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Till minnet av min mor

And Odysseus of many counsels
answered him saying: “Yea now, I will
tell thee all most plainly. Might we have
food and sweet wine enough to last for
long, while we abide within thy hut to
feast thereon in quiet, and others betake
them to their work; then I easily speak
for a whole year, nor yet make a full end
of telling all the troubles of my spirit, all
the travail I have wrought by the will of
the gods.

Homer, The Odyssey (Book XIV).
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Abstract

Compounds containing main-group clusters, with focus
on bismuth polycations, have been synthesized and charac-
terized using X-ray diffraction and spectroscopic methods.

Six new compounds have been isolated from synthesis in
GaX3-arene media; Bi8[GaCl4]2, Bi8[GaBr4]2, Sb8[GaCl4]2,
Sb8[GaBr4]2, Te4[Ga2Cl7]2 and Te4[Ga2Br7]2. Sb2+

8 is the first
homopolyatomic antimony cation to be isolated. The cation
forms a square antiprism, in correlation with Wade’s rules,
and displays a significant difference in length between the
inter-square and intra-square Sb–Sb distances. The geome-
tries of the Sb2+

8 cations in Sb8[GaCl4]2 and Sb8[GaBr4]2 are
in excellent agreement; the average intra-square and inter-
square Sb–Sb distances are 2.87 Å and 2.97 Å, respectively.
A very strong Raman band attributed to Sb2+

8 is found at
180 cm��. The Bi2+

8 (square antiprismatic) and Te2+
4 (square-

planar) polycations are known from earlier compounds. The
Bi–Bi distances in Bi8[GaCl4]2 (3.07–3.12 Å) are in general
agreement with previous structures, while the Bi–Bi dis-
tances of Bi8[GaBr4]2 (2.92–3.18 Å) display a wider distru-
bution than previously observed. The Te–Te distances of the
cations of Te4[Ga2Cl7]2 and Te4[Ga2Br7]2 are 2.66 and 2.67
Å, respectively.

Quantum chemical calculations on bismuth polycations
show that all species predicted by Wade’s rules are local min-
ima on a potential energy surface. The cation–anion inter-
actions have been considered for salts containing bismuth
polycations and it has been confirmed that such interactions
have a major influence on the polycation stability.

The new compound Bi16I4 has been isolated from molten
BiI3. The structure consists of polymerized Bi16I4 molecules
forming infinite ribbons and is very similar to the structure
of the known metal-rich bismuth iodides, Bi14I4 and Bi18I4.
DFT calculations predict all three compounds to be metallic
conductors, while Bi4I4 is a semiconductor.
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Chapter 1

Introduction

1.1 Prologue

Homopolyatomic bonding, the concatenation of atoms of the same
element, outside the world of carbon-carbon bonds have rendered
interest from scientists ever since the first developments of clus-
ter chemistry.1–5 There are several reasons for this attention,
among which the unusual features of the bonding in metal clus-
ters is one of the most important. In this the era of nanoscience,
the nature of metal–metal bonds has received renewed atten-
tion; such structural motifs constitute the core of many of the
novel materials synthesized. In order to explain the features of
the materials, and to be able to engineer even more advanced
functional compounds, more in-depth knowledge considering ho-
mopolyatomic bonding is needed.

Compounds with homopolyatomic bonds have been found for
most of the main-group elements. However, in order to be able to
more exhaustively illustrate several aspects regarding such com-
pounds, much of the discussions have been focused on a model
element, bismuth. Due to its rich polycation chemistry, bismuth is
a good object for a study of the nature of homopolyatomic bonding
in clusters containing metal–metal bonds.

1



2 CHAPTER 1. INTRODUCTION

1.2 History of bismuth and bismuth
polycations

Bismuth is one of the earliest elements of the Periodic Table to be
discovered. Although its history is somewhat vague, bismuth was
known as an element before the end of the 15th century.6

209Bi is commonly considered to be the heaviest non-radio-
active isotope known. However, a recent report suggests the el-
ement to be only metastable, an �-decay has been detected (����
= 1.9 � 1019 years).7 Despite its position in the Periodic Table,
neighbor to several of the most infamously toxic elements, such
as mercury, thallium and arsenic, bismuth is believed to be only
mildly toxic. The commercial uses of the metal are limited; its ma-
jor applications are in materials used for fuses and fire alarms,
thermoelectric devices and types for printing presses. A newly
developed use for bismuth is as an environment-friendly replace-
ment for lead in shot-gun ammunition. The use of bismuth as one
component in the treatment of gastric ulcers is declining.

Eggink reported in 1908 about the compound “BiCl”, obtained
as a product from the reduction of BiCl3 by bismuth.8 This is
commonly regarded as the first synthesis of a bismuth polyca-
tion, although this notion was not made at the time as the crystal
structure could not be determined. The true features of this phase
would not be discovered until 50 years later.

During the 1950’s, different research groups were involved in
the study of the properties of molten salts, in particular metal
halides, and the solubility of metals in these melts.9 In the case
of bismuth metal, solvents tested included bismuth halides and
AlCl3. It was observed that bismuth metal has an unsurpassed
solubility in these solvents in comparison to other metals.10 In
each of the BiCl3 and BiCl3–AlCl3 systems, one species of poorly
characterized constitution was indicated. They were in prelimi-
nary studies believed to be BiCl11 (the same phase as that discov-
ered by Eggink) and BiAlCl4,12 respectively. However, by repeat-
ing the crystallization and structure characterization of “BiCl”,
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Figure 1.1: The three polycations found in the early experiments
using molten salt techniques; the trigonal bipyramidal Bi3+

5 , the
square antiprismatic Bi2+

8 and the tri-capped trigonal prismatic
Bi5+

9 .

its composition was revised to Bi6Cl7, and it was realized the it
included the first example of a bismuth polycation, Bi5+

9 .13,14

Further work in AlCl3 solution proved “BiAlCl4” to be erro-
neous as well; instead its formula was found to be Bi5[AlCl4]3,
based on spectroscopic and elemental analysis.15–17 In addition, a
third polycation was discovered in AlCl3 melts; Bi2+

8 .17,18 Despite
the fact that no single crystals could be obtained of the two chloro-
aluminate salts, the geometries of the two polycations, Bi3+

5 and
Bi2+

8 , could be correctly predicted using molecular orbital theory.17

All three ‘original’ bismuth polycations are displayed in figure 1.1.

Although the continued research on bismuth polycations could
not deliver extraordinary results in the same pace, several inter-
esting developments have been made. For example, the mono-
cation, Bi+, was isolated in the compound Bi9Bi[HfCl6]3.

19 Krebs
and coworkers reviewed the syntheses in molten AlCl3 and man-
aged to overcome the problems of crystallization. Single crystals
of both Bi5[AlCl4]3 and Bi8[AlCl4]2 were isolated, making it possi-
ble to finally confirm the geometries of the polycations by means
of X-ray diffraction.20,21
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In addition to the endured investigations in the molten salt
systems, two alternative synthetic routes have been used to iso-
late bismuth clusters. Contemporary to Olah’s pioneering work
on the stabilization of organic carbocations using superacids,22

Gillespie and coworkers performed polycation synthesis in sim-
ilar superacidic media. Those studies included mainly the ele-
ments of the halogen and chalcogen groups,23 but they also man-
aged to obtain Bi3+

5 in the solid compound Bi5[AsF6]3�2SO2.
24 In

more recent time, another synthetic variation was suggested by
Ulvenlund and coworkers, exploiting the fact that GaCl3 has an
extraordinary solubility in benzene, creating a pseudo-melt sys-
tem. Again, the formation of Bi3+

5 could be indicated.25

A couple of new bismuth polycations have recently been iso-
lated by Ruck. The two ions Bi+

5 and Bi2+
6 were found in the com-

pound Bi34Ir3Br37, see figure 1.2.26 Moreover, Pd@[Bi10]4+, the first
bismuth polycation with an interstitial heteroatom, was charac-
terized in the ternary phase Bi14PdBr16.

27 All these three com-
pounds are products of an ongoing work on synthesis of ternary
bismuth subhalides.28 Depending of the composition, such com-
pounds have been found to contain 0-dimensional (cluster), 1-
dimensional (polymer) or 2-dimensional (net) bismuth atom sub-
structures. In contrast, the number of different motifs found in
binary subhalides is rather limited, as will be discussed below.

1.3 Bonding in homopolyatomic
cations – Application of Wade’s
rules

Because of their special features, the theory of metal–metal bonds
in general, and homopolyatomic main-group clusters in particu-
lar, have been discussed frequently in literature, for instance by
Mingos and King.29–35 In the specific case of main-group clus-
ters also others have made contributions; the bonding in the more
electron-rich polycations have been discussed by Gillespie,36 and



1.3. BONDING IN HOMOPOLYATOMIC CATIONS 5

Figure 1.2: Bismuth polycations recently isolated by Ruck and
coworkers; Bi+

5, Bi2+
6 and Pd@[Bi10]

4+.

Passmore,37 while von Schnering,3 and Corbett,10,38,39 have dis-
cussed bonding in a broader context.

All the above mentioned contributions have one theme in com-
mon: The relation of the main-group cluster geometry to the ge-
ometries of the boron hydrides, via the set of predictions known
as Wade’s rules. Based on the qualitative bonding model for boron
hydrides, presented by Lipscomb in 1963,40 contributions from
Rudolph,41,42 Wade,43,44 Williams,45 and Mingos,29 led to the com-
pilation of a set of rules, also known as Williams–Wade–Mingos
rules.46

Wade’s rules state that the shapes of the boron hydride clus-
ters are related to the number of bonding (skeleton) electrons in
the cluster. The boron hydrides had already earlier been sorted
into different categories depending on their general formula and
shape; closo (closed), [BnHn]2-; nido (nestlike), BnHn+4; and ara-
chno (weblike), BnHn+6, but the rationalization of the shape, and
the relationship between different molecules had not been ex-
plained. From the theoretical treatment it was realized that all
nido and arachno structures had a parent closo cluster. By re-
moving one vertex atom from a closo species, without moving any
of the other boron atoms out of position, the correct geometry of
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Figure 1.3: An example of how the geometry of closo, nido and
arachno clusters are related to each other according to Wade’s
rules; By removing one vertex (atom) from Bi8+

10, Bi5+
9 is formed, and

if yet another atom is removed, the geometry of Bi2+
8 is obtained.

the nido species, having one boron atom less, will be provided.
The removal of yet another vertex from this species will correctly
render the geometry of an arachno cluster, as exemplified for bis-
muth clusters in figure 1.3. The conclusion is that the geometry
of all boron hydrides is predestined by the number of atoms and
electrons in that specific molecule, and that the geometries are
related by the removal of vertices.

Corbett had already in connection to his predictions of the ge-
ometries of Bi3+

5 and Bi2+
8 , remarked on the topological similarities

between the bismuth polycations and boron hydrides.17 There-
fore, it was only shortly after the compilation of Wade’s rules that
their application to other homopolyatomic species was suggested
and confirmed. In present days, such rationalizations are fully
accepted and commonly used in the discussions concerning main-
group clusters. Very few exceptions to the geometrical predictions
have been found.

Of the experimentally found bismuth polycations (Bi3+
5 , Bi+

5,
Bi2+

6 , Bi2+
8 , Bi5+

9 and Pd@[Bi10]
4+) all have been found to follow

Wade’s rules, except for the well-known deviation of Bi5+
9 . This
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entity has been found in solid compounds as a trigonal bipyra-
mid, D3h symmetry (figure 1.1), while the geometry predicted is a
capped square prism, C4v symmetry (figure 1.3). Due to the large
number of articles devoted to the geometry of naked nine-atom
clusters, despite the assumingly small practical implications of
the issue, this topic will be discussed no further within this the-
sis. Furthermore, there is an ongoing discussion whether it is at
all reasonable to distinguish between D3h and C4v symmetries in
case of the nine-atom clusters based on the lack of accuracy in
crystallographic data for these species.47

A second exception to Wade’s rules was initially suggested by
the isolation of the (distorted) octahedral Bi2+

6 cation, as an octa-
hedral geometry is closed (thus closo) and expected only for Bi4+

6 .26

However, this view was later refined, as it was confirmed that the
experimentally found geometry could be mimicked by removing
one equatorial bismuth atom from a bi-capped pentagonal ring
(closo-Bi5+

7 ); hence, Bi2+
6 is a true nido cluster.48

Still, one question may be raised in connection to Wade’s rules;
among the boron hydrides most of the possible species, both closo,
nido and arachno, have been isolated. For main-group clusters
the situation is markedly different, only a small number of species
have been found, and no real explanation to this fact is given in
literature.

1.4 This work’s contributions to the
field

This thesis should be considered to be a contribution to the long-
term goal of obtaining knowledge and understanding in the for-
mation of homopolyatomic metal–metal bonds. The use of such
knowledge is anticipated to provide input for the synthesis and
engineering of novel materials, for instance within nanoscience.

In the short-term perspective, this work has been directed to-
wards the nature of bismuth polycations. The goal has primar-
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ily been to synthesize new clusters of any sort, in order to be
able to make more clear statements about trends in cluster for-
mation, particularly using synthesis in GaX3–benzene media. It
has also been expected that any progress in the synthesis of bis-
muth polycations could have spin-off effects, as many reactions
are analogous for different metals. Hence, some effort has also
been devoted to the transfer of new ideas to the synthesis of other
main-group element polycations.

The stability of and chemical bonding in bismuth polycations
have been evaluated using quantum chemical calculations. Spe-
cial attention has been given to the question of why only a small
number of different polycations has been isolated, considering
the large collection of possible configurations suggested by Wade’s
rules. Theoretical calculations have also been used to obtain the
electronic structure of different novel solid compounds, in order
to predict their electronic conductivity.



Laboratory: A classical site of horror,
where the overmotivated scientist
carries out his experiments toward some
dubious objective or other.

C. von Aster, Horror-Lexikon. Von
Adams Family bis Zombieworld.Chapter 2

Means of exploration -
Experimental section

2.1 Calculational methods

2.1.1 Levels of computation and programs

Part of this thesis is based on quantum chemical calulations. Be-
cause most of these calculational projects have been demanding
in number of species rather than in precision, comparably low
level methods have been the standard choice. The basic levels of
computation have been Hartree-Fock (HF) and Density functional
Theory (DFT), which are both fast on the time-scale of ab initio
calculations.

In most of the studies, HF and DFT calculations have been
performed in parallel, however, qualitatively no large differences
in the results have been observed. The most frequently used den-
sity functional has been the hybrid-exchange functional B3LYP.49

The Gaussian9850 or Turbomole51,52 program packages have been
used for all molecular systems. In the case of extended systems
(papers VII, VIII and IX), the CRYSTAL98/2003 program pack-
age has been employed.53,54

9
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2.1.2 Basis sets and core potentials

In order to produce good quality data from quantum chemical cal-
culations in reasonable time, the choices of basis sets, and in cer-
tain cases effective core potentials (ECP), are crucial. The use of
ECP:s is based on the notion that most of the chemical behavior
of a system is dependent on its valence electrons. ECP:s allows
the omission of the inner electrons and at the same time ensure
that the valence electrons included reside in orbitals of the right
energy and shape. The ECP:s used in this work neglect the radial
nodal structure closer to the nuclei. For heavy elements the use
of ECP:s often offers large reductions in the computational time.
Furthermore, ECP:s provides an efficient way to introduce scalar
relativistic effects in heavy atoms.

In the article on bismuth polycations, paper I, the dependence
of the size of the ECP on the results was investigated. Therefore,
two different ECP’s, were used; one representing 60 core elec-
trons,55 and the other 78 core electrons.56 The basis sets used in
the different cases are found in tables 2.1 and 2.2, respectively.

In calculations on periodic systems, ECP’s of Hay and Wadt
were applied when appropriate.57,58 The corresponding basis sets,
with minor modifications, were used in most cases, as described
in the experimental section of each article. For bismuth the basis
set was extended and optimized from the basis of the Hay and
Wadt functions, the final set is given in table 2.3. It should be
noted that basis sets optimized for molecular systems normally
are not useful in periodic calculations. If too diffuse basis func-
tions are used, they will interact with neighboring atoms in the
crystal, creating linear dependencies in turn causing convergence
problems. Therefore, the basis sets used in crystal calculations
may appear plain, even insufficient.

2.1.3 Analytical tools

In order to interpret and visualize physical properties of the cal-
culated wavefunctions, theoretical chemists have a large number
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Table 2.1: Relativistic Basis Set for Bi
(9s9p6d2f)/[42111/42111/3111/11], used together with the
Stuttgart small-core ECP.55

l Exponent Coefficient
s 13.64927 1.000000

13.35608 -6.995508
5.463103 1.340094
11.83838 6.663605

s 1.915808 1.000000
0.9616765 1232.9544

s 0.3620613 1.000000
s 0.1714341 1.000000
s 0.0743189 1.000000
p 14.72685 1.000000

13.98376 -3.017114
7.477333 7.175078
2.142374 -11.27898

p 1.105609 1.000000
0.5435026 0.1244367

p 0.2653854 1.000000
p 0.1163474 1.000000
p 0.0490362 1.000000
d 4.527459 1.000000

3.669630 21.3538997
1.457227 1827.948481

d 0.6642840 1.000000
d 0.2935695 1.000000
d 0.1142252 1.000000
f 0.1994536 1.000000
f 0.0531159 1.000000
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Table 2.2: Relativistic Basis Set for Bi (6s6p2d)/[321/321/2],
used together with the Stuttgart large-core ECP.56

l Exponent Coefficient
s 1.357921 1.000000000

0.9120379 -8.863098767
0.5403677 3.101722884

s 0.2169230 1.000000000
0.1009012 0.578075860

s 0.04636478 1.000000000
p 1.198042 1.000000000

1.123696 -7.412829022
0.7540209 93.095571629

p 2.055470 1.000000000
0.08540887 0.585185555

p 0.03596783 1.000000000
d 0.2041643 1.000000000

0.08923717 1.000054707

Table 2.3: Basis Set for Bi (3s3p1d), used in periodic calculations,
together with Hay and Wadt large-core ECP.58

l Exponent Coefficient
s 0.624 1.000
s 0.355 1.000
s 0.135 1.000
p 1.155 1.000
p 0.330 1.000
p 0.1451 1.000
d 0.120 1.000
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of tools at their disposal. Two such tools, specifically used in
this work, are calculation of Natural Bond Orbitals (NBO) and
Electron Localization Functions (ELF), which will be explained
briefly.

NBO’s have been calculated for the bismuth polycations, using
the NBO 3.0 Program.59 The method strives to rationalize the
bonding in molecules by using the reduced density matrix of the
molecular wavefunction and divide it into localized electron pairs.
The method first provides so-called natural atomic orbitals and
natural bonding orbitals and subsequently a population analysis
is performed based on these orbitals. The result of such determi-
nations can be a support in the discussion of bonding schemes.
Because of its focus on localized electrons, this tool is mainly use-
ful for compounds of ordinary valency, although later versions
allow for the assignment of (3center,2electron)-bonds. For com-
pounds having more delocalized character, ELF is a more power-
ful tool.

The basis of ELF is the Pauli exclusion principle, implicating
that two electrons sharing the same orbital (in real space) must
have opposite spins.60 Thus, using the molecular wavefunction,
one can calculate the probability of finding an electron with a spe-
cific spin in all relevant points r. Highest probabilities are found
in volume elements associated with localized electron pairs; lone-
pairs and localized bonds. The obtained probability, �(r), is nor-
malized with respect to a uniform electron gas giving 0<�(r)<1,
that normally is visualized as an isosurface in analogue to elec-
tron probabilities (orbitals).61 ELF was calculated employing the
ToPMoD package for the molecular species,62 and TOPOND 98 in
the case of the periodic systems.63
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2.2 Experimental methods

2.2.1 Synthesis

Most of the substances encountered in this work, both reactants
and products, are highly sensitive to oxygen and water, and the
handling of these must be performed under inert atmosphere.
Therefore, most of the syntheses were done in an MBraun 150B-
G glovebox, equipped with a Leica microscope. The box operates
under nitrogen atmosphere, and the water and oxygen levels are
controlled to levels below 1 ppm. The standard reaction vessel
has been simple throw-away NMR tubes, which have been dried
under vacuum at 300ÆC prior to use. All chemicals used were
purchased from commercial suppliers.

2.2.2 Single crystal X-ray diffraction

X-ray diffraction has been the primary method for characteri-
zation of the compounds discussed in this thesis. The diffrac-
tion experiments were performed on a Bruker-Nonius KappaCCD
diffractometer. Crystals were selected and mounted into 0.3 or 0.5
mm Lindemann capillaries inside the glovebox. The structure so-
lutions were obtained using direct methods employing programs
such as SHELX or SIR. Because of the heavy atoms involved in
many of the compounds analyzed, the use of absorption correction
has been important. This was performed numerically, using the
HABITUS program.64

2.2.3 Raman spectroscopy

Raman spectroscopy is a very useful tool in the study of polyca-
tions and has been used as a complement to X-ray diffraction.
Its usefulness comes from the fact that any polycation of heavier
elements will give rise to strong Raman bands in the region of
100–300 cm��.
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Raman spectroscopy offers the advantage of easy sample pre-
paration, in principle any transparent container will do. For sam-
ples in solutions, NMR tubes were used. The tubes were pro-
visionally closed, removed from the glovebox and flame-sealed.
In order to prevent the evaporation of volatile components, the
samples were cooled, using liquid nitrogen, prior to the sealing.
Solid samples, either powder or single crystals, were immersed
into standard melting point tubes, which were sealed in the box,
using wax.

Spectra of sample solutions and bulk powder samples were
recorded using a BioRad FTS 6000 equipped with a Raman ac-
cessory, a 2W Nd:YAG laser (�=1064 nm), a quartz beamsplitter
and a liquid nitrogen-cooled solid state Ge detector. Spectra of
single crystals or small quantities of polycrystalline samples were
obtained using a Renishaw System 1000 spectrometer equipped
with a DMLM Leica microscope, a 25 mW He-Ne laser (�=633
nm) and an air-cooled CCD detector.

2.2.4 Ultraviolet/visible spectroscopy

UV/vis spectroscopy has historically been a very important me-
thod for the characterization of polycations, mainly in the 1960’s
and 70’s, when the instrumentation for X-ray diffraction was less
developed. However, the use of this method is hampered by some
practical problems. Normally, cluster-containing solutions are
strongly colored and therefore highly diluted solutions have to
be used in order not to cause complete absorption of the light.
Such dilution may result in a shift of cluster equilibria. Secondly,
the bands in UV/vis spectroscopy are in general very broad. Due
to these limitations, this method was used less frequently in the
work of this thesis. However, some spectra were recorded for an-
alytical purposes.

The instrument used is a Varian Cary300 spectrometer. In
order to avoid complete absorption of the light by the samples, a
pair of thin cuvettes, 1 mm, was used. The cuvettes were equip-
ped with teflon caps to allow air-sensitive solutions to be studied.





An expert is a person who has made all
the mistakes, which can be made, in a
very narrow field.

N. Bohr

Chapter 3

Syntheses from GaX3

3.1 Goals of the synthetic work
Starting from the general motives of this thesis – to increase the
knowledge about bonding in polycations on the basis of the com-
parably rich chemistry of bismuth clusters – much efforts have
been spent in attempts to obtain new polycations of bismuth and
other related elements. A second goal has been to develop the
synthetic route employing GaX3–benzene solutions as such.

3.2 Synthesis of bismuth polycations
in organic solvents

3.2.1 Main features

Following the work done by Schmidbaur on p-block metal halides
in aromatic solvents,65 a third route to bismuth polycations was
developed by Ulvenlund and Kloo.25,66

The key factor of this route is the very high solubility for both
GaCl3 and the ion Ga+ in benzene and other aromatic solvents.
The essential consequence is that gallium can be retained in so-
lution both as Ga(III) and Ga(I) giving a redox couple that can
be controlled and exploited. Secondly, it is important to note that

17
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the dissolution of GaCl3 in benzene significantly increases the sol-
ubility also for other species, like BiCl3 and SbCl3, probably due
to adduct formation. This can be seen as a manifestation of the
other important requirement of a cluster-forming medium; Lewis
acidity. The arene seems to be essentially inert with respect to
the chemistry of polycation formation, although vibrational spec-
tra indicate direct cluster-arene interaction. However, moving to
similar systems of the platinum group metals, the arenes take a
much more active role.67,68 The arene inertness make the main-
group systems act very much like molten salt media, with the
notable advantage of being liquid at room temperature.69 The
advantage of low working temperatures is that the handling in
general becomes easier, for instance, investigations normally not
attainable for the systems at 300ÆC or above, are facilitated. Fur-
thermore, the reactions are relatively fast, the clusters can be ob-
tained in solution overnight. Because of the different parameters
involved in this method; solvent, oxidating/reducing agent, halide
acceptor, there are opportunities to test different combinations of
the factors with the objective to produce different results in terms
of cluster identity.

One major drawback of this method is the question of general-
ity; only the isolation of one polycation (Bi3+

5 ) from this route had,
prior to the start of this work, been reported. Secondly, the meth-
ods suggested for isolation of the solid phase Bi5[GaCl4]3 only pro-
duced powdered samples. In order to achieve any deeper impact
on the understanding of polycation chemistry, the production of
single crystals would be highly promoting.

3.2.2 Synthetic technicalities

The following discussions will benefit from a short but detailed
discussion of how the syntheses are performed. There are three
alternative variations to the same theme; the oxidative, the re-
ductive and the symproportionation routes.

In the first communication by Ulvenlund et al. on this system,
the oxidative route was used.25 Bismuth metal is put into the pre-
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pared GaCl3–benzene medium, and oxidized to Bi3+
5 . The reaction

is schematically described as:

10Bi � 12GaCl3 �� 2Bi5[GaCl4]3 � 3Ga[GaCl4] (3.1)

This alternative requires very little handling by the laborant,
however, the reaction time is longer than for the other two routes.

Symproportionation is the most common route in molten salt
media, and it could be expected to be successful also in benzene
solutions, which was also confirmed.66

4Bi � BiCl3 � 3GaCl3 �� Bi5[GaCl4]3 (3.2)

In practice, this alternative has not been used in the present
work, mainly because it has been non-practical to have both oxi-
dation and reduction of the cluster-forming element in the same
reaction. Furthermore, in the specific case of eq. 3.2, a possibly
competing reaction exists; the reduction of GaCl3 with bismuth
metal, as formulated in 3.1.

The third alternative, the reductive route, had not been used
in any publications prior to the ones included in this work. How-
ever, Ulvenlund mentioned the possibility to reduce halides of bis-
muth or other metals using gallium metal.70

5BiCl3 � 4Ga �� Bi5[GaCl4]3 � GaCl3 (3.3)

Experimentally, this reaction is conducted in two steps. First, two
identical GaCl3-benzene solutions are prepared. To one of them,
gallium metal is added, which will dissolve, forming a solution
of Ga[GaCl4], while BiCl3 is added to the other. After a couple
of hours, the two solutions are mixed, forming a green, almost
black solution, which changes its color to red within a few hours.
The green color is associated with Bi+ ions, forming as intermedi-
ates.16,25

For bismuth, all three alternative routes produce solutions
containing apparently the same ions. However, as will be seen
below, for other elements only one of them, either oxidation or
reduction, is feasible for the production of polycations.
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3.2.3 Single crystal growth

As mentioned above, only one (polycrystalline) phase, containing
a cubic modification of Bi5[GaCl4]3, had been isolated from ben-
zene solution prior to this work. That isolation had been done
by shaking the solution of Bi3+

5 –GaCl−
4–GaCl3–benzene with n-

heptane, which caused an immediate precipitation of a red pow-
der.66 Still, it could be anticipated that a more careful control of
the crystal growth could lead to single crystals of good quality.

It was assumed that the reason for the small size of the crys-
tallites was the speed of the mixing between the benzene solu-
tion and heptane. Therefore, the first attempts of single crys-
tal growth involved the use of a slow diffusion technique in hep-
tane, intended to lower the solubility of the bismuth clusters in a
continuous fashion, making them form nice single crystals. In
practice, this did not happen. Instead, the volume of the red
polycation-containing solution decreased due to the fact that pure
benzene was diffusing into the heptane without taking any of the
solutes with it. Finally a red, glass-like solid was formed at the
bottom of the vessel, without any crystalline material. The con-
clusion from this attempt is that the solubility of the bismuth
clusters in heptane is too low. This has also been confirmed spec-
troscopically; a solution of Ga[GaCl4]–GaCl3–benzene was mixed
vigorously with heptane, and the two phases separated. The Ra-
man spectra of the two solutions, figure 3.1, show that essentially
neither Ga[GaCl4] nor GaCl3 are found in the heptane phase, but
only benzene.

Instead, the attention was turned to another solvent; mesity-
lene. The rationalization behind this choice is that a solvent
with a possibility to dissolve GaCl3 should be used. Mesitylene
shows, like benzene, the ability to dissolve a rather large amount
of GaCl3 and GaCl−

4. When neat mesitylene is added on top of a
bismuth cluster solution, some of the GaCl3 will diffuse into this
upper phase. The bismuth clusters dissolved in the benzene me-
dia will then be able to dissolve in the resulting GaCl3–mesitylene
matrix to a certain extent. The idea is that the concentration of
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Figure 3.1: Raman spectra of solutions of ’as prepared’
Ga[GaCl4]–GaCl3–benzene (top), Ga[GaCl4]–GaCl3–benzene after
mixing with heptane (middle) and the heptane phase after mixing
(bottom). It is observed that benzene, but no GaCl3 or Ga[GaCl4],
has diffused into the heptane phase.
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GaCl3 in the lower phase should decrease more than the concen-
tration of clusters. Slowly, the lower solution will be saturated
with the respect to the bismuth polycations.

Unfortunately, if neat mesitylene is carefully stratified on top
of a Bi3+

5 –GaCl−
4–GaCl3–benzene solution, the final result will be

a large volume of a dilute cluster-arene solution. It seemed like
the cluster solubility in mesitylene is too high. Eventually, the
remedy was found when the two methods were combined; first,
the red solution of bismuth polycations is saturated by stratifica-
tion of heptane on top of it, which will only extract benzene from
the lower phase. In a second step, the heptane is removed and
mesitylene is added. In this case, no dilution occurs. Instead,
crystals are formed close to the border between the benzene and
mesitylene solutions.

The mechanism for crystal growth is still not fully understood,
but the reason for precipitation seems to be an inbalance in the
relationship Bi5[GaCl4]3/GaCl3. A low concentration of GaCl3 is in
itself not enough for precipitation, as proven by the dilution with
mesitylene. Furthermore, crystals formed can be redissolved in a
concentrated GaCl3–benzene solution.

Using the procedure outlined, large single crystals containing
bismuth polycations can be isolated. Surprisingly, the crystals
first isolated were not Bi5[GaCl4]3, which is believed to be the
predominant species in solution, but the more reduced species
Bi8[GaCl4]2. There have been no previous indications that Bi2+

8
should exist in the solution. One possible explanation could be
the existence of an equlibrium, according to equation 3.4.

8Bi5[GaCl4]3 � 7Ga[GaCl4] �� 5Bi8[GaCl4]2 � 28GaCl3 (3.4)

3.2.4 The crystal structures

3.2.4.1 Bi8[GaCl4]2

As stated above, the first single crystals to be isolated from this
procedure were black, column-shaped crystals of Bi8[GaCl4]2. The
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Figure 3.2: The orientation of the tetrahedral anions in
Bi8[GaCl4]2 viewed along the crystallographic b axis. The cations
are omitted for sake of clarity. It can be observed that tetrahedra
parallel to c all point in the same direction.

compound is previously unknown but it has a very similar struc-
ture to Bi8[AlCl4]2, first observed by the groups of Bjerrum and
Corbett,17,18 and structurally characterized by Krebs et al.20,71 The
most important difference between the two structures is the or-
dering of the anions in the gallate case. All tetrahedral GaCl−4 en-
tities are aligned along the crystallographic � axis, as displayed in
figure 3.2. In the case of the aluminate structure the anions are
disordered so that they at half of the sites are pointing up and at
the others down. The alignment of the anions causes a lowering
of the symmetry of the unit cell; it is no longer possible to find a
mirror plane perpendicular to the c axis.
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3.2.4.2 Bi5[GaCl4]3

The isolation of single crystals of Bi8[GaCl4]2 from the solution
was a real contradiction to all previous indications from this sys-
tem. Based on Raman and UV/visible spectroscopy as well as liq-
uid X-ray scattering (LXS), it was concluded that the solution is
totally dominated by Bi3+

5 cations. Furthermore, the crude precip-
itate from heptane was a powder which was determined to consist
of a cubic Bi5[GaCl4]3 phase. After the isolation of the first single
crystals from this system, large efforts were made in order to get
single crystals of Bi5[GaCl4]3 by making small modifications in
the solution contents.

“Crystals” of the cubic phase are obtained if the diffusion of
benzene is extremely slow; for instance in a cluster solution stored
for several months in an NMR tube (without any other solvent on
top) closed with a plastic cap. Single crystal diffraction experi-
ments on such crystals reveal that the extreme disorder, appar-
ent in the case of powder samples,66 is maintained. There are
no reflections visible at higher angles, and the structure model is
incomplete. This led to the sugestion that the cubic phase actu-
ally is an unorthodox example of twinning of the standard trigo-
nal phase, the relationship between the two unit cells is evident.
The twinning is suggested to exist at unit cell length-scale, which
causes the powder diffractograms of the two phases to be differ-
ent.

Finally, crystals of the trigonal modification were obtained,
by careful modifications of the original crystal growth method.
The crystals are normally very small, and only the largest spec-
imens are useful for single crystal diffraction experiments. So
far, no experiments have resulted in solely Bi5[GaCl4]3 crystals.
Instead, a mixture of Bi5[GaCl4]3 and Bi8[GaCl4]2 is typically ob-
tained. Thus, it is assumed that the conditions suitable for crystal
growth of trigonal Bi5[GaCl4]3 from benzene solution are very spe-
cific, and that they are reached only locally under a concentration
gradient situation.

The structure of Bi5[GaCl4]3 is very similar to the aluminate
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Figure 3.3: The displacement of the two apical bismuth atoms of
the Bi3+

5 polycations found in Bi5[GaCl4]3 lowers the symmetry of
the polycation from ideal ��� to ���.

analogue, Bi5[AlCl4]3.21 Based on small but significant improve-
ments in the quality of the structure model, it is suggested that
the symmetry of the cluster is lowered by adjustment of the posi-
tions for the apical bismuth atoms, see figure 3.3. This leads to a
change of space group from R�c in Bi5[AlCl4]3 to R3c in Bi5[GaCl4]3

by removal of the inversion symmetry element. It is questionable
if this really represents a true difference between the compounds
or if this small displacement of the bismuth atoms was overlooked
in the case of the aluminate compound.

3.2.5 Identity of species in solution?

Considering the relative distribution of formed Bi8[GaCl4]2 and
Bi5[GaCl4]3 crystals, Bi8[GaCl4]2 being the dominant solid prod-
uct isolated when using the crystal growth procedure described
above, it is somewhat of a mystery that there are no indications
of Bi2+

8 in the solutions. However, a careful study of the literature
suggests that the reason may be blamed on an over-simplification
of solution data. Considering the expected output from the two
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different cations in different analytical methods, such as Raman
or UV/vis spectroscopy or LXS, it can be concluded that the fea-
tures from the two cations could in many cases be overlapping.
Therefore, it is possible that Bi2+

8 exists in the arene solution in
appreciable amounts.

3.2.6 Reaction parameter modifications

Given the rather reliable method for crystal growth described
above, it is now possible to study the influence of changes in reac-
tion parameters sucha as of solvent, Lewis acid, reducing agent
and counter anion on the products. The results from these at-
tempts have so far been limited.

3.2.6.1 Lewis acids

As mentioned, GaCl3 (and GaBr3) has an outstanding solubility
in organic solvents in comparison to other Lewis acids. This will
also affect the solubility of the bismuth-containing species. Thus,
if the solubility of the Lewis acid is too low, reactions may take
place, but in undetectable amounts. As long as no other acid-
solvent pair with similar solubility properties can be identified,
GaCl3 will be the primary choice of Lewis acid for synthesis of
polycations in organic solvents. The only reasonable alternative
is GaBr3, which will be discussed below. Possibly could also com-
binations of Lewis acids, such as GaCl3 + SbCl5, become useful.

3.2.6.2 Solvents

GaCl3 is soluble in different arenes, and the reaction has been
performed in toluene and mesitylene as well. There are no in-
dications that this choice influences the reaction in any way. As
there are only weak interactions between the solvent and the bis-
muth polycations, this indifference is understandable.66 Gorlov et
al. have recently used the GaCl3–arene route in order to reduce
platinum metal halides.67,68 Here, the direct action of the arene
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in both reduction and stabilization of the final product makes an
impact on the product obtained.

3.2.6.3 Reducing agents

If the reductive route is used (see section 3.2.2), different reduc-
ing agents, other than the originally employed gallium metal, can
be considered. Different easily oxidized metals have been tested,
such as sodium, indium, zinc and so on. Although reactions take
place, no other product than the original Bi5[GaCl4]3 is observed.
This is probably due to the fact that the primary reducing agent
first reduces GaCl3 to Ga+, which then reduces BiCl3. This hy-
pothesis has been confirmed in the case of indium.72

3.2.6.4 The counter anions

The most promising way of altering the solid product could be the
change of counter ions in the salt. The idea behind this is based
on the assumption that there are, at least in subliminal concen-
trations, polycations other than Bi3+

5 in the solution. The crystal-
ization of Bi8[GaCl4]2 shows that this is not as strange as it may
sound. If there are other equilibria between polycations in the
system, they can be exploited by removing the wanted polycation
by means of precipitation with a suitable anion, as it is formed.
This is an established method for stabilizing exotic cations in gen-
eral,73 and it also has been suggested to be useful in molten AlCl3
routes.74

Hoping to either crystallize new polycations, or at least to im-
prove the crystallization of known polycations, large anions with
known ability to precipitate cations, such as trifluorosulfonate,
carborane75 and tetraphenyl borate have been added to benzene
solutions of Bi3+

5 . Disappointingly, the results have all been nega-
tive; only gallates have been obtained.
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3.2.7 The GaBr3–benzene system

GaBr3 has a special position as the only other Lewis acid hav-
ing solubility in arenes comparable to that of GaCl3. Thus, it of-
fers a possibility to completely exclude GaCl3 and its anionic form
GaCl−

4 from the reaction and any salt formed must obviously have
a (slightly) different anion.

Different studies on GaBr3-containing systems have been per-
formed, both via molten salt and benzene routes (paper V).

Again, primarily the bismuth system has been studied. De-
spite the similarities of the two Lewis acids, the behavior in case
of the reactions in benzene solution are quite different. For the
oxidative route, no reaction is observed until after several days,
when it can be noted that some kind of precipitate has formed
on the surface of the bismuth metal. No coloration of the solu-
tion occurs at any time. The black precipitate could be tolerably
separated from the metal. X-ray powder diffraction revealed the
unit cell of this compound to be similar to the one of Sb8[GaCl4]2,
see section 3.4.2 below. Starting a refinement from the coordi-
nates of the antimony compound, including both bismuth metal
and GaBr3 as minor phases, a structure solution for Bi8[GaBr4]2

was obtained. The featured square antiprismatic Bi2+
8 cation is

relatively distorted from the ideal symmetry, compared to earlier
reports of this cation. If this is a true property of the compound, or
if it is attributed to the poor crystal quality can be contemplated.
The orthorombic unit cell of Bi8[GaBr4]2 and the hexagonal cell
of Bi8[GaCl4]2 is related in that all the planes of the square Bi4
units are parallel, see figure 3.4. The cells differ from each other
in that both the cations and the anions are rotated.

If instead the reductive route is employed, a brown precipitate
is formed directly upon mixing of the two reactant solutions. Pow-
der diffraction indicate this to be a cubic phase with � �17.6 Å. A
fair guess is that this is a tetrabromogallate analogue of the cubic
Bi5[GaCl4]3, isolated from crude precipitations of GaCl3–benzene
solution. Neither in the case of the reductive route is any col-
oration of the solution observed.
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Figure 3.4: The hexagonal unit cell of Bi8[GaCl4]2 and the or-
thorombic cell of Bi8[GaBr4]2, respectively.

By reducing the rate of mixing, and thereby also reducing the
speed of precipitation, it has been anticipated that larger crystal-
lites could form. In a special set-up of the reductive route, using
a bridge filled with pure benzene between the two reactant solu-
tions, very small black crystals were obtained. Surprisingly, these
were found to consist of Bi6Br7, which features Bi5+

9 cations, thus
without any GaBr−

4 anions.

The problem with the GaBr3-benzene system appears to be the
very low solubility of the cluster compounds formed. Therefore,
as soon as a cluster is formed it will precipitate with a suitable
anion.
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3.3 Bismuth polycations from other
routes

While the main synthetic method used in this work has been
based on reactions in benzene solutions, also other routes have
been tested for the sake of completeness.

For instance, Beck and coworkers have developed a way of
making polycationic chalcogen cluster by the use of chemical va-
por transport.76,77 The cluster-forming metal is mixed together
in an ampoule with a volatile transition metal halide, like WCl6.
The halide acts both as a oxidation agent and chloride ion accep-
tor. The product is separated from the reactants by sublimation.

So far, no reports of bismuth clusters formed through this me-
thod has been observed in literature. Therefore, some prelimi-
nary attempts were made from bismuth metal and WCl6. Un-
luckily, the black crystals formed were found to contain W2Cl10,
the reaction taking place being:

2Bi � 6WCl6 �� 2BiCl3 � 3W2Cl10 (3.5)

As soon as W2Cl10 is formed, it sublimates to the cooler end of the
ampoule. The oxidative power of WCl6 is too strong. This could
possibly be countered by placing the bismuth metal at the cooler
end of the ampoule, to give the system more time to equilibrate.
Also other oxidative halides could be tested.

In the case of molten salt systems, possibilities to synthesize
bismuth polycations from AlX3 or BiX3 solutions are probably ex-
hausted due to the large amount of work done by several research
groups on these systems. Ulvenlund supplemented these results
with experiments in molten GaCl3. If symproportionation of bis-
muth metal and BiCl3 is performed in GaCl3, the reaction is prac-
tically the same as in AlCl3, and Bi5[GaCl4]3 is produced.78 How-
ever, an advantage with GaCl3 as compared to AlCl3 is the sta-
bility of the Ga+ ion, which offers the possibility to use GaCl3 as
oxidation agent and solvent in parallel. Thus, a pseudo-binary
system of Bi–GaCl3 may be used. It was found that, depending
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of the bismuth/GaCl3 ratio, phases of slightly different behavior
were formed.66 Specifically, it was observed that if the molar ra-
tio for bismuth is higher than 0.569, a phase separation between
a black phase and unreacted bismuth metal occurs. No determi-
nation of the identity of the black phase was possible, but it was
assumed to consist of something other than Bi5[GaCl4]3.

In order to investigate the nature of this unknown phase, an
ampoule filled with GaCl3 and Bi, 	Æ

��=0.6, was sealed and put
in a furnace at 270ÆC. After a few days the temperature was de-
creased, 10ÆC/hour, to room temperature. Despite the fact that
overcooling hysteresis could be observed, apparently separable,
nice crystals, in the form of black, very thin needles, were ob-
tained. Nevertheless, no complete structure characterization has
been achieved, despite several attempts. The same unit cell has
been obtained for all selected crystals; a hexagonal cell with pa-
rameters �=13.15, �=10.34 Å. The best attempts to a structure
solution have been made in space group P��/m, and in these cases
it is possible to identify a Bi5+

9 entity and GaCl−
4 anions, R1 =0.20.

More work on the crystallization of this phase is clearly required.
However, if these results have some relation to reality, it is as-
sumed that the anionic part would not consist of GaCl−

4 anions
only, as five such ions would be difficult to distribute within the
given symmetry.

In connection to the very incomplete characterization describ-
ed above, the work recently reported by Popovkin and coworkers
should be mentioned. Following the synthesis of Bi9Bi[HfCl6]3,
they have done investigations aiming at compounds of the gen-
eral formula Bi9Bi[MX6]3.79–81 A series of compounds have been
produced and all of these crystallize in the hexagonal system with
unit cell parameters � �14 Å and � �10.5–11.0 Å. The same group
has also reported the interesting compound Bi9In3.67Cl16, synthe-
sized from symproportionation in liquid InCl3.82 This compound
has a similar unit cell, and contains polymeric anions; this may
be a suggestion for a structural motif also existing in the case of
the black uncharacterized phase above. Alternatively, the com-
pound contains both gallate and bismuthate anions. One recent
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example of such a compound is Bi37InBr48, which contains Bi5+
9

cations and several types of bromobismuthate anions as well as a
pentabromoindate(III) ion.83

Conclusively, there are several examples of compounds con-
taining Bi5+

9 with unit cell parameters similar to those of the black
phase from the GaCl3 melt, albeit with different structural motifs
for the anions. The synthesis and crystal growth from Bi–GaCl3
should be repeated, hoping to obtain crystals of better quality.
Also, it may be profitable to investigate the corresponding indium
system, Bi–InCl3, as the monocation of indium also is rather sta-
ble.

In paper V, reactions in molten GaBr3 medium is accounted
for. It is observed that GaBr3 is not able to oxidize bismuth metal,
hence, a symproportionation route is needed. The product ob-
tained from such a reaction is a (powdered) cubic phase with the
unit cell parameter �=17.6 Å. This was assumed to be the bromide
analogue of cubic Bi5[GaCl4]3, and a structure refinement was per-
formed, starting from the coordinates of the chloride structure.
In the conduct of the refinement it was discovered that the Bi3+

5
cations are even more disorded, they can be considered to be com-
pletely freely oriented within their cavities. On the other hand,
the GaBr−

4 anions are ordered.

3.4 Antimony polycations

3.4.1 Early observations and crystal growth

Although antimony has been given almost as much attention as
bismuth regarding synthesis from both molten salts, superacidic
media and GaCl3–benzene matrix, the collected results are very
few. Part of explanation is that the solubility for antimony metal
is very low both in melts of either AlX3, GaX3 or SbX3, and in
GaCl3–arene solutions.70,84,85 Some evidence for the existence of
a more reduced antimony species, Sb2I4, was provided through
electromotive force and vapor pressure studies in molten salt sys-
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tems.86,87 Gillespie and coworkers reported in a very preliminary
communication about the synthesis of Sb[AsF6] from superacidic
media.88 However, the appearence of a more detailed study con-
firming this result is still pending.

The least clouded observations regarding the possible exis-
tence of antimony polycations, prior to this work, have been made
by Ulvenlund et al., in a molten mixture of Ga–SbCl3–GaCl3.78

Gallium metal was used as reducing agent instead of the poorly
dissolving elemental antimony. A brown liquid phase and a black
solid phase were formed. Low-frequency bands in the Raman
spectrum of the liquid phase indicated the product to include Sb–
Sb bonds. Based on elemental analysis of the black phase, the
composition was suggested to be Sb5[GaCl4]3. Unfortunately, the
behavior of the phases did not allow for any diffraction experi-
ments, hence the ultimate confirmations of their identity were
still lacking. Ulvenlund also attempted to synthesize antimony
polycations in GaCl3–benzene solution. From the reductive route,
he was able to obtain a brown solution and a black amorphous
phase.70 It can be supposed that the brown and black phases of
the two experiments are the same. Still, due to the fact that the
two phases cannot be separated, no new information could be re-
trieved from the reaction in benzene solution.

In order to decisively settle the question of antimony poly-
cations, it was necessary to isolate single crystals suitable for
diffraction experiments. However, as described in previous sec-
tions, this is problematic even for the more accessible bismuth
system. The road to success was finally opened by the devel-
opment of the method for crystal growth from GaCl3–benzene
solutions. Although this method was formulated with the bis-
muth polycations primarily in mind, it is easily extended to its
antimony solution congener. The addition of firstly heptane and
subsequently mesitylene to a brown solution of SbCl3 reduced by
gallium metal produced a small amount of dark (black on a first
sight, but with a red tone if more carefully studied) crystals to-
gether with huge amounts of a brown powder. Amounts of the
black solid phase, already noticed by Ulvenlund, was mixed with
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the other material, further complicating the collection of the dark
crystals.

3.4.2 Crystal structure

Single crystal X-ray diffraction data from one of the crystals iso-
lated from the antimony cluster solution allowed the stoichiome-
try to be identified as Sb8[GaCl4]2 (paper II). The compound crys-
tallizes in the orthorombic crystal system, in contrast to the bis-
muth analogue, which crystallizes in the hexagonal system. Still,
as mentioned in section 3.2.7, the two unit cells are related. The
geometry of the Sb2+

8 cations is close to square antiprismatic, in
accordance with Wade’s rules. In comparison to the bismuth case,
the two Sb4 squares of the antiprism are more separated in re-
lation to the distance between the squares. This single case is
not statistically significant, but there may be some possible ex-
planations for such a behavior if it is a true feature. In paper
I, calculations show that the bonding in bismuth polycations is
characterized by localized electrons in non-trigonal faces while
electrons are delocalized over trigonal faces. Antimony forms
stronger colvalent bonds,6 as expected by its semimetallic na-
ture, and it is reasonable to assume that localized character of
the intra-square bonds should be, on a relative scale, promoted in
antimony polycations.

3.4.3 Further investigations

In order to complete the characterization of this reaction, both
Raman and UV/vis spectroscopy have been applied, the spectra
are displayed in figure 3.5. There are four obvious bands in the
solid state Raman spectrum at 343, 180, 171 and 135 cm��. The
first one is from the GaCl−

4 anions, while the three latter bands
originate from the antimony polycation. These values correspond
well to the Raman spectrum recorded by Ulvenlund et al. from the
brown liquid phase,78 confirming that at least the brown product
is the same in both reactions.
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(a) Structure of the cation Sb2+
8 . (b) UV/vis spectrum of Sb8[GaCl4]2

(c) FT-Raman spectrum for
Sb8[GaCl4]2 in benzene solution

(d) Raman spectrum recorded on a
single crystal of Sb8[GaCl4]2

Figure 3.5: Structure and recorded spectra of Sb8[GaCl4]2

No UV/vis spectra had previously been recorded during the
work on antimony polycation systems. One problem is the ques-
tion of phase purity. In benzene solution the solid black phase
could interfere with the measurements. In order to be able to
control the concentration of antimony polycations to a sufficiently
low level, appropriate for the method, Sb8[GaCl4]2 single crystals
were allowed to grow and these were then redissolved in fresh
GaCl3–benzene medium. There is only one obvious absorption
peak in the spectrum, at 370 nm, apart from the intense shoul-
der in the UV region common for polycation solutions. A second,
very small, absorption peak can be observed around 470 nm. The
absorption bands can be tentatively assigned to Sb2+

8 , although
cluster equlibria may promote also the existence of other cluster
species.
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3.4.4 Synthesis in GaBr3– benzene media

GaBr3 has also been tested in the antimony system. From the
reductive route a black amorphous precipitate is formed in high
yield immediately upon mixing the reactants in the Ga+ contain-
ing phase. However, if the reaction vessel is studied under a
microscope, a small amount of orange needles or dendrites can
be found, stuck in the lower part of the black phase. From sin-
gle crystal X-ray diffraction it is found that the orange crystals
are Sb8[GaBr4]2. The structure is isotypic to Sb8[GaCl4]2. Again,
it was found that the Sb–Sb distances are significantly shorter
within the two square faces than between them. The nature of
the black phase has not been revealed.

One unresolved issue regarding the synthesis of antimony poly-
cations is the nature of the black phases that have been observed
in both the molten salt and benzene solution experiments. Ul-
venlund et al. performed powder diffraction, but the only conclu-
sion drawn was that it did not represent a structure analogue of
any known bismuth compound. One obstacle is of course, once
again, the question of phase purity. They also performed elemen-
tal analysis on this phase, which suggested it to be Sb5[GaCl4]3,
however, as is pointed out by the authors, elemental analysis has
historically proved rather unreliable in determining the nature
of cluster compounds.78 In our recent work on this system, fil-
tration has been used to separate the black solid phase from the
red-brown solution, after which powder diffraction was recorded.
A good quality powder diffractogram was obtained, but again, no
valid unit cell could be identified.

Additionally, one has to address the question of why Sb2+
8 ap-

pears to be the most stable polycation, based on the fact that only
this polycation has been isolated. Raman spectra of the brown
solution show no other bands than those related to Sb2+

8 . In con-
trast, Bi3+

5 is clearly more stable in bismuth systems. However,
Sb3+

5 may be included in the mysterious black phase, and that the
problem is solubility and kinetics of crystallization rather than
thermodynamic stability. In order to be able to continue this dis-
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cussion an identification of the black solid phase should be con-
ducted.

3.5 Other polycations in benzene
media – In the footsteps of Corbett

It has already been mentioned that the solution of GaX3 in arenes
should be regarded as a pseudo-melt system, with similar proper-
ties as molten AlCl3/GaCl3.69 It is also known from literature that
polycations of a number of main-group elements are attainable in
such molten media, of which the majority has been isolated by
Corbett and coworkers.10 Adding these two facts together, it in-
dicates that it should be possible to obtain other polycations than
those of bismuth from GaX3–benzene solution.

The elements for which reports of polycations exist in salts of
AlCl-

4 are cadmium, mercury, lead, selenium, tellurium and io-
dine. Recently, the synthesis from GaCl3–benzene was confirmed
for Hg2[GaCl4]2 and Hg3[GaCl4]2.89,90 Ulvenlund performed some
preliminary experiments using the chalcogens selenium and tel-
lurium (oxidative route), in which color changes, indicating poly-
cation formation, were observed.70 However, no significant evi-
dence of the identity of the products were obtained. Other ele-
ments have previously not been investigated. Therefore, a series
of experiments on elements included in the list above, as well as
arsenic and phosphorus, was performed. An account for the out-
come is given below.

3.5.1 Cadmium
The structure of Cd2[AlCl4]2 was not elucidated until 1987,91 al-
though the first confirmation of the synthesis in molten AlCl3 was
reported much earlier.92

For the oxidative route, using either GaCl3 or GaBr3 in ben-
zene, no signs of reaction are visible. In the case of the sym-
proportionation method, CdCl2 is easily dissolved, but within a
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few hours a colorless precipitate is formed. The unit cell param-
eters for this compound is in very good agreement with those of
Cd[GaCl4]2,

91 that is, no reduction occurs. Even after weeks, no
other compounds are formed. Hence, it appears that the solubil-
ity of Cd[GaCl4]2 in the medium used is very low. Possibly, ad-
ditional experiments, optimizing the concentrations of reactants,
could increase the solubility of Cd[GaCl4]2, making it accessible
to reduction.

3.5.2 Arsenic and phosphorus

Arsenic and phosphorus together with fluorine, are the three el-
ements of group 15–17 in the Periodic Table, for which no ho-
mopolyatomic polycations have been reported.93

For phosphorus no reaction is observable in any of the gallium
trihalide media using the oxidative route. The reductive route
has so far not been tested.

For arsenic, both reductive and oxidative routes indicate that
reactions occur. The solutions obtain an orange color, and a brown
precipitate is also formed. As this precipitate appears to be amor-
phous, no diffraction experiments have been successful. Further-
more, Raman spectra of the solution do not show any bands in-
dicating element–element bonding. Still, the fact that some re-
action takes place is promising. The obvious next step is to find
a method for the identification of the brown product formed. No
reaction is observed in case of GaBr3.

3.5.3 Selenium and tellurium

Together with bismuth, selenium and tellurium show the richest
polycation chemistry of the main-group elements.76,77 The Te2+

4
cluster is also considered to be the first polycation mentioned in
literature, in the accounts of Klaproth from 1798.94 There are
three tellurium salts, Te4[AlCl4]2, Te4[Al2Cl7]2 and Te6[AlCl4]2,

95

and two selenium salts, Se4[AlCl4]2
96 and Se8[AlCl4]2,

97 known
from synthesis in molten AlCl3. Recently, two mixed cations,
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Bi4Te4+
4

98 and Sb2Te+
2,99 have also been synthesized from AlCl3

melts.
For selenium, some reactions take place in GaCl3–benzene; us-

ing the oxidative route, the solution obtains a light red color and
after a few days an orange precipitate is formed. Unfortunately,
the material does not seem to be crystalline and no other char-
acterization method has revealed the identity of this phase. If
reduction of SeCl4 is attempted, the reaction with the benzene
medium is strong, gas is formed and the solution immediately
turns black. The explanation for this behavior is probably that
SeCl4 violently chlorinates benzene. In the Se–GaBr3–benzene
system, no reaction is observed.

Te4[Ga2Cl7]2 is the product from the oxidative route of tellur-
ium. A dark green solution is formed and black crystals can be ob-
tained by the crystal growth method developed for bismuth poly-
cations. The compound is isotypic to that of Te4[Al2Cl7]2,

100 and
consists of an ideal square-planar Te2+

4 cation and two staggered
Ga2Cl-

7 anions. One interesting detail is the green color of the so-
lution; the color of solutions containing tellurium polycations are
normally red.23 The green color possibly originates from a second
species present in the solution, however, no indications of such a
species have been obtained. Raman spectra of both the solution
and single crystals indicate the presence of tellurium polycations,
observed by the strong band at approximately 210 cm��,101 see
figure 3.6. So far, no crystals of Te4[GaCl4]2, the analogue to the
more chloride-rich Te4[AlCl4]2 reported together with Te4[Al2Cl7]2,
have been isolated but this compound should be regarded as ob-
tainable, given the right circumstances.

When TeCl4 is reduced by gallium metal, a white precipitate of
unknown identity is immediately formed. As this phase is not ex-
pected to include any polycations, no further investigations have
been made regarding its identity.

Tellurium is oxidized also in GaBr3–benzene solution, which
becomes slightly green. After a few days, the color fades and
black, very small crystallites are formed. It has not been possible,
neither by Raman spectroscopy nor X-ray diffraction, to extract
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(a) UV/vis spectrum of a Te–GaCl3–
benzene solution.

(b) FT-Raman spectrum of a Te–
GaCl3–benzene solution.

(c) Raman spectrum recorded on a
single crystal of Te4[Ga2Cl7]2.

(d) Raman spectrum recorded on a
single crystal of Te4[Ga2Br7]2.

Figure 3.6: Recorded spectra for compounds containing Te2+
4 .

any information about the content of these crystals. Still, it is
noteworthy that this is the only example of an experiment where
gallium bromide is used, for which at least one, substantially sol-
uble, compound is formed. In the case of reaction with GaBr3, the
remedy was provided by the reductive route. When the two reac-
tant solutions are mixed, a dark green solution is formed, which
within a couple of minutes looses its color while a dark precipitate
is formed. This contains violet, very thin, sheet-shaped crystals.
From the structure characterization it can be concluded that the
crystals contain Te4[Ga2Br7]2. In this case, the structure is not
isotypic to Te4[Ga2Cl7]2 (or any other structure), but it still fea-
tures a square-planar cation and two staggered anions. In the
Raman spectrum four peaks can be observed, of which the ones
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at 315, 250 and 210 cm�� can be assigned to the strongest bands
of Ga2Br-

7 and Te2+
4 , respectively,101,102 confirming the model ob-

tained from the structure characterization. The fourth peak of
the spectrum, at 419 cm��, is unassigned. It can be observed that
this peak is present in both the chloride and bromide systems.

Attempts to synthesize mixed bismuth-tellurium cations in
GaCl3–benzene solution have so far not been successful. The ex-
istence of a competing oxidizing agent in the solution, GaCl3, lim-
iting the reduction of BiCl3, may be the cause of this failure.

3.5.4 Iodine

In a communication, Corbett and coworkers have reported the
sythesis of I3[AlCl4] and I5[AlCl4], made from ICl and I2 in AlCl3.103

When ICl was added to an I2–GaCl3–benzene solution, a vio-
lent reaction occured together with rich formation of gas, just as
in the case of SeCl4. Again, this may be explained by chlorination
of benzene.

3.6 GaX3–benzene; a summary

From this comprehensive study it has been confirmed that most
reactions successful in molten AlCl3 or GaCl3 also can be executed
in GaX3–arene media, X=Cl or Br. Only one of the syntheses per-
formed in molten salt media is evidently inappropriate to arene
solution; iodine polycations. An improved procedure for crystal
growth has been devised, which has provided an unprecedented
easy access to single crystals of good quality, allowing the isola-
tion of the antimony cation Sb2+

8 . In total, six new compounds
have been isolated and characterized through this work:
Bi8[GaCl4]2, Bi8[GaBr4]2, Sb8[GaCl4]2, Sb8[GaBr4]2, Te4[Ga2Cl7]2

and Te4[Ga2Br7]2.
On the negative side it should be noted that, despite the many

efforts made in this field, no indications of new bismuth polyca-
tions have been found. Thus, if this method should lead to any
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major development in main-group polycation synthesis, it most
probably has to be combined with some other concepts.



Chapter 4

Syntheses from BiI3

4.1 ’Polycations’ in the binary
bismuth-iodine system

4.1.1 Known phases

In contrast to its lighter halide congeners, GaI3 has low solubility
in arenes. The main reason is probably its lower Lewis acidity.
Hence, the reaction route described in the previous chapter is not
appropriate in order to obtain subvalent bismuth compounds to-
gether with iodine-cotaining anoins, other routes have to be ap-
plied.

In the work devoted to the solubility of metals in their respec-
tive halides, also the Bi–BiI3 combination was studied. However,
in contrast to the BiCl3 and BiBr3 melts, no polycations were
found in these systems. Phase diagrams of BiX3 melts reveal
that the behavior is very similar for the Bi–BiCl3 and Bi–BiBr3
binary systems, while the diagram for Bi–BiI3 has a different ap-
pearence.104,105 Nevertheless, even in the case of the iodide melts,
indications of a solid bismuth subiodide were found. Yosim and
coworkers coined this subiodide “BiI”, although no detailed infor-
mation regarding this suspected phase had been obtained. The
confirmation of the empirical BiI formula was instead provided in

43
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Figure 4.1: The structure of �-Bi4I4. Single molecules form poly-
mers, infinite ribbons, which are subsequently packed into crystals.

1970, through thermal analysis.106 The structure of BiI was later
characterized by von Schnering et al..107 The structure consists of
Bi4I4 molecules that are covalently connected in one dimension,
forming infinite ribbons, which are stacked into crystals, see fig-
ure 4.1. The forces between the individual ribbons are considered
to be weak. In the paper of von Schnering, comments were also
given regarding traces of an additional bismuth subiodide phase
with the approximate empirical formula Bi4I. Other indications
for such a metal-rich subiodide was at the same time found by the
group of Popovkin.108 Further thermoanalytical studies done by
that group suggested that there actually existed two more phases,
Bi14I4 and Bi18I4, in the binary Bi–BiI3 system.109 This was later
confirmed by the determination of the crystal structure of the two
compounds.110,111 Attempts to obtain additional phases, including
(Sb or Te) substituted ones, were not successful.112

Magnetic measurements prove Bi4I4 to be diamagnetic.107 The
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electric conduction was not determined. However, the compound
can be assumed to have similar conductivity as the structurally
closely related Bi4Br4, found to be a semiconductor, although the
three-dimensional packing of the individual polymers differs.113

Due to difficulties in the synthetic process, hindering the isola-
tion of pure phases, no studies of properties of the metal-rich bis-
muth subiodides (Bi14I4/Bi18I4) have been conducted. Until more
elaborate synthetic procedures for the isolation of pure samples of
the metal-rich phases have been found, we have to depend on re-
sults from theoretical calculations for information about expected
electric and magnetic properties of these compounds.

4.1.2 Theoretical calculations

4.1.2.1 Three-dimensional calculations

In order to gain some insight into the electronic properties of
bismuth subiodides, quantum chemical calculations of periodic
solids were performed, as described in paper VII. The results in-
dicate Bi4I4 to be a semiconductor, in accordance with the expec-
tations from measurements on Bi4Br4. On the other hand, Bi14I4

and Bi18I4 are electrically conducting. This can be observed from
the Density of States (DOS) of the respective compound, as illus-
trated in figure 4.2, obtained from CRYSTAL98 and WIEN2k.114

This is of course interesting in itself, but it would be infor-
mative to know also the reason for this suggested conductivity of
the more bismuth-rich iodides. Ruck has in his work on ternary
bismuth halide phases found that the conduction properties are
dependent on the metal/halide ratio, the more metal-rich being
low-dimensional metals.115 An analogous explanation could be
possible for the binary bismuth subiodides. But there are other
differences! The iodine atoms of Bi4I4 are positioned in a bridging
mode, i.e. each iodine connects to two different bismuth atoms.
In Bi14I4 and Bi18I4 the iodine atoms are instead terminally con-
nected, each bonded to only one bismuth atom. The different
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Figure 4.2: DOS (CRYSTAL, B3LYP, left; WIEN2K,114 right) for
three-dimensional representations of �-Bi4I4 (top) and Bi18I4 (bot-
tom).
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Figure 4.3: Illustration of the ribbon edge geometries, the iodine
atoms are positioned either bridging (top) or terminal (bottom).
The difference in the connectivity of the outermost bismuth atoms
in the two compounds can also be observed.

modes of iodine atom connectivity are illustrated in figure 4.3.
Furthermore, if the bonding schemes of the bismuth ribbons are
contemplated in detail, it is observed that the modes of the io-
dine atom positions are completely correlated to another struc-
tural feature: The edges of the ribbon consist of rows of either
incomplete or complete six-membered rings of bismuth atoms. If
the edge involves incomplete rings, the outermost bismuth atom
of each molecule is connected to only one other bismuth atom,
but if the edge is composed of complete rings, the outermost bis-
muth atom is connected to two other bismuth atoms of the ribbon,
again see figure 4.3. This can be referred to as “open” or “closed”
edges, respectively, alluding to the appearance of open or closed
six-membered bismuth metal rings.
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4.1.2.2 Polymer calculations

In order to detect the most important of the three structural fea-
tures mentioned above, with respect to conductivity properties
of the bismuth subiodides, further calculations were performed.
One-dimensional (polymer) representations of hypothetical bis-
muth subiodides were considered. In these experiments, the ob-
served structures were constructed so that the three factors to be
analyzed were changed one at the time, and their influence on the
overall electronic properties could be evaluated. In summary, the
outcome of these calulations shows that the metallic conductivity
in the wider bismuth subiodide ribbons is caused by the “closed”
edges. As shown in figure 4.4, even the very narrow polymer Bi4I4

would be a metallic conductor if its edges were closed. On the
other hand, if an open-edge Bi4I4 compound is considered, it does
not matter if the iodine atoms are positioned as bridging or ter-
minating, the compound would be a semiconductor.

It is noticable that the outermost bismuth atoms in Bi14I4 and
Bi18I4 are bonded to four other atoms; two bismuth and two io-
dine atoms. This is not expected for bismuth, having three un-
paired electrons as an atom, thus for which three valences are
presumed. This “hypervalency” offers an mechanistic explana-
tion for the conductivity suggested for the closed-edge ribbons;
two extra iodine atoms, one on each side of the polymer, will add
two low-energy orbitals but only one electron pair to the polymer.
Hence, in order for both extra low-lying orbitals to be occupied,
one electron pair has to be taken from high-energy non-bonding
bismuth p orbitals, causing a hole at the top of the valence bands.

A meticulous person may object that the results presented
above give no explanation to why the hypervalent bismuth subio-
dides should form, in the meaning that it cannot represent the
thermodynamic driving force. Indeed, calculational results sug-
gest the bridging iodine atom mode, the open-end structure, to
be the most stable one, with a difference of 100 kJ/mol for Bi16I4,
and up to ca. 300 kJ/mol for Bi4I4 in favor of the non-hypervalent
alternative. The formation of the closed-edge bismuth subiodides
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Figure 4.4: Band structures for three versions of Bi4I4 (1-
dimensional, B3LYP); open edge, bridging iodine atoms (left);
open edge, terminal iodine atoms (middle); closed edge, terminal
iodine atoms (right). Only in the last case bands are crossing the
Fermi level (metallic conductor).
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is still somewhat of a mystery.

4.1.3 Experimental work

4.1.3.1 Synthesis of Bi16I4

Preferably, the predictions regarding the conductivity of the bis-
muth subiodides should be confirmed by measurements of the
conductivity of all known bismuth subiodides. However, only very
small crystals, which are not suitable for conductivity measure-
ments, had been produced. Therefore, new syntheses were per-
formed according to literature.116 Unfortunately, the obtained
crystals have so far not been larger than in previous attempts,
except for Bi4I4. However, in one of these attempts an unexpected
event occured – a new subiodide, Bi16I4, was obtained. Consider-
ing the vast amount of studies done by different groups on this
system, it is remarkable that no indication, whatsoever, of this
additional bismuth subiodide has been reported. It should be
noted, however, that the environment needed for this compound
to form seems to be very specific; in several attempts following
the first successful synthesis of Bi16I4, only Bi18I4 crystals were
isolated.

4.1.3.2 The crystals of Bi16I4

The crystals of both Bi16I4 and later Bi18I4 were observed as small
bent spikes, looking like animal claws, growing out of grains of
unreacted bismuth metal. The crystals obtained were small (0.05
� 0.05 � 0.25 mm) and dark, with a metallic luster. In order to
isolate single crystals, mechanical force (grinding) had to be used,
separating the crystals from the metal grains. Figure 4.5 shows a
typical single crystal formed in these syntheses. Its shape some-
what complicates any absorption correction performed in the dif-
fraction measurements.

Bi16I4 is a “closed-edge” bismuth subiodide, the structure is
very similar to the previously known bismuth subiodides. The
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Figure 4.5: Scanning electron microscope photography of a Bi16I4

single crystal. The characteristic bent shape is clearly visible.

most notable property of this compound, apart of its sheer exis-
tence, is the “inversed period of construction”: If only the older
bismuth subiodides are considered, it is possible to construct a
rule for the conductivity – Bi4nI4, open edges, semiconductors;
Bi4n+2I4, closed edges, conductors. When performing the polymer
calculations as described in paper VII, these rules were obeyed so
that all Bi4n+2I4 were closed-edge conducting structures. This was
based on the assumption that wider ribbons are formed by the
repeated addition of bismuth atoms to the edge of a more narrow
one (and because this was an easy way to construct the calcula-
tional input). However, if this is not the mechanism for the for-
mation of the different subiodides, there is no reason to expect the
Bi4nI4/Bi4n+2I4 rule to be true, something which is clearly indicated
by the “law-breaker” of Bi16I4.
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4.2 Iodobismuthate anions

4.2.1 Motives

From the results reported in the previous section, it is realized
that a milder route, as compared to the solid state one, to subva-
lent bismuth iodide compounds is desirable. If such a method
is to be found, it could be hoped that crystal growth is facili-
tated, just as has been the case for Bi8[GaCl4]2 and Sb8[GaCl4]2.
Hence, it is very unfortunate that GaI3 does not have the same
ability to dissolve in arenes as its two lighter gallium halide con-
geners. Instead, the more powerful oxidizing agent iodine, I2,
which is soluble in organic solvents, was tested. Four solvents
were selected, benzene, acetonitrile, tetrahydrofuran (THF) and
dimethylformamide (DMF), in which bismuth metal should be ox-
idized using I2, with the prospect of obtaining subvalent bismuth
idodies.

4.2.2 Experimental results

One expected problem with the procedure described is that the
oxidative power of I2 could be too strong. Therefore, either NaI,
KI or n-iodohexane was added to the solution, with the purpose
of forming complexes, I−

3, with iodine molecules. The oxidative
power of the triiodide ion is lower than that of iodine itself.

In terms of bismuth subiodides, the result of the experiments
was a total failure. In the cases where reaction took place (ace-
tonitrile and DMF solutions), the bismuth metal was oxidized
to the standard +III state, forming BiI3. Even if the amount of
bismuth metal was kept in large excess, only BiI3 was identified
and unreacted bismuth remained. Thus, a new route to bismuth
subiodides, enabling the growth of larger crystals, is still to be
developed.

Nevertheless, some interesting observations were made, and
a couple of new structures were characterized.
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Figure 4.6: The three different iodobismuthate anions obtained,
[BiI6]3-, [Bi2I9]3- and [Bi2I10]4-.

4.2.3 Structure of the iodobismuthate salts

When reaction had occured, based on a change in the color of the
solution or of the surface of the bismuth metal, the solutions were
filtrated and the solvents evaporated under ambient conditions.
The crystals formed were investigated by X-ray diffraction.

The most interesting product is [CH3NH2]3BiI6, which forms
when bismuth metal and iodine are dissolved in DMF and heated
to 140ÆC. Because of the high temperature, DMF is hydrolyzed
to form dimethyl ammonium ions. The other two characterized
compounds, [Na(dmf)2(H2O)]3[Bi2I9] and Na4[Bi2I10] � 14H2O, are
complexes of the oxidation product BiI3, added NaI and water
molecules from the non-dry atmosphere, absorbed by the solu-
tion. Later, the two latter compounds were resynthesized by the
simple mixing of BiI3 and NaI in the respective solvent, exclud-
ing the oxidation step. In each of the three compounds formed
there is a different iodobismuthate anion, see figure 4.6, despite
the similarities in reaction conditions.

These reactions illustrate some well-known characteristics of
iodobismuthate chemistry; different anions can form and the ge-
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ometry of the ion in a particular compound is dependent of pa-
rameters such as the nature of the cation and solvent used.117

Only within the work described in this section, at least two more
phases were discovered, however, they escaped a complete char-
acterization and have been left out of this summary. It can be
imagined that some intriguing trends, regarding the geometry
and structure of both anions and cations, may be elucidated if
more structures were to be analyzed. However, this task is passed
on to future students.



Chapter 5

Stability of bismuth
polycations

5.1 What can theory offer?

During the last decades, theoretical calculations have become a
standard tool in chemistry research. Such studies offer the possi-
bility to explain both the existence of certain observed phenomena
and the lack thereof.

In the study of bismuth polycations, theoretical methods can
be used for the understanding of bonding properties in the poly-
cations, by analysis of their wavefunctions. This information can
also be used to predict physical properties, which are not always
easy to determine experimentally, given the problematic nature
of these compounds. A specific, and interesting, question is why
certain bismuth clusters form, while others do not. This problem
is especially suitable to tackle using quantum chemistry, as non-
forming clusters are very hard to study in vitro. As a by-product
of the calculations of wavefunctions, also spectroscopic properties
can be evaluated and compared to experiment or used for predic-
tions.

55
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5.2 Which polycations should be
expected?

5.2.1 Bismuth polycations and Wade’s rules

As described in section 1.3, it is well known that Wade’s rules,
originally formulated for the structural rationalization of the bor-
on hydrides, are also applicable to other polyhedral species. Ex-
amples include anions of group 14 elements, known as Zintl an-
ions, and the bismuth polycations. For bismuth species, the gen-
eral formula for a closo, nido and arachno clusters are Bi(n-2)+

n ,
Bi(n-4)+

n and Bi(n-6)+
n , respectively.

In contrast to the boron hydrides, for which most of the clus-
ters predicted by the theoretical scheme have been synthesized,
the diversity in clusters of other elements is quite small. In fact,
two polyhedral species totally dominate the world of “Wade clus-
ters” beyond the boron hydrides — the five-vertex closo cluster,
having 12 skeleton electrons, e.g. Pb2-

5 and Bi3+
5 , and the nine-

vertex nido cluster, having 22 skeleton electrons, e.g. Sn4-
9 and

Bi5+
9 . Some other clusters have been isolated less frequently, such

as the tetrahedral nido cluster (Ge4-
4 ) and the square antipris-

matic eight-vertex arachno (Bi2+
8 , Sb2+

8 ) cluster. Therefore, ques-
tions arise about why exactly these clusters have been isolated.
In order to analyze this problem, a series of ab initio calcula-
tions was performed on bismuth polycations. For each chosen
combination of the two parameters number of bismuth atoms and
charge, clusters of different symmetries were geometrically op-
timized and their total energies compared, in order to identify
the most stable configuration for each atom/charge combination.
The results were then compared with the geometries suggested
by Wade’s rules.

For almost all of the number-of-atoms/charge combinations,
the predicted cluster geometries were found to have the lowest
total energy of the geometrical configurations tested. Three ex-
ceptions were found, the most severe being that no minima could
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be found for closo-Bi7+
11. Two small geometrical deviations were

also observed; the nido-Bi4+
8 was found to have a local minimum

in a octadecahedron geometry, D2d symmetry, instead of the pre-
dicted dicapped trigonal prism, and closo-Bi4+

6 was found to have
a slightly different geometry (D2d symmetry), as compared to the
predicted regular octahedron (Oh symmetry). In both these cases,
the total displacement of the bismuth atoms, needed to obtain
the new geometry, is rather limited. A general rule could also
be deduced for those cases in which two alternative structures
have been suggested. The rule could be formulated as a ’rejection
of the black sheep’ and is observed for the cations Bi2+

6 , Bi2+
8 and

Bi4+
10. In all these cases, the geometry found for the molecule is the

one rendering the most equal environment for all bismuth atoms
in the cluster, i.e. the most isotropic cluster is the electronically
most stable ones.

In summary, there are no indications that the application of
Wade’s rules to bismuth clusters is wrong. The source for the
heavy dominance by Bi3+

5 , Bi2+
8 and Bi5+

9 in the case of isolated
bismuth polycations has to be attributed to non-local effects.

5.2.2 The energy of bismuth polycations

Although almost all the expected clusters are found to represent
local minima on a potential energy surface, given a certain num-
ber of atoms and electrons, there may still be significant differ-
ences in the thermodynamic stability of polyhedra having differ-
ent number of atoms and/or charge. Such a bias can be analyzed
through the calculated total energies, as illustrated in table 5.1
and figure 5.1.

The trends in both total energy and “cluster energy”, as de-
fined in table 5.1, are rather linear. Exceptions are the neutral
species (Bi4 and Bi6), which are less stable with respect to the
general trend. In particular, no deviations (stabilization) from
this linear trend in energy can be observed for Bi3+

5 and Bi5+
9 . It

is noticeable that all clusters having a higher charge than +2 are
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Table 5.1: Total energies of bismuth polycations in their optimized
geometries.

Number Optimized energy (eV)a “Cluster energy” (eV)b

of atoms closo nido arachno closo nido arachno
3 -422.5 -2.0
4 -555.7 -572.5 -0.5 -1.0
5 -686.0 -710.0 3.9 -3.7
6 -812.8 -843.4 -858.0 11.9 -2.5 -0.7
7 -937.1 -974.1 -996.8 22.3 1.6 -4.8
8 -1058.6 -1102.4 -1131.2 35.5 8.0 -4.4
9 -1178.1 -1227.8 -1261.3 50.8 17.4 0.1
10 -1295.8 -1351.2 -1390.7 67.8 28.7 5.5
11 -1470.2 44.4
12 -1525.7 107.4

aTaken from Hartree-Fock calculations using a large-core pseudopotential.
bCluster energy = (Total energy of cluster - Total energy of constituting Bi0 and
Bi+ fragments). A positive number indicates that the polyhedron is unstable
with respect to its one-atomic fragments.

unstable in comparison to their one-atomic fragments, hence they
need a negatively charged environment to be stable.

I has been suggested that the inbalance in favor of certain sto-
ichiometries can be explained by aromaticity and highly delocal-
ized bonding.118 However, such aromatic stabilization should be
observable in the total energy for the involved species. Further-
more, as will be discussed below, the nature of the bonding in the
polycations known to be stable vary in character between local-
ized and delocalized. Thus, the degree of electron delocalization
does not seem to correspond to the stability of potential cations.

ab initio calculations in general assume the studied species to
be in gas phase and the temperature to be 0K. It has been be-
lieved that the “anti-coordination” in the solid state compounds,
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Figure 5.1: The total energy of closo (dotted line, gray mark-
ers), nido (dashed line, open markers) and arachno (solid line,
black markers) bismuth clusters on the basis of different number
of atoms. If the bias towards Bi3+

5 and Bi5+
9 had inherent electronic

reasons, sinkings in the curves would be expected for these clusters.

the fact that these clusters only form together with very weakly
coordinating anions, should make these assumptions acceptable
as an approximation for the theoretical investigation of bismuth
clusters. However, the apparent positive energies of formation for
cations such as Bi3+

5 and Bi5+
9 show that, if the preference for cer-

tain geometries for the bismuth clusters should be explained, the
cation–anion interactions have to be included in the evaluation.

In connection to this discussion, it should also be mentioned
that some research groups have tried to obtain clusters in gas
phase through laser vaporization or similar methods. In those
experiments only singly charged cations are formed. Further-
more, it has been discovered that the preferred stoichiometries
for the cations formed can be related to the predictions of Wade’s
rules.119,120
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5.2.3 The thermodynamics of cluster formation

The cation–anion interaction and its influence on the stability of
the salt has previously been adressed by Popovkin and coworkers,
using the “densest-packing concept”, approximating both cations
and anions as charged spheres.112 The message of that study is
that not all anions, that are stoichiometrically possible, should
form salts together with the known bismuth polycations, due to
restrictions in structure and electroneutrality.

Another, related but somewhat more profound, way to analyze
the stability of compounds containing main-group polycations is
to compare the enthalpy of formation for different compounds.
Such data can be calculated from a Born-Haber cycle model ap-
plied to the compound in focus. Passmore and others have re-
cently performed a series of investigations of the stability of dif-
ferent salts containing cationic species of chalcogen or halogen
elements, using the Born-Haber cycle methodology.37,93,121,122 In
that work they have successfully explained the stability of spe-
cific, experimentally found, polycations through the determina-
tion of their enthalpy of formation. They have also been able
to show that some cations which have not been isolated actually
really are expected to be unstable with respect to known com-
pounds.

Similar calculations can be performed for bismuth polycations
and their salts. An example of a Born-Haber cycle, showing the
formation of Bi5[GaCl4]3, is displayed in figure 5.2. The calcula-
tion is based on the First Law of thermodynamics: There is no
such thing as a free lunch, meaning that going from reactants A
to products B, the energy change in the system will always be the
same, irrespective of route.

Most of the thermodynamical data required for the cycle con-
struction in figure 5.2, and for the calculation of the enthalpy of
formation, are known and tabulated. Such data can be found in
table 5.2. Still, two posts of data are unknown and have two be es-
timated; the enthalpy of formation of the bismuth polycations (in
gas phase) and the lattice enthalpy for the salt products. The first
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Figure 5.2: An example of a Born-Haber cycle, showing the forma-
tion of Bi5[GaCl4]3 from the elements.

value can be calculated from the total energies, 
 , of the polyca-
tions and bismuth atoms respectively, according to equation 5.1.

�� � �
 ���� � � �
 ����� (5.1)

There are different methods, of varying degree of sophisti-
cation, available for the calculation of lattice enthalpies. One
of the simplest, and yet very useful, accounts was proposed by
Kapustinskii, when he formulated the equation that bears his
name.125 This equation has later been modified in order to be
of more general use. Rather recently, it has been noted that in-
stead of using ionic radii, as in the Kapustinskii equation, vol-
umes of the compounds can be used.121,126 An empirically found
relationship between formula volumes and lattice energy is given
in equation 5.2.121

��� � ����������� � ����
�
�
�


� �� � ����
��

�
� �� � ���

��

�
� ��	��

(5.2)
In this equation, � is the charge of the individual ions, � the num-
ber of ions per formula unit, � is a parameter connected to the
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Table 5.2: Miscellaneous thermodynamical data for compounds
related to bismuth polycations

Species Event Symbol Energya

(kJ/mol)
Bi metal Sublimation �����(Bi) 210
Bi metal Ionization �	 (Bi) 7006

Sb metal Sublimation �����(Sb) 260
Sb metal Ionization �	 (Sb) 8306

Ga metal Sublimation �����(Ga) 270
Ga metal Ionization �	 (Ga) 5806

GaCl3 Formation ��
 (GaCl3) -530
GaCl−

4 Formation ��
 (GaCl−
4) -1020123

Ga2Cl-
7 formation ��
 (Ga2Cl-

7) -1600b

aData taken from Gmelin if nothing else stated.
bEstimated from the value of Al2Cl-7.124

degrees of freedom, found to be 6 for polyatomic nonlinear ions, 
is the molecular volume of the salt and � and � are two empiri-
cally determined parameters, which depend on the stoichiometry
of the salt. In the same work, the values of these parameters are
given; � =138.7 nm � kJ/mol, � =27.6 kJ/mol. This is of course
a very crude method of estimation, and special attention should
be payed to the fact that only salts of stoichiometries AB, AB2

and A2B have been used for the determination of the empirical
parameters.

The volume is easily obtained for compounds whose unit cell
parameters are known. For non-isolated ions an “effective ther-
modynamical ion volume” can be estimated from known volumes
of isolated ions. The total volume of the formula is in practice
divided between the included ions. If such an effective volume
is known for one of the ions, the other effective ion volume can
be calculated from the total volume. The effective ion volume
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of GaCl−
4 is reported to be 0.145 nm�, based on only one com-

pound.121 However, given the estimated volume of this ion in all
monoatomic tetrachlorogallate salts found in the Inorganic Struc-
tural Database, the volume for GaCl3 used in this work has been
set to 0.160 nm�.

By the use of equations 5.1 and 5.2, together with the known
data of table 5.2, Born-Haber cycles have been constructed for ex-
isting and hypothetical salts containing bismuth polycations and
GaCl−

4 anions. A summary of the results is given in table 5.3.
These are very approximate numbers, but they may still be

used to estimate of polycation salt stability. It is observed that
the calculated compounds all have negative enthalpy of forma-
tion. However, this is the change in enthalpy starting from the el-
ements. What is really relevant, if the concern is the most stable
compound, is the change in enthalpy going from one of the salts
to another. Therefore, formula for such reactions have to be con-
structed in order to calculate changes in energy (Ga[GaCl4]/GaCl3
is considered to be the second redox pair of the reaction). One ex-
ample of such a reaction is given in equation 5.3. ��H for similar
hypotethical reactions from Bi5[GaCl4]3 are given in table 5.4. Of
course, in order to predict the relative stability for different salts,
one have in principle to know the change in Gibbs’s free energy,
��G. This includes an entropy term, ��S, which is unknown for
these compounds. However, considering the fact that all reac-
tants and products are condensed phases, it can be assumed that
the change in entropy is very small, i.e. ��G � ��H.122,127

Bi5[GaCl4]3 � Ga[GaCl4]

����

����	�
��
�� Bi5[GaCl4] � 4GaCl3 (5.3)

The results show that Bi5[GaCl4]3 is the most stable salt with
only one exception; Bi[GaCl4] should be stable towards further
reduction by Ga[GaCl4]. As the reduction of Bi[GaCl4] to species
having lower oxidation number is observed experimentally, this
result is hard to explain. Another problem with the calculational
results is that Bi8[GaCl4]2 is predicted to be unstable in relation to
almost all the other cations, in contrast to the fact that this salt
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Table 5.3: Polycation enthalpy of formation, polycation volume,
lattice enthalpy and salt enthalpy of formation for different tetra-
chlorogallate salts

Compound ��
 , cation �
a ��� ��
 , salt

(kJ/mol) (nm�) (kJ/mol) (kJ/mol)
Ga[GaCl4] 850 0.005 560 -730
Bi[GaCl4] 910 0.02 550 -660
Bi3[GaCl4] -200 �0.1b 490 -380
Bi5[GaCl4] -370 �0.14c 470 -110
Bi5[GaCl4]3 370 0.13 2300 -1840
Bi6[GaCl4]4 1140 �0.15c 3570 -2450
Bi6[GaCl4]2 -250 �0.18c 1220 -850
Bi8[GaCl4]2 -450 0.27 1170 -570
Bi10[GaCl4]4 500 �0.29c 3410 -2080
Bi5[Ga2Cl7]3 370 0.13 2040 -3320
Bi8[Ga2Cl7]2 -450 0.27 1070 -1630
Sb5[GaCl4]3 390 �0.12 2310 -1190
Sb8[GaCl4]2 -540 0.24 1180 -20

a Effective thermodynamic ion volumes, calculated from unit cell volumes
(� (GaCl−4)=0.16 nm� and � (Ga2Cl-7)=0.27 nm�) according to literature or es-
timated.121 In fact, as the lattice enthalpy is inversly related to the cubic root
of the sum of ion volumes and the anions normally are larger than the cations,
even large relative errors in cation volume do not have any substantial effect
on the lattice energy.
b Based on the assumption: � (Te2+

4 )=0.115>� (Bi+3)>� (I+
2)=0.072 nm�.

c Based on the “known” volumes of Bi3+
5 and Bi2+

8

is the easiest to isolate from AlCl3 melts and benzene solution.
Still, although the results of these calculations cannot be consid-
ered to be unambigous, they provide some deeper understanding
in the driving force for reaction. While the cation Bi3+

5 is not en-
ergetically favored, see table 5.1, Bi5[GaCl4]3 is found to be one of
the most stable salts. This clearly demonstrates that the power
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Table 5.4: ��H from Bi5[GaCl4]3, in Ga[GaCl4]–GaCl3 medium,
for different compounds, according to the example given in equa-
tion 5.3.

Compound ��Ha

(kJ/mol)
Bi[GaCl4] -100
Bi3[GaCl4] 280
Bi5[GaCl4] 370
Bi6[GaCl4]4 30
Bi6[GaCl4]2 205
Bi8[GaCl4]2 270
Bi10[GaCl4]4 105

a Enthalphy changes are given per participating Bi5[GaCl4]3 molecule

of cluster synthesis comes not from the stability of the cations in
themself, but from the energy gain made in the contemporary for-
mation of anions, as has previously been remarked in discussions
on the stability of bismuth polycations.10,19,70

Similarly, the reduction of hypothetical Sb5[GaCl4]3 to
Sb8[GaCl4]2 can be studied:

8Sb5[GaCl4]3 � 7Ga[GaCl4]

����

�����	�
��
�� 5Sb8[GaCl4]2 � 28GaCl3

(5.4)
In contrast to the bismuth case, this indicates Sb8[GaCl4]2 to be
the most stable antimony salt. This can be understood from the
ionization potential, which is higher for antimony than for bis-
muth. Therefore, lower oxidation numbers are favored for anti-
mony.

It is also possible to investigate the effects in stability from
changing the anions. In the synthesis of tellurium polycations
the salt features Ga2Cl-

7 anions, and the question arises whether
also Bi5[Ga2Cl7]3 or Bi8[Ga2Cl7]2 could be isolated. From equation
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5.5 it is observed that Bi5[Ga2Cl7]3 is not expected to be stable,
��H = +110 kJ/mol. However, in the case of Bi8[Ga2Cl7]2, ��H =
0, indicating some possibilities for this salt to form.

Bi5[GaCl4]3 � 2GaCl3

����

����	�
��
�� Bi5[Ga2Cl7]3 (5.5)

The calculations described above demonstrate that although
almost none of the polycations is stable as a naked cluster, com-
pounds including certain polycations are. Still, the complete ob-
servations made in these systems (the stability of Bi8[GaCl4]2/ the
failure to isolate Bi[GaCl4]) cannot be predicted by the formu-
lated models. It is noted that the used model assumes all cation–
anion interactions to be purely electrostatic. Clearly, the fact that
one factor seems to be missing in the calculations is an indica-
tion that non-electrostatic orbital cation–anion interactions play
a role in the stabilization of bismuth polycations. Considering the
short inter-ionic distances in both bismuth and tellurium polyca-
tion salts, it is presumed that the ions will have the possibility to
interact in a non-electrostatic fashion.

In an attempt to evaluate this in an alternative way, periodic
structure calculations were performed for the two known salts
Bi5[GaCl4]3 and Bi8[GaCl4]2. By taking the difference in total en-
ergy between the salt structures and their included ions in iso-
lated form, values for the lattice enthalpy (disregarding the small
RT terms), to be compared with those given in table 5.3, are ob-
tained. Using the B3LYP density functional, �H� was found to
be -2130 kJ/mol for Bi5[GaCl4]3 and -1000 kJ/mol for Bi8[GaCl4]2,
thus, both values are slightly lower than the numbers given from
the crude estimations. Hence, this does not give support for any
large hidden factor within the cation–anion interactions. On the
positive side, these alternative numbers offers some support to
the values estimated from the ion volumes and equation 5.2.
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5.3 Bonding in the bismuth
polycations

Outside of the “quest for the missing bismuth polycations”, a sec-
ondary goal for the quantum chemical calculations was to provide
a model for the bonding in these species. For this purpose, the
analytical tools of NBO and ELF, both explained in section 2.1.3,
were used.

As the number of short bismuth–bismuth contacts in the poly-
hedra exceeds the number of valence electron pairs, it is clear
that some kind of delocalization must occur. In the results from
NBO analyses, the high degree of delocalization appears as bond-
ing schemes that cannot be interpreted, predicting some atoms to
have a hypervalent electron configuration while others not hav-
ing a complete octet. This is an artifact of the method, trying to
fit all electrons into localized pairs. Although (3center,2electron)-
bonds are included, this is not enough for the rationalization of
the bonding in the polycations.

ELF maps, which are better suited for treating this kind of
problem, also suggest a high degree of delocalization. However,
regions of more localized nature arise in the reduced nido and
archno cations, along the edges of the non-triangular surfaces
created when vertices are removed from their parent closo struc-
ture, see section 1.3. This phenomenon is illustrated in figure 5.3,
where the ELF iso-surfaces for Bi8+

10, Bi5+
9 and Bi2+

8 are shown in
sequence. This suggests that regions of localized and delocalized
character coexist in the same cluster, for instance in the experi-
mentally known Bi2+

8 polycation.

5.4 Summary of the theoretical studies
The reason that a few particular clusters, mainly Bi3+

5 and Bi5+
9 ,

are obtained epxerimentally, independent of synthetic route, has
been studied with quantum chemical methods. This observation
cannot be completely explained either from the inherent stabil-
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Figure 5.3: ELF iso-surfaces (�=0.72) for Bi8+
10, Bi5+

9 and Bi2+
8 , re-

spectively. The removal of a vertex from a closo polyhedra opens
up a non-triangular surface. The bonds at the edges of this sur-
face have a localized character, illustrated by the region of high
electron localization at the center of the bond.

ity of the clusters or by applying an electrostatic model for the
cation–anion interactions. If only the naked polycations are con-
sidered, all clusters having a higher charge than +2 are expected
to be unstable towards decomposition, and no indication of cer-
tain clusters having extra stability (aromaticity) in terms of lower
total energy is observed. The inclusion of electrostatic cation–
anion interactions provide insight into the the isolation of com-
pounds including highly charged bismuth polycations. However,
the complete behavior observed in case of GaCl3-containing media
(melts/benzene solution) is not clarified.

The bonding in bismuth polycations is characterized by a high
degree of delocalization.



Chapter 6

How to make larger
clusters? – New trends in
cluster synthesis

6.1 Larger isolated polycations

Up to now, only a couple of homopolyatomic main-group cations,
having more than ten atoms, have been isolated, e.g. Se2+

17
128 and

S2+
19,129 which both consist of linked rings. If more spherical, “clus-

ter-shaped”, polycations are considered, the largest species known
include Bi5+

9 and Se2+
10.130 Also in the case of anionic clusters the

limit is reached at nine atoms, with the exception of a few thal-
lium polyanions.131 Taking into account all the efforts spent on
polycation synthesis, including the work presented herein, it is
realized that the prospects for a succesful synthesis of a larger
polycation are rather poor, following any of the standard routes.
Why is this? And is this the end of the line for main-group cluster
synthesis?

One problem of larger main-group clusters if Wade’s rules have
to be obeyed, and nothing indicates otherwise, is that the charge
will increase with the number of atoms for clusters of group 13
elements (negatively charged) or group 15 elements (positively

69
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charged). However, as Fässler et al. points out in a recent review,
for Wade clusters of group 14 elements the charge is constant, but
still no homopolyatomic anions with more than nine atoms have
been reported.132 The suggested explanation is that the cavity in-
side the cluster becomes too large when the cluster grows in size,
which forces it to collapse. To solve this problem, the clusters
have to be stuffed with some kind of space-filling object in order
to be stabilized. Consequently, with the very recent first reports
of centered (endohedral) main-group clusters, new all-time high
of included number of atoms for different elements have been set.
The list of reported anions include Tl@[Tl12]10-,133 Cd@[Tl12]

12-,134

Pt@[Pb12]2-135 and Ni@[Pb10]2-.136 The only centered polycation re-
ported so far, Pd@[Bi10]4+, which was mentioned in section 1.2, is
likewise the largest isolated bismuth polycation. This design of
clusters can be driven even further, by the expansion of the inner
core, from a single atom to a cluster. In this way, the volume of
the outer cluster has to increase, and thus the number of atoms
in the cluster. This idea is nicely illustrated by the fascinating
structure of [As@Ni12@As20]

3-, see figure 6.1, featuring a centered
As20 cluster.137 Based on the fast development in this field during
the last years, it is not a very speculative guess that this kind of
routes will constitute the base of new main-group cluster synthe-
sis in the next years or decades. Also in the case of the synthesis
of bismuth polycations, this field provides hope for new and larger
species, although the increasing charge of such species still is a
concern.

A slightly older approach to expand particularly the space of
Zintl anions is to add transition metal carbonyls, which form bon-
ds as ligands to the metal atoms of the cluster, as illustrated in fig-
ure 6.2.138–140 This method has mostly been successful for capping
nido nine-atom clusters, although this strategy also provided the
first octahedral Zintl ion, [Sn6(Cr(CO)5)6]

2-.141 This method cannot
be expected to produce any giant leaps in cluster size, but adding
a couple of atoms at best, as well as producing some smaller clus-
ters of unusual geometry. Still, the addition of such a transition
metal carbonyl is yet to be performed in the case of polycations.
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Figure 6.1: The [As@Ni12@As20]3- anion,137 consisting of three
shells; a central As atom, surrounded by a Ni12 icosahedron (illus-
trated by a polyhedron) and an outer shell of As20 in a pentagonal
dodecahedral geometry.

If only for the sake of scientific vanity, a compounds of that sort
would be a treat to find. Bi5+

9 and Sb2+
8 /Bi2+

8 could be possbile tar-
gets for the metal carbonyl, all having non-triangular surfaces,
which could be attacked.

6.2 Clusters in zeolites

Parallel to the growth of larger clusters as naked ions, meth-
ods for using containment of cluster ions in order to stabilize
them have also been developed in recent years. One type of con-
tainer often used for this purpose is zeolites. Zeolites are two-
or three-dimensional frameworks of aluminosilicates. Within in
these rigid frameworks, cavities suitable for cluster containment
are formed. The size and form of the species formed is dependent
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Figure 6.2: [Sn9Cr(CO)3]4-, the first metal carbonyl Zintl ion.138

on the topology and charge of the framework. Silicates has a neg-
ative charge, hence, only cationic clusters can be formed inside
the cavitites.

A standard route for the synthesis of clusters in zeolites is per-
formed in three steps. First, the counterions of the silicate frame-
work, as obtained from its synthesis (typically Na+) is exchanged
for ions of the metal to be “clustrified”. This is done by simply
dispersing the zeolites in a water solution containing a salt of the
specific metal. In the second step the zeolites are thouroughly
dried under vacuum at 300–400ÆC. Finally the ion-exchanged ze-
olites are exposed to atomic vapor of the metal. The metal vapor
(hopefully) interacts with the preplanted metal ions inside the ze-
olite and form clusters.

It is realized that this approach is most suitable for metals
whose ions behave nicely in water solution and themselves are
easily vaporized. Hence, the major part of the isolated clusters
are alkali metal polycations, such as Cs4+

6 ,142 K2+
3 ,143 and Na3+

4 ,144

but also silver, cadmium and mercury polycations have been pro-
duced inside zeolites.

For bismuth on the other hand, no clusters have been produced
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in this way. That may be explained either by the ions’ relatively
poor solubility in water. Because of the bismuth affinity for oxy-
gen, it is also dubious if any cluster could be stable inside a sphere
of oxygen atoms. The best chance of forming bismuth polycations
is probably in a reaction involving simultaneous formation of the
cluster and the surrounding mesoporous material.

6.3 Clathrates – the entrapment of
atoms

6.3.1 Gas hydrates

Inclusion compounds, to which category the zeolites could be re-
ferred, also includes e.g. clathrates and cyclodextrins.145 The
original clathrates� were gas hydrates, formed when gas is bub-
bled through water at almost zero degrees. The first discovery of
a clathrate, chlorine hydrate, was reported by Davy in 1811.146

It consists of a framework of water molecules, held together by
hydrogen bonds, with chlorine gas molecules contained in the
created cavities, having the formula [H2O]46 �(Cl2)6.34.147 Each
oxygen atom of the framework is connected to four other oxygen
atoms in tetrahedral positions, through hydrogen bonding. The
distances between the water and gas molecules are long, indicat-
ing the absence of covalent bonding.

6.3.2 Inorganic clathrates

A few years after the eventual characterization of the hydrate
structure, a new compound, Na8Si46, was obtained. It has the
same structure as the previously discovered chlorine hydrate, but
with a framework consisting of silicon atoms.148 This first dis-
covery was soon followed by reports of other compounds with the
same structural motif, such as K8Ge46 and K8Sn46,149 as well as

�from Latin; clatrare – to enclose in lattice
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Figure 6.3: The two cavities of a general clathrate-I structure, such
as Na8Si46 or Ge38As8I8.

Ge38As8I8 and Ge38Sb8I8.150 A general view of such a structure,
known as the clathrate-I structure, is shown in figure 6.3. For
all the listed compounds, the atoms inside the cavities, the alkali
metal or halogen atoms, are clathrated and not strongly bonded
to any framework atom. In order to separate these compounds
from the gas hydrates, they have become known as inorganic
clathrates. The inorganic clathrates differ from the gas hydrates
in that both the framework and the clathrated atoms are formally
charged.

6.3.3 Thermoelectric properties

At the time of the first discoveries of inorganic clathrates, no par-
ticular use of these compounds could be visionalized. Hence, they
were given only little interest and only a few compounds were
reported in the following years. However, with the renewed in-
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terest in thermoelectric cooling the studies in this field have in-
creased enormously in the last decade leading to a long series
of newly reported compounds.151 The interest is based on Slack’s
postulate on the properties of the perfect thermoelectric material;
Phonon Glass Electron Crystal (PGEC), i.e. the material should
have very low thermal conductivity but high electronic conductiv-
ity.152 Slack further suggested inorganic clathrates to be possi-
ble candiates as PGEC materials.153 This is based on a “rattler”
description of the clathrated ions; because these are not strongly
bonded to any atom of the framework, they can move rather freely
(rattle) inside their cavities. This motion of the clathrants will
scatter the phonon waves (the bearers of thermal energy), and as
a result lower the thermal conductivity of the material.

6.3.4 Our work

The recent work on clathrates, following Slack’s postulate can be
characterized as a broad search for new compounds containing
clathrated atoms. Just as in the case of main-group polycations,
the number of reported compounds is still rather low, and trends
in properties and structure cannot be deduced at any level of cer-
tainty. Thus, each new structure will be helpful in bringing more
knowledge to this type of compounds. In our contributions to this
ambition (papers VIII and IX), two types of structures containing
clathrated atoms have been studied, respectively. In the first con-
tribution, analogues of the clathrate-I compound Ge38As8I8, but
with Sn/P-containing frameworks were analyzed, while the sec-
ond article treated compounds of the mercury pnictide family. In
both cases, new compounds were synthesized and characterized
using X-ray diffractometry and different spectroscopic methods.
Their electronic structures were also theoretically estimated and
analyzed.
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6.3.5 Clathrate-I type structures

6.3.5.1 Molecular structure

Two new compounds were synthesized having the original clath-
rate-I type of topology, based on an ideal formula Sn24P22I8:
Sn14In10P21.2I8 and Sn10In14P22I8. Both are related to Sn24P19.3I8,
which had been reported earlier.154

The fractional numbers of Sn24P19.3I8 and Sn14In10P21.2I8 are
explained by the Zintl-Klemm concept.155–157 All the framework
atoms of the ideal compound, Sn24P22I8, should be four-bonded.
Consequently, each phosphorus atom, having five valence elec-
trons, would add one excess electron to the framework. Eight of
these are transferred to the iodine atoms, but Sn24P22I8 would
still have 14 electrons more than needed to fulfil the octets of all
atoms. These would occupy orbitals of the conduction band of
Sn24P22I8, and the compound would be expected to be a metal-
lic conductor if it existed. However, in practice, this excess is re-
solved by the formation of vacancies as in Sn24P19.3I8: Each vacant
phosphorus atomic postion will reduce the number of electrons
in the framework by 5. 14/5 = 2.8 phosphorus sites per formula
unit are expected to be unoccupied in order to completely balance
the ‘surplus’ of electrons. There are two phosphorus positions in
the structure, of which the 6c position is only partially occupied
(55%).

For the two new compounds, some of the tin atoms have been
substituted for indium, having one less valence electron. There-
fore, the excess of electrons in the framework, caused by the phos-
phorus atoms, are reduced. Still a hypothetical compound of
Sn14In10P22I8 would have 4 electrons too many. Hence, 4/5 = 0.8
phosphorus atoms per formula unit are removed in the true com-
pound. Sn14In10P21.2I8 is the first clathrate I compound for which
a superstructure is demonstrated, the indexation of the reflec-
tions could not be completed without the extension of two of the
cell edges of the cubic cell. Finally, a framework with all sites
completely occupied is obtained for Sn10In14P22I8. No preferred
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positions for the indium atoms could be found in the structure
refinement for either of the two compounds, but a random distri-
bution over the 24 tin metal sites is assumed.

6.3.5.2 Electronic structure

Because Sn24P19.3I8, Sn14In10P21.2I8 and Sn10In14P22I8 all follow
the Zintl–Klemm electron count by atom substitution and/or va-
cancy formation, it is also presumed that they are semiconduc-
tors. In order to more carefully study the electronic structure
of the different compounds, theoretical calculations of their band
structures were performed. The DOS was calculated for Sn24P22I8,
Sn24P19I8 and Sn10In14P22I8 (with the indium atoms distributed
“randomly” over the metal sites).

In figure 6.4, the DOS for the two first compounds are shown.
It is obvious from the graph that Sn24P22I8 would be a metallic
conductor, if it existed; the Fermi level is positioned well within
the conduction band. On the other hand, Sn24P19I8, the theoret-
ical model for the true Sn24P19.3I8 compound, is a semiconductor.
If the DOS of the two Sn24P22 compounds are compared, a new
feature is found in the vacant structure, a small band just below
the Fermi level. This is a known effect for Zintl phases having va-
cant positions; the space of the missing atom is occupied by lone
pairs of the neighboring atoms. These non-bonding lone pair or-
bitals are positioned between the valence and conduction bands
on an energy scale, thus they cause a narrowing of the band gap.
Calculations of partial DOS confirm that the contributions to the
new “vacancy” band to a large extent emerge from the tin atoms
adjacent to the unoccupied sites.

The DOS for Sn10In14P22I8, figure 6.5, is also very similar to
the previous ones. The compound is indicated to be a semiconduc-
tor. Again, a small occupied band can be observed at the top of the
valence band. This can be attributed to the metal atoms (In/Sn),
with a strong dominance for indium orbitals. This suggest that
the band gap of the Sn24P19.3I8 type of compounds may be re-
duced by the substitution of tin atoms for other suitable atoms,
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Figure 6.4: DOS for Sn24P22I8 (left) and Sn24P19I8 (right). In case
of Sn24P19I8, the partial DOS of three-connected tin, positioned
adjacent to vacancies (dashed line), and four-connected tin (solid
line), are displayed. Three-connected tin atoms are the major con-
tributors to the band just below the Fermi level

such as indium. However, there is a small doubt regarding the
significance of the last observation, considering that only one dis-
tribution of atoms has been calculated. In order to unambigously
confirm this result, analyses of other In/Sn distributions are re-
quired.

The conclusions from the analyses of electron structures are
that the basic form of the DOS is rigid. However, both atom
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Figure 6.5: DOS for Sn10In14P22I8. Partial DOS for indium is
indicated by the thinner line.

substitutions and formation of vacancies produce features in the
region close to the Fermi level, reducing the effective band gap.
Hence, the band gap could be designed by careful adjustments of
the composition of the compound.

6.3.6 Mercury pnictides

6.3.6.1 Molecular structure

Mercury is commonly linearly coordinated and this property can
be exploited for the synthesis of three-dimensional frameworks.
In combination with atoms of group 15 elements, different series
of such compounds have been obtained.158
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Figure 6.6: The two cages of a general [Hg6Z4](MX6)X. The
larger cage contains an octahedral hexahalidometal anion while
the smaller cage features a clathrated ion.

Among those, the compounds containing the cationic frame-
work 3

�[Hg6Z4]4+ (Z= P, As or Sb) are the most interesting, be-
cause their structure include two cavities of different sizes, which
may contain different counterions. The cages are constructed
from Z4-

2 dumbells, coordinated to six mercury atoms in a pseudo-
octahedral fashion. In the larger cavities, octahedral hexahalido-
metal anions are coordinated, while clathrated ions or neutral
atoms are found in the smaller cages, as illustrated in figure 6.6.

In the course of making a more comprehensive study of the
[Hg6Z4](MX6)X type compounds, synthesis was attempted for a
series of compositions for which Z=As, X=Br and M=Cr3+ to Ni2+

(paper IX). Compounds were obtained in two cases only:
[Hg6As4](CrBr6)Br and [Hg6As4](FeBr6)Hg0.6. Just as in similar
compounds, the octahedral anions are found to be electrostati-
cally coordinated by mercury ions of the framework, while the
monoatomic guests are clathrated.
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6.3.6.2 Electronic structure

In order to obtain information about the effects of a change in an-
ionic guests on the electronic properties, quantum chemical cal-
culations were made. Just as in the case of the clathrate-I com-
pounds, mainly the DOS was analyzed. The partially occupied
site of the monoatomic mercury atom guest in
[Hg6As4](FeBr6)Hg0.6 was treated either as completely occupied
or completely empty. In figure 6.7, the DOS of [Hg6As4](FeBr6)Hg
is displayed. The contributions from the 6s orbitals of the clath-
rated guest are observed at the top of the valence band. Thus,
also for this series of compounds the nature of the guest will have
an influence on the size of the band gap. Furthermore, it can be
seen from the partial DOS of the octahedral guest that its contri-
bution to the electronic structure is found in three local regions.
These regions can be understood in terms of a simple ligand field
model, they are the eg, t2g and e*g levels of an octahedral ligand
field, of which e*g constitutes the conduction band.

For [Hg6As4](CrBr6)Br the calculations are complicated by the
fact that the Cr3+ has three unpaired d-electrons. However, the
DOS (figure 6.8) still bears a strong resemblance to the one of
[Hg6As4](FeBr6)Hg, in particular for the DOS with same spin as
the d-electrons of Cr3+ (�). Again, local contributions to the over-
all DOS are found for the octahedral guest.

If the electronic structures of the two compounds are com-
pared, it can be concluded that the orbitals of the framework are
essentially unchanged by the different counterions. In both com-
pounds the conduction band is constituted by the e*g levels of the
octahedral guests. This means that, in the [Hg6Z4](MX6)X com-
pounds, the entrapment of a suitable octahedral guest may be
effective in controlling the size of the band gap.

For both types of clathrate compounds discussed in this thesis,
clathrate-I and mercury pnictides, it can be concluded that the
electronic structure in the proximity of the Fermi level can be
easily modified by changes in chemical composition.



82 CHAPTER 6. NEW TRENDS IN CLUSTER SYNTHESIS

Figure 6.7: The DOS of [Hg6As4](FeBr6)Hg. The dashed line
shows the partial DOS for the �-type orbitals of the octahedral
guest and the thin solid line indicates the partial DOS of the
monoatomic guest.
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Figure 6.8: The DOS of [Hg6As4](CrBr6)Br. The dashed line
shows the partial DOS for the �-type orbitals of the octahedral
guest and the solid line the partial DOS for the clathrated Br-

ions





It is always difficult to predict the
unimaginable

J. D. Corbett

Chapter 7

Final remarks

7.1 Major observations

The initial objective of this project was to make a comprehensive
study, both experimental and theoretical, on bismuth polycations.
The main idea was that theoretical results should be able to sug-
gest new cations for synthesis, while the synthesis of new bismuth
polycations could assist in the identification of trends for polyca-
tion bonding.

In reality, the outcome in relation to this goal was rather dis-
appointing; no new bismuth polycations have been isolated in the
project. Instead, the most exciting experimental results are the
isolations of the compounds Sb8[GaCl4]2 and Bi16I4 from different
reaction routes.

One important, but less spectacular, result from the hard ef-
forts on the synthetis of bismuth clusters is the new methodol-
ogy for growing crystals, featuring polycation salts, from GaCl3–
benzene solution. This knowledge was also the crucial step in
the isolation of Sb8[GaCl4]2. Furthermore, this led to the isolation
of other polycations, which proved that essentially all polycation
syntheses previously performed in molten AlCl3 can be made in
organic solvents at room temperature.

A second generally interesting observation comes from the the-
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oretical calculations on bismuth subiodide ribbons. The result
shows that while Bi4I4 is a semiconductor, Bi14I4, Bi16I4 and Bi18I4

are metallic conductors. Further calculations on hypothetical rib-
bons suggest the reason to be the unusual connectivity of the bis-
muth atoms positioned at the edge of the polymers.

The theoretical calculations of the stability of bismuth polyca-
tions indicate that cation–anion interactions must have an impor-
tant role in the explanation to why only certain polycations have
been isolated.

7.2 In the future – Questions
unanswered

It is unavoidable in a project of this type not to have to leave some
unfinished business behind. Additionally, the compilation of the
thesis may point in some directions for potential future studies.

The “future work” is divided into two categories. In the first
category small issues are listed. These should require a minor
effort to solve, they may have low scientific value, but I find them
annoying on a personal level. In the second part, more conceptual
problems encountered will be mentioned, together with some fu-
ture steps to be taken.

7.2.1 Annoying mysteries
Things I would appreciate to be informed about, if they were to
be resolved include:

• What are the compositions of the black substances formed
in the synthesis of Sb8[GaCl4]2 and Sb8[GaBr4]2?

• What is in the crystals formed in the oxidative route in the
Te-GaBr3-benzene system?

• Is it possible to obtain the more halide-rich compounds,
Te4[GaCl4]2 and Te4[GaBr4]2 from GaX3–benzene solution?
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• Is it possible to get Cd[GaCl4]2 to dissolve in benzene in or-
der to reduce it with Cd metal and form Cd2[GaCl4]2?

• What are the (amorphous) products of oxidation of arsenic
and selenium, respectively?

• Is it possible to obtain good crystal data for the black phase
produced in melts of Bi–GaCl3? What do the crystals con-
tain?

7.2.2 Fundamental questions
Some problems of fundamental interest have also been encoun-
tered. The complete control and understanding of the crystal
growth from benzene solution is still lacking. If the mechanism
would be known in exact detail, the methodology could possibly be
transferred to other systems in which crystal growth has proved
difficult. Also the attempts to precipitate polycations together
with other anions than GaX−

4 should be given more attention, al-
though this work has not been successful so far. The questions
of the stability of bismuth polycations, and why only a few of the
possible “Wade clusters” are observed, are still open for discus-
sion.

The most interesting system to study on a moderate time-
scale, of those encountered in this thesis, is the bismuth subiodide
one. Several important questions remain: can controlled synthe-
ses of Bi14I4 and Bi16I4 be established? Is it possible to grow larger
crystals and what would their experimentally found properties
be?

As described in the previous chapters, there are several new
approaches for developing cluster compounds, especially larger
clusters. These have not been addressed to any large extent in
this work. Some of these methods could be applied to bismuth
clusters. The method of endohedral clusters is most hopeful but
maybe also the capping of clusters by metal carbonyls could be
performed with bismuth polycations.
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Epilogue
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In the compilation of the articles on which this thesis is based, I
have contributed with the following parts:

I “Ab initio Calculations... ”:
Performed most of the calculations and analyses of the re-
sults and wrote the Results and Discussion part of the text.

II “Sb8[GaCl4]2:...”:
Performed the synthesis, Raman spectroscopy and theoreti-
cal calculations and wrote the first draft of the text.

III “...Isolation of Bismuth Polycations from Benzene Solution.”:
Performed synthesis, crystal growth collected Raman spec-
tra and wrote the first draft of the text.

IV “...Te4[Ga2Cl7]2”:
Performed synthesis, crystal structure determination, Ra-
man spectroscopy and wrote the first draft of the text.
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Performed some of the syntheses together with all single
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crystal structure determinations and provided that part of
the text.
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nations and wrote the first draft.

VII “Electronic Structure of Bismuth Subiodides”:
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VIII “Novel Compounds Sn14In10P22I8 and Sn14In10P21.2I8...”:
Performed the calculations of electronic structures.
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