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Preface

“Evolution ... is - a change from an indefinite,
incoherent homogeneity, to a definite, coherent
heterogeneity.”
Herbert Spencer, First Principles, 1862, Chapter 16.
It was homogeneity, modulated by predictable variations,
that enabled Mendeleev in 1870 to anticipate with
celebrated fidelity the properties of gallium, then the
missing link in what we now call Group 13. While the
kinship of the elements has never been in doubt with the
evolution of our knowledge of their chemistry, it is the
peculiarities which have more often left their mark - for
example, the discovery of a wide variety of compounds in
which the Group 13 element M assumes a formal
oxidation state other than +3; the identification of
diverse compounds with M—M-bonded frameworks; the
finding of catalytic activity in compounds that varies
radically according to the nature of M; the mediation of
organic reactions in ways that differ widely from one
Group 13 element to another; and the development of
solids with extended structures and absorption properties
more or less specific to a particular member of the Group.
So eccentric is boron, the non-metal with its propensity
for forming strong localised or delocalised covalent
bonds, that it is most aptly separated from the other
members of Group 13. Its chemistry has been
comprehensively reviewed, for example in volumes of the

Gmelin Handbook up to the later years of the 20th
century and in numerous other books. This contrasts with
the generally meagre and piecemeal treatment of the
heavier members of the Group, all of them metals
forming a more closely knit family, but each with its own
distinctive personality. For none of these does the Gmelin



Handbook offer more than a specific volume or two

dating beyond the first half of the 20th century.

This book seeks to remedy the imbalance with a
definitive, wide-ranging and up-to-date review of major
aspects of the chemistry of these elements. It has two
obvious reference points. The first is the book entitled
The Chemistry of Aluminium, Gallium, Indium and
Thallium, written by Wade and Banister, published first in
1973 as part of Comprehensive Inorganic Chemistry, and
appearing as a separate volume in 1975. The second is a
book bearing the same title and edited by one of us and
that first saw the light of day roughly two decades later
(1993). With the passage of nearly two more decades
that have seen a wealth of activity, it seemed to us
timely once again to take stock. This we have sought to
do not as a mere catalogue, but within a framework
designed to present a wider picture that places new facts,
developments and applications in the context of more
general patterns of physical and chemical behaviour —
that is, with an eye to both the homogeneity and
heterogeneity displayed by the elements. The various
chapters have been written by members of an
international team of authors selected as experts with
practising research experience in the particular field
under review.

Chapter 1 sets the scene with an outline of the areas of
Group 13 metal chemistry that have seen most progress
in the past two decades. Chapters 2, 3, 4, 5, 6, 7 are
organised according to the formal oxidation state of the
metal, a concept which, for all its imperfections, is likely
to be most widely appreciated. After treatments of first
the inorganic and then the organic derivatives of the
metals in the dominant +3 state in Chapters 2 and 3,
respectively, Chapter 4 addresses the +2 state with its
prevailing theme of M—M bonding, while Chapter 5 is



concerned with the +1 state, which has gained hugely in
significance in recent years. Chapter 6 is devoted to
compounds in which M occurs in more than one oxidation

state, as exemplified by the classical case of Ga'Ga”'CI4.

Mixed oxidation states are also a feature of many of the
remarkable cluster compounds, including so called
metalloid clusters, that have lately caused such a storm,
particularly through the pioneering research of the
Karlsruhe group led by Schnodckel. An authentic and
challenging account of this area is presented in Chapter
7. There follows in Chapter 8 a review of simple and
mixed Group 13 metal oxides and hydroxides including
zeolites, detailing the extended structures of different
dimensionalities and porosities that they form in the solid
state. If this is preoccupied with the solid state, the
coordination chemistry of the metals, as described in
Chapter 9, is intimately related to their behaviour in
solution, with its relevance in biology, medicine, and the
environment. The solid state is again to the fore in
Chapter 10 which deals with 1lI-V and related
semiconductor materials. Last but far from least, the role
of the Group 13 metals and their compounds as reagents
or mediators in organic synthesis is taken up in Chapter
11.

A book on this scale cannot possibly emulate Gmelin.
Even with references to some 5000 original papers,
books, and review articles, some published as recently as
2010, it makes no pretence of being comprehensive. All
the authors have been given licence to treat their
subjects as they see fit. We are well aware that some
compounds and some topics have as a result received
little or no attention. Such is the case, for example, with
Zintl and related phases containing more or less
negatively charged clusters and networks of Group 13
metal atoms. Nor is the bonding in Group 13 metal



compounds made the exclusive preserve of any one
chapter. We are aware too of the overlap existing
between some of the chapters, all having been written as
self-sufficient accounts. While it may mean that our
coverage is not everywhere as efficient as it might be, we
dare to hope that there are compensations from the
different perspectives, as well as the cross-linking
between chapters, that will actually help to broaden any
appeal the book may have.

In aiming for a clear and structured treatment with the
bare minimum of specialist jargon and annoying
acronyms, we have tried also to achieve an accessible
style in a text that is generally readable by non-specialist
no less than specialist readers. We see the book therefore
not just as a contemporary source-book on Group 13
metal chemistry, but as a monograph that can be read
with some profit by scientists in different walks of life. It is
of course directed mainly at chemists, but includes
sections likely to be of interest to physicists, biochemists,
and materials, environmental and industrial scientists.

S.A.
A.).D.
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Chapter 1

New Light on the Chemistry of
the Group 13 Metals

Anthony J. Downs! and Hans-Jérg Himmel?

1Inorganic Chemistry Laboratory, Oxford, UK

2Anorganisch-Chemisches Institut, Ruprecht-Karls-
Universitat Heidelberg, Heidelberg, Germany
A little learning is a dangerous thing;
Drink deep, or taste not the Pierian spring:
There shallow draughts intoxicate the brain,

And drinking largely sobers us again.
Alexander Pope, An Essay on Criticism, 1711

1.1 Reprise of the General
Features of Group 13 Elements

First impressions may seize upon the commonality of the
Group 13 elements - boron, aluminium, gallium, indium
and thallium - arising out of the common configuration

n52np1 shared by the valence electrons in the ground
state of each of the atoms. Witness, for example, the
dominance of the formal oxidation state +3 and the
acceptor properties that characterise the resulting
derivatives, arising partly from the positive charge, partly
from the inability of the Group 13 atom effectively to



engage all its valence orbitals in bonding. There is
harmony in the variation of properties dictated by the
generally increasing atomic size and decreasing hold of
the nucleus on the valence electrons as the atomic
number increases from boron to thallium. But there is
also counterpoint, reflecting the discontinuous build-up of
the Periodic Table. Hence, each member of the Group has
its own individual personality, ‘with quirks of character

and not always evident dispositions’,1 manifesting the
infinite variety of the Periodic Kingdom that is perhaps
the most remarkable phenomenon in the universe.

Quirkiest of the Group 13 elements is undoubtedly

boron.2-11 As revealed in the numerical properties
summarised in Table 1.1, the boron atom s
disproportionately smaller and its valence electrons are
more tightly held in relation to the atoms of its vertical
neighbours. Accordingly, the element itself is not a metal
but a semiconductor with several hard and refractory
allotropic forms characterised by unique and elaborate
structures based on the Bj» icosahedron. Here and in

metal borides and boron hydrides, too, evidence is found
of boron's propensity to form polyboron branched and
unbranched chains, cages, planar networks and three-
dimensional arrays. These typify an extensive and
unusual type of covalent (molecular or macromolecular)
chemistry in which multicentre bonding is one of the
most distinctive features. Moreover, the relatively
compact 2p orbitals of the boron atom share with those
of the carbon atom the ability to engage in relatively
efficient m-type interactions, providing a mechanism for
supplementing substantially the bonding to electron-rich
centres. Such interactions subscribe to the relative
abundance and stability of three-coordinate
environments for the boron atom, as in the trihalides,




boric acid, amidoboranes and borazine, H3B3N3H3,

formally analogous to benzene. Another feature peculiar
to boron is the relative closeness in energy of the valence
2s and 2p orbitals, which favours a major contribution
from the 2s orbital to the bonding of boron(lll)
compounds. This, combined with the inherent strengths
of the bonds that boron forms, acts against the univalent
state; accordingly, boron(l) is rarely encountered outside
the realm of ‘high temperature’ molecules such as BF and
BCI.

Table 1.1 Some properties of the Group 13 elements
boron, aluminium, gallium, indium and thallium12-23
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In these and other respects, boron must be seen as a

that separate it

from the other Group 13 elements. Although it serves as

josyncracies

special case, with many i



a vital reference point for understanding and evaluating
the chemistries of these elements, reasons of space and
balance defy its inclusion, except by allusion, in this
volume. Otherwise, there would be the risk of having
something of ‘an elephant in the living room’. This view
finds support in the precedents of not only two earlier
books treating exclusively the metallic members of Group

13,12.27 pyut also an extensive literature devoted
specifically to boron2-9 (including the only reasonably

up-to-date coverage in Gmelin? for any member of the
Group).

All the other members of the Group are then metals. If
they show a closer kinship to one another than they do to
boron, their properties are, however, far from uniform.
Symptomatic of the irregularities are the ionisation
potentials of the atoms which, unlike those of the
corresponding metals of Groups 1 and 2, vary in a
discontinuous way as a function of atomic number (Table

u),12—22 so that /3, for example, follows the order B >

Al < Ga > In < Tl This sawtooth variation is a
consequence of changes in the makeup and shielding of

the electron core, that is [He], [Ne], [Ar]3d10, [Kr]4d10

and [Xe]4f145d10. That it is more marked for the valence
ns than for the np electrons reflects the superior
penetration of the core by the ns electrons. Relativistic

effects?3 make a significant contribution to the binding
energies for the later elements but do not change the
overall pattern. The energies of the valence electrons of
the free atom are a major, but not exclusive, influence on
the strengths of the bonds and on the type of compounds
it forms. They account, at least in part, for the chemical
reactivity of the elements under normal conditions and



the emergence in each case of a relatively well defined

cationic chemistry.8r12r27'28

The Group 13 metals are now acknowledged to have
rich and distinctive chemical lives of their own, no longer
overshadowed by that of boron. Salient features of these
lives are: (i) their varied redox chemistry with what is now
seen to be a wide range of formal oxidation states
(including not only non-integral but also negative ones);
(i) the natural acidity and associated coordination

chemistry of their mil compounds; and (iii) the great
variety of structures and other properties displayed by
their compounds. The drive for new discoveries and a
fuller understanding has been urged not so much by the
familiar commercial importance of aluminium and

alumina-based soIids,12 but by a number of other
developments of more recent origin.

1.2 Developments in
Methodology

‘| keep six honest serving-men
(They taught me all | knew);
Their names are What and Why and When

And How and Where and Who.’

Rudyard Kipling, Just So Stories, ‘The Elephant's Child’,
1902.

1.2.1 Introduction

Developments in Group 13 metal chemistry in the past
two decades have often been driven, at least ostensibly,
by the promise of practical applications, for example in
realms as diverse as the sourcing and storage of energy;



the production and elaboration of materials with specific
electronic, structural, thermal or chemical properties; and
medical diagnosis and therapy. While some important
discoveries have indeed been made in pursuit of such
pragmatic causes, disinterested scientific curiosity
continues to be the main life force of progress. Advances
have come in three principal areas.

Synthesis

New compounds of a variety of sorts have been prepared.
Most notable, perhaps, have been those in which the
Group 13 metal assumes a low formal oxidation state (i.e.

<+3),12'21'22'29 and may engage in metal-metal
bonding (as in so-called ‘metalloid’ derivatives).11'22r30‘
32 Other compounds are made notable by the presence

of weak, reactive M-H bonds;12:21,22 by the
coordination environment of the metal, which may
display an unusual geometry or an uncharacteristically

low coordination number (e.q. 133 or 234'35); by the
nature of the bonding, which sometimes challenges
conventional wisdom regarding primary or secondary

interatomic interactions;39-38 or by their lability under

normal conditions. 21:29 At the same time, much effort
and ingenuity have been expended on the synthesis of
solid materials with extended frameworks in which homo-
or hetero-nuclear assemblies, including the metal atoms,
are bridged by non-metal atoms, typically from Groups 15

and 16.8,12,39-50 Specific objectives have included the
achievement of particular topologies and/or
morphologies. The coordination chemistry of the metals
has also expanded materially, with the preparation of

new complexes. 8,10,12,51-53 Here the metal centre, as



mi usually plays its conventional acceptor role, but

there is now ample evidence, usually involving m!
compounds, to show that the metal can also function

predominantly as a donor. 22,35,54-60 How different
synthetic approaches have sought to achieve their
respective targets is reviewed briefly in the Section 1.2.2.
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Experimental characterisation

Closer, more extensive physical scrutiny, using new or
established experimental techniques (e.g. electronic,
vibrational, microwave, mass and photoelectron
spectroscopies, and X-ray, neutron and electron
diffraction) has extended knowledge of the structures,
bonding and other properties of both new and known

compounds.61 Some of the major techniques in question
are identified in Section 1.2.3.



Theoretical studies

With improvements in reliability, sophistication, scope
and accessibility, quantum chemical methods have
played an increasingly important part in the

advancement of the chemistry of this group of metals.62
In some cases, they have pointed the way to the stable
existence of a hitherto unknown compound (e.q.

Ga2H2),63 or to the intermediacy of species in vapour

transport (e.g. MPg and MAssg, for M = Ga or In);642 in

other cases, they have offered a rationale for the
instability of a compound (e.g. MH3, where M = In or

TI).64b‘66 More often, they have been invoked to assist
in the identification and characterisation of a new
compound that experiments have brought to light. To an
increasing extent, they are now being exploited in the
effort to gain a better understanding of the reactivity of

Group 13 metal species, for example Ga263'67 and

AICI.8 It is theoretical methods that must also be
deferred to in any questions of intramolecular or

intermolecular bonding.36‘38'69 This particular theme is
taken up in Section 1.4.

1.2.2 Synthetic Methods

‘All progress is based upon a universal innate desire on
the part of every organism to live beyond its income.’

Samuel Butler, Notebooks, Chapter 1, 1912

In an attempt to encompass a topic as vast and diffuse as

this, it seems appropriate to treat it phase by phase, that

is according to whether the reaction takes place in the

gas phase, involves the solid phase exclusively (as in a



matrix, for example) or in part, or is hosted by the liquid
phase (as is most commonly the case).

1.2.2.1 Gas Phase Synthesis

The gas phase is home to the limited number of Group 13
metal compounds that are substantially volatile at
ambient temperatures, for example Al(BH4)3 and GaMesy,

10,12 3nd otherwise to high-energy species such as the
metal atoms, M, metal clusters and their ions, and the
diatomic molecules MIX [M = Al, Ga, Inor TI; X = H, F, Cl,
Br or 11.12:21.22 gome M compounds, such as InCl or
(r]5-C5R5)M [M = Al, Ga, In or Tl; R = H or Me], vaporise

on heating without decomposition or disproportionation.
At sufficiently high temperatures, the entropy advantage

drives even robust M!Il molecules such as GaCl3 and
InpO3 to decompose, at least partially, to the

corresponding Mm! compound and elemental non-metal.

Other M! compounds require high-energy reactions for
their formation in the gas phase. For example, GaCl is
generated by the reaction of the metal with Clp, HCI or

GaCl3 at 800-1000 °C,70 and InF is formed by heating

together the metal and InF3.71 The reaction of the laser-

ablated metal vapour with cyanogen or acetonitrile in an
argon carrier gas affords the two isomers MCN and MNC

[M = Al, Ga or In].72 Similarly, with ethyne in a helium or
neon carrier gas, laser-ablated aluminium vapour forms

the linear AICCH molecule.’3 This, together with the
molecules AINC and AICH3 (formed in a discharge
reaction between aluminium vapour and HgMez),74 is of
interest as a potential carrier of the metal in the



