— "B +n

The relative abundances of the various isotopes of
the light elements Li, Be and B therefore depend
to some extent on which detailed model of the big
bang is adopted, and experimentally determined
abundances may in time permit conclusions to
be drawn as to the relative importance of these
processes as compared to X-process spallation
reactions.

In overall summary, using a variety of nuclear
syntheses it is now possible to account for the
presence of the 270 known stable isotopes of the
elements up to zggBi and to understand, at least
in broad outline, their relative concentrations
in the universe. The tremendous number of
hypothetically possible internuclear conversions
and reactions makes detailed computation
extremely difficult. Energy changes are readily
calculated from the known relative atomic masses
of the various nuclides, but the cross-sections
(probabilities) of many of the reactions are
unknown and this prevents precise calculation of
reaction rates and equilibrium concentrations in
the extreme conditions occurring even in stable
stars. Conditions and reactions occurring during
supernova outbursts are even more difficult
to define precisely. However, it is clear that
substantial progress has been made in the last few
decades in interpreting the bewildering variety of
isotopic abundances which comprise the elements
used by chemists. The approximate constancy
of the isotopic composition of the individual
elements is a fortunate result of the quasi-steady-
state conditions obtaining in the universe during
the time required to form the solar system.
It is tempting to speculate whether chemistry
could ever have emerged as a quantitative
science if the elements had had widely varying
isotopic composition, since gravimetric analysis
would then have been impossible and the great
developments of the nineteenth century could
hardly have occurred. Equally, it should no longer
cause surprise that the atomic weights of the

elements are not necessarily always ‘“‘constants
of nature”, and variations are to be expected,
particularly among the lighter elements, which
can have appreciable effects on physicochemical
measurements and quantitative analysis.

1.6 Atomic Weights'?

The concept of “atomic weight” or “mean relative
atomic mass” is fundamental to the development
of chemistry. Dalton originally supposed that
all atoms of a given element had the same
unalterable weight but, after the discovery of
isotopes earlier this century, this property was
transferred to them. Today the possibility of
variable isotopic composition of an element
{whether natural or artificially induced) precludes
the possibility of defining the atomic weight of
most elements, and the tendency nowadays is
to define an atomic weight of an element as
“the ratio of the average mass per atom of an
element to one-twelfth of the mass of an atom of
12C” Tt is important to stress that atomic weights
(mean relative atomic masses) of the elements
are dimensionless numbers (ratios) and therefore
have no units.

Because of their central importance in
chemistry, atomic weights have been continually
refined and improved since the first tabulations by
Dalton (1803—-5). By 1808 Dalton had included
20 elements in his list and these results were
substantially extended and improved by Berzelius
during the following decades. An illustration
of the dramatic and continuing improvement in
accuracy and precision during the past 100 y is
given in Table 1.3. In 1874 no atomic weight
was quoted to better than one part in 200,
but by 1903 33 elements had values quoted
to one part in 10* and 2 of these (silver and

12N. N. GREENWOOD, Atomic weights, Ch. 8 in Part I,
Vol. 1, Section C, of Kolthoff and Elving’s Treatise on
Analytical Chemistry, pp. 453-78, Interscience, New York,
1978. This gives a fuller account of the history and techniques
of atomic weight determinations and their significance, and
incorporates a full bibliographical list of Reports on Atomic
Weights.
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iodine) were quoted to 1 in 10*. Today the
majority of values are known to 1 in 10* and
26 elements have an accuracy exceeding 1 in
10°. This improvement was first due to improved
chemical methods, particularly between 1900 and
1935 when increasing use of fused silica ware
and electric furnaces reduced the possibility of
contamination. More recently the use of mass
spectrometry has effected a further improvement
in precision. Mass spectrometric data were first
used in a confirmatory role in the 1935 table of
atomic weights, and by 1938 mass spectrometric
values were preferred to chemical determinations
for hydrogen and osmium and to gas-density
values for helium. In 1959 the atomic weight
values of over 50 elements were still based on
classical chemical methods, but by 1973 this
number had dwindled to 9 (Ti, Ge, Se, Mo, Sn,
Sb, Te, Hg and T1) or to 10 if the coulometric
determination for Zn is counted as chemical.
The values for a further 8 elements were based
on a judicious blend of chemical and mass-
spectrometric data, but the values quoted for

all other elements were based entirely on mass-
spectrometric data.

Accurate atomic weight values do not
automatically follow from precise measurements
of relative atomic masses, however, since the
relative abundance of the various isotopes must
also be determined. That this can be a limiting
factor is readily seen from Table 1.3: the value for
praseodymium (which has only 1 stable naturally
occurring isotope) has two more significant
figures than the value for the neighbouring
element cerium which has 4 such isotopes. In
the twelve years since the first edition of this
book was published the atomic weight values of
no fewer than 55 elements have been improved,
sometimes spectacularly, e.g. Ni from 58.69(1) to
58.6934(2).

1.6.1 Uncertainty in atomic weights

Numerical values for the atomic weights of the
elements are now reviewed every 2y by the
Commission on Atomic Weights and Isotopic

Table 1.3 Evolution of atomic weight values for selected elements®; (the dates selected were chosen for the

reasons given below)

Element 1873-5 1903 1925 1959 1961 1997
H 1 1.008 1.008 1.0080 1.007 97 1.00794(7) gmr
C 12 12.00 12.000 12.01115 12.01115 12.0107(8) gr
0O 16 16.00 16.000 16 15.9994 15.9994(3) gr
P 31 31.0 31.027 30.975 30.9738 30.973761(2)
Ti 50 48.1 48.1 47.90 47.90 47.867(1)
Zn 65 65.4 65.38 65.38 65.37 65.39(2)
Se 79 79.2 79.2 78.96 78.96 78.96(3)
Ag 108 107.93 107.880 107.880 107.870 107.8682(2) g
I 127 126.85 126.932 126.91 126.9044 126.90447(3)
Ce 92 140.0 140.25 140.13 140.12 140.116(1) g
Pr — 140.5 140.92 140.92 140.907 140.907 65(2)
Re — — 188.7® 186.22 186.22 186.207(1)
Hg 200 200.0 200.61 200.61 200.59 200.59(2)

@ The annotations g, m and r appended to some values in the final column have the same meanings as those in the definitive
table (facing inside front cover). The numbers in parentheses are the uncertainties in the last digit of the quoted value.

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

1874 Foundation of the American Chemical Society (64 elements listed).
1903 First international table of atomic weights (78 elements listed).

1925 Major review of table (83 elements listed).

1959 Last table to be based on oxygen = 16 (83 elements listed).
1961 Complete reassessment of data and revision to 12¢ = 12 (83 elements).

1997 Latest available JUPAC values (84 + 28 elements listed).
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Abundances of IUPAC (the International Union
of Pure and Applied Chemistry). Their most
recent recommendations!® are tabulated on the
inside front fly sheet. From this it is clear that
there is still a wide variation in the reliability
of the data. The most accurately quoted value is
that for fluorine which is known to better than
1 part in 38 million; the least accurate is for
boron (1 part in 1500, i.e. 7 parts in 10%). Apart
from boron all values are reliable to better than
5 parts in 10* and the majority are reliable to
better than 1 part in 10*. For some elements
(such as boron) the rather large uncertainty arises
not because of experimental error, since the use
of mass-spectrometric measurements has yielded
results of very high precision, but because the
natural variation in the relative abundance of
the 2 isotopes °B and !'B results in a range
of values of at least £0.003 about the quoted
value of 10.811. By contrast, there is no known
variation in isotopic abundances for elements
such as selenium and osmium, but calibrated
mass-spectrometric data are not available, and the
existence of 6 and 7 stable isotopes respectively
for these elements makes high precision difficult
to obtain: they are thus prime candidates for
improvement.

Atomic weights are known most accurately for
elements which have only 1 stable isotope; the
relative atomic mass of this isotope can be deter-
mined to at least | ppm and there is no possibility
of variability in nature. There are 20 such ele-
ments: Be, F, Na, Al, P, Sc, Mn, Co, As, Y, Nb,
Rh, I, Cs, Pr, Tb, Ho, Tm, Au and Bi. (Note that
all of these elements except beryllium have odd
atomic numbers — why?)

Elements with 1 predominant isotope can
also, potentially, permit very precise atomic
weight determinations since variations in isotopic
composition or errors in its determination have
a correspondingly small effect on the mass-
spectrometrically determined value of the atomic
weight. Nine elements have 1 isotope that is more
than 99% abundant (H, He, N, O, Ar, V, La, Ta

3 JUPAC Inorganic Chemistry Division, Atomic Weights of
the Elements 1995, Pure Appl. Chem. 68, 2339-59 (1996).
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and U) and carbon also approaches this category
(13C 1.11% abundant).

Known variations in the isotopic composition
of normal terrestrial material prevent a more
accurate atomic weight being given for 13
elements and these carry the footnote r in the
Table of Atomic Weights. For each of these
elements (H, He, Li, B, C, N, O, Si, S, Ar, Cu,
Sr and Pb) the accuracy attainable in an atomic
weight determination on a given sample is greater
than that implied by the recommended value
since this must be applicable to any sample and
so must embrace all known variations in isotopic
composition from commercial terrestrial sources.
For example, for hydrogen the present attainable
accuracy of calibrated mass-spectrometric atomic
weight determinations is about +1 in the sixth
significant figure, but the recommended value
of 1.00794(+7) is so given because of the
natural terrestrial variation in the deuterium
content. The most likely value relevant to
laboratory chemicals (e.g. H,O) is 1.00797,
but it should be noted that hydrogen gas used
in laboratories is often inadvertently depleted
during its preparation by electrolysis, and for
such samples the atomic weight is close to
1.00790. By contrast, intentional fractionation
to yield heavy water (thousands of tonnes
annually) or deuterated chemicals implies an
atomic weight approaching 2.014, and great
care should be taken to avoid contamination
of “normal” samples when working with or
disposing of such enriched materials.

Fascinating stories of natural variability could
be told for each of the 13 elements having the
footnote r and, indeed, determinations of such
variations in isotopic composition are now an
essential tool in unravelling the geochemical
history of various ore bodies. For example,
the atomic weight of sulfur obtained from
virgin Texas sulfur is detectably different
from that obtained from sulfate ores, and an
overall range approaching +0.01 is found for
terrestrial samples; this limits the value quoted
to 32.066(6) though the accuracy of atomic
weight determinations on individual samples
is £0.00015. Boron is even more adversely
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affected, as previously noted, and the actual
atomic weight can vary from 10.809 to 10.812
depending on whether the mineral source is
Turkey or the USA.

Even more disconcerting are the substantial
deviations in atomic weight that can occur
in commercially available material because of
inadvertent or undisclosed changes in isotopic
composition (footnote m in the Table of Atomic
Weights). This situation at present obtains for
8 elements (H, Li, B, Ne, Cl, Kr, Xe and U)
and may well also soon affect others (such as
C, N and O). The separated or partially enriched
isotopes of Li, B and U are now extensively used
in nuclear reactor technology and weaponry, and
the unwanted residues, depleted in the desired
isotopes, are sometimes dumped on the market
and sold as ‘“normal” material. Thus lithium
salts may unsuspectingly be purchased which
have been severely depleted in °Li (natural
abundance 7.5%), and a major commercial
supplier has marketed lithium containing as little
as 3.75% of this isotope, thereby inducing an
atomic weight change of 0.53%. For this reason
practically all lithium compounds now obtainable
in the USA are suspect and quantitative data
obtained on them are potentially unreliable.
Again, the practice of “milking” fission-product
rare gases from reactor fuels and marketing these
materials, produces samples with anomalous
isotopic compositions. The effect, particularly on
physicochemical computations, can be serious
and, whilst not wishing to strike an alarmist
note, the possibility of such deviations must
continually be borne in mind for elements
carrying the footnote m in the Table of Atomic
Weights.

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

1.6.2 The problem of radioactive
elements

Elements with radioactive nuclides amongst
their naturally occurring isotopes have a built-
in time variation of the relative concentration
of their isotopes and hence a continually

varying atomic weight. Whether this variation
is chemically significant depends on the half-
life of the transition and the relative abundance
of the various isotopes. Similarly, the actual
concentration of stable isotopes of several
elements (e.g. Ar, Ca and Pb) may be influenced
by association of those elements with radioactive
precursors (i.e. K, 2*U, etc.) which generate
potentially variable amounts of the stable isotopes
concerned. Again, some elements (such as
technetium, promethium and the transuranium
elements) are synthesized by nuclear reactions
which produce a single isotope of the element.
The “atomic weight” therefore depends on which
particular isotope is being synthesized, and
the concept of a ‘“normal” atomic weight is
irrelevant. For example, cyclotron production of
technetium yields ®’Tc (t1,, 2.6 x 10% y) with
an atomic weight of 96.9064, whereas fission
product technetium is *°Tc (12 2.11 x 10° y),
atomic weight 98.9063, and the isotope of longest
half-life is Tc (71,2 4.2 x 10° y), atomic weight
97.9072.

At least 19 elements not usually considered
to be radioactive do in fact have naturally
occurring unstable isotopes. The minute traces
of naturally occurring *H (¢, 12.33 y) and 1*C
(t12 5730 y) have no influence on the atomic
weights of these elements though, of course,
they are of crucial importance in other areas
of study. The radioactivity of *°K (r1,, 1.28 x
10° y) influences the atomic weights of its
daughter elements argon (by electron capture)
and calcium (by B~ emission) but fortunately
does not significantly affect the atomic weight
of potassium itself because of the low absolute
abundance of this particular isotope (0.0117%).
The half-lives of the radioactive isotopes of the
16 other “stable” elements are all greater than
10"y and so normally have little influence
on the atomic weight of these elements even
when, as in the case of ''*In (11, 4.41 x 10y,
95.7% abundant) and '¥Re (z),2 4.35 x 1010y,
62.6% abundant), they are the most abundant
isotopes. Note, however, that on a geological time
scale it has been possible to build up significant
concentrations of '¥’Os in rhenium-containing
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ores (by B~ decay of '87Re), thereby generating
samples of osmium with an anomalous atomic
weight nearer to 187 than to the published value
of 190.23(3). Lead was the first element known
to be subject to such isotopic disturbances and,
indeed, the discovery and interpretation of the
significance of isotopes was itself hastened by
the reluctant conclusion of T. W. Richards at the
turn of the century that a group of lead samples
of differing geological origins were identical
chemically but differed in atomic weight — the
possible variation is now known to span almost
the complete range from 204 to 208. Such
elements, for which geological specimens are
known in which the element has an anomalous
isotopic composition, are given the footnote g in
the Table of Atomic Weights. In addition to Ar,
Ca, Os and Pb just discussed, such variability
affects at least 38 other elements, including Sr

The problem of radioactive elements 19

(resulting from the B~ decay of ¥Rb), Ra, Th
and U. A spectacular example, which affects
virtually every element in the central third of the
periodic table, has recently come to light with the
discovery of prehistoric natural nuclear reactors
at Oklo in Africa (see p. 1257). Fortunately this
mine is a source of uranium ore only and so will
not affect commercially available samples of the
other elements involved.

In summary, as a consequence of the factors
considered in this and the preceding section, the
atomic weights of only the 20 mononuclidic ele-
ments can be regarded as “constants of nature”.
For all other elements variability in atomic weight
is potentially possible and in several instances is
known to occur to an extent which affects the
reliability of quantitative results of even modest
precision.
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Chemical Periodicity and
the Periodic Table

2.1 Introduction

The concept of chemical periodicity is central to
the study of inorganic chemistry. No other gener-
alization rivals the periodic table of the elements
in its ability to systematize and rationalize known
chemical facts or to predict new ones and suggest
fruitful areas for further study. Chemical period-
icity and the periodic table now find their natural
interpretation in the detailed electronic structure
of the atom; indeed, they played a major role at
the turn of the century in elucidating the mysteri-
ous phenomena of radioactivity and the quantum
effects which led ultimately to Bohr’s theory of
the hydrogen atom. Because of this central posi-
tion it is perhaps not surprising that innumerable
articles and bocks have been written on the sub-
ject since the seminal papers by Mendeleev in
1869, and some 700 forms of the periodic table
(classified into 146 different types or subtypes)
have been proposed.!'=*" A brief historical sur-
vey of these developments is summarized in the
Panel opposite.

20

There is no single best form of the periodic
table since the choice depends on the purpose for
which the table is used. Some forms emphasize
chemical relations and valence, whereas others
stress the electronic configuration of the elements
or the dependence of the periods on the
shells and subshells of the atomic structure.
The most convenient form for our purpose is
the so-called “long form” with separate panels
for the lanthanide and actinide elements (see
inside front cover). There has been a lively
debate during the past decade as to the best
numbering system to be used for the individual

VF. P. VENABLE, The Development of the Periodic Law,
Chemical Publishing Co., Easton, Pa., 1896, This is the first
general review of periodic tables and has an almost complete
collection of those published to that time. ). W, VaN
SPRONSEN, The Periodic System of the Chemical Elements,
Elsevier, Amsterdam, 1969, 368 pp. An excellent modern
account of the historical devclopments leading up (0
Mendeleev’s table.

2E. G. Mazurs, Graphic Representation of the Periodic
System during One Hundred Years, University of Alabama
Press, Alabama, 1974. An exhaustive topological classifica-
tion of over 700 forms of the periodic table.
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groups in the table; we will adopt the 1-18
numbering scheme recommended by IUPAC.®
The following sections of this chapter summarize:

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

(b) the use of the periodic table and graphs to
systernatize trends in physical and chemi-
cal properties and to detect possible errors,
anomalies, and inconsistencies;

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

3E. FLucK, Pure Appl. Chem. 60, 432-6 (1988);
G. J. LEIGH (ed.), Nomenclature of Inorganic Chemistry:
H/PAC Recommendations 1990, Blackwell, Oxford, 1990,
289 pp. The “Red Book™.

2.2 The Electronic Structure
of Atoms®¥

The ubiquitous electron was discovered by
J. J. Thompson in 1897 some 25y after the
original work on chemical periodicity by
D. I. Mendeleev and Lothar Meyer; however, a
further 20 y were to pass before G. N. Lewis
and then I. Langmuir connected the electron
with valency and chemical bonding. Refinements
continued via wave mechanics and molecular
orbital theory, and the symbiotic relation
between experiment and theory still continues

4 N. N. GREENWOOD, Principles of Atomic Orbitals, revised
SI edition, Monograph for Teachers, No. 8, Chemical
Saciety, Londan, 1980, 48 pp.

Mendeleev’s Periodic Table

Precursors and Successors

1772 L. B. G. de Morvean made the first table of “chemically simple” substances. A. L. Lavoisier used this in his

Traité Elémentaire de Chimie published in 1789.

1817-29 J. W. Disherciner discovered many triads of elements and compounds. the combining weight of the central
component being the average of its partners (¢.g. CrO, SrO, BaO, and NiO, CuO, ZnO).

1843 L. Gmelin included a V-shaped arrangement of 16 triads in the 4th edition of his Handbuch der Chemie.

1857 J. B. Dumas published a rudimentary table of 32 clements in 8 columns indicating their relationships.

1862 A. E. B. de Chancourtois first arranged the elements in order of increasing atomic weight: he located similar
clements in this way and published a helical form in 1863,

1864 L. Meyer published a table of valences for 49 elements.

1864 W. Odling drew up an almost correct table with 17 vertical columns and including 57 elements.

1865 J. A. R. Newlands propounded his law of octaves after several partial classifications during the preceding 2 y;
he also cormrectly predicted the atomic weight of the undiscovered element germanium.

1868-9 L. Meyer drew up an atomic volume curve and a periodic table, but this latter was not published until 1B95.

1869 D. 1. Mendeleev enunciated his periodic law that “the properties of the elements are a periodic function of their
atomic weights”. He published several forms of periodic table, one containing 63 clements,

1871 D. I. Mendeleev modified and improved his tables and predicted the discovery of 10 elements (now known as
Sc, Ga, Ge, Tc, Re, Po, Fr, Ra, Ac and Pa). He fully described with amazing prescience the properties of 4 of
these (S¢, Ga, Ge, Po). Note, however, that it was not possible to predict the existence of the noble gases or

the number of lanthanide elements.

1894-8 Lord Rayleigh, W. Ramsay and M. W. Travers detected and then isolated the noble gases (He), Ne, Ar, Kr. Xe.
1913 N. Bohr explained the form of the periodic table on the basis of his theory of atomic structure and showed that

there could be only 14 lanthanide elements.

1913 H. G. J. Moseley observed regularities in the characteristic X-ray spectra of the elements; he thereby discovered
atomic numbers Z and provided justification for the ordinal sequence of the elements.

1940 E. McMillan and P. Abelson synthesized the first transuranium clement g3Np. Others were synthesized by
G. T. Seaborg and his colleagues during the next 15 y.
1944 G. T. Scaborg proposed the actinide hypothesis and predicied 14 clements (up to Z = 103) in this group.
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today. It should always be remembered,
however, that it is incorrect to “deduce” known
chemical phenomena from theoretical models;
the proper relationship is that the currently
accepted theoretical models interpret the facts
and suggest new experiments — they will be
modified (or discarded and replaced) when new
results demand it. Theories can never be proved
by experiment — only refuted, the best that can
be said of a theory is that it is consistent with
a wide range of information which it interprets
logically and that it is a fruitful source of
predictions and new experiments.

Our present views on the electronic structure
of atoms are based on a variety of experimental
results and theoretical models which are fully
discussed in many elementary texts. In summary,
an atom comprises a central, massive, positively
charged nucleus surrounded by a more tenuous
envelope of negative electrons. The nucleus is
composed of neutrons (}n) and protons (}p, i.e.
}H*) of approximately equal mass tightly bound
by the force field of mesons. The number of
protons (Z) is called the atomic number and
this, together with the number of neutrons (N),
gives the atomic mass number of the nuclide
(A= N+Z). An element consists of atoms all
of which have the same number of protons (Z)
and this number determines the position of the
element in the periodic table (H. G. J. Moseley,
1913). Isotopes of an element all have the same
value of Z but differ in the number of neutrons
in their nuclei. The charge on the electron (e™)
is equal in size but opposite in sign to that
of the proton and the ratio of their masses
is 1/1836.1527.

The arrangement of electrons in an atom
is described by means of four quantum
numbers which determine the spatial distribution,
energy, and other properties, see Appendix I
(p. 1285). The principal quantum number n
defines the general energy level or “shell”
to which the electron belongs. Electrons with
n=1,2,3,4,..., are sometimes referred to as
K,L.M,N, ..., electrons. The orbital quantum
number [/ defines both the shape of the
electron charge distribution and its orbital angular

momentum. The number of possible values for
! for a given electron depends on its principal
quantum number n; it can have n values
running from 0 to n — 1, and electrons with
1=0,1,2,3,..., are designated s,p,d,f,...,
electrons. Whereas n is the prime determinant
of an electron’s energy this also depends to
some extent on [ (for atoms or ions containing
more than one electron). It is found that the
sequence of increasing electron energy levels in
an atom follows the sequence of values n + [; if
2 electrons have the same value of n 4 [ then the
one with smaller » is the more tightly bound.

The third quantum number m is called the
magnetic quantum number for it is only in
an applied magnetic field that it is possible to
define a direction within the atom with respect
to which the orbital can be directed. In general,
the magnetic quantum number can take up 2/ + 1
values (i.e. 0, +1,..., +l); thus an s electron
(which is spherically symmetrical and has zero
orbital angular momentum) can have only one
orientation, but a p electron can have three
(frequently chosen to be the x, y, and z directions
in Cartesian coordinates). Likewise there are five
possibilities for d orbitals and seven for f orbitals.

The fourth quantum number myg is called the
spin angular momentum quantum number for his-
torical reasons. In relativistic (four-dimensional)
quantum mechanics this quantum number is asso-
ciated with the property of symmetry of the wave
function and it can take on one of two values des-
ignated as +% and —%, or simply o and 8. All
electrons in atoms can be described by means of
these four quantum numbers and, as first enu-
merated by W. Pauli in his Exclusion Principle
(1926), each electron in an atom must have a
unique set of the four quantum numbers.

It can now be seen that there is a direct and
simple correspondence between this description
of electronic structure and the form of the peri-
odic table. Hydrogen, with 1 proton and 1 elec-
tron, is the first element, and, in the ground state
(i.e. the state of lowest energy) it has the elec-
tronic configuration 1s' with zero orbital angular
momentum. Helium, Z = 2, has the configuration
1s2, and this completes the first period since no
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other unique combination of n =1, [ =m =0,
my = :t% exists, The second period begins with
lithium (Z = 3), the least tightly bound electron
having the configuration 2s'. The same situa-
tion obtains for each of the other periods in the
table, the number of the period being the principal
quantum number of the least tightly bound elec-
tron of the first element in the period. It will also
be seen that there is a direct relation between the
various blocks of elements in the periodic table
and the electronic configuration of the atoms it
contains; the s block is 2 elements wide, the p
block 6 elements wide, the d block 10, and the
f block 14, i.e. 2(2 + 1), the factor 2 appearing
because of the spins.

In so far as the chemical (and physical) prop-
erties of an element derive from its electronic
configuration, and especially the configuration of
its least tightly bound electrons, it follows that
chemical periodicity and the form of the peri-
odic table can be elegantly interpreted in terms
of electronic structure.

Vp / em? mol ™!

40
Atomic number, Z
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2.3 Periodic Trends in
Properties©®

General similarities and trends in the chemical
properties of the elements had been noticed
increasingly since the end of the eighteenth
century and predated the observation of periodic
variations in physical properties which were not
noted until about 1868. However, it is more
convenient to invert this order and to look at
trends in atomic and physical properties first.

2.3.1 Trends In atomic and physical
properties

Figure 2.1 shows a modern version of Lothar
Meyer’s atomic volume curve: the alkali metals

SR. RicH, Periodic Correlations, W. A. Benjamin, New
York, 1965, 159 pp.

SR. T. SANDERSON, Inorganic Chemistry, Reinhold Pub-
lishing Corp., New York, 1967, 430 pp.

60

Figure 2.1 Atomic volumes (molar volumes) of the elements in the solid state.
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Figure 2.2 Densities of the elements in the solid state.

appear at the peaks and elements near the centre
of each period (B, C; Al, Si; Mn, Fe, Co; Ru;
and Os) appear in the troughs. This finds a
ready interpretation on the electronic theory since
the alkali metals have only 1 electron per atom
to contribute to the binding of the 8 nearest-
neighbour atoms, whereas elements near the
centre of each period have the maximum number
of electrons available for bonding. Elements in
other groups fall on corresponding sections of
the curve in each period, and in several groups
there is a steady trend to higher volumes with
the increasing atomic number. Closer inspection
reveals that a much more detailed interpretation
would be required to encompass all the features
of the curve which includes data on solids held
by very diverse types of bonding. Note also
that the position of helium is anomalous (why?),
and that there are local anomalies at europium
and ytterbium in the lanthanide elements (see

Chapter 30). Similar plots are obtained for the
atomic and ionic radii of the elements and an
inverted diagram is obtained, as expected, for
the densities of the elements in the solid state
(Fig. 2.2).

Of more fundamental importance is the plot
of first-stage ionization energies of the elements,
i.e. the energy Iy required to remove the least
tightly bound electron from the neutral atom in
the gas phase:

M(g) —> M¥(g)+e"; AH =1y

These are shown in Fig. 2.3 and illustrate most
convincingly the various quantum shells and
subshells described in the preceding section.
The energy required to remove the 1 electron
from an atom of hydrogen is 13.606 eV (i.e.
1312 kJ per mole of H atoms). This rises to
2372 kJ mol~! for He (1s?) since the positive
charge on the helium nucleus is twice that of the
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Figure 2.3 First-stage ionjzation energies of the elements.

proton and the additional charge is not completely
shielded by the second electron. There is a large
drop in ionization energy between helium and
lithium (1s2s!) because the principal quantum
number 7 increases from 1 to 2, after which the
ionization energy rises somewhat for beryllium
(1s22s2), though not to a value which is so
high that beryllium would be expected to be an
inert gas. The interpretation that is placed on
the other values in Fig. 2.3 is as follows. The
slight decrease at boron (1s?2s2p') is due to
the increase in orbital quantum number / from 0
to 1 and the similar decrease between nitrogen
and oxygen is due to increased interelectronic
coulomb repulsion as the fourth p electron is
added to the 3 already occupying 2ps, 2p,,
and 2p,. The ionization energy then continues
to increase with increasing Z until the second
quantum shell is filled at neon (2s’sp®). The
process is precisely repeated from sodium (3s!)
to argon (3s>3p®) which again occurs at a peak
in the curve, although at this point the third
quantum shell is not yet completed (3d). This
is because the next added electron for the next
element potassium (Z = 19) enters the 4s shell
(n 4+ 1 = 4) rather than the 3d (n +{ = 5). After
calcium (Z = 20) the 3d shell fills and then the
4p (n +1{ =5, but n higher than for 3d). The

implications of this and of the subsequent filling
of later s, p, d, and f levels will be elaborated
in considerable detail in later chapters. Suffice
it to note for the moment that the chemical
inertness of the lighter noble gases correlates
with their high ionization energies whereas the
extreme reactivity of the alkali metals (and their
prominent flame tests) finds a ready interpretation
in their much lower ionization energies.
Electronegativities also show well-developed
periodic trends though the concept of electroneg-
ativity itself, as introduced by L. Pauling,'” is
rather qualitative: “Electronegativity is the power
of an atom in a molecule to attract electrons to
itself.” 1t is to be expected that the electronega-
tivity of an element will depend to some extent
not only on the other atoms to which it is bonded
but also on its coordination number and oxida-
tion state; for example, the electronegativity of
a given atom increases with increase in its oxi-
dation state. Fortunately, however, these effects
do not obscure the main trends. Various mea-
sures of electronegativity have been proposed by
L. Pauling, by R. S. Mulliken, by A. L. Allred

7L. PAULING, J. Am. Chem. Soc. 54, 3570 (1932); The
Nature of the Chemical Bond, 3rd edn., pp. 88-107. Cornell
University Press, Ithaca, NY, 1960.
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and E. Rochow, and by R. T. Sanderson, and
all give roughly parallel scales. Figure 2.4,
which incorporates Pauling’s values, illustrates
the trends observed; electronegativities tend to
increase with increasing atomic number within
a given period (e.g. Li to F, or K to Br) and to
decrease with increasing atomic number within a
given group (e.g. F to At, or O to Po). Numerous
reviews are available.®

Many other properties have been found to
show periodic variations and these can be
displayed graphically or by circles of varying
size on a periodic table, e.g. melting points of
the elements, boiling points, heats of fusion,
heats of vaporization, energies of atomization,
etc.® Similarly, the properties of simple binary

8K.D.SEN and C. K. JGRGENSEN (eds.), Structure and
Bonding 66 Electronegativity, Springer-Verlag, Berlin, 1987,
198 pp. I. Mullay, J. Am. Chem. Soc. 106, 5842-7
(1984). R. T. Sanderson, Inorg. Chem. 25, 1856-8 (1986).
R. G. Pearson, Inorg. Chem. 27, 734-40 (1988).

compounds of the elements can be plotted,
e.g. heats of formation, melting points and
boiling points of hydrides, fluorides, chlorides,
bromides, iodides, oxides, sulfides, etc.® Trends
immediately become apparent, and the selection
of compounds with specific values for particular
properties is facilitated. Such trends also permit
interpolation to give estimates of undetermined
values of properties for a given compound
though such a procedure can be misleading
and should only be used as a first rough
guide. Extrapolation has also frequently been
used, and to good effect, though it too can be
hazardous and unreliable particularly when new
or unsuspected effects are involved. Perhaps the
classic example concerns the dissociation energy
of the fluorine molecule which is difficult to
measure experimentally: for many years this was
taken to be ~265 kJ mol~! by extrapolation of
the values for iodine, bromine, and chlorine
(151, 193, and 243 kJ mol~!), whereas the
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most recent experimental values are close to
159 kJ mol~! (see Chapter 17). The detection of
such anomalous data from periodic plots thus
serves to identify either inaccurate experimental
observations or inadequate theories (or both).

2.3.2 Trends in chemical properties

These, though more difficult to describe
quantitatively than the trends in atomic and
physical properties described in the preceding
subsection, also become apparent when the
elements are compared in each group and along
each period. Such trends will be discussed in
detail in later chapters and it is only necessary
here to enumerate briefly the various types of
behaviour that frequently recur.

The most characteristic chemical property of
an element is its valence. There are numerous
measures of valency each with its own area of
usefulness and applicability. Simple definitions
refer to the number of hydrogen atoms that can
combine with an element in a binary hydride
or to twice the number of oxygen atoms com-
bining with an element in its oxide(s). It was
noticed from the beginning that there was a
close relation between the position of an ele-
ment in the periodic table and the stoichiome-
try of its simple compounds. Hydrides of main
group elements have the formula MH, where
n was related to the group number N by the
equations n =N (N <4), and n = 18 — N for
N > 14. By contrast, oxygen elicited an increas-
ing valence in the highest normal oxide of each
element and this was directly related to the
group number, i.e. M0, MO, M,03, ..., M;0.
These periodic regularities find a ready expla-
nation in terms of the electronic configuration
of the elements and simple theories of chemical
bonding. In more complicated chemical formulae
involving more than 2 elements, it is convenient
to define the “oxidation state” of an element
as the formal charge remaining on the element
when all other atoms have been removed as
their normal ions. For example, nitrogen has an
oxidation state of —3 in ammonium chloride
[NH4Cl — (4H* 4+ C17) = N3~} and manganese
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has an oxidation state of +7 in potassium per-
manganate {tetraoxomanganate(l1—)} [KMnO,4 —
(K* +40?7) = Mn"*]. For a compound such as
Fe;0,4 iron has an average oxidation state of
+2.67 [i.e. (4 x 2)/3] which may be thought of
as comprising 1Fe?* and 2Fe3*. It should be
emphasized that these charges are formal, not
actual, and that the concept of oxidation state
is not particularly helpful when considering pre-
dominantly covalent compounds (such as organic
compounds) or highly catenated inorganic com-
pounds such as S;NH.

The periodicity in the oxidation state or
valence shown by the elements was forcefully
illustrated by Mendeleev in one of his early forms
of the periodic system and this is shown in an
extended form in Fig. 2.5 which incorporates
more recent information. The predictive and
interpolative powers of such a plot are obvious
and have been a fruitful source of chemical
experimentation for over a century.

Other periodic trends which occur in the chem-
ical properties of the elements and which are
discussed in more detail throughout later chap-
ters are:

(i) The “anomalous” properties of elements
in the first short period (from lithium to
fluorine) — see Chapters 4, 5, 6, 8, 11,
14 and 17.

(ii) The “anomalies” in the post-transition
element series (from gallium to bromine)
related to the d-block contraction — see
Chapters 7, 10, 13, 16 and 17.

(iii) The effects of the lanthanide contrac-
tion — see Chapters 21-30.

(iv) Diagonal relationships between lithium
and magnesium, beryllium and alu-
minium, boron and silicon.

(v) The so-called inert pair effect (see
Chapters 7, 10 and 13) and the variation
of oxidation state in the main group
elements in steps of 2 (e.g. IF, IFs,
IFs, IF;).

(vi) Variability in the oxidation state of tran-
sition elements in steps of 1.

(vil) Trends in the basicity and electroposi-
tivity of elements — both vertical trends
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within groups and horizontal trends
along periods.

(viii) Trends in bond type with position of the
elements in the table and with oxidation
state for a given element.

(ix) Trends in stability of compounds
and regularities in the methods used
to extract the elements from their
compounds.

(x) Trends in the stability of coordination
complexes and the electron-donor power
of various series of ligands.

2.4 Prediction of New Elements
and Compounds

Newlands (1864) was the first to predict correctly
the existence of a “missing element” when he
calculated an atomic weight of 73 for an element
between silicon and tin, close to the present
value of 72.61 for germanium (discovered by
C. A. Winkler in 1886). However, his method
of detecting potential triads was unreliable and
he predicted (non-existent) elements between

rhodium and iridium, and between palladium
and platinum. Mendeleev’s predictions 1869-71
were much more extensive and reliable, as
indicated in the historical panel on p. 21. The
depth of his insight and the power of his method
remain impressive even today, but in the state of
development of the subject in 1869 they were
monumental. A comparison of the properties
of eka-silicon predicted by Mendeleev and
those determined experimentally for germanium
is shown in Table 2.1. Similarly accurate
predictions were made for eka-aluminium and
gallium and for eka-boron and scandium.

Of the remaining 26 undiscovered elements
between hydrogen and wuranium, 11 were
lanthanoids which Mendeleev’s system was
unable to characterize because of their great
chemical similarity and the new numerological
feature dictated by the filling of the 4f
orbitals. Only cerium, terbium and erbium were
established with certainty in 1871, and the others
(except promethium, 1945) were separated and
identified in the period 1879-1907. The isolation
of the (unpredicted) noble gases also occurred at
this time (1894-8).

Table 2.1

Mendeleev’s predictions (1871)
for eka-silicon, M

Observed properties (1995) of
germanium (discovered 1886)

Atomic weight 72
Density/g cm™> 55
Molar volume/cm® mol ™~ 13.1
MP/C high
Specific heat/J g~! K~! 0.305
Valence 4
Colour dark grey

M will be obtained from MO, or K;MF¢ by reac-
tion with Na

M will be slightly attacked by acids such as HCI
and will resist alkalis such as NaOH

M, on being heated, will form MO, with high mp,
and d 4.7 g cm™3

M will give a hydrated MO, soluble in acid and
easily reprecipitated

MS, will be insoluble in water but soluble in ammo-
nium sulfide

‘MCl4 will be a volatile liquid with bp a little under
100°C and d 1.9 g cm™>

M will form MEty bp 160°C

Colour
Ge is obtained by reaction of K,GeFy with Na

Atomic weight 72.61(2)
Density/g cm™ 5.323
Molar volume/cm?® mol~! 13.64
MPrC 945
Specific heat/J g=! K~! 0.309
Valence 4

greyish-white

Ge is not dissolved by HCI or dilute NaOH but reacts

with hot conc HNO»

Ge reacts with oxygen to give GeO,, mp 1086°, d

4228 g em™3

“Ge(OH),” dissolves in conc acid and is reprecipitated

on dilution or addition of base

GeS, is insoluble in water and dilute acid but readily

soluble in ammonium sulfide

GeCly is a volatile liquid with bp 83°C and d 1.8443

gem

GeEL, bp 185°C
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The isolation and identification of 4 radioactive
elements in minute amounts took place at the
turn of the century, and in each case the
insight provided by the periodic classification
into the predicted chemical properties of
these elements proved invaluable. Marie Curie
identified polonium in 1898 and, later in the same
year working with Pierre Curie, isolated radium.
Actinium followed in 1899 (A. Debierne) and the
heaviest noble gas, radon, in 1900 (F. E. Dorn).
Details will be found in later chapters which
also recount the discoveries made in the present
century of protactinium (O. Hahn and Lise
Meitner, 1917), hafnium (D. Coster and G. von
Hevesey, 1923), rhenium (W. Noddack, Ida
Tacke and O. Berg, 1925), technetium (C. Perrier
and E. Segré, 1937), francium (Marguerite
Perey, 1939) and promethium (J. A. Marinsky,
L. E. Glendenin and C. D. Coryell, 1945).

A further group of elements, the transuranium
elements, has been synthesized by artificial
nuclear reactions in the period from 1940
onwards; their relation to the periodic table
is discussed fully in Chapter 31 and need
not be repeated here. Perhaps even more
striking today are the predictions, as yet
unverified, for the properties of the currently
non-existent superheavy elements.”) Elements
up to lawrencium (Z = 103) are actinides (5f)
and the 6d transition series starts with element
104. So far only elements 104-112 have been
synthesized,!”) and, because there is as yet no
agreement on trivial names for some of these
elements (see pp. 1280—1), they are here referred
to by their atomic numbers. A systematic naming
scheme was approved by IUPAC in 1977 but is
not widely used by researchers in the field. It
involves the use of three-letter symbols derived
directly from the atomic number by using the

9B. FRICKE, Superheavy elements, Structure and Bonding
21, 89 (1975). A full account of the predicted stabilities and
chemical properties of elements with atomic numbers in the
range Z = 104-184.

I0R. C. BARBER, N.N. GREENWOOD, A. Z. HRYNKIEWICZ,
M. LErORT, M. SAKAIL, I ULEHLA, A.H. WaPsTRA and
D. H. WILKINSON, Progr. in Particle and Nuclear Physics,
29, 453-530 (1992); also published in Pure Appl. Chem. 65,
1757-824 (1993). See also §31.4.

following numerical roots:

0 1 2 3 4 5 6 7 8 9
nil un bi tri quad pent hex sept oct enn

These names and symbols can be used for
elements 110 and beyond until agreed trivial
names have been internationally approved.
Hence, 110 is un-un-nilium (Uun), 111 is un-
un-unium (Uuu), and 112 is un-un-bium, (Uub).
These elements are increasingly unstable with
respect to a-decay or spontaneous fission with
half-lives of less than 1 s. It is therefore unlikely
that much chemistry will ever be carried out on
them though their ionization energies, mps, bps,
densities, atomic and metallic radii, etc., have
all been predicted. Element 112 is expected to
be eka-mercury at the end of the 6d transition
series, and should be, followed by the 7p and
8s configurations Z = 113-120. On the basis of
present theories of nuclear structure an “island
of stability” is expected near element 114 with
half-lives in the region of years. Much effort is
being concentrated on attempts to make these
elements, and oxidation states are expected to
follow the main group trends (e.g. 113: eka-
thallium mainly 4 1). Other physical properties
have been predicted by extrapolation of known
periodic trends. Still heavier elements have been
postulated, though it is unlikely (on present
theories) that their chemistry will ever be studied
because of their very short predicted half-
lives. Calculated energy levels for the range
Z =121-154 lead to the expectation of an
unprecedented 5g series of 18 elements followed
by fourteen 6f elements.

In addition to the prediction of new elements
and their probable properties, the periodic table
has proved invaluable in suggesting fruitful lines
of research in the preparation of new compounds.
Indeed, this mode of thinking is now so ingrained
in the minds of chemists that they rarely pause
to reflect how extraordinarily difficult their task
would be if periodic trends were unknown. It is
the ability to anticipate the effect of changing an
element or a group in a compound which enables
work to be planned effectively, though the pru-
dent chemist is always alert to the possibility of
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new effects or unsuspected factors which might (iv) the development of the chemistry of
surprisingly intervene. xenon (Chapter 18);

Typical examples taken from the developments (v) ferrocene — leading to ruthenocene and
of the past two or three decades include: dibenzene chromium, etc. (Chapters 19,
(i) the organometallic chemistry of lithium 25 and 23 respectively); _

and thallium (Chapters 4 and 7); (vi) the development of solid-state chemistry.
(i) the use of boron hydrides as ligands

(Chapter 6); Indeed, the influence of Mendeleev’s fruitful gen-
(iii) solvent systems and preparative chemistry eralization pervades the whole modern approach

based on the interhalogens (Chapter 17); to the chemistry of the elements.



Hydrogen

3.1 Introduction

Hydrogen is the most abundant element in the
universe and is also common on earth, being the
third most abundant element (after oxygen and
silicon) on the surface of the globe. Hydrogen in
combined form accounts for about 15.4% of the
atoms in the earth’s crust and oceans and is the
ninth element in order of abundance by weight
(0.9%). In the crustal rocks alone it is tenth
in order of abundance (0.15 wt%). The gradual
recognition of hydrogen as an element during the
sixteenth and seventeenth centuries forms part
of the obscure and tangled web of experiments
that were carried out as chemistry emerged
from alchemy to become a modern science.!
Until almost the end of the eighteenth century
the element was inextricably entwined with the
concept of phlogiston and H. Cavendish, who is
generally regarded as having finally isolated and
identified the gas in 1766, and who established
conclusively that water was a compound of

'L W. MELLOR, A Comprehensive Treatise on Inorganic
and Theoretical Chemistry, Vol. |, Chap. 3, Longmans,
Green & Co.. London, 1922,
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oxygen and hydrogen, actually communicated his
findings to the Royal Society in January 1784
in the following words: “There seems to be the
utmost reason to think that dephlogisticated air
is only water deprived of its phlogiston” and that
“water consists of dephlogisticated air united with
phlogiston”.

The continued importance of hydrogen in
the development of experimental and theoretical
chemistry is further illustrated by some of the
dates listed in the Panel on the page opposite.

Hydrogen was recognized as the essential
element in acids by H. Davy after his work
on the hydrohalic acids, and theories of acids
and bases have played an important role ever
since. The electrolytic dissociation theory of
S. A. Arrhenius and W, Ostwald in the 1880s,
the introduction of the pH scale for hydrogen-
ion concentrations by S. P. L. Sgrensen in 1909,
the theory of acid-base titrations and indicators,
and J. N. Brgnsted’s fruitful concept of acids
and conjugate bases as proton donors and
acceptors (1923) are other land marks (see
p. 48). The discovery of ortho- and para-
hydrogen in 1924, closely followed by the
discovery of heavy hydrogen (deuterium) and
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tritium in the 1930s, added a further range of
phenomena that could be studied by means of
this element (pp. 34—43). In more recent times,
the technique of nmr spectroscopy, which was
first demonstrated in 1946 using the hydrogen
nucleus, has revolutionized the study of structural
chemistry and permitted previously unsuspected

phenomena such as fluxionality to be studied.
Simultaneously, the discovery of complex metal
hydrides such as LiAlHy; has had a major
impact on synthetic chemistry and enabled new
classes of compound to be readily prepared
in high yield (p.229). The most important
compound of hydrogen is, of course, water,

Hydrogen — Some Significant Dates

1671 R. Boyle showed that dilute sulfuric acid acting on iron gave a flammable gas; several other seventeenth-century

scientists made similar observations.

1766 H. Cavendish established the true properties of hydrogen by reacting several acids with iron, zinc and tin; he

showed that it was much lighter than air.

1781 H. Cavendish showed quantitatively that water was formed when hydrogen was exploded with oxygen, and that
water was therefore not an element as had previously been supposed.

1783 A. L. Lavoisier proposed the name “hydrogen™ (Greek VBwp ysivopon, water former).

1800 W. Nicholson and A. Carlisle decomposed water electrolytically into hydrogen and oxygen which were then

recombined by explosion to resynthesize water.

1810-15 Hydrogen recognized as the essential element in acids by H. Davy (contrary to Lavoisier who originally
considered oxygen to be essential — hence Greek 6Ev'g ysivopat, acid former),

1866 The remarkable solubility of hydrogen in palladium discovered by T. Graham following the observation of
hydrogen diffusion through red-hot platinum and iron by H. St. C. Deville and L. Troost, 1863.

1878 Hydrogen detected spectroscopically in the sun’s chromosphere (J. N. Lockyer).

1895 Hydrogen first liquefied in sufficient quantity to show a meniscus (J. Dewar) following earlier observations of

mists and droplets by others, 1877-85.

1909 The pH scale for hydrogen-ion concentration introduced by S. P. L. Sgrensen.
1912 Hs* discovered mass-spectrometrically by J. J. Thompson.
1920 The concept of hydrogen bonding introduced by W.M. Latimer and W. H. Rodebush (and by

M. L. Huggins, 1921).

1923 J. N. Brensted defined an acid as a species that tended to lose a proton: A =——= B + H*.
1924 Ortho- and para-hydrogen discovered spectroscopically by R. Mecke and interpreted quantum-mechanically by

W. Heisenberg, 1927.

1929-30 Concept of quantum-mechanical tunnelling in proton-transfer reactions introduced (without experimental

evidence) by several authors.

1931 First hydrido complex of a transition metal prepared by W. Hieber and F. Leutert.

1932 Deuterium discovered spectroscopically and enriched by gaseous diffusion of hydrogen and by electrolysis of
water (H. C. Urey, F. G. Brickwedde and G. M. Murphy).

1932 Acidity function H, proposed by L. P. Hammett for assessing the strength of very strong acids.

1934 Tritium first made by deuteron bombardment of D3PO; and (ND4),SO; (i.e. 2D+ 2D =3T+ 'H),

M. L. E. Oliphant, P. Harteck and E. Rutherford.

1939 Tritium found to be radioactive by L. W. Alvarez and R. Cornog after a prediction by T. W. Bonner in 1938.
1946 Proton nmr first detected in bulk matter by E. M. Purcell, H. C. Torrey and R. V. Pound; and by F. Bloch,

W. W, Hansen and M. E. Packard.

1947 LiAlHy4 first prepared and subsequently shown to be a versatile reducing agent; A. E. Finholt, A. C. Bond and

H. L. Schlesinger.

1950 Tritium first detected in atmospheric hydrogen (V. Faltings and P. Harteck) and later shown to be present in

rain water (W. F. Libby et al., 1951).

1954 Detonation of the first hydrogen bomb on Bikini Atoll.
1960s “Superacids” (107 -10'? times stronger than sulfuric acid) studied systematically by G. A. Olah’s group and by

R. J. Gillespie’s group.

1966 The term “magic acid” coined in G. A. Olah’s laboratory for the non-aqueous system HSO3F/SbFs.

1976-79 Encapsulated H atom detected and located in octahedral polynuclear carbonyls such as [HRug(CO);g]~ and
[HCos(CO) 5]~ following A. Simon’s characterization of interstitial H in HNbgl;;.

1984 Stable transition-metal complexes of dihapto-dihydrogen (72-H,) discovered by G. Kubas.
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and a detailed discussion of this compound
is given on pp. 620-33 in the chapter on
oxygen. In fact, hydrogen forms more chemical
compounds than any other element, including
carbon, and a survey of its chemistry therefore
encompasses virtually the whole periodic table.
However, before embarking on such a review in
Sections 3.4—3.7 it is convenient t0 summarize
the atomic and physical properties of the various
forms of hydrogen (Section 3.2), to enumerate
the various methods used for its preparation and
industrial production, and to indicate some of its
many applications and uses (Section 3.3).

3.2 Atomic and Physical
Properties of Hydrogen@

Despite its very simple electronic configuration
(1s!) hydrogen can, paradoxically, exist in over
50 different forms most of which have been well
characterized. This multiplicity of forms arises
firstly from the existence of atomic, molecular
and ionized species in the gas phase: H, Hj,
H*,H™, HyT, Hs" .., Hy, t; secondly, from the
existence of three isotopes, |H, 2H(D) and 3H(T),
and correspondingly of D, D,;, HD, DT, etc;
and, finally, from the existence of nuclear spin
isomers for the homonuclear diatomic species,

2K. M. MACKAY, The element hydrogen, Comprehensive
Inorganic Chemistry, Vol. 1, Chap. 1. K. M. MACKAY and
M. F. A. DoV, Deuterium and tritium, ibid., Vol. 1, Chap. 3,
Pergamon Press, Oxford, 1973.

i.e. ortho- and para-dihydrogen, -dideuterium
and -ditritium. 7

3.2.1 Isotopes of hydrogen

Hydrogen as it occurs in nature is predominantly
composed of atoms in which the nucleus is a
single proton. In addition, terrestrial hydrogen
contains about 0.0156% of deuterium atoms
in which the nucleus also contains a neutron,
and this is the reason for its variable atomic
weight (p. 17). Addition of a second neutron
induces instability and tritium is radioactive,
emitting low-energy B~ particles with a half-
life of 12.33 y. Some characteristic properties
of these 3 atoms are given in Table 3.1, and
their implications for stable isotope studies,
radioactive tracer studres, and nmr spectroscopy
are obvious.

In the molecular form, dihydrogen is a
stable, colourless, odourless, tasteless gas with
a very low mp and bp. Data are in Table 3.2
from which it is clear that the values for
deuterium and tritium are substantially higher.

¥ The term dihydrogen (like dinitrogen, dioxygen, etc.) is
used when 1t is necessary to refer unambiguously to the
molecule H; (or Np, O5, etc.) rather than to the element as a
substance or to an atom of the element. Strictly, one should
use “diprotium” when referring specifically to the species
H; and “dihydrogen” when referring to an undifferentiated
isotopic mixture such as would be obtained from materials
having the natural isotopic abundances of H and D; likewise
“proton” only when referring specifically to H*, but “hydron”
when referring to an undifferentiated isotopic mixture.

Table 3.1 Atomic properties of hydrogen (protium), deuterium, and tritium

Property H D T
Relative atomic mass 1.007 825 2.014102 3.016049
Nuclear spin quantum number i 1 i
Nuclear magnetic moment/(nuclear magnetons)® 2.79270 0.857 38 2.9788
NMR frequency (at 2.35 tesla)/MHz 100.56 15.360 104.68
NMR relative sensitivity (constant field) 1.000 0.009 64 1.21
Nuclear quadrupole moment/(10~2% m?) 2.766 x 1073 0
Radioactive stability Stable Stable B~ 141233 y®

@Nuclear magneton uy = eht/2m, = 5.0508 x 10727 JT~1.

®E ax 18.6keV; Eqean S5.7keV; range in air ~6 mm; range in water ~6 pm.
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Table 3.2 Physical properties of hydrogen, deuterium and tritium

Property® H, D, T,
MP/K 13.957 18.73 20.62
BP/K 20.39 23.67 25.04
Heat of fusion/k] mol™! 0.117 0.197 0.250
Heat of vaporization/kJ mol~! 0.904 1.226 1.393
Critical temperature/K 33.19 38.35 40.6 (calc)
Critical pressure/atm® 12.98 16.43 18.1 (calc)
Heat of dissociation/kJ mol~! (at 298.2K) 435.88 443.35 446.9
Zero point energy/kJ mol ™’ 259 18.5 15.1
Internuclear distance/pm 74.14 74.14 (74.14)

@Data refer to H, of normal isotopic composition (i.e. containing 0.0156 atom % of deuterium,
predominantly as HD). All data refer to the mixture of ortho- and para-forms that are in equilibrium

at room temperature.
®1atm = 101.325kNm~2 = 101.325 kPa.

For example, the mp of T, is above the bp of
H,. Other forms such as HD and DT tend to
have properties intermediate between those of
their components. Thus HD has mp 16.60K,
bp 22.13K, AHgps 0.159kImol™!, AHy,
1.075kImol~!, T. 3591K, P. 14.64 atm and
AH gissoc 439.3kF mol~!. The critical temperature
T is the temperature above which a gas cannot
be liquefied simply by application of pressure,
and the critical pressure P. is the pressure
required for liquefaction at this point.

Table 3.2 also indicates that the heat of dis-
sociation of the hydrogen molecule is extremely
high, the H-H bond energy being larger than for
almost all other single bonds. This contributes
to the relative unreactivity of hydrogen at room
temperature. Significant thermal decomposition
into hydrogen atoms occurs only above 2000 K:
the percentage of atomic H is 0.081 at this tem-
perature, and this rises to 7.85% at 3000K and
95.5% at S000K. Atomic hydrogen can, how-
ever, be conveniently prepared in low-pressure
glow discharges, and the study of its reactions
forms an important branch of chemical gas kinet-
ics. The high heat of recombination of hydrogen
atoms finds application in the atomic hydrogen
torch — dihydrogen is dissociated in an arc and
the atoms then recombine on the surface of a
metal, generating temperatures in the region of
4000K which can be used to weld very high
melting metals such as tantalum and tungsten.

3.2.2 Ortho- and para-hydrogen

All homonuclear diatomic molecules having
nuclides with non-zero spin are expected to
show nuclear spin isomers. The effect was first
detected in dihydrogen where it is particularly
noticeable, and it has also been established for
Dy, Ty, "Ny, PNy, Y70,, etc. When the two
nuclear spins are parallel (ortho-hydrogen) the
resultant nuclear spin quantum number is 1 (i.e.
% + %) and the state is threefold degenerate (2S +
1). When the two proton spins are antiparallel,
however, the resultant nuclear spin is zero and
the state is non-degenerate. Conversion between
the two states involves a forbidden triplet—singlet
transition and is normally slow unless catalysed
by interaction with solids or paramagnetic species
which either break the H-H bond, weaken it,
or allow magnetic perturbations. Typical catalysts
are Pd, Pt, active Fe;03 and NO. Para-hydrogen
(spins antiparallel) has the lower energy and this
state is favoured at low temperatures. Above QK
(100% para) the equilibrium concentration of
ortho-hydrogen gradually increases until, above
room temperature, the statistically weighted
proportion of 3 ortho:1 para is obtained, i.e.
25% para. Typical equilibrium concentrations
of para-hydrogen are 99.8% at 20K, 65.4%
at 60K, 385% at 100K, 25.7% at 210K,
and 25.1% at 273K (Fig. 3.1). It follows that,
whereas essentially pure para-hydrogen can be
obtained, it is never possible to obtain a sample
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Figure 3.1 Ortho-para equilibria for H,, D, and T,.

containing more than 75% of ortho-hydrogen.
Experimentally, the presence of both o-H; and
p-H; is seen as an alternation in the intensities
of successive rotational lines in the fine structure
of the electronic band spectrum of H;. It also
explains the curious temperature dependence of
the heat capacity of hydrogen gas.

Similar principles apply to ortho- and para-
deuterium except that, as the nuclear spin
quantum number of the deuteron is 1 rather
than % as for the proton, the system is
described by Bose—FEinstein statistics rather than
the more familiar Fermi—-Dirac statistics. For
this reason, the stable low-temperature form is
ortho-deuterium and at high temperatures the
statistical weights are 6 ortho:3 para leading
to an upper equilibrium concentration of 33.3%
para-deuterium above about 190K as shown in
Fig. 3.1. Tritium (spin %) resembles H, rather
than Dz.

Most physical properties are but little affected
by nuclear-spin isomerism though the thermal
conductivity of p-H; is more than 50% greater
than that of 0-H,, and this forms a ready means of
analysing mixtures. The mp of p-H; (containing
only 0.21% o0-H;) is 0.15K below that of
“normal” hydrogen (containing 75% o-H,), and
by extrapolation the mp of (unobtainable) pure

0-H; is calculated to be 0.24K above that of
p-H,. Similar differences are found for the
bps which occur at the following temperatures:
normal-H, 20.39 K, 0-H, 20.45 K. For deuterium
the converse relation holds, 0-D; melting some
0.03K below “normal’-D, (66.7% ortho) and
boiling some 0.04 K below. The effects for other
elements are even smaller.

3.2.3 lonized forms of hydrogen

This section briefly considers the proton H™,
the hydride ion H™, the hydrogen molecule ion
H,™, the triatomic 2-electron species H3 and the
recently established cluster species H,+,3%.
The hydrogen atom has a high ionization
energy (1312kJmol~!) and in this it resembles
the halogens rather than the alkali metals.
Removal of the 1s electron leaves a bare proton
which, having a radius of only about 1.5 x
1073 pm, is not a stable chemical entity in the
condensed phase. However, when bonded to
other species it is well known in solution and in

3N. J. KIRCHNER and M. T. BOWERS, J. Chem. Phys. 86,
130110 (1987).

4M. OKUMURA, L. 1. YEH and Y. T. LEE, J. Chem. Phys.
88, 79-91 (1988), and references cited therein.
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solids, e.g. H30", NH4 ™, etc. The proton affinity
of water and the enthalpy of solution of HY in
water have been estimated by several authors and
typical values that are currently accepted are:

H*(g) + H,0(g) — H3;07(g);
—AH ~ 710kJ mol ™~}
H*(g) — H;0"(aq);
—~AH ~ 1090kJI mol !

It follows that the heat of solution of
the oxonium ion in water is ~380kJmol~!,
intermediate between the values calculated for
Na*t (405kJmol™') and K™ (325kImol™!).
Reactions involving proton transfer will be
considered in more detail in Section 3.5.

The hydrogen atom, like the alkali metals (ns!)
and halogens (ns’np’), has an affinity for the
electron and heat is evolved in the following
process:

H(g) + e~ —— H7(g); —AH qc = 72k mol ™!

This is larger than the corresponding value for
Li (57kJmol™!) but substantially smaller than
the value for F (333kJmol~!). The hydride
ion H™ has the same electron configuration as
helium but is much less stable because the single
positive charge on the proton must now control
the 2 electrons. The hydride ion is thus readily
deformable and this constitutes a characteristic
feature of its structural chemistry (see p. 66).

The species Ho* and H;* are important as
model systems for chemical bonding theory. The
hydrogen molecule ion Hy™ comprises 2 protons
and 1 electron and is extremely unstable even
in a low-pressure gas discharge system; the
energy of dissociation and the internuclear
distance (with the corresponding values for H,
in parentheses) are:

AH gissoc 255(436) kI mol™";
r(H-H) 106(74.2) pm

The triatomic hydrogen molecule ion H3y™ was
first detected by J. J. Thomson in gas discharges
and later fully characterized by mass spectrome-
try; its relative atomic mass, 3.0235, clearly dis-
tinguishes it from HD (3.0219) and from tritium
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(3.0160). The “observed” equilateral triangular 3-
centre, 2-electron structure 1s more stable than the
hypothetical linear structure, and the comparative
stability of the species is shown by the following
gas-phase enthalpies:

H+H+H"=Hy"; —AH 855.9kJmol™!
H, + HT = Hy"; —AH 423.8kJmol ™!
H+H," =Hs"; —AH 600.2kJ mol™

The H3t jon is the simplest possible example of a
three-centre two-electron bond (see discussion of
bonding in boranes on p. 157) and is also a model
for the dihapto bonding mode of the ligand n*-H,
(pp. 44-7):

A series of ions H,* with n-odd up to 15
and n-even up to 10 have recently been observed
mass-spectrometrically and characterized for the
first time.®* The odd-numbered species are
much more stable than the even-numbered
members, as shown in the subjoined table which
gives the relative intensities, 7, as a function of n
(in H,*) obtained in a particular experiment with
a high-pressure ion source, relative to Hy+:.

n 1 2 3 4 5 6
1041 160 50 10000 42 4200 210
n 7 8 9 10 11

1041 3200 74 2600 18 34

The structures of Hs™, H;* and Ho™ are
related to that of H3™ with H, molecules added
perpendicularly at the corners, whereas those of
H,T,Hg+ and Hg ™ feature an added H atom at the
first corner. Typical structures are shown below.
The structures of higher members of the series,
with n > 10 are unknown but may involve further
loosely bonded H, molecules above and below
the Hi* plane. Enthalpies of dissociation are
AH%y, (Hst == H3* + H,) 28kJmol~} and
AH5y (H;7 == Hs" + H,) 13kJmol1.®
Next Page



Previous Page

38 Hydrogen Ch. 3

H4+ H6+ H5+

25 Hy'

3.3 Preparation, Production and
Uses®®

3.3.1 Hydrogen

Hydrogen can be prepared by the reaction
of water or dilute acids on -electropositive
metals such as the alkali metals, alkaline earth
metals, the metals of Groups 3, 4 and the
lanthanoids. The reaction can be explosively
violent. Convenient laboratory methods employ
sodium amalgam or calcium with water, or
zinc with hydrochloric acid. The reaction of
aluminium or ferrosilicon with aqueous sodium
hydroxide has also been used. For small-scale
preparations the hydrolysis of metal hydrides is
convenient, and this generates twice the amount
of hydrogen as contained in the hydride, e.g.:

CaH; + 2H,O —— Ca(OH), + 2H;

Electrolysis of acidified water using platinum
electrodes is a convenient source of hydrogen
(and oxygen) and, on a larger scale, very
pure hydrogen (>99.95%) can be obtained from
the electrolysis of warm aqueous solutions of
barium hydroxide between nickel electrodes. The
method is ¢xpensive but becomes economical

5T. A. Czuppon, S. A. Knez and D. S. Newsome, Hydro-
gen, in Kirk—Othmer Encyclopedia of Chemical Technology,
4th edn., Vol. 13, Wiley, New York, 1995, pp. 838-94.

5P HAUSSINGER R. LOHMULLER and A. M. WaTson, Hy-
drogen, in Ullmann’s Encyclopedia of Industrial Chemistry,
Sth edn.. Vol. Al13, VCH, Weinheim, 1989, pp. 297-442.

on an industrial scale when integrated with the
chloralkali industry (p. 798). Other bulk pro-
cesses involve the (endothermic) reaction of
steam on hydrocarbons or coke:

1100°C
CH; + H,0 —— CO + 3H;

o

100
C+H,O —— CO+H; (water gas)

In both processes the CO can be converted to
CO; by passing the gases and steam over an iron
oxide or cobalt oxide catalyst at 400°C, thereby
generating more hydrogen:

400°C
CO+H,O —> CO,+H,

catalyst

This is the so-called water—gas shift reac-
tion (—AG5319.9kImol™") and it can also be
effected by low-temperature homogeneous cata-
lysts in aqueous acid solutions.” The extent of
subsequent purification of the hydrogen depends
on the use to which it will be put.

The industrial production of hydrogen is con-
sidered in more detail in the Panel. The largest
single use of hydrogen is in ammonia synthe-
sis (p. 421) but other major applications are in
the catalytic hydrogenation of unsaturated liquid
vegetable oils to solid, edible fats (margarine),
and in the manufacture of bulk organic chemicals,
particularly methanol (by the “oxo” or hydro-
formylation process):

cobalt

CO +2H; —— MeOH

catalyst

Direct reaction of hydrogen with chlorine is
a major source of hydrogen chloride (p. 811),
and a smaller, though still substantial use is in
the manufacture of metal hydrides and complex
metal hydrides (p. 64). Hydrogen is used in
metallurgy to reduce oxides to metals (e.g. Mo,
W) and to produce a reducing atmosphere. Direct
reduction of iron ores in steelmaking is also now
becoming technically and economically feasible.

7C.-H. CHENG and R. EiSENBERG, J. Am. Chem. Soc. 100,
5969-70 (1978).
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Industrial Production of Hydrogen

Many reactions are available for the preparation of hydrogen and the one chosen depends on the amount needed, the
purity required, and the availability of raw materials. Most (~97%) of the hydrogen produced in industry is consumed in
integrated plants on site (e.g. ammonia synthesis, petrochemical works. etc.). Even so, vast amounts of the gas are produced
for the general market, e.g. ~6.5 x 10'*m? or 5.4 million tonnes yearly in the USA alone. Small generators may have a
capacity of 100-4000m> h~!, medium-sized plants 4000-10000m> h~!, and large plants can produce 10*-10° m>h~!.
The dominant large-scale process in integrated plants is the catalytic steam-hydrocarbon reforming process using natural
gas or oil-refinery feedstock. After desulfurization (to protect catalysts) the feedstock is mixed with process steam and
passed over a nickel-based catalyst at 700-1000°C to convert it irreversibly to CO and H;, e.g.

900°C
C3Hg + 3H;0 —— 3CO+ 7TH2
catalyst

Two reversible reactions also occur to give an equilibrium mixture of Hz, CO, CO> and H,0O:
CO+HyO ——=C0O;+H;
CO + 3H; &——— CH4 + H,0

The mixture is cooled to ~350°C before entering a high-temperature shift convertor where the major portion of the CO is
catalytically and exothermically converted to CO, and hydrogen by reaction with H>O. The issuing gas is further cooled
to 200° before entering the low-temperature shift convertor which reduces the CO content to 0.2 vol%. The product is
further cooled and CO; absorbed in a liquid contacter. Further removal of residual CO and CO; can be effected by
methanation at 350°C to a maximum of 10ppm. Provided that the feedstock contains no nitrogen the product purity is
about 98%. Alternatively the low-temperature shift process and methanation stage can be replaced by a single pressure-
swing absorption (PSA) system in which the hydrogen is purified by molecular sieves. The sieves are regenerated by
adiabatic depressurization at ambient temperature (hence the name) and the product has a purity of >99.9%.

At present about 77% of the industrial hydrogen produced is from petrochemicals, 18% from coal, 4% by electrolysis of
aqueous solutions and at most 1% from other sources. Thus, hydrogen is produced as a byproduct of the brine electrolysis
process for the manufacture of chlorine and sodium hydroxide (p. 798). The ratio of Hy:Cl>:NaOH is, of course, fixed
by stoichiometry and this is an economic determinant since bulk transport of the byproduct hydrogen is expensive. To
illustrate the scale of the problem: the total world chlorine production capacity is about 38 million tonnes per year which
corresponds to 105000 tonnes of hydrogen (1.3 x 10'® m®). Plants designed specifically for the electrolytic manufacture
of hydrogen as the main product, use steel cells and aqueous potassium hydroxide as electrolyte. The cells may be operated
at atmospheric pressure (Knowles cells) or at 30 atm (Lonza cells).

When relatively small amounts of hydrogen are required, perhaps in remote locations such as weather stations, then
small transportable generators can be used which can produce 1-17m?h~!. During production a 1:1 molar mixture of
methanol and water is vaporized and passed over a “‘base—metal chromite” type catalyst at 400°C where it is cracked into
hydrogen and carbon monoxide; subsequently steam reacts with the carbon monoxide to produce the dioxide and more
hydrogen:

400°C
MeOH —— CO + 2H,
catalyst

CO+H,0 —— CO; +H>

All the gases are then passed through a diffuser separator comprising a large number of small-diameter thin-walled tubes
of palladium-silver alloy tightly packed in a stainless steel case. The solubility of hydrogen in palladium is well known
(p- 1150) and the alloy with silver is used to prolong the life of the diffuser by avoiding troublesome changes in dimensions
during the passage of hydrogen. The hydrogen which emerges is cool, pure, dry and ready for use via a metering device.

Another medium-scale use is in oxyhydrogen and fuel cells if the notional “hydrogen economy”
torches and atomic hydrogen torches for welding (see Panel on p. 40) is ever developed.

and cutting. Liquid hydrogen is used in bubble
chambers for studying high-energy particles and
as a rocket fuel (with oxygen) in the space
programme. Hydrogen gas is potentially a large- Deuterium is invariably prepared from heavy
scale fuel for use in internal combustion engines water, D,0O, which is itself now manufactured

3.3.2 Deuterium
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The Hydrogen Economy¢-8~1V

The growing recognition during the past decades that world reserves of coal and oil are finite and that nuclear power
cannot supply all our energy requirements, particularly for small mobile units such as cars, has prompted an active search
for alternatives. One solution which has many attractive features is the “hydrogen economy” whereby energy is transported
and stored in the form of liquid or gaseous hydrogen. Enthusiasts point out that such a major change in the source of
energy, though apparently dramatic, is not unprecedented and has in fact occurred twice during the past 100 y. In 1880
wood was overtaken by coal as the main world supplier of energy and now it accounts for only about 2% of the total.
Likewise in 1960 coal was itself overtaken by oil and now accounts for only 15% of the total. (Note, however, that this
does not imply a decrease in the total amount of coal used: in 1930 this was 14.5 x 10 barrels per day of oil equivalent
and was 75% of the then total energy supply whereas in 1975 coal had increased in absolute terms by 11% to 16.2 x 108
b/d oe, but this was only 18% of the total energy supply which had itself increased 4.6-fold in the interim.) Another
change may well be in the offing since nuclear power, which was effectively non-existent as an industrial source of
energy in 1950, now accounts for 16% of the world supply of electricity; it has already overtaken coal as a source of
energy and may well overtake oil during the next century. The aim of the “hydrogen economy” is to transmit this energy,
not as electric power but in the form of hydrogen; this overcomes the great problem of electricity — that it cannot be
stored — and also reduces the costs of power transmission.

The technology already exists for producing hydrogen electrically and storing it in bulk. For example huge quantities
of liquid hydrogen are routinely stored in vacuum insulated cryogenic tanks for the US space programme, one such
tank alone holding over 3400m> (900000 US gailons). Liquid hydrogen can be transported by road or by rail tankers
of 75.7m? capacity (20000 US gallons). Underground storage of the type currently used for hydrogen — natural gas
mixtures and transmission through large pipes is also feasible, and pipelines carrying hydrogen up to 80km in the USA
and South Africa and 200km in Europe have been in operation for many years. Smaller storage units based on metal
alloy systems have also been suggested, e.g. LaNis can absorb up to 7 moles of H atoms per mole of LaNis at room
temperature and 2.5 atm, the density of contained hydrogen being twice that in the liquid element itself. Other systems
include Mg-MgH,, MgaNi-Mg,NiH4, Ti-TiH; and TiFe-TiFeH, ¢s.

The advantages claimed for hydrogen as an automobile fuel are the greater energy release per unit weight of fuel
and the absence of polluting emissions such as CO, CO;, NO;, SO, hydrocarbons, aldehydes and lead compounds.
The product of combustion is water with only traces of nitrogen oxides. Several conventional internal-combustion petrol
engines have already been simply and effectively modified to run on hydrogen. Fuel cells for the regeneration of electric
power have also been successfully operated commercially with a conversion efficiency of 70%, and test cells at higher
pressures have achieved 85% efficiency.

Non-electrolytic sources of hydrogen have also been studied. The chemical problem is how to transfer the correct amount
of free energy to a water molecule in order to decompose it. In the last few years about 10000 such thermochemical
water-splitting cycles have been identified, most of them with the help of computers, though it is significant that the most
promising ones were discovered first by the intuition of chemists.

The stage is thus set, and further work to establish safe and economically viable sources of hydrogen for general energy
usage seems destined to flourish as an active area of research for some while.

on the multitonne scale by the electrolytic
enrichment of normal water.'>!*) The enrich-
ment is expressed as a separation factor between
the gaseous and liquid phases:

s = (H/D)g/(H/D)

8D. P. GREGORY, The hydrogen economy, Chap. 23 in
Chemistry in the Environment, Readings from Scientific
American, 1973, pp. 219-27.

9L. B. McGowN and J. O'M. Bockris, How to Obtain
Abundant Clean Energy, Plenum, New York, 1980, 275 pp.
L. O. WiLLiaMs, Hydrogen Power, Pergamon Press, Oxford,
1980, 158 pp.

10C. J. WINTER and J. NiTscH (eds.), Hydrogen as an Energy
Carrier, Springer Verlag, Berlin, 1988, 377 pp.

11 B. BOGDANOVIC, Angew. Chem. Int. Edn. Engl 24,
262-73 (1985).

The equilibrium constant for the exchange
reaction

H,O0 + HD === HDO + H,

is about 3 at room temperature and this would
lead to a value of s = 3 if this were the only
effect. However, the choice of the metal used for
the electrodes can also affect the various elec-
trode processes, and this increases the separation
still further. Using alkaline solutions s values in

12G, Vasaru, D. Ursu, A. MIHAILA and P. SZENT-GYORGYI,
Deuterium and Heavy Water, Elsevier, Amsterdam, 1975,
404 pp.

13H. K. RAE (ed.), Separation of Hydrogen Isotopes, ACS
Symposium Series No. 68, 1978, 184 pp.
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the range 5-7.6 are obtained for many metals, ris-
ing to 13.9 for platinum cathodes and even higher
for gold. By operating a large number of cells in
cascade, and burning the evolved H,/D, mixture
to replenish the electrolyte of earlier cells in the
sequence, any desired degree of enrichment can
ultimately be attained. Thus, starting with normal
water (0.0156% of hydrogen as deuterium) and
a separation factor of 5, the deuterium content
rises to 10% after the original volume has been
reduced by a factor of 2400. Reduction by 66 000
is required for 90% deuterium and by 130 000 for
99% deuterium. If, however, the separation factor
is 10, then 99% deuterium can be obtained by a
volume reduction on electrolysis of 22 000. Prior
enrichment of the electrolyte to 15% deuterium
can be achieved by a chemical exchange between
H,;S and H,O after which a fortyfold volume
reduction produces heavy water with 99% deu-
terium content. Other enrichment processes are
now rarely used but include fractional distillation
of water (which also enriches '30), thermal diffu-
sion of gaseous hydrogen, and diffusion of H,/D;
through palladium metal.

Many methods have been used to determine
the deuterium content of hydrogen gas or
water. For Hp/D; mixtures mass spectroscopy
and thermal conductivity can be used together
with gas chromatography (alumina activated with
manganese chloride at 77 K). For heavy water
the deuterium content can be determined by
density measurements, refractive index change,
or infrared spectroscopy.

The main uses of deuterium are in tracer
studies to follow reaction paths and in kinetic
studies to determine isotope effects.!¥ A
good discussion with appropriate references is
in Comprehensive Inorganic Chemistry, Vol. 1,
pp. 99-116. The use of deuterated solvents
is widespread in proton nmr studies to avoid
interference from solvent hydrogen atoms, and
deuteriated compounds are also valuable in
structural studies involving neutron diffraction
techniques.

141 MeLANDER and W. H. SAUNDERS, Reaction Rates of
Isotopic Molecules, Wiley, New York, 1980, 331 pp.
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3.3.3 Tritium

Tritium differs from the other two isotopes
of hydrogen in being radioactive and this
immediately indicates its potential uses and its
method of detection. Tritium occurs naturally to
the extent of about 1 atom per 10'% hydrogen
atoms as a result of nuclear reactions induced by
cosmic rays in the upper atmosphere:

N g =t
N + |H = 3H + fragments
2H+2H=3H+!H

The concentration of tritium increased by over a
hundredfold when thermonuclear weapon testing
began on Bikini Atoll in March 1954 but has now
subsided as a result of the ban on atmospheric
weapon testing and the natural radioactivity of
the isotope (f1 12.33 y).

Numerous ;eactions are available for the artifi-
cial production of tritium and it is now made on

a large scale by neutron irradiation of enriched
®Li in a nuclear reactor:

SLi+ in=3He +3H

The lithium is in the form of an alloy with mag-
nesium or aluminium which retains much of the
tritium until it is released by treatment with acid.
Alternatively the tritium can be produced by neu-
tron irradiation of enriched LiF at 450° in a vac-
uum and then recovered from the gaseous prod-
ucts by diffusion through a palladium barrier. As
a result of the massive production of tritium for
thermonuclear devices and research into energy
production by fusion reactions, tritium is avail-
able cheaply on the megacurie scale for peaceful

purposes.J-r The most convenient way of storing
the gas is to react it with finely divided uranium

158 A. Evans, Tritium and its Compounds, 2nd edn., But-
terworths, London, 1974, 840 pp. E. A. Evans, D. C. WAR-
RELL, J. A. ELVIDGE and J. R. JONES, Handbook of Tritium
NMR Spectroscopy and Applications, Wiley, Chichester,
1985, 249 pp.

See also p. 18 for the influence on the atomic weight of
commercially available lithium in some countries.
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to give UT; from which it can be released by
heating above 400°C.

Besides being one of the least expensive radio-
isotopes, tritium has certain unique advantages
as a tracer. Like '*C it is a pure low-energy 8~
eniitter with no associated y-rays. The radiation
is stopped by ~6 mm of air or ~6 um of mate-
rial of density 1 gcm™? (e.g. water). As the range
is inversely proportional to the density, this is
reduced to only ~1 um in photographic emul-
sion (p ~3.5gcm™?) thus making tritium ideal
for high-resolution autoradiography. Moreover,
tritium has a high specific activity. The weight
of tritium equal to an activity of 1 Ciis 0.103 mg
and 1 mmol T, has an activity of 58.25 Ci. [Note:
1Ci (curie) = 3.7 x 10'° Bq (becquerel); 1 Bq =
1s~1.] Tritium is one of the least toxic of radio-
isotopes and shielding is unnecessary; however,
precautions must be taken against ingestion, and
no work should be carried out without appropriate
statutory authorization and adequate radiochemi-
cal facilities.

Tritium has been used extensively in hydrolog-
ical studies to follow the movement of ground
waters and to determine the age of various bod-
ies of water. It has also been used to study
the adsorption of hydrogen and the hydrogena-
tion of ethylene on a nickel catalyst and to
study the absorption of hydrogen in metals. Auto-
radiography has been used extensively to study
the distribution of tritium in multiphase alloys,
though care must be taken to correct for the pho-
tographic darkening caused by emanated tritium
gas. Increasing use is also being made of tritium
as a tracer for hydrogen in the study of reaction
mechanisms and kinetics and in work on homo-
geneous catalysis.

The production of tritium-labelled organic com-
pounds was enormously facilitated by K. E. Wilz-
bach’s discovery in 1956 that tritium could be
introduced merely by storing a compound under
tritium gas for a few days or weeks: the S~
radiation induces exchange reactions between the
hydrogen atoms in the compound and the tritium
gas. The excess of gas is recovered for further
use and the tritiated compound is purified chro-
matographically. Another widely used method of
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general applicability is catalytic exchange in solu-
tion using either a tritiated solution or tritium gas.
This is valuable for the routine production of tri-
tium compounds in high radiochemical yield and
at high specific activity (>50 mCi mmol~!). For
example, although ammonium ions exchange rel-
atively slowly with D;O, tritium exchange equi-
libria are established virtually instantaneously: tri-
tiated ammonium salts can therefore be readily
prepared by dissolving the salt in tritiated water
and then removing the water by evaporation:

(NH4)2804 + HTO === (NH3T),S504 + H;0, etc.

For exchange of non-labile organic hydrogen
atoms, acid—base catalysis (or some other cat-
alytic hydrogen-transfer agent such as palladium
or platinum) is required. The method routinely
gives tritiated products having a specific activity
almost 1000 times that obtained by the Wilzbach
method; shorter times are required (2—12h) and
subsequent purification is easier.

When specifically labelled compounds are
required, direct chemical synthesis may be
necessary. The standard techniques of preparative
chemistry are used, suitably modified for small-
scale work with radioactive materials. The
starting material is tritiam gas which can be
obtained at greater than 98% isotopic abundance.
Tritiated water can be made either by catalytic
oxidation over palladium or by reduction of a
metal oxide:

Pd
2T, + O, —— 2T,0
Ty + CuO — T,0 + Cu

Note, however, that pure tritiated water is
virtually never used since 1ml would contain
2650Ci; it is self-luminescent, irradiates itself
at the rate of 6x 107eVml~ls™! (~10°
rad day™!), undergoes rapid self-radiolysis,
and also causes considerable radiation damage
to dissolved species. In chemical syntheses
or exchange reactions tritiated water of 1%
tritium abundance (580 mCimmol™!) is usually
sufficient to produce compounds having a specific
activity of at least 100 mCimmol~!. Other useful

Next Page
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synthetic reagents are NaT, LiAlH;T, NaBH;3T,
NaBT,4, B,;T¢ and tritiated Grignard reagents.
Typical preparations are as follows:

350°C
LiH+ T, —— LiT+ HT
200°C
LiBH4 + T, —— LiBH;T + HT
ether _ | .
41iT + AlBr; —— LiAIT4 + 3LiBr

55°C
B,Hg + T, —— B,H5sT + HT
3NaBT, + 4BF;.0Et; —— 2B, T + 3NaBFE,
3T,0(g) + P(CN); —— 3TCN 4 T5PO3

700°C
2AgCl 4+ To ——> 2TCl + 2Ag

Br, + Ty ——> 2TBr
P(red) + I + HTO ——> TI+ HI + ...
NH; + T, —> NH,T + TH

3

100°C
Mg;N, + 6T,0 —— 2NT; + 3Mg(OT),

X heat
M+ Ty — MT,

The preparation and use of LiEt;:BT and LiAlTy
at maximum specific activity (57.5 Cimmol~})
has also been described.(!®)

3.4 Chemical Properties and
Trends

Hydrogen is a colourless, tasteless, odourless gas
which has only low solubility in liquid solvents.
It is comparatively unreactive at room temper-
ature though it combines with fluorine even in
the dark and readily reduces aqueous solutions
of palladium(II) chloride:

PdCly(aq) + Hy ——> Pd(s) + 2HCl(aq)

16 H. ANDRES, H. MORIMOTO and P. G. WILLIAMS, J. Chem.
Soc., Chem. Commun., 627-8 (1990).

This reaction can be used as a sensitive
test for the presence of hydrogen. At higher
temperatures hydrogen reacts vigorously, even
explosively, with many metals and non-metals to
give the corresponding hydrides. Activation can
also be induced photolytically, by heterogeneous
catalysts (Raney nickel, Pd, Pt, etc.), or by
means of homogeneous hydrogenation catalysts.
Industrially important processes include the
hydrogenation of many organic compounds and
the use of cobalt compounds as catalysts in
the hydroformylation of olefins to aldehydes
and alcohols at high temperatures and pressures
(p- 1140):

RCH,CH,CHO + H, —— RCH,CH,CH,0OH

An even more effective homogeneous hydrogena-
tion catalyst is the complex {[RhCI(PPhs);] which
permits rapid reduction of alkenes, alkynes and
other unsaturated compounds in benzene solution
at 25°C and 1 atm pressure (p. 1134). The Haber
process, which uses iron metal catalysts for the
direct synthesis of ammonia from nitrogen and
hydrogen at high temperatures and pressures, is
a further example (p. 421).

The hydrogen atom has a unique electronic
configuration 1s!: accordingly it can gain an
electron to give H™ with the helium configuration
1s?> or it can lose an electron to give the
proton H™ (p. 36). There are thus superficial
resemblances both to the halogens which can
gain an electron to give an inert-gas configuration
ns’np®, and to the alkali metals which can
lose an electron to give M+ (ns’np®). However,
because hydrogen has no other electrons in its
structure there are sufficient differences from
each of these two groups to justify placing
hydrogen outside either. For example, the proton
is so small (r ~1.5 x 1073 pm compared with
normal atomic and ionic sizes of ~50-220pm)
that it cannot exist in condensed systems unless
associated with other atoms or molecules. The
transfer of protons between chemical species
constitutes the basis of acid-base phenomena
(see Section 3.5). The hydrogen atom is also
frequently found in close association with 2
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other atoms in linear array; this particularly
important type of interaction is called hydrogen
bonding (see Section 3.6). Again, the ability
to penetrate metals to form nonstoichiometric
metallic hydrides, though not unique to hydrogen,
is one of its more characteristic properties
as is its ability to form nonlinear hydrogen
bridge bonds in many of its compounds, These
properties will be further discussed during the
general classification of the hydrides of the
elements in section 3.7. The most important
compound of hydrogen is, of course, water and a
detailed discussion of this compound is given on
pp. 620-33 in the chapter on oxygen.

3.4.1 The coordination chemistry of
hydrogen

Perhaps the most exciting recent development in
the chemistry of hydrogen is the discovery that,
in transition metal polyhydrides, the molecule H;
can act as a dihapto ligand, n*-H; (see below).
Even the H atom itself can form compounds in
which its coordination number (CN) is not just }
(as expected) but also 2, 3, 4, 5 or even 6. A rich
and unexpectedly varied coordination chemistry
is thus emerging. We shall deal with the H atom
first and then with the H, molecule.

By far the most common CN of hydrogen is 1,
as in HCY, H»S, PH;, CH; and most other covalent
hydrides and organic compounds. Bridging modes
in which the H atom has a higher CN are shown
schematically in the next column — in these struc-
tures M is typically a transition metal but, partic-
ularly in the g;-mode and to some extent in the
w3-mode, one or more of the M can represent a
main-group element such as B, Al; C, Si; N etc.
Typical examples are in Table 3.3.07=1%) Fuyller
discussion and references, when appropriate, will
be found in later chapters dealing with the indi-
vidual elements concerned.

17D, 5. Mookt and S. D. Ropinson, Chen. Soc. Revs. 12,
415-52 (1983).

18 A. DEDIEU (ed.), Transition Metal Hydrides, VCH, Berlin,
1991, 416 pp.

'S T. P. FEHLNER, Polvhedron, 9, 1955-63 (1990).
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Table 3.3 Stereochemistry of hydrogen

CN Examples

1 HCI, H-S, PHi, NH,*, BH, ™, etc.; [HMn(CO)s),
[H:Fe(CO)4], [HiyTa(CsHs)a1, (HiCr(dmpe) ],
[CoHs|'~, [HeW(PRs)s], {{H;Re(PR;): }Ag]t,
[HgRe(PR3)1™, [ReHy]*~

2 B,Hg, (Me;NAIH; 13, [H;BHCu(PMePha k],
[nido-Ir(BsHy)(CO)}PPhs); ],

[(CO)s WHW(CO)s]~,
[(CsMes r(u;-H)3In(CsMes)

3 [closo-BsHa(u3-H)] ™, [(13-H)Rh3(CsHs)yl,
[(1£3-H)4Co4(CsHs)a]

[(p._;-H)RUg(CO)le]:_

5  B-Mg;NiH.i(dy) (1 “covalent” Ni-D 149 pm plus
4 “ionic” Mg-D 230 pm)

6  [HNbl, ], [HRug(CO)ys]™, [HCog(CO)is) ™,
[(126-H)2Ni12(CO)21 1>, [{ie6-HINij2{CO) PP~

M M M
M
M
M \— —/ M /
M —M M M
by My By
M M
M M M~ - M
I { f ¥
/ ,'J I {
/ { / '
Meceeme-M M---= == M
M
Hs He,

The crucial experiment suggesting that the
H, molecule might act as a dihapto ligand
to transition metals was the dramatic obser-
vation®® that toluene solutions of the deep
purple coordinatively unsaturated 16-electron
complexes [Mo(CO);(PCy3);] and [W(CO);3-
(PCy1);] (where Cy = cyclohexyl) react read-
ily and cleanly with H; (1 atm) at low
temperatures to precipitate yellow crystals of
[M(CO)3;H,(PCy3);] in 85-95% vyield. The

MG, 1. KuBas, J. Chem. Sovc., Chem. Commun., 61-2
(1980).
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H, could be quantitatively removed at room
temperature either by partial evacuation or by
sparging the solution with argon. Definitive con-
firmation that the complexes did indeed contain
n>-H, came from X-ray and neutron diffraction
studies on the bis(tri i-propylphosphine) analogue
at —100°, which revealed the side-on coordina-
tion of Hy as shown in Fig. 3.2.2V During the
past decade many other such compounds have
been prepared and studied in great detail, and the
field has been well reviewed.?? =24

—~H

e ®

b

LV
$

Figure 3.2 The geometry of mer-trans-[W(CO);-
(n*-H)(PPry),] from X-ray and neu-
tron diffraction data: r(H-H) 84pm
(compared with 74.14pm for free H),
r(W-H) 175 pm. Infrared vibration spec-
troscopy gives v(H-H) 2690cm~! com-
pared with 4159cm™~! (Raman) for free
H,.

P

There are two general routes to n"-H,
complexes. The first involves direct addition
of molecular H, either to an unoccupied
coordination site in a l6-electron complex (as
above) or by displacement of a ligand such as
CO, Cl, H,O in the coordination sphere of an
18-electron complex; in this latter case ultraviolet
irradiation may be required to assist in the

21G. 1. Kueas, R. R. Ryan, B. I Swanson, P. 1. VERGA-
Mint and H. J. WASSERMAN, J. Am. Chem. Soc. 106, 4524
(1984).

22.G. 1. KURAS, Acc. Chem. Res. 21, 120-8 (1988).

B R. H. CraBTREE and D. G. HAMILTON, Adv. Organomet.
Chem. 28, 299-338 (1988), R. H. CRABTREE, Acc. Chem.
Res. 23, 95-101 (1990}.

¥ A, G. GinzBURG and A. A. BAGATUR'ANTS, OQrganomet.
Chem. in USSR 2, 111-26 (1989).
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substitution reaction. Examples are:
[W(CO)3(PPr});] + H; —
[W(CO)(n*-H)(PPr):]
[FeCIH(R,PCH,CH;PR3),] + H» + NaBPhy
—— [FeH(n*-H)(R;PCH;CH,PR; ), 1"
+ BPh; ™ + NaCl
trans-[IrtH(H,0)(PPh3),(Bg)1* + Hy ——
trans-[ItH(5%-H,)(PPh3 ), (Bg)]™*

hv
[CH(CO)s] + H; - [Cr(CO)s(n*-Hp)} + CO

hv
Co(CO)(NO) +Hy —
lig. Xe
[Co(CO),(n*-Hz)(NO)] + CO

The second general method involves the protona-
tion of a polyhydrido complex using a strong acid
such as HBF4.Et:O. Typical examples involving
d?, d*, d® or d® metal centres are:

(d*) [MoHa(dppe);] + 2H ——
[MoH,(n*-H2)(dppe)21**
) A
d’) [IrHs(PCys),! NEo
[IrH2 (n°-H3)2 (PCy;)2)*
(d®) [RuHy(dppe),] + HY —
[RuH(»’-H,)(dppe)a]*
(d®) [RhH{P(CH,CH,PPhy);}] + H* —
[Rh(n*-Hy){P(CH,CH,PPhy);)1*

There is even a rare example involving a d°

polyhydride:**)

H* (—80%)

(d”) [ReHs(PCy3),]

t3

[ReHg —2.(n”-H2).(PCy; 21"

25X, L. R. FonTamng, E. H. FowLes and B. L. SHaw, J.
Chem. Soc., Chem. Commun., 482-3 (1988).
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If deuterio acids are used then n*>-HD complexes
are formed; these are particularly useful in estab-
lishing the retention of substantive H-H bonding
in the coordinated ligand by observation of a
1:1:1 triplet in the proton nmr spectrum (the pro-
ton signal being split by coupling to deuterium
with nuclear spin J = 1).

The stability of n°-H; complexes varies con-
siderably, from those which can be observed only
in low-temperature matrix-isolation experiments
to those which are moderately robust even at
room temperature and above. Stability depends
on the electron configuration of the metal centre,
the electronic and steric nature of the co-ligands,
the overall charge on the complex, the state of
aggregation and, of course, the temperature, Most
n>-H, complexes involve transition metals in
Groups 6-8, in oxidation states having a formal
d® electron configuration. No 7°-H; complexes
are yet known for transition metals in Groups 3 or
4 of the periodic table, although examples involv-
ing Group 5 metals have recently been reported,
e.g. the d* species [V(5°-CsHs)(CO)3(n-H2)]?
and [Nb(1°-CsHs)(CO)3(n*-H2)).?" Within a
given Group, the first and second members
more readily form 5°-H, complexes while the
third member tends to form polyhydrido species,
e.g. [Fe(H)(p-Hy)(PEtPhy)3] and [Ru(H)a(n*-
H,)(PPh3)3] but [Os(H)4(P(o-tol)3)3].%¥ Stability
is also enhanced by an overall cationic charge on
the complex (remember protonation as a route
to n%-Hy complexes). In such cases, however,
stability of the resulting compound depends on
the presence of a non-coordinating anion such as
BF;~, otherwise there is a risk of decomposi-
tion by displacement of the more weakly coordi-
nating (n%-H;). Neutral complexes are also well
known, but no examples of anionic nz—Hz com-
plexes have been reported.

26M. T, Hawarp, M. W. GEORGE, §. M. HowpLt and
M. PoLiakorr, J. Chem. Soc., Chem. Commun., 913-5
(1990).

7M. T. Hawarp, M. W. GEorGE, P. HAMLEY and M. PoLL-
AKOFE, J. Chem. Soc., Chem. Commun., 1101-3 (1991).

28 R, H. CRABTREE and D. G. HAMNTON, J. Am. Chem. Soc.
108 3124-5 (1986).

(a) (b)

Figure 3.3 Schematic representation of the two
components of the 1>-H,-metal bond:
(a) donation from the filled (hatched)
o-H; bonding orbital into a vacant hybrid
orbital on M; (b) n-back donation from a
filled d orbital (or hybrid) on M into the
vacant ¢* antibonding orbital of H,.

Most of the observed facts can be understood
in terms of a bonding scheme which envisages
donation of electron density from the o bond
of H; into a vacant hybrid orbital on the
metal, plus a certain amount of synergic back
donation from an occupied d orbital on the
metal into the o™ antibonding orbital of H; (see
Fig. 3.3). This is reminiscent of the bonding in
the well known metal-—-alkene complexes (to be
discussed in more detail on p. 931) but with two
significant differences: (a) the electron density
being donated from the H, ligand is in the
single-bond o orbital whereas for alkenes such as
H,C=CHj it is in the 7 component of the double
bond; and (b} the H; antibonding orbital involved
in accepting back-donated electron density has
o™ symmetry rather than 7* as in alkenes. It
is clear from this description that an overall
positive charge on the metal centre encourages

H
d ion to form the 3-cent
forward donation to form the 3-centre H>—M

bond, but diminishes the extent of back donation.
By contrast, an overall negative charge might
be expected to enhance back donation into
the ¢* antibonding orbital and thus promote
rupture of the H; single bond, with concommitant
formation of two new hydrido M-H bonds.



§3.4.1

The bonding scheme is also consistent with the
observed lengthening of the H-H distance to
about 84-90pm in the 5°-H, complexes (as
compared with 74pm in free molecular H,),
and with the lowering of the v(H—H) vibration
frequency from 4159 cm™' in free H, to values
typically in the range 2650-3250cm™! in the
complexes.

There is evidently a very fine balance between
the two options {M(n?-H>)} and {M(H),}; indeed,
examples of an equilibrium between the two
forms have recently been discovered:?7-2%:30)

—78° to +25°

[Nb(7°-CsHs)(CO)3(°-Ha)]

[Nb(n’-CsHs)(CO)3 (H),]
—85° to —65°

[Re(CO)(1*-Ha)(H)> (PMe2Ph)s]*
[Re(CO)(H)4(PMe;Ph);]*

hexane/r.t.

[Ru(n?-Hy)(n2-0,CCF3)(PCy; )]
[Ru(H), (n*-0,CCF3)(PCy; )]

In the niobium system®” the 7*>-H, form
is marginally the more stable, with AH =
2.0kJmol~!, whereas in the rhenium system,®
it is the tetrahydrido form which is the
more stable, with —AGagg = 2.5kJmol™! and
—AH = 4.6kImol™".

In a sense the formation of 7%-H, complexes
can be thought of as an intermediate stage in
the oxidative addition of H, to form two M-H
bonds and, as such, the complexes might serve
as a model for this process and for catalytic
hydrogenation reactions by metal hydrides.®?
Indeed, intermediate cases between 7n%-H, and
(0-H); coordination are occasionally observed, as
in [ReH7(P(p-tol)3),], where neutron-diffraction

29X L. Luo and R. H. CRABTREE, J. Chem. Soc., Chem.
Commun., 189-90 (1990).

30T, ANLIGUIE and B. CHAUDRET, J. Chem. Soc., Chem.
Commun., 155-7 (1989).

3L C. Bianchmvg, C. MEALLL, A. MELI, M. PERUzZINI and
F. ZaNOBINI, J. Am. Chem. Soc. 110, 8725-6 (1988).
See also L. D. FIELD, A. V. GEORGE, E. Y. MALOUF and
D. I. YOUNG, Chem. Soc., Chem. Commun., 931-3 (1990).
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studies®® have revealed one H---H contact of
137.7(7) pm whereas all other H---H distances
in the complex are greater than 174 pm. (This
distance of 137.7pm is seen to be intermediate
between values of ca. 80pm typical of n*-Hj
complexes and values greater than ca. 160 pm
which are found in classical hydrido complexes.)
Likewise, some trihydrogen complexes, such as
[Ir(n’-CsHs)H3(PMe3)],®® have nmr behaviour
which suggests the presence of a bent (or possibly
triangular) n3-Hj ligand which is bonded *side-
on” rather like an allylic group (pp. 933-5).

The possibility of n'-H, “end-on” coordination
has also been mooted. For example, deposition
of Pd atoms onto a krypton matrix doped with
H, at 12K apparently yields both Pd(n'-H,) and
Pd(n?-H,) species, whereas with a Xe/H, matrix
only Pd(n*-H;) was obtained.®¥ Again, the
complex [ReCl(H;)(PMePh,)4] appears to feature
an asymmetrically-bonded H, ligand which may
well be (n!-H,).%>

Nearly one hundred 5?-H, complexes have so
far been prepared and the crystal and molec-
ular structure of about half a dozen have
been determined by X-ray/neutron diffraction.
Some are dinuclear, such as the homobimetallic
[(P—N)(n*-Hp)Ru(1-Cl); (12-H)Ru(H) (PPhs3);] 3
and the heterobimetallic [(PPhs);HRe(u-H)(ut-
Cl(u-CO)Ru(n?-Hz)(PPhs),]+.C7

The coordination chemistry of hydrogen is still
being intensively studied and new developments
are continually being reported.

321 BRAMMER, J. A. K. HowarD, O. JounsoN, T. F. KoeT-
ZLE, J. L. SPENCER and A. M. STRINGER, J. Chem. Soc.,
Chem. Commun., 241 -3 (1991).

3 D. M. HEINEKEY, N. G. PAYNE and G. K. SCHULTE, J. Am.
Chem. Soc. 110, 2303 -5 (1988).

34 G. A. OziN and J. GARCIA-PRIETO, J. Am. Chem. Soc. 108,
3099-100 (1986).

35E. A. CotToN and R. L. Luck, Inorg. Chem. 30, 767-74
(1991).

36 C. HAMPTON, W. R. CULLEN and B. R. JAMES, J. Am.
Chem. Soc. 110, 6918-9 (1988). In this compound, P-N is
a complex substituted ferrocene ligand. See also A. M. JOsHI
and B. R. JAMES, J. Chem. Soc., Chem. Commun., 1785-6
(1989).

37 M. CAZANOUE, Z. HE, D. NEILBECKER and R. MATHIEU, J.
Chem. Soc., Chem. Commun., 307-9 (1991).
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3.5 Protonic acids and bases®®

Many compounds that contain hydrogen can
donate protons to a solvent such as water and
so behave as acids. Water itself undergoes ionic
dissociation to a small extent by means of
autoprotolysis; the process is usually represented
formally by the equilibrium

H0 + H,0 == H;0" + OH™

though it should be remembered that both
ions are further solvated and that the time a
proton spends in close association with any
one water molecule is probably only about
1073 s. (See also pp. 6302 for structural studies
on [H(OH,),]" n = 1-6.) Depending on what
aspect of the process is being emphasized, the
species H3O'(aq) can be called an oxonium
ion, a hydrogen ion, or simply a solvated
(hydrated) proton. The equilibrium constant for
autoprotolysis is

K, = [H;07][OH™}/[H,0)?

and, since the concentration of water is essen-
tially constant, the ionic product of water can be
written as

K., = [H30%}[OH™] mol®172

The value of K, depends on the temperature,
being 0.69 x 10~ mol?172 at 0°C, 1.00 x 10714
at 25°C and 47.6 x 107!* at 100°C. It follows
that the hydrogen-ion concentration in pure water
at 25°C is 10~"moll~!. Acids increase this
concentration by means of the reaction

HA + H,0 == H;0" + A™;
 _ [H0T][A7]
[HA]J[H,O]
It is to be understood that all the species are in
aqueous solution and the symbol HA implies only
that the (aquated) species can act as a proton

donor: it can be a neutral species (e.g. H,S),
an anion (e.g. HoPO4~) or a cation such as

3 R. P. BELL, The Proton in Chemistry, 2nd edn. Chapman
& Hall, London, 1973, 223 pp.

[Fe(H,0)s]**. The hydrogen-ion concentration is
usually expressed as pH (see Panel). In dilute
solution the concentration of water molecules
is constant at 25°C (55.345moll™!), and the
dissociation of the acid is often rewritten as

HA == H' +A";
K, = [H"][A"]/[HA] mol 1!

The acid constant K, can also be expressed by
the relation

pK, = —logK,. Hence, as K, =55.345K
pK,=pK — 1.734

Further, as the free energy of dissociation is given
by

AG® = —RT InK = —2.3026RT logK,
the standard free energy of dissociation is

AGZQSIS = 5.708pK
= 5.708(pK, + 1.734)kJ mol™!

Textbooks of analytical chemistry should be
consulted for further details concerning the
1onization of weak acids and bases and the theory
of indicators, buffer solutions, and acid-—alkali
titrations.3% 4D

Various trends have long been noted in the
acid strengths of many binary hydrides and
oxoacids.®® Values for some simple hydrides
are given in Table 3.4 from which it is clear
that acid strength increases with atomic number
both in any one horizontal period and in any

AL VOGEL, Quantitative Chemical Analysis, 5th edn.,
Sections 2.12-2.27, pp. 31-60. Longman, London, 1989.
40 A. HULANICKI, Reactions of Acids and Bases in Analytical
Chemistry, Ellis Horwood (Wiley), Chichester, 1987, 308 pp.
4D, ROSENTHAL and P. ZUMAN, Acid-base equilibria,
buffers and titrations in water, Chap. 18 in I. M. KOLTHOFF
and P. J. ELVING (eds.), Treatise on Analytical Chemistry, 2nd
edn., Vol. 2, Part 1, 1979, pp. 157-236. Succeeding chapters
(pp. 237-440) deal with acid-base equilibria and titrations
in non-aqueous solvents.
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Protonic acids and bases

The Concept of pH

The now universally used measure of the hydrogen-ion concentration was introduced in 1909 by the Danish biochemist
S. P. L. Sgrensen during his work at the Carlsberg Breweries (Biochem. Z 21, 131, 1909):

pH = —log[H"]

The symbol pH derives from the French puissance d’hydrogéne, referring to the exponent or “power of ten” used to
express the concentration. Thus a hydrogen-ion concentration of 10~7 mol 1=! is designated pH 7, whilst acid solutions
with higher hydrogen-ion concentrations have a lower pH. For example, a strong acid of concentration | mmol1~! has
pH 3, whereas a strong alkali of the same concentration has pH 11 since [H30%] = 10~!4/[OH"] = 107!},

Unfortunately, it is far simpler to define pH than to measure it, despite the commercial availability of instruments that
purport to do this. Most instruments use an electrochemical cell such as

glass electrodetest solution|3.5 M KCl(aq)|Hg,Cl2|Hg
Assuming that the glass electrode shows an ideal hydrogen electrode response, the emf of the cell still depends on the
magnitude of the liquid junction potential Ej and the activity coefficients y of the ionic species:
RT
E=E - E InyalClI"] 4+ Ej ~ —In wlH]

F F
For this reason, the pH as measured by any of the existing national standards is an operational quantity which has no
simple fundamental significance. It is defined by the equation

(EI_ES)F
H(X) = pH(S) 4+ 2 =97
PH(X) = pHS) + =10

where pH(S) is the assigned pH of a standard buffer solution such as those supplied with pH meters.
Only in the case of dilute aqueous solutions (<0.1 mol1~!) which are neither strongly acid or alkaline (2 < pH < 12)
is pH(X) such that
pH(X) = — log[H* ]y £ 0.02

where y4, the mean ionic activity coefficient of a typical uni-univalent electrolyte, is given by
]
—logys =AIY(1 + 1}

. . . i . . 1 _1
In this expression / is the ionic strength of the solution and A is a temperature-dependent constant (0.5112 mol™2 at

25°C; 0.5015 mol'% at 15°C). It is clearly unwise to associate a pH meter reading too closely with pH unless under very
controlled conditions, and still less sensible to relate the reading to the actual hydrogen-ion concentration in solution.
For further discussion of pH measurements, see Pure Appl. Chem. §7, 531-42 (1985): Definition of pH Scales, Standard
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Reference Values, Measurement of pH and Related Terminology. Also C&E News, Oct. 20, 1997, p. 6.

Table 3.4 Approximate values of pX, for simple

periodic table could be ascribed to the increasing

hydrides electronegativity of the elements which would
CH, 46 NH; 35 OH, 16 FH 3 favour release of the proton, but this is clearly
PH; 27 SH, 7 CH -7 not the dominant effect within any one group
SeH, 4 BH -9 since the trend there is in precisely the opposite
TeH; 3 IH -10

vertical group. Several attempts have been made
to interpret these trends, at least qualitatively,
but the situation is complex. The trend to
increasing acidity from left to right in the

direction. Within a group it is the diminution
in bond strength with increasing atomic number
that prevails, and entropies of solvation are
also important. It should, perhaps, also be
emphasized that thermodynamic computations
do not “explain” the observed acid strengths;
they merely allocate the overall values of AG,
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AH and AS to various notional subprocesses
such as bond dissociation energies, ionization
energies, electron affinities, heats and entropies
of hydration, etc., which themselves have
empirically observed values that are difficult to
compute ab initio.

Regularities in the observed strengths of
oxoacids have been formulated in terms of two
rules by L. Pauling and others:

(1) for polybasic mononuclear oxoacids,
successive acid dissociation constants
diminish approximately in the ratios
1:1075:10710:.

(i1) the value of the first ionization constant
for acids of formula XO,,(OH), depends
sensitively on m but is approximately inde-
pendent of n and X for constant m, being
<108 form =0, ~102form=1, ~10°
for m = 2, and > 108 for m = 3.

Thus to illustrate the first rule:

H3PO4 = H+ =+ HzPOZ,
[H*][H,PO, ] e
Ki=——F————- =711 x 1077 moll™";
! [H3PO,]

K, = 2.15
H,PO4,~ —— HY + HPO42ﬁ;

Ch. 3

_ [H*][HPO,*"]
2 T [HPO,]

pK, = 7.20

=631 x 10 %mol 17

HPO,?" == Ht 4+ P0O,3—;
[HH][PO4*"]
[(HPO42~]

pKs = 12.37

K3 = =422 x 107 mol1™%;

Qualitatively, a reduction in pK, for each succes-
sive stage of ionization is to be expected since the
proton must separate from an anion of increas-
ingly negative charge, though the approximately
constant reduction factor of 10° is more difficult
to rationalize quantitatively.

Acids which illustrate the second rule are sum-
marized in Table 3.5. The qualitative explanation
for this regularity is that, with increasing numbers
of oxygen atoms the single negative charge on the
anion can be spread more widely, thereby reduc-
ing the electrostatic energy attracting the proton
and facilitating the ionization. On this basis one
might expect an even more dramatic effect if the
anion were monoatomic (e.g. $?~, Se?~, Te?")
since the attraction of these dianions for protons
will be very strong and the acid dissociation con-
stant of SH™, SeH™ and TeH™ correspondingly
small; this is indeed observed and the ratio of

Table 3.5 Values of pK, for some mononuclear oxoacids XO,,(OH), (pK, =~ 8-5n)

X(OH), XO(OH), X0O,(0OH), X0O5(OH),
(very weak) (weak) (strong) (very strong)
CI(OH) 7.2 NO(OH) 33 NO,(OH) —-14 ClO3(OH) (—10)
Br(OH) 8.7 CIO(OH) 2.0 ClO,(OH) —1 MnO;(OH) —
I(OH) 10.0 CO(OH), 3.9@ 10,(0OH) 0.8
B(OH); 9.2 SO(OH), 1.9 SO,(OH), <0
As(OH); 92 SeO(OH), 2.6 Se0,(0H), <0
Sb(OH); 11.0 TeO(OH), 2.7
Si(OH), 10.0 PO(OH); 2.1
Ge(OH), 8.6 AsO(OH); 2.3
Te(OH)s 8.8 IO(OH); 1.6
HPO(OH); 1.8®
H,;PO(OH) 2.0®

@ Corrected for the fact that only 0.4% of dissolved COj; is in the form of H,COj3; the conventional value is pK, 6.5.
®)Note that the value of pK . for hypophosphorous acid H3POj3 is consistent with its (correct) formulation as HPO(OH), rather
than as P(OH)3;, which would be expected to have pK, > 8. Similarly for H3PO,, which is HoPO(OH) rather than HP(OH),.
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Table 3.6 First and second ionization constants
for H,S, H,Se and H,Te

pK: pK> ApK
H,S 7 14 7
H,Se 4 12 8
H,Te 3 11 8

the first and second dissociation constants is ~10%
rather than 10° (Table 3.6).

The results for dinuclear and polynuclear
oxoacids are also consistent with this interpre-
tation. Thus for phosphoric acid, H4P,07, the
successive pK, values are 1.5, 2.4, 6.6 and 9.2;
the ~10-fold decrease between pK; and pK,
(instead of a decrease of 10°) is related to the
fact that ionization occurs from two different
PO, units. The third stage ionization, however,
is ~10° less than the first stage and the differ-
ence between the mean of the first two and the
last two ionization constants is ~5 x 10°.

Another phenomenon that is closely associated
with acid—base equilibria is the so-called hydrol-
ysis of metal cations in aqueous solution, which
is probably better considered as the protolysis of
hydrated cations, e.g.:

“hydrolysis”:
Fe’t + H,0 —— [Fe(OH)]** + H*
protolysis:

[Fe(H,0)*t + H,0 ——

[Fe(H,0)s(OH))*" + H;0%;  pK, 3.05
[Fe(H,0)s(OH)I** + H,0 —
[Fe(H,0)4(OH),]* + H30%;  pK, 3.26

It is these reactions that impart the characteristic
yellow to reddish-brown coloration of the
hydroxoaquo species to aqueous - solutions of
iron(II) salts, whereas the undissociated ion
[Fe(H,0)6]*t is pale mauve, as seen in crystals
of iron(IlI) alum {[Fe(H>0)s][K(H20)6](SO4)2}
and iron(IIl) nitrate {[Fe(H,O)s](NO3)3.3H,0}.
Such reactions may proceed to the stage
where the diminished charge on the hydrated
cation permits the formation of oxobridged,

or hydroxobridged polynuclear species that
eventually precipitate as hydrous oxides (see
discussion of the chemistry of many elements in
later chapters). A useful summary is in Fig. 3.4.
By contrast, extensive studies of the pK, values
of hydrated metal ions in solution has generated
a wealth of numerical data but no generalizations
such as those just discussed for the hydrides
and oxoacids of the non-metals.“? Typical pK,
values fall in the range 3-14 and, as expected,
there is a general tendency for protolysis to be
greater (pK, values to be lower) the higher the
cationic charge. For example, aqueous solutions
of iron(IIl) salts are more acidic than solutions
of the corresponding iron(Il) salts. However, it
is difficult to discern any regularities in pK, for
series of cations of the same ionic charge, and it
is clear that specific “chemical” effects must also
be considered.

Brgnsted acidity is not confined to dilute
aqueous solutions and the ideas developed in the
preceding pages can be extended to proton donors
in nonaqueous solutions.*>*% In organic solvents
and anhydrous protonic liquids the concepts
of hydrogen-ion concentration and pH, if not
actually meaningless, are certainly operationally
inapplicable and acidity must be defined on some
other scale. The one most frequently used is
the Hammett acidity function Hy which enables
various acids to be compared in a given solvent
and a given acid to be compared in various
solvents. For the equilibrium between a base
and its conjugate acid (frequently a coloured
indicator)

B+ H" —— BH*

the acidity function is defined as
Ho = pKgy+ — log{[BH"1/[BI}
In very dilute solutions

Kgy+ = [BI[H]/[BH']

“21. G. SILLEN, Q. Rev. (London) 13, 146-68 (1969); Pure
Appl. Chem. 17, 55-78 (1968).

43 C. H. ROCHESTER, Acidity Functions, Academic Press,
London, 1970, 300 pp.

#G. A. OLan, G. K. S. PrakASH and J. SOMMER, Super-
acids, Wiley, New York, 1985, 371 pp.

Next Page
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Figure 3.4 Plot of effective ionic radii versus oxidation state for various elements.

s0 that in water H, becomes the same as pH.
Some values for typical anhydrous acids are in
Table 3.7 and these are discussed in more detail
in appropriate sections of later chapters.

Table 3.7 Hammett acidity functions for some anhy-

drous acids
Acid —-H, Acid —H,
HSO4F + SbFs  15-27|HF ~11
HF + SbFs (IM) 20.4 |[HiPO, 5.0
HSO,F 15.0 |HaSOy4 (63% in H;O) 4.9
H,S0, 12.0 [HCO;H 2.2

It will be noted that addition of SbFs to HF con-
siderably enhances its acidity and the same effect
can be achieved by other fluoride acceptors such
as BF; and TaFs:

2HF + MF,, == H;F' +MF, .|~

The enhancement of the acidity of HSO4F by
the addition of SbFs is more complex and the
equilibria involved are discussed on p. 570.

3.6 The Hydrogen Bond®-7

The properties of many substances suggest that,
in addition to the “normal” chemical bonding
between the atoms and ions, there exists some
further interaction involving a hydrogen atom
placed between two or more other groups
of atoms. Such interaction is called hydrogen
bonding and, though normally weak (10-60kJ
per mol of H-bonded H), it frequently has a
decisive influence on the structure and properties
of the substance. A hydrogen bond can be said to
exist between 2 atoms A and B when these atoms
approach more closely than would otherwise
be expected in the absence of the hydrogen
atom and when, as a result, the system has
a lower total energy. The bond is represented

435G, C. PIMENTEL and A. L. MCCLELLAN, The Hydrogen
Bond, W, H, Freeman, San Francisco, 1960, 475 pp.

46w, C. Hamiton and J. A. IBERS, Hydrogen Bonding in
Solids, W. A. Benjamin, New York, 1968, 284 pp.

47 ). EMSLEY, Chem. Soc. Revs. 9, 91-124 (1980).
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Figure 3.5 Some examples of branched H bonds: (a) the bifurcated bond in 1,3-dioxanol-5“%; and trifurcated
bonds in (b) N N-bis(2-hydroxyethyl)glycine®™” and (c) the nitrilotriacetate dianion.*"

as A-H---B and usually occurs when A is
sufficiently electronegative to enhance the acidic
nature of H (proton donor) and where the
acceptor B has a region of high electron density
(such as a lone pair of electrons) which can
interact strongly with the acidic hydrogen. In fact,
the H bond in A~H--.B can be either linear as
in schematic structure (1) or significantly non-
linear as in structures (1b) and (1¢). H-bonds can
also join three adjacent atoms (bifurcated) as in
structure (2) or even four atoms (trifurcated) as
in structure (3).

g
(la) (1b) (Ic)
B .By
A—H A—H---B,
"B, By
(2) (3)

Thus, in a recent survey of 1509 N-H- .-Q=C
hydrogen bonds in organic carbonyls or carb-
oxylates, nearly 80% (1199) were unbranched,
some 20% (304) were bifurcated, but only 0.4%
(6) were trifurcated.“®’ Some examples are in
Fig. 3.5.

48 R, TAYLOR, O. KENNARD and W. VERICHEL, J. Am. Chern.
Soc. 106, 244-38 (1984),

49§, L. ALonso and E. B. WILSON, J. Am. Chem. Soc. 102,
1248-51 (1980).

30y, Coov. J. HAzZEL and D. LANGS, Acta Crystatlogr. B33,
905-7 (1977).

It will be convenient first to indicate the range
of phenomena which are influenced by H bonding
and then to discuss more specifically the nature
of the bond itself according to current theories,
The experimental evidence suggests that strong
H bonds can be formed when A is F, O or N;
weaker H bonds are sometimes formed when
A 1s C or a second row element, P, S, Cl or
even Br, 1. Strong H bonds are favoured when
the atom B is F, O or N; the other halogens
Cl, Br, I are less effective unless negatively
charged and the atoms C, § and P can also
sometimes act as B in weak H bonds. Recent
examples of C-H---N and C-H- -- C bonds are
in bis(phenylsulfonyl)trimethylbutylamine (4)4%
and the carbanion of [].1]ferrocenophane (5).0%

/AN R |

X;0CH,CHMexH,  PhSO:zgroup | CiHy - -CH- - CsHa
) (3)

3.6.1 Influence on properties

[t is well known that the mps and bps of NHj,
H>O and HF are anomalously high when com-
pared with the mps and bps of the hydrides of
other elements in Groups 15, 16 and 17, and the

31§, H. WHITLow, Acta Crystallogr. B28. 1914-9 (1972).
S2R. L. HarLow, C. Li and M. P. SaMMES, J. Chem. Soc.,
Chem. Commun., 818-9 (1984),

3P, AHLBERG and O. DaviDsson, J. Chem. Soc., Chem.
Commun., 623-4 (1987).
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same effect is noted for the heats of vaporization,
as shown in Fig. 3.6. The explanation normally
given is that there is some residual interaction (H
bonding) between the molecules of NH3, H,0
and HF which is absent for methane, and either
absent or much weaker for heavier hydrides. This
argument is probably correct in outline but is
deceptively oversimplified since it depends on the
assumption that only some of the H bonds in solid
HF (for example) are broken during the melting
process and that others are broken on vaporiza-
tion, though not all, since HF is known to be
substantially polymerized even in the gas phase.
The mp is the temperature at which there is zero

free-energy change on passing from the solid to
the liquid phase:

AG, = AH,, — T,AS, =0,
hence T, = AH,,/AS,,

It can be seen that a high mp implies either a high
enthalpy of melting, or a low entropy of melting,
or both. Similar arguments apply to vaporization
and the bp, and indicate the difficulties in quan-
tifying the discussion.

Other properties that are influenced by H
bonding are solubility and miscibility, heats
of mixing, phase-partitioning properties, the

+100

=200

Figure 3.6 Plots showing the high vaiues of mp, bp and heat of vaporization of NH3, H,O and HF when compared
with other hydrides. Nate also that the mp of CHy (—182.5°C) is slightly higher than that of SiH4
(—185°C).
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existence of azeotropes, and the sensitivity of
chromatographic separation. Liquid crystals (or
mesophases) which can be regarded as “partly
melted” solids also frequently involve molecules
that have H-bonded groups (e.g. cholesterols,
polypeptides, etc.). Again, H bonding frequently
results in liquids having a higher density and
lower molar volume than would otherwise have
been expected, and viscosity is also affected (e.g.
glycerol, anhydrous H,SO,4, H;PO,, etc.).
Electrical properties of liquids and solids are
sometimes crucially influenced by H bonding.
The ionic mobility and conductance of H,O%
and OH™ in aqueous solutions are substantially
greater than those of other univalent ions
due to a proton-switch mechanism in the H-
bonded associated solvent, water. For example,
at 25°C the conductance of HO* and OH-
are 350 and 192 ohm~! cm?mol~!, whereas for
other (viscosity-controlled) ions the values fall

Hydrogen bonds: influence on properties

(8]

55

mainly in the range 50-750hm 'cm?mol !
(To convert to mobility, vem?s~t vl divide
by 96485Cmol~') It is also notable that the
dielectric constant is not linearly related to
molecular dipole moments for H-bonded liquids
being much higher due to the orientating effect
of the H bonds: large domains are able to
align in an applied electric field so that the
molecular dipoles reinforce one another rather
than cancelling each other due to random thermal
motion. Some examples are given in Fig. 3.7,
which also illustrates the substantial influence
of temperature on the dielectric constant of H-
bonded liquids presumably due to the progressive
thermal dissociation of the H bonds. Even
more dramatic are the properties of ferroelectric
crystals where there is a stable permanent electric
polarization (see Fig. 3.8). Hydrogen bonding
is one of the important ordering mechanisms

HF (=73%)

s F l Br [

Figure 3.7 Dielectric constant of selected liquids.
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T'K

260
TIK

Figure 3.8 Anomalous temperature dependence of relative dielectric constant of ferroelectric crystals at the tran-

sition temperature (Curie point).

responsible for this phenomenon as discussed in
more detail in the Panel opposite.*5%

Intimate information about the nature of the
H bond has come from vibrational spectroscopy
(infrared and Raman), proton nmr spectroscopy,
and diffraction techniques (X-ray and neutron). In
vibrational spectroscopy the presence of a hydro-
gen bond A-H - .- B is manifest by the following
effects:

(1) the A—H stretching frequency v shifts to
lower wave numbers;

(it) the breadth and intensity of vA-H)
increase markedly, often more than
tenfold;

(iii) the bending mode 8(A—-H) shifts to higher
wave numbers;

(iv) new stretching and bending modes of the
H bond itself sometimes appear at very
low wave numbers (20—-200cm™!).

¢, KITTELL, Introduction to Solid State Physics, 5th edn.,
Chap. 13, pp. 399-431. Wiley, New York, 1976.

55 H.-G. UnruH, Ferroelectrics in Ullmann’s Encyclopedia
of Industrial Chemistry, VYol. A10, VCH, Weinheim, 1987,
pp- 309-21, and references cited therein.

Most of these effects correlate roughly with
the strength of the H bond and are particularly
noticeable when the bond is strong. For example,
for isolated non-H-bonded hydrogen groups,
v(O-H) normally occurs near 3500-3600cm™!
and is less than 10cm™! broad whereas in the
presence of O-H.-.O bonding vuisym drops
to ~1700-2000cm™!, is several hundred cm™!
broad, and much more intense. A similar effect
of Av ~ 1500-2000cm~! is noted on F-H---F
formation and smaller shifts have been found for
N-H..-F(Av £1000cm™!), N-H--- O (Av <
400cm™"), O-H...N (Av < 100cm™!), etc. A
full discussion of these effects, including the
influence of solvent, concentration, temperature
and pressure, is given in ref. 45. Suffice it to note
that the magnitude of the effect is much greater
than expected on a simple electrostatic theory of
hydrogen bonding, and this implies appreciable
electron delocalization (covalency) particularly
for the stronger H bonds.

Proton nmr spectroscopy has also proved
valuable in studying H-bonded systems. As
might be expected, substantial chemical shifts
are observed and information can be obtained
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Ferroelectric Crystals'>*55

A ferroelectric crystal is one that has an electric dipole moment even in the absence of an external electric field. This arises
because the centre of positive charge in the crystal does not coincide with the centre of negative charge. The phenomenon
was discovered in 1920 by J. Valasek in Rochelle salt, which is the H-bonded hydrated d-tartrate NaKC3H40¢.4H>O. In
such compounds the dielectric constant can rise to enormous values of 10* or more due to presence of a stable permanent
electric polarization. Before considering the effect further. it will be helpful to recall various definitions and SI units:

electric polarization P = D — ggE(Cm~2)
where D is the electric displacement (C m™2)
E is the electric field strength (Vm™")

& is the permittivity of vacuum Fm'=Asvimh
. . ewE+ P . .
dielectric constant £ = OE—E = 1 + x (dimensionless)
0

where x = £ — 1 = P/goE is the dielectric susceptibility.
There are two main types of ferroelectric crystal:

(a) those in which the polarization arises from an ordering process typically by H bonding;
(b) those in which the polarization arises by a displacement of one sublattice with respect to another, as in perovskite-
type structures like barium titanate (p. 963).

The ferroelectricity usually disappears above a certain transition temperature (often called a Curie temperature) above which
the crystal is said to be paraelectric; this is because thermal motion has destroyed the ferroelectric order. Occasionally the
crystal melts or decomposes before the paraelectric state is reached. There are thus some analogies to ferromagnetic and
paramagnetic compounds though it should be noted that there is no iron in ferroelectric compounds. Some typical examples,
together with their transition temperatures and spontaneous permanent electric polarization Py, are given in the Table.

Table Properties of some ferroelectric compounds

Compound TJ/K P/uCcm—2@ (at T/K)
KH2PO4 123 5.3 (96)
KD,PO;4 213 45 —
KH;As04 96 30 (80)
KD7AsOQ4 162
RbH2PO, 147 5.6 (90)
(NH2CH;CO,H)3.H2S0, 322 28 (293)
(NH,CH2CO,H)3.H2Se0, ™ 295 32 (273)
BaTiOz 393 26.0 (296)
KNbO3 712 300 (523)
PbTiOz 763 >50.0 (300)
LiTaO3 890 23.0 (720)
LiNbO3 1470 300.0 -

®)To convert to the basic SI unit of Cm~? divide the tabulated values of P, by 10%; 10
convert to the CGS unit of esu cm~? multiply by 3 x 10°. For a full compilation see
E. C. Subbarao, Ferroelectrics §, 267 (1973).

®Triglycinesulfate and selenate.

In KH2PO4 and related compounds each tetrahedral [PO2(OH)2]~ group is joined by H bonds to neighbouring
[PO2(OH)2]~ groups; below the transition temperature all the short O-H bonds are ordered on the same side of the
PO, units, and by appropriate application of an electric field, the polarization of the H bonds can be reversed. The dra-
matic effect of deuterium substitution in raising the transition temperature of such compounds can be seen from the Table:
this has been ascribed to a quantum-mechanical effect involving the mass dependence of the de Broglie wavelength of
hydrogen. Other examples of H-bonded ferroelectrics are (NH4)H2PO4, (NH4)H2AsOy, AgoH3106. (NHy)AK(SO4)2.6H,O
and (NH4)280,. Rochelle salt is unusual in having both an upper and a lower critical temperature between which the
compound is ferroelectric.

Panel continues
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The closely related phenomenon of antiferroelectric behaviour is also known, in which there is an ordered, self-
cancelling arrangement of permanent electric dipole moments below a certain transition temperature; H bonding is again
implicated in the ordering mechanism for several ammonium salts of this type, e.g. (NH4)H,PO, 148 K. (NH4)D2PO,
242K, (NH4)H2AsO4 216K, (NH4)D2AsO4 304 K and (NHy4);H3106 254 K. As with ferroelectrics, antiferroelectrics can
also arise by a displacive mechanism in perovskite-type structures, and typical examples, with their transition tempera-
tures, are:

PbZrO3 506K, PbHfO; 488 K, NaNbO3 793, 911 K, WO; 1010K.

Ferroelectrics have many practical applications: they can be used as miniature ceramic capacitors because of their large
capacitance, and their electro-optical characteristics enable them to modulate and deflect laser beams. The temperature
dependence of spontaneous polarization induces a strong pyroelectric effect which can be exploited in thermal and infrared
detection. Many applications depend on the fact that all ferroelectrics are also piezoelectrics. Piezoelectricity is the property
of acquiring (or altering) an electric polarization P under external mechanical stress, or conversely, the property of changing
size (or shape) when subjected to an external electric field E. Thus ferroelectrics have been used as transducers to convert
mechanical pulses into electrical ones and vice versa, and find extensive application in ultrasonic generators, microphones,
and gramophone pickups; they can also be used as frequency controllers, electric filters, modulating devices, frequency
multipliers, and as switches, counters and other bistable elements in computer circuits. A further ingeneous application is
in delay lines by means of which an electric signal is transformed piezoelectrically into an acoustic signal which passes
down the piezoelectric rod at the velocity of sound until, at the other end, it is reconverted into a (delayed) electric signal.

It should be noted that, whereas ferroelectrics are necessarily piezoelectrics, the converse need not apply. The necessary
condition for a crystal to be piezoelectric is that it must lack a centre of inversion symmetry. Of the 32 point groups, 20
qualify for piezoelectricity on this criterion, but for ferroelectric behaviour a further criterion is required (the possession
of a single non-equivalent direction) and only 10 space groups meet this additional requirement. An example of a crystal
that is piezoelectric but not ferroelectric is quartz, and indeed this is a particularly important example since the use of
quartz for oscillator stabilization has permitted the development of extremely accurate clocks (1 in 10%) and has also made
possible the whole of modem radio and television broadcasting including mobile radio communications with aircraft and

ground vehicles.

concerning H-bond dissociation, proton exchange
times, and other relaxation processes. The
chemical shift always occurs to low field and
some typical values are tabulated below for the
shifts which occur between the gas and liquid
phases or on dilution in an inert solvent:

Compound CH; C;He¢ CHCl; HCN NH; PH;
3 ppm 0 0 0.30 1.65 1.05 0.78

Compound H,O H,S HF HCl HBr HI
S ppm 458 1.50 6.65 205 1.78 255

The low-field shift is generally interpreted,
at least qualitatively, in terms of a decrease
in diamagnetic shielding of the proton: the
formation of A-H.--B tends to draw H
towards B and to repel the bonding electrons
in A-H towards A thus reducing the electron
density about H and reducing the shielding. The
strong electric field due to B also inhibits the
diamagnetic circulation within the H atom and
this further reduces the shielding. In addition,

there is a magnetic anisotropy effect due to B;
this will be positive (upfield shift) if the principal
symmetry axis of B is towards the H bond, but
the effect is presumably small since the overall
shift is always downfield.

Ultraviolet and visible spectra are also
influenced by H bonding, but the effects are more
difficult to quantify and have been rather less
used than ir and nmr. It has been found that the
n — m* transition of the base B always moves to
high frequency (blue shift) on H-bond formation,
the magnitude of Av being ~300-4000cm™!
for bands in the region 15000-35000cm~!. By
contrast w — m* transitions on the base B usually
move to lower frequencies (red shift) and shifts
are in the range —500 to —2300cm™! for bands
in the region 30000-47000cm™!. Detailed
interpretations of these data are somewhat
complex and obscure, but it will be noted that the
shifts are approximately of the same magnitude
as the enthalpy of formation of many H bonds
(83.59cm™! per atom = 1kJmol™?).
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Figure 3.9 Schematic representation of the two forms of oxalic acid, (-CO,H),.

3.6.2 Influence on structure 5857

The crystal structure of many compounds is
dominated by the effect of H bonds, and
numerous examples will emerge in ensuing
chapters. Ice (p. 624) is perhaps the classic
example, but the layer lattice structure of B(OH)s
(p- 203) and the striking difference between the
«- and B-forms of oxalic and other dicarboxylic
acids is notable (Fig. 3.9). The more subtle
distortions that lead to ferroelectric phenomena
in KH;PO, and other crystals have already
been noted (p. 57). Hydrogen bonds between
fluorine atoms result in the formation of infinite
zigzag chains in crystalline hydrogen fluoride

36 1. PAULING, The Nature of the Chemical Bond, 3rd edn.,
Chap. 12, Cornell University Press, Ithaca, 1960.

57T A. F. WELLS, Structural Inorganic Chemistry, 5th edn.,
Clarendon Press, Oxford, 1984, 1382 pp.

with F—H-.--F distance 249pm and the angle
HFH 120.1°. Likewise, the crystal structure
of NH HF, is completely determined by H
bonds, each nitrogen atom being surrounded by
8 fluorines, 4 in tetrahecral array at 280 pm due
to the formation of N-H---F bonds, and 4
further away at about 310 pm; the two sets of
fluorine atoms are themselves bonded pairwise
at 232 pm by F—-H-F interactions. Ammonium
azide NH4N3 has the same structure as NH4HF;,
with N-H .- -N 298 pm. Hydrogen bonding also
leads NH4F to crystallize with a structure
different from that of the other ammonium (and
alkali) halides: NH4Cl, NH4Br and NH4I each
have a low-temperature CsCl-type structure and a
high-temperature NaCl-type structure, but NH4F
adopts the wurtzite (ZnS) structure in which each
NH4* group is surrounded tetrahedrally by 4F
to which it is bonded by 4 N-H.--F bonds
at 271 pm. This is very similar to the structure
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Table 3.8 Length of typical H bonds“%-5")

Bond Length/pm /pm®@ Examples

F-H-F 227 270) NaHF,, KHF,

F-H---F 245-249 270) KH,Fs, HF

O-H---F 265-287 275) CuF,.2H,0, FeSiFs.6H,0

O-H---Cl 295-310 (320) HCIL.H,0, (NH;0H)Cl, CuCl,.2H,0

O-H.--Br 320-340 (335) NaBr.2H,0, HBr.4H,0

O-H-0 240-263 (280) Ni dimethylglyoxime, KH maleate, HCrO,
NagH(CO3)2.2H20

O-H---0 248-290 (280) KH,PO,4, NH,H,PO,, KH,AsO,4, AIOOH,
«-HIO,, numerous hydrated metal sulfates
and nitrates

O-H---S 310-340 (325) MgS,0,.6H,0

O-H-.--N 268-279 290) N,H4.4MeOH, N,H4.H,0

N-H.---F 262-296 (285) NH4F, N,HgF>, (NoHg)SiFg

N-H---Cl 300-320 (330) Me;NHCI, Me,NH,Ci, (NH;OH)Cl

N-H---I 346 (365) Me;NHI

N-H---0O 281-304 (290) HSO;NH,, (NH4),S0,4, NH;O0CH, CO(NH3;);

N-H---§ 323, 329 (335) N,Hs(HS)

N-H---N 294-315 (300) NH;N;, NCNC(NH,); (i.e. dicyandiamide)

P-H---1 424 (405) PH,I

Ch. 3

@ = sum of van der Waals’ radii (in pm) of A and B (ignoring H which has a value of ~120pm) and
using the values F 135, Cl 180, Br 195, I 215; O 140, S 185; N 150, P 190.

of ordinary ice. Typical values of A-H---B
distances found in crystals are given in Table 3.8.

The precise position of the H atom in
crystalline compounds containing H bonds has
excited considerable experimental and theoret-
ical interest. In situations where a symmet-
ric H bond is possible in principle, it is fre-
quently difficult to decide whether the proton
is vibrating with a large amplitude about a sin-
gle potential minimum or whether it is vibrating
with a smaller amplitude but is also statistically
disordered between two close sites, the potential
energy barrier between the two sites being
small.“®*7) It now seems well established that
the F—~H-F bond is symmetrical in NaHF, and
KHF;, and that the O-H-0O bond is symmetrical
in HCrO,. Other examples are the intra-molecular
H bonds in potassium hydrogen maleate,
K*[cis-CH=CHC(0)O-H-OC(0)]~ and its
monochloro derivative: Numerous other exam-
ples of H bonding will be found in later chapters.

In summary, we can see that H bonding influ-
ences crystal structure by linking atoms or groups

into larger structural units. These may be:

finite groups: HF,~; [0,CO-H.- - -OC0O,]*~
in NagH(CO3),.2H;0 dimers of carboxylic

acids, etc.;

infinite chains: HF, HCN, HCO3;~, HSO4™,
etc.;

infinite layers: NyHgF,, B(OH);, B3O3(OH)s,
H,S80,, etc.;

three-dimensional nets: NH4F, H,O, H,O,,
Te(OH)¢, H,PO,~ in KH,PO,, etc.

H bonding also vitally influences the conforma-
tion and detailed structure of the polypeptide
chains of protein molecules and the comple-
mentary intertwined polynucleotide chains which
form the double helix in nucleic acids.t6-5®) Thus,
proteins are built up from polypeptide chains of
the type shown at the top of the next column.
These chains are coiled in a precise way
which is determined to a large extent by
N-H---O hydrogen bonds of length 279 &

38 G. A. JerrREY and W. SAENGER, Hydrogen Bonding in
Biological Structures, Springer Verlag, Berlin, 1991, 567 pp.
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12pm depending on the amino-acid residue
involved. Each amide group is attached by such
a hydrogen bond to the third amide group
from it in both directions along the chain,
resulting in an o-helix of pitch (total rise of
helix per turn) of about 538 pm, corresponding
to 3.60 amino-acid residues per wrn. These
helical chains can, in turn, become stretched and
form hydrogen bonds with neighbouring chains
to generate either parallel-chain pleated sheets
(repeat distances 650pm) or antiparallel-chain
pleated sheets (700 pm).

Nucleic acids, which control the synthesis of
proteins in the cells of living organisms and
which transfer heredity information via genes, are
also dominated by H bonding. Their structure
involves two polynucleotide chains intertwined
to form a double helix. The complimentariness
in the structure of the two chains is ascribed to
the formation of H bonds between the pyrimidine
residue (thymine or cytosine) in one chain and the
purine residue (adenine or guanine) in the other
as illustrated n Fig. 3.10. Whilst there is still
some uncertainty as to the precise configuration
of the N-H... 0 and N-H- - -N hydrogen bonds
in particular cases, the extraordinary fruitfulness
of these basic ideas has led to a profusion

Table 3.9 Enthalpy of dissociation of

AHgg(A-H-.-B)XK] mol™!

Strength of hydrogen bonds and theoretical description 61

of developments of fundamental importance in
biochemistry. %8

3.6.3 Strength of hydrogen bonds and
theoretical description ©®

Measurement of the properties of H-bonded
systems over a range of temperatures leads
to experimental values of AG, AH and
AS for H-bond formation, and these data
have been supplemented in recent years
by increasingly reliable ab initic quantum-
mechanical calculations.®®” Some typical values
for the enthalpy of dissociation of H-bonded pairs
in the gas phase are in Table 3.9,

The uncertainty in these values varies
between +1 and +6kJmol~!. In general, H
bonds of energy <25kImol~! are classified as
weak; those in the range 25-40kJmol~! are
medium; and those having AH > 40kJmol~!
are strong. Until recently, it was thought
that the strongest H bond was that in
the hydrogendifluoride ion [F-H-F]~; this is
difficult to determine experimentally and values
in the range 150-250kJmol™' have been
reported. A recent theoretically computed value is
169 kJ mol~' which agrees well with the value of
163 + 4 kImol~! from ion cyclotron resonance
studies.®®” In fact, it now seems that the H
bond between formic acid and the fluoride ion,

39 A. C.LEGON and D.J. MILLEN, Chem. Soc. Revs. 21,
71-8 (1992).
Op, A, KoMaN, Chap. 3 in H. F. SCHAEFFER (ed.),

Appiications of Electronic Structure Theory, Plenum Press,
New York, 1977.

61 J. EMSLEY, Polyhedron 4, 489-90 (1985).

H-bonded pairs in the gas phase,

Weak Medium Strong

HSH. . .SH, 7 FH. - -FH 29 HOH- . .CI- 55
NCH...NCH 16 CIH.--OMe, 30 HCONH; - - -OCHNH; 59
H;NH. . .NH; 17 FH- . .OH, 38 HCOOH- - -OCHOH 59
MeOH. - .OHMe 19 HOH. . .F~ o8
HOH. . .QH; 22 H;OH* .. .OH; 151

FH-- F~ 169

HCO,H- - -F~ ~200
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Figure 3.10 Structural details of the bridging units between pairs of bases in separate strands of the double helix
of DNA: (a) the thymine—adenine pair (b) the cytosine-guanine pair.
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[HCO,H- - -F~], is some 30kImol~! stronger
than that calculated on the same basis for
HF,~.62

Early discussions on the nature of the hydrogen
bond tended to adopt an electrostatic approach
in order to avoid the implication of a covalency
greater than one for hydrogen. Indeed, such
calculations can reproduce the experimental H-
bond energies and dipole moments, but this is
not a particularly severe test because of the
parametric freedom in positioning the charges.
However, the purely electrostatic theory is unable
to account for the substantial increase in intensity
of the stretching vibration v(A—H) on H bonding
or for the lowered intensity of the bending
mode 8(A-H). More seriously, such a theory
does not account for the absence of correlation
between H-bond strength and dipole moment of
the base, and it leaves the frequency shifts in
the electronic transitions unexplained. Nonlinear
A~H---B bonds would also be unexpected,
though numerous examples of angles in the range
150—180° are known.“®)

Valence-bond descriptions envisage up to five
contributions to the total bond wave function,®
but these are now considered to be merely
computational devices for approximating to the
true wave function. Perturbation theory has also
been employed and apportions the resultant
bond energy between (1) the electrostatic energy
of interaction between the fixed nuclei and
the electron distribution of the component
molecules, (2) Pauli exchange repulsion energy
between electrons of like spin, (3) polarization
energy resulting from the attraction between the
polarizable charge cloud of one molecule and
the permanent multipoles of the other molecule,
(4) quantum-mechanical charge-transfer energy,
and (5) dispersion energy, resulting from second-
order induced dipole-induced dipole attraction.
The results suggest that electrostatic effects
predominate, particularly for weak bonds, but
that covalency effects increase in importance as
the strength of the bond increases. It is also

621 EmsLEY, O. P. A. HOYTE and R. E. OVERILL, J. Chem.
Soc., Chem. Commun., 225 (1977).
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possible to apportion the energy obtained from
ab initio SCE-MO calculations in this way.®¥
For example, in one particular calculation
for the water dimer HOH..-OH,, the five
energy terms enumerated above were calculated
to be: Egec st — 26.5, Epaui + 18, Epglar — 2,
Eh«— 7.5, Egsp OkJmol™!. There was also a
coupling interaction Epnix — 0.5, making in all a
total attractive force AEy = Egimer — Emonomers =
—18.5kJ mol~!. To calculate the enthalpy change
AHygg as listed on p. 61, it is also necessary to
consider the work of expansion and the various
spectroscopic degrees of freedom:

AH 298 =Ep+ APV )+ AEans+ AEvip+AE

Such calculations can also give an indication of
the influence of H-bond formation on the detailed
electron distribution within the interacting
components. There is general agreement that in
the system X-A-H..--B-Y as compared with
the isolated species XAH and BY, there is a
net gain of electron density by X, A and B and
a net loss of electrons by H and Y. There is
also a small transfer of electronic charge (~0.05
electrons) from BY to XAH in moderately strong
H bonds (20-40kJ mol~!). In virtually all neutral
dimers, the increase in the A-H bond length on
H-bond formation is quite small (<5 pm), the
one exception so far studied theoretically being
CIH-: - -NHj3, where the proton position in the H
bond is half-way between completely transferred
to NH; and completely fixed on HCI.

It follows from the preceding discussion that
the unbranched H bond can be regarded as a
3-centre 4-electron bond A-H---B in which
the 2 pairs of electrons involved are the bond
pair in A-H and the lone pair on B. The
degree of charge separation on bond formation
will depend on the nature of the proton-donor
group AH and the Lewis base B. The relation
between this 3-centre bond formalism and the
3-centre bond descriptions frequently used for
boranes, polyhalides and compounds of xenon
is particularly instructive and is elaborated in

63 H. UmEYaMA and K. MOROKUMA, J. Am. Chem. Soc. 99,
1316-32 (1977).
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H [F-H-F] (3c-de)

F - Xe - F(3c - de)

Figure 3.11 Schematic representation of the energy levels in various types of 3-centre bond. The B-H-B (*“elec-
ron deficient”) bond is non-linear, the (“electron excess™) F- Xe-F bond is linear, and the A-H..-B
hydrogen bond can be either linear or non-linear depending on the compound.

Fig. 3.}11. Numerous examples are also known
in which hydrogen acts as a bridge between
metallic elements in binary and more complex
hydrides, and some of these will be mentioned in
the following section which considers the general
question of the hydrides of the elements.

3.7 Hydrides of the
Elements©®-©

Hydrogen combines with many elements to
form binary hydrides MH, (or M,,H,). All the
main-group elements except the noble gases and
perhaps indium and thallium form hydrides, as
do all the lanthanoids and actinoids that have
been studied. Hydrides are also formed by the
more electropositive transition elements, notably
Sc, Y, La, Ac; Ti, Zr, Hf; and to a lesser

54 K. M. Mackay, Hydrogen Compounds of the Meallic
Eiements, E. and F.N. Spen, London, 1966, 168 pp.;
Hydrides, Comprehensive Inorganic Chemistry, Vol. 1,
Chap. 2, Pergamon Press, Oxford, 1973,

65 E. WIBERG and E. AMBERGER, Hydrides of the Elements
of Main Groups {1V, Elsevier, Amsterdam, 1971, 785 pp.
5 W. M. MUELLER, J. P. BLaCKLEDGE and G. G. LiBowITZ
(eds.), Metai Hydrides, Academic Press, New York, 1968,
791 pp.

extent V, Nb, Ta; Cr; Cu; and Zn. Hydrides of
other transition elements are either non-existent
or poorly characterized, with the spectacular
exception of palladium which has been more
studied than any other metal hydride system.®”
The situation is summarized in Fig. 3.12; this
indicates the idealized formulae of the known
hydrides though many of the d-block and f-block
elements form phases of variable compositions.

It has been customary to group the binary
hydrides of the elements into various classes
according to the presumed nature of their
bonding: ionic, metallic, covalent, polymeric, and
“intermediate” or “borderline”. However, this is
unsatisfactory because the nature of the bonding
is but poorly understood in many cases and
the classification obscures the important point
that there is an almost continuous gradation
in properties — and bond types(?) — between
members of the various classes. It is also
somewhat misleading in implying that the various
bond types are mutually exclusive whereas it
seems likely that more than one type of bonding
is present in many cases. The situation is not
unique to hydrides but is also well known for

S7F. A. LEwis, The Palladium-Hydrogen System, Academic
Press, London, 1967, 178 pp.
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Figure 3,12 The bydrides of the elements.

binary halides, oxides, sulfides, etc.: this serves
to remind us that the various bond models
represent grossly oversimplified limiting cases
and that in most actual systems the position
is more complex. For example, oxides might
be classed as ionic (MgO), metallic (TiO,
ReO3), covalent (CO,)}, polymeric (Si0;), or
as intermediate between these various classes,
though any adequate bonding theory would
recognize the arbitrary nature of these distinctions
which merely emphasize particular features of
the overall assembly of molecular orbitals and
electron populations.

The metals in Groups 1 and 2 of the periodic
table react directly with hydrogen to form
white, crystalline, stoichiometric hydrides of
formula MX and MX> respectively. The salt-like
character of these compounds was recognized by
G. N. Lewis in 1916 and he suggested that they
contained the hydride ion H™. Shortly thereafter

(1920) K. Moers showed that electrolysis of
molten LiH (mp 692°C) gave the appropriate
amount of hydrogen at the anode; the other
hydrides tended to decompose before they could
be melted. As expected, the ionic-bond model is
most satisfactory for the later (larger) members of
each group, and the tendency towards covalency
becomes more marked for the smaller elements
LiH, MgH3, and particularly BeH,, which is best
described in terms of polymeric covalent bridge
bonds. X-ray and neutron diffraction studies
show that the alkali metal hydrides adopt the
cubic NaCl structure (p. 242) whereas MgH-
has the tetragonal TiQn, (rutile type) structure
(p. 961) and CaH,, SrH> and BaH; adopt the
orthorhombic PbCl,-type structure {p. 382). The
implied radius of the hydride ion H™ (1s?) varies
considerably with the nature of the metal because
of the ready deformability of the pair of electrons
surrounding a single proton. Typical values are
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given below and these can be compared with
#F7) ~ 133pm and (C17) ~ 184 pm.

Free H™
Compound MgH; LiH NaH KH RbH CsH (calculated)
r(H )pm 130 137 146 152 154 152 208

The closest M—M approach in these compounds
is often less than for the metal itself: this should
occasion no surprise since this is a common fea-
ture of many compounds in which there is sub-
stantial separation of charge. For example, the
shortest Ca—Ca interatomic distance is 393 pm in
calcium metal, 360 pm in CaH,, 380 pm in CaF,,
and only 340 pm in CaO (why?).

The thermal stability of the alkali metal
hydrides decreases from lithium to caesium, the
temperature at which the reversible dissociation
pressure of hydrogen reaches 10mmHg being
~550°C for LiH, ~210°C for NaH and KH, and
~170°C for RbH and CsH. The corresponding
figures for the alkaline earth metal hydrides are
CaH, 885°C, SrH, 585°C and BaH, 230°C,
though for MgH, it is only 85°C. Chemical
reactivity depends markedly on both the purity
and the state of subdivision but increases from
lithium to caesium and from calcium to barium
with CaH, being rather less reactive than LiH.
The reaction of water with these latter two
compounds forms a convenient portable source
of hydrogen, but with NaH the reaction is more
violent than with sodium itself. RbH and CsH
actually ignite spontaneously in dry air.

Turning next to Group 3, Fig. 3.12 indicates
that hydrides of limiting stoichiometry MH, are
also formed by Sc, Y, La, Ac and by most
of the lanthanoids and actinoids. In the special
case of EuH, (Eu” 4f7) and YbH, (YbY4f*) the
hydrides are isostructural with CaH, and the ionic
bonding model gives a reasonable description
of the observed properties; however, YbH, can
absorb more hydrogen up to about YbH,s. The
other hydrides adopt the fluorite (CaF,) crystal
structure (p. 118) and the supernumerary valence
electron is delocalized, thereby conferring
considerable metallic conductivity. For example,
LaH; is a dark-coloured, brittle compound with
a conductivity of about 10 ohm™' cm™! (~1% of

that of La metal). Further uptake of hydrogen
progressively diminishes this conductivity to
<107'ohm 'cm™! for the cubic phase LaHj
(cf. ~3x 10 ohm'ecm™~! for YbH,). The
other Group 3 elements and the lanthanoids and
actinoids are similar.

There is a lively controversy concerning the
interpretation of these and other properties, and
cogent arguments have been advanced both for
the presence of hydride ions H™ and for the
presence of protons HT in the d-block and
f-block hydride phases.(+%) These difficulties
emphasize again the problems attending any
classification based on presumed bond type, and
a phenomenological approach which describes
the observed properties is a sounder initial basis
for discussion. Thus the predominantly ionic
nature of a phase cannot safely be inferred either
from crystal structure or from calculated lattice
energies since many metallic alloys adopt the
NaCl-type or CsCl-type structures (e.g. LaBi, 8-
brass) and enthalpy calculations are notoriously
insensitive to bond type.

The hydrides of limiting composition MH;
have complex structures and there is evidence
that the third hydrogen is sometimes less strongly
bound in the crystal. For the earlier (larger)
lanthanoids La, Ce, Pr and Nd, hydrogen enters
octahedral sites and LnH; has the cubic LizBi
structure.®”) For Y and the smaller lanthanoids
Sm, Gd, Tb, Dy, Ho, Er, Tm and Lu, as
well as for the actinoids Np, Pu and Am, the
hexagonal HoHjs structure is adopted. This is a
rather complex structure based on an extended
unit cell containing 6 Ho and 18 H atoms.®®
The idealized structure has hcp Ho atoms with
12 tetrahedrally coordinated H atoms and 6
octahedrally coordinated H atoms; however, to
make room for the bulky Ho atoms, close pairs
of tetrahedral H atoms are slightly displaced and
there is a more substantial movement of the
“octahedral” H atoms towards the planes of the
Ho atoms so that 2 of the H atoms are actually in
the Ho planes and are trigonal 3-coordinate. The

%8 M. MansManN and W. E. WALLACE J. de Physique 25,
454-9 (1964).
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hydrogen atoms are thus of three types having
respectively 14, 11, and 9 H neighbours for the
distorted trigonal, octahedral and tetrahedral sites.
Each H atom has 3 Ho neighbours at either 210
or 217 or 224-299 pm respectively, and each Ho
has 11 hydrogen neighbours, 9 at 210—-229 pm
and 2 somewhat further away at 248 pm. The 3-
coordinate hydrogen is most unusual, the only
other hydride in which it occurs being the
complex cubic phase ThyH;s.

Uranium forms two hydrides of stoichiometric
composition UH;. The normal g-form has a
complex cubic structure and is the only one
formed when the preparation is carried out
above 200°C. Below this temperature increasing
amounts of the slightly denser cubic «-form
occur and this can be transformed to the g-
phase by warming to 250°C. Both phases have
ferromagnetic and metallic properties. Uranium
hydride is commonly used as a starting material
for the preparation of uranium compounds as it is
finely powdered and extremely reactive. It is also
used for purifying and regenerating hydrogen (or
deuterium) gas.

The hydrides of Ti, Zr and Hf are characterized
by considerable variability in composition and
structure. When pure, the limiting phases MH,
form massive, metallic crystals of fluorite
structure (TiH;) or body-centred tetragonal
structure (ZrH,, HfH,, ThH;), but there are
also several hydrogen-deficient phases of variable
composition and complex structure in which
several M-H distances occur.07:%4%9) These
phases (and others based on Y, Ce and Nb)
‘have been extensively investigated in recent
years because of their potential applications as
moderators, reflectors, or shield components for
high-temperature, mobile nuclear reactors.

Other hydrides with interstitial or metallic
properties are formed by V, Nb and Ta; they
are, however, very much less stable than the
compounds we have been considering and have
extensive ranges of composition. Chromium also
forms a hydride, CrH, though this must be
prepared electrolytically rather than by direct
reaction of the metal with hydrogen. It has the
anti-NiAs structure (p. 555). Most other elements

in this area of the periodic table have little or no
affinity for hydrogen and this has given rise to the
phrase “hydrogen gap”. The notable exception
is the palladium—-hydrogen system which is
discussed on p. 1150.

The hydrides of the later main-group elements
present few problems of classification and are
best discussed during the detailed treatment of the
individual elements. Many of these hydrides are
covalent, molecular species, though association
via H bonding sometimes occurs, as already
noted (p. 53). Catenation flourishes in Group 14
and the complexities of the boron hydrides
merit special attention (p. 151). The hydrides of
aluminium, gallium, zinc (and beryllium) tend
to be more extensively associated via M—-H-M
bonds, but their characterization and detailed
structural elucidation has proved extremely
difficult.

Two further important groups of hydride
compounds should be mentioned and will receive
detailed attention in later chapters. One is the
group of complex metal hydrides of which
notable examples are LiBH4, NaBH4, LiAlHq,
Al(BHy)3, etc.®™ The other is the growing
number of compounds in which the hydrogen
atom is a monodentate or bidentate (bridging)
ligand to a transition element:79~73 these date
from the early 1930s when W. Hieber discovered
[Fe(CO)4H,] and [Co(CO);H] and now cover
an astonishing variety of structural types. The
modest steric requirements of the H atom enable
complexes such as [ReHg]?~ to be synthesized,
and bridged complexes such as the linear
[Cra(CO)1pH]™ and bent [W,(CO)H(NO)], are
known. For 7°-H, complexes see pp. 44-7.
The role of hydrido complexes in homogeneous
catalysis is also exciting considerable attention.

% A. Haios, Complex Hydrides, Elsevier, Amsterdam, 1979,
398 pp.

70J. C. GReeN and M. L. H. GREEN, Comprehensive Inor-
ganic Chemistry, Vol. 4, Chap. 48, Pergamon Press, Oxford,
1973.

7UH. D. Kaesz and R. B. SAILLANT, Chem. Rev. 72, 23181
(1972).

72 A. P. Humphries and H. D. KaESz, Progr. inorg. Chem.
25, 145-222 (1979).

73 G. L. GEOFFROY, Progr. Inorg. Chem. 27, 12351 (1980).
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Lithium,

Sodium, Potassium,

Rubidium, Caesium and Francium

4.1 Introduction

The alkali metals form a homogeneous group of
extremely reactive elements which illustrate well
the similarities and trends to be expected from the
periodic classification, as discussed in Chapter 2.
Their physical and chemical properties are
readily interpreted in terms of their simple
electronic configuration, ns', and for this reason
they have been extensively studied by the full
range of experimental and theoretical techniques.
Compounds of sodium and potassium have been
known from ancient times and both elements are
essential for animal life. They are also major
items of trade, commerce and chemical industry.
Lithium was first recognized as a separate
element at the beginning of the nineteenth century
but did not assume major industrial importance
until about 40 y ago. Rubidium and caesium are
of considerable academic interest but so far have
few industrial applications. Francium, the elusive
element 87, has only fleeting existence in nature
due to its very short radioactive half-life, and this
delayed its discovery until 1939.

68

4.2 The Elements

4.2.1 Discovery and isolation

The spectacular success (in 1807) of Humphry
Davy, then aged 29y, in isolating metallic
potassium by electrolysis of molten caustic
potash (KOH) is too well known to need
repeating in detail.!'’ Globules of molten sodium
were similarly prepared by him a few days later
from molten caustic soda. Earlier experiments
with aqueous solutions had been unsuccessful
because of the great reactivity of these new
elements. The names chosen by Davy reflect the
sources of the elements.

Lithium was recognized as a new alkali
metal by J. A. Arfvedson in 1817 whilst he was
working as a young assistant in J. J. Berzelius’s
laboratory. He noted that Li compounds were
similar to those of Na and K but that the
carbonate and hydroxide were much less soluble

'M. E. WEEks, Discovery of the Elements, Jourmal of
Chemical Education, Easton, 6th edn., 1956, 910 pp.
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in water. Lithium was first isolated from the
sheet silicate mineral petalite, LiAlSi4Ojo, and
Arfvedson also showed it was present in the
pyroxene silicate spodumene, LiAlSi;Og, and in
the mica lepidolite, which has an approximate
composition K,Li3AlsSi70,;(OH,F)s. He chose
the name lithium (Greek Alf0¢, stone) to contrast
it with the vegetable origin of Davy’s sodium
and potassium. Davy isolated the metal in 1818
by electrolysing molten Li,O.

Rubidium was discovered as a minor con-
stituent of lepidolite by R. W. Bunsen and
G. R. Kirchhoff in 1861 only a few months after
their discovery of caesium (1860) in mineral spa
waters. These two elements were the first to be
discovered by means of the spectroscope, which
Bunsen and Kirchhoff had invented the previ-
ous year (1859); accordingly their names refer
to the colour of the most prominent lines in
their spectra (Latin rubidus, deepest red; caesius,
sky blue).

Francium was first identified in 1939 by the
elegant radiochemical work of Marguerite Perey
who named the element in honour of her native
country. It occurs in minute traces in nature as
a result of the rare (1.38%) branching decay of
227 Ac in the 2U series:

a (1.38%) B~
227 A 223 223

[0 4
r Ra—
¥ wp2t7ry 7 218 min 8

1143 d

Its terrestrial abundance has been estimated as
2 x 1078 ppm, which corresponds to a total
of only 15g in the top lkm of the earth’s
crust. Other isotopes have since been produced
by nuclear reactions but all have shorter half-
lives than 223Fr, which decays by energetic 8~
emission, f1/; 21.8 min. Because of this intense
radioactivity it is only possible to work with
tracer amounts of the element.

4.2.2 Terrestrial abundance and
distribution

Despite their chemical similarity, Li, Na and K
are not closely associated in their occurrence,
mainly because of differences in size (see
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Table on p.75). Lithium tends to occur in
ferromagnesian minerals where it partly replaces
magnesium; it occurs to the extent of about
18 ppm by weight in crustal rocks, and this
reflects its relatively low abundance in the
cosmos (Chapter 1). It is about as abundant
as gallium (19ppm) and niobium (20ppm).
The most important mineral commercially is
spodumene, LiAlSi,Og¢, and large deposits occur
in the USA, Canada, Brazil, Argentina, the
former USSR, Spain, China, Zimbabwe and the
Congo. An indication of the industrial uses of
lithium and its compounds is given in the Panel.
World production of lithium compounds in 1994
corresponded to some 5700 tonnes of contained
lithium (equivalent to 30000 tonnes of lithium
carbonate) of which over 70% was in the USA.

Sodium, 22700ppm (2.27%) is the seventh
most abundant element in crustal rocks and the
fifth most abundant metal, after Al, Fe, Ca and
Mg. Potassium (18400 ppm) is the next most
abundant element after sodium. Vast deposits of
both Na and K salts occur in relatively pure
form on all continents as a result of evaporation
of ancient seas, and this process still continues
today in the Great Salt Lake (Utah), the Dead
Sea and elsewhere. Sodium occurs as rock-
salt (NaCl) and as the carbonate (trona), nitrate
(saltpetre), sulfate (mirabilite), borate (borax,
kernite), etc. Potassium occurs principally as the
simple chloride (sylvite), as the double chloride
KC1.MgCl,;.6H,;0 (carnallite) and the anhydrous
sulfate K;Mg,(SO4)3 (langbeinite). There are
also unlimited supplies of NaCl in natural brines
and oceanic waters (~30kgm™3). Thus, it has
been calculated that rock-salt equivalent to the
NaCl in the oceans of the world would occupy
19 million cubic km (i.e. 50% more than the total
volume of the North American continent above
sea-level). Alternatively stated, a one-km square
prism would stretch from the earth to the moon
47 times. Note also that, although Na and K are
almost equally abundant in the crustal rocks of
the earth, Na is some 30 times as abundant as K in
the oceans. This is partly because K salts with the
larger anions tend to be less soluble than the Na
salts and, likewise, K is more strongly bound to
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Lithium and its Compounds?~%

The dramatic transformation of Li from a small-scale specialist commodity to a multikilotonne industry during the past
three decades is due to the many valuable properties of its compounds. About 35 compounds of Li are currently available
in bulk, and a similar number again can be obtained in developmental or research quantities. A major industrial use of
Li is in the form of lithium stearate which is used as a thickener and gelling agent to transform oils into lubricating
greases. These “all-purpose™ greases combine high water resistance with good low-temperature properties (—20°C) and
excellent high-temperature stability (>150°C); they are readily prepared from LiOH.H->O and tallow or other natural fats
and have captured nearly half the total market for automotive greases in the USA.

Lithium carbonate is the most important industrial compound of lithium and is the starting point for the production
of most other lithium compounds. It is also used as a flux in porcelain enamel formulations and in the production of
special toughened glasses (by replacement of the larger Na ions): Li can either be incorporated within the glass itself or
the preformed Na-glass can be dipped in a molten-salt bath containing Li ions to effect a surface cation exchange. In
another application, the use of Li;COj3 by primary aluminium producers has risen sharply in recent years since it increases
production capacity by 7-10% by lowering the mp of the cell content and permitting larger current flow: in addition,
troublesome fluorine emissions are reduced by 25-50% and production costs are appreciably lowered. In 1987 the price
for bulk quantities of Li;COj3 in the USA was $3.30 perkg.

The first commercial use of Li metal (in the 1920s) was as an alloying agent with lead to give toughened bearings;
currently it is used to produce high-strength, low-density aluminium alloys for aircraft construction. With magnesium it
forms an extremely tough low-density alloy which is used for armour plate and for aerospace components (e.g. LA 141,
d 1.35gcm™3, contains 14% Li, 1% Al, 85% Mg). Other metallurgical applications employ LiCl as an invaluable brazing
flux for Al automobile parts.

LiOH is used in the manufacture of lithium stearate greases (see above) and for CO; absorption in closed environments
such as space capsules (light weight) and submarines. LiH is used to generate hydrogen in military, meteorological, and
other applications, and the use of LiD in thermonuclear weaponry and research has been mentioned (p. 18). Likewise, the
important applications of LiAlH4, LVNHj3 and organolithium reagents in synthetic organic chemistry are well known,
thotigh these account for only a small percentage of the lithium produced. Other specialist uses include the growing
market for ferroelectrics such as LiTaO3 to modulate laser beams (p. 57), and increasing use of thermoluminescent LiF
in X-ray dosimetry.

Perhaps one of the most exciting new applications stems from the discovery in 1949 that small daily doses (1-2g)
of Li2CO3 taken orally provide an effective treatment for manic-depressive psychoses. The mode of action is not well
understood but there appear to be no undesirable side effects. The dosage maintains the level of Li in the blood at about
1 mmol1~! and its action may be related to the influence of Li on the Na/K balance and (or) the Mg/Ca balance since Li
is related chemically to both pairs of elements.

Looking to the future, Li/FeS; battery systems are emerging as a potentially viable energy storage system for off-peak
electricity and as a non-polluting silent source of power for electric cars. The battery resembles the conventional lead-acid
battery in having solid electrodes (Li/Si alloy. negative; FeS, positive) and a liquid electrolyte (molten LiCI/KCl at 400°C).
Other battery systems which have reached the prototype stage include the Li/S and Na/S cells (see p. 678).

Ch. 4

the complex silicates and alumino silicates in the
soils (ion exchange in clays). Again, K leached
from rocks is preferentially absorbed and used
by plants whereas Na can proceed to the sea.
Potassium is an essential element for plant life
and the growth of wild plants is often limited by
the supply of K available to them.

2 Kirk-Othmer Encyclopedia of Chemical Technology, 4th
edn., 1995, Vol 15, pp. 434-63.

3J.E. LLoyp in R. THoMPsoON (ed.) Speciality Inorganic
Chemicals, Royal Society of Chemistry, London, 1981,
pp. 98-122.

4 W. BUCHNER, R. SCHLIEBS, G. WINTER and K. H. BUCHEL,
Industrial Inorganic Chemistry, VCH, New York, 1989,
pp. 215-8.

The vital importance of NaCl in the heavy
chemical industry is indicated in the Panel
opposite, and information on potassium salts is
given in the Panel on p. 73.

Rubidium (78 ppm, similar to Ni, Cu, Zn) and
caesium (2.6 ppm, similar to Br, Hf, U) are much
less abundant than Na and K and have only
recently become available in quantity. No purely
Rb-containing mineral is known and much of
the commercially available material is obtained
as a byproduct of lepidolite processing for Li.
Caesium occurs as the hydrated aluminosilicate
pollucite, CsgAl;SigO,6.H,O, but the world’s
only commercial source is at Bemnic Lake,
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Production and uses of the metals

Production and Uses of Salt®~"

More NaCl is used for inorganic chemical manufacture than is any other material. It is approached only by phosphate
rock, and world consumption of each exceeds 150 million tonnes annually, the figure for NaCl in 1982 being 168.7 million
tonnes. Production is dominated by Europe (39%), North America (34%) and Asia (20%). whilst South America and
Oceania have only 3% each and Africa 1%. Rock-salt occurs as vast subterranean deposits often hundreds of metres thick
and containing >90% NaCl. The Cheshire salt field (which is the principal UK source of NaCl) is typical, occupying
an area of 60km x 24 km and being some 400 m thick: this field alone corresponds to reserves of >10'! tonnes. Similar
deposits occur near Carlsbad New Mexico, in Saskachewan Canada and in many other places. Production methods vary
with locality and with the use to be made of the salt. For example, in the UK 82% is extracted as brine for direct use in the
chemical industry and 18% is mined as rock-salt, mainly for use on roads; less than 1% is obtained by solar evaporation.
By contrast, in the USA only 55% comes from brine, whereas 32% is mined as rock salt, 8% is obtained by vacuum pan
evaporation, 4% by solar evaporation and 1% by the open pan process.

Major sections of the inorganic heavy chemicals industry are based on salt and. indeed, this compound was the
very starting point of the chemical industry. Nicolas Leblanc (1742-1806), physician to the Duke of Orleans, devised
a satisfactory process for making NaOH from NaCl in 1787 (Patent 1791) and this achieved enormous technological
significance in Europe during most of the nineteenth century as the first industrial chemical process to be worked on a
really large scale. It was, however, never important in the USA since it was initially cheaper to import from Europe and,
by the time the US chemical industry began to develop in the last quarter of the century, the Leblanc process had been
superseded by the electrolytic process. Thus in 1874 world production of NaOH was 525 000 tonnes of which 495 000 were
by the Leblanc process; by 1902 production had risen to 1800000 tonnes, but only 150000 tonnes of this was Leblanc.
Despite its long history, there is still great scope for innovation and development in the chlor-alkali and related industries.
For example, in recent years there has been a steady switch from mercury electrolysis cells to diaphragm and membrane
cells for environmental and economic reasons.(” Similarly, the ammonia-soda (Solvay) process for Na,COj3 is being
phased out because of the difficulty of disposing of embarrassing byproducts such as NH4Cl and CaCl», coupled with the
increasing cost of NH; and the possibility of direct mining for trona, Na,CO3.NaHCO3.2H;0. The closely interlocking
chemical processes based on salt are set out in the flow sheet (Fig. 4.1). The detailed balance of the processes differs
somewhat in the various industrial nations but data for the usage of salt in the USA are typical: of the 34.8 million tonnes
consumed in 1982, 48% was used for chlor-alkali production and Na;COj3, 24% for the salting of roads, 6% for food
and food processing, 5% for animal feeds, 5% for various industries such as paper pulp, textiles, metal manufacturing
and the rubber and oil industries, 2% for all other chemical manufacturing, and the remaining 10% for a wide variety of
other purposes. Further discussion on the industrial production and uses of many of these chemicals (e.g. NaOH. Na>COs,
NazSOj) is given on p. 89.

Current industrial prices are ~$5 per tonne for salt in brine and ~$55 per tonne for solid salt, depending on quality.
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Manitoba and Cs (like Rb) is mainly obtained
as a byproduct of the Li industry. The intense
interest in Li for thermonuclear purposes since
about 1958, coupled with its extensive use in
automotive greases (p. 70), has consequently
made Rb and Cs compounds much more available
than formerly: annual production is in the region
of 5 tonnes for each.

5 L. F. HABER, The Chemical Industry during the Nineteenth
Century, Oxford University Press, Oxford, 1958, 292 pp.
T. K. DERRY and T. I WiLLIAMS, A Short History of
Chemical Technology, Oxford University Press, Oxford,
1960, 782 pp.

6 Kirk—Othmer Encyclopedia of Chemical Technology, 3rd
edn., 1983, Vol. 21 pp. 205-23.

7W. BUCHNER, R. SCHLIEBS, G. WINTER and K. H. BUCHEL,
Industrial Inorganic Chemistry, VCH, New York, 1989,
149 ff., 218 ff.

4.2.3 Production and uses of
the metals

Most commercial Li ores have 1-3% Li and
this is increased by flotation to 4-6%. Spo-
dumene, LiAlSi,Og, is heated to ~1100° to con-
vert the a-form into the less-dense, more friable
B-form, which is then washed with H,SO, at
250°C and water-leached to give Li;SO4.H,0.
Successive treatment with Na,CO3; and HC1 gives
Li;COs3 (insol) and LiCl. Alternatively, the chlo-
ride can be obtained by calcining the washed
ore with limestone (CaCQj3) at 1000° followed
by water leaching to give LiOH and then treat-
ment with HCl. Recovery from natural brines
is also extensively used in the USA (Searles
Lake, California and Clayton Valley, Nevada).
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Production of Potassium Salts®~1?

Sylvite (KCl) and sylvinite (mixed NaCl, KCl) are the most important K minerals for chemical industry; carnallite is
also mined. Ocean waters contain only about 0.06% KCl, though this can rise to as high as 1.5% in some inland marshes
and seas such as Searle’s Lake, the Great Salt Lake. or the Dead Sea, thereby making recovery economically feasible.
Soluble minerals of K are generally referred to (incorrectly) as potash. and production figures are always expressed as
the weight of K0 equivalent. Massive evaporite beds of soluble K salts were first discovered at Stassfurt, Germany, in
1856 and were worked there for potash and rock-salt from 1861 until 1972. World production was 28.6 million tonnes
K20 equivalent in 1986 of which 35% was produced in the USSR and 24% Canada.

In the UK workable potash deposits are confined to the Cleveland-North Yorkshire bed which is ~11 m thick and has
reserves of >500 million tonnes. Massive recovery is also possible from brines: e.g. Jordan has a huge plant capable of
recovering up to a million tonnes pa from the Dead Sea and the annual production by this country and by lIsrael now
matches that of the USA and France.

Potassium is a major essential element for plant growth and potassic fertilizers account for the overwhelming proportion
of production (95%). Again KCl is dominant, accounting for more than 90% of the K used in fertilizers; K2SO; is also
used. KNO3, though an excellent fertilizer, is now of only minor importance because of production costs. In addition to
its dominant use in fertilizers, KCl is used mainly to manufacture KOH by electrolysis using the mercury and membrane
processes (about 0.7 million tonnes of KOH worldwide in 1985). This in turn is used to make a variety of other compounds
and materials such as those listed below (the figures referring to the percentage usage of KOH in the USA in 1984):
K2CO3 25%, liquid fertilizers 15%, soaps 10%, liquid detergents (K4P207) 9%. synthetic rubber 5%, crop protection
agents 3%. KMnO, 2%, other chemicals 26% and export 5%. The manufacture of metallic K is relatively minor, the
world production in 1994 amounting only to about 500 tonnes. Prices in 1994 were $30-40 per kg for bulk K and $16-22
per kg for NaK (78% K).

The main industrial uses of potassium compounds other than KCl and KOH are:

K;CO; (from KOH and CO,), used chiefly in high-quality decorative glassware, in optical lenses, colour TV tubes
and fluorescent lamps; it is also used in china ware, textile dyes and pigments.

KNOs, a powerful oxidizing agent now used mainly in gunpowders and pyrotechnics. and in fertilizers.

KMnOy, an oxidizer, decolorizer. bleacher and purification agent; its major application is in the manufacture of
saccharin.

KO;. used in breathing apparatus (p. 74).

KClO3, used in small amounts in matches and explosives (pp. 509, 862).

KBr, used extensively in photography and as the usual source of bromine in organic syntheses; formerly used as a
sedative.

Itis interesting to note the effect of varying the alkali metal cation on the properties of various compounds and industrial
materials. For example, a soap is an alkali metal salt formed by neutralizing a long-chain organic acid such as stearic acid,
CH3(CH3)16CO2H. with MOH. Potassium soaps are soft and low melting. and are therefore used in liquid detergents.
Sodium soaps have higher mps and are the basis for the familiar domestic “hard soaps™ or bar soaps. Lithium soaps have
still higher mps and are therefore used as thickening agents for high-temperature lubricating oils and greases — their job
is to hold the oil in contact with the metal under conditions when the oil by itself would run off.
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The metal is obtained by electrolysis of a fused
mixture of 55% LiCl, 45% KCI at ~450°C, the
first commercial production being by Metallge-
selleschaft AG, in Germany, 1923. Current world
production of Li metal is about 1000 tonnes pa.
Far greater tonnages of Li compounds are, of
course, produced and their major commercial
applications have already been noted (p. 70).

8 Kirk~Othmer Encyclopedia of Chemical Technology, 4th
edn., 1996, Vol. 19, pp. 1047-92.

9 P. CROWSON, Minerals Handbook 1988-89, Stockton
Press, New York, 1988, pp. 216-21

10 Ref. 7 pp. 228-31.

Sodium metal is produced commercially on
the kilotonne scale by the electrolysis of a fused
eutectic mixture of 40% NaCl, 60% CaCl, at
~580°C in a Downs cell (introduced by du
Pont, Niagara Falls, 1921). Metallic Na and
Ca are liberated at the cylindrical steel cathode
and rise through a cooled collecting pipe which
allows the calcium to solidify and fall back
into the melt. Chlorine liberated at the central
graphite anode is collected in a nickel dome and
subsequently purified. Potassium cannot be pro-
duced in this way because it is too soluble in
the molten chloride to float on top of the cell
for collection and because it vaporizes readily
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at the operating temperatures, creating hazardous
conditions. Superoxide formation is an added dif-
ficulty since this reacts explosively with K metal.
Consequently, commercial production of K relies
on reduction of molten KCl with metallic Na
at 850°C.T A similar process using Ca metal at
750°C under reduced pressure is used to produce
metallic Rb and Cs.

Industrial uses of Na metal reflect its strong
reducing properties. Much of the world produc-
tion was used to make PbEt; (or PbMey) for
gasoline antiknocks via the high-pressure reac-
tion of alkyl chlorides with Na/Pb alloy, though
this use is declining rapidly for environmental
reasons. A further major use is to produce Ti, Zr
and other metals by reduction of their chlorides,
and a smaller amount is used to make compounds
such as NaH, NaOR and Na,0,. Sodium disper-
sions are also a valuable catalyst for the produc-
tion of some artificial rubbers and elastomers.
A growing use is as a heat-exchange liquid in
fast breeder nuclear reactors where sodium’s low
mp, low viscosity and low neutron absorption
cross-section combine with its exceptionally high
heat capacity and thermal conductivity to make it
(and its alloys with K) the most-favoured mate-
rial."Y The annual production of metallic Na in
the USA fell steadily from 170 000 tonnes in 1974
to 86 000 tonnes in 1985 and is still falling. Potas-
sium metal, being more difficult and expensive
to produce, is manufactured on a much smailer
scale. One of its main uses is to make the super-
oxide KO, by direct combustion; this compound
is used in breathing masks as an auxiliary supply
of O, in mines, submarines and space vehicles:

4K0O; 4+ 2C0O; — 2K,C0O5 + 30,

f This reduction of KCI by Na appears to be contrary
to the normal order of reactivity (K > Na). However, at
850-880° an equilibrium is set up: Na(g) + KT () ——
Nat(l) + K(g). Since K is the more volatile (p. 75), it distils
off more readily, thus displacing the equilibrium and allowing
the reaction to proceed. By fractional distillation through a
packed tower, K of 99.5% purity can be obtained but usually
an Na/K mixture is drawn off because alloys with 15-55%
Na are liquid at room temperature and therefore easier to
transport.

'C. C. ApDISON, The Chemistry of Liquid Alkali Metals,
Wiley, Chichester, 1984, 330 pp.

4KO; + 4CO; + 2H,0 —— 4KHCO; + 30,

An indication of the relative cost of the alkali
metals in bulk at 198082 prices (USA) is:

Metal i Na K Rb GCs

Price/$ kg 36.3 1.50 344 827 716
Relative cost (per kg) 24 1 23 550 477
Relative cost (per mol) 7.3 1 39 2050 2760

4.2.4 Properties of the alkali metals

The Group 1 elements are soft, low-melting
metals which crystallize with bee lattices. All
are silvery-white except caesium which is golden
yellow;!'? in fact, caesium is one of only three
metallic elements which are intensely coloured,
the other two being copper and gold (see also
pp. 112, 1177, 1232). Lithium is harder than
sodium but softer than lead. Atomic properties
are summarized in Table 4.1 and general physical
properties are in Table 4.2. Further physical
properties of the alkali metals, together with a
review of the chemical properties and industrial
applications of the metals in the molten state are
in ref. 11.

Lithium has a variable atomic weight (p. 18)
whereas sodium and caesium, being mononu-
clidic, have very precisely known and invariant
atomic weights. Potassium and rubidium are both
radioactive but the half-lives of their radioisotopes
are so long that the atomic weight does not vary
significantly from this cause. The large size and
low ionization energies of the alkali metals com-
pared with all other elements have already been
noted (pp. 23-5) and this confers on the elements
their characteristic properties. The group usually
shows smooth trends in properties, and the weak
bonding of the single valence electron leads to low
mp, bp and density, and low heats of sublima-
tion, vaporization and dissociation. Conversely,
the elements have large atomic and ionic radii and
extremely high thermal and electrical conductiv-
ity. Lithium is the smallest element in the group
and has the highest ionization energy, mp and heat

12R. J. MOOLENAAR, Journal of Metals 16, 214 (1964).
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Table 4.1 Atomic properties of the alkali metals

Property Li K Rb Cs Fr

Atomic number 3 11 19 37 55 87

Number of naturally occurring 2 241® 14+1@ 1 1®
isotopes

Atomic weight

6.941(2) 22.989768(6) 39.0983(1) 85.4678(3) 132.90543(5) (223)

Electronic configuration [He]2s! [Ne]3s! [Ar]4s! [Krl5s! [Xe]6s? [Rn]7s!
Tonization energy/kJ mol~! 520.2 495.8 418.8 403.0 375.7 ~375
Electron affinity/kJ mol~! 59.8 52.9 46.36 46.88 45.5 44.0)
AH gigsoe /KT mol ™! (My) 106.5 73.6 573 45.6 44.77 —
Metal radius/pm 152 186 227 248 265 —
Ionic radius (6-coordinate)/pm 76 102 138 152 167 (180)
E°/V for Mt (aq) + e~ —— M(s) —3.045 —2.714 -2.925 —-2.925 —-2.923 —
@Radioactive: 4°K tiy2 1.277 x 10° y; 8TRb tij2 475 x 100 y; 2R ti/2 21.8 min.

Table 4.2 Physical properties of the alkali metals
Property Li Na K Rb Cs
MP/°C 180.6 97.8 63.7 39.5 28.4
BP/°C 1342 883 759 688 671
Density (20°C)/gcm™> 0.534 0.968 0.856 1.532 1.90
AH g /kImol ™! 2.93 2.64 2.39 2.20 2.09
AH ygp/kJ mol ™! 148 99 79 76 67
AH; (monatomic gas)/k] mol~! 162 108 89.6 82.0 78.2
Electrical resistivity (25°C)/yohm cm 9.47 4.89 7.39 13.1 20.8

of atomization; it also has the lowest density of
any solid at room temperature.

All the alkali metals have characteristic flame
colorations due to the ready excitation of the
outermost electron, and this is the basis of their
analytical determination by flame photometry or
atomic absorption spectroscopy. The colours and
principal emission (or absorption) wavelengths,
A, are given below but it should be noted that
these lines do not all refer to the same transi-
tion; for example, the Na D-line doublet at 589.0,
589.6nm arises from the 3s' — 3p! transition in
Na atoms formed by reduction of Na' in the
flame, whereas the red line for lithium is asso-
ciated with the short-lived species LiOH.

Element Li Na K Rb Cs

Colour Crimson Yellow Violet Red-violet Blue
A/nm 670.8 589.2 766.5 780.0 4555

The reduction potential for lithium appears at
first sight to be anomalous and is one of the

few properties that does not show a smooth trend
with increasing atomic number in the group. This
arises from the small size and very large hydra-
tion energy of the free gaseous lithium ion. The
standard reduction potential E° refers to the reac-
tion Li*(aq) + e —— Li(s) and is related to
the free-energy change: AG° = —rFE”°. The ion-
ization energy Iy, which is the enthalpy change
of the gas-phase reaction Li(g) —> Li*(g) +
e, is only one component of this, as can be seen
from the following cycle:

E® = -AG®I'nF
AG® = AH® =TAS

Alwyde AHyubl

o - AH=im
Li'tg) 4 ¢ = Li(g)

Estimates of the heat of hydration of Lit(g)
give values near 520kJmol~! compared with
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405kJmol~! for Na*(g) and only 265kJ mol™!
for Cs*(g). This factor, although opposed by
the much larger entropy change for the lithium
electrode reaction (due to the more severe
disruption of the water structure by the lithium
ion), is sufficient to reverse the position of lithium
and make it the most electropositive of the
alkali metals (as measured by electrode potential)
despite the fact that it is the most difficult element
of the group to ionize in the gas phase.

4.2.5 Chemical reactivity and trends

The ease of involving the outermost ns' electron
in bonding, coupled with the very high second-
stage ionization energy of the alkali metals,
immediately explains both the great chemical
reactivity of these elements and the fact that their
oxidation state in compounds never exceeds +1.
The metals have a high lustre when freshly cut
but tarnish rapidly in air due to reaction with
0O, and moisture. Reaction with the halogens is
vigorous; even explosive in some cases. All the
alkali metals react with hydrogen (p. 65) and with
proton donors such as alcohols, gaseous ammonia
and even alkynes. They also act as powerful
reducing agents towards many oxides and halides
and so can be used to prepare many metallic
elements or their alloys.

The small size of lithium frequently confers
special properties on its compounds and for
this reason the element is sometimes termed
“anomalous”. For example, it is miscible with
Na only above 380° and is immiscible with
molten K, Rb and Cs, whereas all other pairs
of alkali metals are miscible with each other
in all proportions. (The ternary alloy containing
12% Na, 47% K and 41% Cs has the lowest
known mp, —78°C, of any metallic system.) Li
shows many similarities to Mg. This so-called
“diagonal relationship” stems from the similarity
in ionic size of the two elements: #(LiT) 76 pm,
r(Mg®*) 72 pm, compared with r(Na*) 102 pm.
Thus, as first noted by Arfvedson in establishing
lithium as a new element, LiOH and Li,CO;
are much less soluble than the corresponding

Na and K compounds and the carbonate (like
MgCO3) decomposes more readily on being
heated. Similarly, LiF (like MgF,) is much less
soluble in water than are the other alkali metal
fluorides because of the large lattice energy
associated with the small size of both the cation
and the anion. By contrast, lithium salts of
large, non-polarizable anions such as ClO4~ are
much more soluble than those of the other
alkali metals, presumably because of the high
energy of solvation of Li*. For the same reason
many simple lithium salts are normally hydrated
(p- 88) and the anhydrous salts are extremely
hygroscopic: this great affinity for water forms
the basis of the widespread use of LiCl and LiBr
brines in dehumidifying and air-conditioning
units. More subtly there is also a close structural
relation between the hydrogen-bonded structures
of LiCl04.3H,0 and Mg(Cl0O4),.6H,0 in which
the face-shared octahedral groups of [Li(H,O)s]*
are replaced alternately by half the number
of discrete [Mg(H,0)6]>* groups.(® Lithium
sulfate, unlike the other alkali metal sulfates,
does not form alums [M(H,0)¢] [AI(H20)6} -
[SO4]*~, because the hydrated lithium cation is
too small to fill the appropriate site in the alum
structure.

Lithium is unusual in reacting directly with
N, to form the nitride LisN; no other alkali
metal has this property, which lithium shares with
magnesium (which readily forms MgsN,). On
the basis of size, it would be expected that Li
would be tetrahedrally coordinated by N but, as
pointed out by A. F. Wells,!® this would require
12 tetrahedra to meet at a point which is a
geometrical impossibility, 8 being the maximum
number theoretically possible; accordingly LizN
has a unique structure (see p.92) in which
one-third of the Li have 2 N atoms as nearest
neighbours (at 194pm) and the remainder have
3 N atoms as neighbours (at 213 pm); each N
is surrounded by 2 Li at 194pm and 6 more
at 213 pm.

BAF WELLS, Structural Inorganic Chemistry, 5th edn.,
Oxford University Press, Oxford, 1984, 1382 pp.
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4.2.6 Solutions in liquid ammonia and
other solvents ("%

One of the most remarkable features of the
alkali metals is their ready solubility in liquid
ammonia to give bright blue, metastable solutions
with unusual properties. Such solutions have
been extensively studied since they were first

observed by T. Weyl in 1863, and it is now
known that similar solutions are formed by the
heavier alkaline earth metals (Ca, Sr and Ba) and
the divalent lanthanoids europium and ytterbium
in liquid ammonia. Many amines share with
ammonia this ability though to a much lesser
extent. It is clear that solubility is favoured
by low metal lattice energy, low ionization
energies and high cation solvation energy. The
most striking physical properties of the solutions
are their colour, electrical conductivity and
magnetic susceptibility. The solutions all have
the same blue colour when dilute, suggesting
the presence of a common coloured species,
and they become bronze-coloured and metallic
at higher concentrations. The conductivity of the
dilute solutions is an order of magnitude higher
than that of completely ionized salts in water;
as the solutions become more concentrated the
conductivity at first diminishes to a minimum
value at about 0.04M and then increases
dramatically to approach values typical of liquid
metals. Dilute solutions are paramagnetic with
a susceptibility appropriate to the presence of 1
free electron per metal atom; this susceptibility
diminishes with increase in concentration, the

YW, L Joy and C.J. HAaLLADA, Liquid ammonia,
Chap. 1 in T. C. WADDINGTON (ed.), Non-aqueous Solvent
Systems, pp. 1-45, Academic Press, London, 1965.
J. C. THOMPSON, The physical properties of metal solutions
in non-aqueous solvents, Chap. 6 in J. Lagowski (ed.), The
Chemistry of Non-aqueous Solvents, Vol. 2, pp. 265-317,
Academic Press, New York, 1967. J. JANDER (ed.), Chemistry
in Anhydrous Liguid Ammonia, Wiley, Interscience, New
York, 1966, 561 pp.

1LAclually, the first observation was probably made by
Sir Humphry Davy some 55 years earlier: an unpublished
observation in his Notebook for November 1807 reads
“When 8 grains of potassium were heated in ammoniacal
gas it assumed a beautiful metallic appearance and gradually
became of a pure blue colour”.
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solutions becoming diamagnetic in the region
of the conductivity minimum and then weakly
paramagnetic again at still higher concentrations.

The interpretation of these remarkable proper-
ties has excited considerable interest: whilst there
is still some uncertainty as to detail, it is now
generally agreed that in dilute solution the alkali
metals ionize to give a cation M* and a quasi-
free electron which is distributed over a cavity in
the solvent of radius 300—340 pm formed by dis-
placement of 2-3 NH; molecules. This species
has a broad absorption band extending into the
infrared with a maximum at ~1500nm and it
is the short wavelength tail of this band which
gives rise to the deep-blue colour of the solu-
tions. The cavity model also interprets the fact
that dissolution occurs with considerable expan-
sion of volume so that the solutions have densi-
ties that are appreciably lower than that of liquid
ammonia itself. The variation of properties with
concentration can best be explained in terms of
three equilibria between five solute species M,
M,, M, M~ and e":

. MF -
Mam ~—— Mam -+ Cam>

K ~ 107> mol ™'
M, == Mun+e,; K~ 107 moll™’

(M2)am _ 2Mam; K ~2x 10_4 mol 1_]

The subscript am indicates that the species are
dissolved in liquid ammonia and may be solvated.
At very low concentrations the first equilibrium
predominates and the high ionic conductivity
stems from the high mobility of the electron
which is some 280 times that of the cation.
The species Mgy can be thought of as an ion
pair in which M} and e, are held together
by coulombic forces. As the concentration is
raised the second equilibrium begins to remove
mobile electrons e, as the complex M, and the
conductivity drops. Concurrently M,,, begins to
dimerize to give (Mj)am in which the interaction
between the 2 electrons is sufficiently strong
to lead to spin-pairing and diamagnetism. At
still higher concentrations the system behaves
as a molten metal in which the metal cations
are ammoniated. Saturated solutions are indeed
extremely concentrated as indicated by the
following table:
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Solute Li Na K Rb Cs
T/°C —33.2° —33.5° -332° - -=50°
g(M)kg(NH;) 108.7 2514 463.7 - 3335
mol(NH3)/

mol(M) 3.75 537 495 - 2.34

The lower solubility of Li on a wt/wt basis reflects
its lower atomic weight and, when compared on
a molar basis, it is nearly 50% more soluble than
Na (15.66 mol/kg NHs compared to 10.93 mol/kg
NH3). Note that it requires only 2.34 mol NHj;
(39.8 g) to dissolve 1 mol Cs (132.9g).

Solutions of alkali metals in liquid ammonia
are valuable as powerful and selective reducing
agents. The solutions are themselves unstable
with respect to amide formation:

M + NH; — MNH, + 1H,

However, under anhydrous conditions and in the
absence of catalytic impurities such as transition
metal ions, solutions can be stored for several
days with only a few per cent decomposition.
Some reductions occur without bond cleavage as
in the formation of alkali metal superoxides and
peroxide (p. 84).

€am _ €am _
02 — 02 — 022

Transition metal complexes can be reduced to
unusually low oxidation states either with or with-
out bond cleavage, e.g.:

NH;/-33°
K>[Ni(CN),] + 2K ———— K4[Ni(CN),];
i.e. Ni(0)

NH;3/—33°
[Pt(NH;3),]Brs + 2K ————5 [Pt(NH3).] + 2KBr;
ie. Pt(0)

NH;/-33°
Mn,(CO)yg + 2K ——— 2K[Mn(CO)s];
ie. Mn(—1)

NH;/—33°
Fe(CO)s + 2Na ———— Na,[Fe(CO),] + CO;
i.e. Fe(=2)

Salts of several heavy main-group elements can
be reduced to form polyanions such as Nas[Sny],
Na3[Sbs] and Na3[Sb;] (p. 588).

Many protonic species react with liberation of
hydrogen:

RC=CH +e,,, —> RC=C" + 11,
GeHs +e,,, — GeHy™ + %Hz
NH;* + ey, — NH; + iH,
AsH; +e,, — AsHy™ + 1H,
EtOH +e,, — EtO™ + iH,
These and similar reactions have considerable
synthetic utility. Other reactions which result

in bond cleavage by the addition of one
electron are:

R:S +e,,, —> RS™ + IR,
Et;SnBr + e, —> Et;Sn*®* + Br~

When a bond is broken by addition of 2 electrons,
either 2 anions or a dianion is formed:

Ge,Hg + 2e, —> 2GeH;™
PhNHNH,; + 2e,, —> PhNH™ + NH,~
PhN=0 + 2e,,, —> PhN™—0O~

Sg + 2€;m e ng-
Subsequent ammonolysis may also occur:

RCH=CH, + 2e,,, — {RCH—CH,*"}

2NH3
— RCHZCH} + 2NH2_

N>O + 2, — {N; + 0*7}

NH3;
—— N, + OH™ + NH,~

Next Page
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NCO™ 4 2e, —— {CN™ + 0°7}

NH3
——> CN™ +OH™ + NH,~
EtBr + 2e,,, — {Br~ + Et"}

NH3
—— Br™ + C,Hg + NH, ™

Solutions of alkali metals in liquid ammonia
have been developed as versatile reducing agents
which effect reactions with organic compounds
that are otherwise difficult or impossible.!>
Aromatic systems are reduced smoothly to cyclic
mono- or di-olefins and alkynes are reduced
stereospecifically to trans-alkenes (in contrast to
Pd/H, which gives cis-alkenes).

The alkali metals are also soluble in
aliphatic amines and hexamethylphosphoramide,
P(NMe,); to give coloured solutions which are
strong reducing agents. These solutions appear
to be similar in many respects to the dilute
solutions in liquid ammonia though they are
less stable with respect to decomposition into
amide and H,. Likewise, fairly stable solutions
of the larger alkali metals K, Rb and Cs have
been obtained in tetrahydrofuran, ethylene gly-
col dimethyl ether and other polyethers. These
and similar solutions have been successfully used
as strong reducing agents in situations where
protonic solvents would have caused solvoly-
sis. For example, naphthalene reacts with Na in
tetrahydrofuran to form deep-green solutions of
the paramagnetic sodium naphthenide, NaCoHg,
which can be used directly in the presence
of a bis(tertiary phosphine) ligand to reduce
the anhydrous chlorides VCls, CrCls, MoCls
and WClg to the zerovalent octahedral com-
plexes [M(Me,PCH,CH,;PMe;);], where M =
V, Cr, Mo, W. Similarly the planar complex
[Fe(Me,PCH,CH,;PMe»),] was obtained from
trans-|Fe(Me,PCH,CH,PMe,),Cl,], and the cor-
responding tetrahedral Co(0) compound from
CoCl,.(1®

15 A J. BIRCH, Ot Rev. 4, 69-93 (1950); A. J. BIRcH and
H. SMITH, Qr. Rev. 12, 17-33 (1958).

16). CuatT and H. R. WatsoN, Complexes of zero-
valent transition metals with the ditertiary phosphine,
Me;PCH,CH;PMey, J. Chem. Soc. 2545-9 (1962).

4.3 Compounds?

4.3.1 Introduction: the ionic-bond
model (1®

The alkali metals form a complete range of
compounds with all the common anions and have
long been used to illustrate group similarities
and trends. It has been customary to discuss
the simple binary compounds in terms of the
ionic bond model and there is little doubt
that there is substantial separation of charge
between the cationic and anionic components
of the crystal lattice. On this model the ions
are considered as hard, undeformable spheres
carrying charges which are integral multiples
of the electronic charge zje*. Corrections can
be incorporated for zero-point energies, London
dispersion energies, ligand-field stabilization
energies and non-spherical ions (such as NO;™,
etc.). The attractive simplicity of this model, and
its considerable success during the past 70 y in
interpreting many of the properties of simple
salts, should not, however, be allowed to obscure
the growing realization of its inadequacy.(%!
In particular, as already noted, success in
calculating lattice energies and hence enthalpy of
formation via the Born—Haber cycle, does not
establish the correctness of the model but merely
indicates that it is consistent with these particular
observations. For example, the ionic model is
quite successful in reproducing the enthalpy of
formation of BF3, SiF,;, PFs and even SFg on
the assumption that they are assemblies of point
charges at the known interatomic distance, i.e.
B3*(F™)s, etc.,®” but this is not a sound reason

7W. A. HarT and O. F. BEUMEL, Lithium and its com-
pounds, Comprehensive Inorganic Chemistry, Vol. 1, Chap. 7,
Pergamon Press, Oxford, 1973. T. P. WHALEY, Sodium,
potassium, rubidium, caesium and francium, ibid., Chap. 8.
18 N. N. GREENWOOD, Jonic Crystals, Lattice Defects and
Nonstoichiometry, Butterworths, London, 1968, 194 pp.
19D. M. Apams, Inorganic Solids: An Introduction to
Concepts in Solid-State Structural Chemistry, Wiley, London,
1974, 336 pp.

20F. ). GaRRICK, Phil. Mag. 14, 914-37 (1932). It is
instructive to repeat some of these calculations with more
recent values for the constants and properties used.

Next Page
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for considering these molecular compounds as
ionic. Likewise, the known lattice energy of
lithium metal can be reproduced quite well by
assuming that the observed bcc arrangement of
atoms is made up from alternating ions Li*Li~ in
the CsCl structure;?! the discrepancy is no worse
than that obtained using the same model for
AgCl (which has the NaCl structure). It appears
that the ionic-bond model is self compensating
and that the decrease in the hypothetical binding
energy which accompanies the diminution of
formal charges on the atoms is accompanied
by an equivalent increase in binding energy
which could be described as “covalent” (BF3) or
“metallic” (Li metal).

Indeed, the inherent improbability of the ionic
bond model can be appreciated when it is real-
ized that all simple cations have a positive charge
and several vacant orbitals (and are therefore
potentially electron pair acceptors) whereas all
simple anions have a negative charge and sev-
eral lone pairs of electrons (and are therefore
potentially electron pair donors). The close juxta-
position of these electron-pair donor and acceptor
species is thus likely to result in the transfer
of at least some charge density by coordina-
tion, thereby introducing a substantial measure
of covalency into the bonding of the alkali metal
halides and related compounds. A more satisfac-
tory procedure, at least conceptually, would be
to describe crystalline salts and other solid com-
pounds in terms of molecular orbitals. Quantita-
tive calculations are difficult to carry out but the
model allows flexibility in placing “partial ionic
charges” on atoms by modifying orbital coeffi-
cients and populations, and it can also incorporate
metallic behaviour by modifying the extent to
which partly filled individual molecular orbitals
are either separated by energy gaps or overlap.

The compounds which most nearly fit the clas-
sicial conception of ionic bonding are the alkali
metal halides. However, even here, one must ask
to what extent it is reasonable to maintain that
positively charged cations Mt with favourably

2V C. S. G. PuiLLIPS and R. J. P. WiLL1AMS, Inorganic Chem-
istry, Vol. 1, Chap.5, “The ionic model”, pp. 142-87,
Oxford University Press, Oxford, 1965.

directed vacant p orbitals remain uncoordinated
by the surrounding anionic ligands X~ to form
extended (bridged) complexes. Such interaction
would be expected to increase from Cs™t to Lit
and from F~ to I~ (why?) and would place some
electron density between the cation and anion.
Some evidence on this comes from very precise
electron density plots obtained by X-ray diffrac-
tion experiments on LiF, NaCl, KCl, MgO and
CaF,.?? Data for LiF are shown in Fig. 4.2a
from which it is clear that the Li* ion is no longer
spherical and that the electron density, while it
falls to a low value between the ions, does not
become zero. Even more significantly, as shown
in Fig. 4.2b, the minimum does not occur at the
position to be expected from the conventional
ionic radii: whatever set of tabulated values is
used the cation is always larger than expected
and the anion smaller. This is consistent with a
transfer of some electronic density from anion to
cation since the smaller resultant positive charge
on the cation exerts smaller coulombic attraction
for the electrons and the ion expands. The oppo-
site holds for the anion. These results also call
into question the use of radius-ratio rules to calcu-
late the coordination number of cations and leave
undecided the numerical value of the ionic radii
to be used (see also p. 66, hydrides). In fact, the
radius-ratio rules are particularly unhelpful for
the alkali halides, since they predict (incorrectly)
that LiC], LiBr and Lil should have tetrahedral
coordination and that NaF, KF, KCl, RbF, RbCl,
RbBr and CsF should all have the CsCl structure.
It may be significant that adoption of the NaCl
structure by all these compounds maximizes the
p orbital overlap along the orthogonal x-, y- and
z-directions, and so favours molecular orbital for-
mation in these directions. Further information on
the variation in apparent radius of the hydride,
halide and other anions in compounds with the
alkali metals and other cations is in ref. 23.

22Y, WiTTE and E. WOLEEL, Z. phys. Chem. 3, 296-329
(1955). J. KruG, H. WITTE and E. WOLFEL, ibid. 4, 36-64
(1955). H. WiTTE and E. WOLFEL, Rev. Mod. Phys. 30, 51-5
(1958).

230. JOUNSON, Inorg. Chem. 12, 780-5 (1973).
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Figure 4.2 (a) Distribution of electron density (ue/pm?®) in the xyo plane of LiF, and (b) variation of electron
density along the Li—F direction near the minimum. The electron density rises to 17.99 ue pm= at
Li and to 115.63 we pm™> at F. (The unit ue pm~> is numerically identical to e A=3))

Deviations from the simple ionic model are
expected to increase with increasing formal
charge on the cation or anion and with increasing
size and ease of distortion of the anion. Again,
deviations tend to be greater for smaller cations
and for those (such as Cu't, Ag™, etc.) which
do not have an inert-gas configuration.(!®) The
gradual transition from predominantly ionic to
covalent is illustrated by the “isoelectronic”
series:

NaF, MgF2, A1F3, SiF4, PFs, SF6, IF7, Fz

A similar transition towards metallic bonding is
illustrated by the series:

NaCl, Na,0, Na,S, NasP, NazAs, NazSb, Na;Bi, Na

Alkali metal alloys with gold have the CsCl struc-
ture and, whilst NaAu and KAu are essentially
metallic, RbAu and CsAu have partial ionic bond-
ing and are n-type semiconductors. These factors

should constantly be borme in mind during the
discussion of compounds in later chapters.

The extent to which charge is transferred back
from the anion towards the cation in the alkali
metal halides themselves is difficult to determine
precisely. Calculations indicate that it is probably
only a few percent for some salts such as NaCl,
whereas for others (e.g. Lil) it may amount to
more than 0.33 e~ per atom. Direct experimental
evidence on these matters is available for some
other elements from techniques such as Moss-
bauer spectroscopy,® electron spin resonance
spectroscopy,®> and neutron scattering form
factors.(?6)

24N. N. GREENwWoOD and T. C. GiBB, Mdssbauer Spectro-
scopy, Chapman & Hall, London, 1971, 659 pp.

25p_B. AYSCOUGH, Electron Spin Resonance in Chemistry,
pp. 300-1, Methuen, London, 1967. P. W. ATKINS and
M. C. R. SYMONS, The Structure of Inorganic Radicals,
pp. 51-73, Elsevier, Amsterdam, 1967.

26G. E. BACON, Neutron Diffraction, 3rd edn., Oxford
University Press, Oxford, 1975, 636 pp.
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4.3.2 Halides and hydrides

The alkali metal halides are all high-melting,
colourless crystalline sotids  which can  be
conveniently prepared by reaction of the
appropriate  hydroxide (MOH) or carbonate
{M3C0:) with aqueous hydrohalic acid (HX),
followed by recrystallization, Vast quantities
of NaCl and KCI are available in nature
and can be purified if necessary by simple
crystallization. The hydrides have already been
discussed (p. 65).

Trends in the properties of MX have been
much studied and typical examples are illustrated
in Figs. 43 and 4.4. The mp and bp always
follow the trend F > Cl > Br > I except perhaps
for some of the Cs salts where the data are
uncertain. Figure 4.3 also shows that the mp and
bp of LiX are always below those of NaX and that
{with the exception of the mp of KI) the values
for NaX are the maximum for each series. Trends
in enthalpy of formation AH{ and lattice energy
Uy are even more regular (Fig. 4.4) and can
readily be interpreted in terms of the Born—Haber
cycle, providing one assumes an invariant charge
corresponding to loss or gain of one compiete
electron per ion, M™X~. The Born-Haber cycle
considers two possible routes to the formation
of MX and equates the corresponding enthalpy
changes by applying Hess’s law:('%

S+ VoD, : :
Mig) + Xigh

AH | +lu ]—&

-tp d J
— Mig=+X(g

Hence
AHIMX) =Sy + 3Dx, +Im—Ex — UL

where 5y is the heat of sublimation of M(c) to
a monatomic gas {Table 4.2}, Dy, is the disso-
ciation energy of Xa(g) (Table 4.2), Fy; is the
ionization energy of M(g) (Table 4.2), and E, the
electron affinity of X(g) (Table 17.3, p. 800). The
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Figure 4.3 Melting point and boiling point of alkali
metal halides.
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Figure 4.4 Standard enthalpies of formation (AHT)
and lattice energies (plotted as — /) for
alkali metal halides and hydrides.

lattice energy U/y, is given approximately by the

expression
NoAe?
U, = YA (1 - 3)
dmegry ry




§4.3.2

where Ny is the Avogadro constant, A is a geo-
metrical factor, the Madelung constant (which
has the value of 1.7627 for the CsCl structure and
1.7476 for the NaCl structure), rg is the shortest
internuclear distance between M* and X~ in the
crystal, and p is a measure of the close-range
repulsion force which resists mutual interpene-
tration of the ions. It is clear that the sequence
of lattice energies is determined primarily by rp,
so that the lattice energy is greatest for LiF and
smallest for Csl, as shown in Fig. 4.4. In the
Born—Haber expression for AH; this factor pre-
dominates for the fluorides and there is a trend to
smaller enthalpies of formation from LiF to CsF
(Fig. 4.4). The same incipient trend is noted for
the hydrides MH, though here the numerical val-
ues of AH} are all much smaller than those for
MX because of the much higher heat of dissocia-
tion of Hy compared to X,. By contrast with the
fluorides, the lattice energy for the larger halides
is smaller and less dominant, and the resultant
trend of AH¢ is to larger values, thus reflecting
the greater ease of subliming and ionizing the
heavier alkali metals.

The Born-Haber cycle is also useful in
examining the possibility of forming alkali—metal
halides of stoichiometry MX,. The dominant
term will clearly be the very large second-stage
ionization energy for the process M*(g) —
M?*(g) +e~; this is 7297kJmol~! for Li but
drops to 2255kJmol~! for Cs. The largest
possible lattice energy to compensate for this
would be obtained with the smallest halogen
F and (making plausible assumptions on lattice
structure and ionic radius) calculations indicate
that CsF, could indeed be formed exothermically
from its elements:

Cs(s) + Fa(g) = CsFy(s); AH7 ~ —125kI mol™!

However, the compound cannot be prepared
because of the much greater enthalpy of
formation of CsF which makes CsF, unstable
with respect to decomposition:

Cs(s) + 1Fa(g) = CsF(s); AHj] = —530kJ mol™
whence

CsFy(s) = CsF(s) + 3 F2; AH gisprop = —405 kI mol ™"
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There is some evidence that Cs** can be formed
by cyclic voltammetry of Cs*[OTeFs]™ in pure
MeCN at the extremely high oxidizing poten-
tial of 3V, and that Cs** might be stabilized by
18-crown-6 and cryptand (see pp. 96 and 97 for
nomenclature).?”) However, the isolation of pure
compounds containing Cs** has so far not been
reported.

Ternary alkali-metal halide oxides are known
and have the expected structures. Thus Na;ClO
and the yellow K3BrO have the anti-perovskite
structure (p. 963) whereas NayBr,O, Nasl,O
and K4Br,O have the tetragonal anti-K;NiF,
structure.®®

The alkali metal halides, particularly NaCl and
KCl, find extensive application in industry
(pp. 71 and 73). The hydrides are frequently used
as reducing agents, the product being a hydride
or complex metal hydride depending on the con-
ditions used, or the free element if the hydride is
unstable. Illustrative examples using NaH are:

200°
2BF; + 6NaH —— B,Hg + 6NaF
Et,0/125°
BF; + 4NaH ——— NaBH, + 3NaF

reflux
B(OMe), + NaH ——> Na[BH(OMe);]

225-275
B(OMe); + 4NaH ——— NaBH,4 + 3NaOMe
MezO
AlBr; + 4NaH —— NaAIH,; + 3NaBr

400°
TiCly + 4NaH —— Ti + 4NaCl + 2H,

Sulfur dioxide is uniquely reduced to dithionite (a
process useful in bleaching paper pulp, p. 720).
CO; gives the formate:

2S0y(1) + 2NaH —— Na»S$,04 + Hs
CO,(g) + NaH —> HCO;Na

Particularly reactive (pyrophoric) forms of LiH,
NaH and KH can be prepared simply and
in high yield by the direct hydrogenation of

27K. Moock and K. SEPPELT, Angew. Chem. Int. Edn. Engl.
28, 16768 (1989).

285, Srrta, K. HIPPLER, P. VOGT and H. SABROWSKY, Z.
anorg. allg. Chem. 597, 197-200 (1991).
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hexane solutions of MBu” in the presence of
tetramethylethylenediamine (tmeda) and these
have proved extremely useful reagents for the
metalation of organic compounds which have an
active hydrogen site.?”

4.3.3 Oxides, peroxides, superoxides
and suboxides

The alkali metals form a fascinating variety
of binary compounds with oxygen, the most
versatile being Cs which forms 9 compounds
with stoichiometries ranging from Cs;0 to CsOs.
When the metals are burned in a free supply
of air the predominant product depends on the
metal: Li forms the oxide Li;O (plus some
Li,0,), Na forms the peroxide Na,O, (plus some
Na,0) whilst K, Rb and Cs form the superoxide
MO;. Under the appropriate conditions pure
compounds M,0, M0, and MO, can be
prepared for all five metals.

The “normal” oxides MO (Li, Na, K, Rb)
have the antifluorite structure as do many of the
corresponding sulfides, selenides and tellurides.
This structure is related to the CaF, structure
(p- 118) but with the sites occupied by the cations
and anions interchanged so that M replaces F and
O replaces Ca in the structure. Cs,O has the anti-
CdCl, layer structure (p. 1211). There is a trend
to increasing coloration with increasing atomic
number, Li,O and Na,O being pure white, K,0
yellowish white, Rb,O bright yellow and Cs,0
orange. The compounds are fairly stable towards
heat, and thermal decomposition is not extensive
below about 500°. Pure Li,O is best prepared by
thermal decomposition of LiO, (see below) at
450°C. Na,0 is obtained by reaction of Na;O,
NaOH or preferably NaNO, with the Na metal:

Na, 0, + 2Na —— 2Na,0
NaOH + Na —> Na,O + 1H,
NaNO; + 3Na —— 2N2,0 + 1N,
9P, A. A. KLUSENER, L. BRANDSMA, H. D. VERKRUIISSE,

P. v. R. SCHLEYER, T. FrRIEDL and R. P1, Angew. Chem. Int.
Edn. Engl. 25, 465 (1986).

In this last reaction Na can be replaced by the
azide NaNj to give the same products. The nor-
mal oxides of the other alkali metals can be pre-
pared similarly.

The peroxides M,0O, contain the peroxide ion
0,%~ which is isoelectronic with F,. Li;O, is pre-
pared industrially by the reaction of LiOH.H,O
with hydrogen peroxide, followed by dehydra-
tion of the hydroperoxide by gentle heating under
reduced pressure:

LiOH.H;0 + H,0, —— LiOOH.H,0 + H,;0

heat
2LiOOH.H,0 ——%> Li,0, + H,0, + 2H,0

It is a thermodynamically stable, white, crys-
talline solid which decomposes to Li,O on being
heated above 195°C.

Na,0,, is prepared as pale-yellow powder by
first oxidizing Na to Na,O in a limited supply of
dry oxygen (air) and then reacting this further to
give NayO,:

t ;02

hi
2Na + 10, ——» Na,0 Na,0,

Preparation of pure K,0;, Rb,0, and Cs;0, by
this route is difficult because of the ease with
which they oxidize further to the superoxides
MO,. Oxidation of the metals with NO has been
used but the best method is the quantitative
oxidation of the metals in liquid ammonia
solution (p. 78). The peroxides can be regarded
as salts of the dibasic acid H,O,. Thus reaction
with acids or water quantitatively liberates H,O»:

M,0; + H,SOy —— M,S504 + H,05;
M,0, + H,O —— 2MOH + H,O;

Sodium peroxide finds widespread use industri-
ally as a bleaching agent for fabrics, paper pulp,
wood, etc., and as a powerful oxidant; it explodes
with powdered aluminium or charcoal, reacts
with sulfur with incandescence and ignites many
organic liquids. Carbon monoxide forms the car-
bonate, and CO, liberates oxygen (an important
application in breathing apparatus for divers, fire-
men, and in submarines — space capsules use the
lighter Li» O5):

Na;O; + CO —— Na,COs
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In the absence of oxygen or oxidizable material,
the peroxides (except Li;O,) are stable towards
thermal decomposition up to quite high tempera-
tures, e.g. Na, O, ~ 675°C, Cs,0, ~ 590°C.

The superoxides MO; contain the paramag-
netic ion O, ~ which is stable only in the presence
of large cations such as K, Rb, Cs (and Sr, Ba,
etc.). LiO, has only been prepared by matrix
isolation experiments at 15K and positive evi-
dence for NaQ, was first obtained by reaction of
O, with Na dissolved in liquid NHs; it can be
obtained pure by reacting Na with O, at 450°C
and 150 atm pressure. By contrast, the normal
products of combustion of the heavier alkali met-
als in air are KO, (orange), mp 380°C, RbO,
(dark brown), mp 412°C and CsO, (orange), mp
432°C. NaO; is trimorphic, having the marcasite
structure (p. 680) at low temperatures, the pyrite
structure (p. 680) between —77° and —50°C and
a pseudo-NaCl structure above this, due to dis-
ordering of the O, ions by rotation. The heav-
ier congeners adopt the tetragonal CaC; structure
(p- 298) at room temperature and the pseudo-
NaCl structure at high temperature.

Sesquoxides “M;03” have been prepared as
dark-coloured paramagnetic powders by careful
thermal decomposition of MO, (K, Rb, Cs).
They can also be obtained by oxidation of liquid
ammonia solutions of the metals or by controlled
oxidation of the peroxides, and are considered to
be peroxide disuperoxides [(M*)4(0227)(0,7),].
Indeed, pure RbsOg, prepared by solid-state
reaction between Rb, O, and 2RbQO,, has recently
been shown to be [Rbs(0,27)(0,7),] by single-
crystal diffractometry, although the two types of
diatomic anion could not be distinguished in the
cubic unit cell even at —60°C; the compound is
thermodynamically stable and melts at 461°CG%

Ozonides MO; have been prepared for Na,
K, Rb and Cs by the reaction of Oz on pow-
dered anhydrous MOH at low temperature and
extraction of the red MOj by liquid NHs:

30 M. JaNSEN and N. KORBER, Z. anorg. allg. Chem. 598/599,
163-73 (1991).
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3MOH(c) + 205(g) ——> 2MOs(c)
-+ MOH.H,0(c) + 10:(g)

Under similar conditions Li gives [Li(NH3)4]O3
which decomposes on attempted removal of
the coordinated NHj3, again emphasizing the
important role of cation size in stabilizing
catenated oxygen anions. Improved techniques
involving the reaction of oxygen/ozone mixtures
on the preformed peroxide, followed by
extraction with liquid ammonia, now permit
gram amounts of the pure crystalline ozonides
of K, Rb and Cs to be prepared.®! (See also
p- 98, p. 610.) The ozonides, on standing, slowly
decompose to oxygen and the superoxide MO,,
but on hydrolysis they appear to go directly to
the hydroxide:

MO; —— MO, + 30,
4MO; + 2H,0 ——> 4MOH + 50,

In addition to the above oxides M,0, M,0O,,
M,406, MO, and MOs in which the alkali metal
has the constant oxidation state +1, rubidium
and caesium also form suboxides in which the
formal oxidation state of the metal is considerably
lower. Some of these intriguning compounds
have been known since the turn of the century
but only recently have their structures been
elucidated by single crystal X-ray analysis.®*?
Partial oxidation of Rb at low temperatures gives
RbgO which decomposes above —7.3°C to give
copper-coloured metallic crystals of RbgO;:

-7.3°
2RbgO —— RbgO;, + 3Rb

RbyO, inflames with H,O and melts incongru-
ently at 40.2° to give 2Rb,O + SRb. The structure
of RbyO; comprises two ORbg octahedra sharing
a common face (Fig. 4.5). It thus has the anti-
[T1,Clg]*~ structure. The Rb—Rb distance within
this unit is only 352 pm (compared with 485 pm
in Rb metal) and the nearest Rb—Rb distance

31'W. ScuNICK and M. JANSEN, Z. anorg. allg. Chem. 532,
37-46 (1986).

324, SIMON, Naturwiss. 58, 622-3 (1971); Z. anorg. allg.
Chem. 395, 301 (1973); Struct. Bonding 36, 81-127 (1979);
Angew. Chem. Int. Edn. Engl. 27, 159-83 (1988).
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Figure 4.5 (a) The confacial bioctahedral RbyO; group in RbyO; and RbgO, and (b) the confacial trioctahedral

Cs1104 group in Cs;0.

between groups is 51! pm. The Rb-O distance
is ~249 pm, much less than the sum of the con-
ventional ionic radii (289 pm) and the metallic
character of the oxide comes from the excess of
at least 5 electrons above that required for sim-
ple bookkeeping. Crystalline RbgO has a unit cell
containing 4 formula units, i.e. Rbyy04, and the
structure consists of alternating layers of RbyO»
and close-packed metal atoms parallel to (001) to
give the structural formula [(RbyO,)Rbs].
Caesium forms an even more extensive series
of suboxides:®Y Cs;0, bronze-coloured, mp
+4.3°C; Cs,0, red-violet, decomposes > 10.5%;
Csy10a4, violet crystals, mp (incongruent) 52.5°C;
and Cs34,0, a nonstoichiometric phase up to
Cs40, which decomposes at 166°C. Cs70 reacts
vigorously with O; and H2O and the unit cell
is found to be Cs2,03, ie. [(Cs1103)Csyg]. The
unit Cs1;03 comprises 3 octahedral OCsg groups
each sharing 2 adjacent faces 1o form the trigonal
group shown in Fig. 4.5b. These groups form
chains along (001) and are also surrounded by the
other Cs atoms. The Cs—Cs distance within the
Cs1Os group is only 376 pm, whereas between
groups it is 527 pm; this latter distance is also
the shortest distance between Cs in a group and
the other 10 Cs atoms, and is similar to the
interatomic distance in Cs metai. The structures
of the other 3 suboxides are more complex

but it is salutory to realize that Cs forms ai
least 9 crystalline oxides whose structures can
be rationalized in terms of general bonding
systematics.

4.3.4 Hydroxides

Evaporation of aqueous solutions of LiOH under
normal conditions produces the monohydrate,
and this can be readily dehydrated by heating in
an inert atmosphere or under reduced pressure.
LiOH.H;O has a crystal structure built up of
double chains in which both Li and H20O
have 4 nearest neighbours (Fig. 4.6a); Li is
tetrahedrally coordinated by 20H and 2H;0, and
each tetrahedron shares an edge (20H) and two
commers (2H;0) to produce double chains which
are held laterally by H bonds. Each H,O molecule
is tetrahedrally coordinated by 2Li from the same
chain and 20H from other chains. Anhydrous
LiOH has a layer lattice of edge-shared Li(OH),4
tetrahedra (Fig. 4.6b) in which each Li in a plane
is surrounded tetrahedrally by 40H, and each OH
has 4Li neighbours all lying on one side; neutron
diffraction shows that the OH bonds are normat to
the layer plane and there is no H bonding between
layers.

Numerous hydrates have been prepared from
aqueous solutions of the heavier alkali metal
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Figure 4.6 (a) The double-chain structure of
LiOH.H, O, and (b) the layer structure of
anhydrous LiOH (see text).

hydroxides (e.g. NaOH.nH;O, where n =1, 2,
2.5,3.5,4,5.25 and 7) but little detailed structural
information is available.¥ The anhydrous
compounds all show the influence of oriented
OH groups on the structure,’? and there is
evidence of weak O—H--. O bonding for KOH
and RbOH. Melting points are substantially lower
than those of the halides, decreasing from 471°C
for LiOH to 272° for CsOH, and the mp of the
hydrates is even lower, e.g. 2.5°C {incongr.) for
CsOH.2H,;0 and —5.5°C for the trihydrate.

The alkali metal hydroxides are the most
basic of all hydroxides. They react with acids
to form salts and with alcohols to form
alkoxides. The atkoxides are oligomeric and the
degree of polymerization can vary depending
on the particular metal and the state of
aggregation. The terr-butoxides, MOBY', (Bu' =
OCMe;) can be considered as an example.
Crystalline (KOBu")4 has a cubane-like structure
and the tetramer persists in tetrahydrofuran
solution and in the gas phase.***> By contrast,
(NaOBu'); 1is exclusively tetrameric in thf,
but is a mixture of hexamers and nonamers

33 H, Jacoms and U. METZNER, Z anorg. allg. Chem. 597,
97-106 (1991). D. Mootz and H. RUTTER, Z. anorg. ailg.
Chem, 608, 12330 (1992).

33 M. H. ChisHoLm,  S. R. DRAKE, A. A.Nanm  and
W. E. STREIB, Polyhehron 10, 337-43 (1991).

35 M. BRAUN, D. WALDMULLER and B. MAYER, Angew.
Chem. Int. Edn. Engl. 28, 895-6 (1989).
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in the crystalline state and of hexamers and
heptamers in the vapour phase. The lithium
analogue is tetrameric in thf but is hexameric
in benzene, toluene or cyciohexane and in the
gas phase. The degree of polymenzation can
also be influenced by the nature of the organic
residue. Thus X-ray crystallography shows
that lithium 2,6-di-rert-butyl-4-methylphenolate
is dimeric whereas the closely related phenolate
{LiOCeH,{CH:NMe, )2-2,6-Me-4}5 provides the
first example of a trimeric structure, with an
essentially planar central LizO; heterocyclic
ring.®® The trimer, like the dimer, features
unusually short Li-O and Cp,—O  bonds
(186.5 and 130.1pm, respectively) perhaps
suggesting quasi-aromaticity of the LiiOj; ring,
the delocalized m-electrons originating from the
lone pairs on the oxygen atoms.

The alkali metal hydroxides are also readily
absorb CO, and H,S to form carbonates (or
hydrogencarbonates) and sulfides (or hydrogen-
sulfides), and are extensively used to remove
mercaptans from petroleum products. Ampho-
teric oxides such as those of Al, Zn, Sn and
Pb react with MOH to form aluminates, zincates,
stannates and plumbates, and even $iO; (and sil-
icate glasses) are attacked.

Production and uses of LiOH have already
been discussed {p. 70). Huge tonnages of NaOH
and KOH are produced by electrolysis of
brine (pp. 71, 73) and the enormous industrial
importance of these chemicals has already been
alluded to.

4.3.5 Oxoacid salts and other
compounds

Many binary and pseudo-binary compounds of
the alkali metals are more conveniently treated
within the context of the chemistry of the
other clement and for this reason discussion is
deferred to later chapters, e.g. borides (p. 145),

¥ p A, van DER ScHaaF, M, P. HOGERHEIDE, D. M. GROVE,
A. L, Spek and G. van KoTen, J. Chem. Soc., Chem.
Commun., 1703-5 (1992).
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graphite intercalation compounds (p. 293), car-
bides, cyanides, cyanates, etc. (pp. 297, 319),
silicides (p. 335), germanides (p. 393}, mitrides,
azides and amides (p. 417), phosphides (p. 489),
arsenides (p. 554}, sulfides (p. 676), selenides
and tellurides (p. 763), polyhalides (p. 835), etc.
Likewise, the alkali metals form stable salts with
virtually all oxoacids and these are also discussed
m later chapters.

Lithium salts show a great propensity (o crys-
tallize as hydrates, the trihydrates being partic-
ularly common, e.g. LiX.3H.0, X =Cl, Br, I,
ClO;, ClO4, MnQ4, NO;3, BF,, etc. In most of
these Li is coordinated by 6H,O to form chains
of face-sharing octahedra:

Lithium, Saodium, Potassium, Rubidium, Caeslum and Francium
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By contrast Li»CO4 is anhydrous and sparingly
soluble (1.28 wi% at 25°C, i.e. 0.17 moll™1).
The nitrate is also anbydrous but is hygroscopic
and much more soluble (45.8 wt% at 25°C, i.e.
6.64mol17"),

The heavier alkali metals form a wide vari-
ety of hydrated carbonates, hydrogencarbon-
ates, sesquicarbonates and mixed-metal combina-
tions of these, e.g. Na,C03.H;0, Na;C0;3.7H,0,
Na;C04.10H, 0, Na,CQ3.NaHCO3.2H:0,
Na;C03.3NaHCOs, NaKCOQ,.nH;0,
K,CO3.NaHCO;.2H;0, etc. These systems have
been studied in great detail because of their indus-
trial and geochemical significance (see Panel).
Some solubility data are in Fig. 4.7, which indi-
cates the considerable solubility of Rb,CO; and
Cs»C0O; and the lower solubility of the hydrogen-
carbonates. The various stoichiometries reflect
differing ways of achieving charge balance, pre-
ferred coordination polyhedra, and H bonding.
Thus Na;CO3.H>0 has two types of 6-coordinate
Na, half being surrounded by 1H,O plus 5
oxygen atoms from CO; groups and half by

150

‘593?01
NN

Cs

wt% MHCO, or MyCO,

Figure 4.7

Solubilities of alkali carbonates and bicarbonates (hydrogencarbonates). (H. Stephen and T. Stephen,

Solubilities of Inorganic and Organic Compounds, Vol. 1, Part 1, Macmillan, New York.).
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Industrial Production and Uses of Sodium Carbonate, Hydroxide and Sulfate”

Na;CO3 (soda ash) is interchangeable with NaOH in many of its applications (e.g. paper pulping, soap, detergents) and
this gives a valuable flexibility to the chlor-alkali industry. About half the Na2CO3 produced is used in the glass industry.
One developing application is in the reduction of sulfur pollution resulting from stack gases of power plants and other
large furnaces: powdered NapCOs is injected with the fuel and reacts with SO, to give solids such as NaSO3 which can
be removed by filtration or precipitation. World production of Na,CO; was 28.7 million tonnes in 1985: the five leading
countries were the USA, the USSR, China, Bulgaria and the Federal Republic of Germany, and they accounted for over
70% of production. Most of this material was synthetic (Solvay), but the increasing use of natural carbonate (trona) is
notable, particularly in the USA where it is now the sole source of Na;COs, the last synthetic unit having been closed in
1985: reserves in the Green River, Wyoming, deposit alone exceed 10'0 tonnes and occur in beds up to 3m thick over
an area of 2300km2. About one third of the world production is now from natural deposits.

Formerly Na;CO3 found extensive use as “washing soda” but this market has now disappeared due to the domestic
use of detergents. The related compound NaHCO;5 is, however, still used, particularly because of its ready decomposition
in the temperature range 50-100°C:

2NaHCO3 —— Na,CO; + H;0 + CO,

Production in the USA is ~350000 tonnes annually of which 30% is used in baking-powder formulations, 20% in animal
feedstuffs, 15% in chemicals manufacture, 11% in pharmaceuticals, 9% in fire extinguishers and the remaining 15% in
the textile, leather and paper industries and in soaps, detergents and neutralizing agents.

Caustic soda (NaOH) is industry’s most important alkali. It is manufactured on a huge scale by the electrolysis of
brine (p. 72) and annual production in the USA alone is over 10 million tonnes. Electrolysis is followed by concentration
of the alkali in huge tandem evaporators such as those at PPG Industries’ Lake Charles plant. The evaporators, which
are perhaps the world’s largest, are 41 m high and 12 m in diameter. About half the caustic produced is used directly
in chemical production; a detailed breakdown of usage (USA, 1985) is: organic chemicals 30%, inorganic chemicals
20%, paper and pulp 20%, export 10%, soap and detergents 5%, oil industry 5%, textiles 4%, bauxite digestion 3% and
miscellaneous 3%. Principal applications are in acid neutralization, the manufacture of phenol, resorcinol, S-naphthol,
etc., and the production of sodium hypochlorite, phosphate, sulfide, aluminates, etc.

Salt cake (NapSOy4) is a byproduct of HCl manufacture using H2SO4 and is also the end-product of hundreds of
industrial operations in which H>SO4 used for processing is neutralized by NaOH. For long it had few uses, but now
it is the mainstay of the paper industry, being a key chemical in the kraft process for making brown wrapping paper
and corrugated boxes: digestion of wood chips or saw-mill waste in very hot alkaline solutions of Na;SO4 dissolves the
lignin (the brown resinous component of wood which cements the fibres together) and liberates the cellulose fibres as
pulp which then goes to the paper-making screens. The remaining solution is evaporated until it can be burned, thereby
producing steam for the plant and heat for the evaporation: the fused Na;SO4 and NaOH survive the flames and can be
reused. Total world production of Na2SO4 (1985) was ~4.5 million tonnes (45% natural, 55% synthetic). Most of this
(~70%) is used in the paper industry and smaller amounts are used in glass manufacture and detergents (~10% each).
The hydrated form, Na;S$O4.10H20, Glauber’s salt, is now less used than formerly. Further information on the industrial
production and uses of Na;CO3, NaOH and NaySO4 are given in Kirk- Othmer Encyclopedia of Chemical Technology,
4th edn., Vol. 1, 1991, pp. 1025-39 and Vol. 22, 1997, pp. 354-419.
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2H,0 plus 4 oxygen atoms from COj; groups.
The decahydrate has octahedral Na(H,0)s groups
associated in pairs by edge sharing to give
[Na;(H,0)19]. The hydrogencarbonate NaHCO3
has infinite one-dimensional chains of HCO;
formed by unsymmetrical O-H---O bonds
(261 pm) which are held laterally by Na ions. The
sesquicarbonates NasH(COj3),;.2H,0 have short,

37 Ref. 4, pp. 149-63 and 219-25. See also Kirk—Othmer
Encyclopedia of Chemical Technology, 4th edn., Vol. 1, 1991,
Chlorine and sodium hydroxide, pp. 938-1025. Sodium
carbonate, pp. 1025-39.

symmetrical O—H-O bonds (253 pm) which link
the carbonate ions in pairs, and longer O-H---O
bonds (275 pm) which link these pairs to water
molecules. Similar phases are known for the other
alkali metals.

Alkali metal nitrates can be prepared by direct
reaction of aqueous nitric acid on the appropriate
hydroxide or carbonate. LiNQ; is used for scarlet
flares and pyrotechnic displays. Large deposits
of NaNO; (saltpetre) are found in Chile and
were probably formed by bacterial decay of small
marine organisms: the NH; initially produced
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presumably oxidized to nitrous acid and nitric
acid which would then react with dissolved NaCl.
KNO; was formerly prepared by metathesis of
NaNQ; and KCI but is now obtained directly
as part of the synthetic ammonia/nitric acid
industry (p. 421).

Alkali metal nitrates are low-melting salts that
decompose with evolution of oxygen above about
500°C, e.g.

~500°
2NaNO3; = 2NaNO; + Oy;

~800°
2NaNO; == Na,0 + N; + 30,

Thermal stability increases with increasing
atomic weight, as expected. Nitrates have been
widely used as molten salt baths and heat transfer
media, e.g. the 1:1 mixture LiNO3;:KNO; melts
at 125°C and the ternary mixture of 40% NaNO-,
7% NaNQO3 and 53% KNOj can be used from its
mp 142° up to about 600°C.

The corresponding nitrites, MNO,, can be
prepared by thermal decomposition of MNQOs as
indicated above or by reaction of NO with the
hydroxide:

4NO + 2MOH —— 2MNO; + N,0 + H,0
6NO + 4MOH —— 4MNO; + N; + 2H,0
Chemical reduction of nitrates has also been

employed:
KNO; + Pb —— KNO; + PbO
2RbNO; + C —— 2RbNO; + CO,

The commercial production of NaNO; is
achieved by absorbing oxides of nitrogen in
aqueous Na;COj solution:

Na;CO3 + NO 4+ NO, —— 2NaNQO; + CO,

Nitrites are white, crystalline hygroscopic salts
that are very soluble in water. When heated in
the absence of air they disproportionate:

5NaNQO; —— 3NaNO; + Na,O + N,

NaNQ,, in addition to its use with nitrates in
heat-transfer molten-salt baths, is much used in
the production of azo dyes and other organo-
nitrogen compounds, as a corrosion inhibitor and
in curing meats.

Other oxoacid salts of the alkali metals are
discussed in later chapters, e.g. borates (p. 205),
silicates (p. 347), phosphites and phosphates
(p- 510), sulfites, hydrogensulfates, thiosulfates,
etc. (p. 706) selenites, selenates, tellurites and
tellurates (p. 781), hypohalites, halites, halates
and perhalates (p. 853), etc.

4.3.6 Coordination chemistry 8-

Exciting developments have occurred in the
coordination chemistry of the alkali metals during
the last few years that have completely rejuve-
nated what appeared to be a largely predictable
and worked-out area of chemistry. Conventional
beliefs had reinforced the predominant impres-
sion of very weak coordinating ability, and had
rationalized this in terms of the relatively large
size and low charge of the cations M*. On this
view, stability of coordination complexes should
diminish in the sequence Li > Na > K > Rb >
Cs, and this is frequently observed, though the
reverse sequence is also known for the forma-
tion constants of, for example, the weak com-
plexes with sulfate, peroxosulfate, thiosulfate and
the hexacyanoferrates in aqueous solutions.
It was also known that the alkali metal cations
formed numerous hydrates, or aqua-complexes,
as discussed in the preceding section, and there
is a definite, though smaller tendency to form
ammine complexes such as [Li(NHj3)4]I. Other
well-defined complexes include the extremely
stable adducts LiX.5Ph;PO, LiX.4Ph;PO and
NaX.5PhsPO, where X is a large anion such as I,
NO3, C104, BPhy, SbFg, AuCly, etc.; these com-
pounds melt in the range 200—315° and are stable
to air and water (in which they are insoluble).

38 p. N. Kaproor and R. C. MEHROTRA, Coord. Chem. Rev.
14, 1-27 (1974).

3% D. MIDGLEY, Chem. Soc. Revs. 4, 549-68 (1975).

40N. S. Poonia and A. V. BAJAJ, Chemn. Revs. 79, 389-445
(1979).

41W. SETzER and P.v. R. SCHLEYER, Adv. Organomet.
Chem. 24, 353-451 (1985).

42C. ScHADE and P.v.R. SCHLEYER, Adv. Organomet.
Chem. 27, 169-278 (1987).
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They probably all contain the tetrahedral ion
[Li(OPPh3)4]t which was established by X-ray
crystallography for the compound Lil.5Ph;PO;
the fifth molecule of Ph3;PO is uncoordinated.

In recent years this simple picture has been
completely transformed and it is now recognized
that the alkali metals have a rich and extremely
varied coordination chemistry which frequently
transcends even that of the transition metals.
The efflorescence is due to several factors
such as the emerging molecular chemistry of
lithium in particular, the imaginative use of
bulky ligands, the burgeoning numbers of metal
amides, alkoxides, enolates and organometallic
compounds, and the exploitation of multidentate
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crown and cryptand ligands. Some of these
aspects will be dealt with more fully in
subsequent subsections (4.3.7 and 4.3.8).
Lithium is now known in at least 20 coor-
dination geometries with coordination numbers
ranging from 1-12. Some illustrative exam-
ples are in Table 4.3 and in the accompanying
Figs. 4.8 and 4.9 which will repay close atten-
tion. The bulky ligand bis(trimethylsilyl)methyl
forms a derivative in which Li is 1-coordinate
in the gas phase but which polymerizes in the
crystalline form to give bent 2-coordinate Li
(and 5-coordinate carbon). The related ligand
tris(trimethylsilyl)methyl gives an anionic com-
plex in which Li is linear 2-coordinate, and the

Table 4.3 Stereochemistry of lithium

CN and shape Examples Remarks Ref.
1 [LiCH(SiMes);] Gas-phase electron diffr. Li—-C 203 pm 43
2 linear [Li{C(SiMe3)s3}>]~ Li-C 216 pm, C-Li-C 180°. Cation is 44

(Li(thf)]*
LisN Li;—N 194 pm. See Fig. 4.8a 45
bent {LiCH(SiMe3), } oo Note 5-Coord C,, Li—C 214, 222 pm; 43
C-Li-C 147-152°, Li-C-~Li 152°
[{Li(1-OCBuj)}»] Li-O 167.7pm, O-Li-O 103° 46
3 planar [{Li(-NR,)(OEt;)}2] R = SiMe;; Li—-N 206 pm, Li-O 47
195 pm; N-Li~-N 105°, N-Li-O
127.5°. See also Fig. 4.13 below
pyramidal [Lis(N=CPh;)s{O—=P(NMe;);}]~ Cluster anion, see Fig. 4.8b 48
angular [(LiEt)4] Cubane-like cluster, See Fig. 4.8c 49
[(LiIOCMe,Ph)e]; [{Li(c-hexyl)}s] Hexagonal prism, see Fig. 4.8d 50
4 tetrahedral [LitMeOH)4 ]I See also [Li(thf)4]* in line 3, above, 51
and Fig. 4.8b
{LiAl(1-CoHs)g} oo
5 trigonal-bipyramidal  [LiBr(phen),].Pr‘OH Br equatorial, one N from each phen 52
axial; N-Li—N 169°; Pr‘OH
uncoordinated
[LiLJ[ClO4] L is the aza cage shown in Fig. 4.8e 53

433 L. ATwoop, T. FIELDBERG, M. F. LAPPERT, N. T. LUONG-THI, R. SHAKIR and A. J. THORNE, J. Chem. Soc., Chem. Commun.,

1163-5 (1984).

4C. EABORN, P. B. HITCHOCK, J. D. SMITH and A. C. SULLIVAN, J. Chem. Soc., Chem. Commun., 827-8 (1983).
45U. v. ALPEN, J. Solid State Chem. 29, 379-92 (1979), and refs. therein.
46G. BEck, P. B. HircHock, M. F. LaPPERT and I. A. MAcKINNON, J. Chem. Soc., Chem. Commun., 1313-4 (1989); see also

ref. d.

47T. FIELDBERG, P. B. HITcHOCK, M. F. LAPPERT and A. ). THORNE, J. Chem. Soc., Chem. Commun., 822—4 (1984).
“8D. BARR, W. CLEGG, R. E. MULVEY and R. SNAITH, J. Chem. Soc., Chem. Commun., 2267 (1984).

“H. DIETRICH, J.Organomet. Chem. 205, 291-9 (1981).

S0M. H. CHISHOLM, S. R. DRAKE, A. A. NaINI and W. E. STRIEB, Polyhedron 10, 805-10 (1991).

SIW. WEPPNER, W. WELZEL, R. KNIEP and A. RABENAU, Angew. Chem. Int. Edn. Engl. 25, 1087-9 (1986).

52%. C. PATALINGHUG, C. R. WHITAKER and A. H. WHITE, Aust. J. Chem. 43, 635-7 (1990).

53A. BENCINI, A. BiancHi, A. BORSELLI, M. CIamMPOLINI, M. MicHELONI, N. NARDI, P. PaoL1, B. VaLTaNcoLl, S. CHIMICHI and

P. DAPPORTO, J. Chem. Soc., Chem. Commun., 174-5 (1990).
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Table 4.3 continued
CN and shape Examples Remarks Ref.
sg. pyramidal [LiL'][BPhy] L’ is the aza cage shown in Fig. 4.8f 54
[{Li(thf)}4(CsBuj),] Dimeric dilithiobutatriene complex, 55
Fig. 4.8g
planar [LiL"][PF¢] L” is the pentadentate ligand in 56
Fig, 4.8h
6 octahedral LiX NaCl-type, X = H, F, Cl, Br, 1. Also
LilOs; LiINO; (calcite-type);
LiAlSi,O¢ (spodumene)
planar Li;N See Fig. 4.8a. Liy has 3 Lij; and 3 N at 45
213 pm
pentag. pyram. [LiL*(MeOH)][PFs] See Fig. 4.8i 57
irregular [Liz(z-n*,n*-CeHs(tmeda),)] See Fig. 4.9a 58
7 irregular [Li(n*-CsH;SiMes)(tmeda)) 5C at 227 pm, 2N at 215 pm. See 59
Fig. 4.9b
[Liz(pe-n° ,n°-CsHg)(dme), ] Pentalene-dimethoxyethane complex, 60
Fig. 4.9¢
8 cubic Li metal Body-centered cubic
LiHg, LiTl CsCl-type
irregular [Lis(z-1%,18-C1oHg)(tmeda), ] Dilithionaphthalene complex, Fig. 4.9d 61
9 irregular [Na,Ph(Et,O,(Ph,;Ni),N,Na- Fig. 4.9¢. 4Li are 9-coord (1, 2, 5, 6), 62

Lis(OED)4(Et,0)]2
Li metal (cold worked, ccp)
[Lia(pe-CroHi2)2]

12 cuboctahedron
hexag. prism.

Li(4) is 7-coord and Li(3) is 6 coord

Below 78 K Li is hep (12 coord)

Lithium 7bH -indenofluorenide dimer, 63
see Fig. 4.9f

54A. BENCINI, A. B1aNcHI, M. CIAMPOLINI, E. GARCIA-ESPaNA, P. DAPPORTO, M. MICHELONI, P. PaoLl, J. A. RAMIREZ and

B. VaLtancoLy, J. Chem. Soc., Chem. Commun., 7013 (1989).

55W. NEUGEBAUER, G. A. P. GEIGER, A. J. Kos, J. J. STEzowsK! and P. v. R. SCHLEYER, Chem. Ber. 118, 1504—16 (1985).
56E. C. CoNSTABLE, M. J. DOYLE, J. HEALY and P. R. RAITHBY, J. Chem. Soc., Chem. Commun., 1262-4 (1988).

5TE. C. CONSTABLE, L.-Y. CHUNG, I. LEwis and P. R. RAITHBY, J. Chem. Soc., Chem. Commun., 1719-20 (1986).

58S. K. ARORA, R. B. BATES, W. A. BEavERs and R. S. CUTLER, J. Am. Chem. Soc. 97, 6271-2 (1975).

M. F. LAPPERT, A. SINGH, L. M. ENGELHART and A. H. WHITE, J. Organomet Chem. 262, 271-8 (1984).

603 3. STEZOWSKI, H. OIER, D. WiLHELM, T. CLARK and P. v. R. SCHLEYER, J. Chem. Soc., Chem. Commun., 1263-4 (1985).
617, J. BRooKS, W. RHINE, G. D. STUCKY J. Am. Chem. Soc. 94, 7346-51 (1972).

62K . Jonas, D. J. BRAUER, C. KRUGER, P. J. ROBERTS and Y.-H. Tsay J. Am. Chem. Soc. 98, 7481 (1976).

63D. BLADAUSKI, H. DIETRICH, H.-J. HECHT and D. REWICKI, Angew. Chem. Int. Edn. Engl. 16, 474-5 (1977).

same stereochemistry is observed in the unique
structure of LizN (Fig. 4.8a) which also features
the highly unusual planar 6-coordination mode;
the structure comprises hexagonal sheets of over-
all composition LipN stacked alternately with
planes containing the 2-coordinate Li. The coor-
dination number of N is 8 (hexagonal bipyra-
midal). Three-coordinate Li is known in pla-
nar, pyramidal and angular geometries, the lat-
ter two modes being illustrated in Fig. 4.8b, ¢
and d. Numerous examples of 4-coordinate Li
have already been mentioned. Five-coordinate Li
can be trigonal bipyramidal as in [LiBr(phen),]

and the aza cage cation shown in Fig. 4.8e,
square pyramidal (Fig. 4.8f and g) or planar
(Fig. 4.8h).

Table 4.3 indicates that octahedral coordina-
tion is a common mode for Li. Less usual is
planar 6-fold coordination (Fig. 4.8a), pentagonal
pyramidal coordination (Fig. 4.8i) or irregular 6-
fold coordination (Fig. 4.9a). Examples of 7-fold
coordination are in Fig. 4.9b and c. Lithium has
cubic 8-fold coordination in the metallic form and
in several of its alloys with metals of large radius.
It is also 8-coordinate in the dilithionaphthalene
complex shown in Fig. 4.9d; here the aromatic
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hydrocarbon bonds to two lithium atoms in a
bis-hexahapto bridging mode and cach lithium
is also coordinated by a chelating diamine. A
much more complicated dimeric cluster com-
pound, whose central (LigNazNi;) core is shown
schematically in Fig. 4.9e, includes 9-coordinate
lithium among its many fascinating structural
features,

Coordination chemistry 93

When Li meial is cold-worked it transforms
from body-centred cubic to cubic close-packed
in which each atom is surrounded by 12
others in twinned cuboctahedral coordination;
below 78 K the stable crystalline modification is
hexagonal close-packed in which ecach lithium
atom has 12 ncarest neighbours in the form of
a cuboctahcdron. This very high coordination

Figure 4.8 Structures of selected lithium compounds having coordination numbers ranging from 2 to 6. (a) The
unigue structure of LisN™* (b) The cluster anion [Lis(N= CPh;)¢{O=P(NMe,):}] showing four
pyranudal and onc tetrahedral Li'*® [@ = Li, () = (MeaN»P=-0, @& = Ph,C=N)]. (c) Schematic
structure of the cubane-like cluster [(LiEt)] (rings are puckered).*®. (d) Schematic structure of
the hexagonal prismatic cluster [(LiOCMe);Phs] (rings puckered).”" (e) Li* encapsulated trigonal-
bipyramidally by the cryptand dimethylpentaaza(3.5.5]heptadecane ([.).%* (f) Li~ encapsulated
square-pyramidally by the cryptand trimethylpentaazabicyclo[7.5.5]nonadecane (L."3.%% (g) The
dimeric dilithiobutatiene complex showing square-pyramidal coordination of two Li and trigonal
coordination of the other two 1.1.%% (h) Coordination of Lit by the planar pentadentate macrocycle
dimethyltetraaza[6.0.0]pyridinophanediene {L").*®. (i) Pentagonal-pyramidal coordination of Li* by
the pentadentate macrocycle (L*) and an apical MeOH ligand,; L* = (bis-2-hydroxyethyl)-6{ 13H -

tripyridoheptaazapentadecine.’>”
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Figure 4.8 continued

Ehid

(b}

Figure 4.9 Siructures of selected organolithivm compounds illustrating coordination numbers ranging from 6 to

12. (a} The dilithiobis(letramethvlethylenediamine)hexatrienc complex: cach Li is coordinated by the
bridging bistetrahapto triene and by one chelating tmeda ligand.®® (b) The trimethylsilyleyclopenta-
dienyllithium complex with tmeda.””’ (¢) The dilithiopentalene-dimethoxyethane complex.©® (d) The
dilithionaphthalene  comnplex  with  tmeda.®” (e) The LigNa;Ni, core in the cluster
[(Na;Ph(Et,0);(PhaNi}; N2 NaLig(OEt) (Etz0)]:] showing the four 9-coordinate [.i atoms (1, 2, 5,
6). together with the 7-coordinate Li(4) and 6-coordinate Li(3) atoms.™ (f) Hexagonal-prismatic
i2-fold coordination of Li in its /-indenofluorenide dimer.®%

number is also found in the dimeric sandwich Similar structural diversity has been estab-
compound that Li forms with the extended planar lished for the heavier alkali metals also but
hydrocarbon 7bH -indeno[1,2,3- jk]fluorene; in it 15 unnecessary to deal with this in detail,
this case, as can be seen from Fig. 4.9f, the The structural chemistry of the organometallic
coordination geometry about the metal atoms is compounds in particular, and of related com-

hexagonal prismatic. plexes, has been well reviewed.*!42}
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Figure 4.9

Complexes with chelating organic reagents
such as salicylaldehyde and g-diketonates were
first prepared by N.V. Sidgwick and his
students in 1925, and many more have since
been characterized. Stability, as measured by
equilibriumn formaticn constants, is rather low and
almost invariably decreases in the sequence Li >
Na > K. This situation changed dramatically
in 1967 when C.J. Pedersen announced the
synthesis of several macrocyclic polyethers
which were shown to form stable complexes with

Coordination chemistry 95

(N

continued

alkali metal and other cations.'®*? The stability
of the complexes was found to depend on the
number and geometrical disposition of the ether
oxygen atoms and in particular on the size
and shape of potential coordination polyhedra
relative to the size of the cation. For this rcason
stability could peak at any particular cation

% C. ). PEDERSEN, J. Am. Chem. Soc. 89, 2495 7017--36
(1967). See also €. J. PEDERSEN and H. K. FRENSDORF,
Angew. Chent. fnt. Edn. Engl. 11, 106- 25 (1972).
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and, for M!, this was often K and sometimes
Na or Rb rather than Li. Pedersen, who was
awarded a Nobel Prize for these discoveries,
coined the epithet “crown™ for this class of
macrocyclic polyethers because, as he said “the
molecular structure looked like one and, with
it, cations could be crowned and uncrowned
without physical damage to either”.®®® Typical
examples of such “crown” ethers are given in
Fig. 4.10, the numerical prefix indicating the
number of atoms in the heterocycle and the
suffix the number of ether oxygens. The aromatic
rings can be substituted, replaced by naphthalene
residues, or reduced to cyclohexyl derivatives.
The “hole size” for coordination depends on the
number of atoms in the ring and is compared with
conventional ionic diameters in Table 4.4. The
best complexing agents are rings of 15-24 atoms
including 5 to eight oxygen atoms. Nitrogen and
sulfur can also serve as the donor atoms in
analogous macroheterocycles.

The X-ray crystal structures of many of
these complexes have now been determined:
representative examples are shown in Fig. 4.11
from which it is clear that, at least for the
larger cations, coordinative saturation and bond
directionality are far less significant factors
than in many transition element complexes. %57
Further interest in these ligands stems from
their use in biochemical modelling since they
sometimes mimic the behaviour of naturally
occurring, neutral, macrocyclic antibiotics such
as valinomycin, monactin, nonactin, nigericin

%5 C. J. PEpERSON, Nobel Lecture, Angew. Chem. Int. Edn.
Engl. 27, 1021-7 (1988).

6 | -M. LEHN, Stricct. Bonding 16, 1-69 (1973).

57 M. R. TRUTER, Struct. Bonding 16, 71-111 (1973).

P
g O
i

o
3

Benzo-15-crown-5

e
S

Dibenzo-18-crown-6

Figure 4.10 Schematic representation of the (non-
planar) structure of some typical crown
ethers.

Table 4.4 Comparison of ionic diameters and crown cther “hole sizes™

Cation Ionic diam/pm Cation Yonic diam/pm Polyether ring “Hole size”/pm
Li* 152 Mg+ 144 14-crown-4 120-150
Na* 204 Cat 200 15-crown-5 170-220
K+ 276 S 236 18-crown-6 260-320
Rb* 304 Ba®* 270 21-crown-7 340-430
Cs* 334 Ra%* 296 — —
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Figure 4.11 Molecular structures of typical crown-ether complexes with alkali metal caticns: (a) sodium-water-
benzo-15-crown-5 showing pentagonal-pyramidal coordination of Na by 6 oxygen atoms; (b) 18-
crown-6-potassium-ethyl acetoacetate enolate showing unsymmetrical coordination of K by 8 oxygen
atoms; and (c) the RbNCS ion pair coordinated by dibenzo-18-crown-6 to give seven-fold coordina-

tion about Rb.

and enneatin.®**" They may also shed some
light on the perplexing and remarkably efficient
selectivity between Na and K in biological
systems. (6870

Another group of very effective ligands
that have recently been employed to coordi-
nate alkali metal cations are the macrobicyclic
polydentate ligands that J.-M. Lehn has termed

58w, Simon. W. E. MokF and P. Ch. MEIER, Struct. Bond-
ing 16, 113-60 (1973).

%9 D, 1. CraM, Nobel Lecture, Angew. Chem, inr. Edn. Engl.
27, 1009-20 (1988). See aiso F. VOGTLE (ed.) Host Guest
Complex Chemistry, I, IT and IH, Springer-Verlag, Topics in
Current Cheniistry 98, 1-197 (1981); 101, 1-203 (1982);
121, 1-224 (1984).

70 R. M. Izatr, D. 1. EaroucH, and 1. J. CHRISTENSEN,
Struct. Bonding 16, 16189 (1973).

“cryptands”,”" e.g. N{(CH,CH,0);CH,CH,)3N
(Fig. 4.13a,b). This forms a complex
[Rb(crypt)}JCNS.H>O in which the ligand encap-
sulates the cation with a bicapped trigonal pris-
matic coordination polyhedron (Fig. 4.12¢, d).
Such complexes are finding increasing use in sol-
vent extraction, phase-transfer catalysis,’?) the

71 J.-M. LEHN, Nobel Lecture, Angew. Chem. Int. Edn. Engl.
27, 89-112. (1988).

7w, P. WEBER and G. W. GOKEL, Phase Transfer Catalysis
in Organic Synthesis, Vol. 4 of Reactivity and Structure,
Springer-Verlag, 1977, 250 pp. C. M. STaRrKs and C. LI10TTa,
Phase Transfer Catalysis, Academic Press, New York, 1978,
365 pp. F. MonTANARL, D. LANDINI and F. RoLLA, Topics in
Current Chemistry 101, 149-201 (1982). E. V. DEHMLOW
and S. S. DERMLOW, Phase Transfer Catalysis (2nd edn.),
VCH Publishers, London 1983, 386 pp. T. G. SOUTHERN,
Polyhedron 8, 407-13 (1989).
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(a) Cryptand

(h) Molecular structure and conformation of the

free macrobicyclic cryptand ligand

(c) Molecular siructure of complex cation
of RbSCN with cryptand.

(d) Schematic representation of
bicapped wrigonal prismatic
coordination about Rb*,

Figure 4.12 A typical cryptand and its complex.

stabilization of uncommon or reactive oxidation
states and the promotion of otherwise improbable
reactions. Extraordinarily pronounced selectivity
in complexation can be achieved by suit-
ably designed ligands, some of the more
spectacular being K+ /Nat ~ 10°, Cu®t/Zn** ~
108, C4%F /Zn?t ~ 10°,

A growing application of cryptands and other
macrocyclic polydentate ligands is in protect-
ing sensitive anions from the polarizing and
destabilizing effect of cationic charges, by encap-
sulating or crowning the cation and so pre-
venting its close approach to the anion. For
example, ozonides of K, Rb and Cs form

stable solutions in typical organic solvents (such
as CH,Cl,, tetrahydrofuran or MeCN) when
the cation is coordinated by crown ethers or
cryptands, thus enabling the previously unstud-
ied solution chemistry of O3~ to be investi-
gated at room temperature.”? Slow evapora-
tion of ammonia solutions of such complexes
yields red crystailine products and an X-ray struc-
ture of [Rb(n®-18-crown-6)(n?-0;)(NH;)}] reveals
9-coordinate Rb, the chelating ozonide ion itself
having O-0 distances of 129 and 130 pm and an
0-0-0 angle of 117°.

7PN, Korper and M. JANSEN, J. Chem. Soc., Chem.
Commun., 1654-5 (1990).
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A particularly imaginative application of this
concept has led to the isolation of compounds
which contain monatomic alkali metal anions.
For example, Na was reacted with cryptand in
the presence of EtNH, to give the first example
of a sodide salt of Na—.""¥

EtNH;
2Na + N{(C2H40)2C2H4})3N —_—>

[Na(cryptand)]*Na~

The Na~ is 555pm from the nearest N and
516pm from the nearest O, indicating that it
is a separate entity in the structure. Potas-
sides, rubidides and caesides have similarly
been prepared. The same technique has
been used to prepare solutions and even crys-
tals of electrides, in which trapped electrons
can play the role of anion. Typical exam-
ples are [K(cryptand)]*e™ and [Cs(18-crown-
6)]+e_.(74’75)

Macrocycles, though extremely effective as
polydentate ligands, are mnot essential for
the production of stable alkali metal com-
plexes; additional conformational flexibility
without loss of coordinating power can be
achieved by synthesizing benzene derivatives
with 2-6 pendant mercapto-polyether groups
CeH¢-nR,, where R is —SC,H4OC,H,OMe,
—S(C,H40)3Bu, etc. Such “octopus” ligands
are more effective than crowns and often
equally as effective as cryptands in sequester-
ing alkali metal cations.”® Indeed, it is not
even essential to invoke organic ligands at all
since an inorganic cryptate which completely sur-
rounds Na has been identified in the heteropoly-
tungstate (NHy)17Na[NaW,;SbeOgs].14H,0; the
compound was also found to have pronounced
antiviral activity.””

74]. L. DYE, J. M. CERASE, M. T. Lok, B. L. BARNETT and
F. J. TEHAN, J. Am. Chem. Soc. 96, 608-9, 7203~8 (1974).
J. L. DYE, Angew. Chem. Int. Edn. Engl. 18, 587-98 (1979).
73J. L. DYE, Prog. Inorg. Chem. 32, 327-441 (1984);
J.L.DYE and R.-H. HUANG, Chem. in Britain March,
239-44 (1990).

"SF. VOGTLE and E. WEBER, Angew. Chem. Int. Edn. Engl.
13, 814-5 (1974).

77J. FISCHER, L. RICHARD and R. WEiss, J. Am. Chem. Soc.
98, 30502 (1976).
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4.3.7 Imides, amides and related
compounds 787

Before discussing the organometallic compounds
of the alkali metals (which contain direct M-C
bonds, Section 4.3.8) it is convenient to mention
apother important class of compounds: those
which involve M—N bonds. In this way we shall
resume the sequence of compounds which started
with those having M-X bonds (i.e. halides,
Section 4.3.2), through those with M-O bonds
(oxides, hydroxides etc., Sections 4.3.3-4.3.5)
to those with M-N and finally those with
M-C bonds. As we shall see, several significant
perceptions have emerged in this field during the
past decade. For example, it is now generally
agreed that in all these classes of compound
the bond from the main group element to the
alkali metal is predominantly ionic. Furthermore,
structural studies of compounds with Li—N bonds
in particular have led to the seminal concepts
of ring-stacking and ring-laddering which, in
turn, have permitted the rationalization of many
otherwise puzzling structural features.

Lithium imides (imidolithiums) are air-
sensitive compounds of general formula
(RR'C=NLi),. They can be prepared in high
yield either by the addition of an organolithium
compound across the triple bond of a nitrile
(equation (1)) or by lithiation of a ketimine
(equation (2)).

R'Li + RC=N -—— RR'C==NLj N
R"Li+ RR'C=NH -—- RR'C=NLi +R"'H (2)

Lithium imides have proved to be useful reagents
for the synthesis of imino derivatives of a wide
variety of other elements, e.g. Be, B, Al, Si, P,
Mo, W and Fe as in equation (3).

R;SiCl + RR'C=NLi —— RR'C==NSiR} + LiCl
3)

When R and R’ are both aryl groups the
resulting lithium imides are amorphous, insoluble

R, E. MULVEY, Chem. Soc. Rev. 20, 167-209 (1991).

7K. GREGORY, P.v.R. SCHLEYER and R. SNAITH. Adv.
Inorg. Chem. 37, 47-142 (1991).
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Figure 4.13 {(a) Schematic representation of the LicNg core cluster in hexameric lithium imides. (b) The X-ray
structure of [Me,N(Ph)C=—NLi], viewed from above showing the stacking of two 6-membered
LizN; rings. (¢) Each Li atom has two nearest-neighbour Li atoms in the adjacent ring at 248 pm,
shown here joined by full lines; the mean Li-N distances (broken lincs) are 198 pm within each ring

and 206 pm between rings.*0’

(presumably polymeric) solids, but if only
one or neither of R, R’ is an aryl group,
soluble crystalline hexamers are obtained. The
skeletal structure of these hexamers comprises
an LigNg cluster formed by the stacking
of two slightly puckered heterocyclic LiaNj
rings so that the I.i atoms in ecach ring
are almost directly above or below the N
atoms in the adjacent ring. This is ttustrated
schematically in Fig. 4.13a (cf. Fig. 4.8d for
the analogous hexameric alkoxide structure). An
alternative view, looking down onte the open
6-membered face of the stack. is shown in
Fig. 4.13b for the case of [Me;N(Ph)C=NL.i]e.
Formation of such hexamers can be viewed
as a stepwise process. Initially formed ion-
pairs (monomers), Li*|IN=CRR']", with 1-
coordinate Li*, associate at first to cyclic
trimers, (LiN:= CRR');, containing 2-coordinate
Li* centres. Such rings are essentially planar
systems {the planarity of the (LiN); ring itself
extending outwards through the imide C up to

50D Barr, W.CLEcG, R.E MULvey, R. SNAITH and
K. WanRE, J. Chem. Soc., Chem. Commun., 295-7 {1986).

and including the o-atoms of R and R'] and so
two such rings can come togcther, sharing their
(LLiN)5 faces and so raising the LiT coordination
number to 3. Such stacking necessitates a loss
in planarity of the orginal trimenic rings thus
normally preventing more extensive stacking.
A further featurc of the stacked hexameric
structure is the close approach of neighbouring
Li atoms across the diagonals of the squarc faces
(Fig. 4.13¢), each Li atom being only 248 pm
from its two nearest neighbours. This is much
less that the Li--Li distance in Li metal (304 pm)
or even in the necessarily covalent diatomic
molecule Li; (274 pm), but this does not imply
either metallic or covalent metal--metal bonding.
Such close approaches merely reflect the small
size of the Li* ion. For example, the Li-Li
distance in LiF (which has the NaCl-type crystal
structure) is 284 pm, which is 7% less than the
Li-1.i distance in L.i metal itself.

The ring-stacking concept used in the preced-
ing paragraph to explain the occurrence and struc-
turec of lithium imide hexamers can be applied
more widely to Li—C, Li-N and Li -O rings and
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clusters of various sizes.®7 but the details lie
outside the scope of the present treatment.

In contrast to the planar (sp) nitrogen centres
in lithium imides. lithium amides, {(RR'NLi),,
feature tetrahedral (sp*) nitrogen. The exocyclic
R groups are thus above and below the (LiN),
plane and this prevents ring stacking. Rings
of varying size are known, with n =2, 3 or
4 depending on the nature of the substituents
{Fig. 4,144, b and c). In the important case of
n — 2, the 4-membered l.i;N» heterocycles can
associate further by edge fusion (rather than by
face fusion) to form laddered structures as shown
schematically in Fig. 4.14d. Specific examples
of amidolithium heterocycles are [(Me3Si)aNLi];
(gas-phase), [(PhCH;),NLi]; (Fig. 4.15a) and
the tetramethylpiperidinatolithium tetramer [Me;-
C(CH)z);;CMegi\'ILi],; (Fig. 4.15b). By contrast,
lithiation of the cyclic amine pyrrolidine

81D, R. ARMSTRONG. R. E. MuLvEY. G. T. WALKER,
D. Barr. R, SnaiTH, W, CLEGG and D. REeD, J. Chem. Soc..
Dalton Trans.. 617 28 (1988).

YIM. F. LapperT, M. J SLADE. A. SINGH, ]. L. ATWOOD.
R. D. RoGERS and R. SHAKIR, J. Am. Chem. Soc. 105, 302-3
(1983).

Imides, amides and related compounds 101

in the presence of the chelating ligand
tetramethylethylenediamine (tmeda) affords the

) \N/U\N’
Li Fa ~
\N/ \\T/ }‘ L/
: i
e \u/ ™~ \N
4\
(a) (b)
e U I WP W
NN N
L i : : ; )
1\ /"l ‘--—-Lr——N.---L'r——N\—-—
{V\_\L]/T\l-'\ L /- / In
(©) (d}

Figure 4.14 Schematic representation of (a) 4-
membered, {(b) 6-membered and (c) 8-
membered (LiN), heterocycles showing
pendant groups on N lying both above
and below the plane of the ring. (d)
the laddered structure formed by lateral
bonding of two 112N, units.

Figure 4.15 X-ray structure of (a) dibenzylamidolithium, [(PhCH;)NLi}J;*" and (b) tetramethylpiperidinato-

lithium, [Me>C(CH)2):CMeaNLij, #2
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laddered complex [(H,C(CH;)3NLi);.tmeda],
(Fig. 4.16). Detailed examination of the inter-
atomic distances in this structure clearly indicate
that laddering is achieved by the lateral connec-
tion of the two outer Li;N; rings. The Li—-N
bonds in all these compounds are considered to
be predominantly ionic.

Figure 4.16 X-ray structure of the laddered complex

[H,C(CH,)sNLi}],.tmeda], where tmeda
is tetramethylethylenediamine.®®

4.3.8 Organometallic
compounds (*1:4284.89)

Some structural aspects of the organometallic
compounds of the alkali metals have already been
briefly mentioned in Section 4.3.6. The diagonal
relation of Li with Mg (p. 76), coupled with
the known synthetic utility of Grignard reagents
(pp- 132-5), suggests that Li, and perhaps the
other alkali metals, might afford synthetically

83D, R. ARMSTRONG, D. BARR, W. CLEGG, R. E. MULVEY,
D. Reep, R. SNarTH and K. WADE, J. Chem. Soc., Chem.
Commun., 869-70 (1986). D. R. ARMSTRONG, D. BARR,
W. CLEGG, S. M. Hopgson, R. E. MuLvey, D. REED,
R. SNaITH and D. S. WRIGHT, J. Am. Chem. Soc., 111,
4719-27 (1989).

84 G. E. CoaTeS, M. L. H. GReeN and K. WADE, Organo-
metallic Compounds, Vol. 1, The Main Group Elements,
3rd edn., Chap. 1, The alkali metals, pp. 1-70, Methuen,
London, 1967.

85 G. WILKINSON, F. G. A. STONE and E. W. ABEL (eds.)
Comprehensive Organometallic Chemistry, Pergamon Press,
Oxford, 1982. Vol. 1, Chap. 2.J. L. WARDELL, Alkali Metals,
pp. 43-120.

useful organometallic reagents. Such is found to
be the case.®®

Organolithium compounds can readily be
prepared from metallic Li and this is one of
the major uses of the metal. Because of the
great reactivity both of the reactants and the
products, air and moisture must be rigorously
excluded by use of an inert atmosphere. Lithium
can be reacted directly with alkyl halides in light
petroleum, cyclohexane, benzene or ether, the
chlorides generally being preferred:

i solvent
2L1 4+ RX —— LiR + LiX

Reactivity and yields are greatly enhanced by
the presence of 0.5-1% Na in the Li. The reac-
tion is also generally available for the preparation
of metal alkyls of the heavier Group 1 metals.
Lithium aryls are best prepared by metal-halogen
exchange using LiBu” and an aryl iodide, and
transmetalation is the most convenient route to
vinyl, allyl and other unsaturated derivatives:

. ether .
LiBu” 4+ Arl —— LiAr 4 Bu"I

th
4LiPh + Sn(CH=CHy)s ——~ 4LiCH=CH, + SnPhy

The reaction between an excess of Li and an

organomercury compound is a useful alternative

when isolation of the product is required, rather

than its direct use in further synthetic work:
petrol or

2Li + HgR,(or HgAr,) —> 2LiR(or LiAr) + Hg
benzene

Similar reactions are available for the other alkali

metals. Metalation (metal-hydrogen exchange)

and metal addition to alkenes provide further

routes, e.g.

LiPh+ | E2C L.I [l +CHq
o "o

2Na + 3CsHg —— 2NaCsHs + CsHg
2Na + Ph,C—=—CPh, —— PhZ([}_—]CPh2
Na Na

86 B. J. WAKEFIELD. Organolithium Methods, Academic
Press, New York, 1988, 189 pp.
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2Cs + CH;=CH,; —— CsCH,CH,Cs

In the presence of certain ethers such as Me,O,
MeOCH,CH,0Me or tetrahydrofuran, Na forms
deep-green highly reactive paramagnetic adducts
with polynuclear aromatic hydrocarbons such as
naphthalene, phenanthrene, anthracene, etc.:

+

H Na
Q m
active *

ether

H Na*

Q

These compounds are in many ways analogous to
the solutions of alkali metals in liquid ammonia
(p. 77).

The most ionic of the organometallic deriva-
tives of Group 1 elements are the acetylides and
dicarbides formed by the deprotonation of alkynes
in liquid ammonia solutions:

lig NH3
Li + HC=CH —— LiC=CH + iH,

liq NH3
2Li + HC=CH —— Li),G, + H,

The largest industrial use of LiC,H is in the pro-
duction of vitamin A, where it effects ethynyl-
ation of methyl vinyl ketone to produce a key
tertiary carbinol intermediate. The acetylides and
dicarbides of the other alkali metals are prepared
similarly. It is not always necessary to prepare
this type of compound in liquid ammonia and,
indeed, further substitution to give the bright red
perlithiopropyne LisC; can be effected in hexane
under reflux;®7

. hexane .
4LiBu" + CH;C=CH ——— Li3CC=CLi + 4Cs;H,

87 R. WEST, P. A. CARNEY and 1. C. MINEO, J. Am. Chem.
Soc. 87, 3788-9 (1965).
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Organolithium compounds tend to be thermally
unstable and most of them decompose to LiH
and an alkene on standing at room temperature
or above. Among the more stable compounds are
the colourless, crystalline solids LiMe (decomp
above 200°C), LiBu” and LiBu’ (which shows
little decomposition over a period of days at
100°C). Common lithium alkyls have unusual
tetrameric or hexameric structures (see preceding
sections). The physical properties of these
oligomers are similar to those often associated
with covalent compounds (e.g. moderately high
volatility, high solubility in organic solvents
and low electrical conductivity when fused).
Despite this it is now generally agreed that
the central (LiC), core is held together by
predominantly ionic forces, though estimates of
the precise extent of charge separation vary
from about 55 to 95%.%87°D. The resolution of
this apparent paradox lies in the realization that
continued polymerization of (LitR™) monomers
into infinite ionic arrays, such as are found
in the alkali-metal halides, is hindered by the
bulky nature of the R groups. Furthermore, these
organic groups, which are covalently bonded
within themselves, almost completely surround
the ionic core and so dominate the bulk physical
properties. Such ionic/covalent oligomers have
been termed “supramolecules”.?

The structure and bonding in lithium methyl
have been particularly fully studied. The crystal
structure consists of interconnected tetrameric
units (LiMe)s; as shown in Fig. 4.17: the
individual Li4sC4 clusters consist of a tetrahedron

88 A STREITWIESER, J. E. WILLIAMS, S. ALEXANDRATOS and
J. M. MCKELVEY, J. Am. Chem. Soc. 98, 4778-84 (1976).
A. STREITWIESER, Acc. Chem. Res. 17, 353-7 (1984).

89 E. D. JEMMIS, J. CHANDRASEKHAR and P. v. R. SCHLEYER,
J. Am. Chem. Soc. 101, 284856 (1979). P. v. R. SCHLEYER,
Pure Appl. Chem. 55, 355-62 (1983); 56, 151-62
(1984).

90 G. D. GRaHAM, D. S. MARYNICK and W. N. Lipscoms, J.
Am. Chem. Soc. 102, 4572-8 (1980).

91D, Barr, R. SNAITH, R. E. MULVEY and P. G. PERKINS,
Polyhedron 7, 2119-28 (1988).

92D. SEEBACH, Angew. Chem. Int. Edn. Engl. 27, 1624-54
(1988).

93 K. WaDE, Electron Deficient Compounds, Nelson, Lon-
don, 1971, 203 pp.
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Figure 4.17 Crystal and molecular structure of (LiMe), showing (a) the unit cell of lithium methyl, (b) the Li,C.

skeleton of the tetramer viewed approximately along one of the threefold axes, (¢} the 7-coordinate
environment of each C atom, and (d) the (4 + 3 + 3)-coordinate environment of each Li atom. After
ref. 93, modified 10 include Li—H contacts.

of 4Li with a triply-bridging C above the
centre of each face to complete a distorted
cube. The clusters are interconnected along
cube diagonals via the bridging CH3; groups
and the intercluster Li—C distance (236pm) is
very similar to the Li—C distance within each
cluster (231 pm). The carbon atoms are thus
essentially 7-coordinate being bonded directly
to 3H and 4Li. The Li-Li distance within the
cluster is 268 pm, which is virtually identical
with the value of 267.3pm for the gaseous
Li; molecule and substantially smaller than the
value of 304 pm in Li metal (where each Li
has 8 nearest neighbours). Each Li atom is

therefore closely associated with three other Li
atoms and three C atoms within its own cluster
and with one C and three H atoms in an
adjoining cluster. Detailed calculations show that
the C-H---Li interactions make a substantial
contribution to the overall bonding.®" Such
“agostic” interactions were indeed first noted in
lithium methyl long before their importance in
transition metal organometallic compounds was
recognized. The effect is most pronounced in
(LiEt)4 where the o-H on the ethyl group comes
within 198 pm of its neighbouring Li atom;7%%D
cf. 204.3 pm in solid LiH, which has the NaCi
structure (pp. 65, 82).
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Higher alkyls of lithum adopt similar
structures in which polyhedral clusters of metal
atoms are bridged by alkyl groups located
over the triangular faces of these -clusters.
For example, crystalline lithium #-butyl is
tetrameric and the structural units (LiBu’), persist
in solution; by contrast lithium ethyl, which
is tetrameric in the solid state, dissolves in
hydrocarbons as the hexamer (LiEt)s which
probably consists of octahedra of Lig with triply
bridging —CH,CH; groups above 6 of the 8
faces. As the atomic number of the alkali metal
increases there is a gradual trend away from these
oligomeric structures towards structures which
are more typical of polarized ionic compounds.
Thus, although NaMe is tetrameric like LiMe,
NaEt adopts a layer structure in which the
CH; groups have a trigonal pyramidal array of
Na neighbours, and KMe adopts a NiAs-type
structure (p. 679) in which each Me is surrounded
by a trigonal prismatic array of K. The extent
to which this is considered to be K*CH3™ is a
matter for discussion though it will be noted that
CH; ™ is isoelectronic with the molecule NHj.

The structure of the organometallic complex
lithium tetramethylborate LiBMey is discussed
on pp. 127-8 alongside that of polymeric BeMe,
with which it is isoelectronic.

Organometallic compounds of the alkali metals
(particularly LiMe and LiBu") are valuable syn-
thetic reagents and have been increasingly used in
industrial and laboratory-scale organic syntheses
during the past 20 y.®.94.99) The annual produc-
tion of LiBu” alone has leapt from a few kilo-
grams to about 1000 tonnes. Large scale appli-
cations are as a polymerization catalyst, alky-
lating agent and precursor to metalated organic
reagents. Many of the synthetic reactions parallel
those of Grignard reagents over which they some-
times have distinct advantages in terms of speed
of reaction, freedom from complicating side reac-
tions or convenience of handling. Reactions are

94 B. J. WAKEFIELD, The Chemistry of Organolithium Com-
pounds, Pergamon Press, Oxford, 1976, 337 pp.

95 K. SMiTH, Lithiation and organic synthesis, Chem. in Br.
18(1), 29-32 (1982)
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those to be expected for carbanions, though free-
radical mechanisms occasionally occur.

Halogens regenerate the parent alkyl (or aryl)
halide and proton donors give the corresponding
hydrocarbon:

LR +X; — LiX +RX
LiR + H* — Li* +RH
LiR +RT —— LiI +RR’

C-C bonds can be formed by reaction with
alkyl iodides or more usefully by reaction with
metal carbonyls to give aldehydes and ketones:
e.g. Ni(CO)4 reacts with LiR to form an unstable
acyl nickel carbonyl complex which can be
attacked by electrophiles such as H™ or R'Br
to give aldehydes or ketones by solvent-induced
reductive elimination:

LiR + [NI(CO)] 2> Li'[R— C—Ni(CO);]”

+
H R'Br
solvent

i I
Li"+R—C—H LiBr+R—C—FR’
+ [(solvent)Ni(CO)3) + [(solvent)Ni(CO)51

solvent

[Fe(CO)s] reacts similarly. Aldehydes and
ketones can also be obtained from N,N-
disubstituted amides, and symmetrical ketones
are formed by reaction with CO:

LiR + HCONMe, —— LiNMe, + RCHO
LiR + R'"CONMe, —— LiNMe, + R'"COR
2LiR 4 3CO —— 2LiCO + R,CO

Thermal decomposition of LiR eliminates a -
hydrogen atom to give an olefin and LiH, a pro-
cess of industrial importance for long-chain ter-
minal alkenes. Alkenes can also be produced by
treatment of ethers, the organometallic reacting
here as a very strong base (proton acceptor):

c:c/
VRN

LiR + —» LIOR + RH +

N/
TN
H OR’

Lithium aryls react as typical carbanions in non-
polar solvents giving carboxylic acids with CO,
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and tertiary carbinols with aryl ketones:

. . H0
LiAr + COy —— ArCO,Li ——

LiOH + ArCO,H
LiAr + Ar,CO —— [Ar,C(An)OLi]

H,0
—— LiOH + Ar,C(Ar)OH

Organolithium reagents are also valuable in the
synthesis of other organometallic compounds via

metal-halogen exchange:

3LiR + BCl3 —— 3LiCl + BR;3
(4 — x)LiR + SnCly ——
(4 —x)LiCl+ SnCl,R4_, (1 <x<4)
3LiAr + P(OEt); —— 3LiOEt + PAr;

Similar reactions have been used to produce
organo derivatives of As, Sb, Bi; Si, Ge and many
other elements.
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Beryllium, Magnesium, Calcium,
Strontium, Barium and Radium

5.1 Introduction

The Group 2 or alkaline earth metals exemplify
and continue the trends in properties noted for the
alkali metals. No new principles are involved, but
the ideas developed in the preceding chapter gain
emphasis and clarity by their further application
and extension. Indeed, there is an impressively
close parallelism between the two groups as will
become increasingly clear throughout the chapter.

The discovery of beryllium in 1798 followed
an unusual train of events.'"” The mineralogist
R.-J. Haiiy had observed the remarkable similar-
ity in external crystalline structure, hardness and
density of a beryl from Limoges and an emerald
from Peru, and suggested to L.-N. Vauquelin that
he should analyse them to see if they were chem-

ically identical.™ As a result, Vauquelin showed

I M. E. WEEKS, Discovery of the Elements, 6th edn., Journal
of Chemical Education, Easton, Pa, 1956, 910 pp.

2J. ScHuBERT, Beryllium and berylliosis, Chap. 34 (1958),
in Chemistry in the Environment, pp. 321-7, Readings from
Scientific American, W. H. Freeman, San Francisco, 1973.
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that both minerals contained not only alumina and
silica as had previously been known, but also
a new earth, beryllia, which closely resembled
alumina but gave no alums, apparently did not
dissolve in an excess of KOH (perhaps because it
had been fused?) and had a sweet rather than an
astringent taste. Caution: beryllium compounds
are now known to be extremely toxic, especially
as dusts or smokes;?) it seems likely that this
toxicity results from the ability of Be" to dis-
place Mg" from Mg-activated enzymes due to
its stronger coordinating ability.

Both beryl and emerald were found to be
essentially Be;Al;SigO)5, the only difference
between them being that emerald also contains
~2% Cr, the source of its green colour. The
combining weight of Be was ~4.7 but the
similarity (diagonal relation) between Be and

* A similar observation had been made (with less dramatic
consequences) nearly 2000 y earlier by Pliny the Elder when
he wrote: “Beryls, it is thought, are of the same nature as the
smaragdus {emerald), or at least closely analogous™ (Historia
Nuaturalis, Book 37).
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Al led to considerable confusion concerning
the valency and atomic weight of Be (2 x
47 or 3 x4.7); this was not resolved until
Mendeleev 70 y later stated that there was no
room for a tervalent element of atomic weight
14 near nitrogen in his periodic table, but that
a divalent element of atomic weight 9 would
fit snugly between Li and B. Beryllium metal
was first prepared by F. Wohler in 1828 (the
year he carried out his celebrated synthesis of
urea from NH4;CNO); he suggested the name
by allusion to the mineral (Latin beryllus from
Greek Pnpuirog). The metal was independently
isolated in the same year by A.-B. Bussy using
the same method — reduction of BeCl, with
metallic K. The first electrolytic preparation was
by P. Lebeau in 1898 and the first commercial
process (electrolysis of a fused mixture of
BeF; and BaF,) was devised by A. Stock and
H. Goldschmidt in 1932. The close parallel with
the development of Li technology (pp. 68-70) is
notable.

Compounds of Mg and Ca, like those of their
Group 1 neighbours Na and K, have been known
from ancient times though nothing was known of
their chemical nature until the seventeenth cen-
tury. Magnesian stone (Greek Mayvnola Afog)
was the name given to the soft white mineral
steatite (otherwise called soapstone or talc) which
was found in the Magnesia district of Thessally,
whereas calcium derives from the Latin calx,
calcis — lime. The Romans used a mortar pre-
pared from sand and lime (obtained by heating
limestone, CaCQOj3) because these lime mortars
withstood the moist climate of Italy better than
the Egyptian mortars based on partly dehydrated
gypsum (CaS04.2H,0); these had been used, for
example, in the Great Pyramid of Gizeh, and all
the plaster in Tutankhamun’s tomb was based on
gypsum. The names of the elements themselves
were coined by H. Davy in 1808 when he isolated
Mg and Ca, along with Sr and Ba by an elec-
trolytic method following work by J. J. Berzelius
and M. M. Pontin: the moist earth (oxide) was
mixed with one-third its weight of HgO on a Pt
plate which served as anode; the cathode was a
Pt wire dipping into a pool of Hg and electrolysis

gave an amalgam from which the desired metal
could be isolated by distilling off the Hg.

A mineral found in a lead mine near Strontian,
Scotland, in 1787 was shown to be a compound
of a new element by A. Crawford in 1790. This
was confirmed by T. C. Hope the following year
and he clearly distinguished the compounds of
Ba, Sr and Ca, using amongst other things their
characteristic flame colorations: Ba yellow-green,
Sr bright red, Ca orange-red. Barium-containing
minerals had been known since the seventeenth
century but the complex process of unravelling
the relation between them was not accomplished
until the independent work of C. W. Scheele and
J. G. Gahn between 1774 and 1779: heavy spar
was found to be BaSO, and called barite or
barytes (Greek fapUc, heavy), whence Scheele’s
new base baryta (BaO) from which Davy isolated
barium in 1808.

Radium, the last element in the group, was iso-
lated in trace amounts as the chloride by P. and
M. Curie in 1898 after their historic processing
of tonnes of pitchblende. It was named by Mme
Curie in allusion to its radioactivity, a word also
coined by her (Latin radius, a ray); the element
itself was isolated electrolytically via an amal-
gam by M. Curie and A. Debierne in 1910 and
its compounds give a carmine-red flame test.

5.2 The Elements

5.2.1 Terrestrial abundance and
distribution

Beryllium, like its neighbours Li and B, is
relatively unabundant in the earth’s crust; it
occurs to the extent of about 2 ppm and is thus
similar to Sn (2.1 ppm), Eu (2.1ppm) and As
(1.8 ppm). However, its occurrence as surface
deposits of beryl in pegmatite rocks (which are
the last portions of granite domes to crystallize)
makes it readily accessible. Crystals as large as
1 m on edge and weighing up to 60 tonnes have
been reported. World reserves in commercial
deposits are about 4 million tonnes of contained
Be and mined production in 1985-86 was USA
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223, USSR 76 and Brazil 37 tonnes of contained
Be, which together accounted for 98% of world
production. The cost of Be metal was $690/kg in
1987. By contrast, world supplies of magnesium
are virtually limitless: it occurs to the extent of
0.13% in sea water, and electrolytic extraction at
the present annual rate, if continued for a million
years, would only reduce this to 0.12%.
Magnesium, like its heavier congeners Ca,
Sr and Ba, occurs in crustal rocks mainly as
the insoluble carbonates and sulfates, and (less
accessibly) as silicates. Estimates of its total
abundance depend sensitively on the geochem-
ical model used, particularly on the relative
weightings given to the various igneous and sed-
imentary rock types, and values ranging from
20000 to 133 000 ppm are current.‘® Perhaps the
most acceptable value is 27640 ppm (2.76%),
which places Mg sixth in order of abundance
by weight immediately following Ca (4.66%)
and preceding Na (2.27%) and K (1.84%).
Large land masses such as the Dolomites
in Italy consist predominantly of the magne-
sian limestone mineral dolomite [MgCa(COs3);],
and there are substantial deposits of magnesite
(MgCOs3), epsomite (MgS04.7H,0) and other
evaporites such as carnallite (K;MgCls.6H,0)
and langbeinite [K,;Mg,(SOy4);]. Silicates are
represented by the common basaltic min-
eral olivine [(Mg,Fe),Si04] and by soapstone
(talc) [Mg3Sis0;0(OH),], asbestos (chrysotile)
[Mg3Si,05(OH),4] and micas. Spinel (MgAl,Oy4)
is a metamorphic mineral and gemstone. It should
also be remembered that the green leaves of
plants, though not a commercial source of Mg,
contain chlorophylls which are the Mg-porphine
complexes primarily involved in photosynthesis.
Calcium, as noted above, is the fifth most
abundant element in the earth’s crust and
hence the third most abundant metal after Al
and Fe. Vast sedimentary deposits of CaCOs,
which represent the fossilized remains of earlier
marine life, occur over large parts of the
earth’s surface. The deposits are of two main

3K. K. TUREKIAN, Elements, geochemical distribution of,
McGraw Hill Encyclopedia of Science and Technology,
Vol. 4, pp. 627-30, 1977.

Terrestrial abundance and distribution 109

types — rhombohedral calcite, which is the
more common, and orthorhombic aragonite,
which sometimes forms in more temperate
seas. Representative minerals of the first
type are limestone itself, dolomite, marble,
chalk and iceland spar. Extensive beds of
the aragonite form of CaCO; make up the
Bahamas, the Florida Keys and the Red
Sea basin. Corals, sea shells and pearls are
also mainly CaCOjs. Other important minerals
are gypsum (CaS04.2H,0), anhydrite (CaSOy),
fluorite (CaF,: also blue john and fluorspar) and
apatite [Cas(PO4);3F].

Strontium (384 ppm) and barium (390 ppm)
are respectively the fifteenth and fourteenth
elements in order of abundance, being bracketed
by S (340ppm) and F (544ppm). The most
important mineral of Sr is celestite (SrSOy),
and strontianite (SrCO;) is also mined. The
largest producers are Mexico, Spain, Turkey
and the UK, and the world production of
these two minerals in 1985 was 10’ tonnes. The
main uses of Sr compounds, especially SrCOs,
are in the manufacture of special glasses for
colour television and computer monitors (53%),
for pyrotechnic displays (14%) and magnetic
materials (11%). Strontium carbonate and sulfate
are critical raw materials for the USA which
is totally dependent on imports for supplies.
The sulfate (barite) is also the most important
mineral of Ba: it is mined commercially in over
40 countries throughout the world. Production
in 1985 was 6.0 million tonnes, of which 44%
was mined in the USA. The major use of
BaSO4 (92%) is as a heavy mud slurry in well
drilling; production of Ba chemicals accounts for
only 7%.

Radium occurs only in association with
uranium (Chapter 31); the observed ratio 2?°Ra/U
is ~1mg per 3kg, leading to a terrestrial
abundance for Ra of ~107®ppm. As uranium
ores normally contain only a few hundred ppm
of U, it follows that about 10 tonnes of ore must
be processed for 1 mg Ra. The total amount of
Ra available worldwide is of the order of a few
kilograms, but its use in cancer therapy has been
superseded by the use of other isotopes, and the
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annual production of separated Ra compounds is
probably now only about 100 g. Chief suppliers
are Belgium, Canada, Czechoslovakia, the UK,
and the former Soviet Union. ?°Ra decays by
a-emission with a half-life of 1600 y, although
3 in every 10" decays occur by *C emission
(*28Ra —> 212Pb + '2C). This exceedingly rare
form of radioactivity was discovered in 1984 in
the rare naturally occurring radium isotope ***Ra
where about 1 in 10° of the atoms decays by '*C
rather than a-emission.

5.2.2 Production and uses of the
metals ©

Beryllium is extracted from beryl by roasting the
mineral with Na,SiFg at 700-750°C, leaching the
soluble fluoride with water and then precipitating
Be(OH), at about pH 12. The metal is usually
prepared by reduction of BeF, (p. 116) with
Mg at about 1300°C or by electrolysis of fused
mixtures of BeCl, and alkali metal chlorides. It is
one of the lightest metals known and has one of
the highest mps of the light metals. Its modulus
of elasticity is one-third greater than that of steel.
The largest use of Be is in high-strength alloys
of Cu and Ni (see Panel below).

Magnesium is produced on a large scale
(400 000 tonnes in 1985) either by electrolysis or

4H. J. Rost and G. A. Jones, Nature 307, 245-7 (1984).

5 W. BUCHNER, R. SCHLIEBS, G. WINTER and K. H. BUCHEL,
Industrial Inorganic Chemistry, VCH, New York, 1989,
pp. 231-46.

silicothermal reduction. The major producers are
the USA (43%), the former Soviet Union (26%),
and Norway (17%). The electrolytic process
uses either fused anhydrous MgCl, at 750°C
or partly hydrated MgCl, from sea water at
a slightly lower temperature. The silicothermal
process uses calcined dolomite and ferrosilicon
alloy under reduced pressure at 1150°C:

2(MgO.Ca0) + FeSi —— 2Mg + Ca,Si0, + Fe

Magnesium is industry’s lightest constructional
metal, having a density less than two-thirds
that of Al (see Panel on the next page). The
price of the metal (99.8% purity) was $3.4/kg
in 1994,

The other alkaline earth metals Ca, Sr and
Ba are produced on a much smaller scale than
Mg. Calcium is produced by electrolysis of
fused CaCl, (obtained either as a byproduct of
the Solvay process (p. 71) or by the action of
HCI or CaCOs). It is less reactive than Sr or
Ba, forming a protective oxide-nitride coating
in air which enables it to be machined in a
lathe or handled by other standard metallurgical
techniques. Calcium metal is used mainly as
an alloying agent to strengthen Al bearings, to
control graphitic C in cast-iron and to remove Bi
from Pb. Chemically it is used as a scavenger in
the steel industry (O, S and P), as a getter for
oxygen and nitrogen, to remove N; from argon
and as a reducing agent in the production of
other metals such as Cr, Zr, Th and U. Calcium
also reacts directly with Hy to give CaH;, which
is a useful source of H;. World production of

Uses of Beryllium Metal and Alloys

The ability of Be to age-harden Cu was discovered by M. G. Corson in 1926 and it is now known that ~2% of Be
increases the strength of Cu sixfold. In addition. the alloys (which also usually contain 0.25% Co) have good electrical
conductivity, high strength, unusual wear resistance, and resistance to anelastic behaviour (hysteresis, damping, etc.): they
are non-magnetic and corrosion resistant, and find numerous applications in critical moving parts of aero-engines, key
components in precision instruments, control relays and electronics. They are also non-sparking and are thus of great use
for hand tools in the petroleum industry. A nickel alloy containing 2% Be is used for high-temperature springs, clips,
bellows and electrical connections. Another major use for Be is in nuclear reactors since it is one of the most effective
neutron moderators and reflectors known. A small, but important, use of Be is as a window material in X-ray tubes: it
transmits X-rays 17 times better than Al and 8 times better than Lindemann glass. A mixture of compounds of radium
and beryllium has long been used as a convenient laboratory source of neutrons and, indeed, led to the discovery of the

neutron by J. Chadwick in 1932: °Be(e,n)!*C.
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Magnesium Metal and Alloys

The principal advantage of Mg as a structural metal is its low density (1.7gcm™> compared with 2.70 for Al and
7.80 for steel). For equal strength, the best Mg alloy weighs only a quarter as much as steel, and the best Al alloy
weighs about one-third as much as steel. In addition, Mg has excellent machinability and it can be cast or fabricated
by any of the standard metallurgical methods (rolling, extruding, drawing, forging. welding, brazing or riveting). Its
major use therefore is as a light-weight construction metal, not only in aircraft but also in luggage, photographic and
optical equipment, etc. It is also used for cathodic protection of other metals from corrosion, as an oxygen scav-
enger, and as a reducing agent in the production of Be, Ti. Zr, Hf and U. World production approaches 400000
tonnes pa.

Magnesium alloys typically contain >90% Mg together with 2-9% Al, 1-3% Zn and 0.2-1% Mn. Greatly improved
retention of strength at high temperature (up to 450°C) is achieved by alloying with rare-earth metals (e.g. Pr/Nd) or Th.
These alloys can be used for automobile engine casings and for aeroplane fuselages and landing wheels. Other uses are
in light-weight tread-plates, dock-boards, loading platforms, gravity conveyors and shovels.

Up to 5% Mg is added to most commercial Al to improve its mechanical properties, weldability and resistance to
corrosion.

For further details see Kirk—Othmer Encyclopedia of Chemical Technology, 4th edn., 1995, Vol. 15, pp. 622-74.

the metal is about 2500tonnes pa of which
>50% was in the USA (price $5.00-8.00/kg
in 1991).

Metallic Sr and Ba are best prepared by high-
temperature reduction of their oxides with Al in
an evacuated retort or by small-scale electrolysis
of fused chloride baths. They have limited use
as getters, and a Ni—Ba alloy is used for spark-
plug wire because of its high emissivity. Annual
production of Ba metal is about 20-30tonnes
worldwide and the 1991 price about $80-140/kg
depending on quality.

5.2.3 Properties of the elements

Table 5.1 lists some of the atomic properties
of the Group 2 elements. Comparison with the
data for Group 1 elements (p. 75) shows the
substantial increase in the ionization energies;
this is related to their smaller size and higher
nuclear charge, and is particularly notable for
Be. Indeed, the “ionic radius” of Be is purely a
notional figure since no compounds are known
in which uncoordinated Be has a 2+ charge.
In aqueous solutions the reduction potential of

Table 5.1 Atomic properties of the alkaline earth metals

Property Be Mg Ca Sr Ba Ra
Atomic number 4 12 20 38 56 88
Number of naturally 1 3 6 4 7 42
occurring isotopes
Atomic weight 9.012182(3) 24.3050(6) 40.078(4) 87.62(1) 137.327(7)  (226.0254)°
Electronic [He]2s? [Ne]3s? [Ar}4s? [Kr]5s? [Xe]6s? [Rn]7s?
configuration
Ionization energies/ 8994 731.7 589.8 549.5 502.9 509.3
kJ mol™! 1757.1 1450.7 1145.4 1064.2 965.2 979.0
Metal radius/pm 112 160 197 215 222 —
Ionic radius Q7* 72 100 118 135 148
(6 coord)/pm
E°/V for M**(aq) + 2e~ —-1.97 —2.356 —2.84 —2.89 —-2.92 —2.916

— M(s)

® Al isotopes are radioactive: longest #1,2 1600 y for Ra(226).

®value refers to isotope with longest half-life.
©)Four-coordinate.
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Be is much less than that of its congeners,
again indicating its lower electropositivity. By
contrast, Ca, Sr, Ba and Ra have reduction
potentials which are almost identical with those
of the heavier alkali metals; Mg occupies an
intermediate position.

Be and Mg are silvery white metals whereas
Ca, Sr and Ba are pale yellow (as are the divalent
rare earth metals Eu and Yb) although the colour
is less intense than for Cs (p. 74). All the alkaline
earth metals are lustrous and relatively soft, and
their physical properties (Table 5.2), when com-
pared with those of Group 1 metals, show that
they have a substantially higher mp, bp, den-
sity and enthalpies of fusion and vaporization.
This can be understood in terms of the size fac-
tor mentioned in the preceding paragraph and
the fact that 2 valency electrons per atom are
now available for bonding. Again, Be is notable
in melting more than 1100° above Li and being
nearly 3.5 times as dense; its enthalpy of fusion is
more than 5 times that of Li. Beryllium resem-
bles Al in being stable in moist air due to the
formation of a protective oxide layer, and highly
polished specimens retain their shine indefinitely.
Magnesium also resists oxidation but the heavier
metals tarnish readily. Beryllium, like Mg and the
high-temperature form of Ca (>450°C), crystal-
lizes in the hcp arrangement, and this confers a
marked anisotropy on its properties; St is fcc, Ba
and Ra are bec like the alkali metals.

5.2.4 Chemical reactivity and trends

Beryllium metal is relatively unreactive at room
temperature, particularly in its massive form.
It does not react with water or steam even

Cch. 5

at red heat and does not oxidize in air below
600°C, though powdered Be burns brilliantly on
ignition to give BeO and BesN,. The halogens
(X;) react above about 600°C to give BeX;
but the chalcogens (S, Se, Te) require even
higher temperatures to form BeS, etc. Ammonia
reacts above 1200°C to give BesN; and carbon
forms Be,C at 1700°C. In contrast with the
other Group 2 metals, Be does not react directly
with hydrogen, and BeH, must be prepared
indirectly (p. 115). Cold, concentrated HNO3
passivates Be but the metal dissolves readily
in dilute aqueous acids (HCl, H,SO4, HNO3)
with evolution of hydrogen. Beryllium is sharply
distinguished from the other alkaline earth metals
in reacting with aqueous alkalis (NaOH, KOH)
with evolution of hydrogen. It also dissolves
rapidly in aqueous NH4HF; (as does Be(OH);), a
reaction of some technological importance in the
preparation of anhydrous BeF; and purified Be:

2NH4HF;(aq) + Be(s) —— (NH4),BeF, + Ha(g)
(NH4),BeF,(s) ﬂ» BeF,(s) + 2NH4F (subl)

Magnesium is more electropositive than the
amphoteric Be and reacts more readily with
most of the non-metals. It ignites with the
halogens, particularly when they are moist, to
give MgX,, and bums with dazzling brilliance
in air to give MgO and MgsN,. It also reacts
directly with the other elements in Groups 15
and 16 (and Group 14) when heated and even
forms MgH, with hydrogen at 570° and 200 atm.
Steam produces MgO (or Mg(OH),) plus Ha,
and ammonia reacts at elevated temperature
to give MgsN,. Methanol reacts at 200° to
give Mg(OMe), and ethanol (when activated

Table 5.2 Physical properties of the alkaline earth metals

Property Be Mg Ca Sr Ba Ra
MP/°C 1289 650 842 769 729 700
BP/°C 2472 1090 1494 1382 1805 (1700)
Density (20°C)/gcm ™ 1.848 1.738 1.55 2.63 3.59 5.5
AH g /KT moi™' 15 8.9 8.6 8.2 7.8 (8.5)
AH yap /K] mol ™! 309 1274 155 158 136 (113)
AH ;(monatomic gas)/kJ mol™! 324 146 178 164 178 —
Electrical resistivity (25°C)/uohmcm 3.70 4.48 342 134 34.0 (100)

Next Page
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by a trace of iodine) reacts similarly at room
temperature. Alkyl and aryl halides react with Mg
to give Grignard reagents RMgX (pp. 132-5).

The heavier alkaline earth metals Ca, Sr, Ba
(and Ra) react even more readily with non-
metals, and again the direct formation of nitrides
M;N; is notable. Other products are similar
though the hydrides are more stable (p. 65) and
the carbides less stable than for Be and Mg.
There is also a tendency, previously noted for
the alkali metals (p. 84), to form peroxides MO,
of increasing stability in addition to the normal
oxides MO. Calcium, Sr and Ba dissolve in
liquid NHj3 to give deep blue-black solutions
from which lustrous, coppery, ammoniates
M(NH3)¢ can be recovered on evaporation;
these ammoniates gradually decompose to the
corresponding amides, especially in the presence
of catalysts:

[M(NH3)6}(s) —— M(NH2)2(s)
+4NHs(g) + Ha(g)

In these properties, as in many others, the heavier
alkaline earth metals resemble the alkali metals
rather than Mg (which has many similarities to
Zn) or Be (which is analogous to Al).

5.3 Compounds
5.3.1 Introduction

The predominant divalence of the Group 2 metals
can be interpreted in terms of their electronic
configuration, ionization energies, and size (see
Table 5.1). Further ionization to give simple
salts of stoichiometry MX3 is precluded by the
magnitude of the energies involved, the third
stage ionization being 14849kJmol~! for Be,
7733 kI mol~! for Mg and 4912 kJ mol~! for Ca;
even for Ra the estimated value of 3281 kJ mol~!
involves far more energy than could be recovered
by additional bonding even if this were predom-
inantly covalent. Reasons for the absence of uni-
valent compounds MX are less obvious. The first-
stage ionization energies for Ca, Sr, Ba and Ra
are similar to that of Li (p. 75) though the larger

size of the hypothetical univalent Group 2 ions,
when compared to Li, would reduce the lattice
energy somewhat (p. 82). By making plausible
assumptions about the ionic radius and struc-
ture we can estimate the approximate enthalpy
of formation of such compounds and they are
predicted to be stable with respect to the con-
stituent elements; their non-existence is related to
the much higher enthalpy of formation of the con-
ventional compounds MX,, which leads to rapid
and complete disproportionation. For example,
the standard enthalpy of formation of hypothet-
ical crystalline MgCl, assuming the NaCl struc-
ture, is ~—125kImol~!, which is substantially
greater than for many known stable compounds
and essentially the same as the experimentally
observed value for AgCl: AH} = —127 kI mol™!.
However, the corresponding (experimental) value
for AH;(MgCly) is —642kJmol~!, whence
an enthalpy of  disproportionation  of
~196kJ mol~!:

Mg(c) + Cla(g) = MgCly(c);

AHY = —642 kJ/(mol of MgCl,)
2Mg(c) + Cla(g) = 2MgCl(c);

AH{ = —250 kJ/(2 mol of MgCl)
2MgCl(c) = Mg(c) + MgCl,(c);

AH ir0p = —392 KI/(2 mol of MgCl)

It is clear that, if synthetic routes could be devised
which would mechanistically hinder dispropor-
tionation, such compounds might be preparable.
Although univalent compounds of the Group 2
metals have not yet been isolated, there is some
evidence for the formation of Mg! species dur-
ing electrolysis with Mg electrodes. Thus H; is
evolved at the anode when an aqueous solution of
NaCl is electrolysed and the amount of Mg lost
from the anode corresponds to an oxidation state
of 1.3. Similarly, when aqueous Na,SO;, is elec-
trolysed, the amount of H, evolved corresponds
to the oxidation by water of Mg ions having an
average oxidation state of 1.4:

Mg'** (aq) + 0.6H,0 ——> Mg**(aq)
+ 0.60H (aq) + 0.3Ha(g)
Next Page
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On the basis of the discussion on pp. 79-81
the elements in Group 2 would be expected to
deviate further from simple ionic bonding than
do the alkali metals. The charge on M?** is
higher and the radius for corresponding ions
is smaller, thereby inducing more distortion of
the surrounding anions. This is reflected in
the decreased thermal stability of oxoacid salts
such as nitrates, carbonates and sulfates. For
example, the temperature at which the carbonate
reaches a dissociation pressure of | atm CO; is:
BeCO; 250°, MgCO; 540°, CaCO5 900°, SrCO;
1289°, BaCO3 1360°. The tendency towards
covalency is greatest with Be, and this element
forms no compounds in which the bonding
is predominantly ionic. For similar reasons Be
(and to a lesser extent Mg) forms numerous
stable coordination compounds; organometallic
compounds are also well characterized, and these
frequently involve multicentre (electron deficient)
bonding similar to that found in analogous
compounds of Li and B.

Many compounds of the Group 2 elements are
much less soluble in water than their Group |
counterparts. This is particularly true for the
fluorides, carbonates and sulfates of the heavier
meimbers, and is related to their higher lattice
energies. These solubility relations have had
a profound influence on the mineralization of
these elements as noted on p. 109. The ready
solubility of BeF; (~20000 times that of CaF,)
is presumably related to the very high solvation
enthalpy of Be to give {Be(H,0)4]**.

Beryllium, because of its small size, almost
invariably has a coordination number of 4. This
is important in analytical chemistry since it
ensures that edta, which coordinates strongly
to Mg, Ca (and Al), does not chelate Be
appreciably. BeO has the wurtzite {ZnS, p. 120%)
structure whilst the other Be chalcogenides adopt
the zinc blende modification. BeF,; has the
cristobalite (SiOs, p. 342) structure and has only
a very low electrical conductivity when fused.
Be;C and Be:B have extended lattices of the
antifluorite type with 4-coordinate Be and 8-
coordinate C or B. Be,;Si0O4 has the phenacite
structure (p. 347) in which both Be and Si

are tetrahedrally coordinated, and Li;BeF4 has
the same structure. [Be(H,Q)4]SO, features a
tetrahedral aquo-ion which is H bonded to the
surrounding sulfate groups in such a way that
Be~O is 161 pm and the O-H..-O are 262

050,

080

and 268 pm. Further examples of tetrahedral
coordination to Be are to be found in later
sections, Other configurations, involving linear
(two-fold) coordination (e.g. BeBu5) or trigonal
coordination [e.g. cyclic (MeBeNMe,).] are rare
and most compounds which might appear to
have such coordination (e.g. BeMe,, CsBeF,,
etc.) achieve 4-coordination by polymerization.
However K,BeO,,® Y,BeO,” and one or
two more complex structures® do indeed
contain trigonal planar {BeO3} units with Be-O
ca. 155pm, ie. some 11pm shorter than in
tetrahedral {BeQ,}. Likewise, K4BeE, (E =
P, As, Sb) feature linear anions [E-Be—E}'~
isoelectronic with BeCl, molecules (p. 117).%
(See also p. 123). Six-coordination has been
observed in K;3;ZrgCl;sBe and Be3ZrgCligBe,
in which the Be atom is encapsulated by
and contributes two bonding elections to the
octahedral Zrg cluster.’® Trigonal-pyramidal

8P KasTNER and R. HOPPE, Naturwiss. 61, 79 (1974).

TL. A. HarRIS and H. L. YANKEL, Acta Cryst. 22, 354-60
(1967).

#R. A. Howie and A. R. WEST, Narure 259, 473 (1976).
D. Scrupt and R. Horpe, Z anorg. allg. Chem., 578
119-32 (1989), 594, 87-94 (1991).

9M., SoMER, M. HaRTweG, K. PETErs, T.Popp and
H.-G. VON SCHNERING, Z. anorg. allg. Chem. 595, 217-23
(1991},

I0R, P. ZieBaRTH and J. D. CorBETT, J. Am. Chem. Soc.
110, 1132-9 (1988). J. ZHANG and J. D. CORBETT, Z. anorg.
allg. Chem, 598/599, 363-70 (1991).
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6-fold coordination of Be by H is found in
BC(BH4)2 (p 116)

The stereochemistry of Mg and the heavier
alkaline earth metals is more flexible than that
of Be and, in addition to occasional compounds
which feature low coordination numbers (2, 3
and 4), there are many examples of 6, 8 and
12 coordination, some with 7, 9 or 10 coordina-
tion, and even some with coordination numbers
as high as 22 or 24, as in SrCd;;, BaCd;; and
(Ca, Sr or Ba)Zn3.! Strontium is 5-coordinate
on the hemisolvate [Sr(OCstBug)z(thf)ﬂ.%thf
which features a distorted trigonal bipyramidal
structure with the two aryloxides in equatorial
positions.1®)

5.3.2 Hydrides and halides

Many features of the structure, bonding and sta-
bility of the Group 2 hydrides have already been
discussed (p. 65) and it is only necessary to add
some comments on BeH,, which is the most dif-
ficult of these compounds to prepare and the least
stable. BeH, (contaminated with variable amounts
of ether) was first prepared in 1951 by reduction
of BeCl, with LiH and by the reaction of BeMe,
with LiAlH4. A purer sample can be made by
pyrolysis of BeBuj at 210°C and the best prod-
uct is obtained by displacing BH; from BeB,H;g
using PPh; in a sealed tube reaction at 180°:

BeB,H; + 2PPh; —> 2Ph;PBH; + BeH,

BeH, is an amorphous white solid (d 0.65 gcm™3)
which begins to evolve hydrogen when heated
above 250°; it is moderately stable in air or water
but is rapidly hydrolysed by acids, liberating H,.
A hexagonal crystalline form (d 0.78 gcm™?)
has been prepared by compaction fusion at
6.2kbar and 130° in the presence of ~1% Li
as catalyst.' In all forms BeH, appears to
be highly polymerized by means of BeHBe

VA F. WELLS, Structural Inorganic Chemistry, 5th edn.,
Oxford University Press, Oxford, 1984, 1382 pp.

Hag R. DrRaKE, D.J. OTway, M. B. HURSTHOUSE and
K. M. A. MALIX, Polyhedron 11, 1995-2007 (1992).

12G, ). BRENDEL, E. M. MARLETT and L. M. NIEBYLSKI,
Inorg. Chem. 17, 3589-92 (1978).
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3-centre bonds and its structure is probably
similar to that of crystalline BeCl, and BeMe;
(see below). A related compound is the volatile
mixed hydride BeB,Hg, which is readily prepared
(in the absence of solvent) by the reaction of
BeCl, with LiBH,4 in a sealed tube:

120°C
BeCl, + 2LiBH4 —— BeB;Hs + 2LiCl

BeB,Hjg inflames in air, reacts almost explosively
with water and reacts with dry HCl even at low
temperatures:

BeB,Hg + 2HCl —— BeCl; + B,Hg + 2H;

The structure of this compound has proved
particularly elusive and at least nine different
structures have been proposed; it therefore
affords an instructive example of the difficulties
which attend the use of physical techniques for
the structural determination of compounds in the
gaseous, liquid or solution phases. In the gas
phase it now seems likely that more than one
species is present!!® and the compound certainly
shows fluxional behaviour which makes all the
hydrogen atoms equivalent on the nmr time
scale.™ A linear structure such as (a), with
possible admixture of singly bridged B-H-B and
triply bridged BeH3B variants is now favoured,
after a period in which triangular structures such
as (b) had been vigorously canvassed. Even
structure (c), which features planar 3-coordinate
Be, had been advocated because it was thought
to fit best much of the infrared and electron
diffraction data and also accounted for the ready
formation of adducts (d) with typical ligands such
as Et, 0, thf, R3N, R3P, etc. In the solid state the
structure has recently been established with some
certainty by single-crystal X-ray analysis.(}®
BeB,Hjs consists of helical polymers of BHyBe

13 K. BRENDHAUGEN, A. HAARLAND and D. P. NOVAK, Acta
Chem. Scand. A29, 801-2 (1975).

14D F. GalNes, J. L. WaLsH and D. F. HILLENBRAND, J.
Chem. Soc., Chem. Commun., 224-5 (1977).

15D, S. MARYNICK and W. N. LIPSCOMB, Inorg. Chem. 11,
820-3 (1972). D. S. MARYNICK, J. Am. Chem. Soc. 101,
6876-80 (1979). [See also J. F. STANTON, W. N. LIPSCOMB
and R. J. BARTLETT, J. Chem. Phys. 88, 5726-34 (1988) for
results of high-level computations.}
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Figure 5.1 Polymeric structure  of  crystalline

Be(BH,;); showing a section of the
-++{H;BH;)Be(H:BH3) - - - helix and one
“terminal”  or non-bridging  group
{(H):B(H, ).}

units linked by an equal number of bridging BH,
units (Fig. 5.1). Of thc 8 H atoms only 2 are
not involved in bonding to Be; the Be is thus 6-
coordinate (distorted trigonal prism) though the H
atoms are much closer to B (~110pm) than to Be
(2 at ~153 pm and 4 at ~162pm). The Be---B
distance within the helical chain is 201 pm and
in the branch is 192 pm. The relationship of this

Ch. 5

structure to those of ABH4); and AlHj itself
(p. 227) is noteworthy.

Anhydrous beryllium halides cannot be
obtained from reactions in aqueous solutions
because of the formation of hydrates such as
[Be(H,0)4]JF, and the subsequent hydrolysis
which attends attempted dehydration. Thermal
decomposition of (NH4);BeF, is the best route
for BeF;, and BeCl; is conveniently made from
the oxide

600-800°

BeO+ C +Cl BeCl; + CO

BeCl> can also be prepared by direct high-
temperature chlorination of metallic Be or Be;C,
and these reactions are also used for the
bromide and iodide. BeF, is a glassy material
that is difficult to crystallize; it consists of
a random network of 4-coordinate F-bridged
Be atoms similar to the structure of vitreous
silica, Si0,. Above 270°, BeF» spontaneously
crystallizes to give the quartz modification
(p- 342) and, like quartz, it exists in a low-
temperature a-form which transforms to the
B-form at 227°; crystobalite and tridymite forms
(p. 343) have also been prepared. The structural
similarities between BeF; and SiO, extend
to fluoroberyllates and silicates, and numerous
parallels have been drawn: e.g. the phase
diagram, compounds, and structures in the system
NaF-BeF; resemble those for Ca0-Si0;;
the system CaF,-BeF; resembles ZrO,-Si0;;
the compound KZnBeiFy is isostructural with
benitoite, BaTiSi30s, etc.

BeCl, has an unusual chain structure (a) which
can be cleaved by weak ligands such as Et;0 to
give 4-coordinate molecular complexes Ly BeCl,
(b); stronger donors such as H>O or NHj lead

Cl
\Bci\
P

Cl

Cl
cl A
\Bu———r— E':/

P ~
Ci \{‘.1 /

{a)
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a3
—

Et,0 NH,

NH, |
& HI.\ {

th)

to ionic complexes [BeLy}**[Cl]73 (¢c). In all
these forms Be can be considered to use the s,
P« py and p, orbitals for bonding; the CIBeCl
angle is substantially less than the tetrahedral
angle of 109° probably because this lessens the
repulsive interaction between neighbouring Be
atoms in the chain by keeping them further
apart and also enables a wider angle than 71°
to be accommodated at each Cl atom, consistent
with its predominant use of two p orbitals.
The detailed interatomic distances and angles
therefore differ significantly from those in the
analogous chain structure BeMe; (p. 128), which
is best described in terms of 3-centred “electron-
deficient” bonding at the Me groups, leading
to a BeCBe angle of 66° and a much closer
approach of neighbouring Be atoms (209 pm). In
the vapour phase BeCl, tends to form a bridged
sp? dimer (d) and dissociation to the linear (sp)
monomer (e) is not complete below about 900°;
tn contrast, BeF; is monomeric and shows little
tendency to dimerize in the gas phase.

The shapes of the monomeric molecules of
the Group 2 halides (gas phase or matrix isola-
tion) pose some interesting problems for those
who are content with simple theories of bond-
ing and molecular geometry. Thus, as expected
on the basis of either sp hybridization or the
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“Be Cl

oy

(d)

Cl Cl

VSEPR model, the dihalides of Be and Mg and
the heavier halides of Ca and Sr are essentially
linear. However, the other dihalides are apprecia-
bly bent, e.g. CaF; ~ 145°, StF> ~ 120°, BaF; ~
108°;  SrCl; ~ 130°, BaCl; ~ 115°; BaBr; ~
115°; Bal, ~ 105°. The uncertainties on these
bond angles are often quite large (£10°) and
the molecules are rather flexible, but there seems
little doubt that the equilibrium geometry is sub-
stantially non-linear, This has been interpreted in
terms of sd (rather than sp) hybridization!'® or
by a suitable ad hoc modification of the VSEPR
theory‘!™.

The c¢rystal structures of the halides of
the heavier Group 2 elements also show some
interesting trends (Table 5.3). For the Auorides,
increasing size of the metal enables its

1R.L. DEKOCK, M. A. PETERSON, L. A. TIMMER,
E. I. BAERENDS and P. VErNoOUS, Polvhedron 9, 1919-34
(1990) and references cited therein. D. M. HasseTT and
C. J. MaRSDEN, J. Chem. Soc.. Chem. Comnum., 667-9
{1990).

YR, J. GWLESPIE, Chem. Soc. Revs. 21, 59-69 (1992).

Table 5.3 Crystal structures of alkaline earth halides®

Be Mg Ca Sr Ba
F Quartz Rutile(TiO;) Fluorite Fluorite Fluorite
Ci Chain CdCls Deformed TiQ; Deformed TiQ, PbCl,
Br Chain Cdl Deformed TiQ» Deformed PbCl, PhCl;
1 — Cd[g Cd12 Sl'lz PbC]z

@For description of these structures sce: quanz. (p. 342), rutile (p. 961), CACl; (p. 1212), Cdl; (p. 1212),
PbCl; (p. 382); the fluorite, BeCl;-chain and Srl; structures are described in this subsection,
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coordination number to increase from 4 (Be)
to 6 (Mg) and 8 (Ca, Sr, Ba). CaF, (fluorite)
is a standard crystal structure type and its
cubic unit cell is illustrated in Fig. 5.2. The
other halides (Cl, Br, I} show an increasing
trend away from three-dimensional structures,
the Be halides forming chains (as discussed
above) and the others tending towards layer-
lattice structures such as CdCl,, Cdl; and Pbls.
Srl, is unigue in this group in having sevenfold
coordination (Fig. 5.3); a similar coordination
polyhedron is found in Eulz, but the way they are
interconnected differs in the two compounds.{'®

Figure 5.2 Unit cell of CaF; showing eightfold
(cubic) coordination of Ca by 8F and
fourfold (tetrahedral) coordination of F
by 4Ca. The structure can be thought of
as an fcc array of Ca in which all the
tetrahedral interstices are occupied by F.

The most important fluoride of the alkaline
earth metals is CaF- since this mineral (fluorspar)
is the only large-scate source of fluorine (p. 795).
Annual world production now exceeds 5 million
tonnes the principal suppliers (in 1984) being
Mexico (15%), Mongolia (15%), China (14%),
USSR (13%) and South Africa (7%). The largest
consumer is the USA, though 85% of its needs
must be imported. CaF; is a white, high-melting
(1418°C) solid whose low solubility in water
permits quantitative analytical precipitation. The

"8 E. T. RIETSCHEL and H. BARNIGHAUSEN, Z. anorg. allg.
Chemn. 368, 62-72 (1969).

@ O

Sr-T(la, b, ¢} 337pm
Sr-1(2a,d) 326 pm
Sr-I(2b, ¢) 342 pm

Average Sr-] 335 pm

Figure 5.3 Structure of Srl; showing sevenfold coor-
dination of Sr by L. The planes 1 and 2
are almost parallel (4.5°) and the planes
1a2a2d and 1b2b2clc are at an angle of
12° to each other.”

other fluorides {except BeF,) are also high-
melting and rather insoluble. By contrast, the
chlorides tend to be deliquescent and to have
much lower mps (715-960"); they readily form
numerous hydrates and are soluble in alcohols.
MgCl, is one of the most important salts of Mg
industrially (p. 110) and its concentration in sea
water is exceeded only by NaCl. CaCl; is alsc of
great importance, as noted earlier; its production
in the US is in the megatonne region and its 1990
price was: bulk $182/tonne, granules $360/tonne,
i.e 36 cents/kg. Its traditional uses include:

(a) brine for refrigeration plants (and for filling
inflated tires of tractors and earth-moving
equipment to increase traction);

(b) control of snow and ice on highways and
pavements (side walks) — the CaCl,-H,0O
eutectic at 30 wt% CaCl; melts at —55°C
(compared with NaCl--H,0 at —18°C);

(c) dust control on secondary roads, unpaved
streets, and highway shoulders;

(d) freeze-proofing of coal and ores in ship-
ping and stock piling;

(e) use in concrete mixes to give quicker ini-
tial set, higher early strength, and greater
ultimate strength.

The bromides and iodides continue the
trends to lower mps and higher solubilities
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in water and their ready solubility in alco-
hols, ethers, etc., is also notable; indeed,
MgBr. forms numerous crystalline solvates
such as MgBr;.6ROH (R =Me, Et, Pr),
MgBr;.6Me,CO, MgBr;.3Et;O, in addition to
numerous ammines MgBr,.nNH3 (n = 2-6).
The ability of Group 2 cations to form coordi-
nation complexes is clearly greater than that of
Group 1 cations (p. 90).

Alkaline earth salts MHX, where M = Ca, Sr
or Ba and X = Cl, Br or I can be prepared by
fusing the hydride MH, with the appropriate
halide MX; or by heating M+MX; in an
atmosphere of H, at 900°. These hydride halides
appear to have the PbCIF layer lattice structure
though the H atoms were not directly located.
The analogous compounds of Mg have proved
more elusive and the preceding preparative
routes merely yield physical mixtures. However,
MgCIH and MgBrH can be prepared as solvated
dimers by the reaction of specially activated
MgH; with MgX, in thf:

Et,O
MgR, + LiAlH; —— MgH, + LiAlHR,

thf
MgH, + MgX, —— [HMgX(thf)],
The chloride can be crystallized but the bromide
disproportionates. On the basis of mol wt and

infrared spectroscopic evidence the proposed
structure is:

CHO Cl

gl
= S

Cl ~0CH;

5.3.3 Oxldes and hydroxides (1920

The oxides MO are best obtained by calcining
the carbonates (pp. 114 and 122); dehydration of
the hydroxides at red heat offers an alternative
route. BeO (like the other Be chalcogenides)

9D. A. EvErResT, Beryllium, Comprehensive Inorganic
Chemistry Vol. 1, pp. 531-90 Pergamon Press, Oxford
(1973).
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has the wurtzite structure (p. 1210) and is
an excellent refractory, combining a high mp
(2507°C) with negligible vapour pressure below
this temperature; it has good chemical stability
and a very high thermal conductivity which
is greater than that of any other non-metal
and even exceeds that of some metals. The
other oxides in the group all have the NaCl
structure and this structure is also adopted by
the chalcogenides (except MgTe which has the
wurtzite structure). Lattice energies and mps
are again very high: MgO mp 2832°, CaO
2627°, 510 2665°, BaO 1913°C (all & ca. 30°).
The compounds are comparatively unreactive
in bulk but their reactivity increases markedly
with decrease in particle size and increase in
atomic weight. Notable reactions (which reverse
those used to prepare the oxides) are with CO,
and with H,O. MgO is extensively used as a
refractory: like BeO it is unusual in being both an
excellent thermal conductor and a gooed electrical
insulator, thus finding widespread use as the
insulating radiator in domestic heating ranges and
similar appliances. CaO (lime}) is produced on an
enormous scale in many countries and, indeed, is
one of the half-dozen largest tonnage industrial
chemicals to be manufactured (see Panel on
p. 120). Production in 1991 exceeded 16 million
tonnes in the USA alone. Its major end uses
(in descending tonnages) are as a flux in steel
manufacture; in the production of Ca chemicals;
in the treatment of municipal water supplies,
industrial wastes and sewage; in mortars and
cements; in the pulp and paper industries; and
in non-ferrous metal production. Price for bulk
quantities is ~$45 per tonne.

In addition to the oxides MO, peroxides
MO, are known for the heavier alkaline earth
metals and there is some evidence for yellow
superoxides M(0,), of Ca, Sr and Ba; impure
ozonides Ca(0.), and Ba(Os); have also been
reported.?! As with the alkali metals, stability

20 R. D. GooDENOUGH and V. A. STENGER, Magnesium,
calcium, strontium, barium and radium, Comprehensive
Inorganic Chemistry, Vol, 1, pp. 591-664 (1973).

21 N.-G. VANNERBERG, Prog. Inorg. Chem. 4, 125-97
(1962).
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Industrial Uses of Limestone and Lime

Limestone rock is the commonest form of calcium carbonate, which also occurs as chalk, marble, corals, calcite, aragonite,
etc., and {with Mg) as dolomite. Limestone and dolomite are widely used as building materials and road aggregate and both
are quarried on a vast scale worldwide. CaCO; is also a major industrial chemical and is indispensable as the precursor of
quick lime (Ca0) and slaked lime, Ca(OH),. These chemicals are crucial to large sections of the chemical, metallurgical
and construction industries, as noted below, and are produced on a scale exceeded by very few other materials.22 Thus,
world production of lime exceeds t10million tonnes, and even this is dwarfed by Portland cement (793 million tonnes in
1984) which is made by roasting limestone and sand with clay (p. 252).

Large quantities of lime are consumed in the steel industry where it is used as a flux to remove P, S, Si and t0 a
lesser extent Mn. The basic oxygen stecl process typically uses 75kg lime per tonne of steel, or a rather larger quantity
(100-300kg) of dolomitic quick lime, which markedly extends the life of the refractory fumace linings. Lime is also used
as a lubricant in steel wire drawing and in neutralizing waste sulfuric-acid-based pickling liquors. Another metatlurgical
application is in the production of Mg (p. 110): the ferro-silicon (Pidgeon) process (1) uses dolomitic lime and both of
the Dow electrolytic methods (2). (3), also require lime.

2(CaO.MgO) + Si/fFe —— 2Mg + Ca2Si04/Fe )
Ca0.MgO + CaClz.MgCl, (brine) + COs —— 2CaCO; + 2MgCl, (then electrolysis) (2)
Ca(OH); + MgCl, (seawater) —— Mg(OH), + CaCl; } ®

Mg(OH); + 2HCl —— 2H,0 + MgCl, (then electrolysis)

Lime is the largest tonnage chemical used in the treatment of potable and industrial water supplies. In conjunction
with alum or iron salts it is used to coagulate suspended solids and remove turbidity. It is also used in water softening to
remove temporary (bicarbonate) hardness. Typical reactions are:

Ca(HCO3); + Ca(OH), —— 2CaC03} + 2H;0
Mg(HCO;3)2 + Ca(OH),—— MgCO3} + CaC03} + 2H20
MgCO; + Ca(OH);— Mg(OH) | + CaCO3 ) eic.

The neutralization of acid waters (and industrial wastes) and the maintenance of optimum pH for the biological oxidation
of sewage are further applications. Another major use of lime is in scrubbers to remove SO2/HaS from stack gases of
fossil-fuel-powered generating stations and metallurgical smelters,

The chemical industry uses litne in the manufacture of calcium carbide (for acetylene, p. 297), cyanamide (p. 323),
and numerous other chemicals. Glass manufacturing is also a major consumer, most common glasses having ~12% CaO
in their formulation. The insecticide calcium arsenate, obtained by neutralizing arsenic acid with lime, is much used
for controlling the cotton boll weavil, codling moth, tobacco worm, and Colorado potato beetle. Lime-sulfur sprays and
Bordeaux mixtures {(CuSQ4/Ca(OH);] are important fungicides.

The paper and pulp industries consume large quantities of Ca(OH); and precipitated (as distinct from naturally occur-
ring) CaCO3. The largest application of lime in pulp manufacture is as a causticizing agent in sulfate (kraft) plants (p. 89).
Here the waste NayCO; sohution is reacted with lime 1o regenerate the caustic soda used in the process:

Na;COj + CaO + H,0 —— CaCOy + 2NaOH

About 95% of the CaCOy mud is dried and recalcined in rotary kilns to recover the Ca0. Calcium hypochlorite bleaching
liquor (p. 860) for paper pulp is obtained by reacting lime and Cl,.

The manufacture of high quality paper involves the extensive use of specially precipitated CaCO3. This is formed by
calcining limestone and collecting the CO; and CaO separately; the latter is then hydrated and recarbonated to give the
desired product. The type of crystals obtained, as well as their size and habit, depend on the temperature, pH, rate of
mixing, concentration and presence of additives. The fine crystals (<45 ;«m) are often subsequently coated with fatty acids,
resins and wetting agents to improve their flow properties. US prices (1991) range from 5-45 cents per kg depending on
grade and the amounts consumed are immense, ¢.g. 5.9 million tonnes p.a. in the USA alone. CaC04 adds brightness,
opacity, ink receptivity and smoothness to paper and, in higher concentration, counteracts the high gloss produced by kaolin
additives and produces a matte or dull finish which is particularly popular for textbooks. Such papers may contain 5-50%
by weight of precipitated CaCO3. The compound is also used as a filler in rubbers, latex, wallpaints and enamels, and in
plastics (~10% by weight) to improve their heat resistance, dimensional stability, stiffness, hardness and processability.

Panel continues

2R, S. BOYNTON, Chemistry and Technology of Lime and Limestone, 2nd edn., Wiley, Chichester, 1980, 579 pp.
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Domestic and pharmaceutical uses of precipitated CaCO; include its direct use as an antacid, a mild abrasive in
toothpastes, a source of Ca enrichment in diets, a constituent of chewing gum and a filler in cosmetics.

In the dairy industry lime finds many uses. Lime water is often added to cream when separated from whole milk,

in order to reduce its acidity prior to pasteurization and conversion to butter. The skimmed milk is then acidified to

casein which is mixed with lime to produce calcium caseinate glue. Fermentation of the remaining skimmed

milk (whey) followed by addition of lime yields calcium lactate which is used as a medicinal or to produce lactic

acid on reacidification. Likewise the sugar industry relies heavily on lime: the crude sugar juice is reacted with lime to

precipitate calcium sucrate which permits purification from phosphatic and organic impurities. Subsequent treatment with

CO, produces insoluble CaCO; and purified soluble sucrose. The cycle is usually repeated several times; cane sugar

normally requires ~3-5kg lime per tonne but beet sugar requires 100 times this amount i.c. ~} tonne lime per tonne

of sugar.

increases with electropositive character and size:
no peroxide of Be is known; anhydrous MgO,
can only be made in liquid NHj; solution,
aqueous reactions leading to various peroxide
hydrates; CaO, can be obtained by dehydrating
Ca0,.8H,0 but not by direct oxidation, whereas
SrO, can be synthesized directly at high oxygen
pressures and BaO; forms readily in air at 500°.
Reactions with aqueous reagents are as expected,
and the compounds can be used as oxidizing
agents and bleaches:

Ca0,(s) + HSO4(aq) ——> CaSO4(s) + H20,(aq)
Ca(0,), + H2S0,4(aq) ——> CaSOq(s)
+ Hy03(aq) + O2(g)

MgO, has the pyrite structure (p. 680) and the
Ca, Sr and Ba analogues have the CaC; structure
(p. 298).

The hydroxides of Group 2 elements show
a smooth gradation in properties, with steadily
increasing basicity, solubility, and heats of for-
mation from the corresponding oxide. Be(OH); is
amphoteric and Mg(OH); is a mild base which,
as an aqueous suspension (milk of magnesia),
is widely used as a digestive antacid. Note that,
though mild, Mg(OH), will neutralize 1.37 times
as much acid as NaOH, weight for weight, and
2.85 times as much as NaHCOQ;. Ca(OH), and
Sr(OH), are moderately strong to strong bases
and Ba(OH), approaches the alkali hydroxides in
strength.

Beryllium salts rapidly hydrolyse in water
to give a series of hydroxo complexes of
undetermined structure; the equilibria depend

sensitively on initial concentration, pH, tempera-
ture, etc., and precipitation begins when the ratio
OH“/BeH(aq) > 1. Addition of further alkali
redissolves the precipitate and the properties of
the resultant solution are consistent (at least
qualitatively) with the presence of isopolyanions
of the type [(HO)Z{Be(p.-OH)z},,Be(OH)z]z“.
Further addition of alkali progressively depoly-
merizes this chain anion by hydroxyl addition
until ultimately the mononuclear beryllate anion
[Be(OH)4)>~ is formed. The analogy with
Zn(OH), and AI(OH); is clear.

The solubility of Be(OH), in water is
only ~3x107%gl™! at room temperature,
compared with ~3 x 1072 g1~! for Mg(OH), and
~1.3gl™! for Ca(OH),. Strontium and barium
hydroxides have even greater solubilities (8 and
38 g 17! respectively at 20°).

The crystal structures of M(OH), also follow
group trends.'V Be(OH), crystallizes with 4-
coordinate Be in the Zn(OH), structure which
can be considered as a diamond or cristobalite
(Si0y) lattice distorted by H bonding. Mg(OH),
(brucite) and Ca(OH), have 6-coordinate cations
in a Cdl, layer lattice structure with OH bonds
perpendicular to the layers and strong O-H---O
bonding between them. Strontium is too large
for the CdI, structure and Sr(OH), features 7-
coordinate Sr (3 + 4), the structure being built
up of edge-sharing monocapped trigonal prisms
with no H bonds. (The monohydrate has bicapped
trigonal prismatic coordination about Sr.) The
structure of Ba(OH); is complex and has not yet
been fully determined.
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5.3.4 Oxoacid salts and coordination
complexes

The chemical trends and geochemical signifi-
cance of the oxoacid salts of the alkaline earth
metals have already been mentioned (p. 109) and
the immense industrial importance of the carbon-
ates and sulfates in particular can hardly be over
emphasized (see Panel on limestone and lime). A
speciality use can also be noted: mother-of-pearl
(nacre) is a material composed of thin plates of
chalk (in the form of aragonite) stuck together
with a protein glue. It is irridescent and highly
decorative when polished and, despite being 95%
chalk, is very strong.

Calcium sulfate usually occurs as the dihydrate
(gypsum) though anhydrite (CaSQO,) is also
mined. Alabaster is a compact, massive,
finegrained form of CaS04.2H,0 resembling
marble. When gypsum is calcined at 150-165°C
it looses approximately three-quarters of its
water of crystallization to give the hemihydrate
CaSO4.%HZO, also known as plaster of Paris
because it was originally obtained from gypsum
quarried at Montmartre. Heating at higher
temperatures yields various anhydrous forms:

~150° ~200°
CaS04.2H,0 —— CaSO4.%H20 —

~600° ~1100°
y-CaSO, —— B-CaS0O, —— Ca0 + SO3

Gypsum, though not mined on the same scale
as limestone, is nevertheless still a major
industrial mineral. World production in 1990
was 97.7 million tonnes, the major producing
countries being the USA (15.2%), Canada
(8.4%), Iran (8.2%), China (8.2%), Japan
(6.5%), Mexico (6.1%), Thailand (5.9%), France
(5.8%) and Spain (5.1%); the remaining 30.6%
(30million tonnes) was distributed between
over 20 other countries including the former
Soviet Union (4.8%) and the UK (4.1%). A
representative price in 1990 was $5.5 per tonne.
In the USA about 28% of the gypsum used
is uncalcined and most of this is for Portland
cement (p.252) or agricultural purposes. Of
calcined gypsum, virtually all (95%) is used for

prefabricated products, mainly wall board, and
the rest is for industrial and building plasters. The
hemihydrate expands slightly (0.2—-0.3% linear)
on rehydration with water and this is crucial to
its use in mouldings and plasters; the expansion
can be modified in the range 0.03—-1.2% by the
use of additives.

Other oxoacid salts and binary compounds are
more conveniently discussed under the chemistry
of the appropriate non-metals in later chapters.

Beryllium is unique in forming a series of
stable, volatile, molecular oxide-carboxylates of
general formula [OBes(RCO3)], where R = H,
Me, Et, Pr, Ph, etc. These white crystalline
compounds, of which “basic beryllium acetate”
(R = Me) is typical, are readily soluble in organic
solvents, including alkanes, but are insoluble
in water or the lower alcohols. They are best
prepared simply by refluxing the hydroxide or
oxide with the carboxylic acid; mixed oxide
carboxylates can be prepared by reacting a
given compound with another organic acid or
acid chloride. The structure (Fig. 5.4) features
a central O atom tetrahedrally surrounded by
4 Be. The 6 edges of the tetrahedron so
formed are bridged by the 6 acetate groups in
such a way that each Be is also tetrahedrally
coordinated by 4 oxygens. [OBes(MeCO;)s]
melts at 285° and boils at 330°; it is stable
to heat and oxidation except under drastic
conditions, is only slowly hydrolysed by hot
water, but is decomposed rapidly by mineral
acids to give an aqueous solution of the
corresponding beryllium salt and free carboxylic
acid. The basic nitrate [OBes(NO3)¢] appears
to have a similar structure with bridging
nitrate groups. The compound is formed by
first dissolving BeCl, in N;Og/ethyl-acetate to
give the crystalline solvate [Be(NO3)2.2N,04];
when heated to 50° this gives Be(NOs), which
decomposes suddenly at 125°C into N,O4 and
[OBe4(NO3)s].

In addition to the oxide carboxylates, beryllium
forms numerous chelating and bridged complexes
with ligands such as the oxalate ion C,04%",
alkoxides, B-diketonates and 1,3-diketonates.??
These almost invariably feature 4-coordinate Be
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Figure 5.4 The molecular structure of “basic beryllium acetate” showing (a) the regular tetrahedral arrangement
of 4 Be about the central oxygen and the octahedral arrangement of the 6 bridging acetate groups,
and (b) the detailed dimensions of one of the six non-planar 6-membered heterocycles. (The Be atoms
are 24 pm above and below the plane of the acetate group.) The 2 oxygen atoms in each acetate
group are equivalent. The central Be-O distances (166.6 pm) are very close to that in BeO itself
(165 pm).

though severe steric crowding can reduce the
coordination number to 3 or even 2; for example,
the very volatile dimeric perfluoroalkoxide (a)
was prepared in 1975 and the unique monomeric
bis(2,6-di-t-butylphenoxy)beryllium (b) has been
known since 1972.

Halide complexes are also well known but
complexes with nitrogen-containing ligands are
rare. An exception is the blue phthalocyanine
complex formed by reaction of Be metal
with phthalonitrile, 1,2-C¢Hs(CN),, and this
affords an unusual example of planar 4-
coordinate Be (Fig. 5.5). The complex readily
picks up two molecules of H,O to form
an extremely stable dihydrate, perhaps by
dislodging 2 adjacent Be—N bonds and forming
2 Be-O bonds at the preferred tetrahedral
angle above and below the plane of the
macrocycle.

Magnesium forms few halide complexes of the
type MX,42~, though [NEt4];[MgCl,] has been
reported; examples of MX,,"~2)~ for the heavier
alkaline earths are lacking, though hydrates and
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Figure 5.5 The beryllium phthalocyanine complex.

other solvates are well known. The first exam-
ples of monomeric six-coordinate (octahedral)
complexes of strontium salts have recently been
characterized, viz. trans-[Srl(hmpa)s] and cis-
[SH(NCS);(hmpa)s] where hmpa is (Me;N);PO;
they were made as colourless crystals by
refluxing a mixture of NHyl (or NH3SCN)
with metallic Sr and hmpa in toluene for
1 hour.?»

Oxygen chelates such as those of edta and
polyphosphates are of importance in analytical
chemistry and in removing Ca ions from
hard water. There is no unique sequence
of stabilities since these depend sensitively
on a variety of factors: where geometrical
considerations are not important the smaller ions
tend to form the stronger complexes but in
polydentate macrocycles steric factors can be
crucial. Thus dicyclohexyl-18-crown-6 (p. 96)
forms much stronger complexes with Sr and
Ba than with Ca (or the alkali metals) as
shown in Fig. 5.6.%% Structural data are also
available and an example of a solvated 8-
coordinate Ca complex [(benzo-l15-crown-5)-
Ca(NCS);.MeOH] is shown in Fig. 5.7. The
coordination polyhedron is not regular: Ca lies
above the mean plane of the 5 ether oxygens

22D. BaRR, A.T. BROOKER, M.J. DoYLE, S.R. DRAKE,
P. R. RaITHBY, R, SNAITH and D. S. WRIGHT, J. Chem. Soc.,
Chem. Commun., 893-5 (1989).

24 See refs. 38 and 66 of Chapter 4.
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Figure 5.6 Formation constants K for complexes of
dicyclohexyl-18-crown-6 ether with vari-
ous cations. Note that, although the radii
of Ca’*, Na™ and Hg?* are very simi-
lar, the ratio of the formation constants
is 1:6.3:225. Again, K™ and Ba’* have
similar radii but the ratio of X is 1:35 in
the reverse direction (note log scale).
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Figure 5.7 Molecular structure of benzo-15-crown-
5-Ca(NCS);.MeOH.

(mean Ca-O 253pm) and is coordinated on
the other side by a methanol molecule (Ca-O
239pm) and two non-equivalent isothiocyanate
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groups (Ca-N 244pm) which make angles
Ca-N-CS of 153° and 172° respectively.®>
Cryptates (pp. 97-8) are also known and usually
follow the stability sequence Mg < Ca < Sr <
Ba.®® The first monomeric barium alkoxides,
[Ba{O(CH,CH,0),Me};] (n =2, 3), which
incorporate coordinating polyether functions,
were isolated in 1991; the compounds, which
are unusual in being liquids at room temperature
and which feature 6- and 8-coordinate Ba,
respectively, were made by direct reaction
of Ba metal with the oligoether alcohols
in thf.(6)

Preeminent in importance among the macro-
cyclic complexes of Group 2 elements are
the chlorophylls, which are modified porphyrin
complexes of Mg. These compounds are vital to
the process of photosynthesis in green plants (see
Panel). Magnesium and Ca are also intimately

25§, D. OwWeN and J. N. WINGFIELD, J. Chem. Soc., Chem.
Commun., 318--9 (1976).

26Ww. S. REes and D. A. MorReNo, J. Chem. Soc., Chem.
Commun., 1759-60 (1991).
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involved in biochemical processes in animals:
Mg ions are required to trigger phosphate trans-
fer enzymes, for nerve impulse transmissions
and carbohydrate metabolism; Mg ions are also
involved in muscle action, which is triggered by
Ca ions. Ca is required for the formation of bones
and teeth, maintaining heart rhythm, and in blood
clotting.?73~D

272 W, E. C. WACKER, Magnesium and Man, Harvard Univer-
sity Press, London, 1980.

2 M. N. HUGHES, The Inorganic Chemistry of Biological
Processes, Wiley, London, 1972, Chap. 8, pp. 256-82.

27c G. L. EICHHORN (ed.), Inorganic Biochemistry, Elsevier,
Amsterdam, 1973, 2 Vols., 1263 pp.

274 B, S. COOPERMAN, Chap. 2 in H. SIGAL (ed.), Metal lons
in Biological Systems, Vol. 5, Dekker, New York, 1976,
pp. 80-125.

27 K. S. RajaN, R. W. CoLBURN and J. M. Davis, Chap. 5
in H. SiGAL (ed.), Metal lons in Biological Systems, Vol. 6,
Dekker, New York, 1976, pp. 292-321. Also F. N. BRIGGS
and R. J. SoLARO, Chap. 6, pp. 324-98 in the same volume.
271 H. SCHEER, Chlorophylls, CRC Press, Boca Raton, 1991.
22 M. CALVIN, The path of carbon in photosynthesis, Nobel
Lectures in Chemistry 1942-62, Elsevier, Amsterdam, 1964,
618-44.

Chlorophylls and Photosynthesis

Photosynthesis is the process by which green plants convert atmospheric CO; into carbohydrates such as glucose. The
overall chemical change can be expressed as

6CO; + 6H20 —~— CoHyz06 + 60;

though this is a gross and somewhat misleading over-simplification. The process is initiated in the photoreceptors of
the green magnesium-containing pigments which have the generic name chlorophyll (Greek: xAwpdg, chloros green;
dUALov, phylion leaf), but many of the subsequent steps can proceed in the dark. The overall process is endothermic
AH® ~ 469k) per mole of CO;) and involves more than one type of chlorophyll. It also involves a manganese com-
plex of unknown composition, various iron-containing cytochromes and ferredoxin (p. 1102), and a copper containing
plastocyanin.

Photosynthesis is essentially the conversion of radiant electromagnetic energy (light) into chemical energy in the form of
adenosine triphosphate (ATP) and reduced nicotinamide adenine dinucleotide phosphate (NADP). This energy eventually
permits the fixation of CO; into carbohydrates, with the liberation of O;. As such, the process is the basis for the nutrition
of all living things and also provides mankind with fuel (wood, coal, petroleum), fibres (cellulose) and innumerable useful
chemical compounds. About 90-95% of the dry weight of crops is derived from the CO2/H,O fixed from the air during
photosynthesis — only about 5-10% comes from minerals and nitrogen taken from the soil. The detailed sequence of
eyents is still not fully understood but tremendous advances were made from 1948 onwards by use of the then newly
ayailable radioactive 14CO, and paper chromatography. With these tools and classical organic chemistry M. Calvin and
his group were able to probe the biosynthetic pathways and thus laid the basis for our present understanding of the
complex series of reactions. Calvin was awarded the 1961 Nobel Prize in Chemistry “for his research on the carbon
dioxide assimilation in plants”.(®)

Panel continues
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Chlorophylls are complexes of Mg with macrocyclic ligands derived from the parent tetrapyrrole molecule porphin

(structure 1). They are thus related to the porphyrin (substituted porphin) complexes which occur in haem proteinsf such
as haemoglobin. myoglobin and the cytochromes (p. 1101). [The word haem and the prefix haemo derive directly from
the Greek word afpa, blood, whereas porphyrins derive their name from the characteristic purple-red coloration which
these alkaloids give when acidified (Greek népdvp-oc, porphyros purple).] The haem group is illustrated in structure 2.
When the C==C double bond in the pyrrole-ring 1V of porphin is frans hydrogenated and when a cyclopentanone ring
is formed between ring HI and the adjacent (y) methine bridge then the chlorin macrocycle (structure 3) is produced.
and this is the basis for the various chlorophylls. Chlorophyll a (Chl a) is shown in structure 4; this is the most common
of the chlorophylls and is found in all Oz-evolving organisms. It was synthesized with complete chiral integrity by
R. B. Woodward and his group in 1960 — an achievement of remarkable virtuosity. Variants of chlorophyll are:

Chlorophyil &, in which the 3-Me group is replaced by —~CHO; this occurs in higher plants and green algae, the ratio
CHI b:Chl a being ~1:3.

Chiorophyll ¢, in which position 7 is substituted by acrylic acid, ~CH==CHCOH: it occurs in diatoms and brown algae.
Chlorophyll d. in which 2-vinyl is replaced by ~CHO.

Panel continues

TThe first time that these two apparently very different but actually closely related coloured materials, chlorophyll and
haemoglobin, were connected was in an extraordinarily percipient poem written in 1612 by the English poet John Donne who
mused: Why grass is green or why our blood is red/Are mysteries that none have reached unto.

Next Page
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It is important to note that the chlorin macrocycle is “ruffied” rather than compietely planar and the Mg atom is ~30-50 pm
above the plane of the 4 N atoms. In fact the Mg is not 4-coordinate bui carries one (or sometimes two) other ligands,
notably water molecules, which play a crucial role in interconnecting the basic chlorophyll units into stacks by H bonding
to the cyclopentanone ring V of an adjacent chlorophyll molecule (see structure $).

The function of the chiorophyll in the chloroplast is to absorb photons in the red pant of the visible specirum
(near 680-700nm) and to pass this energy of excitation on to other chemical intermediates in the complex reaction
scheme. At least two photosystems are involved: the iniGating photosystem I (P680) which absorbs at 680nm and the
subsequent photosystem [ (P700). The detailed redox processes occurring, and the enzyme-catalysed synthetic pathways
(dark reactions) in-so-far as they have yet been elucidated, are described in biochemical texts and fall outside our present
scope. The Mg ion apparently serves several purposes: (a) it keeps the macrocycles fairly rigid so that energy is not so
readily dissipated by thermal vibrations; (b) it coordinates the H»O molecules which mediate in the H bonding between
adjacent molecules in the stack; and (c) it thereby enhances the rate at which the short-lived singlet excited state formed
initially by absorption of a photon by the macrocycle is transformed ta the corresponding longer-lived triplet state which
is involved in the redox chain (since this involves the H bonded system between several individual chlorophyll units over
a distance of some 1500-2000 pm). However, it is by no means clear why, of all metals, Mg is uniquely suited for this

purpose.

5.3.5 Organometalllc compounds @9-3)

Compounds contairing M-C bonds are well
established for Be and Mg but, as with the alkali
metals, reactivity within the group increases with
increasing electropositivity, and relatively few
organometallic compounds of Ca, Sr or Ba have
been isolated.

Beryllium G0

Beryllium dialkyls (BeR;, R = Me, Et, Pr", Pr,
Bu' etc.) can be made by reacting lithium alkyls
or Grignard reagents with BeCl, in ethereal solu-
tion, but the products are difficult to free from
ether and, when pure compounds rather than solu-
tions are required, a better route is by heating Be
metal with the appropriate mercury dialkyl:

G, E. Coates, M. L. H. GReen and K. WADE, Organo-
metallic Compounds, Yol. 1, The Main Group Elements, 3rd
edn., Chap. It, Group II, pp. 71-121, Methuen, London,
1967.

30N. A.BELL, Chap. 3, Beryllium in G. WILKINSON,
F.G. A. SToNe and E. W. ABEL (eds.) Comprehensive
Organometallic Chemistry, Pergamon Press, Oxford, 1982,
pp. 121-53.

3'W.E. LINDSELL, Chap. 4, Mg, Ca, Sr and Ba, in
G. WiLkiINsoN, F, G. A. STONE and E. W. ABEL (eds.)
Comprehensive Organometallic Chemistry, Pergamon Press,
Oxford, 1982, pp. 155-252.

EiO
BeCl, + 2LiMe ——> BeMe,.nELO + 2LiCI
Ei,0
BeCl, + 2MeMgCl —— BeMe,.nEt,0 + 2MgCl,

110°
Be + HgMe, —— BeMe; + Hg

BePh; (mp 245°) can be prepared similarly,
using LiPh or HgPh;; an excess of the former
reagent yields Li[BePh;]. Beryllium dialkyls are
colourless solids or viscous liquids which are
spontaneously flammable in air and explosively
hydrolysed by water. BeMe; (like MgMe;,
p. 131) has been shown by X-ray analysis to have
a chain structure analogous to that found in BeCl,
(p. 116) though the bonding is probably best
described in terms of 2-electron 3-centre bridge
bonds involving «CHj3 groups rather than that
adopted by bridging C] atoms which each form
two 2-electron 2-centre bonds involving a total
of 4 electrons per Be-Cl-Be bridge (Fig. 5.8).
Each C atom has a coordination number of
5 (cf. bonding in boranes, carbaboranes, etc.,
p. 157). Higher alkyls are progressively less
highly polymerized and the sterically crowded
BeBu) is monomeric. As with polymeric
BeCl;, addition of strong ligands results in
depolymerization and the eventual formation
of monomeric adducts, e.g. [BeMe;(PMes)s],
(BeMe,(Me;NCH,CH;NMe,)], etc. Pyrolysis
eliminates alkenes and leads to mixed hydrido
species of varable composition (see also
p. 115).
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Figure 5.8 (a) Chain structurc of BeMe, showing the acute angle at the bridging methyl group; the Be---Be
distance is 209 pm and the distance between the 2 C atoms across the bridge is 315 pm. (b) Pictorial
representation of the 3 approximately sp? orbitals used to form one 3-centre bridge bond; this descrip-
tion of the bonding is consistent with the acute bridging angle at C and the close approach of adjacent

Be atoms noted in (a).

Alkylberyllium hydrides of more precise stoi-
chiometry can be prepared by reducing BeBr;
with LiH in the presence of BeR;, e.g.:

Me H OEt;

Et,0 \/ \

BeMe; + BeBry + 2LiH ————» Be Be + 2LiBr

E,0O H  Me

The coordinated ether molecules can be replaced
by tertiary amines. Use of NaH in the
absence of halide produces the related compound
Na;[Me;BeH:;BeMe;]; the corresponding ethyl
derivative crystallizes with 1 mole of Et,O per
Na but this can readily be removed under
reduced pressure. The crystal structure of the
etherate is shown in Fig. 5.9%% and is important
in illustrating once more (cf. p. 103) how
misleading it can be to differentiate too sharply
between different kinds of bonding in solids, for
example: ionic |{Na(OEt»)),*|Et;BeH;BeEt;]*~
or polymeric [Et;ONaHBeLt;],. Thus in the
structure shown in Fig. 5.9 each Be is surrounded
tetrahedrally by 2 Et and 2 bridging H to form a
subunit

32G. W. ApamsoN and H. M. M. SHEARER, J. Chem. Soc.,
Chem. Commun., 240 (1965).

Ex\B /H\B c/Et
El/ \H/ \El

In addition, each H is coordinated tetrahedrally
by 2 Be and 2 Na, and each Na is directly bonded
to 1 Et20. Be-C is 180 pm and Be—H is 140 pm,
close to expected values; Na—H is 240 pm, equal
to that in NaH. The distance Na-.-Na is 362 pm
which is less than in Na metal (372pm) but
greater than in NaH (345 pm), where each Na
is surrounded by 6H; Be---Be is 220 pm as in
Be metal. It is therefore misleading to consider
the structure as being built up from the isolated
ions [Na(OEt)]" and [Et;BeHsBeEt;]*~ and it
is perhaps better to regard it as a chain polymer
[EtzONaHBeEt;],, which in plane projection can
be written as:
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Figure 5.9 Crystal structure of the etherate of polymeric sodium hydridodiethylberyllate (Et;ONaHBeEt,),
emphasizing two features of the structure (see text).

Alkylberyllium alkoxides (RBeOR’) can be
prepared from BeR, by a variety of routes such
as alcoholysis with R'OH, addition to carbonyls,
cleavage of peroxides R'OOR’ or redistribution
with the appropriate dialkoxide Be(OR),, e.g.:

4BeMe, + 4Bu/OH

l—4CH4
2BeMe; + 2Be(OBuwl), ~—— -

]

4BeMe, + 2BW/OOBW! 4BeMe, + 4Me,C—0

Ring opening of ethylene oxide has also been
used:

4BeMe; + 4CH\2 /CH2 —» (MeBeOP2),
O

The compounds are frequently tetrameric and
probably have the “cubane-like” structure
established for the zinc analogue (MeZnOMe),.
The methylberyllium alkoxides (MeBeOR"), are
reactive, low-melting solids (mp for R’ = Me
25°, Et 30°, Pr' 40°, PY 136°, Bu' 93°).
Bulky substituents may reduce the degree of
oligomerization, e.g. trimeric {EtBeOCEty)s, and
reaction with coordinating solvents or strong
ligands can also lead to depolymerization,
e.g. dimeric (MeBeOBU'.py). and monomeric
PhBeOMe 2Et;0O:

Reaction of beryllium dialkyls with an excess
of alcohol yields the alkoxides Be(OR):. The
methoxide and ethoxide are insoluble and



130 Beryllium, Magnesium, Calcium, Strontium, Barium and Radlum Ch. 5

probably polymeric, whereas the r-butoxide
(mp 112°) is readily soluble as a trimer in
benzene or hexane; the proposed structure:

But Bu!
0 0
B0 \B 7 OB
il e 13
L
0 \\‘0
Buf Bu/

involves both 3- and 4-coordinate Be and is
consistent with the observation of 2 proton
nmr signals at v 8.60 and 8.75 with intensi-
ties in the ratio 2:1. (A precisely analogous
structure has been established by X-ray diffrac-
tion analysis for the “isoelectronic” linear trimer
[Be(NMe>)3]3.)%

Berylltum forms a series of cyclopentadienyl
complexes [Be(°-CsHsY] with Y = H, Cl, Br,
Me, —C=CH and BH,, all of which show
the expected Cs, symmetry (Fig. 5.10a). If
the pentahapto-cyclopentadienyl group (p. 937)
contributes 5 electrons to the bonding, then these
are all 8-electron Be complexes consistent with
the octet rule for elements of the first short

31 L. Arwoop and G. D, §tucky, Chem. Comm. 1967,
1169-70.

period.®* The bis(cyclopentadienyl) compound
(mp 59°C), first prepared by E. O. Fischer and
H. P. Hofmann in 1959, is also known but does
not adopt the ferrocene-type structure (p. 937)
presumably because this would require 12
electrons in the valence shell of Be. Instead, the
complex has C, symmetry and is, in fact, [Be(n'-
CsHs)(n°-CsHs)), as shown in Fig. 5.10b.09
The o-bonded Be-C distance is significantly
shorter than the five other Be~C distances and
there is some alternation of C-C distances in
the o-bonded cyclopentadienyl group. All H
atoms are coplanar with the rings except for
the one adjacent to the Be-C, bond. For free
molecules in the gas phase it seems unlikely
that the two cyclopentadienyl rings are coplanar,
and the most recent calculationst*® suggest a
dihedral angle between the rings of 117° with
Be-C, 172pm, Be-C, 187pm, and the angle
Be-C,—H 108°.

M E. D. JEMMIs, S. ALEXANDRATOS, P.v. R. SCHLEYER,
A. STREITWIESER and H. F. SCHAEFFLR, J. Am. Chem. Soc.
100, 5695-700 (1978).

35C.-H. WoNG, T.-Y. LEE, K.-). CHAO and S. LEE, Acta
Cryst. B28, 1662-5 (1972); C. WonG, T. Y. Leg, T. L. LEE,
T. W. CHaNG and C. S. L, Inorg. Nucl. Chem. Lenu. 9,
667-73 (1973).

36D, S, MaRYNICK, J. Am. Chem. Soc. 99, 1436-41 (1977).
See also J, B, CoLLINs and P, v, R, SCHLEYER, inorg. Chem.
16, 152-5 (1977).

(a) (b)
Figure 5.10 Cyclopentadienyl derivatives of beryllium showing (a) the Cs, structure of [{Be(n*-CsH;)Y] and
(b) the structure of crystalline [Be(n'-CsHs)(n*-CsHs)] at —120° (see text).
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Pentamethylcyclopentadienyl derivatives are
also known, e.g. [(7°-CsMes)BeCl]; this reacts
with LiPBu}, in Et,0 at —78 to give
colourless crystals of [(’-CsMes)BePBuj] in
high yield.®”) Here the dibutylphosphido group
is acting as a l-electron ligand to Be to
form a covalent bond of length 208.3 pm
almost perpendicular to the Cs plane: angle
P-Be-Cs(centroid) 168.3° Interestingly, the
Be-Cs(centroid) distance (148 pm) is notably
shorter than that found in [(p°-CsHsBeMe]
(190.7 pm), implying stronger bonding in the
pentamethyl derivative. Because the Be nucleus
has a spin of 3/2, the 3'P{'H} nmr signal
consists of a 1:1:1:1 quartet with a coupling
constant 'Jge_p of 50.0 Hz; this is an
order of magnitude greater than for Lewis-
base (2-electron) tertiary phosphine adducts
of Be.

Magnesium @Y

Magnesium dialkyls and diaryls, though well
established, have been relatively little studied
by comparison with the vast amount of work
which has been published on the Grignard
reagents RMgX. The dialkyls (and diaryls) can be
conveniently made by the reaction of LiR (LiAr)
on Grignard reagents, or by the reaction of HgR,
(HgAr») on Mg metal (sometimes in the presence
of ether). On an industrial scale, alkenes can be
reacted at 100° under pressure with MgH> or with
Mg in the presence of Hj:

Er,O i
LiR + RMgX —— MgR, + LiX

Et;0
HgR, + Mg —— MgR, + Hg

pressure

2CHs + Ha + Mg W’ MgEt,

A suitable laboratory method is to shift the
Schlenk equilibrium in a Grignard solution
(p. 132) by adding dioxan to precipitate the

37). L. ATwoop, S. G. BoTT, R. A. JoNEs and S. U. Kosch-
MIEDER, J. Chem. Soc., Chem. Commun., 692-3 (1990),
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complex MgX,.diox; this enables MgR, to be
isolated by careful removal of solvent under
reduced pressure:

C4Hg O,
2RMgX —= MgR, + MgX, ———

MgR2 + ngz .C4Hg O,

MgMe; 1s a white involatile polymeric solid
which is insoluble in hydrocarbons and only
slightly soluble in ether. Its structure is very sim-
ilar to that of BeMe; (p. 128) the corresponding
dimensions for MgMe, being: Mg—C 224 pm,
Mg-C-Mg 75°, C-Mg-C 105°, Mg---Mg
272pm and C-.-C (across the bridge) 357 pm.
Precisely analogous bridging Me groups are
found in dimeric AlbMeg (p. 259) and in the
monomeric compound Mg(AlMe4). which can be
formed by direct reaction of MgMe; and Al;Meg:

o
N

MgEt; and higher homologues are very similar
to MgMe, except that they decompose at a
lower temperature (175-200° instead of ~250°C)
to give the corresponding alkene and MgH-
in a reaction which reverses their preparation.
MgPh, is similar: it is insoluble in benzene
dissolves in ether to give the monomeric complex
MgPh; 2Et,O and pyrolyses at 280° to give Ph;
and Mg metal. Like BePh; it reacts with an
excess of LiPh to give the colourless complex
Li[MgPh,].

The first organosilylmagnesium compound
[Mg(SiMe1),1.(-CH,OMe),, was isolated in
1977;5% it was obtained as colourless, spon-
taneously flammable crystals by reaction of
bis(trimethylsilyl)mercury with Mg powder in

B L. RoscH, Angew. Chem. Int. Edn. Engl 16, 247-8
(1977).
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1,2-dimethoxyethane. More recently®® the bulk-
ier bis{tris(trimethylsilyl)methyl} derivative, [Mg
{C(SiMe3):}2], was obtained as an unsolvated
crystalline monomer; this was the first example
of 2-coordinate (linear) Mg in the solid state,
though this geometry had been established ear-
lier by electron diffraction in the gas phase for
bis(neopentyl)magnesium.#®

Grignard reagents are the most important
organometallic compounds of Mg and are
probably the most extensively used of all
organometallic reagents because of their easy
preparation and synthetic versatility. Despite
this, their constitution in solution has been a
source of considerable uncertainty until recent
times.*!) It now seems well established that
solutions of Grignard reagents can contain a
variety of chemical species interlinked by mobile
equilibria whose position depends critically on
at least five factors: (i) the steric and electronic
nature of the alkyl (or aryl) group R, (ii) the
nature of the halogen X (size, electron-donor
power, etec.), (1ii) the nature of the solvent
(Et,0, thf, benzene, etc.), (iv) the concentration

398, 8. Al-Juaid, C. Eaborn, P. B. Hitchcock,
C. A. MCGEARY and J. D. SMiTH, J. Chem. Soc., Chem, Com-
mun., 273-4 (1989).

10F C. AsHBy, L. FErRxHOLT, A. Haaranp, R. SEIP and
R. C. SMITH, Acta Chem. Scand., Ser. A 34, 213-7 (1980).
AVE. C. Asuiy, Ot Rev. 21, 259-85 (1967).

RMg' + RMgX,

and (v) the temperature. The species present
may also depend on the presence of trace
impurities such as H;O or 0O,. Neglecting
solvation in the first instance, the general
scheme of equilibria can be set out as shown
below. Thus “monomeric” (solvated) RMgX
can disproportionate to MgR> and MgX; by
the Schlenk equilibrium or can dimerize to
RMgX:MgR. Both the monomer and the dimer
can ionize, and reassociation can give the
alternative dimer R,MgX,Mg. Note that only
halogen atoms X are involved in the bridging of
these species.

Evidence for these species and the associ-
ated equilibria comes from a variety of tech-
niques such as vibration spectroscopy, nmr
spectroscopy, molecular-weight determinations,
radioisotopic exchange using ®Mg, electrical
conductivity, etc. In some cases equilibria can
be displaced by crystallization or by the addition
of complexing agents such as dioxan (p. 131)
or NEts;. The crystal structures of several per-
tinent adducts have recently been determined
(Fig. 5.11). None call for special comment except
the curious solvated dimer [EtMg,C13(OC3Hg)3)2
which features both 5-coordinate trigonal bipyra-
midal and 6-coordinate octahedral Mg groups;
note also that, whilst 4 of the Cl atoms each
bridge 2 Mg atoms, the remaining 2 Cl atoms
are triply bridging.
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Figure 5.11 Crystal structures of adducts of
Grignard reagents.

Grignard reagents are normally prepared by
the slow addition of the organic halide to a
stirred suspension of magnesium turnings in the
appropriate solvent and with rigorous exclusion
of air and moisture. The reaction, which usually
begins slowly after an induction period, can
be initiated by addition of a small crystal of
iodine; this penetrates the protective layer of
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oxide (hydroxide) on the surface of the metal.
The order of reactivity of RX is [ > Br >
Cl and alkyl > aryl. The mechanism has been
much studied but is not fully understood.*?
The fluorides RMgF (R = Me. Et, Bu, Ph)
can be prepared by reacting MgR, with mild
fluorinating agents such as BF;.OEt;, Bu3SnF
or SiF;.“» The scope of Grignard reagents
in syntheses has been greatly extended by a
recently developed method for preparing very
reactive Mg (by reduction of MgX, with K in
the presence of KI).“*) Grignard reagents have
a wide range of application in the synthesis of
alcohols, aldehydes, ketones, carboxylic acids,
esters and amides, and are probably the most
versatile reagents for constructing C-C bonds
by carbanion (or occasionally™® free-radical)
mechanisms. Standard Grignard methods are
also available for constructing C-N, C-0O,
C-S (Se, Te) and C-X bonds (see Panel on
pp. 134-5).

A related class of compounds are the alkyl-
magnesium alkoxides: these can be prepared by
reaction of MgR> with an alcohol or ketone or
by reaction of Mg metal with the appropriate
alcohol and alkyl chloride in methylcyclohexane
solvent, e.g.:

4MgEt, + 4Bu'OH —->
(EtMgOBU{h + 4C>Hg

2MgMe, + 2Ph,CO RN
(MeMgOCMePh, .Et;0),
6Mg + 6Bu"Cl + 3Pr'OH ——
(Bu"MgOPr'); 4+ 3MgCl, + 3C4Hp

“2H. R. RoGers, C. L. Hii, Y. Funwara, R.J. ROGERS,
H. L. MiTcHeELL and G. M. WHITESIDES, J. Am. Chent. Soc.
102, 217-26 (1980), and the three following papers,
pp. 226-43.

*3E. C. AsHBY and J. Nackasw, J. Organometall. Chem.
72, 203-11 (1974).

“R.D. Rieke and S. E. BaLes, J. Am. Chem. Soc. 96,
1775-81 (1974).

45 C. WALLING, J. Am. Chem. Soc. 110, 6846-50 (1988),
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Synthetic Uses of Grignard Reagents
Victor Grignard (1871 -1935) showed in 1900 that Mg reacts with alky] halides in dry ether at room temperature to give
ether-soluble organomagnesium compounds; the use of these reagents to synthesize acids, alcohols, and hydrocarbons
formed the substance of his doctorate thesis at the University of Lyon in 1901, and further studies on the synthetic utility
of Grignard reagents won him the Nobel Prize for Chemistry in 1912. The range of applications is now enormous and
some indication of the extraordinary versatility of organomagnesium compounds can be gauged from the following brief

summary.
Standard procedures convert RMgX into ROH, RCH,OH, RCHCH20H and an almost unlimited range of secondary
and tertiary alcohols:

RMgX acid
RMgX + O — > ROOMgX —— 2ROMgX ——» 2ROH
id
RMgX + HCHO ——» RCH;0MgX ———» RCH,0H

d
RMgX + CQ—/CHz —— RCH,CH,0MgX ———* RCH,CH,OH

id
RMgX + R'CHO —— RR'CHOMgX ———» RR'CHOH
" Eid
RMgX + R'COR" —— RR'R"COMgX —— RR’R"COH
Aldehydes and carboxylic acids having 1 C atom more than R, as well as ketones, amides and esters can be prepared

similarly, the reaction always procceding in the direction predicted for potential carbanion attack on the unsaturatod
Catom:

RMgX + HC(OEt), ﬂ» RCH(OE), _mi RCHO
RMgX + CO, —— RCO;MgX >, RcoH
RMgX + R'CN ——» [RR'C—NMgX] —2, RR'C=0
RMgX + R'NCO —— [RCNR'(OMgX))] ﬂ, RC(O)NHR'
RMgX + EtOCOCI —— (RC(OENCI(OMgX)) i, RCO,Et
Grignard reagents are rapidly hydrolysed by water or acid to give the parent hydrocarbon, RH, but this reaction is

rarely of synthetic importance. Hydrocarbons can also be synthesized by nucleophilic displacement of halide ion from a
reactive alkyl halide, ¢.g.

MeMgCl +>C=CHCH2C1 ———>>C=CHCH2Me + MgCl,
However, other products may be formed simultaneously by a free-radical process, especially in the presence of catalytic
amounts of CoCly or CuCl:

Ne— MeMgCl N\ -
2 /c_cncnzm _E+ /C—CHCH2CH2CH—C\
Ne—e” ., Ne—e

2 /c_c\ng___,C“C' ht /c_c\c=c <

Panel continues
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Similarly, aromatic Grignard reagents undergo free-radical self-coupling reactions when treated with MClz (M=Cr, Mn,
Fe, Co, Ni), e.g.:

2PhMgBr + CrCl; —> 2**MgBrCl"+ @C©
* [ ]

Alkenes can be synthesized from aldehydes or ketones using the Grignard reagent derived from CH;Bra:

R\ /OMg,Br
CH»(MgBr); + RRC—0Q —* /(‘\ — RR'C—CH; + MgO + MgBr,

R  CH,MgBr

The formation of C-N bonds can be achieved by using chloramine or O-methylhydroxylamine to yield primary amines;
aryl diazonium salts yield azo-compounds:
RMgX + CINH» —— RNH; + “MgCIX"
RMgX + MeONH, —— RNH> + MeOMgX
RMgX + [ArN2]X —— RN==NAr + MgX,
Carbon-oxygen bonds can be made using the synthetically uninteresting conversion of RMgX into ROH (shown as the
first reaction listed above); direct acid hydrolysis of the peroxo compound ROOMgX yields the hydroperoxide ROOH.

Carbon-sulfur bonds can be constructed using Sg to make thiols or thioethers, and similar reactions are known for Se
and Te:

RMgX + 8y —— RS, MgX —— RSMgX
185 RSH + MgX;
RM3zX
RSMgX RS+ MgX; + Mg

RSR' + “'MgIX"

Formation of C-X bonds is not normally a problem but the Grignard route can occasionally be useful when normal
halogen exchange fails. Thus iodination of Me3CCH2Cl1 cannot be achieved by reaction with Nal or similar reagents but
direct iodination of the corresponding Grignard effects a smooth coaversion:

Me3;CCHaMgCl + I; —— Me;CCH,I + “MgCIlr
Further examples of the ingenious use of Grignard reagents will be found in many books on synthetic organic c|

hemistry
and much recent work in this area was reviewed in a special edition of Buli, Soc. Chim. France, 1972, 2127-86, which
commemorated the centenary of Victor Grignard’s birth.
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As with the Grignard reagents, the structure and
degree of association of the product depend on
the bulk of the organic groups, the coordinating
ability of the solvent, etc. This is well illustrated
by MeMgOR (R = Pr", Pr', Bu’, CMePh;) in thf,
Et;O and benzene:“® the strongly coordinating
solvent thf favours solvated dimers (A) but
prevents the formation both of oligomers (B)
involving the relatively weak Me bridges and
of cubane structures (C) involving the relatively
weak triply bonding oxygen bridges.

R
Pl o
Mg Mg
m/ \2/

A, solvated dimer

% Me
M/ Mg’
/ \Me

/\
/\/\/

B, linear oligomer (various {somers are possible e.g.

involving  OR
SN ‘
Mg\ Mg bridges, etc.)
¢
R Me
‘\\ !’"
Me (6] Mg

C, cubane tetramer (unsolvated)

By contrast, in the more weakly coordinating
solvent Et; O, Me bridges and p3-OR bridges can

¥ E C. AsuBy, . NackasHl and G. E. Parris, J Am.
Chem. Soc. 97, 3162-71 (1975).

form, leading to linear oligomers and cubanes,
provided OR is not too bulky. Thus when R =
CMePh;, oligomerization and cubane formation
are blocked and MeMgOCMePh, exists only
as a solvated dimer even in Et;,O. In benzene,
R = Bu' and Pr form cubane tetramers but Pr”
can form an oligomer of 7-9 monomer units.
The sensitive dependence of the structure of a
compound on solvation energy, lattice energy
and the relative coordinating abilities of its
component atoms and groups will be a recurring
theme in many subsequent chapters.
Dicyclopentadienylmagnesium Mgwn™-CsHs)4,
mp 176°, can be made in good yield by direct
reaction of Mg and cyclopentadiene at 500-6007;
it is very reactive towards air, moisture, CO;
and CS., and reacts with transition-metal halides
to give transition-element cyclopentadienyls. It
has the staggered (Dsy) “sandwich” structure
(cf. ferrocene p. 1109) with Mg—-C 230 pm and
C-C 139pm;“” the bonding is thought to be
intermediate between ionic and covalent but the
actual extent of the charge separation between the
central atom and the rings is still being discussed.

Calcium, strontium and barium ©'.48)

Organometallic compounds of Ca, Sr and Ba
are far more reactive than those of Mg and
have been much less studied until recently. For
example, although about 50 000 papers have been
published on organomagnesium compounds and
reagents, less than 1% of this number have
appeared for the heavier triad of elements. Many
of the differences in reactivity can be traced
to the larger radii of the cations (Ca** 100,
Sr?t 118, Ba®t 135pm) when compared to
Mg>* (72 pm) — i.e the lower (charge/size) ratio
enhances still further the ionic character of the
bonding and thus increases the kinetic lability of
the ligands. Coordinative unsaturation also plays
a réle and, indeed, the organometallic behaviour
of the heavier alkali metals often resembles

17y . BuNpER and E. WEISS, [Mg(nS-C5H5)2]. J. Organo-
metall. Chem. 92, 1-6 {1975).
48T, P. HaNUSA, Polyhedron 9, 1345-62 (1990)
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that of the similarly-sized divalent lanthanide
elements (Yb?* 102, Eu?t 117, Sm?* 122pm)
rather than that of Mg. In these circumstances
it became clear that stability would be enhanced
by the use of bulky ligands. Early work showed
that the reactive compounds MR; (M = Ca,
Sr, Ba; R = Me, Et, allyl, Ph, PhCH,, etc.)
can be prepared using HgR, under appropriate
conditions, often at low temperature. Compounds
of the type RCal (R = Bu, Ph, tolyl) have also
been known for some time and can now be
isolated as crystals.

Calcium (and Sr) dicyclopentadienyl can be
made by direct reaction of the metal with
either [Hg(CsHs);] or with cyclo-CsHg itself;
cyclopentadiene also reacts with CaC, in liquid
NH; to form [Ca(CsHs);] and HC=CH. The
barium analogue [Ba(CsHs);] is best made
(though still in small yield) by treating cyclo-
CsHg with BaH,. The structure of [Ca(CsHs)z]
is unique.“? Each Ca is surrounded by 4 planar
cyclopentadienyl rings and the overall structure
involves a complex sharing of rings which bridge
the various Ca atoms. The coordination geometry
about a given Ca atom is shown in Fig. 5.12:

>~(

629

Figure 5.12 Coordination geometry about Ca in
polymeric [Ca(CsHs),] showing 2x n°-,
n°- and 5'- bonding (see text).

%9 R. ZERGER and G. STUCKY, J. Organometall. Chem. 80,
7-17 (1974).
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two of the rings (A, C) are 7°, with all Ca—-C
distances 275 pm. A third ring (B) is n* with one
Ca-C distance 270, two at 279, and two longer
distances at 295 pm. These three polyhapto rings
(A, B, C) are arranged so that their centroids
are disposed approximately trigonally about the
Ca atom. The fourth ring (A’) is n!, with only
1 Ca-C within bonding distance (310pm) and
this bond is approximately perpendicular to the
plane formed by the centroids of the other 3
rings. The structure is the first example in which
7°-, n°- and n'-CsHs groups are all present.
Indeed, the structure is even more complex than
this implies because of the ring-bridging between
adjacent Ca aloms; for example ring A (and A’)
is simultaneously bonded 7° to 1 Ca (248 pm
from the ring centre) and 5! to another on the
opposite side of the ring, whereas ring C is
equally associated in pentahapto mode with 2 Ca
atoms each 260 pm from the plane of the ring.

Replacement of the ligand CsHs by the bulkier
CsMes results in improved solubility, volatility
and Kinetic stability of the compound, and all
three complexes [M(7°-CsMes),] have been pre-
pared in >065% yield by the reaction of NaCsMes
(or KCsMes) with the appropriate diiodide, Ml,,
in diethyl ether or thf, followed by removal
of the coordinated ether (or thf) by refluxing
the product in toluene. [Ca(CsMes):(thf)2] has
also been prepared in 48% yield by the reac-
tion of CsHMes and Ca(NH,), in liquid ammo-
nia. The greater tractability of these complexes
enabled the first (gas-phase) molecular structures
of organo-Sr and organo-Ba compounds to be
determined,®® and also the first organo-Ba crys-
tal structure.®!) Group comparisons show that the
angle subtended by the two CsMes ring centroids
at the metal atom in the gas phase is almost
the same (to within 1esd) for the three metals
(154 £+ 4°) but that this drops to 131.0° for crys-
talline [Ba(CsMes)]. A theoretical rationaliza-
tion for these angles, especially in the gas phase,
is not obvious.“*)

S0R. A. ANDERSEN, R. BLom, C. J. Burns and H. V. VoL-
DEN, J. Chem. Soc., Chem. Commun., 768-9 (1987).
SIR.A. WiLiams, T. P. Hanusa and J. C. HUFFmaN, J.
Chem. Soc., Chem. Commuin., 1045-6 (1988).
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Figure 5.13 (a) Structure of [{Ba(n*-CsMes )2 }2(u-1,4-CoHyNy)] in which the pyrazine ligand bridges two bent
{BaCp",) units 10 give a centrosymmetric adduct with an essentially linear disposition of the four
atoms BaNNBa. (b) The polymeric dioxane-bridged structure of [{frans-Sr(NR;)2(u-1,4C4HgzO;)]
(R = SiMe;) showing the 4-coordinate square-planar stereochemistry of the Sr atoms. (¢) The 5-
coordinate trigonal-bipyramidal structure of [Ca(OAr) (thf);] (Ar = C¢H;-2,6-Bu’;-4-Me) showing

one equatonal and two axial thf ligands.

Attempis 10 prepare the mono(cyclopenta-
dienyl) derivatives are sometimes frustrated by a
Schlenk-type equilibrium (see p. 132), but judi-
cious choice of ligands, solvent etc. occasionally
permits the isolation of such compounds,
c.g. the centrosymmetric halogen-bridged dimer
[{(°-CsMes)Ca(u-1)(thf)2};1 which crystallizes
from toluene solution. The complex is isostruc-
tural with the dimeric organosamarium(ll) ana-
logue.52)

W, I Evans, J. W. GrRaTE, H. W.CHoL . BLoOM,
W. E. HUiNTER and 1. L. ATwoon, J. Am. Chem. Soc. 107,
941-6 (1985).

Other interesting structures of organometallic
and related complexes of the heavier Group 2
metals include those of the centrosymmet-
ric pyrazine adduct {{Ba(n’-CsMes);}2(u-1,4-
C4HsN,)), (Fig. 5.132)“®, the square-planar
Sr complex [{trans-Sr{NRy),(u-1,4-C4HzO;)}}
(R = SiMea), Fig. 5.13b%* and the 5-coordinate
trigonal-bipyramidal Ca complex [Ca(OAr);-
(thf)3] (Ar=CgH,-2,6-Buj-4-Me), Fig. 5.13¢.6%

S3F. G.N.CLOKE, P.B. HiTcHcock, M. F. LaPPERT,
G. A. LawLESs and B. Rovo, J. Chem. Soc., Chem. Com-
mun., 724-6 (1991).

3P, B. HitcHeock, M. F. LAPPERT, G. A. LAWLESS and
B. Rovyo, J. Chem. Soc., Chem. Commun., 1141-2 (1990).
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Boron

6.1 Introduction

Boron is a unique and exciting element. Over the
years it has proved a constant challenge and stim-
ulus not only to preparative chemists and theo-
reticians, but also to industrial chemists and tech-
nologists. It is the only non-metal in Group 13
of the periodic table and shows many similar-
ities to its neighbour, carbon, and its diagonal
relative, silicon. Thus, like C and Si, it shows a
marked propensity to form covalent, molecular
compounds, but it differs sharply from them in
having one less valence electron than the number
of valence orbitals, a situation sometimes referred
to as “electron deficiency”. This has a dominant
effect on its chemistry.

Borax was known in the ancient world where it
was used to prepare glazes and hard (borosilicate)
glasses. Sporadic investigations during the eigh-
teenth century led ultimately to the isolation of
very impure boron by H. Davy and by J. L. Gay
Lussac and L. J. Thénard in 1808, but it was
not until 1892 that H. Moissan obtained samples
of 95-98% purity by reducing B,O; with Mg.
High-purity boron (>99%) is a product of this
century, and the various crystalline forms have
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been obtained only during the last few decades
mainly because of the highly refractory nature of
the element and its rapid reaction at high tem-
peratures with nitrogen, oxygen and most metals.
The name boron was proposed by Davy to indi-
cate the source of the element and its similarity
to carbon, i.e. bor(ax + carb)on.

Boron is comparatively unabundant in the uni-
verse (p. 14); it occurs to the extent of about
9 ppm in crustal rocks and is therefore rather less
abundant than lithium (18 ppm) or lead (13 ppm)
but is similar to praseodymium (9.1 ppm) and
thorium (8.1 ppm). It occurs almost invariably
as borate minerals or as borosilicates. Commer-
cially valuable deposits are rare, but where they
do occur, as in California or Turkey, they can be
vast (see Panel). Isolated deposits are also worked
in the former Soviet Union, Tibet and Argentina.

The structural complexity of borate minerals
(p.- 205) is surpassed only by that of silicate
minerals (p. 347). Even more complex are the
structures of the metal borides and the various
allotropic modifications of boron itself. These
factors, together with the unique structural and
bonding problems of the boron hydrides, dictate
that boron should be treated in a separate chapter.
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Borate Minerals

The world’s major deposits of borate minerals occur in areas of former volcanic activity and appear to be associated with the
waters from former hot springs. The primary mineral that first crystallized was normally ulexite, NaCa[BsOs(OH)s].5H20,
but this was frequently mixed with lesser amounts of borax, Naz[B4Os(OH)4].8H20 (p. 206). Exposure and subse-
quent weathering (e.g. in the Mojave Desert, California) resulted in leaching by surface waters, leaving a residue of the
less-soluble mineral colemanite,Ca[B304(OH)3).H20 (p. 206). The leached (secondary) borax sometimes reaccumulated
and sometimes underwent other changes to form other secondary minerals such as the commercially important kernite,
Nay[B405(OH)4].2H,0, at Boron, California: This is the world’s largest single source of borates and comprises a deposit
6.5km long, 1.5km wide and 25-50m thick containing material that averages 75% of hydrated sodium tetraborates
(borax and kemnite). World reserves (expressed as B,Oj3 content) exceed 315 million tonnes (Turkey 45%, USA 21%,
Kazakhstan 17%, China 8.6%, Argentina 7.3%). Annual world production of borates was 2.67 million tonnes in 1990.
Production in Turkey has expanded dramatically in the last two decades and now exceeds that of the USA, the 1990
production figures being 1.20 and 1.09 Mt respectively. Smaller producers (10° t) are: “Russia” 175, Chile 132, China 27.
Argentina 26 and Peru 18. The 1991 bulk price per tonne of borax in USA was $264 for technical grade and $2222 for
refined granules.

The main chemical products produced from these minerals are (a) boron oxides, boric acid and borates, (b) esters
of boric acid, (c) refractory boron compounds (borides, etc.), (d) boron halides, (e) boranes and carbaboranes and
(f) organoboranes. The main industrial and domestic uses of boron compounds in Europe (USA in parentheses) are:

Heat resistant glasses (e.g. Pyrex), glass wool, fibre glass 26% (60%)
Detergents, soaps, cleaners and cosmetics 371% ( 1%)
Porcelain enamels 16% ( 3%)
Synthetic herbicides and fertilizers 2% ( 4%)
Miscellaneous (nuclear shielding, metallurgy, corrosion

control, leather tanning, flame-proofing, catalysts) 19% (26%)

The uses in the glass and ceramics industries reflect the diagonal relation between boron and silicon and the similarity
of vitreous borate and silicate networks (pp. 203, 206 and 347). In the UK and continental Europe (but not in the USA
or Japan) sodium perborate (p. 206) is a major constituent of washing powders since it hydrolyses to H>O, and acts as a
bleaching agent in very hot water (~90°C); in the USA domestic washing machines rarely operate above 70°, at which

temperature perborates are ineffective as bleaches.

Details of other uses of boron compounds are noted at appropriate places in the text.

The general group trends, and a comparison
with the chemistry of the metallic elements of
Group 13 (Al, Ga, In and TIl), will be deferred
until the next chapter.

6.2 Boron"

6.2.1 Isolation and purification of the
element

There are four main methods of isolating boron
from its compounds:

I'N. N. GREENwOOD, Boron, Pergamon Press, Oxford,
1975, 327 pp.; also as Chap. 11 in Comprehensive Inorganic
Chemistry, Vol. 1, Pergamon Press, Oxford, 1973.

(i) Reduction by metals at high temperature,
e.g. the strongly exothermic reaction

B;0; +3Mg — 2B 4 3MgO
(Moissan boron, 95-98% pure)

Other electropositive elements have been used
(e.g. Li, Na, K, Be, Ca, Al, Fe), but the product
is generally amorphous and contaminated with
refractory impurities such as metal borides. Mas-
sive crystalline boron (96%) has been prepared
by reacting BCl; with zinc in a flow system at
900°C.

(1i) Electrolytic reduction of fused borates or
tetrafluoroborates, e.g. KBF; in molten KCVKF
at 800°. The process is comparatively cheap but
yields only powdered boron of 95% purity.

(iii) Reduction of volatile boron compounds by
Hj;, e.g. the reaction of BBr3 + H; on a heated
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tantalum metal filament. This method, which was
introduced in 1922 and can now be operated on
the kilogram scale, is undoubtedly the most effec-
tive general preparation for high purity boron
(>99.9%). Crystallinity improves with increasing
temperature, amorphous products being obtained
below 1000°C, «- and B-rhombohedral mod-
ifications between 1000-1200° and tetragonal
crystals above this. BCly can be substituted
for BBry; but BIs is unsatisfactory because it
is expensive and too difficult to purify suffi-
ciently, Free energy calculations indicate that BF;
would require impracticably high temperatures
(>2000°).

(iv) Thermal decomposition of boron hydrides
and halides. Boranes decompose to amorphous
boron when heated at temperatures up to 900°
and crystalline products can be obtained by
thermal decomposition of BI;. Indeed, the first
recognized sample of o-rhombohedral B was
prepared (in 1960) by decomposition of BI; on
Ta at 800-1000°, and this is still an excellent
exclusive preparation of this allotrope.

(a)
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6.2.2 Structure of crystalline
boron -3

Boron is unique among the elements in the struc-
tural complexity of its allotropic modifications;
this refiects the variety of ways in which boron
seeks to solve the problem of having fewer elec-
trons than atomic orbitals avatlable for bonding.
Elements in this situation usually adopt metal-
lic bonding, but the small size and high ion-
ization energies of B (p. 222) result in covalent
rather than metallic bonding. The structural unit
which dominates the various allotropes of B is the
B> tcosahedron (Fig. 6.]1), and this also occurs
in several metal boride structures and in certain
boron hydride derivatives. Because of the fivefold
rotation symmetry at the individual B atoms, the
B> icosahedra pack rather inefficiently and there

2V, I, MATKOVICH (ed.), Boron and Refractory Borides,
Springer-Verlag, Berlin, 1977, 636 pp.

3 GMELIN, Handbook of Inorganic Chemistry, Boron, Sup-
plement Vol. 2: Elemental Boron. Boron Carbides, 1981,
242 pp.

(b)

(c)

Figure 6.1 The icosahedron and some of its symmetry elements. (a) An icosahedron has 2 vertices and 20
triangular faces defined by 30 edges. (b) The preferred pentagonal pyramidal coordination polyhedron
for 6-coordinate boron in icosahedral structures; as it is not possible to generate an infinite three-
dimensional lattice on the basis of fivefold symmetry, various distortions, translations and voids occur
in the actual crystal structures. (c) The distortion angle 8, which varies from 0° to 25°, for various
boron atoms in crystalline boron and metal borides.
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are regularly spaced voids which are large enough
to accommodate additional boron (or metal)
atoms. Even in the densest form of boron, the
a-rthombohedral modification, the percentage of
space occupied by atoms is only 37% (compared
with 74% for closest packing of spheres).

The «-rhombohedral form of boron is the
simplest allotropic modification and consists
of nearly regular B> icosahedra in slightly
deformed cubic close packing. The rhombohedral
unit cell (Fig. 6.2) has gg 505.7pm, « 58.06°
(60° for regular ccp) and contains 12 B atoms.
It is important to remember that in Fig. 6.2, as
in most other structural diagrams in this chapter,
the lines merely define the geometry of the clusters
of boron atoms; they do not usually represent 2-
centre 2-electron bonds between pairs of atoms.
In terms of the MO theory to be discussed on
p- 157, the 36 valence electrons of each B, unit
are distributed as follows: 26 electrons just fill the
13 available bonding MOs within the icosahedron
and 6 electrons share with 6 other electrons from
6 neighbouring icosahedra in adjacent planes to

83,62
1 1
50,68, &3
D &

Figure 6.2 Basal plane of a-rhombohedral boron
showing close-packed arrangement of
By, icosahedra. The B-B distances
within each icosahedron vary regularly
between 173-179 pm. Dotted lines show
the 3-centre bonds between the 6 equa-
torial boron atoms in each icosahedron
to 6 other icosahedra in the same sheet
at 202.5pm. The sheets are stacked so
that each icosahedron is bonded by six
2-centre B—B bonds at 171 pm (directed
rhombohedrally, 3 above and 3 below the
icosahedron). B, units in the layer above

are centred over | and those in the layer
below are centred under 2.

Figure 6.3 (a) The Bgs unit in S-rhombohedral boron comprising a central B> icosahedron and 12 outwardly
directed pentagonal pyramids of boron atoms. The 12 outer icosahedra are completed by linking
with the B, subunits as described in the text. The central icosahedron (@) is almost exactly regular
with B-B 176.7 pm. The shortest B-B distances (162-172 pm) are between the central icosahedron
and the apices of the 12 surrounding pentagonal pyramids (). The B-B distances within the 12B,
pentagonal pyramids (half-icosahedra) are somewhat longer (185 pm) and the longest B-B distances
(188-192pm) occur within the hexagonal rings surrounding the 3-fold symmetry axes of the Bg,
polyhedron. Note that if the 24 “internal” B atoms (@ and @) are removed from the Bg, unit then
a By unit (b) remains which has precisely the fullerene structure subsequently found some 25 years

later for Cgy (p. 279).
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Figure 6.4 Crystal structure of a-tetragonal boron. This was originally thought to be Bsy (4B, + 2B) but is now
known to be either BsqC, or BsgN, in which the 2C (or 2N) occupy the 2(b) positions; the remaining
2B are distributed statistically at other “vacant” sites in the lattice. Note that this reformulation solves
three problems which attended the description of the a-tetragonal phase as a crystalline modification

of pure B:

1.

The lattice parameters showed considerable variation from one crystal to another with average
values a 875 pm, ¢ 506 pm; this is now thought to arise from variable composition depending on
the precise preparative conditions used.

The interatomic distances involving the single 4-coordinate atoms at 2(b) were only 160 pm; this
is unusually short for B-B but reasonable for B-C or B—N distances.

The structure requires 160 valence electrons per unit cell computed as follows: internal bonding
within the 4 icosahedra (4 x 26 = 104); external bonds for the 4 icosahedra (4 x 12 = 48); bonds
shared by the atoms in 2(b) positions (2 x 4 = 8). However, 50 B atoms have only 150 valence
electrons and even with the maximum possible excess of boron in the unit cell (0.75 B) this rises
to only 152 electrons. The required extra 8 or 10 electrons are now supplied by 2C or 2N though

the detailed description of the bonding is more intricate than this simple numerology implies.

form the 6 rhombohedrally directed normal 2-
centre 2-electron bonds; this leaves 4 electrons
which is just the number required for contribution
to the 6 equatorial 3-centre 2-electron bonds
6 x % =4)

The thermodynamically most stable polymorph
of boron is the S-rhombohedral modification
which has a much more complex structure with
105 B atoms in the unit cell (ap 1014.5pm,
a 65.28°). The basic unit can be thought of
as a central B, icosahedron surrounded by an
icosahedron of icosahedra; this can be visualized
as 12 of the B; units in Fig. 6.1b arranged
so that the apex atoms form the central Bj;
surrounded by 12 radially disposed pentagonal
dishes to give the Bgs unit shown in Fig. 6.3a.
The 12 half-icosahedra are then completed by
means of 2 complicated B subunits per unit cell,

each comprising a central 9-coordinate B atom
surrounded by 9 B atoms in the form of 4 fused
pentagonal rings. This arrangement corresponds
to 104 B (84 + 10+ 10) and there is, finally, a
6-coordinate B atom at the centre of symmetry
between 2 adjacent By condensed units, bringing
the total to 105 B atoms in the unit cell.

The first crystalline polymorph of B to be
prepared (1943) was termed «-tetragonal boron
and was found to have 50 B atoms in the
unit cell (4B, +2B) (Fig. 6.4). Paradoxically,
however, more recent work (1974) suggests that
this phase never forms in the absence of carbon
or nitrogen as impurity and that it is, in reality,
B5pCz or BsgN, depending on the preparative
conditions; yields are increased considerably
when the BBr3/H; mixture is purposely doped
with a few per cent of CHy, CHBr; or N;. The
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work illustrates the great difficulties attending
preparative and structural studies in this area.
The crystal structures of other boron polymorphs,
particularly the B-tetragonal phase with 192 B
atoms in the unit cell (a 1012, ¢ 1414 pm),
are even more complex and have so far defied
elucidation despite extensive work by many
investigators.’

6.2.3 Atomic and physical properties
of boron

Boron has 2 stable naturally occurring isotopes
and the variability of their concentration
(particularly the difference between borates from
California (low in °B) and Turkey (high in
10B) prevents the atomic weight of boron being
quoted more precisely than 10.811(7) (p. 17).
Each isotope has a nuclear spin (Table 6.1) and
this has proved particularly valuable in nmr
spectroscopy, especially for ''B.Y The great
difference in neutron absorption cross-section
of the 2 isotopes is also notable, and this has
led to the development of viable separation
processes on an industrial scale. The commercial
availability of the separated isotopes has greatly
assisted the solution of structural and mechanistic
problems in boron chemistry and has led to the
development of boron-10 neutron capture therapy
for the treatment of certain types of brain tumour
(see p. 179).

4J. D. KenNEDY, Chap. 8 in J. MasoN (ed), Multi-
nuclear NMR, Plenum, New York, pp. 221-58 (1987).
T. L. VEnaBLE, W. C. HuttoN and R. N. GRIMES, J. Am.
Chem. Soc. 106, 29-37 (1984). D. REeD, Chem. Soc. Rev.
22, 109-16 (1993).

Boron is the fifth element in the periodic
table and its ground-state electronic configuration
is [He]2s?2p'. The first 3 ionization energies
are 800.6, 2427.1 and 3659.7kJmol !, all
substantially larger than for the other elements
in Group 13. (The values for this and other
properties of B are compared with those for Al,
Ga, In and Tl on p. 222). The electronegativity
(p- 25) of B is 2.0, which is close to the values
for H (2.1) Si (1.8) and Ge (1.8) but somewhat
less than the value for C (2.5). The implied
reversal of the polarity of B—H and C—H bonds
is an important factor in discussing hydroboration
(p. 166) and other reactions.

The determination of precise physical proper-
ties for elemental boron is bedevilled by the twin
difficulties of complex polymorphism and con-
tamination by irremovable impurities. Boron is
an extremely hard refractory solid of high mp,
low density and very low electrical conductivity.
Crystalline forms are dark red in transmitted light
and powdered forms are black. The most stable
(B-thombohedral) modification has mp 2092°C
(exceeded only by C among the non-metals), bp
~4000°C, d 2.35gcm™ (a-rhombohedral form
2.45gcem™3), AH gpiimaton S70kJ per mol of B,
electrical conductivity at room temperature 1.5 x
10~%ohm ! cm 1.

6.2.4 Chemical properties

It has been arguedV that the inorganic chemistry
of boron is more diverse and complex than that of
any other element in the periodic table. Indeed,
it is only during the last three decades that the
enormous range of structural types has begun to

Table 6.1 Nuclear properties of boron isotopes

Property log g
Relative mass (1*C = 12) 10.012939 11.009 305
Natural abundance/(%) 19.055-20.316 80.945-79.684
Nuclear spin (parity) 3(4) 2(-)
Magnetic moment/(nuclear magnetons)® +1.80063 +2.688 57
Quadrupole moment/barns® +0.074 +0.036
Cross-section for (n,«)/barns® 3835(+10) 0.005

@1 nuclear magneton = 5.0505 x 1027 Am? in SI.
®1 barn = 10~28 m2 in SI; the cross-section for natural boron (~20% '°B) is ~767 barns.
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be elucidated and the subtle types of bonding
appreciated. The chemical nature of boron is
influenced primarily by its small size and high
ionization energy, and these factors, coupled with
the similarity in electronegativity of B, C and
H, lead to an extensive and unusual type of
covalent (molecular) chemistry. The electronic
configuration 2s22p! is reflected in a predominant
tervalence, and bond energies involving B are
such that there is no tendency to form univalent
compounds of the type which increasingly occur
in the chemistry of Al, Ga, In and Tl. However,
the availability of only 3 electrons to contribute to
covalent bonding involving the 4 orbitals s, py,
py and p, confers a further range of properties
on B leading to electron-pair acceptor behaviour
(Lewis acidity) and multicentre bonding (p. 157).
The high affinity for oxygen is another dominant
characteristic which forms the basis of the
extensive chemistry of borates and related oxo
complexes (p. 203). Finally, the small size of
B enables many interstitial alloy-type metal
borides to be prepared, and the range of these
is considerably extended by the propensity of B
to form branched and unbranched chains, planar
networks, and three-dimensional arrays of great
intrinsic stability which act as host frameworks
to house metal atoms in various stoichiometric
proportions.

It is thus possible to distinguish five types of
boron compound, each having its own chemical
systematics which can be rationalized in terms of
the type of bonding involved, and each resulting
in highly individualistic structures and chemical
reactions:

(i) metal borides ranging from MsB to MBgg
(or even MB..100) (see below);

(1) boron hydrides and their derivatives
including carbaboranes and polyhedral
borane-metal complexes (p. 151);

(ii1) boron trihalides and their adducts and
derivatives (p. 195);

(iv) oxo compounds including polyborates,
borosilicates, peroxoborates, etc. (p. 203);

(v) organoboron compounds and B-N com-
pounds (B—N being isoelectronic with
C-C) (p. 207).

The chemical reactivity of boron itself
obviously depends markedly on the purity,
crystallinity, state of subdivision and temperature.
Boron reacts with F, at room temperature and
is superficially attacked by O, but is otherwise
inert. At higher temperatures boron reacts directly
with all the non-metals except H, Ge, Te and the
noble gases. It also reacts readily and directly
with almost all metals at elevated temperatures,
the few exceptions being the heavier members of
groups 11-15 (Ag, Au; Cd, Hg; Ga, In, TI; Sn,
Pb; Sb, Bi).

The general chemical inertness of boron at
lower temperatures can be gauged by the fact that
it resists attack by boiling concentrated aqueous
NaOH or by fused NaOH up to 500°, though it
is dissolved by fused Na,CO3/NaNO; mixtures
at 900°C. A 2:1 mixture of hot concentrated
H,;SO4/HNOs is also effective for dissolving
elemental boron for analysis but non-oxidizing
acids do not react.

6.3 Borides!'-?
6.3.1 Introduction

The borides comprise a group of over 200 binary
compounds which show an amazing diversity of
stoichiometries and structural types; e.g. MsB,
M4B, M3B, MsB,, M;B3;, M;B, MsB3;, M3B,,
M;;Bg, MB, M¢B;;, M3B4, M;B3, M3Bs, MB,,
M,Bs, MB3, MB4, MBg, M;B3, MBjp, MBj;,
MB;s, MB1g and MBgg. There are also numerous
nonstoichiometric phases of variable composition
and many ternary and more complex phases
in which more than one metal combines with
boron. The rapid advance in our understanding of
these compounds during the past few decades has
been based mainly on X-ray diffraction analysis
and the work has been stimulated not only by
the inherent academic challenge implied by the
existence of these unusual compounds but also
by the extensive industrial interest generated by
their unique combination of desirable physical
and chemical properties (see Panel).
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Properties and Uses of Borides

Metal-rich borides are extremely hard, chemically inert, involatile, refractory materials with mps and electrical conductivi-
ties which often exceed those of the parent metals. Thus the highly conducting diborides of Zr, Hf, Nb and Ta all have mps
> 3000°C and TiB; (mp 2980°C) has a conductivity 5 times greater than that of Ti metal. Borides are normally prepared
as powders but can be fabricated into the desired form by standard techniques of powder metallurgy and ceramic tech-
nology. TiB», ZrB; and CrB; find application as turbine blades, combustion chamber liners, rocket nozzles and ablation
shields. Ability to withstand attack by molten metals, slags and salts have commended borides or boride-coated metals
as high-temperature reactor vessels, vaporizing boats, crucibles, pump impellers and thermocouple sheaths. Inertness to
chemical attack at high temperatures, coupled with excellent electrical conductivity, suggest application as electrodes in

Nuclear applications turn on the very high absorption cross-section of '°B for thermal neutrons (p. 144) and the fact
that this property is retained for high-energy neutrons (10*-10° eV) more effectively than for any other nuclide. Another
advantage of !B is that the products of the (n,a) reaction are the stable, non-radioactive elements Li and He. Accordingly,
metal borides and boron carbide have been used extensively as neutron shields and control rods since the beginning of the
nuclear power industry. More dramatically, following the disaster at Chernobyl in the early hours of 26 April 1986, some
40 tonnes of boron carbide particles were dumped from helicopters onto the stricken reactor to prevent further runaway
fission occurring. (In addition there were 800 tonnes of dolomite to provide a CO» gas blanket, 1800t of clay and sand
to quench the fires and filter radionuclides, plus 2400t of lead to absorb heat by melting and to provide a liquid layer that
would in time solidify and seal the top of the core of the vault.)

The principal non-nuclear industrial use of boron carbide is as an abrasive grit or powder for polishing or grinding; it
is also used on brake and clutch linings. In addition, there is much current interest in its use as light-weight protective
armour, and tests have indicated that boron carbide and beryllium borides offer the best choice; applications are in bullet-
proof protective clothing and in protective armour for aircraft. More elegantly, boron carbide can now be produced in
fibre form by reacting BCl3/H; with carbon yarn at 1600-1900°C:

4BCl3 + 6H; + C(fibres) —— B4C(fibres) + 12HCI

Fibre curling can be eliminated by heat treatment under tension near the mp, and the resulting fibres have a tensile strength
of 3.5 x 10° psi (1 psi = 6895N m~2) and an elastic modulus of 50 x 105 psi at a density of 2.35gcm™3; the form was
1 ply, 720 filament yarn with a filament diameter of 11-12 um. The fibres are inert to hot acid and alkali, resistant to
Cl; up to 700° and air up to 800°C.

Boron itself has been used for over two decades in filament form in various composites; BCl3/H> is reacted at 1300°
on the surface of a continuously moving tungsten fibre 12 um in diameter. US production capacity is about 20 tonnes
pa and the price in about $800/kg. The primary use so far has been in military aircraft and space shuttles, but boron
fibre composites are also being studied as reinforcement materials for commercial aircraft. At the domestic level they are
finding increasing application in golf shafts, tennis rackets and bicycle frames.

6.3.2 Preparation and stoichiometry

Eight general methods are available for the syn-
thesis of borides, the first four being appropri-
ate for small-scale laboratory preparations and
the remaining four for commercial production
on a scale ranging from kilogram amounts to
tonne quantities. Because high temperatures are
involved and the products are involatile, borides
are not easy to prepare pure and subsequent
purification is often difficult; precise stoichiome-
try is also sometimes hard to achieve because of
differential volatility or high activation energies.
The methods are:

(i) Direct combination of the elements:
this is probably the most widely used
technique, e.g.

1150°
Cr+nB — CrB,

(ii) Reduction of metal oxide with B (rather
wasteful of expensive elemental B), e.g.

1800°
S¢;03 + 7B —— 2ScB; + 3BO

(iii) Co-reduction of volatile mixed halides
with H, using a metal filament, hot tube
or plasma torch, e.g.

o

13
2TiCl4 +4BCl; + 10H; —
2TiB; + 20HCI
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(iv)

(v)

(vi)

{vii)

(viii)

Structures of borides

Reduction of BCl; (or BX3) with a metal
(sometimes assisted by Hy), e.g.

nBX; +(x+IM —
MB, + IMX3,,/x

Ha/1200°
BCl, + W ——— WB + Cl, + HCI

Electrolytic deposition from fused salts:
this is particularly effective for MBg
(M = alkaline earth or rare earth metal)
and for the borides of Mo, W, Fe, Co
and Ni. The metal oxide and B,0O; or
borax are dissolved in a suitable, molten
salt bath and electrolysed at 700-1000°
using a graphite anode; the boride is
deposited on the cathode which can be
graphite or steel.

Co-reduction of oxides with carbon at
temperatures up to 2000°, e.g.

o

1500
V205 + B203 +8C — 2VB + 8CO

Reduction of metal oxide (or M + B203)
with boron carbide, e.g.

1600°
Eu,0; + 3B4C —— 2EuB¢ + 3CO

2000°
7Ti + B,0; + 3B4C —— 7TiB; + 3CO

Boron carbide (p. 149) is a most useful
and economic source of B and will react
with most metals or their oxides. It is
produced in tonnage quantities by direct
reduction of B,O3 with C at 1600°: a
C resistor is embedded in a mixture of
B,0; and C, and a heavy electric current
passed.

Co-reduction of mixed oxides with met-
als (Mg or Al) in a thermite-type
reaction — this usually gives contami-
nated products including ternary borides,
e.g. MojAlgB7. Alternatively, alkali
metals or Ca can be used as reduc-
tants, e.g.

molten Na

TiO2 + B0y ———— TiB,

147

The various stoichiometries are not equally com-
mon, as can be seen from Fig. 6.5; the most fre-
quently occurring are M;B, MB, MB,, MB4 and
MBg, and these five classes account for 75% of
the compounds. At the other extreme Ruj;Bg is
the only known example of this stoichiometry.
Metal-rich borides tend to be formed by the tran-
sition elements whereas the boron-rich borides
are characteristic of the more electropositive ele-
ments in Groups 1-3, the lanthanides and the
actinides. Only the diborides MB» are common
to both classes.
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Figure 6.5 Frequency of occurrence of various
stoichiometries among boride phases:
(a) field of borides of d elements, and
(b) field of borides of s, p and f elements.

6.3.3 Structures of borides -39

The structures of metal-rich borides can be sys-
tematized by the schematic arrangements shown
in Fig. 6.6, which illustrates the increasing ten-
dency of B atoms to catenate as their concentra-
tion in the boride phase increases; the B atoms
are often at the centres of trigonal prisms of metal
atoms (Fig. 6.7) and the various stoichiometries
are accommodated as follows:

5T. LUNDSTROM, Pure Appl. Chem. 57, 1383-90 (1985).
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)] (b) (<) (d)
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Figure 6.6 Idealized patterns of boron catenation in metal-rich borides. Examples of the structures (a)-(f) are
given in the text. Boron atoms are often surrounded by trigonal prisms of M atoms as shown in

Fig. 6.7.

(d) (e) (f)

(a) (b) (c)

Figure 6.7 ldealized boron environment in metal-rich borides (see text): (a) isolated B atoms in M;B and M;B;;
(b) pairs of B atoms in CrsB; and M3B,; (¢) zigzag chains of B atoms in Ni;B4 and MB; (d) branched

chains in Ru;;Bg; and (e), (f) double chains and plane nets in M;B,;, MB, and M;Bs.

(a) isolated B MnyB; M;B (Tc, Re, Co, (e) double M;B4 (V, Nb, Ta;
atoms: Ni, Pd); PdsB,; chains of Cr, Mn);
M;,Bs (Tc, Re, Ru, Rh); B atoms:
M,B (Ta, Mo, W, Mn, (f) plane (or MB; (Mg, Al; Sc, Y;
Fe, Co, Ni); puckered)  Ti, Zr, Hf; V, Nb, Ta;
(b) isolated CrsB;; nets: Cr, Mo, W; Mn, Tc, Re;

pairs Bj:
(c) zigzag

chains of

B atoms:

(d) branched
chains of
B atoms:

M;B, (V, Nb, Ta);

M;B, (Ti; V, Nb, Ta;

Cr, Mn, Ni); MB (Ti, Hf;
V., Nb, Ta; Cr, Mo, W,
Mn, Fe, Co, Ni);

Ruy; Bs:

Ru, Os; U, Pu);
M2B5 (Tl‘, MO, W)

It will be noted from Fig. 6.6 that structures with
isolated B atoms can have widely differing inter-
atomic B- B distances, but all other classes involve
appreciable bonding between B atoms, and the
B -B distances remain almost invariant despite the
extensive variation in the size of the metal atoms.
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The structures of boron-rich borides (e.g.
MBy4, MBgs, MB1y, MB12, MBgg) are even more
effectively dominated by inter-B bonding, and the
structures comprise three-dimensional networks
of B atoms and clusters in which the metal atoms
occupy specific voids or otherwise vacant sites.
The structures are often exceedingly complicated
(for the reasons given in Section 6.2.2): for
example, the cubic unit cell of YBgs has ap
2344pm and contains 1584 B and 24 Y atoms;
the basic structural unit is the 13-icosahedron
unit of 156 B atoms found in B-rhombohedral
B (p. 142); there are 8 such units (1248 B) in
the unit cell and the remaining 336 B atoms are
statistically distributed in channels formed by the
packing of the 13-icosahedron units.

Another compound which is even more
closely related to 8-rhombohedral boron is boron
carbide, “B4C”; this is now more correctly
written as B|3C»,® but the phase can vary
over wide composition ranges which approach
the stoichiometry B|,C3. The structure is best
thought of in terms of Bg4 polyhedra (p. 142) but
these are now interconnected simply by linear
C-B-C units instead of the larger B,(—B-Bj¢
units in B-rhombohedral B. The result is a more
compact packing of the 13-icosahedron units so
generated and this is reflected in the unit cell
dimensions (@ 517.5pm, « 65.74°). A notable
feature of the structure (Fig. 6.8) is the presence
of regular hexagonal planar rings B4C; (shaded).
Stringent tests had to be applied to distinguish
confidently between B and C atoms in this
structure and to establish that it was indeed B;
CBC and not Bj2C; as had previously been
thought. [This view has recently been challenged
as a result of a '*C nmr study using magic-
angle spinning, which suggests that the carbon is
present only as C3 chains and that the structure
i1s in fact still best represented as B,;Ci (or
B1227C3?*).]7 It is salutory to recall that boron
carbide, which was first made by H. Moissan in
1899 and which has been manufactured in tonne
amounts for several decades, still waits definitive

8 G. WILL and K. H. KOSSOBUTZKI, J. Less-Common Metals
47, 43-8 (1976).
7T. M. DUNCAN, J. Am. Chem. Soc. 106, 2270-5 {1984).
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structural characterization, On one view the wide
variation in stoichiometry from “Bg sC” to “B,C”
is due to progressive vacancies in the CBC chain
(B12Cs = B¢C) and/or progressive substitution of
one C for B in the icosahedron [(B1C)CBC =
B4C)]. Related phases are B;PBP and B;;X»
(X =P, As, O, S). See also p. 288 for B,,Cep—n
(n =1-6).

Figure 6.8 Crystal structure of B;3C, showing the
planar hexagonal rings connecting the B2
icosahedra. These rings are perpendicular
to the C-B-C chains.

By contrast with the many complex structures
formally related to S-rhombohedral boron, the
structures of the large and important groups of
cubic borides MB, and MB¢ are comparatively
simple. MB); is formed by many large
electropositive metals (e.g. Sc, Y, Zr, lanthanides
and actinides) and has an “NaCl-type” fcc
structure in which M atoms alternate with
B2 cubo-octahedral clusters (Fig. 6.9). (Note
that the B> cluster 1s not an icosahedron.)
Similarly, the cubic hexaborides MBg consist
of a simple CsCl-type lattice in which the
halogen is replaced by Bg octahedra (Fig. 6.10);
these By octahedra are linked together in all
6 orthogonal directions to give a rigid but
open framework which can accommodate large,
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Figure 6.9 B,; Cubo-octahedral cluster as found in
MB,,. This B;; cluster alternates with M
atoms on an fcc lattice as in NaCl, the
B2 cluster replacing Cl.

electropositive metal atoms at the corners of
the interpenetrating cubic sublattice. The rigidity
of the B framework is shown by the very
small linear coefficient of thermal expansion
of hexaborides (6-8 x 1075 deg™!) and by the
narrow range of lattice constants of these phases
which vary by only 4% (410-427 pm), whereas
the diameters of the constituent metal atoms
vary by 25% (355-445 pm). Bonding theory for
isolated groups such as BgHe?~ (p. 160) requires
the transfer of 2 electrons to the borane cluster
to fill all the bonding MOs; however, complete

transfer of 2e per Bg unit is not required in a
three-dimensional crystal lattice and calculations
for MBg (Ca, Sr, Ba) indicate the transfer of
only 0.9-1.0e.® This also explains why metal-
deficit phases M;_,B¢ remain stable and why
the alkali metals (Na, K} can form hexaborides.
The M''B4 hexaborides (Ca, Sr, Ba, Eu, Yb) are
semiconductors but M™Bs and M'VBg (M =
Y, La, lanthanides; M'"Y =Th) have a high
metallic conductivity at room temperature (10* —
10° ohm™ cm™!).

The “radius” of the 24-coordinate metal site in
MBg is too large (215-225pm) to be comfort-
ably occupied by the later (smaller) lanthanide
elements Ho, Er, Tm and Lu, and these form
MB, instead, where the metal site has a radius of
185-200 pm. The structure of MBy (also formed
by Ca, Y, Mo and W) consists of a tetragonal
lattice formed by chains of B¢ octahedra linked
along the c-axis and joined laterally by pairs of
B; atoms in the xy plane so as to form a 3D skele-
ton with tunnels along the c-axis that are filled
by metal atoms (Fig. 6.11). The pairs of boron
atomns are thus surrounded by trigonal prisms of

8P, G. PERKINS, pp. 31-51 in ref. 2.

O Metal

e Boron

(a)

(®)

Figure 6.10 Cubic MBg showing (a) boron octahedra (B-B in range 170-174 pm}, and (b) 24-atom coordination

polyhedron around each metal atom.
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metal atoms and the structure represents a tran-
sition between the puckered layer structures of
MB; and the cubic MBg.

Figure 6.11 Structure of ThB,.

The structure and properties of many borides
emphasize again the inadequacy of describing
bonding in inorganic compounds as either
ionic, covalent or metallic. For example,
in conventional terminology LaBg would be
described as a rigid, covalently bonded network
of B¢ clusters having multicentred bonding within
each cluster and 2-centre covalent B—-B bonds
between the clusters; this requires the transfer
of up to 2 electrons from the metal to the
boron sublattice and so could be said also to
involve ionic bonding (La**Bg?~) in addition
to the covalent inter-boron bonding. Finally,
the third valency electron on La is delocalized
in a conduction band of the crystal (mainly
metal based) and the electrical conductivity of
the boride is actually greater than that of La
metal itself so that this aspect of the bonding
could be called metallic. The resulting description
of the bonding is an ad hoc mixture of four
oversimplified limiting models and should more
logically be replaced by a generalized MO
approach.® It will also be clear from the
preceding paragraphs that a classification of
borides according to the periodic table does not
result in the usual change in stoichiometry from
one group to the next; instead, a classification

in terms of the type of boron network and the
size and electropositivity of the other atoms
is frequently more helpful and revealing of
periodic trends.

6.4 Boranes (Boron
Hydrides)(®

6.4.1 Introduction

Borane chemistry began in 1912 with A. Stock’s
classic investigations,!® and the numerous
compounds prepared by his group during the
following 20 y proved to be the forerunners of
an amazingly diverse and complex new area
of chemistry. During the past few decades
the chemistry of boranes and the related
carbaboranes (p. 181) has been one of the
major growth areas in inorganic chemistry,
and interest continues unabated. The importance
of boranes stems from three factors: first,
the completely unsuspected structural principles
involved; secondly, the growing need to extend
covalent MO bond theory considerably to
cope with the unusual stoichiometries; and
finally, the emergence of a versatile and
extremely extensive reaction chemistry which
parallels but is quite distinct from that of
organic and organometallic chemistry. This
efflorescence of activity culminated (in the
centenary year of Stock’s birth) in the award
of the 1976 Nobel Prize for Chemistry to
W. N. Lipscomb (Harvard) “for his studies of
boranes which have illuminated problems of
chemical bonding”.

Over 50 neutral boranes, B,,H,,, and an even
larger number of borane anions B,H,*~ have
been characterized;(!D these can be classified

9 E. L. MUETTERTIES (ed.), Boron Hydride Chemistry,
Academic Press, New York, 1975, 532 pp.

10 A, STocK, Hydrides of Boron and Silicon, Cornell
University Press, Ithaca, New York, 1933, 250 pp.

1IN, N. GREENWOOD,  Boron Hydride Clusters, in
H. W. ROESKY (ed.) Rings, Clusters and Polymers of Main
Group and Transition Elements, Elsevier, Amsterdam, 1989,
pp. 49-105.
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according to structure and stoichiometry into
5 series though examples of neutral or
unsubstituted boranes themselves are not known
for all 5 classes:

closo-boranes (from Greek xAwBé¢, clovos, a
cage) have complete, closed polyhedral clus-
ters of n boron atoms;

nido-boranes (from Latin nidus, a nest) have
non-closed structures in which the B,, cluster
occupies n corners of an (n + l)-cornered
polyhedron;

arachno-boranes (from Greek dpaxvn, arach-
ne, a spider’s web) have even more open
clusters in which the B atoms occupy n
contiguous comners of an (n + 2)-cornered
polyhedron;

hypho-boranes (from Greek V01, hyphe, a net)
have the most open clusters in which the
B atoms occupy n comners of an (n + 3)-
comered polyhedron;

conjuncto-boranes (from Latin conjuncto, 1
join together) have structures formed by
linking two (or more) of the preceding types
of cluster together.

Examples of these various series are listed
below and illustrated in the accompanying
structural diagrams. Their interrelations are
further discussed in connection with carborane
structures 51-81.

Closo-boranes:
B,H,?" (n = 6—12) see structures 1-7. The
neutral boranes B, H, ., are not known.

Nido-boranes:

B,H, 4, e.g. BoHg (8), BsHy (9), BgHyo
(10), B1pH14(11); BgHj, also has this for-
mula but has a rather more open struc-
ture (12) which can be visualized as being
formed from B;gHi4 by removal of B(9)
and B(10).

B,H, .3~ formed by removal of 1
bridge proton from B,H, .4, e.g. BsHg™,
BipHi3~; other anions in this series
such as B4H;~ and BgH;>~ are known
though the parent boranes have proved too

Ch. 6

fugitive to isolate; BH4~ can be thought
of as formed by addition of H™ to BHj.
B,H, 2>, e.g. BjoHp?>", By Hpa?™.

Arachno-boranes:
B.H, s, €.g. B4Hig (13), BsHy (14), B¢Hj2
(15), BgHi4 (16), n-BoH;s (17), i-BoHs.
B,H,s~, e.g. BoH;™ (18), BsHg™ (19),
BsHjo™, BoHi4™ (20), BigH;s™.
B,H, 4>, e.g. BigHis?™ (21).

Hypho-boranes:

B.H,,3. No neutral borane has yet been
definitely established in this series but
the known compounds BgH ;¢ and B;gHig
may prove to be hypho-boranes and
several adducts are known to have hypho-
structures (pp. 171-2).

Conjuncto-boranes:

B, H,,. At least five different structure types
of interconnected borane clusters have
been identified; they have the following
features:

(a) fusion by sharing a single common B
atom, e.g. B;sHys (22);

(b) formation of a direct 2-centre
B-B o bond between 2 clusters,
e.g. BgHys, i.e. (B4Hog) (23), BioHis,
i.e. (B5H8)2 (3 isorners) (24), B20H26,
ie. (BioHiz)a (11 possible isomers
of which most have been prepared
and separated), (e.g. 25a, b, ¢); anions
in this subgroup are represented by
the 3 isomers of ByHig*™, i.e.
(B1oHs> ™), (26);

(c) fusion of 2 clusters via 2 B atoms
at a common edge, e.g. BjsHjg (27),
BisHig (28), BiaHzo (29), BigHzpo
(30), n-BigHj; (31), i-B1gHaz (32);

(d) fusion of two clusters via 3 B atoms at
a common face: no neutral borane or
borane anion is yet known with this
conformation but the solvated com-
plex (MeCN),ByoH;6.MeCN has this
structure (33);

(e) more extensive fusion involving 4 B
atoms in various configurations, e.g.
BaoHis (34), ByoHis?>™ (35).
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i1) The B¢H,?"anion The relationship to the structure of (2) Probable Dy, pentagonal sipyramidal structure
the B, network in CaB, and the boron cluster in BgH, af the anion B, H,? in solution
should be noted

131 The D24 configuration of the boron aloms
in By Hy?™ showing the two structurally
non-equivalent sets of 4 boron atoms

(4) Structure of the baron cluster n By H, *~tinteralomic
distances ¢ }.5 pm} The four unique 8-H distances
are 107, 110, 127 and 144 2 15 pm

! |

(6) B, \H, T

(71 Poution of boron atoms and AUMbeENNg syst¢m in the icosahedral borune anion B, , H, ,"
The hydrogen atoms. which are attached radially to each boron atom, are omitted for clarity
There are six B-B distances of 175.5 pm and 2d of 178 pm
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(11 B.oHy,

{16) Proposcd structure for BgHy4

(14) BJH,, (terminal H atoms omitted)

(18) B,H,” (19) B, Hy™

(610918 T
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(23) comjuncto-BgHyg ie. 2.2 -(ByHg )y:
the 1,1'-isomer is also known but not the
1.2'-isomer

(24)  Structures of the three isomers of BiHys  The 1,17 isomer comprises two pentaborane(9) groups linked in eclipsed
configuration via the spex boron atoms to give overall Dy, symmetry; the B-B bond distances are [74 pm for the
linking bond, 176 pm for the slant edge of the pyramids, and 171 pm for the basal boron atoms

(25¢) 1.5 -(BiyHu);

(25h} 2,6-(BygH)x);
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(26) Proposed structures for the three isomers of [BigH1g)*"; terminal hydrogen (27) B,y H,e
atoms omitted for clarity. {See also p. 180)

(29} BsHyq
(28) Proposed structure of B H 4, omitting Terminal hydrogen atoms have been omitted
terminal hydrogen atoms for clarity for clarity (30) By Hypo

(32) Plane projection of the structure of i-BygHj; .
The two decaborane units are fused at the 5(7')
and 6(6°) pasitions to give 2 non-centrosymmetric

(31} #-ByyH,; (centrosymmetric) structure with C; symmetry
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(33) Molecular structure of
(MeCN), B;yHi4 as found in
crystals of the solvate
(MeCN), ByyH, - MeCN (see text)  an external hydrogen atom and
there are no BHB bridges

Boranes are usually named? by indicating
the number of B atoms with a latin prefix and
the number of H atoms by an arabic number in
parentheses, e.g. BsHo, pentaborane(9); BsHy,
pentaborane(l1). Names for anions end in “ate”
rather than “ane” and specify both the number
of H and B atoms and the charge, e.g. BsHy™
octahydropentaborate(l—), Further information
can be provided by the optional inclusion of
the italicized descriptors closo-, nido-, arachno-,
hypho- and conjuncto-, e.g.:

BoH o>~ : decahydro-closo-decaborate(2—)
[structure (5)]

BioHis : nido-decaborane(14) [structure (11)]

BigHi4?" : tetradecahydro-arachno-
decaborate(2—) [structure (21)]

BioHis 1,1'-conjuncto-decaborane(16)

[structure (24a)]
[i.e. 1,1'-bi(nido-pentaboranyl))

The detailed numbering schemes are necessarily
somewhat complicated but, in all other respects,
standard nomenclature practices are followed.(1?)

12G. ). LEIGH (ed.), Nomenclature of Inorganic Chemistry:
Recommendations 1990 (The 1UPAC “Red Book™), Black-
well, Oxford, 1990, Chap. 11, pp. 207-37.

)= NG
ANV

(34) The boron atom arrangement
in closo-B2oH,¢. Each boron atom
except the 4 "fusion borons" carries  units are shown by broad shaded lines

Bonding and topology 157
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(35) Structure of the B, H, *~ ion. The two
3-centre BBB bonds joining the 2 B

Derivatives of the boranes include not only
simple substituted compounds in which H has
been replaced by halogen, OH, alkyl or aryl
groups, etc., but also the much more diverse
and numerous class of compounds in which one
or more B atom in the cluster is replaced by
another main-group element such as C, Por S, or
by a wide range of metal atoms or coordinated
metal groups. These will be considered in later
sections.

6.4.2 Bonding and topology

The definitive structural chemistry of the boranes
began in 1948 with the X-ray crystallographic
determination of the structure of decaborane(14);
this showed the presence of 4 bridging H atoms
and an jcosahedral fragment of 10 B atoms. This
was rapidly followed in 1951 by the unequivocal
demonstration of the H-bridged structure of
diborane(6) and by the determination of the
structure of pentaborane(9). Satisfactory theories
of bonding in boranes date from the introduction
of the concept of the 3-centre 2-electron B-~-H-B
bond by H. C. Longuet-Higgins in 1949; he
also extended the principle of 3-centre bonding
and multicentre bonding to the higher boranes.
These ideas have been extensively developed and
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refined by W. N. Lipscomb and his group during
the past four decades.!!¥

In simple covalent bonding theory molecular
orbitals (MOs) are formed by the linear
combination of atomic orbitals (LCAQO); for
example, 2 AOs can combine to give 1 bonding
and 1 antibonding MO and the orbital of
lower energy will be occupied by a pair of
electrons. This is a special case of a more
general situation in which a number of AOs
are combined together by the LCAO method to
construct an equal number of MOs of differing
energies, some of which will be bonding, some
possibly nonbonding and some antibonding. In
this way 2-centre, 3-centre, and multicentre
orbitals can be envisaged. The three criteria that
determine whether particular AOs can combine
to form MOs are that the AOs must (a) be
similar in energy, (b) have appreciable spatial
overlap, and (c¢) have appropriate symmetry. In
borane chemistry two types of 3-centre bond
find considerable application: B-H-B bridge
bonds (Fig. 6.12) and central 3-centre BBB bonds
(Fig. 6.13). Open 3-centre B—B-B bonds are not
now thought to occur in boranes and their anions
though they are still useful in describing the
bonding in carbaboranes and other heteroatom
clusters (p. 194). The relation between the 3-
centre bond formation for B-H-B, where the
bond angle at H is ~90° and the 3-centre
bond formation for approximately linear H bonds
A-H-- B is given on pp. 63-4.

Localized 3-centre bond formalism can readily
be used to rationalize the structure and bonding in
most of the non-closo-boranes. This is illustrated
for seme typical nido- and arachno-boranes in
the following plane-projection diagrams which
use an obvious symbolism for normal 2-centre
bonds: B-B 0—0, B-H; O—e, (t = terminal),

central 3-centre bonds , and B-H,-B

bridge bonds "* ;. It is particularly important

"3W, N, LipscomB, Chap.2 in ref. 9, pp. 30-78,
W. N. LirpscomB, Boron Hydrides, Benjamin, New York,
1963, 275 pp. W. N. Lipscoms, Nobel Prize Lecture, Science
196, 1047-55 (1977).

¥
Energy ¥(B1) - y(B2)/

\

Ww(B1) ¥(B2 S ¥\
B / \ ¥(H)
Ww(B1) + ) \ /

I

Figure 6.12 Formation of a bonding 3-centre
B-H-B orbital , from an sp* hybrid
orbital on each of B(1), B(2) and the H
1s orbital, ¥ (H). The 3 AOs have similar
energy and appreciable spatial overlap,
but only the combination W(Bl)+
¥(B2) has the correct symmetry (o
combine linearly with y(H).

Vs
S L I VR
VB wﬁd . \HEY
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Figure 6.13 Formation of a bonding, central 3-centre
bond ¥, and schematic representation of
the relative energies of the 3 molecular
orbitals ¥, Y2 and V3.

to realize that the latter two symbols each
represent a single (3-centre) bond involving
one pair of electrons. As each B atom has 3
valence electrons, and each B—H; bond requires
1 electron from B and one from H, it follows that
each B-H, group can contribute the remaining 2
electrons on B towards the bonding of the cluster
(including B-H-B bonds), and likewise each
BH; group can contribute 1 electron for cluster
bonding. The overall bonding is sometimes
codified in a 4-digit number, the so-called styx
number, where s is the number of B-H-B bonds,
t is the number of 3-centre BBB bonds, y the
number of 2-centre BB bonds, and x the number
of BH; groups.'> Examples are on p. 159.
Electron counting and orbital bookkeeping can
easily be checked in these diagrams: as each B
has 4 valency orbitals (s + 3p) there should be 4
lines emanating from each open circle; likewise,
as each B atom contributes 3 electrons in all
and each H atom contributes 1 electron, the total
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Each terminal BH; group and

1 electron to the bridging:
these 4 electrons just fill the
two B-H-B bonds.

Each of the 4 B and 4Hu contribute
each (bridging) H,, contributes | jeciron to the B-H-B bonds,

i.e. 4 pairs of electrons for the

4 (3-centre) bonds, The 2 "hinge”
BH; groups each have | remaining
electron and 1 orbital which interact

Bonding and topology 159

In BsHp the bonding can be thought
of as involving the suucture shown
and 3 other equivalent structures in
which successive pairs of adjacent
basal B atoms are combined with
the apex B in a 3-centre bond.

10 give the 2-centre BB bond.

number of valence electrons for a borane of for-
mula B, H,, is (3n + m) and the number of bonds
shown in the structure should be just half this.
It follows, too, that the number of electron-pair
bonds in the molecule is n plus the sum of the
individual styx numbers (e.g. 13 for BsHj;, 14
for BgH ) and this constitutes a further check.t
An appropriate number of additional electrons
should be added for anionic species.

For closo-boranes and for the larger open-
cluster boranes it becomes increasingly difficult
to write a simple satisfactory localized orbital
structure, and a full MO treatment is required.
Intermediate cases, such as BsHy, require several
“resonance hybrids” in the localized orbital

formation and, by the time BjgH,4 is considered
there are 24 resonance hybrids, even assuming
that no open 3-centre B-B-B bonds occur. The
best single compromise structure in this case is
the (4620) arrangement shown at the foot of the
page, but the open 3-centre B-B-B bonds can
be avoided if *fractional” central 3-centre bonds
replace the B-B and B-B-B bonds in pairs:

¥ Furthes checks, which can readily be verified from the
equations of balance, are (a) the number of atoms in a
neutral borane molecule = 2(s + 1 + ¥ + x), and (b) there are
as many framework electrons as there are atoms in a neutral
borane B,H,, since each BH group supplies 2 electrons and
each of the (m —n) “extra” H atoms supplies 1 electron,
making n 4+ m in all,
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MO Description of Bonding in closo-BgHg2~

Closo BgHg?~ (structure 1) has a regular octahedral cluster of 6 B atoms surrounded by a larger octahedron of 6 radially
disposed H atoms. Framework MOs for the Bg cluster are constructed (LCAQ) using the 2s, 2p,, 2p, and 2p, boron
AQOs. The symmetry of the octahedron suggests the use of sp hybrids directed radially outwards and inwards from each
B along the cartesian axes (see figure) and 2 pure p orbitals at right angles to these (i.e. oriented tangentially to the Bg
octahedron). These sets of AOs are combined, with due regard to symmetry, to give 24 MOs as follows; the 24 AOs on
the 6 B combine to give 24 MOs of which 7 (i.e. n + 1) are bonding framework MOs, 6 are used to form B-H, bonds,
and the remaining 11 are antibonding.

Symmetry of orbitals on the B4 octahedron. (a) Six outward-pointing (sp) orbitals used for & bonding to 6 H;. (b) Six
inward-pointing (sp) orbitals used to form the a;; framework bonding molecular orbital. (c) Components for one of the
11, framework bonding molecular orbitals — the other two molecular orbitals are in the yz and zv planes. (d) Components
for one of the f2; framework bonding molecular orbitals — the other two molecular orbitals are in the yz and zx planes.

The diagrams also indicate why neutral closo-boranes B;H, 1z are unknown since the 2 anionic charges are effectively
located in the low-lying inwardly directed a), orbital which has no overlap with protons outside the cluster (e.g. above
the edges or faces of the Bg octahedron). Replacement of the 6 H; by 6 further Bg builds up the basic three-dimensional
network of hexaborides MBg (p. 150) just as replacement of the 4 H, in CHy4 begins to build up the diamond lattice.

The diagrams, with minor modification. also describe the bonding in isoelectronic species such as closo-CBsHg ™,
1.2xloso-CyB4Hg, 1,6-closo-C2B4Hs, etc. (pp. 181-2). Similar though more complex, diagrams can be derived for all
closo-BoH, 2~ (n = 6-12); these have the common feature of a low lying a), orbital and » other framework bonding
MOs; in each case, therefore (n + 1) pairs of electrons are required to fill these orbitals as indicated in Wade's rules
(p. 161). It is a triumph for MO theory that the existence of BsHg2~ and Bj2H ;33— were predicted by H. C. Longuet-
Higgins in 1954-5."%) a decade before BsHg2~ was first synthesized and some 5 y before the (accidental) preparation
of BigHjg2~ and B)zH)2?~ were reported.(15.19)

14 4. C. LONGUET-HIGGINS and M. DE V. ROBERTS, Proc. R.

Soc. A, 230, 110-19 (1955); see also idem ibid. A, 224, A simplified MO approach to the bonding in

3|356‘47 (1954). closo-BgHg?~ (structure 1, p. 153) is shown in
GJ. L. BOONE, J. Am. Chem. Soc. 86, 5036 (1964). the Panel. It is a general feature of closo-B,H, 2-
16 M, F. HAWTHORNE and A. R. PITTOCHELLL, J. Am. Chem. . hat th B-H-B BH

Soc. 81, 5519 (and also 5833-4) (1959); J. Am. Chem. Soc. anions that there are no 5-H-B or BH; groups

82, 3228-9 (1960). and the 4n boron atomic orbitals are always
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distributed as follows:

n in the n(B—H) bonding orbitals
(n + 1) in framework bonding MOs
(2n — 1) in nonbonding and antibonding
framework MOs

As each B atom contributes 1 electron to its B—H;
bond and 2 electrons to the framework MOs, the
(n 4+ 1) framework bonding MOs are just filled
by the 2n electrons from nB atoms and the 2
electrons from the anionic charge. Further, it is
possible (conceptually) to remove a BH; group
and replace it by 2 electrons to compensate for
the 2 electrons contributed by the BH; group to
the MOs. Electroneutrality can then be achieved
by adding the appropriate number of protons; this
does not alter the number of electrons in the sys-
tem and hence all bonding MOs remain just filled.
—~BH + 2e~ +

BgHg>™ ————— (BsHs*"} ——  BsHp
(stricture 1, (structure 9,
p. 153) p. 154)
(—BH +2¢7)
+2H
,. —2BH+4e 6oy OHT
BeHg*™ ————— (B4Hs*"} —— BiHjp

(structure 13)

The structural interrelationship of all the
various closo-, nido- and arachno-boranes thus
becomes evident; a further example is shown at
the foot of the page.

These relationships were codified in 1971 by
K. Wade in a set of rules which have been
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extremely helpful not only in rationalizing known
structures, but also in suggesting the probable
structures of new species.1” Wade’s rules can
be stated in extended form as follows:

closo-borane anions have the formula
B,H,?"; the B atoms occupy all n corners
of an n-cornered triangulated polyhedron,
and the structures require (n + 1) pairs of
framework bonding electrons;

nido-boranes have the formula B,H,, .4 with
B atoms at n comers of an (n +1)
cornered polyhedron; they require (n + 2)
pairs of framework-bonding electrons;

arachno-boranes: B,H, ¢, n comers of an
(n +2) comered polyhedron, requiring
(n+3) pairs of framework-bonding
electrons;

hypho-boranes: B,H,,3: n comers of an
(n +3) comered polyhedron, requiring
(n+4) pairs of framework-bonding
electrons.

The rules can readily be extended to isoelectronic
anions and carbaboranes (BH=B~=C) and also
to metalloboranes (p. 174), metallocarbaboranes
(p- 194) and even to metal clusters themselves,
though they become less reliable the further one
moves away from boron in atomic size, ionization
energy, electronegativity, etc.

7K. WADE, Adv. Inorg. Chem. Radiochem. 18, 1-66 (1976).

G-y

.2:'

Bty -
+ 4H

ByHyo

.21'- II"ivlltll
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More sophisticated and refined calculations
lead to orbital populations and electron charge
distributions within the borane molecules and to
predictions concerning the sites of electrophilic
and nucleophilic attack. In general, the highest
electron charge density (and the preferred site
of electrophilic attack) occurs at apical B atoms
which are furthest removed from open faces;
conversely the lowest electron charge density
(and the preferred site of nucleophilic attack)
occurs on B atoms involved in B-H-B bonding.
The consistency of this correlation implies that
the electron distribution in the activated complex
formed during reaction must follow a similar
sequence to that in the ground state. Bridge
H atoms tend to be more acidic than terminal
H atoms and are the ones first lost during the
formation of anions in acid-base reactions.

6.4.3 Preparation and properties of
boranes

Earlier methods for preparing the boron hydrides
were tedious and inefficient!® but have
now been superseded by modern high-yield
routes.111® The first great advance was to
replace the reaction between protonic hydrogen
and negative boride clusters by the reaction of
hydridic species such as LiH or LiAlHs with
boron halides or alkoxides which contain more
positive boron centres. Subsequently, S. G. Shore
and his group developed a systematic synthesis
by using the Lewis acid properties of BX; (X =
F, Cl, Br) to abstract H™ from the now readily
available borane anions such as BH;~, B3Hg™
etc. For example:(!¥

BX3; + BH,- —— HBX3™ + (BH3) —— 1/2B;Hs
BX3 +B3Hs™ —— HBX;3;™ + {B;H;} ——
1/2B4Hyp + 1/2“B,H,” polymer
BX; + BsHy™ —— HBX;™ + {BsHg} ——
1/2BsH;; + 1/2“B3Hs™ polymer
BX; + BgH;s~ — > HBX3™ + {BoHj3} ——
1/2BoH14 + 1/2“BgH;0” polymer + 1 /2H,

The perception by R. Schaeffer that nido-
BsHjo (structure 10, pp. 154, 159) could act as
a Lewis base towards reactive (vacant orbital)
borance radicals has led to several new conjucto-

boranes, e.g.:?%

—H,
BeHjo + 1/2B;Hg —— {B7Hi1}

BeHio
— BisHig + Hy

BgHio + BsHj2 —— Bi4Ha
B6H10 + iSO—B9H15 _—> B15H23(22) + H2

A useful route to B-B bonded conjuncto-
boranes involves the photolysis of parent nido-
boranes. Thus, ultraviolet irradiation of BsHg
(9) yields the three isomers of conjuncto-BigH;g
(24) and similar treatment of BgHi4 (11)
yields a mixture of 1,2'- and 2,2’-(BigHi3)2
(25a). High-yield catalytic routes to specific
B-B coupled conjuncto-boranes (using PtBr;)
have been developed by L. G. Sneddon and his
group®V, eg. BsHy gave 1,2'-(BsHg), (24),
B4Ho gave 1,I’-(B4Hg); (i.e. conjuncto-BgHg,
of which the 2,2-isomer is shown in 23),
and a mixture of B4Hjo and BsHy yielded
1,2/-(B4H9)(B5H3), i.e. conjuncto-Bng—;. When
applied to a mixture of BH¢ and BsHg in
decane at room temperature, the method gave the
first authenticated neutral heptaborane, B;H;s, in
which one of the bridging H atoms in diborane
has been replaced by a basal B atom of the Bs
unit, i.e. 1,2-(2-BsHg)B,Hs.

The synthesis of closo-borane dianions
B,H,?~ (1-7) relies principally on thermolysis
reactions of boranes in the presence of either
BH4~ or amino-borane adducts.®!? The yields

I8 R. W. ParrY and M. K. WALTER, in W. L. JOLLY (ed.),
Preparative Inorganic Reactions 5, 45-102 (1968).

19M. A. TorT, J. B. LEacH, F. L. HIMPsL and S. G. SHORE
Inorg. Chem. 21, 1952-7 (1982).

20 3. RaTHKE and R. SCHAEFFER, Inorg. Chem. 13, 3008-11
(1974); J. RatHKE, D. C. MooDpY and R. SCHAEFFER, Inorg.
Chem. 13, 3040-2 (1974); J. C. HurrmaN, D. C. Moopy and
R. SCHAEFFER, Inorg. Chem. 20, 741-5 (1981).

2LE. W. CorcoraN and L. G. SNEDDON, J. Am. Chem.
Soc. 106, 7793-7800 (1984); 107, 7446-50 (1985);
L. G. SNEDDON, Pure Appl. Chem. 59, 837-46 (1987).
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Table 6.2 Properties of some boranes

Nido-boranes

Arachno-boranes

Compound mp bp AH/XImol™! | Compound mp bp AH;/kImol™!
B,Hg —164.9° —-92.6° 36 B4H;o —120° 18° 58
BsHg —46.8° 60.0° 54 BsHy; —122° 65° 67 (or 93)
B¢Hig —62.3° 108° 71 BsH;, —82.3°  ~85° (extrap) 111
BgH» Decomp above —35° — BgHij, Decomp  above —30° —
BioHy4 99.5° 213° 32 n-BgH,; 2.6° 28°/0.8 mmHg —

are very sensitive to conditions (solvent, pres-
sure and temperature) and mixtures are often
obtained. A more recent variant is the ther-
molysis of Et4NBH, at 175-190°C for about
12 hours, which yields a mixture of closo-
BoHo? ", B1oH 0%, Bi2H 122~ and nido-B Hys~.
The smaller closo-dianions (n = 6, 7, 8) can then
be obtained (in smaller yield) by the oxidative
(air) degradation of BgHg?~ salts in the presence
of EtOH, thf or 1,2-dimethoxyethane.

Boranes are colourless, diamagnetic, molecular
compounds of moderate to low thermal stability.
The lower members are gases at room
temperature but with increasing molecular
weight they become volatile liquids or solids
(Table 6.2); bps are approximately the same
as those of hydrocarbons of similar molecular
weight. The boranes are all endothermic and
their free energies of formation AG; are
also positive; however, their thermodynamic
instability results from the exceptionally strong
interatomic bonds in both elemental B and
H; rather than any weakness of the B-H
bond. In this the boranes resemble the
hydrocarbons. Likewise, the remarkable chemical
reactivity of the boranes and their ready
thermolytic interconversion (p. 164) should not
be taken to imply that the bonds holding the
boranes together are inherently weak. Indeed, the
opposite is the case; the B-B and B-H bonds
are among the strongest 2-electron bonds known,
and the great reactivity of the boranes is to be
sought rather in the availability of alternative
structures and vacant orbitals of similar energies.
Some comparative data are in Table 6.3*> which

22N. N. GREENWOOD and R. GREATREX, Pure Appl. Chem.
59, 857-68 (1987).

shows that the bond enthalpies E for the 2-centre
B-B bond in boranes and for the C—C bond in
C,Hg¢ are essentially identical and that the value
for the 3-centre 2-electron BBB bond in boranes
1s very similar to that for the B—C bond in BMe;.

Table 6.3 Some enthalpies of atomization (AH7,
298 K) and comparative bond—enthalpy
contributions, E

AH/XI mol™! E/kYmol~! E/kYmol™!
H(g) 1/2 x 436 B-B (2c.2¢) 332 C-C 331
B(g) 566 BBB(3c,2e) 380 B-C 372
C(g) 356 B-H (2c,2e) 381 C-H 416

BHB(3c,2e) 441 H-H 436

Boranes are extremely reactive compounds
and several are spontaneously flammable in
air. Arachno-boranes tend to be more reactive
(and less stable to thermal decomposition) than
nido-boranes and reactivity also diminishes with
increasing mol wt. Closo-borane anions are
exceptionally stable and their general chemical
behaviour has suggested the term “three-
dimensional aromaticity”.

Boron hydrides have proved to be extremely
versatile chemical reagents but the very diversity
of their reactions makes a general classification
unduly cumbersome. For this reason, the range
of behaviour will be illustrated by typical exam-
ples taken from the chemistry of the boranes and
their anions, arranged approximately according
to the size of the borane cluster being discussed.
Nearly all boranes are highly toxic when inhaled
or absorbed through the skin though they can be
safely and conveniently handled with relatively
minor precautions.

Next Page



Previous Page

164 Boron Ch. 6

6.4.4 The chemistry of small boranes
and their anions (B,—B,)

Diborane occupies a special place because all the
other boranes can be prepared from it (directly
or indirectly); it is also one of the most studied
and synthetically useful reagents in the whole of
chemistry.(-2>) B,Hg gas can most conveniently
be prepared in small quantities by the reaction of
I, on NaBHy in diglyme [(MeOCH,CH,),0], or
by the reaction of a solid tetrahydroborate with
an anhydrous acid:

diglyme
2NaB I, ——— B,Hg +2Nal+ H
aH4+2(98%yield) 2Hg + 2Nal + H;

(70% yield)
2NaBH,(c) + 2H;PO4(1) ————>

ByHs(g) + 2NaH;PO4(c) + 2H,(g)

When B,Hg is to be used as a reaction intermedi-
ate without the need for isolation or purification,
the best procedure is to add Et,OBF; to NaBH;,
in a polyether such as diglyme:

diglyme
3NaBH, + 4Et,OBF; T

2B,Hg(g) + 3NaBF, + 4Et,O

On an industrial scale gaseous BF; can be
reduced directly with NaH at 180° and the
product trapped out as it is formed to prevent
subsequent pyrolysis:

180°
2BFs(g) + 6NaH(c) —— B,Hg(g) + 6NaF(c)

Some 200 tonnes per annum of B;Hg is
produced commercially, worldwide. Care should
be taken in all these reactions because
B,Hg is spontaneously flammable; its heat of
combustion (—AH®) is higher per unit weight
of fuel than for any other substance except

23L. H. LoNG, Chap. 22 in Mellor’s Comprehensive Trea-
tise on Inorganic and Theoretical Chemistry, Vol. 5, Supple-
ment 2, Part 2, pp. 52-162, Longmans, London, 1981.

Hz, BGHQ and BG(BH4)21 [_AHO(BZHG) =
2165kImol™! =78.2kI g '].

The pyrolysis of gaseous B,Hg in sealed
vessels at temperatures above 100° is exceedingly
complex and has only recently been fully
elucidated.®*=2" The initiating step is the
unimolecular equilibrium dissociation of B,Hg
to give 2{BHs}, and the {BH3} then reacts with
further B,Hs to give {B3H;} plus H, in a
concerted rate-controlling reaction via a {B3;Hs}
transition state. This explains the observed 1.5-
order of the kinetics and also successfully
interprets all other aspects of the initial reaction:

B,Hs —— 2(BH;)
{BH3} + BoHg —— {B3H7} + H;

In these and subsequent reactions, unstable inter-
mediates that have but transitory existence are
placed in curly brackets, {}.

The first stable intermediate, B4H;q, is then
formed followed by BsH;;:

{BH3} + {B3H7} == B4Hjp
B;Hs + {BsH;} —— {BH3} + B4Ho
= BsHy; +H;

A complex series of further steps gives BsHo,
B¢Hi0, BsHi2, and higher boranes, culminating in
BioHi4 as the most stable end product, together
with polymeric materials BH, and a trace of
conjuncto-icosaboranes BygHog.

Careful control of temperature, pressure and
reaction time enables the yield of the various
intermediate boranes to be optimized. For exam-
ple, B4Hjyp is best prepared by storing BoHg under
pressure at 25° for 10 days; this gives a 15%
yield and quantitative conversion according to the

243, F. STANTON, W. N. LipscoMB and R. J. BARTLETT, J.
Am. Chem. Soc. 111, 5165-73 (1989).

25R. GREATREX, N. N. GREENwWoOD and S. M. Lucas, J.
Am. Chem. Soc. 111, 8721-2 (1989).

26 N. N. GReENwooD and R. GREATREX, Pure Appl. Chem.
59, 857-68 (1987).

27N. N. GREENWOOD, Chem. Soc. Revs. 21, 49-57 (1992).
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overall reaction:
2B,H¢ —— B4Ho + H>

BsH;; can be prepared in 70% yield by the reac-
tion of BoHg and B4Hyo in a carefully dimen-
sioned hot/cold reactor at +120°/—30°:

2B4H;¢ + BoH¢ —— 2BsH;; + 2H,

Alternative high-yield syntheses of these various
boranes via hydride-ion abstraction from borane
anions by BBr; and other Lewis acids have
recently been devised!® (see p. 162).

From the foregoing it is clear that {BHj}
is a fugitive reaction species: it exists only
at exceedingly low concentrations but can be
isolated and studied wusing matrix isolation
techniques. Thus it can be generated by thermal
dissociation of loosely bound 1:1 adducts with
Lewis bases, such as PF;.BH3, and its reactions
studied.® The relative stability of the adducts
L.BHj; has been determined from thermochemical
and spectroscopic data and leads to the following
unusual sequence:

PF; < CO < Et,O < MeyO < C4HgO < C4HgS
< Et;S < Me,S < py < MesN < H

Note that both PF; and CO form isolable
although weak adducts, and that organic sulfide

28 T, P. FEHLNER, Chap. 4 in ref. 9, pp. 175-96.
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adducts are more stable than those of ethers,
thereby showing that BH; has some class b
acceptor (“soft acid™) characteristics despite the
absence of low-lying d orbitals on boron (see
p. 909). The ligand H™ is a special case since
it gives the symmetrical tetrahedral ion BH4™,
isoelectronic with CH4 and NH4;*. Many other
complexes of BH; with N, P, As, O, S etc.
donor atoms are also known and they are readily
formed by symmetrical homolytic (cleavage
of the bridge bonds in BjHs. Occasionally,
however, unsymmetrical (heterolytic) cleavage
products result, perhaps partly as a result of
steric effects,® e.g. NH3;, MeNH, and Me,NH
give unsymmetrical cleavage products whereas
Me;N gives the symmetrical cleavage product,
Me;N.BH; (see scheme below).

In addition to pyrolysis and cleavage reactions,
B,Hg undergoes a wide variety of substitution,
redistribution, and solvolytic reactions of which
the following are representative. Gaseous HCl
yields B;HsCl, whereas Cl, (and F;) give
BX; directly even at low temperatures and
high dilution. Methylation with PbMe,4 yields
B;HsMe, but comproportionation with BMe;
affords Me,B,Hg_, (n = 1-4), the two BHB
bridge bonds remaining intact. Hydrolysis gives
the stoichiometric amount of B(OH);. The related
alcoholysis reaction was much used in earlier
times as a convenient means of total analysis

29S. G. SHORE, Chap. 3 in ref. 9, pp. 79-174.

— 2 L—
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since the volatile B(OMe); could readily be
distilled off and determined while the number of
moles of Hy evolved equalled the number of H
atoms in the borane molecule:

B;Hg + 6MeOH —— 2B(OMe); + 6H;

This works well for all nido- and arachno-
boranes but not for the closo-dianions, which are
much less reactive. Reactions of B,Hg with NH;
are complex and, depending on the conditions,
yield aminodiborane, H;B(u-H)(u-NH>)BH;, or
the diammoniate of diborane, [BH,(NH3),]-
[BH4] (p. 165); at higher temperatures the
benzene analogue borazine, (HNBH);, results
(see p. 210).

The remarkably facile addition of B;Hg to
alkenes and alkynes in ether solvents at room
temperatures was discovered by H. C. Brown and
B. C. Subba Rao in 1956:

3RCH=CH; + %Bsz —— B(CH,CH;R);3

This reaction, now termed hydroboration, has
opened up the quantitative preparation of
organoboranes and these, in turn, have proved to
be of outstanding synthetic utility.®®3D It was for
his development of this field that H. C. Brown
(Purdue) was awarded the 1979 Nobel Prize in
Chemistry. Hydroboration is regiospecific, the
boron showing preferential attachment to the least
substituted C atom (anti-Markovnikov). This
finds ready interpretation in terms of electronic
factors and relative bond polarities (p. 144);
steric factors also work in the same direction.
The addition is stereospecific cis (syn). Recent
extensions of the methodology have encompassed
the significant development of generalized chiral
syntheses. %

30Y. C. BrRowN, Organic Syntheses via Boranes, Wiley,
New York, 1975, 283 pp., Boranes in Organic Chemistry,
Cornell University Press, Ithaca, New York, 1972, 462 pp.
31D, 1. PasTo, Solution reactions of borane and substituted
boranes, Chap. 5 in ref. 7, pp. 197-222.

324 C. BROWN and B. SINGARAM, Pure Appl. Chem. 59,
879-94 (1987); H. C. BROWN and P. V. RAMACHANDRAN,
Pure Appl. Chem. 63, 307-16 (1991) and references cited
therein.

Diborane reacts slowly over a period of days
with metals such as Na, K, Ca or their amalgams
and more rapidly in the presence of ether:

2B,Hg + 2Na —— NaBH,4 + NaBsHg

B3Hg™ prepared in this way was the first poly-
borane anion (1955); it is now more conveniently
made by the reaction

diglyme
B,Hg + NaBH4 W NaB3Hg + H;

Alternatively, BHj.thf can be reduced by alkali
metal amalgams (M = K, Rb, Cs) to give good
yields of solvent-free products:©®3

thf
2M/Hg + 4BHj;.thf —— MBH, + MB;3H;g

Tetrahydroborates, M(BH,),, were first identi-
fied in 1940 (M = Li, Be, Al) and since then have
been widely exploited as versatile nucleophilic
reducing agents which attack centres of low elec-
tron density (cf. electrophiles such as B,Hg and
LBH; which attack electron-rich centres). The
most stable are the alkali derivatives MBH,:
LiBH,; decomposes above ~380° but the others
(Na-Cs) are stable up to ~600°. MBH, are read-
ily soluble in water and many other coordinating
solvents such as liquid ammonia, amines, ethers
(LiBH4) and polyethers (NaBH4). They can be
prepared by direct reaction of MH with either
B;Hg¢ or BX3 at room temperature though the
choice of solvent is often crucial, e.g.:

Et;,0
2LiH + B,Hg ——— 2LiBH,
diglyme
2NaH + B,Hg ————> 2NaBH,
4LiH 4+ Et;,OBF3; ——— LiBH,4 + 3LiF + Et,0

Al;Etg
4NaH + BCls —— NaBH, + 3Na(l

These laboratory-scale syntheses are clearly
unsuitable for large-scale industrial production;

3T.G.HL, R.A Goprro, 1. P. WHME  and
S. G. SHORE, Inorg. Chem. 30, 2952-4 (1991).
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here the preferred route, introduced in the early
1960s is the Bayer process which uses borax
(or ulexite), quartz, Na and H, under moderate
pressure at 450—500°:G4

(Nap;B40O7 + 7510;) + 16Na + 8H,
— 4NaBH, + 7Na,SiO;

The resulting mixture is extracted under pressure
with liquid NHj3 and the product obtained as a
98% pure powder (or pellets) by evaporation. An
alternative route is:

o

250-270
B(OMe); + 4NaH ————— NaBH4 + 3NaOMe

The resulting mixture is hydrolysed with water
and the aqueous phase extracted with Pr'NH,.

Worldwide production of NaBH, is now about
3000 tonnes per annum (1990) and the price for
powdered NaBH, in 1991 was $48.39/kg.

Reaction of MBH,4 with electronegative ele-
ments is also often crucially dependent on the
solvent and on the temperature and stoichiometry
of reagents. Thus LiBH, reacts with S at —50° in
the presence of Et;O to give Li[BH;SH], whereas
at room temperature the main products are Li,S,
Li[B3S;Hg], and H,; at 200° in the absence of
solvent LiBH, reacts with S to give LiBS, and
either Hy or H,S depending on whether S is in
excess. Similarly, MBH, react with I, in cyclo-
hexane at room temperature to give Bl;, HI and
MI, whereas in diglyme B,Hg is formed quanti-
tatively (p. 164).

The product of reaction of BH,4~ with element
halides depends on the electropositivity of the
element. Halides of the electropositive elements
tend to form the corresponding M(BHy),,
e.g. M =Be, Mg, Ca, Sr, Ba; Zn, Cd; Al,
Ga, TI'; lanthanides; Ti, Zr, Hf and UL.
Halides of the less electropositive elements
tend to give the hydride or a hydrido-
complex since the BH4 derivative is either
unstable or non-existent: thus SiCly gives SiHy;

34R. WADE, in R. THOMPSON (ed.), Speciality Inorganic
Chemistry, Royal Soc. Chem., London, 1981, pp. 25-58; see
also Kirk— Othmer Encyclopedia of Chemical Technology, 4th
edn., John Wiley, New York, 1992, Vol. 4, pp. 490--501.
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PCl; and PCls give PHj; PhyAsCl gives
Ph,AsH; [Fe(n’-CsHs)(CO),Cl] gives [Fe(n’-
CsH;)(CO),H], etc.

A particularly interesting reaction (and one of
considerable commercial value in the BOROL
process for the in situ bleaching of wood pulp)
is the production of dithionite, S,04%~, from
SOQZ

90% yield
NaBH,4 + 8NaOH + 880; ——

4Na,S,04 + NaBO, + 6H,0

In reactions with organic compounds, LiBH, is
a stronger (less selective) reducing agent than
NaBH, and can be used, for example, to reduce
esters to alcohols. NaBH, reduces ketones, acid
chlorides and aldehydes under mild conditions
but leaves other functions (such as —CN, —~NO,,
esters) untouched; it can be used as a solution
in alcohols, ethers, dimethylsulfoxide, or even
aqueous alkali (pH > 10). Perhaps the classic
example of its selectivity is shown below where
an aldehyde group is hydrogenated in high
yield without any attack on the nitro group,
the bromine atom, the olefinic bond, or the
thiophene ring:

I,

I
0O,;N S CH=C—CHO

[ Br

1

NaBH,/EtOH
—

Industrial interest in LiBHy4, and particularly
NaBHy, stems not only from their use as versa-
tile reducing agents for organic functional groups
and their use in the bleaching of wood pulp,
but also for their application in the electroless
(chemical) plating of metals. Traditionally, either
sodium hypophosphite, NaH;PO,, or formalde-
hyde have been used (as in the silvering of glass),
but NaBH,4 was introduced on an industrial scale
in the early 1960s, notably for the deposition of
Ni on metal or non-metallic substrates; this gives
corrosion-resistant, hard, protective coatings, and
is also useful for metallizing plastics prior to
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further electroplating or for depositing contacts
in electronics. Chemical plating also achieves a
uniform thickness of deposit independent of the
geometric shape, however complicated.

The BH,4~ ion is essentially non-coordinating
in its alkali metal salts. However, despite the
fact that it is isoelectronic with methane, BH4™
has been found to act as a versatile ligand,
forming many coordination compounds by means
of 3-centre B-H—M bonds to somewhat
less electropositive metals.*~3") Indeed, BHy™

3B. D. JaMes and M. G. H. WALLBRIDGE, Prog. Inorg.
Chem, 11, 99-231 (1970).

(a) [Cu'(n' -BH)(PMePh;);]

{c) [Zr1¥(n3-BH,),]

affords a rare example of a ligand that can
act in at least 6 coordination modes: n!, nz,
7, w(n®n), n(n?) and p(n*). Such complexes
are usually readily prepared by reacting the
corresponding (or closely related) halides with
BH,~ in what are esseatially ligand replacement
reactions. Some examples follow:

n':  [Cu(n'-BH;)(PMePh,);] (see Fig. 6.14a);
(Cu(n'-BHs){MeC(CH,PPh,);}]; [FeH(n'-BHy)-

36p. A, WEGNER, Chap. 12 in ref. 9, pp. 431-80.

¥ T.J. Marks and J. R. KoLB, Chem. Rev. 77, 263-93
1977).

228 pm

132 pm (av)
"

182 pm

59° 112¢ —113°

(b) [Cul(n?-BH,)(PPhy),]

(d) [(RuH(tripod)},, (u:n?,12-BH)I*

Figure 6.14 Examples of the various coordination modes of BH,~ (continued on facing page).
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(&) [Co(u:m3-BH,)p{(#-PhoP(CHy)sPPhy )],

Figure 6.14

(dmpe)] (dmpe = Me,PCH,CH,;PMe,); [trans-
V(n*-BH,), (dmpe).]; (also BoH; ™, i.e. [BH;3(n'-
BH.)]™)

n*: [Al(*-BHs)s] (see p. 230); [Cu(n*-BH4)-
(PPh3),]  (Fig. 6.14b);  [Ti™(n>-BH,)3(dme)]
(dme = 1,2-dimethoxyethane); [Sc(n?-BH4)(5’-
Cp'),] (Cp" = (CsH3(SiMe3),});  [Y(n?-BHy)-
(n°-Cp)(th)]

7’ [M(n*-BHy)s] M =71, Hf, Np, Pu; see
Fig. 6.14c); [Ln(n*-BH4)(n’-Cp™"),(thf)] (Ln =
La, Pr, Nd, Sm); [U" (’-BH4)3(n°-CsHs)]

u(*n*): [{RuH(tripod)},(un®,n*-BH)I*  (Fig.
6.14d)

u(?): [Co(u:n-BH,){u1-Ph,P(CH, )sPPh,}], (Fig.
6.14e);  [(tmeda)Li-u(n*-BH4)],  (tmeda =
tetramethylethylenediamine)

w(n*): [Ce(un*-BHy)(n*-CsH3Bub)], (Fig. 6.14f)

Many complexes have more than one coor-
dination mode of BH4~ featured in their
structure, e.g. [UM(n?-BH,)(n-BH4)2(dmpe)s].
Likewise, whereas [M(BH,4)4] are monomeric
12-coordinate complexes for M = Zr, Hf, Np,
Pu, they are polymeric for M = Th, Pa, U: the
coordination number rises to 14 and each metal
centre is coordinated by two 5n*-BH;~ and four
bridging n?-BH,~ groups. It is clear that among
the factors which determine the mode adopted are
the size of the metal atom and the steric require-
ments of the co-ligands. Many of the complexes

(0 [Ce(u:n*-BH,4 )7 -CsH;Bub )2

continued

are fluxional on an nmr timescale in solution;
indeed, this property of fluxionality, which has
been increasingly recognized to occur in many
inorganic and organometallic systems, was first
observed (1955) on the tris-bidentate complex
[Al(7*-BH4);].4®

The B3;Hg™ ion (p. 166) is a triangular
cluster of C; (rather than C;,) symmetry
(see Fig. 6.15a);®” the bridging H,, atoms are
essentially in the B; plane with H; above
and below. While it has been conventional
to represent the cluster bonding in terms of
two BHB and one B-B bond (Fig. 6.15b),
recent high-level computations®® suggest the
presence of a 3-centre BBB bond, as depicted
approximately in Fig. 6.15c.

The arachno-anion B;Hg™ is the only binary
triboron species that is stable at room temper-
ature and above. It can be viewed as a ligand-
stabilized {B3;H7} group, i.e. (L.B3H7], in which
the ligand is H™ (cf. BH; ™). However, the ion is
completely fluxional in solution, all three boron
atoms (and all eight protons) being equivalent
on an nmr timescale. The B3Hg™ anion has an

38R. A. OcG and I. D. RAY, Disc. Faraday Soc. 19, 239-46
(1955).

39 H. J. DEISEROTH, O. SOMMER, H. BINDER, K. WOLFER and
B. FrElL, Z. anorg. allg. Chem. 571, 21-8 (1989).

40 M. S1rONI, M. RAIMONDI, D. L. CoOPER and J. GERRATT,
J. Phys. Chem. 95, 10617-23 (1991).
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Figure 6.15 (a) Structure of B3Hg™ showing C, symmetry; (b) dimensions and representation of the bonding
using a direct B-B bond (2013) for the longer (unbridged) B-B distance; (c) most recent (2103)
description of the bonding in terms of a 3-centre BBB bond. (See p. 158 for styx formalism.)

extensive reaction chemistry both as a reducing
agent and as a source of arachno-B4Hjo (p. 162).
Conversely, unsymmetrical (heterolytic) cleavage
of B4H;¢ with ligands, L, such as NHj yield
[L,BH,]*[B3Hg] .

The B3;Hg™ ion is also a versatile ligand and
forms bidentate and even tridentate complexes
with many metal centres.*" The octahedrally
coordinated 18-electron manganese(I) complex
[Mn(n?-B3Hg)(CO)4] is a particularly instructive
example. As can be seen from Fig. 6.16a it has a
cluster structure that is clearly related to that of
B4Hip (13). When heated to 180°C or irradiated
with ultraviolet light the complex loses one of
the four CO ligands and this enables a further
B-H group to coordinate to give the trihapto
complex fac-[Mn(n3-B3Hg)(CO)3] (Fig. 6.16b).
Treatment of this product with an excess of CO
under moderate pressure regenerates the original
dihapto species by a simple ligand replacement
reaction.#?)

4D F. GalNes and  S. J. HILDEBRANDT, Chap. 3 in
R. N. GRIMES (ed.), Metal Interactions with Boron Clusters,
Plenum Press, New York, 1982, pp. 119-43.

425. J. HILDEBRANDT, D. F. GAINES and J. C. CALABRESE,
Inorg. Chem. 17, 790-4 (1978).

6.4.5 Intermediate-sized Boranes and
their Anions (Bs—By)

Pentaborane(9), nido-BsHg, is by far the most
studied borane in this group. It can be prepared
by passing a 1:5 mixture of BoHg and H, at
subatmospheric pressure through a furnace at
250°C with a residence time of 3s (or at 225°
with a 15 s residence time); there is a 70% yield
and 30% conversion. Alternatively BoHg can
be pyrolysed for 2.5 days in a static hot/cold
reactor at 180°/—80°. BsHg is a colourless,
volatile liquid, bp 60.0°; it is thermally stable
but chemically very reactive and spontaneously
flammable in air. Its structure is essentially
a square-based pyramid of B atoms each of
which carries a terminal H atom and there are
4 bridging H atoms around the base (structure
9, p. 154). The slant edge of the pyramid,
B(1)-B(2), is 168 pm and the basal interboron
distances, B(2)-B(3) etc, are 178 pm; other key
dimensions are B—H; 122 pm, B-H,, 135 pm and
B-H, —B 83°. Calculations suggest that B(1) has
a slightly higher electron density than the basal
borons and that H,, is slightly more positive than
H,. Apex-substituted derivatives 1-XBsHg can
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Figure 6.16 Ligand replacement reaction of [Mn(n2-B3Hg)(CO)4] (see text).

readily be prepared by electrophilic substitution
(e.g. halogenation or Friedel-Crafts alkylation
with RX or alkenes), whereas base-substituted
derivatives 2-XBsHg result when nucleophilic
reaction is induced by amines or ethers, or when
1-XBsHg is isomerized in the presence of a
Lewis base such as hexamethylenetetramine or
an ether:

Iz/A1X3 base
B5H9 e l-IB5Hg —— 2-IBsHg
H)6Na

SbF3
2 ) FBsHg

Further derivatives can be obtained by metathe-
sis, e.g.

2-CIBsHg 4+ NaMn(CO)s ——
2-{(CO)sMn}BsHg (also Re)

BsHg reacts with Lewis bases (electron-
pair donors) to form adducts, some of which
have now been recognized as belonging to
the new series of hypho-borane derivatives
B,H, .3 (p. 152). Thus PMe; gives the adduct
[BsHg(PMes3),] which is formally analogous to
[BsH;; >~ and the (unknown) borane BsHjs.
[BsHo(PMes);] has a very open structure in the
form of a shallow pyramid with the ligands
attached at positions 1 and 2 and with major
rearrangement of the H atoms (Fig. 6.17a).
Chelating phosphine ligands such as (Ph,P),CH,

and (Ph,PCH,), have similar structures but
[BsHo(Me,NCH,CH;NMe,)] undergoes a much
more severe distortion in which the ligand
chelates a single boron atom, B(2), which is
joined to the rest of the molecule by a single
bond to the apex B(1) (Fig. 6.17b).“3 With NH;
as ligand (at —78°) complete excision of one B
atom occurs by “unsymmetrical cleavage” to give
[(NH3),BH;]* [B4H7]™

BsHy also acts as a weak Brgnsted acid
and, from proton competition reactions with
other boranes and borane anions, it has been
established that acidity increases with increasing
size of the borane cluster and that arachno-
boranes are more acidic than nido-boranes:

nido B5H9 < B6H10 < B10H14 < B16H20 < B13H22
arachno : B,H,o < BsH;; < BgH;; and

BsHjo > BsHyo

Accordingly, BsHg can be deprotonated at low
temperatures by loss of H, to give BsHg™
providing a sufficiently strong base such as a
lithium alkyl or alkali metal hydride is used.
Bridge-substituted derivatives of BsHg can then
be obtained by reacting MBsHg with chloro
compounds such as Ry PCl, Me3SiCl, Me3GeCl,

43N. W. ALcock, H. M. CoLquHouN, G. HARraN, J. F.
SawYeER and M. G. H. WALLBRIDGE, J. Chem. Soc., Chem.
Commun., 368-70 (1977); J. Chem. Soc., Dalton Trans.,
2243-55 (1982).
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(@) [BH(PMe,),]

(b) [BsHy(Me,NCH,CH,NMe,)}

Figure 6.17 Suructure of hypho-borane derivatives: (a) [BsHo(PMe;),] — the distances B(1)-B(2) and B(2)-B(3)
are as in BsHg (p. 170) but B(3)---B(4) is 295pm (c¢f. B---B 297 pm in BsH,,, structure 14,
p. 154), and (b) [BsHe(Me;NCH,;CH2NMe-)] — the distances B(2)---B(3) and B(2).--B(5) are

273 and 272 pm respectively.

or even Me;BCl to give compounds in which
the 3-centre B-H,,—B bond has been replaced
by a 3-centre bond between the 2 B atoms and
P, St, Ge or B respectively. Many metal-halide
coordination complexes react similarly, and the
products can be considered as adducts in which
the BsHg ™ anion is acting formally as a 2-electron
ligand via a 3-cenre B-~M-B bond (44
Thus [Cu'(BsHg)(PPh3),] (Fig. 6.18a) is readily
formed by the Jow-temperature reaction of
KBstlg with [CuCl(PPh;);1 and analogous 16-
electron complexes have been prepared for
many of the later transition elements, e.g.
[Cd(BsHg)CI(PPh3)], [Ag(BsHg)(PPh3);] and
[MY(BsHg)XL,], where M! = Ni, Pd, Pt; X =
Cl, Br, I; L.=a diphosphine or related
ligand. By contrast, [Ir'(CO)CI(PPhs);] reacts
by oxidative insertion of Ir and consequent
cluster expansion to give [(IrBsHg)}(CO)(PPh3),]
which, though superficially of similar formula,
has the structure of an irida-nido-hexaborane

N, N. Greenwoon and 1. M. WaRrb, Chem. Soc. Revs. 3,
231-71 (1974).

N, N. GREenwoon, Pure Appl. Chem. 49, 791-802
(1977).

(Fig. 6.18b).) In this, the {Ir(CO)(PPh;);}
moiety replaces a basal BHH, unit in BgH;o
(structure 10, p. 154).

Cluster-expansion and  cluster-degradation
reactions are a feature of many polyhedral borane
species. Examples of cluster-expansion are: (147

Et,O/-78°
LiBsHg + 1BaHg ————— LiBgHj;
(fast)

HCI
— BgHip

Me,O/-78°
LiBsHs + ByHs > {LiB7H 4}
(slow)

—— BgHjo + LiBH,

thf/r.t.
].8BSH9 + MH ";;') MB9H|4 + Hz plUS

minor products (M=Na, K)

48 N, N, GREENwooD, J. D. KENNEDY, W. S. MCDONALD,
D. REED and J. STAVES, J. Chem. Soc., Dalton Trans., 117-23
(1979).

4TN. S. HosMmaNE, J. R, WERMER, Znu Hong, T. D. GET-
MAN and S. G. SHORE, Ingrg. Chem. 26, 3638-9 (1987), and
references cited therein.
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Figure 6.18 (a) Structure of [Cu(BsHg)(PPh;);], showing n*-bonding of BsHg~ (phenyl groups omitted for clar-
ity); (b) Structure of [(irBsHg){(CO)(PPh;).] showing the structure about the iridium atom and the
relationship of the metallaborane cluster to that of nido-BgH,,.

glyme/85°
KBoHy, + 0.4BsHy ~———> KBy Hy, + 1.8H;

Cluster degradation has already been men-
tioned in connection with the unsymmetrical
cleavage reaction (p. 165) and other exam-
ples are:

[NMe,;1BsHg + 6PrOH —— [NMe,]B3H;
+ 2B(OPr); + 3H,

tmed McOH
and BsHy —— B;sHy(tmed) —— B,Hg(tmed)

+ B(OMe); + 2H,

(where Pr' is Me,CH- and tmed is Me;NCH,-
CHzNMez).

Replacement of a {BH} unit in BsHg by
an “isoelectronic” organometallic group such
as (Fe(CO);} or {Co(n°-CsHs)} can also
occur, and this illustrates the close interrelation
between metalloboranes, metal-metal cluster

compounds, and organometallic complexes in
general (see Panel).

The structures of several other nido- and
arachno- Bs—Bg boranes are given on page 154
but a detailed discussion of their chemistry
is beyond the scope of this treatment. Fur-
ther information is in refs, 9, 11, 27, 51
and 52.

6.4.6 Chemistry of nido-decaborane,
B10H14

Decaborane is the most studied of all the
polyhedral boranes and at one time (mid-1950s)
was manufactured on a multitonne scale in
the USA as a potential high-energy fuel. It
is now obtainable in research quantities by
the pyrolysis of B,He at 100-200°C in the
presence of catalytic amounts of Lewis bases
such as Me,O. BgH,4 is a colourless, volatile,
crystalline solid (see Table 6.2, p. 163) which
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Metalloboranes, Metal Clusters and Organometallic Complexes

Copyrolysis of BsHg and [Fe(CQ)s] in a hot/cold reactor at 220%/20° for 3 days gives an orange liquid (mp 5°C) of formula
{1-{Fe(CO);)B4H3) having the structure shown in (2)."® The isoelectronic complex [1-{Co(*-CsHs)}BsHg] (structure b)
can be obtained as yellow crystals by pyrolysis at 200° of the corresponding basal derivative [2-{Co(7*-C5sHs))B4Hg]
(structure (c)) which is obtained as red crystals from the reaction of NaBsHy and CoCly with NaCsHs in thf at —20°.4%
The course of these reactions is obscure and other products are also obtained.

{d) Geometric structure

(a) [1-[Fe(CO))ByHy]
of [Fe(CO)3(n*-CsHyl

?
P S S
l‘(/ Fc{\l.f%l;H
A s

(¢) Conventional bonding (f) Bonding scheme analogous  (g) [1-(Fe(CQ), B Hs) (h) Bonding in [1-{ FetCO); ) ByHs]
dingram to that in BgHyg stressing relation to BsHy (4120) cf. Fe{CO)y and [Fe{CO);(m3%-C Hy)

As {BH;} is isoelectronic with {CH). these metalloborane clusters are isoelectronic with the cyclobutadiene adduct
[Fc(r;“-C4H4)(C0)3], see (d). (e) and (f). Likewise {Fe(CO):} or {Co(n*-CsHs)) can replace a {BH} group in BsHg
and two descriptions of the bonding are given in (g) and (h): the Fe atom supplies 2 electrons and 3 atomic orbitals to
the cluster (as does BH), thereby enabling it to form 2 Fe-B o bonds and to accept a pair of electrons from adjacent
B atoms to form a 3-centre BMB bond. In this description the Fe atom is formally octahedral Fel! (df). Alternatively,
diagram (h) emphasizes the relation between |1-{Fe(CO);}BsHg] and [Fe(CQ)s(n*-CsHy4)] or [Fe(CO)s]: the Fe atom
accepts 2 pairs of electrons to form two 3-centre BMB bonds and is formally Fe® with a trigonal bipyramidal arrangement
of bonds.

It is possible to replace more than one (BH} group in BsHg by a metal centre, e.g in the dimetalla species [1,2-
lFe(CO)_;)zBJHﬂ;‘SO‘ it is also notable that the iron carbonyl cluster compound [Fes(CO),sC] (p. 1108) features the
same square-pyramidal cluster in which 5 {Fe(CO):} groups have replaced the five {BH} groups in BsHg, and the C
atom (in the centre of the base) replaces the 4 bridging H atoms by supplying the 4 electrons required to complete the
bonding.

Mangy other equivalent groups can be envisaged and the formalism permits a unified approach to possible synthetic
routes and to probable structures of a wide variety of compounds;.“-'-Sl =5

4 N. N. GREENwOOD, C. G. Savory, R. N. GriMEs, L. G. 3'N. N. GReenwooD and  J. D. KENNEDY, Chap. 2 in
SNEDDON, A. Davison and S. S. WREFORD, J. Chem. Soc., R. N. GrIMEs (ed.), Metal Interactions with Boron Clusters,
Chem. Commun., 718 (1974). Pienum, New York, 1982, pp. 43-118.

49V R. MiLLER and R. N. GRIMES, J. Am. Chem. Soc. 95, 523, D. KENNEDY, Prog. Inorg. Chem. 32, 519-679 (1984);
5078-80 (1973). 34, 211-434 (1986).

S0 K. J. HALLER, E. L. ANDERSEN and T. P. FEHLNER, Jnorg. 53T, P. FEHLNER (ed.), Inorganometallic Chemistry, Plenum,

Chem. 20, 309-13 (1981). New York, 1992, 401 pp.



§6.4.6

is insoluble in H,O but readily soluble in a
wide range of organic solvents. Its structure
(36) can be regarded as derived from the 11
B atom cluster Bj;Hj12~ (p. 153) by replacing
the unique BH group with 2 electrons and
appropriate addition of 4H,. MO-calculations
give the sequence of electron charge densities
at the various B atoms as 2, 4> 1, 3> 5, 7,
8, 10 > 6, 9 though the total range of deviation
from charge neutrality is less than £0.1 electron
per B atom. The chemistry of BjgHis can
be conveniently discussed under the headings
(a) proton abstraction, (b) electron addition,
(¢) adduct formation, (d) cluster rearrangements,
cluster expansions, and cluster degradation
reactions, and (e) metalloborane and other
heteroborane compounds.

BigHj4 can be titrated in aqueous/alcoholic
media as a monobasic acid, pK, 2.70:

BigHis + OH™ == BjgH; + H,0

Proton abstraction can also be effected by
other strong bases such as H=, OMe~, NH;,
etc. The BigH;3~ ion is formed by loss of
a bridge proton, as expected, and this results

(39) B 10“142_

Chemistry of nido-decaborane, ByoHq,4 175

in a considerable shortening of the B(5)-B(6)
distance from 179pm in BjgHj; to 165pm
in BygHjz™ (structures 36, 37). Under more
forcing conditions with NaH a second H, can
be removed to give Na;B;gH,;;; the probable
structure of BoH;,%~ is (38) and the anion acts
as a formal bidentate (tetrahapto) ligand to many
metals (p. 177).

Electron addition to BjgHi4 can be achieved
by direct reaction with alkali metals in ethers,
benzene or liquid NHj:

BioHi4 + 2Na —— Na;BoHj4

A more convenient preparation of the BjgH;s2~
anion uses the reaction of aqueous BH;™ in
alkaline solution:

+BH,;~ — {BH;} - .
BigH;y ———— BoHjs™ == BjoHus
+H*

Structure (39) conforms to the predicted (2632)
topology (p. 158) and shows that the 2 added
electrons have relieved the electron deficiency to
the extent that the 2 B~H,—B groups have been

g%

@0) BygH;»(MeCN),
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converted to B—H; with the consequent appear-
ance of 2BH; groups in the structure. Calcula-
tions show that this conversion of a nido- to an
arachno-cluster reverses the sequence of electron
charge density at the 2, 4 and 6, 9 positions so that
for BigH4?~ the sequence is 6,9 > 1,3 > 5, 7,
8, 10 > 2, 4; this is paralleled by changes in the
chemistry. BjgH 4%~ can formally be regarded as
BoH;2L, for the special case of L = H™. Com-
pounds of intermediate stoichiometry BjoHi3L™
are formed when BjgH;4 is deprotonated in the
presence of the ligand L:

Et,O/NaH _ EuoL ~
BioHis ———— BjoHi3~ —— [BipgHi3L]
NMC4+

———> [NMe4][BoH 3L ]

The adducts BigHj,L, (structure 40) can be
prepared by direct reaction of BjgH)4 with L or
by ligand replacement reactions:

B10H14 + 2MeCN —— Bl()I'Ilz(MeCN)Q + H2
BioHpLy +2L) —— BIOHIZLIZ + 2L

Ligands L, L’ can be drawn from virtually
the full range of inorganic and organic neutral
and anionic ligands and, indeed, the reaction
severely limits the range of donor solvents in
which BjoH;4 can be dissolved. The approximate
sequence of stability is:

SR; < RCN < AsR3; < RCONMe, < P(OR);
< py =~ NEt; ~ PPh;

The stability of the phosphine adducts is notable
as is the fact that thioethers readily form such
adducts whereas ethers do not. Bis-ligand adducts
of moderate stability play an important role
in activating decaborane for several types of
reaction to be considered in more detail in
subsequent paragraphs, e.g.:

o CgHg/20°
Substitution: BigH2(SRy); + HX ——

6-(5-)XBgH13 (X =F, CL, Br, I)
Cluster rearrangement: arachno-BigH ; (NEts ),
—— [NEt;:HI,[closo-BioH 01>~
Cluster addition: arachno-BgHi2(SRy), +
2RC=CR —— closo-ByH;o(CR),
+ 2SR, + H,

Cluster degradation: BjgH;2L, + 3ROH ——
BoH;3L + B(OR); + L + H;

In this last reaction it is the coordinated B atom
at position 9 that is solvolytically cleaved from
the cluster.

Electrophilic substitution of BjgHjs follows
the sequence of electron densities in the ground-
state molecule. Thus halogenation in the presence
of AICI; leads to I- and 2-monosubstituted
derivatives and to 2,4-disubstitution. Similarly,
Friedel-Crafts alkylations with RX/AICI; (or
FeCly) yield mixtures such as 2-MeBoH;3, 2,4-
and 1,2—M62B10H12, 1,2,3- and 1,2,4—MC3B10H11,
and 1,2,3,4-MesB0H;0. By contrast, nucleophilic
substitution (like the adduct formation with Lewis
bases) occurs preferentially at the 6 (9) position;
e.g., LiMe produces 6-MeBpH;3 as the main
product with smaller amounts of 5-MeBgH;3,
6,5(8)-M62B10H12 and 6,9-M62B10H12.

BioHi4 undergoes numerous cluster-addition
reactions in which B or other atoms become
incorporated in an expanded cluster. Thus in a
reaction which differs from that on p. 175 BH;~
adds to BjgHy4 with elimination of H; to form
initially the nido-B11Hjs~ anion (structure 41,
p. 178) and then the closo-B,Hip?:

) monoglyme/90°
BXQHM + LIBH4  —t LIB“HM + 2H2

BioHy4 + 2LiBHy ————— Li;B;;,Hy, + 5H,

A more convenient high-yield synthesis of
Bi;H22~ is by the direct reaction of amine-
boranes with BjgHj4 in the absence of solvents:

90-100°
B,oHy4 + 2Et;NBH; ————

[NEtsH], " [B12H2]*~ + 3H,

Heteroatom cluster addition reactions are exem-
plified by the following:

Et,O
BioHi4 + MesNAIH; ——

[NMe3;H]*[AIBjoH4]1™ + Hp

Et,O
BigHis + 2TIMe; ——
[T1M62]+[B10H12T1M62]_
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The Concept of Boranes as Ligands

Boranes are usually regarded as being electron-deficient, in the sense that they have an insufficient number of electrons
to form classical 2-centre 2-electron bonds between each contiguous pair of atoms. However, in the mid-1960s several
groups began to realize that, far from being deficient in electrons, many boranes and their anions could act as very
effective polyhapto ligands: that is, they could form donor-acceptor complexes (coordination compounds, Chap. 19) in
which the borane cluster itself was acting as the electron donor or ligand. The application of this astonishing idea has
extended enormously the range of boron hydride compounds which can be made.”* Many aspects have already been
alluded to in the preceding pages and these are briefly summarized in this Panel.

Boranes can act as ligands either by forming 3-centre. 2-electron B-H-M bonds (analogous to BHB bonds) or by
forming direct B,M bonds (n = 1-6, analogous to B-B, BBB etc bonds). All hapticities from n'-n® and occasionally
beyond are known. The various coordination modes of BH4~ and B3Hg ™ were discussed on pp. 168-71: these involve the
conversion of B-H; bonds to B-H—M bonds. Likewise, the use of BsHg ™ as an nZA]igand was described on pp. 172-3.
this involves the notional donation to a metal centre of the electron pair in a B-B bond, thus forming a BMB 3-centre
bond. BsHg ™~ can also act as a notional n'-donor by replacement of a terminal H atom in BsHg with a metal centre: e.g.
direct reaction of BsHgCl or BsHgBr with NaM(CO)s to give [M(n!-2-BsHg)(CO)s] (M = Mn, Re).

It is clear that some boranes are amphoteric Lewis acid/bases — that is they can act either as electron-pair donors as
above or as electron-pair acceptors (e.g. in L.BH3 and L.B3H5). It follows that a borane donor could conceivably ligate
to a borane acceptor to form a borane-borane complex. i.e. a larger borane. ¢.g. BHs™ + {BH3} ——— BoH7™ (p. 154).
In this sense ByHg itself could be regarded either as a coordination complex of BH4~ with the notional cation {BH:™},
or as the mutual coordination of two monodentate {BH3} units. Replacement of these donors with stronger ligands such
as NH3 or NMes would then result in either unsymmetrical or symmetrical cleavage of BoHg as discussed on p. 165.
Likewise, B4Hg could be regarded either as a complex between r)z—B3Hg“ and {BH>"} or as a mutual coordination
between {B3H7} and {BH3}; reaction with stronger ligands, L., would then yield either [L»BH»]T[B3Hg]™ or L.B3H7 and
L.BH; by ligand displacement reactions (pp. 169-70).

The neutral nido-borane BgH g (structure 10) has a basal B-B bond (see p. 159) and this enables it to act as a ligand
by displacing ethene from Zeise’s salt (p. 930).

K[Pt(n*-C2H4)Cla] 4 2BgHyg ——> rrans-[Pun*-B¢Hy0)2Cla] + CoHg 4 KCl

Similarly, reaction of B¢Hjg with Fe2(CO)y (p. 1104) at room temperature resuits in the smooth elimination of Fe(CO)s
to form [Fe(n2-BgH0)(CO)4] as a stable, volatile yellow solid. Use of these electron-donor properties of BgH o towards
reactive (vacant orbital) borane radicals resulted in the preparation of several new conjuncto-boranes. e.g. Bi3Hyo, BiaHa
and BjsHz3 (p. 162).

Another important concept is the notion of stabilization by means of coordination. A classic example is the stabilization
of the fugitive species cyclobutadiene, {C4Ha} by coordination to {Fe(CO);} (p. 936). As the C atom is isoelectronic with
{BH}, so {C4H4} is isoelectronic with the borane fragment {BsHg} which is similarly stabilized by coordination to
{Fe(CO)3} or the isoelectronic {Co(nS—CsHs)} (see Panel on p. 174). Indeed it is a general feature of metaltaborane
chemistry that such clusters are often much more stable than are the parent boranes themselves.

As a result of the systematic application of coordination-chemistry principles, dozens of previously unsuspected structure
types have been synthesized in which polyhedral boranes or their anions can be considered to act as ligands which donate
electron density to metal centres, thereby forming novel metallaborane clusters. 3044455850 Gome 40 metals have
been found to act as acceptors in this way (see also p. 178). The ideas have been particularly helpful in cmphasizing
the close interconnection between several previously separated branches of chemistry. notably boron hydride cluster
chemistry, metallaborane and metallacarbaborane chemistry (pp. 189-95). organometallic chemistry and metal -metal
cluster chemistry. All are now seen to be parts of a coherent whole.

It is also noteworthy that Alfred Stock, who is universally acclaimed as the discoverer of the boron hydrides (1912),(1%
was also the first to propose the use of the term “ligand” (in a lecture in Berlin on 27 November 1916).% Both events
essentially predate the formulation by G. N. Lewis of the electronic theory of valency (1916). It is therefore felicitous that.
albeit some 20 years after Stock’s death in 1946, two such apparently disparate aspects of his work should be connected
in the emerging concept of “boranes as ligands”.

34N. N. GReeNwooD, Chap 28 in G. B. KAUFFMAN (ed.). Coordination Chemistry: A Century of Pregress A.C.S. Symposium
Series No. 565 (1994) pp. 333-45.
S5 A. STOCK, Berichte 50, 170 (1917).
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(41) nido- 81 1 H14_

(The open face comprises a fluxional
system involving the two Hy atoms
and the endo-H, atom of the BH,
group)

Et,O
BioH14 + 2ZnR; —— [B1oH2Zn(Et,0);]

H,0/MesNCl N .
————> [NMe4]"2[Zn(B1oHiz)2]

The structure of the highly reactive anion
{AIBoH 4]~ is thought to be similar to nido-
B;jHj4~ with one facial B atom replaced
by Al The metal alkyls react somewhat
differently to give extremely stable metallo-
borane anions which can be thought of as com-
plexes of the bidentate ligand BjgH2?~ (struc-
tures 42, 43).44%51.52) Many other complexes
[M(B1oHi2)2]>" and [L,M(BjoH;3)] are known
with similar structures except that, where M =
Ni, Pd, Pt, the coordination about the metal
is essentially square-planar rather than pseudo-
tetrahedral as for Zn, Cd and Hg. Such com-
pounds were among the first examples to be rec-
ognized of the novel and extremely fruitful per-
ception that “electron-deficient” boranes and their
anions can, in fact, act as powerful stabilizing
electron-donor ligands (see Panel on p. 177).

6.4.7 Chemistry of closo-B,H,2- (15657

The structures of these anions have been
indicated on p. 153. Preparative reactions are
often mechanistically obscure but thermolysis
under controlled conditions is the dominant

(42) ﬂidO—[B ‘()HuTlMC 2]‘

Ch. 6

(43) [Zn(BigH12)21>~

procedure (pp. 162-3). Many of the product
closo-boranes are not degraded even when heated
to 600°C. Salts of B12H122_ and B10H102_ are
particularly stable and their reaction chemistry
has been extensively studied. As expected
from their charge, they are extremely stable
towards nucleophiles but moderately susceptible
to electrophilic attack. For BjgH;¢?>~ the apex
positions 1,10 are substituted preferentially to
the equatorial positions; reference to structure
(5) shows that there are 2 geometrical isomers
for monosubstituted derivatives BjgHoX;™, 7
isomers for B;gHgX,?~ and 16 for ByoH;X52".
Many of these isomers exist, additionally,
as enantiomeric pairs. Because of its higher
symmetry BjpHjp>~ has only 1 isomer for
monosubstituted species Bj,H;;X?~, 3 for
B,H1pX,%~ (sometimes referred to as ortho-,
meta- and para-) and S5 for BjyHoX3%™. A
particularly important derivative of Bj,H»2" is
the thiol [B;,H;;(SH)]*~ which has found use in
the treatment of brain tumours by neutron capture
therapy (see Panel on next page).

Oxidation of closo-BigHjg?~ with aqueous
solutions of Fe™ or Ce!V (or electrochemically)
yields conjuncto-B,oHis>~ (44) which can be
photoisomerized to neo-ByHig?~ (45). If the
oxidation is carried out at 0° with CelV,

S E. L. MEUTTERTIES and W. H. KNOTH, Polyhedral Bor-
anes, Marcel Dekker, New York, 1968, 197 pp.

>TR. L. MIDDAUGH, Chap. 8 in ref. 9, pp. 273-300.
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Boron-10 Neutron Capture Therapy*3-5%

Every year more than 600000 people throughout the world contract brain tumours and about 1700 die from this cause
every day. Treatment by surgical excision is usually impossible because of the site of the malignant growth and the lack
of a distinct boundary (gliomas). Likewise, conventional radiotherapy (X-rays, y-rays etc.) from outside the skull is rarely
effective. An ingenious approach to this problem which has given encouraging results so far is impregnation of the tumour
with a suitable boron compound, followed by irradiation with thermal neutrons which readily pass harmlessly through
normal tissue but are strongly absorbed by the isotope 'B. As can be seen from Table 6.1 (p. 144) 'OB is 767000 times
more effective than ''B and, in fact, has one of the highest neutron absorption cross-sections for any nuclide. The strategy
is thus to synthesize cluster compounds enriched in '°B, thereby enhancing the neutron absorption cross-section of the
boron nearly five-fold, and then to attach these clusters to the cells comprising the brain tumour. A single injection of, say,
Naz(*°B2H),SH) usually suffices. Treatment with thermal neutrons from a nuclear reactor then releases huge amounts
of energy right within the tumour tissue (and nowhere else) as a result of the nuclear reaction:

B +n ('iB") $He+ILi+y

The recoiling a-particle (3He) and lithium nucleus (]Li) between them carry 2.4 MeV of energy and this is shed within just
a few um, the a-particle travelling about 9 um and the Li nucleus about 5.5 um in the opposite direction. The radiation
damage is thus confined within the cancerous tissue alone.

This is a very active area of research which involves collaboration between synthetic inorganic chemists, biochemists,
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eons, nuclear physicists and reactor engineers, and there is considerable scope for advance in all of these

neurosurg
areas, (58.60.61)

or in a two-phase system with Fe' using
very concentrated solutions of BioH10%~, the
intermediate H-bridged species ByoHo3~ (46)
can be isolated. Reduction of conjuncto-BogH g%~
with Na/NH; yields the equatorial—equatorial
(ee) isomer of conjuncto-ByoH g%~ (47), and this
can be successively converted by acid catalyst to
the ae isomer (49) and, finally, to the aa isomer
(48). Careful protonation of this aa isomer yields
the elusive anion [aa-BygHig)®~ in which the
conjuncto B—B bond in structure (48) is replaced
by an unsupported B—H,, —B bond (angle 91(3)°,
B-H, 136(5) pm, B;--:-B; 193.6 pm), though
the two closo clusters still share a common
axis through their B(1)-B(10) vertices.%!® An
extensive derivative chemistry of these various

58 A. H. SoLowaY, F. Aram, R.F. BarTH, N. MAFUNE,
B. BAPAT and D. M. ApaMs, in S. Hefmédnek (ed.), Boron
Chemistry: Proc. 6th Internat. Meeting on Boron Chemistry,
World Scientific, Singapore, 1987, pp. 495-509.

5% H. HATANAKA, Boron Neutron Capture Therapy for
Tumours, Nishimura, Niigata, Japan, 1986. R. G. FAIRCHILD,
V. P. BOND and A. D. WOODHEAD (eds.), Clinical Aspects of
Neutron Capture Therapy, Plenum, New York, 1989, 370 pp.
60 M. F. HAWTHORNE, Pure Appl. Chem. 63, 327-34 (1991).
S1B. J. ALLEN, D. E. MOORE and B. V. HARRINGTON (eds.),
Progress in Neutron Capture Therapy for Cancer (Proc. 4th
Internat. Conf.), Plenum, New York, 1992, 668 pp.

species has been developed. Another important
(though mechanistically obscure) reaction of
conjuncto-ByH g>~ is its degradation in high
yield to n-BigHj; by passage of an enthanolic
solution through an acidic ion exchange resin;
i-B1gH»; is also formed as a minor product. The
relation of these 2 edge-fused decaborane clusters
to the By species is illustrated in structures (31)
and (32) (p. 156).

When salts of closo-BigHjp2~ and closo-
BipHp2~ are passed through an acid ion
exchange resin, hydrates of the strong acids
H,B,H, are obtained. For example, [NEt]*;,-
[BioH 9]>~ gives H,B;oH;0.4H,O which, on
careful dehydration, yields the dihydrate,
[H30]%2[B1oHi0]*. Repeated low-pressure eva-
poration of benzene solutions of this acid at
room temperature results in reductive cluster
opening to give the nido-decaborane deriva-
tive [6,6'-(BjoH;3)20] in good yield, probably
via nido-6-B1gH3(OH).%? The structure of the
readily sublimable bis(nido-decaboranyl) oxide,

6lap A. WATSON-CLARK, C. B. KNOBLER and M. F. Haw-
THORNE, Inorg. Chem. 35, 2963-6 (1996).
62 B, BONNETOT, A. TANGI, M. COLOMBIER and H. MONGEOT,
Inorg. Chem. Acta 105, L15-L16 (1985).
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L

(46) Most stable isomer

(ac) of BaoH1e3~

Structures of the 3 isomers of conjuncto-BagHig*™

(B1pHj3)2,0, prepared by other routes, had
previously been established by X-ray diffraction
analysis©®® and by nmr spectroscopy.®* Another
interesting derivative is [closo-1,10-B1oHg(N2)2]
in which the apical H atoms in BjgH;o?~
have been replaced by end-on dinitrogen ligands
(see pp. 414-6): the B—N distance is 149.9 pm
and the N-N distance is 109.1pm®> (cf
109.8pm in gaseous N,). The isoelectronic

63 N. N. GREENWOOD, W. S. McDONALD and T. R. SPAL-
DING. J. Chem. Soc., Chem. Commun., 1251-2 (1980).

64 J. D. KENNEDY and N. N. GREENWOOD, Inorg. Chem. Acta
38, 93-6 (1980).

65 T, WHELAN, P. BRINT, T. R. SPALDING, W. S. MCDONALD
and D. R. LLoyD, J. Chem. Soc., Dalton Trans., 2469-73
(1982).

ligand CO fulfils the same function in [closo-
1,10-B1oHg(C0),1.%667  The closely related
stable, volatile, icosahedral molecule [closo-
1,12-B12H;9(CO);] can be prepared by the
reaction of H,B;Hi2.4H,O with CO at 130°C
and 800-1000 atm. pressure in the presence
of dicobaltoctacarbonyl as catalyst.®®” In the
absence of this catalyst, approximately equal
amounts of the 1,7- and 1,12-isomers are formed.

66 w. H. KNoTH, I. C. SAUER, H. C. MILLER and E. L. MUE-
TTERTIES, J. Amer. Chem. Soc. 86, 115-6 (1964).

57 Ww. H. KNoTH, I. C. SAUER, J. H. BaLTHis, H. C. MILLER
and E. L. MUETTERTIES, J. Amer. Chem. Soc. 89, 4842-50
(1967). See also P. BRINT, B. SANGCHAKR, M. MCGRATH,
T. R. SPALDING and R. J. SUFFOLK, Inorg. Chem. 29, 47-52
(1990) for references to more recent work.
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(50) BHyo
nido-hexaborane(10)

(51) CBsHo
2-carba-nido-
hexaborane(9)

6.5 Carboranes(-17.68-71)

Carboranes burst onto the chemical scene in
1962-3 when classified work that had been
done in the USA during the late 1950s
was cleared for publication. The succeeding
30y has seen a tremendous burgeoning of
activity, as a result of which the carboranes
and the related metallocarboranes (p. 189) now
occupy a strategic position in the chemistry
of the elements, since they overlap and give
coherence to several other large areas including
the chemistry of polyhedral boranes, transition-
metal complexes, metal-cluster compounds and
organometallic chemistry. The field has become
so vast that it is only possible to give a few
illustrative examples of the many thousands
of known compounds, and to indicate the
general structural features and reactivity. The vast
majority of carboranes (>95%) have two C atoms
in the cluster, reflecting their ready formation
from alkynes (see below). A few have one C atom
and there are a growing number incorporating
three or even four C atoms as cluster vertices.
Carboranes (or more correctly carbaboranes)
are compounds having as the basic structural
unit a number of C and B atoms arranged on

68 R. N. GRIMES, Carboranes, Academic Press, New York,
1970, 272 pp.

69 H. BeaLL, Chap. 9 in ref. 9, pp. 302-47. T. ONAK,
Chap. 10 in ref. 9, pp. 349-82.

OR.E. WiLLiaMs, Coordination number-pattern recogni-
tion theory of carborane structures, Adv. Inorg. Chem.
Radiochem. 18, 67-142 (1976). R. E. WILLIAMS, Chap. 2
in G. A. OLAH, K. WADE and R. E. WiLLIAMS (eds.), Elec-
tron Deficient Boron and Carbon Clusters, Wiley, New York,
1991, pp. 11-93.

71 R. N. GRIMES, Adv. Inorg. Chem. Radiochem. 26, 55-117
(1983).

(52) C,B4H;
2.3-dicarba-nido-
hexaborane(8)

(53) C3B3H5 (54) C,B,H,
2.3 4-tricarba-nido-  2.3,4.5-tetracarba-nido-
hexaborane(7) hexaborane(6)

the vertices of a triangulated polyhedron. Their
structures are closely related to those of the
isoelectronic boranes (p. 161) [BH=B~ =C;
BH, = BH™ = B.L = CH]. For example, nido-
BgHo (structures 10, 50) provides the basic
cluster structure for the 4 carboranes CBsHy
(51), C2B4H8 (52), C3B3H7 (53) and C4B2H6
(54), each successive replacement of a basal B
atom by C being compensated by the removal
of one H,. Carboranes have the general formula
[(CH),(BH),,H,]°~ with a CH units and m BH
units at the polyhedral vertices, plus b “extra”
H atoms which are either bridging (H,) or endo
(i.e. tangential to the surface of the polyhedron
as distinct from the axial H; atoms specified in
the CH and BH groups; H.,, occur in BH,
groups which are thus more precisely specified as
BH;H.q,). It follows that the number of electrons
available for skeletal bonding is 3e from each CH
unit, 2e from each BH unit, le from each H, or
Hendo, and ce from the anionic charge. Hence:

total number of skeletal bonding electron
pairs = %(3a+2m+b+c)=n+ %(a+
b+ ¢), where n(=a+ m) is the number
of occupied vertices of the polyhedron.
closo-structures have (n 4 1) pairs of
skeletal bonding electrons (i.e. a+ b+
c=2).

nido-structures have (n + 2) pairs of skele-
tal bonding electrons (i.e. a + b + ¢ = 4).
arachno-structures have (n + 3) pairs of
skeletal bonding electrons (i.e. a+ b+
c = 6).

If a =0 the compound is a borane or borane
anion rather than a carborane. If b =0 there
are no H, or Hendo; this is the case for all
closo-carboranes except for the unique octahedral
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(55) (56) (57)
nido-B¢H,

(60) (61)
1,2-Me,-nido-BsH,  closo-1-CBsH,

monocarbaborane, 1-CBsH7, which has a triply
bridging H,, over one B; face of the octahedron.
If ¢ =0 the compound is a neutral carborane
molecule rather than an anion.

Nomenclature!? follows the well-established
oxa-aza convention of organic chemistry. Num-
bering begins with the apex atom of lowest coor-
dination and successive rings or belts of poly-
hedral vertex atoms are numbered in a clockwise
direction with C atoms being given the lowest

possible numbers within these rules.
Closo-carboranes are the most numerous and
the most stable of the carboranes. They are
colourless volatile liquids or solids (depending
on mol wt.) and can be prepared from an alkyne
and a borane by pyrolysis, or by reaction in
a silent electric discharge. This route, which
generally gives mixtures, is particularly useful for
small closo-carboranes (n = 5-7) and for some
intermediate closo-carboranes (n = 8§-11), e.g.
CoH,
nido-BsHy ———— closo-1,5-C,B3H;s
(55) 500°-600 (56)
+ closo-1,6-C,B4Hg + closo-2,4-C,BsH5
(57) (58)

T As frequently happens in a rapidly developing field, no-
menclature and numbering for the carboranes gradually evol-
ved to cope with increasing complexity. Consequently, many
systems have been used, often by the same author in succes-
sive years, and the only safe procedure is to draw a labelled
diagram and convert to the preferred numbering system.

closo-1,5-C,B3H; closo-1,6-C,B4H¢ closo-2,4-C, B H,

nido-2-CBsH,

Ch. 6

(58) (59)

nido-2,3-C;B4Hg

Me

(62) (63)

3-Me-nido-2CBsHg

Milder conditions provide a route to nido-
carboranes, e.g.:

CyH
nido—B5H9 T.O") nid0-2,3-C2B4Hg (59)

Pyrolysis of nido- or arachno-carboranes or their
reaction in a silent electric discharge also leads
to closo-species either by loss of Hj or dispro-
portionation:

CZBan+4 — CZBan+2 + H2
2C;B,Hu14 —> C;B,_H,y1 + CoBry1Hoys + 2H;

For example, pyrolysis of the previously men-
tioned nido-2,3-C,B4Hjg gives the 3 closo-species
shown above, whereas under the milder condi-
tions of photolytic closure the less-stable isomer
closo-1,2-C,B4Hg is obtained. Pyrolysis of alkyl
boranes at 500-600° is a related route which is
particularly useful to monocarbaboranes though
the yields are often low, e.g.:

1,2-Me,-nido-BsH; —— closo-1,5-C,B3Hs
(60) (56)
+ closo-1-CBsH7 4+ nido-2-CBsHy
(61) (62)
+ 3-Me-nido-2-CBsHg
(63)



§6.5 Carboranes 183

(64) closo-1,6-C,BgH,, (65)arachno-1,3-C,B,H,;

Cluster expansion reactions with diborane pro-
vide an alternative route to intermediate closo-
carboranes, e.g.:

closo-1,7-C,BgHg + %BzHﬁ —
closo-1,6-C,B7Hy + H,

closo-1,6-C,B7Hy + 1B,Hg —
closo-1,6-C,BgH g + H;

Conversely, cluster degradation reactions lead to
more open structures, e.g.:

base hydrol
C10S0-1,6~C2B3H10 '_——_)
(64) OH™ 4+ 2H,0
arachno-1,3-C,B7H;2™ 4+ B(OH),
(65)
chromic acid oxidn.
nido-1,7-CoBgHj ;- —————————
(66) +6H,0 — 6¢
arachno-1,3-C,B7H;3 + 2B(OH); + 5H*
(67)

Other convenient routes to carboranes, selected
from the growing number of recently reported
syntheses, are as follows. Monocarbon carbor-
anes can be prepared in good yield by
the transition-metal catalysed hydroboration of
alkenes followed by thermal rearrangement of the
intermediate product, e.g.(’?

75°
BsHy + [(MeC=CMe)Co,(CO)s] —>

355°
[nido-BsHg-2-(CMe=CHMe)] ——>
[nido-2-CBsH;-2-Me-3(or 4)-Et] (see structure 51).

72 R. WiLczynsKI and L. G. SNEDDON, J. Amer. Chem. Soc.
102, 28578 (1980).

(67) arachno-1,3-C;B,H;;

(66) nido-1,7-C,BH,5

The two isomers are each obtained in about
30% yield. Again, the Me,S-promoted reac-
tion of nido-BigHy4 with bis(trimethylsilyl)
ethyne, Me;SiC=CSiMe3, results in monocar-
bon insertion by intermal hydroboration and
SiMes; group migration to give [nido-7-CBoHy1-
7-{(Me3Si),CH}-9-(Me,S)] structure (68) in 28%
yield.™ New dicarbaboranes can be obtained
from preformed nido-dicarbaboranes either by
reducing them to give the corresponding arachno
species’ or by a capping reaction to give a
closo-dicarbaborane,™ e.g.
NaBHj in

nido-C,BgH;, ———> arachno-6,9-C,BgH;4 (69)
EtOH/KOH

140°
nido-2,3-Et,C,B4He (52) + EbNBH; ——
closo-2,3-Et,C,BsHs + 2H; + NEt;

A convenient route to three-carbon carboranes
is the hydroboration of an alkyne with
a preformed dicarbaborane. For example,!®
reaction of ethyne (or propyne) with arachno-
4,5-C;B7H;3 (70) in hexane at 120°C gives a
mixture of tri- and tetra-carbaboranes, e.g. (71),
(72), (73), (74) in modest yield. Access to other

73R. L. ERNEST, W. QUINTANA, R. ROSEN, P.J. CARROLL
and L. G. SNEDDON, Organometallics 6, 80-8 (1987).

747, JANOUSEK, J. PLESEK, S. HERMANEK and B. STiBR,
Polyhedron 4, 1797-8 (1985).

753.S. BEcK, A.P.Kaun and L. G. SNEDDON, Organo-
metallics 5, 2552-3 (1986).

76B. 8rfBR, T. JELINEK, Z. JANOUSEK, S. HERMANEK,
E. DRDAKOVA, Z.PrzAK and J. PLE3EK, J. Chem. Soc,
Chem. Commun., 1106-7 (1987). B. Ster, T. JELINEK,
E. DRDAKOVA, S. HEKMANEK and J. PLESEK, Polyhedron, 7,
669-70 (1988).
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(73) (74)

tetracarbaboranes was greatly facilitated by the
discovery of oxidative fusion reactions in 1974;
these involve the construction of large clusters
by metal-promoted face-to-face fusion of smaller
clusters.’" For example, bridge-deprotonation
of 2,3-R,C>B4Hg (see structure 52) with alkali
metal hydride, followed by treatment with FeCl,
and exposure to O, yields the desired product
R4C4BsgHg (75) (see Scheme above). The starting
material is available in multigram amounts via the
room-temperature reaction of BsHg with alkynes
in the presence of NEt;:

_ Scheme =

BsHy + R,C; + NEt; —— 2,3-R,C,B4Hg (52)
+ Et;NBH;

Metal-promoted alkyne-insertion reactions afford
another good method (see structure 12 for cluster
geometry and numbering):(’”

2,3-Et,C;B4He (52) + NaH 4+ MeC=CMe

thf
+ NiCl, —— 4,5,7,8-M®2Et2C4B4H4

7M. G. L. MIRABELLI and L. G. SNEDDON, Organometallics
5, 1510-11 (1986).
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Some Further Generalizations Concerning Carboranes

. Carbon tends to adopt the position of lowest coordination number on the polyhedron and to keep as far from other

C atoms as possible (i.e. the most stable isomer has the greatest number of B-C connections).

. Boron-boron distances in the cluster increase with increasing coordination number (as expected). Average B-B

distances are: 5-coordinate B 170 pm, 6-coordinate B 177 pm, 7-coordinate B 186 pm.

. Carbon is somewhat smaller than B and interatomic distances involving C are correspondingly shorter. Thus B-C

and C-C distances are about 165pm and 145 pm, respectively, for 5-coordinate C; the corresponding values for
6-coordinate C are 172pm and 165 pm.

. Negative electronic charge on B is computed to decrease in the sequence:

B (not bonded to C) > B (bonded to 1C) > B (bonded to 2C).

Within each group the B with lower coordination number has a greater negative charge than those with higher
coordination.

. CH groups tend to be more positive than BH groups with the same coordination number (despite the higher

electronegativity of C). This presumably arises because each C contributes 3e for bonding within the cluster whereas
each B contributes only 2e.

. In nido- and arachno-carboranes H,, is more acidic than H; and is the one removed on deprotonation with NaH.

185

In general nido- (and arachno-) carboranes are
less stable thermally than are the corresponding
closo-compounds and they are less stable to aerial
oxidation and other reactions. due to their more
open structure and the presence of labile H atoms
in the open face. Most closo-carboranes are stable
to at least 400° though they may undergo rear-
rangement to more stable isomers in which the
distance between the C atoms is increased. Some
other structural and bonding generalizations are
summarized in the Panel. Note, however, that
kinetic control during synthesis may result in the
isolation of a thermodynamically less favoured
structure, with contiguous C atoms, while elec-
tronic factors in carboranes with as many as four
C atoms may result in distortions or other devia-
tions from the structures predicted on the basis

L(g,
176) ortho-carborane,
1,2-C,B,H,; (mp 320°C)

e
(77} meta-carborane,
1,7-C;BoH,; (mp 265°C)

of the simple application of electron counting
rules. 7V

The three isomeric icosahedral carboranes
(76-78) are unique both in their ease of
preparation and their great stability in air, and
consequently their chemistry has been the most
fully studied. The 1,2-isomer in particular is
available on the multikilogram scale. It is best
prepared in bulk by the direct reaction of ethyne
with decaborane in the presence of a Lewis base,
preferably Et,S:

nido-BygH4 + 2SEt, —— B,oH|>(SEt;), + H»
BoH2(SEt,); + C;H; —— closo-1,2-C,BygH);
+ 2SEt; + Hp

The 1,7-isomer is obtained in 90% yield by
heating the 1,2-isomer in the gas phase at 470°C

(18) para-carborane,
1,12-C,B,oH,3 (mp 261°C)
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for several hours (or in quantitative yield by
flash pyrolysis at 600° for 30s). The 1,12-
isomer is most efficiently prepared (20% yield)
by heating the 1,7-isomer for a few seconds at
700°C. The mechanism of these isomerizations
has been the subject of considerable speculation
but definitive experiments are hard to devise.
The “diamond-square-diamond” mechanism has
been proposed (Fig. 6.19) for the 1,2 == 1,7
isomerization, but the 1,12 isomer cannot be
generated by this mechanism. Moreover, the
activation energy required to pass through the
cubo-octahedral transition state is likely to be
rather high. An alternative proposal, which could,
in principle, lead to both the 1,7 and the 1,12
isomers, is the successive concerted rotation of
the 3 atoms on a triangular face, and a third
possible mechanism involves the concerted basal
twisting of two parallel pentagonal pyramids
comprising the icosahedron. Vertex extrusion to
a capping position, followed by reinsertion at
an adjacent site in the cluster has also been
suggested. It is extremely difficult to devise
experiments to test these mechanisms, but where
this has been achieved (as in the case of the
disubstituted derivative of (58), closo-5-Me-6-Cl-
2,4-C,BsHg, for example) the results rule out
triangular face rotation and are consistent with
a “diamond-square-diamond” mechanisms.{® It
is conceivable that for other clusters the various
mechanisms operate in different temperature
ranges or that two (or more) mechanisms are

787.1. ABDoU, G. ABpou, T. ONaK and S. LEE, Inorg.
Chem. 25, 2678-83 (1986).

active simultaneously. For recent definitive work
on closo-C,BjgH, see refs. 79 and 80.

An entirely different form of isomerism, which
is attracting increasing attention, is described in
the Panel opposite.

An extensive derivative chemistry of the
icosahedral carboranes has been developed,
especially for 1,2-C;B9Hj;. Terminal H atoms
attached to B undergo facile -electrophilic
substitution and the sequence of reactivity
follows the sequence of negative charge density
on the BH; group:®!

closo-1,2-C,B1gHys :

(8,10~9,12) > 4,5,7,11 > 3,6
closo-1,7-C,BgH1s :

9,10>4,6,8,11 >5,12>2,3

Similar reactions occur for other closo-carbor-
anes, e.g.:

Bry/AICI
1,6-C2B7H9 —_ 8-Br-1,6—C2B7Hg + HBr

8ClL,/CCL,
1,10-C,BgH;p —— 1,10-(CH),B3Clg + 8HCI

It is noteworthy that, despite the greater elec-
tronegativity of C, the CH group tends to be more

S.-H. Wu and M. JoNES J. Amer. Chem. Soc. 111,
5373-84 (1989).
80G. M. EpvensoN and D. F. GAINES Inorg. Chem. 29,
1210-16 (1990).
81D, A. DixoN, D. A. KLER, T. A. HALGREN, J. H. HaLL
and W. N. LipscoMs, J. Am. Chem. Soc. 99, 6226-37 (1977).

aer

Figure 6.19 The interconversion of 1,2- and 1,7-disubstituted icosahedral species via a proposed cubooctahedral
intermediate formed during four “diamond-square—diamond” rearrangements.
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“Classical-Nonclassical” Valence Isomerism

A novel and far-reaching type of isomerism concerns the possibility of valence isomerism between “nonclassical” (electron-
deficient) clusters and “classical” organoboron structures. Thus, #-vertexed nido-boranes. B, H, 14, have cluster structures
with 4H,, — cf. (9), (10), (11) — whereas the precisely isoelectronic n-vertexed nido-tetracarbaboranes, C4B,_sH, have
no bridging H atoms and can, in principle, adopt either a cluster borane structure or one of several classical organic
structures. For example, derivatives of C4B2Hg could adopt either the nido-2,3,4.5-tetracarbahexaborane structure (a) — i.e.
(54) — or the 1,4-dibora-2,5-cyclohexadiene structure (b). As might be expected, the 3-coordinate B atoms in (b) are
stabilized by sr-donor substituents (¢.g. R = F, OMe) whereas when R = alkyl. rearrangement to the nido-carbaborane (a)
occurs.®2) The novel diborafulvene isomer (c) has also been synthesized in good yield®-83) and two other isomers, (d)
and (e) have been stabilized as ligands in Ru- and Rh-complexes.

Similar possibilities arise for 10-atom clusters. Thus, dimerization of the closo-C2B3 cluster 1,5-Me;C2B3Et; (56) by
means of K metal then 1, in thf yields the “‘classical” adamantane derivative MesC4BgEts (f); when this is heated to 160°
the nido-tetracarbadecaborane cluster (g) is obtained rapidly and quantitatively.® It will be noted that in (f) all four C
atoms are 4-coordinate and all six B atoms are 3-coordinate. whereas in (g) the three C atoms in the C3 triangular face
are 5-coordinate while the boron atoms are variously 4, 5 or 6 coordinate.

82y, ScHAFER, H. PriTzKOW and W. SIEBERT, Angew. Chem. Int. Edn. Engl. 27, 299-300 (1988) and references cited therein.
See also B. WRACKMEYER and G. KeHR, Polyhedron 10, 1497~506 (1991).

83G. E. HerBERICH, H. OnsT and H. MAYER, Angew. Chem. Int. Edn. Engl. 23, 969-70 (1984).

84R. KOSTER, G. SEIDEL and B. WRACKMEYER, Angew. Chem. Int. Edn. Engl. 24, 326-7 (1985).
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positive than the BH groups and does not nor-
mally react under these conditions.

The weakly acidic CH, group can be
deprotonated by strong nucleophiles such as LiBu
or RMgX; the resulting metalated carboranes
LiCCHByH,y and (LiC);B,gH;y can then be
used to prepare a full range of C-substituted
derivatives -R, ~X, -SiMe;, —-COOH, -COCI,
—CONHR, etc. The possibility of synthesizing
extensive covalent C-C or siloxane networks
with pendant carborane clusters is obvious and
the excellent thermal stability of such polymers
has already been exploited in several industrial
applications.

Although closo-carboranes are stable to high
temperatures and to most common reagents,
M. F. Hawthorne showed (1964) that they can

Ch. 6

be specifically degraded to nido-carborane anions
by the reaction of strong bases in the presence of
protonic solvents, e.g.:

°

1,2-CyB1oHyz + BtO~ + 2E10H —5
7,8-C;BoHy,™ + B(OED); + H,

1,7-C;B1oHy; + EtO™ + 2EtOH ——
7.9-C,BgH;;~ + B(OED); + H;

Figure 6.20) indicates that, in both cases, the
BH vertex removed is the one adjacent to
the two CH vertices: since the C atoms tend
to remove electronic charge preferentiaily from
contiguous B atoms, the reaction can be described
as a nucleophilic attack by EtO~ on the most
positive (most electron deficient} B atom in the

Closo-1,2-CyB gH , (76)

nido-7,8-C;BoH,» (79)

Figure 6.20

(80) nido-7,8-CaBgH; -

Figuare 6.21

(n* -CsHs)™

Closo-1,7-CyBoHy, (7T nido-1,9-C,BgH o~

Degradation of closo-carboranes to the comresponding debor-nido-carborane anions.

(81) nido-7,9-C,BgH, >

Relation between CsBgH;,?~ and CsHs™. In this formalism the closo-carboranes C2BoH,» are con-

sidered as a coordination complex between the pentahapto 6-electron donor C;BoH,;?~ and the
acceptor BH** (which has 3 vacant orbitals). The closo-structure can be regained by capping the
open pentagonal face with an cquivalent metal acceptor that has 3 vacant orbitals.
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cluster. Deprotonation of the monoanions by NaH
removes the bridge proton to give the nido-
dianions 7,8-C,BoH; >~ (80) and 7,9-CoBgH;;%~
(81). It was the perceptive recognition that the
open pentagonal faces of these dianions were
structurally and electronically equivalent to the
pentahapto cyclopentadienide anion (7°-CsHs)~
(Fig. 6.21) that led to the discovery of the
metallocarboranes and the development of some
of the most intriguing and far-reaching reactions
of the carboranes. These are considered in the
next section.

6.6 Metallocarboranes('17:85-90)

There are now at least a dozen synthetic routes
to metallocarboranes including (i) coordination
using nido-carborane anions as ligands, (ii) poly-
hedral expansion reactions, (iii) polyhedral con-
traction reactions, (iv) polyhedral subrogation
and (v) thermal metal transfer reactions. These
first five routes were all devised by
M. F. Hawthorne and his group in the period
1965-74 and have since been extensively
exploited and extended by several groups. Exam-
ples of each will be given before mentioning
some of the more recent routes that have been
developed. It is worth noting that the carborane
dianions (80) and (81) are both more effective
as ligands than is °-CsHs~, perhaps because of
the more favourable angles of the orbitals, the
lower electronegativity of boron and the higher
formal anionic charge. Thus, the carboranes form
stable sandwich complexes with Cu'l, A"l and

85 R. N. GrIMES, Pure Appl. Chem. 39, 455-74 (1974).

86 K. P. CaLLAHAN and M. F. HAWTHORNE, Pure Appl.
Chem. 39, 475-95 (1974).

87G. B. Dunks and M. F. HAWTHORNE, Chap. 11 in ref. 9,
pp- 383-430.

8 K. P. CaLLaHAN and M. F. HAWTHORNE, Adv. Organo-
metallic Chem. 14, 145-86 (1976).

89 R. N. GriMEs, Chap. 2 in E. BECHER and M. TSUTSUI
(eds.), Organometallic Reactions and Syntheses 6, 63-221
(1977).

90D, M. SCHUBERT, M. A. BANDMAN, W. S. REES,
C. B. KNOBLER, P. Lu, W.NaMm and M. F. HAWTHORNE,
Organometallics 9, 2046-61 (1990), and refs. cited therein.

SilV, for example, whereas cyclopentadienyl does
not.(90.9D

(i) Coordination using nido-carborane anions
as ligands (1965). Reaction of C,BgH;;?~ with
FeCl, in tetrahydrofuran (thf) with rigorous
exclusion of moisture and air gives the pink,
diamagnetic bis-sandwich-type complex of Fe(II)
(structure 82) which can be reversibly oxidized to
the corresponding red Fe(IIl) complex:

2C,BoHy 2™ + Fe? — s [Fell(n3-C,BoH 2]
. (82)
atr
= [Fe" (7°-C;BoH11)2]"
+e”
When the reaction is carried out in the presence
of NaCsHs the purple mixed sandwich complex
(83) is obtained:
thf
CBgH ¥~ + CsHs™ + Fe?t —
-€

[Fe™ (n°-CsHs)(n°-C2BgHi1)] (83)

The reaction is general and has been applied to
many transition metals as well as lanthanides and
actinides.®® Variants use metal carbonyls and
other complexes to supply the capping unit, e.g.

h
CyBoH 12~ + Mo(CO)g — s
[Mo(CO)3(n°>-C2BgH;1)1*™ + 3CO

(ii) Polyhedral expansion (1970). This entails
the 2-electron reduction of a closo-carborane
with a strong reducing agent such as sodium
naphthalide in thf followed by reaction with a
transition-metal reagent:

4Na/CyyHg
2[closo-C;B, o Hy] —f> 2[nido-C,B,_H,]*~
thi

M+
——> [M(C2B,_2H, )] 9F

The reaction, which is quite general for closo-
carboranes, involves the reductive opening of
an n-vertex closo-cluster followed by metal

SID. M. SCHUBERT, W. S. Rees, C.B. KNOBLER and
M. F. HAWTHORNE, Organometallics 9, 2938-44 (1990), and
refs. cited therein.

92 M. J. MANNING, C. B. KNOBLER and M. F. HAWTHORNE,
J. Am. Chem. Soc. 110, 4458-9 (1988).
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(82) (83) 84)
*
40° 70° Co /CsHs™
[O]
(85) C;BgH,;2 (86) Red isomer (87) Orange 1somer  (88) Red-orange 1somer (89)
Scheme

insertion to give an (n + 1)-vertex closo-cluster.
Numerous variants are possible including the
insertion of a second metal centre into an existing
metallocarborane, e.g.:

2e~/thf

closo-1,7-CoBgHg——————[Co(CsH;)(C;B¢Hg))
CoCl» +NaCsHs

2e~/thf
——————> [{Co(CsHs)}2(C,BgHg)] (84)
CoCls + NaCsHs
The structure of the bimetallic 10-vertex cluster
was shown by X-ray diffraction to be (84). When
the icosahedral carborane 1,2-C;B;pH;; was
used, the reaction led to the first supraicosahedral
metallocarboranes with 13- and 14-vertex poly-
hedral structures (85)—(89). Facile isomerism of
the 13-vertex monometallodicarbaboranes was
observed as indicated in the scheme above (in
which @ = CH and © = BH).
(iii) Polyhedral contracrion (1972). This invol-
ves the clean removal of one BH group from

a closo-metallocarborane by nucleophilic base
degradation, followed by oxidative closure of
the resulting nido-metallocarborane complex to
a closo-species with one vertex less than the
original, e.g.:

(1) OEt~
[3-{Co(n°-CsHs))(1,2-C3BoH;1)}(90) >
(2) H;0,

[1-{Co(n’-CsHs)}(2,4-C,BgHyo)] (91)

Polyhedral contraction is not so general a method
of preparing metallocarboranes as is polyhedral
expansion since some metallocarboranes degrade
completely under these conditions.

(iv) Polyhedral subrogation (1973). Replace-
ment of a BH vertex by a metal vertex without
changing the number of vertices in the cluster
is termed polyhedral subrogation. 1t is an off-
shoot of the polyhedral contraction route in that
degradative removal of the BH unit is followed
by reaction with a transition metal ion rather than
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1. OH- Co
2. Oy
@CH
EH
(90) 91)

with an oxidizing agent, e.g.

(1) OH™
Co(n°-CsHs(CyBoHpp)) ———————
[Co(n°-CsHs )(C2B1oH)2)] 2 Coll. ot
[{Co(i*-CsHs)}2(C2BoH )]

The method is clearly of potential use in prepar-
ing mixed metal clusters, e.g. (Co + Ni) or (Co +
Fe}, and can be extended to prepare more compli-
cated cluster arrays as depicted below, the subro-
gated B atom being indicated as a shaded circle
in (92).

92) (93)

(v) Thermal metal transfer (1974). This
method is less general and often less specific
than the coordination of nido-anions or polyhe-
dral expansion; it involves the pyrolysis of pre-
existing metallocarboranes and consequent clus-
ter expansion or disproportionation similar to that
of the closo-carboranes themselves (p. 182). Mix-
tures of products are usually obtained, e.g.:

[{CsH;s):Co] *[(2,3-C;BgH 0)2Co)™

525°(hot tube)

———> [{CsHs)2C0.C2BsH o]
or 270° hexadecane

Similarly:

525 vapour) :
ar 2 \s"nmmmmﬂ E} /\?
@®CH

(o OBH

(95) [(CsHs):Co2CaBsH o)
(+5 other isomers)

(94) [l'C5 Hs-l-CO-Zﬁ-CngHm ]

A related technique (R. N. Grimes, 1973) is
direct metal insertion by gas-phase reactions
at elevated temperatures; typical reactions are
shown in the scheme (p. 192). The reac-
tion with [Co(n’-CsHs}XCO);] also gave the
T-vertex closo-bimetallocarborane (101) which
can be considered as a rare example of a
triple-decker sandwich compound; another iso-
mer (102) can be made by base degrada-
tion of [{Co(n’-CsHs))(C2B4Hs)] followed by
deprotonation and subrogation with a second
(Co(n*-CsHs)} unit.® It will be noted that the
central planar formal C;B;Hs*™ unit is isoelec-
tronic with CsHs™.

A particularly elegant route to metallacarbor-
anes is the direct oxidative insertion of a metal
centre into a closo-carborane cluster: the reaction
uses zero-valent derivatives of Ni, Pd and Ptin a
concerted process which involves a nett transfer
of electrons from the nucleophilic metal centre to
the cage:®¥

M°Leyy + CaBrHpyy —
ML, (C2ByHn42)] + yL

where L = PRj;, CgH),, RNC, etc. A typical reac-
tion is
-30°

[Pt(PEt3)3] + 2,3-Me;-2,3-C;BgHg ——
petrol

[1-{Pt(PEt3);]-2,4-(MeC),BoHs] + PEt;

2 F. G. A. STONE, J. Organometallic Chem. 100, 257-71
(1975).
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| TN\ /C ‘

L)

Fe(CO . .
| Q e ¢(CO)s oé" WCO |
| A \ | =X |
| (96) o ¢
5 o7 0

[Fe(CO)s |
[Co(n®CsHs )(CO), ] 230°
230°

[Col(n®-CsHs HCO), ]

210°
—

(10D

Many novel cluster compounds have now been
prepared in this way, including mixed metal
clusters. Further routes involve the oxidative
Jusion of dicarbon metallacarborane anions to
give dimetal tetracarbon clusters such as (103)
and (104):"Y the insertion of isonitriles into
metallaborane clusters 10 give monocarbon
metallacarboranes such as (105);%% and the
reaction of smalil nido-carboranes with alane
adducts such as Et3NAIH; to give the commo
species (106):99

g 1. Dr7EL. X. L. R. FONTAINE, N. N. GREENWOOD,
J. D. KENNEDY, Z. SisaN, B. $11BR and M. THORNTON-PETT,
J. Chem. Soc., Chem, Commun., 1741-3 (1990). See also
N. N. GReexwooD and J. D. KENNEDY, Pure Appl. Chem. 63,
317-26 (1991) and refs. therein.

93 ). 8. Beck and L. G. SNEDPON, J. Am. Chem. Soc. 110,
3467-72 (1988).

0:
2[(n’-CsHs)CoMe,CoB3Hy | ————

~2e~, —H»
[(7°-CsHs)>,CoaMesCsBsHs) (103)
(i) thf
2{(Me,C2B4Hy)yFeHy] ——
(ii) dme
[(MCZC2B4H.:)zFC'_)_(MCOCHgCHzOMC)] (]04)
110°/tol
2EINC + [(7°-CsMcs)-nido-RhBoH 3} T
=1

[(n’-CsMes)(NHEt)(CNEt)-closo-RhCByHg] (105)

70°/36 h
Et;NAIH; + 2[nido-Et,C,B3Hs] (52) _-3!1—_)

oz

[commo-(Et,C,B4H, )-,LL-(A]NE[3 )(Et2C2B4 Hs)] (106)
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(103) (104)

Numerous other aluminacarborane structural
types have also recently been synthesized
by a variety of routes®’ and. indeed, the
burgeoning field of metallocarborane chemistry
now encompasses the whole Periodic Table with
an almost bewildering display of exotic and
unprecedented structural types.

The electron-counting rules outlined for
boranes (p. 161) and carboranes (p. 181) can
readily be extended to the metallocarboranes
(see Panel on next page). For bis-complexes of
1,2-CyBygH ;" which can be regarded as a 6-
electron penta-hapto ligand, it has been found
that *electron-sufficient” (]8-electron) systems
such as those involving d® metal centres (e.g.
Fell, Co™ or Ni'V) have symmetrical structures
with the metal atom equidistant from the 2 C
and 3 B atoms in the pentagonal face. The
same is true for “electron-deficient™ systems such
as those involving d? Ti¥ (l4-electron), d° !
(15-electron), etc., though here the metal-cluster
bonds are somewhat longer. With *electron
excess” complexes such as [Ni'l(C;BqH};),1%~
and the corresponding complexes of Pd", Cu'
and Au' (20 electrons), so-called “slipped-
sandwich” structures (107) are observed in which
the metal atom is significantly closer to the 3
B atoms thun to the 2 C atoms. This has been
thought by some to indicate m-allylic bonding
to the 3 B but is more likely to arise from
an occupation of orbitals that are antibonding
with respect to both the metal and the cluster
thereby leading to an opening of the 12-vertex
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(107) |Cu(CyBoH, )17

closo-structure to a pseudo-nido structure in
which the 12 atoms of the cluster occupy 12
vertices of a 13-vertex polyhedron.®® A similar
type of distortion accompanies the use of metal
centres with increasing numbers of electron-pairs
on the metal and it scems that these electrons
may also, at least in part, contribute to the
framework clectron count with consequent cluster
opening.®” Thus, progressive opening of the

%D, M. P. Mixgos, M. 1. ForsyTH and A.J. WELCH, J.
Chem. Soc., Chem. Commun., 605-7 (1977). See also
G. K. BARKER, M. GREEXN, F. G. A, STONE and A, J. WELCH,
J. Chem. Soc., Dalton Trans., 1186-99 (1980), D. M. P.
MixGos and A. 1. WELCH, ibid. 1674-81.

97H. M. CowQuHol, T. J. GREENHOUGH and M. G.
H. WaLtsrinGe, J. Chem. Soc., Chem. Commun., 737-8
(1977), sce also H. M. CoLguaouN, T.J. GREENHOUGH
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Electron-counting Rules for Metallocarboranes and Other Heteroboranes

As indicated on pp. 161 and 174 each framework atom (except H) uses 3 atomic orbitals (AOs) in cluster bonding. For B,
C, and other first-row elements this lcaves one remaining AQO to bond exopolyhedrally to -H;, -X, -R. etc. In contrast,
transition elements have a total of 9 valence AOs (five d, one s, threc p). Hence. after contributing 3 AOs to the cluster,
they have 6 remaining AOs which can be used for bonding to external ligands and for storage of nonbonding electrons.
In closo-clusters the (n + 1) MOs require (2n + 2) electrons from the B, C and M vertex atoms. In its simplest form the
electron counting scheme invokes only the total number of framework MOs and electrons, and requires no assumptions
as to orbital hybtidization or formal oxidation state. For example, the neutral moiety (Fe(CO)3) has 8 Fe electrons and 9
Fe AOs: since 3 AOs are involved in bonding to 3 CO and 3 AOs are used in cluster bonding, there remain 3 AOs which
can accommodate 6 (nonbonding) Fe electrons, leaving 2 Fe electrons to be used in cluster bonding. Neutral {Fe(CO);}
is thus precisely equivalent to {BH]}, as distinct from {CH}, which provides 3 electrons for the cluster. Other groups such
as {Co(ns-CsHs)} and {Ni(CO),} are clearly equivalent to {Fe(CO);}.

An alternative scheme that is qualitatively equivalent is to assign formal oxidation states to the metal moiety and
to consider the bonding as coordination from a carborane ligand, e.g. {Fe(CO)3)>*n’-bonded to a cyclocarborane ring
as in {C289H11}2". This is acceptable when the anionic ligand is well characterized as an independent entity, as in
the case just cited, but for many metallocarboranes the “ligands™ arc not known as free species and the presumed
anionic charge and metal oxidation state become somewhat arbitrary. It is therefore recommended that the metal-
loborane cluster be treated as a single covalently bonded structure with no artificial separation between the metal
and the rest of the cluster; electron counting can then be done unambiguously on the basis of neutral atoms and
attached groups.

To the structural generalizations on carboranes (p. 185) can be added the rule that, in metallocarboranes, the M atom
tends to adopt a vertex with high coordination number. M occupancy of a low CN vertex is not precluded, particularly
in kinetically controlled syntheses, but isomerization to more stable configurations usually results in the migration of M
to high CN vertices.

Other main-group atoms besides C can occur in heteroborane clusters and the electron-counting rules can readily be
extended to them.'” Thus, whereas each {BH} contributes 2 e and {CH) contributes 3 e to the cluster, so {NH} or {PH}
contributes 4 e, {SH) contributes 5 e, {S) contributes 4 e, etc. For example, the following 10-vertex thiaboranes (and their
isoelectronic equivalents) are known: closo-1-SByHg (BioH0°7). nido-6-SBgH || (B1oH137™) and arachno-6-SBgH ;2™
(BigH}42™). Similarly, the structures of 12-, 11- and 9-vertex thiaboranes parallel those of boranes and carbaboranes with
the same skeletal electron count, the S atom in each case contributing 4 electrons to the framework plus an exo-polyhedral
lone-pair.

cluster is noted for complexes of 1,2-C;BgH;;%~
with Re! (d°), Au™ (d®), Hg" (d°) and TI'
(d'%s?) as shown in structures (108)—(111). Thus
the Re! (d°) complex (108) is a symmetrically
bonded 12-vertex cluster with Re—B 234 pm and
Re-C 231 pm. The Au™ (d®) complex (109) has
the metal appreciably closer to the 3 B atoms
(221 pm) than to the 2 C atoms (278 pm). With
the Hg" (d!%) complex (110) this distortion is
even more pronounced and the metal is pseudo-
o-bonded to 1 B atom at 220pm; there is

and M. G. H. WALLBRIDGE, J. Chem. Soc., Chem. Com-
mun., 1019-20 (1976); 737-8 (1977); J. Chem. Soc.,
Dalton Trans., 619-28 (1979); J. Chem. Soc., Chem.
Commun., 192-4 (1980); G. K. BARKER, M. GREEN,
F. G. A. STONE, A. J. WELcH and W.C. WOLSEY, J.
Chem. Soc., Chem. Commun., 627-9 (1980), K. NESTOR,
B. STiBR, T. JELINEK and J. D. KENNEDY, J. Chem. Soc., Dal-
ton Trans., 1661-3 (1993).

some additional though weak interaction with
the other 2 B (252pm) but the two Hg---C
distances (290 pm) are essentially nonbonding.
Finally, the TI' (d'°s?) complex (111), whilst
having the Tl atom more symmetrically located
above the open face, has Tl-cluster distances that
exceed considerably the expected covalent TI'-B
distance of ~236 pm; the shortest T1-B distance
is 266 pm and there are two other T1-B at 274 pm
and two T1-C at 292 pm: the species can thus be
regarded formally as being closer to an ion pair
[TI*(C2BoH 1 )* 1.

In general, metallocarboranes are much less
reactive (more stable) than the corresponding
metallocenes and they tend to stabilize higher
oxidation states of the later transition met-
als, e.g. [Cull(1,2-C;BoH;;);]>~ and [Cu(1,2-
C;BoHi;),1~ are known whereas cuprocene

Next Page
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r NEt,

(108) [3-(Re'(CO),}

-1,2-C3BeHyy ] -1,2-C;BoHy, ]

[Cull(n*-CsHs),] is not. Likewise, Felll and NitV
carborane derivatives are extremely stable. Con-
versely, metallocarboranes tend to stabilize lower
oxidation states of early transition elements and
complexes are well established for Till, Zr!, Hf!,
VI Cr't and Mn!": these do not react with Ha, N»,
CO or PPhj as do cyclopentadienyl derivatives of
these elements.

The chemistry of metallocarboranes of all
cluster sizes is still rapidly developing and
further unusual reactions and novel structures
are continually appearing. Furthermore, as Si,
Ge, Sn (and Pb) are in the same periodic group
as C, heteroboranes containing these elements
are to be expected (see p. 394). Likewise, as
CC is isoelectronic with BN, the dicarbaboranes
such as C,B)gHy2 can be paralleled by NB, H,;
etc. Numerous azaboranes and their metalla-
derivatives are known (see p. 211) as indeed are
clusters incorporating P, As, Sb (and B1) (p. 212).
The incorporation of the more electronegative
element O has proved to be a greater challenge
but several examples are now known. Sulfur
provides an extensive thia- and polythia-borane
chemistry (p. 214) and this is paralleled, although
to a lesser extent, by Se and Te derivatives
(p- 215). Detailed discussion of these burgeoning
areas of borane cluster chemistry fall outside
this present treatment but the general references
cited on the above mentioned pages provide a

(109) [3-{AuT(S;CNEt,)} (110) [3-{Hg"(PPh,)}
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PPha

(111) [3T11,2C, BoH,y, |-
-1,2-C;ByH,, ]

useful introduction into this important new area
of chemistry,

6.7 Boron Halides

Boron forms numerous binary halides of which
the monomeric trihalides BX; are the most
stable and most extensively studied. They
can be regarded as the first members of a
homologous series B, H, +2. The second members
B,X,; are also known for all 4 halogens but
only F forms more highly catenated species
containing BX; groups: B;Fs, BsFg¢.L, BgF)2
(p. 201). Chlorine forms a series of neutral closo-
polyhedral compounds B,Cl, (n = 4, 8-12) and
several similar compounds are known for Br
(n=7-10) and I (e.g. Bolg). There are also
numerous involatile subhalides, particularly of Br
and I, but these are of uncertain stoichiometry and
undetermined structure.

6.7.1 Boron trihalides

The boron trihalides are volatile, highly reactive,
monomeric molecular compounds which show no
detectable tendency to dimerize (except perhaps
in Kr matrix-isolation experiments at 20K). In
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(a)

@y T

Figure 6.22 Schematic indication of the p,—p, interaction between the “vacant” p, orbital on B and the 3 filled
p. orbitals on the 3 X atoms leading to a bonding MO of m symmetry.

this they resemble organoboranes, BRj3, but
differ sharply from diborane, B2Hg, and the
aluminium halides and alkyls, AlL;Xs, Al Rg
(p- 259). Some physical properties are listed in
Table 6.4; mps and volatilities parallel those
of the parent halogens, BF; and BCl; being
gases at room temperature, BBry a volatile
liquid, and BI; a solid. All four compounds
have trigonal planar molecules of Dy, symmetry
with angle X-B-X 120° (Fig. 6.22a). The
interatomic distances B—X are substantially less
than those expected for single bonds and this
has been interpreted in terms of appreciable
p,-P, interaction (Fig. 6.22b). However, there
is disagreement as to whether the extent of this 7
bonding increases or diminishes with increasing
atomic number of the halogen; this probably
reflects the differing criteria used (extent of
orbital overlap, percentage m-bond character,
amount of m-charge transfer from X to B, 7-
bond energy, or reorganizaiion energy in going
from planar BX; to tetrahedral LBXa, etc.).%
For example, it is quite possible for the extent
of m-charge transfer from X to B to increase
in the sequence F < Cl <« Br <1 but for the
actual magnitude of the m-bond energy to be in

98 Some key references will be found in D. R. ARMSTRONG
and P. G. PERKINS, J. Chem. Soc. (A), 1967, 1218-22; and in
M. F. LappErT, M. R. LiTZOW, J. B. PEDLEY, P. N. K. RILEY
and A. TWEEDALE, J. Chem. Soc. (A), 1968, 3105-10.
Y. A. BUSLAEY, E. A. KRAVCHENKO and L. KoiLbiz, Coord.
Chem. Rev. 82, 9-231 (1987). V. BRANCHADELL and
A. OLva, J. Am. Chem. Soc. 113, 4132-6 (1991) and
Theachem. 236, 75-84 (1991).

the reverse sequence BF; > BCl3; > BBr; > Bl;
because of the much greater bond energy of the
lighter homologues. Indeed, the mean B—F bond
energy in BF; is 646kJ mol~!, which makes it
the strongest known “single” bond; if x% of this
were due to 7 bonding, then even if 2.4x% of
the B-1 bond energy were due to 7 bonding, the
n-bond energy in Bl; would be less than that
in BF; in absolute magnitude. The point is one
of some importance since the chemistry of the
trihalides is dominated by interactions involving
this orbital.

Table 6.4 Some physical properties of boron tri-

halides
Property BF; BCil; BBn3 Bi3
MP/°C -127.1 -107 -46 499
BP/°C —-99.9 12.5 91.3 210
r(B~X)/pm 130 175 187 210
AHY
(298 KykJmol~! (gas) —1123 —408 —208 +
E(B-X)/k mol™! 646 444 368 267

BF; is used extensively as a catalyst in various
industrial processes (p. 199} and can be prepared
on a large scale by the fluorination of boric
oxide or borates with fluorspar and concentrated
H,S0;:

6CaF; + Na;B407 4+ 8H,80y ——
2NaHSO4 + 6CaS0O4 + 7TH,0 + 4BF3
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Better yields are obtained in the more modern
two-stage process:

—6H,0
Na;B407 + 12HF ~——— [Na; O(BF3)4]

+2H,S04
— 5> 2NaHSO, + H,0 + 4BF;

On the laboratory scale, pure BF; is best made by
thermal decomposition of a diazonium tetrafluo-
roborate (e.g. PhN,BF; —— PhF 4+ Nj + BF3).
BCl; and BBr; are prepared on an industrial scale
by direct halogenation of the oxide in the pres-
ence of C, e.g.:

500°C
B,0O3 + 3C + 3Cl, —— 6CO + 2BCl;

Laboratory samples of the pure compounds can
be made by halogen exchange between BF3 and
Al Xg. Bl3 is made in good yield by treating
LiBH,4 (or NaBH,) with elemental I, at 125° (or
200°). Both BBr3 and BI; tend to decompose with
liberation of free halogen when exposed to light
or heat; they can be purified by treatment with
Hg or Zn/Hg.

Simple BXj3 undergo rapid scrambling or
redistribution reactions on being mixed and
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the mixed halides BX;Y and BXY, have
been identified by vibrational spectroscopy,
mass spectrometry, or nmr spectroscopy using
B or F. A good example of this last
technique is shown in Fig. 6.23, where not
only the species BF;_,X,(n =0, 1, 2) were
observed but also the trihalogeno species
BFCIBr.®% The equilibrium concentration of the
various species are always approximately random
(equilibrium constants between 0.5 and 2.0) but
it is not possible to isolate individual mixed
halides because the equilibrium is too rapidly
attained from either direction (<1 s). The related
systems RBX,/R'BY; (and ArBX,/ArBY,) also
exchange X and Y but not R (or Ar). The
scrambling mechanism probably involves a 4-
centre transition state. Consistent with this,
complexes such as Me,OBX3; or Me;NBX;3 do
not scramble at room temperature, or even above,
in the absence of free BX3(1% (cf. the stability
of CFCl;, CF,Cl,, etc.) and species that are

9 T.D. CoviLk and F. G. A. STONE, J. Chem. Phys. 32,
18923 (1960).

100y S, HARTMAN and J. M. MILLER, Adv. Inorg. Chem.
Radiochem. 21, 147-77 (1978).

A field
BFCI " BR,Cl BE
| I | [ i L 3 | | i { L3
B field
— , . e
[BFBr, 1 ¢ | | }13F2 Brl N ! i i BIF3
C field
I B
BF1Br2 [BFClBlr BFCIZ . , %FzBr . BFECI . 1 . IF3
100 50 0

Chemical shift/ppm

Figure 6.23 Fluorine-19 nmr spectra of mixtures of boron halides showing the presence of mixed fiuorohalogeno-

boranes.
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Factors Affecting the Stability of Donor~Acceptor Complexes!!?1~103

For a given ligand, stability of the adduct LBX3 usually increases in the sequence BF3 < BCl3 < BBry < Bls, probably
because the loss of s bonding on reorganization from planar to tetrahedral geometry (p. 196) is not fully compensated
for by the expected electronegativity effect. However, if the ligand has an H atom directly bonded to the donor atom, the
resulting complex is susceptible to protonolysis of the B-X bond, e.g.:

ROH + BX3 —— [ROH.BX3] —— ROBX; + HX

In such cases the great strength of the B-F bond ensures that the BF3 complex is more stable than the others. For example,
BF; forms stable complexes with H,O, MeOH, Me:NH, etc., whereas BCl3 reacts rapidly to give B(OH)3, B(OMe)3
and B(NMe,)3: with BBr3 and BI3 such protolytic reactions are sometimes of explosive violence. Even ethers may be
cleaved by BCl3 to give RCI and ROBCly, etc.

For a given BXas, the stability of the complex depends on (a) the chemical nature of the donor atom, (b) the pres-
ence of polar substituents on the ligand, (c) steric effects, (d) the stoichiometric ratio of ligand to acceptor, and (e) the
state of aggregation. Thus the majority of adducts have as the donor atom N, P, As; O, S; or the halide and hydride
ions X~. BX3 (but not BH3) can be classified as type-a acceptors, forming stronger complexes with N, O and F
ligands than with P, S and Cl. However, complexes are not limited to these traditional main-group donor atoms,
and, following the work of D. F. Shriver (1963), many complexes have been characterized in which the donor atom
is a transition metal, e.g. [(CsHs)sHy W'Y —BF,], [(Ph3P)2(CO)CIRh! - BBr3], [(Ph,PCH,CH;PPh;),Rh!(BCl3)21+.
[(Ph3P)2(CO)CIIr! (BF3 )., [(PhsP);Pt%BCl3),1, etc. Displacement studies on several such complexes indicate that BF3
is a weaker acceptor than BCl;.

The influence of polar substituents on the ligand follows the expected sequence for electronegative groups, e.g. electron
donor properties decrease in the order NMes > NMe,Cl > NMeCl, > NCls. Steric effects can also limit the electron-
donor strength. For example, whereas pyridine, CsHsN, is a weaker base (proton acceptor) than 2-MeCsHyN and 2,6-
Me,CsH3N, the reverse is true when BF;3 is the acceptor due to steric crowding of the a-Me groups which prevent the
close approach of BF;3 to the donor atom. Steric effects also predominate in determining the decreasing stability of BF;
etherates in the sequence C4HgO(tht) > Me,;0 > E;O > Pr;O.

The influences of stoichiometry and state of aggregation are more subtle. At first sight it is not obvious why BFz, with
1 vacant orbital should form not only BF3.H;O but also the more stable BF3.2H;O; similarly, the 1:2 complexes with
ROH and RCOOH are always more stable than the 1:1 complexes. The second mole of ligand is held by hydrogen bonding
in the solid, e.g. BF3.0H; ... OHaz; however, above the mp 6.2°C the compound melts and the act of coordinate-bond
formation causes sufficient change in the electron distribution within the ligand that ionization ensues and the compound
is virtually completely ionized as a molten salt: 101

Fusion af £.27

R B g [BF4{OH)]
H

crystallization

The greater stability of the 1:2 complex is thus seen to be related to the formation of H;O", ROH, ", etc., and the lower
stability of the 1:1 complexes HBF;0H, HBF;O0R, is paralleled by the instability of some other anhydrous oxo acids,
e.g. HoCO3. The mp of the hydrate is essentially the transition temperature between an H-bonded molecular solid and
an ionically dissociated liquid. A transition in the opposite sense occurs when crystalline [PCly]*[PClg]™ melts to give
molecular PCls (p. 498) and several other examples are known. The fact that coordination can substantially modify the
type of bonding should occasion no surprise: the classic example (first observed by J. Priestley in 1774) was the reaction
NH;(g) + HCl(g) - NH4Cl(c).

expected to form stronger m bonds than BXj 101N, N. GREENWOOD and R. L. MARTIN Q. Revs. 8, 1-39
(such as R,NBX5) exchange much more slowly (1954).
(days or weeks) 102y GUTMANN, The Donor-Acceptor Approach to Molecu-
. lar Interactions, Plenum, New York, 1978, 279 pp.
The boron trihalides form a great many 103 A HAALAND, Angew. Chem. Int. Edn. Engl. 28, 9921007
molecular addition compounds with molecules (1989).
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(ligands) possessing a lone-pair of electrons
(Lewis base). Such adducts have assumed
considerable importance since it is possible to
investigate in detail the process of making and
breaking one bond, and to study the effect this
has on the rest of the molecule (see Panel).
The tetrahalogeno borates BX,~ are a special
case in which the ligand is X7; they are
isoelectronic with BH4™ (p. 165) and with CHy
and CX,. Salts of BF,~ are readily formed by
adding a suitable metal fluoride to BF; either in
the absence of solvent or in such nonaqueous
solvents as HF, BrF;, AsF3; or SO,. The alkali
metal salts MBF, are stable to hydrolysis in
aqueous solutions. Some molecular fluorides such
as NO,F and RCOF react similarly. There is a
significant lengthening of the B—F bond from
130pm in BF3 to 145pm in BF4~. The other
tetrahalogenoborates, BX,~, are less stable but
may be prepared using large counter cations,
e.g. Rb, Cs, pyridinium, tetraalkylammonium,
tropenium, triphenylcarbonium, etc. The BE4~
anion is a very weakly coordinating ligand,
indeed one of the weakest;1% however, unstable
complexes are known in which it acts as an
n'-ligand and, in the case of [Ag(lut),(BF,)]
it acts as a bis(bidentate) bridging ligand [p4-
n?,n*-BF4]~ to form a polymeric chain of 6-
coordinate Ag centres!® [lut = lutidene, i.e.
2,6-dimethylpyridine].

The importance of the trihalides as industrial
chemicals stems partly from their use in preparing
crystalline boron (p. 141) but mainly from their
ability to catalyse a wide variety of organic
reactions.(1°® BF; is the most widely used but
BCl; is employed in special cases. Thus, BF;
is manufactured on the multikilotonne scale
whereas the production of BCl; (USA, 1990) was
250 tonnes and BBr3 was about 23 tonnes. BF; is
shipped in steel cylinders containing 2.7 or 28 kg
at a pressure of 10—12atm, or in tube trailers

104w Beck and K. SUNKEL, Chem. Rev. 88, 1405-21
(1988).

105E. HorMm, M. R.SNow and E. R. T. TIEKINK, Aust. J.
Chem. 40, 761-5 (1987).

106 G, OLAH (ed.), Friedel-Crafts and Related Reactions,
Interscience, New York, 1963 (4 vols).
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containing about 5.5 tonnes. Prices for BF; are
in the range $4.00-5.00/kg depending on purity
and quantity; corresponding prices (USA, 1991)
for BCl; and BBr3 were $8.50-16.75/kg and
$81.50/kg, respectively.

Many of the reactions of BF; are of the
Friedel-Crafts type though they are perhaps
not strictly catalytic since BF3 is required
in essentially equimolar quantities with the
reactant. The mechanism is not always fully
understood but it is generally agreed that in most
cases ionic intermediates are produced by or
promoted by the formation of a BX; complex;
electrophilic attack of the substrate by the cation
so produced completes the process. For example,
in the Friedel—Crafts-type alkylation of aromatic
hydrocarbons:

RX + BF; = {R*}{BF;X"}
{R*} + PhH = PhR + {H*}
{H*} + {BF;X"} = BF; + HX

Similarly, ketones are prepared via acyl carb-
onium ions:

RCOOMe + BF; —— (RCO*}{BF;(OMe)"}
{RCO™} + PhH — PhCOR + {H"})
{H} + {BF3(OMe)~} == MeOH.BF;

Evidence for many of these ions has been exten-
sively documented. (10D

ROH + BF; == {H'} + {BF;(OR) "}
{H"} + ROH —— (ROH,*}

BF;
= {R*} + H,OBF;3
{R*} 4+ ROH — R,0 + {H*}

A similar mechanism has been proposed for the
esterification of carboxylic acids:

{H"} + RCOOH —— {RCOOH,*}

BF;
S {RCO+} + H,OBF;
{RCO™} + R'OH ——> RCOOR’ + {H'}
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Nitration and sulfonation of aromatic compounds
probably occur via the formation of the nitryl and
sulfonyl cations:

HONO, + BF; == {NO,*} +
HOSO;H + BF; == {SO;H"} +

{BF3;(OH)"}
{BF;(OH)"}

Polymerization of alkenes and the isomerization
of alkanes and alkenes occur in the presence of a
cocatalyst such as H,O, whereas the cracking of
hydrocarbons is best performed with HF as cocat-
alyst. These latter reactions are of major commer-
cial importance in the petrochemicals industry.

6.7.2 Lower halides of boron

B,F; (mp —56°, bp —34°C) has a planar (D)
structure with a rather long B—B bond; in this
it resembles both the oxalate ion C,042~ and
N,04 with which it is precisely isoelectronic.
Crystalline B,Cl; (mp —92.6°C) has the same
structure, but in the gas phase (bp 65.5°) it adopts
the staggered D,; configuration (see below)
with hindered rotation about the B-B bond
(AE, 7.7kImol™ ). The structure of gaseous
B;Br; is also D,y with B-B 169pm and
AE; 12.8kImol™!. B, is presumably similar.
B,Cly was the first compound in this series to
be prepared and is the most studied; it is best
made by subjecting BCl; vapour to an electrical
discharge between mercury or copper electrodes:

2BCl; + 2Hg — B,Cl, + Hg,Cl,

The reaction probably proceeds by formation of
a {BCl} intermediate which then inserts into a
B-Cl bond of BCl; to give the product directly.

F

F F cl cl
172pm 5 175 pm /
120'( B
132 11\\\ 173 P\ / |.-" ] 5 pm

solid (D)
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Another route is via the more stable B,(NMe;),
(see reaction scheme). Thermal stabilities of these
compounds parallel the expected sequence of
P.—P, bonding between the substituent and B:

B> (NMe3 )4 > B2(OMe)s > B, (OH),
> B2F4 > B2C14 > BzBI‘4

The halides are much less stable than the cor-
responding BX3, the most stable member B,F,
decomposing at the rate of about 8% per day
at room temperature. B,Bry disproportionates so
rapidly at room temperature that it is difficult to
purify:

nB,X; — nBX; + (BX),

The compounds B;X4 are spontaneously flamm-
able in air and react with H to give BHX;, BoHg
and related hydrohalides; they form adducts with
Lewis bases (B,ClyL, more stable than B,F4L,)
and add across C—C multiple bonds, e.g.

H H

AN /

25° c—cC

C,H, +B,Cly, —==—>

CLB BCl,

CLB BCl,

50°

I H—C—C—H

Cl,B BCl,

Other reactions of B,Cl, are shown in the scheme
and many of these also occur with B;F,.

When BF; is passed over crystalline B at
1850°C and pressures of less than 1 mmHg, the
reactive gas BF is obtained in high yield and can

N
gas (D) [
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N disperse with EtOH/HCI
3 1e
BCl; + 2B(NMey); —— 3BCINMe,),  ——-—0m inELO/~78 A
acid
o hydrol.
B +B,0, 1359 ag.hydrol. 10
glassy (BO), AK) 000
B,C + TiO, /@3/'

BB

thermolysis

EtOH

BClig)
200

r /80

> B(OH),+H,
H,0/160

4
TS~uB.H,, B,H,etc

PCl, .
B.Cl,. B,Cl,elc. e H.5/25
/ NMe,Cl C.H, BCl,+B.S, + H,
[PCL,)5[B,Cl )? HCI)
gt . / , NMe
[NMe, |, [B,Cl " (orL) C1,BCH,CH,BCl.

be condensed out at —196°. Cocondensation with
BF; yields ByF, then B3Fs (i.e. F,B-B(F)-BF,).
However, this latter compound is unstable and it
disproportionates above —50° according to

4(BF,),BF ——» 2B,F, + BgFy, (112)

(112)

The yellow compound BsF;» appears to have
a diborane-like structure (112) and this readily
undergoes symmetrical cleavage with a variety
of ligands such as CO, PF;, PCl;, PHy, AsH;
and SMe, to give adducts L.B(BF,); which are
stable at room temperature in the absence of air
or moisture.

NMe,
(or L)

|

v
] -
BCl(NMey), (CLLBCH.),(NMe,),

Thermolysis of B,Cl;"%” and B,Brs at

moderate temperatures gives a series of closo-
halogenoboranes B, X, where n =4, 8-12 for
Cl, and » =7-10 for Br. Other preparative
routes include the high-yield halogenation of
BgHe?~ to ByXe?~ using N-chlorosuccinimide,
N-bromosuccinimide or I.1'%®) The redox se-
quences BgXg?~ == BgXj~ === BoXy have
also been established, thc radical anions
BoX;™ being isolated as air-stable coloured
salts,(108)

B4Cly, a pale-yellow-green solid, has a regular
closo-tetrahedral structure (Fig. 6.24a); it is
hyperelectron deficient when compared with the
closo-boranes B,H,2~ (pp. 153, 160) and the

197T, Davan and J. A. MORRISON, Inorg. Chem. 25, 2366-72
(1986).

108 E H. WoNG and R. M. KARBANI, Inorg. Chem. 19,451-5
(1980). Sce also E. H. WONG, Inorg. Chem. 20, 1300-2
(1981); A.J. MARKWELL, A. G. Massey and P. J. PORTAL,
Polyhedron 1, 134-5 (1982).
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Figure 6.24 Molecular structures of (a) tetrahedral B4Cly, (b) dodecahedral BgClg, and (c) tricapped trigonal
pyramidal ByCly and ByBrs. In BgClg note that the shortest B—B distances are between two 5-
coordinate B atoms, e.g. B(1)-B(2) 168 pm; the longest are between two 6-coordinate B atoms, e.g.
B(4)-B(6) 201 pm and intermediate distances are between one 5- and one 6-coordinate B atom. A

similar trend occurs in BgCly.

bonding has been discussed in terms of localized
3-centre bonds above the 4 tetrahedral faces
supplemented by p, interaction with p orbitals
of suitable symmetry on the 4 Cl atoms: the 8
electrons available for framework bonding from
the 4 {BCl} groups fill 4 bonding MOs of class
A, and T, and there are 2 additional bonding
MOs of class E which have correct symmetry
to mix with the Cl p, orbitals. BgClg (variously
described as dark red, dark purple or green-
black crystals) has an irregular dodecahedral
(bisphenoid) arrangement of the closo-Bg cluster
(Fig. 6.24b) with 14 B-B distances in the
range 168-184pm and 4 substantially longer
B-B distances at 193-205pm. BoBrg is a
particularly stable compound; it forms as dark-
red crystals together with other subbromides (n =
7-10) when gaseous BBr3 is subjected to a
silent electric discharge in the presence of Cu
wool, and can be purified by sublimation under
conditions (200°C) which rapidly decompose the
other products. ByBry is isostructural with BgClyg
(yellow-orange) (Fig. 6.24c). The photoelectron

spectra and bonding in B4Cls, BsClg and ByClg
have been described in detail, (%%

Many mixed halides B,Br,_,Cl, (n =9, 10,
11) have been identified by mass spectrometry
and other techniques, but their separation as
pure compounds has so far not been achieved.
Chemical reactions of B,X, resemble those of
B, X4 except that alkenes do not cleave the B-B
bonds in the closo-species. Thus, B4Cl, reacts
with LiEt to give the yellow liquids B4CIl;Et and
B4CL1Et,, whereas LiBu’ afforded B,Bu'y as a
glassy solid, mp 45°C."'® By contrast, reaction
with Me3SnH yields arachno-BsH;p and LiBHy
yields a mixture of nido-BsH¢ and nido-BgHjg,
while BsHg gave nido-BgHgCly and a mixture of
nido-B1gH,Cli4_, (n = §-12).01D

19 p R. LEBRETON, S. URANO, M. SHAHBAZ, S.L.EMERY
and J. A. MORRISON, J. Am. Chem. Soc. 108, 3937-46
(1986).

YOT, Davan and J. A. MORRISON, J. Chem. Soc., Chem.
Commun., 250-1 (1981).

'S, L. EmMery and J. A. MORRISON, [norg. Chem. 24,
1612-13 (1985).
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6.8 Boron—Oxygen
Compounds(?

Boron (like silicon) invariably occurs in nature as
oxo compounds and is never found as the element
or even directly bonded to any other element

than oxygen.Jr The structural chemistry of B-O
compounds is characterized by an extraordinary
complexity and diversity which rivals those of
the borides (p. 145) and boranes (p. 151). In
addition, vast numbers of predominantly organic
compounds containing B—O are known.

6.8.1 Boron oxides and oxoacids (12

The principal oxide of boron is boric oxide,
B,0; (mp 450°, bp (extrap) 2250°C). It is one
of the most difficult substances to crystallize
and, indeed, was known only in the vitreous
state until 1937. It is generally prepared by
careful dehydration of boric acid B(OH);. The
normal crystalline form (d 2.56 gcm™>) consists
of a 3D network of trigonal BO3 groups joined
through their O atoms, but there is also a
dense form (d 3.11gcm™3) formed under a
pressure of 35 kbar at 525°C and built up
from irregular interconnected BO, tetrahedra.
In the vitreous state (d >~ 1.83gcm™3) B,0;
probably consists of a network of partially
ordered trigonal BO; units in which the 6-
membered (BO)3; ring predominates; at higher
temperatures the structure becomes increasingly
disordered and above 450°C polar —B=0O
groups are formed. Fused B,O3 readily dissolves
many metal oxides to give characteristically
coloured borate glasses. Its major application is
in the glass industry where borosilicate glasses

U2 Supplement to “Mellor’s Comprehensive Treatise on
Inorganic and Theoretical Chemistry”, Vol. V, Boron:
Part A, “Boron-Oxygen Compounds”, Longman, London,
1980, 825 pp. See also J. R. Bowser and T. P. FEHLNER,
Chap. 1 in H. W. Roesky (ed.), Rings, Clusters and
Polymers of Main Group and Transition Elements, Elsevier,
Amsterdam, 1989, pp. 1-48.

T Trivial exceptions to this sweeping generalization are
NaBF, (ferrucite) and (K,Cs)BF4 (avogadrite) which have
been reported from Mt. Vesuvius, Italy.
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(e.g. Pyrex) are extensively used because of
their small coefficient of thermal expansion and
their easy workability. US production of B,0;
exceeds 25000 tonnes pa and the price (1990)
was $2780-2950 per tonne for 99% grade.

Orthoboric acid, B(OH)3, is the normal end
product of hydrolysis of most boron compounds
and is usually made (=~160000 tonnes pa) by
acidification of aqueous solutions of borax. Price
depends on quality, being $805 per tonne for
technical grade and about twice that for refined
material (1990). It forms flaky, white, transparent
crystals in which a planar array of BOs units
is joined by unsymmetrical H bonds as shown
in Fig. 6.25. In contrast to the short O—H---O
distance of 272 pm within the plane, the distance
between consecutive layers in the crystal is
318 pm, thus accounting for the pronounced basal
cleavage of the waxy, plate-like crystals, and their
low density (1.48 gcm™3). B(OH)s is a very weak
monobasic acid and acts exclusively by hydroxyl-
ion acceptance rather than proton donation:

B(OH); + 2H,0 —= H;0* + B(OH),;
pK =9.25

geoed
, I,

Figure 6.25 Layer structure of B(OH),. Interatomic
distances are B—O 136 pm. O—H 97 pm,
O—H---0 272pm. Angles at B are
120° and at O 126° and 114°. The H
bond is almost linear.

Its acidity is considerably enhanced by chelation
with polyhydric alcohols (e.g. glycerol, mannitol)
and this forms the basis of its use in analytical
chemistry; e.g. with mannitol pX drops to 5.15,
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indicating an increase in the acid equilibrium con-
stant by a factor of more than 10*:(1%)

N/

B(OH); + 2 C—C

/1IN

— H30+ +

OH OH
—Cc—o o—C—
‘ \B/ ‘ + 2H;0
RN
—C—o0 o—C—

B(OH); also acts as a strong acid in anhydrous
H25042

B(OH); + 6H,S04 —> 3H30" +2HSO,~
+ [BHSO4)4]™

Other reactions include esterification with
ROH/H,S0,4 to give B(OR)3;, and coordination
of this with NaH in thf to give the
powerful reducing agent Na[BH(OR)3]. Reaction
with H,O, gives peroxoboric acid solutions
which probably contain the monoperoxoborate
anion [B(OH);OOH]~. A complete series of
fluoroboric acids is also known in aqueous
solution and several have been isolated as pure
compounds:

H[B(OH),] H[BF(OH);] H[BF,(OH),]
H[BF;OH] HBF,

The hypohalito analogues [B(OH);(0X)]™
(X==Cl, Br) have recently been characterized in
aqueous solutions of B(OH); containing NaOX;
the stability constants log 8’ at 25°C being 2.25(1)
and 1.83(4), respectively,!’ compared with
5.39(7) for B(OH),".

13 J. M. CopDINGTON and M. J. TAYLOR, J. Coord. Chem.
20, 27-38 (1989), and references cited therein, including
those which describe its application to conformational analy-
sis of carbohydrates and its use in separation and chromato-
graphic techniques.

114 A, BOUSHER, P. BRIMBLECOMBE and D. MIDGLEY, J.
Chem. Soc., Dalton Trans., 943-6 (1987).
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Partial dehydration of B(OH); above 100°
yields metaboric acid HBO, which can exist in
several crystalline modifications:

CNof B dfg cm™ mp/°C

Orthorhombic HBO, 3 1.784 176°

rapid
quench

B(OH); 140 1 roclinic HBO, 3 and4 2.045  201°

175° cubic HBO, 4 2487  236°

Orthorhombic HBO» consists of trimeric units
B30;3(0OH); which are linked into layers by
H bonding (Fig. 6.26); all the B atoms are 3-
coordinate. Monoclinic HBO,, is built of chains of
composition [B304(OH)(H,0)] in which some of
the B atoms are now 4-coordinate, whereas cubic
HBO, has a framework structure of tetrahedral
BO, groups some of which are H bonded. The
increase in CN of B is paralleled by an increase
in density and mp.

Figure 6.26 Layer structure of orthorhombic meta-
boric acid HBO,(III), comprising units
of formula B3;0;(OH); linked by
O..-H---0 bonds.

Boron suboxide (BO), and subboric acid
B,(OH)4 were mentioned on p. 201.
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6.8.2 Borates (112119

The phase relations, stoichiometry and struc-
tural chemistry of the metal borates have been
extensively studied because of their geochem-
ical implications and technological importance.
Borates are known in which the structural unit is
mononuclear (1 B atom), bi-, tri-, tetra- or penta-
nuclear, or in which there are polydimensional
networks including glasses. The main structural
principles underlying the bonding in crystalline
metal borates are as follows: (119

1. Boron can link either three oxygens to form
a triangle or four oxygens to form a tetra-
hedron.

2. Polynuclear anions are formed by corner-
sharing only of boron-oxygen triangles and
tetrahedra in such a manner that a compact
insular group results.

3. In the hydrated borates, protonatable
oxygen atoms will be protonated in the
following sequence: available protons are
first assigned to free O?~ ions to convert
these to free OH™ ions; additional protons
are assigned to tetrahedral oxygens in the
borate ion, and then to triangular oxygens
in the borate ion; finally any remaining
protons are assigned to free OH™ ions to
form H>O molecules.

115 G. HELLER, Topics in Current Chemistry No. 131
Springer-Verlag, Berlin, 1986, 39-98 (a survey of structural
types with 568 refs.).

U6 ¢ L. CHRIST and J. R. CLARK, Phys. Chem. Minerals 2,
59-87 (1977). See also J. B. FARMER, Adv. Inorg. Chem.
Radiochem. 25, 187-237 (1982).

2] (]| 2

(113} [BO;1* {114) [B,0:1*

(115} [B304)1%
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4. The hydrated insular groups may polymer-
ize in various ways by splitting out water;
this process may be accompanied by the
breaking of boron-oxygen bonds within the
polyanion framework.

5. Complex borate polyanions may be mod-
ified by attachment of an individual side
group, such as (but not limited to) an extra
borate tetrahedron, an extra borate triangle,
2 linked triangles, an arsenate tetrahedron,
and so on.

6. Isolated B(OH); groups, or polymers of
these, may exist in the presence of other
anions.

Examples of minerals and compounds con-
taining monomeric triangular, BO; units (struc-
ture 113) are the rare-earth orthoborates MI!BO;
and the minerals CaSn'v(BO3), and Mg;(BOs),.
Binuclear trigonal planar wnits (114) are found
in the pyroborates Mg,B,0s, Co,B,05 and
Fell,B,0s. Trinuclear cyclic units (115) occur in
the metaborates NaBO, and KBO,, which should
therefore be written as M3B30g¢ (cf. metaboric
acid, p. 204). Polynuclear linkage of BO; units
into infinite chains of stoichiometry BO, (116)
occurs in Ca(BO»),, and three-dimensional link-
age of planar BO;3 units occurs in the borosilicate
mineral tourmaline and in glassy B,Os (p. 203).

Monomeric tetrahedral BO4 units (117) are
found in the zircon-type compound TaYBO, and
in the minerals (Ta,Nb)BO,4 and Ca,H;BAsYOs.
The related tetrahedral unit [B(OH),]~ (118)
occurs in Na;[B(OH);IC1 and Cull[B(OH);]Cl.
Binuclear tetrahedral units (119) have been found

3— - =

e

(116) [(BO;)7],

Units containing B in planar BO; coordination only
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(117) (BO4 15~ (118) [B(OH)4 1™

(119) [B,O(OH)¢]%-

Ch. 6

(120) (By(0;),{0H), 1"

Units containing B in tetrahedrul BO, coordination only

P

U\;{

L YYY

(121) [BsO,(OH)4 1™

in Mg[B,O(0OH)¢] and a cyclic binuclear tetra-
hedral structure (120) characterizes the peroxo-
anion [B;(0;)2(OH)4]*~ in “sodium perborate”
NaBQ03.4H;0, i.e. Nay[B2(0;);(0OH)4].6H,0.
A more complex polynuclear structure com-
prising sheets of tetrahedrally coordinated
BO5(OH) units occurs in the borosilicate mineral
CaB(OH)Si0; and the fully three-dimensional
polynuclear structure is found in BPQO, (cf. the
1soelectronic Si0»,), BAsQO4; and the minerals
NaBSi3O3 and Zn4B6013.

The final degree of structural complexity
occurs when the polynuclear assemblages contain
both planar BO; and tetrahedral BO4 units joined
by sharing common O atoms, The structure of
monoclinic HBO; affords an example (p. 204). A
structure in which the ring has but one BO4 unit
is the spiroanion [BsOg(OH)4]™ (structure 121)
which occurs in hydrated potassium pentaborate
KB503.4H,0, ie. K[BsOs(OH)4]1.2H,0. The
anhydrous pentaborate KBsOg has the same
structural unit but dehydration of the OH
groups link the spiroanions of structure (121)
sideways into ribbon-like helical chains, The
mineral CaB3;05(0OH)s.H.O has 2 BO, units
in the 6-membered heterocycle (122) and
related chain elements [B3O4(OH)3%"), linked
by a common oxygen atom are found in the

5, |

(122) [B;05 (OH).1*"

I—

(123) [B4O5(OH),1*"

Umts containing B in both BO, and BO, coordination

important mineral colemanite Ca;B¢O;,.5H;0,
1e. [CaB304(0H);].H,0. It is clear from
these examples that, without structural data,
the stoichiometry of these borate minerals
gives little indication of their constitution. A
further illustration is afforded by borax which
is normally formulated Na;B;0,.10H;0, but
which contains tetranuclear units [B4Os(OH)4]%~
formed by fusing 2 B3;O; rings which each
contain 2 BO; (shared) and 1 BO;z; unit
(123); borax should therefore be written as
N82[B405(OH)4].8H20.

There is wide variation of B-O distances in
these various structures the values increasing, as
expected, with increase in coordination:

-B=0 503 BO4

143 pm

»> <

155 pm

128 pm

I T
136.6 pm 147.5 pm

120 pm

The extent to which B3Oz rings catenate
into more complex structures or hydrolyse into
smaller units such as [B(OH),]~ clearly depends
sensitively on the activity (concentration) of
water in the system, on the stoichiometric ratio
of metal ions to boron and on the temperature
(TAS).



§6.9 Boron-nitrogen compounds 207

Many metal borates find important industrial
applications (p. 140) and annual world produc-
tion exceeds 2.9 million tonnes: Turkey 1.2, USA
1.1, Argentina 0.26, the former Soviet Union
0.18, Chile 0.13Mt. Main uses are in glass-
fibre and cellular insulation, the manufacture of
borosilicate glasses and enamels, and as fire retar-
dants. Sodium perborate (for detergents) is man-
ufactured on a 550000 tonne pa scale.

6.8.3 Organic compounds containing
boron—oxygen bonds

Only a brief classification of this very large
and important class of compounds will be
given; most contain trigonal planar B though
many 4-coordinate complexes have also been
characterized. The orthoborates B(OR); can
readily be prepared by direct reaction of BCl; or
B(OH); with ROH, while transesterification with
R’OH affords a route to unsymmetrical products
B(OR);(OR’), etc. The compounds range from
colourless volatile liquids to involatile white
solids depending on molecular weight. R can
be a primary, secondary, tertiary, substituted or
unsaturated alkyl group or an aryl group, and
orthoborates of polyhydric alcohols and phenols
are also numerous.

Boronic acids RB(OH), were first made over a
century ago by the unlikely route of slow partial
oxidation of the spontaneously flammable trialkyl
boranes followed by hydrolysis of the ester so
formed (E. Frankland, 1862):

2H,0O
BEt; + O, ——> EtB(OEt), —— EtB(OH),

Many other routes are now available but the most
used involve the reaction of Grignard reagents or
lithium alkyls on orthoborates or boron trihalides:

-50°
B(OR); + ArMgX —— [ArB(OR);]MgX

+

H3;O
——> ArB(OH),

Phenylboronic acid in particular has proved
invaluable, since its complexes with cis-
diols and -polyols have formed the basis

of chromatographic separations, asymmetric
syntheses, enzyme immobilization and the
preparation of polymers capable of molecular
recognition.1?

Boronic acids readily dehydrate at moderate
temperatures (or over P,O;g at room tempera-
ture) to give trimeric cyclic anhydrides known as
trialkyl(aryl)boroxines:

|
B
o/ \o
3RB(OH), —2& _, 1|3 1|3 +3H,0
~
R/ o/ \R

The related trialkoxyboroxines (ROBO); can
be prepared by esterifying B(OH);, B,Os; or
metaboric acid BO(OH) with the appropriate
mole ratio of ROH.

Endless variations have been played on these
themes and the B atom can be surrounded by
innumerable combinations of groups such as
acyloxy (RCOQ), peroxo (ROO), halogeno (X),
hydrido, etc., in either open or cyclic arrays.
However, no new chemical principles emerge.

6.9 Boron—Nitrogen
Compounds

Two factors have contributed to the special
interest that attaches to B—N compounds. First,
the B-N unit is isoelectronic with C-C and
secondly, the size and electronegativity of the 3
atoms are similar, C being the mean of B and N:

B C N

Number of valence electrons 3 4 5
Covalent single-bond radius/pm 88 77 70
Electronegativity 20 25 30

The repetition of much organic chemistry by
replacing pairs of C atoms with the B-N

W C. D'Suva and D. GReeN, J. Chem. Soc, Chem.
Commun., 227-9 (1991) and leading references cited therein.
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grouping has led to many new classes of
compound but these need not detain us.'® By
contrast, key points emerge from several other
areas of B—N chemistry and, accordingly, this
section deals briefly with the structure, properties
and reaction chemistry of boron nitride, amine-
borane adducts, aminoboranes, iminoboranes,
cyclic borazines and azaborane clusters.

The synthesis of boron nitride, BN, involves
considerable technical difficulty;''?) a laboratory
preparation yielding relatively pure samples
involves the fusion of borax with ammonium
chloride, whereas technical-scale production
relies on the fusion of urea with B(OH); in
an atmosphere of NH; at 500-950°C, Only a
brave (or foolhardy) chemist would attempt to
write a balanced equation for either reaction. An
alternative synthesis (>99% purity) treats BCl;
with an excess of NH; (see below) and pyrolyses
the resulting mixture in an atmosphere of NH; at
750°C. The hexagonal modification of BN has
a simple layer structure (Fig. 6.27) similar to
graphite but with the significant difference that
the layers are packed directly on top of each
other so that the B atom in one layer is located
over an N atom in the next layer at a distance of
333 pm. Cell dimensions and other data for BN
and graphite are compared in Table 6.5. Within
each layer the BN distance is only 145 pm; this
is similar to the distance of 144 pm in borazine
(p. 210) but much less than the sum of single-
bond covalent radii (158 pm) and this has been
taken to indicate substantial additional & bonding
within the layer. However, unlike graphite, BN
is colourless and a good insulator; it also resists

8] ANDER, Chap. 1.21 in  A.R. KaTRITZKY and
C. W. REES (eds.), Comprehensive Heterocyclic Chemistry,
Pergamon, Oxford, 1984, pp. 629-63.

U9R. T. PAINE and C. K. NaruLA, Chem. Rev. 90, 73-91
(1990).

attack by most reagents though fluorine converts
it quantitatively to BF; and N; and HF gives
NH,BF, quantitatively. Hexagonal BN can be
converted into a cubic form (zinc-blende type
structure) at 1800°C and 85000 atm pressure in
the presence of an alkali or alkaline-earth metal
catalyst. The lattice constant of cubic BN is
361.5pm (cf. diamond 356.7pm). A wurtzite-
type modification (p. 1210) can be obtained at
lower temperatures.
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L C—lo_ —
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(b) Graphite (d) Hexagonal boron nitride

Figure 6.27 Comparison of the hexagonal layer
structures of BN and graphite. In BN the
atoms of one layer are located directly
above the atoms of adjacent layers with
B- - -N contacts; in graphite the C atoms
in one layer are located above interstices
in the adjacent layer and are directly
above atoms in alternate layers only.

Amine-borane adducts have the general
formula R;NBX; where R = alkyl, H, etc., and

Table 6.5 Comparison of hexagonal BN and graphite

Inter-layer Intra-Jayer
a/pm ¢/pm c/a spacing/pm spacing/pm dlgem™
BN (hexagonal) 250.4 666.1 2.66 333 144.6 2.29
Graphite 245.6 669.6 2.73 335 142 2.255
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X = alkyl, H, halogen, etc. They are usually
colourless, crystalline compounds with mp in the
range 0-100° for X = H and 50-200° for X =
halogen. Synthetic routes, and factors affecting
the stability of the adducts have already been
discussed (p. 165 and p. 198). In cases where
diborane undergoes unsymmetrical cleavage (e.g.
with NH3) alternative routes must be devised:

B,H¢ + 2NH; —— [BHQ(NH3)2]+BH4_
NH,Cl + LiBH; —— NH;BH; + LiCl + H,

The nature of the bonding in amine-boranes
and related adducts has been the subject
of considerable theoretical discussion and has
also been the source of some confusion.
Conventional representations of the donor-
acceptor (or coordinate) bond use symbols such

as RiN—-BX; or Rgltl—BX;:, to indicate the origin
of the bonding electrons and the direction (but
not the magnitude) of charge transfer. It is
important to realize that these symbols refer to the
relative change in electron density with respect
to the individual separate donor and acceptor

+
molecules. Thus, RaN in the adduct has less

electron density on N than has free R3N, and BX3
has more electron density on B in the adduct than
has free BX3; this does not necessarily mean that
N is positive with respect to B in the adduct.
Indeed, several MO calculations indicate that the
change in electron density on coordination merely
reduces but is insufficient to reverse the initial
positive charge on the B atom. Consistent with
this, experiments show that electrophilic reagents
always attack N in amine-borane adducts, and
nucleophilic reagents attack B.

A similar situation obtains in the aminoboranes
where one or more of the substituents on B
is an RoN group (R = alkyl, aryl, H), e.g.
Me,N-BMe;. Reference to Fig. 6.22 indicates
the possibility of some p, interaction between
the lone pair on N and the *‘vacant” orbital on
trigonal B. This is frequently indicated as

>N‘—’B< or >f§=§<

However, as with the amine-borane adducts just
considered, this does not normally indicate the
actual sign of the net charges on N and B
because the greater electronegativity of N causes
the ¢ bond to be polarized in the opposite sense.
Thus, N-B bond moments in aminoboranes have
been found to be negligible and MO calculations
again suggest that the N atom bears a larger
net negative charge than does the B atom.
The partial double-bond formulation of these
compounds, however, is useful in implying an
analogy to the isoelectronic alkenes. Coordinative
saturation in aminoboranes can be achieved not
only through partial double bond formation but
also by association (usually dimerization) of the
monomeric units to form (B-N), rings. For
example, in the gas phase, aminodimethylborane
exists as both monomer and dimer in reversible
equilibrium:

2H, Me; ———> Me, Me;
H,

The presence of bulky groups on either B
or N hinders dimer formation and favours
monomers, e.g. (Me;NBF;); is dimeric whereas
the larger halides form monomers at least in
the liquid phase. Association to form trimers
{(6-membered heterocycles) is less common,
presumably because of even greater crowding
of substituents, though triborazane (H;NBH-);
and its N-methyl derivatives, (MeHNBH;); and
(Me;NBH- )3, are known in which the BsNj ring
adopts the cyclohexane chair conformation.

Preparative routes to these compounds are
straightforward, e.g.:

R;NH,Cl + MBH, —— R;NBH; + MCl + H,
(R = H, alkyl, aryl)
R,NH + R;BX + NEt; —— R,NBR; + Et;NHX
(R’ = alkyl, aryl, halide)
B(NR:); + 2BR; —— 3R2NBR;3, etc.
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In general monomeric products are readily
hydrolysed but associated species (containing
4-coordinate B) are much more stable: e.g.
(Me;NBH5), does not react with H,O at 50°
but is rapidly hydrolysed by dilute HCI at 110°
because at this temperature there is a significant
concentration of monomer present.

Iminoboranes, R—~N=B-R’, are isoelectronic
with alkynes and contain 2-coordinate boron;
their chemistry has recently been review-
ed.(120.12) | jkewise for amino iminoboranes,
R,N-B=NR'.{"?2) In both classes of com-
pound inductive and steric effects have an
important influence on stability. Another sta-
ble 2-coordinate boron species is the linear
anion BN,3~ (isoelectronic with CO,, CNO™,
NCO~, N;0, NO,*, N3~ and CN,*7) which
occurs in MiBN, and MJ(BN;),. For exam-
ple, Na;BN, can be prepared as light honey-
coloured crystals by heating a 2:1 mixture
of NaN3 and BN at 4 GPa and 1000°C;
the B-N distance is 134.5pm."'?» In neu-
tral species, the well known decrease in inter-
atomic distance in the sequence C-C(154 pm) >
C=C(133pm), > C=C (118pm) is paralleled
by the analogous sequence B-N(158pm) >
B=N(140 pm) > B=N(124 pm).

The cyclic borazine (-BH-NH-)3 and its
derivatives form one of the largest classes of
B-N compounds. The parent compound, also
known as “inorganic benzene”, was first isolated
as a colourless liquid from the mixture of
products obtained by reacting BoHg and NHj
(A. Stock and E. Pohland, 1926):

180°
3B,Hg + 6NH; —— 2B;N3Hg + 12H,

It is now best prepared by reduction of the B-
trichloro derivative:

120 p, paETZOLD, Adv. Inorg. Chem. 31, 123-70 (1987).
121 p. pagTzOLD, Pure Appl. Chem. 63, 345-50 (1991).

122 4 NOTH, Angew. Chem. Int. Edn. Engl. 27, 1603-22
(1988).

123 5 Evers, M. MUNSTERKOTTER, G. OEHLINGER, K. PoL-
BORN and B. SENDLINGER, J. Less Common Metals 162,
L17-22 (1990). For the crystal structure of Sr3(BN3),,
{B-N 135.8(6) pm, angle 180°] see H. WOMELSDORF and H.-
J. MEYER, Z. anorg. allg. Chem. 620, 2652-5 (1994).

heat
3BCl; + 3NH,4Cl _TH—C—I) (BCINH);

3NaBH4 3
_— B3N3H6 + 3NaCl + EBZHG

Borazine has a regular plane hexagonal ring
structure and its physical properties closely
resemble those of the isoelectronic compound
benzene (Table 6.6). Although it is possible
to write Kekulé-type structures with N—=B
7w bonding superimposed on the o bonding,
the weight of chemical evidence suggests that
borazine has but little aromatic character. It reacts
readily with H,O, MeOH and HX to yield 1:3
adducts which eliminate 3H, on being heated to
1007, e.g.:

0°
BsN3Heg + 3H,0 —— [BH(OH)NH, 13

o

100
—— [B(OH)NH]s + 3H;

Table 6.6 Comparison of borazine and benzene

Property B3N3;Hg C¢Hg
Molecular weight 80.5 78.1
MP/°C —57 6
BP/°C 55 80
Critical temperature 252 288
Density (1 at mp)/gcm™> 0.81 0.81
Density (s)/gcm™ 1.00 1.01
Surface tension at mp/ 31.1 31.0

dyne cm™'®
Interatomic distances/pm B-N 144 C-C 142
B-H 120 C-H 108
N-H 102

@1 dyne = 105 newton.

Numerous other reactions have been docu-
mented, most of which are initiated by nucleo-
philic attack on B. There is no evidence that
electrophilic substitution of the borazine ring
occurs and conditions required for such reac-
tions in benzenoid systems disrupt the borazine
ring by oxidation or solvolysis. However, it
is known that the less-reactive hexamethyl
derivative B3N3Meg (which can be heated to
460° for 3 h without significant decomposition)
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OB
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® Me

Figure 6.28 Structure of [Cr(n°-B3N3Meg)(CO)s].

reacts with [Cr(CO);(MeCN);] to give the com-
plex [Cr(n®-B3N3Mes)(CO)3] (Fig. 6.28) which
closely resembles the corresponding hexamethyl-
benzene complex [Cr(n®-CgMeg)(CO)3].

N-substituted and B-substituted borazines are
readily prepared by suitable choice of amine and
borane starting materials or by subsequent reac-
tion of other borazines with Grignard reagents,
etc. Thermolysis of monocyclic borazines leads
to polymeric materials and to polyborazine ana-
logues of naphthalene, biphenyl, etc.:

s 5 H H H H
—N e
HN" “NH o P
| nln HN BH
HB \ /
SN N7 ‘B—N B—N
H H HH H H

A quite different structural motif is found in the
curious cyclic hexamer [(BNMe,)s] which can
be obtained as orange-red crystals by distilling
the initial product formed by dehalogenation of
(Me;N),BCl with Na/K alloy:(124

Na/K
2(M62N)2BC1 _— [BQ(NM62)4]

thermolysis

—> [(BNMey)¢]

The Bg ring has a chair conformation (dihedral
angle 57.6°) with mean B—B distances of 172 pm.
All 6 B and all 6 N are trigonal planar and the
6-exocyclic NMe, groups are each twisted at an
angle of ~65° from the adjacent B3 plane, with

124 4. NotH and H. POMMERENING, Angew. Chem, Int. Edn.
Engl. 19, 482-3 (1980).
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B-N 140 pm. Structurally, this cyclohexaborane
derivative resembles the radialenes, particularly
the isoelectronic [Cs(=CHMe)¢] in which the C¢
ring likewise adopts the chair conformation.
Finally, the conceptual isoelectronic replace-
ment of C—C by B—N can be applied to carba-
boranes, thus leading (by appropriate synthetic
routes) to azaboranes in which one or more of the
cluster vertices of the borane is occupied by an
N atom. So far, the following species have been
characterized,1?>) the relevant cluster geome-
tries and numbering schemes being given by
the indicated structures on pp. 153—-85: arachno-
4-NBgHi3 (20), nido-6-NBgH;» (11), closo-1-
NBgH1y (5), arachno-6,9-N,BgH;, (21), nido-7-
NBoH,3 (41), nido-7-NBoH;,2~ (80), closo-1-
NB;1Hiz (7, 76) and anti-9-NB7H¢ (31).

6.10 Other Compounds
of Boron

6.10.1 Compounds with bonds to P,
As or Sb

Only minor echoes of the extensive themes of
B-N chemistry occur in compounds containing
B-P, B-As or B-Sb bonds but there are
signs that the field is now beginning to expand
rapidly. Few 1:1 phosphine-borane adducts
are known, although the recently characterized
white crystalline complex (CgFs)3;B.PH3, which
dissociates reversibly above room temperature,
has been suggested as a useful storage material
for the safe purification and generation of
PH3.(12% The interesting compound Na[B(PH,)4]
can readily be made by reacting BCl; with
4 moles of NaPH,; at moderate temperatures
and in the presence of thf it rearranges to
the diborate analogue Na[(PH;);B-PH,-B(PH;);]

125 T, JeLingk, J. D. KENNEDY and B. STiBR, J. Chem. Soc.,
Chem. Commun., 677-8 (1994) and references cited therein.
L. SCHNEIDER, U. ENGLERT and P. PAETZOLD, Z. anorg. allg.
Chem. 620, 1191-3 (1994). H.-P. HANSEN, U. E. ENGLERT
and P. PAETZOLD, Z. anorg. allg. Chem. 621, 719-24 (1995).
126 D, C. BRADLEY, M. B. HURSTHOUSE, M. MOTEVALLI and
Z. DAO-HONG, J. Chem. Soc., Chem. Commun., 7-8 (1991).
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and with BHj;.thf it gives the tetrakis(borane)
adduct Na[B(PH,.BHj3),].(12"
Phosphinoboranes, like their aminoborane ana-
logues (p. 209), tend to oligomerize, although
monomeric examples with planar B and pyra-
midal P atoms have recently been pre-
pared using bulky substituents, e.g. yellow
Mes;BPPh,,1?® orange (Mes,P),BBr{!?® and
colourless (Mes,P),BOEt, mp 163°C %(Mes =
2,4,6-Me3CgH,-). By contrast, B(PEy); is a
dimer with a planar B,P; ring of 4-coordinate
B and P atoms (124).39 A planar 4-
membered ring of 3-coordinate planar B and
pyramidal P atoms is featured in the diphos-
phadiboretane {MesPB(tmp)}, (125) (tmp =
2,2,6,6-tetramethylpiperidino); 13 the corres-
ponding diarsadiboretane is also known. A phos-
phorus analogue of borazine (p.210) having
a planar BsP; ring is the pale yellow crys-
talline (MesBPCgH;;)s (126), synthesized by
reacting MesBBr, with CgH;;PHLi in hexane
at room temperature;1*? the B—P distances in

Et,P PEt,  PEr, PMes
\B/ \B/ (tmp)B B(tmp)
Et,P PEt, PEt, \PM/es
(124) (125)
/PR\
MesB BMes
()
RP\ /PR
BMes
(126)

127 M. BAUDLER, C. BLock, H. BupzIKIEWICZ and H. MONs-
TER, Z. anorg. allg. Chem. 569, 7-15 (1989).

1227 FENG, M. M. OLMSTEAD and P. P. POWER, Inorg.
Chem. 25, 4615-6 (1986).

1294 H. KarRscH, G. HANIKA, B. HUBER, K. MEINDL,
S. KoNiG, K. KRUGER and G. MULLER, J. Chem. Soc., Chem.
Commun., 373-5 (1989).

130 H, NoTH, Z. anorg. allg. Chem. 555, 79-84 (1987).

1B A, M. ARIF, A.H. COWLEY, M. PAKULSKI and J. M.
POWER, J. Chem. Soc., Chem. Commun., 889-90 (1986).
1324, V. R. Dias and P. P. POWER, Angew. Chem. Int. Edn.
Engl. 26, 1270-1 (1987); H. V. R. Dias and P. P. POWER,
J. Am. Chem. Soc. 111, 144-8 (1989).

Ch. 6

the boraphosphabenzene are all essentially equal,
averaging 184 pm, which is considerably shorter
than the known range of single-bond distances
(192-196 pm). The cyclohexyl group, C¢H;;, can
be replaced by Ph, Mes, Bu, etc.
Phosphaborane cluster compounds have also
been synthesized. For example, thermolysis of
“a 1:2 mixture of (Pr;N)BCI and (PriN)B(CI)-
(SiMes), at 160°C results in the smooth elimi-
nation of Me3SiCl to give colourless crystals of
[closo-1,5-Po(BNPr);] (127) in high yield: (133

2(Pr',N)B(C)P(SiMe3 ), + (Pri,N)BCl,
— 4Me;SiCl + P,(BNPr',); (127)

The structural analogy with the dicarbaborane
C,B3H;s (56) is obvious. Likewise, pyrolysis of
a mixture of B,Cly and PCl; yields [closo-
1,2-P,B4Cl4] (128) as hygroscopic colourless
crystals, (139

azn (128)

Typical borane clusters incorporating As or
Sb atoms are closo-1,2-B1gH1oCHAs and closo-
1,2-B1oH;oCHSb in which the group 15 hetero-
atom replaces a CH vertex in the dicarbaborane
(76); they are prepared in 25 and 41% yield,
respectively, by direct reaction of Na;B;oH;0CH
with AsCl; or Sbl;, and can be isomer-
ized in high yield below 500°C to the 1,7-
isomers. Above 500° the 1,12-isomers can
be obtained but this is accompanied by sub-
stantial decomposition. The diarsa derivative
1,2-B;gH9As, is also known. Likewise, reac-
tion of nido-BgH;4 with AsCl; and NaH or
NaBH, affords the 11-vertex anion 7-BjgH2As™

133G, L. Woob, E. N. DUESLER, C. K. NARULA, R. T. PAINE
and H. NOTH, J. Chem. Soc., Chem. Commun., 496-8 (1987).
134w, HaupoLD, W. KELLER and G. SAWITZKI, Angew.
Chem. Int. Edn. Engl. 27, 925-6 (1988).
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Scheme (for page 215)

and this can be capped using Et;N-BH; in
diglyme at 160° to give the closo-icosahedral
anion By H| As™ in 51% yield. Other exam-
ples include B;;H;;Sb™, 1,2-B1pHgSb,, 1,2-
B gH19AsSb and the arsenathia- and arsenaselena-
boranes BgHgAs;S and BgHgAs;Se. (139

6.10.2 Compounds with bonds to S,
Se and Te

The vast array of B—O minerals and compounds
(pp. 139-40 and 203~7) finds no parallel in B~S
or B-Se chemistry though thioborates of the type
B(SR);, R'B(SR); and R;B(SR) are well doc-
umented. There are also a growing number of
binary boron sulfides and boron-sulfur anions
which feature chains, rings and networks. B;S;
itself has been known for many years as a pale-
yellow solid which tends to form a glassy phase
(cf. B»O; and also B;Se;). This absence of a suit-
able crystalline sample prevented the structural
characterization of this compound until as late
as 1977. It has now been found that B,S; has a
fascinating layer structure which bears no resem-
blance to the three-dimensionally linked B,O3
crystal structure but is slightly reminiscent of BN.
The structure (Fig. 6.29a) is made up of planar

135(..). Toop, Chap.4 in R.N.GRMES (ed.) Metal
Interactions with Boron Clusters, Plenum, New Yotk, 1982,
pp. 145-71.

B3S; 6-membered rings and B,S; 4-membered
rings linked by S bridges into almost planar
two-dimensional layers.!* All the boron atoms
are trigonal planar with B-S distances averaging
181 pm and the perpendicular interlayer distance
is almost twice this at 355 pm. More recently(!*”!
a monomeric form of B,S; was prepared by
matrix-isolation techniques at 10 K and shown by
vibrational spectroscopy to be a planar V-shaped
molecule, S=B-S-B=S, with C;, symmetry,
the angle subtended at the central S atom by the
linear arms being about 120°.

Another boron sulfide, of stoichiometry
BS,, can be made by heating B,S; and
sulfur to 300°C under very carefully defined
conditions.3® It is a colourless, moisture-
sensitive material with a porphine-like molecular
structure, BgSis, as shown in Fig. 6.29b. An
alternative route to BgSg involves the reaction
of dibromotrithiadiborolane with trithiocarbonic
acid in an H,S generator in dilute CS; solution:

4BrBSSB(Br)S + 4(HS),CS —— B3Sis
+4CS; + 8HBr

136 H. piercks and B. KReps, Angew. Chem. Int. Edn. Engl.
16, 313 (1977).

1371 R, BEATTIE, P. J. Jones, D. J. Wip and T. R. GILSON,
J. Chem. Soc., DPalion Trans., 267-9 (1987).

18 B. Krees and H. U. HURTER, Angew. Chem. Int. Edn.
Engl. 19, 481-2 (1980).
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(a)

(b)

Figure 6.29 (a) Part of the layer structure of B;S; perpendicular to the plane of the layer. (b) Porphine-like

structure of the molecule ByS .

The monomeric selenium compound BSe; has
been identified mass-spectrometrically in the
vapours formed by reacting solid boron with Se,
and its thermodynamic properties evaluated.1%%

Another expanding area of B-S chemistry
is the synthesis and structural characterization
of anionic species. The colourless thioborate
RbBS; was formed by heating the stoichiometric
amounts of Rb3S, B and S at 600°. Its
structure, and that of the yellow TIBS,, features
polymeric anionic chains that are spirocyclically
connected via tetrahedral B atoms as shown
schematically below:(14®)

NSNS
NWAVANWAVA

The sulfur-rich analogue T13B3S,, was likewise
prepared as yellow plates from the appropriate
stoichiometric mixture of (3T1,S + 6B + 178) at

133 M, BINNEWIES, Z. anorg. allg. Chem. 589, 115-21 (1990).
190 C. PUTTMANN, F. HILTMANN, W. HaManN, C. BRENDEL
and B. KREBS, Z. anorg. allg. Chem. 619, 169-16 (1993).

850° and shown to have a similar polymeric
anion with the extra S atoms inserted into
each third pentatomic heterocycle to make it a
hexatomic unit, >B(S;);B<. With the smaller
cation, Li*, similar procedures generate LisB7S3
and LigB 9533 which again have novel polymeric
anions. The {B7S;3° "} polymer is formed by
sharing B4S o and B}(Ss0 units, i.e. {B4S6S4/2%"}
(cf. P4Op) and {51081654/26—} both of which are
built up from tetrahedral BS; subunits, whereas
the {B19S13% }oc polymer is formed from the
conjoining of {B19S30Ss/2”~} units. 1V

The structural principles and reaction chem-
istry of B-S compounds have recently been
reviewed.¥?) This includes not only electron-
precise 4-, 5- and 6-membered heterocycles of
the types described above, but also electron-
deficient polyhedral clusters based on closo-,

ML, HiLtMaNN, P. zuM HEBEL, A. HAMMERSCHMIDT and
B. KReBs, Z anorg. allg. Chem. 619, 293-302 (1993). For
other novel B/S/Se anions from B, Krebs’ group see Z anorg.
allg. Chem. 620, 1898- 1904 (1994); 621, 424-30, 1322-9
and 1330-7 (1995).

142 ). R. Bowser and T. P. FEHLNER, in H. W, ROESKY (ed.),
Rings, Clusters and Polymers of Main Group and Transition
Elements, Elsevier, Amsterdam, 1989, pp. 1-48.
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nido- and arachno-boranes. Some typical inter-
conversion reactions of thiaboranes are shown
in the scheme on p. 213,%4? and further exam-
ples are in references (143) and (144). Selena-
and tellura-derivatives are also known13%:145)
and, like the thiaboranes, have structures that
can be rationalized by the normal electron

143 T JELINEK, J. D. KENNEDY and B. STiBR, J. Chem. Soc.,
Chem. Commun., 1415-6 (1994).

1445 0. KANG and L. G. SNEDDON, Chap. 8 in G. A. OLAH,
K. WADE and R. E. WiLLIAMS (eds.), Electron Deficient
Boron and Carbon Clusters, Wiley, New York, 1991,
pp. 195-213.

145G, D. Frigsen, T. P. Hanusa and L. J. Topbp, Inorg.
Synth. 29, 103-7, (1992).
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counting rules, taking the chalcogen atom as
a 4-electron donor, e.g. closo-B; H);Te, nido-
BoH 2 Te, nido-BgHTe™, nido-BoH, Te, nido-
BgHgSeg, nidO-BgHgSTe, arachno-BgHmSez,
[Fe(r°-B1oHioTe), ]~ (green) and [Co(n*-CsHs)-
(n°-B1gH;oTe)] (yellow).

There appears to be no end to the structural
ingenuity of boron and, whilst it is true that
many regularities can now be discerned in its
stereochemistry, much more work is still needed
to unravel the reaction pathways by which
the compounds are formed and to elucidate
the mechanisms by which they isomerize and
interconvert.
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Aluminium, Gallium,
Indium and Thallium

7.1 Introduction

Aluminium derives its name from alum, the dou-
ble sulfate KAI{SO,);.12H,0, which was used
medicinally as an astringent in ancient Greece
and Rome (Latin alumen, bitter salt). Humphry
Davy was unable to isolate the metal but pro-
posed the name “alumium” and then “aluminum’;
this was soon modified to aluminium and this
form is used throughout the world except in North
America where the ACS decided in 1925 to adopt
“aluminum” in its publications. The impure metal
was first isolated by the Danish scientist H. C.
Qersted using the reaction of dilute potassium
amalgam on AICl;. This method was improved
in 1827 by H. Wohler who used metallic potas-
sium, but the first commercially successful pro-
cess was devised by H. St.-C. Deville in 1854
using sodium. In the same year both he and R. W.
Bunsen independently obtained metallic alumi-
nium by electrolysis of fused NaAICl;. So pre-
cious was the metal at this time that it was exhib-
ited next to the crown jewels at the Paris Expo-
sition of 1855 and the Empercr Louis Napoleon
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IIT used Al cutlery on state occasions. The dra-
matic thousand-fold drop in price which occurred
before the end of the century (Table 7.1) was due
first to the advent of cheap electric power follow-
ing the development of the dynamo by W. von
Siemens in the 1870s, and secondly to the inde-
pendent development in 1886 of the electroly-
sis of alumina dissolved in cryolite (NazAlFg)
by P. L. T. Héroult in France and C. M. Hall in
the USA; both men were 22 years old at the
time. World production rose quickly and in 1893
exceeded 1000 tonnes pa for the first time.
Gallium was predicted as eka-aluminium by
D. I. Mendeleev in 1870 and was discovered by
P. E. Lecoq de Boisbaudran in 1875 by means
of the spectroscope; de Boisbaudran was, in
fact, guided at the time by an independent
theory of his own and had been searching for
the missing element for some years. The first
indications came with the observation of two new
violet lines in the spark spectrum of a sample
deposited on zinc, and within a month he had
isolated 1g of the metal starting from several
hundred kilograms of crude zinc blende ore. The
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Table 7.1 Price of aluminium metal ($ per kg)

1852 1854 1855 1856 1857 1858 1886
1200 600 250 75 60 25 17
— |Introduction of St. C. Deville’s Na/AICl5 process
1888 1890 1895 1900 1950 1965 1980 1989
11.5 5.0 1.15 0.73 0.40 054 1.53 1.94
— |Introduction of Héroult-Hall A
electrolysis minimum

Table 7.2 Comparison of predicted and observed properties of gallium

Mendeleev’s predictions (1871) for
eka-aluminium, M

Observed properties (1993) of gallium
(discovered 1875)

Atomic weight ~68
Density/g cm™> 5.9
MP low

Non-volatile

Valence 3

M will probably be discovered by spectroscopic
analysis

M will have an oxide of formula M,03, d 5.5gcm™>,
soluble in acids to give MX3

M should dissolve slowly in acids and alkalis and be
stable in air

M(OH); should dissolve in both acids and alkalis

M salts will tend to form basic salts; the sulfate should
form alums; M,S; should be precipitated by H,S or
(NH,),S; anhydrous MCl; should be more volatile
than ZnCl,

Atomic weight 69.723
Density/g cm™ 5.904
MP/°C 29.767
Vapour pressure 103 mmHg at 1000°C
Valence 3

Ga was discovered by means of the spectroscope

Ga has an oxide Ga,03, d 5.88 gcm ™3, soluble in acids
to give salts of the type GaXs

Ga metal dissolves slowly in acids and alkalis and is
stable in air

Ga(OH); dissolves in both acids and alkalis

Ga salts readily hydrolyse and form basic salts; alums
are known; Ga,S; can be precipitated under special
conditions by H,S or (NH,),S; anhydrous GaCl; is
more volatile than ZnCl,

element was named in honour of France (Latin
Gallia) and the striking similarity of its physical
and chemical properties to those predicted by
Mendeleev (Table 7.2) did much to establish the
general acceptance of the Periodic Law (p. 20);
indeed, when de Boisbaudran first stated that the
density of Ga was 4.7gcm™ rather than the
predicted 5.9 gcm™>, Mendeleev wrote to him
suggesting that he redetermine the figure (the
correct value is 5.904 gcm™3).

Indium and thallium were also discovered
by means of the spectroscope as their names
indicate. Indium was first identified in 1863
by F.Reich and H. T. Richter and named
from the brilliant indigo blue line in its
flame spectrum (Latin indicum). Thallium was
discovered independently by W. Crookes and by

C. A. Lamy in the preceding year 1861/2 and
named after the characteristic bright green line
in its flame spectrum (Greek 6airég, thallos, a
budding shoot or twig).

7.2 The Elements

7.2.1 Terrestrial abundance
and distribution

Aluminium is the most abundant metal in the
earth’s crust (8.3% by weight); it is exceeded in
abundance only by O (45.5%) and Si (25.7%),
and is approached only by Fe (6.2%) and
Ca (4.6%). Aluminium is a major constituent
of many common igneous minerals including
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feldspars and micas. These, in turn, weather in
temperate climates to give clay minerals such
as kaolinite [Al,(OH)4Si;05], montmorillonite
and vermiculite (p. 349). It also occurs in
many well-known though rarer minerals such
as cryolite (Na3AlFg), spinel (MgAl,O4), garnet
[CazAly(Si0Oy4)3], beryl (Be3AlSigO;g), and
turquoise [Al;(OH);PO4H,0O/Cu]. Corundum
(Al,O3) is one of the hardest substances known
and is therefore used as an abrasive; many
gemstones are impure forms of Al,Os, e.g.
ruby (Cr), sapphire (Co), oriental emerald, etc.
Commercially, the most important mineral is
bauxite AlO,(OH);_», (0 < x < 1); this occurs
in a wide belt in tropical and subtropical regions
as a result of the leaching out of both silica and
various metals from aluminosilicates (see Panel).

Gallium, In and T1 are very much less abundant
than Al and tend to occur at low concentrations
in sulfide minerals rather than as oxides, though
Ga is also found associated with Al in bauxite.
Ga (19ppm) is about as abundant as N, Nb, Li
and Pb; it is twice as abundant as B (9 ppm)
but is more difficult to extract because of the
absence of major Ga-containing ores. The highest
concentrations (0.1-1%) are in the rare mineral
germanite (a complex sulfide of Zn, Cu, Ge and
As); concentrations in sphalerite (ZnS), bauxite
or coal, are a hundredfold less. Gallium always
occurs in association either with Zn or Ge, its
neighbours in the periodic table, or with Al in
the same group. It was formerly recovered from
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flue dusts emitted during sulfide roasting or coal
burning (up to 1.5% Ga) but is now obtained as
a byproduct of the vast Al industry. Since baux-
ites contain 0.003-0.01% Ga, complete recov-
ery would yield over 1000 tonnes pa. However,
present consumption, though growing rapidly, is
little more than 1% of this and production is
of the order of 50 tonnes pa (1986). This can
be compared with the estimate of 5 tonnes for
the total of Ga metal in the 90 y following its
discovery (1875-1965). Its price in 1928 was
$50perg; in 1965 it was $1perg, similar to the
then price of gold ($1.1 perg), and in 1986 it was
$0.45 per g, i.e. $450/kg for semiconductor grade
metal (99.9999%).

Indium (0.24 ppm) is similar in abundance to
Sb and Cd, whereas Tl (0.7 ppm) is close to
Tm and somewhat less abundant than Mo, W
and Tb (1.2 ppm). Both elements are chalcophiles
(p. 648), indium tending to associate with the
similarly sized Zn in its sulfide minerals whilst
the larger Tl tends to replace Pb in galena, PbS.
Thallium(I) has a similar radius to Rb' and so
also concentrates with this element in the late
magmatic potassium minerals such as feldspars
and micas.

Indium is now commercially recovered from
the flue dusts emitted during the roasting of Zn/Pb
sulfide ores and can also be recovered during
the roasting of Fe and Cu sulfide ores. Before
1925 only 1 g of the element was available in the
world but production now exceeds 80000000 g

Bauxite

The mixed aluminium oxide hydroxide mineral bauxite was discovered by P. Berthier in 1821 near Les Baux in Provence.
In temperate countries (such as Mediterranean Europe) it occurs mainly as the “monohydrate” AIOOH (boehmite and
diaspore) whereas in the tropics it is generally closer to the “trihydrate” A(OH); (gibbsite and hydrargillite). Since AIOOH
is less soluble in aqueous NaOH than is AI(OH), this has a major bearing on the extraction process for Al manufacture
(p. 219). Typical compositions for industrially used bauxites are Al;0z 40-60%, combined H,O 12-30%, SiO, free and
combined 1-15%, Fe;03 7-30%, TiO> 3-4%. F, P,0s, V105, etc., 0.05-0.2%.

World production in 1989 was over 101 million tonnes and this is still increasing. Reserves are immense, being of the
order of 22 x 10% tonnes in all (Guinea 5.6, Australia 4.4, Brazil 2.8, Jamaica 2.0, India 1.0, USA 0.038 Gt). Australia is
currently the largest producer of alumina with 36.6%, fol]lowed by Guinea 16.6%, Brazil 8.7%, Jamaica 8.2% the former
Soviet Union 4.6%, India 3.9%. etc. Bauxite is easy to mine by open-cast methods since it occurs typically in broad
layers 3-10m thick with very little topsoil or other overburden. Apart from its preponderant use (>80%) in Al extraction,
bauxite is used to manufacture refractories, high-alumina cements and aluminium compounds, and smaller amounts are
used as drying agents and as catalysts in the petrochemicals industry.
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(i.e. 80 tonnes) each year. Prices have fluctuated
widely during the past 20 years, being $270/kg
for 99.97% purity in 1987.

Thallium is likewise recovered from flue
dusts emitted during sulfide roasting for H,SO4
manufacture, and from the smelting of Zn/Pb
ores. Extraction procedures are complicated
because of the need to recover Cd at the same
time. There are no major commercial uses for TI
metal; world production in 1983 was estimated
to be 5-15 tonnes p.a. and the price ranged
from $60 to $80 per kg depending on purity and
amount purchased.

7.2.2 Preparation and uses of the
metals "

The huge difference in scale between the pro-
duction of Al metal, on the one hand, and the
other elements in the group is clear from the pre-
ceding section. The tremendous growth of the Al
industry compared with all other non-ferrous met-
als is indicated in Table 7.3 and Al production
is now exceeded only by that of iron and steel
(p- 1072).

Production of Al metal involves two stages:
(a) the extraction, purification and dehydration
of bauxite, and (b) the electrolysis of Al,O3
dissolved in molten cryolite Na3AlFs. Bauxite
is now almost universally treated by the Bayer
process; this involves dissolution in aqueous
NaOH, separation from insoluble impurities (red
muds), partial precipitation of the trihydrate

Table 7.3 World production of some non-ferrous
metals/million tonnes pa

Metal 1900 1950 1970 1980 1988
Al 0.0057 1.52 9.78 16.04 1730

Cu 0.50 2.79 6.38 6.08 5.96
Zn 0.48 1.96 5.10 6.15 7.22
Pb 0.88 1.75 4.00 5.40 3.37

! Kirk~Othmer Encyclopedia of Chemical Technology, 4th
edn., Vol. 2, Aluminium and aluminium alloys, pp. 184-251;
Aluminium compounds, pp. 252-345. Interscience, New
York, 1992.
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and calcining at 1200°. Bauxites approximating
to the “monohydrate” AIOOH require higher
concentrations of NaOH (200-300gl~!) and
higher temperatures and pressures (200-250°C,
35atm) than do bauxites approximating to
Al(OH); (100-150g1~! NaOH, 120-140°C).
Electrolysis is carried out at 940-980°C in a
carbon-lined steel cell (cathode) with carbon
anodes. Originally Al,0O; was dissolved in
molten cryolite (Héroult—Hall process) but
cryolite is a rather rare mineral and production
from the mines in Greenland provide only
about 30000 tonnes pa, quite insufficient for
world needs. Synthetic cryolite is therefore
manufactured in lead-clad vessels by the reaction
of HF on sodium aluminate (from the Bayer
process):

6HF + 3NaAlO, ——— Na3AlFg + 3H,0 + Al,O4

No further cryolite is actually needed once the
smelting process is in operation because it is pro-
duced in the reduction cells by neutralizing the
Na,O brought into the cell as an impurity in the
alumina using AlF;:

4AlF; + 3Na,O —— 2NazAlFg + Al O3

Thus operating cells need AlF; rather than
cryolite, much of it being produced in a
fluidized bed reactor from gaseous HF and
activated alumina (made by partially calcining the
alumina hydrate from the Bayer process). Typical
electrolyte composition ranges are NazAlFg
(80—85%), CaF, (5-7%), AlF3 (5-7%), Al,Os
(2—8% — intermittently recharged). See also
p- 70 for the beneficial use of Li,COs;. The
detailed electrolysis mechanism is still imperfectly
understood but typical operating conditions
require up to 10° A at 4.5V and a current
density of 0.7Acm™>. One tonne Al metal
requires 1.89 tonnes Al,Os;, ~0.45tonnes C
anode material, 0.07 tonnes Na3AlFg and about
15000 kWh of electrical energy. It follows that
cheap electric power is the overriding commercial
consideration. World production (1988) exceeded
17 million tonnes pa, the leading producers being
the USA (23%), China (21%), the former Soviet
Union (14%), Canada (9%), Australia (7%),



220 Aluminium, Galllum, indium and Thallium

Brazil, Norway and Czechoslovakia (5% each).
In addition to this primary production, recycling
of used alloys probably adds a further 3—4 million
tonnes pa to the total Al metal consumed.

Some uses of Al and its alloys are noted in the
Panel from which it will be seen that many of
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the mechanical properties of pure Al are greatly
improved by alloying it with Cu, Mn, Si, Mg or
Zn (Table A). The example of Cu is particularly
important because of the insight which it gives
into the subtle solid-state diffusion processes that
occur during heat treatment. At room temperature

Some Uses of Aluminium Metal and Alloys

Pure aluminium is a silvery-white metal with many desirable properties: it is light, non-toxic, of pleasing appearance.
and capable of taking a high polish. It has a high thermal and electrical conductivity, excellent corrosion resistance, is
non-magnetic, non-sparking and stands second only to gold for malleability and sixth for ductility. Many of its alloys have
high mechanical and tensile strength. Aluminium and its alloys can be cast, rolled. extruded, forged, drawn or machined,
and they are readily obtained as pipes. tubes, rods, bars. wires, plates, sheets or foils.

Aluminium resists corrosion not because of its position in the electrochemical series but because of the rapid formation
of a coberent, inen, oxide layer. Contact with graphite, Fe, Ni, Cu, Ag or Pb is disastrous for corrosion resistance: the
effect of contact with steel, Zn and Cd depends on pH and exposure conditions. Protection is enhanced by anodizing the
metal; this involves immersing it in 15-20% H;S04 and connecting it to the positive terminal so that it becomes coated
with alumina: .

2A1+ 307 — 6 —— AOy
A layer 10-20 um thick gives excellent protection between pH 4.5-8.7 and is also adequate for extemnal architectural
usc; thicker layers (50-100 um) also impart abrasion resistance. The layer can be coloured by incorporating suitable

organic or inorganic compounds in the bath and incorporation of photosensitive material enables photographic images to
be developed. Decorative engraving using solutions of nitrate or NH4HF; gives the metal a fine silky texture.

Table A Some aluminium alloys

1000 Series: Commercially pure Al (< 1% of other elements); good properties except for limited mechanical
strength. Used in chemical equipment. refleciors. heat exchangers. buildings and decorative trim.

2000 Series: Cu alloys (~5%); cxcellent strength and machinability, limited corrosion resistance. Used for
components requiring high strength/weight ratio, ¢.g. truck trailer panels, aircraft structure parts.

3000 Secries: Mn alloys (~1.2%); moderate strength, high workability. Used for cooking utensils, heat
exchangers, storage tanks, awnings. furniwre, highway signs, roofing, side panels, etc.

4000 Series: Si alloys (<12%): low mp and low coefficient of expansion. Used for castings and as filler
material for brazing and welding; readily anodized to attractive grey colours.

5000 Series: Mg alloys (0.3-5%); good strength and weldability coupled with excellent corrosion resistance in
marine atmospheres. Used for ornamental and decorative trim, street light standards. ships, boats,
cryogenic vessels, gun mounts and crane parts.

6000 Series: Mg/Si alloys; good formability and high corrosion resistance. Used in buildings, transportation
equipment, bridges, railings and welded construction.

T000 Series: Zn alloys (3-8%) plus Mg: when heat treated and aged have very high strength. Used principally

for aircraft structures, mobilke equipment and equipment requiring high strength/weight ratio.

Many of the uses listed in Table A are a matter of everyday observation. In addition we may note that the electrical
conductivity of pure Al is 63.5% of the conductivity of an equal volume of pure Cu; when the lower density of Al is
considered its conductivity is 2.1 times that of Cu on a wt. for wt. basis. This. coupled with its corrosion resistance
and ready workability makes it an ideal metal for power lines and. indeed, more than 90% of all overhead electrical
transmission lines in the USA are Al alloy.

Aluminium is now extensively used in the construction and atrospace industries throughout the world although in the
USA peckaging has replaced the construction industry as the largest consumer of Al and its alloys. For example, 95% of
beer and soft drinks is packaged in two-piece cans comprising an A/Mn alloy body and A/Mg alloy ends. There is also
extensive use in food packaging, aerosol cans, collapsible mbes for toiletries and pharmaceuticals and as foil (typically
0.18 mm thick).
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Al dissolves only about 0.1% Cu and this has
little effect on its properties. The solubility rises
to a maximum of 5.65% Cu at 548°C and this
remains in metastable solid solution to give a
soft workable alloy when the alloy is rapidly
quenched to temperatures below 65°. Subsequent
ageing of the shaped material at 100—-150° for
a few minutes hardens the alloy due to the
formation of Guinier—Preston zones: these zones,
independently discovered in 1938 by A. Guinier
(France) and G. D. Preston (England), are minute
discs of material higher in Cu content than
the matrix — they are about 4 atoms thick and
up to 100 atoms across; they mesh coherently
with the host lattice in two directions, the (100)
planes, but not in the third. The coherency
strains which thereby develop in the lattice
are the basis for the hardening of the alloy.
Besides its immense technological importance,
this phenomenon is particularly significant in
being one of the first recognized examples of a
single phase which nevertheless varies regularly
in composition throughout its extent.

Gallium metal is now obtained as a
byproduct of the Al industry. The Bayer process
for obtaining alumina from bauxite gradually
enriches the alkaline solutions from an initial
weight ratio Ga/Al of about 1/5000 to about
1/300; electrolysis of these extracts with an Hg
electrode gives further concentration, and the
solution of sodium gallate is then electrolysed
with a stainless steel cathode to give Ga metal.
Ultra high-purity Ga for semiconductor uses
is obtained by further chemical treatment with
acids and O, at high temperatures followed
by crystallization and zone refining. Gallium
has a beautiful silvery blue appearance; it
wets glass, porcelain, and most other surfaces
(except quartz, graphite, and teflon) and forms
a brilliant mirror when painted on to glass.
Its main use is in semiconductor technology
(p. 258). For example, GaAs (isoelectronic
with Ge) can convert electricity directly into
coherent light (laser diodes) and is employed in
electroluminescent light-emitting diodes (LEDs);
it is also used for doping other semiconductors
and in solid-state devices such as transistors.
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The compound MgGa,04, when activated by
divalent impurities such as Mn?*, is used in
ultraviolet-activated powders as a brilliant green
phosphor. Another very important application
is to improve the sensitivity of various bands
used in the spectroscopic analysis of uranium.
Minor uses are as high-temperature liquid seals,
manometric fluids and heat-transfer media, and
for low-temperature solders.

Indium, like Ga, is normally recovered by
electrolysis after prior concentration in processes
leading primarily to other elements (Pb/Zn). It
is a soft, silvery metal with a brilliant lustre
and (like Sn) it gives out a high-pitched “cry”
when bent. Formerly it was much used to protect
bearings against wear and corrosion but the
pattern of use has been changing in recent
years and now its most important applications
are in low-melting alloys and in electronic
devices. Thus meltable safety devices, heat
regulators, and sprinklers use alloys of In with
Bi, Cd, Pb and Sn (mp 50-100°C) and In-rich
solders are valuable in sealing metal-nonmetal
joints in high vacuum apparatus. Indium is
of particular importance in the manufacture of
p—n—p transistor junctions in Ge (p. 369) and to
solder semiconductor leads at low temperature;
the softness of the metal also minimizes stress
in the Ge during subsequent cooling. So-called
II-V semiconductors like InAs and InSb are
used in low-temperature transistors, thermistors
and optical devices (photoconductors), and InP is
used for high-temperature transistors. A further
minor use, which exploits the high neutron
capture cross-section of In, is as a component
in control rods for certain nuclear reactors.

Technical grade Tl is purified from other flue-
dust elements (Ni; Zn, Cd; In; Ge, Pb; As; Se,
Te) by dissolving it in warm dilute acid, then
precipitating the insoluble PbSO4 and adding
HCI to precipitate TICl. Further purification is
effected by electrolysing T1,SO4 in dilute H,SO4
with short Pt wire electrodes, followed by fusion
of the deposited Tl metal at 350-400°C under
an atmosphere of H,. Both the element and
its compounds are extremely toxic; skin-contact,
ingestion and inhalation are all dangerous, and
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the maximum allowable concentration of soluble
T1 compounds in air is 0.1 mg m™. In this context
the position of Tl in the periodic table will be
noted — it occurs between two other poisonous
heavy metals Hg and Pb. T1,SO4 was formerly
widely used as a rodenticide and ant killer but
it is both odourless and tasteless and is now
banned in many countries as being too dangerous
for general use. Many suggestions have been
made for the use of Tl compounds in industry
but none have been substantially developed. A
few specialist uses have emerged in infrared
technology since TIBr and TII are transparent
to long wavelengths, and there are possibilities
for photosensitive diodes and infrared detectors.
The very high density of aqueous solutions of
Tl formate and malonate have found application
in the small-scale separation of minerals and
the determination of their densities; a saturated
solution containing approximately equal weights
of these salts (Clerici’s solution) has a density
of 4324gcm™> at 20° and progressively lower
densities can be obtained by dilution.

7.2.3 Properties of the elements

The atomic properties of the Group 13 elements
(including boron) are compared in Table 7.4. All
have odd atomic numbers and correspondingly
few stable isotopes. The varying precision of

atomic weights has been discussed (p. 17). The
electronic configuration is ns’np! in each case
but the underlying core varies considerably: for
B and Al it is the preceding noble gas core,
for Ga and In it is noble gas plus d® and for
Tl noble gas plus 4f'#5d!9. This variation has a
substantial influence on the trends in chemical
properties of the group and is also reflected in
the ionization energies of the elements. Thus, as
shown in Fig. 7.1, the expected decrease from B
to Al is not followed by a further decrease to Ga
because of the “d-block contraction” in atomic
size and the higher effective nuclear charge for
this element which stems from the fact that the
10 added d electrons do not completely shield
the extra 10 positive charges on the nucleus.
Similarly, the decrease between Ga and In is
reversed for Tl as a result of the further influence
of the f block or lanthanide contraction. It is
notable that these irregularities for the Group
13 elements do not occur for the Group 3
elements Sc, Y and La, which show a steady
decrease in ionization energy from B and Al, all 5
elements having the same type of underlying core
(noble gas). This has a decisive influence on the
comparative chemistry of the two subgroups.
Boron is a covalently bonded, refractory, non-
metallic insulator of great hardness and is thus
not directly comparable in its physical properties
with Al, Ga, In and TI, which are all low-melting,
rather soft metals having a very low electrical

Table 7.4 Atomic properties of Group 13 elements

Property B Al Ga In Tl
Atomic number 5 13 31 49 81
No. of naturally occurring
isotopes 2 1 2 2 2
Atomic weight 10.811(7) 26.981538(2) 69.723(1) 114.818(3) 204.3833(2)
Electronic configuration [He]2s22p! [Ne]3s23p! [Ar]3d'%4s24p!  [Kr]4d'95s25p!  [Xe]4f!45d106p!
lonization energy/
kI mol~! I 800.6 5775 578.8 558.3 589.4
I 24271 1816.7 1979.3 1820.6 1971.0
I 3659.7 27448 2963 2704 2878
Metal radius/pm (80-90) 143 135 (see text) 167 170
Ionic radius/pm
(6-coord.) 10 27@ 53.5 62.0 80.0 88.5
I — — 120 140 150

@Nominal “ionic” radius for BI,
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Figure 7.1 Trends in successive ionization energies Fy(l), Iu(Il), and Jy(111). and their sum Z for clements in

Groups 3 and 13,

resistivity (Table 7.5). The heats of fusion and
vaporization of the metals are also much lower
than those of boron and tend to decrease with
increasing atomic number. In all these properties
the metals resemble the neighbouring metals Zn,
Cd, Hg; Sn, Pb, etc., and it is probable that in
cach case the properies are related to the rather
small number of electrons available for metallic
bonding. Some have seen this as a manifestation
of the “inent-pair effect™ (see p. 226). The inter-
atomic distances in these elements are also some-
what longer than expected trom general trends.
The crystal structure of Al is fcc, typical of
many metals, each Al being surrounded by 12
nearest neighbours at 286 pm. Thallium also has
a typical metallic structure (hcp) with 12 nearest
neighbours at 340pm. Indium has an unusual
structure which is slightly distorted from a regular
close-packed arrangement: the structure is face-
centred tetragonal and cach In has 4 neighbours

at 324 pm and § at the slightly greater distance
of 336 pm Gallium has a unique orthorhombic
(pseudotetragonal) structure in which each Ga
has 1 very close neighbour at 244pm and 6
further neighbours, 2 each at 270, 273 and
279 pm. The structure is very similar to that ot
iodine and the appearance of pseudo-molecules
Gax may result from partial pair-wise interaction
on neighbouring atoms ot the single p electron
outside the {Ar)3d'%4s* core which immediately
follows the first transition series. As such it
can be compared with Hg which also has a
very low mp and completes the [Xel4f'?5d'%6s?
“pseudo-noble-gas” configuration following the
lanthanide elements. Note that all interatomic
contacts in metallic Ga are less than those in
Al, again emphasizing the presence of a “d-
block contraction”. Gallium ts also unusual in
contracting on melting, the volume of the liquid
phase being 3.49% less than that of the solid; the
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Table 7.5 Physical properties of Group 13 elements

Property B Al Ga In Tl
MP/°C 2092 660.45 29.767 156.63 303.5
BP/°C 4002 2520 2205 2073 1473
Density (20°C)/gem™ 2.35 2.699 5.904 7.31 11.85
Hardness (Mohs) 11 2.75 1.5 1.2 1.2-1.3
AH g, /kI mol ! 50.2 10.71 5.56 3.28 4.21
AH p/kImol™! 480 294 254 232 166
AH; (monoatomic gas)/kJ mol~! 560 329.7 286.2 243 182.2
Electrical resistivity/uohmcm 6.7 x 101 2.655 ~27@ 8.37 18
E°(M** +3e™ = M(s)/V —0.890® —1.676 ~0.529 —0.338 +1.26©
E°M*T + e = M©B)V — 0.55 ~0.79%acid)  —0.18 —0.336

—1.39(alkali)

Electronegativity x 2.0 1.5 1.6 1.7 1.8

@)The resistivity of crystalline Ga is markedly anisotropic, the values in the three orthorhombic directions being a 17.5, b 8.20,
¢ 55.3 pohmem. The resistivity of liquid Ga at 30° is 25.8 wohm cm.

®E° for reaction H3BO3 + 3HT + 3¢~ = B(s) + 3H,0.

()This is the observed value for E°(TI3* /TI*), hence the calculated value for the corresponding E°(T1>* /TI(s)) is +0.73 V.

same phenomenon occurs with the next element
in the periodic table Ge, and also with Sb and Bi,
in addition to the well-known example of H,O.
In each case, a structural feature in the solid is
broken down to permit more efficient packing of
atoms in the liquid state.

The standard electrode potentials of the heavier
Group 13 elements reflect the decreasing stability
of the +3 oxidation state in aqueous solution
and the tendency, particularly of Tl, to form
compounds in the 41 oxidation state (p. 226).
The trend to increasing electropositivity of the
group oxidation state which was noted for Groups
1 and 2 does not occur with Group 13 but
is found, as expected, in Group 3 (Fig. 7.2).
Similarly, the steady decrease in electronegativity
in the series B> Al> Sc>Y >La> Ac is
reversed in Group 13 and there is a steady
increase in electronegativity from Al to TL

7.2.4 Chemical reactivity and trends

The Group 13 metals differ sharply from the
non-metallic element boron both in their greater
chemical reactivity at moderate temperatures
and in their well-defined cationic chemistry for
aqueous solutions. The absence of a range of

volatile hydrides and other cluster compounds
analogous to the boranes and carboranes is
also notable. Aluminium combines with most
non-metallic elements when heated to give
compounds such as AIN, Al,S;, AlXj3, etc. It also
forms intermetallic compounds with elements
from all groups of the periodic table that contain
metals. Because of its great affinity for oxygen it
is used as a reducing agent to obtain Cr, Mn,
V, etc., by means of the thermite process of
J. W. Goldschmidt. Finely powdered Al metal
explodes on contact with liquid O,, but for
normal samples of the metal a coherent protective
oxide film prevents appreciable reaction with
oxygen, water or dilute acids; amalgamation
with Hg or contact with solutions of salts of
certain electropositive metals destroys the film
and permits further reaction. Aluminium is also
readily soluble in hot concentrated hydrochloric
acid and in aqueous NaOH or KOH at room
temperature with liberation of H,. This latter
reaction is sometimes written as

Al + NaOH + H,0 — NaAlO; + 3H,

though it is likely that the species in solution
is the hydrated tetrahydroxoaluminate anion
[AI(OH)4]™(aq) or [Al(H;0)2(OH)4] ™.
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Figure 7.2 Trends in standard electrode potential £° and electronegativity x for elements in Groups 3 and 13.

Al(OH); is amphoteric, forming both salts and
aluminates (Greek apdotépwe, amphoteros, in
both ways). Thus the freshly precipitated hydrox-
ide is readily soluble in both acid and alkali:

[Al(H20)3(0OH);]

[AI(H;0)s ]+

In these reactions the coordination number of
Al has been assumed to be 6 throughout though
direct evidence on this point is rarely available.
Amphoterism is also exhibited in anhydrous reac-
tions, e.g.:

[AKH,0)2(0H)4 ]

AlL{SIO3);

Aluminium compounds of weak acids are
extensively hydrolysed to [Al(H20)3(OH);] and
the corresponding hydride, e.g. Al;S; ——

3HQS, AIN — NH}, and AI4C3 E— 3CH4
Similarly, the cyanide, acetate and carbonate
are unstable in aqueous solution. Hydrolysis of
the halides and other salts such as the nitrate
and sulfate is incomplete but aqueous sclutions
are acidic due to the ability of the hydrated
cation [Al(H,0)]** to act as proton donor giving
[Al(H0)s(OH))**, [Al(H,0)4(OH),]*, etc. If
the pH is gradually increased this deprotonation
of the mononuclear species is accompanied by
aggregation via OH bridges to give species

such as
)
{(H20)4A1<OH> AlH0), 1%
H

and then to precipitation of the hydrous oxide.
This is of particular use in water clarification
since the precipitating hydroxide nucleates on
fine suspended particles which are thereby thrown
out of suspension. Still further increase in pH
leads to redissolution as an aluminate (Fig. 7.3).
Similar behaviour is shown by Be!, Zn", Ga'",
So'l, PbY, etc. A detailed quantitative theory of
amphoterism 1is difficult to construct but it is
known that amphoteric behaviour occurs when
(a) the cation is weakly basic, (b) its hydroxide
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Figure 7.3 Schematic representation of the variation
of concentration of an Al salt as a
function of pH (see text).

is moderately insoluble, and (c) the hydrated
species can also act as proton donors.?)

Anhydrous Al salts cannot be prepared by
heating the corresponding hydrate for reasons
closely related to the amphoterism and hydrolysis
of such compounds. For example, AICl;.6H>0
is, in reality, [AI(H20)]Cl3 and the strength of
the Al-O interaction precludes the formation of
Al-ClI bonds:

heat
2(AI(H20%]Cl; —— ALO; + 6HCI + 9H,0

The amphoteric behaviour of Ga'! salts paral-

lels that of Al''; indeed, Ga,Os is slightly more
acidic than Al O3 and solutions of gallates tend to
be more stable than aluminates. Consistent with
this, pK, for the equilibrium

[M(H20)6)* == [M(H,0)s0H]** + H*

is 4.95 for Al and 2.60 for Ga. Indium is more
basic than Ga and is only weakly amphotenic. The
metal does not dissolve in aqueous alkali whereas
Ga does. This alternation in the sequence of
basicity can be related to the electronic and size
factors mentioned on p. 222. Thallium behaves
as a moderately strong base but is not strictly

2C.S.G.Paups  and R, J. P. WiLLIaMs, /norganic
Chemistry, Yol. 1, Chap. 14; Vol. 2, pp. 524-5, Oxford Uni-
versity Press, Oxford, 1966.
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comparable with other members of the group
because it normally exists as Tt in aqueous
solution. Thus, Ti metal tarnishes readily and
reacts with steam or moist air to give TIOH. The
electrode potential data in Table 7.5 show that
TI' is much more stable than TI'' in aqueous
solution and indicate that TI! compounds can
act as strong oxidizing agents.

Compounds of TI' have many similarities
to those of the alkali metals: TIOH is very
soluble and is a strong base; TI,COs is also
soluble and resembles the corresponding Na
and K compounds; TI' forms colourless, well-
crystallized salts of many oxoacids, and these
tend to be anhydrous like those of the similarly
sized Rb and Cs; TI' salts of weak acids
have a basic reaction in aqueous solution as a
result of hydrolysis; TI' forms polysulfides (e.g.
T1,S5) and polyiodides, etc. In other respects T1'
resembles the more highly polarizing ion Ag*,
e.g. in the colour and insolubility of its chromate,
sulfide, arsenate and halides (except F), though
it does not form ammine complexes in aqueous
solution and its azide is not explosive.

The stability of the +1 oxidation state in Group
13 increases in the sequence Al < Ga < In < T,
and numerous examples of M! compounds will be
found in the following sections. The occurrence
of an oxidation state which is 2 less than the
group valency is sometimes referred to as the
“inert-pair effect” but it is important to recognize
that this is a description not an explanation. The
phenomenon is quile general among the heavier
elements of the p block (i.e. the post-transition
elements in Groups 13-16). For example, Sn
and Pb commonly occur in both the +2 and
+4 oxidation states; P, As, Sb and Bi in the
+3 and +5; S, Se, Te and Po in the +2, +4,
and +6 states. The term “inert-pair effect” is
somewhat misleading since it implies that the
energy required to involve the ns? electrons in
bonding increases in the sequence Al < Ga <
In < T1. Reference to Table 7.4 shows that this
is not so (the sequence is, in fact, In < Al <
Tl < Ga). The explanation lies rather in the
decrease in bond energy with increase in size
from Al to Tl so that the energy required

Next Page
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to involve the s electrons in bonding is not
compensated by the energy released in forming
the 2 additional bonds. The argument is difficult
to quantify since the requisite energy terms are
not known. Thus it is unrealistic to use the
simple ionic bond model (p. 79) to calculate the
heat of formation of MX3 because compounds
like TICl3 are not ionic, i.e. [TPH(C17)3;] — the
energy for the ionization of M(g) to M**(g) is
greater than 5000 kJ mol~! for each element and
substantial covalent interaction between M3+ and
X~ would also be expected. In the absence of
semi-empirical bond energy data or ab initio MO
calculations it is only possible to note that the
higher oxidation state becomes progressively less
stable with respect to the lower oxidation state
as atomic number increases within the group.
This is seen, for example, by comparing the
standard electrode potentials in aqueous solution
for M™ and M! in Table 7.5. Similarly, from the
somewhat fragmentary data available, it appears
that the enthalpy of formation of the anhydrous
halides remains approximately constant for MX
but diminishes irregularly from Al to Tl for
MX; (X = Cl], Br, I). The overall result depends
not only on the simple Born-Haber terms
(p- 82) but also on a combination of several
other factors including changes in structure
and bond type, covalency effects, enthalpies of
hydration, entropy effects, etc., and a quantitative
rationalization of all the data has not yet been
achieved.

Group 13 metals furnish a good example
of the general rule that an element is more
electropositive in its lower than in its higher
oxidation state: the lower oxide and hydroxide are
more basic and the higher oxide and hydroxide
more acidic. The reasons for this behaviour
are similar to those already discussed when
comparing Group 2 with Group 1 (p. 111) and
turn on the relative magnitude of ionization
energies, cationic size, hydration enthalpy and
entropy, etc. Again, the higher the charge on an
aquo cation [M(H;0,)]** the more readily will
it act as a proton donor (p. 51).

Other group trends will emerge in subsequent
sections. However, it is worth noting here an
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important vestigial structural relation of these
elements to the icosahedral units in elementary
boron (p. 142). Thus, the structures of both
p-rhombohedral boron and the cubic alloy phase
AlsCuliy can be constructed from 60-vertex
truncated icosahedra, although linked in very
different ways in the 3-dimensional crystalline
lattice. Likewise, Gay, icosahedra have been
found in intermetallic phases such as RbGas,
CsGa7, Li2G37, K3Ga13 and NazzGa39. This
has led to the proposal® that the Group 13
elements should be given the collective epithet
of ‘icosagens’.

7.3 Compounds

7.3.1 Hydrides and related
complexes -9

The extensive covalent cluster chemistry of the
boron hydrides finds no parallel with the heavier
elements of Group 13. AlH; is a colourless,
involatile solid which is extensively polymerized
via Al-H-Al bonds; it is thermally unstable
above 150-200°, is a strong reducing agent
and reacts violently with water and other protic
reagents to liberate H;. Several crystalline and
amorphous modifications have been described
and the structure of a-AlH;3 has been determined
by X-ray and neutron diffraction:® each Al is
octahedrally surrounded by 6 H atoms at 172 pm
and the Al-H-Al angle is 141°. The participation
of each Al in 6 bridges, and the equivalence of all

3R. B. KING, Inorg. Chim. Acta 181, 217-25 (1991).

4E. WIBERG and E. AMBERGER, Hydrides of the Elements of
Main Groups I1-1V, Chaps. 5 and 6, pp. 381-461, Elsevier,
Amsterdam, 1971.

SN.N. GReenwoop Chap.3 in E. A. V. EBSWORTH,
A. G. MADDOCK, and A. G. SHARPE (eds.), New Pathways
in Inorganic Chemistry, pp. 37-64, Cambridge University
Press, Cambridge, 1968,

5 A. R. BARRON and G. WILKINSON, Polyhedron 5, 1897-
1915 (1986).

7B. M. BULYCHEV, Polyhedror 9, 387-408 (1990).

8 C. Jongs, G. A. Kousatonts and C. L. RASTON, Polyhe-
dron 12, 1829-48 (1993).

9J. W. TurLEY and H. W. RINN, Inorg. Chem. 8, 18-22
(1969).
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Al—H distances suggests that 3-centre 2-electron
bonding occurs as in the boranes (p. 157). The
closest Al---Al distance is 324 pm, which is
appreciably shorter than in metallic Al (340 pm),
but there is no direct metal-metal bonding and
the density of AlH3 (1.477 gcm™3) is markedly
less than that for Al (2.699 gcm™); this is
because in Al metal all 12 nearest neighbours
are at 340 pm whereas in AlH; there are 6 Al at
324 and 6 at 445 pm.

AlH; is best prepared by the reaction of
ethereal solutions of LiAlH; and AICl; under
very carefully controlled conditions: (19

Et,O
3LIAIH, + AICl; —— 4[AlH;(Et,0),] + 3LiCl

The LiCl is removed and the filtrate, if left at
this stage, soon deposits an intractable etherate of
variable composition. To avoid this, the solution
is worked up with an excess of LiAlH4 and some
added LiBH, in the presence of a large excess
of benzene under reflux at 76—79°C. Crystals of
a-AlH; soon form. Slight variations in the con-
ditions lead to other crystalline modifications of
unsolvated AlH3, 6 of which have been identified.

AlHj readily forms adducts with strong Lewis
bases (L) but these are more conveniently pre-
pared by reactions of the type

Et,O
LiAlH, + NMe;HCI —— [AIH3(NMe;)]
+ LiCl + H,

[AIH3(NMe3)] has a tetrahedral structure
and can take up a further mole of ligand
to give [AlH3(NMes),]; this was the first
compound in which Al was shown to adopt
a 5-coordinate trigonal bipyramidal structure?
Such complexes are now of interest since their
thermal decomposition can be used to prepare
ultra-thin carbon-free Al films by chemical

19F M. BROWER, N. E. MATZEK, P. F. REIGLER,
H. W. RINN, C. B. ROBERTS, D. L. SCEMIDT, J. A. SHOVER
and K. TERADA, J. Am. Chem. Soc. 98, 2450-3 (1976).

"' G. W. Fraser, N. N. GrReenwoop and B. P. STRaU-
GHAN, J. Chem. Soc. 3742-9 (1963). C. W. HEITSCH,
C. E. NOorRDMAN, and R. W. PARRY, Inorg. Chem. 2, 508-12
(1963).
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vapour deposition on GaAs semiconductor
devices.!?

LiAlH4 is a white crystalline solid, stable in
dry air but highly reactive towards moisture,
protic solvents, and many organic functional
groups. It is readily soluble in ether (~29 g per
100g at room temperature) and is normally
used in this solvent. LiAlH, has proved to be
an outstandingly versatile reducing agent since
its discovery some 50y ago!>!*) (see Panel
opposite). It can be prepared on the laboratory
(and industrial) scale by the reaction

Et,O
4LiH + AlCI; —2> LiAlH,4 + 3LiCl

On the industrial (multitonne) scale it can also
be prepared by direct high-pressure reaction of
the elements or preferably via the intermediate
formation of the Na analogue.

thf/140°/3h
Na + Al 4 2H; 4>350 NaAlH4 (99% yield)
atm

The Li salt can then be obtained by metathe-
sis with LiCl in Et;O. The X-ray crystal struc-
ture of LiAlH, shows the presence of tetrahedral
AlH4 groups (Al-H 155pm) bridged by Li in
such a way that each Li is surrounded by 4H at
188—-200 pm (cf. 204 pm in LiH) and a fifth H at
216 pm. The bonding therefore deviates consider-
ably from the simple ionic formulation Lit AIH, ™~
and there appears to be substantial covalent bond-
ing as found in other complex hydrides (p. 67).
Other complex hydrides of Al are known
including LizAlHg, M'AIH,; (M! =Li, Na, K,
Cs), MI(AIH,), M = Be, Mg, Ca), Ga(AlH,)3,
M!(AIH;R), MI(AIH,;R;), M'[AIH(OEt);], etc.
(see Panel). The important complex AI(BH,); has
already been mentioned (p. 169); it is a colourless
liquid, mp —64.5°, bp +44.5°. It is best prepared

1ZA. T.S. WEE, A.J. MURRELL, N. K. SINGH, D. O’HARE
and J. S. ForD, J. Chem Soc., Chem. Commun., 11-13
(1990).

13 A E. FINHOLD, A. C. BonD, and M. J. SCHLESINGER, J.
Am. Chem. Soc. 9, 1199-203 (1947).

14 N. G. GAYLORD, Reduction with Complex Metal Hydrides,
Interscience, New York, 1956, 1046 pp. J. S. PizeY, Lithium
Aluminium Hydride, Ellis Horwood, Ltd., Chichester, 1977,
288 pp.
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Synthetic Reactions of LIAIH %1%

LiAlH, is a versatile reducing and hydrogenating reagent for both inorganic and organic compounds. With inorganic
balides the product obtained depends on the relative stabilities of the comesponding tetrahydroaluminate, hydride and
element. For example, BeCly gives Be(AlHy),. whereas BCl;3 gives BaHg and Hgla gives Hg metal. The halides of
Cu, Ag, Au, Zn, Cd and Hg give some cvidence of unstable hydrido species at low temperatures but all are reduced
to the metal at room temperature. The halides of main groups 14 and 15 yield the corresponding hydrides since the
AlHy derivatives are unstable or non-existent. Thus SiCly, GeCly and SnCly yield MH; and substituted halides such
as R,SiXy_, give R,SiH4—,. Similarly, PCly (and PCls), AsCl3 and SbCly afford MH3 but BiCls is reduced to the
metal, PhAsCl; gives PhAsH; and PhySbCl gives PhySbH, eic. Less work has been done on oxides but COCl; yields
MeOH, NO yields hyponitrous acid HON==NOH (which can be isolated as the Ag salt), and CO: gives LiAl(OMe), or
LiA(OCH;0); depending on conditions.

The real importance of LiAlH4 stems from the applications in organic syntheses. Its commercial introduction dates
from 1948. By 1951 the number of functional groups that were known (o react was 23 and this rose to more than 60 by the
1970s. Despite this, the heyday of LiAlH4 seems (o have been reached in the late 1960s and it has now been replaced in
many systems by the more selective borohydrides (p. 167) or by organometallic hydrides (see below). Reaction is usually
carried out in ether solution, followed by hydrolysis of the intermediate so formed when appropriate. Typical examples
are listed below.
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Compound Product Compound Product
Reactive >C=C< >CH—CH< RCOSR RCH,0H
RCH==CH; [AKCH2CH2R) )™ RCSNH» RCH;NH;
C:H; [AIH{CH=CH1)3]~ RSCN RSH
RC=CH RCH==CH; R2SO R:S
RX RH (not aryl) R2S0; R2S
ROH [AIKOR)4])~ or [AIH(OR)}3)~ | RSO:X RSH
RCHO RCH,;0H ROSO:R’, (ArOSO=R")  RH, (ArOH)
R,CO R,CHOH RSO-H RSSR + RSH
Quinone Hydroquinone RNC or RNCO RNHMe
RCO2H or (RCOX0 RCH>OH or RNCS

ot RCOX RCN RCH;NH: or RCHO
RCO:R’ RCH,0H + R'CH R2C==NOH R,CHNH;
Lactones, i.e. &Cﬂz),& Diols, i.e. HO(CHz),+10H R3NO RiN
RCONH; RCH;NH2 (also 27, 3%) R;NNO R2NNH:
Epoxides 2CHR R2;C(OH)YCH2R RNO», RNHOH or RN3; RNH;
R:—CR3 R2C(SHYCHR3 ArNO; ArN=NAr
RSSR RSH

More recently, LiAlH, has been eclipsed as an organic reducing agent by the emergence of several cheaper organo-
aluminium hydrides which are also safer and easier to handle than LiAlH,. Pre-eminent among thess are BubAlH and
Na[AlEt;H;] which were introduced commercially in the early 19705 and Na[Al(OCH3:CH20OMe):H;). VITRIDE®, which
became available in bulk during 1979. All three reagents can be prepared directly:

2Me2CH==CH; + Al + H; —— BuAIH
. NaH
2CH,==CH; + Al + 2H;, —— }(E12AIH); —— Na[AlEi;H,)

H:/PhMe
2MeOCH>CH20H + Al + Na —— > Na[AI(OCH,CHyOMe);Ha)

All three are substantially cheaper than LiAlH, and are now produced on a far larger scale as indicated in the tsble
overleaf. Data refer 10 US industrial use in 1980 and even larger markets are available outside the chemical industry (e.g.
in polymerization catalysis).
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Compound Production/kg Price/$ kg~! $ perkg ‘H’
LiAlH; 6000 88.00 835.00
BugAlH 195000 5.10 715.00
NalAlE(;H-] 91 000 11.00 605.00
Na[Al(OCH;CH,OMe);H,] 123000 6.25 638.00

in the absence of solvent by the reaction
3NaBH, + AICl; —— Al(BH,); + 3NaCl

Al(BH,4); was the first fluxional compound to be
recognized as such (1955) and its thermal decom-
position led to a new compound which was the
first to be discovered and structurally character-
ized by means of nmr:

70°
2AI(BH,); — AlB;H5 + B,Hg

This binuclear complex is also fluxional and
has the structure shown in Fig. 7.4a. Al(BHy):
reacts readily with NMe; to give a 1:1 adduct
in which Al adopts the unusual pentagonal

H H
H\,‘J

|\“H H
NN
I/|\H/’1\H

oz

1.[/"| l"‘\.H

(a)

bipyramidal 7-fold coordination as shown in
Fig. 7.4b.11%)

At room temperature Al(BH4); reacts quanti-
tatively in the pas phase with Al;Meg (p. 259) to
give [Al(n*-BH;);Me] (mp —76°) in which one
of the BH, groups of the parent compound has
been replaced by a Me group:

w2 h
4AI(BH,); + ALMes —> 6[AI(BH,),Me]

Electron diffraction studies in the gas phase
reveal an unusual structure in which the
5-coordinate Al atom has square-pyramidal

I5N. A. BalLEY, P.H.Birp and M. G. H. WALLBRIDGE,
Chem. Commun., 286-7 (1966Y; Inorg. Chem. 7, 1575-81
(1968).

Figure 7.4 (a) Structure of Al;B4H;3 showing 6-coordinate Al, (b) Structure of the adduct MesN.Al(BH,); show-

ing 7-coordinate pentagonal bipyramidal Al.
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(a)
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(b)

Figure 7.5 (a) Structure of [MeAl(n?-BHy);] as revealed by electron diffraction, and (b) structure and key dimen-
sions of [HGa(n*-BH,),] as determined by low temperature X-ray diffractometry.

geometry (Fig. 7.5a).('®) The heavy atoms CAIB,
are coplanar and the symmetry is close to Cp,.
A similar structure (Fig. 7.5b) has been found by
X-ray diffraction for [Ga(n?-BH,);H], which was
prepared by the dry reaction of LiBH4 and GaCls
at —45°C,07 and this geometry is emerging
as a notable structural feature of many AIH4;~
complexes (see next paragraph).

Many complexes in which AIH;™ acts as a
dihapto (or bridging bis-dihapto) ligand to tran-
sition metals have recently been characterized.
These are usually stabilized by coligands such
as tertiary phosphines or n°-cyclopentadienyls
and are readily prepared by treating the corre-
sponding chloro-complexes with LiAlH, in ether.
Typical examples, frequently dimeric, are:(©®
[{(CsHs), Y(AlIH,.thf)},], [{(CsMes),Ti(AlH,)}]
(Fig. 7.6a), [{(CsMes),Ta(AIH,)}2], [{(PMes)s-
HsW)o-u-(%,n*-AlHs)] (Fig. 7.6b), [{(dmpe),-
Mn(AlH,)},] and [{(PPh3;);HRu(AlH,)};]. A
few transition metal tetrahydroaluminates
[M(AIH,),] are also known but their struc-
tures have not yet been determined by X-ray
crystallography, e.g.:® [Y(AlH,),], [Ti(AlH,),],
[Nb(AIH,)s] and [Fe(AlH,),].

6 M. T. BarLOW, C. I. DAIN, A.J. Downs, P. D. P. THo-
MaS and D. W. H. RANKIN, J. Chem. Soc., Dalton Trans.,
1374-8 (1980). See also A.J. Downs and L. A. JONEs,
Polyhedron 13, 2401-15 (1994) for a description of the
polymeric Al analogue, [AI(BH,),H].

17"M. T. BarLOW, C. J. Dal, A. J. Downs, G. S. LAUREN-
sON and D. W, H. RANKIN, J. Chem. Soc., Dalton Trans.,
597-602 (1982).

The synthesis and characterization of gallane,
the binary hydride of gallium, has proved even
more elusive than that of alane, AIH3. Success
was finally achieved!®!® by first preparing
dimeric monochlorogallane, {H,Ga(u-Cl)},,?»
and then reducing a freshly prepared sample of
this liquid with freshly prepared LiGaH; under
solvent-free conditions in an all-glass apparatus
at —30°C:

~23°
2GaCl; + 4Me3SiH —— Ga,ClLH, + 4Me;SiCl
=30°
Ga2C12H4 + 2LIGBH4 — GazH6 + 2LlGaH3Cl

The volatile product, obtained in about 5%
yield, condensed as a white solid at —50° and
had a vapour pressure of about 1mmHg at
—63°. Gallane decomposes into its elements at
ambient temperatures. In the vapour phase it has
a diborane-like structure, Ga,Hs, with Ga—H;
152pm, Ga-H, 171pm, Ga-.-Ga 258 pm and
angle GaHGa 98° (electron diffraction).(!?) In
the solid state gallane tends to aggregate via
Ga-H-Ga bonds to give (GaHi), with n,
perhaps equal to 4 but, in contrast to the structure

8 A. J. Downs, M. J. Goope and C.R. PuLHam, J. Am.
Chem. Soc. 111, 1936--7 (1989).

19 C. R. PULHAM, A. J. DOWNs, M. J. GOODE, D. W. H. RAN-
KIN and H. E. ROBERTSON, J. Am. Chem. Soc. 113, 5149-62
(1991).

20 M. J. GOODE, A. I. DOwNs, C. R. PuLHAM, D. W. H. RAN-
KIN and H. E. ROBERTSON, J. Chem. Soc., Chem. Commun.,
768-9 (1988).
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Figure 7.6 (a) The structure of [{{C;Mes); Ti(AIH,)}2], i.e. [{(n*-CsMes), Ti(ze-H)2 Al(H (j1-H)}2]; the Me groups
have been omitted for clarity. (b) The structure of [{(PMc3)3H3W}3-,u-(n2, #2-AlHs)]; the Me groups
have been omitted for clarity and the three H atoms on each W were not located with certainty.

of a-AlH; (p. 227), some terminal Ga—H; bonds
remain.

The known reactions of gallane appear mostly
to parallel those of diborane (p. 165). Thus,
at —95°, NHj3 causes unsymmetrical cleavage
to give [HoGa(NH;)>]7[GaHs]~ whereas NMes
effects symmetrical clevage to give Me;N.GaHj;
or (Me3;N);GaH; according to the amount
used.""”) These last two adducts were already
well known. MesN.GaHj can readily be prepared
as a colourless crystalline solid, mp 70.5°, by
the reaction of ethereal solutions of LiGaH,
and Me;NHCL.ZD It is one of the most stable
complexes of GaHj and, like its Al analogue,
can take up a further mole of ligand to give the
trigonal bipyramidal 2:1 complex.??> Numerous
other complexes have been prepared and the
stabilities of the 1:1 adducts decrease in the
following sequences:*

Me;NH > MesN > CsHsN > EtzN
> PhNMe: > PhiN
MesN = Me3P > Me,;PH
PhiP > Ph3N > PhjAs
R3sN or R3P > R,O or R;S

ZI N, N. GREENWOOD, A. STORR and M. G. H. WALLBRIDGE,
Proc. Chem Soc. 249 (1962).

22N, N. GREENWOOD, A, STORR and M. G. H. WALLBRIDGE,
Inorg. Chem. 2, 1036-9 (1963). D.F. SHRIVER and
R. W. Parry, lnorg. Chem. 2, 1039-42 (1963).

Complexes of the type [GaH;X(NMes)] and
[GaHX7(NMe3)] are readily prepared by reaction
of HC1 or HBr on the GaH; complex at low
temperatures or by reactions of the type

CsH
2[GaH;(NMe,)] + [GaX5(NMey)] ——s
3[GaH,X(NMe;)] X = Cl, Br, I

The relative stabilities of these various complexes
can be rationalized in terms of the factors
discussed on p. 198. A few mixed hydrides
have also been characterized, e.g. galla-
diborane, H,Ga(u-H);BH,,?* and arachno-
2-gallatetraborane(10), H,GaB;Hg,?¥ as well
as derivatives such as tetramethyldigallane,
Me,Ga(u-H),GaMe, .25

InH; and TIH; appear to be too unstable to
exist in the uncoordinated state though they may
have transitory existence in ethereal solutions at
low temperatures. A similar decrease in thermal
stability 1s noted for the tetrahydro complexes;
e¢.g.the temperature at which the Li salts decom-
pose rapidly, follows the sequence

2 C. R. PULHAM, P. T. BRAIN, A. J. Downs, D. W. H. Ran-
KIN and H. E. ROBERTSON, J. Chem. Soc., Chem. Commun.,
177-8 (1990).

2 C.R. PULHAM, A.J. Downs, D.W.H.RankiN  and
H. E. ROBERTSON, J. Chem. Soc., Chem. Commun., 1520-1
(1990). B.). DUKE and H. F. SCHAEFER, J. Chem. Soc.,
Chem. Commun., 123 -4 (1991).

25 p. L. BAXTER, A. ]. Downs, M. J. Goopg, D. W. H. Ran-
KIN and H. E. ROBERTSON, J. Chem. Soc., Chem. Commun.,
805-6 (1986).
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LiBH4(380°) > LiAlH,4(100°) > LiGaH4(50%)
> LilnH4(0%) =~ LiTIH4(0%)

7.3.2 Halides and halide complexes

Several important points emerge in considering
the wide range of Group 13 metal halides and
their complexes. Monohalides are known for all
4 metals with each halogen though for Al they
occur only as short-lived diatomic species in the
gas phase or as cryogenically isolated solids. This
may seem paradoxical, since the bond dissocia-
tion energies for Al-X are substantially greater
than for the corresponding monohalides of the
other elements and fall in the range 655 kJ mol~!
(AIF) to 365kJmol~! (All). The corresponding
values for the gaseous T1X decrease from 460 to
270kJ mol~! yet it is these latter compounds that
form stable crystalline solids. In fact, the insta-
bility of AIX in the condensed phase at normal
temperatures is due not to the weakness of the
Al-X bond but to the ready disproportionation of
these compounds into the even more stable AlXj:

AIX(s) —> 2AI(s) + JAIX3(s);
AH gisprop (see table below)

The reverse reaction to give the gaseous species
AlX(g) at high temperature accounts for the
enhanced volatility of AlF; when heated in
the presence of Al metal, and the ready
volatilization of Al metal in the presence of
AICl;. Using calculations of the type outlined
on p. 82 the standard heats of formation of the
crystalline monohalides AlX and their heats of
disproportionation have been estimated as:

Compound (s) AlF AlCl AlBr All
AH/K] mol ™! —-393 188 —126 —46
AH gispmp/k.] mol~! —105 —46 -50 -59

The crystalline dihalides AlX, are even less
stable with respect to disproportionation, value
of AHgspop falling in the range —200 to
—230kJ mol~! for the reaction

AIX,(s) ——> 1AIGs) + 2AIX3(5)

Halides and halide complexes 233

Very recently the first All compound to be sta-
ble at room temperature, the tetrameric complex
[{AIL(NEt3)}4], has been prepared and shown to
feature a planar Als ring with Al-Al 265 pm,
Al-1 265 pm and Al-N 207 pm.®®

Aluminium trihalides

AlF; is made by treating Al,O; with HF
gas at 700° and the other trihalides are
made by the direct exothermic combination
of the elements. AlF; is important in the
industrial production of Al metal (p. 219) and
is made on a scale approaching 700000 tonnes
per annum world wide. AICl; finds extensive
use as a Friedel-Crafts catalyst (p. 236): its
annual production approaches 100 000 tpa and is
dominated by Western Europe, USA and Japan.
The price for bulk AlCI; is about $0.35/kg.
AlF; differs from the other trihalides of Al
in being involatile and insoluble, and in having
a much greater heat of formation (Table 7.6).
These differences probably stem from differences
in coordination number (6 for AlF;; change from
6 to 4 at mp for AICl;; 4 for AlBr; and Alls) and
from the subtle interplay of a variety of other
factors mentioned below, rather than from any
discontinuous change in bond type between the
fluoride and the other halides. Similar differences
dictated by change in coordination number are
noted for many other metal halides, e.g. SnF4 and
SnX4 (p. 381), BiF; and BiX; (p. 559), etc., and
even more dramatically for some oxides such as
CO; and SiO;. In AlF; each Al is surrounded by

Table 7.6 Properties of crystalline AlX3

Property AlF; AlCl; AlBr; All;
MP/°C 1290 1924 97.8 189.4
Sublimation pt

(1 atm)/°C 1272 180 256 382

AH}/kImol™! 1498 707 527 310

258 A, Ecker and H.-G. SCHNOCKEL, Z anorg. allg. Chem.
622, 149-52 (1996).
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a distorted octahedron of 6 F atoms and the 1:3
stoichiometry is achieved by the corner sharing
of each F between 2 octahedra. The structure
is thus related to the ReOj structure (p. 1047)
but is somewhat distorted from ideal symmetry
for reasons which are not understood. Maybe the
detailed crystal structure data are wrong.®® The
relatively “open” lattice of AlF; provides sites
for water molecules and permits the formation
of a range of nonstoichiometric hydrates. In
addition, well-defined hydrates AlF;.nH,0 (n =
1, 3, 9) are known but, curiously, no hexahydrate
corresponding to the familiar [Al(H,0)¢]Cls. In
the gas phase at 1000°C the AIF; molecule
has trigonal planar symmetry (D3;)?" with
Al-F 163.0(3) pm which is considerably shorter
than in the solid phase 170-190pm (for 6-
coordinate Al).

The complex fluorides of AI™ (and Fe™)
provide a good example of a family of structures
with differing stoichiometries all derived by
the sharing of vertices between octahedral
{AlFg} units;®® edge sharing and face sharing
are not observed, presumably because of the
destabilizing influence of the close (repulsive)
approach of 2 Al atoms each of which carries a
net partial positive charge. Discrete {AlFg} units
occur in cryolite, Na3AlF¢, and in the garnet
structure LisNazAlFy; (i.e. [Al;Naz(LiF,)3], see
p. 348) but it is misleading to think in terms
of [AlFs¢]°>~ ions since the Al-F bonds are not
appreciably different from the other M—F bonds
in the structure. Thus the NazAlF¢ structure
is closely related to perovskite ABOs (p. 963)
in which one-third of the Na and all the
Al atoms occupy octahedral {MFs} sites and
the remaining two-thirds of the Na occupy
the 12-coordinate sites. When two opposite
vertices of {AlFs} are shared the stoichiometry
becomes {AlFs} as in TILAIFs (and TI5GaFs).
The sharing of 4 equatorial vertices of {AlFg}
leads to the stoichiometry {AlF4} in TI'AIE,.
The same structural motif is found in each of

2A.F. WELLS, Structural Inorganic Chemistry, 4th edn.,
Oxford University Press, Oxford, 1975, 1095 pp.

2T M. HaraiTTAL, M. KoLonits, J. TREMMEL, J.-L. FOUR-
QUET and G. FEREY, Struct. Chem. 1, 75-8 (1989).

the “isoelectronic” 6-coordinate layer lattices of
K,Mg'F,, KAI'F, and Sn'F,, none of which
contain tetrahedral {MF,} units.

More complex patterns of sharing give
intermediate stoichiometries as in NasAl;Fj4
which features layers of {Al3F;4°~} built
up by one-third of the {AlFg} octahedra
sharing 4 equatorial vertices and the remainder
sharing 2 opposite vertices. Again, Na,MgAlF;
comprises linked {AlF¢} and {MgF¢} octahedra
in which 4 vertices of {AlFg} and all vertices
of {MgF} are shared. Likewise, Sm!AlFs
features {AlF;p*~) bioctahedra and linear
chains of trans corer-sharing {AlFg},*® and
Ba3Al;Fy; has a tetrameric { (F4A1F2/2)48*} ring,
i.e [BagF4(AL4Fy)],?® which is unique for
fluorometallates, being previously encountered
only in neutral molecules (MFs)4 where M is Nb,
Ta (p. 990); Mo, W (p. 1020); Ru, Os (p. 1083).
In all of these structures the degree of charge
separation, though considerable, is unlikely to
approach the formal group charges: thus AlF;
should not be regarded as a network of alternating
ions AI’t and F~ nor, at the other extreme,
as an alternating set of APt and AIF(,3‘, and
lattice energies calculated on the basis of such
formal charges placed at the observed interatomic
distances are bound to be of limited reliability.
Equally, the structure is not well described as
a covalently bonded network of Al atoms and
F atoms, and detailed MO calculations would
be required to assess the actual extent of charge
separation, on the one hand, and of interatomic
covalent bonding, on the other.

The structure of AICl; is similarly revealing.
The crystalline solid has a layer lattice with
6-coordinate Al but at the mp 192.4° the structure
changes to a 4-coordinate molecular dimer
Al,Clg; as a result there is a dramatic increase
in volume (by 85%) and an even more dramatic
drop in electrical conductivity almost to zero. The
mp therefore represents a substantial change in
the nature of the bonding. The covalently bonded

28 1. KOHLER, Z. anorg. allg. Chem. 619, 181-8 (1993).

29 R. DoMESLE and R. HOPPE, Angew. Chem. Int. Edn. Engl.
19, 489-90 (1980).



§7.3.2

Halldes and halide complexes

Crystalline
AlCl,

235

Cl Cl
a / \ = Cl 101° Cl
1 L P e |
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Cl \ / \Cl Cl Cl
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Cl ] P Cl )
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molecular dimers are also the main species in
the gas phase at low temperatures (~150-200%)
but at higher temperature there is an increasing
tendency to dissociate into trigonal planar AICl,
molecules isostructural with BX4 (p. 196).

By contrast, AlBrg and Al2lg form dimeric
molecular units in the crystalline phase as well as
in the liquid and gaseous states and fusion is not
attended by such extensive changes in properties.
In the gas phase AH gsoc = 59kImol™! for
AIBr; and 50kJmol™! for All;. In all these
dimeric species, as in the analogous dimers
Ga;Clg, GasBrg, Gaslg and Inszlg, the M-X,
distance is 10-20pm shorter than the M-X,
distance; the external angle X,MX, is in the range
110-125° whereas the internal angle X, MX,, is
in the range 79-102°

The trihalides of Al form a large number
of addition compounds or complexes and these
have been extensively studied because of their
importance in understanding the nature of
Friedel -Crafts catalysis.®*%?") The adducts vary
enormously in stability from weak interactions
to very stable complexes, and they also vary
widely in their mode of bonding, structure and

properties. Aromatic hydrocarbons and olefins
interact weakly though in some cases crystalline
adducts can be isolated, e.g. the clathrate-
like complex AlBrg.C¢Hg, mp 37° (decomp).
With mesitylene (C¢HiMes) and the xylenes
(C¢HsMe;) the interaction is slightly stronger,
leading to dissociation of the dimer and the
formation of weak monomeric complexes AlBr3L.
both in solution and in the solid state. At the
other end of the stability scale NMe; forms
two crystalline complexes: [AICI3(NMe;)] mp
156.9° which features molecular units with 4-
coordinate tetrahedral Al, and [AICI3(NMes);]
which has S-coordinate Al with trigonal
bipyramidal geometry and rrans axial ligands.
By contrast, the adduct AIlCl5.3NH; has
been shown by X-ray diffraction analysis to
consist of elongated octahedra [AICL(NH3)4]"
and compressed octahedra [AICI4(NH3)2]7, the

30N, N. GreenwooD and K. WADE, Chap. 7 in G. A. OLAH
(ed.), Friedel-Crafts and Related Reactions, Vol. 1},
pp- 569-622, Interscience, New York, 1963.

31 K. WAaDE and A. ). BANISTER, Chap. 12 in Comprehensive
Inorganic Chemistry, Vol. 1, pp. 993-1172, Pergamon Press,
Oxford, 1973.
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arrangement being further stabilized by a network
of N-H- - - Cl hydrogen bonds.®?

Alkyl halides interact rather weakly and
vibrational spectroscopy suggests bonding of
the type R-X---AlXj3. However, for readily
ionizable halides such as Ph3;CCl the degree of
charge separation is much more extensive and
the complex can be formulated as PhsCTAICl,~
Acyl halides RCOX may interact either through
the carbonyl oxygen, PhC(Cl)=0— AlCl;,
or through the halogen, RCOX---AlX3; or
RCO*AIX,~. Again, vibrational spectroscopy is
a sensitive, though not always reliable, diagnostic
for the mode of bonding. X-ray crystal structures
of several complexes have been obtained but
these do not necessarily establish the predominant
species in nonaqueous solvents because of the
delicate balance between the various factors
which determine the structure (p. 198). Even
in the crystalline state the act of coordination
may lead to substantial charge separation. For
example, X-ray analysis has established that
AICI3ICl; comprises chains of alternating units
which are best described as ICl,T and AICl,~
with rather weaker interactions between the ions.

Another instructive example is the ligand
POCl; which forms 3 crystalline complexes
AICLLPOCl; mp 186.5°, AICI3(POCl3); mp
164°(d), and AICL(POCls)s mp 41°(d). Al-
though the crystal structeres of these adducts
have not been established it is known that
POCI; normally coordinates through oxygen
rather than chlorine and very recently a Raman
spectroscopic study of the 1:1 adduct in the gas
phase suggests that it is indeed CllP=0—AICl;
with C; symmetry.®? Also consistent with
oxygen ligation is the observation that there is
no exchange of radioactive 36C1 when AICls
containing ¢Cl is dissolved in inactive POCls.
However, such solutions are good electrical
conductors and spectroscopy reveals AICl,~ as
a predominant solute species. The resolution of
this apparent paradox was provided by means

32H. Jacoss and B.NOCKER, Z anorg. allg. Chem. 619,
73-6 (1993).

335. BocHOSIAN, D. A. Karypls and G. A. VOYIATZIS,
Polyhedron 12, 771-82 (1993).
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of ?7Al nmr spectroscopy®® which showed that
ionization occurred according to the reaction

4AI1Cl; + 6POCl; —— [AI(OPCL;)6]1** + 3[AICL)

It can be seen that all the Cl atoms in [AICI4]™
come from the AICI;. It was further shown that
the same two species predominated when Al;lg
was dissolved in an excess of POCl;3:

2Al,1s + 12POCl; === 4{AICl;3} + 12POCl,I
4{AICl3} + 6POCl; —— [AI(OPCly)]*"
+ 3[AICL]™

No mixed Al species were found by 2’ Al nmr in
this case.

AlCl; is a convenient starting material for
the synthesis of a wide range of other Al
compounds, e.g.:

AICl; + 3LiY — 3LiCl + AlY;
(Y = R, NR;, N=CR,)
AICl; + 4LiY —> 3LiCl + LiAlY,
(Y =R, NR;, N=CRy, H)

Similarly, NaOR reacts to give AI(OR); and
NaAI(OR)4. AICl; also converts non-metal
fluorides into the corresponding chloride, e.g.

BF; + AICl; —— AlF; + BCls

This type of transhalogenation reaction, which
is common amongst the halides of main group
elements, always proceeds in the direction which
pairs the most electropositive element with the
most electronegative, since the greatest amount
of energy is evolved with this combination.>
The major industrial use of AlCl; is in catalytic
reactions of the type first observed in 1877 by
C. Friedel and J. M. Crafts. AICl3 is now exten-
sively used to effect alkylations (with RCl, ROH
or RCH=CH;), acylations (with RCOCl), and

3R.G.Kipp and D. R. TRUAX, J. Chem. Soc., Chem.
Commun., 160-1 (1969).

35F. SEEL, Atomic Structure and Chemical Bonding, 4th
edn. translated and revised by N.N. GREENWOOD and
H. P. STADLER, Methuen, London, 1963, pp. 83-4.



§7.3.2

various condensation, polymerization, cycliza-
tion, and isomerization reactions.®*®’ The reac-
tions are examples of the more general class
of electrophilic reactions that are catalysed by
metal halides and other Lewis acids (electron pair
acceptors). Of the 30000 tonnes of AICl; pro-
duced annually in the USA, about 15% is used in
the synthesis of anthraquinones for the dyestuffs
industry:

2 %
2CeHg + 20001 2y \Vﬂ/ P (e

A further 15% of the AICl; is used in the pro-
duction of ethyl benzene for styrene manufacture,
and 13% in making EtCl or EtBr (for PbEW):

AlCH
CH,==CH, + PhH —— PhEt

AICH
CH;=CH; + HX —— EiX

The isomerization of hydrocarbons in the
petroleum industry and the production of dodecyl
benzene for detergents accounts for a further 10%
each of the AICl; used.

Trihalides of gaflium, indium and thallium

These compounds have been mentioned several
times in the preceding sections. As with AlX,
(p. 233), the trifluorides are involatile and have
much higher mps and heats of formation than
the other trihalides;®" e.g. GaF; melts above
1000°, sublimes at ~950° and has the 6-
coordinate FeFs-type structure, whereas GaCl;
melts at 77.8°, boils at 201.2°, and has the 4-
coordinate molecular structure Ga>Clg. GaF3 and

3 G. A, OLan (ed.), Friedel- Crafts and Related Reactions,
Vols. -4, Interscience, New York, 1963. See especially
Chap. I, Historcal, by G. A. OLaH and R. E. A. DEag, and
Chap. 2, Definition and scope by G. A. OLaH.
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InF; are best prepared by thermal decomposition
of (NH;)sMFg, e.g..

120-170° 300°
(NH,)3InFg ——— NH4InFy —— InF;

Preparations using aqueous HF on M(OH)s,
M;0s, or M metal give the trihydrate. TIF; is
best prepared by the direct fluorination of Tl,0;
with F3, BrF; or SF; at 300°. Trends in the heats
of formation of the Group 13 trihalides show
the same divergence from BXj;, AlX: and the
Group 3 trihalides as was found for trends in
other properties such as Iy, E° and x (pp. 223-5)
and for the same reasons. For example, the data
for AH{ for the trifluorides and tribromides are
compared in Fig. 7.7 from which it is clear that
the trend noted for the sequence B, Al, Sc, Y,
La, Ac is not followed for the Group 13 metal
trihalides which become progressively less stable
from Al to T

The volatile trihalides MX; form several
ranges of addition compounds MX;L, MX;L,,
MX;Ls, and these have been extensively studied
because of the insight they provide on the
relative influence of the underlying d'® electron
configuration on the structure and stability
of the complexes. With halide ions X~ as
ligands the stoichiometry depends sensitively
on crystal lattice effects or on the nature of
the solvent and the relative concentration of
the species in solution. Thus X-ray studies
have established the tetrahedral ions [GaX,]™,
[InCl4]~, etc.,, and these persist in ethereal

AH ' (MF3) and AH 7 (MBra)/k) mol-!

]
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poe MBr3 (Gpl3)

00 [

800 MF, (Gpl3)
lllﬁj r MBr; (Gp3)
=1400 F
~1600 | MF; (Gip3)
-1800
~2000 e %

Figure 7.7 Trends in the standard enthalpies of for-
mation AH7 for Groups 3 and 13 tni-
halides as illustrated by data for MF, and
MBF3.
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solution, though in aqueous solution [InCl4]™
loses its T, symmetry due to coordination of
further molecules of H,0O. [NEt;],[InCls] is
remarkable in featuring a square-pyramidal ion
of C4 symmetry (Fig. 7.8) and was one of
the first recorded examples of this geometry in
nontransition element chemistry (1969), cf SbPhs
on p. 598 and the hydrido aluminate species
on p. 231. The structure is apparently favoured
by electrostatic packing considerations though it
also persists in nonaqueous solution, possibly
due to the formation of a pseudo-octahedral
solvate [InClsS]?>~. It will be noted that {InCls]?~
is not isostructural with the isoelectronic
species SnCls~ and SbCls which have the
more common D3, symmetry. Substituted S5-
coordinate chloroderivatives of In'' and TI™
often have geometries intermediate between
square pyramidal and trigonal bipyramidal.®”

-

Figure 7.8 The structure of InCls?~ showing square-
pyramidal (Cy4,) geometry. The In—Clype,
distance is significantly shorter than
the In-Cly, distances and In is
59pm above the basal plane; this
leads to a Clyex—In—Clyyse angle of
103.9° which is very close to the
theoretical value required to minimize
C1---Cl repulsions whilst still retaining
C4 symmetry (103.6°) calculated on
the basis of a simple inverse square
law for repulsion between ligands.
[NEt4],[TICls] is isomorphous with
[NEt],[InCls] and presumably has a
similar structure for the anion.

37R. 0. DaY and R. R. HOLMES, Inorg. Chem. 21, 2379-82
(1982). H. BORGHOLTE, K. DEHNICKE, H. GOESMANN and
D. FENSKE, Z. anorg. allg. Chem. 600, 7-14 (1991).
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With neutral ligands, L, GaX3 tend to resemble
AlX; in forming predominantly MX;L and
some MX;L,, whereas InX; are more varied.®®
InX3L; is the commonest stoichiometry for N and
O donors and these are probably predominantly
6-coordinate in the solid state, though in
coordinating solvents (S) partial dissociation into
ions frequently occurs:

InX3L3 +S — [InX,SLa]" + X~

More extensive ionization occurs if, instead of
the halides X, a less strongly coordinating anion
Y~ such as ClO4~ or NO3~ is used; in such
cases the coordinating stoichiometry tends to
be 1:6, e.g. [InLs]**(Y™)3, L = Me,S0, Ph,SO,
(Me,N),CO, HCO(NMe;), P(OMe)s;, etc. Bulky
ligands such as PPh; and AsPh; tend to give 1:4
adducts [InL4]**(Y~)s. The same effect of ionic
dissociation can be achieved in 1:3 complexes
of the trihalides themselves by use of bidentate
chelating ligands (B) such as en, bipy, or phen,
e.g. [InB3}**(X™)3 (X = Cl, Br, I, NCO, NCS,
NCSe). InX3 complexes having 1:2 stoichiometry
also have a variety of structures. Trigonal bipyra-
midal geometry with axial ligands is found for
InX3L;, where L = MNe;, PMe;, PPh;, Et;0,
etc. By contrast, the crystal structure of the 1:2
complex of Inl; with Me;SO shows that it is
fully ionized as [cis-Inl,(OSMe;)4]1t [Inly]~, and
fivefold coordination is avoided by a dispropor-
tionation into 6- and 4-coordinate species. Com-
plexes having 1:1 stoichiometry are rare for InXs;
InCl; forms [InCl3(OPCl3)], [InCl;(OCMe;)] and
{InCl3(OCPhy)] and py forms a 1:1 (and a 1:3)
adduct with Inl;. Frequently, of course, a given
donor—acceptor pair combines in more than one
stoichiometric ratio.

The thermochemistry of the Group 13 trihalide
complexes has been extensively studied%3!:3
and several stability sequences have been

38 A.J. CarTY and D.J. Tuck, Prog. Inorg. Chem. 19,
243-337 (1975).

3 N. N. GREENWOOD et al., Pure Appl. Chem. 2, 55-9
(1961); J. Chem. Soc. A, 267-70, 270-3, 703-6 (1966);
J. Chem. Soc. A, 753-6 (1968); 249-53, 2876-8 (1969);
Inorg. Chem. 9, 86-90 (1970), and references therein.
R. C. GEARHART, J. D. BECK and R. H. WOOD, Inorg. Chem.
14, 2413-6 (1975).
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established which can be interpreted in terms of
the factors listed on p. 198. In addition, Ga and In
differ from B and Al in having an underlying d'°
configuration which can, in principle, take part
in d;—d, back bonding with donors such as S
(but not N or O); alternatively (or additionally),
some of the trends can be interpreted in terms
of the differing polarizabilities of B and Al,
as compared to Ga and In, the former pair
behaving as class-a or “hard” acceptors whereas
Ga and In frequently behave as class-b or “soft”
acceptors. Again, it should be emphasized that
these categories tend to provide descriptions
rather than explanations. Towards amines and
ethers the acceptor strengths as measured by gas-
phase enthalpies of formation decrease in the
sequence MCl; > MBr3 > MI; for M = Al, Ga
or In. Likewise, towards phosphines the acceptor
strength decreases as GaCl; > GaBr; > Gals.
However, towards the “softer” sulfur donors
Me,S, Et,S and C4HgS, whilst AlX3 retains the
same sequence, the order for GaX; and InXj is
reversed to read MI; > MBr; > MClj. A similar
reversal is noted when the acceptor strengths of
individual AlX3 are compared with those of the
corresponding GaX3: towards N and O donors
the sequence is invariably AlX3 > GaX3 but for
S donors the relative acceptor strength is GaX3 >
AlX3. These trends emphasize the variety of
factors that contribute towards the strength of
chemical bonds and indicate that there are no
unique series of donor or acceptor strengths when
the acceptor atom is varied, e.g.:

towards MeCO,Et: BCl3 > AICls > GaCls > InCl;
towards py: AiPh3 > GaPh; > BPh3 = InPhj
towards py: AlXj > BX3 > GaX; (X =Cl, Br)
towards Me;S: GaX; > AlX3 > BX3 (X =Cl, Br)

Regularities are more apparent when the acceptor
atom remains constant and the attached groups
are varied; e.g., for all ligands so far studied the

acceptor strength diminishes in the sequence
MX3; > MPhs > MMe; (M = B, Al Ga, In)

It has also been found that halide-ion donors
(such as X~ in AlX4~ and GaX,4™) are more than
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twice as strong as any neutral donor such as X
in M,Xe, or N, P, O and S donors in MX;L.%%
Finally, the complexity of factors influencing the
strength of such bonds can be gauged from the
curious alternation of the gas-phase enthalpies of
dissociation of the dimers M;X¢ themselves; e.g.
AHgg(dissoc) for Al,Cls, GayClg and InyClg are
respectively 126.8, 93.9 and 121.5kJ mol~!.¢“0
The corresponding entropies of dissociation
AS5gg are 152.3, 150.4 and 136.0J mol ™.

The trihalides of Tl are much less stable
than those of the lighter Group 13 metals and
are chemically quite distinct from them. TIF;,
mp 550° (decomp), is a white crystalline solid
isomorphous with B-BiF3 (p. 560); it does not
form hydrates but hydrolyses rapidly to TI(OH);
and HF. Nor does it give TIF4~ in aqueous
solution, and the compounds LiTIF, and NaTlF,4
have structures related to fluorite, CaF, (p. 118):
in NaTlF, the cations have very similar 8-
coordinate radii (Na 116 pm, T1 100 pm) and are
disordered on the Ca sites (Ca 112 pm); in LiTIF,,
the smaller size of Li (~83pm for eightfold
coordination) favours a superlattice structure in
which Li and Tl are ordered on the Ca sites.
Na;TIFe has the cryolite structure (p. 234).

TICl; and TIBry are obtained from aque-
ous solution as the stable tetrahydrates and
TIC13.4H,0 can be dehydrated with SOCI, to
give anhydrous TICl3, mp 155°; it has the YCl3-
type structure which can be described as NaCl-
type with two-thirds of the cations missing in an
ordered manner.

TlI; is an intriguing compound which is iso-
morphous with NH4]3 and Csl; (p. 836); it there-
fore contains the linear I3~ ion' and is a com-
pound of TI' rather than TI™. It is obtained as
black crystals by evaporating an equimolar solu-
tion of TII and I, in concentrated aqueous HI.
The formulation TI'(I3~) rather than TI'(I ) is
consistent with the standard reduction potentials
ES(TI"/TI") +1.26 V and E°(1L,/17) +0.54V,

40K KrAUSZE, H. OPPERMANN, U. BRUHN and M. BALARIN,
Z. anorg. allg. Chem. 550, 116-22 (1987).

Note that this X-ray evidence by itself does not rule out
the possibility that the compound is [I-TIM -1]*1~.
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which shows that uncomplexed TI is suscep-
tible to rapid and complete reduction to TI! by
I in acid solution. The same conclusion follows
from a consideration of the I37/3[" couple for
which E° = +0.55 V. Curiously, however, in the
presence of an excess of I7, the T state is sta-
bilized by complex formation

Tl(s) + 7 == [TIM1,]”

Moreover, solutions of Tll; in MeOH do not
show the visible absorption spectrum of I3~
and, when shaken with aqueous Na,CO;, give
a precipitate of T1,0;, ie.:

2TIll; + 60H  —— T, 03 + 61~ + 3H,0

This is due partly to the great insolubility
of T,0; (2.5 x 1079g 17! at 25°) and partly
to the enhanced oxidizing power of iodine in
alkaline solution as a result of the formation of
hypoiodate:

[377 +20H” == 0OI" +2I" + H,0

Consistent with this, even Kls is rapidly decol-
orized in atkaline solution, The example is a salu-
tory reminder of the influence of pH, solubility,
and complex formation on the standard reduction
potentials of many elements.

Numerous tetrahedral halogeno complexes
[TIX,4]~ (X = CI, Br, I) have been prepared by
reaction of quaternary ammonium or arsonium
halides on TIX3 in nonaqueous solution, and
octahedral complexes [TIUX¢)*~ (X =Cl, Bp
are also well established, The binuclear complex
Cs3[TIY'Clg] is an important structural type which
features two TIClg octahedra sharing a common
face of 3 bridging CI atoms (Fig. 7.9); the same
binuclear complex structure is retained when TI'!
is replaced by Tilll, V' /'™ and Fe' and also
in K3W2C19 and CS3Bi219, cte.

Lower halides of gallium, indium
and thallium

Like AlX (p.233), GaF and InF are known
as unstable gaseous species. The other mono-
halides are more stable. GaX can be obtained
as reactive sublimates by treating GaX; with
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Figure 7.9 The structure of the ion [TLCly)*~
showing two octahedral TIClg units
sharing a common face: TI-Cl, 254 pm,
TI-Cl, 266pm. The TI-..Tl distance

is nonbonding (281pm. cf. 2 x TI"' =
177 pm).

2Ga: stability increases with increasing size
of the anjion and Gal melts at 271°. Sta-
bility is still further enhanced by coordina-
tion of the anion with, for example, AlX;
o give Ga'l[AIMX,]. Likewise, the very sta-
ble “dihalides” Ga![Ga"!Cl], Ga[GaBr4), and
Ga[Galy] can be prepared by heating equimo-
lar amounts of GaX3; and Ga, or more conve-
niently by halogenation of Ga with the stoichio-
metric amount of Hg,X, or HgX». They form
complexes of the type [Ga'L4]*[Ga"X4]~ with
a wide range of N, As, O, S and Se donors.
See also p. 264 for arene complexes of the type
[Gal(ar),)t[Ga™X4]~. Note, however, that the
complexes with dioxan [Ga;Xs(CsHg0,),], do
in fact contain Ga'' and a Ga-Ga bond, e.g.
the chloro complex is a discrete molecule with
Ga-Ga 240.6 pm (cf. 239.0 pm in Ga,Clg*~);*)
the coordination about each Ga atom is essen-
tially tetrahedral and the compound surprisingly
adopts an essentially eclipsed structure rather
than the staggered structure of Ga,Clg>~. Like-
wise [Gayl4.2L], where L is a wide range of
organic ligands with N, P, O or S donor atoms,
have been shown by vibration spectroscopy to
have a Ga—Ga bond.**

41J. C. BEAMISH, R.W.H. SmaLl. and 1. J. WORRALL,
Inorg. Chem. 18, 220-3 (1979).

423, C. BEAMISH, A. BoARDMAN and 1. J. WORRALL, Paoly-
hedron 10, 95-9 (1991),
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Indium monohalides, InX, can be prepared as
red crystals either directly from the elements or
by heating In metal with HgX; at 320-350°.
They have a Tll-type structure (p. 242) with
(1 + 4 + 2] rather than 6-fold coordination of In
by X, leading to rather close In!...In! contacts of
362, 356 and 357 pm respectively for X = Cl, Br
and I.#» Again, Inl is the most stable, and mixed
halides of the type In'[AI'Cl,], In'[{Ga™Cl,]
and TI'[In™Cl,] are known. Numerous interme-
diate halides have also been reported and struc-
tural assignments of varying degrees of reliability
have been suggested, e.g. In[In"'X,] for InX,
(Cl, Br, I); and In}[In™'Clg] for InyCls. In con-
trast to the chloride, In;Br; has the unexpected
structure [(In*), (In}Brg)>~].*» The compounds
InyX, and InsXy (Cl, Br) and InyBry are also
known. In all of these halides the observed stoi-
chiometry is achieved by varying the ratio of In'
to In" or In™, e.g. [(Int)s(InBry™)2(InBrg® )],
[(In*)3(In,Brs? )Br~] and [(In*)s(InBrg)-
(Br~);].4540) Compounds containing In" were
unknown until 1976 when the [In,Xg]*~ dianions
having an ethane-like structure were prepared:“7)

xylene 2
2By NX+Inp, Xy —— [NBU4]+2[X3IH*II\X3] -
(X = Cl, Br, 1)

43 G. MeYer and T. STAFFEL, Z. anorg. allg. Chem. 574,
114-8 (1989).

44T STAFFEL and G. MEYER, Z. anorg. allg. Chem. 552,
113-22 (1987).

45 E. DAVIES, L. G. WATERWORTH and 1. J. WORRALL, J.
Inorg. Nucl. Chem. 36, 805-7 (1974).

46T STAFFEL and G. MEYER, Z. anorg. allg. Chem. 563
27-37 (1988). See also correction in R. E. MARSH and
G. MEYER, Z. anorg. allg. Chem. 582, 128-30 (1990).

47TB. H. FReeLaND, J. L. HENCHER, D. G. Tuck  and
J. G. CONTRERAS, Inorg. Chem. 15, 21446 (1976). See also
D. G. Tuck, Polyhedron 9, 377-86 (1990).
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The analogous Ga compounds, e.g. [NEt;],[Cl3-
Ga—-GaCls], have been known for rather longer
(1965). Oxidation of In,X¢%~ with halogens Y,
yields the mononuclear mixed halide complexes
InX3Y~ and InX,Y,~ (X # Y = C}, Br, 1).4®
Thallium(I) is the stable oxidation state for
the halides of this element (p. 226) and some
physical properties are in Table 7.7. TIF is readily
obtained by the action of aqueous HF on T1,COs;
it is very soluble in water (in contrast to the
other TIX) and has a distorted NaCl structure
in which there are 3 pairs of Tl-F distances
at 259, 275 and 304pm. TICl, TIBr and TII
are all prepared by addition of the appropriate
halide jon to acidified solutions of soluble TI!
salts (e.g. perchlorate, sulfate, nitrate). TIC] and
TIBr have the CsCl structure (p. 80) as befits
the large TI' cation and both salts (and TII)
are photosensitive (like AgX). Yellow TII has
a curious orthorhombic layer structure related
to NaCl (Fig. 7.10), and this transforms at
175° or at 4.7kbar to a metastable red cubic
form with 8-iodine neighbours at 364 pm (CsCl
type). This transformation is accompanied by
3% reduction in volume. Further application of
pressure steadily reduces the volume and at
pressures above about 160 kbar, when the volume
has decseased by about 35%, the compound
becomes a metallic conductor with a resistivity
of the order of 10™% ohm cm at room temperature
and a positive temperature coefficient. TICl and
TIBr behave similarly. All three compounds
are excellent insulators at normal pressures
with negligible conductivity and an energy gap
between the valence band and conduction band

48 J. E. DRAKE, J. L. HENCHER, L. N. KHasroU, D. G. Tuck
and L. VICTORIANO, Inorg. Chem. 19, 34-8 (1980).

Table 7.7 Some properties of TIX

Property TIF TICI TIBr TII
MP/°C 322 431 460 442
BP/C 826 720 315 823
Colour White White Pale yellow Yellow
Crystal structure Distorted NaCl CsCl CsCl See text
Solubility/g per 100g H,O (°C) 80 (15°) 0.33 (20°) 0.058 (25°) 0.006 (20°)
AH:/kJmol™! -326 —~204 —173 ~124
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Figure 7.10 Structure of yellow TII (a) showing its relation to NaCl (b). Tl has 5 nearest-neighbour 1 atoms
at 5 of the vertices of an octahedron and then 21 4 2T] as next-nearest neighbours; there is one |
at 336 pm. 4 at 349pm, and 2 at 387 pm, and the 2 close TI-TI approaches, one at 383 pm. InX
(X = CI, Br, I) have similar structures in their red forms.*¥.

of about 3eV (~300kJmol™!), and the onset
of metallic conduction is presumably due to the
spreading and eventual overlap of the two bands
as the atoms are forced closer together.?
Several other lower halides of Tl are known:
TICl, and TiBr, are TI'[TI™X4], TI,Cl; and
Tl,Bry are TH[TIMX¢]. In addition there is
Tlal4, which is formed as an intermediate in the
preparation of TI'l3 from TII and I, (p. 239).

7.3.3 Oxides and hydroxides

The structural relations between the many
crystalline forms of aluminium oxide and
hydroxide are exceedingly complex but they
are of exceptional scientific interest and
immense technological importance. The principal
structural types are listed in Table 7.8 and
many intermediate and related structures are also
known. Al;Os; occurs as the mineral corundum
(a-AlO3,d 4.0g Cm‘3) and as emery, a granular
form of corundum contaminated with iron oxide
and silica. Because of its great hardness (Mohs
9,7 high mp (2045°C), involatility (10~5 atm
at 1950°), chemical inertness and good electrical

19 G. A. Samara and H. G. DRICKAMER, J. Chem. Phys.
37, 408-10 (1962); see also E. A. PEREZ-ALBUERNE and
H. G. DRICKAMER, J. Chem. Phys. 43, 1381-7 (1965).

insulating properties, it finds many applications
in abrasives (including toothpaste), refractories,
and ceramics, in addition to its major use
in the electrolytic production of Al metal
(p. 219). Larger crystals, when coloured with
metal-ion impurities, are prized as gemstones,
e.g. ruby (Cr'" red), sapphire (Fe'/™, Ti'Y
blue), oriental emerald (?Cr'"/V! green), oriental
amethyst (Cr'/Ti'"V violet) and oriental topaz
(Fe', yellow). Many of these gems are also
made industrially on a large scale by the
fusion process first developed at the turn of the
century by A. Verneuil. Pure «-Al;O3 is made
industrially by igniting AI(OH); or AIO(OH) at
high temperatures (~1200°); it is also formed
by the combustion of Al and by calcination of
various Al salts. It has a rhombohedral crystal
structure comprising a hcp array of oxide ions
with Al ordered on two-thirds of the octahedral
interstices as shown in Fig. 7.11.%% The same
a-M;0s structure is adopted by several other
elements with small M'" ( 62-67pm), e.g. Ga,
Ti, V, Cr, Fe and Rh.3

T On the Mohs scale diamond is 10 and quartz 7. An
alternative measure is the Knoop hardness (kgmm"z) as
measured with a 100-g load: typical values on this scale are
diamond 7000, boron carbide 2750, corundum 2100, topaz
1340, quartz 820, hardened tool steel 740.

For somewhat larger cations (r 70-96pm) the C-type
rare-earth M;Oj3 structure (p. 1238) is adopted, e.g. for In,
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Table 7.8 The main structural types of aluminium oxides and hydroxides'®

Formula Mineral name Idealized structure

a-AlLOs Corundum hcp O with Al in two-thirds of the octahedral sites

a-AlO(OH) Diaspore hep O (OH) with chains of octahedra stacked in layers interconnected
with H bonds, and Al in certain octahedral sites

a-Al(OH); Bayerite hep (OH) with Al in two-thirds of the octahedral sites

y-AlLOs — ccp O defect spinel with Al in 2]% of the 16 octahedral and 8 tetra-
hedral sites

y-AlO(OH) Boehmite ccp O (OH) within layers; details uncertain

y-Al(OH); Gibbsite ccp OH within layers of edge-shared Al(OH)s; octahedra stacked ver-

(Hydrargillite) tically via H bonds

@)The Greek prefixes - and y- are not used consistently in the literature, e.g. bayerite is sometimes designated as -Al(OH); and
gibbsite as @-Al(OH);. The UK usage adopted here is consistent with Wells®®) and emphasizes the structural relations between
the hcp a-series and the ccp y-series. Numerous other intermediate crystalline phases have been characterized during partial

dehydration and designated as y', &, &, 0, 6, &, &, p, ¥, etc.

(a) (b)

Figure 7.11 Schematic representation of the struc-
ture of a-Al,O;. (a) pattern of occu-
pancy by Al (@) of the octahedral sites
between hcp layers of oxide ion (Q),
and (b) stacking sequence of successive
planes of Al atoms viewed in the direc-
tion of the arrow in (a).

The second modification of alumina is the
less compact cubic y-Al;O3 (d 3.4 gem™?); it
is formed by the low-temperature dehydration
(<450°) of gibbsite, y-Al(OH)3, or boehmite, y-
AlO(OH). It has a defect spinel-type structure
(p. 248) comprising a face-centred cubic (fcc)
arrangement of 32 oxide ions and a random
occupation of 21% of the 24 available cation

Tl, Sc, Y, Sm and the subsequent lanthanoids, and perhaps
surprisingly for Mn'"™ (r 65pm); the largest lanthanoids La,
Ce, Pr and Nd (r 106-100pm) adopt the A-type rare-carth
M>0;3 structure (p. 1238).

sites (16 octahedral, 8 tetrahedral). This structure
forms the basis of the so-called “activated
aluminas” and progressive dehydration in the
y-series leads to open-structured materials
of great value as catalysts, catalyst-supports,
ion exchangers and chromatographic media.
Calcination of y-Al;03 above 1000° converts it
irreversibly to the more stable and compact a-
form (AH yans — 20kJmol™"). Yet another form
of AlO3; occurs as the protective surface
layer on the metal: it has a defect NaCl-type
structure with Al occupying two-thirds of the
octahedral (Na) interstices in the fcc oxide lattice.
Perhaps the most ingenious and sophisticated
development in aluminium technology has been
the recent production of Al,Os fibres which can
be fabricated into a variety of textile forms,
blankets, papers, and boards. Some idea of the
many possibilities of such high-temperature inert
fabrics is indicated in the Panel on p. 244.
Diaspore, «¢-AlO(OH) occurs in some types
of clay and bauxite; it is stable in the range
280-450° and can be made by hydrothermal
treatment of boehmite, y-AlO(OH), in 0.4%
aqueous NaOH at 380° and 500 atm. Crystalline
boehmite is readily prepared by warming the
amorphous, gelatinous white precipitate which
first forms when aqueous NHj; is added to
cold solutions of Al salts. In «-AlO(OH) the
O atoms are arranged in hcp; continuous chains
of edge-shared octahedra are stacked in layers
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Fibrous Alumina and Zirconia®®*5D

A pew family of lightweight inorganic fibres made its commercial debut in 1974 when ICI announced the production of
“Saffil”, fibrous Al;03 and ZrO; on an initial scale of 100 tonnes pa. Du Pont also has a process for a-Al;O5 fibres and
the current world production of fibrous Al2O; is of the order of 1000 toanes per annum. The price is about $60/kg (1986).
The fibres, which have no demonstrable toxic effects (cf. asbestos), have a diameter of ~3 um (cf. human hair ~70 um),
amd each fibre is extremely uniform along its length (2—-5cm). The fibres are microcrystalline (5-50 pm diam) and are
both flexible and resilient with a high tensile strength. They have a soft, silky feel and can be made into rope, yarn,
cloth, blankets, fibre matts, paper of various thickness, semi-rigid and rigid boards, and vacuum-formed objects of any
required shape. The surface area of Saffil alumina is 100-150m? g~ due to the presence of small pores 210 pm diameter
between the microcrystals, and this enhances its properties as an insulator, filoration medium, and catalyst support. The
fibres withstand extended heating to 1400° (Al;03) or 1600°C (ZrO,) and are impervious to attack by hot concentrated
alkalis and most hot acids except conc H2SO4, conc H3PO4 and ag HF. This unique combination of properties provides
the basis for their use in high-temperature insulation, heat shiclds, thermal barriers, and expansion joints and seals. Fibrous
alumina and zirconia are also valuable in thermocouple protection, electric-cable sheathing, and heating-element supports
in addition to their use in the high-temperature filtration of corrosive liquids. Both oxides are stabilized by incorporation
of small amounts of other inorganic oxides which inhibit disruptive transformation to other crystalline forms.

Alumina fibres can also be used to strengthen metals. Molten metals (e.g. Al, Mg, Pb) or their alloys are forced into
moulds containing up to 70% by volume of a-Al;O; fibre, For example, fibre-reinforced Al containing 55% fibre by
volume is 4-6 times stiffer than unreinforced Al even up to 370°C and has 2-4 times the fatigue strength. Potential
applications for which high structural stiffness, heat resistance, and low weight are required include helicopter housings,
automotive and jet engines, aerospace structures and lead-acid batteries. For example, fibre reinforced composites of Al
or Mg could eventually replace much of the steel used in car bodies without decreasing safety, since the composite has
the stiffness of steel but only one-third of its density.

In addition to the production of stabilized Al,O; fibres there is also a huge production of melt-spun glassy fibres
containing approximately equal proportions by weight of Al;04 and SiO,. This is used mainly for thermal insulation at

temperatures up to 1400°C and current world production exceeds 20000 tonnes per annum.

and are further interconnected by H bonds. The
underlying hcp structure ensures that diaspore
dehydrates directly to a-Al; O3 (corundum) which
has the same basic hcp arrangement of O atoms.
The structure is also adopted by several other
a-MO(OH) (M = Ga, V, Mn and Fe); this con-
trasts with the structure of boehmite, y-AIO(OH),
which as a whole is not close-packed, though
within each layer the O atoms are arranged in
cubic close packing. Dehydration at temperatures
up to 450° proceeds via a succession of phases to
the cubic y-Al; O3 and the o (hexagonal) structure
cannot be attained without much more recon-
struction of the lattice at 1100-1200° as noted
above [and of y-ScO(OH) and y-FeO(OH)].

30, D. BIRCHALL, J. A. A. BRADBURY and J. DINWOODIE,
Chap IV in W. WarT and B. V. PEroV (eds.), Handbook
of Composites, Vol. I, Strong Fibres, Elsevier, Amsterdam,
1985, pp. 115-54. J. D. BIRcHALL, in M. B. BEVER (ed.)
Encyclopedia of Materials Science and Engineering, Perga-
mon Press, Oxford, 1986, pp. 2333-5.

S'W. BUCHNER, R. ScHLIEBS, G. WINTER and K. H.
BUCHEL, Industrial Inorganic Chemistry, VCH, Weinheim,
1989, pp. 362-4.

Bayerite, a-Al(OH)3;, does not occur in nature
but can be made by rapid precipitation from
alkaline solutions in the cold:

2[Al(OH)4]"aq + CO,(g) —
2AI(OH); 4+ CO3%~(aq) + H,0

Gibbsite (or hydrargillite), y-Al(OH)s, is a more
stable form and can be prepared by slow
precipitation from warm alkaline solutions or
by digesting the o-form in aqueous sodium
aluminate solution at 80°. In both bayerite (o)
and gibbsite (y) there are layers of composition
Al(OH)3 built up by the edge sharing of AI(OH)g
octahedra to give a pair of approximately close-
packed OH layers with Al atoms in two-thirds
of the octahedral interstices (Fig. 7.12a). The
two crystalline modifications differ in the way
this layer is stacked: it is approximately hcp in
a-Al(OH); but in the y-form the OH groups
on the under side of one layer rest directly
above the OH groups of the layer below as
shown in Fig. 7.12b. A third form of Al(OH);,
nordstrandite, is obtained from the gelatinous



Figure 7.12 (a) Part of a layer of Al(OH); (ideal-
ized); the heavy and light open circles
represent OH groups above and below
the plane of the Al atoms. In o-Al(OH);
the layers are stacked to give approxi-
mately hep. (b) Structure of y-Al(OH);
viewed in a direction parallel to the lay-
ers; the OH groups labelled C and D
are stacked directly beneath A and B.
The six OH groups A, B, C, D and B,
D’ (behind B and D), form a distorted
H-bonded trigonal prism.

hydroxide by ageing it in the presence of a
chelating agent such as ethylenediamine, ethylene
glycol, or edta; this aligns the OH to give
a stacking arrangement which is intermediate
between those of the «- and y-forms.

As expected from the foregoing structural dis-
cussion, gibbsite can be dehydrated to boehmite
at 100° and to anhydrous y-Al,O3 at 150°, but
ignition above 800° is required to form «a-Al;Os.
Numerous recipes have been devised for prepar-
ing catalysts of differing reactivity and absorptive
power, based on the partial dehydration and pro-
gressive reconstitution of the Al/O/OH system. (!
In addition to pore size, surface area and gen-
eral reactivity, the basic character of the surface
diminishes (and its acidic character increases) in
the following series as indicated by the pH of the
isoelectric point:

(amorph.  >y-AlO(OH)>a-Al(OH);>y-Al(OH);>y-AL O3
Al oxide boehmite bayerite gibbsite
hydrate)
pH: 9.45 9.45-9.40 9.20 - 8.00
(isoelec. pt.)

The aqueous solution chemistry of Al

and the other group 13 metals is rather
complicated. The aquo ions are acidic with
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pKa &~ 1073, 1073, 10~* and 107!, respectively,
for [M(H,0)6]** == [M(OH)(H,0)s]** +H*
M = Al, Ga, In, TI). The solution chemistry
of Al in particular has been extensively
investigated because of its industrial importance
in water treatment plants, its use in many
toiletry formulations, its possible implication in
both Altzheimer’s disease and the deleterious
effects of acid rain, and the ubiquity of Al
cooking utensils.®>73 For example, hydrated
aluminium sulphate (10-30gm~3) can be added
to turbid water supplies at pH 6.5-7.5 to
flocculate the colloids, some 3 million tonnes
per annum being used worldwide for this
application alone. Likewise kilotonne amounts of
“Al(OH),5Clgs” in concentrated (6M) aqueous
solution are used in the manufacture of
deodorants and antiperspirants.

The use of 2’Al nmr (see Panel) has
been particularly valuable in characterizing
the species present in aqueous solution of
Al salts.®™ These depend very much on
both concentration and pH and include the
mononuclear ions [AI(OH)4]~, [Al(H,04]°* and
[AI(OH)(H,0)5]**. This latter species can depro-
tonate further to [AI(OH),(H,0)4]* and readily
dimerizes via hydroxyl bridges to [(H,0)4Al(u-
OH),Al(H,0)4]**, ie. [HjgAl,00]*t, which
has also been found in several crystalline
salts. Higher oligomers probably include appro-
priately hydrated forms of [Al;(OH);1]*,
[Alg(OH);5s]** and [Alg(OH)»,]**. A particularly
important species is the well-characterized tride-
cameric cation [Al;304(OH)24(H>0)12]7* which
has the well-known Keggin structure (p. 1014),

52Y. SIGEL and A. SIGEL (eds), Metal Ions in Biological
Systems, Vol. 24, Aluminium and its Role in Biology, Marcel
Dekker, New York, 1988, 440 pp.

53R. C. MaSSEY and D. TAYLOR (eds.), Aluminium in Food
and the Environment. Royal Society of Chemistry (London)
Special Publ. No. 73, 1989, 116 pp.

54 G. H. RoBINSON (ed.), Coordination Chemistry of Alu-
minium, VCH, Cambridge, 1993, 234 pp.

55). W. AKITT, Prog. NMR Spectroscopy 21, 1-149
(1989). See also J. W. AKITT, Chap 9 in J. MASON (ed.),
Multinuclear NMR, Plenum Press, New York, 1987,
pp- 259-92, which also includes nmr of Ga, In and Tl
isotopes.



246 Aluminium, Gallium, Indium and Thallium Ch. 7

77 Al in Nuclear Magnetic Resonance Spectroscopy

Aluminium is a very convenient element for nmr spectroscopy because 2’Al is 100% abundant and has a highnmr
sensitivity, its receptivity being 0.206 when compared to 'H and 1170 when compared to '3C. It also has a high operating
frequency (26.077 MHz when scaled to 100 MHz for 'H) and a wide range of chemical shifts, & (>300 ppm). The nuclear
spin quantum number is 5/2 and the magnetogyric ratio y is 6.9763rads™!T~!. The only disadvantage is the presence of
a nuclear quadrupole moment (Q = 0.149 x 10~28 m?) which leads to substantial line broadening for many species. The
narrowest lines (w2 ~ 2Hz) are obtained for highly symmetrical species such as [Al(H20)6]3+ and [AI(OH)4}~, but
line widths of 1000 Hz or more are not uncommon and the use of special curve-analysis techniques is needed to extract
the required parameters.

As expected, chemical shifts depend on coordination number (CN) and also on the nature of the atoms directly bonded
to Al. Organometallic species, i.e. those with Al-C bonds, resonate at low field (high frequency): those with CN 3
have & in the range 275-220 ppm, those with CN 4 have & 220-140ppm and those with CN 5 have § 140-110ppm.
Tetrahalogenoaluminates, AlXs~, AlX, Y4, ~, and 4-coordinate ligand adducts in general have § in the range 120-50 ppm
with the curious exception of Ally~ which shows a resonance at a higher field than for any other Al species so far, §
being —26.7 ppm. Five-coordinate adducts have § in the range 65-25 ppm and octahedral species have 8 in the range +40
to —25 ppm. Typical parameters for some of the species mentioned in the main text are:

Species [AOH)4]~ [AI(H,0) 1+ [AlL(OH),(H,0)5]** [Al;304(OH)24(H20)12]7*
&/ppm 80 0.00 (std) 4 12A1 @ ~12, 1Al @ 625
w12/Hz 10 2 500 8000, 25

These values show some dependence on concentration, pH and temperature. Note also the much smaller linewidth for
the central, symmetrically 4-coordinated Al atom of the tridecameric Al)3 species when compared with that of the twelve
less symmetrically coordinated octahedral Al atoms, and the possibility of extracting a reasonably precise value of § for
this latter resonance which has a linewidth of some 8000 Hz.

Solid-state 2’ Alnmr spectroscopy has been much used in recent years to study the composition and structure of
aluminisilcates (pp. 351-9) and other crystalline or amorphous Al compounds. The technique of magic angle spinning

(MAS) must be used in such cases.!55

[AlO4{Al(OH)2(H20)}12]7+, in which the central
tetrahedral AlO4 group is surrounded by corner-
and edge-shared AlQ¢ octehedra. The ion, which
1s almost spherical, has been further character-
ized by an X-ray diffraction study of crystalline
Na[Al1304(OH)24(H,0)121(SO4)4.13H, 0.

The binary oxides and hydroxides of Ga,
In and Tl have been much less extensively
studied. The Ga system is somewhat similar to
the Al system and a diagram summarizing the
transformations in the systems is in Fig. 7.13.
In general the - and y-series have the same
structure as their Al counterparts. 8-Ga;03 is the
most stable crystalline modification (mp 1740°);
it has a unique crystal structure with the oxide
ions in distorted ccp and Ga'! in distorted
tetrahedral and octahedral sites. The structure
appears to owe its stability to these distortions
and, because of the lower coordination of half the
Ga'"!, the density is ~10% less than for the a-
(corundum-type) form. This preference of Gall'

for fourfold coordination despite the fact that it is
larger than AI"' may again indicate the polarizing
influence of the d!° core; a similar tetrahedral site
preference is observed for Felll.

In;O3 has the C-type M,03 structure (p. 1238)
and InO(OH) (prepared hydrothermally from
In(OH); at 250-400°C and 100-1500 atm) has a
deformed rutile structure (p. 961) rather than the
layer lattice structure of AIO(OH) and GaO(OH).
Crystalline In(OH); is best prepared by addition
of NHj3 to aqueous InCl; at 100° and ageing the
precipitate for a few hours at this temperature;
it has the simple ReOs-type structure distorted
somewhat by multiple H bonds. 2%

Thallium is notably different. TI,O forms
as black platelets when TI,COj; is heated in
N, at 700° (mp 596°, d 10.36gcm™3); it is
hygroscopic and gives TIOH with water. TI'O;
is brown-black (mp 716°, d 10.04 gcm™3) and
can be made by oxidation of aqueous TINOj3
with Cl; or Br, followed by precipitation

Next Page
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Figure 7.13 Chart illustrating transformation relationships among the forms of gallium oxide and its hydrates.
Conversion (wel) of the phase designated as Ga;-,Al, 03 to 8-Ga,0; occurs only where x < 1.3;

where x > 1.3 an «-Al,O; structure forms.

of the hydrated oxide T1203.112H20 and
desiccation; single crystals have a very low
electrical resistivity (e.g. 7 x 1073 ohmcm at
room temperature). A mixed oxide T1,O3 (black)
is known and also a violet peroxide TI'O, made
by electrolysis of an aqueous solution of T1;S0,
and oxalic acid between Pt electrodes. TIOH has
been mentioned previously (p. 226).

7.3.4 Ternary and more complex oxide
phases

This section considers a number of extremely
important structure types in which Al combines
with one or more other metals to form a mixed
oxide phase. The most significant of these from
both a theoretical and an industrial viewpoint
are spinel (MgAl;O4) and related compounds,
Na-f-alumina (NaAl;;0y7) and related phases,
and tricalcium aluminate (Ca3Al,Og) which is a
major constituent of Portland cement. Each of
these compounds raises points of fundamental
importance in solid-state chemistry and each
possesses properties of crucial significance to

modern technology. For aluminosilicates see
p- 351 and for aluminophosphates see p. 526.

Spinels and related compounds 58

Spinels form a large class of compounds whose
crystal structure is related to that of the mineral
spinel itself, MgAl,04. The general formula is
AB:X,s and the unit cell contains 32 oxygen
atoms in almost perfect ccp array, i.e. AgB03.
In the normal spinel structure (Fig. 7.14) 8
metal atoms (A) occupy tetrahedral sites and 16
metal atoms (B) occupy octahedral sites, and
the structure can be regarded as being built up
of alternating cubelets of ZnS-type and NaCl-
type structures. The two factors that determine
which combinations of atoms can form a spinel-
type structure are {(a) the total formal cation
charge, and (b) the relative sizes of the 2 cations
with respect both to each other and to the

36 N. N. GREENWQOD, lonic Crystals, Lattice Defects and
Nonstoichiometry, Butterworths. London, 1968, 194 pp. See
also J. K. BURDETT, G. D. PrICE and S. L. PRICE, J. Am.
Chem. Soc. 104, 92-5 (1982).
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Figure 7.14 Spinel structure AB>O,. The structure can be thought of as 8 octants of altemating AQj, tetrahedra
and B4O4 cubes as shown in the left-hand diagram; the 40 have the same orientation in all 8 octants
and so build up into a fcc lattice of 32 ions which coordinate A tetrahedrally and B octahedrally. The
4 A octants contain 4 A ions and the 4 B octants contain 16 B ions. The unit cell is completed by
an encompassing fcc of A ions (@) as shown in the right-hand diagram; this is shared with adjacent
unit cells and comprises the remaining 4 A ions in the complete unit cell AgB¢01;. The location of
two of the B;Oy cubes is shown for orientation.

anion. For oxides of formula AB;O; charge
balance can be achieved by three combinations
of cation oxidation state: A'BYO,, AVBYO,,
and AVIB]204. The first combination is the most
numerous and examples are known with

Al = Mg, (Ca); Cr, Mn, Fe, Co, Ni, Cu;
Zn, Cd, (Hg); Sn

B" = Al Ga, In;
Ti, V, Cr, Mn, Fe, Co, Ni; Rh

The anion can be O, S, Se or Te. Most of
the Al cations have radii (6-coordinate) in the
range 65-95 pm and larger cations such as Ca'l
(100 pm) and Hg" (102pm) do not form oxide
spinels. The radii of B fall predominantly in
the range 60-70pm though AI'"M (53pm) is
smaller, and In'" (80 pm) normally forms sulfide
spinels only.

Examples of spinels with other combinations
of oxidation state are:

AVBIX ! TiMg,04, PbFe,04, SnCu,S,
AV[BIQX;” : MoAg,04, MoNa,O;, WNa;04

A"BIX, ! : NiLiyFy, ZnKz(CN),, CdKz(CN),

Many of the spinel-type compounds mentioned
above do not have the normal structure in which
A are in tetrahedral sites (t) and B are in octahed-
ral sites (0); instead they adopt the inverse spinel
structure in which half the B cations occupy the
tetrahedral sites whilst the other half of the B
cations and all the A cations are distributed on
the octahedral sites, i.e. (B),[AB],O4. The occu-
pancy of the octahedral sites may be random
or ordered. Several factors influence whether a
given spinel will adopt the normal or inverse
structure, including (a) the relative sizes of A
and B, (b) the Madelung constants for the normal
and inverse structures, (c) ligand-field stabiliza-
tion energies (p. 1131) of cations on tetrahedral
and octahedral sites, and (d) polarization or cova-
lency effects.©>®

Thus, if size alone were important it might be
expected that the smaller cation would occupy
the site of lower coordination number, i.e.
Al [MgAl]l,O4; however, in spinel itself this
is outweighed by the greater lattice energy
achieved by having the cation of higher charge,
(A" on the site of higher coordipation and
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the normal structure is adopted: (Mg)[Al;],04.
An additional factor must be considered in
a spinel such as NiAl;O4 since the crystal
field stabilization energy of Nil! is greater in
octahedral than tetrahedral coordination; this
redresses the balance, making the normal and
inverse structures almost equal in energy and
there is almost complete randomization of
all the cations on all the available sites:
(Alg.75Nig.25)[Nig.75Al}1.25]604.

Inverse and disordered spinels are said to have
a defect structure because all crystallographically
identical sites within the unit cell are not
occupied by the same cation. A related type
of defect structure occurs in valency disordered
spinels where, for example, the divalent All
cations in AB;O4 are replaced by equal
numbers of M! and M™ of appropriate size.
Thus, in spinel itself, which can be written
MggAl;603;, the 8Mg" (72 pm) can be replaced
by 4Li' (76 pm) and 4AI"" (53pm) to give Lis-
Aly¢Os3, i.e. LiAlsOg. This has a defect spinel
structure in which two-fifths of the Al occupy
all the tetrahedral sites: (ALM)[LilAL"],O4.
Other compounds having this cation-disordered
spinel structure are LiGasOg and LiFesOg.
Disordering on the tetrahedral sites occurs
in CuAlsSg, CulnsSg, AgAlsSg and AglnsSsg,
i.e. (Cu'AI™) [AI{],Sg, etc. Valency disordering
can also be achieved by replacing A" completely
by M!, thus necessitating replacement of half
the B by MY, e.g. (Li')[AI"'Ti'V],04. Even
more extensive substitution of cations has
been achieved in many cubic spinel phases,
e.g. LilZol AI"Gel¥ O34 (and the Ga' and Fe™
analogues), and the possibilities are virtually
limitless.

The sensitive dependence of the electrical and
magnetic properties of spinel-type compounds
on composition, temperature, and detailed cation
arrangement has proved a powerful incentive
for the extensive study of these compounds
in connection with the solid-state electronics
industry. Perhaps the best-known examples
are the ferrites, including the extraordinary
compound magnetite Fe;O4 (p. 1080) which has
an inverse spinel structure (Fe!),[Fe'Fe'],0y,.
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It will also be recalled that y-Al,O3 (p. 243)
has a defect spinel structure in which not all of

the cation sites are occupied, i.e. AlIZIII 1 D2%032:
3

the relation to spinel (MgiALLlO,,) is obvious,
the 8Mg! having been replaced by the
isoelectronically equivalent 52 AI'!. This explains
why MgAl;O4 can form a complete range of
solid solutions with y-Al;Os: the oxygen builds
on to the complete fcc oxide ion lattice and the
Al gradually replaces Mg!!, electrical neutrality
being achieved simply by leaving 1 cation site
vacant for each 3Mg" replaced by 2A1.

Sodium-g-alumina and related phases 7

Sodium-B-alumina has assumed tremendous
importance as a solid-state electrolyte since its
very high electrical conductivity was discovered
at the Ford Motor Company by J. T. Kummer
and N. Weber in 1967. The compound, which has
the idealized formula NaAl;;017(Na;O.11A1,03)
was originally thought to be a form of Al,Os;
and hence called 8-alumina (1916); the presence
of Na, which was at first either undetected
or ignored, is now known to be essential for
stability. X-ray analysis shows that the structure
is closely related to that of spinel, no fewer
than 50 of the 58 atoms in the unit cell being
arranged exactly as in spinel. The large Na atoms
are situated exclusively in loosely packed planes
together with an equal number of O atoms as
shown in Fig. 7.15; these planes are 1123 pm
apart, being separated by the “spinel blocks”.
The close-packed oxygen layers above and below
the Na planes are mirror images of each other
476 pm apart and they are bound together not
only by the Na atoms but by an equal number
of Al-O-Al bonds. There are several other
sites in the mirror plane which can physically
accommodate Na and this permits rapid two-
dimensional diffusion of Na within the basal

57J. T. KUMMER, Prog. Solid State Chem. 7, 141-75 (1972).
J. H. KENNEDY, Topics in Applied Physics 21, 105-41
1977).
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Figure 7.15 Crystal structure of Na-g-alumina (see
text). This section, which is a plane
parallel to the c-axis, does not show the
closest Na—-Na distance.

plane; it also explains the very low resistivity of
the order of 30ohmcm. The structure can also
accommodate supernumerary Na ions, and the
compound, even in the form of single crystals,
is massively defective, having typically 20-30%
more Na than indicated by the idealized formula;
this is probably compensated by additional Al
vacancies in the “spinel blocks” adjacent to the
mirror planes, e.g. Naj sgAly; 0.
Sodium-g-alumina can be prepared by heat-
ing Na;CO; (or NaNOj or NaOH) with any
modification of AlLO; or its hydrates to ~1500°
in a Pt vessel suitably sealed to avoid loss of
Na;O (as Na+ O3). In the presence of NaF
or AlF; a temperature of 1000° suffices. Na-
B-alumina melts at ~2000° (probably incon-
gruently) and has d 3.25gcm™3. The Na can
be replaced by Li, K, Rb, Cu!, Ag!, Ga', In'
or TI' by heating with a suitable molten salt,
and Ag'! can be replaced by NO* by treat-
ment with molten NOCI/AICl;. The ammonium
compound is also known and H;O%-g-alumina
can be prepared by reduction of the Ag com-
pound. Similarly, A" can be replaced by Ga'"
or Fe' in the preparation, leading to com-
pounds of (idealized) formulae Na;0.11Ga,0s3,
Na;0.11Fe»0s, K;0.11Fe;05, etc. Altervalent
substitution is also possible, e.g. in Na-ﬂ”—
alumina, Na;, M,Al;_,O7, in which M is a

Ch.7

divalent cation such as Mg, Ni or Zn. A typi-
cal composition is Na; 7Mgg 67Al,0.330;7 and the
excess Na charge is compensated for by substi-
tuting the divalent or univalent cation into the
lattice sites normaily occupied by AL®®

Apart from the intriguing structural implica-
tions of these fast-ion solid-state conductors, Na-
B-alumina and related phases have been exten-
sively used as permeable membranes in the Na/S
battery system (p. 678): this requires an air-stable
membrane that is readily permeable to Na ions
but not to Na atoms or S, that is non-reactive with
molten Na and S, and that is not an electronic
conductor. Not surprisingly, few compounds have
been found to compete with Na-S-alumina in this
field, although Na-g -alumina has the remark-
able additional property of enabling the rapid
diffusion of a large proportion of cations in the
periodic table (whereas Na-g-alumina itself is
restricted mainly to univalent cations). Indeed,
the B”-aluminas are the first family of high con-
ductivity solid electrolytes which permit fast ion
transport of multivalent cations in solids.®®

Unrelated to the g- and A”-aluminas are a
group of white, hygroscopic sodium-rich alu-
minates which have recently been prepared by
heating Na,O and Al;O; in appropriate stoi-
chiometric ratios at 700°C for 18-24 hours.®¥
NasAlQ,, which is isostructural with NasFeQ,,
contains isolated [AlQ4] tetrahedra with Al-O
176-179pm. Na;Al;Og features a novel ring
structure made up of six AlQ4 tetrahedra shar-
ing corners to form a non-planar 12-membered
ring which is then joined by pairs of oxygen
atom bridges to adjacent rings, thus generat-
ing an infinite chain of alternating 12- and 8-
membered rings with Al-O, 175-179pm and
Al-O; 173-4pm. Finally, Na);AlsO¢ has dis-
crete chains composed of five AlQ, tetrahedra
sharing corners with almost linear angles (160°
and 173°) at the bridging O atoms and with

58D, F. SHRivER and G. C. FARRINGTON, Chem. and Eng.
News, May 20, 42-57 (1985), and references cited therein.
% M. G. BaRKER, P. G. GADD and M. J. BEGLEY, J. Chem.
Soc., Chem, Commun., 379-81 (1981). M. G. BARKER,
P. G. Gapp and S. C. WaLiwork, J. Chem. Soc., Chem.
Commun., 516-7 {1982).
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the various Al-O distances again falling in the
range 170-180pm. Note that the unusual for-
mula Na;7AlsOq6 (i.e. Nasz4AlO3,) is nearly the
same as Na3zAlOz which would have been the
stoichiometry if the chains of AlO, tetrahedra had
been infinite.

Tricalcium aluminate, CazAl>0g

Tricalcium aluminate is an important compo-
nent of Portland cement yet, despite numerous
attempts dating back over the preceding 50 vy, its
structure remained unsolved until 1975.69 The
basic unit is now known to be a 12-membered
ring of 6 fused {AlOy4)} tetrahedra [AlgO;5]'%~
as shown in Fig. 7.16; there are 8 such rings
per unit cell surrounding holes of radius 147 pm,
and the rings are held together by Ca ions in
distorted sixfold coordination to give the struc-
tural formula CagAlgO,s. The rather short Ca—O
distance (226 pm) and the observed compression
of the {CaOg} octahedra may indicate some strain
and this, together with the large holes in the
lattice, facilitate the rapid reaction with water.
The products of hydration depend sensitively
on the temperature. Above 21° CazAl,Og
gives the hexahydrate Ca;Al,04.6H,0O, but
below this temperature hydrated di- and
tetra-calcium aluminates are formed of empir-
ical composition 2Ca0.Al;03.5-9H,0 and
4Ca0.Al,03.12-14H,0. This is of great impor-
tance in cement technology (see Panel) since, in
the absence of a retarder, cement reacts rapidly
with water giving a sharp rise in temperature
and a “flash set” during which the various cal-
cium aluminate hydrates precipitate and congeal
into an unmanageable mass. This can be avoided
by grinding in 2-5% of gypsum (CaS04.2H,0)
with the cement clinker; this reacts rapidly
with dissolved aluminates in the presence of
Ca(OH); to give the calcium sulfatoaluminate,
3Ca0.Al,03.3CaS04.31H,0, which is much less
soluble than the hydrated calcium aluminates and

60 p. MoNDAL and J. W. JEFFREY, Acta Cryst. B31, 689-97
(1975).
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Figure 7.16 Structure of the [AlgO13]'®" unit in
Ca3;ALO¢ (i.e. CagAlgOy3). The Al-O
distances are all in the range 175+
2pm.

therefore preferentially precipitates and prevents
the premature congealing.

Another important calcium aluminate system
occurs in high-alumina cement (ciment fondu).
This is not a Portland cement but is made by
fusing limestone and bauxite with small amounts
of SiO, and TiO, in an open-hearth furnace
at 1425-1500°; rotary kilns with tap-holes for
the molten cement can also be used. Typical
analytical compositions for a high-alumina
cement are ~40% each of Al,0O3; and CaO and
about 10% each of Fe,O5; and SiO,; the most
important compounds in the cement are CaAl; Oy,
CayAl,Si0; and CagAlgFeSiO,;. Setting and
hardening of high-alumina cement are probably
due to the formation of calcium aluminate
gels such as Ca0.Al;03.10H,0, and the more
basic 2Ca0.Al,05.8H,0, 3Ca0.Al;03.6H,0
and 4Ca0.Al,03.13H,0, though these empirical
formulae give no indication of the structural
units involved. The most notable property of
high-alumina cement is that it develops very high
strength at a very early stage (within 1 day). Long
exposure to warm, moist conditions may lead to
failure but resistance to corrosion by sea water
and sulfate brines, or by weak mineral acids, is
outstanding. It has also been much used as a
refractory cement to withstand temperatures up
to 1500°.
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Portland Cement®V

The name “Portland cement” was first used by J. Aspdin in a patent (1824) because, when mixed with water and sand
the powder hardened into a block that resembled the natural limestone quarried in the Isle of Portland, England. The two
crucial discoveries which led to the production of strong, durable, hydraulic cement that did not disintegrate in water,
were made in the eighteenth and nineteenth centuries. In 1756 John Smeaton, carrying out experiments in connection with
building the Eddystone Lighthouse (UK), recognized the importance of using limes which contained admixed clays or
shales (i.e. aluminosilicates), and by the early 1800s it was realized that firing must be carried out at sintering temperatures
in order to produce a clinker now known to contain calcium silicates and aluminates. The first major engineering work to
use Portland cement was in the tunnel constructed beneath the Thames in 1828. The first truly high-temperature cement
(1450-1600°C) was made in 1854, and the technology was revolutionized in 1899 by the introduction of rotary kilns.
The important compounds in Portland cement are dicalcium silicate (Ca;Si04) 26%, tricalcium silicate (Ca3SiOs) 51%.
tricalcium aluminate (Ca3zAl;0g) 11% and the tetracalcium species Ca4A12Fe12”Om (1%). The principal constituent of
moistened cement paste is a tobermorite gel which can be represented schematically by the following idealized equations:

2Ca;z8i04 + 4H;0 —— 3Ca0.28i0;.3H,0 + Ca(OH),
2Ca38i0s + 6H;0 —— 3Ca0.28i0,.3H,0 + 3Ca(OH),

The adhesion of the tobermorite particles to each other and to the embedded aggregates is responsible for the strength of
the cement which is due, ultimately, to the formation of —Si—O-Si-O bonds.

Portland cement is made by heating a mixture of limestone (or chalk, shells, etc.) with aluminosilicates (derived
from sand, shales, and clays) in carefully controlled amounts so as to give the approximate composition CaO ~70%,
Si0; ~20%, Al;03 ~5%, Fe;03 ~3%. The presence of NapO, K;0, MgO and P;Os are detrimental and must be limited.
The raw materials are ground to pass 200-mesh sieves and then heated in a rotary kiln to ~1500° to give a sintered clinker;
this is reground to 325-mesh and mixed with 2-5% of gypsum. An average-sized kiln can produce 1000-3000 tonnes
of cement per day and the world’s largest plants can produce up to 8000 tonnes per day. The vast scale of the industry
can be gauged from the US production figures in the table below. Price (1990) was $45-55 per tonne for bulk supplies.
In the same year China emerged as the world’s largest cement producer (200 million tonnes per annum). Total world
production continues to grow dramatically, from 590 Mtpa in 1970 and 881 Mtpa in 1980 to nearly 1200 Mtpa in 1990,
of which Europe (including the European parts of the former Soviet Union) accounted for some 40%.

Production of Portland Cement in the USA/million tonnes (Mt)

1890
0.057

1900 1910 1920 1930
1.45 13.1 17.1 27.5

1940

1950
38.5

1960
56.0

1970
66.4

1980
68.2

1990
70.0

7.3.5 Other inorganic compounds
Chalcogenides

At normal temperatures the only stable chalco-
genides of Al are Al;S; (white), Al,Se; (grey)
and Al,Te; (dark grey). They can be prepared
by direct reaction of the elements at ~1000° and
all hydrolyse rapidly and completely in aqueous
solution to give AI(OH); and H,X (X =S, Se,
Te). The small size of Al relative to the chalco-
gens dictates tetrahedral coordination and the var-
ious polymorphs are related to wurtzite (hexag-
onal ZnS, p. 1210), two-thirds of the available

81 Kirk—Othmer Encyclopedia of Chemical Technology, 4th
edn., Vol. 5, Interscience, New York, 564-98 (1993).

metal sites being occupied in either an ordered
(o) or a random (B) fashion. Al;S3 also has a
y-form related to y-AlLOs; (p. 243), and very
recently a novel high-temperature hexagonal
modification of Al;S3 containing 5-coordinate
Al has been obtained by annealing «-Al,S; at
550°C;2) in this new form half the Al atoms
are tetrahedrally coordinated (Al-S 223-227 pm)
whereas the other half are in trigonal bipyramidal
coordination with Al-S,, 227-232pm and
Al-S;x 250-252 pm.

The chalcogenides of Ga, In and Tl are much
more numerous and at least a dozen different
structure types have been established by X-ray

62B. KrEBs, A. SCHIEMANN and M. LAGE, Z anorg. allg.
Chem. 619, 983-8 (1993).
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crystallography.®® The compounds have been
extensively studied not only because of their
intriguing stoichiometries, but also because many
of them are semiconductors, semi-metals, photo-
conductors or light emitters, and TlsTes; has been
found to be a superconductor at low tempera-
tures. (See p. 1182 for high-temperature super
conductors, including Tl,Ca;Ba;Cu3 01, which
has one of the highest known superconducting
transition temperatures, 7. = 125K.) The chalo-
genides, as expected from their position in the

631, 1. MaN, R. M. IMaNov and S. A. SEMILETOV, Sov.
Phys. Crystallogr. 21, 255-63 (1976).
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periodic table, are far from ionic, but formal
oxidation states remain a useful device for elec-
tron counting and for checking the overall charge
balance. Well-established compounds are sum-
marized in Table 7.9. The following points are
noteworthy. The hexagonal - and S-forms of
Ga,S; are isostructural with the Al analogues
and an additional form, y-Ga,S;, adopts the
related defect sphalerite structure derived from
cubic ZnS (zinc blende, p. 1210). The same
structure is found for Ga;Se; and Ga,Tes but
for the larger In'! atom octahedral coordina-
tion also becomes possible. The correspond-
ing TI™' sesquichalcogenides Tl X3 are either

Table 7.9 Stoichiometries and structures of the crystalline chalcogenides of Group 13 elements

Ga,S Ga,Se

GaS (yellow) layer structure with GaSe (like GaS)
Ga-Ga bonds

G3.455

«-Ga,S; (yellow) ordered defect
wurtzite (hexagonal ZnS)

B-Ga, Sy defect wurtzite

y-Ga,S; defect sphalerite (cubic
ZnS)

Ga,Se; defect sphalente

GaTe (like GaS)

(Ga3 Tez)

Ga,Te; defect sphalerite

Ga,Tes chains of linked {GaTe,}
plus single Te atoms

In,Se; contains [(In™);]Y groups: InsTe; like IngSe;

In'[In}"]Se;

InS (red) like GaS InSe distorted NaCl, somewhat InTe like T1Se (cubes and
like GaS tetrahedra)

IngS; see text IngSe; like IngS5 In;Tey

a-In, S5 (yellow) cubic y'-AL, O «-In,Se; defect wurtzite, but 1—16 of a-In,Tes defect sphalerite (cubic
In octahedral ZnS)

B-In,S; (red) defect spinel, B-In,Se; ordered defect wurtzite B-In, Tes

y-Al, O3 (hexagonal ZnS)
IngS; see text InsTes
In2T65

TL,S (black) distorted Cdl, layer
lattice (T1' in threefold
coordination)

T1,S; chains of linked {TI™S,}
tetrahedra (T11);[TI™S;] structure

TIS (black) like T1Se, TI[TI"S,]

TlsSe; complex CrsBj-type

TISe (black) chains of edgeshared

TlsTes CrsBj layer structure, CN
of Tl varies up to 9 and Te up
to 10

T1Te variant of WsSi; (complex)

{TI™Se,} tetrahedra TI[TIMSe,]

[NO leS3 kl’lOW[l] TIZSe3
TIS, TI* polysulfide
Tl Ss (red and black forms) TI!
polysulfide
T1,Ss TI' polysulfide

(T, Tes)
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non-existent or of dubious authenticity, perhaps
because of the ready reduction to TI' (see Tll;,
p- 239).

GaS (yellow, mp 970°) has a hexagonal layer
structure with Ga—Ga bonds (248 pm); each Ga is
coordinated by 35 and 1Ga, and the sequence of
layers along the c-axis is- - - SGaGaS,SGaGaS: - -;
the compound can therefore be considered as an
example of Gall. The structures of GaSe, GaTe,
red InS and InSe are similar. By contrast, InTe,
TIS (black) and TISe (black, metallic) have a
structure which can be formalized as M'[M'X,];
each TI'" is tetrahedrally coordinated by 4
Se at 268pm and the tetrahedra are linked
into infinite chains by edge sharing along the
c-axis (see structure), whereas each TI' lies
between these chains and is surrounded by
a distorted cube of 8 Se at 342pm. This
explains the marked anisotropy of properties,
especially the metallic conductivity in the (001)
plane and the semiconductivity along the c-
axis. Similar edge-linked {GeSe4} tetrahedra
are found in Cs;yGasSe s which was obtained
as transparent pale-yellow crystals by heating
an equimolar mixture of GaSe and Cs in
a carefully controlled temperature programme;
the compound features the unprecedented finite
complex anion [Se,Ga(14-Se;Ga)sSe)'%~ which
is 1900 pm long.®

% H. J, DetseroTH and HAN FU-Son, Angew. Chem. Int.
Edn. Engl. 20, 962-3 (1981).
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IngS7 (and the isostructural IngSe,;) have a
curious structure comprising two separate blocks
of almost ccp S which are rotated about the b-
axis by 61° with respect to each other; the In
is in octahedral coordination. The compound can
be formulated as In'(Inf"VIn{lS;~1. There are
also numerous ternary In/T1 sulfides in which
In' has been replaced by TI', e.g.: TI'InISg,
TI'nY'Ss, TI'In'MS,, T In™S;, TH(InY")V InlllS,
Tl in!In}'Sg and TI(Inf")!VInllS,. ©3)

The crystal structures of InsSe; and IngTe;
show that they can be regarded to a first approxi-
mation as In![In3]¥(X~"); but the compound does
not really comprise discrete ions. The triatomic
unit [In'? —In™—In"] is bent, the angle at the
central atom being 158° and the In-In distances
279pm (cf. 324-326 pm in metallic In). How-
ever, it is also possible to discern non-planar 5-
membered heterocycles in the structure formed by
joining 2 In from 1 {In3} to the terminal In of an
adjacent {In1} via 2 bridging Se (or Te) atoms so
that the structure can be represented schematically
as in Fig. 7.17. The In"™-Se distances average

™aH. J. DIESEROTH and R, WALTHER, Z. anorg. allg. Chem.
622, 611-16 {1996).

Figure 7.17 Schematic structure of In;Se;.
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269 pm compared with the closest In'-Se con-
tact of 297 pm. The [In{!']Y unit can be com-
pared with the isoelectronic species [Hg{'1". The
compound Tl4S3, which has the same stoichiom-
etry as IngX3, has a different structure in which
chains of corner-shared {TI'!S,} tetrahedra of
overall stoichiometry [T1S;] are bound together
by TI'; within the chains the TI"'-S distance is
254 pm whereas the TI!-S distances vary between
290-336 pm. A comparison of the formal desig-
nation of the two structures In'[(In}h)]V(Se 1),
and (T1);[TIMS;]~™ again illustrates the increas-
ing preference of the heavier metal for the +1
oxidation state. The trend continues with the poly-
sulfides TUS,, TI4S and TIL S already alluded to
on p. 253.

Compounds with bonds to N, P, As,
Sb or Bi

The binary compounds of the Group 13 metals
with the elements of Group 15 (N, P, As,
Sb, Bi) are structurally less diverse than the
chalcogenides just considered but they have
achieved considerable technological application
as III-V semiconductors isoelectronic with Si
and Ge (cf. BN isoelectronic with C, p. 207).
Their structures are summarized in Table 7.10:
all adopt the cubic ZnS structure except the
nitrides of Al, Ga and In which are probably more
ionic (less covalent or metallic) than the others.
Thallium does not form simple compounds
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Table 7.10 Structures of [[I-V compounds MX®

X{ M- B Al Ga In
N L,S W W W
P S S S S
As S S S S
Sb — S S S

@1 = BN layer lattice (p. 208).
S = sphalerite (zinc blende), cubic ZnS (p. 1210).
W = wartzite, hexagonal ZnS structure (p. 1210).

MIXV: the explosive black nitride TI3N is
known, and the azides TI'N3 and TITI™(N3)4];
the phosphides TI3P, TIP3 and TIPs have been
reported but are not well characterized. With As,
Sb and Bi thallium forms alloys and intermetallic
compounds T13X, Tl;Bi, and TIBi,.

The III-V semiconductors can all be made
by direct reaction of the elements at high
temperature and under high pressure when
necessary. Some properties of the Al compounds
are in Table 7.11 from which it is clear that there
are trends to lower mp and energy band-gap E,
with increasing atomic number.

Analogous compounds of Ga and In are grey
or semi-metallic in appearance and show sim-
ilar trends (Table 7.12). These data should be
compared with those for Si, Ge, Sn and Pb
on p. 373 and for the isoelectronic II-VI semi-
conductors of Zn, Cd and Hg with S, Se and
Te (p. 1210). In addition, GaN is obtained by
reacting Ga and NHj at 1050° and InN by reduc-
ing and nitriding In;O; with NH; at 630°. The

Table 7.11 Some properties of Al III-V compounds

Property AIN AlP AlAs AlSb
Colour Pale yellow Yellow Orange —
MP/C >2200 decomp 2000 1740 1060
E /K] mol~'® 411 236 208 145

(®Energy gap between top of (filled) valence band and bottom of (empty) conduction
band (p. 332). To convert from kI mol~! to eV atom™! divide by 96.485.

Table 7.12 Comparison of some III-V semiconductors

Property GaP GaAs GaSb InP InAs InSb
MP/°C 1465 1238 712 1070 942 525
E/kImol~1@ 218 138 69 130 34 17

@See note to Table 7.11.
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nitrides show increasing susceptibility to chem-
ical attack, AIN being inert to both acids and
alkalis, GaN being decomposed by alkali, but not
acid, and InN being decomposed by both acids
and alkalis. Most of the other III-V compounds
decompose slowly in moist air, e.g. AlP gives
Al(OH); and PH;. As a consequence, semicon-
ductor devices must be completely encapsulated
to prevent reaction with the atmosphere. The
great value of III-V semiconductors is that they
extend the range of properties of Si and Ge and
by judicious mixing in ternary phases they permit
a continuous interpolation of energy band gaps,
current-carrier mobilities and other characteristic
properties. Some of their uses are summarized in
the Panel on p. 258.

Other compounds containing Al-N or Ga—-N
bonds, including heterocyclic compounds and
cluster organometallic compounds, are consid-
ered in section 7.3.6.

Some unusual stereochemistries

While it remains true that tetrahedral and octa-
hedral coordination modes are the predominant
stereochemistries adopted by the group 13 met-
als, nevertheless increasing diversity is being
achieved by carefully selecting appropriate elec-
tronic and geometric features to enhance the
stabilization of unusual stereochemistries. Some
representative examples follow.

Trigonal planar Al is found in the [AISb;10~
“anions” in [CsgK3Sb(AlSbs)], which is formed
by heating a stoichiometric mixture of 6Cs, 3KSb
and AlSb in a sealed Nb ampoule at 677°C.¢%
The Ga analogue was prepared similarly. The
planar anions are embedded between columns of
condensed icosahedra (Cs¢Ke,2)°* which in turn
are centred by the remaining unique monatomic
Sb3~ anion.

The indium molybdate In;;Mo4oOsp, prepared
by heating the appropriate mixture of In, Mo
and MoO, at 1100°C, features novel quasi-
linear chain cations. Ins’* and Ing®* in channels

65 M. SOMER, K. PETERS, T. Popp and H. G. VON SCHNERING,
Z. anorg. allg. Chem. 597, 201-8 (1991).

between condensed clusters of Mog octahedra.©®
The intrachain distances are 262-266pm in
Ins’* and 265-269pm in Ing®*, which are
the shortest known In—In interatomic distances
cf. 325 and 337pm in In metal itself, and
333pm for the closest distances between In
atoms in neighbouring chains in the molybdate.
Interatomic angles within the chains are 158°
and 163° respectively and, when the coordination
around each In atom by contiguous In and O
atoms is considered, the chains can be formulated
as [In**(In1),In%*], n =3, 4.

Square-pyramidal 5-coordinate In™ occurs
in certain organoindium compounds such as
the bis(2-methylaminopyridino-) adduct [Meln-
{MeNC(CH)4N},]®" — cf. InCls>~ (p. 238).
The less familiar pentagonal planar coordination
has been established for the InMns group
in the dianion [(us-In){Mn(CO),}s]>~ which
is readily prepared by treatment of InCls
with the manganese carbonyl cluster compound
K3[Mn3(1-CO)2(CO)10].%® The mean Mn-Mn
distance in the encircling plane-pentagonal
“ligand” {Mn(CO),}s is 317 pm; the mean In-Mn
distance is 265pm, and the In atom is only
4.6pm from the best plane of the five Mn
atoms. Note also that the ligand is isolobal with
cyclopentadienyl, CsHs.

Seven-coordinate pentagonal-bipyramidal In
has been found in the chloroindium com-
plex of 1,4,7-triazacyclononanetriacetic acid

[{—(CHZ);,_IlI(CHZCOZH)h], (LH3).©%) The neu-
tral, monoprotonated 7-coordinate complex
[InCI1(LLH)] features Cl and one N in axial posi-
tions (angle Cl-In—N 168°) with the other two N
atoms and three carboxylate O atoms in the pen-
tagonal plane. Interest in such compounds stems

111

I

66 H. MaTTAUSCH, A.SIMON and E.-M. PetERs, Inorg.
Chem. 25, 3428-33 (1986).

57 A. M. ARIA, D. C. BRADLEY, D. M. FriGo, M. B. HURST-
HOUSE and B. HUSSAIN, J. Chem. Soc., Chem. Commun.,
783-4 (1985).

68 M. SCHOLLENBERGER, B. NUBER and M. L. ZIEGLER,
Angew. Chem. Int. Edn. Engl. 31, 350~1 (1992).

69 A.S. CrAIG, I M. HeLps, D.PARKER, H. ADAMS,
N. A. Bartey, M. G. WiLLiaMs, J. M. A. SMiTH  and
G. FERGUSON, Polyhedron 8, 2481-4 (1989).
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(a)

(b)

Figure 7.18 (a) 1.4,7,10-tetraazacyclododecane triacetic acid, (LH3). (b) Structure of the 7-coordinate complex
{InL]; the coordination polyhedron (shown in white} comprises a trigonal prism of 4N and 20 capped
on one of its quadrilateral faces by the third O atom.

from the use of the y-active '''In isotope (E,
173, 247 keV, 112 2.81 d) in radio-labelled mono-
clonal antibodies to detect tumours. Interestingly,
the 7-coordinate crystalline complex reverts to
a stable neutral hexacoordinate species in aque-
ous solution. Other 7-coordinate macrocyclic
In" complexes of potential relevance in radio-
pharmaceutical applications have been prepared,
including [InL] where L is the triacetate of the
tetraaza macrocycle shown in Fig. 7.18(a).7? In
this case the coordination polyhedron is a trigonal
prism with one of its quadrilateral faces capped
by a carboxylate O atom as shown schematically
in Fig. 7.18(b).

Indium clusters have also recently been char-
acterized, notably in intermetallic compounds.
Thus, the Zintl phase, RbsIna, (prepared by direct
reaction between the two metals at 1530°C) has
layers of octahedral closo-Ing clusters joined into
sheets through exo bonds at four coplanar ver-
tices.”’!> These four In atoms are therefore each
bonded to five neighbouring In atoms at the
corners of a square-based pyramid, whereas the
remaining two (trans) In atoms in the Ing cluster

70 A, RIESEN, T. A. KADEN, W, RITTER and H. A. MACKE,
J. Chem. Soc., Chem. Commun., 460-2 (1989),

'S, C. SEvEgv and J. D. CORBETT, Z. anorg. allg. Chem.
619, 128-32 (1993).

show pyramidai 4-fold bonding only, to con-
tiguous In atoms in the same cluster. Cs;In;
is isostructural. The intermetallic compound
K3Najyglnsg (synthesized from the elements in
sealed Nb ampoules at 600°C) has a more com-
plicated structure in which the In forms both
closo icosahedral Inj; clusters and hexagonal
antiprismatic In;, clusters.”’ All the various In;
clusters are interconnected by 12 exo bonds form-
ing a covalent 3D network (In-In 291-315 pm)
and the Inj; hexagonal antiprisms are additionally
centred by single Na atoms. The phase contains
several other interesting structural features and
the original paper (in English) makes rewarding
reading.

7.3.6 Organometallic compounds

Many organoaluminium compounds are known
which contain 1, 2, 3 or 4 Al-C bonds per Al
atom and, as these have an extensive reaction
chemistry of considerable industrial importance,
they will be considered before the organometallic
compounds of Ga, In and TI are discussed.

729, CARRILLO-CABRERA, N. CAROCA-CANALES, K. PETERS
and H. G. VON SCHNERING, Z. anorg. allg. Chem. 619,
1556-63 (1993).



258 Aluminium, Gallium, Indium and Thallium

Organoaluminium Compounds

Aluminium trialkyls and triaryls are highly
reactive, colourless, volatile liquids or low-
melting solids which ignite spontaneously in
air and react violently with water; they should
therefore be handled circumspectly and with

Ch. 7

suitable precautions. Unlike the boron trialkyls
and triaryls they are often dimeric, though
with branched-chain alkyls such as Pr, Bu’
and Me3;CCH, this tendency is less marked.
Al,Meg (mp 15°, bp 126°) has the methyl-
bridged structure shown and the same dimeric
structure is found for AlPhg (mp 225°).

Applications of ITI-V Semiconductors

The 9 compounds that Al, Ga and In form with P, As and Sb have been extensively studied because of their many
applications in the electronics industry, particularly those centred on the interconversion of electrical and optical (light)
energy. For example, they are produced commercially as light-emitting diodes (LEDs) familiar in pocket calculators,
wrist watches and the alpha-numeric output displays of many instruments; they are also used in infrared-emitting diodes,
injection lasers, infrared detectors, photocathodes and photomultiplier tubes. An extremely elegant chemical solid-state
technology has evolved in which crystals of the required properties are deposited, etched and modified to form the
appropriate electrical circuits. The ternary system GaAs;_,P; now dominates the’LED market for a-numeric and graphic
displays following the first report of this activity in 1961. GaAs;_.Py is grown epitaxially on a single-crystal substrate of
GaAs or GaP by chemical vapour deposition and crystal wafers as large as 20 cm? have been produced commercially. The
colour of the emitted radiation is determined by the energy band gap E; for GaAs itself Eg is 138KkJ mol~! corresponding
to an infrared emission (A 870 nm), but this increases to 184 kJ mol~! for x ~0.4 corresponding to red emission (A 650 nm).
For x > 0.4 E; continues to increase until it is 218kJ mol~! for GaP (green, A 550 nm). Commercial yellow and green
LEDs contain the added isoelectronic impurity N to improve the conversion efficiency. A schematic cross-section of
a typical GaAsj— Py epitaxial wafer doped with Te and N is shown in the diagram: Te (which has one more valence
electron per atom than As or P) is the most widely used dopant to give n-type impurities in this system at concentrations
of 10'6-10'8 atoms cm™3 (0.5-50 ppm). The p-n junction is then formed by diffusing Zn (1 less electron than Ga) into
the crystal to a similar concentration.

~20 um GaAs,. PeN,Te
GaAs_, P:Te
~100 pm X const Typical

wafer thickness
~25um | GaAs,_, P,:Te x variable| ~0:4-0.5 mm

~300 um GaAs or GaP

An even more recent application is the construction of semiconductor lasers. In normal optical lasers light is absorbed
by an electronic transition to a broad band which lies above the upper laser level and the electron then drops into this level
by a non-radiative transition. By contrast the radiation in a semiconductor laser originates in the region of a p—n junction
and is due to the transitions of injected electrons and holes between the low-lying levels of the conduction band and
the uppermost levels of the valence band. (Impurity levels may also be involved.) The efficiency of these semiconductor
injection lasers is very much higher than those of optically pumped lasers and the devices are much smaller; they are also
easily adaptable to modulation. As implied by the band gaps on p. 255, emission wavelengths are in the visible and near
infrared. A heterostructure laser based on the system GaAs—Al,Ga;,As was the first junction laser to run continuously
at 3000K and above (1970).

In the two types of device just considered, namely light emitting diodes and injection lasers, electrical energy is
converted into optical energy. The reverse process of converting optical energy into electrical energy (photoconductivity
and photovoltaic effects) has also been successfully achieved by III-V semiconductor systems. For example, the small
band-gap compound InSb is valuable as a photoconductive infrared detector, and several compounds are being actively
studied for use in solar cells to convert sunlight into useful sources of electrical power. The maximum photon flux in
sunlight occurs at 75-95kJmol~! and GaAs shows promise, though other factors make Cu,S-CdS cells more attractive
commercially at the present time.
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H’C\ Al Al/ o
Z AN
HiC CH;

In each case Al-C, is about 10% longer
than Al-C, (Cf Al Xg, P- 235; B;Hg, p- 157).
The enthalpy of dissociation of Al;Mes into
monomers is 84 kJ mol~!. ALEts (mp —53°) and
ALPrg (mp —107°) are also dimeric at room
temperature but crystalline trimesitylaluminium
(mesityl = 2.4,5-trimethylphenyl) is monomeric
with planar 3-coordinate Al; the mesityl groups
adopt a propeller-like configuration with a
dihedral angle of 56° between the aromatic ring
and the AIC; plane and with Al-C 199.5 pm 73

As with Al(BH); and related compounds
(p. 230), solutions of Al:Mes show only one
proton nmr signal at room temperature due to the
rapid interchange of bridging and terminal Me
groups; at —75° this process 1s sufficiently slow
for separate resonances to be observed.

Al;Me¢ can be prepared on a laboratory scale
by the reaction of HgMe, on Al at ~90°C. Al,Phg
can be prepared similarly using HgPh; in boiling
toluene or by the reaction of LiPh on AlClg.
On the industrial (kilotonne) scale Al is alkylated
by means of RX or by alkenes plus H,. In
the first method the sesquichloride R3AlCly is
formed in equilibrium with its disproportionation

73 ). J. JERIUS, J. M. HahnN, A. F. M. M. RaHMan, O. Mots,
W. H. IsLeY and J. P. OQLIVER, Organometailics 5, 1812-14
(1986).
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produu::ts:T

trace of I»

2Al 4 3RCl ————— R;ALCl; ——
AICl; or AlIR;3

IRsALCL + 1R ALCl

Addition of NaCl removes R;Al,Cly as the
complex (2NaAICl3R) and enables R4ALCl; to
be distilled from the mixture. Reaction with Na
yields the trialkyl, e.g.:

3Me, Al Cl; + 6Na —— 2A1;Meq + 2A1 + 6NaCl

Higher trialkyls are more readily prepared on an
industrial scale by the alkene route (K. Ziegler
et al., 1960) in which H, adds to Al in the
presence of preformed AlR; to give a dialkyl-
aluminium hydride which then readily adds to
the alkene:

150°
2A! + 3H, + 2ALEt, — > (6t AlH)

6CH>CH»
T 3ALEt

Similarly, Al, H, and Me;C=CH, react at
100° and 200atm to give AlBuj in a single-
stage process, provided a small amount of this
compound is present at the start; this is required
because Al does not react directly with H;
to form AlH; prior to alkylation under these
conditions. Alkene exchange reactions can be
used to transform AlBuj into numerous other
trialkyls. AlBuj can also be reduced by potassium
metal in hexane at room temperature to give
the novel brown compound KzAlzBug (mp 40°)
which is notable in providing a rare example
of an Al-Al bond in the diamagnetic anion
[BujAlAIBu4)? .74

AlRg (or AIR;3) react readily with ligands to
form adducts, LAIR;. They are stronger Lewis
acids than are organoboron compounds, BRj,
and can be considered as ‘hard’ (or class a)

e is interesting to note that the reaction of Etl with
Al metal to give the sesqui-iodide “EtsAlI3" was the
first recorded preparation of an organoaluminium compound
(W. Hallwachs and A. Schafarik, 1859).
™ H. HOBERG and S. KRAUSE, Angew. Chem. Int. Edn. Engl.
17, 949-50 (1979).
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acids; for example, the stability of the adducts
LAlMe; decreases in the following sequence of
L: MesN > Me3P > MezAs > Me,O > Me;S >
Me,Se. With protonic reagents they react to
liberate alkanes:

AlzRg + 6HX —— 6RH + 2A1X;
(X =0H, OR, Cl, Br)

Reaction with halides or alkoxides of elements
less electropositive than Al affords a useful route
to other organometallics:

excess AlIRs
M n _—:’MRH + AIX3

(M = B, Ga, Si, Ge, Sn, etc.)

The main importance of organoaiuminium
compounds stems from the crucial discovery
of alkene insertion reactions by K. Ziegler,?
and an industry of immense proporttons based
on these reactions has developed during the
past 40 y. Two main processes must be dis-
tinguished: (a) “growth reactions” to synthesize
unbranched long-chain primary alcohols and
alkenes (K. Ziegler er al., 1955), and (b) low-
pressure polymerization of ethene and propene
in the presence of organometallic mixed cata-
lysts (1955) for which K. Ziegler (Germany) and
G. Natta (Italy) were jointly awarded the Nobel
Prize for Chemistry in 1963,

In the first process alkenes insert into the Al-C
bonds of monomeric AlR; at ~150 and 100 atm
to give long-chain derivatives whose composi-
tion can be closely controlled by the temperature,
pressure and contact time:

(C:H‘g)xEt

CaHa nC>Hs
Al-Et; A""ElelCHgEl — AT (C3H4)yEl
{C2H),Et

The reaction is thought to occur by repeated n-
coordination of ethene molecules to Al followed
by migration of an alkyl group from Al to the
alkene carbon atom (see Scheme).

Unbranched chains up to Cp can be made, but
prime importance attaches to chains of 14-20C

3 K. ZIEGLER, Adv. Organometallic Chem. 6, 1-17 (1968).
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atoms which are synthesized industrially in this
way and then converted to unbranched aliphatic
alcohols for use in the synthesis of biodegradable
detergents:

(i) Oa, (ii) H;O*
AKCH,CH;R); ——————— 3RCH,CH,0H

Alternatively, thermolysis yields the terminal
alkene RCH=CH,. Note that, if propene or
higher alkenes are used instead of ethene, then
only single insertion into Al-C occurs. This
has been commercially exploited in the catalytic
dimerization of propene to 2-methylpentene-
I, which can then be cracked to isoprene
for the production of synthetic rubber (cis-1,4-
polyisoprene):
IMeCH==CH, 2%, CH;—C/MC

\l'-'r'1

:nckmg ~CH.

!
rubber po n \

Even more important is the stereoregular cata-
lytic polymerization of ethene and other alkenes
to give high-density polyethene (“polythene™)
and other plastics. A typical Ziegler—Natta
catalyst can be made by mixing TiCl,
and ADLEt in heptane: partial reduction to
Ti" and alkyl transfer occur, and a brown
suspension forms which rapidly absorbs and
polymerizes ethene even at room temperature
and atmospheric pressure. Typical industrial
conditions are 50— 150°C and 10 atm. Polyethene
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produced at the surface of such a catalyst
is 85-95% crystalline and has a density of
0.95-0.98gcm™3 (compared with low-density
polymer 0.92gcm™); the product is stiffer,
stronger, has a higher resistance to penetration
by gases and liquids, and has a higher
softening temperature (140-150°). Polyethene
is produced in megatonne quantities and used
mainly in the form of thin film for packaging
or as molded articles, containers and bottles;
electrical insulation is another major application.
Stereoregular (isotactic) polypropene and many
copolymers of ethene are also manufactured.
Much work has been done in an attempt to
elucidate the chemical nature of the catalysts and
the mechanism of their action; the active site may
differ in detail from system to system but there
is now general agreement that polymerization is
initiated by n? coordination of ethene to the partly
alkylated lower-valent transition-metal atom (e.g.
Ti™!) followed by migration of the attached alkyl
group from transition-metal to carbon (the Cossee
mechanism, see Scheme below). An alternative
suggestion involves a metal-carbene species
generated by o-hydrogen transfer from carbon to
the transition metal.(’®

Coordination of the ethene or propene to
Ti™ polarizes the C-C bond and allows
ready migration of the alkyl group with its
bonding electron-pair. This occurs as a concerted

76 M. L. H. GREEN, Pure Appl. Chem. 50, 27-35 (1978).
K. J. Ivin, J. J. ROONEY, C. D. STEWART, M. L. H. GREEN
and R. MAHTAB, J. Chem. Soc., Chem. Commun., 604-6
(1978).

LﬂMR + C;Ha L”M =R o 2 LnMe_R = L"M

RS 1;M
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process, and transforms the n?-alkene into a o-
bonded alkyl group. As much as 1 tonne of
polypropylene can be obtained from as little as
5g Ti in the catalyst.

Finally, in this subsection, we mention a
few recent examples of the use of specific
ligands to stabilize particular coordination
geometries about the organoaluminium atom (see
also p. 256). Trigonal planar stereochemistry
has been achieved in R,AICH,AIR; {R =
(Me;Si),CH-}, which was prepared as colourless
crystals by reacting CH,(AICly); with 4 moles
of LiCH(SiMes), in pentane.’” It is also
noteworthy that the bulky R groups permit
the isolation for the first time of a molecule
having the AICH,Al grouping, by preventing the
dismutation which spontaneously occurs with the
Me an Et derivatives.

The linear cation [AlMe,]" has been stabi-
lized by use of crown ethers (p. 96).7® For
example, 15-crown-5 gives overall pentagonal
bipyramidal 7-fold coordination around Al with
axial Me groups having Al-C 200pm and
angle Me—Al-Me 178° (see Fig. 7.19a). With
the larger ligand 18-crown-6, the Al atom is
bonded to only three of the six O atoms to give
unsymmetrical 5-fold coordination with Al-C
193 pm and angle Me—-Al-Me 141°. Symmetri-
cal (square-pyramidal) 5-coordinate Al is found

7M. LaYH and W. UHL, Polyhedron 9, 277-82 (1990).

78S. G. BOTT, A. ALVANIPOUR, S.D. MORLEY, D. A,
ATwooD, C. M. MEANS, A. W. CoLEMAN and J. L. ATWOOD,
Angew. Chem. Int. Edn. Engl. 26, 485-6 (1987).

S

R

[

— CH,CH;R =-— L|L,MCH,;CH;R
Scheme
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(a)

(b) (c)

Figure 7.19 (a) Structure of the cation in [AlMe;(i5-crown-5)]7[AlMc,Cl;]” showing pentagonal bipyramidal
coordination of Al with axial Me groups. (b) Structure of [AlEtL] where L is the bis(deprotonated)
form of the macrocycle Ha{CpH3;N4] shown in (c).

in the complex [AlEtL)] (Fig. 7.19b) formed
by reacting AlEt, in hexane solution with
H,[C;y:Ha;Ny), ie. HoL, shown in Fig. 7.19¢.7%
The average Al-N distance is 196.7pm, Al-C
is 197.6pm (close to the value for the termi-
nal Al C in Al;Meg, p. 259) and the Al atom
is 57 pm above the N4 plane. A further notable
feature is the great stability of the Al-C bond: the
compound can be recrystallized unchanged from
hydroxyllic or water-containing solvents and does
not decompose even when heated to 300°C in an
tnert atmosphere.

Heterocyclic and cluster organoaluminium
compounds containing various scquences of
Al-N bonds are discussed on p. 265.

Organometallic compounds of Ga,
Inand Ti

Organometallic compounds of Ga, In and Tl have
been less studied than their Al analogues. The
trialkyls do not dimerize and thecre is a general
tendency to diminishing thermal stability with
increasing atomic weight of M. There is also

V. L. GoEDKEN, H. [TO and T. ITg, J. Chem. Soc., Chem.
Commun., 1453 -5 (1984).

a general decrease of chemical reactivity of the
M C bond in the sequence Al > Ga = In > TI,
and this is particularly noticeable for compounds
of the type R;MX; indeed, T1 gives air-stable
nen-hydrolysing ionic derivatives of the type
[TIR,]X, where X = halogen, CN, NOs, 1504,
etc. For cxample, the ion [TIMe;]* is stable in
aqueous solution, and is linear like the isoelec-
tronic HgMe, and [PbMe;]**.

GaRj can be prepared by alkylating Ga with
HgR;, or by the action of RMgBr or AlR3; on
GaCls. They are low-melting, mobile, lammable
liquids. The corresponding In and T]1 compounds
are similar but tend to have higher mps and
bps; c.g.

Compound GaMe; InMe, TiMe,
MP —16° 88.4° 38.5°
BP 56° 136° 147° (extrap)
Compound  GaEt; InEt; TIEt;
MP —82° - —-63°
BP 143 84°/12 mmHg  192° (extrap)

The tripheny! analogues are also monomeric in
solution but tend to associate into chain structures
in the crystalline state as a result of weak
intermolecular M ---C interactions: GaPh; mp
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166°, InPhy; mp 208°, TIPh; mp 170°. For Ga
and In compounds the primary M-C bonds
can be cleaved by HX, X; or MX; to give
reactive halogen-bridged dimers (R,MX),. This
contrasts with the unreactive ionic compounds of
Tl mentioned above, which can be prepared by
suitable Grignard reactions:

TIX; + 2RMgX — [TIR,1X + 2MgX,

As in the case of organoaluminium compounds,
unusual stereochemistries can be imposed by
suitable design of ligands. Thus, reaction of
GaCl; with 3,3,3"-nitrilotris(propylmagnesium
chloride), [N{(CH,);MgCl}3], vields colourless

F S|

crystals of [Ga(CH,);N] in which intramolecular
N—Ga coordination stabilizes a planar trig-
onal monopyramidal geometry about Ga as
shown schematically in Fig. 7.20(a).®*®) Because
of steric constraints, the Ga-N distance of
209.5pm is about 7% longer than the sum of
the covalent radii (195 pm), although not so long
as in Me;GaNMe; (220pm). Long bonds are
also a feature of the unique 6-coordinate com-
plex of InMes; with the heterocyclic triazine
ligand (PPNCH;);. The air-sensitive adduct,
[MesIn{n*-(P'NCH;)3)], can be prepared by

80 SCHUMANN, U. HARTMANN, A. DIETRICH and
J. PICKARDT, Angew. Chem. Int. Edn. Engl 27, 1077-8
(1988).

1998 pm

%,
- %,
14

—{ Ga 120 ‘\\
89.2°\ \ /’)\('l[.\
(o N

(a) (b)
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direct reaction of the donor and acceptor in ether
solution, and is the first example of a triden-
tate cyclotriazine complex; it is also the first
example of InMe; accepting three lone pairs
of electrons rather than the more usual one
or two.®") The structure (Fig. 7.20b) features a
shallow InCs pyramid with C-In-C angles of
114°—117° and extremely acute N-In-N angles
(48.6") associated with the long In-N bonds
(278 pm). The three Pr' groups are all in equa-
torial positions.

Cyclopentadienyl and arene complexes of Ga,
In and Tl have likewise attracted increasing
attention during the past decade and provide a
rich variety of structural types and of chemical
diversity. [Ga(CsHs)s), prepared directly from
GaCl; and an excess of LiCsHs in Er;0,
was found to have simple trigonal planar
Ga bonded to three »n'-CsHs groups. The
more elusive CsMes derivative was finally
prepared from GaCl; and an excess of the
more reactive NaCsMes in thf solution, or by
reduction of Ga(CsMes),Cls_, (n =1, 2) with
sodium naphthalenide in thf.®2 [Ga(CsMes)s)

31 D, C. BRADLEY, D. M. FriGo, I. S. HARDING,

M. B. HursTHOUSE and M. MOTEVALLI, J. Chem. Soc., Chem.
Commun,, 577-8 (1992).

82 ). T. BEACHLEY and R. B. HaLLOCK, Qrganometallics 6,
170-2 (1987).

©)

i . . . .
Figure 7.20 (a) Structure of [Ga(CH,);N] showing trigonal planar monopyramidal 4-fold coordination about

Ga and tetrahedral coordination about N. (b) Structure of [Me;In{n?~(PFNCH;);}] — see text for
dimensions. (¢) Structure of polymeric [In(n*-CsHs)].
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is a colourless, sublimable, crystalline solid,
mp 168°, and appears to be a very weak
Lewis acid.

As distinct from the cyclopentadienyls of Ga'!,
those of In and Tl involve the +1 oxidation
state of the metal and pentahapto bonding
of the ligand. [In(n>-CsHs)] is best prepared
by metathesis between LiCsHs and a slurry
of InCl in Et,0.®% It is monomeric in the
gas phase with a ‘half-sandwich’ structure, the
In—Cs(centroid) distance being 232 pm, but in
the solid state it is a zig-zag polymer with
significantly larger In—Cs(centroid) distances
as shown in Fig. 7.20c.®® The crystalline
pentamethyl derivative, by contrast, is hexameric
and features an octahedral Ing cluster each
vertex of which is n°-coordinated by CsMes.®>
[TI(n>-CsHs)] precipitates as air-stable yellow
crystals when aqueous TIOH is shaken with
cyclopentadiene. In the gas phase the compound
is monomeric with Cs, symmetry, the Tl atom
being 241pm above the plane of the ring
(microwave), whereas in the crystalline phase
there are zig-zag chains of equispaced alternating

83 C. PeppE, D. G. Tuck and L. VICTORIANO, J. Chem. Soc.,
Dalton Trans., 2592 (1981).

84 O. T. BEACHLEY, J. C. PazIK, T. E. GLASSMAN,
M. R. CHURCHILL, J. C. FETTINGER and R. BLOM, Organo-
metallics 7, 1051-9 (1988).

850. T. BEACHLEY, M. R. CHURCHILL, J. C. FETTINGER,
J. C. Pazik and L. VICTORIANO, J. Am. Chem. Soc. 108,
4666-8 (1986).

(a) (b)

CsHs rings and Tl atoms similar to the In
homologue.

Hexahapto (né—arene) complexes of Gal and
In' can be obtained from solutions of the lower
halides (p. 240) in aromatic solvents, and some
of these have surprisingly complex structures.®®
With bulky ligands such as C¢Meg simple adducts
crystallize in which the cations [M(n%-CeMes)]™
have the Cg, ‘half-sandwich’ structure shown in
Fig. 7.21a, e.g. [Ga(n®-C¢Meg)][GaCls] mp 168°
and [Ga(n®-CsMeg)][GaBr4] mp 146°.87 With
less bulky ligands such as mesitylene (1,3,5-
CgH3Me3), a 2:1 stoichiometry is possible to give
cations [M(n%-CgH3sMes),]T shown schemati-
cally in Fig. 7.21b, although further ligation
from the anion may also occur; e.g. [In(n®-
C¢HsMe;),][InBry] features polymeric helical
chains in which bridging [u-n',n*-InBr4] units
connect the cations as shown in Fig. 7.21c.®®
With still less bulky ligands such as benzene
itself, discrete dimers can be formed as in the sol-
vated complex [Ga(n6—C6H(,)2][GaCl4].3C(,H(,.
This features tilted bis(arene)Ga' units linked
through bridging GaCl; units to form the
dimeric structure shown in Fig. 7.22a.%% Mixed
adducts can also be prepared. Thus, when

8 H. ScuMIDBAUR, Angew. Chem. Int. Edn. Engl 24,
893-904 (1985).

87H. SCHMIDBAUR, U. THEWALT and T. ZAFIROPOULOS,
Angew. Chem. Int. Edn. Engl. 23, 76-7 (1984).

88 J EBENHOCH, G. MULLER, J. RIEDE and H. SCHMIDBAUR,
Angew. Chem. Int. Edn. Engl. 23, 386-8 (1984).

Br
; \ B, /
8 //1

<

Figure 7.21 (a) The ‘half-sandwich’ Cg, structure characteristic of [Ga(n°-CsMeg)]*. (b) The ‘bent-sandwich’
structure found in ions of the type [In(n®-C¢HiMe;),]*. (c) A section of the helical chain in [In(r°-
mes), ]{InBr;] showing the {u-n',n?-InBr,] unit bridging ions of the type shown in (b); the tilting
angle is 133° and the ring-centres of the two arene ligands are almost equidistant from In (283 and

289 pm).
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Figure 7.22 (a) Structure of the dimeric unit in the solvated complex [Ga(n®-Cg¢Hg),1{GaCls].3C¢Hs indicating the
principal dimensions; the six benzene molecules of solvation per dimer lie outside the coordination
spheres of the gallium atoms. (b) Structure of the ion-pair [Ga(n'8-{2.2.2] paracyclophane)][GaBr,];
the four Ga—-Br distances within the tetrahedral anion are in the range 230.5-233.3 pm, the distance

for Ga-Br, being 231.9 pm; the Ga'--

dilute toluene solutions of Ga,Cl; and durene
(1,2,4,5-C¢H,Mey) are cooled to 0°, crys-
tals containing the centrosymmetric dimer
[{Ga(n®-dur)(n®-tol)}GaCly), are obtained.®)
The structure resembles that in Fig. 7.22a, with
each Ga' centre 7n%bonded to one durene
molecule at 264 pm and one toluene molecule
at 304pm. These bent-sandwich moieties are
then linked into dimeric units via three of
the four Cl atoms of each of the two GaCly
tetrahedra.

An even more remarkable structure emerges
for the monomeric complex of GapBry with
the tris(arene) ligand [2.2.2]paracyclophane
(Fig. 7.22b):®® the Gal centre is encapsulated
in a unique »'® environment which has no
parallels even in transition-metal coordination
chemistry. The Ga* cation is almost equidistant
from the three ring centres (265pm) but is
displaced away from the ligand centre by 43 pm
towards the GaBr4~ counter anion. The complex
was prepared by dissolving the dimeric benzene
complex [{(CgHg),Ga.GaBry},] (cf. Fig. 7.22a)
in benzene and adding the cyclophane.

8 H. ScHMIDBAUR, R. Nowak, B. HUBER and G. MULLER,
Polyhedron 9, 283-7 (1990).

90 H. SCHMIDBAUR, R. HAGER, B. HUBER and G. MULLER,
Angew. Chem. Int. Edn. Engl. 26, 338-40 (1987). See also
H. ScBeMIDBAUR, W. BUBLAK, B. HUBER and G. MULLER,
Organometallics 5, 1647-51 (1986).

-Br,, distance is 338.8 pm.

Al—N heterocycles and clusters

Finally, in this chapter, attention should be
drawn to a remarkable range of heterocyclic
and cluster organoaluminium compounds con-
taining various sequences of Al-N bonds®!
(cf. B-N compounds, p. 207). Thus the adduct
[AlMe3(NH;Me)] decomposes at 70°C with loss
of methane to give the cyclic amido trimers cis-
and rrans-[Me; AINHMe]; (structures 2 and 3)
and at 215° to give the oligomeric imido clus-
ter compounds (MeAINMe); (structure 6) and
(MeAINMe)g (structure 7), e.g.:

70°
21AIMe; + 21NH,Me —C) 7(Me, AINHMe),
—21CH4

L 3(MeAlNMe),

—21CH,
lead to other
size of the R groups
and the conditions of the reaction, e.g.
cyclo-(Me,AINMe;);  (structure 1)  and  the
imido-clusters (PhAINPh),, (HAINPr'), or 6,

Similar reactions
depending on the

oligomers

91S. AMIRKHALILL, P. B. HitcHcock and J. D. SMITH, J.
Chem. Soc., Dalton Trans., 1206-12 (1979); and references
1-9 therein. See also P. P. POWER, J. Organometallic Chem.
400, 49-69 (1990); K. M. WAGGONER, M. M. OLMSTEAD and
P. P. POWER, Polyhedron 9, 257-63 (1990); A.J. Downs,
D. DUCKWORTH, J. C. MACHELL and C. R. PULHAM, Polyhe-
dron 11, 1295-304 (1992).
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(HAINPr" )¢ or 5. (HAINBu'),, and (MeAIN-
Pri)ioe {(see structures 4, 5, 7). Intermediate
amido-imido compounds have also been iso-
lated from the reaction, e.g. [Me;AINHMe),
(MeAINMe)g] (structure 8). Oligomers up to
(RAINR"); have been obtained although not nec-
essarily structurally characterized. The known
structures are all built up from varying num-
bers of fused 4-membered and 6-membered AIN
heterocycles.

Unul recently tetramers such as (4) were
the smallest oligomers involving alternating
Al and N atoms. It will be noted, however,
that the hexamer (5) comprises a hexagonal
prism formed by conjoining two plane six-
membered rings. By increasing the size of
the exocyclic groups it has proved possible
to isolate a planar trimer, (MeAlINAr);, which
is 1isoelectronic with borazine (p. 210). Thus,
thermolysis of a mixture of AlMe; and ArNH;

) _

(1) (Mc;AlNMe;);

53

@) (Mc/\lNPr’)‘1

&

(7) (MeAINMe)y

(2) cis-(MesAINHMe);

(Ar =2, 6-Pr;CgH3) in toluene at 1107 resuits
in the smooth elimination of CH4 to give
the dimer, (Me;AINHATr),, which, when hcated
10 170°, loses more methane to give a high
yield of the trimer, (MeAINAr);, as colourless,
air- and moisture-sensitive crystals.®? The six
ipso-C atoms are coplanar with the planar 6-
membered Al3N; ring and the Al-N distance
of 178 pm is significantly shorter than in the
higher (4-coordinate) oligomers (189-196 pm).
Comparison with other 3-coordinate Al and
N centres is difficult because of the paucity
of examples but the homoleptic monomer
[Al{N(SiMe3);}3] has also been reported to have
Al-N distances of 178 pm.

Several analogous gallium compounds are
also known, e.g. [(Me;GaNHMe),(MeGaNMe)g]

92 K. M. WaGGonER, H. Hope and P. P. POWER, Angew.
Chem. Int. Edn. Engl. 27, 1699-700 (1988).

(3) trans-(Me,AINHMe),

(8) [Me;AINHMe)(MeAINMe)g)



§7.3.6

(structure 8).°V  Likewise, (R,GaPBu}), and
(R,GaAsBuj), (R =Me, Bu") have structures
analogous to (1).°¥ A more complex 12-
membered GasAs; cluster has been character-
ized in [(PhAsH)(R;Ga)(PhAs)s(RGa);] (R =
Me;SiCH,).®Y The cyclic trimer, [{(triph)-
GaP(chex)}s], (where triph = 2,4,6-Ph;C¢H; and
chex = cyclo-CgHj;) is of interest in being the
first well characterized heterocycle consisting
entirely of heavier main-group elements. It is
obtained as pale yellow crystals by reacting

93 A. M. ARIF, B.L.BEenac, A.H. COWLEY, R. GEERTS,
R. A. Jones, K. B. Kipp, J. M. POWER and S. T. SCHWAB,
J. Chem. Soc., Chem. Commun., 1543-5 (1986).

94R.L. WELLS, A.P.PurRDY, A.T. McPHALL and
C. G. P, J. Chem. Soc., Chem. Commun., 487-8 (1986).
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(triph)GaCl, with LiP(chex) and is formally iso-
electronic with borazine (p. 210). Indeed, it has
short Ga—P distances (mean 229.7 pm) but the
ring is markedly non-planar and there is a slight,
statistically significant alternation in Ga-P dis-
tances with three averaging at 228.5(4)pm and
three at 230.8(4) pm.®> Much of the burgeon-
ing interest in this area of volatile compounds
of Group 13 elements has come from attempts
to devise effective routes to thin films of III-V
semiconductors such as GaP, GaAs, etc. via
MOCVD (metal-organic chemical vapour depo-
sition).

%5 H. Hopg, D. C. PESTANA and P. P. POWER, Angew. Chem.
Int. Edn. Engl. 30, 691-3 (1991).



Carbon

8.1 Introduction

One thing is absolutely certain — it is quite
impossible to do justice to the chemistry of car-
bon in a single chapter; or, indeed, a single book.
The areas of chemistry traditionally thought of as
organic chemistry will largely be omitted except
where they illuminate the general chemistry of
the element. The field of organometallic chem-
istry is discussed in Section 19.7: this has been
one of the most rapidly developing areas of the
subject during the past 40 y and has led to major
advances in our understanding of the structure,
bonding and reactivity of molecular compounds.
In fact, the unifying concepts emerging from
organometallic chemistry emphasize the dangers
of erecting too rigid a barrier between various
branches of the subject, and nowhere is the
boundary between inorganic and organic chem-
istry more arbitrary and less helpful than here.
The present chapter gives a general account of
the chemistry of carbon and its compounds; a
more detailed discussion of specific organometal-
lic systems will be found under the individual
elements. Discussion of Group trends and the
comparative chemistry of the Group 14 elements
C, Si, Ge, Sn and Pb is deferred until Chapter 10.

263

Carbon was known as a substance in prehistory
(charcoal, soot) though its recognition as an ele-
ment came much later, being the culmination of
several experiments in the eighteenth century.(
Diamond and graphite were known to be dif-
ferent forms of the element by the close of the
eighteenth century, and the relationship between
carbon, carbonates, carbon dioxide, photosyn-
thesis in plants, and respiration in animals was
also clearly delineated by this time (see Panel).
The great upsurge in synthetic organic chemistry
began in the 1830s and various structural theo-
ries developed following the introduction of the
concept of valency in the 1850s. Outstanding
achievements in this area were F. A, Kekulé’s
use of structural formulae for organic com-
pounds and his concept of the benzene ring,
L. Pasteur’s work on optical activity and the

concept of tetrahedral carbon (J. H. van’t Hoff).T

I M. E. WEEKs, Discovery of the Elements, Chaps. | and 2,
pp. 58-89. J. Chem. Educ. Publ., 1956.

1 J. A. Le Bel, whose name is often also associated with this
concept, did indeed independently suggest a 3-dimensional
model for the 4-coordinate C atom, but vigorously opposed
the tetrahedral stereochemistry of van’t Hoff for many years
and favoured an altenative square pyramidal arrangement of
the bonds,
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Terrestrial abundance and distribution

Early History of Carbon and Carbon Dioxide

Carbon known as a substance in prehistory (charcoal, soot) but not recognized as an element until the second
half of the eighteenth century.

269

BC “Indian inks” made from soot used in the oldest Egyptian hieroglyphs on papyrus.

AD 1273 Ordinance prohibiting use of coal in London as prejudicial to health — the earliest known attempt to reduce
smoke pollution in Britain.

~1564  Lead pencils first manufactured commercially during Queen Elizabeth’s reign, using Cumberland graphite.

1752/4  CO; (“fixed air”), prepared by Joseph Black (aged 24-26), was the first gas other than air to be characterized:
(1) chalk when heated lost weight and evolved CO, (genesis of quantitative gravimetric analysis), and (ii) action
of acids on carbonates liberates CO;.

1757 J. Black showed that CO; was produced by fermentation of vegetables, by burning charcoal and by animals
(humans) when breathing; turns lime water turbid.

1771 J. Priestley established that green plants use CO; and “‘purify air” when growing. He later showed that the
“purification” was due to the new gas oxygen (1774).

1779 Elements of photosynthesis elucidated by J. Ingenhousz: green plants in daylight use CO; and evolve oxygen;
in the dark they liberate CO,.

1789 The word “carbon” (Fr. carbone) coined by A. L. Lavoisier from the Latin carbo, charcoal. The name *“graphite™
was proposed by A. G. Wemer and D. L. G. Harsten in the same year: Greek ypoadisv (graphein), to write. The
name “diamond” is probably a blend of Greek diadavic (diaphanes), transparent, and odapag (adamas),
indomitable or invineible, in reference to its extreme hardness.

1796 Diamond shown to be a form of carbon by S. Tennant who burned it and weighed the CO; produced; graphite
had earlier been shown to be carbon by C. W. Scheele (1779); carbon recognized as essential for converting
iron to steel (R.-A.-F de Réaumur and others in the late eighteenth century).

1805 Humphry Davy showed carbon particles are the source of luminosity in flames (lamp black).

The first metal carbonyl compounds Ni(CO)y4
and Fe(CO)s were prepared and characterized
by L. Mond and his group in 1889-91 and
this work has burgeoned into the huge field
of metal carbonyl cluster compounds which 1s
still producing results of fundamental importance.
Even more extensive is the field of organometal-
lic chemistry which developed rapidly after
the seminal papers on the “sandwich” structure
of ferrocene (E. O. Fischer and W. Pfab, 1952;
G. Wilkinson, M. Rosenblum, M. C. Whiting
and R. B. Woodward, 1952) and the “m bond-
ing” of ethylene complexes (M. ]. S. Dewar
1951, J. Chatt, and L. A. Duncanson, 1953).
The constricting influence of classical covalent-
bond theory was finally overcome when it
was realized that carbon in many of its com-
pounds can be 5-coordinate (Al,Meg, p. 258),
6-coordinate (C;BjgHip, p. 185) or even 7-
coordinate (LiyMey, p. 104). A compound fea-
turing an 8-coordinate carbon atom is shown
on p. 1142. In parallel with these developments
in synthetic chemistry and bonding theory have
been technical and instrumental advances of
great significance; foremost amongst these have

been the development of '*C radioactive dat-
ing techniques (W. F. Libby, 1949), the com-
mercial availability of '>C nmr instruments in
the early 1970s, and the industrial production
of artificial diamonds (General Electric Com-
pany, 1955). These and other notable dates in
carbon chemistry are summarized in the Panel
on p. 270.

The most exciting recent development in the
chemistry of carbon has been the intriguing dis-
covery of a whole new range of soluble molec-
ular forms of elemental carbon, the fullerenes,
of which Cgp and C7y are the most prominent
members. This was recognized by the 1996 Nobel
Prize for Chemistry and has stimulated an enor-
mous amount of research which is discussed in
Section 8.2.4 (p. 279).

8.2 Carbon
8.2.1 Terrestrial abundance and
distribution

Carbon occurs both as the free element (graphite,
diamond) and in combined form (mainly as the
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Some Notable Dates in Carbon Chemistry

1807 J. 1. Berzelius classified compounds as “organic” or “inorganic™ according to their origin in living matter or
fnanimate material,

1825-7 W, C. Zeise prepared K[Pt(C2H4)Cl1] and related compounds; though of unknown structure at the time they later
proved to be the first organometallic compounds.

1828 The vitalist theory of Berzelius challenged by F. Wahler (aged 28) who synthesized urea, (NH;)2CO. from
NH4(OCN).

1830+ Rise of synthetic organic chemistry.

1848 L. Pasteur (aged 26) began work on optically active sodium ammonium tartrate.

1849 First metal alkyls, e.g. ZnEta. made by E. Frankland (aged 24); he also first propounded the theory of valency
(1852).

1858 F. A. Kekulé's structural formulae for organic compounds; ring structure of benzene 1865.

1874 Tetrahedral, 4-coordinate carbon proposed by J. H. van’t Hoff (aged 22) see also footnote to p. 268.

1890  First paper on metal carbonyls [Ni(CO)4] by L. Mond, C. Langer and F. Quincke.

1891 Carborundum, SiC. made by E. G. Acheson.

1900 First paper by V. Grignard (aged 29) on RMgX syntheses. Nobel Prize 1912,

1924 Solid CO» introduced commercially as a refrigerant.

1926 CyK prepared — the first alkali metal-graphite intercalation compound.

1929 {sotopes of C (2C and C) discovered by A. S. King and R. T. Birge in the band spectrum of C3, CO and CN
(previously undetected by mass spectrometry).

1932 First metal halide-graphite intercalation compound made with FeCl3.

1936 Radiocarbon 'gC* established as the product of an (n,p) reaction on '#N by W. E. Burcham and M. Goldhaber.

1940 Chemically significant amounts of *C synthezied by S. Ruben and M. D. Kamen.

1947-9 Concept and feasibility of '*C dating established by W. F. Libby (awarded Nobel Prize in 1960).

1952 Structure of ferrocene elucidated; organometallic chemistry burgeons: Nobel Prize awarded jointly to E. O. Fischer
and G. Wilkinson 1973.

1953 First authentic production of artificial diamonds by ASEA. Sweden: commercial production achieved by General
Electric (USA) in 1955.

1955 Stereoregular polymerization of ethene and propene by catalysts developed by K. Ziegler and by G. Natta (shared
Nobel Prize 1963).

1956 Cyclobutadiene - transition metal complexes predicted by H. C. Longuet-Higgins and L. E. Orgel 3 y before they
were first synthesized.

1960 m-allylic metal complexes first recognized.

1961 12C = 12 internationally adopted as the unitied atomic weight standard by both chemists and physicists.

1964 6-coordinate carbon established in various carboranes by W. N. Lipscomb and others. (Nobel Prize 1976 for
structure and bonding of boranes).

1965 Mass spectrometric observation of CHs* by F. H. Field and M. S. B. Munson, and subsequent extensive study
of hypercoordinate C compounds by G. A. Olah er al.

1966 CS» complexes such as [Pt(CS2)(PPh1)a] first prepared in G. Wilkinson’s laboratory.

1971 13C fourier-transform nmr commercially available following first observation of '3C nmr signal by P. C. Lauterbur
and by C. H. Holm in 1957.

1976 8-coordinate carbon established in JCogC(COY3]°~ by V. G. Albano, P. Chini e al. (Cubic coordination of C in
the antifluorite structure of BeoC known since 1948.)

1985 Discovery of Ceg and Cyg molecules (fullerenes) by H. Kroto, R. E. Smalley and their colleagues.

1989 Large-scale synthesis of Cgp and Cy¢ by D. Huffmann and W. Kritschimer.

1994 Nobel Prize to G. A. Olah for contributions to carbocation chemistry.

1996 Nobel Prize to R. Curl. H. Kroto and R. E. Smalley for discovery of the fullerenes.

carbonates of Ca, Mg and other electropositive
elements). It also occurs as CO, a minor but cru-
cially important constituent of the atmosphere.
Estimates of the overall abundance of carbon in
crustal rocks vary considerably, but a value of
180 ppm can be taken as typical; this places the
element seventeenth in order of abundance after
Ba, Sr and S but before Zr, V, Cl and Cr.

Graphite is widely distributed throughout the
world though much of it is of little economic
importance. Large crystals or “flake” occur
in metamorphosed sedimentary silicate rocks
such as quartz, mica schists and gneisses;
crystal size varies from <1 mm up to about
6mm (average ~4mm) and the deposits
form lenses up to 30m thick stretching several
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Production and Uses of Graphite®

There is*a world shortage of natural graphite which is particularly marked in North America and Europe. As a result,
prices have risen steeply; they vary widely in the range $500-1500 per tonne (1989) depending on crystalline quality:
“amorphous” graphite is $220-440 per tonne. The annual world production of 649 ktonnes was distributed as follows
in 1988: China 200 kt, South Korea 108, the former Soviet Union 84, India 52, Mexico 42, Brazil 32, North Korea 25,
Czechoslovakia 25, Others 81 kt.

The USA used 37 ktonnes of natural graphite in 1989, nearly all imported; in addition, over 300 ktonnes of graphite
was manufactured. Natural graphite is used in refractories (27%), lubricants (17%), foundries (14%), brake linings (12%),
pencils (5.3%), crucibles, retorts, stoppers, sleeves and nozzles (4.0%) etc.

Artificial graphite was first manufactured on a large scale by A. G. Acheson in 1896. In this process coke is heated
with silica at ~2500°C for 25-35 h:

-2C0O 2500°
Si0, + 2C —— {SiC} —— Si(g) + C(graphite)

In the USA artificial graphite is now made on a scale exceeding 300 kilotonnes pa (1989), and is used mainly for
electrodes, crucibles and vessels, and various unmachined shapes; specialist uses include motor brushes and contacts and
refractories of various sorts.

Carbon (graphite) fibres are also being manufactured on an increasing scale: The global market (1990) is of the order
of 6 million kg per annum and prices range from $20-2000/kg depending on specifications (diameter, strength, stiffness,
etc.). The two main production methods are the oxidative thermolysis of polyacrilonitrile fibres at 200-300°C under
tension or the thermolysis of pitch at 370° followed by die-extrusion and stretching to give filaments which are then
heated progressively in dry air to 2500°. Ultra-high-purity graphite is made on a substantial scale for use as a neutron
moderator in nuclear reactors. Carbon whiskers grown from highly purified graphite are finding increasing use in high-
strength composites; the whiskers are manufactured by striking a carbon arc at 3600°C under 90 atm Ar — the maximum
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length is ~50 mm and the average diameter 5 xm.

kilometres across country. Average carbon
content is 25% but can rise as high as 60%
(Malagasy). Beneficiation is by flotation followed
by treatment with HF and HCI, and then by
heating to 1500°C in vacuo. Microcrystalline
graphite (sometimes referred to as “amorphous’)
occurs in carbon-rich metamorphosed sediments
and some deposits in Mexico contain up to 95%
C. World production has remained fairly constant
for the past few years and was 649 ktonnes in
1988 (see Panel above).

Diamonds are found in ancient volcanic pipes
embedded in a relatively soft, dark coloured basic
rock called “blue ground” or “kimberlite”, from
the South African town of Kimberley where such
pipes were first discovered in 1870. Diamonds

2 Kirk-Othmer Encyclopedia of Chemical Technology,
4th edn., Interscience, New York, 1992, Vol. 4: Carbon
and artificial graphite, pp. 949-1015; Activated carbon,
pp. 1015-37; Carbon black, pp. 1037-74; Diamond, natural
and synthetic, pp. 1074-96; Natural graphite, pp. 1097-117;
Carbon and graphite fibres, vol 5, pp. 1-19 (1993). See also
H. O. PIERSON, Handbook of Carbon, Graphite, Diamond and
Fullerenes: Properties, Processing and Applications, Noyes
Publications, Park Ridge, N.J., 1993, 399 pp.

are also found in alluvial gravels and marine ter-
races to which they have been transported over
geological ages by the weathering and erosion
of pipes. The original mode of formation of the
diamond crystals is still a subject of active inves-
tigation. The diamond content of a typical kim-
berlite pipe is extremely low, of the order of
1 part in 15 million, and the mineral must be
isolated mechanically by crushing, sluicing and
passing the material over greased belts to which
the diamonds stick. This, in part, accounts for the
very high price of gem-quality diamonds which is
about 1 million times the price of flake graphite.
The pattern of world production has changed dra-
matically over the past few decades as indicated
in the Panel on p. 272.

Three other forms of carbon are manufactured
on a vast scale and used extensively in industry:
coke, carbon black, and activated carbon. The
production and uses of these impure forms of
carbon are briefly discussed in the Panel on
p. 274.

In addition to its natural occurrence as the
free element, carbon is widely distributed in the
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Production and Uses of Diamond?2®

Gemstone diamonds have been greatly prized in eastern countries for over 2000 y though their introduction and recognition
in Europe is more recent. The only sources were from India and Borneo unti! they were also found in Brazil in 1729. In
South Africa diamonds were discovered in alluvial deposits in 1867 and the first kimberlite pipe was identified in 1870
with dramatic consequences. Many other finds of economic importance were made in Africa during the first half of this
century: most notably in Tanzania where large-scale production began in 1940 following the discovery of the enormous
Williamson pipe — still the largest in the world and covering an area of 1.4km?. During the 1950s 99% of the world
output of diamonds was from Africa but then the USSR began to emerge as a major producer following the discovery
of alluvial diamonds in Siberia in 1948 and the first kimberlite-type pipe at Yakutia later the same year. Within a decade
more than 20 pipes had been located in the great basin of the Vilyui River 4000km east of the Urals, and Siberia was
established as a major producer of both gem-quality and industrial diamonds. However, year-round production in Siberian
conditions posed severe developmental problems, and production is now supplemented by newer finds in the Urals near
Sverdlovsk. Impressive finds of kimberlite pipes have also been made in North-western Australia since 1978 and this area
is now one of the world’s largest producers of industrial diamonds.

Diamond is the hardest and least perishable of all minerals, and these qualities, coupled with its brilliant sparkle,
which derives from its transparency and high refractive index, make it the most prized of gemstones. By far the
largest natural diamond ever found (25 January 1905) was the Cullinan; it weighed 3106 carats (621.2 g) and measured
~10 % 6.5 x S5cm> (the size of a man’s clenched fist). Other famous stones are in the range 100-800 carats though
specimens larger than 50 carats are only rarely encountered. Most naturally occurring diamonds, however, are of industrial
rather than gem-stone quality. They are used as single-point tools for engraving or cutting, and for surgical knives, bearings
and wire dies, as well as for industrial abrasives for grinding and polishing. Other uses are as thermistors and radiation
detectors, and as optical windows for lasers, etc.

Since the late 1950s the supply of natural diamonds has been progressively augmented by diamonds synthesized at high
pressures and temperatures (p. 278) and this source now accounts for 90% of all industrial diamonds. The price for such
diamond grit is relatively low, about $5-25 per g, the higher prices being for the largest crystals (0.3~1mm on edge).
Total world production (1990) approached 100 tonnes (500 megacarats) and was worth about $10°. In 1985, Sumitomo
Electric (Japan) began commercial production of diamond crystals of up to 2 carats (as large as 8 mm in length) and de
Beer’s (South Africa) have made single crystals up to 17 mm long. Such diamonds, which are pale yellow due to nitrogen
inclusions, are used as heat sinks in the electronics industry because of the very high thermal conductivity of diamond. The
synthetic stones are machined and laser cut to about 3 x 3 x 1 mm? and are commercially available for $150 a piece. Syn-
thetic industrial diamonds are manufactured in 16 countries, the major producers being in USA, Japan, China and Russia.

Exciting developments are also occurring in the emerging technology of large-area thin films of synthetic diamond.
Such films are of interest as heat sinks for components in the electronics industry and, when bonded to inexpensive
non-diamond surfaces, can also provide the unexcelled hardness, wear resistance and chemical inertness of diamond at
lower cost than that of the bulk element. The films are made by low pressure (50 mbar) chemical vapour deposition of
metastable diamond at 1000°C, the crucial feature of the method being the sitnultaneous presence of a plasma of atomic
H to prevent the concurrent deposition of graphite from the decomposing organic vapours (see p. 278).

form of coal and petroleum, and as carbonates of

the more electropositiveJr elements (e.g. Group 1,
p. 88, Group 2, pp. 109, 122). The great bulk
of carbon is immobilized in the form of coal,
limestone, chalk, dolomite and other deposits,
but there is also a dynamic equilibrium as a
result of the numerous natural processes which
constitute the so-called carbon cycle. The various

2aR. M. HAZEN, The New Alchemists: Breaking Through the
Barriers of High Pressure, Times Books, New York, 1994,
286 pp. P. W. May, Endeavour 19, 101-6 (1995).

T Note that the weight of diamonds is usually quoted in
carats (1 carat = 0.200 g); this unit is quite different from
the carat used to describe the qualiry of gold (p. 1176).

reservoirs of carbon and the flow between them
are illustrated in Fig. 8.1 from which it is clear
that there are two distinct cycles — one on land
and one in the sea, dynamically inter-connected
by the atmosphere. CO; in the atmosphere
(~6.7 x 10! tonnes) accounts for only 0.003%
of carbon in the earth’s crust (~2 x 10'® tonnes).
It is in rapid circulation with the biosphere
being removed by plant photosynthesis and added
to by plant and animal respiration, and the
decomposition of dead organic matter; it is also
produced by the activities of man, notably the
combustion of fossil fuels for energy and the
calcination of limestone for cement. These last



§8.2.1 Terrestrial abundance and distribution 273

LIVING ATMOSPHERE, 3
CARBON, ? C0,-C, 670
EAD Fossil fuel m
gARBgNR C:ANIC combustion, Troposphere, 610 -
— 36 Stratosphere, 60
A A A A |
5 respiration input, loss, 98.2
Hetero- photosyn 50 it flux
trophic thesis. 100 | 1277 18
respiration LIVING |, 02wl Inorganic | OCEAN
and fire, ORGANIC flow to ocean carbon, SURFACE
13 CARBON 500 LAYERS
«— C
(mostly plant), Gross m' H"""_l 4
833 synthesis, 50 respiration,
trans position LIVING Detritus 35
37 DEAD 37 y : transfer, T
3 ORGANIC 20
=] ORGANIC b2 15
CARBOMN, DEAD
2 mmiu L m& ORGANIC
Detritus PR 7T CARBON,
LAND and dissolved - OCEAN 1000
 carbon transfer, 7 DEEP v i
FRESHWATERS, LAYERS Inorganic
330 carbon, Decompo-
Rock 35000 sition, 5

FOSSIL FUEL,
10000

DIFFUSE CARBON AND
INORGANIC CARBON SEDIMENTS,
20 000 000

Figure 8.1 Diagrammatic model of the global carbon cycle. Questions marks indicaie that no estimates are
available. Figures are in units of 10° tonnes of contained carbon but estimates from various sources
sometimes differ by factors of 3 or more. The diagram is based on one by B. Bolin® modified to
include more recent data.

two activities have increased dramatically in effect” whereby the temperature is raised due
recent years and give some cause for concern, to the trapping of the earth’s thermal radiation
Interchange on a similar scale occurs between by infrared absorption in the CO, molecules.
the atmosphere and ocean waters, and the total In fact, the greenhouse gases, especially water
residence time of CO; in the atmosphere is vapour and CO3, play a crucial role in regulat-
~10-15 y (as measured by '*C experiments). ing the temperature of the earth and its atmo-

An increase in the concentration of atmo- sphere. In the absence of these gases the aver-
spheric CO: has been thought by some to expose age surface temperature would be —18°C instead

the planct to the dangers of a “greenhouse

4 SCOPE Report 10 on Environmental Issues, Carbon,

3B. BoLiv, The carbon cycle, Scientific American, ppP- 55-8, Wiley, New York, 1977, SCOPE is the Scientific
September 1970, reprinted in Chemistry in the Environment, Committee on Problems of the Environment; it reports to
pp. 53-61, W, H. Freeman, San Francisco, 1973. ICSU, the International Council of Scientific Unions.
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Production and Uses of Coke, Carbon Black and Activated Carbon®

The high-temperature carbonization of coal yields metallurgical coke, a poorly graphitized form of carbon; most of this
(92%) is used in blast furnaces for steel manufacture (p. 1072). World production of coke is of the order of 400 million
tonnes per annum and was dominated, as expected, by the large industrial nations. Carbon black (soot) is made by the
incomplete combustion of liquid hydrocarbons or natural gas; the scale of operations is enormous, world production
in 1992 being nearly 7 million tonnes. The particle size of carbon black is exceedingly small (0.02-0.30 um) and its
principal application (90%) is in the rubber industry where it is used to strengthen and reinforce the rubber in a way that
is not completely understood. For example, each car tyre uses 3 kg carbon black and each truck tyre ~9kg. Its other main
uses are as a pigment in plastics (4.4%) in printing inks (3.6%) and paints (0.7%).

Activated carbons, being highly specialized products, are produced on a correspondingly smaller scale. World production
capacity in 1990 being some 400 kilotonnes (USA 146, Western Europe 108, Japan 72kt). They are distinguished by
their enormous surface area which is typically in the range 300-2000m?g~!. Activated carbon can be made either
by chemical or by gas activation. In chemical activation the carbonaceous material (sawdust, peat, etc.) is mixed or
impregnated with materials which oxidize and dehydrate the organic substrate when heated to 500-900°, e.g. alkali metal
hydroxides, carbonates or sulfates, alkaline earth metal chlorides, carbonates or sulfates, ZnCl;, H,SO4 or H3POy4. In
gas activation, the carbonaceous matter is heated with air at low temperature or with steam, CO; or flue gas at high
temperature (800-1000°).

Activated carbon is used extensively in the sugar industry as a decolorizing agent and this accounts for some 20% of the
output; related applications are in the purification of chemicals and gases including air pollution (15%), and in water and
waste water treatment (50%). Notable catalytic uses are the aerial oxidation in aqueous solutions of Fell, {Fe'l(CN)61*~,
[As™O3]*~ and [N™O,]™, the manufacture of COCIl; from CO and Cly, and the production of SO,Cl, from SO; and

Cl,. The cost of activated carbon (USA, 1990) was $0.70-5.50 per kg depending on the grade.

of the present value of +15° and the earth
would be a frozen, essentially lifeless planet.
However, there is legitimate concern that atmo-
spheric temperatures may rise still further due
to the steadily increasing concentration of CO;
and other gases (e.g. CH4, N;O, CFCs and
O3) although reliable estimates are extraordinar-
ily difficult to obtain and depend sensitively on
the computer modelling of the many interacting
effects.®) Perhaps the most reliable estimate is
that there will be a temperature rise from the
greenhouse effect of 1.5+ 1.0°C and a result-
ing average rise in sea level of 20 & 14cm by
the year AD 2030, though even this assumes that
other unrelated effects of potentially similar mag-
nitude will not occur. The best estimates of all the
various counterbalancing effects leads to the con-
clusion that the change in sea level will probably
not exceed =10 cm during the next century.

5 THE ROYAL SOCIETY (LONDON), The Greenhouse Effect:
the scientific basis for policy, Submission to the House of
Lords Select Committee, 40 pp. (1989). See also Global
Climate Change, Information Pamphlet (12 pp.) issued by
the American Chemical Society (1990); B. HiLEMAN, Global
Warming, Chem. & Eng. News, April 27, 7-19 (1992); and
references cited therein.

There has also been concern that the increased
concentration of CO, will significantly lower the
pH of surface ocean waters thereby modifying
the solution properties of CaCQO3 with potentially
disastrous consequences to marine life. Informed
opinion now discounts such global catastrophes
but there has undoubtedly been a measurable
perturbation of the carbon cycle in the last
few decades, and the prudent course is to
conserve resources, minimize wasteful practices
and improve efficiency, whilst simultaneously
collecting reliable data on the magnitude of the
various carbon-containing reservoirs and the rates
of transfer between them.(®

8.2.2 Allotropic forms

Carbon can exist in at least 6 crystalline
forms in addition to the many newly prepared
fullerenes described in Section 8.2.4: «- and
B-graphite, diamond, Lonsdaleite (hexagonal

6B. BoLIN, B.R.Doos, ). JAGER and R. A. WARRICK
(eds.), Scope 29, The Greenhouse Effect, Climatic Change
and Ecosystems, 2nd edn., 1989, 574 pp.
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diamond), chaoite, and carbon(VI). Of these, «-
(or hexagonal) graphite is thermodynamically the
most stable form at normal temperatures and
pressures. The various modifications differ either
in the coordination environment of the carbon
atoms or in the sequence of stacking of layers
in the crystal. These differences have a profound
effect on both the physical and the chemical
properties of the element.

Graphite is composed of planar hexagonal nets
of carbon atoms as shown in Fig. 8.2. In normal
a- (or hexagonal) graphite the layers are arranged
in the sequence ---ABAB--- with carbon
atoms in alternate layers vertically above each
other, whereas in 8- (or rhombohedral) graphite
the stacking sequence is ---ABCABC... In
both forms the C-C distance within the layer
is 141.5pm and the interlayer spacing is
much greater, 335.4pm. The two forms are
interconvertible by grinding (a« — B) or heating
above 1025°C (8 — «), and partial conversion

Allotropic forms
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leads to an increase in the average spacing
between layers; this reaches a maximum of
344pm for turbostratic graphite in which the
stacking sequence of the parallel layers is
completely random. The enthalpy difference
between «- and pB-graphite is only 0.59 +
0.17kI mol !,

In diamond, each C atom is tetrahedrally
surrounded by 4 equidistant neighbours at
154.45pm, and the tetrahedra are arranged to
give a cubic unit cell with ay 356.68 pm as
in Fig. 8.3. Note that, although the diamond
structure itself is not close-packed, it is built
up of 2 interpenetrating fcc lattices which are
off-set along the body diagonal of the unit
cell by one-quarter of its length. Nearly all
naturally occurring diamonds (~98%j) are of this
type but contain, in addition, a small amount
of nitrogen atoms {0.05-0.25%) in platelets of
approximate composition C3N (type Ta) or, very
occasionally (~1%), dispersed throughout the

3354 pm
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Figure 8.2 Structure of the o (hexagonal) and 8 (rhombohedral) forms of graphite,
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Figure 8.3 Structure of diamond showing the
tetrahedral coordination of C; the dashed
lines indicate the cubic wunit cell
containing 8 C atoms.

crystal (type Ib). A small minority of natural
diamonds contain no significant amount of N
(type Ila) and a very small percentage of these
(including the highly valued blue diamonds,
type IIb), contain Al. The exceedingly rare
hexagonal modification of diamond, Lonsdaleite,
was first found in the Canyon Diablo Meteorite,
Arizona, in 1967: each C atom is tetrahedrally
coordinated but the tetrahedra are stacked so
as to give a hexagonal wurtzite-like lattice
(p. 1210) rather than the cubic sphalerite-type
lattice (p. 1210) of normal diamond. Lonsdaleite
can be prepared at room temperature by static
pressure along the c-axis of a single crystal of -
graphite, though it must be heated above 1000°
under pressure to stabilize it (a, 252pm, ¢,
412 pm, dops 3.3gem™>, deae 3.51gem™3).

Two other crystalline forms of carbon have
been discovered in the recent past. Chaoite, a new
white allotrope, was first found in shock-fused
graphitic gneiss from the Ries Crater, Bavaria,
in 1968; it can be synthesized artificially as
white dendrites of hexagonal symmetry by the
sublimation etching of pyrolytic graphite under
free vaporization conditions above ~2000°C and
at low pressure (~10~*mmHg). The crystals
were only 0.5 um thick and 5-10 um long
and had a, 894.5pm, ¢, 1407.1pm and dcyc
3.43gcm™>. Finally, in 1972, a new hexagonal
allotrope, carbon(VI), was obtained together
with chaoite when graphitic carbons were
heated resistively or radiatively at ~2300°C
under any pressure of argon in the range
10~*mmHg to 1 atm; laser heating was even

more effective (a, 533pm, ¢, 1224pm, d >
2.9gcm3). The detailed crystal structures of
chaoite and carbon(VI) have not yet been
determined but they appear to be based on a
carbyne-type motif —C=C—C=C;") both are
much more resistant to oxidation and reduction
than graphite is and their properties are closer to
those of diamond. Indeed, it now seems possible
that there is a sequence of at least 6 stable carbyne
allotropes in the region between stable graphite
and the mp of carbon.

The structural differences between graphite
and diamond are reflected in their differing
physical and chemical properties, as outlined in
the following sections.

8.2.3 Atomic and physical properties

Carbon occurs predominantly as the isotope '2C
but there also is a small amount of *C; the
concentration of *C varies slightly from 0.99 to
1.15% depending on the source of the element,
the most usual value being 1.10% which leads
to an atomic weight for “normal” carbon of
12.0107(8). Like the proton, *C has a nuclear
spin quantum number / = %, and this has been
exploited with increasing effectiveness during
the past two decades in fourier transform nmr
spectroscopy.® In addition to C and C,
carbon dioxide in the atmosphere contains 1.2 x
10719% of radioactive *C which is continually
being formed by the '4N(n,p)'¢C reaction with
thermal neutrons resulting from cosmic ray
activity. C decays by B~ emission (Epa
0.156 MeV, Eqpean 0.049MeV) with a half-life
of 5715 430 y,® and this is sufficiently long to
enable a steady-state equilibrium concentration
to be established in the biosphere. Plants and
animals therefore contain 1.2 x 1071°% of their
carbon as '*C whilst they are living, and this leads
to a B-activity of 15.3 counts per min per gram

7 A. G. WHITTAKER, Science 200, 763-4 (1978). See also
Anon, Chem. & Eng. News, 29 Sept., p. 12 (1980).

8 H.-O. KALINOWSKI, S. BERGER and S. BRAUN, Carbon-13
NMR Spectroscopy, Wiley, Chichester, 1988.

9 N.E. HOLDEN, Pure Appl. Chem. 62, 941-58 (1990).
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of contained C. However, after death the dynamic
interchange with the environment ceases and the
14C concentration decreases exponentially. This
is the basis of W. F. Libby’s elegant radio-carbon
dating technique for which he was awarded
the Nobel Prize for Chemistry in 1960. It is
particularly valuable for archeological dating.(!9
(A modern variant is to count the number of
14C atoms directly in a mass spectrometer.) The
practical limit is about 50000 y since by this
time the #C activity has fallen to about 0.2%
of its original valuable and becomes submerged
in the background counts. C is also extremely
valuable as a radioactive tracer for mechanistic
studies using labelled compounds, and many
such compounds, particularly organic ones, are
commercially available (p. 310).

Carbon is the sixth element in the periodic
table and its ground-state electronic configuration
is [He]2s22p?. The first 4 ionization energies of C
are 1086.5, 2352.6, 4620.5 and 6222.7kJmol ™.,
all much higher than those for the other Group
14 elements Si, Ge, Sn and Pb (p. 372). Exci-
tation energies from the ground-state to various
low-lying electron configurations of importance
in valence theory are also well established:

Configuration 2s22p? 2522p? 2522p?
Term symbol 3p 'D 1S
Energy/kJ mol ™! 0.000 1215 2582
Configuration 2s'2p? 2s12p3

Term SymbOI SSO Ssvalence state
Energy/kJ mol ™! 402.3 ~632

Of these, all are experimentally observable except
the 5Syaence state 1evel which is a calculated value
for a carbon atom with 4 unpaired and uncorre-
lated electron spins; this is a hypothetical state,
not amenable to experimental observation, but is
helpful in some discussions of bond energies and
covalent bonding theory.

The electronegativity of C is 2.5, which is
fairly close to the values for other members of the

10y M. MicHELS, Dating Methods in Archeology, Seminar
Press, New York, 1973, 230 pp., S. FLEMING, Dating in
Archeology: A Guide to Scientific Techniques, Dent, London,
1976, 272 pp.
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group (1.8—1.9) and for several other elements:
B, As (2.0); H, P (2.1); Se (2.4); S, 1 (2.5); many
of the second- and third-row transition metals
also have electronegativities in the range 1.9-2.4.

The “single-bond covalent radius” of C can be
taken as half the interatomic distance in diamond,
ie. r(C) =77.2pm. The corresponding values
for “doubly-bonded” and “triply-bonded” carbon
atoms are usually taken to be 66.7 and 60.3 pm
respectively though variations occur, depending
on details of the bonding and the nature of
the attached atom (see also p.292). Despite
these smaller perturbations the underlying trend
is clear: the covalent radius of the carbon atom
becomes smaller the lower the coordination
number and the higher the formal bond order.

Some properties of «-graphite and diamond
are compared in Table 8.1. As expected from its
structure, graphite is less dense than diamond and
many of its properties are markedly anisotropic. It
shows ready cleavage parallel to the basal plane,
and this accounts for its flaky appearance, soft-
ness, and use as a lubricant although this lat-
ter property is due not so much to weak inter-
planar forces on an atomic scale as to the pres-
ence of adsorbed gases, since the coefficient of
friction of graphite increases 5-fold at high alti-
tudes and by a factor of 8 in a vacuum. By
contrast, diamond can be cleaved in many direc-
tions, thus enabling many facets to be cut in
gem-stones, but it is extremely hard and involatile
because of the strong C—C bonding throughout
the crystal. Interestingly, diamond has the high-
est thermal conductivity of any known substance
(more than 5 times that of Cu) and for this rea-
son the points of diamond cutting tools do not
become overheated. Diamond also has one of the
lowest known coefficients of thermal expansion:
1.06 x 107° at room temperature.

The optical and electrical properties of the two
forms of carbon likewise reflect their differing
structures. Graphite is a black, highly reflecting
semi-metal with a resistivity p ~ 107* ohmcm
within the basal plane though this increases by
a factor of ~5000 along the c-axis. Diamond,
on the other hand, is transparent and has a high
refractive index; there is a band energy gap of
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Table 8.1 Some properties of a-graphite and diamond
Property a-Graphite Diamond
Density/g cm ™3 2.266 (ideal) varies from 2.23 (petroleum 3.514
coke) to 1.48 (activated C)

Hardness/Mohs <1 10
MP/K 4100 % 100 (at 9 kbar) 4100 £ 200 (at 125 kbar)
AH g /kI mol™! 715® ~710@
Refractive index, n (at 546 nm) 2.15 (basal) 241

1.81 (c-axis)
Band gap E;/kJ mol™! - ~580
plohm cm (0.4-5.0) x 10~* (basal) 101016

0.2-1.0 (c-axis)
AH compustion/ %I mol ™! 393.51 39541
AH?/kI mol™! 0.00 (standard state) 1.90

@Syblimation to monatomic C(g).

~580kJmol~! so that diamond has a negligi-
ble electrical conductivity, the specific resistivity
being of the order 10'*-10'® ohm cm. (For other
properties and industrial applications of diamond,
see ref. 11.)

As may be seen from the heats of combustion,
a-graphite is more stable than diamond at
room temperature, the heat of transformation
being about 1.9kIJmol~'. However, as the
molar volume of diamond (3.418cm?) is much
smaller than that of graphite (5.301cm?), it
follows that diamond can be made from graphite
by application of a suitably high pressure,
provided that the temperature is also sufficiently
high to permit movement of the atoms. Such
transformations were first successfully achieved
in 1953-5, using pressures up to 100kbar and
temperatures in the range 1200-2800K;?® the
presence of molten-metal catalysts such as Cr,
Fe, or Ni was also found to be necessary,
suggesting that the transformation may proceed
via the formation of unstable metal carbide
intermediates. Very recently red phosphorus has
also been shown to catalyse the conversion of
graphite to diamond at 77 kbar and 1800°C.(?
The use of kinetically controlled non-equilibrium
processes to deposit thin films of crystalline

1), E. FIELD (ed.), The Properties of Diamond, Academic
Press, London, 1979, 660 pp.

12M. AkarsH, H. KaNpa and S. YAMAOKA, Science 259,
1592-3 (1993).

diamond has already been mentioned (p. 272).
The relationship between the conditions for these
various processes is summarized in Fig. 8.4
which shows the phase diagram of carbon near
its triple point.!® This schematic representation
does not explicitly include the several carbyne-
like carbon phases” which have been identified
at very low pressures (10~*—10"8kbar) in the
region marked X.
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Figure 8.4 Phase diagram of carbon showing regions
of importance for the production of
synthetic diamond.(®

13p, K. BACHMANN and R. MESSLER, Chem. & Eng. News,
May 15, 24-39 (1989).
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(c)

Figure 8.5 Three representations of the structure of Ceo. (a) normal “ball-and-stick™ model; (b) the polyhedron
derived by truncating the 12 vertices of an icosahedron to form 12 symmetrically separated pentagonal

faces; {c) a conventional bonding model.

8.2.4 Fullerenes

One of the most exciting and challenging
developments in recent chemistry has been the
synthesis and characterization of many new,
soluble, molecular modifications of carbon. As
a result, the number of identified allotropes
of this element has increased enormously
and their intriguing chemistry 1s gradually
being elucidated. The new allotopes form an
extensive series of polyhedral cluster molecules,
C, (n even), comprising fused pentagonal
and hexagonal rings of C atoms. The first
member to be characterized was Cq which
features 12 pentagons separated by 20 fused
hexagons as shown in Fig. 8.5. It has full
icosahedral symmetry (p. 141) and was given
the name buckminsterfullerene in honour of the
architect R. Buckminster Fuller whose buildings
popularized the geodesic dome, which uses the
same tectonic principle. Other fullerenes which
have been isolated and characterized include C7g,
Crs (chiral), Cqg (3 isomers), Cgy (3 isomers), Cgg
and Cg4, but there is mass spectrometric evidence
for all even C,, from Cyg to C. gq0, (Mm.Wt, 7206.6).

The fullerene story began in September 1985
when a group lead by H. W. Kroto (Sussex,
UK) and R. E. Smalley (Rice, Texas) laser-
blasted graphite at T > 10* °C and showed mass
spectrometrically that the product contained a
series of molecules with even numbers of atoms

from Caq to Cop.''" Concentrations of the
individual molecules varied with conditions but
the peak for Ceg was always by far the strongest,
followed by Cqg. This experiment showed the
existence of new molecular forms of carbon
but was not a bulk preparation. However, in a
brilliant flash of insight it was conjectured that the
stability of Cgp might result from the football-like
“spherical” structure of a truncated icosahedron,
the most symmetrical of all possible structures
in 3-dimensional space (Nobel Prize, 1996, see
p. 270).

Three years later two astrophysicists, W. Krét-
schmer (Heidelberg, Germany) and D. R. Huff-
man (Tucson, Arizona), remembered an unusual
and unexpected UV spectrum they had obtained
in 1983 from soot obtained by striking an arc
between graphite electrodes at about 3500°C
under a low pressure of helium gas. They
re-examined the material mass-spectrometrically
and found it contained high concentrations of
Cey and Csp which were soluble in aromatic
hydrocarbon solvents such as benzene and
toluene.!”> Here was a stunningly simple
preparation of fullerenes in bulk, aithough
separation of individual members proved to

13 4 W. KroTo, J. R. HEATH, §. C. O'BRIEN and R. E. SMAL-
LEY, Narure 318, 162-4 (1985).

15 W, KRATSCHMER, L. D. Lamp, K. FOSTIROPOULOS and
D. R. HUFFMAN, Narure 347, 354-8 (1990).
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be more difficult. Pure Cg¢ and C;p were
obtained for the first time on 22 August
1990 by chromatographic separation (alumina,
hexane).!'®) The process can easily be scaled up
using multi-rod apparatus to give about 20 g/day
of soot containing up to 10% of fullerenes;
this can be extracted with toluene to’ yield
about 15 g/week of mixed fullerenes which can
be further separated if required. Commercial
availability has also assisted progress, typical
prices (1994) being £150/g for Cgp (99.9%) and
£2000/g for Cg (98%).

Other routes to Cgo and C;¢ are being
developed, e.g. (i) heating naphthalene vapour
(CioHg) in argon at about 1000°C followed
by extraction with CS,; (i) burning soot in
a benzene/oxygen flame at about 1500°C with
argon as a diluen