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Preface

What is a cluster? This question has been a topic of discussion over the years since
the famous first definition by F. A. Cotton in the early 1970s, when he introduced
the term to describe complexes that comprise at least three metal atoms that are
connected by direct metal-metal bonds. The historic definition was rather narrow
and restrictive regarding the choice of respective compounds, but at the same time
was very clear. Later on, it became obvious, however, that it is also reasonable to
call other molecules a cluster if they possess a certain size, even if the metal atoms
in them were connected in part or exclusively via bridging non-metal ligands.
Furthermore, the term was also used for large non-metal aggregates, including
non-covalently bonded assemblies, like water clusters. During the last two decades,
the increasing search for buzz words unfortunately led to application of the term
also to small molecular assemblies, such as binuclear coordination compounds. The
latter do apparently not fulfil any prerequisite of a cluster regarding the encyclo-
pedic definition of the word as “a group of similar things or people positioned or
occurring closely together”. This rather general definition is reflected by the use of
the term not only in chemistry but also in other fields like Music, Arts, Linguistics,
Urbanism, Astrophysics, Biology, Health Science, Engineering and Computer
Sciences.

So, where are we actually today? The IUPAC provides the chemical community
with the following current recommendation: “A number of metal centres grouped
close together which can have direct metal bonding interactions or interactions
through a bridging ligand, but are not necessarily held together by these interac-
tions”, which summarizes the aforesaid and excludes aggregates of uncountable
units such as found in nanoparticles. Within this volume of Structure and Bonding,
we try to provide the community with a collection of articles on different cluster
compounds, all of which comply with the contemporary definition that relies on the
literal meaning of the word. Hence, all of the examples called “clusters” within this
volume exhibit a certain molecular size, with a critical minimum number of
involved atoms or units equal to three. As outlined above, we do not recommend
restricting the term on metal-metal bonded systems, as this would exclude a
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tremendous number of beautiful molecules that cannot be named other than a
cluster in a reasonable way. It remains questionable whether or not to call poly-
atomic non-metal main group molecules a cluster, as there are usually specific
alternative terminologies for such systems, like fullerenes/-ides or boranes/-ides.
However, we do not see a principal contradiction for it.

The rather semantic question on the terminology is closely related to the nature
of cluster molecules regarding their structures and bonding. With this book, we
aim at providing a contemporary overview and insight into different families of
clusters, their synthetic approaches and their specific properties, albeit representing
a selection of examples, with no claim to completeness. Our selection includes the
description of physical analysis methods and theoretical descriptions of the topol-
ogies and the electronic situation. The synthetic approaches are as diverse as the
products themselves; hence the book deals with compounds that were obtained by
various techniques, which range from solid-state methods through solution chem-
istry to gas phase techniques, and also includes theoretical treatment. However, as
the chapters are reviews in nature, they do not provide too many details, which are
subject to the more specified descriptions in the original and comprehensively cited
literature. In all of the more experimental-based chapters, typical analytical tech-
niques will be named and briefly described in the context of their application on the
specific scientific questions. According to the great diversity of the cluster mole-
cules, ranging from electron-deficient to electron-precise molecules, the bonding
spectrum also covers a variety of different systems. Some cluster families feature
electron-precise covalent bonds, while others exhibit semi-localized bonding or
even possess highly delocalized electronic situations that are best described by the
superatom concept for clusters in the jellium model of electron shells. A diversity
of different bonding concepts have been developed during the past decades that
serve — to some extent — to classify different families of clusters. Such concepts and
their application to the discussed species are to be found within the different
chapters of this book.

The chapters are assigned to two major groups, ligand-free and ligand-decorated
clusters, respectively, each being divided into four sub-chapters. Cooperative
Effects in Clusters and Oligonuclear Complexes of Transition Metals in Isolation
are presented by Gereon Niedner-Schatteburg, who introduces contemporary
methods of transition metal cluster generation and oligonuclear transition metal
complex isolation, along with their analysis. The chapter also describes the kinetics
of small molecule adsorption and CH activation by transition metal clusters and
elaborates on vibrational as well as magnetic properties. Another, theoretical, view
onto ligand-free clusters is provided by Florian Weigend in his chapter Quantum
Chemical Investigations of Clusters of Heavy Metal Atoms, which surveys the
quantum chemical treatment of heavy metal atom clusters with contemporary
methods. The main focus of the chapter is the impact of spin-orbit coupling on
electronic and geometric structures on the one hand and how to find global minimum
structures in case of binary or ternary systems on the other hand, which has been
treated by application of density functional theory methods and is discussed in the
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light of recent developments. The latter are exemplified on medium-sized gold clusters,
and clusters of heavy p-block elements with or without interstitial transition metal
atoms. In the two following chapters, ligand-free clusters are reviewed from a
preparative point of view, but also including their specific properties. Jose
M. Goicoechea describes Homoatomic Polyanions of the Early p-Block Elements
based on the example of compounds with Zintl anions of group 13-15 elements. The
chapter focuses on species that have been isolated in the solid state or from solution,
and which were structurally determined by X-ray crystallography. Besides the
structures, the author details bonding, electronic properties and formation pathways
of such homoatomic clusters. An extension of the field towards Binary and Ternary
Intermetalloid Clusters is provided in the chapter by Bastian Weinert and Stefanie
Dehnen, who present intermetalloid clusters as another part of contemporary Zintl
anion chemistry. These clusters combine anionic, homo- or heteroatomic main
group (semi-)metal units with transition metal atoms that can be included in
cages of the other elements and/or be part of a heterometallic cluster framework.
This chapter gives a comprehensive overview of structures, bonding situations,
electronic properties, and it comments on the still widely unknown formation
pathways of these nanoscale heterometallic clusters, thereby also referring to recent
DFT calculations, complementary to the chapter by Florian Weigend.

The second group of clusters are those that are decorated and hence protected by
ligands. Metalloid Clusters are reviewed in the chapter by Andreas Schnepf. Both
the dimension of these clusters and the charge of the metal atoms within them are
situated between that of small molecules and the bulk metals in the solid state,
which allows for some insight into dissolution and formation processes of the latter.
The chapter reports on synthetic routes as well as structure and bonding of
metalloid clusters of group 13 and group 14 elements, highlighting structural
analogies of the clusters with structure motives found in the corresponding metals.
The following two chapters are closely related. In the chapter on Metal Oxido
Clusters of Group 13-15 Elements, Michael Mehring reports on approaches to
metal oxides that are based on hydrolysis and condensation processes from precur-
sor solutions. Metal oxido clusters represent important intermediates on the way
towards metal oxides. Thus, like metalloid clusters along the formation of metals,
they help to understand these processes and the structural chemistry of the metal
oxide family, and how to control structure, particle size and morphology of the final
hydrolysis products. The present review focuses on metal oxido clusters that are
composed of more than ten atoms of group 13-15 elements and contain at least one
oxido ligand, complemented by some examples comprising Ce, U, or Pu atoms.
Heavier congeners of oxygen are the bridging ligands in the chapter on Large Metal
Chalcogenide Clusters and Their Ordered Superstructures via Solvothermal and
lonothermal Syntheses by Tetyana 1. Levchenko, Yining Huang and John
F. Corrigan. As a complement to the previous section, this review will concentrate
on nanometer-scale metal chalcogenide clusters and materials derived from those,
both of which are of specific interest owing to their intricate structures and unique
size-related electronic and physical properties. In this chapter, structures and
bonding principles in these systems are summarized, with a focus on discrete
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metal chalcogenide clusters of high nuclearity, thereby reviewing the recent pro-
gress in their preparation using solvothermal and ionothermal methods. The subject
matter of the final chapter is Inorganic Superspheres as an outstanding class of
contemporary clusters, which are reviewed by Eugenia Peresypkina, Claudia
Heindl, Alexander Virovets and Manfred Scheer. The giant clusters are
2.1-4.6 nm in diameter that adopt fullerene-related or non-fullerene topologies
dependent on their size. This chapter elaborates on how to control size and
solubility of the superspheres as well as their interconversion in solution. Further,
the reader is informed about the host-guest chemistry within the quasi-spherical
voids inside such clusters and their unusual and low-dense packing motifs in the
solid state.

Marburg, Germany Stefanie Dehnen
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Gereon Niedner-Schatteburg

Abstract This short review presents concepts of Transition Metal (TM) clusters
and oligonuclear TM complexes and recent work on these when isolated. It focuses
on experimental studies of such TM clusters and complexes in isolation and on
quantum chemical calculations wherever needed. It introduces contemporary
methods of TM cluster generation and of oligonuclear TM complex isolation, as
well as options for their analysis. Exemplified by recent studies, the review eluci-
dates shortly the kinetics of small molecule adsorption and of CH activation by TM
clusters, the vibrations of adsorbates on TM cluster surfaces, the magnetism of TM
clusters and of Single Molecule Magnets (SMMs) when isolated, and the vibra-
tional fingerprints of oligonuclear TM complexes.

Keywords CH activation kinetics « Cooperative effects « DFT theory « IR-MPD
spectroscopy ¢ Magnetic moments ¢ Oligonuclear transition metal complexes ¢
Scaling laws  Single molecule magnets * Transition metal clusters

Contents

I INtrodUCHION .. ov et 2

2 Additivity, Cooperativity, Synergism, and Scaling Laws ... 6
2.1 AAIIVILY ottt 6

The original version of this chapter was revised. An erratum to this chapter can be found at
DOI 10.1007/430_2016_14.

Dedicated to Professor Hansgeorg Schnockel on the occasion of his 75th birthday, and to Professor
Michael A. Duncan and Professor Peter B. Armentrout in recognition of their seminal
contributions to the field of transition metal cluster research.

G. Niedner-Schatteburg (<)

Fachbereich Chemie and State Research Center OPTIMAS, TU Kaiserslautern,
67663 Kaiserslautern, Germany

e-mail: gns@chemie.uni-kl.de


http://dx.doi.org/10.1007/430_2016_14
mailto:gns@chemie.uni-kl.de

2 G. Niedner-Schatteburg

2.2 COOPETALIVILY .. .ueettt et ettt e ettt et ettt e et ettt e et e e e e e 7
2.3 Differential Many Body EXpansions ............oeeeeeiiiiiiiiiiinniieeiiiiiinnnnn. 7
N 4§ T<) 4 01§ 7
2.5 Cluster Size Scaling Laws ........ooiiiiiiiii i 8
2.6 Cooperative Effects Beyond Mere Energetics ..........cccoeveiiiiiiiiiiiiiiinnnn.. 9
3 Methods of TM Cluster Generation and of Their Isolation ....................ooiiiaee. 10
3.1 Ions and Neutrals: The Reasoning Why ..., 11
3.2 TM Cluster Generation and Isolation ..............ccoooiiiiiiiiiiiii i 11
3.3 Generation and Isolation of Multinuclear Complexes .............oooiviiiiiunnnn.. 12
4 Methods of Gas Phase Analysis .........cooeiiiiiiiiiiiiiii i 12
4.1 Analysis Of TIM CIUSEEIS ... .uuuuttttit ettt et e e e 12
4.2 Analysis of Multinuclear COmpIeXes .........oveiiiiiiiiiii i, 13
4.3 The Interplay of Experiments and Quantum Chemical Calculations ................ 13
5 Selected EXampIes .......oouiiiiiiiiiii 15
5.1 Some Examples of Recent TM Cluster Studies .............ccceviiiiiiiiiiniiinn. 15
5.2 Kinetics of H,, CO, and N, Adsorption by TM Clusters in Isolation ................ 15
5.3 Kinetics of Aliphatic and Aromatic CH Activation by TM Clusters in Isolation... 16
5.4 Vibrations of Adsorbates on the Surfaces of TM Clusters ..............cccoeevveenn 19
5.5 Magnetism Of TIM CIUSEETS . ...coottttti ettt e e 21
5.6 Magnetism of Single Molecule Magnets and TM Complexes in Isolation .......... 24
5.7 IR Spectroscopic Characterization of Multinuclear Complexes ...................... 26
6 Summary and Concluding Remarks ... 27
RETEICNCES . ..ottt e 28

1 Introduction

Structure and bonding govern functionality at the molecular level. The mere sizes of
the involved atoms and ions do not suffice to explain. Pairwise covalent bonding
implies strong angular constraints and steric ordering. Ionic or metallic bonding does
much less so. This flexibility reduces when casting salts and metals into bulk matter of
crystalline periodic structures. Therefore, it is a fascinating field of research to investi-
gate samples of Transition Metals (TM)' at finite size: These samples are (1) largely
naked TM clusters and (2) ligand stabilized oligonuclear TM complexes. The former
provide for direct TM—TM bonds, while the latter allow for TM—TM proximity, most
often through bridges of Lewis basic atoms (p-oxo and alike). Multidentate ligands
may bring together TMs into proximity without necessitating such bridges.

The electronic structure of finite metal samples typically evolves in a
non-scalable size dependence. This shows by their optical and mass spectra [1],
in their chemical reactivity [2], and in their permanent and induced magnetic
moments [3-7]. Free clusters as compared to deposited clusters have been nicely
reviewed recently [8, 9].

The advent of research on TM clusters in isolation arose through the invention of
pulsed laser vaporization cluster ion sources, which took place twice and in
coincidence at two labs in Texas and New Jersey. Their first studies were published

'"Transition Metals (TM) in the sense of this review are the d-block non-main group metals of
groups 3—11, excluding closed shell group 12 metals (Zn, Cd, and Hg), all of which possess open
shell 3d4s or 4dS5s or 5d6s configurations. This TM terminology includes the noble 4d and 5d
metals of groups 9, 10, and 11.
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in the same issue of J. Chem. Phys [10, 11]. The Texas group detected aluminum
cluster cations Al,*, n < 15, and their products of reactions with acetone [10]. They
continued with fastflow reactor studies of reactions on the surfaces of TM clusters
[12], hydrogen chemisorption on TM clusters [13], and an early reactivity survey of
some TM clusters with D,, N5, and CO [14]. The New Jersey group utilized laser
induced fluorescence (LIF) detection for the identification of the lead dimer Pb,
[11] and continued with the electronic characterization of Be, and Cr, [15, 16]. A
recent review nicely documents the advent of pulsed laser vaporization sources and
their subsequent application to many fields of research [17]. TM clusters were
utilized to undergo single and multiple cycles of catalytic activity when isolated
within the ion trap of a Fourier-Transform Mass Spectrometer (FT-MS)
[18, 19]. These and subsequent studies opened the route towards more systematic
investigations of elementary steps in catalysis by isolated TM clusters and under
single collision conditions — augmented today by sophisticated infrared studies
[20]. Largely in parallel it arose a focus on the organometallic chemistry of isolated
MT atomic ions [21, 22] in nice complement to their crystallographic and solution
phase properties. Michael A. Duncan edited a five-volume row of books on “Metal
and Semiconductor Clusters” which nicely collect much of the work done with
metal clusters up to 2001 [23]. Equally important Peter Armentrout anchored
activated bimolecular reactions with TM clusters and the sophisticated analysis of
breakdown and appearance curves as valid tools in conceptually important gas
phase ion thermochemistry [24—27]. Only recently TM clusters were once more
emphasized for their role as valid model systems for gas phase catalysis [28] and
much beyond.

There is an undisputable value in ligand stabilization of TM clusters in con-
densed phases as recognized early on [29]. A recent and exhaustive three-volume
edition of books on “Metal Clusters in Chemistry” devoted itself to “Molecular
Clusters,” “Catalysis and Dynamics and Physical Properties,” and ‘“Nanomaterials
and Solid State Chemistry,” one volume each [30]. The breadth of TM cluster
applications in catalysis was recently collected even more exhaustively [31]. TM
clusters, in particular silver clusters and their redox potentials in solution, were
recognized for their relevance in photographic development [32]. Other TM clus-
ters, in particular those of gold, are recognized for their optical properties, which
are widely tunable by their size [33]. Early, repetitively, and most recently it was
emphasized that an analogy prevails amongst TM bulk surfaces and TM clusters —
as surfaces in their own [34-39].

The electronic structures of TM clusters and of oligonuclear TM complexes are
complicated. Due to their open shell nature a high electronic state density prevails.
With growing cluster sizes there will be a nonmetal to metal transition which
strongly depends on the very TM, and this transition is still largely unexplored.
Many researchers drew the conclusion either to abandon TM studies at all or to
restrict themselves to studying dimers — valuable in their own right. Others adven-
tured towards medium sized systems thereby sacrificing quantum state resolution
and sacrificing the chance for an unambiguous quantum chemical modeling. In any
case, choices of meaningful studies are manifold: TM clusters may manifest naked
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in the void, or adsorbate covered or ligand stabilized in dense media. They come
charged or neutral; isolated, in solution or deposited on surfaces; and even embed-
ded in matrices. With increasing sizes isolated TM clusters accumulate sufficient
cohesive energy to withstand coulomb fission by multiple cationic charges
[40]. Multi-anionic clusters withstand electron detachment the better the larger
[41, 42].

In parallel to the smooth evolution of properties from atom to bulk — or vice
versa — there are most often anomalous effects in particularly few TM clusters,
often of single sizes, sometimes labeled “magic.” Frequently, such size effects
manifest in bimolecular reactions of TM clusters with single molecules (e.g., Hy,
D,, CO, NH3, H,0, and C¢Hg), as recognized in early studies of V, Fe, Ni, and Nb
clusters [43—48]. Variation of the charge state may or may not alter the “magic” size
effects of these TM clusters [49-52].

Amongst many others there were systematic studies of molecular association to
and activation by isolated palladium clusters of H,, D,, N,, CH,, CD,, C,H,4, and
C,Hg [53], and D, saturation studies [54]. Isolated iron clusters were subjected to
water reactions [55]. It also became possible to investigate the structure and
reactivity of bimetallic Co-V clusters for possible correlations [56].

General considerations on conceivable cluster structures, largely in terms of
symmetry and in terms of fundamental interactions, are comprehended in an online
data base and in an according review [58]. Despite all effort, however, there are
only a limited number of cases where it became possible to identify the ground state
structures of TM clusters with a significant degree of certainty, mainly from Free
Electron Laser (FEL)-based far-infrared spectroscopy [59—71]. Medium sized TM
cluster shape variations (2D versus 3D as, e.g., in the case of Au clusters) are
accessible to Ion Mobility Spectroscopy (IMS). Today, most notable TM cluster
structures stem from the Trapped Ion Electron Diffraction (TIED) technique as
invented at Harvard and brought to perfection in Karlsruhe. A long-term systematic
study of n =55 TM anions revealed fundamental insights [57] (Fig. 1), in particular
through comparison to bulk metal structures. Interestingly, the structures of all 3d
and 4d TM clusters Mss~ fall into just four families: they are either icosahedral
(M =Sc, Co, Ni, Cu, Pd, or Ag), polytetrahedral (M =V, Cr, Mn, Fe, Nb, or Mo),
irregular icosahedral (M =Ti or Zr), or close packed fcc like (M =Ru or Rh). The
influence of charge state is not fully elucidated, and it will become more important
in smaller clusters.

The adsorption of CO onto well-defined TM surfaces under UHV conditions was
often utilized to elucidate nicely the activation capabilities of such surfaces. Far-IR
FEL spectroscopy proved capable to augment these findings from the TM cluster
point of view [72]. The close correspondence is obvious (cf. Fig. 2), interestingly
with Fe partly exempt.

A couple of recent reviews have collected the achieved insights on TM dimers
by matrix isolation [74], on phase transitions in clusters [75], on chemical reactions
of small gas phase metal clusters [75, 76], on H, saturation studies of TM clusters
[77], on reactions with TM clusters [2], on gas phase ion chemistry of TM clusters,
their production, reactivity, and catalysis [78], on gas phase TM clusters as model
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Fig.1 Correlation of Mss ™ cluster structure and bulk structure. Size reduction, from molar bulk to
n=>55 samples, enhances the influence of less coordinated surface atoms, that need to minimize
their surface energy by maximizing their coordination. This induces a shift of bulk structures (bcc,
hep, and fec in cases of Fe, Co, and Ni) towards icosahedral cluster structure motifs (poly-
icosahedral, pico, and icosahedral, ico). (Reprinted with permission from [57])

21 |22 |23 |24 |25 29 |30
Sc| Ti| V|Cr|Mn Cu | Zn
G
39 |40 |41 |42 |43 43
Y | Zr | Nb| Mo | Tc Cd
N
57 |72 |73 |74 76 |77 80
La | Hf | Ta Os | Ir Hg
N

Fig. 2 Chemisorption behavior of CO on transition metal clusters as identified by the presence or
absence of v,(“? absorption bands in the cluster complex (complexes formed at 300 K). Dark
(orange) shading denotes verification of molecular chemisorptions through the presence of v, €%
bands, while lighter shading (blue) designates the absence of any v,(°®’ bands indicating a
dissociation of CO on the cluster surface. The remaining metals have yet to be studied. The bold
line gives the borderline between molecular and dissociative adsorption on extended surfaces at
~300 K as suggested before [73]. The lettering specifies experiments with anionic (A), neutral (N),
or cationic (C) clusters. (Reprinted with permission from [72].)

systems for heterogeneous catalysis [79], on the methane activation by gaseous TM
ions [80], on fundamental concepts in TM chemistry with methane [81], and on
doping effects in TM cluster-mediated bond activation [82]. It is 11 years ago that
someone took time to review the gas phase ion chemistry of transition metal
clusters [78], in parallel to a review that focused on single site catalysis with the
emphasis on atomic and cluster TM ions [83]. What has happened since then? What
is the progress achieved?
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The current review aims to provide an overview over some recent and most
recent work on pure and ligand stabilized Transition Metal (TM) clusters and
oligonuclear TM complexes. The focus of the review is on experimental studies
of TM clusters while theory is cited wherever needed. Note that the quantum
chemical treatment of main group metal clusters and of some selected noble
metal complexes is covered by the article of F. Weigend in this volume. This
short review will cut short on the photoelectron spectroscopy and electronic
spectroscopy of TM clusters and complexes, and on recent X-ray diffraction
studies. Instead, the review’s coverage is organized as follows.

The review starts with an overview over contemporary methods of TM cluster
generation and of oligonuclear TM complex isolation, followed by methods for
their analysis. A short chapter devotes to the unconditionally necessary close
interplay between experiment and electronic structure calculations by quantum
chemistry. Seven consecutive chapters elucidate various aspects of contemporary
research on TM clusters and oligonuclear TM complexes. A final short chapter
concludes and provides for an outlook.

2 Additivity, Cooperativity, Synergism, and Scaling Laws

Clusters — molecular and atomic alike — are assumed to bridge between isolated
monomers, namely atoms or molecules, and according bulk matter, namely metals,
salts, liquids, and molecular solids such as ice. Oligonuclear TM complexes are less
prone to do so. Nevertheless, they may exhibit characteristic variations of proper-
ties by their size/nuclearity.

2.1 Additivity

Many body expansion schemes [84—89] help to sort energetic contributions in large
molecules, TM clusters, and in molecular clusters by their order. Let the system
compose of N monomers — linked covalently, or metallically, or non-covalently.
Then the total energy to first order is a mere sum of the total energies of the
N monomers, each of them relaxed in the presence of N — 1 nonrelaxed monomers.
Such approximation to first order may be termed energetic or enthalpic additivity.
Obviously, this approach is crude and it shows that it is most often an inappropriate
approximation.
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2.2  Cooperativity

Accordingly improved results arise from inclusion of higher-order contributions by
two-body and three-body energies of dimer and trimer combinations in permutation
[85-87]. Such corrections account for polarization and induction effects by adja-
cent monomers that may be viewed as oligomers that interact with their neighbor-
ing environment. One may be tempted to label these effects as enthalpic
cooperativity. Note, however, that such a label could be possibly misleading at
this stage. The achieved stabilization may occur in a cooperative way. A thereby
arising new or enhanced functionally is not warranted, however. In any case, these
effects are intrinsically non-additive. In large systems of many entities N > >3
these three-body contributions add up to significant corrections (in liquid Argon
likely more than 50 % of the viscosity [90], and in liquid water more than 20 % of
the total energy [85]). Higher-order interactions beyond three-body terms are in
general much smaller. Upon high interaction strengths (covalent/metallic binding)
it may not be possible to sort out all particular contributions, however. Instead a
lump sum scaling towards bulk properties may become appropriate (cf. below).

2.3 Differential Many Body Expansions

Non-additive/cooperative effects manifest also when invoking a differential many
body expansion. This is an approach that warrants further insights in particular
when dealing with heteronuclear TM species, either clusters or complexes.
Implementing a many body expansion as above, such a scheme equates the differ-
ential influence of single, double, and triple substitutions of different TM atoms
against each other. A recent investigation [91] labels one-body terms as energies or
further properties of the subsystems, two-body terms as non-additive but pairwise
contributions, and three-body as well as higher-order terms as a measure for
cooperativity. This concept was applied to differences between (computed) ener-
gies, UV/Vis spectra, and electronic transition densities of similar trinuclear com-
plexes. It must be emphasized that this nomenclature aims to exclude two-body
effects from the concept of cooperativity. We will see in the following cases where
such a delineation would not be constructive.

2.4 Synergism

Synergism and synergistic effects seem handy to classify many body effects in TM
clusters and oligonuclear TM complexes. Despite new language there would be no
gain in insight. We take these terms as synonyms for cooperativity and cooperative
effects.
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2.5 Cluster Size Scaling Laws

The above delineated point of view onto cluster size effects is largely derived from
a perspective of increasing cluster sizes — scaling from the minor to the large. It may
be put into contrast with the reverse point of view — starting with bulk matter of
molar size and subtracting monomeric units (atoms or molecules) one by one. The
self-evident and dominant effect in doing so is called size scaling.

Such scaling implies a change of cluster properties by their size, as represented
by their number N of constituents/atoms. Scaling laws are traditional means to
interpolate analytically by approximation between bulk properties and atomic
properties and they should follow predictable trends when scaling from bulk to
clusters [92]. Reducing sizes further towards small clusters and oligomers, one
anticipates strongly size dependent and non-monotonous jumps in cluster features
(as predicted and observed often before), which has led to the coinage of the term of
a “non-scalable” size regime [93, 94]. Note, however, that the scalability of
properties is not obsolete. Instead, “magic cluster size” related variations superim-
pose onto the prevailing scaling laws (see Table 1 for various common scaling
laws).

In the case of some cluster size dependent property p(N) a conceivable scaling
law would read as follows:

p(N)=c+bN*

Note that such property p(/NV) most often refers to an intensive value [95], i.e., the
property is normalized “per atom.” The parameters to determine are: the reference
values c, the scaling factor b, and the scaling power x. Experimental data — once
available over a sufficiently extent size range — would allow for a fit of these
parameters, in principle. In parallel, it is mandatory to consider the asymptotic
limits and to evaluate possible physical models (Table 1).

Table 1 Various cluster properties and scaling laws — N refers to the number of particles or atoms
per molecule or cluster (adopted from [96])

Cluster property Proportional to
Surface tension of a spherical droplet 4 YR?> |= [N~
Ratio of surface to bulk atoms in a spherical particle NNy | 1/R = [N
Binding energy/atom (cohesive energy) [97-99] Ecoh N5
Tonization potential [100—104] Ip N3
Electron affinity [102, 103] E, N8
Resonance frequency of a spherical metal cluster [3, 105, 106] | w, YR |= |N!
Autoionization resonance energy of Hg clusters [107-109] On N1
Average energy level spacing [110] AE N7!
Magnetic dipolar interaction [111] Emag N7!
Cluster polarizabilities [3] an R? = |N
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Let us assume a cluster of N spherical atoms in dense packing and with total
diameter D. The cluster volume V. then scales to a good approximation as
V. ~ N ~ D3 It might seem confusing at first sight to define continuously
varying cluster entities (diameter and volume) by relating them to a discrete number
of building blocks (atoms). Nevertheless, this is straightforward and valid to a very
good approximation as long as dense packing dominates. Such approximation is
sometimes called a “liquid drop model.” Accordingly, the number of surface atoms
N, goes by the surface area, N; ~ D?. The fraction of surface atoms Ny/Nscales as
N¢/N ~ D' ~ N ~1/3_ This fraction of surface atoms may be taken as a quanti-
tative measure for the mixing in of atomic like properties, justified by the lower
coordination of the surface atoms. Accordingly, x = — 1/3, and an interpolation
from the atomic case (all surface) to the bulk case (all volume) may read as:

p(N)=c+bNs

Subsequently, it is most often assumed thatc¢ = p(oco)andb = p(oo) — p(1) would
serve as valid and appropriate choices for the reference values ¢ and scaling factors
b. Thereby we get:

Such a choice may look obvious at first sight. It is not forcing, however, and it takes
verification. For a recently worked out example in cluster magnetism, see [96].

2.6 Cooperative Effects Beyond Mere Energetics

The above discussion of additivity, of energetic cooperativity, and of cluster size
scaling laws clearly reveals the need to take into account changes in properties
beyond mere energetics when studying size dependencies. This holds in particular
for small TM clusters and complexes. It helps to define cooperative effects explic-
itly, and to sort these into three categories:

A cooperative effect in TM clusters or TM complexes exists if a new magnetic,
optical, or reactive effect or function emerges by combining two or more TM
centers. Neither of the participating TM centers show this effect or function when
located sufficiently far apart from the other TM centers. The three operational
categories of cooperative effects may be chosen as follows:

Functional cooperativity: TM atom A and metal atom B comprise individual
functionalities. The complex AB combines these and enables a novel functionality.
Examples are: (I) the combination of high spin and high magnetic anisotropy,
(I) the activation of a substrate 1 by TM atom A and of a substrate 2 by TM
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atom B with concerted coupling of 1+2 to a product, conceivably in a catalytic
way, or (III) coupling of optical functionalities localized at individual TM centers to
enable, e.g., luminescence, quantum cutting, energy transfer, or optical switching.

Enthalpic cooperativity: Two or three TM centers may together reduce a
catalytic activation barrier significantly. This constitutes enthalpic cooperativity if
the joint reduction is larger than that due to the separate metal centers. More
generally, three-body enthalpic cooperativity is present if the total enthalpy of the
three-body system is determined by more than pairwise contributions of its com-
ponents. Note that this definition of enthalpic cooperativity is beyond a mere
stabilization effect.

Entropic cooperativity: An enhanced catalytic coupling may arise though
proximity of a substrate 1 and another substrate 2 when held appropriately in
place by adjacent TM centers. In biochemistry a closely related effect is known
as allosteric interaction: Pre-orientation of a substrate (by active centers A and B)
facilitates its activation (by center C). Such effects are also of relevance, e.g., on
surfaces in the case of deposited TM clusters and TM complexes.

Specific examples of cooperative effects in TM complexes encompass: (1) mul-
tiple open shell TM centers which experience exchange coupling such that they act
as one effective spin manifesting properties which differ from those of the individ-
ual spin centers. (2) Two TM centers which together take part in a chemical
transformation. They reduce the activation energy of a specific elementary step
by an amount larger than the reduction due to a single center. In the course of this
process both TM centers coordinate substrates at well-defined relative distances and
orientations. (3) Two or more weakly interacting TM centers which become more
strongly coupled in an excited state upon single photon absorption. This excited
state is delocalized beyond a single center. Subsequent luminescence releases
photons at defined wavelengths not seen without coupling of the TM centers.

Numerous further examples could be mentioned here. Note that in practice it
is sometimes difficult to define a unique demarcation amongst the three chosen
types of cooperativity. Mixed cases and complications due to superposition of
other phenomena may occur. In any case a meaningful working definition of
cooperativity implies a well-defined entity of function to optimize — in statistic
known as fitness function. Choice and definition of this function governs the
definition of cooperativity in each individual case.

3 Methods of TM Cluster Generation and of Their
Isolation

It is not possible to compile all methods of generation and isolation of TM clusters
and TM complexes. It warrants to provide an overview of those methods which are
of relevance in the present context.
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3.1 Ions and Neutrals: The Reasoning Why

Through contemporary methods it is possible to generate charged and neutral
clusters alike. Polarity of charge may vary (cationic or anionic) as well as the
charge state — often single charge, occasionally double, seldom higher [41, 42].

In most cluster ion sources, neutral clusters form in conjunction with ionic ones.
For detection they need to acquire a net charge, effectively achieved by photoion-
ization. Appropriate choice of photon energy limits or even avoids fragmentation of
the TM clusters, and it is possible to suppress detachment of adsorbates. Less
carefully designed experiments with neutral TM clusters would suffer from likely
artifacts by inadvertent fragmentation.

In many technological applications as well as in natural and biological environ-
ments ubiquitous charges prevail and redox processes readily proceed (as, e.g., in
the course of oxidative corrosion). Thus, TM clusters of relevance likely bear
charges. It is thus mandatory to investigate such clusters much beyond mere neutral
states and to systematically study the influence of charging and of redox states.

3.2 TM Cluster Generation and Isolation

It is well established to produce TM clusters by molecular beam methods [112, 113]
and to obtain nanostructured material by deposition from such cluster beams
[114]. Note that such production is an in situ synthesis within the ion source,
most often according to a general protocol as follows: (1) Generation of a partly
ionized hot atomic plasma by appropriate energizing of solid targets. This may arise
by short pulse lasers (laser vaporization) [10, 11, 17] or by gas discharges. The latter
is often applied in cw (magnetron sputter sources) [115] and less frequently in
pulses [116]. Alternatively the atomization may occur through heavy particle
sputtering [117-119]; (2) Well-timed mixing of plasma with cold carrier gas pulses.
This ensures spatial confinement, rapid cooling, and ready nucleation; (3) Subse-
quent expansion into vacuum. This invokes supersonic adiabatic cooling and
directional focusing. Here, it is possible to utilize a considerable choice of alternate
geometries of waiting rooms, expansion channels, and supersonic nozzles. A
considerable variety of combinations are in use, and their features are often not
yet fully explored beyond mere try-and-error schemes; (3) Skimming and differen-
tial pumping. This is mandatory in order to handle the high gas load of the
supersonic expansion and to bring the TM cluster ions into vacuum where they
experience large mean free paths; (4) Electrostatic acceleration. This is mandatory
in order to form an ion beam that proliferates TM clusters towards the actual
experiment and towards detection. It is increasingly more often that RF ion guiding
is applied. Yet this is not mandatory. The same holds for ion trapping; and (5) Once
TM clusters are isolated they are ready for selection and interrogation. Mass to
charge selection by means of Mass Spectrometry (MS) serves to isolate single
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cluster sizes before and/or after interrogation, MS or MS-MS, cf., e.g., by ref.
[120]. MS-technique is a broad topic in itself and much beyond the scope of this
article.

3.3 Generation and Isolation of Multinuclear Complexes

Multinuclear TM complexes stem from ex situ synthesis in solution [29-31]. TM
centers are stabilized to the outside either through multiple monodentate ligands or
through fewer multidentate ligands or through a combination of both. Adjacent TM
centers stabilize next to each other through bridging atoms (most often oxygen),
bridging molecular ligands (most often O,, CO, N3, or others in 1, coordination),
or through some functional groups of larger multidentate ligands which also
coordinate against the outside environment. A recently synthesized complex of Mn
"Dy"Mn" is a good example of virtuous stabilization of three metal centers in
proximity by just two multidentate ligands [121]. Bridging ligands may constitute
of closed shell species or of radical species, the latter enabling strong electronic
couplings. Appropriate choice and functionalization of coordinating ligands
enables to obtain multinuclear TM complexes of low net charges of either polarity.
Such complexes are suitable for isolation, most often by electrospray ionization
(ESI) [122-127], and for interrogation much in line with what is feasible with TM
clusters (cf. below). In the course of the ESI process, redox processes may occur,
and there may be a ligand to solvent exchange when operating harsh ion source
conditions. Even a ligand loss is possible yielding coordinatively unsaturated
species. All three processes may modulate by source parameters. Additional solva-
tion/hydration beyond first shell coordination may occur when applying humid or
solvent enriched entraining gases to the ESI source [128-131].

4 Methods of Gas Phase Analysis

4.1 Analysis of TM Clusters

Interrogation of the TM clusters takes place by either of eight methods: (1) Colli-
sional encounters with molecules, recording kinetics and product yields [2, 24, 78,
81, 132-134]; (2) Activating high energy encounters with unreactive buffer gases,
recording Collision Induced Dissociation (CID) parent breakdown and fragment
appearance curves [135-137]; (3) Photon absorption and indirect detection through
fragmentation, photon energies ranging from the IR through all energies up to the
X-rays, recording optical spectra of fundamental excitations of rotational, vibra-
tional, or electronic degrees of freedoms in clusters and/or adsorbates (see refer-
ences in the following chapters); (4) Time resolved IMS by energized drift through
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buffer gas, recording isomer populations by their shape dependent drift time delays
[138—143]; (5) Electron diffraction of trapped TM cluster ions (TIED) as
highlighted in the introduction. This is a dedicated high level technique and
currently available worldwide in just two laboratories (Harvard and KIT)
[57, 144, 145]; (6) Temperature control becomes feasible by virtue of the now
well established Radio Frequency (RF) and Ion Cyclotron Resonance (ICR) ion
trapping techniques [120, 146, 147] in conjunction with reliable cryogenic cooling
devices [148] and messenger tagging techniques [149]. While temperatures of
devices and of stored ions certainly deviate, vibrational state populations of 20 K
and below are achieved routinely in numerous labs; (7) Even lower temperatures of
down to 0.38 K are achieved by embedding molecules and small TM clusters into
superfluid Helium nanodroplets [150-154]; and (8) Time resolved studies of iso-
lated TM clusters on the femtosecond scale, which are beyond the scope of this
review.

4.2 Analysis of Multinuclear Complexes

Examples for the analysis in isolation of multinuclear TM complexes are sparse and
often focus on analytical MS identification. Somewhat more fundamental studies
often involve mass spectrometric screening in conjunction with infrared vibrational
characterization. Electronic excitations of oligonuclear TM complexes may be
probed by UV/visible laser photons, and there is no conceptual problem in doing
so. To the best of our knowledge there is no study published on such experiments.
There are also no studies published where isolated multinuclear TM complexes
would have been characterized for inner shell excitations by X-ray photons. The
chemical aspects of oligonuclear TM complexes come nicely into play when
aiming at their catalytic activities by undertaking kinetic studies [155-157].

4.3 The Interplay of Experiments and Quantum Chemical
Calculations

Approximate theoretical models serve for the description of the electronics in
simple metal clusters [158]. Such simple models largely fail in the cases of TM
clusters, however. Much more advanced electronic structure theories of TM clus-
ters are either wave function based or they utilize Density Functional Theory (DFT)
in order to enable the handling of larger systems [159]. Either cases reach limits in
their accuracy and in the size of systems that may be covered. The small HOMO-
LUMO gap in TM clusters leads to a multi-reference character for the electronic
wave function. Thus, single-reference Hartree—Fock calculations tend to fail, and
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Fig. 3 Total energy in a PBEO/cc-pVTZ(N,H);ECP(Fe) calculation of an Fe;3(N,)s(H)," cluster
in 36tet configuration (35 unpaired e™) throughout more than 700 SCF cycles. The calculated
energy oscillates by more than 10~ around a mean value of —2,268.00755 a.u. without converg-
ing to a self-consistent solution. Despite all effort such oscillations happen often and in a largely
unpredictable way when simulating high spin TM clusters — due to the high density of near
degenerate states of varying d-orbital occupancies

this cannot be compensated by a post-Hartree—Fock treatment of the dynamic
electron correlation. Instead, DFT based methods account for the multi-reference
character of TM clusters, albeit in a non-systematic manner. Wave function-based
multi-reference methods would allow for a systematic treatment of TM clusters.
At present, such an endeavor is doomed to fail by the exceeding computational
costs.

In practice, DFT based methods allow for the modeling of larger TM clusters
and TM complexes, at the expense of employing semiempirical choices of
exchange-correlation functionals [160-165]. We refrain from reviewing the
published literature on DFT calculations of small open d-shell TM clusters. A
good overview may be obtained elsewhere [166, 167]. Most notably, a DFT
case study on structures and IR spectra of small niobium cluster cations
managed to achieve predictions that found swift confirmation by unpublished
IR spectra, despite some ongoing debate on details [168—170]. The application
of DFT to TM clusters occasionally reaches practical limits due to intrinsic
instabilities (Fig. 3). It is sometimes possible to overcome those, which is not
guaranteed, however. Conceptual problems in the treatment of antiferromag-
netic couplings may be overcome these days by the broken symmetry DFT
method [171-178].
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5 Selected Examples

5.1 Some Examples of Recent TM Cluster Studies

By this chapter we aim to provide some overview on the recent studies (2005 and
beyond, thus not covered by either of two recent reviews [78, 83]) of size selected
gas phase TM clusters and oligonuclear TM complexes with respect to their
production, likely structure and functional properties. It is in no way possible to
cover all aspects of TM cluster and studies on TM clusters as published since 2005.
Rather than aiming at full coverage — which is almost impossible — the following
chapters shall encompass a bunch of studies that elucidate fascinating aspects of
choice — in an objective manner as far as possible.

Many studies of the gas phase reactivity of oxide clusters of early TM metals (V,
Ce, and Nb) are largely motivated by their relevance for large-scale industrial
oxidation catalysis [79, 121, 134, 179-249]. Such studies have revealed valuable
insight into the actual mechanisms at work. Activating guided ion beam studies
have revealed a rich ion thermochemistry of TM clusters (lately of Fe and Co), their
oxides, and their adsorbate complexes (with D,, N,, CO, and O,) and at benchmark
quality of significant importance [25-27, 250-256]. FEL-based IR-MPD spectro-
scopy enabled further valuable insight into structure and reactivity of TM oxide
clusters [257-262], in part driven by the relevance of NO oxidation in the context of
car exhaust fume oxidation catalysis [263-266].

In contrast to largely inert bulk gold, its nanoparticles and clusters provide for a
range of unexpected properties in the areas of photonics and catalysis [267—
271]. Studies of the gas phase and solution phase chemistry of small and nanosized
gold clusters revealed size dependent catalytic activities [272-281]. IMS in con-
junction with DFT calculations verified a transition from planar to 3D structures in
small anionic gold clusters [282, 283]. Independent confirmation arose by far-IR
FEL spectroscopy, revealing evidence for a planar Au; and a pyramidal Au,g
structure [284] and further fascinating insights [285-290]. Interestingly, a recent
study of small silver clusters Ag;s-" revealed that they seemingly allow for
replacement of an Ag atom for an H-atom while preserving much of their proper-
ties, in particular their reactivity with small alcohols and amines [291].

5.2 Kinetics of H,, CO, and N, Adsorption by TM Clusters
in Isolation

Early studies of H, adsorption on TM clusters [13, 43-45, 48, 76, 77] revealed a
subtle interplay of electronic odd—even effects and conceivable cluster geometries.
The conceptional insight may be summarized as “every atom counts,” and the
fundamentals of H; binding and reactivity on transition metals have been reviewed
before [292].
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It is obviously of high relevance to understand in detail the adsorption and
desorption of further molecules such as N, which are reluctant to react and may
hardly activate on their own. Niobium cluster anions were amongst the first ones
that were studied for their absorption of N, and CO molecules [293], the issue of
possibly competing electron detachment remaining open. Issendorff
et al. subsequently determined PES spectra of Nb,,~ [103], and the obtained vertical
electron affinity values suggest that strongly exothermic CO chemisorption may
induce electron detachment. Recently, it became possible to identify the CO
binding sites on the surfaces of Fe, Ru, Re, and W clusters [294] and on Ni, Pd,
and Pt clusters [295], and to elucidate charge effects on the red shift of stretching
vibrations in adsorbed CO on TM clusters by a so-called charge dilution model
[72]. Earlier it had become possible to deduce likely structures of cobalt and nickel
clusters through the titration of their surface binding sites by N, absorption at
~150 K [296-299], assuming an unconditional one-to-one correspondence
between N, binding site and TM surface atom.

In our own laboratory it became recently possible to investigate N, adsorption to
size selected TM clusters under isothermal cryo-conditions, namely when stored
within a cryo-cooled RF ion trap and in the presence of a helium buffer gas of
hundredfold excess, first spectroscopic studies being published [300]. The prior
adsorption limits of Ni and Co clusters were well reproduced at 26 K. However, it
showed that absorption readily continued beyond these limits, and new saturation
stoichiometries were found. Rate constants from fits by genetic algorithms con-
firmed consecutive steady adsorption up to the first saturation limit where kinetics
slowed down. Beyond this limit kinetics speed up slightly until the second satura-
tion limit is reached, which by size is much below the closure of a second layer of
N, adsorbates. The found two-step kinetics revealed a remarkably strong cluster
size dependence which points towards strong cooperative effects. By the found
stoichiometric ratios a second layer adsorption seems unlikely. In the cases of
cobalt and nickel the recorded kinetics reveal no evidence for N, activation and
nitride formation — further work pending [301].

5.3 Kinetics of Aliphatic and Aromatic CH Activation by TM
Clusters in Isolation

5.3.1 Methane Activation

The activation of small alkanes — when void of functional groups — has been coined
a “holy grail” of chemistry [81]. Indeed, such activation is a demanding task that
many sole 3d and 4d TM atoms fail to achieve, whereas clusters of some 4d TMs
succeed (see below). Activation of methane through TM complexes or TM clusters
was achieved and characterized as follows: by platinum atomic ions [302-305], by
platinum complexes [306, 307] and clusters [308, 309], by vanadium oxides and
other TM doped oligonuclear oxides [121, 181], by other ligated/oxidized
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Fig. 4 Ratio of room temperature methane activation Kcivaie and association kygociae by Rh¥Ary,
clusters as a function of m. Depicted ratios of the cases Rh*Ar,, and Rhy*Ar,, are upper limits.
Other data stem from [319] and [320] with some estimates included

mononuclear TM complexes [222-224, 310, 311], even by iron carbides [312], and
in one case even the direct conversion of methane to formaldehyde through Al,O3*,
namely without involvement of any TM center [235]. Recently, the activation of
methane was achieved even by small gold, palladium, and binary gold palladium
clusters [226, 313-316]. There is published in other reviews a systematic coverage
of gas phase metal ion chemistry with methane, putting mononuclear and
oligonuclear TM ions and their oxides into the focus of these reviews [81, 317,
318]. There is currently — to the best of our knowledge — a single published report
on the vibrational spectroscopy of methane when adsorbed or activated by TM
clusters [69], and there is another study on the vibrational characterization of a
CH,4-FeO" complex that resembles an intermediate of methane to methanol con-
version [213] (Fig. 4).

Some time ago we took chance to utilize TM clusters of rhodium in conjunction
with argon coating [319] for some kinetic investigations under single collision
conditions. These quite elusive complexes bear promises to learn about activation
kinetics by the loss of argon chaperons that act as a boiling heat bath. No accurate
binding energies at hand, the insight is of a merely qualitative nature, however.
Bimolecular collisions with methane revealed the following processes in
competition:

Rh,*Ar,, + CHy — kuctivate — Rh,"CHy + Hp + m Ar (activation)
Rh, "Ar,, + CHyg — kassocie — Rh, TCHy + m Ar (association)
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Fig.5 Sketch of orbitals involved in olefine bonding with: (a) main group and (b) transition metal
cations (reproduced with permission from [325]). Sizes are not to scale, symmetries hold. Filled
d-orbitals of TMs may donate into empty n* orbitals at the olefin and enable C—C or C-H
activation. Main group metals largely fail to do so. Empty or partially filled d-orbitals of early
TMs may accept electron density from occupied & orbitals, likewise assisting in C—C activation

Most notably, the (n,m) stoichiometry modulates the observable reactivity ratio
Kactivate/Kassociate- MOnomeric and tetrameric rhodium cations fail to activate meth-
ane under any circumstances — irrespective of the heat bath of chaperons. A single
argon chaperon enhances methane activation by rhodium dimers and enables it by
rhodium trimmers — otherwise absent. It looks as if in these cases the encounter
complex lifetime benefits from stabilization through evaporative cooling. Likely
sterically demanding C—H activation thereby becomes more likely — it gets more
time to proceed. Such a behavior is indicative of a tight transition state that comes
with a large negative transition entropy. Additional chaperons likely hamper the C—
H activation either cooling too effectively or by simply blocking direct contact to
the activating TM center(s). While this branch of study was not continued at that
time, it now seems fertile to utilize the newly available cryo- and laser-technologies
for a resumption of such studies. This shall take place in the near future aiming to
unveil details of the TMs cooperative actions.

5.3.2 Olefines and Aromatic Compounds

The early “Dewar-Chatt-Duncanson model” [321, 322] extended the H, to TM
binding concept towards olefin binding [323], in general known today as
n-backbonding. The later “Blyholder model” re-emphasized the acceptor donor
synergism in adsorption of alkenes and CO on TM centers [324] and explains why
this is not possible with main group metals (cf. Fig. 5).

We have studied the activation of olefins and of benzene by TM cluster cations
and anions repeatedly [326-331]. Strong size effects on activation point to likely
icosahedral structures of niobium clusters and to high and even coordination of
surface atoms (“smooth surface”) in the cases of Nb19+/ ~. Simple aromatic
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heterocycles undergo most likely carbidization through complete dehydrogenation
[39]. Some clusters of particular sizes (most notably n=19) fail to activate
homocyclic benzene and naphthalene molecules. Instead seemingly intact adsorp-
tion is observed which proves that activation is kinetically hindered at some point.
These findings were taken as strong evidence for initial coordination to the metal
clusters of the heterocycles through their lone pair orbitals. An inverse H/D isotope
effects showed by the activation under single collision conditions of C¢Hg and of
benzene-dsC¢Ds by size selected cationic cobalt clusters Co, ™ and by anionic cobalt
clusters Co,~ in the cluster size range n = 3 — 28 [332]. The dehydrogenation by
cationic clusters is sparse, while it is ubiquitous in reactions by anionic clusters.
Kinetic Isotope Effects (KIEs) in total reaction rates are inverse and — in part —
large. Dehydrogenation Isotope Effects (DIEs) are normal. A multistep model of
adsorption and stepwise dehydrogenation from the precursor adsorbate unravels a
possible origin of the inverse KIE: Single step C—H bond activation is swift (no KIE
in forward direction) and largely reversible (normal KIE backwards) while H/D
tunneling is likely to contribute (backwards). DFT calculations of the structures and
energetics along the reaction path in [Coj3CsHg]" lend support to the proposed
multistep model. The many size dependent variations of total reaction rates, KIEs
and DIEs, impressively manifest prevailing cooperative effects.

Benzene activation and H/D isotope effects in reactions of mixed cobalt plati-
num clusters, Co,Pt,,* in the size range n+m < 8, reveal the influence of charge
and of composition [333]. Dehydrogenation by cationic cobalt clusters Co," is
sparse, it is effective in small bimetallic clusters Co,Pty, ", n+m <3. Single
platinum atoms promote benzene dehydrogenation while further cobalt atoms
quench it. Mixed triatomic clusters Co,Pt;~ and Co;Pt,™ are special in causing
effective reactions in a cooperative way. KIE(n) in total reaction rates are inverse
and large, DIE(n) are normal — allowing to follow the interpretation scheme of pure
cobalt clusters as devised before.

Despite all of this effort it did not become possible to deduce explicit electronic
or geometrical information of the studied clusters. Glimpses were within reach,
conclusions beyond. It became mandatory to switch gears and head for conceptu-
ally simpler systems in conjunction with complementary methods of analysis.

5.4 Vibrations of Adsorbates on the Surfaces of TM Clusters

Spectroscopy of molecular adsorbate on TM surfaces is manifold and has become a
topic of each textbook on surface science. Spectroscopic studies of molecular
adsorbates on the surfaces of TM clusters are sparse. Early studies elucidated the
spectroscopy of methanol on gold oligomers and found the v,‘“® vibration of
methanol to change discontinuously with cluster size [334]. IR spectroscopy of
CO on late transition metal clusters (Co, Ni, and Rh) revealed that the v, “°
vibration approaches asymptotes that are not the same as found for v “® when
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Fig. 6 IR-MPD spectra of [Fe 3(N»);]", [Co;3(N2);]", and of [Ni;g(N,);]* when trapped within
26 K buffer gas. Other than naively expected the red shifts of N, adsorbate vibrations,
Avn; > Avco > Avge, do not coincide with predicted bond strengths, A,4H(Fe,-N,) > A, 4H
(Cop-Ny) > A,gsH(Ni,-N»). Note the large difference in broadband background fragmentation.
Insets depict possible motifs of multiple N, adsorptions on Ni;3* (10tet, 9 unpaired e~ leff) and
Fe 3" (30tet, 29 unpaired e, right). (unpublished data of work in progress [301])

bound to a single crystal metal surface [335]. This was taken as strong evidence for
low coordination of binding sites on medium sized clusters as compared to highly
coordinated metal surface sites [335]. Further studies elucidated the very aspects of
CO adsorption on TM clusters in much more detail [72, 258, 294, 295, 335-342]. In
particular the influence of cluster charge became well understood in terms of a
so-called charge dilution model [72]. Subsequent to the structural elucidation of
small ruthenium clusters [343], their potential for N, activation was nicely inves-
tigated by FEL-based far-IR spectroscopy [344]. By the same methodology, polar-
izable rare gas atoms were found to bound strongly to cobalt, gold, and gold alloy
clusters [345-348], and H, adsorption was investigated for reconstruction in vana-
dium, cobalt, and other TM clusters, and H, co-adsorption with CO for the mutual
influences on binding and activation [349-353].

Our recent study of IR active N, stretching frequencies in isolated and size
selected cobalt cluster nitrogen adsorbate complexes, [Co,(Ny),]" (n=8-17),
revealed significantly red shifted frequencies with respect to the IR inactive vibra-
tions of free N,. These bands were assigned to a p; head-on type of coordination of
the N, to the cobalt cluster surface, revealing remarkable cluster size dependent
features much beyond swift interpretation [301]. Current work in progress extends
this work onto other TM metal clusters, revealing unexpected features (cf. Fig. 6).
DFT modeling of such clusters and adsorbates is at its limits. Optimized structures
are of help. Predictions on spin states and vibrational frequencies need to be taken
with a grain of salt. The more it is of help to extend the current spectroscopic studies
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from single adsorbates to TM clusters with varying degrees of adsorbate coverage
up to full monolayers — speaking in terms of surface science language. Such work is
currently underway and shows first promising results that may eventually lead into
the unraveling of coordination patterns and of their change with coverage, eventu-
ally unraveling cluster surface morphologies that manifest cooperative effects.

5.5 Magnetism of TM Clusters

Ferro-, ferri-, antiferromagnetism, and alike are collective magnetic phenomena
that arise from electronic couplings of multiple spin bearing atomic centers — most
often TMs or rare earth elements. These are cooperative effects by definition.

5.5.1 Bulk Phase Experiments on Cluster Magnetization

Through application of ultrasensitive Squid-Magnetometer technology [354] it
became feasible to study nanoparticles in liquid suspensions. Recent examples
are studies on colloidal suspension of electrochemically generated cobalt particles
[355, 356] and nanometer sized Co clusters (25-7,000 atoms) [357] as reviewed
before [6]. It became possible to investigate a magnetization reversal in nanometer
sized particles [358]. NMR investigations of polynuclear coordination compounds
reveal indirect evidence for electronic coupling motifs as of relevance to magnetic
moments and are thus limited to rather special cases [359].

5.5.2 Stern—Gerlach Investigations of Neutral TM Clusters in Isolation

Stern—Gerlach experiments have managed to determine magnetic moments in
isolated neutral clusters by application of inhomogeneous magnetic fields [360]
revealing a surprising left right asymmetry [361-363], that is understood by now as
relaxation of the TM clusters through spin—rotation-coupling [364-369].

Small magnetic clusters are typically single domain particles. Since the total
magnetic anisotropy energy of the clusters scales with the number of atoms these
clusters usually show superparamagnetic behavior above the so-called blocking
temperature. The blocking temperature depends on the particle size and on the
anisotropy energy per atom which may be significantly higher than for bulk
samples.

Through resolving the old controversy on the interpretation of the Stern—Gerlach
findings the way towards meaningful investigations was paved. It could be con-
cluded that small clusters of iron, cobalt, and nickel reveal magnetic moments per
atom which are significantly enhanced compared to the bulk values and which are
sometimes close to the atomic moments. Larger clusters with about 30-700 atoms
exhibit surface induced spin density waves that modulate the total magnetic
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moments which gradually approach towards the bulk limit [7]. Investigations on
Nis.740 independently confirmed the non-monotonic approach to the bulk limit
through shell effects and, in addition, revealed a considerable temperature depen-
dence of determined values [370]. Manganese clusters Mn;;.g9 revealed
superparamagnetism when subjected to Stern—Gerlach experiments [371] and act
as molecular ferrimagnets (n = 5-22) [372, 373].

Chemistry comes into play when Fe_,sH,, clusters undergo adsorbate induced
enhancement of their magnetic moments [104]. In quite remarkable contrast hydro-
gen and CO adsorption onto Ni, (up to n=25) decreases the total magnetic
moments [104, 371]. A transition from nonmagnetic to magnetic behavior upon
reduction of sample size was first observed through Stern—Gerlach experiments in
the case of rhodium clusters [374, 375]. Notably, ruthenium and palladium clusters
were found to remain nonmagnetic. In niobium clusters Nb,, with n < 100 both
ferroelectricity and evidence for superconductivity through spin uncoupling were
found [376]. Subsequently this spin uncoupling was related to low temperature
magnetization as observed in Stern—Gerlach experiments [377]. Further interpreta-
tion of Stern—Gerlach experiments in terms of spin relaxation [372] and by invo-
cation of magnetic anisotropy energies [378] helped to clarify uncertainties in
previous experiments.

Despite the generally good interpretation of findings from Stern—Gerlach exper-
iments it is still not possible to strictly separate the spin and orbit contributions to
the total moments in free clusters by such experiments alone. Combination with
negative ion photoelectron spectroscopy was suggested some time ago [379] but no
such combined experiments took place up to now (Fig. 7).

The Stern—Gerlach type of molecular beam experiments have enabled the
tentative determination of total magnetic moments in 3d TM clusters [106, 361,
369, 370, 380-384], while the seemingly limited control of cluster temperatures
remains an issue, unless evaluated carefully [369]. DFT based modeling has tried to
mimic such clusters [385-388] while the predictive power of these calculations
stays uncertain. Recently multi-sandwich type TM complexes were studied by
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Stern—Gerlach experiments revealing ferromagnetic couplings by benzene medi-
ated superexchange [389-392].

5.5.3 XMCD Investigations of Isolated TM Cluster Cations

Beyond the application of inhomogeneous magnetic fields to neutral TM cluster
beams or the application of SQUID magnetometry to bulk samples there is another
method of choice available in order to elucidate magnetic moments of TM clusters
and complexes: Resonant Inner shell ionization by circularly polarized monochro-
matic X-rays may exhibit dichroism, provided that the magnetic moments of the
sample are oriented, e.g., by sufficiently high magnetic field (7 Tesla) at sufficiently
low sample temperature (<20 K). The effect and the technique are known as X-ray
induced Magnetic Circular Dichroism (XMCD) [393-395], and it is routinely
applied to 2p — > 3d transitions in TM metal containing bulk samples. It shows
that this effect suffices for an approximate evaluation by the so-called sum rule
analysis [394, 395] in order to obtain the numerical values of the z components of
spin and orbital moments, mg® and m;  in units of pg:

. 4(A+B
mL( ) = {—(37(:)’%} /’7p01

mg? = {—M% - 7Tz] /Mpo

The parameters A and B represent the integrated dichroic effects (6" — ¢7) at the L,
and L; absorption edges of the experimental X-ray spectra, and C is the
corresponding value of the isotropic spectrum which is approximated by the sum
of spectra of both polarizations (6" +c "), corrected for non-resonant background
absorption. (T,) is the anisotropic dipole term, and n;, is the number of unoccupied
3d valence states (“3d holes”). The finite degree of circular polarization 7, as
available by synchrotron sources these days (about 90 %) necessitates the applica-
tion of an according linear correction. Conversion to total moments mg and mg,
arises by the Brillouin formula.

Application of XMCD to deposited TM clusters on surfaces occurred lately
[396]. While X-ray absorption spectroscopy of isolated TM clusters arose subse-
quently, it took a separate approach to develop an XMCD application for such
samples. First results arose on isolated Co clusters [397] revealing spin and orbital
moments of clusters in between of those of bulk and atoms. Subsequent studies
confirmed, extended, and refined the previous approach obtaining independent data
of Fe, Co, and Ni clusters [398, 399]. A recent XANES study of Nb;3* confirmed its
icosahedral structure [400], and a study of single Au and Rh on size selected Co
cluster revealed a lack of heteroatom effect onto the magnetic moments
[401]. Other XMCD experiments did reveal high spin electronic ground states of
Cr, Mn, Fe, and Co dimer cations in isolation [402, 403].
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Fig. 8 Spin (left) and orbital (right) magnetic moments of size selected clusters in comparison to
conceivable trends that would interpolate between bulk metals and neutral atoms. Note that
the recorded spin moments seem to follow an n~'/? scaling. Orbital moments of n =2 clusters
(n~'3 = 0.794, solid symbols) are tentative predictions from the n~'/3 fits of experimental bulk
and cluster data as displayed, with atomic values exempt from the fit (see text for discussion,
adapted from [96])

Most recently, our re-investigation by XMCD of the spin and orbit contributions
to Fe, Ni, and Co clusters revealed different scaling laws for spin and orbit
[404]. We find a spin scaling law “per cluster diameter,” that interpolates between
known atomic and bulk values. In remarkable contrast, the orbital moments do
likewise only if the atomic asymptotes are exempt. This explains through a concept
of primary orbital moments, which persist in atoms on their own through degener-
acy of partially filled d-orbitals, and secondary orbital moments, which are induced
through relativistic spin—orbit coupling — coupling to total moments by cooperative
effects (Fig. 8).

5.6 Magnetism of Single Molecule Magnets and TM
Complexes in Isolation

When applying the aforementioned approximate sum rule analysis one usually
neglects contributions from the magnetic dipole operator term (then regarded as
<10 %). This is a good approximation in cases of clusters and compounds where
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magnetic anisotropy is small and minor. Homogeneous TM clusters and even their
alloys are amongst these cases. When, however, direct TM—TM proximity seizes
and, e.g., p-oxo bridging (and other types of bridges) prevail, the so-called
superexchange comes into play. Such directional bonding and coordination is a
herald of anisotropy. Current research aims to utilize and maximize the anisotropy
in order to induce the so-called Single Molecule Magnet (SMM) behavior [405].

The synthesis and characterization of such SMMs is a fertile field of research.
The SMMs are most often based on appropriate combinations of 3d TMs (Mn and
Fe) and/or 4f lanthanoids (e.g., Dy) [121, 406—457]. This field is well covered by
appropriate reviews [458-463].

However, there has been no attempt published on a magnetic characterization of
SMMs in isolation, e.g., by mass spectrometric methods. The newly devised
GAMBIT technique [397] and its most recent adaption by the NanoclusterTrap
[398] at BESSY II came handy to try for XMCD experiments on SMMs in isolation.
The archetypal [Mn™¢Mn",0,,(CH;CO0)¢] [405] has a high spin ground state
by cooperative, ferrimagnetic (spin antiparallel) coupling between the
8 ferromagnetically (spin up) coupled Mn"" ions (S = 16) and 4 ferromagnetically
(spin down) arranged Mn'Y (S=6). This results in a spin ground state of
S=16—6=10. This molecular spin, in conjunction with a uniaxial molecular
magnetic anisotropy induced by the Jahn-Teller distorted Mn', leads to a
molecule-based barrier to the spin reversal between the ground state orientations
mg =410 and to hysteresis. Such properties are most often associated with 3D
length scale ordering and are not regarded as intrinsic molecular properties. Bulk
samples seem to reveal SMM properties, surface deposition seemingly alters those,
an illuminating benchmark of the isolated molecule amiss, up to now (Fig. 9).

Fig. 9 Densities of o (blue)

and P (green) spins in f‘"’
[Mn;,0,,(CH3COO);¢] by ;
broken symmetry DFT
calculations (PBEO-D3/
def2-TZVP). Negligible
differences arise by
variation of the exchange-
correlation functional or by
swapping a sole peripheral
CH3COO™ ligand for a
neutral CH3CN ligand as in
experiment. The revealed
spin coupling pattern is
robust. (unpublished work
in progress [464])
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Our very recent, yet unpublished, study reports the molecular magnetic signature
of a truly isolated cationic species [Mn,ac]* using X-ray XMCD spectroscopy as
well as broken symmetry DFT calculations [24-27, 177, 178]. These allow us to
substantiate the intrinsic molecule-based magnetic properties of this compound
void of bulk or surface effects and confirm the molecular origin of the magnetic
behavior [464]. These studies are currently in extension towards further complexes
that comprise of 3d TM — 4f Rare Earth (RE) metal combinations in varying
stoichiometries and coordinations [465].

5.7 IR Spectroscopic Characterization of Multinuclear
Complexes

Still, it is most often uncertain, how the electronic coupling looks like in an isolated
oligonuclear TM complex. The more it is of value to look for cases where auxiliary
information is available. Such information may arise through the response of
particular ligand vibrations to the spin states of the coordinated TM center(s).
Early IR spectra of niobium—acetonitrile complexes revealed such spectral shifts
by spin states, fostered by according DFT studies [466]. More recently unsaturated
vanadium carbonyl complexes revealed relative IR intensities and IR frequencies
by experiments and DFT calculations that sufficed to deduce a spin state reduction
by increasing ligand coordination number [467]. It is most worthwhile to further
elucidate such spin state reporting vibrations — this the more so — as the subsequent
interpretation will help to elucidate further cooperative effects in the investigated
complexes.

We conducted an IR-MPD study by ESI-MS of a cationic [(Agl)z(lMT-HY
(DDA)]*complex, which self-assembled from two Ag' ions, a deprotonated
1-methyl-thymine (IMT-H)™, and a 1,3-dideaza-adenine (DDA) in methanolic
solution [468]. Assignment of vibrational bands and identification of the silver
coordination pattern arose from comparison of one- and two-color IR-MPD spectra
(1,000-4,000 cm ') thereby identifying two structurally and energetically close
isomers that resemble a metalated Hoogsteen-like binding motif. The two-color
IR/IR double resonance scheme proved in particular useful to observe weakly
absorbing or weakly fragmenting vibrational modes. By another study the
two-color IR/IR double resonance with pulse delayed tuning revealed a torsional
isomerization within a “ligand-metal—chelate” complex [AgL,L,]" [469]. The
concomitant ab initio calculations revealed the torsional barrier height as well as
the change in vibrational frequencies and IR intensities along the isomerization
pathway. We further conducted a study of metal base pairs of Ag' cations and
I-methylthymine, (IMT) or (IMT-H)~ [470], and we recorded IR-MPD spectra of
mass-selected complexes of type [Aglz(lMT)(lMT-H)f]+ and [Agl3(1MT-H)72]+
to assign isomeric structures, and to elucidate probable formation pathways in



Cooperative Effects in Clusters and Oligonuclear Complexes of Transition. . . 27

aqueous solution. These findings paved the way for subsequent UV investigations
of the multi-metal mediated base pairs, which are in the making.

We most recently found that a novel bifunctional iron—palladium complex
exhibits in CID the competing fragmentation channels of HCI and FeCl, elimina-
tion, where the relative yields are modulated by the solvent [471]. The identified syn
and anti isomers favor and disfavor the much involved FeCl, elimination, which
proceeds by chlorido and Cp ligand exchange amongst the metallic centers in a
cooperative, ballet like manner — reminiscent of a concerted salt metathesis. A
multitude of stationary points were identified along the computed multistep reaction
coordinates of the three conceivable spin states, a direct singlet to quintet transition
driving the process with the triplet state left aside as a spectator without involve-
ment. The observation of FeCl, elimination is of relevance to conceivable technical
applications.

There is a potentially large impact of cationization on the molecular structures
and catalytic activities of oligonuclear TM complexes. We cationized a bimetallic
complex [AuZnCl;] with alkali metal ions (M*) and investigated the charged
adducts [AuZnCl;M]"* via ESI-MS [472]. The combination of IR-MPD experiments
and DFT calculations revealed a p-binding motif of all alkali ions to the three
chlorido ligands. The cationization induces a reorientation of the organic backbone.
CID studies revealed switches of fragmentation channels by the alkali ion and by
the CID amplitude. The Li* and Na™ adducts prefer the sole loss of ZnCl,, whereas
the K, Rb*, and Cs™ adducts most preferably split off MCl,ZnCl. Calculated free
Gibbs energies and fragmentation coordinate profiles showed that the Zn** cation
wins against K, Rb", and Cs™, the competition for the nitrogen coordination sites,
and it looses against Li* and Na* — in remarkable deviation from a naive HSAB
concept. The computations indicated expulsion of MCl,ZnCl rather than of MCI
and ZnCl,. The variation of the Au—Zn-alkali cooperation was elucidated in detail.

6 Summary and Concluding Remarks

It is not possible to survey the field of TM clusters and TM complexes in total, and
even the current survey of restricted coverage (2005-2016) is doomed to suffer
from a biased view and from incompleteness. Nevertheless, we feel confident to
provide glimpses onto current work of relevance and to put these studies into
perspective with respect to the larger field of research and to the current status of
knowledge. When this survey will help the reader to find interest and orientation in
TM cluster research, then it has served its purpose.

We see a bunch of current, largely open questions and challenges for future
generations of young and devoted researchers: (1) In the chemistry community TM
clusters are often regarded primarily as those oligomeric TM complexes that occur
in the form of ligand stabilized, coordinatively stabilized oligomers in bulk solution
and solids. In the physics community TM clusters are most often regarded primarily
as naked clusters, isolated in the gas phase or deposited on surfaces. The delineation
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is obvious, the area in between is largely unexplored. Both communities may want
to learn to talk to each other and to find a common language for improved
interchange of ideas and concepts. (2) Isolated TM clusters in the gas phase do
serve well for the study of cluster size selected reactions up to catalytic cycles. It is
probably even more demanding — and accordingly much less often achieved — to
study such processes with TM clusters when deposited on various surfaces, as, e.g.,
done in the groups of U. Heiz at TU Munich and of K.H. Meiwes-Broer at U
Rostock, and others. (3) The high level DFT based description of coupled TM
cluster surface systems is a challenge. Early studies were done by N. Rosch at TU
Munich. Recent systematic studies were spear headed by J. Sauer at HU Berlin, in
particular of TM clusters on metal oxide surfaces. (4) It is well within reach to
fabricate materials made of clusters [473-476]. Self-assembly is a topic
[477]. There are examples of Metal Organic Frameworks (MOF) with trimetallic
cores [478]. (5) Another topic of current and future interest are TM clusters in
liquids and in bio environments [277-279, 479, 480]. (6) Last but not least we like
to point out a study of our own that asks for continuation: Micrometer sized
nanoparticles act vividly as nucleation seeds for the crystallization of organic
polymer melts which visualizes through polarization microscopy [481]. What
about smaller clusters and complexes (of TMs)? The field of research in TM
clusters and oligomeric TM complexes is wide open. Go for it!
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Quantum Chemical Investigations of Clusters
of Heavy Metal Atoms

Florian Weigend

Abstract This contribution reports quantum chemical treatments of clusters of
heavy metal atoms with contemporary methods and focuses on two aspects: the
impact of spin—orbit coupling on electronic and geometric structure as well as the
problem of finding global minimum structures in case of binary or ternary systems.
At present, the only suited quantum chemical tools for metal clusters are methods of
density functional theory. For the first aspect, the impact of spin—orbit coupling,
so-called two-component methods are required; for the second aspect, it is advis-
able to extend usual global optimization procedures like genetic algorithms by tools
for the aimed search of most favorable atom-type-to-atom-position assignments.
Respective recent developments for these two purposes are discussed, and applica-
tions to midsized clusters of gold and heavy p-elements, mixtures of heavy
p-elements, and mixtures of heavy p-elements encapsulating transition metal
atoms are presented.

Keywords Binary clusters ¢ Density functional theory ¢ Genetic algorithms ¢
Heavy elements ¢ Perturbation theory ¢ Relativistic effects
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1 Introduction

Metal clusters are of interest for physical and chemical experimental and theoretical
basic research, as they are intermediates between single atoms and the bulk phase.
They are not stable under ambient conditions, not any metal cluster can be kept in a
test tube. Nevertheless, for low particle densities and at moderate temperature
clusters of (nearly) any size are known to exist for (nearly) any metal, which
indicates that they are stable with respect to atom loss or fission. Vice versa, the
most stable form is the bulk phase. Apart from low densities other strategies to
prevent clusters to react to the bulk phase are the protection with an organic ligand
shell or — for polyionic cluster species like Zintl anions — the crystallization together
with suited counterions like complexed alkaline metal ions.

Within the last decades several review articles about the theory of (metal)
clusters in general [1, 2], about quantum chemical calculations [3], and in particular
about density functional theory (DFT) treatments [4, 5] were published. The present
review focuses on two aspects: heavy elements, which require consideration of
relativistic effects including spin—orbit coupling, as well as binary and ternary
systems, which implicate the problem of assigning elements to atom positions.

The latter systems are of special interest, as here a second parameter apart from
size comes into play: the composition, which allows for tunable properties. This is a
challenge for experiment, as similar elements cannot be distinguished by common
tools of experimental analysis, as well as for theory, as the number of possibilities to
distribute element types on atomic positions is huge: 2" for a binary system with
N atoms. For arbitrary element combinations, it is a common strategy to select
promising distributions by economic Lennard—Jones methods and recalculate them
at DFT level [6]. For elements with similar nuclear charges Z, the aimed search
directly at DFT level is possible by first calculating the energy and wave function of
a homo-atomic system and subsequently the energy change 0E/0Z for each atomic
position [7]. This technique may be used as complement to X-ray structure analysis
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[8], like in Sect. 4.4, and also to find the global energy minimum structures for
binary and ternary systems [9] like in Sects. 3.3 and 4.3.

Finding global minimum structures is a hard task already for homo-atomic
systems. For systems with very few atoms, one might be able to guess most of
the promising structures, but for more than ca. 8 atoms, this is not a reliable
procedure. Several techniques have been applied for this purpose, for instance,
simulated annealing [10], basin hopping [11], and genetic algorithms (GA, [12—
14]). All these techniques require a large number of energy calculations, and thus, if
these calculations are done at level of DFT or even higher, their application is
limited to systems with several ten atoms.

Concerning methods for electronic structure calculations of metal clusters,
presently DFT is the technique of choice. Metal clusters usually have a small
energy gap between highest occupied (HO) and lowest unoccupied
(LU) molecular orbital (MO). This leads to multi-reference character for the
electronic wave function; single-reference methods like Hartree—Fock thus are
unsuited in most cases, also when followed by post-Hartree—Fock treatments for
the dynamic electron correlation. DFT, which bases on the electron density instead
of the wave function, accounts for this feature at least in a nonsystematic manner.
Wave-function-based multi-reference methods would be a desirable alternative but
are by far too expensive.

For heavy elements, which are the focus of this contribution, relativistic effects
[15] must be considered; for some cases also spin—orbit coupling plays an important
role, for instance, for the rationalization of a double peak in the UV—Vis spectrum
of a highly symmetric gold cluster (Sect. 4.1) and for the energetic sequence of
isomers of bismuth clusters (Sect. 4.2). Main aspects concerning relativity are
summarized in Sect. 2.2. Technical aspects like choice of suited density functionals,
basis sets, and ways to account for relativity are discussed in Sect. 2.3.

2 Electronic Structure

Quantum chemical calculations yield molecular orbitals (MOs), which are neces-
sarily delocalized, at least in case of symmetric molecules, as any symmetry
operation maps a (nondegenerate) orbital on itself or on its negative. Inspection
of MOs is helpful for characterizing the electronic structure and also for estimating
the stability of the cluster as a whole. The latter often is explained by the number of
valence electrons, in particular by the so-called “magic” electron numbers (2, 8,
20, 40, 70...) of valence electrons, which result from cluster orbitals for a very
simple model. In Sect. 2.1 the origin of these numbers is briefly reviewed, and their
limitations are discussed. Origin of relativistic effects and the consequences for the
treatment of heavy-element clusters are briefly summarized in Sect. 2.2. Technical
aspects like suited density functionals, basis sets, and ways to account for relativity
are discussed in Sect. 2.3.
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2.1 Cluster Orbitals and Magic Electron Numbers

Magic electron numbers correspond to electronic shell closings in the spherical
jellium or superatom model [2]. In this model, clusters are assumed to be spheres,
and the positive charges of atomic cores (nuclei plus inner electrons) are replaced
by a uniformly positive charged background. For a single electron or for
noninteracting (valence) electrons, the potential is that of a spherical harmonic
oscillator. The Schrodinger equation can be solved analytically yielding spherical
harmonic (S, P, D,...) eigenfunctions with the following energetic sequence of
shells: (1S),(1P),(1D2S),(1F2P),. ... Each shell is separated from the next one by
the same energy difference. Adding the respective occupations (2, 6, 10+2, 14
+6,...) yields the “magic” electron numbers 2, 8, 20, 40,... as electronic shell
closings for noninteracting electrons in a uniformly charged sphere. Consequently,
in such cases the HOMO-LUMO gap is particularly large, which indicates high
stability of the respective system. Electron—electron interaction leads to splitting of
levels with different angular quantum numbers and thus to additional gaps after
subshell closings at 18, 34,... electrons. This model very well agrees with calcu-
lated electronic structures for alkaline (earth) metal clusters, for which
(a) icosahedral structures are preferred and (b) valence electrons come from the
atomic valence s-orbitals (s-AOs) only, which are furthermore well separated from
the inner orbitals. The situation for main-group element systems is different in both
respects. This has consequences on the electronic structure. For nonspherical
systems angular momentum degeneracy is lifted; thus, for instance, the D shells
split to Toe + E,, in case of Oy, symmetry or to A;’ +E' + E" for D3, symmetry. The
size of the splitting depends on the degree of distortion (or vice versa). Further, the
valence shell consists of s- and p-AOs. This has significant consequences, as might
become evident by the inspection of the MOs of Pb947 [16] and Pb527 [17] (see
Fig. 1). For methods of calculation, see Sect. 2.3. Pbo*~ has 9-(2+2)+4 =40
valence electrons, which is a magic electron number. Consequently, the shells
1S1P1D2S1F2P are fully occupied, and the HOMO-LUMO gap is quite large,
ca. 2 eV. Contrary to the jellium model, a very large gap of ca. 5 eV is observed
between the 1D and the 2S shell, which separates MOs that dominantly consist of
s-AOs from those consisting of p-AOs. This is not surprising, as the s-AOs are
lower in energy than the respective p-AOs by ca. 8 eV. Differences to the jellium
model become even more evident for Pbs>~ with 22 valence electrons or 11 occu-
pied cluster MOs, respectively. Again, a large gap between s-AO and p-AO-
dominated cluster MOs is evident between the fifth and the sixth cluster MO. The
fifth MO is the 1D,?, consisting of the s-AOs of the two apical atoms and of the
three equatorial atoms with opposite phase. For the other members of the D shell,
the p-AOs are required; consequently these MOs are higher in energy by ca. 5 eV.
Of similar energy are the 2S MO and the 1F,” MO, which is occupied by the
remaining two electrons. It is separated from the other (unoccupied) 1 F MOs by
ca. 2 eV. The enhanced stability of the 1F,® MO is expected, as it is the binding
combination of all p, AOs, whereas the other members of the F shell are (partially)
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Fig. 1 Cluster orbitals and respective energies of Pbe*~ (leff) and Pbs>~ (right)

antibonding. So, the HOMO-LUMO gap is large, and the stability is comparably
high but not due to a shell closing but to a shell splitting because of suited AOs for
one of the MOs.

2.2 Heavy Elements: Relativistic Effects

For heavy elements relativistic effects play an important role. The meaning of
“heavy” depends on the properties that one is interested in and on the desired/
required accuracy. For the present purpose, structure, and bonding of clusters,
relativistic effects should be considered for the elements beyond
Kr. Incorporation of relativity in quantum chemical methods is an intensively
studied field; further several excellent review articles are available describing the
impact or relativity on chemistry, e.g., by Pyykko [15, 18]. A very brief summary,
as far as relevant for the present purpose, is given now.

Starting point of the relativistic treatment of electrons is the Dirac equation. It
fulfills the postulates of both quantum mechanics and special relativity. It is a four-
component equation; consequently the eigenfunctions are no longer scalar orbitals
Y(r,t), like in Schrodinger’s theory, but so-called four-component spinors
(W1 (r,t),Wo(r,bt), Wa(r,t),Py(r,t)). The spectrum of eigenvalues contains a positive
(>0) and a negative (<—2c%) region; the latter are positronic states, which are not
of interest for chemistry. It is possible to project out these positronic states by
decoupling this four-component equation; one ends in leading order (1/c?) at the
two-component electronic problem
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1is a2 x 2 unity matrix, 7 and » ™ are the kinetic and the potential energy operators,

just like in the nonrelativistic case, 1SR contains scalar relativistic corrections,
S0
namely, the mass velocity term and the Darwin term, and 64  is the spin—orbit

coupling (SOC), where the spin operator is given by the vector 6 = (6,,6,,6.) of the
complex 2 x 2 Pauli matrices:
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For this, the solutions of the equation, the one-electron wave functions ¥, are
also two-component complex objects, so-called spinors. In the treatment of clusters
in the past, usually only scalar relativistic effects (third term) were included,
whereas SOC (fourth term) was neglected, possibly for good reasons: its influence
was expected to be small, and its consideration would require a two-component
structure in the program code, which also comes along with greater computational
effort (see below). Nevertheless, SOC leads to splitting of atomic orbital (or spinor)
shells with angular quantum number / into /+ 1/2 and /—1/2. This splitting amounts
to ca. 3 eV for the 6p AOs, which can be expected to influence the electronic
structure and possibly also the geometric structure of molecules. Several examples
are shown in Sects. 4.1-4.3.

2.3 Technical Requirements for the Calculation
of the Electronic Structure

In quantum chemical treatments, one has to specify the method of calculation, the
basis set, and, at least for heavy elements, the way how to treat relativistic effects.
Concerning the method, the obvious choice for clusters of metal atoms are methods
of density functional theory, as they are relatively stable across the periodic table
compared to (single-determinant) Hartree—Fock (plus post-Hartree—Fock methods
for dynamic electron correlation). Multi-reference methods usually are not feasible
due to the system size. Among the DFT methods, gradient-corrected functionals
like BP86 [19, 20] or PBE [21] turned out to work reasonably; meta-GGA func-
tionals like TPSS [22] are sometimes slightly better but also more expensive. The
reliability of hybrid functionals (mixtures of pure DFT and Hartree—Fock
exchange) decreases with increasing metallic character of the systems. While
their usage may be reasonable for main-group element clusters, at least as long as
they are not too large and thus not too “metallic,” it is not for transition metals,
where the admixture of Hartree—Fock exchange usually makes results worse.
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Similar holds for the methods that base on Hartree—Fock: for small main-group
clusters, coupled cluster methods including single and double excitations and a
perturbative correction for triple excitations, CCSD(T), may be used as reference;
for other clusters it is less reasonable. A good agreement for dissociation energies
obtained with CCSD(T) and DFT(TPSS) within ca. 0.2 eV found, which was
documented for instance for small clusters of gallium [23].

For the inclusion of relativistic effects, the most pragmatic choice is the employ-
ment of effective core potentials [24]. The inner shells are modeled by an effective
potential, which covers also relativistic effects when fitted for instance to the result
of fully relativistic four-component Dirac—Fock calculations. The energies of the
explicitly treated valence shells then show excellent agreement to fully relativistic
calculations. Proven ECPs for the 4d/5p or 5d/6p elements are those by Dolg
et al. [25, 26], which cover the inner 28 or 60 electrons, respectively; they are
available in two variants, either covering only scalar relativistic effects or also
including SOC. Scalar relativistic contributions are only an additional term in the
one-electron part, whose evaluation does not change the program structure. Like in
nonrelativistic treatments, the algorithm calculates the n x n matrix of the expan-
sion coefficients for the n MOs, each of them being a linear combination of n AOs.
In case of open-shell calculations, one has 2n MOs (n of alpha-spin and n of beta-
spin); thus, two n X n matrices have to be determined: one for the alpha-spin MOs
and one for the beta-spin MOs. When including SOC, MOs no longer are of pure
alpha or beta-spin character but are mixtures, so one has to deal with 2n MOs, each
of them being a linear combination of 2n AOs. The matrix of expansion coefficients
is of dimension (2n) x (2n) and complex, as the Hamiltonian (see above) is also
complex, which leads to much higher costs than for one-component treatments.
Efficient two-component algorithms for the ground state [27] and excited state [28]
used in the applications given below have been developed within the last years. An
alternative to ECPs are quasi-relativistic all-electron calculations, like the exact
two-component decoupling (X2C) method, by which also the electronic core
levels are accessible. These methods require the setup of the one-electron four-
component Dirac—Fock matrix, which is then decoupled to the two-component
(or one-component) form. This step itself is much more consuming than the
evaluation of ECP contributions, and same is true for the subsequent self-consistent
field (SCF) procedure, as also all inner orbitals are involved now. Further,
two-electron relativistic effects are neglected in the X2C approach. Results for
clusters are similar to those obtained with ECPs, as demonstrated for Ag
clusters [29].

Recommendable basis sets for DFT are sets of polarized triple-zeta valence
quality, TZVP, for which the errors of the basis are much smaller than that of the
method itself. This usually is also true for the smaller double-zeta (“split valence”)
valence bases, SV(P), which in particular for pre-optimization of structure param-
eters are very well suited. Usage of larger quadruple-zeta valence bases at DFT
level usually is not necessary, at least for the calculations discussed here. For
elements beyond Kr, segmented contracted basis sets optimized for the use in
combination with one- and two-component Dirac—Fock ECPs are available within
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the Karlsruhe system of error-balanced basis sets (prefix “dhf” [30]), which for
two-component treatments have increased flexibility (suffix “2¢”) for non-valence
shells in order to describe the two different levels [+ 1/2 and [—1/2 [31].

Many of the clusters in Sect. 4 are highly charged ions, which crystallize
together with suited counterions. In calculations the counterions usually are not
regarded explicitly but are modeled. For this purpose the conductor-like screening
model, COSMO [32], turned out to be a valuable tool, where the cluster forms a
cavity within a dielectric continuum of permittivity €, which for modeling coun-
terions is set to infinity. The DFT equations are then solved for the boundary
condition that the electrostatic potential vanishes at the cavity surface. The coun-
terions are represented by the resulting screening charges.

Finally, for atomic arrangements far from the equilibrium, e.g., such generated
by a genetic algorithm, convergence of SCF procedures is sometimes problematic.
Here the employment of fractional occupation numbers [33] is helpful. Orbital
occupations n; are calculated according to

& — EF

TN

where i labels orbitals, ¢; their energy, and &y the Fermi energy. With an initial
(pseudo-) temperature T=500 K, which is gradually reduced during the SCF
procedure, one usually achieves convergence to integer occupation numbers, that
is, a state-specific solution of the Kohn—Sham equations.

n; erfc

3)

3 Geometric Structure

The geometric structure is the foremost property of a cluster. If it is unknown, like
for the applications presented in Sect. 4.3, it has to be determined first. For this
purpose, genetic algorithms are a very powerful tool, which is briefly reviewed in
Sect. 3.1. For mixed metallic systems, a further difficulty arises: the different
elements have to be assigned to atomic positions in the energetically most favorable
way. For an N-atomic binary cluster, this means 2" possibilities, which of course
are reduced if the composition is known and/or the cluster exhibits symmetry.
Nevertheless, usually a huge number of possible arrangements remain in particular
for 1:1 mixtures. For mixtures of elements with similar nuclear charge, a compa-
rably simple first-order approach can be applied, which is presented in Sect. 3.2.
This may be used for the aimed search of the best distribution of elements to places
when the geometric structure is known but not the element distribution, which is a
frequently occurring situation for experimentalists, but also in combination with
genetic algorithms, as illustrated in Sect. 3.2
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3.1 Exploring the Energy Surface: Genetic Algorithms

Quantum chemical calculations usually are carried out for fixed nuclei. The para-
metric dependence of the energy on the positions of nuclei is termed energy surface,
experimentally observed isomers that correspond to local minima on this surface,
the most stable one to the global minimum. Several techniques to efficiently find
these minima and in particular the global minimum have been proposed and tested
for this purpose, for example, simulated annealing [10], basin hopping [11], and
genetic algorithms (GAs, [12—14]). These techniques can be used basing on empir-
ical potentials or on DFT. The latter has the advantage of not involving system-
specific parameters and thus allowing for an unbiased search, but requires by far
higher computational costs. Genetic algorithms as well as the other
abovementioned techniques require a large number of single-point calculations or
geometry optimizations, which limit their application to relatively small clusters
with several ten atoms at most.

The basic idea of a GA is briefly outlined. One starts with P randomly generated
structures, whose structure parameters are optimized, in case of metal clusters
usually with methods of DFT (generation 0). In the next step, isomers are cut into
parts; the resulting fragments are merged to give p new structures (“child struc-
tures”), fragments of clusters with low energy which are preferred in this step.
These new structures are also optimized. From the resulting P +p structures, the
P lowest-energy isomers with distinct geometric structures are kept (generation 1).
Again, isomers are cut and merged forming the next generation. For clusters of
ca. 10 atoms, a population size of P =20 structures and the creation of p = 10 new
structures per generation turned out to be reasonable. Typically several ten to
hundred generations are sufficient to locate the global minimum for such species.

3.2 Binary Systems: Atom-Type Assignment via Perturbation
Theory

For a system A,By_,, for which the distribution of atom types A and B to the
N positions is unclear, preference of sites preferred by either A or B can be
estimated by first-order perturbation theory, if the difference in nuclear charges of
A and B is not too large. This procedure requires only the calculation of the
electrostatic potential at the N nuclear positions, V; = V(R;), without the contribu-
tion of the nucleus located at R;. This also holds for a system of type A, By_,,C,,, C,
being, e.g., a ligand or a third atom type, for which the assignment to the positions is
clear; also C = A or C =B is not excluded. Details are given in [7]. For the simplest
case it is done as follows. At first, an SCF calculation of the “homogenized” system
is done, then the electrostatic potential for all sites is calculated, and finally, if
Za > Zg, type A is assigned to the n sites with the lowest electrostatic potential and
B to the remaining sites. The best choice for the nuclear charge of the (pseudo-)
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atoms in the homogenized system M turned out [8] to be the weighted average of
the nuclear charges of A and B,

7 _nZ +N—n
MTNATTN

Zg. (4)

In this case the number of electrons in the homogenized and the mixed atomic
system are the same, and thus the reference wave function (that of the homogenized
system) and that of the mixed atomic system have the greatest possible similarity.

A weakness of this first-order approximation becomes evident for highly sym-
metric systems. If one considers, e.g., a square of composition A,B,, the electro-
static potential resulting from the calculation of the homogenized system M, will be
the same for all positions. Here obviously the simple approach fails, as the effect,
that introducing the first A (or B) atom will change the potential for the other sites,
is not included. This problem can be solved by successively replacing atoms and
repeatedly calculating the wave function and the electrostatic potential. In detail,
for determining the preferred sites for A and B in A,By_,, Za > Zg, the first
calculation is done for My, with Zy; given in Eq. (4). The first atom of type A is
assigned to the position with the lowest potential. The subsequent calculations
k=1,2,...n are done for My_;A; with the average nuclear charge being changed
accordingly. In each step one A atom is assigned to the site with the lowest
potential. In this way, higher orders of perturbation are included. Of course, this
needs n calculations instead of a single one, but this is still much less than the
explicit calculation of all distributions. As usual for perturbative treatments, reli-
ability decreases for increasing size of the perturbation, here the difference in the
nuclear charges of A and B. The method thus is restricted to atoms with similar
atomic number. In particular, mixing of elements from different periods is not
possible.

3.3 Combining Genetic Algorithms with Atom-Type
Assignment by Perturbation Theory

For the search of minimum structures of binary clusters, GAs can be extended by
the reassignment (R) of atoms to positions by perturbation theory (P), GA-RP
[9]. For this purpose, the optimization of structure parameters is extended by the
above procedure that reassigns the atoms to the sites one or more times during the
structure optimization. For balancing costs and benefit, the number of reassignment
steps is kept small. It turned out that it is best to start with a rough pre-optimization
of structure parameters consisting of ca. 10 cycles, then insert the RP step, and to
continue the optimization of structure parameters for the assignment found in the
RP step.

For the performance of GA-RP compared to usual GA, the tri-metallic Zintl ion
[LaPb,Bi;]*~ may serve as an illustrating example, which was first predicted [9]
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and later on observed [34]. The choice of this system was motivated by the
previously found homologue system [LaSn;Bi;]*~, for which in a combined exper-
imental and computational study, the structure (via X-ray diffraction) and the atom-
type assignment (via explicit calculation of isomers) were determined [35]. The GA
was carried out both in its usual form and with atom-type reassignment. In both
cases the population size was P = 20, the number of child structures p = 10, and the
number of generations G =30. The COSMO model was applied to simulate the
counterions. For statistical purposes, both types of runs were carried out five times.

For both procedures the energy of the best isomer of each generation is shown in
Fig. 2, displayed is the average over the respective five runs. With the GA +RP
technique, the best structure found is identical to [LaSn,Bi;]*". This isomer was
found in all five runs, latest in generation 19, earliest in generation 11. Also with the
pure GA, the correct topology was found in all five runs, typically after
ca. 20 generations, but never the best occupation. The best isomers after 30 gener-
ations are disfavored by ca. 30 kJ/mol with respect to the GA + RP minimum. Thus,
both concerning the energy of best structure and the number of trials to find this
structure, the additional RP step significantly improves the efficiency of the pure
GA for these mixed metallic systems.

4 Selected Applications

As noted in the beginning, we restrict ourselves to treatments where either the SOC
turned out to be important and/or to treatments of binary or ternary clusters. In the
next two subsections, it is shown that SOC leads to splitting of cluster MOs which
has consequences for the UV—-Vis spectrum and even for the geometric structure in
case of interplaying with Jahn-Teller distortion. Section 4.3 compares the struc-
tures of Pb and Bi cluster mono-cations, which were obtained by combining
DFT-based GA results and experimental cross-sectional data. Further, for the
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Fig. 3 Middle: Molecular structure of Au,s(SMe);s~. The 13-gold atoms of the central icosahe-
dron are drawn in black, the remaining 12 in gray; hydrogen atoms are omitted for clarity. Left:
Measured UV-Vis spectrum. Right: Calculated UV-Vis spectrum at one-component level
(1c PBE/SV(P)) and at two-component level (2c PBE/SV(P))

mixed system (Pb,Biy_,)", the structure change from the pure Pb to the pure Bi
cluster is studied with a DFT-based GA extended by the atom-type (re-) assignment
via perturbation theory. In Sect. 4.4 ternary core—shell clusters of type [MA,By_,]
9~ are considered, M being a transition metal or lanthanide, A and B being different
main-group elements, and ¢ being the charge. The focus is set on the influence of
the type of the M atom on structure and bonding of the A,By., shell.

4.1 Cluster Orbitals Under Spin-Orbit Coupling: UV-Vis
Spectrum of Au,5(SR) 5~

A prototype example for superatom-type cluster orbitals is Au,5(SR);g~ [36],
R=Me, Ph, CH,CH,Ph, etc., which is one of the most studied ligand-protected
metal clusters. It consists of an icosahedral Au;; core plus 12 face-capping gold
atoms. Each of the 18 SR units, R=Me in the simplest case, bridges two gold atoms
(see Fig. 3). Scalar relativistic DFT calculations yielded a threefold (near) degen-
erate HOMO and a fivefold (near) degenerate LUMO, which were identified as 1P
and 1D superatom orbitals [37]. Time-dependent (TD) DFT calculations of excita-
tion energies consequently yielded a single peak [38], which was characterized as
IP-1D (HOMO-LUMO) transition. The optical absorption spectrum in contrast
shows two maxima, at 1.67 and at 1.90 eV. It was suspected that SOC leads to
energetic splitting of cluster orbitals and consequently to splitting of the peak.
This was proven recently by a two-component TDDFT calculation [39] of
Au,s5(SMe)g~. Figure 3 shows the experimental electronic excitation spectrum
and the TDDFT-calculated one-component (scalar relativistic, without SOC) spec-
trum as well as the two-component (with SOC) spectrum obtained from calculation
of the ~200 lowest excitations. Whereas the one-component calculation yields a
single peak (like in [38]), the two-component calculation reproduces the observed
double-peak structure even quantitatively with a splitting of 0.2 eV between the two
peaks (experiment, 0.23 eV). This splitting is also reflected by the splitting of the
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HOMO, which decomposes to a nondegenerate and two (near-) degenerate levels,
which are higher in energy by 0.2 eV. The systematic underestimation of excitation
energies by ca. 0.4 eV is well known for TDDFT. It is noted in passing that this is by
far the largest system calculated at two-component TDDFT level so far.

4.2 Jahn-Teller Distortion Versus Spin—-Orbit Coupling:
Auyg

In the preceding section, it was illustrated that SOC leads to splitting of degenerate
cluster orbitals. This may have consequences also for the geometric structure, if the
frontier orbitals for an idealized highly symmetric structure are degenerate and
partially filled, e.g., 1, 2, 4, or 5 electrons in a threefold-degenerate cluster orbital.
Such a situation leads to a Jahn—Teller distortion lowering the symmetry and thus
lifting degeneracy. We have just seen the threefold degeneracy may be lifted by
SOC, or, more precisely, the degeneracy is a consequence of neglecting SOC;
so, when including it, there might be no longer a reason for a Jahn—Teller
distortion. Known cases are Tls, Reg* and Reg [40], Tlg®~ in Cs;sTlgOg, [41], as
well as Au,y~ [42], which is discussed in detail now.

Neutral Auy is a perfectly tetrahedral cluster (Ty symmetry) of unusual high
stability [43], both with respect to cohesive energy and with respect to electronic
structure, with a HOMO-LUMO gap amounting to 1.9 eV (TPSS functional/dhf-
TZVP-2c basis). At one-component level (i.e., without accounting for SOC), the
HOMO is a twofold-degenerate e-representation, the LUMO a threefold-degenerate
1, representation (see left part of Fig. 4, label “1c(Ty)”"). Both removing and adding
one electron yields a partially filled degenerate shell; thus, the symmetry of ionic
species is lowered due to Jahn—Teller distortion. For the anion the lowest energy is
obtained by distortion to D,4 symmetry and occupation of the b, representation (z,
in Ty symmetry splits into b, and e in D,q4). All vibrational frequencies are real (see
below); this structure is a minimum. The distortion may be characterized by the
splitting of lengths of edges of the cluster: For the neutral system all edges have the
same length (808.0 pm), and for the distorted anionic species, four longer
(817.8 pm) and two shorter edges (803.8 pm) are obtained.

Two-component calculations (i.e., accounting for SOC) reveal a very different
picture. The LUMO of the neutral species is nondegenerate; LUMO+1 is twofold
degenerate (see left part of Fig. 4, label “2c(Ty)”). This is a result of SOC. In this
case, adding one electron does no longer lead to a partially filled shell, and thus
there is no reason for a Jahn—Teller distortion. So, at this higher level of theory, also
the ionic systems are expected to be of T4 symmetry. Indeed, optimization of
structure parameters at two-component level starting from the D,y structure
obtained without SOC ends in Ty symmetry. Numerical calculation of vibration
frequencies from the gradients for this structure yields real frequencies throughout,
ranging from ca. 30 to 170 cm™'; the high-symmetric Ty structure thus is a
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Fig. 4 Middle: Molecular structure of Auyg. Left: MO scheme of (neutral) T4-symmetric Auyg
calculated at one-component level (1c, neglecting SOC) and at two-component level (2c, including
SOC). Right: Lowest vibrational frequencies of Auy,~ for the D,,-symmetric structure obtained at
1c level and for the T4-symmetric structure obtained at 2c level

minimum at two-component level. The influence of SOC is also reflected by
differences in the vibrational spectrum of the T4-symmetric species obtained at
two-component level, 2¢(Ty), and that of the D,4-symmetric species obtained at
one-component level, 1c(D,q). The highest vibrational levels for both cases are
shown in the right hand part of Fig. 4. For instance, the second-highest level in the
2¢(Ty) case, a threefold-degenerate ¢, vibration (172.9 cmfl), is split into a twofold-
degenerate level (166.7 cmfl) and a nondegenerate one (179.8 cmfl) for 1c(Dyg).
SOC thus lifts degeneracy of electronic levels and in this way causes degeneracy of
vibronic levels

4.3 Cluster Cations of Pb and Bi and Mixtures

In the preceding chapters, the calculations were carried out for known structures or
at least known topologies. This is not the case for the present chapter, which is
dedicated to the determination of the structures of bare clusters in the gas phase. It is
a typical feature of metal clusters that there are various isomers with an energetic
separation of about 0.1 eV, which is in the same range as the errors of DFT. Also
structure information from experimental studies alone is not fully conclusive. For a
reliable determination of the ground-state structure of bare clusters, thus a combi-
nation of both calculations and experiments is a proven tool, which was applied
several times in the past, e.g., for cluster ions of gold [44], boron [45], or tin
[46]. Types of experiments carried out for the measurement of cluster properties
were ion-mobility spectroscopy (IMS [47]) for cross sections, trapped ion electron
diffraction (TIED [48]) for reduced molecular scattering intensities, and collision-
induced dissociation (CID [47]) for relative intensities of different fragmentation
channels. IMS measurements were done for up to 15 atoms; TIED is possible for
systems of larger than ca. 10 atoms, as intensities are too low otherwise. Structure
proposals from DFT-based GA treatments served as input for the computation of
cross sections from IMS and reduced scattering intensities from TIED, which then
were compared with experimental results. Here we focus on studies involving
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Fig. 5 Lowest (I) and second-lowest (II) energy structures of Pb,* (left) and Bi," (right).
Stabilities of II with respect to I are given in eV. The frequent eight-atom structure motif of Bi
clusters is highlighted

heavy elements, namely, the systems Pby" (N =4-15) and Biy*, which were
investigated in the manner just described. The structure motifs turned out to be
quite different for these two elements; thus, in the second part of this chapter, very
recent results of clusters consisting of both elements are discussed; here the nine-
atomic systems are of particular interest because of their relationship to the Zintl
jons Pby*~ and Big>*.

The clusters cations of Pb [49] and Bi [50] were investigated in the same manner.
A GA was utilized; every single structure was optimized with the functional BP86,
large-core ECPs [51], which cover the inner 78 electrons and account for scalar
relativistic effects only, and double-zeta valence basis sets, def-SV(P) [52]. The
finally obtained best structures were recalculated with the TPSS functional at
two-component level (including SOC) using small-core two-component Dirac—
Fock ECPs [26] covering the inner 60 electrons and triple-zeta valence basis sets
dhf-TZVP-2c. The results displayed in Fig. 5 reveal the following picture. In all
cases except for Pbs*, the lowest-energy structure gives the best fit to IMS; for Pbs*
the best-fitting isomer, a trigonal bipyramid, is only 0.01 eV higher in energy than
the structure with the lowest energy, an edge-capped tetrahedron. Overall, struc-
tures of lead clusters are significantly more compact, which is evident, e.g., for the
13- and 12-atomic species: In case of Pb-filled icosahedral structures are found
(with a missing outer atom in case of Pb;,"), for the respective Bi clusters, a
frequently occurring eight-atomic building unit is two pentagons that share one
edge; Bij," consists of one such unit added by a capping triangle and a capping
single atom; Bi;3* consists of two of these units fused together. This unit is
observed first for Big* (plus one additional capping atom); Pby" in contrast may
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Fig. 6 Lowest-energy structures of (Pb,Biy_,)*. Stabilities with respect to the homo-atomic
species (see text) are given in eV. For all compositions except of (Pb;Bi,)" (first row, third and
fourth from the /eft), isomers with qualitatively different topologies are higher in energy by more
than 0.1 eV

be described as two fused trigonal bipyramids forming a much more compact
structure. We note that in particular for Bi, SOC has a significant impact on the
results (one-component data were also presented by Yan et al. [53]) and that results
accounting for SOC generally are better in line with the experimental data.
Recognizing the very different shapes of clusters consisting of Bi and Pb, one
might ask how mixed metallic clusters consisting of these two elements will look
like, in particular, how the structure depends on the mixing ratio. This was inves-
tigated in a very recent study [54]. Like for the pure Pb/Bi systems, a GA was used
but now extended by the atom-to-place reassignment step (see Sect. 3.3). Further,
now the TPSS functional, the more flexible basis and the effect of SOC were used
within in the GA. Here we confine ourselves to the nine-atomic systems; the results
are displayed in Fig. 6 and may be summarized as follows. For species with only
one heteroatom, the topology of the pure clusters is maintained. In PbgBi, Bi
replaces Pb on one of the fused pentagonal bipyramids of Pby*; in PbBig, Pb
replaces Bi as the capping atom; the eight-atomic Bi unit described above remains
unchanged. All other mixtures are more or less distorted variants of the (Cgy-
symmetric) structure of Pb947. Pb,Bis*, which is isoelectronic to Pb947, shows
C4, symmetry, the degree of distortion increases with increasing compositional
difference to this case. The distribution of Pb and Bi in Pb,Bis™ as well as in the
other cases largely follows the principle of maximizing the number of hetero-
atomic bonds. This is in line with the well-known fact that slightly different
energies of the atomic levels of two bond partners lead to lowering of the binding
combination of them [55] and thus to increased stability of a hetero-atomic system
compared to the isoelectric homo-atomic system. The preference of hetero-atomic
bonds can also be explained by the perturbation theory discussed above. For this
purpose consider two Bi and two Pb atoms occupying the four equivalent positions
on a square. In the procedure described above and used for the assignment of Pb/Bi
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for the nine-atom clusters, one starts with calculation of the wave function and the
electrostatic potential for a system with four atoms of nuclear charge Z = 82.5. The
potential is the same for all positions, and the first Bi atom is placed arbitrarily. In
the second step, for this position the nuclear charge is Z=283, and for the three
remaining positions Z = 82.333. As a result, electrons will accumulate at the atom
with the higher nuclear charge, yielding an electron deficit, which is highest for the
neighbors of Bi. In this way, the two (equivalent) positions neighbored to the Bi
atom show a higher (less negative) electrostatic potential than the more distant
opposite position. This makes these two positions less attractive for Bi, and thus the
second Bi atom is placed on the opposite position.

4.4 Ternary Cluster Anions

Ternary cluster ions of type [M,,A,By_,,]7", M being a transition metal or lantha-
nide, A and B being different main-group elements, are widely discussed in the
contribution by Weinert and Dehnen in the present volume. In this chapter we
consider only cases with m =1 and N =12, 13, 14 and focus on the influence of the
type of the M atom on structure and bonding of the A,By_, shell.

The 12-, 14-, and 13-atom shells are shown in Fig. 7. For both the 12- and the
14-atom shells, each atom has three neighbors within the shell; thus, (hypothetical)
shells of type Bij, or Bij4 are electron precise. Also the shells of the clusters
[La@Pb;Bi;|*", [V@GegAs,]*~ [56], [Nb@GegAsg]’ ™, as well as [Rh@Ge;5]*~,
the diamagnetic hypothetic analog to experimentally observed [Ru@Ge,]*~ [57],
can be considered being formally electron precise, if all ¢ electrons from the
negative charge and all valence electrons of the central atom are assigned to the
cluster shell. In the following, the limits of this ionic description are explored. For
this, a helpful tool is a localization procedure, where linear combinations of
(delocalized) orbitals are formed by a unitary transformation yielding orbitals that
are localized at as few as possible atoms, e.g., by minimizing the spatial extent of
each LMO (Boys [58]). For electron-precise systems, like the (hypothetical) shells

Fig.7 12-, 14- and 13-atom shells of the ternary clusters [MA,By_,]9” (M is omitted). For details
see text
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[La@Pb,Bi,]* [Nb@GezAss]*  [V@GeyAs,]*  [Rh@Ge,,]* [La@Pb,Bis]*

Fig.8 Localized molecular orbitals representing bonds (#pper row) and lone pairs (lower row) for
calculated 12-, 14- and 13-shell atom clusters. For each type of LMOs, those with the highest
contribution of the central atom are shown, given in percent below the respective images. For the
bond in [La@Pb4Bi9]47 (top, right), the second number (23%) is the contribution of the top Bi
atom that binds to four atoms within the shell

Bij, or Biyy, this results in only two-electron-two-center bonds and lone electron
pairs.

Atom-type assignment was done as described in Sect. 3.2. The validity of the
ionic description of the present systems is estimated by inspecting the differences of
the character of the LMOs of the clusters from the ideal cases lone-pair or
two-center bond. A suited measure for this is the (Mulliken [59]) contribution of
the central atom to the LMOs. In Fig. 8, for each of the 12- and 14-atomic clusters,
two LMOs are shown. One of them represents a bond within the shell, the other one
a lone pair at a shell atom; for both classes the LMO with the largest contribution of
the central atom is shown. It is evident that the validity of the idealized ionic
description decreases with increasing number of valence electrons of the transition
metal atom and additionally from the 14- to the 12-atom shell. For [La@Pb7Bi7]4_
(three valence electrons at the central atom), the largest contribution from the
central atom amounts to only 5 %; this system is quite well described as Ln’* in
an electron-perfect [Pb7Bi7]77 shell. For [Nb@GegAs6]37 this is still a good and for
[V@GesAs,]’~ at least a rough approximation. The bonds within the shell are
supported by the central atom, but still the contributions from the shell atoms are the
largest; lone pairs are dominantly located at the shell atoms. In contrast, [Rh@Ge ]
? with nine valence electrons at the central atom obviously is not reasonably
described in this way. Most evident is the change of four lone-pair-type LMOs in
[V@GegAs4]37 to V—Ge bonds. Also the three-center character of the shell bonds is
further enhanced.

The 13-atom shell cluster is not electron precise, as the top Bi atom is bonded to
four atoms within the shell. According to the LMOs, the situation is best described
by four strongly polarized bonds to the neighbor atoms and a compensating
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contribution of the central atom to the lone-pair LMO that points to the cluster
center, in contrast to the usual way.

[LaPb,Bi;]*~ and [LaPb,Bio]*~ are members of a family of similar clusters,
which may be summarized as [Ln@Pb,Bi4_,]?" and [Ln@Pb,,Bi;3_,]?", Ln
being a lanthanide, n/q =7/4, 6/3, and m/q=4/4, 3/3. According to ESI mass
spectra, one finds both 13- and 14-atom cages for all of the investigated lanthanides
La, Ce, Nd, Sm, Gd, and Tb, but there is a preference of the 14-atom cage for La and
of the 13-atom cage for Nd and the heavier (smaller) lanthanides; for Ce no
preference is evident. The energies of the hypothetical exchange reactions

[Ln@Pb3Bijo)>” + [PbeBis]®” — [PbsBij]°” + [Ln@PbgBig*~,  (5)
and
[Ln@Pb,Bis]*~ + [Pb;Bi;]”~ — [PbsBis)~ + [Ln@Pb;Bi;]*", (6)
thus are expected to be comparably small energies and to change from negative to
positive numbers when going from La to Tb. Quantum chemical calculations of
these reactions for all lanthanides with Pb/Bi positions for all species assigned via
perturbation theory exactly confirm this (see Fig. 9).
For La the 14-atom cage is preferred by ca. 20 kJ/mol, this preference contin-

uously decreases with increasing nuclear charge (and thus decreasing atom size)
and changes to a preference for the 13-atom cage. While trends are very well

20 - . 39 -

104 C &) Y Pl A

AE [ kJ/mol
>

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Fig. 9 Calculated energies for the two exchange reactions given in the text. Positive reaction

energies indicate the preference of the 13-atom cage. Squares refer to the reaction given in Eq. (6),
triangles to that given in Eq. (5)
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reproduced, the change of preference according to calculations occurs at slightly
higher nuclear charges than experimentally observed. Nevertheless, it is evident
that the shape of the cage can be tuned by the choice of the lanthanide. It is
noteworthy that “empty” cages like [PbeBig]®™ or isoelectric [Pb;Bi;]’~ or also
isoelectric Bij4 are not the global minima of the respective energy hypersurface.
For Bi,4, for instance, the respective neutral species of the Bij4 cation shown in
Fig. 5 (bottom, right) is significantly (ca. 70 kJ/mol) preferred over the 14-atom
cage in Fig. 7. This indicates that the lanthanide comes into play already during the
cluster shell formation.

5 Summary and Concluding Remarks

Considerable progress has been made concerning the development of tools for
binary systems as well as concerning the reliability and stability of methods
including spin—orbit effects. Genetic algorithms basing on density functional
methods accounting for these two aspects allow for reliably predicting low-lying
isomers of heavy-element clusters. The prediction of the respective energetically
lowest isomer is and remains a challenge for quantum chemistry, as in particular for
binary clusters there are typically several isomers separated by less than 0.1 eV,
which presently is the limit of accuracy for density functional theory applied to
clusters of main-group or noble metal elements.

Further, still very little is known about the formation of clusters. A possible step
to be done might be the connection of local minimum structures by reaction
pathways, for instance, by applying a parameter-free generalization of a quasi-
Newton method [60] for their exploration. Like for the determination of global-
minima (Sect. 4.3) experimental results, the preparation of (putable) intermediates
would be of great help for this purpose. Very recent results for ternary Ta/Ge/As
clusters [61] are a first step toward this goal.

References

—

. Mingos DMP, Johnston RL (1987) Struct Bond 68:29-87

. De Heer W (1993) Rev Mod Phys 65:611-676

. Fernando A, Dimuthu KL, Weerawardene M, Karimova NV, Aikens CM (2015) Chem Rev
115:6112-6216

. Cramer CJ, Truhlar DG (2009) Phys Chem Chem Phys 11:10757-10816

. Weigend F, Ahlrichs R (2010) Philos Trans A 368:1245-1263

. Ferrando R, Jellinek J, Johnston R (2006) Chem Rev 108:846-904

. Weigend F, Schrodt C, Ahlrichs R (2004) J Chem Phys 121:10380-10384

. Weigend F, Schrodt C (2005) Chem Eur J 11:3559-3564

. Weigend F (2014) J Chem Phys 141:134103

. Kirkpatrick S, Gelatt CD Jr, Vecchi MP (1983) Science 220:671-680

. Wales DJ, Doyle JPK (1997) J Phys Chem A 101:5111-5116

W N

— OO0 00O U A

—_



Quantum Chemical Investigations of Clusters of Heavy Metal Atoms 61

12.
13.
14.

15.
16.
17.
18.
19.
20.

21

28.
29.
30.
31.
32.
33.
34.
35.

36.
37.

38.
39.
40.
. Wedig U, Saltykow V, Nuss J, Jansen M (2010) J Am Chem Soc 132:12458-12463
42.
43.
44,
45.

41

46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.

Hartke B (1993) J Phys Chem 97:9973-9976

Deaven D, Ho KM (1995) Phys Rev Lett 75:288-291

Sierka M, Dobler J, Sauer J, Santambrogio G, Briimmer M et al (2007) Angew Chem Int Ed
46:3372-3375

Pyykko P (1988) Chem Rev 88:563-594

Zintl E, Harder A (1931) Z Phys Chem Abt A 154:1-5

Edwards PA, Corbett JD (1977) Inorg Chem 16:903-907

Pyykko P (2012) Ann Rev Phys Chem 63:45-64

Becke AD (1988) Phys Rev A 38:3098-3100

Perdew JP (1986) Phys Rev B 33:8822-8824

. Perdew JP, Burke K, Ernzerhof M (1996) Phys Rev Lett 77:3865-3868
22.
23.
24.
25.
26.
217.

Tao J, Perdew JP, Staroverov VN, Scuseria G (2003) Phys Rev Lett 91:12129-12137
Drebov N, Weigend F, Ahlrichs R (2011) J Chem Phys 135:044314

Cao XY, Dolg M (2012) Chem Rev 112:403-480

Figgen D, Rauhut G, Dolg M, Stoll H (2005) Chem Phys 311:227-244

Metz B, Stoll H, Dolg M (2000) J Chem Phys 113:2563-2569

Armbruster MK, Weigend F, van Wiillen C, Klopper W (2008) Phys Chem Chem Phys
10:1748-1756

Kiihn M, Weigend F (2013) J Chem Theory Comput 9:5341-5348

Peng D, Middendorf N, Weigend F, Reiher M (2013) J Chem Phys 138:184105

Weigend F, Baldes A (2010) J Chem Phys 133:174102

Armbruster K, Klopper W, Weigend F (2006) Phys Chem Chem Phys 8:4862-4865

Klamt A, Schiitirmann G (1993) J Chem Soc Perkin Trans 2:799-805

Warren RW, Dunlap BI (1996) Chem Phys Lett 262:384-392

Ababei R, Massa W, Weinert B, Pollak P, Xie X et al (2015) Chem Eur J 21:386-394

Lips F, Holynska M, Clerac R, Linne U, Schellenberg I (2012) J Am Chem Soc
134:1181-1191

Heaven MW, Dass A, White PS, Holt KM, Murray RW (2008) J Am Chem Soc
130:3754-3755

Walter M, Akola J, Lopez-Acevedo O, Jadzinsky PD, Calero G et al (2008) Proc Natl Acad Sci
U S A 105:9157-9162

Zhu M, Aikens CM, Hollander FJ, Schatz GC, Jin R (2008) ] Am Chem Soc 130:5883-5885
Jiang D, Kiihn M, Tang Q, Weigend F (2014) J Phys Chem Lett 5:3286-3289

Baldes A, Gulde R, Weigend F (2011) J Clust Sci 22:355-363

Baldes A, Weigend F (2013) Mol Phys 111:2617-2624

LiJ, Li X, Zhai HJ, Wang LS (2003) Science 299:864-867

Furche F, Ahlrichs R, Weis P, Jacob C, Gilb S et al (2002) J Chem Phys 117:6982—-6990
Oger E, Crawfdord NRM, Kelting R, Weis P, Kappes MM et al (2007) Angew Chem Int Ed
46:8503-8506

Oger E, Kelting R, Weis P, Lechtken A, Schooss D et al (2009) J Chem Phys 130:124305
Weis P, Gilb S, Gerhardt P, Kappes MM (2002) Int J Mass Spectrom 216:59-73

Schooss D, Blom M, Parks JH, v Issendorf B, Haberland H et al (2005) Nano Lett 5:1972-1977
Kelting R, Otterstitter R, Weis P, Drebov N, Ahlrichs R et al (2011) J Chem Phys 136:211103
Kelting R, Baldes A, Schwarz U, Rapps T, Schooss D et al (2012) J Chem Phys 136:154309
Kiichle W, Dolg M, Stoll H, Preuss H (1991) Mol Phys 74:1245-1263

Eichkorn K, Weigend F, Treutler O, Ahlrichs R (1997) Theor Chem Acc 97:119-124

Yuan HK, Chen H, Shi DN, Wang BL (2008) Eur Phys J D 47:359-366

Longo L, Seifried C, Weigend F, unpublished results

Kutzelnigg W (2002) Einfiihrung in die Theoretische Chemie, vol 2. Wiley, Weinheim, p 117f
Mitzinger S, Broeckaert L, Massa W, Weigend F, Dehnen S (2015) Chem Commun
51:3866-3869



62

57.

38.
59.
. Plessow P (2013) J Chem Theory Comput 9:2305-2310
61.

F. Weigend

Espinoza-Quintero G, Duckworth JCA, Myers WK, McGrady JE, Goicoechea JM (2014) J Am
Chem Soc 136:1210-1213

Foster JM, Boys SF (1960) Rev Mod Phys 32:300-302

Mulliken RS (1955) J Chem Phys 23:1833-1840

Mitzinger S, Broeckaert L, Massa W, Weigend F, Dehnen S (2016) Nat Commun 7:10480.
doi:10.1038/natcomms10480)


http://dx.doi.org/10.1038/natcomms10480)

Struct Bond (2017) 174: 63-98

DOI: 10.1007/430_2015_5003

© Springer International Publishing Switzerland 2016
Published online: 9 July 2016

Homoatomic Polyanions of the Early p-Block
Elements

Jose M. Goicoechea

Abstract This article reviews the chemistry of homoatomic polyanions of the
early p-block elements (groups 13-15). The focus is on species that have been
structurally authenticated in solid-state compounds and/or isolated from solution.
The structures, bonding, electronic properties, and formation pathways of these
homoatomic species are described in detail.
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1 Introduction

The preference for catenation or cluster formation of the heavier main elements is
classically exemplified by referring to the prevalent allotropes of the elements.
Thus while dinitrogen (N,) exists as a diatomic species under ambient conditions,
the most common allotrope of phosphorus (although, paradoxically, the least
thermodynamically stable) is white phosphorus, P4, (P, can only be isolated
under extreme conditions, at temperatures over 800°C and low pressures)
[1, 2]. The same comparison can be drawn between O, and Sg. This empirical
observation is rationalized in the context of the so-called double bond rule [3-5],
which is largely a thermodynamic phenomenon; bond dissociation energies for
n-bonds weaken at a greater rate than for o-bonds on going down a given group,
making the formation of 5-bonds more favorable. In other words, for nitrogen, the
triple bond is preferred since it has more than three times the energy of a single
bond, whereas for phosphorus the reverse is true (Table 1). These historical
arguments have recently been disputed by an energy decomposition analysis
conducted by Jerabek and Frenking [6]. In their study, the authors report that the
contribution of P—P n-bonding to the chemical bond in P, is even higher than the
contribution of N-N n-bonding to the chemical bond of N, and that consequently
N, is unstable relative to N, due to a significant weakening of the N-N o-bonds in
this hypothetical species.

In many ways, the discrete tetrahedral units found in white phosphorus (P4) can
be thought of as the archetypal main-group cluster. This species can be rationalized
as an electron-precise molecule where each P-P bond represents a two-center,
two-electron bond. At the same time, the P, cluster also conforms to the rules
developed by Wade and Mingos for bonding in electron-deficient species such as
boranes [8—11]. A phosphorus atom is isolobal with a C—H unit and thus has three

Table 1 Comparison of bond energies for multiple and single bonds for selected main-group
elements [7]. Thermodynamic values rounded to nearest integer. The values in curved brackets are
alternative bond dissociation energies derived from different compounds containing E-E bonds

Bond energies (kJ mol ™) Nitrogen Phosphorus
E=E 942 in N, 481 in P,
E-E 167 (or 247)* 201 (or 239)°
Ratio E=E/E-E 5.64 (or 3.81) 2.39 (or 2.01)
Oxygen Sulfur

E=E 494 in O, 425in S,
E-E 142 (or 207)° 226 (or 268)*
Ratio E=E/E-E 3.48 (or 2.39) 1.88 (or 1.59)

Bond energies reported for *N,Hy: the first value is for the estimated N-N bond taking into account
the total energy of atomization of hydrazine and the estimated N—H bond energies of ammonia,
whereas the value in brackets represents the dissociation into two amino radicals

°P4 (P,Cly)

As for * using H,0,

“Ss (H252)
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orbitals and three electrons available for cluster bonding. This would give the
cluster a total of six skeletal electron pairs (SEP), or n+2, where n represents the
total number of vertices. It can therefore be rationalized as a nido-cluster, derived
from a trigonal bipyramid that is missing a vertex (i.e., a tetrahedron).

A similar preference for catenation and cluster formation is also commonplace
for polyatomic cations and anions of the heavier p-block elements. This area of
research is enormously vast and includes a number of what have now become
classical textbook examples of main-group compounds. The scope of this review
will be limited to substituent-free (or “naked”) homoatomic polyanions. That is to
say, species which contain a single type of atom and that are not stabilized by any
functional groups and/or ligands. It is worth noting, however, that “free” ions only
exist as such in the gas phase and that in reality the majority of the species discussed
herein are stabilized by significant electrostatic interactions with other counterions
and/or solvent. In this review, we will aim to provide an overview of the species that
have been experimentally isolated in one form or another. While the scope of this
review is on cluster anions, for completeness, other smaller chains and cyclic
species are also discussed in an effort to offer a comprehensive interpretation of
the bonding and structural variety of the polyanions of the early p-block elements.

2 Homoatomic Polyanions of Group 13

The chemistry of substituent-free homoatomic polyanionic species of the group
13 elements is limited to species generated in the gas phase and to solid-state
compounds (such as Zintl phases). To our knowledge, no such clusters have been
isolated from solution. This review will largely focus on clusters that have been
structurally authenticated in isolable compounds and will overlook the vast number
of cluster anions that have been proposed and computed by theoretical chemists
and/or characterized in matrix-isolation studies.

Zintl phases are formed by reaction of the main-group elements with alkali (A),
alkaline-earth (Ae), or other electropositive elements, typically under melt condi-
tions. Such species represent equilibrium phases, or thermodynamic minima, at a
given point of the phase diagram (as opposed to metastable solids). For the group
13 elements (or triel elements), the overwhelming majority of such compounds are
comprised of formally anionic extended three-dimensional networks which are
stabilized by cationic elements. Such solid-state compounds have been extensively
explored by Kauzlarich, Benin, Corbett, Sevov, Fissler, and others, and numerous
reviews are available in the literature [12-20]. For our purposes, we will limit
ourselves to discussing the discrete polyanions that have been structurally authen-
ticated in such phases and will discuss the structure and bonding of relevant
examples.

Zintl phases of the group 13 elements containing more or less discrete clusters
are much rarer than for the elements of groups 14 and 15, in large part due to the
large negative charges associated with the corresponding cluster anions. The group
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Table 2 Isolated anionic structural motifs found in group 13 element-containing phases synthe-

sized through solid-state methods

Anion Element Compound References
[EM- Ga MgsGa, [21]
LnsGas (Ln=Y, La, Gd, Ho, Er) [22]
Tl LiMg, Tl [23]
NapKoTl;s 3 [24]
[E™,) & Ga Mg,Ga [25]
[E"5]" TI Nay3KoTl;s 3 [24]
[EM, 3 In Na,In [26]
Tl Nay3KoTl;s 3 [24]
[E"s17~ Tl Nap3KoTlys 3 [24]
NayKs Tlo [27]
[E™)°- In LasIns [28]
[E™g 16~ Tl ATI (A=K, Cs) [29, 30]
[EM 3 Ga BasGagH, [31, 32]
Tl Na;,K¢MTl;g (M = Mg, Zn-Hg) [33]
[E",17~ Tl Na K35 TlsAu, [34]
KioTl; [35]
[E")"" Tl NayKy Tljo [27]
Na5K3TligAuy [34]
[E™, 17~ Ga CsgGay, [36]
In Agln;; (A=K, Rb) [37, 38]
Tl AgTl;; (A=K-Cs) [39, 40]
As;5Tly; (A =Rb, Cs) [41]
KisTloAus [42]
[EM 5110~ Tl NasAeTl 5 (A =K-Cs) [43, 44]
[E™, 51 Tl NasKgTl;5 [44]

13 elements only possess three valence electrons, and, consequently, if they are to
afford clusters such as those available to boranes [BxHy]Zf, the resulting
substituent-free clusters must carry large negative charges (i.e., a B-H fragment
is isolobal with a naked group 13 element anion). Consequently, the number of
isolated homoatomic species is relatively small, and such species are more pre-
dominant for the heavier group 13 elements, particularly thallium. These are
presented in Table 2. For completion purposes, we also highlight phases with
discrete isolated monoatomic, chain-like, and cyclic anions.

2.1 Linear Polyanions of the Group 13 Elements

Phases that are rich in electropositive elements, such as MgsGa, and Mg,Ga, are
known to contain isolated anions, Ga®~, and dimers, Ga,®~ [21-25]. The linear Tl;
7~ trimer has also been observed in Nay3KoTli55 and is the first homoatomic
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example of such a species for the group 13 elements [24]. It is important to note,
however, that the assignment of charges for such anions is largely a formalism in
the context of the Zintl-Klemm-Busmann concept and, consequently, that such
charges do not represent true elemental oxidation states. It is unlikely that any of
these highly charged species can exist in systems where the negative charges are not
stabilized by strong coulombic interactions with charge-balancing cations. More-
over, the importance of electron polarization, or covalent interactions, between
cations and anions cannot be overlooked. It is no coincidence that the greatest
number of these highly anionic species have been isolated in thallium-containing
phases, as this is one of the least electronegative of the group 13 elements and
highly polarizable and, therefore, the most likely to be involved in some degree of
covalent interaction with the other elements in the lattice.

2.2 Electron-Deficient Clusters of the Group 13 Elements

The chemistry of homoatomic polyanions of the group 13 elements is dominated by
hypoelectronic clusters, i.e., anions with electron counts that fall short of those that
would be expected on the grounds of classical rules for bonding in electron-
deficient clusters. This is perhaps unsurprising as “conventional” cluster anions
would be required to carry prohibitively high negative charges. Closed deltahedral
closo-type clusters of the group 13 elements would be expected to conform to the
following formulae [E™,]1“*®~. Thus, Tls'~ and [E"]*~ (E = Ga, TI) both obey
this rule and exhibit the classical closo-topologies expected for such species, i.e.,
trigonal bipyramidal and octahedral, respectively [24, 27, 31-33]. Similarly, [E™,]
8= (EM=1In, TI) and Ins’~ also conform to Wade—-Mingos rules and exhibit nido-
geometries consistent with clusters with n+2 skeletal electron pairs available for
bonding (see Fig. 1 for selected examples of these clusters) [24, 26, 28]. Accord-
ingly, the X-ray structures of the phases in which they occur reveal a tetrahedral
cluster for [E™,]* and a square pyramidal geometry for Ins’".

Fig. 1 Electron-deficient cluster anions (and selected solid-state phases in which they occur) of
the group 13 elements. From left to right: closo-Tls’~  (NayKoTls3), closo-TlgS™
(Na4KgTl;gZn), nido—TLtg* (Nay3KoTly5.3), and nido—In597 (LasIns). Differently sized and colored
spheres are used to distinguish between indium and thallium
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Fig. 2 Hypoelectronic clusters of the group 13 elements (and selected solid-state phases in which
they occur). From left to right: Tlg®~ (CsT1), Tl;"~ (K,0Tl;), and Tl;,"~ (KgTl;;)

2.3 Hypoelectronic Clusters of the Group 13 Elements

The prevalence of hypoelectronic clusters increases with increasing nuclearity
(selected examples of such clusters are pictured in Fig. 2). Thus, for systems
where n > 6, the electron counts fall short of what would be expected for closo-
type geometries ([E™,]"*#7). Species such as Tlg"~ and Tl,”~ achieve this by
means of a Jahn—Teller-type distortion which results in an axial compression of the
parent clusters closo-Tls® ~ and the hypothetical closo-T1,°~ (which have octahedral
and pentagonal bipyramidal structures, respectively) [29, 30, 34, 35]. In the case of
Tl,’~, the distortion is significant enough to allow for the formation of a
transannular T1-TI bond (0.1-0.2 A shorter than comparable distances in the
cluster). In the case of Tls®", the tetragonal compression forces one of the degen-
erate t,, molecular orbitals of the octahedral Tlg®~ cluster to rise in energy (giving
the resulting a,, orbital antibonding character). This leaves the cluster with 2n
electrons (or n skeletal electron pairs) for cluster bonding as opposed to 2n+ 2.

A similar rationale can be applied to the [E™, 17 clusters which readily occur in
this family of solid-state compounds [36—42]. In fact, the first “isolated”
homoatomic cluster of the group 13 elements was the eleven-atom cluster In;;’~
found in KglIn;; [37]. This phase, paradoxically, is not a true Zintl phase as there has
not been a complete transfer of electrons from potassium to indium and, thus, is best
formulated as [K*]g[In;;’ ]1[e"]. It fits into a group of phases which can be called
“metallic Zintl phases” or “metallic salts” (and are effectively Zintl analogues of
salts such as CeS and Lal,). The compound is Pauli paramagnetic and metallic.
Nevertheless, the cluster is deltahedral and exhibits delocalized bonding. Yet, its
geometry and electron count differ from that expected for a borane cage of eleven
atoms. The cluster geometry can be generated by capping the two basal faces of a
D3, symmetric trigonal prism and compressing along the threefold rotation axis
(with concomitant radial expansion). This geometric change implies that instead of
carrying the enormous charge of 13— corresponding to (n +2) for closo-species of
group 13, its charge is the more reasonable 7—.
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Another family of clusters that warrants discussion are the thallium-centered
clusters Tl (x=10, 11) [43, 44]. The Tll3“_ cluster can be considered as a
standard closo—Tllsz icosahedron that is centered by an interstitial TI** cation. A
related structural motif has also been identified in the [Na@Tllz]B*-type cluster
observed in Na;sK¢Tl,gH [45]. The Tl;5' anion is one electron short of the
overall count needed to satisfy traditional electron counting rules, and consequently
the phases in which it has been identified, NajAgTl 3 (A =K—Cs), exhibit Curie—
Weiss magnetic behavior.

It is worth noting that a number of other heteroatomic cluster anions are also
available for the elements of group 13; however, these do not form the focus of this
review and will not be discussed in detail. Suffice to say that in the presence of other
elements that occur later in the p-block, the overall negative charges of the resulting
cluster anions can be dramatically reduced and a wealth of novel cluster geometries
and endohedral clusters become available.

3 Homoatomic Polyanions of Group 14

On moving from group 13 to group 14 elements, the availability of an additional
valence electron has a dramatic effect of the overall charges associated with
polyanionic chains, rings, and clusters. The isolobal relationship between a B-H
fragment and a group 14 element (each having three orbitals and two electrons
available for cluster bonding) implies that clusters of general formulae [Ewn]zf
should exhibit closo-geometries according to the established rules for bonding in
electron-deficient clusters. On account of the reduced charges associated with such
anions, it is possible not only to isolate such clusters in extended lattices but also
from solution, a development which has led to a very rich and varied chemistry. For
clarity, we will discuss such homoatomic polyanionic clusters as two separate
groups, those isolated in solid-state structures and those isolated in solution, and
finally highlight the relationship that exists between these two families of
compounds.

3.1 Historical Perspective

The existence of polyanions of the group 14 elements (or tetrels) has been known
since early experiments by Joannis who demonstrated that solutions of elemental
sodium and lead give rise to intensely colored green solutions [46]. Soon afterward,
Kraus demonstrated that tin is also soluble in ammonia in the presence of a sodium,
giving rise to a deep-red solution [47]. The colors of these solutions are attributable
to the presence of the homoatomic polyanions [E"Vo]*", although the exact com-
position of these anions was not determined until much later in experiments
conducted by Eduard Zintl [48, 49]. Consequently these anions, and the solid-
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state compounds in which they are also known to occur, bear his name. Zintl was
able to identify a number of anions of the main-group elements using potentiomet-
ric titration methods. These solution-based methods allow for the generation of a
number of anionic compounds; however, in order to stabilize more electron-rich
species, solid-state reactions are required. In the first instance, this review will focus
on the polyanionic species available via such solid-state methods. As with the
compounds discussed for the group 13 elements (vide supra), the combination of
an electropositive alkali, alkaline-earth, or rare-earth element with a more electro-
negative element of the p-block gives rise to ionic solids, many of which consist of
two- and three-dimensional networks of the main-group elements which are accom-
panied by charge-balancing cations. In certain phases where the stoichiometric
loading of the elements is appropriate, discrete polyanions are also available (see
Table 3 for a full list) [5S0-97], many of which are also found in solution (vide infra).
Such polyanions contain homopolar element—element bonds and are stabilized in
the lattice by electrostatic interactions with the cations. They are effectively ionic
salts containing covalently bonded polyanions and as such exhibit many of the
properties that one might expect from a salt. They are brittle, insulating, and soluble
in polar media. Non-protic solvents with a high dielectric constant are optimal for
such a purpose, with ammonia and ethylenediamine being the most commonly
used.

3.2 Linear Polyanions of the Group 14 Elements

As with the group 13 elements, alkali-metal-rich phases of the group 14 elements
have been shown to contain isolated [EW]‘F tetraanions and dimers [sz]ﬁ* with
electronic configurations analogous to the noble gases and diatomic halogens,
respectively [5S0-60]. The homoatomic polyanions isolated thus far can largely be
divided into three separate categories, depending on the geometries of the anions and
the overall negative charge associated with each atom. Thus, highly electron-rich
species give rise to extended chains of the elements of general formulae [E",]*
(where n=3, 4, 6 and 8). According to the Zintl-Klemm—Busmann concept, such
species are expected to carry specific integer negative charges in order to satisfy
valency requirements ([EIVH](Z’”Z)*). Thus, a dimer is expected to carry a 6—charge, a
trimer an 8- charge, and so on: [EIV4]107, [EIV6]147, and [EIVg]ISf Examples of
electron-precise chains have been observed in a number of phases, and thus Sig'*~
and Si8187 are both known [53, 58]. Empirically, however, many of the anions
isolated carry smaller negative charges than what would be expected based on
valency arguments. This is perhaps unsurprising as very large negative charges are
required for the stabilization of such electron-precise anions. Thus, for the vast
majority of Zintl phases that contain discreet zigzag chains, the overall negative
charge associated with such chains is less than expected. Consequently, such species
are considered to have a greater degree of multiple-bond character. Shorter
interatomic distances would be expected for such systems, and this is indeed observed
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Table 3 Isolated anionic structural motifs found in group 14 element-containing phases synthe-

sized through solid-state methods

Anion Element Compound References
[EM)*+- Si LisMgSig [50]
Liz ;Mg7.85112Si20 [51]
Lio.060Mg2.031CasSig [52]
Mg5Sry,Sio [53]
Mg7.54/-5Ca;Si14 [54]
Ge Li;;Geq [55]
Li;.1sMg, 82CagGeg [52]
Sn NagBaSng [56]
Lig g4CaSng.16 [56]
Pb NagBaPbg [57]
[EMY,15~ Si Mg;BaSiy [58]
Ge Ca;Geg [59]
Sn Ca;Sng [60]
[E™3]7~ Sn Li;Sn; [61]
[E™3]7% Si Liz 5Mg 17 81128120 [51]
3
[EV, 1+ Si A4Siy (A =Na—Cs) [62-65]
A15Si;7 (A=K, Rb) [66, 67]
LiK,Sig [68]
LiK;Siy [68]
BaSi, [69]
Sri_Ba,Si, (x=0.2-1.0) [70]
Ge A4Gey (A =Na-Cs) [62, 64, 71]
A1,Ge7 (A=Na, K) [72, 73]
NaRb,Geg [74]
Na,Cs,Gey [75]
NaK,Geg [74]
AeGe, (Ae =Sr, Ba) [76]
Sn A4Sny (A =Na-Cs) [77-80]
A15Sn; (A=K, Rb) [66]
As,Sng, (A=K, Cs) [81]
Pb A4Pby (A =Na-CS) [82-84]
LiA;Pb, (A =K-Cs) [85]
NaCs;Pby [85]
[EV 3 Ge Ca,Geg [59]
Sn Ca;Sng [60]
[E™,]'2 Si Li;»Siy [86, 87]
Cyclo-[EVs1* (x=6-10) Si Li;»Siy [86, 87]
LigMgSig [50]
Ge Li;;Geq [55]
Sn NagBaSng [56]
LisCa;Sn;, [57]
Lig 34CaSng 16 [56]
Pb NagBaPbg [57]

(continued)
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Anion Element Compound References
Cyclo-[E™ )"0~ Si LirAesSig (Ae = Ba, Sr) (88, 89]
Ge Li,Ba,Geg [88]
1 Ge Liz ;Mg40BasGe o [90]
[Vl Si Lip ;Mgs3BagSis [91]
[E"e]' > Ge Li; ;sMg; 3,CagGeg [52]
[EVg2~ Sn LiCa,Sny; [57]
BV Si Lip.96oMg2.031CagSig [52]
[EWVg1"4 Si Mg;Ba,Siy [58]
[EVs]"~ Si Mg,Sr;Sijo [53]
[EVo]*~ Si A,Si7 (A=K, Rb) [66, 67]
Ge A,Geo (A=K, Cs) [92, 93]
A,Gey; (A=Na, K) [72, 73]
Sn K4Sne [94]
ApSni; (A=K, Rb) [66]
As»Sng, (A=K, Cs) [81]
Pb A4Pby (A =K-Cs) [65, 95, 96]
KeCs10Pbss [95]
Cyclo-[EY o]~ Si SrSi [97]
Cyclo-[E" o]*'~ Si Mg7.25CasSig [54]

in the solid-state structures of such anions. A greater degree of multiple-bond
character also requires the presence of orbitals capable of interacting with one
another, and as a result for [Elvn]x_ anions where x < 2n+2, the geometries of the
chains have E-E-E bond angles that are closer to 120° consistent with greater sp”
character for the atoms involved in bonding.

3.3 Cyclic Polyanions of the Group 14 Elements

Another way of reducing the high negative charges required for the formation of
homoatomic polyanionic chains is to increase the number of 6-bonding interactions
between the tetrel elements. This can be achieved by the formation of cyclic
polyanions (selected examples are pictured in Fig. 3). These cyclic systems have
been studied in depth by the groups of von Schnering, Nesper, and Sevov. A
recurring structural motif of such phases is that the rings are often separated by
charge-balancing cations in infinite one-dimensional arrays. By far the most com-
mon structural motifs in this family of compounds are five- and six-membered ring
systems [50, 55-57, 86-89], although larger, branched rings are also known for
silicon (Si10207 and Silzzlf) [54, 97]. Quasi-aromatic five-membered ring systems
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sele>e:

Fig. 3 Cyclic polyanions of the group 14 elements (and selected solid-state phases in which they
occur). From left to right: Sis® (LigMgSi), Sig'®™ (Li,BasSie), Sijo?®~ (SrSi), and Sip,*'~
(Mg725Ca58i14)

would be expected to carry a 6— charge, making them isoelectronic with the
cyclopentadienyl anion. However, in reality, all of the phases containing such
five-membered rings are accompanied by additional, more highly reduced, anions
such as [E™V]*". Korber has argued that this is motivated by the fact that the valence
electron number per anion atom (Ng) for cyclo-[E"V51°7 is very close to values
obtained for cluster-like species such as [EIV4]4_ and [EIV9]4_ and that, for such
values, ring formation is not favored due to the remarkable stability of the clusters
(vide infra). Consequently, such systems can only be stabilized in the presence of
other, more reduced anions, which has the effect of increasing N.

3.4 Electron-Deficient Clusters of the Group 14 Elements

The final family of homoatomic polyanions observed in Zintl phases is the [E™,]*~
and [E"o]*~ cluster anions (Fig. 4). These species occur in binary phases of general
formulae A,E"4, A4E", and A,E"; (the latter containing both [E'Y4]*~ and
[EIV9]47 in a 2:1 ratio) [62-85, 92-96], as well as in more complex ternary
systems. These phases contain discrete isolated anions which can be rationalized
in the context of rules for electron-deficient clusters. Thus, the [EIV4]47 cluster
is a nido-system with n+2 skeletal electron pairs and the expected tetrahedral
geometry. Similarly, the [E"Vo]*~ cluster anions also have the electron count
expected for a nido-cluster and exhibit a monocapped square antiprismatic
geometry (with C4, symmetry and derived from a bicapped square antiprism).
Closely related to the [EIV4]47 tetrahedra described above are the more reduced
anions [E'V,4]°~ (E=Si, Ge) which have been isolated in Ba;E", phases [98—
100]. These butterfly-shaped anions can be thought of as reduced forms of [EW4]4*
tetrahedra where an E"V—E"Y bond has been cleaved, and two of the atoms carry a
formal 2— charge (Fig. 4). This is the result of populating a c*-orbital which
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Fig. 4 Electron-deficient clusters of the group 14 elements (and selected solid-state phases in
which they occur). From left to right: Sis*™ (NasSis), Sis®~ (BasSis), Sie*™ (K;»Si7), and Sng®~
(KLizSng)

effectively results in reductive cleavage of one of the bonds of the tetrahedron.
Alternatively, such species can also be considered as arachno-clusters with n+3
skeletal electron pairs. Consequently, the anions exhibit structures derived from an
octahedron that is missing two adjacent vertices.

The final family of clusters worth mentioning in this section is the [Sng]®~ anions
discovered by Sevov and coworkers in the ternary compound Li,ASng (A =K, Rb)
(Fig. 4) [101]. These phases contain square antiprismatic cluster anions consistent
with the n + 3 skeletal electron pairs available for cluster bonding. As with [E4IV]6*,
that makes the Sng®~ anion an arachno-species, and the geometry is derived from a
bicapped square antiprism that is missing the two capping vertices. (It is interesting
to note at this stage that, unlike boranes, where arachno-species are typically
generated by removal of adjacent vertices, the same does not seem to hold true
for Zintl anions.) That being said, this geometry is clearly stabilized in the solid
state by close interactions between the square faces of the Sng®~ anion and the Li*
cations. If such interactions are considered as covalent, i.e., there has not been
completed electron transfer from the lithium metal to the cluster anion, the cluster
can also be considered as a closo—(Li2$n8)4_ system with n+ 1 skeletal electron
pairs. The same cluster geometry (albeit with a different overall negative charge) is
also observed in Ba;gNayo4Sns;o [102]. This phase also contains Sn56447 cluster
anions and [Na@Snlz]u* anions. This type of endohedral clusters, [A@Ewlz]u*
(where A =Na and Li), is also known to occur in AeNa;oSn;, and Li;RbGeg (the
latter of which also contains [Ge4]4* tetrahedra) [103, 104].

3.5 Solution-Phase Behavior

It is interesting to note that on account of the relatively small overall negative
charges associated with some of these anions, phases such as A4EIV4, A4EIV9, and
A,E"Y; are soluble in polar non-protic solvents such as liquid ammonia. Disso-
lution of these phases gives rise to solutions containing the homoatomic polyanions
discussed earlier. These polyanions can subsequently be recrystallized from solu-
tion or used as precursors to a number of additional homo- and heteroatomic cluster
anions (see Table 4) [105—-156].The solution-phase reactivity of group 14 Zintl ions
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Table 4 Isolated anionic structural motifs of the group 14 elements isolated from solution
Anion Element Compound References
[EV 4 Sn Rb,Sns-2NH; [105]
Cs4Sny-2NH;3 [105]
Pb Rb4Pb,-2NH; [105]
[EVs512~ Si [K(2,2,2-crypt)]»Sis-4NH; [106]
[Rb(2,2,2-crypt)],Sis-4NH; [107]
Ge [K(2,2,2-crypt)],Ges- THF [108]
[A(2,2,2-crypt)],Ges-4NH; (A =K, Rb) [109]
Sn [Na(2,2,2-crypt)],Sns [110]
[K(2,2,2-crypt)],Sns [111]
Pb [Na(2,2,2-crypt)],Pbs [110, 112]
[EVo1*~ Si Rb,Siy-4.75NH5 [113]
Rb,Siy-5NH; [106]
Rbs[Rb(18-crown-6)]Sig-4NHj3 [113]
Ge K4Gey-9NH; [114]
Rb4Geo-5SNH; [114]
A4Geg-en (A =RD, Cs) [115, 116]
[K(18-crown-6)]¢(Geg),-2.5en [117]
K;[K(2,2,2-crypt)]|Geo-2en [118]
Sn NaySng-7en [119, 120]
[Li(NH3)4]4Sno-NH; [121]
[Na(2,2,2-crypt)]4Sng [112, 122]
K5[K(18-crown-6)],Sng-1.5en [123]
KI[K(2,2,2-crypt)]3Sng [124, 125]
K[K(2,2,2-crypt)]3Sno- 18NH; [126]
[K(2,2,2-crypt)]4Sng [125]
Rb,[Rb(18-crown-6)],Sny-1.5en [127]
Cs,[K(diaza-18-crown-6)],Sng-2en [128]
Cs;[K(2,2,2-crypt)](Sng),-3en [129]
Pb [Li(NH3)4]4Sno-NHj; [120]
K,[K(18-crown-6)],Pbo-1.5en [130]
[K(18-crown-6)]4Pbg-en-tol [131]
K[K(2,2,2-crypt)]3Pby [132]
[EVo?~ Si [K(2,2,2-crypt)]3Sio-8NH; [107]
[K(2,2,2-crypt)]3Sio-2.5py [107]
[Rb(2,2,2-crypt)]¢(Siy),-6.3NH; [107]
Ge [K(2,2,2-crypt)]3Geg-xen (x = 0.25, 0.5, 0.75) [133, 134]
K4[K(2,2,2-crypt)]2(Geo),-6en [135]
[K(2,2,2-crypt)]3Geo-PPhs [136]
[K(18-crown-6)][Rb(18-crown-6)],Geo-6NHj3 [137]
[Rb(18-crown-6)];Gey-9NH3 [137]
[Cs(18-crown-6)]3Geo-6NH3 [137]

(continued)
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Table 4 (continued)

Anion Element Compound References
Sn [K(2,2,2-crypt)]3Sny-1.5en [138]
[K(2,2,2-crypt)]6(Sng),-1.5en-0.5tol [133, 139]
[K(2,2,2-crypt)]3Sny-0.5tol [140, 141]
Pb [K(2,2,2-crypt)]sPbg [132]
[K(2,2,2-crypt)]3Pby-0.5en [133]
[K(2,2,2-crypt)]¢(Pbo),-1.5en-0.5tol [133, 139]
[EVol*~ Si [K(2,2,2-crypt)],Sio-py [142]
Ge [K(2,2,2-crypt)],Geo [143]
[K(18-crown-6)]¢(Geg),-2.5en [117]
(EY 0> Ge [K(2.2.2-crypt)]»Ge o [144]
Pb [K(2,2,2-crypt)]-Pbio [145]
[(EMo),]"" Ge K5[(Geo)slo-25DMF [146]
Rbg(Gey),:- 12DMF [146]
K4[K(2,2,2-crypt)]2(Geo),- 14NH; [147]
K;[K(2,2,2-crypt)]3(Geo),- 18NH3 [147]
K,[K(2,2,2-crypt)]4(Gey),-17.3NH; [147]
K4[K(2,2,2-crypt)]»(Geg),-4en [148]
Rby[Rb(2,2,2-crypt)]»(Gey), [148]
Rby[Rb(2,2,2-crypt)],(Gey),-den [148]
Cs3[K(2,2,2-crypt)[3(Geo)o [148]
Cs4[K(2,2,2-crypt)]»(Geg),-6en [149]
[(EVg)3]® Ge [K(18-crown-6)]¢(Geo)3-3en-tol [150]
[Rb(2,2,2-crypt)](Geg)s-3en [151]
[EVo)al*~ Ge [K(18-crown-6)]5(Geo)s-8en [152]
[Rb(18-crown-6)]g(Geg)4-2en [153]
[Rb(18-crown-6)]g(Geg)4-6en [153]
[(EVo)oo*™ Ge {[K(18-crown-6)],Geg-en} o [154]
{K[K(2,2-diaza-18-crown-6)]Gegy-3en} o [155]
{[Rby(4,2,1,1-crypt)]Geg-en} . [156]

2,2 2-crypt 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane, THF tetrahydrofuran,
18-crown-6 1,4,7,10,13,16-hexaoxacyclooctadecane, en ethylenediamine, fol toluene, py pyridine,
DMF dimethylformamide, 2,2-diaza-18-crown-6 1,4,10,13-tetraoxa-7,16-diazacyclooctadecane,
4,2,1,1-crypt a dimeric crypt and obtained from radical coupling of two molecules of 2,2,2-crypt

has been extensively reviewed in the recent literature, and the reader is referred to
these excellent articles for information outside of the remit of this review, namely,
on the synthesis or heteroatomic cluster anions [157-160].

The first group 14 homoatomic polyanions to be isolated from solution and
structurally authenticated, [EIV9]47 (E =Ge, Sn), were reported by Diehl in 1976
[119, 120]. These were obtained by dissolution of A/E'Y phases in ethylenediamine.
The following year, Corbett showed that the addition of a cation-sequestering agent
such as 2,2,2-crypt facilitated the dissolution of such phases and aided crystalliza-
tion as the sequestered counter-cations had a greater radius and packed more
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Fig. 5 Electron-deficient clusters of the group 14 elements available from solution. From left to
right: Sng*~, Sis>~, Sig>~, and Pbyo>~

efficiently with the anions [122]. These sequestering agents also prevented the
transfer of electrons from the homoatomic polyanion back to the cation. This
strategy of dissolving a preformed binary phase in the presence of a cation-
sequestering agent allowed for the isolation of a wide library of cluster anions
from solution in subsequent years [EIVQ]X_ and [EWS]Z_ (x=3, 4; EY =Ge, Sn,
Pb). These anions are pictured in Fig. 5.

Perhaps the most notable observation that can be made from these early solution-
phase studies is that the [E'Y4]*~ cluster anions that are present in A,E"y phases are
readily oxidized in solution, affording species where there is a reduced net negative
change per atom. An example of this is the solution-phase isolation of [E'V5]*~
(E"Y =Ge, Sn, Pb), a family of closo-trigonal pyramidal clusters that can be
obtained from solutions of A4EIV9—type precursors (Fig. 5) [108—112]. In these
clusters, the net negative charge per group 14 element (0.40-) is reduced from
that of the [E'Yo]*" precursor (0.44-), indicating the potential for complex
solution-phase dynamics. It is interesting to note that to date, [E"s]* -type
clusters have not been isolated in the solid state. Similar considerations can be
made for the isolation of higher-nuclearity cluster anions such as [EIVIO]Z_
(E =Ge, Pb) (see Fig. 5) [144, 145]. It is worth noting at this point that while
Pb1027 has been clearly identified in solution, the structural corroboration of
Ge,o>~ is still disputed and believed to be a Gey>  cluster which exhibits
extensive crystallographic disorder. In these formally closo-bicapped square
antiprismatic clusters, the overall negative charge associated with the anions
(0.22-) is significantly reduced from that of the [EIV9]47 precursors. The mech-
anism for the formation of both [EIV5]27 and [EIV10]27 cluster anions from
solutions of binary phases that exclusively contain [E'Vo]*~ clusters is one of
the great unsolved mysteries in this area of chemistry. Clearly, these are elec-
trochemical processes which result in a net cluster oxidation, yet the solution
dynamics which permit a variation of cluster nuclearity are entirely ignored.
There must be a significant degree of cluster aggregation and dissociation in
solution which, in turn, is accompanied by complex redox equilibria.
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Another example of this redox activity is the solution-phase behavior of [E™]*~
which can be oxidized to the radical trianion, [E1V9]3_, and diamagnetic dianion,
[E"™Vo]>~ [107, 117, 133-143]. The first indications for this came from early
literature reports of the seemingly arbitrary synthesis of [E'Vo]>~ and [E"Vo]*".
Apparently similar conditions would result in the crystallization of clusters with
differing net charges. It was later observed that the syntheses often differed in
the amount of sequestering agent added to the reaction mixture. This seemingly
insignificant factor plays an important role in the crystallization of these species,
as one of the roles of the sequestering agent is to provide cations of a size
comparable to that of the anionic clusters. The effective size of the complex
cation of 2,2,2-crypt with a captured alkali-metal cation is nearly 56 times larger
than that of a naked alkali-metal cation. Sevov has proposed that four of such
cations are too large to effectively pack with [E"V4]*~ and the crystalline product
is typically [E'Yo]?~. This is not to say that a [E"]*~ cation cannot be isolated
with four encapsulated cations but rather that other phases crystallize more
readily. Conversely, a deficiency of sequestering agent (by approximately
25%) results in the availability of smaller naked alkali-metal cations, and a
combination of three large cations and one small one packs well with [E"V¢]*™ in
a crystal lattice, as found in compounds such as K[K(2,2,2-crypt)]3[EIV9]. These
observations suggest that [EIV9]37 and [EW()]‘F coexist in solution and that the
crystalline product depends on the sizes of the available cations. The Sevov
group has shown that in the case of germanium (and in all likelihood tin and
lead), the three differently charged clusters coexist in solution in complex
equilibria with solvated electrons.

Also worth highlighting at this stage is a recent seminal study by Eichhorn and
coworkers showing that protonation of the Sn947 cluster anion to afford (HSn9)37 in
solution is also a possibility [161]. The authors unequivocally demonstrated the
existence of the protonated anion by means of ''’Sn and ''"’Sn{'H} nuclear
magnetic resonance (NMR) experiments and were able to structurally identify the
protonated anion in [K(2,2,2-crypt)]3(HSng) - 1.5en. The 119Sn NMR spectrum of
(HSny)®~ shows a single time-averaged resonance which appears with satellites due
to ''’Sn containing isotopomers, however crucially, and, in contrast to the spectrum
of Sny*~ (vide infra), exhibits a weak ''°Sn—"H coupling constant of 21 Hz. These
studies show that in addition to redox equilibria allowing for the interconversion of
nonatetralide anions with 2—, 3—, and 4— charges, additional Brgnsted acid—base
equilibria may also be at play, further complicating the solution-phase behavior
of these anions. This recent study suggests that several of the known structures for
[EIV9]3 ~ anions may in fact contain the [HEW9]3_ anion, although the paramagnetic
character of a number of [Ewg]3 ~ anions (E =Ge, Sn, Pb) has been established by
means of EPR spectroscopy [162]. In all cases, the spectra exhibit broad resonances
and display no resolvable hyperfine coupling.

One of the advantages of solution-phase methods is that they allow for the
spectroscopic characterization of such cluster anions. The first studies in the area
were reported by Rudolph and coworkers who recorded the ''”Sn and **’Pb NMR
spectra for Sng47 and Pb947 [163, 164]. The most notable observation was that
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despite having C,4, monocapped square antiprismatic topology in the solid state,
these cluster anions are highly fluxional, exhibiting a single resonance in solution
(even at —40°C in liquid ammonia). This fluxionality is believed to proceed via a
“diamond-square—diamond”-type mechanism. It is worth noting that the energy
barrier between the monocapped square antiprismatic (Cy,) and tricapped trigonal
prismatic (D3;,) geometries is relatively small and that often both cluster topologies
are observed in the same lattice [95]. The chemical shifts for these resonances are
found to be highly cation dependent, indicating the electrostatic interaction of
cations and anions in solution. Thus while solutions of LisSng exhibit a resonance
at —1,241 ppm, solutions of Cs4Sng resonate at —1,115 ppm. Logically these
chemical shifts are strongly dependent on the presence of cation-sequestering
agents and solvent which disrupt such interactions. The same is true for solutions
of Pbo*~. The presence of two NMR active tin isotopes ''’Sn and ''?Sn gives rise
to multiplet structures due to coupling between the different isotopomers. Thus, the
1980 NMR spectrum of Sny*~ exhibits a multiplet pattern with a distribution of line
intensities in a 0.05:0.23:0.65:1:0.65:0.23:0.05 ratio. It is interesting to note that
while this fluxionality is observed by NMR spectroscopy (which has a relatively
slow timescale), 1198n Mossbauer spectra of [Na(2,2,2-crypt)]4Sng crystals at 77K
reveal three environments in roughly a 4:4:1 ratio [165]. At higher temperature,
Mossbauer and EXAFS studies suggest fluxional behavior [166].

Binary phases containing more reduced anions, such as AEY, and A,E"Y,;, are
less soluble in solvents such as ethylenediamine. The high negative charges asso-
ciated with the anions are believed to reduce the solvent to dihydrogen and an
amide, resulting in oxidized clusters with reduced negative charges. Consequently,
highly reduced cluster anions are only isolable using liquid ammonia as a solvent.
This has been elegantly demonstrated by Korber and coworkers who have shown
that dissolution of A4E"Y, phases in liquid ammonia can be used for the isolation of
Sn44_ and Pb44_ clusters [105]. A similar strategy involving the dissolution of
K,Si;; and Rb;,Si;7 allowed for the isolation of the first silicon-containing Zintl
jons from solution: Sig>~ and Sis>~ [107]. The Sis>~ dianion was reported soon
afterward, as were electrochemical studies which demonstrated a quasi-reversible
interconversion between Siy>~ and Sio>~ [142].

[EW4]4* (E =Si, Sn) cluster anions have also recently been spectroscopically
identified in solution. The tetrahedral silicon species Sis*~ was observed as a singlet
resonance at —323 ppm [167]. This value is close to the chemical shifts observed in
the MAS spectra of K4Siy and RbySiy [168, 169]. The analogous Sn,*™ cluster
exhibits a ''”Sn resonance at —1,727 ppm with a coupling constant of 1,466 Hz and
a satellite pattern arising due to coupling with ''”Sn nuclei in a 0.12:1:0.12 ratio.
Interestingly, a similar coupling pattern and a comparable chemical shift of
—1,895 ppm have previously been attributed to the more oxidized Sny*~ anion
[170], a species which has been observed in the solid state [171]. Neither Pb447n0r
Pb427 has been observed in solution.

A final redox phenomenon which is characteristic of nonatetralide clusters,
[E"Vo]*", is their ability to oxidatively couple to afford oligomeric and poly-
meric species (Fig. 6) [146—156]. This phenomenon thus far appears to be the
exclusive domain of germanium-containing cluster anions. Two Geo*~ cluster
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Fig. 6 Oligomeric and polymeric clusters resulting from oxidative coupling of [Geo]*~. From top
to bottom: (Ge9)267, (Ge9)367, (Geg)487, and (Geg)oozf. White bonds indicate long Ge-Ge
interactions

anions can couple to form a dimeric (Geg—Gey) ™ species in which the clusters
are connected by a single two-center, two-electron bond [146—149]. The forma-
tion of such a compound is the net result of a two-electron oxidation. In related
transformations, the cluster anions can couple to give rise to extended
one-dimensional polymer chains (Geg)o®™ [154-156]. As with the dimeric
analogue, the intercluster bonds in such polymeric structures are consistent
with conventional Ge—Ge single bonds. Perhaps more interestingly, such clus-
ters can also give rise to oligomeric species which exhibit delocalized bonding.
Thus trimeric and tetrameric clusters are also known (Geo);® and (Geo),®~
[150-153]. In these oligomeric species, intercluster separation is typically
much greater and consistent with electron delocalization along the oligomer
backbone (in other words, the intercluster bonds are not two-center,
two-electron bonds).
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4 Homoatomic Polyanions of Group 15

On moving from the elements of group 14 to those of group 15, the availability of
an additional valence electron per element permits a greater degree of structural
variations for the formation of polyanionic species. Critically, the greater number of
electrons allows for the formation of electron-precise structures. That is to say,
species in which all of the bonds represent two-center, two-electron bonds.

In contrast to the known polyanions of the earlier p-block groups, many of the
known polyanions of the group 15 elements (pnictogens) were first identified via
solution-phase methods, via the reduction of the elements in the presence of an
alkali metal. This is particularly true in the case of phosphorus-containing systems,
where *'P NMR spectroscopy allowed for the identification of polyanions in
solution. That being said, a vast number of species have been identified in the
solid state, accessed by thermal treatment of the pnictogen elements with more
electropositive elements, typically alkali metals. The solid-state chemistry of
polypnictides was reviewed by von Schnering in 1988 in a remarkably thorough
review article [172]. We will discuss the isolated polyanions which are known to
occur in solid-state phases of the pnictogens first (Table 5) [173-202].

The simplest polyanion of the group 15 elements is the dimeric [E¥,]*~ anion
which was first characterized in Cs;Bi, [173]. This species is another example of a
“metallic Zintl phase” and is best represented as [Cs+]3[Bi22*][e*]. Magnetic
measurements on this phase indicated temperature-independent magnetization
and positive corrected molar susceptibility, indicating Pauli-type paramagnetic
behavior consistent with metallic conductivity. This suggests the presence of the
Bi,?~ anion which is isoelectronic with singlet dioxygen. The short Bi—Bi distance
of 2.976(2) A is the shortest of its kind observed in neat solids and indicative of
higher bond order.

Longer, electron-precise chains which satisfy the valence bond concept have also
been identified in solid-state phases; thus [EV3]5 -, [EV4]6*, [EV6]8*, and [EV8]107
have all been structurally authenticated in solids (Fig. 7) [176, 179-181,
187]. As would be expected for linear systems derived from elements which
possess five valence electrons, in order to satisfy the octet rule, all central atoms
of the chain must carry a formal negative charge while terminal atoms are
formally dianionic. Thus, electron-precise chains should generally conform to
the formula [EVH]("J’Z)’. This is however not always the case, and there are a
handful of systems which carry a reduced negative charge. These systems are
believed to possess a greater degree of multiple-bond character. One such family
of compounds is the [EV4]4_ anions isolated in phases such as ASEV4 (A=K,
Rb, Cs) [177, 178]. As with the Cs3Bi, phase discussed above, these phases are
also examples of metallic salts exhibiting temperature-independent Pauli-like
paramagnetism. Structurally, they exhibit alternating long—short-long bond dis-
tances which are shorter than the values expected for single EV-EV bonds.

Cyclic systems have also structurally authenticated in solid-state phases. The
smallest of these, As33_, was identified in CsAs [174]. An expanded electron-
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Table 5 Isolated homoatomic chain, ring, and cage structural motifs found in polypnictides
synthesized through solid-state methods

Anion Element Compound References
[EY,* Bi Cs;Biy [173]
[EY5 As Cs;As; [174]
[BY3]* P K,4P; [175]
[EY3]~ P KBa,Ps [176]
[EVa* As, Sb, Bi AsEY, (A=K, Rb, Cs) [177, 178]
[EV45~ P, As AesEY, (Ae =Ca, Sr, Ba) [179-181]
[EYs]P~ As ABa,Ass (A =K, Rb) [182]
[EYel*" P K4Ps [183]
Rb,Pg [184, 185]
Cs4Ps [185]
As AsAsg (A =Rb, Cs) [186]
[EYel® Sb Ae,Sbs (Ae = Ba, Sr) [187]
[EY, >~ P Li5P, [188]
Na;P; (A = Na-Rb) [189]
Cs3P; [189, 190]
Sr3P14 [191]
BasP4 [192]
As LisAs, [193]
Na;As, [194]
K;As, [175]
Rb;As; [175, 195]
Cs;As; [176]
BasAs, [196]
Sb Rb;Sb, [197]
Cs;Sb, [197, 198]
[EYg]'O- Sb CayAs; [180]
[EYy]'0~ P BasP, [199]
BV~ P NasPy, [200]
K5P;; (A=K-Cs) [201]
As K3As [201]
AsAs;; (A=Rb, Cs) [201, 202]

precise ring has also been identified for arsenic in Ass®~ which exhibits a nonplanar
“envelope”-type structure in which each As—As bond is formally a two-center,
two-electron single bond [182]. Arguably, the most interesting species in this
family of compounds are the [EV¢]*™ anions (EV =P, As) which are aromatic
according to Hiickel’s rules for aromaticity [183—186]. Interestingly, however, the
3'p MAS NMR spectra of K4P¢ do not reveal a low-field chemical shift for the Pst
anion, in contrast to what would be expected for an aromatic compound. Moreover,
quantum chemical calculations reveal that the optimized geometry of the P¢*~ ring
is not planar but rather slightly distorted to afford a chair-like conformations. This
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P

Fig.7 Electron-precise chains of the group 15 elements isolated in the solid state (and selected solid-
state phases in which they occur). Clockwise from fop left: P357 (KBayPs), P467 (Sr3Py), Sb687
(Ba,Sbs), and Asg'®~ (Ca,Ass)

A )

Fig. 8 Cyclic compound of the group 15 elements (and selected solid-state phases in which they
occur). From left to right: As;®” (Cs3Asy), Ass®~ (KBaoAss), and Pt~ (K4Pe)

has led to the hypothesis that the planarity observer for the P¢*~ anion may in fact
be crystallographically imposed [203, 204]. Selected cyclic anions are pictured in
Fig. 8.

The final family of polyanions isolated from Zintl ion phases is the electron-
precise clusters [EV;]*~ (EV =P, As, Sb) and [EY;,]>~ (EV=P, As) (Fig. 9)
[175, 188—198, 200-202]. The first of these cluster anions, [EV7]3*, exhibits a
nortricyclane-type structure with C3, symmetry. It can be thought of as a tetrahe-
dron in which three pnictide vertices are inserted along adjacent EV—E" bonds. The
P73 ~ anion has been shown to be fluxional in both solution and the solid state as
evidenced by *'P NMR spectroscopy, and the nature of this fluxional behavior will
be discussed in greater detail below. The [EV ;1> anion exhibits a D3, symmetric
“ufosane” structure. The solution-phase dynamics of these anions are discussed in
further detail below.

The solution-phase chemistry of the polyanions of group 15 is among the richest,
and most thoroughly studied, of the p-block elements. This is particularly true for
phosphorus-containing polyanions which can be studied by means of *'P NMR
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Fig. 9 Cluster compounds
of the group 15 elements
(and selected solid-state
phases in which they occur)
isolated in the solid state.
From left to right: P;>~
(LisPy) and Py,°~ (KsP1y)

spectroscopy. This spectroscopic handle allowed for the discovery of many anionic
polyphosphides prior to the elucidation of their structures. The chemical reduction
of elemental phosphorus with alkali metals in solution affords a wide range of
anionic polyphosphides, many of which can be targeted as compositionally pure
compounds by careful control of stoichiometric loadings, solvents, and reaction
conditions. A number of research groups have made significant contributions to this
area; however, special mention must be made of the pioneering work of Baudler
who identified a number of phosphorus-containing polyanions through the inter-
pretation of what were often phenomenally complex *'P NMR spectra [205—
207]. Many of the polyanions they first identified have since been structurally
authenticated. A table of all of the known polypnictide anions isolated from
solution is presented in Table 6 [203, 208-260].

The simplest of the polyanions isolated using solution-phase methods is the [Bi>]*~
anion which has also been observed in solid-state phases (vide supra) [208]. The Bi—Bi
distance in this anion is 2.8377(7) A which is significantly shorter than that observed in
Cs;Bi, (2.976(2) A) and consistent with a double bond.

Cyclic [EY4]* -type anions are known for all of the heavier group 15 elements
[209-215]. The first of these anions to be isolated, Bi427, was reported by Corbett in
1977 [214].The discovery of the antimony analogue followed in 1984 [213]. More
recently, Korber and coworkers have been able to isolate the lighter analogues from
liquid ammonia solutions [209-212]. It is worth nothing that P,>~ cannot be
isolated by direct reduction of white phosphorus in liquid ammonia solutions but
rather requires diphosphane (H,P-PH,) as a precursor. When white phosphorus is
reduced under similar conditions, the reactions afford P737. As would be expected
for cyclic systems with six electrons available in the x-manifold, all of the [EV4]2_
anions are planar and exhibit D,;, geometries. The aromatic character of these
anions is further corroborated by the *'P NMR spectrum of P,*~ which exhibit a
downfield shift of 345.8 ppm at —60 °C in liquid ammonia. A formal reduction of
Bi,>~ with an additional four electrons results in a linear zigzag chain of Bis®,
similar to the [EV4]6_ (E =P, As) chains which have been isolated in binary phases.

One of the most interesting homoatomic polyanions of the group 15 elements is
the pentaphospholide anion (or pentaphosphacyclopentadienide ion), Ps~. This
species was first reported by Baudler and coworkers in 1987 and is isolobal with
the ubiquitous cyclopentadienide anion. The anion was first obtained by refluxing a
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Table 6 Isolated homoatomic chain, ring, and cage structural motifs found in polypnictides synthe-
sized through solution methods (and in some cases also solid-state methods). In some cases, structures
are known with many different cations or solvates. We have endeavored to include all of these

Anion Element | Compound References | Synthetic method
[EY,]*" | Bi [K(2,2,2-crypt)]»Bi, [208] Solution/solid state
[EY> |P Cs,P4-2NH; [209, 210] | Solution
[K(18-crown-6)],P,4-8.5NH; [211] Solution
As [Li(NH3)4],As4 [212] Solution
[Na(NH3)s],As4-3NH3 [212] Solution
[Csp35Rbg 65(2,2,2-crypt)],Asy2NH;3 | [212] Solution
Sb [K(2,2,2-crypt)],Sby [213] Solution
Bi [K(2,2,2-crypt)],Biy [214] Solution
[A(2,2,2-crypt)],Bis(A =K, Rb) [215] Solution
[EY,% |Bi K¢Biy-8NH; [216] Solution
[EVs]™ P NaPs5 solutions in THF [217-219] | Solution
[EYs]>~ |Sb [Li(NH;3)4]5[Li(NH3)],Sbs-2NH5 [220] Solution
[EYl*™ | As [Rb(18-crown-6)],Rb,Asg-6NH; [203] Solution/solid state
[EY.P~ |P [Li(TMEDA)]3P; [221] Solution/solid state
Cs3P7-3NH;3 [222] Solution/solid state
RbsP;-7NH;3 [210] Solution/solid state
Bas(P;),-18NH;3 [223] Solution/solid state
[NEt;Me]Cs,P;-NHj3 [224] Solution/solid state
[NEt4]Cs,P;-4NH;3 [224] Solution/solid state
[NEtMe;]Cs,P7-2NH;3 [225] Solution/solid state
[NMe4],RbP;-NH;3 [226] Solution/solid state
[Rb(18-crown-6)];P;-6NH; [211] Solution/solid state
K3[K(18-crown-6)]5P7,-10NH;3 [211] Solution/solid state
As [Li(TMEDA)]5As5-1.5tol [227] Solution/solid state
[Li(NH3)4]3As7-NH;3 [228] Solution/solid state
Cs3As7-6NH;3 [228] Solution/solid state
Cs3As7-NH; [229] Solution/solid state
[Li(TMEDA)];As5-OEt, [230] Solution/solid state
[Li(DME)]3As;-OEt, [231] Solution/solid state
[NMe4],RbAs;-NH;3 [232] Solution/solid state
[Rb(18-crown-6)]3As;-8NH;3 [228] Solution/solid state
[PPhy],CsAs;-5NH;3 [228] Solution/solid state
[K(2,2,2-crypt)]3:K3As7, [233] Solution/solid state
Sb [Li(TMEDA)]5Sb;-tol [234] Solution/solid state
[Na(2,2,2-crypt)]3Sby [235] Solution/solid state
NasSby-4en [236] Solution/solid state
[Na(TMEDA)]3Sb;-3THF [227] Solution/solid state
[Li(NHMe,),]3Sby [234] Solution/solid state
[Li(TMEDA)]5Sb;-3tol [234] Solution/solid state
[K(2,2,2-crypt)]3Sb;-2en [213] Solution/solid state
[Na(PMDETA)]5Sb5-tol [237] Solution/solid state
[Rb(18-crown-6)]3Sb7-4NHj3 [238] Solution/solid state
Bi [K(2,2,2-crypt)]3Bi;-2py [239] Solution

(continued)
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Table 6 (continued)

Anion Element | Compound References | Synthetic method
[EY1® | Sb K;7(NH,)(Sbg),-17.5NH; [240] Solution
[EY. P |P [NEtMes14P1, [241] Solution/solid state
Cs3Pq1-3NH;3 [242] Solution/solid state
BaCsP;;-11NH;3 [243] Solution/solid state
Cs[NEt;Me],P;-5NH;3 [244] Solution/solid state
[NEt4]5P;4 [226] Solution/solid state
[K(18-crown-6)]5P;;-2en [245] Solution/solid state
As [K(2,2,2-crypt)]3As;; [246] Solution/solid state
[Cs(18-crown-6)],CsAs;;-8NH; [246] Solution/solid state
Sb [Na(2,2,2-crypt)]3Sby; [247] Solution
[K(18-crown-6)(NH3),]Sb-5.5NH; | [246] Solution
[K(2,2,2-crypt)]3Sby, [248] Solution
[Li(12-crown-4)]5Sby; [249] Solution
Bi [K(2,2,2-crypt)]3Bi-2py-tol [250] Solution
[EYia* | P Nay(DME), 5P, [251] Solution
[Na(en); 5]4P14 [251] Solution
[Li(NH;),],P14-NH; [252] Solution
As [Rb(18-crown-6)]4As;4-6NH; [252] Solution
[EYi6]* |P [Na(18-crown-6)],P ;¢ [253] Solution
[PPhy],P6 [254] Solution
[EV19]37 P Li, Na, K in DMF, THF or DME [255] Solution
[EY5 3 |P Li or Na solutions [256] Solution
[Li(12-crown-4),]3P,;-2THF [257] Solution
[EVn]*™ |P [NEtMe;]4P»-2NH; [258] Solution
As [Rb(2,2,2-crypt)]4Asy-4DMF [259] Solution
[EV%]* | P LisP,¢-16THF [260] Solution

TMEDA tetramethylethylenediamine, DME dimethoxyethane, PMDETA N,N,N'.N',N"-
pentamethyldiethylenetriamine, /2-crown-4 1,4,7,10-tetraoxacyclododecane

bis(2-methoxyethyl)ether (diglyme) suspension of phosphorus and sodium in a 2:1
ratio for 6 h under rigorously inert conditions [207]. The anion was obtained alongside
a number of other polyphosphides including Pis . P1o>, Py’ , and Pos* . A clean
solution of the anion may also be obtained by slow addition of a hot THF solution of
P, to a boiling solution of Li(PH,)(DME) in THF. The anion exhibits single resonance
in the *'P NMR spectrum at 469 ppm which is indicative of its aromatic character.
The heavier group 15 element analogues of this remarkable ring system have not
yet been isolated as free anions, although a more reduced Sbs’~ anion has been
reported by Korber [220]. As expected, this cyclic compound is not planar but rather
displays a bent envelope-like structure analogous to the Ass”  anion isolated in
ABa,Ass (A=K, Rb) [182].

The six-membered ring Ass”, which was first observed in binary phases A;Asq
(A =Rb, Cs) [186], has also been isolated from solution [203]. This anion and its
phosphorus analogue have planar Dy, structures in the phases in which they occur
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Fig. 10 Cyclic compounds of the group 15 elements isolated using solution-phase methods.
Clockwise from top left: P,>7,Sbs’ ", Asg*™, and Sbg®™

and formally have 10 m-electrons available for bonding. When isolated from
solution, however, it was observed that the As64_ anion has a moderate chair-like
conformation with As—As bonds that vary between 2.399(4) to 2.415(3) A. Com-
putational studies including electron localization function (ELF) calculations indi-
cate that these anions are only planar when coordinated by charge-balancing alkali-
metal counter-cations. The calculations also demonstrated that the anions are not
10 m- or lone-pair aromatics but are rather best understood as six-membered
systems with a localized double bond and negative charges on all of the other
pnictogen atoms that are not involved in the n-bond.

More expanded eight-membered rings are also available using solution-phase
methods as evidenced by the isolation of Sbg®~ by reduction of antimony with
potassium metal in liquid ammonia [240]. Sbg®~ is isoelectronic with the well-
known Sg ring system and exhibits a comparable zigzag structure. Selected exam-
ples of cyclic group 15 anions are presented in Fig. 10.

Of the clusters highlighted thus far, very few are available using both solid-state
and solution-phase methodologies. One such family of clusters is the [EY;]>~ and
[EV,,>~ (EY=P, As, Sb) cluster anions. Of these two, P>~ has been the most
extensively studied on account of its synthetic accessibility and well-understood
behavior in both solution and the solid state.

As mentioned earlier, the [EV7]37 cluster anions adopt a Cj3, symmetric
nortricyclane-like structure. A basal three-membered ring (ES, E6, E7) is linked
by three bridging atoms (E2, E3, E4) to a single apical atom (E1) as pictured in
Fig. 9. Each of the bridging atoms can be considered as being a pseudo-group
16 atom, thus carrying a formal negative charge, in agreement with the overall three
minus charge of the anion.

Analysis of the interatomic distances for P;>~ shows that the longest bonds are
found in the base of the clusters. The basal P-P interatomic distances of 2.255A
(on average) and P—P-P angles of approximately 60° in [Li(TMEDA)];P; are very
similar to those observed for white phosphorus (2.21 A; 60.0°) [261] and suggest



88 J.M. Goicoechea

Table 7 Mean bond lengths Bond [P7]3’ [As7]37 [Sb7]3* [Bi7]3’
in the [E7]37 clusters (in A). 220 243 278 204
Labeling refers to that used in . . . .
Fig. 9 B 2.15 2.40 2.70 2.90

C 2.26 2.50 2.86 3.07

significant ring strain. As would be expected, the arsenic and antimony congeners
possess structures that are identical, albeit with substantially lengthened bonds
(Table 7).

The structure and dynamics of the P,°~ cluster have been extensively probed
using *'P NMR spectroscopy, both in solution and the solid state. At room temper-
ature, in solution, only a very broad, non-distinct resonance is observed. On heating
to 50 °C, this sharpens to a singlet at —119 ppm, implying the equivalence of all
seven atoms on the NMR timescale via a fluxional process that exchanges them all.
Upon cooling to —60 °C, this fluxionality is frozen out, and the spectrum reveals
three multiplet resonances at —57, —103, and —162 ppm integrating in the ratio
1:3:3. These were assigned to the apical vertex, bridging vertices and basal vertices,
respectively. Similar behavior is observed in variable temperature solid-state *'P
NMR spectroscopy on amorphous samples of [Li(DME)];P; [262]. This has been
attributed to a reversible valence tautomerism process analogous to the degenerate
Cope rearrangement in the hydrocarbon bullvalene. The process is undoubtedly
driven by the strain inherent within the base of the cluster and assisted by the
presence of easily movable electron pairs on the bridging phosphide vertices (and
electron delocalization throughout the cluster). It seems reasonable to assume that
there are analogous dynamic processes in the As;”> and Sb;”~ clusters, although
neither element has a suitable NMR active nucleus that would allow for this
phenomenon to be investigated.

The slightly oxidized P,;>~ anion is accessible through both solid-state and
solution-based methods. The eleven vertex trianion can be extracted into solution
by dissolution of preformed phases such as Cs;P;; and subsequently recrystallized
as alkali-metal or tetraalkylammonium salts. The MAS *'P NMR spectrum of this
anion has been reported and features four resonances at 174.5, 167.9, —102.3, and
—209.4 ppm which integrate in a 3:3:2:3 ratio (with significant overlap of the two
lower-field resonances).

The remaining high-nuclearity clusters [EV14]47, [EV16]27, [EV19]3 -, [EV21]37,
[EV22]47, and [EV26]47 have all been isolated by solution methods (structurally
authenticated anions are pictured in Fig. 11). Several of these cages can be
interpreted as being derived from the formal oxidation of smaller nuclearity cluster
anions. Thus, [EV14]4_ is the result of the oxidative coupling of two [EV7]3 ~ cages
with concomitant loss of two electrons (EV =P, As). Similarly, the [EV22]47 cages
can be thought of as the result of coupling two [EY,]>~ cages (EY =P, As). These
processes are similar to the dimerization of Geo*™ clusters to afford (Geg—Geo)® ™~ as
discussed above. By analogy, the P,;>~ cage can also be thought of as the result of
the coupling of three P;°~ cages with the concomitant loss of six electrons. The
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Fig. 11 High-nuclearity polyphosphide cages available through solution-phase methods

Table 8 *'P NMR data for all of the known homoatomic polyanions of phosphorus. Chemical
shifts given to the nearest integer

Polyanion NMR data (ppm) Charge per atom
Ps~ 470 —0.200
P~ —119 (at 20 °C) —0.429
P2 174, 168, —102, —209 —0.273
Pt N/A —0.286
P>~ 60, 38, 6, —34, —134, —180 —0.125
Pio>~ 49, 6, —55, —74, =95, —170, —192 —0.158
P,° 72,61, —15, —108, —118, —146 —0.143
Pyt N/A —0.182
Pyt~ 84, 54, 30, —15, —88, —128, —135, —169 —0.154

formation of the remaining clusters is more difficult to rationalize as there must be
other species formed in solution.

Many of these cages have been characterized in solution by *'P NMR spectros-
copy. A table with the NMR resonance and the average oxidation state of each
phosphorus atom of the cages is presented in Table 8.

The solution dynamics which allow for interconversion between polyanions is
not fully understood; however, redox interconversion between P>~ and P,,°>" has
been reported by Guérin and Richeson [263]. On dissolving a pure sample of K,P1¢
in THF, *'P NMR and X-ray fluorescence measurements showed conversion to Py,
>~ and elemental phosphorus. Removing the THF from such solutions under a
dynamic vacuum and redissolving the residue in ethanol restored the *'P NMR
spectrum of P>~ This process is evidence for the shallow energy surface on
which such species lie. It appears that the most stable polyphosphides available in
solutions are those where the negative charges are either well separated (such as in
P,,;°~ and P;¢>7) or a mechanism exists for the transfer of charge over multiple
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phosphorus atoms (fluxional processes in P;°~ or delocalization in Ps™). It is
interesting to note that conversion between P213_ and sz_ would formally involve
a Ps~ moiety, although spectroscopic studies of such mixtures are invariably more
complex.

Information on the heavier analogues of these cluster anions is less readily
available. All of the [EV7]3_ and [Evl 1]3_ (EV = P-Bi) cluster anions are known,
although it is worth noting that the bismuth-containing clusters were only isolated
in the last two years. Of the remaining polyanionic species, only the oxidatively
coupled dimers Asl447 and A52247 have been reported. It is likely that there are
heavier main-group analogues of the clusters which have thus far been reported for
phosphorus; however, the lack of NMR spectroscopic handles has thus far pre-
cluded their characterization. It is only a matter of time, however, before such
species are structurally authenticated.

Finally, in relation to the chemistry of group 14 clusters, it is also worth noting
that protonation of P737 and P, 137 cluster cages has also been demonstrated. These
studies show that in addition to redox equilibria in solution, the possibility of acid—
base interactions makes the solution-phase behavior of such anions enormously
varied and complex. The hydrogenheptaphosphide anion, (HP;)?~, was first
described by Baudler and coworkers in solution in 1984 by the disproportionation
reaction of diphosphane with "BuLi at low temperature [264]. At room temperature,
the cage atoms undergo an exchange process that renders two sets of them equiv-
alent on the NMR timescale, in a manner analogous to the parent P;°~ cage. On
cooling to —60 °C, the fluxional process is frozen out, with seven resonances
corresponding to the seven inequivalent phosphorus environments being observed
at —9.0, —67.5, —83.7, —119.4, —134.8, —145.2, and —215.9 ppm. It was not until
2004 that the anion was isolated and an X-ray structural study performed,
confirming the connectivity of the anion [265, 266]. A high-yielding preparative
synthesis of the anion, and its arsenic analogue, was reported recently [267-268].
There is only one report of the monoanionic (H,P;)™ cage in the literature [269]. It
was structurally characterized as the [PPh,]" salt; however, orientational disorder
within the cluster prevented the location of the hydrogen atoms and an analysis of
the bond metric data. NMR data were not reported due to the compound
decomposing into higher polyphosphorus species upon dissolution into dimethyl
sulfoxide or acetonitrile. The presence of a P-H bond was inferred from the
presence of a strong, sharp band at 2,250 cm ™" in the IR spectrum and the cluster
charge from the X-ray crystal structure obtained. Analogous arsenic and antimony
cages are currently unknown. The neutral heptaphosphane, H;P,, is available
through the methanolysis of the tris(trimethylsilyl)-substituted cage, (Me3Si)3P5,,
in the absence of solvent [270]. >'P NMR spectroscopy studies were carried out on
solutions  formed  directly in  benzene,  I-methylnaphthalene, or
I-methylnaphthalene/phenanthrene mixtures, which have to be performed rapidly
before the decomposition of the compound into PH; and elemental phosphorus
[271]. The heavier arsenic and antimony cages are currently unknown. Protonation
of P, 13_ has allowed for the structural characterization of (HP, 12_) [241, 272, 273].
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5 Conclusions

The aim of this review was to provide a comprehensive overview of the chemistry
of homoatomic polyanions of the p-block elements. While this area of chemistry is
over a hundred years old, it has been in constant development ever since early
empirical observations demonstrated that many p-block metalloids and metals can
be dissolved in liquid ammonia in the presence of alkali metals. Moreover, the
solution-phase dynamics of these cluster anions is still poorly understood. Inter-
conversion processes between clusters with differing nuclearities and net negative
charges are not fully understood, while the involvement of Brgnsted acid—base
equilibria serves to further complicate matters and may hint at proton-assisted
mechanisms. Matters get increasingly more complex (and fascinating) as other
metals are incorporated into the mix. This area of chemistry, which is not the
remit of this review (see article by Weinert and Dehnen [274]), has allowed for
the isolation of cluster architectures which are both beautiful and puzzling, forcing
the community to consider new bonding paradigms. I have no doubt that many
interesting discoveries will continue to be made in the field in the coming years and
that, ultimately, this research will allow for the controlled use of cluster anions of
the p-block in chemical synthesis and the formation of novel main-group-based
materials.
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Binary and Ternary Intermetalloid Clusters

Bastian Weinert and Stefanie Dehnen

Abstract Compounds containing molecular Zintl anions, which are homo- or
heteroatomic, anionic molecules of groups 13—15, have served as starting materials
for a variety of derivatives. Besides ligand attachment to these clusters or oxidative
coupling, the cages were used as polyatomic ligands in transition metal complexes
and as sources for intermetalloid clusters and nanostructured crystalline materials.
This review article deals with the structures, bonding situations, electronic proper-
ties, and formation pathways of these nanoscale heterometallic clusters.
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1 Introduction and General Remarks on Heterometallic
and Intermetalloid Clusters

The chemistry of the main group elements with moderate electronegativity is
compellingly diverse, particularly regarding the structures of the known com-
pounds. This holds especially for compounds based on so-called Zintl polyanions,
which were investigated for the first time in detail by Eduard Zintl in the 1930s [1]
and were therefore named after him posthumously [2]. The reported architectures
range from small molecules and linked clusters to nanoscale clusters and compli-
cated networks. Especially the investigation of the transition from clusters to bulk
material is a promising research field, since the change of properties between these
two regimes offers the opportunity of a better understanding of chemical bonding
and insight into potential applications [3—6]. The top-down method that (formally)
cuts off bulk material into nanomaterials has been well established over the last
decades. In contrast, controlled bottom-up syntheses have been studied and applied
to a much lesser extent, although such methods provide an even larger product
spectrum on account of a virtually endless pool of accessible precursors. Conse-
quently, the knowledge of formation pathways, large-scale synthesis, and size
control is still unsatisfying to date and subject to ongoing contemporary work. In
this chapter, we will focus on bottom-up approaches for compounds bearing binary
or ternary heterometallic or intermetalloid clusters, which are composed of transi-
tion metal and main group metal elements of groups 13 to 15.

The term “intermetalloid” has been introduced in several different ways. Gen-
erally, the definition “molecular intermetalloid” categorizes small molecules with a
direct metal-metal contact [7]. The term “intermetalloid cluster”” was derived from
the definition of “metalloid clusters” that contain ligand-free and ligand-
coordinated metal atoms of the same element, with more metal-metal than
metal-ligand bonds. The resulting formal oxidation state of the metal atoms is
thus close to zero, and the clusters exhibit structures that resemble fragments of the
elemental (metal) structures [8, 9]. “Intermetalloid clusters,” as a first class of
clusters discussed in this article, extend the homoatomic “metalloid” cluster family
by related heteroatomic species. The term thus specifies nanoscale particles that are
composed of at least two different (semi-)metals, which have been observed both
with ligands (anionic or neutral) or as ligand-free cluster anions. In particular, such
clusters are based on one or more central (endohedral, interstitial) metal atom(s) M
(usually followed by an “@” symbol), surrounded by a shell of at least one other
type of (semi-)metal atoms [10]. This discriminates “intermetalloid clusters” from
“heterometallic clusters,” as the second class of species discussed herein, which are
composed of two or more different types of metal atoms, however, lacking any
interstitial one(s). A third class of clusters is also heterometallic in nature, but it is
based on a homoatomic (semi-)metal cluster with the second sort of (semi-)metal
atoms being part of a terminal ligand attached to it.

This article focuses on ligand-free binary or ternary heterometallic and
intermetalloid clusters, their bonding situations, electronic properties, and
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formation pathways. Related ligand-decorated clusters as well as the named third
category of cluster compounds will be mentioned only briefly. Several review
articles on clusters comprising main group atoms of groups 14 or 15 are available
in the literature, with three of them also elaborating on binary clusters [11-13]. For
completeness, we will summarize such systems and comment on their properties
but put the main emphasis on ternary systems.

The following remarks summarize a couple of circumstances that are common to
all of the discussed materials. Further, some of the remarks are fundamental to the
understanding of the article and introduce the terminology used throughout herein.

1. Compounds comprising intermetalloid clusters were usually synthesized by
reactions of solved molecular Zintl anions with transition metal complexes.
Reaction media were polar amines, amides, or nitriles. The products were
crystallized by temperature control or slow diffusion of solvents. Uncommon
procedures will be specified below.

2. Binary intermetalloid clusters were accessed starting from a homoatomic Zintl
anion unless otherwise stated, whereas all of the known ternary intermetalloid
clusters have been reaction products of binary Zintl anions or quaternary inter-
metallic phases to date.

3. Intermetalloid clusters that preserve the bonding situation and electronic prop-
erties of the utilized homoatomic Zintl anions can be equally described by
applying the Zintl-Klemm-Busmann pseudo-element concept [14], if being
electron precise and comprising relatively strong covalent bonds, or Wade—
Mingos rules [15, 16], if being electron deficient and relying on electron
delocalization and multicenter bonding. In several cases, a simple description
of the electronic situation fails, usually as a function of the complexity of the
system as the number of atom and/or metal types is increased. In such cases,
detailed quantum chemical studies are required to shed light on bonding and
electronic properties.

4. To illustrate the conformation of the clusters, the “@” symbol is used to indicate
interstitial atoms in intermetalloid clusters (first class), whereas for metal atoms
that are coordinated by a polyanionic ligand in the style of a coordination
compound, thereby forming a heterometallic cluster, this symbol is not
employed; instead, such metal atoms are linked to the ligand’s formula by a “-”
dash. Different atom types within one cluster shell are combined without
discrimination.

5. To simplify the prose, we will not discriminate between semimetal atoms and
metal atoms in the following — except for the description of electronic or
material properties.
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2 Binary Heterometallic and Intermetalloid Clusters

2.1 M/Tt-Based Clusters

A versatile synthetic route for generating compounds with intermetalloid clusters
makes use of Zintl anions — either in solution starting from soluble, molecular
Zintl anions or via high-temperature routes. Soluble-starting materials permit
comparatively controllable reactions, as they contain small molecular Zintl anions
- e.g., Tt447, Tt947, and Pn73 ~ (Tr=triel=group 13 element, Tt=tetrel=group
14 element, Pn=pnictogen=group 15 element) beside alkali or earth alkali metal
counterions [11-13]. Focusing on simple binary Zintl compounds like NaSi, one
assumes that all atoms of the electropositive elements transfer their valence elec-
trons to the moderate electronegative partner [17]. Therefore, NaSi formally con-
sists of Na* and Si~ ions. The latter form Si447 tetrahedra in the solid state,
isoelectronic to white phosphorous, which are surrounded by Na* cations within a
saltlike Zintl phase (Na*)4(Si");. Some of the Zintl phases are soluble, usually in
very basic and polar solvents such as NHj3, ethane-1,2-diamine (en), or dimethyl-
formamide (DMF), which allows their use in solution syntheses of larger clusters.
However, the solubility largely depends on the charge density of the anion. Com-
pounds with small and highly charged anions, such as Tt,*", are restricted to
reactions in liquid ammonia, leading to their limited use as precursors and only a
handful of compounds containing these building blocks. The larger Tty*~ anion, in
contrast, is well soluble without decomposition in the named solvents and has
therefore been most frequently used as the starting species. To increase both the
solubility and the crystallization tendency of reactants as well as products, and to
inhibit decomposition of the anions by electron transfer back to the cation, most of
the starting materials in reactions toward heterometallic and intermetalloid clusters
have been salts of polyanions comprising sequestrated cations. The most commonly
used sequestration agents have so far been 1,4,7,10,13,16-hexaoxacyclooctadecane
(18-crown-6) or 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]-hexacosane
([2.2.2]crypt).

During the past two decades, a large number of compounds comprising binary
intermetalloid cluster anions of the type [M@Tt,}~ (M=transition metal) have been
synthesized. Most of the compounds were obtained by reaction of a binary Zintl phase
containing homoatomic, deltahedral Zintl anions with a transition metal complex of an
electron-rich metal atom. Usually, the transition metal released the afore bound organic
ligands during the reaction, to be completely encapsulated by the cage, which often
retained its original, deltahedral structure. To date, it remains unclear whether the
uptake of the transition metal atoms is enabled by a simple “breathing” of the cage to
let the metal atom enter or whether a cascade of more or less significant deconstruc-
tions/reconstructions are necessary for the generation of the finally observed products.
Most indications are in favor of the latter; however, these processes are too quick to be
traceable by nuclear magnetic resonance (NMR) spectroscopy, for example.

Table 1 gives an overview of structurally characterized binary assemblies
involving tetrel atoms. As outlined above, the list comprises intermetalloid clusters
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Table 1 Overview of structurally characterized binary transition metal—tetrel intermetalloid or
heterometallic clusters and transition metal complexes with homoatomic polytetrelide anions as
ligands (with increasing number of Tt atoms for each of the categories) that were extracted as
single crystals from solution as [K([2.2.2]crypt)]" salts or from a solid-state reaction. Other cations
than [K([2.2.2]crypt)]" are denoted in the footnote

Formula | Tt reactant ‘ References ‘ Figure no.
Ge
[Ni@Geo]*~ K.Geo [18, 19]
[Ni@Geo-NiCOJ* K.Geo [18] Fig. 1a
[Ni@Geo—NiPPh;]* K.Geo [20]
[Ni@Geo—NiCCPh]*~ K.Geo [18]
[Ni@Geo—PdPPhs]*~ K.Gey [21]
[Fe@Geo]> K.Geo [22] Fig. le
[Co@Ge;o]*~ K,Geo [23] Fig. le
[Ru@Ge;,]*~ K4Geo [24] Fig. If
[NiL@Ge;3Nis(CO)s]* K4Geo [20] Fig. 1h
[Co,@Ge,6]* /[Cor@Ge 6] K4Geg [25]
[Ni3@Ge;5]* K4Geo [19] Fig. Im
[Pd,@Ge 5" K4Geo [26] Fig. 11
[(7? i-{Sis_.Ge, })(CuMes),]*~ * Rb;,Si;,Ges [27,29] Fig. 2a
[(7-{S1/Ge }4)Zn(*-{Si/Ge}4)]°~ K,Si1,Ges 28]
[(7*-Ge)Zn(pP-Geq)]®~ K 4ZnGe 6 [29] Fig. 2b
[GegFe(CO);]> K4Geo [30]
[Geg(Mo{CO}3),1*~ K4Geo [31] Fig. 2¢
[Geo(Si{SiMe;})5(Cr{CO}3)] ™ ° [Li(thf)4][Geo(Si [32] Fig. 3d
{SiMes }3)s]
[(7°-Geof Si(SiMe3)s }3)Pd(°-Geo{Si- | K4Geo [33] Fig. 3e
(SiMe3)3}3)1*~
[(7%-Geo{Si(SiMes); }3)Cu(i’-Geo{Si- | K4Gey [33] Fig. 2f
(SiMe3)s }3)CuPPhs]
[M(Geo{ Si(SiMe3)s }3)2] s M=Cu, Ag;" | [Li(t/f)][Geo(Si- [34, 35]
M=Au’ {SiMes }3)s]
[07°-Geo Si(SiMe3)s }3)M(*-Geo{ Si- | [Li(thf)al[Geo(Si [36]
(SiMes)3}3)] M=Zn, Cd, Hg {SiMes }3)3]
[(7>*-Geg)-ML)*~; M=Cu; L=P'Pr;, K.Geo [37] Fig. 3¢
PCy;°; M=Ni; L=CO
M=Pd; L=PPh, K.Geo [18]
M=Zn; L=Ph, 'Pr, Mes K4Geo [21, 38, Fig. 4c
39]
[Geo — Cu(y*-Geg)]"™ ¢ K,Geo [37]
[GeoAusGeo]® ™ K4Geo [40] Fig. 3k
[AusGeys]” © K,Geo [41]
[Geg(M{CO}5)6]>"; M=Cr, Mo, W { Gel, [42, 43] Fig. 2d
[Geo(InPh3),]*~ K,Geg [31]
[Geo(Si{SiMe;})5(Cr{CO}5)] ™ ° [Li(thf)4][Geo(Si [32]
{SiMes }3)s]
[Ge1o(Mn{CO} 4>~ K,Geo [44] Fig. 2f

(continued)
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Table 1 (continued)
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Formula Tt reactant References | Figure no.
[Ge1o(Fe{CO},)s]° © GeBr [45] Fig. 2¢g
S [Hg(r-Geo)I*)* K,Geo [46, 47]
[Hgs(r*-Geo)a] "~ K,Geo [48] Fig. 3h
Sn
[Co@Sno]* K4.79C0¢.70Sng [49]
[Co@Sno]> ¢ K 12.92C00,055n17, [50, 51]

Ki3CoSny7,

K4.79C00.79Sn9
[Ni@Sn9]4_ & Naj; 98Nig.035n;7 [50, 52]
[Ni@Sne—NiCOJ* K4Sno [53] Fig. 1b
[Pt@Sny—PtPPh;]* K4Sno [53]
[Pt@SnoH]>~ K,Sno [54]
[Cu@Sno]*~ ! K,Sno, K;»Sn;7 [55-57] Fig. 1c
[Fe@Sn;ol*~ K,Sng [58]
[Ir@Sn,,]* K,Sng [59]
[Tis@Sn;sCps|” (z=4...5) %" K,Sno [60] Fig. 1i
[Sn;7{GaCl(ddp) }4] SnCl, [61]
[Co,@Sn,7]” K4.70C00.70Sn9 [49, 51]
[Ni,@Sn;,]* K,Sno [62] Fig. 1j
[PL@Sn;]* K,Sno [54] Fig. 1k
[sz@Snlg]‘F K4Sng [63, 64]
[Sn@Cu,;,@Sny] > 42 Na;,Cu;,Sn;, [65] Fig. In

K 2Cu;,Sny;
[(7-Sny)Au(y*-Sny)]"~ K5Sn;; (571
[(7*-Sng) TiCp]*~ K,Sno [60]
(TISng)*~ KTISn [66]
(TISng)*~ KTISn [66]
[(7*-Sng)M(CO)5]*~; M=Cr K,4Sno, KSns o5 [67, 68] Fig. 3b
M=Mo
M=W [67, 69,

70]

[(7*-Sng)M-L]*"; M=Zn; L=Ph K,Sng [38]
M=Zn; L=C;H,, CoH,; [39]
M=Cd; L=PhSn"Bu; [71]
M-=Ir; L=cod [59, 72]
[(7°-Sng)WCO5]*~ K,Sno [67] Fig. 3a
[07°-Sno)Ag(n*-Sno))>~ K4Sno [73] Fig. 3j
[G7°-Sno)Hg(*-Sno)]°~ K4Sno [74] Fig. 3g
[Sng(M{CO}s)6)*~; M=Cr' SnCl, [43]
M=Mo, W' [42]
[TiCpa(n'-Sno)(NH3)]*~ K4Sno [60]

(continued)
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Table 1 (continued)

Formula Tt reactant ‘ References ‘ Figure no.
Pb

[Cu@Pbo]*~ K,Pby [571

[Ni@Pb;o]* K4Pby [75] Fig. 1d
[Mn@Pb,,]*~ K4Pby [76] Fig. 1g
[Rh@Pb,,]*~ K,Pby [77]

[Ni@Pby,]* K,Pby [78]

[Pd@Pb,]* K4Pbo [78]

[Pi@Pb,,]* K,Pby [79]
[(7°-Pbs){MoCO5 },]*~ K,Pb, [80] Fig. 2¢
[(7*-Pbg)M(CO)5]*"; M=Cr KPb; 26, K4Pby [81]

M=Mo [69, 82]

M=W [69]
[(7-Pbs)MoCO5]*~ KPby [82]
[(5*-Pbe)ML]*~; M=Zn; L=Ph K,Pby [38]

M=Zn; L=C5H,, CoHy; [39]

M=Cd; L=Ph [71]

M=Ir; L=cod [72]
[(*-Pbg)—Cd—Cd—(17>-Pby)1°~ K,Pbs [83] Fig. 3i

#[Rb(18-crown-6)]*

P[Li(thf),]" (n=4.6)

“IK(12.2Jerypy)]*

K+

eNa+/K+

'[PPh,]*

ENa™*

"[K(18-crown-6)]* and/or [K([2.2.2]crypt)]* counterion

thf tetrahydrofurane, Mes mesityl, Ph phenyl, ‘Pr isopropyl, Cy cyclohexyl, cod
L 4-cyclooctadiene, "Bu n-butyl, Cpr cyclopropyl, [2.2]crypt 1,7,10,16-tetraoxa-4,13-
diazacyclooctadecane, ddp HC(CMeNC¢H3-2,6-iPr;),

with up to three interstitial transition metal atoms within a shell comprising tetrel
atoms, heterometallic clusters that are composed of two different type of atoms, and
homoatomic clusters with terminal ligands that are linked to the cluster via a second
type of metal atoms. The first and selected examples of the second class are outlined
into more detail in the subsequent text; selected molecular structures are shown in
Figs. 1, 2, and 3. Figure 4 illustrates molecular orbitals of selected clusters.

The smallest binary intermetalloid clusters [M@Tto]*™ (x=3,..., 5, Fig. lc)
have been obtained from reactions of Tt947 anions with d'® transition metal
complexes [18, 19, 50, 51, 55-57]. The resulting intermetalloid clusters show the
same behavior as their parent Zintl anions, which are highly fluxional in solution.
Alike the empty cages, they undergo structural fluctuations from a capped square
antiprism (Cy4, Symmetry) into a tricapped trigonal prism (D3, symmetry) and back,
with an only small energy barrier between them, and they are prone to one-electron
redox reactions. Electron paramagnetic resonance (EPR) as well as ”9Sn, 207Pb,
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Fig. 1 Examples for molecular structures of binary transition metal—tetrel intermetalloid clusters
(a—n) (For details, see the text)

and ®*Cu NMR studies confirmed the existence of paramagnetic [Ni(0)@ (Geo)> P~
and diamagnetic [Cu(I)(Tto)* 1?~ species and the described fluxionality of the
cages. The clusters are disordered in their crystal structures, which seems to be a
general problem of nearly all known spheroidal intermetalloid clusters. Further-
more, in several cases, the two conformations according to Cy, or D3, symmetry,
respectively, coexist in the solid state [19]. The electronic structures of the Cg,
symmetric species are in line with the description given by the Wade—Mingos rules
for nido-type, 22 skeleton electron clusters [(9 x 4 valance electrons from Tt) +4
charge electrons — 9 x 2 exo-electrons =40 valence electrons — 18 exo-electrons],
as the interstitial atoms with their closed d' electron shells do formally not
contribute to the cluster skeleton electron number. The paramagnetic cluster,
however, is highly disordered, such that a direct electron number—structure
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Fig. 2 Examples for molecular structures of binary transition metal—tetrel heterometallic clusters
or transition metal complexes with tetrel polyanions with up to ten atoms as ligands (a—g) — except
for those based on nine-atom tetrel cages, which are shown in Fig. 3 (For details, see Table 1)

correlation is impossible. As an exception regarding the synthetic approach,
[Co@Sng]5 ~ was the first intermetalloid cluster of this nido-type family, which
was directly extracted from a ternary Zintl phase formed in a high-temperature
reaction without the “detour” over the isolated homoatomic Zintl anion. The
compound was furthermore used for the generation of [K([2.2.2]crypt)]s[Co@Sn]
[49, 51] discussed below [50, 51]. As reported for the empty Tto* ™ cages as ligands in
complexes of the type [Tto—ML,[* (e.g., in [(174—Ge9)ML]3_, M=Clu; L:PiPrg, PCy;
[371, [(7°-Pbe)Mo(CO)5]*~ [82], and [(7°—Sng) W(CO);]*~ [67], see Table 1), also the
endohedrally filled clusters [M@Tto]*™ can act as ligands to transition metal atoms.
The resulting clusters like [Ni@GCg—NiCO]27 (Fig. 1a), [Ni@Geg—NiCCPh]3 T [18],
[Ni@Geg—PdPPh3]27 [21], or [Ni@Geg—NiPPh3]27 [20] resemble hypo-closo-type
cages with the Ni-centered nido cluster acting as 5* ligand throughout.

Upon (formal) expansion of the cage by another atom, one obtains clusters of the
type [M@Tt;o]" (x=2, 3), which adopt one of the two different cage types: a
deltahedral, bicapped square antiprismatic one in [Ni@Pb,o]*~ (Fig. 1d) [75] or a
pentagonal prismatic cage in [M@Ge;]>~ (M=Fe, Co, Fig. le) [22, 23]. The
deltahedral cage is a closo-type cluster with 22 skeleton electrons, following the
same formalism as given above [(10 x 4 electrons from Ge) + 2 charge electrons —
10 x 2 exo-electrons =42 valence electrons — 20 exo-electrons], such as the known
empty ones with the formula Tt;,>~ [12]. The incorporation of Fe and Co atoms — as
the first interstitial metals from groups left of group 10 — led to the first examples of
non-deltahedral polytetrelide cages: [M@Ge;]>~ represents M-centered penta-
gonal prisms of Ge atoms. Ge—Ge and Ge—M distances are hereby similar to those
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Fig. 3 Examples for molecular structures of binary transition metal—tetrel heterometallic clusters
or transition metal complexes based on tetrel polyanions with nine atoms as ligands (a—k) (For
details, see Table 1)

in binary intermetallic compounds, which rationalized their denomination as
intermetalloid clusters. Conventional electron counting is impractical for both
anions. Nevertheless, according to DFT (density functional theory) calculations,
Ge-Ge bonds are only partially localized (Fig. 4c). The total energies of the
isomeric Ds,-symmetric and Dyg-symmetric states differ by 55.7 kJ/mol
([Co@Ge 0]*") and 22.3 kJ/mol ([Ni@Ge;0]* ), respectively, with the first being
the favored structure for M=Co and the second being the slightly preferred one in
the case M=Ni [23]. However, the formation pathway of these clusters out of
deltahedral (Ge9)47 anions remains unknown to date.

Several binary closo-clusters with icosahedral shape, [M@Tt ] (x=2...3),
are accessible upon reaction of heavier tetrel nine-atom cages with electron-rich
transition metal complexes bearing cod (1,4-cyclooctadiene) or phosphine ligands —
either as main product or as side product, like in the case of [Ni@Pb,,]*>~, which is
heavily distorted owing to the small atomic radius of the Ni atom (Fig. 1g) [55, 59,
78, 79]. The organic ligands seem to play the role as oxidizing agents, being
reductively coupled or hydrogenated themselves. [[r@Sn;,]*~ was obtained in a
stepwise reaction, which allowed some insight into the formation mechanism of the
so-called stannaspherene cluster [59]. Starting out from K4Sng, [2.2.2]crypt and
[[rCl(cod)], in en, an intermediate product containing a hetero-10-atomic cage,
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Fig. 4 Molecular structure (top) and illustration of s-, p-, and d-type cluster orbitals (bottom) of
[(;73,773 {Ge,)(CuMes),|*~ (reproduced with permission from the American Chemical Society)
(a). Molecular structure (fop) and frontier orbital region of the qualitative MO scheme (bottom) of
complexes of the type closo-[EoZnPh]*>~ (E = Si, Ge, Sn, Pb) (reproduced with permission from the
American Chemical Society) (b). Molecular structure (center) and one of the bonding orbitals
(bottom) of [Co@Ge o>~ (reproduced with permission from Wiley-VCH) (¢). MO scheme along
with the illustration of selected molecular orbitals (fop) and measured as well as simulated EPR
spectrum (bottom) of the intermetalloid cluster [Ru@Ge,]>~ (Reproduced with permission from
the American Chemical Society) (d)

[+ d

[Snolr(cod)]’~, was isolated. Upon further heating to 80°C, the cod ligand was
removed under oxidation and reorganization of the cluster to yield [Ir@Sn 12]37
Two clusters with 12-atom cages break ranks. Similar to the Fe-centered 10-ver-
tex cluster, the related Ge;, cage in [Ru@Ge12]37 (Fig. 1f) features a
non-deltahedral architecture [24]. All Ge atoms have three neighbors, thus acting
as pseudo-pnictogen atom. The cage possesses idealized D,q symmetry. Whereas
the low-lying Fe 3d orbitals are structurally inert, the Ru 4d orbitals are strongly
mixed with unoccupied cluster orbitals, resulting in an extensive delocalization of
electron density from the Ru atom onto the main group atom shell. As a result, one
can describe the {Ge;,} cage as being electron precise — with the lack of one
electron, hence, resulting in a paramagnetic cluster shell, as confirmed by EPR
spectroscopy (Fig. 4d). A second uncommon 12-atom open-shell cluster is found
with the [Mn@Pb,,]>~ anion (Fig. 1g). It adopts near D,;, symmetry [76], with a
relatively broad range of Pb—Pb distances (2.589-2.883 A), which was put down to
the electron richness of the transition metal atom that leads to an initial loss of
electron deficiency. Assuming that electron transfer takes place from the transition
metal onto the surrounding cage, also in this case, [Mn@Pb12]37 can be viewed as a
50 electron system [(12 x 4 valence electrons) +2 electrons from Mn], with five
additional electrons within the 3d’ shell of the inner Mn(Il) ions, and three electrons
form the negative charge as an add-on, resulting in a “magnetic superatom” with
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paramagnetic center and diamagnetic cage. In a theoretical study, all possible
clusters of the type [M@Tt,,]7", with Tt being Si and Ge, M being Ti...Zn or
Y...Cd, and q being O or 3, were investigated with DFT methods in six different
topologies [84]. For each of the compositions, the authors compared the energies of
a perfect icosahedron (/,), a distorted icosahedron (D,4), a hexagonal antiprism
(Dea), a hexagonal prism (Dgy,), a puckered hexagonal prism (D3q4), and a bicapped
pentagonal prism (D,4), which represents the topology of the [Ru@Ge;,]*~ anion,
respectively. From this, some general trends for the cluster structures were derived:
a preference for the Dg,-symmetric cluster is unique to anions with Tt=silicon,
thus, not only depending on the electron count only (in turn, for [M@Si;,], the
icosahedron is extremely unfavorable and is never the global minimum). For total
numbers of 54-56 and 58-60 electrons, the hexagonal prismatic and the bicapped
pentagonal prismatic structures with three-connected atoms are generally preferred.
A hexagonal antiprism is preferred as the cluster possesses less than 54 electrons. A
puckered structure (D3q) is observed for electron counts above 56 in the case of
[M@Si;,] (even above 54 for [Cr@Ge,] and [Mo@Ge,]). The relative stability of
the icosahedral clusters is greatest for d electron-rich transition metals. Hexagonal
prismatic or bicapped pentagonal prismatic clusters are favored over the icosa-
hedral ones as the principal quantum number of the d orbitals and/or the negative
charge increases.

Twelve-atom cages are special in Zintl cluster chemistry — yet, empty Tt;,*~
anions have so far been unobserved. All known intermetalloid clusters with 12 ver-
tices require stabilization by an interstitial atom. As the cluster shell grows, one
atom does not seem to sufficiently stabilize the system. Hence, larger cages that
were obtained in crystalline solids from solution possess at least two interstitial
atoms. Solvents or transition metal complex ligands play a crucial role in product
formation, again as redox-active reagents. [Ni,@Ge3Nis(CO)s]*~ (Fig. 1h), as a
related case, is composed of two Ni-centered, nido-type 11-atom icosahedra frag-
ments that share a {Ge;Niz} pentagonal face [16].

[Niz@Sn17]47 (Fig. 1j) can be viewed as a coupling product of two [Ni@Sn9]27
units [62]. Both cluster shells share a Sn atom. As compared to the Sne*~ parent
cages, the shells are significantly deformed; the entire cluster adopts crystallo-
graphic D4 symmetry in the end. The electron count for these species is in
accordance with Wade—Mingos rules for fused clusters. The sum of valence elec-
trons resembles the sum of electrons for all clusters, minus the number of electrons
for eliminated fragments (upon fusion) that obey the octet rule: [Ni,@Sn,-]*" is
composed of two nido-[Ni@Sng]‘F clusters. The central Sn atom, as eliminated
fragment, is formally a Sn*~ atom (octet rule): 2 [Ni@Sn9]4_ — Sn*”
— [{Ni@Sng(u-Sn), /2}2]4_ [(2 x 40) electrons — 8 electrons = 72 electrons]. This
sum matches the number of valance electrons provided by 17 Sn atoms + 4 negative
charges. A kind of a pseudo-ternary species, comprising two different types of
(semi-)metal atoms of tetrel elements, was reported with [{Ni@ Sng(u-Ge), /2}2]47
[52]. The anion is isostructural and isoelectronic to the [Ni @ Sn17]47 homolog [62],
and it was obtained as its [K([2.2.2]crypt)]" salt upon co-extraction of the
ternary Zintl phase K4Ge4 55n4 5 with [2.2.2]crypt and [Ni(cod),]. Due to the size,
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the larger Pt atoms can obviously not be incorporated into a 9-vertex cage. The
[PtQ@Sn17]4_ anion (Fig. 1k) is observed instead, as a closed polyhedron of 17 Sn
atoms and an interstitial Pt dumbbell [54]. In the isostructural [Pd,@Ge;]*™ [26]
and [Pd,@Sn, 8]47 clusters (Fig. 11) [63, 64], a prolate deltahedral shell surrounds a
Pd dumbbell. The d'° Pd atoms have no bonding interaction with each other. In
[Ni;@Ges]*~ (Fig. 1m), a linear {Ni;} fragment is protected by two highly
distorted {Geg} clusters that include one Ni atom each and coordinate to a third,
shared one via one of the triangular faces [19]. The relation to the other, closed
{Tt,g} deltahedra is reduced to the (near) D3}, symmetry of the overall cluster and
the presence of six Tt; rings that arise in a staggered manner along the C; axis.

As already mentioned in the introduction, the formation pathways of the clusters
that comprise more than nine cage atoms are currently an actively investigated field
[63, 64]. Valuable insights into formation processes in solution were recently
accessible in liquid ammonia [60]. In a reaction of K4Sng and K;,Sn;; with
[TiCp,Cl,] (Cp, cyclopentadienyl anion), diverse promising intermediates were
crystallized as K* or [K(18-crown-6)]* salts: [Ti(n4—Sng)Cp]37, [Tisz(nl-Sng)
(NH3)]3*, and [Ti4Sn;5Cps]™ (z=4...5, Fig. 1i). The SngTi fragment resembles
a cutout of an [M@Tt,,]” icosahedron or [Niz@Sn17]4_, and it is proposed to be
the intermediate compound in the formation of the larger clusters. The diversity in
the coordination environment of the Ti atoms in [Tisz(n]-Sng)(NH3)]37 and
[Ti4Sn;sCps]™ largely suggests the participation of the transition metal in the
formation of intermetalloid clusters starting from smaller aggregates. Nevertheless,
the transfer of these observations onto other reactions at room temperature could
not be realized, since experiments in more common solvents like en, DMF, or
acetonitrile failed so far [60].

In summary, two formation pathways are currently discussed for the formation
of larger intermetalloid clusters. According to the first suggestion, the Zintl anion
replaces a ligand at the transition metal atom, which may then by encapsulated by
the first with the possibility of subsequent capping of the cluster by another
transition metal complex fragment or which may be coordinated by another Zintl
anion with or without further distortion or oxidative aggregation of the parent
anions. The second way would be a redox-mediated fragmentation/rearrangement
of the cluster shell of a given intermetalloid cluster.

One should keep in mind the differences between cluster formation in solution, in
the gas phase or in the solid state, respectively: in the gas phase, shell atoms are added
atom by atom around a doping atom [85], and the processes in solid state are even
more difficult to explore than in solution. For this, the formation of [Co@Sn9]57
[50, 51], [Ni@Sno]*~ [50], and the onion-like anion [Sn@Cu;,@Sn,o]'>~ [65]
(Fig. 1n) could not yet be elucidated.

A large number of complexes were reported that can be viewed as heterometallic
clusters (without interstitial metal atom) or as transition metal complexes with Zintl
anions of tetrel atoms as ligands. Besides some complexes that comprise Tt,*~
units as ligands, including several pseudo-ternary examples with mixed-atomic
(Tt Tt )*" anions, [(7°17°-{ Tts_, Tt . })(CuMes),] (Tt, Tt'=Si, Ge, Sn, see Fig. 4a)
[27] and [(¥3-{Tt, Tt HM@>3-{ Tty Tt )] (Tt, T¢=Si; Ge; M=Zn) [28, 29,
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most of the known examples are based on Tty*~ that coordinate to transition metal
atoms in manifold ways. In some cases, the resulting complexes form spherical shells
together, hence, representing heterometallic clusters (see Fig. 4b), such that a clear
discrimination between these two categories becomes difficult. Some mixed-atomic
cages (Tto_, Tt )*~ are also known [86]. However, only in one reported case, an
underlying ternary alloy was used as starting material in reactions with transition
metal complexes [52]. There exist also further heteroatomic nine-atom cages with
elemental combinations Ge/Bi, Ge/Sb, or Ge/Sn/Bi, containing formal Pn* cations,
which have been introduced as “doped” Zintl anions and have been further modified
with organic and element-organic groups [87, 88]. Figure 2 shows a selection of
complexes with tetrahedral tetrel atom cages as ligands to transition metal atoms and
heterometallic clusters with five, six, eight, or ten tetrel atoms. In Fig. 3, the molecular
structures of representative examples of clusters or complexes involving tetrel nine-
atom cages are given. The bonding interaction of Geo"~ with a {ZnPh} fragment is
discussed in Sect. 3.2 along with a related complex comprising a binary tetrel/
pnictogen ligand.

2.2 M/Pn-Based Clusters

The solution chemistry of pnictogen polyanions, in particular Pn,>~ or Pn; >~ [89—
119], has been known for longer than that of the polytetrelide anions. This is due to
the much more established field of polypnictide chemistry in general and
polyphosphide chemistry in particular. This type of species has a long tradition
also in organoelement chemistry of accordingly neutral molecules with organic or
element-organic substituents. Consequently, polypnictide cages have been easily
transferrable into organic solvents and thus accessible for reactions with transition
metal compounds. Also, intermetalloid cluster syntheses were systematically stud-
ied already in the late 1980s and early 1990s, starting out with reactions of the
relatively well-soluble salts of Pn737 (Pn=P, As, Sb) [89-101]. The very first
example were [(5*-P;)M(CO)5]*>~ [120] and [Sb,(NiCO);]*~ [121]. Related experi-
ments with Bi,>~ [101] or Bi;;>~ [122] have been missing so far, as the respective
salts have only been isolated and published for the first time in 2015 and 2014,
respectively. Instead, another access toward mixed-metallic clusters comprising Bi
atoms was chosen, employing the intermetallic phase K4Bis [123, 124]. It contains
planar, zigzag-type anions Biy**®~, which are known to produce Bi,?~ and Bis>~
anions upon dissolving the phase in en, which made the phase a suitable starting
material for polybismutide solution chemistry.

Table 2 provides an overview of structurally characterized binary assemblies
involving pnictogen atoms. As for the clusters based on polytetrelide units, the list
comprises intermetalloid clusters with an interstitial transition metal atom within a
shell comprising pnictogen atoms, heterometallic clusters that are composed of two
different types of atoms, and homoatomic clusters with terminal ligands that are
linked to the cluster via a second type of metal atoms. The first and selected
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Table 2 Overview of structurally characterized binary transition metal-pnictogen intermetalloid
or heterometallic clusters and transition metal complexes with homoatomic polypnictide anions as
ligands (with increasing number of Tt atoms for each of the categories) that were extracted as
single crystal from solution as [K([2.2.2]crypt)]" salts or from a solid-state reaction. Other cations

than [K([2.2.2]crypt)]” are denoted in the footnote

Formula ‘ Pn reactant | References ‘ Figure no.

P

[(P5)Co{HP = P(Mes)}]> K;P, [125]

[(Cp*Mo)(u,1°-cyclo-Pe)(Cp*Mo)] P, [126]

[Ps(Cp*Co)s] P7(SiMes)3 [127]

[Ps(Cp*Fe);] P7(SiMes)s [127]

[(7*-P))M(CO)5]>~; M= Cr, Mo, W K;P, [120] Fig. 6¢

[(7*-P7)NICOT*~ K;P, [128] Fig. 6b

[(7*-P,)PtH(PPh3)]*~ K5P, [128, 129]

[P5(Cp*,Sm),] P, [130] Fig. 5p

[Po(Cp*Fe)s({u’-P;}Fe)] P5(SiMes)s [127]

[(7*-P7)Cus(*-P7)]* K3P; [131]

[Ma(HP7),1>; M= Ag, Au KsP; [132]

[(Ni{PBus}»)4(P14)] LisP;-3 dme [127) Fig. 6g

[(7*P)M(7*-P)]*; M =Zn, Cd K;P, [131] Fig. 6¢

[P5(FeCp{CO}»)3] LisP;- 3 dme [127) Fig. 6d

As

[Nb@Asg]*™? Rb;As, [133] Fig. 5b

[Mo@Asg]*>~ K;As; [133] Fig. 5b

[AS@Ni;,@Asyo]>~° K;As; [134] Fig. In

[{Asy(Mes),} Co(As3)]* K3As; [135]

[(4*-As3)Co(CO)3] (AsCH,)s [136]

[(CpMo)(u,ns—cyclo—Ass)(CpMo)] (AsCH3)s [137] Fig. 5n

[(7*-As7))M(CO);]*~; M= Cr, Mo, W* K3As;, RbsAs, [120, 138]

[(7*-As7)PtH(PPh3)*~ KsAs; [129] Fig. 6a

[Ase(4>-As3)2(CoPEt,Ph)g] KsAs; [127] Fig. 5d

[(1*-As)Ma(>-As)]*; M=Pd, Cu, Au*® | K3As;, RbsAsy, [131, 139, Fig. 6f
CsAs; 140]

[(7*As))M@*-As7)]*; M =Zn, Cd K;As; [131]

[Pd;As; 6]+ K;As; [139] Fig. 5f

Sb

[(13-Sb3)(MoCp{ CO},)1/[(1>-Sb3)(MoCp* | cyclo-"Bu,Sby, [141] Fig. 5j

{CO})]

[SbsNis(CO)g]*~ KsSb, [142]

[(Mon’)(,u,r/5 -Sbs)(MoCp’)] cyclo-"BuySby [143]

[SbsAusSbs]*~ KsSby [144)

[Sb;M(CO);1*~; M= Cr, Mo, W K;Sb, [121, 145]

[Sb/(NiCO);]*~ K;Sb, [121) Fig. 50

[NisSb;;]* K;Sb, [146] Fig. 5q

(continued)
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Table 2 (continued)

Formula Pn reactant | References ‘ Figure no.
Bi
[Ni@BigNig(CO)s]*~ KsBiy4 [142] Fig. 5a
[Zn@ZngBi,@Bi, >~ KsBiy4 [147] Fig. 5¢
[Ni@Big(NiCO)4(Ni{n>-Bis }),]*~ KsBiy4 [148] Fig. Se
[Bi—Zn—Bi]*™® K4ZnBi,, K5Bi, [149, 150]
[BisM»(CO)s]°*~; M = Cr, Mo KsBiy4 [151] Fig. 5i
[BisNis(CO)q]*~ KsBiy4 [142] Fig. 5h
[BisNig(CO)o]*~ KsBi, [142] Fig. 5¢
[BisFe (CO) 574 [NEt,] [152] Fig. 5m
[BiFe3(CO);0]
[Biy(Fe{CO}3)3(FeCp’{CO},),] [(Cp{CO},Fe) [153] Fig. 5k
BiCl,]
[BiyNis(CO)]*~ KsBiy4 [142] Fig. 51
A[Rb([2.2.2]crypt)]*
b[PnBu4]+
CRb+

9[NEt,]* and/or [K([2.2.2]crypt)]* counterion

examples of the second class are outlined into more detail in the subsequent text;
selected molecular structures are shown in Figs. 5 and 6.

The group of binary intermetalloid clusters composed of transition metal and
pnictogen elements is less diverse than according examples with tetrel element. The
tendency of pnictogen elements to form electron precise, polycyclic cages with
considerably strong covalent bonds rather than molecules with delocalized bond-
ing, is already visible in the architectures of the homoatomic Zintl anions. The most
popular ones, the nortricyclane-like structures of Pn,>~ and the so-called ufosane-
type anions Pn;;>~, consequently accord with the Zintl-Klemm—Busmann pseudo-
element concept. [89—119] However, some further species have been known, like
Pn,>~ [154], Pns®> [155-161], or Pns~ [162—164], which show other bonding
characteristics including aromatic behavior. In reactions of compounds bearing
those anions with transition metal complexes, the Zintl anions prefer acting as a
ligand with allocated electron pairs. Several examples of corresponding complexes,
predominantly of the general type [(11“"-Pn7)yMzL,1]37 x=1,..,4,y=1or2,z=1
or 2, n=0,..., 3), are to be found in the literature (see Fig. 6 for some examples)
[13, 131, 139, 140]. The transition between those complexes and binary
intermetalloid clusters are, however, seamless. A large number of {P;} cages that
were functionalized by (element) organic groups and mixed (P7,xAsx)37 have been
reported, which are not explicitly referred to in this article, and a couple of hetero-
main group cages (E.P,)*" (E=Tr, Tt) [165].

The first molecule that is situated at the border of a complex with polypnictide
ligands and an intermetalloid cluster comprising pnictogen atoms is [Nb@Asg]®~
(Fig. 5b) [166], which was, however, synthesized unwantedly at first. Following the
pseudo-element concept, a Nb(V) cation is surrounded by an {Asg}®™ crown. An
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Fig. 5 Examples for molecular structures of binary transition metal-pnictogen intermetalloid
clusters (a—f) or heterometallic clusters or transition metal complexes with pnictogen polyanions
as ligands (g—q) — except for those based on seven-atom pnictogen cages, which are shown in
Fig. 6 (For details, see the text and Table 2)

isoelectronic and isostructural [MO@ASg]27 anion, with an even higher charged,
interstitial Mo(VI) cation is known as well [133]. As simple electron count would
result in a 16-electron complex in this case, additional electron donation from As p
orbitals has been proposed that serve to fulfill the 18-electron rule at the central
metal atom. As can be gathered from these two examples, pnictogen elements are
capable of stabilizing higher charged, electron-deficient interstitial atoms — again as
a consequence of their higher tendency to form nonmetallic, rather localized bonds.
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Fig. 6 Examples for molecular structures of transition metal complexes based on pnictogen
polyanions with seven atoms as ligands (a—g) (For details, see Table 2)

Nevertheless, most of the binary intermetalloid clusters comprising pnictogen
atoms have been formed so far with electron-rich transition metals. In all of these
cases, a complete rearrangement of the Zintl anion precursor took place — except for
Bi compounds, most often as bottom-up synthesis based on Bi,>~ anions in solution
occured. In [Pd;As;¢]*~ (Fig. 5f) [139], a distorted, monocapped trigonal prism
{Pd;}, composed of six Pd(I) atoms and one Pd(IIl) atom with square planar
coordination, is surrounded by two {Ass} ™ rings, which are isoelectronic with the
Cp~ (cyclopentadienyl) anion, two {Asz}27 dumbbells, and two {As}37 atoms.
Several complexes are further known that bear As,” units as ligands to transition
metal atoms. These are given in Table 2, and selected ones are shown in Fig. 5,
which are, however, not discussed in detail here. Besides, a binary complex with
formal Sn>* as central atom, [(As7)Sn(112—As7)]4_ [167], and further hetero-main
group cages (ExAsy)q* (E=Tr, Tt) were reported [165], and several {As,} cages
with (element) organic decoration are not mentioned here.

Another extraordinary example is the [As@Nilz@Aszo]3 ~ anion [134], obtained
by reaction of K3As;, [P"Buy]Br and [Ni(cod),] in en. The cluster is isoelectronic
and isostructural with the [Sn@Culz@Snzo]u_ anion (Fig. 1n) [65], which was
generated in solid-state reactions eight years later. Analogous to the latter, the
onion-like aggregate incorporates a single { As} atom, enclosed in a {Ni,} icosa-
hedron, which itself is located within an {As,¢} pentagon dodecahedron as its dual
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polyhedron. As another unusual feature of this anion, it crystallizes as an [P"Buy]*
salt, hence, without any alkali metal (complex) counterions.

[Nissb17]4* (Fig. 5q) [146] represents the only ligand-free intermetalloid cluster
that comprises antimony atoms known to date. A part of the cluster is structurally
related to [Pd;As¢]*~ (see above). As with Pn=As, complexes with Sb,*~ acting as
ligands have been reported, which are listed in Table 2 but not discussed here.

Bismuth as a metal does not rely so much on rather localized, covalent bonding
only and is therefore capable of forming a number of intermetalloid and
heterometallic clusters. Many of them represent carbonyl-coordinated clusters
like [Ni4Biz(CO)]* ™, [BiyNi (CO)g]*~, [NigBiz(CO)o]*~, and
[Nig 33@BigNig(CO)g]*~ (Figs. 5a, g, h, 1) [142], which can be described as more
or less spherical molecules with the CO groups acting as terminal, u-bridging or u°-
bridging ligands. The only carbonyl-free example of a binary intermetalloid cluster
involving Bi atoms has been [Zn@anBi4@Bi7]57 (Fig. 5¢) [147] so far. In this
closo-type cluster, a {Zn} atom is incorporated in a distorted {ZngBi4} icosahedron,
which is capped by seven further Bi atoms. To achieve the total number of
50 valence electrons (for 26 skeleton electrons), the icosahedron contributes with
[(4 x5 valence electrons from Bi)+(8 x 2 valence electrons from Zn =)]
36 valence electrons, two further electrons are gained from the interstitial Zn
atom, five is from the charge, and one electron is donated from each of the seven
Bi ligands. The latter is a quite unusual donor behavior of a pnictogen atom, which,
however, was rationalized by means of quantum chemical analyses.

With increasing cluster size of intermetalloid clusters comprising heavier
pnictogen elements As, Sb, and Bi, the bonding situation seems to become more
complex, and the clear tendency to form two-electron two-center bonds vanishes.
This is a trend to be continued when proceeding to ternary intermetalloid clusters
(see next section).

3 Ternary Heterometallic and Intermetalloid Clusters

As mentioned in the introduction, tetrahedral anions like Tt44* would enlarge the
variety of starting materials in the style of the highly diverse chemistry of P, and
As, [168—176], which has so far not been realized to a great extent due to the high
atomic charges and consequently poor solubility of these homoatomic species.
However, this can be overcome by isoelectronic replacement of a (formally)
charged tetrel atom by a (formally) neutral pnictogen atom, which largely enhances
the solubility of the resulting tetrahedral anions (Tt,Pn,)?". The replacement can
also be viewed in the inverse direction, in the sense that a tetrahedral Pn, moiety is
partially substituted with Tt(—I) or Tr(—II) atoms within tetrahedral anions
(thPnz)zf or (TrPn3)27. Such anions have been reported as [K([2.2.2]crypt)]*
salts for the following elemental combinations: Sn/Sb [177], Sn/Bi [178, 179],
Pb/Sb [180], Pb/Bi [181], Ga/Bi, and In/Bi [197]. Beside lower charge and higher
solubility, the binary anions within the starting material allow for an even larger
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electronic and structural diversity to be transferred into the resulting hetero-
trimetallic product clusters. We mention in passing that the isoelectronic replace-
ment can also lead to an increase of the charge, as realized for the binary triel/tetrel
tetrahedron (TlSn3)57 in the solid phase Nas(TISn;) [182]. However, the even
poorer solubility of this phase and its homologs definitely inhibits the use of the
anions for reactions in solution, still leaving an option for reactions in high-
temperature fluxes, which had indeed been realized.

The vast majority of ternary intermetalloid clusters have so far been accessed by
reactions of the [K([2.2.2]crypt)]* salts of the quoted binary Tt/Pn and Tr/Pn Zintl
anions with diverse transition metal or lanthanide complexes. The resulting clusters
show a variety of molecular structures, all of which differ from those that were
obtained upon reactions with homoatomic Zintl anions, owing to the change in
electronic and coordination prerequisites. Crystallographic analyses turned out to
be difficult, since most of the clusters are spheroidal and thus tend to exhibit
rotational disorder in the crystal. Furthermore, in some cases, different clusters of
the same charge co-crystallize on the same crystallographic positions. Hence, even
if the involved main group elements are not direct or second next neighbors in the
periodic table (which systematically cannot be discriminated by X-rays), assign-
ment of the different atom types can be very challenging. For this, a meticulous
analysis utilizing further spectroscopic and spectrometric methods, such as ESI-MS
(electrospray mass spectrometry), EDX (energy-dispersive X-ray spectroscopy), u-
RFA (micro X-ray fluorescence analysis), IR (infrared spectroscopy), or NMR
spectroscopy, as well as complementary magnetic measurements and quantum
chemical investigations, most commonly using density functional theory (DFT)
methods, is inevitable to prevent mistakes and to draw a comprehensive picture.
Table 3 gives an overview of all structurally characterized ternary assemblies of the
combinations M/Tr/Tt, M/Tt/Pn, and M/Tt/Pn. The list comprises intermetalloid
clusters as well as heterometallic complexes.

3.1 M/Tr/Tt-Based Clusters

The underrepresentation of triel elements in Zintl anion chemistry is reflected in the
only small number of intermetalloid and heterometallic clusters with the involve-
ment of triel element atoms. This is valid in particular for clusters with homoatomic
triel moieties but also in the case of the highly charged triel/tetrel elemental
combinations. Hence, until today, [Ni@Sn9T1]37 (Fig. 7a) [183] remains the only
example of an intermetalloid cluster with the elemental combination M/Tr/Tt that
has been isolated as a crystalline salt. Further, different from the M/Tt/Pn and M/Tr/
Pn clusters described below, it was not obtained upon reaction of a binary Zintl
anion with a Ni complex but from K4Sne, [2.2.2]crypt, [Ni(cod),], and TICp.
[Ni@SnoT1]>~ can be explained by terms of a cluster extension of the endohedrally
filled mono-capped square antiprism of [Ni@Sno]*~, which coexists with the
ternary cage in the solid state. In the ternary cluster, TI represents one cap of a
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Table 3 Overview of structurally characterized ternary intermetalloid or heterometallic clusters
and complexes with binary Zintl anions as ligands (with increasing number of main group (semi-)
metal atoms for each of the categories) that were extracted as single crystal from solution as

[K([2.2.2]crypt)]* salts

Tr/Tt reactant
Tr/Pn reactant

Formula Tt/Pn reactant References Figure no.
[Ni@SnoT1]*" K,Sny, TICp [183] Fig. 7a
[Sm@Ga,HBi;, 1> /[Sm@GasH;Bi;o]>~ (GaBi3)*~ [184] Fig. 13a
[(La@In,Bi; )(p-Bi),(La@In,Bi; )]°~ (InBis)*~ [185] Fig. 13d
[V@GegAsy]*~ KsGegAsgV [186] Fig. 10a
[Nb@GegAse]*~ K10Ge19As oNb [186] Fig. 10a
[Ta@GegAsy]>~ KsGegAsgTa [187] Fig. 11
[Ta@GegAsq]>~ KsGegAsgTa [187] Fig. 11
[Ta@GegAsg]>~ KgGegAsgTa [187] Fig. 11
[Sn,Sbs(ZnPh),]* KgSnSb, [177] Fig. 8a
[Ni,@Sn,Bis]>~ (SmyBin)*~ [188] Fig. 9a
[Pd;SngBig]*~ (Sn,Biy)*~ [189] Fig. 9c
[Zn@ZnsSn;Biz@Bis]*~ (Sn,Biy)*~ [190] Fig. 8b
[La@Sn;Bi;]*~/[La@Sn,Big]*~ (Sn,Biy)*~ [191] Fig. 10a
[Ce@Sn;Bi;]*~/[Ce@Sn,Bio]*~ (Sn,Biy)*~ [191] Fig. 10a
[Eu@SneBig]*~ (Sn,Biy)*~ [192] Fig. 10a
[Ni,@Pb,Bis]*~ (Pb,Biy)*~ [181] Fig. 9a
[Pd@Pd,Pb,Big|*~ (Pb,Biy)*~ [193] Fig. 9b
[Zn@ZnsPb;Bis@Bis|*~ (Pb,Biy)*~ [181] Fig. 8b
[La@Pb;Bi;]*~/[La@Pb,Bis]*~ (Pb,Biy)*~ [194] Fig. 10a
[La@PbgBig]*~/[La@Pb;Bi;o]* ~ (Pb,Biy)*~ [194] Fig. 10a
[Ce@PbsBi o]~ (Pb,Bi,)*~ [194] Fig. 10a
[Nd@PbgBis]*>~/[Nd@Pb;Bi;o]*~ (Pb,Bi,y)*~ [194] Fig. 10a
[Sm@PbsBi;o]*~ (Pb,Bi,)*~ [194] Fig. 10a
[Gd@PbsBi; o>~ (Pb,Bi,)*~ [194] Fig. 10a
[Tb@Pb;Bi 0>~ (Pb,Bi,y)*~ [194] Fig. 10a

bicapped square antiprismatic structure. Formally and regarding the total charge of
the cluster, the T1 atom has to be counted as T1, in accordance with the Wade—
Mingos rules for a closo-type 22 skeleton electron cage. The interstitial Ni atom is
situated slightly off-center, approaching the Sn cap by 0.32 A (thereby widening the
surrounding Sny square), in spite of a noticeable Ni—T1 interaction. A homologous
species, [Ni@GeoTI]?~, was observed in mass spectrometry investigations of the
corresponding reaction solution with K,Gey as reactant, but the cluster could not be
crystallized. A species without interstitial transition metal atom is found in the
binary [(7]3 -Geg)In(n3-Geg)]57 anion (Fig. 7b), in which the triel atom possesses a
formal +3 charge, however, instead of the formal —2 charge in the first. Here, the
heteroatom is furthermore coordinated via a triangular face of the {Gey}
cages [195].
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Fig. 7 Molecular structures of [Ni@SnoT1]*", as the only known ternary intermetalloid cluster
with a M/Tr/Tt elemental combination, with the triel atom possessing a formal —2 charge (a),
and the molecular structure of a binary anion, which also comprises a Tr/Tt elemental combi-
nation, [(;13—Geg)ln(;73—Geg)]5’, however, with the triel atom in a formal positive oxidation state and
without interstitial atom (b)

3.2 M/Tt/Pn-Based Clusters

In all of the following cases, binary Zintl anions have served as precursor molecules
for the formation of ternary intermetalloid clusters in solution. First studies were
undertaken on the ternary solid compound KgSnSb, [196] comprising the highly
charged (SnSby)®™ analogs of the ortho-stannate anion. For first insights into its
extraction behavior, it was treated with en/[2.2.2]crypt or with liquid ammonia,
respectively. In the first case, the tetrahedral anion (Sn,Sb,)*~ crystallized as its
[K([2.2.2]crypt)]" salt; in the second case, a novel nortricyclane-type (Sn3Sby)®
anion was obtained in [Kg(NH3)9](Sn3Sby,). First, as one would expect, the highly
charged anion of the precursor phase was not retained in solution. Second, a
rearrangement into the tetrahedral binary anion seems to be preferred in en, and,
third, binary nortricyclane-like cages are likewise stable for the Tt/Pn elemental
combination. Here, an extraction of the KgSnSby in en/[2.2.2]crypt was carried out
in the presence of [ZnPh,] to check the reactivity of the tetrahedral anion in situ.
This led to the formation and isolation of the [K([2.2.2]crypt)]" salt of
[Sn25b5(ZnPh)2]3_(Fig. 8a) [177]. This anion was thus the first step on the way
toward ternary intermetalloid clusters of the elemental combination [M@Tt,Pn,]"".
In this molecule, two {ZnPh}* fragments are > coordinated by a nortricyclane-type
{Sn28b5}57 anion, which in the sum fully complies with the Zintl-Klemm-—
Busmann concept. Since Sn and Sb are indistinguishable by X-ray diffraction,
DFT calculation were carried out to determine the most stable isomer of the
{Sn,Sbs} ™ cage for this complex. According to these, it became clear that the
negatively charged Sn atoms avoid neighboring positions with each other and that
they prefer three-bonded positions. The calculations also indicated that the inter-
action of the binary anion with the {ZnPh}" moieties is only sigma type (Fig. 8a).
This is different from the ligand behavior of ;74—Geg4’ [37], which coordinates to a
{ZnPh}* fragment by both sigma-type and pi-type interactions (Fig. 4b).
Although the KgSnSb, phase was shown to produce the desired precursor anion
in solution, the use of ternary Zintl phases as starting material suffers from a couple
of disadvantages. In many cases, they form as mixed phases, hence, supporting side
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Bi/Sn

Sn/Bi

Fig. 8 Molecular structures of [Snzsbs(ZnPh)z]3’, along with an illustration of the sigma-type
bonding of the Sn/Sb polyanion to the {ZnPh}* fragment (a). Molecular structure of
[Zn@ZnsTt;Bi@Bis]*™ in two views and cluster orbitals indicating the coexistence of rather
localized electron density with delocalized cluster orbitals (b). Two-colored atoms indicate
disorder of the respective Tt and Pn atoms in the crystal structure. Orbital plots reproduced with
permission from Wiley-VCH

reactions in an undesired or at least uncontrollable manner. Second, the solubility is
always (relatively) low, and dissolution usually gives rise to a rearrangement into
anions comprising different ratios of the main group elements than the original
solid, such as the 1:4 ratio in KgSnSb,. Consequently, this does not represent an
atom—economic approach. For provision of pure and well-soluble precursor mate-
rials, the use of [K([2.2.2]crypt)]" salts seemed to be the best choice again. The first
[K([2.2.2]crypt)]" salts of binary Zintl anions of tetrel and pnictogen elements were
published in the 1980s by Corbett: [K([2.2.2]crypt)],»(Tt,Pny)-en (Tt/Pn: Sn/Bi or
Pb/Sb) [178, 180]. The Sn/Bi anion and its Pb/Bi homolog, which was only recently
isolated [181], showed to be excellent starting materials for the formation of ternary
intermetalloid clusters with novel structures. The reactions with Tt=Sn or Pb led to
topologically identical results in most cases; the binary combination of Pb and Bi is
advantageous in providing better solubility and producing higher yields.

Several complexes of d'° transition metal atoms, that is, [ZnPh,], [Ni(cod),], [Pd
(PPh3)4], and [Pd(dppe),] (dppe=diphenylphosphinoethane), were tested in reac-
tions with [K([2.2.2]crypt)]»(Tt,Bi;)-en (Tt=Sn, Pb) in en. Six different compounds
containing four different ternary intermetalloid clusters with new architectures,
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[Zn@ZnsTt;Bi;@Bis]* [181, 190], [Ni,@Tt;Bis]’>~ [181, 188], [Pd;@SngBig]*
[189], and [Pd@Pd,Pb,(Bis]*” [193], were obtained.

Structurally and electronically, [Zn@ZnsTt;Bi;@Bis]|* (Fig. 8b) [181, 190]
shows similarities to the binary cluster [Zn@anBi4@Bi7]5_ described above
[147]. As the latter, the ternary clusters are based on a Zn-centered deltahedral
structure and can be explained in terms of Wade—Mingos rules. However, the
11-atom {ZnsTt;Bi3} shell around the interstitial Zn atom does not form icosa-
hedral closo-type cages but uncapped nido-type fragments of it. These are based on
a pentagonal antiprism, comprising a {Tt;Bi,} pentagon and a {Zns} pentagon,
being capped by a single Bi atom above the {Zns} ring. Five further Bi atoms cap
the antiprism, thereby bridging all of the Zn—Zn edges with a third, longer contact to
the Tt or Bi atom of the respective {Zn,(Tt/Bi)} triangular face. For complying with
Wade—Mingos rules, a total number of (2 x 11+4)=26 skeleton electrons are
needed, which add up to a total number of 48 valence electrons upon consideration
of two exo-electrons per cluster atom. The atoms that form the {ZnsTt;Bi3} shell
provide 37 electrons, [(5 x 2) =10 valence electrons from 5 Zn atoms+ (3 x 4) =
12 valence electrons from 3 Tt atoms + (3 x 5) =15 valence electrons from 3 Bi
atoms]. The central Zn atom and the 4— charge add another six electrons for a sum
of 43 valence electrons so far. For accomplishment of the expected number of
48 valence electrons, each of the five capping Bi atoms is thus regarded as
one-electron donors, as in the binary cluster, which was rationalized by population
analyses here. Quantum chemical analyses helped to analyze the bonding situation,
which indicates a coexistence of two-center and three-center bonds with
delocalized cluster orbitals (Fig. 8b).

The [Niz@Tt7Bi5]3’ anions (Tt=Sn, Pb, Fig. 9a) [181, 188] are composed of two
face-sharing square antiprisms, which meet at a central “Tt(0)”, square. The two
external four rings comprise three “Tt(—I)” and five “Bi(0)” atoms. These are
disordered over the eight positions, with the most stable Tt versus Bi distribution
achieved with largest distances between the three Tt atoms, according to DFT
calculations. A {Ni,} dumbbell is embedded within this cluster. In spite of a rather
close proximity of the two Ni atoms (2.444(2) A for Tt=Sn, 2.499(6) A for Tt=Pb),
no bonding interaction seems to be present between them according to the calcu-
lations. They are not in need of it, as the interaction with the eight nearest atoms of
the {Sn;Bis}” cluster allows for provision of eight electrons for each of the Ni
atoms, thus, completing the desired 18-electron shells. Thus far, it could not be
clarified why the clusters form reproducibly in the way they do — and why the
involvement of different elements of the same group sometimes produces the same
results and sometimes not. Quantum chemical studies usually rationalized the
observed structures as being the preferred ones in comparison with other species,
but the underlying formation processes are still widely unknown. It seems to be
obvious — still not explaining the findings — that a majority of tetrel atoms within a
cluster are found in structures that resemble binary M/Tt clusters, whereas clusters
with a majority of pnictogen atoms are rather similar to binary M/Pn clusters.
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Fig. 9 Molecular structure of [Ni,@Tt;Bis]*~ (Tt = Sn, Pb), along with a plot of the electrostatic
surface potential (reproduced with permission from the Royal Society of Chemistry) indicating a
somewhat more balanced situation in the Tt = Pb case, which was made responsible in part for the
better solubility of anions based on Pb/Bi instead of Sn/Bi (a). Molecular structure of
[Pd@Pd,Pb;(Bis]*" and measured (fop) and simulated ESI mass peak; the diagram to the right
(reproduced with permission from Wiley-VCH) illustrates the output of the perturbation theory
treatment of the cluster anion that served to assign Pb or Bi atoms, respectively, to places 7, with
potentials V(i) being larger or smaller, respectively, than the potential V calculated with a mean
atomic charge (b). Molecular structure of the [Pd;@SngBig]*™ in two views and plot of the
difference electron densities (reproduced with permission from the American Chemical Society)
for two possible models of charge assignment, “{ [Pd;]°@[SngBig]* 1+ or “{[Pd;]> @[SngBig]*~
}‘F,” with better match of the first (c¢). Two-colored atoms indicate disorder of the respective Tr
and Pn atoms in the crystal structure
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The transfer from Ni as interstitial atom type toward its heavier congener Pd
comes along with two significant changes: again, other cluster structures are
observed, and one obtains different structures for Tt=Sn and Tt=Pb instead of
identical ones. [Pd@Pd,Pb,,Bis]* (Fig. 9b) [193], which was obtained upon
reaction of the (Pb,Bi,)*>™ anion with an Pd(0) complex, and which represents the
heaviest ternary intermetalloid cluster anion known to date, can be also deduced
from an icosahedron; it therefore possesses a strong relation to the binary cluster
[Pd@Pb;,]*" and its homologs [23, 24, 59, 76-79]. However, the ternary cluster
again differs in that it bears a more complicated structure. It can be described as a
Pd-centered {Pd,Pb,o_,Bi,} icosahedron. Additionally, two {Bis_.Pb,} triangles
are attached in a 7> manner to the two Pd atoms of the icosahedron. The Pb/Bi ratio
was determined by mass spectrometry, EDX spectroscopy, and quantum chemical
studies including first-order perturbation theory. The latter also served to determine
the most plausible distributions of the two atom types over the cluster positions and
thus to identify the most probable isomers. The three lowest-energy isomers possess
Cyy, Cs, or C, symmetry, depending on the position of four Bi atoms on six possible
positions. Most probably, and in agreement with °’Pb NMR spectroscopic data
(DMF solution, —5°C), the three isomers coexist. Wade—Mingos rules apply for this
cluster, as well, independent of the distribution of Pb and Bi atoms over the cluster
positions. In all cases, the {Pd,Pb,o_Bi, }*™ icosahedron turns out to be a closo-
type cluster if the two {PdBi; Pb,} G- fragments are viewed as 14-electron
pseudo-Pb fragments each. Indeed, as rationalized by population analyses, {Bis}~
ligands (or the mixed-metallic homologs) can be considered as four-electron
donors, adding up to 14 electrons for the quoted tetrahedral fragment. Since the
central Pd atom does not contribute to the cluster electrons, the total number of
valence electrons is 70 [=2 x 14+ 10 x 4 +2], as needed for a closo-type icosahe-
dron that comprises two transition metal atoms. Accordingly, 26 skeleton electrons
[=70 — 10 x 2 — 2 x 12] are finally achieved this way.

A completely different result is obtained if the reaction quoted above is carried out
with (SnzBiz)z’ instead of its heavier homolog: although the cluster anion
[Pd;@SngBig]* (Fig. 9c) [189] also comprises three Pd atoms in its formula, none
of the structural characteristics resembles that of the Pd/Pb/Bi cluster described
above. It possesses an oblate shape, with the three Pd atoms located within the
{SngBig} shell with smaller distances to the Bi atoms. The shell may be described
by an assembly of three {Sn,Bi,} butterfly-like fragments that are linked by Bi—Bi
bond formation into a donutlike structure, which is doubly capped by two further Sn
atoms. Uniquely, the assignment of Sn and Bi atoms was unambiguous in the single-
crystal X-ray diffraction study of this compound. However, it was not possible to
explain the bonding situation within the cluster structure by means of any known
electron-counting concept. For this, difference electron calculations were carried out
to distinguish between two possible models: “{[Pds]°@[SngBis]*"}* or “{[Pd;]* @
[SngBig]*"}*.” None of the two models matches perfectly the total electron density
calculated for the entire cluster, but a better fit was obtained for the model that keeps
the Pd atoms neutral. This example indicates once more that it seems reasonable in
general to describe these heterometallic clusters as “superatoms” or “superions” of
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different electron configurations, rather than talking about localized or semi-localized
bonding.

By use of the binary anions (Tt,Bi»)*, the incorporation of lanthanide atoms into
intermetalloid cluster chemistry was achieved for the first time. The studies were
carried with [K([2.2.2]crypt)]»(Tt,Biy)-en (Tt=Sn, Pb) and lanthanide complexes
of the type [Ln(CpMe H);] (Ln=La, Ce, Nd, Gd, Sm, Eu, Tb). These investigations
lead to the formation of a number of compounds in which two anionic clusters occur
— separately or together in double salts — with [K([2.2.2]crypt)]* counterions. The
[M@Tt,Bi,]” clusters represent non-deltahedral polyhedra with 13 vertices
(x+y=13) [191, 194] or 14 vertices (x+y=14) [186, 191, 194], respectively,
and nine faces each — so-called enneahedra (Fig. 10a). In the 14-atom cage, three
squares are connected via three bonds to form a 12-atom donutlike ring. Above and
below this ring, a 13th and a 14th atom are placed that connect the three apices of
the squares that direct toward them. This way, the cluster is constructed by six
pentagonal and three square faces. The 13-atom cage can be described by a basal
square face that is connected to four pentagonal faces, which share their edges and
bind to a common 13th atom at the apex of the cluster. It is worth mentioning that
despite a high degree of Tt/Bi disorder in these cages, the apex and the four adjacent
atoms are always and exclusively Bi atoms, which was confirmed by quantum
chemical investigations. Isomers with Tt atoms occupying one or several of these
positions are significantly higher in energy. This is due to the specific electronic
situation within this cluster “cap” (see below). Both types of clusters contain one
interstitial Ln(III) atom each, and the two main group metal polyhedra are struc-
turally highly related: if the apical Bi atom is (formally) replaced by a dumbbell,
one ends up with the 14-atom enneahedron. The coexistence of the two cluster types
in solution was furthermore demonstrated by means of '*La NMR studies
(Fig. 10b). Depending on the size of the interstitial Ln(IIl) atom, the ratio of
13-to-14-atom cages differs significantly. The larger the size of the Ln(IIl) atom,
the larger is the 14:13 ratio, as confirmed by ESI mass spectrometric analyses of
solutions of the solid material (Fig. 10c). The only example of an enneahedral cage
that embedded a Ln(II) atom has so far been the anion [Eu@ Sn6Big]4_ [192].

The extraction of the quaternary solid mixtures K/Ge/As/V, K/Ge/As/Nb, or
K/Ge/As/Ta in en in the presence of [2.2.2]crypt also allowed for the crystallization
of salts of ternary cluster anions — although no binary anion salt and no transition
metal compound were employed. Similar as reported above for the serendipitous
formation of [Nb@ASg]3_ or [MO@ASS]% [133, 166], the metallophilicity of As
obviously helped in the oxidation of elemental Nb, V, or Ta powder — or even the
Nb or Ta tube material. The products contained intermetalloid clusters with 12 ver-
tex atoms, [V@GCgAS4]37 or [Ta@GegAs4]3*, respectively, or the metal-centered
14-vertex enneahedra [Nb@GegAsﬁ]’L or [Ta@GegAs6]3*, respectively
[186, 187]. The cluster with 14 shell atoms is topologically identical to the
Ln-centered ones described above — indicating its relatively high stability. The
Nb compound furthermore represents the second example beside the Eu com-
pounds that contains exclusively the larger cluster type as anion, whereas the cluster
co-crystallizes together with the cluster exhibiting a 12-atom cage in the case of
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Fig. 10 Molecular structure of the two (usually co-crystallizing enneahedral intermetalloid
cluster anion types [Ln@Tt;5_Bi, "~ and [Ln@Tt;4_Bi,]""™ (Ln=lanthanoid(Ill); Tt= Sn,
Pb; (a) and picture of the development of the ESI mass peaks of solutions of the solid material for
Ln cations of decreasing sizes (from top; (b)). 139, NMR spectrum of an en solution of [K([2.2.2]
crypt)]3[La@PbgBiglo 035 [La@Pb;Bijplo.oe2 recorded at 333 K (¢). Two-colored atoms indicate
disorder of the respective Tr and Pn atoms in the crystal structure. Spectra reproduced with
permission from Wiley-VCH

M=Ta. The 12-atom cages have the same topology as the [Ru@Ge,»]*~ cluster
quoted above, however, with a binary {GegAs,} composition and with an inter-
stitial group 5 atom instead of Ru [24]. Moreover, for M=V or Ta, they can be fully
explained by means of the pseudo-element concept and are diamagnetic. These
clusters obtained with V, Nb and Ta have been the first examples for interstitial
clusters with such highly charged transition metal atoms inside the main group atom
shell. As a very uncommon species, the experiments with Ta also evolved the
intermediate anionic complex [Ta@Ge(,As4]3_ (Fig. 11) which allowed for some
insight in the successive formation processes of non-deltahedral intermetalloid
clusters starting out from the binary anions and the early, pseudo-catalytic role of
the interstitial transition metal atom therein.

The electronic situations of the three highly related, non-deltahedral clusters
with 12, 13, or 14 vertex atoms are discussed in detail in the chapter on “Quantum
Chemical Investigations of Clusters of Heavy Metal Atoms” by F. Weigend. We
refer to this article for details, but it state here that the clusters with a 12-atom or
14-atom shell can be explained by the pseudo-element concept, with all tetrel atoms
being formally negatively charged and therefore three bonded, each bearing one
lone pair. The description of the M-centered cages with 13 atoms, however, is much
more complicated, in that the cluster is reduced overall and in that the pnictogen
atoms occur in three different situations here that can be formally described as “Pn
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Fig. 11 Molecular structure of the [Ta@GeﬁAs4]3_ anion in [K([2.2.2]crypt)]3[Ta@GegAs,] - 2101,
which is supposed to be a key species in the cluster formation cascade toward non-deltahedral
intermetalloid clusters

a Ln=La c
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Fig. 12 Electronic properties of the clusters [Ln@Sn7Bi7]4_ (a, b) and [Ln@SngBi4]4_ (c, d) with
Ln=LadIl) (a, ¢) or Ce(IIl) (b, d), as calculated by means of DFT methods, given as simulated
density of states (DOS) versus the frontier orbital region of the MO scheme. Major contributions of
Ln atomic orbitals to the MOs are indicated by arrows (Reproduced with permission from the
American Chemical Society)

(D),” “Pn(—I),” and “Pn(0).” The interaction with the lanthanide or transition metal
atom (ion) is predominantly ionic, with a somewhat higher covalent contribution
within the M@ 13-atom clusters. All experimental measurement or calculations of
physical properties on the lanthanide compounds have so far indicated the clusters
as being lanthanide-doped semimetallic cages. Accordingly, the magnetic behavior
represents widely that of the interstitial ions, and electronic properties are charac-
terized by the energy of the (empty or partially filled) f orbitals in relation to the
HOMO-LUMO gap of the empty Tr/Pn shells (Fig. 12).
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3.3 M/Tr/Pn-Based Clusters

In a reaction of [K([2.2.2]crypt)],(GaBi3)-en or [K([2.2.2]crypt)],(InBis)-en [197]
with [Sm(CpMe4H)s] or [La(CpMe,sH);], in en, two new compounds with ternary
intermetalloid were observed, [K([2.2.2]crypt)]5[Sm@Ga,HBi;,]oo[Sm@Gas;H;.
Bijolo.1 - en-tol [184] (anions in Fig. 13a) or [K([2.2.2]crypt)]e¢[(La@In,Bi;)(u-
Bi),(La@In,Bi;;)] - 3en - 3tol (anion in Fig. 13d), respectively [185]. All of the
three clusters possess a binary 13-atom main group elemental cage that accord to
the general formulae “{Tr,Pn;; V77 or “{TrsPn;o}° " and are topologically identi-
cal with the Tt/Pn 13-atom cages described above. Again, a Ln(III) atom is located
in the barycenter of the approximately C4, symmetric cages. However, some
significant differences come along with the substitution of formal “Tr(—II)”
atoms for the isoelectronic “Tt(—I)” atoms in the M/Tt/Pn cluster anions: the
high charge overload at the triel atoms induces a considerable Lewis basicity at
these sites of the cages, which needs to be compensated for both a balanced electronic
situation and a charge that allows for crystallization with [K([2.2.2]crypt]": it is
apparent that all of the cluster anions that have been crystallized with this cation
complex until now carry total negative charges of 2—4, not higher, as only in these
cases a stable crystal structure is realized. The high charge of the triel polyanions
has been one of the reasons why such clusters have not been isolated from solution
so far — except in these heteroatomic and heteropolar cases, which help to reduce
the charge. The La/In/Bi cluster hence bears two “u-Bi(I)” bridges that partially
neutralize the “In(—II)” sites to form two “In(—I)-Bi(—I)-In(—I)” bridges and this
way connect two of the “{La@InzBi”}‘F” clusters. In the sum, one obtains an
[(La@In,Bi;)(u-Bi),(La@In,Bi, 1)]6* anion, with no rotational disorder due to its
anisotropic shape and with an ordinary 3— charge at each of the cluster halves. In the
Sm/Ga/Bi cluster, the charge overload at the Ga atoms is even more dramatic.
Therefore, the Ga(—II) atoms are in the position to deprotonate the solvent en, such
that the Ga(—II) atoms are (partially) protonated in the two co-crystallizing species
[Sm@Ga,HBi, ]’ and [Sm@Ga;H;Bi ]’ . Due to the common disorder within
8 of the 13 atomic positions, also the H atoms are disordered, which made their
detection highly challenging and required the combination of a variety of different
analytical methods (Fig. 13b, c). The cluster furthermore showed to be supportive
in C—C bond formation as octamethylfulvene, deriving from the released CpMe,H
ligands, was detected as a by-product in this reaction. Whether or not this activity is
catalytic is to be determined in the future.

4 Summary and Concluding Remarks

This chapter defined and summarized the known intermetalloid and heterometallic
clusters. These combine main group (semi-)metal polyanions and transition metal
atoms or complexes, with the first acting as lateral and/or surrounding ligands to the
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Fig. 13 Overlay of the molecular structures of the ternary intermetalloid -clusters
[Sm@Ga,HBIi, 1]3_ and [Sm@Ga3H3Bi10]3_(a), along with the "HNMR spectrum in DMF solution
demonstrating the presence of a Ga—H bond (b) and the ESI mass spectrum that shows the
coexistence of both clusters (c¢). Molecular structure of [(La@InZBil1)(ﬂ—Bi)2(La@In2Bi11)]€F,
representing a “Bi*-bridged” dimer of ternary 13-atom cages (d). Spectra reproduced with
permission from Wiley-VCH

latter. Upon relatively straightforward synthetic approaches, a large variety of
structures have been observed. Interestingly, topological relations between the
cluster architectures were observed even for different elemental combinations,
whereas similar elemental combinations can lead to very different cluster struc-
tures. Accordingly, different bonding situations need to be assigned to such clus-
ters, most of which comply with either the Zintl-Klemm-Busmann pseudo-element
concept or with the Wade—Mingos rules. Still, some exceptions exist that needed an
exclusive type of theoretical treatment and according description of their electronic
features. The article intended to introduce the reader into the highly diverse world
of multimetallic clusters and their synthetic approach, which is still not at its limit
considering the unexplored elemental combinations.
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Metalloid Clusters

Andreas Schnepf

Abstract Metalloid cluster compounds of the general formulae M,R,, (n>m;
M=metal like Al, Au, Sn, etc.; R=ligand like S-CcH4-COOH, N(SiMe,),, etc.)
represent a novel group of cluster compounds localized within the nanoscaled area
between molecules and the solid state, opening our eyes to the complexity and the
fundamental principles of the dissolution and the formation of metals. Only in
recent years, synthetic routes were established to get access to this most complex
group of metal atom clusters. Here, the synthetic routes and the structure and
bonding of metalloid clusters of group 13 and group 14 are discussed, showing
that within this, also technologically important nanoscaled regime novel motives
are realized, partly comparable to arrangements known from the elemental metals
themselves. However, also completely novel and unpredicted structures are real-
ized, indicating that the knowledge of the nanoscaled regime of metals is still in its
infancy. Consequently, the synthesis and characterization of metalloid clusters
can be used to establish a sound structural basis for metal nanoparticles not only
for bare metals but for all metals of the periodic table.
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1 Introduction

The majority of elements on the periodic table are metals and their chemistry,
especially their formation and dissolution, belong to the oldest technical chemical
processes. Thereby, the synthesis of metals plays a central role in the evolution of
mankind, and thus complete periods are named according to the metals used there
for the first time (Copper Age, 4,300-2,200 B.C.; Bronze Age, 2,200-1,000 B.C.;
Iron Age, 1,00040 B.C.). However, to date, awareness of metals beyond bulk
metals and their stable compounds (e.g., salts, oxides, sulfides, in solution or in
bulk) is limited. Basic knowledge of the intermediates in the formation and
breaking of metal-metal bonds are mostly unknown even though this process
plays a vital role in the evolution of mankind.

The dearth of understanding the intermediate states of metals can be attributed to
the lack of useful starting materials and accessible synthetic routes to synthesize
molecular compounds localized in this intermediate range. Additionally, when such
compounds are identified, the high reactivity and their metastable character hinder
isolation for further investigations. Molecular compounds exhibiting a direct metal-
to-metal bond, such as Re2C182_, were classified by F. A. Cotton as metal atom
clusters [1, 2]. His quite general definition includes many different kinds of clusters,
e.g., naked metal atom clusters, which are present under ultrahigh-vacuum condi-
tions, as well as “saltlike” clusters, in which also nonmetal atoms are associated
intimately with the cluster. However, it is quite obvious that a naked metal atom
cluster, exclusively held together by metal-metal bonds, is different from a saltlike
cluster, where partly no direct metal-to-metal bond is present.

Consequently, a more specific term is necessary to further divide the general
term of metal atom clusters. Thereby, metal clusters, which contain both ligand-
bearing and naked metal atoms that are only bound to other metal atoms, were
named by Schnockel et al. as metalloid clusters [3-6] or, more generally,
elementoid clusters, to express, in accordance with the Greek word €180¢ (ideal,
prototype), that the ideal form or the motif of the solid structure of the metal or
element can be recognized in the topology of the metal atoms in the cluster. In
general, such metalloid clusters contain more direct metal-metal contacts than
metal-ligand contacts and can be described, on first glance, by the general formula
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M,R,, (n>m; M=metal like Al, Au, Sn, etc.; R=ligand like S-CsH4-COOH,
N(SiMesy),, etc.) and are the central topic of this contribution. These metalloid
clusters are ideal model compounds to shed light on the borderland between
molecules and the solid state of metals at a molecular level as when n increases,
the clusters resemble more and more the bulk metal itself. Thereby, the average
oxidation state of the metal atoms inside the cluster approaches the value zero, of
the bulk phase. Additionally, as the size of such metalloid cluster compounds is
within the nanometer range, research in this field, beside the fundamental aspect as
outlined above, gains a technological aspect in the field of nanotechnology.

Hence, due to recent progress in the field of nanotechnology, the size range
between molecules and the solid state has become the focus of various research
efforts [7, 8]. In particular, elucidation of the structural and electronic properties
and photodynamics for materials of this size range can have great scientific impact
with applications in solar energy harvesting [9, 10], optoelectronic technologies
[11, 12], sensors [13], and biological and medical imaging [14]. Additionally, it was
recently shown that field effect transistors can be built using silicon nanowires
[15]. The nanoscaled area is especially of interest for metals or semimetals as
drastic changes take place on going from oxidized species (e.g., oxides, halides,
nonconducting; AlICl3;, AuCl;, GeO,, etc.) via metalloid clusters of the general
formula M,R,, (n>m; M=metal like Al, Au, Sn, etc.; R=ligand like S-CqHy-
COOH, N(SiMej3),, etc.) to the bulk elemental phase (e.g., metal, conducting;
semimetal, semiconducting; elemental Al, Au, or Ge) [16]. This behavior is quite
different with respect to “saltlike” cluster compounds, e.g., a heterocubane
Li4,Cly-4D (D=0OP(NMe,)s, Et,0) structure [17, 18] can be already seen as a cutout
of the rock salt structure. Hence, in the case of “saltlike” clusters, even small
clusters with only a small number of metal atoms (ions) exhibit a similar structure
like the bulk material, e.g., MOg octahedra in poly-oxo-metallates (M=V, Ni, Mo,
W) [19, 20] or hexagonal closed packed (A-B-A) assemblies of selenium ions with
copper ions in tetrahedral sites in (Cu,Se),, clusters [21].

This difference between “saltlike” and metalloid clusters is that in the case of the
metalloid clusters, the oxidation state of the metal atoms inside the cluster changes,
drawing closer to the value zero, as the cluster gets larger. In the case of the saltlike
and naked clusters, the oxidation state of the metal atoms (ions) is always the same,
irrespective of the metal atom being within a cluster, a molecule, or the solid state.
This interrelation between the different classes of cluster compounds including the
group of negatively charged Zintl-type clusters is shown in Fig. 1.

The highly mixed valence situation in the case of metalloid clusters leads to the
most complex bonding situation in the field of metal atom clusters, and often a
structural approach onto a solid structure is realized as it was first of all shown by
Schnockel et al. for the elements Al and Ga [22]. However, novel structural motives
are realized even within large metalloid cluster compounds as lately described for
the structurally characterized metalloid clusters AlsgCp*1, 1 (Cp*=CsMes)
[23, 24] and Au;p[p-MBA]44 2 (p-MBA=p-mercaptobenzoic acid) [25]. In both
compounds (Fig. 2), different polyhedral arrangements are found in the center of
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Fig. 1 Interrelation between different types of metal atom clusters with respect to average
oxidation state of the metal atoms and cluster size

Fig. 2 Molecular structure of the metalloid cluster compounds AlsoCp*;, 1 (Cp*=CsMes,
without hydrogen atoms) and Aujp[p-MBA]4y 2 (p-MBA=p-mercaptobenzoic acid; only the
sulfur atom is shown). The central Alg square antiprism for 1 and the Au; pentagonal bipyramid for
2 are highlighted by a polyhedral presentation in orange

the cluster, i.e., in the case of 1 a square antiprismatic Alg unit and in the case of 2 a
pentagonal bipyramidal Au; unit [26].

So, although the diameter of the metal core is within the nanometer range —
ca. 1 nm for 1 and 1.4 nm for 2 within both cluster compounds — no central metal
atom is present, as it would be expected for a simple cutout of the solid-state
structure of elemental gold or aluminum, both exhibiting a cubic closed packed
(ccp) structure. This circumstance demonstrates that the simple assumption that the
arrangement of the metal atoms within a nanoscaled metalloid cluster can be seen as
a cutout of the solid-state structure [27] is questionable, even for metalloid clusters
with diameters in the nanometer range. However, somewhere in the nanometer
range, a structural transition to the solid-state structure should take place as the fcc
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Scheme 1 Schematic
development of the energy
during the synthesis of a
metal from oxidized starting
materials
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structure is adopted, e.g., by gold nanoparticles with a diameter larger than
2 nm [28].

As a consequence of the structural uncertainty in the case of metals or semi-
metals, the structural characterization of metalloid cluster compounds is the first
step to establish a useful basis for structure—property relations of metal
nanoparticles. Or in other words, the synthesis and characterization of metalloid
clusters open our eyes to the complexity and the fundamental principles of a simple-
seeming chemistry, for example, the dissolution and the formation of metals.
However, obtaining structural information on these metal cluster compounds is
not trivial, and many highly sophisticated methods were established, even for naked
metal atom clusters in the gas phase (gas-phase drift measurements or electron
diffraction measurements together with quantum chemical calculations have been
used to get structural information about small naked gold or tin clusters in the gas
phase [29, 30]). The best experimentally available structural information comes
from single-crystal X-ray structure analysis. The drawback of this technique is the
fact that the compound must be obtained first in the form of single crystals, which is
not trivial, as metalloid clusters are metastable intermediates on the way to the bulk
phase as emphasized in Scheme 1. Thus, special synthetic methods have been
established, which are described in Sect. 3.

Although everything outlined in the introduction holds true for all metals, we
will focus in the following on metalloid clusters of the main group elements of
group 13 and 14 to keep the focus of this book. For recent developments in the field
of metalloid clusters of noble metals like gold or silver, see, e.g., [31, 32].

2 Solid-State Structure of Aluminum, Gallium,
Germanium, and Tin

As metalloid clusters are ideal model compounds for the area between molecular
compounds and the solid state of the corresponding metal, a short survey of the
solid-state structures of the elements discussed within this contribution is given,
whereby group 13 and group 14 metals are discussed separately.
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2.1 The Modifications of the Elements Al and Ga

For aluminum, the situation is quite simple as only one modification, the metallic
face-centered cubic (fcc) arrangement of the Al atoms, has been identified so far.
However, ab initio calculations indicate that in principle, a nonmetallic allotrope,
like observed for boron, might be possible [33]. This aspect is discussed in
Sect. 4.1.3. In contrast to aluminum, seven modifications are structurally proven
for gallium indicating a higher structural diversity which might be also expected
within metalloid gallium clusters and which is indeed realized as discussed in
Sect. 4.2. To classify the arrangement of the gallium atoms within different
metalloid gallium clusters, the most prominent structural features of the normal-
pressure modifications a-, -, y-, and 6-Ga and the high-pressure modifications Ga
II and Ga III are shown in Fig. 3. Additionally, Ga IV with fcc packing of the
gallium atoms like in a-aluminum is observed at very high pressure [34].

A characteristic feature of a-Ga (coordination number 1+2+2+2) is the forma-
tion of a short Ga—Ga bond (245 pm) of every Ga atom with one of its seven
neighbors. Therefore, a-Ga is also described as a molecular metal with Ga,
dumbbells. For the low-temperature phases -, y-, and 5-Ga, the following charac-
teristic units are observed: a ladder structure (coordination number 2+2+2+2) for
[-gallium, Ga;-rings that stack to form tubes, and a centered Ga,, “wire,” observed
for y-Ga, and interpenetrating Ga;, icosahedra for 5-Ga.
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Fig. 3 Sections of the normal-pressure solid-state modifications a-, -, y-, and 8-gallium and the
high-pressure modifications Ga II and Ga III
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In all these cases (-, B-, y-, and d-gallium), pseudomolecular units can be
discerned, indicating, similar to the lighter congener boron, a degree of covalent
bonding. In contrast to this, higher coordination numbers are realized within the
high-pressure modifications Ga II-Ga IV, leading to a more metallic character like
the homologues aluminum or indium.

2.2 The Modifications of the Elements Ge and Sn

Elemental germanium normally crystallizes in a cubic diamond lattice (-germanium,
Ge(cF8)), where every germanium atom is tetrahedrally bound to four other germa-
nium atoms with a Ge-Ge distance of 245 pm [35]. Additionally, several high-
pressure modifications of germanium have been structurally characterized [36].
After pressure release, the normal-pressure modifications y-Ge (Ge(tP12)) and
6-Ge (Ge(cl16)) have been obtained [37, 38]. In both allotropes (y- and 5-Ge), the
germanium atoms are still fourfold coordinated, but the bond angles deviate consider-
ably from the ideal tetrahedral angle of 109.5°. y-Ge crystallizes in a three-
dimensional arrangement with five- and seven-membered rings, while 5-Ge com-
prises six-membered rings (Fig. 4).

Lately, a novel element modification, Ge(cF136), was identified [39], which is
obtained by the oxidation of the Zintl-anion Gey*~ by an ionic liquid. In Ge(cF136), all
germanium atoms are fourfold coordinated and are arranged in the clathrate(II) form,
where two different polyhedra are present: a pentagonal dodecahedron built up of

p/ !/; ; /‘? J/
s
/\ﬁL% M GchF136) f SF j/

Fig. 4 Cutout of the solid-state structures of y-germanium (left), d-germanium (right), and
Ge(cF136) (middle). The five- and seven-membered rings (y-Ge) as well as the six-membered
rings (8-Ge) are emphasized via a polyhedral presentation. In the case of Ge(cF136), the Gey
pentagonal dodecahedron (bright) and the Ge,g hexakaidecahedron (dark) are emphasized via a
polyhedral presentation
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o-Sn B-Sn bce-Sn

Fig. 5 Cutout of the different solid-state structures of tin. Left, unit cell of a-tin. Middle, cutout of
the solid-state structure of P-tin. The coordination number of 442 is emphasized by light gray
(4) and white (2) neighbor atoms. Right, unit cell of the bce-type tin modification. The coordination
number 8+6 is emphasized by dark (8) and bright (6) spheres

20 atoms and a hexakaidecahedron exhibiting 28 atoms (Fig. 4). Additionally, the
reaction of the Zintl phase Mg,Ge with GeCl, gives “mesostructured germanium with
cubic pores” [40], whereas the oxidation of the Zintl ion (Gey> "), with ferrocenium
hexafluorophosphate in the presence of a surfactant (cetyltriethylammonium bromide)
leads to “hexagonal nanoporous germanium” [41].

For elemental tin, two different well-characterized normal-pressure modifications
with a phase transition temperature of 13.2°C are known [35]. Below 13.2°C, tin
crystallizes in a cubic diamond lattice (a-tin) with a Sn—Sn single bond length of
281 pm (Fig. 5 left). At temperatures above 13.2°C, tin crystallizes in a tetragonal
lattice (f3-tin), where the coordination number of every Sn atom increases from 4 to 4
+2 so that every tin atom is now located in a distorted octahedral arrangement. Due to
the increase of the coordination number, the Sn—Sn distances increase as well to
301.6 pm and 317.5 pm, respectively (Fig. 5 middle). At high pressure, two other
modifications of tin have been clearly identified to date. At 10 GPa, a modification is
realized where the tin atoms show a body-centered tetragonal (bct) arrangement with
Sn—Sn distances of 297 pm [42]. At 120 GPa, a structural modification is observed,
where the tin atoms form a body-centered cubic (bcc) structure, a well known
arrangement for metals like tungsten or iron (Fig. 5 right) [43]. The Sn—Sn distances
are 284.6 pm in the first and 328.7 pm in the second coordination sphere.

With respect to the behavior at high pressure, tin differs from the lighter
congeners Si and Ge, where the phase transition sequence diamond— -
p-tin — bct — bcec is not observed. However, for all the elements Si, Ge, and Sn,
the solid-state structure with a diamond lattice is thermodynamically most favor-
able (for tin below 13°C). Consequently, between the elements, there are both
similarities and differences, which also hold true for metalloid clusters, and as
expected among these clusters, the motif of the solid structure of the metal or
element might be already recognized in the topology of the metal atoms in the
cluster.
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3 Synthesis

As metalloid clusters are like any metal nanoparticle metastable and prone to the
formation of the metal itself, special synthetic routes are necessary for their
synthesis. Thereby, kinetic stabilization is necessary, which is often realized by
applying bulky ligands. These bulky ligands shield the metal core in a way that
further growing to the elemental state is arrested and the metalloid clusters are
kinetically stabilized so that they can be isolated, characterized, and further manip-
ulated. As the average oxidation state of the metal atoms within a metalloid cluster
compound is in between O and 1, reduction of a suitable starting material (e.g.,
AICl; or GeCly) might be a possible synthetic route, a similar procedure as used for
the synthesis of metals from the corresponding ore, e.g., reduction of Fe,O3; with
CO to elemental iron [44]. However, the formation of metals from oxidized species
is normally performed under drastic reaction condition, e.g., reduction of Fe,O;
takes place above 1000°C, and thus an isolation of intermedially formed metalloid
clusters (Scheme 1) in preparative scale is not possible via this route. Nevertheless,
applying a metastable starting material (B in Scheme 1) for the reduction leads to
less drastic reaction conditions so that intermedially formed metalloid clusters (C in
Scheme 1) might be accessible via kinetic stabilization.

However, when the starting material (oxidized compound) is easily reduced to
the elemental state, as it is the case for noble metals, the reaction conditions might
be already mild, and consequently the first metalloid cluster synthesized was the
metalloid gold-cluster Auss(PPh3),Clg 3 [27, 45]. However, although 3 is easily
obtained via the reduction of (PPh3)AuCl with B,Hg, its structural characterization
is missing to date as it cannot be obtained in a crystalline form. Nevertheless,
26 years after the synthesis of the Auss cluster 3, the metalloid gold-cluster
Auygs[p-MBA]44 2 (p-MBA=p-mercaptobenzoic acid) was obtained via a similar
synthetic route, i.e., reduction of HAuCl, with NaBH, in the presence of p-
mercaptobenzoic acid [25, 46]. Thereby, 2 was successfully crystallized and
could be structurally characterized, revealing the unusual feature of a central Au,
unit as discussed in the introduction (Fig. 2). After this breakthrough, a variety of
metalloid gold clusters could be isolated and structurally characterized [32], and
quite recently the structure of a metalloid gold cluster with 133 gold atoms in the
cluster core was solved via single-crystal X-ray structure analysis [47].

However, the focus of this contribution is on metalloid main group clusters of
group 13 and 14, where this synthetic route is not easily transferrable as Al, Ga, Ge,
and Sn exhibit a more positive reduction potential and thus more drastic conditions
are necessary, which is counterproductive with respect to kinetic stabilization of
intermedially formed metalloid clusters. Nevertheless, a variety of metalloid clus-
ters especially of group 14 is obtained via this route, whereby the naked tetrel atoms
that exhibit the oxidation state zero are introduced via two main routes: (a) ligand
stripping via reductive elimination (Scheme 2) or (b) complete dehalogenation of a
halide precursor (Scheme 3).
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Scheme 4 Schematic presentation of the synthesis of a metalloid cluster compound applying the
disproportionation reaction of a monohalide (X=halide-like Cl; L=bulky ligand-like Bu)

Beside these more classical synthetic routes, the most successful synthetic route
to metalloid cluster compounds starts from metastable compounds, e.g., halides in
low oxidation states [51, 52] that disproportionate into the thermodynamically
stable products at low temperature. When the disproportionation reaction takes
place at low temperatures, which means temperatures well below 0°C,
intermedially formed clusters might be trapped by substituting the halide by a
bulky ligand as exemplified in Scheme 4.
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Scheme 5 Principle of the matrix isolation technique applied for the preparative co-condensation,
whereby the high-temperature molecule is used in larger quantities

In the case of group 13 and group 14, the only metastable halides useful for this
synthetic route are the respective monohalides, which are obtained in the form of
metastable solutions via the synthetic route of the preparative co-condensation
technique [53]. The experimental realization of this idea has been described many
times [51, 52, 54, 55], and the principal procedure will be described here only
briefly. As the monohalides (AlX, GaX, GeX, and SnX) are high-temperature
gas-phase compounds, they must be transferred into a synthetically useful form
of, e.g., a metastable solution first. This is realized via the preparative
co-condensation technique, as sketched in Scheme 5. Hence, the high-temperature
molecule (dark circle in Scheme 5) is first synthesized in a reactor at high temper-
ature and low pressure. Afterward, the high-temperature molecule is condensed
together with an inert solvent (bright circle in Scheme 5) at a cold surface
(—196°C). Thereby, the solvent freezes, and the high-temperature molecules are
trapped within the solid matrix at low temperatures. After the co-condensation
reaction is finished, the solid matrix is heated, e.g., with dry ice to —78°C, and
after melting of the matrix, one might obtain a metastable solution of the high-
temperature molecule now at low temperature.

Hence, the preparative co-condensation technique gives access to completely
novel reagents based on high-temperature gas-phase molecules as already outlined
by Moskovits and Ozin: “By using cryogenic techniques on a routine basis,
chemists are no longer restricted to conventional methods of solving a syn-
thetic problem. The chemist can now devise experiments taking advantage of
starting materials that might be regarded as esoteric or even unattainable from a
synthetic point of view” [56].
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However, finding the right solvent and donor component for the co-condensation
reaction to give a metastable solution is challenging, and toluene is predominantly
used as inert solvent, to which different donor molecules like thf, Et,O, NEts,
PnBuj, etc. are added. During the co-condensation reaction, normally between
20 and 40 mmol of the monohalide is produced, while 100200 ml of solvent
mixture is used. The solubilized monohalides subsequently disproportionate in the
temperature range between —60°C and +80°C depending on the kind of the halide
and donor as well as on the concentration of the donor with respect to the
corresponding monohalide. Consequently, these metastable MX solutions
(M=ALl, Ga, Ge, Sn) are the ideal starting point for the chemistry described in the
following sections, directly indicating that novel reagents can open new avenues in
chemistry.

4 Structure and Bonding of Metalloid Clusters
of Aluminum and Gallium and their Interrelation
to Solid-State Structures

In the following chapter, the structure and bonding of selected examples of metal-
loid clusters of aluminum and gallium are discussed mainly focusing on the
interrelation to the solid-state structures. Thereby, only such metalloid clusters
are discussed that exhibit only aluminum or only gallium atoms in the cluster
core. Hence, metalloid clusters exhibiting also nonmetal atoms like phosphorous
or semimetal atoms like silicon will be excluded. However, for further reading,
books and reviews are recommended [57, 58].

4.1 Metalloid Aluminum Clusters
4.1.1 Small Clusters

The smallest metalloid aluminum cluster is {Al;[N(SiMes);]¢}~ 4, which is
obtained by the reaction of an AI(I)Cl solution with LiN(SiMes), [5, 6]. The
molecular structure of the anionic cluster can be described as a central aluminum
atom bound to two Al;[N(SiMe;3),]; moieties. This sandwich-like description might
lead to the formulation of the compound as a central AI>* ion to which two aromatic
{AL;[N(SiMe;),]5}> " units are bound. A similar aromatic compound is known for
gallium [Ga3Ar3]27 (Ar=2,6-Mes,-C¢H3; Mes =2,4,6-Me;-CgH,) which is
obtained via the reductive dehalogenation of GaArCl, with elemental sodium
[59]. However, quantum chemical calculations indicate that the description of the
central aluminum atom in 4 as an AI’* ion is not useful [5, 6] and thus the
description of 4 as a sandwich compound is not feasible. Another explanation of
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Fig. 6 Molecular structures {Al;[N(SiMes), s} 4 {Al[N(SiMes),Js) ™ 5
of {Al;[N(SiMe3),]¢} ™~

4 and {Al2[N(SiMe3),]g} ™
5 (SiMe; groups not shown)
and their topological
relationship to the structure
of solid a-aluminum

the arrangement of the aluminum atoms in 4 can be seen as a structural approach to
the solid-state structure of a-aluminum (Fig. 6).

However, the Al-Al distances inside 4 vary between 260 and 280 pm and are
therefore slightly shorter than in elemental aluminum, where an Al-Al distance of
286 pm is found. This shortening can be addressed to a certain contribution of
covalent bonding inside the cluster core leading to more localized bonding elec-
trons with respect to the bulk metal and therefore to shorter Al-Al bonds. A similar
description for the arrangement of the aluminum atoms in the cluster core holds true
for the metalloid cluster { Al;>[N(SiMe3),]g} ™ 5 [60], in which the arrangement of
the aluminum atoms also resembles that of a-aluminum as emphasized in Fig. 6.
5 is also obtained by the reaction of a metastable AICI solution with LiN(SiMe3),.
However, this time, the synthesis is performed at room temperature, while 4 is
obtained by a reaction at —25°C, directly indicating that different cluster sizes
might be obtained during the disproportionation reaction of the metastable halide
solution, depending on the applied reaction conditions. The significant role of the
applied halide is obvious from the metalloid cluster [Al14[N(SiMes),]sls]~ 6, which
is obtained from a reaction of LiN(SiMes), with a more stable All solution.
Thereby, the reaction mixture is heated several times to 55°C, and 6 is isolated
with [Li(OEt,)4]" as counter ion [61, 62]. The main structural units of 6 are two
staggered, approximately Al-centered Alg rings, which might be called a “wheel-
rim-type” structure (Fig. 7). The central Al atoms deviate somewhat from the planes
of the rings and show an Al-Al distance of 273 pm. The other Al-Al distances
range from 257 pm (between Al atoms with iodine ligands) to 291 pm (between Al
atoms with N(SiMes), ligands) and are therefore in the same range as found in 4 and
5. The interrelation of the “wheel-rim-type” structure of 6 to the metal becomes
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[AlL[N(SiMe3):]sls]” 6

(1) (I (i

Fig. 7 Molecular structure of [Alj4[N(SiMe3),]glg]~ 6 without SiMe; groups and relationships to
Al metal (transformation of the position of the Al atoms of 6 in direction of the close packing in the
bulk metal)

obvious by a 30° rotation of the two centered Alg rings (I in Fig. 7) followed by a
shift of the centered six-membered rings toward each other (II in Fig. 7).

4.1.2  {Alg[N(SiMe;3),]i5)° "~ and {Al;7[N(SiMe3),150}>~

The first examples 4—6 already indicate that the arrangement of aluminum atoms in
the cluster core of a metalloid aluminum cluster resembles that found in elemental
aluminum, however, still showing significant differences with respect to bond
distance and coordination number. This effect might be due to the cluster size as
the number of naked metal atoms is still small with respect to ligand-bound ones.
This situation is completely different among the largest metalloid aluminum clus-
ters characterized so far, { Algo[N(SiMes),]15)°~ 7 [63] and { Al,7[N(SiMes)sla0)> "
8 [64], which are obtained by a reaction of LiN(SiMes), with a metastable AICI and
AlI solution at 60°C, respectively. The molecular structures (Fig. 8) of 7 and
8 strikingly show the importance of the synthesis and structural characterization
of metalloid clusters for understanding of the formation and dissolution of metals,
especially as the differences between 7 and 8 are too small to be observed with
common nanoscopic methods (e.g., AFM, atomic force microscopy). Hence,
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{Alg[N(SiMes),] 15} 7 {Al7[N(SiMe3)2]a0}* 8

Fig.8 Comparison of the arrangement of the Al atoms in the metalloid clusters { Algo[N(SiMes),]; 8}37
7 and {Al;7[N(SiMes),loo} >~ 8; the outer shell Al atoms form 2c2e bonds to N(SiMes), groups which
are omitted for clarity. (a) Complete shell-like arrangement of all Al atoms: 7 (1+12438+18 Al atoms)
and 8 (1+12+44+20 Al atoms). (b) Inner two shells omitting the ligand-bearing Al atoms.
(c) Arrangement of the inner Al unit

single-crystal X-ray structure analysis was absolutely necessary to reveal the
differences.

Both clusters have nearly the same size, where 69 or 77 aluminum atoms are
present in a shell of 18 and 20 N(SiMe3), groups, respectively. Additionally in both
clusters, the aluminum atoms are arranged in “shells,” whereby in both cases, a
central aluminum atoms is surrounded by 12 nearest aluminum atoms.

The coordination number and the Al-Al distances decrease from the center
(278 pm) to the outer shells (268 pm). Hence, the Al-Al bonds become more
localized ongoing from the center to the outside of the cluster. Despite this
similarities of 7 and 8, there are significant differences of both clusters:
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1. The Al;3 core of 7 can be described as a distorted Dy, structure, often described
as decahedral [65], whereas the central Al atom in the Al;; cluster 8 has an
icosahedral coordination sphere that is distorted in the direction of a
cuboctahedron (Fig. 8). However, in both clusters, the Al-Al distances from
the center to the first Alj, shell and those within this shell are nearly
identical [66].

2. The second shell in 7 consists only of 38 aluminum atoms, while the one in
8 exhibits 44 aluminum atoms.

3. The number of ligands attached to the cluster differs significantly.

As the arrangement in the cluster core of 7 and 8 is substantially different, this
shows that even small changes in the cluster shell lead to changes in the topology of
the metal framework at the center, which should also affect the physical properties.
A similar situation was recently found in gold chemistry where the arrangement of
the gold atoms in the metalloid clusters Au;3o(SPh-COOH)sq [67] and
Au;33(SPh-tBu)s, [47] differs substantially, although only small changes in the
ligand shell are present, further underlining that the arrangement of the metal atoms
in the cluster core is very sensitive to the ligand shell. This finding additionally
implies that different surface reactions may lead to different topological changes
within the interior of the metal down to the nanometer range.

In order to understand the topology and the packing density of 7 and 8 with
respect to metallic aluminum, the atomic volume of the “naked” Al atoms in 7 and
8 was calculated [68] and compared to the volume of a hypothetical molecular Alss
section of the fcc Al metal lattice [63, 66]. The calculations thereby reveal that the
atomic volume increases from 7 to 8 to elemental aluminum, indicating that the
driving force is the formation of the most compact arrangement with the highest
possible coordination number 12. Therefore, the arrangement of the naked Al atoms
in 7 and 8 is less compact with shorter (more molecular) Al-Al contacts and lower
coordination numbers with respect to bulk elemental aluminum.

4.1.3 Icosahedral Clusters

All previously discussed metalloid Al clusters show that the arrangement of the Al
atoms inside these clusters can be described as a structural approach to the solid-
state structure of a-aluminum, whereby the observed distortions reflect the adapta-
tion of the cluster core to the (AIR),, shell. However, also structures are realized that
do not resemble fcc aluminum, indicating that there may be different solid-state
structures such as a hypothetical nonmetallic f-aluminum modification as discussed
in this section.

As the stability of a metastable Al(I) halide solution significantly depends on the
applied donor, the donor stabilized Al4Br,-4NEt; is obtained in the presence of the
strong donor NEt; [69-72]. Weaker donors such as thf or thp lead to the clusters
Al»,Clyy- 121 (L=thf or thp) 9 [33] and Al,,Br,-12thf 10 [73, 74], representing the
first polyhedral Al subhalides with a unique cluster core (Fig. 9). The icosahedral
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Fig. 9 Molecular structure
of Al»,Br,(-12thf 10. From
the thf molecules, only the
directly bound oxygen atom
is shown, and the central
Al,-icosahedra is shown in
a polyhedral presentation

Aly, core in 9 and 10 is reminiscent of the polyhedral Al;, cluster [Allz(iBu)m]z* in
which every aluminum atom is directly bound to the carbon atom of an /Bu ligand
[75, 76]. In contrast to this, within the Al,, halides 9 and 10, 10 more Al atoms are
directly bound to an Al atom of the icosahedral Al;, cluster core, presenting a
unique configuration. Additionally, each of the outer 10 Al atoms is bound to two
halide atoms and saturated by a donor molecule (thf, thp). The apex and base atoms
in the Al;, icosahedron are not “naked” as they are coordinated by one donor
molecule, each. Consequently, three different kinds of aluminum atoms are present
in 9 and 10, which is confirmed by solid-state 27A1 NMR and XPS measurements
[33]. The average Al-Al distance within the central Al;, icosahedra is around
270 pm, which is slightly longer than the average Al-Al distance to the outer
aluminum atoms of 253 pm being in the range of normal Al-Al single bonds.
Additionally, the average Al-Br bond length is within 230 pm in the normal range
for single bonds. Since both 9 and 10 have more metal-metal than metal-ligand
bonds, 9 and 10 are metalloid clusters where the type of metal atom topology is
surprising and has no precedent in elemental aluminum.

However, the o-boron structure, which consists of a network of molecular
icosahedral cluster units connected by boron—boron bonds, has a similar topological
motif. Consequently, as metalloid clusters are molecular intermediates on the way
to the bulk phase of the corresponding element, 9 and 10 may be intermediates on
the way to a hypothetical nonmetallic Al modification with a structure similar to
a-boron. This scenario was corroborated by ab initio calculations, which reveal that
an energy-consuming expansion of the closest packed Al atoms in elemental
aluminum by about 30% (ca. 33 kJ/molfl) leads to a situation where a structure
analogous to that of a-boron is energetically more stable than the expanded fcc
lattice [33]. As a “contraction” in the direction of the bulk metal actually takes place
during disproportionation, as shown in the discussion of the Algo and Al;; clusters
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Fig. 10 Molecular
structure of Al,oCp*g Bryg
11a without hydrogen
atoms. The central
icosahedron is shown in a
polyhedral presentation

7 and 8 (cf. Sect. 4.1.2), the intermediate existence of a f-Al modification with a
larger atom volume cannot be excluded. Additionally, mixed substituted aluminum
clusters Al,gCp*gBryg 11a and Al,oCp*sClyy 11b are known [77, 78] that also
exhibit a central Al;, core indicating that the structural motive of an Al;, icosahedra
is favorable in the cluster regime. However, one major difference between the
halide compounds 9 and 10 and the partially substituted compounds 11a and 11b is
that in both 11a and 11b, halide atoms are directly bound to Al atoms of the central
Al,; icosahedron (base and apex Al atoms of the central Al,, icosahedra in Fig. 10).

The central Al;, icosahedron is thus bound to four halogen atoms, six Al(II)
BrCp* units, and two AI(I)Cp* moieties. This arrangement leads to a total of
26 skeletal electrons (2e~ for the halide and Al(II)BrCp* bearing aluminum
atoms and 3e” for the AlI(I)Cp* coordinated aluminum atoms), nicely in accordance
with Wade’s rules [79], so that 11a and 11b exhibit the bonding situation of a closo
structure. As also within the halides 9 and 10 as well as within the fully substituted
cluster anion Al,,[iBu];»>", 26 skeletal electrons are present a direct relation is
obvious, indicating that the intermedial appearance of an Al;,X, species during the
disproportionation reaction of AlX is feasible [77, 78].

Up to now, it seems as if the disproportionation reaction always leads to
metalloid aluminum clusters, where the arrangement in the cluster core more or
less resembles that of a-aluminum or the hypothetical f-aluminum. However, also
novel structures are available, i.e., an Alg moiety in the center of the metalloid Al
cluster AlsoCp*;, 1 as discussed in the following.

4.1.4 The Alsy Cluster

The synthesis of the AlsoCp*;, cluster 1 (Fig. 11) [23, 24] further demonstrates that
the stability of the halide and the reactivity of the ligand source play a vital role
during the synthesis of a metalloid cluster from the disproportionation reaction of a
metastable subhalide. Hence, when the reaction of AIX and MgCp*; is performed
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Fig. 11 (a) Representation of the AlsoCp*;, molecule 1. (b) Ball and stick model for the Alg core.
(c¢) Ball and stick model for the Alg core and the surrounding icosidodecahedral Alsq shell; in all
cases, the central Alg core is in a polyhedral presentation

at —78°C, the only isolable product is [AICp*]4 [80]. When the reaction is
performed at higher temperatures (—30°C), beside the substitution also a dis-
proportionation takes place:

73AIBr + MgCp*, — [AICp*], + 8[MgCp*Br], + AlsoCp*,, + 19AIBr;.

Consequently, beside the Al(I) compound [AICp*]4, also the aluminum-rich
metalloid cluster AlsoCp*, 1 is formed, being thereby the largest organometallic
aluminum cluster only containing Al, C, and H.

As outlined in the introduction, the center of 1 consists of an Alg moiety. This
Alg moiety exhibits a distorted tetragonal antiprism geometry (Fig. 11); a similar
arrangement is found in the Gag[C3Holg>™ ion [81]. The Alg center in 1 is
surrounded by 30 Al atoms that form an icosidodecahedron with 12 pentagonal
and 20 trigonal faces. Every pentagonal face is capped by an AlCp* unit, whose
12 Al atoms form a very regular icosahedron with Al-Al distances of 500 pm.
Every aluminum atom in the AICp* unit is coordinated by 10 atoms (5Al and 5C) in
a “mixed sandwich” form. Unusually the average Al—Al bond lengths in 1 increase
from the center Alg unit (266 pm), over the Alzy unit (281 pm), to the capping
AlCp* units (287 pm). The Al—C and the C—C bond lengths in the AICp* units are
similar to those in (AICp*)4 [82, 83] indicative of similar bonding. The fivefold
symmetry of the outer shell, which is also reflected in the second Aly, shell
(Fig. 11), is merely broken by the Alg unit in the center. The relative energy of
the neutral compound 1 compared to metal atoms and bulk metal was determined
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by model calculations, showing that 1 can be seen as an intermediate in the
formation of bulk material starting from aluminum atoms in the gas phase [23, 24].

4.2 Metalloid Gallium Clusters

In contrast to aluminum, gallium exhibits a great variety of normal- and high-
pressure modifications and thus has a larger structural basis for the gallium atoms
within metalloid clusters. The flexibility of gallium atoms to perform different
connectivities is reflected in the great variety of structural motifs of metalloid
gallium clusters. This aspect in the field of metalloid gallium clusters was nicely
visualized by a cover picture of Dalton Transactions 2005, 19 (Fig. 12), showing

GaBr high-temperature molecules

AH =-237 kJ

A 4

Fig. 12 This cartoon illustrates in a simple manner the hypothetical routes to the formation of
different modifications of bulk gallium via different metalloid gallium clusters as snapshots of this
highly complex process of self-organization strategies with the high-temperature molecules GaX
(Image reproduced by permission of H. Schnockel [16] and The Royal Society of Chemistry from
Dalton Trans., 2005, 3131-3136, DOI: 10.1039/B507002N.)
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the different routes of the disproportionation reaction from metastable gallium
monohalides to the different modifications.

This image conveys the selectivity of the disproportionation reaction course,
which is also reflected experimentally as some metalloid clusters are obtained in
remarkably high yield. This selectivity is expressed in the cover picture where only
little connections between the different routes onto the different solid-state modi-
fications are shown. During the last years, a great variety of metalloid Ga,R,,
clusters have been synthesized starting from metastable Ga(I) halides, containing
nearly each number of Ga atoms up to 26 (e.g., Gag 14 [84], 16 [85], Ga;9 17 [86],
Gay, 18-20 [87-92], Gayy 21 [93, 94], and Gayg 22 [95, 96]). Hence, the following
discussion highlights a representative selection of such metalloid clusters, starting
from the small metalloid cluster Gag[C(SiMe3)s]¢ 12 and ending with the largest
metalloid gallium cluster {Gag4[N(SiM3)2]20]47 23. Thereby, the presentation is
focused on the structural aspects and their relation to the solid-state structures. For
full-length discussions, see, e.g., [57] or [58].

4.2.1 Small Metalloid Gallium Clusters: Gag- and Ga,, Clusters

One of the smallest metalloid gallium clusters is Gag[C(SiMes)s]s 12 [97, 98]
showing a structural resemblance to a-Ga exhibiting non Wade-like bonding. The
structure of 12 can be described as two Ga4R; tetrahedra directly bound together by
an unsupported Ga—Ga bond (Fig. 13). In 12, 13 metal-metal bonds and only six
metal-ligand bonds are formed. Consequently, the GagRg cluster 12 can be seen as
a prototypic compound with a 2e2¢ metal-to-metal bond as both atoms participating
in the Ga—Ga bond do so without bridging atoms and are exclusively bonded to
other metal atoms of the same type. The bond strength was thereby classified by

Fig. 13 Molecular
structure of [GagRg]

12 (R=C(SiMe3)3) without
hydrogen atoms; the central
Gag is emphasized via a
polyhedral presentation
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theoretical calculations as lying between that of a classical 2e2c bond and a 2e3c
bond [99].

The GagRg cluster thus represents the first model compound for a metal atom
contact [100] in the form of a nano-metal wire, whereby the Ga—Ga distance in the
Ga, unit is with 261 pm comparable to the Ga—Ga distance in the Ga,, wire within
O-gallium (Ga—Ga 260 pm) (such a metal atom wire was lately extended by the
synthesis of L*ZnZnZnL* (L*=N(Ar*)(SiiPr3) (Ar* =2,6-(CHPh,),-4-Me-C¢H,)
exhibiting a central linear Zn3 unit with direct Zn-Zn bonds, shielded by the
extremely bulky L* ligand. However, in the case of the Zn; compound, only the
central Zn atom exhibits metal-metal bonds only [101, 102]). In comparison to
aluminum chemistry, 12 might be also called the “answer” of the element Ga to the
Al;Rg cluster 4 which is the smallest metalloid cluster of the element Al. In the
latter cluster, only one metal atom connects two tetrahedral moieties, while in the
GagRg cluster 12, analogous to the structure of a-Ga, a Ga, moiety is the
connecting unit.

The metalloid cluster anion Ga;»[C3Ho];0>~ 13 is obtained from a reaction of a
metastable Ga(I)Br solution with fluorenyllithium (LiC;3Ho) and exhibits an ico-
sahedral structure that is elongated in the direction of the naked gallium atoms
(Fig. 14) [103, 104]. Hence, within the Gas rings, relatively short Ga—Ga distances
around 259 pm are present, while the average distance between the Gas rings is
268 pm, significantly longer and comparable to the Ga—Ga distances to the naked
gallium atoms of 265 pm. The distance between these two “naked” Ga atoms
amounts to 527 pm. At first glance, 13 is reminiscent of a classical icosahedral
species, e.g., B12H1227, for which bonding follows Wade’s rules.

However, a closer look reveals that the icosahedral closo structure observed for
13 does not follow Wade’s rules, as 2n + 4 skeletal electrons would predict a nido
structure. Indeed, DFT calculations for the model compound Gao(CH3) 10>~ con-
firm that Wade’s rules are not a suitable model to describe bonding for 13
[103, 104]. Conversely, the following interpretation seems to be more adequate:
after removal of two R™ substituents, a hypothetical Ga,,Rg species containing the
same oxidation number as for the Ga atoms in 13 is formed. Such M;,Rg species are
indeed known for In [105, 106] and Al [60] (cf. Sect. 4.1.1), in which the metal

Fig. 14 Molecular structure of [Ga,2(Cy3Ho)10]>~ 13 (of the fluorenyl ligands, only the C atom
directly bound to the Ga atoms are shown for the sake of clarity) and highlighted substructure in
S-gallium
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atom core corresponds — although slightly distorted — to the closest packing of the
metals. In case of gallium, via the addition of two R™ ligands, a different structure is
realized, which corresponds to the topology of §-gallium (Fig. 14).

4.2.2 Average-Sized Metalloid Gallium Clusters: Ga;g- to Ga,,
Clusters

Starting from metastable Ga(I) bromide solutions, the reaction with an equimolar
amount of NaSirBu; dissolved in thf gives the gallium cluster compounds
[Ga;g(SirBus)g] 14 and [Gay,(SirBus)g] 15¢ in different relative amounts, together
with the by-product tBu3Si-SitBu; depending on the reaction conditions [84]. This
might formally be described by the following reaction equation:

18GaBr + 18 NaR — [Ga;gRg] + 18 NaBr + 5(R),
22GaBr + 22NaR — [GanRg] +22NaBr + 7 (R),

The fact that two different clusters are obtained exhibiting the same number and
kind of ligands gives the opportunity to enlighten ordering principles in this
complicated area of metalloid cluster compounds. The structures of the clusters
are significantly different as shown in Fig. 15. While the Ga,g cluster possesses a
ladderlike structure of three Gag layers, the Gay, cluster exhibits a Ga-centered

Fig. 15 The topological correlation of the Ga atom in the clusters 15¢, 14, and 16 and the different
Ga modifications. Of the ligands, only the directly bound atom is shown for the sake of clarity.
Left, Gag[Si(tBu)zlg 14: cluster (bottom) and the low-temperature p-Ga modification (top).
Middle Gay,[Si(#Bu);]g 15c¢: cluster (top) and the high-pressure Ga(Ill) modification (bottom).
Right, Ga;g(PtBuy)o 16: cluster (fop) and the high-pressure Ga(II) modification (bottom)
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structure with a central gallium atom with the high coordination number of 13, lead-
ing to long average Ga—Ga distances of 294 pm. Such high coordination numbers
are observed for gallium only in the high-pressure modifications Ga(Il), Ga(IIl),
and Ga(IV), and the arrangement of the gallium atoms in 15¢ resembles those found
in Ga(IIl). Beside this, the ladderlike arrangement of the gallium atoms in 14
resembles the arrangement found in the normal-pressure modification (-Ga
(Fig. 15).

Hereby the following question arises: Can we explain this different behavior or,
in other words, can we identify the driving force for the resemblance to one or the
other solid-state structure?

In the case of the Ga;g and the Ga,, cluster 14 and 15c¢, there is the same number
of GaSirBus units surrounding the naked gallium atoms. Hence in the case of 14 and
15c¢, the same “box” of eight GaSirBuj ligands surrounds 10 and 14 naked Ga
atoms, respectively (the distance between adjacent Si atoms of the ligands is in both
cases ca. 7.7 A). Consequently, putting more atoms into a similar box leads to a
higher density, and as a result, the 14 atoms arrange like in the high-pressure
modification Ga(IlI), while the 10 atoms arrange as seen within the normal-pressure
modification -gallium.

This explanation based on structural arguments only was further corroborated by
DFT calculations demonstrating that the experimentally determined increase in
density of 5% from p-Ga to Ga(Ill) is indeed identical to that of the Ga atoms of
[Ga,g(SirBuj)g] 14 and [Ga,,(SifBus)g] 15¢ [84]. This first example shows that a
comparison of similar clusters is a suitable way to get an idea about ordering
principles. Thus, further comparison of the Ga;g(SifBus)g compound 14 to another
Ga,g cluster shielded by 10 PrBu, ligands: [Galg(PtBuz)lo]% 16 [85] is reasonable.
However, in this case, the clusters have the same number of gallium atoms, while
the ligands show only little similarities. Furthermore, the PtBu, ligands form a
special shell via additional P-donor bonds; thus, the central Ga,, feels a compression
by the outer shell, due to the bridging character of the PtBu, ligands [107-110]
(a similar situation is observed within a metalloid germanium cluster cf. Sect. 5.3).

Therefore, for the Galg(PtBu)wS* cluster 16, a high density could be expected,
and thus a resemblance to a high-pressure modification might be expected and is
indeed observed. Hence, the arrangement of the 18 gallium atoms in the cluster core
resembles that found in the high-pressure modification Ga(Il) as exemplified in
Fig. 15. These results nicely show that characteristics of the element itself are
already realized within metalloid clusters corroborating their intermedial character
between molecules and the solid state.

A metalloid cluster that is localized between the neutral Ga;g and Ga,, clusters is
the anionic metalloid cluster {Ga;o[C(SiMe3)3]¢}~ 17, where the arrangement of
the gallium atoms resembles that of the high-pressure modification Ga(Ill)
[86]. The 19 Ga atoms are thereby arranged within three sandwiched Gag rings
with the central planar ring containing the central Ga atom (Fig. 16). The upper and
lower Gag rings are folded and contain three ligand-bearing Ga atoms each. The
distances from the central Ga atom to the “naked” six Ga atoms in the central planar
ring amount to 274 pm, whereas longer distances of 295 pm to the three upper and
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Fig. 16 Molecular )
structure of (
[Ga9(CSiMes)s] ™

17 without SiMe; groups ,
and highlighted

substructure in Ga(IIT)

three lower Ga atoms are observed, completing the geometry of the distorted
anticuboctahedron of “naked” Ga atoms. Consequently, 17 is the first centered
metalloid gallium cluster, where the central gallium atom exhibits the coordination
number 12, as in a “real” metal (very recently a second metalloid triel cluster of a
similar composition: IngR¢ (R=B(NDippCH),; Dipp = 2,6-iPr,-C¢H3) could be
obtained, where the central indium atom also exhibits the coordination number
12, whereby now the 12 indium atoms form a coboctahedron being thus an
ideal cutout of a fcc lattice: [111]). 17 also shows two other remarkable character-
istics: (1) 17 is the only metalloid cluster from which it has been possible to
measure a °Ga-NMR spectrum in solution (—134 ppm) [86] and (2) is the largest
metalloid cluster for which ESI mass spectra have been obtained [112, 113]. The
gas-phase investigations of the structurally characterized metalloid gallium cluster
17 indicate that the naked Ga,, cluster core is stabilized by GaC(SiMej3); ligands and
not by C(SiMes); ligands. The dissociation of {Ga;o[C(SiMes);]q} 17 via
collision-induced dissociation experiments thereby leads, after the elimination of
six GaC(SiMe3)3 groups, to the remarkably stable Ga;3~ anion. The extraordinary
stability of the electronically closed-shell anion Ga;;~ with respect to the jellium
model [114-116] is obvious from the large value of the electron affinity of 3.3 eV of
the neutral Ga;; cluster, which for comparison is close the value of 3.45 eV of the
fluorine atom.

Refocusing on the clusters exhibiting 22 gallium atoms, a large structural variety
is obvious as to date three different arrangements are known as shown in Fig. 17.
Thereby, the neutral metalloid clusters Gay,Rg (R=Si(SiMe3); 15a [87, 88],
Ge(SiMes); 15b [89], and SirBus 15¢ [84]) and the anionic one GayR;o>~ 18
(R=N(SiMe;3),) [90, 91] exhibit a central gallium atom with a high coordination
number (13 for 15a — 15¢ and 11 for 18). Additionally in both cluster types, the
average Ga—Ga distance shrinks from the center to the exterior indicating that the
bonding becomes more localized (more molecular) from the center to the outer
shell. The structural differences between both clusters might be ascribed to the
presence of a different number of ligand-bearing gallium atoms.

In contrast to 15a, 15b, 15¢, and 18, there are Ga,, clusters that exhibit an
icosahedral Ga;, core without a central gallium atom [GayBro{N(SiMe3), }10Briol* ™
19 and [GayBr{N(SiMes),}10Brio]>~ 20 [92]. Each of these two Ga,, cluster
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Fig. 17 Three different arrangements of 22 Ga atoms in the cluster species (a—c) without SiMe;
or tBu groups: (a) GayyRg (R=Si(SiMe;); 15a, Ge(SiMes); 15b, SitBu; 15¢); the central Ga atom
has a coordination number 13, and the coordination polyhedron is shown via a polyhedral
presentation. (b) {Gazz[N(SiMe3)z]10}27 18; the central Ga atom has a coordination number of
11. (¢) {Gazz[N(SiMe3)2]10Br12}27 19 (projection along the fop and bottom Ga atoms); the
central empty Ga,, polyhedron is shown via a polyhedral presentation

anions has an icosahedrally shaped Ga;, core, which is directly connected via short
(240 pm) 2c2e bonds to ten further Ga atoms. The terminal gallium atoms in 19 are
further bound to N(SiMej), ligands and bridged through ten Br atoms. The differ-
ence between 19 and 20 is that in the case of 20, only one of the remaining gallium
atoms of the Ga,, icosahedra is bound to a terminal Br atom, while in the case of 19,
both gallium atoms are bound to a bromine atom, leading to a more symmetric
arrangement. The average Ga—Ga distance in the central Ga,, icosahedra in 19 and
20 is 260 pm and thus comparable to the average Ga—Ga distance found in the
icosahedral metalloid cluster Ga;,[C;3Hg] 1027 13, so in both cases, an arrangement
similar to 8-Ga is obvious. However, in 19 and 20, shorter Ga—Ga distances with
respect to those in 5-Ga (282 pm) are observed, which is due to the more molecular
(more localized) bonding in the clusters. Additionally, the structure of 19 and 20 is
quite similar to that found in the binary halide [Al,,X50] (9 and 10), and thus 19 and
20 might be derivatives formed from a hypothetical halide precursor [Gaz,Bryg],
which might be present in solution. The compound that comes closest to
Aly;Bryg-12thf 10 is GayyBry,-10thf 21, which is obtained from a donor-poor
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Fig. 18 Molecular
structure of GayyBr,,-10thf
21 (from the thf molecules,
only the oxygen atoms
directly bound to the
gallium atom are shown)

GaBr solution (toluene/thf), which is slowly warmed from —78°C to room temper-
ature over several days [93, 94]. During the synthesis, the thf concentration has to
be kept low so that the equilibrium 1 is driven from the hypothetical Ga,oBr - 10thf
toward Ga,,Br,,-10thf 21.

2Ga;oBryg - 10thf 4+ 5GaBr — Gay4Bry; - 10thf(21) + GaBr; + 14thf (1)

In 21, the Ga—Ga distances in the central Ga,, icosahedra vary between 255 and
267 pm, similar to all other clusters exhibiting an icosahedral Ga,, core. However,
in contrast to 19, 20, and 13, all gallium atoms of the central Ga,, core are bound via
short (240 pm) 2c2e bonds to external gallium atoms (Fig. 18).

However, compared to the central Ga;,-icosahedron, the external Ga,,-icosa-
hedron is strongly distorted due to the varied substitution of the Ga atoms: two para-
positioned Ga atoms are bound to three Br atoms, one terminal, and the other two
shared with neighboring gallium atoms. All other external Ga atoms bind to two
bromine and the oxygen atom from the thf molecule. Quantum chemical calcu-
lations give an atomic volume for the Ga,4 core that is 3% lower than the one
calculated for the Al atoms in the Al,»X5q cluster 9 and 10. As the atomic radius of
Ga is also smaller than the one of Al, the icosahedral structure in 21 might also be
seen as a structural approach to an a-boron-type structure of gallium.

Before we will come to the largest metalloid gallium cluster characterized so far,
we will shortly introduce the anionic metalloid Gayg cluster {Gayg[Si(SiMes)s]g }27
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Fig. 19 Molecular
structure of [Ga,gRg]*~

22 (R=Si(SiMe3);); SiMe;
groups are omitted for
clarity. The distorted Ga,3
“13-vertex polyhedron” is
emphasized via a
polyhedral presentation

22 which is obtained from a metathesis reaction of the supersonically produced
“Gal” [117] with LiSi(SiMes)s [95, 96]. The molecular structure as shown in
Fig. 19 might be described as follows: a central gallium atom is surrounded by
13 gallium atoms leading to a distorted Ga; “13-vertex polyhedron” exhibiting two
pentagonal, four tetragonal, and eight trigonal faces. The two pentagonal and two of
the tetragonal faces are capped by a GaR unit with average Ga—Ga distances of
260-272 pm, while the remaining two tetragonal faces are bound to GasR, units
each. Hence, the surrounding at the central gallium atom is again reminiscent to the
high-pressure modification Ga(IIl) with its distorted cuboctahedral 8—4 coordina-
tion. It should be noted that also a Wade-like bonding discussion has been presented
for 22 [118].

4.2.3 Large Metalloid Gallium Clusters: {Gags[N(SiMe3);]50}"
X =34)

When a metastable GaBr solution (toluene/thf) is reacted with LiN(SiMes), and
the reaction mixture is afterward heated to 50-60°C for a couple of hours, the
Gagy cluster {Gags[N(SiMes)alao}*™ 23 [119, 120] is obtained in form of black
crystals, which exhibit a metallic luster. The molecular structure of 23 is
illustrated in Fig. 20 in a similar fashion to that of the multishell aluminum cluster
{A177[N(SiMe3)2]20}27 8. Briefly, in the center of 23 a Ga, unit is present — a
unique situation in the whole field of metal cluster chemistry — exhibiting a short
Ga—Ga distance of 233.5 pm. This distance is nearly as short as the so-called
Ga—Ga triple bond of 232 pm in Ga2R22* [R=(2.,4,6-iPr;CgH,),CsH3] [121].
However, the Ga—Ga distance in the typical Ga, moiety of a-gallium is 244.8 pm,
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Fig. 20 Molecular structure of [Ga84R20]47 23 (R=N(SiMej3),; only the N atoms (red) directly
bound to the Ga atoms are shown). There are 2 (yellow)+32 (dark gray)+30 (light gray) =64
“naked” and 20 ligand-bearing (blue) gallium atoms

Fig. 21 The topological correlation between the Ga atoms in Gag4[N(SiMe3)2]2047 23: cluster
(middle) and the room temperature modification a-gallium (/eff) and the low-temperature modifi-
cation &-gallium (right)

as a consequence of the higher coordination number (7 instead of 5 in 23). That
means, for the first time the central Ga, unit in 23 represents a small but typical
section of the thermodynamically stable a-allotrope (Fig. 21).

The Ga, unit is surrounded by a Gajs; shell in the form of a football with
icosahedral caps. The icosahedral caps thereby resemble the structure of
&-gallium or of the clusters [GasR¢X11/12 19, 20]. The apex and base atoms of
the Gaz, unit are naked and are oriented toward each other in the crystal in an
unusual fashion, leading to special physical properties as discussed below. The
Ga,Gas, unit is surrounded by a meandering belt of 30 Ga atoms that are also
naked. Finally, the entire Gag, framework is protected by 20 GaR groups (R=N
(SiMe3)o).



164 A. Schnepf

Fig. 22 Projection of the metalloid Gag, cluster 23 (left) and PtPd;e4(CO)7,(PPhs),, (right), to
show their similar arrangement of metal atoms with respect to the fivefold axis. In both clusters,
20 Ga-N and 20 Pd-P units represent the outer sphere. In PtPd;¢4(CO)7,(PPhs),o, however, there
are 72 additional CO to connect the different cluster shells: (Pt/Pd;,/Pd3o/Pd;2/(CO);2/Pdeo/Pdso/
Pd,o/[P(Phs)s0]

Hence, in the case of 23 for the first time, a structure is observed, where an
arrangement similar to two different solid-state structures (a- and d-gallium) is
realized within one cluster, showing the high structural diversity and flexibility of
elemental gallium (Fig. 21).

Thereby, the arrangement of 23 seems to be quite favorable as the compound can
be obtained in nearly quantitative yield, leading after crystallization to a nearly
colorless solution. The high pseudosymmetry of 23 is clearly shown in Fig. 22,
where a nearly fivefold symmetry as found in quasicrystals is obvious only violated
by the central Ga, unit. Besides crystals containing only GagsR»o*~ 23 species,
another oxidation state of the Gag, unit could be observed in a crystalline com-
pound, where now GagsR»,>~ cluster species 23a are present, exhibiting a slightly
different arrangement in the ionic lattice [122].

With respect to the number of “naked” nonligand-bearing metal atoms, the Gagy
cluster 23 is the largest cluster of this type, which has been structurally character-
ized. With its 64 naked Ga atoms, it is even larger than the PtPd ¢4 cluster [123], as
well as an Auyq, [25] or Au;s; [47] cluster. In the Au,3; cluster, only 55 “naked” Au
atoms build up the cluster core, and there are only 43 “naked” metal atoms in the
Pt@Pd,,-core of the PtPd; ¢4 cluster. Therefore, in both cases of metalloid clusters
of precious metals, the ligands not only form a protecting shell for the cluster core
but also act as the glue between the inner and outer Pd and Au shells of these
metalloid cluster compounds.

Though there are obvious structural similarities between these clusters, e.g.,
fivefold symmetry and the similar arrangement of the 20 outer ligands (Fig. 22),
metalloid clusters of group 13 are incomprehensibly mostly ignored during discus-
sion of metalloid clusters of precious metals. However, the Gag, cluster units show
several special structural peculiarities, also in comparison to many other metalloid
clusters:
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1. In the cluster center, a Ga, dumbbell with a very short Ga—Ga distance of 234 pm
is present.

2. The 42 (84/2) crystallographically different Ga atoms (the cluster is centrosym-
metric) are, in principle, also chemically different; i.e., this cluster represents a
molecule with the highest degree of mixed valency, which is also reflected in a
great variety of different "'Ga-NMR shifts [124]. This situation is thereby
different with respect to precious metal atom clusters, e.g., PtPd;gq [123],
where the synthesis and the structure indicate that the metal atoms do not change
their zero-valent character!

Another distinctive property of the Gag, cluster compound is the fact that
crystals containing the Gags*~ units show a metallic luster indicating special
physical properties, e.g., electric conductivity. Indeed four-point conductivity mea-
surements on single crystals down to 1.5 K show electric conductivity and below
7 K superconductivity [125]. Magnetic [126], muon spin resonance (uSR) [127] and
"'Ga NMR measurements [124, 128] show that the Gags compound exhibits type II
superconductivity. Additionally, the 7'Ga NMR measurements show that within the
crystal, two different phases are present; a nonconducting (nc) and a conducting
phase (c), whereby only the conducting phase becomes superconducting. The
difference between the (c) and the (nc) phase can be traced back to an ordered or
a non-ordered arrangement of the Gag, clusters within the crystal lattice (Fig. 23).
Thereby, toluene molecules, that are localized between different Gag, clusters in
the crystal lattice, play a vital role as removal of toluene leads to a loss of the perfect
arrangement and thus to a loss of the electrical conductivity (Fig. 23). Hence, the
arrangement of the clusters with respect to each other has a strong impact on the
physical properties of the bulk crystal. Additionally, the ratio (nc) to (c) inside the
crystal strongly influences the upper critical field (B.;) which is necessary to
completely suppress the superconducting state. Thereby, B, changes from 0.25 T
to 5 T with constant T, values for samples, in which the conducting phase amounts
to 90% and 10%, respectively, a behavior also known from superconducting alloys
and of “dirty” superconductors, for instance, superconducting materials with a
certain amount of nonmagnetic impurities [129].

Consequently with respect to elemental gallium, which is a type I super-
conductor with T, =1.1 K and a low critical field of B,~6:107> T, the behavior
of the Gag, cluster is extremely different. The findings for the Gag, cluster addi-
tionally demonstrate that the orientation of the cluster in the solid state can have a
strong impact on the physical properties. This fact only becomes obvious as the
Gag, cluster 23 is obtained in a crystalline state, highlighting that crystallization of
23 is the first and most important step to establish a sustainable basis for further
investigations.
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Fig. 23 Schematic presentation of the conducting (c) phase (gray) within the crystallites with
perfect arrangement of Gag, clusters. Destruction of the perfect order by removal of toluene
molecules (upper part). Superconductivity via intergrain Josephson coupling between the
remaining c-phases of different crystallites (lower part, red surrounding)

5 Structure and Bonding of Metalloid Clusters
of Germanium and Tin and their Interrelation to Solid-
State Structures

In the following, the structure and bonding of metalloid clusters of germanium and
tin are discussed again with focus on the interrelation to solid-state structures.
However, in the case of the tetrel germanium and tin, the number and the size of
the clusters are much smaller with respect to the triel aluminum and gallium, and
only one example of a multishell cluster Sn;sAr*q 51 (Ar*=NSiMe;Dipp;
Dipp=2,6-iPr,-C¢H3) is known [130, 131]. Therefore, the structure and bonding
are more localized within the molecular regime and can be partly described by
molecular-based models like Wade’s rules [79]. Additionally, there is a strong
correlation to the naked Zintl-type clusters, whose structure and bonding also
follow Wade’s rules [132—134], and recently it has been shown that metalloid
clusters can indeed be synthesized from Zintl anions by attaching ligands to
the tetrel core [135]. Nevertheless, already in this size, regime interrelations to
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solid-state structures occur. This relationship further underlines the intermediate
character of metalloid clusters, rendering them to essential model compounds for
the area between molecules and the solid state of metals or semimetals. Herein, in
contrast to the procedure for the triel elements aluminum and gallium (cf. Sect. 4),
the metalloid clusters of germanium and tin will be discussed together, beginning
with the smallest GesAr, cluster 24 (Ar = 2,6-Mes,-CgHs; Mes = 2,4,6-Mes-CgH,)
and ending with the largest structurally characterized metalloid tetrel cluster
Sny;[Ga(ddp)]s 52 (ddp=HC(CMeNDipp),; Dipp = 2,6-iPr,-CcH3) [150, 136].

5.1 Small Clusters with Less than Ten Tetrel Atoms
5.1.1 Maetalloid EsR, Clusters

The smallest metalloid germanium cluster, GesAr, 24, exhibits five germanium
atoms and is obtained via the reductive coupling of the germylene Ge(Cl)Ar in the
presence of GeCl,-dioxane with potassium graphite (Eq. 2) [137]. 24 exhibits only
one naked germanium atom, and its structure is best described as a butterfly
arrangement of a (GeR), moiety, with a fold angle of 134° which is capped by a
naked germanium atom, leading to two short Ge—Ge distances of 246 pm and two
long Ge—Ge distances of 303 pm.

Ge
\ /Ar
. CeK Ge
ArGeCl + GeCl,-dioxane [ — e \
thf Ar. /Ge Ar
\Ge/ ’ \Ge/
Ar 24

Ar = 2,6'M952‘C5H3; Mes = 2,4,6‘M93'C6H2

The bonding inside 24 can be described as follows: the naked germanium atom
forms two 2c2e bonds bearing a lone pair of electrons. The two four-coordinated
germanium atoms exhibit a classical bonding, and the three-coordinated germa-
nium atoms form three 2c2e bonds and have additional electron density at one
vertex. This description, further supported by quantum chemical calculations on the
model compound GesMe,, leads to the formulation of three resonance forms A, B,
and C (Scheme 6). The zwitterionic forms A and C represent a classical bonding
situation having only paired electrons, while form B represents a singlet
biradicaloid form, showing that 24 might be a member of this new and growing
class of the main group of compounds [138—140]. Such a biradicaloid bonding
situation is frequently observed in the case of metalloid germanium clusters to be
seen in the following.
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Scheme 6 Possible resonance forms for the presentation of the bonding situation in GesAr,
24 (Ar=2,6-Mes,-C¢H3; Mes = 2.,4,6-Me;-CgH,,)

Another possible arrangement for a metalloid EsR, species is realized in silicon
chemistry where the reductive coupling of R3Si-SiBr,Cl with CgK in thf gives the
spiro compound Sis(SiR3), 25 (R=rBuMe,Si) in 3.5% yield along with the
cyclotrisilene Si3R3SiR3, which is the main product of the reaction (Eq. 3).

R.Si SiR;
NN / R R
Si=‘Si
I CSK Si
RSI—Si-Cl  —— si + / \
Br THE / \ Si=——Si
Si—Ssi R/ SR
R = tBuMe,Si IR3

R,Si 25 SiR;

In the case of silicon, the biradicaloid bonding is avoided, leading to a compound
that exhibits two short Si—Si double bonds of 218.6 pm and longer Si—Si single
bonds to the spiro silicon atom of 232 pm. However, in 24, the biradicaloid bonding
might also be avoided forming a Ge—Ge bond between the two germanium atoms
with coordination number three, as it is observed within the polyhedral cluster
compound Ge4SirBu,(SiMerBu,), 26 (Fig. 24) (interestingly, the photolysis of
26 gives the metalloid cluster Geo(SitBu,),(SiMesBu,), where, like in the silicon
compound 25, a spiro germanium atom is present and which was described as a
tetraradicaloid species [141]). Additionally quite recently, another isomer of a
GesR, species was found in the so-called pyramidane Ges[SiMerBu,], 27, where
now the naked germanium atom is bound to a more planar Ge4[SiMetBu,], four-
membered ring, leading to Ge—Ge bonds from the naked to the ligand-bound
germanium atoms of 255 and 277 pm, closer in distance than in 24
[142, 143]. The structural characterization of the metalloid clusters 24 and 27
enlightens the influence of the ligand on the structure and bonding of a cluster
compound, due to their similar composition but with different structure. Thereby, it
became obvious that the orientation of the ligand plays a vital role [142, 143]. This
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Fig. 24 Molecular structure of GesAry; 24 (Ar=2,6-Mes,-CcH3; Mes =2,4,6-Me3-CcH,)
(top left), Ges(SiMerBuy), 27 (top right), SnySi(SiMes),[Si(SiMes)s]y 28 (bottom left), and
Ge,SitBu,(SiMetBu,), 26 (bottom right). From the ligands, only the directly bound atom is
shown solid, while the rest is shown transparent for clarity

aspect was addressed in detail during the discussion of the structurally similar tin
cluster compound Sn,Si(SiMe;),[Si(SiMes)3]4 28 (Fig. 24) [144, 145].

In case of 28, the polyhedral arrangement of the four tin and the silicon atom is
similar to the one found for the five germanium atoms in the metalloid germanium
cluster compounds 24 and 27. The most interesting aspect of these clusters to
compare is the bonding of the tetrel atoms with coordination number 3. This
focus is warranted because the arrangement of the ligand at these atoms differs
significantly (Fig. 24); i.e., the geometry of the three-coordinated atoms is best
described as nearly planar for 28 (sum of bonding angles, 350°), while it is
pyramidal in the case of 24 (sum of bonding angles, 309°). The change in orienta-
tion is thereby induced by the steric bulk of the Si(SiMej3); ligands as the capping
silicon atom in 28 also involves bulky SiMe; groups. The geometric arrangement of
the ligands has a strong influence on the bonding within the cluster core as it was
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Fig. 25 Angular dependence of the tin—tin bond distance between Snl and Sn2 in 28H
(filled square) and the occupation number n; obtained from the CASSCF calculation of the
singlet state (open circle); the structure of 28H in the different regions I (singlet biradicaloid), II
(classical bonding), and III (biradical bonding) is also shown

shown by quantum chemical CASSCF (complete active space self-consistent field)
calculations on the model compound Sny(SiH3),SiH, 28H (Fig. 25).

As seen in Fig. 25, the bonding between the two Sn atoms with coordination
number 3 changes from singlet biradicaloid (I) via a classical bound system (II) to a
biradical system (III) by changing the angle o from 85 to 215° — o describes the
orientation of the ligand with respect to the Sn—Sn vector. The results of the
CASSCEF calculations thus clearly show that the orientation of the ligand directly
affects the bonding between the two tin atoms with coordination number 3. The
transition between the different bonding areas (I-III) is thereby quite abrupt, i.e.,
small changes in o lead to a drastic change in bonding and thus in chemical
behavior. This unexpected result is of general interest for various applications
such as catalytic processes, involving unsaturated or cluster compounds [146].

5.1.2 Maetalloid E R,: Clusters (x =26, 7)

The metalloid cluster compound GegAr*, 29 as well as the mixed congener
Ge,SnyAr¥, 29a (Ar*=CgHs-2,6-Dipp,; Dipp=CgH3-2,6-iPr,) are both synthe-
sized via the same reaction strategy, i.e., reductive coupling of Ar*GeCl by CgK
in the presence of GeCl, or SnCl,, respectively [49, 50]. Hence, the E(I) halides are
completely reduced and inserted into the cluster compound as naked atoms. The
arrangement of the six tetrel atoms inside both cluster compounds is best described
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29/29a 30

Fig.26 Molecular structure of GegAr, 29 and Ge,SnyAr, 29a (/eft) and Sn,;Ar*, 30a (Ar¥*=CgHs-
2,6-Dipp,; Dipp=CcH3-2,6-iPr;). The central polyhedral arrangement of the six (29) and seven
(30) tetrel atoms is emphasized via a polyhedral presentation

as a flattened octahedron since two different sets of bond lengths are found inside
the cluster cores (Fig. 26). In 29, the average Ge—Ge distance between ligand-bound
and naked germanium atoms is with 251 pm significantly shorter than the average
Ge-Ge distance of 288 pm between naked germanium atoms. Thus, the germanium
atoms with the higher coordination numbers form the shorter Ge—Ge bonds. This
relatively unusual behavior can be explained by assuming that the naked germa-
nium atoms bear a lone pair of electrons providing only two electrons for cluster
bonding. For the ligand-bound germanium atoms, this lone pair of electrons is split,
and one electron is used for a 2c2e bond to a ligand, and the other one is used for
cluster bonding. Hence, the ligand-bound germanium atoms provide three electrons
for cluster bonding, leading to shorter Ge—Ge bonds. This counting leads to a total
of 14 cluster bonding electrons for 29 and 29a, which is the required number for a
closo-type cluster compound (27 +2 = 14 for n = 6) according to Wade’s rules [79].

Consequently, 29 and 29a fit to Wade’s rules as is normally the case for the Zintl
ions [132—134]. Additionally, the average Ge-Ge distance in 29 of 263 pm is
directly comparable to those calculated for the model Zintl ion Geg>~ (269 pm)
[147]. Another interpretation of the bonding in 29 omits the E-E bonding in the
central four-membered ring so that every E atom bears a lone pair forming two 2c2e
bond, resembling the bonding of a germylene or stannylene. This description is
supported by ''”Sn NMR measurements on 29a, where a signal at 5 = 1584 ppm is
found [49, 50], a region most commonly associated with two-coordinated Sn
(II) species [148]. A slight variance of the tetrel core is observed within the
metalloid tin clusters Sn;R, (R=Ar*=C¢H;-2,6-Dipp, 30a [149]; R=GaCl(ddp);
ddp=HC(CMeNDipp), 30b [136, 150]; Dipp = 2,6-iPr,-C¢H3), which are synthe-
sized via reductive coupling routes, both containing a central pentagonal bipyra-
midal Sn; core (Fig. 26). Thereby, all Sn—Sn distances in the polyhedral Sn; cluster
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core vary in a narrow range between 295 and 303 pm. As the cluster bonding
electrons in 30a and 30b amount to 20, both closo compounds are again in line with
Wade’s rules. However, metalloid clusters may not necessarily follow Wade’s rules
as to be seen in the following section.

5.1.3 EgR, Clusters (x=38, 6)

Group 14 cluster compounds of the general formula EgR¢ are known for all heavier
tetrel atoms, except lead; hence, the change of bonding can be analyzed descending
group 14 from Si to Sn. The silicon compound Sig(SirBus)g 31 is synthesized from
the fully substituted tetrahedral cluster via oxidation and reduction steps as outlined
in Fig. 27 [151, 152]. The molecular structure of 31 (Fig. 27) exhibits two
Si3(SirBus); triangles in anticonfiguration, with Si—Si bond lengths of 240 pm
which are within the normal region for a single bond in polyhedral cluster com-
pounds [153]. Between the two three-membered rings, a Si, dumbbell of two naked
silicon atoms is localized, featuring a short Si—Si bond of 229 pm. The silicon atoms
of the central dumbbell form three additional Si—Si bonds: two Si—Si bonds of
233 pm to two silicon atoms of one Sij triangle and one long Si—Si bond of 275 pm
to one silicon atom of the opposite Siz-triangle. The central Si, dumbbell is the most
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Fig. 27 Reaction pathway from tetrahedrane Si4R4 to the metalloid cluster compound SigRg
31 (R=SirBus), whose molecular structure is shown without hydrogen atoms and where the
central Sig unit is emphasized via a polyhedral presentation
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unusual feature in 31. This rare arrangement leads to the question as to why the
central Si, unit is not oriented perpendicular to the three-membered Si3Rj rings,
which would lead to an ideal tetrahedral environment for each silicon atom as it is
the case for the carbon compound Cg(SiMes)q [154, 155]. Steric effects are not
responsible for this arrangement as in the directly linked tetrahedral structure steric
hindrance would even be reduced. Therefore, electronic effects are responsible for
the central silicon atoms being inverse tetrahedrally bonded.

EgR¢ cluster compounds of germanium are synthesized via the synthetic route,
using the disproportionation reaction of the Ge(I) halide GeBr. This route yields
two germanium cluster compounds of formulae GegRg (Geg[N(SiMes),le 32
[156, 157] and Geg[CcH3-2,6-(0rBu),]¢ 33 [158]), whose structures are depicted
in Fig. 28. Both structures can be described as a cube-like arrangement of eight
germanium atoms, where two germanium atoms are naked, while the remaining six
bear ligands. The naked germanium atoms are located on opposite sides of the cube.
Hence, the arrangement of the tetrel atoms in the cluster is completely different
with respect to the one found in the silicon compound 31.

The bonding in 32 and 33 might be described by the three resonance forms
depicted in Scheme 7, which is similar to the description of the bonding in the
smallest metalloid cluster of germanium GesAr, 24 (Sect. 5.1.1). However, in the
case of the Geg clusters 32 and 33, only the charged structure for the anionic part
(Ge™) is favorable. For the cationic part (Ge™), the arrangement is energetically

Fig. 28 Top, molecular structure of the metalloid cluster compounds Geg[N(SiMes),]¢ 32 (left)
and Geg[CgH;3(OrBu),l¢ 33 (right) without hydrogen atoms. The central Geg core is empha-
sized by a polyhedral presentation. 32, A=267 pm, B=250 pm, a=101°, f=82°
33, A=251 pm, B=249 pm, a=92°, f=287° bottom, photo of crystals of the cluster
compounds Geg[N(SiMes),]¢ 32 (left); and Geg[CsH3(OrBu),lg 33 (right)
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Scheme 7 Possible resonance forms for the presentation of the bonding situation in
GCS[N(SIMC3)2]6 32 (R = N(SIMC3)2)

unfavorable as a germyl cation should exhibit a planar structure as it was recently
shown for the free germyl cations R3Ge™ (R=SifBus [159, 160], R = 2,6-(0rBu),-
CgHs [161]). The triplet biradical form is also ruled out as no electron para-
magnetic resonance (EPR) signal is observed for 32, and the singlet state is the
ground state according to quantum chemical calculations on the model compound
Geg(NH,)6 32a [156, 157]. However, it should be noted that the triplet state of 32a
is only 96.5 kJ/mol higher in energy, a value normally calculated for singlet
biradicaloids [162].

As both clusters 32 and 33 exhibit the same GegRg formula, the influence of the
ligand onto the structure and bonding can directly be observed. A closer look onto
the arrangement of the germanium atoms shows significant differences: in the case
of the aryl-substituted compound 33, the arrangement is nearly perfectly cubic, i.e.,
the Ge—Ge distances vary in the small range from 249 pm to 252 pm, and the Ge—
Ge—Ge angles inside the cluster amount to 90 & 1°. In contrast to this, the cubic
arrangement in 32 is strongly distorted as two different Ge—Ge distances (250 pm
(Ge—GeR) and 267 pm (GeR—GeR)) are found inside the cluster core and the Ge—
Ge—-Ge angles vary from 74° to 102°.

The observed differences are the result of a different bonding inside the cluster
core, induced by the different kind of ligands, attached to the cluster core. This
finding is corroborated by quantum chemical calculations on model compounds
GegRg (R=PH,, NH,, CH3;, CgHs) [158] revealing that a ligand possessing a free
pair of electrons on the hetero atom directly bound to the germanium atom leads to a
higher degree of delocalization of bonding electrons inside the cluster core. On the
other hand, a ligand with no free electron pair at the hetero atom bound to
germanium results in more localized bonding electrons inside the cluster core.
Consequently, the ligand attached to the cluster core is not only necessary to
kinetically stabilize the cluster so that it can be isolated, but it also has an influence
on the bonding and the properties of the cluster, e.g., directly seen in the different
crystal color of 32 and 33 (Fig. 28).

This finding can also be of importance for nanotechnology where little is known
about the influence of ligands (environment) on the physical properties of a group
14 nanoparticle. The results on the metalloid germanium clusters 32 and 33 seem to
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be valid for corresponding Sn compounds too, i.e., within the metalloid cluster
Sng(SirBus)e [163], preliminary data on the molecular structure show a nearly
undistorted cubic arrangement of the eight Sn atoms inside the cluster core.
Hence, again a ligand (SifBus;), where the directly bound atom (Si) does not bear
a lone pair, leads to an undistorted cubic arrangement. However, the main differ-
ence between germanium and tin within a metalloid EgR¢ cluster is due to quantum
chemical calculations that for germanium the neutral compound is energetically
favored and for tin the dianionic one [156, 157]. The structure of such a dianionic
Sng compound [Sng(SitBu3)6]27 was obtained via single-crystal X-ray structure
analysis, showing a nearly undistorted cubic arrangement of eight tin atoms [163].

The discussed results so far show that the nature as well as the orientation of the
ligand has a strong influence on the properties of a metalloid cluster compound.
However, as to be expected, the number of ligands strongly influences the bonding
inside the cluster core as the average oxidation state of the tetrel atoms is changed
and additionally localized bonds are formed to the stabilizing ligands. This aspect is
addressed by the metalloid Sng cluster SngAr, 34 (Ar=2,6-Mes,C¢Hj3;
Mes =2,4,6-Me;CgH,) [164, 165] which is synthesized via a reductive coupling
reaction of [(ArSn(p-Cl)], with potassium and where only four ligands are bound to
the Sng core. The structure of 34 (Fig. 29) can be described as a strongly distorted
cubic arrangement, since the Sn—Sn distances inside the cluster core vary from
285 to 302 pm.

The distortion of the cubic core leads additionally to Sn—Sn contacts along the
diagonal of the four-membered faces (dashed lines in Fig. 29) of 311 pm. Conse-
quently, with respect to the metalloid cluster Sng(SifBus)g, the elimination of two

Fig. 29 Molecular
structure of SngAry, P
34 (Ar=2,6-Mes,C¢Hs; ‘ N

Mes = 2,4,6-MC3C6H2); - -
hydrogen atoms are omitted s ; A
for clarity. The central '
strongly distorted Sng cube
is shown via a polyhedral
presentation; all Sn—Sn
bonds longer than 300 pm
are presented by dashed
lines
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Scheme 8 Reactions of SngAr, 34 with excess ethylene or H, and the reaction of (SnArCl), with
DIBAL-H in a 1:4 ratio (Ar=2,6-Mes,-CgHy; Mes = 2,4,6-Me3-CgH,)

more ligands leads to a distortion of the cubic arrangement in that way that
additional Sn—Sn contacts are formed.

The distortion additionally leads to very different Sn—Sn bonds inside the cluster
core. Thus, two naked tin atoms form two long (311 and 302 pm) and two short
(285 and 288 pm) Sn—Sn bonds. The other two naked tin atoms form three short Sn—
Sn bonds (285, 287 and 289 pm) and one long Sn—Sn contact of 311 pm. The
shielding of the Sng core by only four ligands additionally leads to an open cluster
core so that 34 can be further reacted with small molecules like H, or ethylene,
leading to cluster degradation as summarized in Scheme 8 [166, 167].

5.1.4 EoR; Clusters: Radicals and Anions

Metalloid cluster compounds with nine tetrel atoms inside the cluster core are known
for germanium and tin, having the same formula EgR;. The germanium compound
is an anion {Geo[Si(SiMes)3]3}~ 35 that is isolated with different counter ions
(Li(THF),4* or [K(2.2.2-crypt)]") as orange crystals [135, 168, 169]. In the case of
tin, a neutral Sng(Ar'); 36 (Ar'=2,6-Trip,-C¢Hs; Trip=2,4,6-iPr3-C¢H,)
[170, 171] and an anionic compound {Sng[Si(SiMes)3]3}~ 37 [172] are known.



Metalloid Clusters 177

The neutral tin compound 36 is obtained via thermolysis of the hydride precursor
[Ar'Sn(p-H)], in hot toluene. Conversely, the anionic germanium compound
{Geo[Si(SiMes3)3]3}~ 35 is isolated from the reaction of GeBr with LiSi(SiMe3)s
[168, 169] or by the reaction of the Zintl-anion Geo*™ with CISi(SiMes); [135]. In
contrast to this, the disproportionation reaction of a Sn(I)halide in the presence of
LiSi(SiMes)3 gives access to the more open Sng cluster {Sno[Si(SiMes)s],}>~ 38
[173], where the tin atoms exhibit the formal oxidation state zero as it is the case for
isostructural germanium clusters of formula GegR,*which are obtained from the
Zintl-anion Ge947 [174-179]. The nine tin atoms in 38 are arranged in the form of a
monocapped square antiprism, in which two opposite tin atoms of the lower Sny
ring are bound to Si(SiMe;); ligands (Fig. 30).

The capped Sny square is distorted to a rectangle, in which the longest Sn—Sn
distances, around 322 pm, are found (dashed lines in Fig. 30). All other tin—tin
distances within the cluster core are in the normal range for tin clusters and
vary between 289 and 306 pm. Due to the open ligand shell, 38 easily reacts with
CI-Si(SiMe3); to give {Sng[Si(SiMe3)s]3}~ 37, the heavier congener of 35, where
now three Si(SiMe;); ligands are bound to the Sng core (Fig. 30). In 37, the nine tin
atoms are arranged in the nido form of a monocapped square antiprism, i.e., 37 and

Fig. 30 Molecular structure of {Geo[Si(SiMe3)s]3}~ 35 (top left), Sno(Ar'); 36 (Ar' = 2,6-Trip,-
CeHjs; Trip=24,6-iPr3-C¢H,) (top right), {Sno[Si(SiMes)s]ls}~ 37 (bottom left), and
{Sno[Si(SiMes)s],}>~ 38 (bottom right). The central Eg units are highlighted via a polyhedral
presentation
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38 are in line with Wade’s rules as in both cases 22 skeletal electrons are present
(2n+4, n=9). However, calculations show that the energy difference between the
closo and the nido form is less than 10 kJ/mol [172], i.e., inside the cluster core a
highly flexible system is present. This flexibility is also obvious from the arrange-
ment of the nine tetrel atoms in {Geo[Si(SiMes);]53}~ 35 and SnoAr’; 36, where a
tricapped trigonal prismatic arrangement is realized, where each capping tetrel
atom bears a ligand (Fig. 30). However, in 35 and 36, the tricapped trigonal
prismatic structure is strongly distorted so that a large height-to-edge ratio of 1.27
for 35 and 1.37 for 36 is realized. This large e:h ratio is to be expected as a D3,
symmetric nine atom cluster with 20 skeletal electrons (i.e., for a closo compound)
possesses a LUMO (lowest unoccupied molecular orbital) which is bonding along
the edges and antibonding along the heights [180]. In 35 and 36, this LUMO is
occupied with one or two electrons leading to the observed distortion toward large
e:h ratios.

In the case of the germanium compound 35, the open-ligand shell as well as the
high-yield synthesis gives access to a variety of further investigations (Fig. 31).
Thereby, buildup reactions were possible, leading to transition metal linked
“dimeric” nineteen atomic clusters of composition {MGelx[Si(SiMe3)3]6}X X=1",
M=Cu, Ag, Au; X=0, M=Zn, Cd, Hg) [181-184]. Recently, a compound
exhibiting a linear chain buildup of two copper atoms and two GegRj units
{Geo[Si(SiMes)3]3}-Cu-{Gey[Si(SiMe3)3]3} }-Cu-PPhy; was synthesized [185],
showing the potential of 35 for the synthesis of novel materials [186]. Additionally,
35 can be used in coordination chemistry, e.g., as a 2e”~ donor ligand in the
anionic compound {(CO)sCr-Gey[Si(SiMes);]3}~ [187]. Further CO elimination
gives {(CO);Cr-Gey[Si(SiMes)s]5} ~, where a cluster enlargement has taken place,
leading to a bicapped square antiprismatic GegCr cluster core. The heavier con-
geners {(CO);M-Geo[Si(SiMe3)3]3}~ (M=Mo, W) are directly accessible by
the reaction of 35 with W(CO)3(CH5CN); and Mo(CO)3;(EtCN)3, respectively
[188]. Finally, the addition of a fourth ligand leads to the neutral compound
Ph;Sn-Gey[Si(SiMes)3]3 [189, 190].

These results impressively show that a fruitful chemistry emerges due to the
open-ligand shell. Additionally, further research concerning the physical and
chemical properties of {Geo[Si(SiMe3);]3}~ 35 was performed. Thereby, femto-
second transient absorption spectroscopy in thf reveals photodetachment of an
electron from 35 in solution [191]. Additionally, gas-phase measurements of the
fragmentation properties of 35 as well as of its redox chemistry have been carried
out [192, 193]. Thereby, it was shown that the weakest bond within the cluster is the
one to the Si(SiMej3); ligand — the whole dissociation pathways of 35 in the gas
phase are summarized in Fig. 32.

This dissociation route is thereby quite different with respect to results for
metalloid cluster compounds of group 13, where the {Ga;o[C(SiMe3)3]g} cluster
17 eliminates Ga[C(SiMe3);] units and not the ligand alone as it is the case for
{Gey[Si(SiMes)s]3}~ 35. This different behavior might be the outcome of the
different element—element bonding in the cluster being in the case of germanium
much stronger due to greater covalent bonding character. The dissociation
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Fig. 31 Reaction routes for further buildup reactions of the metalloid germanium cluster
{Geo[Si(SiMes)3]3}~ 35 (in the molecular structure of 35, the ligands are shown via a
space filling model, and the central Geo unit is highlighted via a polyhedral presentation).
In the products, the methyl groups are omitted for clarity

experiments in the gas phase additionally reveal that ligand dismantling can take
place at the cluster core, leading to mixed metalloid clusters like { GeoSi(SiMe3)3}
35d1i. Such a scenario seems possible during the synthesis of metalloid clusters in
solution (cf. Sect. 5.2). In the case of the neutral tin compound Sny(Ar); 36 (Ar’
= 2,6-Trip,-CgHs; Trip = 2,4,6-iPr3-CgH,), further reactions have not been viable
to date. However, recently the structurally similar metalloid tin cluster [Sn;o(Ar);]*
39 (Ar=2,6-Mes,C¢Hj; Mes =2,4,6-Me;CgH,) could be synthesized by a reduc-
tive coupling reaction of ArSnCl with CgK in the presence of AICI; [194, 194]. The
molecular structure of 39 can be described as a Sng(Ar); moiety as in 36, where an
additional tin atom is capping one of the heights of the central trigonal prism
(Fig. 33).
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Fig. 32 Schematic drawing of the experimentally found reaction pathways for the dissociation of
{Geo[Si(SiMes)3]5}~ 35 in the gas phase

Fig. 33 Molecular structure of the cationic compound {SnjpAr;}* 39 (Ar=2,6-Mes,C¢Hs;
Mes = 2,4,6-Me;CgH,). The ligands are shown partly transparent for clarity. The central Sny unit
is shown in a polyhedral presentation, in which the capping Sn atom (on the right) is not included
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The addition of the tin atom leads to strong distortions of the Sng moiety such
that the two triangles of naked tin atoms are no longer parallel to each other, i.e., the
relatively uniform height in 36 of approximately 400 pm splits into distances of
382, 394, and 451 pm. The longest distance of 451 pm is hereby the one, which is
capped by the additional tin atom.

5.2 Metalloid Tetrel Clusters Exhibiting Ten Tetrel Atoms:
Approaching the Elemental Structure?

To date, three metalloid cluster compounds of germanium with ten germa-
nium atoms in the cluster core are known: [Ge;o(SifBus)¢l]t 40 [48],
{Ge0Si[Si(SiMes3)3]4(SiMes),Me}~ 41 [196], and [(thf),Na]¢Ge,o[Fe(CO)4ls 42
[194, 195]. The clusters are synthesized via different synthetic routes.
The cationic compound [Geo(SifBus)sl]” 40 is synthesized from
germacyclopropene Ges(SirBus);I, which is reacted for one week with a
mixture of the potassium salts KI/KB(C¢F,H); in toluene at 50°C
(cf. Scheme 2) [48]. For the formation of 40, it is assumed that the
naked germanium atoms derive from a reductive elimination of rBusSil, which is
found as a by-product in the reaction mixture. The anionic cluster compound
{GeoSi[Si(SiMes)3]4(SiMes),Me}~ 41 is synthesized together with the metalloid
Gey species {Gey[Si(SiMes3)3]3}~ 35 by a reaction of GeCl with LiSi(SiMe3);
[196]. The neutral cluster [(thf),Na]sGe;o[Fe(CO)4]g 42 is synthesized by a
reaction of GeBr with Na,Fe(CO), and is isolated in the form of nearly
black crystals [194, 195]. Hence, from a synthetic point of view, 41 and 42
might be similar. However, from a structural point of view, the cluster cores
of the two metalloid Ge;o cluster compounds [Ge o(SifBus)sI]* 40 and
{Ge0Si[Si(SiMe3)s]4(SiMes),Me} ™ 41 are very similar as it can be seen in
Fig. 34.

This similarity is unusual, as significant differences between both compounds
are present: firstly, the average oxidation state of the germanium atoms inside the
cluster core is 0.8 in the case of 40 and 0.4 in the case of 41. Secondly, one
compound is a cation, while the other compound is an anion. Thirdly, and most
importantly, the ligands in both metalloid clusters are bound to different germa-
nium atoms (Fig. 34). Despite all these differences, the germanium atoms inside
both compounds are arranged in a similar way, showing that this arrangement is
favorable for a metalloid cluster compound with 10 germanium atoms in the cluster
core. A reason for this preference might be the fact that in both compounds, an
adamantine arrangement of the ten germanium atoms is present, as emphasized in
Fig. 34 by a polyhedral presentation. Consequently here, for the first time, a
topological approach onto the structure of elemental a-germanium is realized,
which is more pronounced in the case of 41 where the average oxidation state of
the germanium atoms is 0.4, much closer to the value O of the element. The
structural feature of 40 and 41 was additionally observed in the cluster anion
AusGeys®~ that was synthesized from the Zintl-anion Geo'~ showing that this
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Fig. 34 Molecular structure of [Geo(SifBus)sl]* 40 (top left) and {Ge,Si[Si(SiMes3)3]4(SiMes),Me}
41 (top right) without SiMe; groups. The adamantine-like arrangement of the germanium atoms
inside the cluster core is emphasized by a polyhedral presentation and compared to the arrangement
in a-Ge, where a unit cell (cell edges in gray) is shown and where the comparable structure is also
highlighted by a polyhedral presentation

arrangement of germanium atoms is important in the borderland between molecules
and the solid state [197, 198].

However, such a structural transition must not necessarily occur when ten
germanium atoms are present inside the cluster core, which is obvious when we
take the structure of the third metalloid Ge g cluster: [(thf),Na]sGeo[Fe(CO)4]s 42
into account [194, 195].

The arrangement of the ten germanium atoms in 42 is completely different with
respect to 40 and 41. Thereby, a unique polyhedral arrangement is realized that
exhibits two different sites — a cubic part on the one side and an icosahedron part on
the other side as emphasized in Fig. 35. In accordance to the description of the
centaur of the Greek mythology (half human and half horse), a polyhedron built of
two different polyhedra (here, half cube and half icosahedron) was named a centaur
polyhedron [199], and therefore the polyhedron built up of the ten germanium
atoms in 42 can be named a centaur polyhedron. A centaur polyhedron is a
completely unknown structural motive in germanium chemistry, and so the reason
for the formation of 42 was questionable. Quantum chemical calculations addition-
ally reveal that in the different sides of the centaur polyhedron, also different
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Fig. 35 Molecular
structure of
(thf);sNagGeo[Fe(CO)4ls
42 without coordinated thf
molecules. The central N p
germanium atoms and the
surrounding sodium atoms
are dark colored. The
different parts of the centaur
polyhedra of the central
Ge o unit are emphasized by

a polyhedral presentation Na
where the cubic part is blue &
and the icosahedral part is

orange

bonding situations are present. Thereby, at the cubic side, three center bonding
components with shared electron numbers (SENs) of 0.058 to 0.086 were calcu-
lated, while the SENs in the icosahedral part are in the range of 0.278-0.284 (SENs
for bonds are a reliable measure of the strength of covalent bonding. For example,
the SEN for the Ge—Ge single bond in the model compound R3GeGeR; (R=NH,) is
1.04.). Thus, the bonding inside 42 can be described as localized in the cubic part
and delocalized in the icosahedral part of the centaur polyhedron.

Such a bonding situation is unique in the field of metalloid cluster compounds
as, for example, in the large multishell metalloid clusters of group 13, e.g.,
{Al;7[N(SiMes)s]la0}>~ 8 the bonding changes from the inner to the outer side
but not from one side to the other. The outstanding structure of 42 made a
classification quite complicated, and it seems as if this structural unit (centaur
polyhedron) is an unusual singular result. However, more recent reports indi-
cate this structural unit is not unique in tin chemistry: a great variety of
metalloid tin clusters are obtained via the synthetic route of the disproportion-
ation reaction of a Sn(I)halide, leading to the neutral metalloid cluster com-
pound of tin Sn;o[Si(SiMej)s;]l¢ 43 [200] as well as to the charged ones
{Sn,o[Si(SiMe3);]s}~ 44 [201] and {Sno[Si(SiMes)s]4}>~ 45 [202], where
the arrangement of the tin atoms in the cluster core can be described by a
more or less distorted centaur polyhedron (Fig. 36).

Thereby, in the case of Sn;[Si(SiMe3)s]¢ 43, it could be shown by a comparison
of bond distances, electronic situation, and Sn MoBbauer spectroscopy that a
correlation to a phase transition is present [200]. Thus, the change of bond distances
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45

Fig. 36 Molecular structure of Sn;o[Si(SiMe3);]s 43 (left), {Snio[Si(SiMes)3]s}~ 44 (right), and
{Sn;o[Si(SiMes)3]4 }27 45 (middle). The different parts of the centaur polyhedra of the central Sn;q
unit are emphasized by a polyhedral presentation where the cubic part is blue and the icosahedral
part is orange. The Si(SiMes); ligands are shown semitransparent for clarity

as well as electronic properties from the cubic (localized bonding electrons, short
Sn—Sn bonds) to the icosahedral part of the centaur polyhedron (delocalized
bonding electrons, long Sn—Sn distances) can be correlated with a phase transition
from a- to B-tin. This correlation only becomes obvious for tin as o- and f-tin are
stable at normal pressure with a phase transition temperature of 13.2°C [35]. In the
case of germanium, pf-germanium is a high-pressure modification which is stable
above 11 GPa [203], leading to shorter Ge—Ge distances [204].

However, the centaur polyhedral arrangement of the ten germanium atoms in 42
also hints to a phase transition from o- to -germanium ongoing from the cubic to
the icosahedral part. Consequently, also in the case of the tetrels, an arrangement is
realized within a metalloid cluster at normal conditions that is realized for the
element only at high pressure. This behavior is also obvious in larger clusters as
discussed in the following. However, before discussing larger clusters, we will
briefly take a look at the metalloid tin clusters exhibiting ten tin atoms, which seems
to be a favorable number for metalloid tin clusters. All metalloid Sn; clusters 43,
44, and 45 are synthesized by the reactions of a metastable Sn(I)halide precursors
with LiSi(SiMes);. Thereby, the yield of the isolated cluster compound can be
unusually high, e.g., 45 is obtained in 80 % yield taking the disproportionation
reaction into account. This yield is unusual for the complicated reaction system,
starting from a binary halide and ending up with a metalloid tin cluster (Scheme 4).
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Scheme 9 Principle reaction scheme for the synthesis of a metalloid tin cluster via the dis-
proportionation reaction of a Sn(I) halide (ML=ligand source, e.g., LiSi(SiMe3);)

However, recent results from gas-phase measurements [205] as well as theoretical
calculations [206] have shown that larger naked tin clusters can be described as an
aggregation of smaller units. If such a behavior is also valid for ligand-stabilized
metalloid clusters, this leads to an essential alteration of the general reaction
scheme (Scheme 4) for the formation of metalloid tin clusters applying the dis-
proportionation reaction of a metastable subhalide (Scheme 9): firstly, as previously
described the disproportionation reaction leads to larger clusters on the way to the
bulk phase. However, now these intermediates might be seen as an agglomeration
of smaller units. Afterward, the substitution of the halides by bulky ligands leads to
a product mixture of ligand-stabilized metalloid tin clusters of different sizes. These
clusters may also be described as an agglomeration of smaller units as indicated by
loosely bound spheres in Scheme 9. In a subsequent step, now disaggregation takes
place, leading to smaller clusters of similar size with an open-ligand shell as not
enough ligand is available for complete shielding. Consequently, the reaction does
not lead to larger metalloid clusters but to smaller ones with an open-ligand shell.
The clusters are thereby obtained in high yield and combined with the accessibility
of the open-ligand shell; this might be the starting point for further investigations.
However, initial results indicate that further reactions applying metalloid tin clus-
ters are more complicated as also ligand elimination and dismantling can take
place.

Hence, the reaction of {SnlO[Si(SiMeg)3]4}2* 45 with ZnCl, does not lead to a
connection of metalloid tin clusters but to ligand elimination leading to the very
open metalloid tin cluster {Sn;o[Si(SiMes)s]5}~ 46, whose molecular structure is
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46 47

Fig. 37 Molecular structure of {Sn;o[Si(SiMes)3]3}~ 46 (left) and Pb,o[Si(SiMes)s]q 47 (right).
The Si(SiMe3); ligands are shown semitransparent for clarity

shown in Fig. 37 [207]. The arrangement of the ten tin atoms inside the cluster core
of 46 is best described as a combination of three different layers, starting with a Sn;
triangle with slightly elongated Sn—Sn bonds (300 pm). This triangle is topped by a
puckered six-membered ring in chair conformation containing three naked as well
as the three ligand-bound tin atoms. The bond distances within this puckered
six-membered ring are with 289-299 pm in the range of normal Sn—Sn single
bonds as found in o-tin (288 pm). This six-membered ring is capped by the
remaining naked tin atom in that way that short tin—tin bonds of 287 =1 pm to
the three ligand-bound tin atoms are formed. This description of the arrangement of
the ten tin atoms within 46 is in line with the one used to describe the arrangement
of lead atoms within the metalloid lead cluster Pb[Si(SiMes)s]¢ 47, where all lead
atoms in the six-membered ring are bound to a ligand [208, 209].

Hence, such an arrangement seems favorable for metalloid cluster compounds of
the heaviest group 14 elements. Recently, it was shown that ligand dismantling can
also occur during the synthesis of a metalloid cluster applying the disproportion-
ation reaction of a metastable tin(I) halide, leading again to a metalloid tin cluster
with ten tin atoms in the cluster core {Sn1OSi(SiMe3)2[Si(SiMe3)3]4}2_ 48
[210]. The Snyq cluster core of 48 (Fig. 38) can again be described as a distorted
centaur polyhedral arrangement, where the Sn—Sn distances are again longer in the
icosahedral part (average value, 298.5 pm) and shorter in the cubic part (average
value, 292.4 pm).

In the cubic area, two tin atoms are bound to the silicon atom of the
bridging Si(SiMes), group with Sn—Si distances of 260 and 266 pm, within the
same range as the other Sn—Si distances in 48. The Si(SiMe;), group thereby
originates from the degradation of a Si(SiMes;); ligand, as it is frequently
observed in cluster chemistry when Si(SiMes); is used as a ligand, e.g., during
the synthesis of {(SiMes),SiE4[Si(SiMe;)s]5} ., (E=Ga [211, 212], Al [213]), and
{GeoSi[Si(SiMes);]4(SiMe3),Me} ~ 41 [196].
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Fig. 38 Molecular
structure of {Sn;(Si
(SiMe3),[Si(SiMes)s]a}*™ : .
48. The different parts of the

centaur polyhedra of the

central Sniq unit is &
emphasized by a polyhedral
presentation where the
cubic part is blue and the
icosahedral part is orange.
The Si(SiMes); ligands are
shown 50 % transparent for Si
clarity HC

5.3 Metalloid Ge and Sn Clusters Exhibiting More than Ten
Tetrel Atoms

In the case of the largest metalloid clusters of germanium and tin, novel structural
motifs are again realized with connectivity’s known from high-pressure modifications.
In the case of the metalloid germanium cluster Ge;,[FeCp(CO),]s[FeCpCO], 49,
which is obtained by the reaction of a metastable Ge(I)Br solution with KFeCp(CO),
[214, 215], the 12 germanium atoms are not arranged in the form of a simple
polyhedron, but a structure is realized which can be described at first glance as two
face-shared Geg cubes. This arrangement is thus quite different with respect to the
metalloid lead cluster Pb;,[Si(SiMes)s3]¢, where the twelve lead atoms are arranged in
the form of a distorted icosahedron [208, 209].

The Ge;, core in 49 is completely shielded by eight terminally bound FeCp
(CO); units and two bridging FeCp(CO) ligands. The bridging FeCp(CO) ligand is
thereby bound tightly to the Ge;, core, leading to short Ge—Fe distances of 230 and
240 pm. Beside this, the terminally bound FeCp(CO), ligands show longer Ge—Fe
distances with an average value of 246 pm. The Ge—Ge distances in the cluster core
vary between 249 and 260 pm, being in a normal range for metalloid germanium
clusters [216]. The arrangement of the 12 germanium atoms is unique in the field of
metalloid tetrel clusters. However, a comparable arrangement of germanium atoms
is found in the high-pressure modification of germanium Ge(Il) [Ge(#/4)] [203],
where a similar Ge,, unit is present as emphasized in Fig. 39.

This structural similarity indicates that the arrangement of the 12 germanium
atoms within the cluster core of 49 can be seen as a structural approach to the solid-
state structure Ge(Il), which is only stable at a pressure of 10.8 GPa. This high-
pressure-like arrangement might thereby be induced by the dense-packed ligand
shell as it is the case for the metalloid gallium cluster Ga;g(PfBu,);y 16
(cf. Sect. 4.2.2). Such a structural resemblance to a high-pressure modifications is
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Fig. 39 Comparison of the arrangement of the germanium atoms  within
Ge,[FeCp(CO),]g[FeCpCO], 49 (left) and the solid-state structure of Ge(Il) [Ge(t14)] (right)

also realized in Sn;s[NDippSiMe;]q (Dipp=C¢H3,2,6-iPr;) 51 [130, 131], where
the arrangement of the 15 tin atoms can be seen as a cutout of a bee packing (vide
supra) that is known for elemental tin at a pressure of 45 £ 5 GPa [43].

However, more open structures are possible as seen in the largest structurally
characterized metalloid cluster compound of germanium [Li(thf),]3Ge 4R5
(R=Si(SiMe3); 50 [217] and R=Ge(SiMe;); 50a [218]) synthesized by the
reaction of GeBr with LiR. Both compounds are structurally similar, and in
the following, we will only discuss 50. In the case of 50, only five out of the
14 germanium atoms of the cluster core are bound to a ligand via a Ge-Si single
bond. Additionally, to three germanium atoms, a lithium cation is coordinated
which is additionally saturated by two thf molecules. The five ligands together
with the thf molecules completely shield the cluster core of 14 germanium atoms
as to be seen in the space filling model shown in Fig. 40. The 14 germanium
atoms inside the cluster core are arranged in a unique way. Most noteworthy is the
fact that the 14 germanium atoms build up an empty polyhedron that is not
spherical but flattened, as the shortest Ge—Ge distance between two opposite
germanium atoms is 414 pm, while the longest one is 658 pm (Fig. 41).

The polyhedron is built up of six pentagonal faces and three tetragonal faces that
are distorted to a butterfly arrangement leading to a diagonal Ge—Ge contact of
285.6 pm. The other Ge—Ge distances inside 50 are in between 246 and 256 pm,
which is in the range for a normal Ge—Ge single bond. This description is further
corroborated by quantum chemical calculations that hint to classical 2c2e bonds for
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Fig. 40 Left, molecular structure of the metalloid germanium cluster compounds
[Li(thf),]3Ge 4[Si(SiMes;)3]s 50. The arrangement of the central 14 germanium atoms is emphasized
by a polyhedral presentation. Right, space filling model of 50

Fig. 41 Molecular structure of the metalloid germanium cluster compound
[Li(thf),]3Ge 4[Si(SiMe3);]s 50 without CH; groups and thf molecules. The inner dimensions
of the empty polyhedron are marked. The three tetragonal faces are highlighted by a
polyhedral presentation, and the interesting dashed Ge-Ge bond between the low-coordinated
germanium atoms of 283.7 pm is marked by an arrow
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}0

Fig. 42 Left, arrangement of the 14 germanium atoms in [Li(thf),]3Ge 4[Si(SiMe3);]5s 50 and the
molecular structure of 50 without hydrogen atoms. Right, arrangement of the 14 tin atoms in the
Zintl phase Na,9Zn,4Sn;, together with a larger cutout of this Zintl phase

these short bonds as the SENs (shared electron numbers) for the two center bonding
components are similar to those found for a normal Ge—Ge single bond. However,
most interesting is the bonding within the tetragonal face, especially the bond
between the low-coordinated germanium atoms (Fig. 42). This issue was investi-
gated by CASSCF (complete active space self-consistent field) calculations indi-
cating that the bond strength between the two germanium atoms is reduced to 40 %
in comparison to a typical Ge—Ge single bond. Additionally, the calculations show
that the bond exhibits a biradical character.

Thus, 50 can be seen as a singlet hexaradicaloid species being the extension of the
biradicaloid character onto a larger cluster compound. As metalloid clusters are
model compounds for the area between molecules and the solid state, the
multiradicaloid character of 50 might be also of importance for nanoparticles as
well as surfaces, where unsaturated germanium atoms are present. Thus, a
multiradicaloid character might be the reason for different physical as well as
chemical properties of nanoparticles in comparison to the bulk phase; e.g., the
reactivity of a reconstructed Ge(100)-2 x 1 surface with unsaturated organic com-
pounds like 1,5-cyclooctadiene is normally traced back to the presence of possible
“multiple” Ge—Ge bonds [219]. However, the radicaloid character would also lead to
a higher reactivity (for reconstructed Si(100)-2 x 1 surfaces, the significance of
radicals was lately shown for the cooperative bifluorination or bichlorination [220]).
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This high reactivity is also obvious for S0 which decomposes after the Li(thf),
units are eliminated by the addition of a complexing reagent for Li* like TMEDA.
Thereby, the intermedially assumed trianion {Ge14[Si(SiMeg)3]5}37 deprotonates
the solvent (thf) giving the monoanion {Ge4[Si(SiMes);]sH,} ~, which was identi-
fied by mass spectrometry [217]. Interestingly, this monoanion decomposes after
collision in the gas phase to give {Geo[Si(SiMe3)s]3}~ 35 and Ges[Si(SiMes)3],Ho.
The calculated structure of the neutral cluster Ges[Si(SiMes);],H, is similar to the
one of the smallest metalloid germanium cluster GesAr, 24, which exhibits a
biradicaloid bonding character. Hence, in the gas phase, a direct connection
between a singlet biradicaloid and a singlet hexaradicaloid system is present
indicating that such a bonding is important in the nanoscaled area between mole-
cules and the solid state.

As already mentioned, the E;4 polyhedron found in 50 is unique in the field of
metalloid cluster compounds. However, comparable Sn;, polyhedra were found in
the Zintl phase NayoZn,4Sns, (Fig. 42) [221, 222], and additionally a comparable
polyhedra is observed in the molecular Zintl-anion [Eu@ Sn(,Big]‘F [223,224]. Nev-
ertheless, there are significant differences, and the most obvious one is the fact that
all other compounds exhibit an additional atom in the center of the polyhedron.
Thus, the structure of the metalloid cluster 50 shows that even the heavier conge-
ners of carbon can build up larger empty polyhedra without a stabilizing atom in the
center. Consequently, also fullerene-like compounds might be accessible, and 50
can be seen as a first step into this direction.

However, another interpretation is also probable taking into account the novel
solid-state structure of germanium, Ge(cF'136): the germanium atoms in Ge(cF'136)
are arranged in a clathrate(Il) form (vide supra). Hence, Ge(cF136) exhibits the
structural motif of a pentagon dodecahedron and a hexacaidecahedron. In both
polyhedra, the structure of three adjacent pentagonal faces is present, which is also
a central structural motif of 50 (Fig. 43). Consequently, the arrangement of the

Fig. 43 Comparison of the substructure of three adjacent pentagonal faces inside the Gej4
polyhedron (top) of [Li(thf);]3Ge 4[Si(SiMes);]s 50 with the substructure of Ge(cF136),
hexacaidecahedron (left), and pentagon dodecahedron (right)
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germanium atoms in 50 can be seen as a structural approach onto the solid-state
structure of Ge(cF136) or maybe another clathrate-like arrangement.

Which interpretation fits best has to be clarified by future experiments and
theoretical calculations, giving more insight into the area between the molecular
and the solid state.

In the case of larger metalloid tin clusters, the first and only structurally
characterized multishell cluster of group 14 is realized: Sn;sRg (R=NDipp
(SiMes) 51; NDipp(SiMe,Ph) 51a, Dipp=CsH3, s2,6-iPr,) [130, 131]. The clusters
are synthesized via different synthetic routes: while 51 is synthesized via a reduc-
tive coupling reaction, S51a is synthesized via thermolysis of a suitable precursor.
However, the molecular structure of both clusters is essentially the same as in both
structures, the arrangement of the tin atoms (Fig. 44) can be described as a body-
centered arrangement of 15 tin atoms, being the first metalloid group 14 cluster
compounds having a central tetrel atom. The naked tin atoms form a body-centered
distorted cube, where each of the six faces of the cube is capped by a ligand-bound
tin atom.

This arrangement cannot be compared with the structure of elemental tin
(neither gray nor white). However, the arrangement is similar to the arrangement
in a high-pressure modification found at 45 =5 GPa [43]. Hence, 51 is another
example of a metalloid cluster compound, where the arrangement is similar to the
one found in a high-pressure modification of the corresponding element. In 51, the
tin—tin distances from the central tin atom to the eight tin atoms of the cube have an
average value of 318 pm that is longer than the average value in metallic fp-tin,
indicating that the bonding electrons are strongly delocalized that might be
expected due to the “metallic” arrangement of the tin atoms in 50. The average
tin—tin distance of the ligand-bound tin atoms is 301 pm, much shorter, i.e., the

Fig. 44 Molecular structure of Sn;sRg (R=NArSiMes; Ar=C¢Hg, 2,6-iPr;) 51; hydrogen atoms
are omitted for clarity. The central atom is bright gray, and the cube of naked atoms is highlighted
by a polyhedral presentation
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tin—tin bonds get more localized ongoing from the center to the ligand shell, a
similar behavior as observed for the multishell metalloid triel clusters.

Beside this multishell arrangement, the tin atoms in the largest metalloid tetrel
cluster Sny7[GaCl(ddp)]4 52 (ddp=HC(CMeNDipp),; Dipp = 2,6-iPr,-C¢H3) are
quite differently arranged. 52 is obtained by the reduction of SnCl, with Ga(ddp)
and is obtained as dark red crystals beside the Sn; cluster Sn;[GaCl(ddp)], 30a
(Fig. 26), which is obtained in the form of orange crystals. 30a is structurally
similar to Sn;Ar, 30; hence, a pentagonal bipyramidal arrangement is realized,
where the central Sns ring is capped by two SnGaCl(ddp) units leading also to
similar Sn—Sn bond lengths.

The structure of the Sn;; cluster 52 (Fig. 45) is best described as two Sng units
that are fused together by a central tin atom. The central tin atom thus has the
highest coordination number of eight, leading to the longest tin—tin distances inside
52 of 309.8 pm. The other tin—tin distances inside the cluster vary in a range as it is
normally observed for polyhedral tin clusters like 30a.

The arrangement of the tin atoms in 52 further underlines that larger tin clusters
can be seen as an aggregation of smaller units. Electron count for 52 assuming that
every naked tin atom bears a lone pair contributing two electrons for cluster
bonding, while the central tin atom contributes all four valence electrons and the
ligand-bound tin atoms contribute three electrons for cluster bonding leads to a total
number of 40 electrons for cluster bonding. 40 electrons is thereby the correct
number for shell closing according to the jellium model [114-116], which is also
used to describe the bonding inside the metalloid gallium cluster Ga,,Rg 15 [225] or
the silicon-centered metalloid aluminum cluster SiAl;4Cp*¢ [226]. Additionally,
20 electron pairs are in line with the mno rules for condensed polyhedra [227],
i.e., two individual polyhedra (m=2) in a structure with 17 vertices (n=17)
should share only one vertex (o=1) exhibiting m+n+o0=20 electron pairs.
The Sny; core is structurally as well as electronically similar to the Zintl-type

Fig. 45 Molecular
structure of Sn;;[GaCl
(ddp)]4 52 (ddp=HC . s =¥ b
(CMeNDipp),; Dipp =2,6- & . Lol S -
iPr,-CgH3). The ¢ \ -
substructure of a Sng unit is
emphasized by a polyhedral
presentation
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cluster [Niz@Sn17]4_ 53, where also 40 bonding electrons are present and where a
nickel atom is localized inside the Sng units [228]. Thus, as it was the case for the
small polyhedral metalloid clusters (cf. Sect. 5.1.2), a strong correlation to the
naked Zintl ions is also present in the case of larger clusters that can be described as
an aggregation of smaller units. However, as the bonding might be also described
by bonding models that assume complete delocalization like the jellium model,
this further underlines the intermediate character of metalloid clusters between
molecules and the solid state.

6 Summary and Concluding Remarks

Metalloid cluster compounds of the general formula M,R,, (n > m; M=metal like
Al, Au, Sn, etc.; R=ligand like S-C¢H4-COOH, N(SiMej),, etc.) represent a novel
group of cluster compounds localized within the nanoscaled area between mole-
cules and the solid state, opening our eyes to the complexity and the fundamental
principles of the dissolution and the formation of metals. Thereby, novel structural
motifs are realized like the central square antiprismatic Alg unit in Al5oCp*, 1, the
pentagonal bipyramid Au; unit in Aujg([p-MBA]44 2, or the empty Ge 4 polyhe-
dron in [Li(thf),]3Ge4[Si(SiMe3)s]5 50, indicating a high complexity of the simple-
seeming process of formation or dissolution of metals. Additionally, the results give
fundamental impact on nanotechnology as now a defined structural basis is present
to establish structure—property relations in this new industrial field, indicating that
the simple-seeming idea that a metal nanoparticle can just be seen as a cutout of the
solid-state structure is not true, even for clusters/particles with diameters in the
nanometer range.

However, the so far obtained molecular compounds indicate that the arrange-
ment of the metal atoms in a metalloid clusters already partly resembles possible
arrangements of the elemental metals themselves. Thereby, also structural motifs
are realized at normal conditions found in the solid state only at extreme conditions.
Additionally, the arrangement within a metalloid cluster also hints to possible new
solid-state structures like the icosahedral arrangement of the twelve aluminum
atoms inside Al,,Bryg-12thf 10 hint to a possible a-boron like arrangement for
aluminum. However, the synthesis and structural characterization of the so far
obtained metalloid clusters are just a first step to an understanding of the properties
of nanoscaled metals.

Consequently in the future, beside the synthesis of more metalloid clusters to
broaden the structural basis, it will be necessary to take a closer look at the
properties of these metalloid cluster compounds. This is a challenge as some of
these compounds are only obtained in small amount and secondly some clusters are
very sensitive, e.g., crystals of the metalloid cluster {Geo[Si(SiMes)3]3}~ 35 ignite
when exposed to air. Additionally, the properties of crystals of the metalloid
gallium cluster [Gas4(N(SiMe3)2)20]4* 23 show that also the arrangement of a
metalloid cluster in the solid state can have a vital influence on the measured
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properties. Nevertheless, although research in this field is complex and time-
consuming, it is worth doing as it is the only way to shed light on this fascinating
area between molecules and solid state of metals that gains increasing technological
significance due to progress in the field of nanotechnology.
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Abstract Solution-based approaches towards metal oxides are based on hydrolysis
and condensation processes starting from precursor solutions. Metal oxido clusters
represent important intermediates within these processes, and a detailed under-
standing of their (structural) chemistry adds to the knowledge about how to control
structure, particle size, and morphology of the final hydrolysis products. The
present review focuses on structural aspects of metal oxido clusters which are
composed of more than ten metal atoms and contain at least one oxido ligand
within the cluster structure, however where necessary smaller clusters and
hydroxido clusters are also included. In addition to fully inorganic metal oxido
clusters, those stabilized by organic ligands and in addition selected organometallic
examples are also discussed. The group 13—15 elements Al, Ga, In, Ge, Sn, Pb, Sb,
and Bi are considered in this review, complemented by some examples of Ce, U,
and Pu. Large metal oxido clusters of the latter with diameters of about 2 nm show
remarkable resemblance of their metal oxido core structures with those of bismuth,
which is attributed to the fact that the trivalent and tetravalent metal oxides of these
elements tend to form structures which can be deduced from the fluorite structure
type. Intriguing examples are represented by various bismuth oxido clusters which
exhibit a {BizgOy45} core structure, stabilized by a variety of ligands at the periph-
ery. For gallium, two large metal oxido clusters have been reported which also
show an interesting relationship to a parent gallium oxide, whereas for aluminum
two tridecanuclear cluster types dominate the literature, the metal hydroxido
clusters and cationic Keggin-type ions, neither of which is related to structures of

M. Mehring (B<)

Technische Universitdt Chemnitz, Institut fiir Chemie, Koordinationschemie, 09107 Chemnitz,
Germany

e-mail: michael.mehring@chemie.tu-chemnitz.de


mailto:michael.mehring@chemie.tu-chemnitz.de

202 M. Mehring

aluminum oxide. However, the structural chemistry of the group 13—15 metal oxido
clusters is quite different from the heteropolyanionic nature of polyoxometalates
and compared to the latter is often less intensely addressed. Thus, the review
provides an overview on the growing number of large group 13-15 metal oxido
clusters including information on reported synthesis conditions, yields, and
analytics.

Keywords Condensation * Hydrolysis ¢« Main group elements ¢ Metal oxido
clusters ¢ Nucleation ¢ Structure
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1 Introduction

Metal oxides are among the most important materials with regard to technological
and industrial applications, and there is still growing interest in this versatile class
of compounds. Many metal oxides exhibit interesting physical properties in com-
bination with thermal stability, hardness, and chemical resistance and thus are used
in the fields of optics, magnetism, or electrics [1-4]. The chemical resistance is also
a key point for the widespread use of metal oxides as (porous) catalyst supports in
the chemical and petrochemical industry [5]. In addition metal oxides might also act
as catalytically active components themselves or catalyst promoters. Semiconduct-
ing metal oxides have been reported to be the most efficient photocatalysts for water
splitting and water purification [6, 7], and they play an important role for the
microelectronics industry [2—4]. They serve as dielectric materials, miniaturized
batteries, capacitors, sensors, and actuators.

The accelerated development in the abovementioned emerging applications is
directly linked to the access to metal oxides of different size, shape, and morphol-
ogy, and thus control of micro- and nanostructure formation as well as control of
phase formation and polymorphism is an important challenge. A variety of syn-
thetic techniques is available to address this challenge, which is often referred to as
“controlled fabrication” and “synthesis by design” of well-defined structures,
particles, and thin films with dimensions on the micrometer down to the nanometer
scale [2, 8]. Among these approaches for synthesis and structuring, physical vapor
deposition (PVD), chemical vapor deposition (CVD), and atomic layer deposition
(ALD) have been shown to be very versatile, but especially with regard to
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commercial applications on larger-scale solution-based processes at ambient tem-
peratures without the need for high vacuum are promising alternatives [3, 7, 9,
10]. Methods such as (co)precipitation, sol—gel processes and spray deposition are
striking examples [1, 8, 11]. Solution-based approaches offer various ways to
manipulate the deposition process chemically, and it becomes possible to overcome
the problem of thermodynamic control which is inherent for high-temperature
solid-state approaches toward metal oxides. Metastable phases become accessible,
and texture control is feasible for many systems starting from precursor solutions
[8]. The key point is the control of the evolution of network structures and thus of
the precipitation process. The latter and even colloid formation both are results of
hydrolysis and inorganic polycondensation. Hydrolysis of metal ions and inorganic
compounds and condensation of hydroxylated species determine the nucleation and
growth of (nano)particles and thus determine final properties such as size, size
distribution, shape, morphology, etc. Having this knowledge in mind, the first steps
of hydrolysis starting from hydrated metal cations have been intensely investigated
on a molecular scale for decades. In addition nucleation and growth have been
thoroughly studied, and nucleation theories were developed, but often with regard
to coarser models without a look at the molecular scale. A detailed understanding
for structure formation after the first steps of hydrolysis and condensation but prior
to formation of solid nanoparticles is still in its infancy for metal oxides. The gap is
certainly filled by a complex solution chemistry of metal oxido clusters, which up to
now is still poorly understood. Even isolated polymetallic oxido clusters are
difficult to analyze due to several reasons, e.g., ligand dynamics and equilibria in
solution depending on concentration, stability, solvation, and solubility or simply
the lack of analytical techniques for unambiguous structure elucidation. Analytical
techniques such as NMR, IR, ESI-mass spectrometry, extended X-ray absorption
fine-edge spectroscopy, diffraction techniques, or analytics for molecular weight
determination were used for characterization, but are difficult to interpret and often
inconclusive. There is a need to identify possible structural motifs unambiguously
first in order to develop model systems which are suited to support assumptions
made based on analytics from solution. Therefore at the current stage isolation,
characterization and structure elucidation in the solid state of large metal oxido
clusters loom large in speciation in hydrolysis processes. A more detailed knowl-
edge about the structure and chemistry of metal oxido clusters will be beneficial for
the understanding of hydrolysis processes and the development of novel synthetic
approaches toward metal oxide polymorphs with defined size, shape, and texture. In
addition detailed knowledge on metal oxido clusters might also be helpful to better
understand geological processes. This holds true for certainly all metal oxido
clusters, and only a small section will be covered in this essay on the group
13 elements Al, Ga, and In; the group 14 elements Ge, Sn, and Pb; and the group
15 elements Sb and Bi. The main focus will be given to molecular structures of
metal oxido clusters with at least ten metal atoms and at least one oxido group being
present within the cluster assembly. In addition to fully inorganic metal oxido
clusters, those stabilized by organic ligands as well as examples bearing metal—
carbon bonds are included. Examples of metal oxido clusters that are part of



204 M. Mehring

extended network structures are not covered. Most of the clusters addressed here are
either neutral or cationic in nature and thus differ from the extensively studied and
reviewed class of anionic polyoxometalates (POMs). An enormous number of
POMs were synthesized and characterized [12—-16], and their structural character-
ization revealed three types of structures that dominate the chemistry of these
heteropolyanions, the Keggin-type [XM;,04]", the Wells—Dawson-type
[X>M50¢,]", and the Anderson-type [XMgO,4]" structures (M, metal; X, metal
or heteroelement). Cationic and neutral metal oxido clusters have been addressed to
a lesser extent, but play a dominant role in the chemistry of metal oxido clusters of
main group elements. In the following chapters, an overview on main group oxido
clusters of group 13—15 elements will be presented.

2  Aluminum, Gallium, and Indium

The aqueous solution chemistry of the trivalent group 13 metal cations aluminum,
gallium, and indium has been studied intensively over the past decades. It was
demonstrated that the hydrolysis and condensation behavior of these elements are
very complex. However, the high natural abundance of aluminum on the one hand
and the technological importance together with environmental issues on the other
hand made this element the most widely studied one among the group 13 elements.
Aluminum does not belong to the essential elements for humans, but has great
impact on health risks. Its widespread industrial use, e.g., in form of the metal oxide
as catalyst support, gate dielectric, and abrasive, as inorganic additives in cos-
metics, or as metal for packaging and construction of lightweight component parts,
leads to the release of large quantities of the element to the environment including
bioavailable forms, which is a current severe human health risk [17]. Several recent
review articles summarize different facets of aluminum chemistry with regard to
hydrolysis and condensation processes including the chemistry of rather small
coordination compounds but also that of metal oxido clusters [18-21]. Another
important industrial field of aluminum is connected with organometallic com-
pounds. Their hydrolysis products are represented by alkylalumoxanes, the hydro-
lysis products of trialkylaluminum compounds, which, for example, serve as
polymerization catalysts [22, 23]. The most prominent example is
methylalumoxane (MAO), which is part of very efficient catalysts used for the
polymerization of ethylene and propylene [24]. The nature and structure of the
active catalysts are quite difficult to analyze and often unknown, but a large number
of oligomeric model compounds have been investigated [20]. By contrast the
number of isolated and fully characterized examples of distinct metal oxido alkox-
ides is rather small, although aluminum alkoxides have found widespread applica-
tions, for example, in sol-gel chemistry.

In comparison to studies on aluminum, the heavier group 13 elements gallium
and indium have been studied and reviewed to a much lesser extent [19, 21], which
presumably is a result of lower natural abundance and limited use in technological
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applications on a large scale. This might change drastically in the future if the
photovoltaic industry will establish thin film solar cells based on copper—indium—
gallium selenide, but already nowadays an increasing demand for the metal oxides
of indium and gallium with regard to the fabrication of nanostructured semicon-
ductors is noticed.

The present review is focused on large metal oxido clusters with a minimum of
ten metals (Tables 1 and 2); however, a look to the basic structural moieties of some
smaller metal oxido clusters is essential for a better understanding of the general
Aufbau principles. The coordination environment for the oxido ligands in clusters is
typically p3-O, whereas the p-O coordination is quite rarely found (Fig. 1). Larger
clusters, especially with relation to the formation of nanoclusters and finally the
solid metal oxide/hydroxides which are obtained upon hydrolysis/condensation,
should in addition contain p4-oxido ligands as is observed in the Keggin-type
{Al;5} clusters [18]. It is worth to note that the py-coordination at the oxido ligand
is often significantly distorted in metal oxido alkoxides, whereas almost ideal
coordination is present as basic structural unit in the center of Keggin-type clusters.

The number of fully characterized examples of large metal oxido clusters of
group 13 is quite limited so far. Going from aluminum and gallium to indium, one
might expect a growing extent of examples with oxygen of higher coordination
number due to the larger size of the cation and thus larger cavities within the
clusters. Intriguing examples which demonstrate this size effect are the
adamantane-type structures [RyMy(p-O),(p-OH)4] [M=Al, Ga; R=C(SiMe;);]
[56] and [R4Ing(ps-O)(p-OH)g] [R=C(SiMes)s] [57], which are very close in
structure with the four metal atoms occupying the vertices of a tetrahedron but
only the larger indium allows for the incorporation of an p4-oxido ligand within the
tetrahedral cavity (Fig. 2). Noteworthy, an adamantane-type structural motif was
also observed in compounds such as [{Ge4(p-O),(p-OH)4} {W(CO)s}4] [58] and
[(p-CICcH4Sb)4(n-Og)(Hnaphpz)4]  (Honaphpz=2-[1H-pyrazol-5(3)-yl]naphtha-
lene-1-ol) [59] and represents a quite common structural unit in metal oxido cluster
chemistry.

Several pentanuclear cluster compounds of the general type [(RIn)s(ps-O)
(p-OR’)g] (R,R’=alkyl) with a central ps-oxido ligand were reported [34, 60],
which is a typical structure for clusters with trivalent metals (Figs. 1 and 3).
Other examples of this type include the metal oxido clusters [Ms(ps-O)
(p-OR)gXs] (R=alkyl, X=alkoxide, halide, siloxide) for metals such as Fe, Sc, Y,
and La [61-70] and are also documented for aluminum and gallium, e.g.,
[(BuOADs(ps-O)(p-OiBu)s] [71], [(FADs(ps-O)(p-OiPr)s] [32], [(HADs(ps-O)
(1-OrBu)g]  [72], [(HAD4(CIAD(ps-O)(p-OiPr)g] [73], and [(ClGa)s(ps-O)
(p-OEt)g] (Fig. 3) [33]. The largest indium oxido cluster reported so far is the
decanuclear [(Meln)s(ps-O)(OEt)s(OH),],, which is composed of two alkoxides
with a basic pentanuclear cluster core, similar to those described above. The
compound was obtained upon reaction of InMe; with ethanol and most likely
provides [(Meln)s;(ps-O)(OEt)g] first, which hydrolyzes and finally dimerizes to
give the decanuclear indium oxido cluster (Fig. 4) [34].
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Table 1 Examples of aluminum and gallium oxido alkoxides with nuclearity above ten (exclud-
ing Keggin-type clusters). Synthesis conditions, isolated yield, and analytics are given

Compound Synthesis n/% | Analytics References
[Alo(pa-O)o(p3-0)4 Ammonolysis of 75 'H-, BC-, [25]
(p-OiPr),(OiPr);6(NH3)s] Al(OiPr); in toluene in 27 Al-NMR,

an ammonia flow IR, MS, XRD
[(iBuyAl)g(iBuAl), Thermolysis of 10 "H-NMR, [26]
(43-O)6(p-H),] (iBu,AIOAliBu,), 2TAl MAS

NMR, XRD

[Al;0F16(pHs-O)> Reaction of Al(OiPr); n.r XRD [27]
(u-OiPr)10(PY)al(PY)4.17 with HF in pyridine

Py
[Al;1(p4-0)2(p3-0)2(p-O), Reaction of Al(OiPr); Low |EA, XRD [28]
(u-OnPr)o(p-OiPr), and Ta(OiPr)s in iPrOH
(u-ROH),(OiPr)g(OR)] and nPrOH, decompo-
R=iPr, nPr sition of bimetallic

complexes
[(BuAl(p3-O)]1» Heating of n.r. EI-MS, [22]

[(1Bu),Al(OH)] in "H-NMR

hexane
[(1BuGa);5(p3-O)g [Bu,Ga(Spy)] in tolu- | 70 "H-NMR, IR, |[29]
(1-O)2(p-OH)4] ene in an atmosphere of XRD

dry oxygen (H-Spy=2-

mercaptopyridine)
[(MeGa)(p3-O)g(p-OH)gl Reaction of n.r "H-NMR, [30]
(B(CgFs)4)2(CsHsCl)>(H,0), [fBuC(NiPr),]GaMe, XRD

with (Ph;C)[B(CsFs)al

in benzene
[({o-CcH4OMe}Ga) ;o Hydrolysis of n.r MS, XRD [31]
(43-O)g(p-O)2(p-OH)y4] (thi)y [Ga(o-CcHyOMe)s]2

(TMEDA) - 3 toluene

in THF
[(iPrGa);, Hydrolysis of GaiPr3 in | n.r. XRD [31]
(13-0)5(p-0)2(u-OH)4](H,0), | thf
[({p-Tolyl}Ga);,(pn3-O)g Hydrolysis of in nr. | MS, XRD [31]
(p-OH)s][GaBry_,( p-tolyl),] situ-prepared
(th)s (n=1,2) [Ga( p-tolyDs1»
[Al;6F20(pa-O)4(p-OiPr) 0] Hydrolysis of Low | XRD [32]

AIF (OiPr)5._, in iPrOH

with water
[Ga;2(ps-O); Reaction of GaCl; with |n.r. 'H-NMR, IR, |[33]
(p3-0)5(p-OEt) 1oCli2(py)al NaOEt in toluene and MS, EA,

addition of pyridine XRD
[(Meln);o(p5-0),(p3-OEt)4 Alcoholysis of InMe; |62 | 'H-, >C- [34]
(p-OEt)g(p3-OH)4](thf), with EtOH in thf NMR, Mp,

(heating) EA, IR,

EI-MS, XRD

n.r. not reported
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Metal Oxido Clusters of Group 13—15 Elements
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Fig. 1 Typical coordination geometries of oxido ligands as found in group 13 metal oxido
clusters. The p4-O coordination is usually distorted, and ps-O coordination is typically found to
be in between tetragonal pyramidal and trigonal bipyramidal

Fig. 2 Ball-and-stick
model of adamantane-type
metal(III) oxido core
structures of organometallic
molecules of the type
[R4M4(p4-O)(p-OH)g] (top)
and [RgM4(p-0),(p-OH)4]
(bottom) with and without
central py-oxido ligands
assigned, respectively.
Hydrogen atoms are not
given, and groups R are
represented by one carbon
atom only [56, 57]
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Fig. 3 Ball-and-stick model representing the molecular structure of [(ClGa)s(ps-O)
(p-OEt)g]. Hydrogen atoms are not given [33]

Fig. 4 Ball-and-stick model representing the molecular structure of the decanuclear indium
oxido cluster [(Meln)s(ps-O)(p3-OEt),(p-OEt)4(p3-OH),]», which is best described as dimer of
the above described pentanuclear clusters of the general type [(RM)s(ps-O)(p3-OR’)4(p-OR")4]
(R,R'=alkyl). Hydrogen atoms are not given [34]
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Another example in which the pentanuclear units constitute a basic building
block is represented by the oxido alkoxido cluster [Ga;,(py-O)(p3-O)s(n-OEt) ¢
Cl2(py)4l, which is best described as being built of two pentanuclear anionic [Ga
{ClGa(py) }(CIGa);(p4-O)(p3-0),(p-OEt)sCl] ~ moieties with close resemblance to
the basic core structure of [(ClGa)s(ps-O)(pn-EtO)g]. These building blocks are
connected via an oxido ligand bound to two Ga atoms of the building unit and
two bridging [GaCl(py)]** cations bound to two oxido ligands of each cluster
[33]. Similar kinds of metal oxido clusters with two connected pentanuclear core
structures have been reported for [Al;;(ps-O)2(p3-0)2(p-O),(p-OnPr) o(p-OiPr),
(L-ROH)»(OiPr)g(OR)] (R=iPr, nPr) [28] and [Al;o(ps-O)a(p3-O)2(p-OEt) 4
(p-OEt)g] [74], which both are described to result from ‘“controlled hydrolysis.”
Schmidbaur and coworkers presented another interesting large aluminum oxido
alkoxide upon studies on the ammonolysis of aluminum triisopropoxide. Unexpect-
edly, the reaction did not give a product as result of ammonolysis, but the novel
cluster [Al;o(p4-O)2(p3-0)4(p-OiPr),(OiPr)4(NH3)g] as a result of partial hydroly-
sis was observed [25]. Traces of water present in ammonia gas are sufficient to
provide the compound in high yield. The cluster might be best described as being
composed of the hexanuclear core [Alg(ps-O)2(p3-O)4(p-OiPr),(OiPr)4(NH;)g],
which is coordinated by four molecules Al(OiPr); via the bridging oxygen atoms.
The p4-oxido ligands show a typical distorted coordination geometry as mentioned
above.

Recently, Kemnitz and coworkers started to study the sol-gel chemistry of
aluminum alkoxides in anhydrous hydrogen fluoride [27, 32] and did observe the
formation of aluminum oxido clusters. The source of the oxido ligands was
not determined analytically, but the authors rule out partial hydrolysis and favor
ether formation. Exemplarily, two large aluminum oxido alkoxido fluorido clusters
are mentioned, [Al;sF20(pa-O)a(p-OiPr)ag] and [AloF6(pa-O)a(p-OiPr)o(py)al
(py=pyridine) (Figs. 5 and 6) [27, 32]. The former might be described as being
built up by four interconnected building units [Al4Fs(ps-O)(u-OiPr)s], and quite
similarly the latter is composed of two times the same building block connected via
fluorido ligands and two AlF;(py), fragments. Both examples exhibit py-oxido
ligands which show a coordination mode between tetrahedral and seesaw type.

In principle, most of the oxido clusters reported might be formally constructed by a
combination of the two basic cyclic fragments M,O, and M30;3 (Fig. 7). This is nicely
demonstrated by the following series: hexanuclear [(rBuAl)g(p3-O)4(p3-OH),] (Fig. 8)
[29] and [fBuAl(p3-O)]g [22], nonanuclear [tBuAl(ps-O)]o, the postulated dodecamer
[(BuAl(ps3-O)];» [22], and the unusual decanuclear aluminum oxido cluster
[((BuyAl)g(iBuAl)4(p3-O)e(p-H),] [26]. They are exclusively built up by a combina-
tion of edge-sharing M,0O, and M;0; fragments. Noteworthy, the basic hexanuclear
metal oxido hydroxido cage structure [(fBuAl)g(p3-O)4(p3-OH)4] might be
constructed by eight edge-sharing Al,O, rings. The resulting hexanuclear unit
is a typical structural motif of a variety of metal oxido clusters and, for example,
is also observed in clusters such as [Bi6(p3-0)4(|vt3-OH)4]6+ [75, 76] and
[Sne(p3-O)a(p3-OH)4] [77].
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Fig. 5 Ball-and-stick model representing the molecular structure of the hexadecanuclear metal
oxido fluorido cluster [Al;gF20(p4-O)4(p-OiPr),0], which is composed of four [Al4Fs(ps-O)
(p-OiPr)s] fragments. Hydrogen atoms are not given [32]

eC

Fig. 6 Ball-and-stick model representing the molecular structure of the decanuclear metal oxido
fluorido cluster [Al;oF;6(pa-O)a(p-OiPr)1o(py)s]l, which is composed of two [Al4Fs(ps-O)
(p-OiPr)s] fragments and two bridging AlF;(py), moieties. Hydrogen atoms are not given [27]
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Fig. 7 Typical metal oxido moieties as reported for group 13 metal oxido clusters. The clusters
are built up by a combination of M,O, and M;05 subunits

Fig. 8 Ball-and-stick model representing the molecular structure of a hexanuclear metal oxido
hydroxido cluster as reported for [(BuAl)g(p3-O)4(p3-OH),4). Hydrogen atoms are not shown [29]

On the basis of mass spectrometry, the formation of the dodecanuclear alumi-
num oxido cluster [fBuAlO];, was proposed [22], but evidence based on single-
crystal X-ray structure analysis is still missing. Instead, three similar organogallium
oxido hydroxido clusters were isolated and structurally characterized, cationic
[(RGa)12(43-0)s(p-OH)s]** (R=Me, p-tolyl) and neutral [(RGa);(i3-O)s(n-0),
(p-OH)4] (R=1Bu, 0-C¢H4,OMe), and there is evidence for further examples with
variation of the organic substituent (Fig. 9) [29-31]. Twelve fused six-membered
[Ga305] rings constitute the polyhedral galloxane framework with gallium being
tetracoordinated. Analysis of the positions occupied by the gallium atoms reveals
the formation of an icosahedral structure, which seems to be a quite stable arrange-
ment allowing for protonation without disturbing the core structure. Although being
speculative, it might be considered that aluminum also forms such oxido hydroxido
clusters rather than [tBuAlO];, as was postulated. The dodecanuclear cluster
[fBuAlO],, might easily form under EI-MS conditions from [(RAI)>(p3-O)g
(p-0),(p-OH)4] by elimination of water.
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Fig. 9 Ball-and-stick model representing the molecular structure of the neutral dodecanuclear
organogallium oxido cluster [(rBuGa),(p3-O)g(p-O),(p-OH),]. Hydrogen atoms are not shown
[29]

A variety of polycations of aluminum is accessible via aqueous synthetic routes,
but the number of clusters with more than ten atoms is still limited [18, 19]. The first
report on such large polynuclear aluminum oxido clusters dates back to 1960, when
Johansson et al. described the hydrolysis/condensation of aluminum salts in aque-
ous solution. A e-type Keggin structure for an aluminum oxido cluster containing
13 aluminum atoms in (NH,);[Al;304(OH)»4(H50),](SO4); was obtained and
structurally characterized for the first time [37]. Thirty years later, analytical
evidence by NMR spectroscopy was presented for the gallium analogue of the
polycation [52]; however, a single-crystal structure analysis was not reported to
date. The basic structural motif of the Keggin-type clusters is the central
tetracoordinated metal cation, M(p4-O)4, surrounded by twelve edge-sharing
hexacoordinate metal oxido units, all together resulting in a polycation of charge
7+, best described as [M(p4-0)4{M’(p-OH)2(H20)}12]7+. The metals M and M’
may vary to give heterobimetallic oxido clusters such as [Ga(ps-O)4{Al
(1-OH)»(H,0) }121™ or [Ge(ps-0)4{ Al(p-OH)>(H,0) }1,1%*, and additional exam-
ples were claimed [47, 49]. However, there is an ongoing discussion as to which
elements can be incorporated because evidence by single-crystal structure analyses
is still rare. With regard to structural aspects of the three-dimensional cluster, it
must be kept in mind that even for one sole metal, five isomers (-, f-, y-, - and
e-form) exist which are assigned to the five Baker—Figgis isomers of the Keggin ion
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g-Al,, Keggin 5-Al,, Keggin v-Al,, Keggin a-Al,, Keggin
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Fig. 10 Four Baker—Figgis isomers (a, v, 8, and €) of the Keggin ion and their transformation
processes by rotation of metal oxido triads relative to the e-isomer are shown. The missing
(theoretical) p-isomer is obtained by rotation of only the front triad of the y-isomer. Note that
the e-isomer shows edge-sharing of the triads, whereas the a-isomer shows corner-sharing,
exclusively. The figure was created according to the style in [42]

(Fig. 10). The clusters might be described as being composed of four trinuclear
metal oxido clusters, which are bound to a central tetrahedrally coordinated metal
atom. The isomers result from different positions of the triads with regard to each
other. Several of these tridecanuclear clusters were isolated and characterized
(Table 2) [18]. The e-isomer is the most stable one, is accessible in combination
with different counterions, and was also detected in soils. Its synthesis is quite easy,
whereas the other isomers are much more difficult to synthesize. However, the
a-isomer is realized as part of the mineral zunyite [35, 36], the single-crystal
structure analysis of the 8-isomer was presented in 2000 [40], and that of the
y-isomer was reported in 2013 (Fig. 11) [42]. Thus, only the B-isomer has still to
be isolated and fully structurally characterized. Although not synthesized so far,
recent theoretical calculations of the energetics for Keggin-type aluminate cations
show that this should be a feasible task [78].

In addition to the tridecanuclear Keggin-type oxido hydroxido clusters,
tridecanuclear aluminum hydroxides of the type [Al13(;13—OH)(,(p—OH)]8(H20)24]15+
were reported (Fig. 12), which have been isolated as both chloride and nitrate salts
[46, 79, 80]. They might be regarded as “flat” counterparts of the Keggin-type
clusters without showing condensation reactions and thus lack metal oxido units. In
addition to those clusters which are stabilized by inorganic ligands, several examples
containing organic ligands coordinated to the periphery were reported, e.g., [Al;3(p3-
OH)g(p-OH);2(heidi)g(H>O)6](NO3);  (Hsheidi=hydroxyethyliminodiacetic acid)
[19, 81]. These “flat” hydroxido clusters are best described as being built up
by a central hexacoordinated aluminum cation which is connected via six p3-
hydroxido ligands to six additional octahedral aluminum atoms. The resulting
seven octahedra are edge-sharing and make up the flat central {Al;} core, best
described as [Al7(p3—OH)6(p—OH)6]9+, quite similar to the well known heptanuclear
Anderson-type polyoxometalates. In addition six hexacoordinate aluminum cations
of the type [Al(u-OH),(H,0)4]" are bonded to the flat core via two p-hydroxido
ligands each, in alternating positions above and below the flat central core. The
overall charge amounts to +15, which, compared to the { Al;;}-Keggin-type clusters
with only a +7 charge, is quite high. Charge compensation is realized by a large
variety of anionic ligands. This structural motif seems to be quite common and stable.
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Fig. 11 Ball-and-stick model of a typical Keggin-type cluster (y-form), [Al(ps-O)4Al,
(p-OH),5(H20)111(SO4)3(H20)14. The tetrahedral AlO,4 unit is highlighted in teal; the other
aluminum atoms show hexacoordination AlOg. Two water molecules show an occupancy of Y.
Sulfate and the non-coordinating water molecules are not shown [42]

Examples for gallium do exist as well, e.g., [Ga;3(p3-OH)g(1-OH)15(H20)24](NO3) 5
[82]. In addition, a larger pentadecanuclear aluminum hydroxido cluster was reported,
the structure of which might also be reduced to a heptanuclear {Al,} core structure,
in this case described as [A17(p3-0)4(p3-OH)6(p-OH)2]5+, which represents the
deprotonated form of [Al7(p3—OH)6(p—OH)6]9+, to which four dinuclear
[Alz(OH)z(hpdta)]zf moieties  (Hshpdta=HOCH,[CH,N(CH,COOH),],) are
coordinated. The negative total charge of the cluster [Al;5(p3-O)4(p3-OH)g
(p—OH)14(hpdta)4]3*, which self-assembles into a three-dimensional network, is com-
pensated by oxonium and piperazinium ions [43].

Although analytical evidence for a variety of other polynuclear aluminum
cations does exist [1, 18, 19], crystallization of hydrolysis products of aluminum
and gallium provided only a handful of well-characterized clusters with more than
fifteen metal atoms. In the case of aluminum, examples with 26, 30, and 32 metal
atoms were structurally characterized, with all of them being built up by a combi-
nation of two Keggin-type {Al;3} clusters. The most simple combination is found
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Fig. 12 Ball-and-stick model representing the molecular structure of the “flat” tridecanuclear
cluster [Al3(p3-OH)g(p-OH) 5(H,0)24]'"*, which was isolated as nitrate salt. The
non-coordinating nitrates are omitted for clarity. The aluminum atoms show exclusively hexacoor-
dination [46]

in [Albg(p4-O)g(p-OH)50(H20)20](2,6-NDS)g (2,6-NDS=2,6-naphtalene disulfonate),
in which two Keggin-type 8-{Al;3} clusters condense via peripheral coordinated
water molecules to result in two bridging hydroxyl groups and thus in two vertex-
sharing octahedral Al centers (Fig. 13) [41].

The connectivity in the {Al;g} and {Als,} clusters differs in such a way that
additional aluminum hydroxide moieties are attached to the {Al;3} clusters and
thus provide a link for the two Keggin-type clusters (Fig. 14). Three reports on
structural analyses of Alsg clusters exist, two of them are about the sulfate salt
[Al3o(p4-O)g(r-OH)s56(H20)261(SO4)9 and another one on a disulfonate/chloride salt
[Alzp(p4-O)g(p-OH)56(H>0)26]1C15(2,6-NDS)5(2,6-NDS)g  (2,6-NDS=2,6-naphtalene
disulfonate) [40, 44]. However, the polycations are identical and show two AlOg units
that connect the Keggin-type 8-{Al3} clusters via corner-sharing hydroxido ligands
each and two AlOg units that are bonded via an edge to the Keggin-type cluster and
vertex sharing with the two other bridging AlOg units. According to Taulelle and
coworkers, the core structure might be rewritten as [(5-Al;3){ Al4(OH)8(H20)6}]18‘L
[44]. Interestingly, it is possible to substitute two bridging aluminum atoms
by tungsten atoms to give the heterobimetallic cluster [W,Alyg(py-O)g(p3-O)4
(p—0)402(u—OH)48(H20)24]12+ [51]. The structure of the largest homometallic
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Fig. 13 Ball-and-stick model representing the molecular structure of the aluminum oxido cluster
[Alzﬁ(p4—0)g(p—OH)50(H20)20]]2+, which was isolated as 2,6-naphtalene disulfonate salt. The
non-coordinating sulfonates are omitted for clarity. Hydrogen positions were not determined.
The high-nuclearity cluster represents a condensation product of two Keggin-type 8-{Al3}
clusters. Hydrogen atoms are not given [41]

clusters {Alzz} — [Alza(pa-O)s(p-OH)eo(H20)28(SO4)2]CLa(SOy4)7 and [{AI(IDA)
(H20) }2Al30(pg-O)g(p-OH)gp  (H20)22]Cl4(2,6-NDS)4(SO4), (HoIDA=imidoacetic
acid) — differs from {Alzp} clusters only by additionally coordinated [Al
(OH)»(H,0)3(SO4)]~ and [{AIIDA)(H,0)},]* fragments, respectively, to each
Keggin-type unit. Similarly, it was observed that additional ligand-stabilized
metals might attach to the cluster core as demonstrated by the isolation of the
{Zn,Al3,} cluster [{(Zn(NTA)H;0},{ AIINTA)(p-OH), }2Al30(ps-O)s(p3-OH)s4
(p-OH)6(H20)720](2,6-NDS)s (H;NTA=nitriloacetic acid) [45]. With regard to
large heterobimetallic clusters, a recent example with unprecedented structure
was reported by Forbes and coworkers, [Ga2A11g(p4—0)g(p—OH)36(H20)12]18*
(Fig. 15). The cluster represents a cationic variation on the Wells—Dawson
topology and is a rare example which does not belong to the family of Keggin-
type ions among the aluminum oxido hydroxido clusters [50].

As mentioned above, there is a lack of structural evidence for the formation of a
gallium {Ga,3} cluster with Keggin-type structure, but formation of the flat {Ga,3}
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Fig. 14 Visualization of the aluminum oxido polyhedra (AlQOg, teal; bridging AlOg, dark blue;
AlOy black) as found in [Alg(ps-O)s(p-OH)so(H20)20]'**, [Alsg(Ha-0)s(1-OH)s6(H>0)26]", and
[Al(j14-0)5(p-OH) 60 (H,0),5(S04),1'%*, which all show the Keggin-type cluster as basic struc-
tural motif [38, 41, 44]

Fig. 15 Ball-and-stick model and view of the metal oxido polyhedra representing the molecular
structure of the heterometallic cluster [Ga2A118(p4-0)g(p-OH)36(H20)12]18+, which was isolated
with non-coordinating 2,6-naphtalene disulfonates [50]

hydroxido cluster [Ga13(p3—OH)6(p-OH)18(H20)24]15 * was presented in 2005 by
Fedin and coworkers [55]. The same group did also show that a polynuclear gallium
oxido cluster is accessible as single crystal with 32 gallium atoms, [Gas,(py-
O)12(p3-0)8(p-0)7(p-OH)39(H20)20]3+, the structure of which is different from
the {Als,} cluster (Fig. 16). However, some structural resemblance with the basic
structural units of the Keggin-type clusters becomes obvious. Two pairs of corner-
sharing tetrahedral GaO, units exist with each of the other corners being connected to
three octahedrally coordinated edge-sharing GaOg units. Noteworthy, this arrange-
ment shows some structural relationship to lacunary Keggin-type units but might also
be regarded as a cutout of the structure of p-Ga,0Os; (Fig. 16) [83]. The cluster
structure is being complemented by additional [Ga(u-OH),(H,0),]* units to result
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B'Gazoa

Fig. 16 Comparison of the metal oxido framework of the cluster [Gaz;(p4-O)12(p3-O)g(p-O)7(-
H—OH)39(H20)20]3+ and a cutout of p-Ga,O3. Hydrogen atoms are not given. Octahedral gallium
coordination GaOyg is given in feal and tetrahedral coordination GaO, in black [83]. The figure was
created according to the style in [55]

®Ga
@0

Fig. 17 Ball-and-stick model (without hydrogen atoms) and view of the metal oxido polyhedra
representing the molecular structure of [Gazp(pys-O) 12(p3—O)4(p3—OH)4(p—OH)42(H20)16]12+.
Hydrogen atoms are not given [54]

in the {Gas;,} polycation, which was crystallized with the help of cucurbit[6]uril
forming strong hydrogen bonds within the supramolecular arrangement [55]. A quite
similar cluster was reported recently by Forbes and coworkers, [Gazo(pa-O)12(H3-
0)4(|,13-OH)4(p-OH)42(H20)16]12+ crystallizing with 2,6-naphthalene disulfonate as
counteranion and lacking two gallium atoms in the periphery with regard to the
{Gaz,} cluster (Fig. 17) [54].
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3 Germanium, Tin, and Lead

The aqueous solution chemistry of the tetravalent group 14 metal cations germa-
nium, tin, and lead is of considerable interest, especially with regard to industrial
use and the environmental impact of these elements [84]. Among these elements,
reports on germanium are relatively sparse. Early studies focus on the formation of
small species such as [GeO(OH);]™ or [GeOz(OH)z]Z_, which dominate at low
concentrations, but also larger aggregates such as [{Ge(OH)4}8(OH)3,]3 ~ and clus-
ters such as [GegOlﬁ(HZO)5(OH)3]3 ~ were postulated [85]. Up to now full structural
characterization including single-crystal X-ray structure analyses of such molecular
germanium oxido clusters is still missing, but the formation of diverse germanium
oxido building blocks is manifested in the isolation of numerous open-framework
germanates [86, 87]. Examples of distinct homometallic molecular germanium
oxido clusters are restricted to clusters with less than ten atoms, e.g.,
[GecOg(CMe,CH,COMe)s(H,0),][GeBr3], (Fig. 18) [88]. The hexanuclear ger-
manium oxido cluster was unexpectedly observed as byproduct upon reaction of
Ge(I)Br with acetone and was formed in addition to the major product
Br;GeCMe,CH,COMe. Other examples of homometallic germanium oxido clus-
ters are represented by the octanuclear alkoxide [Geg(p3-0)s(OCgH3tBu-2-Me-4),4]
[89], the neutral tungsten complex [{Ge4(p-O),(p-OH)4}{W(CO)s}4] [58],
and the anionic clusters [{Geg(p3-O)g(p-OH),}{ Cr(CO)s}¢)*~ and [{Geg(p-O),
(p3—0)4(OR)2}{W(CO)5}6]2_ (R=H, Et) [90]. Some evidence for metal oxido
clusters of Si/Ge in solution prior to crystallization of germanium-containing
zeolithes and oligomer formation in hydrolyzed germanium ethoxide solutions
was found based on ESI-MS [91-93]. However, the chemistry of germanium
oxido clusters is mainly unexplored so far.

Fig. 18 Ball-and-stick model representing the molecular structure of the hexanuclear germanium
oxido cluster [Ge603(CM62CH2COMG)6(H20)2]2+. The [GeBr3]™ counteranions and hydrogen
atoms are not shown [88]
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Fig. 19 Ball-and-stick
model representing the lead
oxido cluster structure
[Pb,305(OH)|**, which was
isolated as insoluble nitrate
salt. The hydroxido groups
are coordinated to two lead
atoms [95]

Given the industrial importance and the environmental impact of the element tin,
the data reported on isolated inorganic molecular clusters is also limited. Early
reports focus on small soluble complexes such as [Sn(OH)G]szor tin(IV) and [Sn
(H,0)5]**, [SnOH(H,0),]", [Sn3(OH),]**, [Sn(OH)3]~, and [Sn,O(OH),]*~ for tin
(Il) [94]. Further hydrolysis of the cationic tin(Il) species [Sn3(OH)4]2+ upon
increase of the pH results in the formation of the hexanuclear tin oxido hydroxide
[SngO4(OH),], which shows the highest nuclearity within the series of molecular tin
oxido hydroxides [94]. Larger clusters have not been isolated from aqueous solu-
tions, and similarly for lead, large molecular homometallic oxido clusters with
more than ten metal atoms are scarce. The only example for lead is represented by
[Pb,305(OH)s]**, which was obtained by hydrothermal synthesis as insoluble
crystalline material with four nitrate ions (Fig. 19) [95]. The structure might be
described as built from eight OPb, tetrahedra which share a common central Pb
atom. By contrast several early reports on primary hydrolysis products and clusters
of the type [Pb,O,(OH).]"", mainly insoluble basic nitrates and building blocks in
heterometallic oxides, exist [96—102]. It was concluded that the aqueous chemistry
of lead is dominated over a large pH range by hydrolysis products of low nuclearity
such as [Pby(OH),]** and [PbsO(OH)s]** (Fig. 20) [96, 102-104]. Noteworthy, the
hexanuclear neutral lead oxido cluster [PbgO4(OH),] (Fig. 20) [105], the heavier
analogue of the abovementioned tin cluster [SngO4(OH),4] [77], was not character-
ized so far, although calculations point to its stability and corresponding alkoxides
of the general formula [Pbg(p3-O)4(p3-OR)4] were isolated [106—110].

It might be assumed that a rich structural chemistry should exist for tin oxido
alkoxides because (1) similarities in the coordination chemistry of tetravalent
titanium and tin exist and (2) a wealth of structures was reported in the past decades
for titanium [111, 112] and (3) of the economic interest in tin alkoxides, for
example, as precursors for the synthesis of semiconducting tin oxide-based mate-
rials [113]. Similarly to titanium, the controlled hydrolysis of tin alkoxides should
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Fig. 20 Model structures for the cationic tetranuclear lead clusters [Pb4(0H)4]4+, [Pb6O(OH)6]4+,
and hexanuclear [PbgO4(OH),]. Similar tetranuclear {Ln4(OH)4} subunits are well known for the
lanthanides, and the hexanuclear motif [PbsO4(OH),] is realized by several elements such as tin,
bismuth, and uranium

R
\ |
RO\//O/\\\\ Sn -—-__(30> Sn
Sn

Fig. 21 Model structures for pentanuclear and typical hexanuclear tin oxido alkoxides

give tin oxido alkoxido clusters of diverse nuclearity as partial hydrolysis products
on their way to bulk tin oxide. The isolation of model compounds might help to
better understand the processes of nucleation and growth of tin oxide particles and
complement other studies on crystal growth at later stages that rely on analytical
methods such as powder X-ray diffraction (PXRD), transmission electron micros-
copy (TEM), and scanning electron microscopy (SEM) [114]. However, only a few
examples of tin oxido alkoxides have been fully characterized, the majority of
which shows nuclearities below ten.

A basic structural motif of tin oxido clusters is the Sn;O, moiety that might
be described as lacunary, tin deficient, SnyO4 cube and is realized in both tin
(I) and tin(IV) compounds. In the case of tin(Il) oxido alkoxides, two of
these trinuclear moieties are connected to give the most prominent structural
motif, which is the hexanuclear [Sng(p3-O)4(p3-OR)4] cluster (Fig. 21). The
hexanuclear core structure has been reported for a large variety of substitutents R
and is derived from the aqueous hydrolysis product [SngO4(OH),] (Table 3).[77]
The removal of one tin-containing moiety gives rise to the pentanuclear tin oxido
alkoxides of the type [Sns(p3-O),(p-OR)g], but other types of pentanuclear clusters
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Fig. 22 Ball-and-stick model representing the molecular structure of the dodecanuclear tin oxido
alkoxide [Sn;,O0g(OH)4(OEt),5(HOEt)4]. Hydrogen atoms are omitted [134]

were also realized as was demonstrated for [LSnOSn(OH),OSnLe<2LSnOH]
[L=N(CH,CMe,0),(CH,CH,0)], a hydrolysis product of an 1l-alkoxido-
stannatrane. The tin oxido hydroxido core of this tin oxido cluster is stabilized by
an intramolecular donor-stabilizing ligand [117].

The largest tin oxido alkoxido cluster contains twelve tin atoms and was reported
by Ribot et al. in 2008 (Fig. 22) [134]. In addition to the molecular structure of
[Sn;,05(OH)4(OEt),5(HOEL),], its dynamics in solution were studied, nicely dem-
onstrating the value of such clusters as model compounds to study exchange
reactions at surfaces. The molecular structure is best described as being built up
from a row of two pairs of nonequivalent building blocks, each of them being
composed of three tin atoms connected via p3-oxido ligands. The trinuclear Sn;O,4
building blocks, which constitute a typical structural motif as mentioned
above, are assembled via hydroxido bridges. A similar situation of hydroxido-
bridged Sn3;O, units was presented recently for hexanuclear [Snz(p;-O)(p-OH)
(p-OCH,C4H3S)3(OCH,C4H3S)s(HOCH,C4H3S),  [129]  and  [Sny(ps-O)
(OSiMe3)g], which might be described as a [Sn3(p3-O)(p-OSiMes)s]" moiety with
tin(Il) atoms and to which a tin(IV)-containing anion [Sn(OSiMes)s]™ is
attached [116].

A reason for the scarcity of reports on fully characterized large tin oxido clusters
is most likely related to low solubility and difficulties of crystallization. The
introduction of organic ligands bound to tin gives access to more soluble organo-
metallic compounds and produced an enormous wealth of fully characterized
examples, especially of diorganotin oxido compounds but also of monoorganotin
oxido clusters (Table 4) [135-144]. The chemistry of tetraorganodistannoxanes of
the general type [R,XSnOSnXR,], (R=alkyl, aryl; X=halogen, OH, OR, NCO,
etc.) has been thoroughly reviewed, and thus only a brief comment is made here



M. Mehring

VA Ul YAN
SVIN-dD-US,

“ANN-US CH2DMd-9' Y =1V [P{(HO)

lretl “H, ‘@dax 0T JHI/OH Ul {(*HD)USIY Jo SISA[oIpAH us (HO-M(O-1)3(0-t1)(0-"1)8(us1v)]
[L0IUOIRE UT JLOH YIm

Y (F0D)YHOUSH*HOUD) }°{ OUST(*HOUd) } PGLO{FELOX O (HO-M)

log1] agx| ru Jo uonoeay YO-)0 (usTHOUd) }*(HO-M)us]
(*H°Dud!

[ssT] agx| ru -9°7=1V) T[IDUSN(H)IV] Jo SISA[OIPAH H?D-["USLOENCID S HYD]

HEOS"H DN+ ["(COS"HDPN-1)

VA Il “YAN SYIN-dD-US, Jo douesaid oy ur OH/AH.L/2Uan[0} (0¥ (O-*M=(HO)°' (HO-1)

[¥s1] “AN-H, ‘ad¥X o ur £(RQNID)USTHD -9 T JO SISAJOIPAH YEOSTHODPIN-P)SUSH(USTHOD-41d1-9°p T)]

3

an (CHOSHD=Y ‘proe drjAx0qIedrpouexay=

AAN-US oL Z1pue T ynm [(HOHD=4] 2T “PIoe JI[AX0QIEdIPAUI0LID)-

[esT] ‘VH ‘adX 1 Y(F0D)UHOUSDHOUSTA)] Jo uondeay - 1'1=,"D 4T, DA(HOUSTD(OuUSY)]

[esT] ¥l VA ‘aQIX ST | HOEN/HOM Ut SIQUSH(CHIUA) JO SISA[04ody | (CHOHPD=4¥) “[(*0D)*(HOUSTDH(OUSTY)]

(CHO*H D=4

[esT] VH ‘qQIX €1 HOM Ut {[UST(CHDUA) JO sIsA[0qoory [(F0D)(FOUSTD(HOUS D) H(OUS )]

[csT] ¥l VE ‘X 0L|  SONEN/HOM ur “[Quse(ngu) jo s1s&[oyoory CFON{UHOUS)H(OuS)O (ngu) }]
YOS%eN

[zstl IV ‘aIX 8L /HOM Ut S[DUSH(CHOU) Jo stsA[oqoory OHP[*OS{ X (HOUS)*(0OUS)*' CHOUD) }]
YOdHEN

[cst] ¥l VA ‘@dIX SL /HOM Ut [DUSH(CHOUd) Jo sIsk[oyodry IrOdH{“HOUS)H(OUS)? (CHOUD ]
VH ‘SIN-ISH “dI “dAN-US [OUBYoUI/oUAN[O)

logT] D¢ ““H, ‘@iX vp| Ul $0D%(*HD) WM QUSH(CHOUA) Jo uondeay | [¢{(*0D)*(HOUSU*HOU) }*{ OUSH(*HOUd) }]

SQOUAIJY sonAreuy /U SISQUIUAS punoduo))

228

UQAIS 21k SOonA[eUER pUR ‘P[AIA PIJEOSI ‘SUOTIIPUOD SISAYIUAS "US} 9A0qE AJLIBI[ONU YIIM SId)SN[O OpIxXo unjouesio jo sojdwexa pajod[es ¢ dqe.



229

Metal Oxido Clusters of Group 13—15 Elements

(ponuruod)

Quexay

WoIj UOTJBZI[[RISAID ‘QUIZULQ UI PIOR JIUNOITU (proe

[Lp1] VA “YN-US,,, ‘QIX ¥9|  -odeorowr-z-eN yim CDUSIngGY JO UONdEY orunostuoldestow-g=y) ¢[4(“Yus)*0‘us]
YIOHD

VA “MAN-US wolIy uoNeZIeISAId CIEHD Ul {(QUSTng/)yIm (FNISTHO=W)'* 0

[sp1] “Dg; “H; ‘@IX 96 | YCIDUSH(CHD)IDUSH(CHD)UIOUSY JO Uonoeay {IID)USEEHD)IDIUSH(CHD)US(1D) A H]
QUBXSY/IDTHD Ul “[€(ID*HDD*0)(HO)

[ov1] VA ‘QIX 6€ | USEHCHDIUS(HO)Y(C0D HOID)] Jo siskjoiphH [°'OY(HO)" (0D HIID) {USH(CHD)US }]
094 wolj UoNZI[EISAId ‘HORN Ul OX(USTYJ)

VA I “IAN-US pue (CHYO IOHED) Proe ST[AdI[ESOIONYOLn [*CCOfIOHD)* (O

los1] “Dg; “H; ‘@IX 9 -9°G'¢ JO UONORAI [RULIDYIOIPAH -4l)8(0-)cugOl (usyd)<(ustud)]

ourzeIpAy/QH/OSINA OSINAY - [{*(HO)*'O*(OA)H(uSIdD) }

(1911 aIx TU | ur E(2ese)QA pue [DY(HO)USI! JO SISA[OIPAH {°(HO)"' 0% (us1dN }]
JINA U OYHS "OSOA Pue CHNC(°HD)

[1s1] adx 89|  N°H ‘O°HSL'0 - [DY(HO)USd! Jo SISA[OIpAH OHANAT D[’ (HO)'O(0A) ' (uSidD)]
SIN-ISH VA “d1 YAN NOfdD Ul JLOH Wis [FHOUd=¥]

[091] USe ““dg; e “H; ‘@UX 1€ Y(0DUHOUSTDH(OUSTY)] Jo uondeay [CGLO){°(HO-M)"H(O-*)T (uSTHOUA) }]
FIOHD woly uoneziesii ‘HON/OH
ur S[DUSTHDIS N JO SISK[OIPAY 1 poyoN

QYX “1oneqssoN VA “dI “WAN S8 OFH/*HN/2uan[o) Ul [DISEIN fLOHOT:

[6ST11 “USq; “ISer D¢ “H; ‘@AX €6 | Pue FIDUSTHDISEIIN JO SISAJOIPAY T PO [F12°(HO-M)" ! (O-¥)e (uSTHOIS FoIN) ]
AN SYIN-dO-US, Io1BM/QUBXOIP-1*]

“IAN-US;, WoIj UOTIEZI|[EISAIO 10UANTO] UT PIOE SIUOJ CO®H"D-[4(*FHO"H’DS 0)

[8s1] “H, ‘Vd ‘QiX 0S|  -Ins auanjol-d Yim (HO)QUSNEGU JO UONIEY {°(HO-M"(O-th)e! (ugngu) }]

(D VvHE (g—1=u),T Jo vouasaxd [NdNAy-O°Hy=,T ‘ANd ¢=,T1 ‘O°HE=

[LST] (T, D @IX Tu| Ay Ul OCH SL°0-IDY(HO)USIJ! JO SISA[0IpAH VTR HO-MH(O-A)< (ustdn) |
[LIIIUOIQ0./2U0JAIE WOIJ UOTIBZI[[BISAID

[96T]| SW-ISH ‘VA “YN-US,;, ‘TIX 8 pue QH/HO Ut f[ousngu jo sIsK[o1pAH OHT-[CID{?(HO-M)" (O-t1h)e! (ugngu) }]

[8+1] VI IANUS,, QX | L9 OH/HOXd! U1 £(1dr0)usng jo sis&joIpAH | 1dIOH# [“HO){*(HO-1)"' (O-*)*! (ugngu)} ]




M. Mehring

230

payiodar jou “ru

[z91]

vd ¥l ‘@dxX

11

HOY/HOSW/JH.L Wolj UOHRZI[EISAId ‘HOIN
ur auIpiod pue “[{<(DUSCEHIUD) } { “HO-)
P(T-)(uSUCHOUA)) }] J0 siskjoyoory

(p1oe o11Ax0qIeo1po[oZeIAd-G e =T¢H)
OHT-HOSHXDT-O*HYDT-[{X(HO-1)
P(T-1)2(uSe(CHOUd)) }
{°(HO-M)*" (O~ (uSHOUd) } ]

SQOUQIJOY

sonAreuy

%/

SISQUIUAS

punoduio))

(ponunuod)  Aqe,



Metal Oxido Clusters of Group 13-15 Elements 231

o Sn
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¢ s
Fig. 23 Ball-and-stick model representing the molecular structure of the dodecanuclear ladder-

type organotin oxido cluster [{R(C1)Sn(CH,)3Sn(CI)(CH,);Sn(CI)R}O; 514
[R=CH,SiMe;s]. Hydrogen atoms are omitted [145]

[138]. The basic structural motif is their so-called ladder-type arrangement as a
result of alternating ps-oxido ligands, which, unlike in the Sn;O4-type clusters,
bridge three tin atoms within the same plane of the SnyX,0, unit. In addition to the
rather simple molecular structures of [R,XSnOSnXR,],, several supramolecular
assemblies have been reported upon variation of R and X. For example, Jurkschat
and coworkers reported the trimethylene-bridged ladder-type compound [{R(C1)Sn
(CH,)3Sn(CI)(CH,)3Sn(CDHR } O, 5]4 [R=CH,SiMes] [145], which contains twelve
tin atoms and was prepared starting from [Me3;SiCH,(Cl,)SnCH,],CH, in a simple
hydrolysis step (Fig. 23). Another type of tin oxido clusters containing twelve tin
atoms, which also relies on a ladder-type arrangement, was observed upon hydro-
lysis of trimethylene-bridged diorganotin carboxylates and is represented by the
formula [(Sn(CH,)35n)s0;o(OH),(CICH,COO),4] (Fig. 24) [146]. In addition Ma
et al. isolated a ladder-type-based macrocycle [(nBu,;Sn);30;9Lg] (H,L=2-
mercaptonicotinic acid), which is composed of 18 tin atoms (Fig. 25) [147].
Several monoorganotin oxido clusters of the type [(RSn)12(p3-0)14(p-OH)6]2+
(R=alkyl, aryl) have been reported to be hydrolysis products of monoorganotin
trichlorides, trialkoxides, and trialkynides and were used as building blocks for
tin-containing organic—inorganic hybrid materials (Fig. 26) [148, 149]. The spher-
ical structural arrangement of the macrocation is quite stable, and this cluster type
might be called a “magic tin oxido cluster” within the monoorganotin oxido cluster
series. The dicationic nature allows for the synthesis of a variety of derivatives with
all types of anionic counteranions, and even the additional modification by
triorganotin moieties was observed to give the tetradecanuclear cluster
[(Ph3Sn),(PhSn);o(LSn),(p3-0)5(p-O)s] (L=3,5,6-trichlorosalicylate) [150]. In
addition the substitution of a tin atom by vanadium to give [(iPrSn);;(VO)(ps-
0)14(;1—OH)(,]2+ was reported [151]. Thus, the nano-building block allows
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Fig. 24 Ball-and-stick model representing the molecular structure of a “flat” dodecanuclear
organotin oxido cluster [(Sn(CH;)3Sn)0;0(OH),(CICH,COO),4]. Hydrogen atoms are omitted [ 146]
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Fig. 25 Ball-and-stick model representing the molecular structure of the octadecanuclear ladder-
type organotin oxido cluster [(nBu,Sn);3O19Lg] (HL=2-mercaptonicotinic acid). Two
hexanuclear ladder-type units are bridged via four mononuclear diorganotin moieties. Hydrogen
atoms are omitted [147]
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Fig. 26 Ball-and-stick model representing the molecular structure a typical cationic
dodecanuclear organotin oxido cluster, the spherical cation [(nBuSn)12(p3—0)14(p—OH)6]2+.
Hydrogen atoms are not shown [148]

modification of its molecular and electronic structure, which explains the still
ongoing interest in this type of tin oxido clusters, which were first introduced by
Puff and Reuter in 1989 (Table 4) [157].

As a result of weak bonds between lead and carbon, organolead oxido clusters
are virtually unknown, but some lead oxido alkoxides similar to tin exist. For
example, the hexanuclear core structure of lead(Il) oxido alkoxides of the type
[Pbe(p3-O)4(p3-OR)4] [106—-110], which are derived from hypothetical [Pbg(ps-
0)4(p3-OH)4] [105], are present as basic motif of the heteronuclear metal oxido
cluster [PbgNb4(4-O)4(p3-OEt)4(1-OEt) 1,(OEt)g] [108], so far the largest cluster in
the series of lead oxido alkoxides (Fig. 27). The cluster might be described to be
composed of a [PbgO4(OEt)4] core to which four molecules Nb(OEt), are attached
via py-oxido ligands. A different hexanuclear core structure was reported for
[(PbO)6(R,Si,03),] [R=(2,6-iPr,CsH3)N(SiMes)], in which the hexanuclear core
{PbsO,} is encapsulated by a bulky silanolate (Fig. 28) [163]. Additional lead
oxido silanolates/alkoxides such as tetranuclear [Pb4(p4-O)(OSiPhs)e] [110],
heptanuclear [Pb;(ps-O)(p3-O)(p-OSiMes) o] [164], and heptanuclear [Pb;(py-
0)4(p3-0)4(p3-OMe)4(p-D4JI, [165] were reported, while clusters of higher
nuclearity are unknown for homometallic species.
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Fig. 27 Ball-and-stick model representing the heteronuclear metal oxido framework of [PbgNby(j14-

0)4(p3-OEt)4(p-OEt)1,(OEt)g]. The central structural unit is composed of a hexanuclear [PbsOg] unit
as it was postulated for [PbgO4(OH,]. Carbon and hydrogen atoms were not located [108]

o Pb
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Fig. 28 Ball-and-stick model representing the molecular structure of [(PbO)4(R,Si,03),] [R=

(2,6-iPr,C¢H3)N(SiMes)]. The central hexanuclear lead oxido unit is captured by two bulky
organosilanolates. Hydrogen atoms are not shown [163]
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4 Antimony and Bismuth

The metal oxides of antimony and bismuth show a very low solubility in aqueous
solution, and the hydrolysis products are observed as hydrates of various forms. For
antimony the anhydrides Sb,O3; and Sb,Os but also the mixed valent compound
Sb,04 are easily accessible, whereas for bismuth exclusively Bi,O;3 is observed
upon hydrolysis. The low solubility and the redox behavior of antimony might have
hampered detailed studies on hydrolysis products at later stages of nucleation in
aqueous solution so far. Under strongly basic conditions, the antimonates [Sb
(OH),4]™ and [Sb(OH)]*~ present the primary species at early stages of hydrolysis.
It is assumed that under acidic conditions, hydrated SbO™ is formed [166, 167], but
it is very likely that polymetaloxido cations are generated similarly to bismuth.
Based on early reports on the hydrolysis behavior of bismuth salts, the presence of the
hydrated bismuthyl-ion BiO* in aqueous solution was postulated, later on described
as [Big(OH)g]'™ [168—172], which finally turned out to be [BigO4(OH)4]%* [75, 76,
173]. The latter hexanuclear cluster is realized in a large number of hydrolysis
products with diverse counteranions (Fig. 29, Table 5), is formed in aqueous
solution under acidic conditions, and is assumed to form via hydrated forms of [Bi
(OH),]*, [Bin(OH),]**, and [Bis(OH)s]** [94, 171]. A change of the conditions to
higher pH values is assumed to give nonanuclear species of the general type
[BigO,(OH),,I** [168, 190], which indeed has been realized in the cluster cations
[BigOg(OH)6]5+ and [BigOg(OEt)6]5+, both crystallizing as perchlorate salt
[189]. Nonanuclear bismuth oxido clusters were also realized with ligands such
as triflate [191], carboxylate [192], diketonate [193], silanolate [194], aryloxide
[195], and alkoxide [189, 196] but show a different molecular structure (Tables 6
and 7). The cation [BigOg(OH)s]>" and the related ethoxide are build up by three
corner-sharing {Bis} subunits, whereas the other nonanuclear clusters are
comprised of a hexanuclear {Big} oxido unit, to which three bismuth moieties are

Fig. 29 Model structures for the typical hexanuclear bismuth oxido hydroxido motif
[Bi604(0H)4]6+ and a pentanuclear metal oxido subunit as it is found in clusters such as
[BigOg(OH)6]5+, with three of the subunits being corner-sharing
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Table 6 Selected examples of ligand-stabilized bismuth oxido clusters with nuclearities between
six and ten. Synthesis conditions, isolated yield, and analytics are given

Ligand-stabilized Compounds | Synthesis n/% | Analytics References
[BigO4(OH)4(tfa)s],[Bi(tfa)s]; | Hydrolysis of Bi(tfa); in | n.r. | XRD, IR [197]
(Htfa: trifluoroacetic acid) H,O
[BigOg(OH)(tfa),]5[Bi(tfa)s], | Hydrolysis of Bi(tfa); in | n.r. | XRD, IR [197]
(tfa: trifluoroacetic acid) H,O
[BigO4(OH)4(OTf)s(MeCN)s] | Reaction of 55 SC-XRD, [198]
-2 MeCN [BigO4(OH)4(NO3)] - PXRD, EA,
(HOTT: trifluoromethane sul- | H,O with (1) CF;SO;H 'H-, BC-
fonic acid) or (2) Me;3SiO;3SCF;3 in NMR, IR

toluene; crystallization

from MeCN/CHCl;
[BigO4(OH)4(O3SNH,)¢] Hydrolysis of Bi(NOs3); -+ |[n.r. | PXRD, EA, [199]

5 H,O with sulfamic acid IR,

in H,O DTA-TGA
[BigO4(OH)4(O3SNH,)¢] - Reaction of Bi,O5; with 78 | XRD, EA, [200]
H,O sulfamic acid in H,O IR, MS
[BigO4(OH)4(H,0),] Hydrothermal synthesis 90 | XRD, PXRD, |[191]
[(CH2)2(503)2]3 from Bi203 and IR, TGA

ethanedisulfonic acid in

H,O
[BigO4(OH)4(H,0)6](NTT,)g Hydrolysis of Bi(NTf;); |n.r. | XRD [201]
(NTf,: bis(trifluoromethane- in H,O/p-xylene with
sulfonyl)amide) heptanoic acid
[BigOs(BTC),(HBTC)] Hydrothermal synthesis nr. | XRD, PXRD, |[202]
(H;BTC=1,3,5-benzenetri- from Bi(NO3); - 5 H,0, EA, IR, TGA
carboxylic acid) H;BTC, NaOH and H,O
[BigO;(HSal);3(Me,CO)s] - Hydrolysis of Bi(HSal); |n.r. |XRD, 'H-, [192]
1.5 Me,CO (acidolysis of BiPhs with I3C.NMR,
(H,Sal: salicylic acid) salicylic acid in toluene IR, MALDI-

and crystallization from MS

acetone)
[BigO-(hfac) 3] Reaction of BiPhjz with 90 | XRD, PXRD, |[193]
(hfac: hexafluoroacetylacetone EA, IH-, R
hexafluoroacetylacetonate) and hexafluoropentane- NMR, IR,

2,24, 4-tetraol MS, UV/Vis
[BigOg(OH)6](OTY)5 Hydrothermal synthesis 89 | XRD, PXRD, |[191]
(HOTHT: trifluoromethane sul- | from Bi,O3 and IR, TGA

fonic acid)

CF;SO;H in H,0

n.r. not reported

attached via three faces of the octahedral { Big} unit (Figs. 29 and 30).The tendency of
bismuth to form polynuclear species as result of hydrolysis and condensation is high,
and mononuclear species of the general type [Bi(OH)n(H20)6_,,]3’" are only observed
in highly diluted solutions, with the number of n depending on the pH of the

solution [168].

The hexanuclear metal oxido unit [MgOg4, (OH),.,

](6—x)+

is a quite common

structural building block in the metal oxido cluster chemistry of large metal cations.
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Table 7 Selected examples of bismuth oxido alkoxides and silanolates with nuclearity between six
and ten. Synthesis conditions, isolated yield, and analytics are given

Alkoxides and Siloxides Synthesis n/% | Analytics | References
[Bi,Na,O(OrBu)g] Reaction of Bi(OrBu); 15 XRD, [203]
with NaO7Bu in benzene '"H-NMR
[Bi,NasO(OCgFs)g(thf)4] Reaction of [Bi(OCgFs); - | 79 XRD, [204]
C,Hg], with NaOCgFs in EA, F-
THF NMR, IR
[Bi,Na,O(0OSiMes)s] (1) Reaction of BiCl; with |9 XRD, [194, 205]
NaOSiMej; in toluene EA, IR
(2) Reaction of [Bi 76
(OSiMej3);] with
NaOSiMejs in toluene
[B14N3202(OC6F§)10(thf)2] Reaction of B1C13 with n.r XRD []96, 206]
NaOC6F5 in THF
[Bi4Li,O,{O-2-(CH,CH=CH,) Alcoholysis of Bi[N <5% | XRD [207]
CesHa} ol (SiMe3),]3 with
2-allylphenol; Li source
not given
[BigO3(0OCgH;3-2,6-Cly) 5] - Alcoholysis of BiPh; with |23 XRD, [208]
2 C¢HsCHj; - Et,0 - 2,6-dichlorophenol in tol- EA
2,6-Cl,C¢H;0H uene and crystallization
from hexane/THF/Et,O
[BigO3(OCgFs)12(CsHsCH3)] (1) Hydrolysis or ether 89 XRD, [196]
elimination of EA, R,
[Bi(OC¢Fs)3(CsHsCH3)l2 NMR
in CH,Cl,
(2) Alcoholysis of BiPh; | 80
with HOC¢4F5 in CH,Cl,
(3) Hydrolysis or ether n.r.
elimination of
[Bi(OCsFs)3(CeHsCH3)la
in THF and crystallization
from toluene
[BigO7(OCgFs)15(thf/C¢HsCHs3),] | Hydrolysis or ether elimi- | n.r XRD, [195, 196,
nation from EA, F- | 206]
[Bi(OC¢Fs)3(CsHsCH3)l» NMR
[BigO7(OCH(CF3),),5] Alcoholysis of BiPh; with | 10 XRD, [209]
(CF;),CHOH EA, 'H-,
9%,
NMR, IR
[Bi907(OSiMe3)13] -0.5 C7Hg Hydrolysis of 100 XRD, []94]
[Bi(OSiMes;)s] in toluene EA, IR

n.r. not reported
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Fig. 30 Ball-and-stick model representing the molecular structures of two different nonanuclear
bismuth oxido clusters. The cluster [Bi903(OH)6]5+ (left) is composed of three corner-sharing
pentanuclear {Bis} subunits, and the silanolate is composed of the hexanuclear {BigOg} subunit
[Bi607(OSiMe3)]3+, which is coordinated to three bismuthates of the type [Bi(OSiMes)4]™
[189, 194]

Fig. 31 Ball-and-stick model representing the molecular structure of the hexanuclear uranium
oxido cluster [UgO4(OH)4(PhCOO);2(py)s]. The almost identical [M(p3-O)4(p3-OH)y] core is
reported for several bismuth oxido clusters (see Tables 5 and 6) [210]

For example, the molecular uranium oxido cluster [UgO4(OH)4(PhCOO),(py)s]
(py=pyridine) [210] as given in Fig. 31 shows a core structure which is almost
identical to the bismuth examples given in Fig. 29 and Tables 5 and 6. Structural
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Fig. 32 Ball-and-stick model representing the molecular structure of the tetradecanuclear lanthanide
hydroxido cluster [Tb;4(OH);g(acac),4]. Hydrogen atoms are not shown. The central hexanuclear
{Lng} cluster is connected via two corners to a pentanuclear {Lns} cluster each. Both cluster
fragments constitute typical structures as found in bismuth oxido chemistry as well [212]

units of the type {U¢Og} were also reported as part of extended networks or discrete
clusters such as [UgOg(OTf),(H,0)3]-23H,O (OTf=triflate) [211]. Similar
hexanuclear core structures are also observed in lanthanides of the types
[Ln;4(OH)g(acac),4] (Ln=Dy, Tb, Eu; acac=acetylacetonate (Fig. 32)
[212, 213], [LI]14O(OH)20(IN)22(CU6CI4(H20)8]'6 H2O (LH:Y, Gd, Dy,
HIN=isonicotinic acid) [214], [LngO(OH)g(NO3)s(H>0)1,](NO3),:x H,0
(Ln=Sm, Dy, Er) [215], and [LngO(OH)g(H,0)24](ClO4)s:xH,O (Ln=Nd, Gd)
[216], but the degree of condensation is drastically reduced. Noteworthy, the
oxido ligand as observed in the latter three examples constitutes the center of the
octahedral cluster, which is also observed in some bismuth oxido clusters, e.g., in
[Bi,NayO(OR)g] (R=SiMe;, tBu, C¢Fs) [194, 203, 204] and in the central octahe-
dral unit in {Bi3gO4s} clusters such as [BisgOys(hfac),s] [193]
(hfac=hexafluoroacetylacetonate) or [BizgO45(NO3),0(dmso),g](NO3), [178],
among others.

In comparison to bismuth and other main group metals, inorganic polyantimony
oxido clusters without covalent linkage to an organic ligand are almost unknown.
However, the report on the three-dimensional network structure of [Sb,O4(OH),]
[O3SCH,CH,S03] is a clear hint that cations of the type [Sb,04(0OH),]** exist in
aqueous solution [217]. By contrast other examples of inorganic antimony oxido
clusters are of anionic nature. A serendipitous but pioneering work was reported in
1994 by Fenske et al. that described a hexanuclear cluster of the type [Sbg(ps-
O)z(p-O)SCIM]‘F with all antimony atoms being hexacoordinate (Fig. 33). The
basic structural arrangement is best described as oxygen-bridged lacunary Sb;O,
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Fig. 33 Ball-and-stick model representing the molecular structure of the hexanuclear antimonate
[Sbe(3-0)2(1-0)sCl14]*~ [218]

Fig. 34 Ball-and-stick model and polyhedral view representing the molecular structure of the
octanuclear antimony oxido hydroxido cluster [SbSOIZ(OH)ZO]‘F [219]

cubes, which are known from tin oxido and diorganoantimony compounds
[218]. Shortly afterwards, Nakano et al. did show that the hydrolysis of KSb(OH)g
in aqueous solution in the presence of [fBuyN]JOH provided a material that after
crystallization from chloroform turned out to be the first discrete polyantimony oxido
hydroxido cluster [SbgO;2(OH),0]*~ (Fig. 34) [219]. The antimony atoms are octa-
hedrally coordinated, and the resulting octahedra are edge-sharing with one next
neighbor to give dimerized units of the type {Sb,O,(}, which themselves are corner-
sharing with two neighboring {Sb,O;¢} units.

Later on the cluster was reacted with the silanol HOSiMe,#Bu,, and upon cluster
degradation tetranuclear [Sb,05(OH),(0SiMe,rBu)s]*~ was obtained. The structure
of the silanolate-stabilized antimony oxido cluster [Sb,O6(OH),{OSiMe,Bu}]*~
might be described to be composed of four edge-sharing octahedral SbOg moieties
that form a planar Sb,O,¢ core [220]. Hydrolysis is expected to provide the new
antimonite [Sb406(OH)10]2_, which might be regarded as being a slightly
reorganized tetranuclear cutout of [Sbgolz(OH)20]47, with four edge-sharing octa-
hedral SbOg units. Characterization of the discrete anion [SbsOg(OH);0]*>~ is not
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Fig. 35 Ball-and-stick
model representing the
molecular structure of the
heteronuclear metal oxido
Cluster[Pr4Sb12(p4—O)6
(13-0)12(p4a-Cl)
(13-CD4Clyo P [222]

reported so far. Another almost planar antimony oxido arrangement is found in
[Sb604(NCS)12]2_ that similarly forms a central Sb,O,4 ladder-type arrangement to
which another antimony-containing moiety, here Sb(NCS)3, is coordinated at the
peripheral oxygen atoms [221]. The largest discrete antimony-containing oxido
cluster was observed under hydrothermal synthesis conditions starting from Pr
(OAc);-3H,0, SbCl; and 2-methylpyridine in water and turned out to be a
heteronuclear cluster of the type [Pr4Sb12(p4-O)6(p3-O)12(p4-C1)(p3-C1)4C112]5 ~in
combination with monoprotonated 2-methylpyridine as cation (Fig. 35) [222]. The
structure is best described as being composed of a praseodymium tetrahedron built
up around a py-chlorido ligand and itself being encapsulated in a truncated {Sb,}
cage. The anion is of nearly perfect Ty symmetry and quite robust. Thus it has been
used as cluster-type building block to build up inorganic—organic hybrid frame-
works under solvothermal conditions [222-225].

As mentioned above, the tetranuclear antimony oxido cluster [Sb406(OH)10]27 is
not reported to date, but structural analogs are found among the organometallic
antimony oxido clusters. A series of soluble diorganoantimony oxides of the type
[(R2Sb)4(p3-0),(p-0)4] (R=alkyl, aryl), which show a Sb-O-core structure as antic-
ipated for the antimonate [Sb406(OH)10]2_, was reported [226, 227]. Diverse other
organoantimony oxido clusters with nuclearity up to ten have been reported; selected
examples are (1) [(R,Sb)404(0,),] (R=Ph, o-tolyl) with four antimony atoms occu-
pying a square [226, 228, 229]; (2) a series of adamantane-like clusters, e.g.,
tetranuclear [( p-CIC¢H4Sb),O¢(Hnaphpz),] (Honaphpz, 2-[ 1H-pyrazol-5(3)-yl]naph-
thalene-1-ol) [59]; (3) carboxylates, e.g., tetranuclear (Ph,Sb),O4(OH),(O,CR),
(R=2-(CHO)CgH,4, 2,3-F,C¢H3, 4-CF;CgHy) [230]; (4) organosilanolate-stabilized
clusters, e.g., hexanuclear [(Ph,Sb)4Sb,(Ph,Si0,),0,(0H),] [231]; (5) phosphonate-
stabilized clusters, e.g., nonanuclear [(Ph,Sb),(PhSb);0;;(OH),(cycPO,)4(H,0),]
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Fig. 36 Ball-and-stick model representing the molecular structure of the organometallic cluster
[(p-X-CcH4Sb)160,5(OH)g] (X=ClI, Br). Hydrogen atoms are not shown [234]

(cycPO,H=1,1,2,3,3-pentamethyltrimethylenephosphinic acid) [232]; or (6)
terphenyl-stabilized  clusters, e.g., decanuclear [(2,6-MesCsH;Sb)4(CISb),
(HOSb),014] [233]. Examples with more than ten antimony atoms are scarce and
restricted to monoorganoantimony derivatives, which might be regarded as conden-
sation products of organostibonic acids. For example, hexadecanuclear antimony
oxido clusters of the type [(p-X-CgHsSb);60,3(OH)g] (X=CI, Br) were isolated
starting from the corresponding arylstibonic acid in toluene under reflux in the
presence of 3,5-dimethylpyrazole (Fig. 36) [234]. This cluster is unique among the
polyantimony oxido compounds and the only homometallic example of such large
size.

Several other heterometallic condensation products of aryl stibonic acids
ArSbO;H, of high nuclearity, which incorporate diverse metal atoms within the
metal oxido core structure, have been reported. They are usually obtained under
solvothermal or reflux conditions in the presence of amines and metal salts and
form quite different molecular structures besides quite similar nuclearity. The
additional cations play the role of templates, and interesting antimony oxido
clusters, for example, as found in the tetradecanuclear heterovalent Sb(V)/Sb(II)
compound  (PhsTe),;[Nay(H,O),( p-Br-CsHySb)oSba(Ph, Te),050(OH),],  were
reported [235]. The latter cluster seems to be unique, whereas a series of structur-
ally related dodecanuclear clusters was reported, the structures of which show some
intriguing dependency on the incorporated metal. With medium-sized cations such
as Na* and K™ clusters of the general type [M,H o_<(ArSb);,030]" (M=Na, K) were
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Fig. 37 Ball-and-stick model representing the molecular structure of a bowl-shaped
organoantimony  oxido cluster, which captures a barium cation [BaH;o(p-
MeCgH,4Sb)14034]. Hydrogen atoms are not shown [238]

isolated. They show an irregular hexagonal antiprism composed of twelve
Sb atoms, e.g., in [K,Hg( p-ClC6H4Sb)12030]27 [236, 237]. Larger cations such as
Rb* and Ba®" show the tendency to form open, bowl-shaped {Sb;4} metal oxido
units, in which the cation is placed above or partially within the opening of the bowl
(Fig. 37). This structural arrangement seems to be a very prominent one, because
different element compositions have been realized and the stability of the molecular
clusters was demonstrated by electrospray mass spectrometry, e.g., [BaH;q(p-
MeCgH4Sb)14034], (PhCH,NMes) Rb[RbH ¢ p-CICsH4Sb)14034], Rby[RbH( p-
C1C6H4Sb) 14034] . Rb [Rleo(p-MeC6H4Sb) 14034] , and Rb[Rng(p-MCCG
H,4Sb),4033Br] [238, 239].

In the case of the lighter cation Li*, the condensation products of arylstibonic
acids allow the capture of the cation in the center of the antimony oxido cage
structure, and thus for [LiH;( p-MeC6H4Sb)1202g]47 a {LiSb;,0,3} cage is
observed, which shows the geometry of a y-Keggin ion (Fig. 38) [238]. Remarkably,
the Keggin-type arrangement is also observed for other heteronuclear antimony
oxido clusters, which incorporate a transition metal instead of lithium. In addition
transition metals might coordinate to the outer sphere of the cluster, which adopts a
e-Keggin-type structure, e.g., in [Co(p-XCsH4Sb);,0,5{ Co(H,0)3}4]Cl, (X=Me,
CD) [240], (PhCHyNMej),[Zn(p-ClCgH4Sb)1,0,5(ZnCl)4]Cl,  [240], [Mn
(PhSb)120,28{Mn(H0)3 }>{Mn(H,0)2(AcOH) },] [241], and [Mn(PhSb);,025{Mn
(H,0)4(CsHsN); s(MeCN); s}1 [241], whereas the lack of additional transition
metals in the periphery of [BaCoH4(p-MeCgH4Sb),,0,5] [240] gave a 5-Keggin-
type structure. These polyantimony oxido clusters were described as “reverse”
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Fig. 38 Ball-and-stick model and polyhedral view of the molecular organoantimony oxido
cluster, which captures a lithium cation [LiH3z( p-MeC6H4Sb)12028]47. The cluster adopts a typical
y-Keggin-type arrangement. Hydrogen atoms are not shown [238]

Keggin ions by Baskar et al. [241], because the positions, which are occupied by the
main group element (E) and the transition metal (TM), are in a reverse order as
compared to traditional Keggin-type polyoxometalates [ETM;,040]> .

The aqueous chemistry of bismuth is dominated by complexes and clusters with
nuclearities below ten. Hexanuclear clusters of the type [Bi604+,((OH)4_,‘.](6’)‘)+
might be regarded as “magic bismuth oxido clusters” of high stability with an
octahedral arrangement of the bismuth atoms, denoted as {Big}. Compounds such
as [Bilzog(cit)g] 12= (H4cit:citric acid) [242] and [Bllgolz(OH) 1 2(O3S-
Cam),4(H,0)14] (HO3S-Cam=S-(+)-10-camphorsulfonic acid) might be expected
to be large bismuth oxido clusters based on their molecular formula; however, their
molecular structures can be cut into two and three, respectively, subunits of {Big}
clusters that are encapsulated by the organic ligands. Even the dodecanuclear
cluster [Bi;3019(OH)g(NO3)6](NO3), might be formally degraded into two
hexanuclear clusters of the type [BigOs(OH)3(H,0)]>* which dimerize by bismuth
oxygen coordination to give two neighboring octahedra [182]. The latter cluster is
an interesting and unique example that visualizes a primary hydrolysis/condensa-
tion step of octahedral bismuth oxido nitrates in aqueous solution, which are easily
formed and usually obtained upon hydrolysis of bismuth nitrate. However, they are
often ill-defined and reported as so-called basic bismuth subnitrates, often without
further specification. The composition of the hydrolysis products is best described
as [BigOy4.(OH)4.J(NO3)s.,, Sometimes also formulated as hydrated BiO(NO3). In
these compounds there is quite a high degree of variation for the exact composition,
and unusual disorder might occur as was illustrated by a detailed study of
Christensen and Lebech in 2012 [177]. Formerly, a prominent basic bismuth nitrate
was described as [BigO45(OH);3 5](NO3)s.5-H,O, which finally turned out to be
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[Bi604(OH)4]0.54(1)[Bi605(OH)3]0'46(1)(NO3)5'54(1) based on Rietveld refinement of
synchrotron data. Noteworthy, the compound is composed of two cations of
different charge but similar shape, and thus disordered packing of the cations is
observed. Careful control of the crystallization process gives access to basic
bismuth nitrates with either [BigO4(OH)4]®" or [BisOs(OH);]°* cations and varying
degree of hydration (Table 5). These hexanuclear bismuth oxido nitrates rapidly
form in concentrated solutions and show a very low solubility in water, but they are
soluble in DMSO and thus, in principle, become available for functionalization at
the periphery, but they also show a strong tendency toward further condensation in
solution. Several studies were carried out in order to substitute the nitrates by other
ligands such as carboxylates and sulfonates, but only in rare cases the hexanuclear
core structure is retained. For example, upon reaction of [BigO4(OH)4(NO3)s]-H,O
with CF3SO3H, the water-soluble triflate [BigO4(OH)4(OTf)s(MeCN)g] was iso-
lated [198]. However, most often further condensation reactions take place, and
regardless whether [BigO4,,(OH)4.,]J(NO3)., or bismuth nitrate — with in situ
formation of {Big} — were chosen as starting materials, bismuth oxido clusters
with a nuclearity of 38 were observed. These clusters with the bismuth oxido core
structure {BisgOys} are suggested to present another class of stable “magic bismuth
oxido clusters,” and their stability was demonstrated by electrospray mass spec-
trometry on several compounds even with molecular masses above 10 daltons
[243-246]. Nevertheless, a full substitution of the nitrates at the periphery is rarely
observed, and in several experiments none of the nitrates were substituted. Instead
bismuth oxido clusters with variation in the bonding mode of the nitrates to the
cluster core {Bi3gO45} and a varying number of coordinated solvent molecules
DMSO were isolated (Table 8). An instructive example is the isolation of several
bismuth oxido nitrates upon slight changes of the reaction conditions. The cluster
[Bizg045(NO3),0(dmso),5](NO3),4 - 4 DMSO was isolated as product of hydrolysis
starting from [BigO4(OH)4(NO3)s] - HO in DMSO [244], but crystallization of a
second crop of crystals was observed, which after slight changes of the crystalliza-
tion conditions turned out to be  [{BizgO45(NO3)4(dmso)ye}-4DMSO]
[{BizgO45(NO3)o4(dmso),4 }-4DMSO] [178]. Addition of sodium benzoate provides the
partially  substituted derivative [{BizgO45(NO3),0(OBz)4(dmso),4}-4DMSO]
[{Bi3g045(NO3)24(dmso),6}-4DMSO]  [247].  Several other mixed ligand
{Bi3g0y4s} nitrates with ligands such as sulfonates and carboxylates were reported
and are given in Table 8. Noteworthy, the solubility of these large bismuth oxido
nitrates is in most cases higher than that of the hexanuclear bismuth oxido nitrates,
which is attributed to the coordinated DMSO molecules and partial substitution by
organic ligands. Both prevent the large clusters from aggregation via bridging nitrate
ligands as it is observed for the hexanuclear basic bismuth nitrates. A typical
example of a {Bi3gOys} nitrate is shown in Fig. 39.

A rare case of full substitution of the nitrates was observed for methacrylate-
substituted { Bi38045 } 5 [Bi38045(OMC)24(deO)9(H20)2] 2DMSOSH20
(OMc=methacrylate) [249], which shows significantly higher solubility in organic
solvents such as THF and alcohols than most of the other bismuth oxido clusters
(Fig. 40). The cluster is accessible starting from [BigO4(OH)4(NO3)6]-H,O in
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Fig. 39 Ball-and-stick model representing the molecular structure of a typical {Bi;gOys} cluster,

[Bi3g0.45(NO3)20(dmso),5]**, which crystallizes as nitrate salt with additional DMSO. Hydrogen
atoms are not shown [244]

DMSO and sodium methacrylate, and its core structure is almost identical with that
of [Bi38045(NO3)20(dm50)28]4+-

In order to avoid systematically the presence of nitrates in bismuth oxido
clusters, nitrate-free precursors and conditions have to be used for the hydrolysis/
condensation step. This strategy was applied in the synthesis of the two first
examples of {Bi3gOys} clusters. In 2006 Dikarev et al. reported the formation of
[BizgOys(hfac),4], which was formed via the nonanuclear cluster [BigO(hfac);3]
(hfac=hexafluoroacetylacetonate) as a result of hydrolysis and condensation
[193]. Simultaneously, Andrews et al. reported on the isolation of
[BizgO44(HSal),6(Me,CO)16(H,0),] (HpSal=salicylic acid) and the intermediate
formation of [BigO;(HSal);3(Me,CO)s] starting from Bi(Hsal); [192], both clusters
being supposed to be quite stable hydrolysis products of bismuth tris-salicylate and
are suggested to be model compounds of the ill-defined bismuth subsalicylate,
which is used as an ingredient in commercial Pepto-Bismol. The latter pharmaceu-
tical is used to treat duodenal and peptic ulcers, ulcerative colitis, and diarrhea, and
thus there is an ongoing interest in this class of compounds [192, 246, 250—
252]. The formation of nonanuclear bismuth oxido clusters, which in both studies
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Fig. 40 Ball-and-stick model representing the molecular structure of the “fully” methacrylate-

substituted bismuth oxido cluster [BizgO45(OMc),4(dmso)e(H,0),]. Hydrogen atoms are not
shown [249]

were observed first, is well in line with earlier reports of Tytko, who postulated
hexa- and nonanuclear bismuth oxido clusters to be stable intermediates in the
hydrolysis process [168]. The larger clusters based on the {BizgOy45} core seem to
mark the next step of stable intermediates within the growth process of bismuth
oxido species. Noteworthy, even bismuth oxide might be used as starting material
to synthesize {Bi3gO4s}-based clusters. Andrews et al. reported the reaction of
Bi,03 with 2,4,6-mesitylenesulfonic acid to give an insoluble precipitate in water,
which was crystallized from m-xylene to give a compound of the composition
[Bizg045(03SMes),4(H,0)14] in form of a m-xylene solvate [200]. Nevertheless, all
{BizgO4s} clusters reported so far were isolated from organic solvents or at least
mixtures of them with water. The solubility of the clusters with high-molecular
mass and molecular diameters of about 2 nm is limited in aqueous solution, and a
proof for their existence in aqueous solution is still missing.

With regard to the bismuth oxido core structure, one aspect should
be highlighted. The bismuth oxido core structures of all {BisgOy4s} clusters
as given in Tables 8 and 9 are almost identical besides that
[BizgO44(HSal)6(Me,CO)16(H;0),] [192] contains only 44 oxygen atoms.
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Fig. 41 Ball-and-stick model and polyhedral view representing the bismuth oxido cluster core
{Bi3gO0ys}. Left: five edge-sharing octahedra are shown, which are created by bismuth atoms of the
three middle layers. Right: full view showing the 13 edge-sharing octahedra. The structure can be
deduced from the fluorite structure type [261]

Surprisingly, the central oxygen atom is missing as compared to, e.g.,
[BizgOys(hfac),s] [193] or [BizgO45(OMc),4(dmso)o(H,0)5] [249], but Mansfeld
et al. did confirm the result with their report on [BizgO44(HSal),5(Me,CO)16(H>0)4]
[257] and André et al. by publication of the X-ray single-crystal structure analysis
of [BizgOy44(HSal),6(dmf)g(H,0)4] [250]. It is far from clear why the oxygen atom
is missing in the center of these bismuth oxido clusters, while in similar carboxyl-
ates such as [BisgO4s(HSal*™®),,(dmso)4(H,0),] (H,Sal*™°=4-methylsalicylic
acid) [246], [Bi38045(HS&1)22(OH)2(deO)16.5] [257], and [Bi38045(HSal)22
(OMc),(dmso);5(H,0)] [259], the expected {BisgO4s} core structure is observed.
Mehring and coworkers pointed out that this core structure is very stable and best
described as being composed of edge-sharing [BigOg]-polyhedra, which are com-
posed of six octahedral Bi atoms with the eight O atoms located over all of the
triangular faces similar to the hexanuclear bismuth oxido clusters of the type [BigO4
+X(OH)4_)L.](6’)‘)+ (Fig. 41) [261]. This structural concept is based on a dense hexag-
onal packing of bismuth atoms and seems to be a principal structure concept in
bismuth oxido cluster chemistry and of metal oxido clusters with large metals in
general. For example, in uranium(IV) and plutonium(IV) clusters, a similar
f.c.c. packing of the metals is observed, and noteworthy three clusters with
38 metal atoms have been reported, [U;gOs6Cl g(bz),4(THF)g]-8THF (Fig. 42)
[262], Lia[Pu3g056Clsa(H,0)s] [263], and  Lir[Pu3z0s6Claa(H>0)20]- 15H,0
[264], all of them showing a similar basic [M38056]40+ core structure. There is a
close structural resemblance of these metal oxido core structures with the [BisgO,s]***
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Fig. 42 Ball-and-stick model and polyhedral view of the molecular structure of the uranium oxido
cluster [U3g056Cl;g(bz),4(THF)g] (bz=benzoate). The metal oxido core structure [M38056]4O+ is
comprised of 38 uranium atoms and is very similar to {Bi;gO4s}. Hydrogen atoms are not shown
[262]

core, which is built up by edge-sharing {Mg}-polyhedra (Fig. 41). The metal oxido
structures of the large metals can be deduced from the fluorite structure type.

In addition to the large number of {BizgO45} bismuth oxido clusters, examples
of lower nuclearity have been observed while using ligands for the cluster stabili-
zation such as phosphonates, phosphates, hydroxamates, alkoxides, and siloxides.
The recently reported hydroxamate [BizO.(BHA)(H-BHA) 4(dmso)g]
(H,BHA=benzohydroxamic acid) [258] fits into the general concept of bismuth
layers as a result of a f.c.c. packing of the bismuth atoms and thus edge-sharing
{Big} units in bismuth oxido clusters. This arrangement is close to that found for
cubic 8- and tetragonal B-Bi,O;, in which the oxygen atoms occupy % of the
tetrahedral voids. Both solid-state structures might be constructed starting from a
fluorite cell, which is also the basis to construct the metal oxido core of the
polynuclear metal oxido clusters. In accordance with the above described structural
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Fig. 43 Ball-and-stick model representing the molecular structure of the hydroxamate cluster
[Biz40,,(BHA)»,(H-BHA) 1 4(DMSO)g]. The central metal oxido cluster is based on a {Bi,4} core.
Hydrogen atoms are not shown [258]

concept, the hydroxamate [Biz4O,,(BHA),,(H-BHA)4(dmso)s] was described as
being composed of a {Biy4O,;} core structure, which is encapsulated by ten
additional bismuth atoms via oxygen coordination. These outer sphere bismuth
atoms are coordinated to mono- or di-anionic hydroxamate ligands, which in
combination with DMSO form the hydrophobic organic shell (Fig. 43) [258].
Similarly, the molecular structures of the large homometallic bismuth oxido
silanolates and alkoxides [Bi;gO15(OSiMes)g] [194], [BirgO15(0OSiMes),4] [194],
[Bi22026(OSiMeztBu)14] [266], and [Bi32040(0H)4(O-2,6-Ph2C6H3)12] [207] as
well as the heterometallic clusters [Bi33NaO3g(OSiMes)os] [194] and
[BispNayOg4(OH),(0SiMes3),,] [194] fit with the above described Aufbau principle
of edge-sharing {Big} octahedra as basic motif with a silanolate/alkoxide shell
making up the hydrophobic nature (Table 10). For example, the bismuth oxido
cluster [Biy»O,65(0SiMe,rBu) 4] is composed of six of these octahedra (Fig. 44).
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Fig. 44 Ball-and-stick model and polyhedral view of the molecular structure of the bismuth oxido
cluster [BixO,6(OSiMe,tBu)4]. The cluster is composed of six edge-sharing {Big} units. Hydro-
gen atoms are not shown [266]

Noteworthy, a cerium cluster of the same nuclearity and following the
same structural concept was reported. The mixed valence cerium oxido cluster
[Ces,050(0OH)4(ib),6(tme) 4] (Hib=isobutyric acid, Hjtme: 1,1,1-tris
(hydroxymethyl)ethane) is composed of six Ce(Ill) and 16 Ce(IV) atoms forming
a metal oxido core of the type {Ce,,0,4}, which is covered by twenty six anionic
ligands protecting the cluster (Fig. 45) [267]. The cluster structure might be
regarded as a cutout of the fluorite structure type of cerium(IV) oxide.

Bismuth and sodium cations show quite similar radii of their cations which allow
substitution within the metal atom sublattice without substantial distortion of the
structures. To date [BisoNa,Ogs(OH),(OSiMes),,] is the largest bismuth oxido-
based cluster, and despite several reports on various substituted {Bi3gOy45} clusters
in the last decade, those on larger ones are still missing (Fig. 46) [194]. The
{BisoNa,} cluster is built up by the same Aufbau principle as discussed for the
{Bis,} and {Bisg} clusters before.

In contrast to the less sensitive {BizgOy4s} nitrates, sulfonates, and carboxylates,
the bismuth silanolates are very sensitive toward moisture, which makes their
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Fig. 45 Ball-and-stick model and polyhedral view of the molecular structure of the cerium oxido
cluster [Ceyn0,0(OH)4(ib),6(tme),] (Hib=isobutyric acid, Hstme=1,1,1-tris(hydroxymethyl)eth-
ane). Similar to [BiyO,6(OSiMe,tBu)4], the cluster is composed of six edge-sharing {Big} units.
The structure is rotated by 90° with regard to the representation of [BiyyO,6(OSiMe,rBu)q4] in
Fig. 44. Hydrogen atoms are not shown [267]

handling more difficult but also offers the possibility to use the silanolates as
starting materials for the synthesis of other bismuth oxido clusters. For example,
the synthesis of [BixnO,s(HSal*™®),] (H,Sal**=4-methylsalicylic acid) was
reported starting from [Biy;O,6(OSiMe,fBu) 4] [246], which otherwise was not
isolated but was shown to be an intermediate on the hydrolysis/condensation route
toward [Bi38045(HSal4M°)24(dmso)14(H20)2] by NMR, ESI-MS and single-crystal
X-ray diffraction.

Several ligands were so far successfully attached to the bismuth oxido cluster
core {BizgOys}, but examples for phosphonates, phosphinates and phosphates
were not reported. To date two polynuclear bismuth oxido compounds exist. The
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Fig. 46 Ball-and-stick model representing the molecular structure of the bismuth oxido silanolate
[BisoNayOgs(OH),(0OSiMes),,], the largest cluster within the bismuth series so far. Hydrogen
atoms are not shown [194]

phosphonate [fBuPO3);o(rBuPO3;H),Bi;400(Ce¢He)3(H,0)4] [255] and the phos-
phate [{ (2,6—iPr2C6H3O)PO3 } 10{ (2,6-iPr2C6H3O)P020H }2Bi14010(CH3OH)2]
[256] both show the same bismuth oxido core structure, which does not follow
the Aufbau principle as described above (Fig. 47). The core structure is based on a
Bi;40,0-buidling block, which is captured by the ligands to form a rugby ball-like
structure. The first steps of condensation seem to be similar to other bismuth
species, which is indicated by the presence of ladder-type {BisO¢} subunits, but
the multidentate nature of the ligands and its strong binding capacity seem to
hamper cluster growth.
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Fig. 47 Ball-and-stick model representing the molecular structure of the bismuth oxido

phosphonate [fBuPO3),¢(tBuPO3H),Bi,4010(C¢Hg)3(H,0)4]. Coordinated water and benzene
molecules are omitted and hydrogen atoms not given [255]

5 Summary and Concluding Remarks

Metal oxides are accessible via various solution-based approaches starting from
simple inorganic precursors, but with regard to control of structure, particle size,
and morphology, most approaches are based on empirical studies rather than
controlled synthesis. It must also be kept in mind that usually postmodification of
the as-prepared precipitate by heating to high temperatures is necessary, e.g., to
complete condensation reactions and/or to remove water, carbon, and other ele-
ments, and is crucial for structure formation, particle growth, and morphology. A
further step toward the realization of a synthetic concept at low temperatures, which
might be called “synthesis by design”, is the understanding of nucleation and
growth of metal oxido species on a molecular scale. Many early studies on aqueous
solution chemistry of metal salts exist, and various complexes of low nuclearity
which are formed prior to nucleation have been postulated and were also verified in
many cases. However, a detailed picture at later stages of hydrolysis/condensation
processes is still lacking, and only a limited number of examples of well-
characterized group 13—15 metal oxido clusters with more than ten atoms are
known. The present review summarizes these examples and shows some common
trends but also demonstrates the diversity of metal oxido clusters as reported so far.
Especially, for germanium but also for antimony, the data on purely inorganic
clusters are scarce even for those of lower nuclearity. The most relevant example
for antimony might be [SbgOlz(OH)20]4_, which is constructed by edge- and
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corner-sharing octahedral SbOg units. However, isolation of the three-dimensional
network structure [SbsO4(OH),][O3SCH,CH,SO5] might be regarded as an
indication for the presence of cationic species in aqueous solution upon change
of conditions such as the pH value. The solution chemistry becomes even
more complex if organometallic oxido clusters are included in studies on
structure formation. For example, antimony shows condensation products of high
nuclearity which are derived from organostibonic acids such as [(p-Cl-
CeH4Sb)160,3(OH)g]. There is also a wealth of organometallic tin oxido com-
pounds, especially in the oxidation state IV, and also aluminum and gallium reveal
a large number of organometallic oxido clusters. Prominent examples of such
clusters of these elements are [RAIO], (R=alkyl, n=6, 9, 12), [(rBuGa);,(Hs-
0)g(p-0)2(p-OH)4], and [(nBuSn),2(p3—0)14(p—OH)6]2+. These organometallic
compounds are of limited use as model compounds for hydrolysis studies, but
might serve as precursors for metal oxides. However, postmodification for carbon
removal is necessary after processing, and pure oxides are difficult to obtain.
Nevertheless, in applications where residual carbon is tolerated, organometallic
compounds might offer the advantage of a high solubility in organic solvents.
The most important inorganic metal oxido clusters of aluminum are the
“flat” [Al13(p3-OH)6(p-OH)lg(HZO)24]15+ and the Keggin-type clusters [Al;3(p4-O)4
(u—OH)24(H20)12]7+. The latter were shown to condense to give larger aggregates
such as [A126(p4-0)g(p-OH)50(H20)2O]12+, which still are based on Keggin-type
structures and do not show structural relationship to aluminum oxide. This is quite
similar to the structural chemistry of polyoxometalates which is based on structures
such as the Keggin-type [XM;,04]", the Wells—Dawson-type [XoM30g,]"", and the
Anderson-type [XMgO,4]" (M, metal; X, metal or heteroelement) with none of them
representing a cutout of the corresponding natural metal oxides. For aluminum, it
might be speculated that amorphous hydrolysis products are composed of mainly
Keggin-type-related aluminum oxido hydroxide building blocks. By contrast, for
gallium two examples, [Gasx(4-0)12(13-0)7(p3-OH)g(H-OH)39(Hy0)50]' ™ and
[Ga30(p4-0)12(p3-0)4(p3—OH)4(p-OH)42(H20)16]12+, were detected which are struc-
turally related to p-Ga,O5 and might represent intermediates or nucleation germs for
the bulk material. In contrast to the group 13 elements, such large inorganic tin oxido
clusters were not reported so far, with [Sn;,Og(OH)4(OEt),5(HOEt)4] being an
exception. The most prominent clusters are those based on [Sng(p3-O)4(13-OH)4],
which could be regarded as a primary octahedral building block {MgOg} of a
f.c.c. packing of metals and oxygen atoms attached to the triangular faces. This
motif represents a cutout of the fluorite structure type. Other metals also show this
octahedral building block including organometallic compounds and for large metals
such as bismuth, cerium, uranium, and plutonium become increasingly important. In
metal oxido clusters of these elements, the {MgOg} units become edge-sharing, as in
the fluorite-type metal oxides, and large clusters such as [Ce;,0,0(OH)4(ib),6(tme)4],
[Bix026(0OSiMestBu) 4], [UsgOs6Clig(bz)24(THF)g], Lija[PusgOs6Clsa(H20)s5], and
[Bizg045(NO3)50(dmso),g](NO3)4-4 DMSO. Several other bismuth oxido clusters
with 38 metal atoms have been isolated, but larger ones, with the heteronuclear cluster
[BisoNa,Og4(OH),(0OSiMes),,] being the only exception, are not reported despite
tremendous research efforts. It might be speculated that these nanoscaled and more or
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less spherical clusters of approximately 2 nm in diameter represent a very stable metal
oxido unit with substantial solubility. Increasing the cluster size by addition of metal
oxido units to the {BizgO45} core while maintaining a symmetrical spherical arrange-
ment might result in a very low solubility which is unfavorable for crystallization
under thermodynamic control. It is suggested that amorphous hydrolysis products
might be mainly composed of these {Bi;gO45}-based clusters, which explains that
upon short time of heating, metastable [3-Bi,Oj is easily formed. The latter bismuth
oxide adopts a tetragonal distorted defect fluorite structure type. In general it is
proposed that those metal oxides, which adopt fluorite-type structures, follow a
similar Aufbau principle as was described for bismuth oxido clusters.

Although nucleation and growth of metal oxides have been studied for decades,
the chemistry at early stages of structure formation is still in its infancy. Most of the
work is based on the analysis of small complexes and a limited number of crystal
structures of larger metal oxido clusters. It seems to be necessary to enlarge the
structural database of metal oxido clusters on the one hand and on the other hand to
intensify research on the characterization of clusters including their dynamic behav-
ior in solution. For example, electrospray mass spectrometric analyses for bismuth
provided first results on cluster growth, and EXAFS studies as well as high-energy
X-ray scattering for PDF analysis (pair distribution function) on actinides proved to
be very fruitful to study structure formation. These activities should be enhanced
including other elements and additional analytics such as NMR, IR, and other in situ
X-ray techniques and should be accompanied by theoretical investigations.
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Abstract Nanometre-scale metal chalcogenide clusters and materials derived from
their regular spatial organization via covalent or other bonding interactions repre-
sent an important area of research, encompassing intricate structures and unique
size-related electronic and physical properties. This chapter will summarize the
structure and bonding principles in these systems, focusing on high nuclearity and
discrete metal chalcogenide clusters, and will review the recent progress in their

preparation using solvothermal and ionothermal approaches.
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1 Introduction

Polynuclear metal chalcogenides ME (where M = metal, E = group 16 element
heavier than oxygen) often possess unique structures due to the bonding modes
inherent to the chalcogen sites [1-7]. Metal chalcogenide clusters with well-defined
sizes and chemical composition can contain tens to hundreds of metal core atoms,
organized with a high level of symmetry, reaching several nanometres in size [6, 8—
10]. Many of these nanoclusters can be prepared and isolated as single crystals,
making it possible to obtain complete structural information through single-crystal
X-ray diffraction [11]. Other powerful tools, such as electron tomography, can help
significantly in the analysis of cluster (super)structures [12—15]. Knowledge of the
exact structure of such clusters provides valuable insight into structure—property
relationship in nanodimensional systems without obscuring effects of size poly-
dispersity and structure ambiguity, often inherent to colloidal nanoparticles. Gen-
erally, clusters of semiconductor metal chalcogenides have size-related electronic
and photophysical properties due to quantum confinement effects [16—18]. Thus, a
systematic blue shift of the optical absorption band is observed with decreasing
CdSe cluster size [19, 20]. The properties of the clusters can also be tuned by the
substitution of M and E, by combining several different metals or chalcogens, with
site-selective distribution of the components in a cluster core, and/or fitting organic
ligands on a cluster surface. Long-range order is present with certain secondary
structures (1D, 2D and 3D arrangements), maintained by electrostatic (Coulomb)
interactions and/or relatively weak (e.g. van der Waals) forces or, alternatively, by
covalent bonding (with or without auxiliary organic linkers) between metal chal-
cogenide clusters [21]. Such multilevel, hierarchical structures of metal chalco-
genide clusters have multiple attractive features: materials containing metal
chalcogenide clusters can be engineered at several different length scales, from
atomic level (size and composition of cluster core) to the superstructure level
(intercluster bonding type and connectivity patterns), which provides an additional
opportunity to control their properties [22]. Moreover, hybrid materials can be
created based on molecular-level integration of anionic metal chalcogenide clusters
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with cations having special functions [23, 24], or even by the combination
(crystallization) of cluster superstructures with other advanced materials. One
of the recent examples of the latter is the cluster-based material
(CsH5N)5[ZnyGa4Sn,Sess]@reduced  graphene oxide, where CsHipN s
piperidinium cation [25]. The properties of the materials containing metal chalco-
genide clusters encompass such research areas as photophysics, photoelectro-
chemistry, photocatalysis, etc., as they are promising candidates for application
as advanced energy conversion materials and bio-labels [26-30].

Historically, a coordination chemistry approach has been used for the
preparation and crystallization of metal chalcogenide clusters from solutions [1, 6,
9]. This powerful approach utilizes different sources of chalcogenides
and surface chalcogenolates (among them silylated reagents E(SiMes), and
RESiMe;) [11] and has been proven to give access to, for instance,
unprecedented large sizes (e.g. [Ag400S185(S'CsHi1)114]) [31] as well as
opportunities for unique surface functionalization (e.g. ferrocene (fc) decorated
[Ag74S19(dppp)e(fc(C{O}OCH,CH,S),) 18], where dppp=1,3-bis(diphenyl-
phosphino)propane) [32] to group 11 metal chalcogenide clusters. Materials
containing metal chalcogenide clusters have also been prepared by solid-state
chemistry approaches from high-temperature reactions in polychalcogenide flux
(e.g. a series of discrete clusters [M4SnyS1-] 10~ with M=Mn, Fe, Co, Zn in a K,S,
flux) [33, 34]. More recently, solvothermal approaches have been exploited
[35, 36], conducting synthesis using relatively simple reagents (e.g. elemental
forms and inorganic salts) in an appropriate organic solvent in a sealed vessel at
moderately high temperature and autogenous pressure. A related approach, utiliz-
ing ionic liquids as reaction media is also a focus of research efforts for the
preparation of metal chalcogenide clusters [37]. During the last decade
solvothermal and ionothermal approaches have yielded, for example, new metal
chalcogenide clusters with unprecedented structures [38—40], the ability for precise
and uniform one-atom doping of clusters with vacant sites [41, 42] and the
preparation of large, discrete clusters, previously accessible only in covalently
bonded 2D and 3D superlattices [43, 44].

Several research groups have been developing solvothermal and ionothermal
approaches towards the preparation of large metal chalcogenide clusters and mate-
rials derived from their regular spatial organization. The general synthetic routes
and the structures and properties of these materials will be summarized in this
review. Note that the main focus is on discrete clusters (mainly tetrahedral) and
their non-covalent 3D superstructures, while extended framework superstructures
(both zeolite and metal-organic framework analogues with inorganic linkers and
organic ligand connection between clusters, respectively) were previously covered
in several reviews [45—48]. Relatively large metal chalcogenide clusters, mainly
containing > 8 metal sites in the core, are the focus herein.
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2 Bonding in Metal Chalcogenide Clusters

2.1 Metal-Chalcogen Bonding

Chalcogenides E*~ form stable bonds with many metals, adopting several different
bridging coordination modes, with i3 and p4 being the most common [2, 4, 6]. Thus,
the coordination number of sulfur reaches 4 even with a relatively large metal cation
such as Cd**. The ability to bridge metals with high coordination numbers is attri-
buted to the large ionic radii, high polarizability, more delocalized electron orbitals
and the anionic nature of chalcogenide ligands [6]. The bridging ability increases on
going down group 16 from sulfur to selenium to tellurium [3, 5, 7]. Metal cations in
cluster chalcogenides can be in one particular oxidation state (M>*, M>* or M**) or
different combinations of two cations (e.g. M>*/M* or M**/M?**) or exhibit even more
complex composition. A recent example of such multinary compounds is a family of
discrete M,(E35 clusters, combining, for instance, five metals with different oxidation
states (i.e. Cu, Zn, Mn, Ga and Sn) in one cluster, as confirmed by EDX analysis;
for clusters with quaternary composition (e.g. [Cu,GaigSnySess] 2= or
[Zn4Ga14Sn2$e35]12*), single-crystal structure refinement results are in good agree-
ment with atomic absorption spectroscopy analysis [49]. As a consequence of the high
bridging ability of E*~ with high coordination numbers for M**, in many metal
chalcogenide frameworks, cations and anions both adopt tetrahedral coordination,
which makes tetrahedral unit { ME,} the most basic building block in these materials.
A distinct structural feature is the overall tetrahedral shape of many such clusters. The
covalent character of bonding in the tetrahedral units {ME,} reflects the relative
position of the composing metals in the periodic table. Most often, metals in these
tetrahedral clusters belong to groups 12, 13 and 14 (e.g. Zn, Cd, Hg; Ga, In; Ge, and
Sn) and late first-row transition metals (e.g. Mn, Fe, Co and Cu); however, this does
not exclude the possibility of doping by other metals (e.g. Li). Many of the tetrahedral
metal chalcogenide clusters, originally prepared by other approaches, have been
reproduced solvothermally. Even more clusters have proven accessible by
solvothermal and ionothermal approaches, including those with completely new
structure types. The group 11 metal chalcogenide clusters, prepared by coordination
chemistry approaches, are numerous and structurally diverse [50-52], but such
discrete clusters are typically not accessible via solvothermal or ionothermal
approaches. Although large cluster cores composed of tetrahedral units { ME,4} and
an overall tetrahedral shape are characteristic to metal chalcogenides, some
examples are also known for oxides (e.g. tetrahedral clusters [MnHnganO%]%*
or [LnygOy;1***, where Ln=lanthanoid metal) [53, 54]. With adamantoid (cubic)
(Fig. 1, left) and barrelanoid (hexagonal) (Fig. 1, right) crystalline cages both being
possible with the tetrahedral coordination of atoms (corresponding to zinc blende and
wurtzite crystal structures, respectively, well known for bulk crystalline metal chal-
cogenides), the recognized structural variations of tetrahedral metal chalcogenide
cluster arise from different combinations of cubic and hexagonal cages in the ME
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Fig. 1 Adamantoid or cubic (left), barrelanoid or hexagonal (right) crystalline cages. M sites are
shown as green spheres and E as yellow-orange
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Fig. 2 The core structures of the largest discrete clusters prepared in the three tetrahedral cluster
series: (basic) supertetrahedral cluster [Cdy3InnSsa(mim)4]*>~, where mim = 1-methylimidazole
(left); penta supertetrahedral cluster [Cu;;In;sSe;(SePh),4(PPhs)4] (centre); capped supertetrahedral
clusters [Cd54S32(SPh)48(H20)4]47 (right). [43, 55, 56]. If not stated otherwise, M?* sites are shown
as green; M°Y, light blue; M**, blue; M*/M>* transition metal sites, magenta; S, yellow-orange; Se,
orange; Te, brown; C, light grey; O, pink; N, violet; and P, purple in all figures throughout the review.
Atoms and bonds in the cluster core are typically shown as spheres and sticks, respectively, while in
ligands and other species atoms and bonds are shown as capped sticks

frameworks. Thus, by the nature of intra-cluster connectivity, tetrahedral metal
chalcogenide clusters can be classified as belonging to three particular structural
series, (basic) supertetrahedral, penta supertetrahedral and capped supertetrahedral
(Fig. 2) [47, 57]; these are considered in detail below in Sects. 2.3, 5.2 and 5.3.
Although large, non-tetrahedral clusters [6, 9] are less often prepared via
solvothermal and ionothermal syntheses, some fascinating examples of discrete
ring- and cagelike frameworks formed by vertex and edge sharing of basic tetrahedra
{ME,} have been reported recently. These clusters are discussed below in Sects. 2.5,
5.5and 5.6.

2.2 Local Electroneutrality in the Cluster Core

One of the most important factors affecting the size and connectivity of metal
chalcogenide clusters is the charge on the constituent metal cations. As the tetra-
hedral clusters display a clear structural relationship with the corresponding
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crystalline solids, they are found to obey the same rules surrounding their bonding.
Generally, the charge of metal cations appearing in particular sites of tetrahedral
metal chalcogenide clusters is found to follow Pauling’s electrostatic valence rule.
According to this rule, in order to keep local electroneutrality (local charge
balance), the sum of the strengths of the electrostatic bonds to E”~ anion should
be equal to the charge on the anion, i.e. 2. The electrostatic bond strength can be
calculated as the ratio of the charge on adjacent metal cations to its coordination
number. From this it follows, for example, that each tetrahedral E?~ site could be
either surrounded by four tetrahedral M** or two tetrahedral M>* plus two tetrahe-
dral M*. More specific cases are addressed below when considering the tetrahedral
cluster series. Pauling’s electrostatic valence rule works most obviously for the
inner sites in the cluster, although it is not always applicable to surface sites
(at vertexes, edges and faces of tetrahedral clusters). This is because E?~ sites on
the surface may receive additional bond valence from cationic species that are not
part of the cluster. A few exceptions to Pauling’s electrostatic valence rule (e.g. a
tetrahedral cluster with a core E>~ site bonded to four M3+) [58] can be rationalized
considering cluster stabilization from additional lattice species.

2.3 Series of Tetrahedral Clusters

In a basic supertetrahedral series, each molecular cluster consists of a regular
tetrahedral-shaped fragment of the zinc blende-type lattice (cubic, adamantoid
cages) (Fig. 3). Larger clusters in this series are formed by fusion of adamantoid
cages only. This is the most fundamental type of connectivity; other series of
clusters can be geometrically derived from the basic supertetrahedral building
units. The difference between clusters within the series lies in the size of the
framework. This is reflected in conventional notation for the clusters in the
supertetrahedral series, T,, where the integer n indicates the number of individual
{ME,} tetrahedra along each edge (Fig. 3). The integer n is also equivalent to the
number of metal layers within a particular cluster. Thus, a T5 cluster with a M;oE,q
core contains four fused adamantoid cages and has three {ME,} tetrahedra along
each edge (or three metal layers) (Fig. 3, top right). The composition of an idealized
core MLE, of any T, cluster is strictly defined (see formulae in Table 1). It can be
seen that the number of E sites in a T,, cluster is equal to the number of M sites in the
next larger T(,.1) cluster. The peculiarity of large T, clusters is the presence of
tetrahedrally coordinated (inner) anions, while smaller clusters (T, T, and T3)
consist of p- and ps-anions only. To maintain the local electroneutrality, in large
metal chalcogenide clusters containing two or more types of metal cations, site-
selective distribution of metals will be one that better balances the tetrahedrally
coordinated anion sites Ezf, which occur inside clusters >T,4. In multinary clusters
with more than one type of chalcogenide (e.g. both Se and S), the appearance of E,
E’, M and M’ at inner or surface sites may be governed by multiple factors [59]. The
largest reported discrete supertetrahedral clusters are Ts; for instance,
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Fig. 3 Tetrahedrally shaped fragments of regular zinc blende (cubic) crystalline lattice as
idealized structures of supertetrahedral T, clusters. Such clusters up to Ts were synthesized and
structurally characterized, while Tg remains a hypothetical structure

Table 1 Series of tetrahedral metal chalcogenide clusters®

stoichiometry b

x=[n{n+1)(n+2))/6;

y=I(n+1)(n+2)(n+3)]/6

x=4[n(n+ 1)(n+2)]/6
+[(n+1)(n+2)(n+3)]/6;

y=4[(n+1){n+2){n+3)]/6
+[n(n + 1)(n +2)]/6

Name (Basic) supertetrahedral | Penta supertetrahedral Capped supertetrahedral
Notation Ta Pa G,

n=1 ME, MsEi7 M3;E32

n=2 M,E0 MasEas M3;Esq

n=3 M;oEz0 MssEsgs

n=4 MaoEss

n=5 M3isEss

Cluster M,t,,‘ where M,E,, where M,E,, where

x=[nln+1)(n+2)l/6
+[4n+1)(n+2)]/2+4;

y=[(n+1){n+2){n+3))/6
+{aln+2)(n+3))/2+4

#Adapted from [47]

"Stoichiometry of discrete clusters is summarized. The overall stoichiometry of the superstructures
of covalently connected clusters (e.g. corner-sharing case) varies depending on the pattern of
connectivity

“Colours in formulae are used to emphasize the structural relation between clusters with the same
n in the different series: the parts of expression correspond to the number of metal (green) and
chalcogen (orange) atoms in the idealized basic supertetrahedral T, unit M,E,. For instance, the
composition of an idealized penta supertetrahedral P, cluster can be derived by taking four times
the expression for a T, unit and one for an anti-T, unit, where the latter has the metal and
chalcogen positions exchanged in comparison to a regular one

[Cd13In22552L4]12_ cluster, where L is neutral organic ligand 1-methylimidazole,
mim, capping four cluster vertexes through In—N coordination bonds (Fig. 2, left);
this was prepared using solvothermal methods [43].
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Clusters with a void or cavity in the core, i.e. hierarchical and coreless clusters,
can be considered as structure variations of a supertetrahedral series rather than a
separate connectivity type. Hierarchical supertetrahedral clusters (denoted T, )
consist of four supertetrahedral T, units assembled (through vertex sharing by
bridging E*~ or ER ™ sites) into a self-closed T, cluster with a central void of size
T,. Hierarchical T, ; clusters can also be viewed as T,-like clusters of a larger size
(n=p*q) with a well-defined tetrahedral void in a core, created by the systematic
absence of M and E atoms. In hierarchical clusters, the presence of an inner
tetrahedral void ensures a decrease of the coordination number of some of the
internal anions; the structure is favourable under conditions of an appropriate
combination of constituent elements and a structure-directing agent that optimizes
both local and total charge balances. Hierarchical clusters with large T, units (and,
consequently, large voids) are rare, as T, clusters preferentially self-assemble into
extended lattices (an extraordinary example is dual hierarchical covalently bonded
3D superstructure Ts o, [60]) instead of forming discrete self-closed T, , clusters.
An example of large hierarchical cluster is the solvothermally prepared discrete Ty,
[Cd161n645134]44_ (Fig. 4) [61]. More recently, solvothermal synthesis also resulted
in the preparation of the anionic T, cluster [M;¢Sesq]"” (M=Ge/In mixed sites)
covalently linked with T; clusters in a 3D framework [62]. Hierarchical
supertetrahedral clusters can be prepared while systematically hosting a particular
chemical species (e.g. alkali metal cations) [63].

The other set of clusters with a central void are coreless clusters, having in their
otherwise regular T, lattice a single metal tetrahedral site vacant, surrounded by
four core E®~ ions. Examples are the solvothermally prepared coreless Ts
[CdglnygSsel 2= which are arranged in a covalently bonded 2D superstructure
[64] and coreless Ts [In34Ss6]®~ which form a covalently bonded 3D co-assembly
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Fig. 5 Stuffed -
supertetrahedral cluster
[Sn1082004]8_: an extra O
atom is present in each of
the four cubic cages of the
regular T3 unit [66]

with regular T; [In10818]67 units [65]. These large clusters with one metal cation
missing appear since such a structure allows for a reduction in the coordination
number of four inner chalcogenide anions from four to three, helping to maintain
local electroneutrality. The void in as-prepared coreless clusters is occupied by
various (highly disordered) guest species [64]. At the same time, a coreless struc-
ture provides a unique possibility for precise doping with carefully chosen metal
cations (e.g. by Cu* or Mn”*), which was shown to change dramatically the
photophysical properties versus the pristine metal chalcogenide frameworks
[41, 42].

Similar to the main structural feature in coreless clusters that results from metal
atom elimination, uncommon stuffed clusters can be viewed as a product of the
addition of extra atoms to regular T, frameworks. Recent examples of solvothermally
prepared stuffed clusters include [Sn1082004]87 and [SnlOSeZOO4]87 with extra
oxygen atoms in each cubic cage of the T; units (Fig. 5); both S- and
Se-containing analogues are covalently linked in co-assemblies of clusters of differ-
ent sizes [66, 67]. The formation of such oxychalcogenide units allows for the
stabilization of a Sn**-containing T; framework, which is otherwise unlikely to
form: according to Pauling’s electrostatic valence rule, ps-E*~ sites do not match
with tetrahedral Sn*" sites and the largest possible supertetrahedral cluster in the pure
system M,*E, is T,.

Penta supertetrahedral cluster series (denoted P,) are formed by coupling four
T, supertetrahedral units onto the faces of an anti-supertetrahedral unit of the same
order. The central anti-supertetrahedral unit has the M and E positions exchanged in
comparison to a regular one; e.g. anti-T, unit has composition { E4M;} (Fig. 6, top
left). In this way, P, clusters contain both cubic and hexagonal cages, and the latter
appear on fused faces (Fig. 6, top centre). Thus, in a P, cluster four hexagonal cages
are sharing a single tetrahedral E site, also each containing three M sites of the same
{EM,} unit. In a P, cluster there are three hexagonal cages on each of four faces of
anti-T, unit, twelve in total (Fig. 6, top right). The structural relation between P,
and T, with the same n is reflected in the composition of an idealized P, core M,E,
(see formulae in Table 1), as formulae can be derived using the known composition
law for T,. The largest solvothermally prepared penta supertetrahedral cluster P,
with composition [LiyIny»S44] 18~ exhibits corner sharing in a covalently bonded 3D
structure [68]. This large cluster contains four tetrahedrally coordinated S2~ sites,
located in the central anti-T, unit. To satisfy Pauling’s electrostatic valence rule,
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Fig. 6 Anti-T, building unit with a composition {E;M;o} (top left), in which the M and E
positions are exchanged in comparison to a regular T, unit {M4E(}. Face-to-face coupling of a
T, and an anti-T, supertetrahedral unit (each containing a cubic cage) creates three hexagonal
cages (fop centre). Penta supertetrahedral cluster P, (top right) can be viewed as a combination of
four T, units and one central anti-T, unit; partial occupancy of some cites by metals of different
valence is ignored here. Anionic P, cluster [LigIn,»S44]'%~ (bottom) contains six inner metal sites
with partial occupancy Li/In (shown as dark cyan) to satisfy Pauling’s electrostatic valence rule
[68]

each such S>~ site should be surrounded by two Li* and two In>*, giving together a
bond valence sum of +2. These two metals are statistically distributed over six
symmetry equivalent inner metal sites (located in central anti-T, unit) with 2/3
occupancy by Li* and 1/3 occupancy by In** (Fig. 6, bottom) [68]. In the discrete
cluster of the same size P,, prepared using a coordination chemistry approach [55],
a statistical distribution of Cu® and In®* cations over six symmetry equivalent inner
metal sites was also found (Fig. 2, centre). With four vertex metal positions in the
central anti-T, unit, as well as four metal positions at P, cluster vertexes solely
occupied by Cu*, results of elemental analysis are in a good agreement with the
disordered model and a neutral formula [Cu;In;sSe;(SePh),4(PPh3),], featuring
PhSe™ ligands on edges and PPhj ligands at cluster vertexes [55].
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Capped supertetrahedral cluster series (denoted C,,) consist of a core, which is a
regular fragment of the cubic lattice, and four hexagonal (barrelanoid) cages
capping the vertexes. Another way to view clusters of the C,, series, better showing
their relation with T, series, is as follows: a regular supertetrahedral unit T, at the
core is covered on each face with a single “layer” of vertex-sharing basic {ME,}
units (see Fig. 7, top centre) and each vertex is completed by a {M4E,} group to
form a hexagonal cage. In this way, the composition of an idealized C,, core can be
derived using formulae for T,, with the same n (Table 1). The structural feature of
C,, clusters is the open cleft that runs along each of the tetrahedral edges (see Fig. 7,
bottom). Like in T, clusters, the number of E sites in a C, cluster is equal to the
number of M sites in the next larger C,,;, in the series. In C, clusters, each
hexagonal cage (more precisely, a MyEs unit) at one of four vertexes can also be
independently rotated (around the threefold axis of the tetrahedron) by 60°. This
results in additional variation (isomerism) in the capped supertetrahedral series,
denoted as C,, ,, where m refers to the number of corners that have been rotated from
their original position in the parent C,. This variant does not usually change either
cluster or superstructure properties significantly, so vertex rotation will not be
mentioned below while referring the cluster type and size. Discrete capped
supertetrahedral clusters with sizes up to C; were synthesized solvothermally;
some examples are [Cd54S32(SPh)48(H20)4]47 (Fig. 2, right) and
[Cds4Sesr(SPh),s(H,0),]* (Fig. 7, bottom) [56]. The core of these Cj clusters is
formed by ten tetra-coordinated cadmium and twenty tetra-coordinated chalcogen-
ide sites in a cubic arrangement (forming a regular T; unit) (Fig. 7, top left). The
inner tetrahedron is covered on each face with seven {CdE4} units fused through
vertexes by rows 2-3-2 to form a single cubic sheet (Fig. 7, top centre), resulting in
four times three pi3-E* sites (twelve in total). Capping each vertex with a hexag-
onal cage (Fig. 7, top right) increases the number of edge p-PhS™ sites to eight per
each of the six edges (48 in total).

From the description above, it can be seen that in the vast majority of these
tetrahedral clusters, the number of E sites exceeds the number of M sites; this
follows from having the tetrahedral { ME,} unit as a building block. The presence of
an inner anti-T,, unit (derived from a {EM,} unit) in the structure of P,, cluster series
is an exception. Interestingly, the preparation and structural characterization of
several large tetrahedral “quantum dots” with crystalline CdSe cores corresponding
entirely to anti-T,, clusters was recently reported [69]. The metal chalcogenide core
structure with unusual metal-terminated {111} facets was derived using a combi-
nation of single and powder X-ray diffraction data and atomic pair distribution
function analysis. These quantum dots have approximate formulae
Cd355€20X30L30, Cd563635X42L42 and Cdg48656X56L56, with benzoate and n-
butylamine ligands (X = O,CPh, L = H,N-Bu), and can be viewed as anti-T,,
anti-T5 and anti-Tg, respectively.
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Fig. 7 The core Tj unit (fop left), a single cubic sheet (fop centre) that covers each face of the
central tetrahedron and a hexagonal cage (fop right) that caps each vertex in the Cj cluster
[Cd54SC32(SPh)4g(H20)4]47 (bottom). The open cleft along each of the six edges of the tetrahedral
C; cluster is formed by S (shown as yellow-orange spheres) and Cd (green) atoms. Carbon atoms
of PhS™ ligands are omitted for clarity [56]

2.4 Ligands on Tetrahedral Clusters

Some metal chalcogenide clusters, such as those with group 13 and 14 metals, may
be prepared as purely inorganic (anionic) frameworks. This is in accordance with
Pauling’s electrostatic valence rule, as tetrahedrally coordinated M** or M** cations
can balance edge or corner E>~ anions with low coordination numbers. For metal
chalcogenide clusters with surface Mt sites, the sum of the strengths of the
electrostatic bonds to edge or vertex E®~ sites is too low to reach local
electroneutrality. To overcome this, the coordination numbers of such E’~ sites
are found to increase. In other words, clusters require the incorporation of an
encapsulating and stabilizing shell of organic ligands. The ligands on a metal
chalcogenide core also kinetically protect the cluster and prevent further conden-
sation to the thermodynamically favoured infinite crystalline lattice of the related
solid. Organic ligands serving in this capacity include various phosphines PR3,
amines (especially, N-containing aromatic heterocycles), halides (Hal) and organo-
chalcogenolate anions RE™ [6, 9]. While the majority of these ligands replace
surface B2~ sites, creating M—P, M—N and M—Hal coordination, chalcogenolates
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at edges and vertexes do not alter the M,E, stoichiometry of the idealized cluster
core. For chalcogenolate ligands the most common bonding mode is the doubly
bridging p; triply and higher bridging coordination modes are more often observed
for selenolate and tellurolate ligands than for thiolates, reflecting their larger size. In
discrete metal chalcogenide systems with mixed ligands, bridging chalcogenolate
ligands preferentially occupy edge positions, while other ligands are bonded to
metals at vertex positions.

In coordination chemistry approaches for cluster formation, the use of coordi-
nating and chelating solvents to increase the solubility of reactants and/or products
simultaneously can lead to the preparation of metal chalcogenide clusters containing
solvent molecules as ligands (e.g. pyridine, dmf) [70, 71]. Higher reactivity under
solvothermal or ionothermal conditions may also cause some side reactions to
occur. Consequently, products of the decomposition/conversion of solvent
(or additive) may serve as ligands. Examples include the coordination of
dimethylamine from DMF, piperidine from dipiperidinomethane and 1-butyl-2-
methyl-imidazole, Bim, from 1-butyl-2,3-dimethylimidazolium chloride,
[Bmmim]Cl [44, 49, 72, 73]. An interesting case of ligand conversion during
hydrothermal synthesis is the hydrolysis of the cyano group of
3-pyridinecarbonitrile, which resulted in the preparation of 1D covalently bonded
clusters [ZngS(SPh)3L(H,0)], with bidentate L. = 3-carboxypyridyl bridging two
adjacent clusters via M—N and M—O coordination (Fig. 8) [74]. Another possibility
for “by-product” ligands to appear in the coordination sphere of metals is from the
reaction of solvent with some precursor (e.g. MeOCS, ™ ligand formed from reaction
of MeOH and CS,, used as sulfur source) [75]. The concept of intentional ligand
modification during the assembly of metal chalcogenide clusters via solvothermal
and ionothermal approaches has been developed recently, aiming at broadening the
range of possible ligands and gaining access to new moieties that are unreachable
under milder synthetic conditions. In this vein, a C—S cross-coupling reaction under
hydrothermal conditions was systematically studied for in situ ligand reactions
between mono-halide-substituted pyridines (L=Hal-CsH,4N) and thiophenol during
the preparation of [ZngS(SPh);4L,] [76]. Varying the nature and position of the
halide substituent allowed to observe that ligands containing iodine as a substituent
were, unexpectedly, unreactive under the conditions explored, despite the fact that
iodide is the best leaving group in comparison to F~, CI~ or Br™. The lack of
reactivity of iodide-substituted pyridines was attributed to the higher energy barrier
for iodide elimination during the hydrothermal process in comparison to the other
halide-substituted pyridines. It was also found that with a ligand containing the
substituent in the ortho-position, no crystalline product was obtained, whereas the
use of ligands with substituents in meta- and para-positions (e.g. 3-chloropyridine
and 4-chloropyridine) led to the crystallization of clusters with in situ prepared
ligands at the vertexes (L=m-CcHsSCsH4N and p-CcHsSCsHyN, respectively).
Such selectivity was attributed to the spatial hindrance induced by the cluster
[ZngS(SPh),4L,]. Overall, the successful one-pot-synthesis of clusters with tailored
ligands demonstrates the potential of in situ ligand-generating reactions under
solvothermal and ionothermal conditions in constructing functional metal
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Fig. 8 A fragment of the 1D covalently bonded cluster chain of [ZngS(SPh)3L(H,0)] with L =
3-carboxypyridyl, a bidentate ligand formed in situ by hydrolysis of the cyano group of
3-pyridinecarbonitrile. Carbon atoms of PhS™ ligands, except the one on the cluster vertex, are
omitted for clarity [74]

chalcogenide clusters, simultaneously building a new bridge between coordination
chemistry and synthetic organic chemistry.

The selection and in-situ design of ligands provide potential to modify metal
chalcogenide clusters on several levels, tailoring cluster size and composition by
adjusting the coordinating ability of the ligands and regulating superstructure
topology by changing cluster—cluster interactions. The latter can be illustrated on
the example of the neutral C, clusters [Cd3,S14(SR);36L4], where R is either the
phenyl [70] or the 2-hydroxypropyl [77] group and L is dmf or water respectively.
The strong influence of ligands on the superstructure packing is such that the
thiophenolate-stabilized Cd32 clusters crystallize into cubic superstructure (space
group P32) sustained by van der Waals ligand-ligand intercluster interactions,
whereas the thiopropanol-stabilized Cd32 clusters crystallize into a double layer
superstructure (space group R3) with a continuous network of hydrogen bonding.
As another important function, an increased solubility of clusters due to the
presence of organic surface ligands (especially those with modified properties,
such as fluorinated ligands [78—80]) can also enhance the crystallization of clusters
into superlattices [81]. The recent preparation of various mononuclear metal com-
plexes with the perfluorinated chalcogenolate ligands [82, 83] that potentially can
be used as precursors for the large cluster synthesis lays the foundation for future
progress in this field.

Ligands are also known to influence the photophysical properties of metal
chalcogenide clusters. For instance, phenylchalcogenolate ligands were reported
to quench CdE clusters emission at room temperature, which was attributed to the
existence of non-radiative relaxation mechanism that involves vibrating modes of
the bridging p-PhE™ ligands [20]. In contrast to this, the replacement of PhE™ by
Hal ™ ligands results in red shifts and significant enhancements of the emission [84]
and absorption [85] peaks. Moreover, optical properties of clusters can be affected
by trapping of organic species in ligand shell via cation—x interactions [86], which
may potentially be used in various sensing systems. Generally, the electronic and



Large Metal Chalcogenide Clusters and Their Ordered Superstructures . . . 283

photophysical properties of smaller clusters were found to be more sensitive to
changes in the ligand shell. The influence of ligands becomes less pronounced with
increasing cluster size; this was observed experimentally and confirmed by theo-
retical calculations at DFT and TDDFT levels for tetrahedral clusters belonging to
different series (e.g. see [87]). The incorporation of ligands with special function-
ality (such as those containing ferrocene derivatives) can also introduce electro-
chemical functionality onto the clusters [88-90]. Ligand exchange reactions
provide even more opportunities for tailoring metal chalcogenide clusters; the
approach was proven to be efficient for the preparation of neutral Cd,oE, clusters
with dendritic thiolate ligands [91] or with poly(ethylene glycol) units directly
attached to the core [92], featuring high solubility in organic solvents and water,
respectively, as well as modified photophysical properties.

2.5 Non-tetrahedral Clusters

Non-tetrahedral clusters possess diverse frameworks and have no obvious structural
similarity with the corresponding bulk crystalline metal chalcogenides [6, 9]. In this
review (see Sects. 5.5 and 5.6), the focus will be on the discrete assemblies where
basic tetrahedral { ME,} units are joined together into polymeric fragments through
sharing of vertexes and/or edges so as to form one or several rings. For instance,
large, “double-decker” rings and complex cages have been prepared recently using
solvothermal and ionothermal approaches. Metal cations here belong to groups
13 (In**) and 14 (Ge**, Sn*"), or transition metals (Mn>*), and E is a heavier (Se,
Te) chalcogen. Such clusters can be viewed as molecular analogues of polymeric
1D chains [93, 94], typical for compounds of group 13 and 14 elements, and more
unusual 1D ribbons [95], also prepared under solvothermal and ionothermal con-
ditions. Complex vertex-linkage or the coexistence of vertex- and edge-linked basic
tetrahedral { ME,} units was previously also found in some 3D metal chalcogenides
[96, 97]. The tendency of the repeating fragments, composed of linked {MSe,} or
{MTe,4} units, to cyclize can be attributed to the larger atomic size and, as a
consequence, the higher structural flexibility of Se*” and Te?  in comparison
with $?7. These clusters are typically charge-balanced, templated and stabilized
by bulky imidazolium-based cations or other organic amines (see Sect. 5.6).
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3 Bonding in Materials Containing Metal Chalcogenide
Clusters

3.1 Bonding in Cluster Superstructures

Crystalline solids containing spatially organized metal chalcogenide clusters can be
categorized into several classes depending on the nature of the bonding in the
superstructure. Clusters may form covalently linked “continuous” frameworks of
various types (i.e. 3D networks, 2D layers or 1D chains), or alternatively, with an
absence of such interconnected species, metal chalcogenide clusters are “isolated”
or “discrete” (OD) in their crystalline superstructures.

The covalent linkage of clusters can be realized through inorganic bridges (most
often, corner-sharing clusters connected at vertexes with a single E*~ or RE~
bridge) [98, 99] or through the use of organic multidentate ligands (e.g. bi- or
even tetradentate tetrahedral linkers) [100-102]. In some superstructures, both
inorganic and organic connectivities can coexist [103], and such covalent linkages
can also be realized via more unusual species, e.g. metal complexes
[104, 105]. Superstructures with covalent linkages between tetrahedral clusters
have been extensively studied and several reviews were published [47, 48]. They
are not the main subject of this review and only selected cases (featuring excep-
tional clusters, prepared under solvothermal or ionothermal conditions) are
discussed in the following sections. Large tetrahedral metal chalcogenide clusters
(e.g. T4 and Ts), covalently linked into superstructures, are well established, while
the preparation of the corresponding discrete analogues remained a formidable
challenge until recently.

An interesting type of bonding in such superstructures is realized when metal
chalcogenide clusters form dimers, i.e. two clusters are linked via covalent bonds,
and then such dimers are self-assembled into a non-covalent superstructure. This
type of bonding of two clusters was achieved, for example, under solvothermal
conditions using 1,2-di(4-pyridyl)ethylene (dpe) ligands as the organic linker,
covalently bonding two vertices of two T3 clusters (Fig. 9) [106]. In each “half”
of such T3-T3 two-cluster anion [GalOS17HL2-dpe-GaIOSI7HL2]67, the remaining
two vertexes are terminated by L=3,5-dimethylpyridine, while the fourth vertex
contains a SH™ anion. Total electroneutrality is achieved via
3,5-dimethylpyridinium cations. The self-assembly into a non-covalent superstruc-
ture (space group P1) is realized though m—r interactions between aromatic rings
and N—H--'S hydrogen bonding between protonated organic cations and surface S
atoms in clusters. Even more sophisticated coupling is realized in solvothermally
prepared crystalline solids containing a C,—C; two-cluster neutral component,
double bridged by the more flexible bifunctional organic ligand 1,3-di(4-pyridyl)
propane (dpp) [Cdq7Se4(SPh)yg-(dpp)o-Cdi7Ses(SPh),g] (Fig. 10) [107]. Such
dimers are subsequently assembled into a non-covalent superstructure (space
group P2,/c). Non-covalent superstructures, containing cluster dimers, allow the
intercluster connectivity with organic linkers to adjust system performance
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Fig. 9 Two-cluster anion
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(through the combination of the size-related properties of nanodimensional clusters
with functionality of bifunctional ligands), at the same time preserving the solubil-
ity of individual components.

As opposed to covalent intercluster bonding, metal chalcogenide clusters can be
considered as being discrete molecular entities when the superstructure is formed
only via electrostatic bonding and/or other cluster—cluster interactions,
e.g. hydrogen bonding and dispersion (van der Waals) forces. In such cases, the
superstructures of metal chalcogenide clusters can be referred to as molecular
crystals [21]. Such superstructures of smaller clusters prepared by a coordination
chemistry approach are especially well documented [70, 77, 108—117]. In contrast,
the preparation of progressively larger, discrete metal chalcogenide clusters (with
several composition restrictions related with maintaining both local and total
electroneutrality, in addition to low solubility of formed clusters) requires special
conditions for superlattice formation. Recent successes (e.g. a superlattice of
discrete “full-core” Ts clusters) [43, 44] are closely connected with developing
solvothermal and ionothermal approaches together with a better understanding of
the role of various factors associated with these synthetic routes.
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Since anionic clusters dominate this area, discrete ionic superstructures are most
likely to form. Less common, neutral metal chalcogenide clusters, typically with
phenylchalcogenolate ligands and/or aromatic ring-containing structure-directing
and stabilizing species, can form discrete superstructures through relatively weak
ligand-ligand and ligand—template—ligand interactions. The intercluster bonding
(for instance, hydrogen or m—r interactions) is such that connection between the
building blocks into a superstructure is reversible [118—121]. The key factor is
whether superstructure disassembly (e.g. via dissolving in a suitable solvent) would
be possible in such a way that the core and ligand shell of individual clusters does
not change. Several cases of complete recrystallization of superstructures
consisting of large discrete clusters were reported under relatively mild
solvothermal conditions. Disassembly of the crystalline solid, while clusters went
into solution at elevated temperature and pressure, was followed by recurring
superstructure formation upon cooling [41, 122].

The solubility of the discrete large tetrahedral clusters broadens their potential
for application, making possible, for instance, solution processing to achieve new
advanced materials. Thus, mesostructured materials and even porous gels and
aerogels were prepared using small metal chalcogenide clusters (e.g. [Ge4SIO]4*)
as building blocks; such materials may be useful in photocatalysis or in the removal
of heavy metals from water [123]. The production of semiconductor-doped thin-
film materials for optics and electronics has also been proposed [70]. Thus,
polyvinylcarbazole films, functionalized by [Cd3,S4(SPh)sg(dmif)4], can be spin-
coated from a pyridine solution.

The nature of the bonding in superstructures is known to influence the physical
properties of cluster assembly. In some cases, the effect of connectivity of the
clusters is less pronounced in comparison with the effect of cluster size and
composition, as it can be followed, for example, for the optical properties of the
systems [41, 49]. In other cases, these (inter)cluster features are found to be of
comparable importance: it was shown that the photocurrent response of
solvothermally prepared material containing a 3D covalent framework of
[Cd32514(SPh)40]47 clusters (corner sharing through PhS™ ligands) synthetically
integrated with a metal-complex dye is seven times larger than that of the material
where the identical clusters are discrete. This was attributed to the facilitated
transfer of photo-induced electrons in the 3D framework [75].

3.2 Topology of Superstructures

For topological consideration on the level of superstructure, it is convenient to view
each tetrahedral cluster as a tetrahedral pseudo-atom (T) or, alternatively, to
consider only the positions of the barycentres of the clusters. The covalent linkage
of four-vertex-connected tetrahedral clusters (often realized by a single E*~ bridge)
is known to give a limited number of topologies for 3D superstructures [47], which
is related to the limited flexibility of the T—E—T angles [46, 124]. The common
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Fig. 11 Examples of 3D superstructure topologies formed from discrete tetrahedral clusters:
idealized cubic diamond (leff) and hexagonal diamond (right) superstructures. Clusters are not
shown; lines are connecting the barycentres of the clusters

topological types for covalently linked large tetrahedral clusters are (cubic) single
and double diamond, as well as cubic carbon nitride. In the latter, four connected
clusters are combined with tri-connected S*~ sites that bridge the corners of three
adjacent clusters [125]. The covalent linkage of tetrahedral clusters with auxiliary
organic ligands L, most often pyridyl-based ones, helps to increase the flexibility of
the T—L—T connection, which potentially broadens the range of the possible
topologies. The cluster connectivity in such cases rarely reaches four and the
coordination polymers are most often prepared as 1D and 2D superstructures. An
exception is a series of 3D four connected covalent superlattices where T; or T4
units are linked by imidazolate ligands [126].

The wide variety of the nature and relative weakness of interactions leading to
the formation of superstructures from discrete clusters leads to the remarkable
diversity in connectivities and makes it more difficult to generalize corresponding
topological types. Various distortions also complicate this assignment. For
instance, considering the barycentre positions, superlattices with distorted cubic
diamond and hexagonal diamond topologies have been often reported for large
anionic tetrahedral clusters (Fig. 11) (e.g. see [44]). This means that intra- and inter-
cluster connectivities are the same, and the clusters behave like artificial atoms in
zinc blende- and wurtzite-like crystal structures.

Unlike 2D and 3D covalent superstructures formed via corner sharing through
inorganic linker, where topologies combining two tetrahedral clusters of different
size, structure or composition are not that rare (e.g. P;-T,, T»-Ts, or T, »-T5 hybrid
covalent superstructures) [58, 62, 65, 127-129], there are a limited number of
examples of superstructures combining two different discrete clusters. Thus, ionic
superstructure with a cubic [CdgL;>(NO5)(dmf)g]*" cluster as a cation and a
dumbbell-shaped [Cd6L14]2_ cluster as an anion (L = 2,5-dimethylphenylthiolate)
was prepared under ambient conditions [130]. Even more unusual cases of two-
cluster-anion superstructures via solvothermal preparation (e.g. co-crystallization
of tetrahedral T4 [Cu4In16S35H4]147 and cubic [Cu1238]47 discrete anionic clusters)
[122] are considered below.

In the superstructures of neutral discrete clusters, multilevel organization often
takes place with the participation of several different interactions. Thus



288 T.I. Levchenko et al.

neighbouring clusters may be arranged into layer-like formation via intercluster
N—H-E or C—H'E hydrogen bonding, with such layers further combined into
superstructure through van der Waals forces [131].

3.3 Total Electroneutrality in Superstructures

As opposed to the local electroneutrality, fotal electroneutrality (global charge
balance) refers to the overall charge density match between clusters and charge-
balancing species. As was discussed above, local electroneutrality generally fol-
lows Pauling’s electrostatic valence rule, making relatively straightforward calcu-
lations possible (e.g. using Brown’s bond valence model) [132, 133] to explain/
predict the arrangement of metal cations of different valence in particular cluster. In
contrast, with total electroneutrality there are many different factors (among them,
partial atomic charges on cluster core atoms and protonation ability of charge-
balancing species) to be taken into account simultaneously, making any attempt of
its quantitative representation more difficult. Thus, an additional stabilization of
superstructures assembled via electrostatic (Coulomb) forces can be achieved while
charge-balancing species are also capable of other interactions with clusters,
e.g. N—H:-E and C—H-E hydrogen bonding, n—m, anion-nr and hydrophobic
interactions. Aromatic quaternary ammonium cations and protonated organic
amines are most important in this capacity. Some effects related with maintaining
total electroneutrality are discussed below.

Even in solvothermally prepared covalently bonded 3D and 2D superstructures
of clusters, where charge-balancing species are most often highly disordered,
alternating the charge-balancing cations was reported to cause changes in cluster
arrangement, varying from different unit cell parameters to the different packing of
clusters in a superstructure. For instance, the use of the larger Et,N™ cation instead
of Me4N* results in a change of stacking pattern for the 2D covalently bonded
superstructure of Ts clusters [Cu51n30554]l37 (space groups Pm and C2/c, respec-
tively) [134]. It was proposed that even small quaternary alkyl ammonium cations
may show structure-directing effect in addition to charge compensation. Different
protonated organic amines with well-known structure-directing ability may display
even more remarkable effects: thus, under the same synthetic conditions, the
addition of dipiperidinomethane instead of 1,4-bis(3-aminopropyl)piperazine
leads to the solvothermal preparation of a 3D covalent superstructure of two
clusters, Tz and coreless T5 as [Inloszo]w* and [In34556]107, respectively, versus
that of the single T, cluster as [Zn4In16835]14_ (space groups /4;/a and I4,/acd)
[65, 135]. It is interesting that a source of a M2* d-block metal is present in the
reaction mixtures probed with all amines, but M>* only becomes incorporated into
T4 clusters. The formation of superstructures with substantially different charge
densities (the overall framework negative charge per metal site is —0.273 vs. —0.5
for Ts—coreless Ts and T,, respectively) was discussed in terms of the charge
densities of the incorporated protonated amine molecules, approximated by their
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C/N ratio (5.5 vs. 2.5 for dipiperidinomethane and 1,4-bis(3-aminopropyl)pipera-
zine, respectively). Such an approximation is rough and cannot be generalized; for
instance, the same 3D covalent superstructure of T, clusters [ZngIn;S35] 14= (space
group I 42d) was also reported with other protonated amine species, including
4,4’ -trimethylenedipiperidine which has a C/N ratio of 6.5 [135].

In superstructures containing discrete clusters, additional interactions helping in
stabilizing negative charges are of even greater significance. Their assembly may
depend to a large extent not only on the electrostatic interactions but on hydrogen
bonding as well. Though N—H---S or N—H---Se hydrogen bonding is weaker in
comparison with N—H---O that is known to direct the assembly of oxide frame-
works (e.g. zeolites), charge-balancing protonated organic amines in OD super-
structures of metal chalcogenide clusters are often found to be ordered and shown to
play an important role in cluster formation and crystallization. A close match of
charge density, geometry and additional interactions should exist between anionic
clusters and cationic species in superstructures to make the formation of particular
discrete clusters more favourable. The preparation of covalently bonded 3D frame-
works is typically more tolerant of small variations in the size and shape of amines.
For example, varying the protonation ability or steric hindrance by using similar
amines (piperidine derivatives and related compounds) under the same
solvothermal conditions was shown to result in the formation of different super-
structures [49]. Thus, comparing o-, m- and p-methyl piperidines with the
unsubstituted one indicates that the substituent in the p-position gives a superstruc-
ture of discrete T4 clusters [ZnsGa;4Sn,Sess) 12~ with a significantly larger unit cell
parameter (19.2020(3) A vs. 18.8951(1) A for substituted and unsubstituted piper-
idine, respectively, space group I 43m). The weaker bonding in the superstructure
containing protonated p-methyl piperidine is reflected, for instance, in the faster
dissolution rate and increased solubility of the product, as well as in its band gap
change. Both o- and m-methyl piperidines lead to the formation of related 3D
covalently bonded T, clusters (space group /4,/acd) as minor and exclusive prod-
ucts, respectively. It was concluded that m-position substitution creates the highest
steric hindrance in comparison with o- or p-positions, not allowing such an
arrangement of protonated amines around the discrete cluster, while hydrogen
bonding allows for additional stabilization [49].

4 Synthetic Approaches: Solvothermal and Ionothermal
Routes

Generally, a solvothermal approach refers to conducting reactions in an appropriate
solvent with the aid of suitable additives in a sealed vessel at elevated temperature
and autogenous pressure. If the process is done in water, the process is differenti-
ated as hydrothermal, and in the case of other (organic) solvents, it is referred to as
solvothermal. Some organic solvents widely used for the preparation of metal
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chalcogenide clusters are methanol, acetonitrile, DMF and organic amines. The
importance of the latter (e.g. N-containing aromatic heterocycles) as solvents and
additives is related to the fact that organic amines can act as ligands, stabilizers and
(in a protonated form) charge-balancing species for large anionic metal chalcogen-
ide clusters. The most recently explored variation, ionothermal process, utilizes
more thermally and chemically stable ionic liquids as a reaction medium. Reaction
vessels may vary from sealed thick-walled glass tubes to stainless steal autoclaves
with an inert lining or inner container; a combination of the sealed in glass tube with
an autoclave with some liquid for counter pressure is also possible. Under
solvothermal conditions a supercritical state can be achieved, when the liquid—
vapour boundary disappears and the fluid achieves properties of both the liquid and
the gas though for many reactions it is not necessary and rarely applied.

In a typical solvothermal or ionothermal process, the reagents are mixed with
suitable additives in a chosen reaction medium and heated to moderately high
temperature for a period of time from several hours to several days, cooled to
room temperature with a desired rate, and products are isolated. Syntheses of metal
chalcogenide clusters by these approaches are typically performed with small-scale
reactions (product weight from tens to hundreds of mg). Reported yields (% based
on a metal source used) vary, although they are generally higher for smaller clusters
(e.g. ~65% for Py [74, 136] or even ~90% for T [106]) but decreasing for larger
systems. Optimization of reaction conditions (such as alternating metal or chalco-
gen source, addition of auxiliary solvents, changing reaction time or temperature
[44, 59]) can help to enhance product purity and yield.

Although smaller metal chalcogenide clusters may be used as precursors for
solvothermal or ionothermal conversion into larger ones [137, 138], the synthesis
often starts with simple elementary forms and inorganic salts and involves redox
chemistry for cluster formation. Various clusters with different sizes and composi-
tions can be present in solution simultaneously, while upon cooling and crystalli-
zation, equilibrium shifts in favour of one (or more) product(s). In comparison with
a solid state chemistry approach, where performing the reactions in molten media
(e.g. polychalcogenide flux) requires high temperatures (>300°C, often
500-650°C), the solvothermal approach offers a significant reduction in the reac-
tion temperatures (typically <200°C). The flexibility of the solvothermal approach
also allows an adaption to large-scale synthesis or a combination with other
techniques, e.g. microwave-assisted synthesis. The combination of elevated tem-
perature and pressure during solvothermal synthesis often allows increased solu-
bility of precursors, promoting diffusion in reaction mixtures, improving selectivity
of conversion, speeding up reactions and facilitating crystallization of the product.
Performing such synthesis in ionic liquids shares some advantages with those done
in traditional organic solvents (solvothermal approach), where reaction media may
simultaneously act as a structure-directing agent and as a template. In this vein,
ionic liquids with voluminous quaternary ammonium and imidazolium-based cat-
ions are of particular interest [37, 139]. At the same time, the negligible vapour
pressure of ionic liquids makes the use of autoclaves (and associated equipment
cost and safety measures) unnecessary. Generally, reaction pathway and outcome
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may be quite different under solvothermal and ionothermal conditions, and selec-
tion of the particular synthetic approach for each system depends on multiple
factors.

5 Structures of Materials Containing Metal Chalcogenide
Clusters

5.1 General Comments

As was described above, there are certain limitations and conditions for metal
chalcogenide cluster formation related to maintaining local and total
electroneutrality. Since the preparation of discrete tetrahedral metal chalcogenide
clusters meets particular (different) restrictions depending on cluster composition,
i.e. the type of metal cations present, it is reasonable to consider solvothermal and
jonothermal routes to (1) clusters with M>* cations exclusively and (2) clusters with
M** cations, both exclusively or doped with M**, M** or M* cations, separately.
Reactions where tetrahedral clusters are taken as starting reagents resulting in the
preparation of new clusters are also discussed separately. As the distinct group,
discrete non-tetrahedral metal chalcogenide clusters with M>*, M>* and M** cat-
ions (and mixes) are described as well.

5.2 Tetrahedral Clusters with M** Cations

M?* cations of later d-block metals have been widely used for preparing metal
chalcogenide clusters. Large, discrete tetrahedral clusters made of entirely group
12 metals are known for all tetrahedral cluster series. Moreover, only M>* cations
have been reported to yield any C,, clusters, and the largest known solvothermally
prepared cluster is C3, containing 54 metal sites.

The adjacent tetrahedral M*" sites are ideal to charge-balance the inner (tetra-
hedral) E*~, which is essential for the formation of the core of large clusters. At the
same time M?* cations are not adequate for low-coordinated edge and vertex E*~
sites. Such sites tend to be occupied by chalcogenolate RE™ groups (most often,
PhE™). Even with this substitution, maintaining the total electroneutrality of the
clusters becomes problematic when cluster size gets larger, as the negative charge
of the clusters increases considerably. This can be illustrated on C, cluster series
with M>* cations [107], from C, to (theoretical) C5 showing the negative charge
increase of idealized clusters from 4 to 22:

C; [M3,E 4(EPh)0]*~
C;3 [Ms4E32(EPh)s, 1%
Cy [Mi4Eso(EPh)ss] "~
Cs [M23Bo6(EPh)76]%~
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Note that M** cations in combination with a specific cluster geometry in the C,
series (i.e. higher ratio between low-coordinated edge and vertex and high-
coordinated inner E sites) are much more favourable for preparing large tetrahedral
clusters in comparison with other cluster series, where the negative charge would
increase even more dramatically. This can be seen by comparing clusters with
approximately the same number of metal and chalcogenide sites in the different
series, e.g. C, [M3,Es4] and Ts [M3sEsg]. With M?" cations and all edge and vertex
chalcogenide sites occupied by PhE™, the stoichiometry of these clusters is
[M3,E 14(EPh)40]*™ and [M;sE,5(EPh),g]'*™, respectively. The difference in nega-
tive charge (4 vs. 14) explains why there are multiple examples of C, clusters with
exclusively M?* cations, while the corresponding Ts clusters are not yet known.

Thus, key synthetic strategies for large clusters with M** cations are (1) decreas-
ing and/or (2) stabilizing the large negative charge. The first strategy can be realized
by replacing four vertex negatively charged RE™ ligands with neutral ones (e.g. P-,
N- or O-containing). The second requires using adequate charge-balancing species
with charge density and geometry match, as well as complementary interactions
(e.g. hydrogen, m—x and anion-m bonding) allowing them to perform roles of
structure-directing and template agents for superlattice crystallization.

A number of M**-containing tetrahedral clusters have been originally prepared
by coordination chemistry approach and then were reproduced under solvothermal
conditions. An example is the discrete neutral P; cluster [CdgSe(SePh);,Cl,L,],
where two vertexes are occupied with neutral ligands L=PCys, tricyclohexyl-
phosphine, and the other two with CI™ [140]. In this way, such a P; cluster consists
of a tetrahedral anti-T; {SeCd,} central unit capped by two tetrahedral {CdSe;L}
and two tetrahedral {CdSe;Cl} units, with alkylphosphine or halogenide ligands
replacing Se in regular T; {CdSe,} unit. Using [Cd4(SePh)g]., and CdCl, pre-
cursors with methanol as a solvent allowed rather unusual short reaction times and
low temperatures (1 h at 130°C, respectively) in this case; very slow cooling to
room temperature (0.3°C/min) helped product crystallization. A similar approach,
based on “corner capping” with neutral ligands, was reported for the preparation of
neutral discrete P; clusters [ZngS(SPh);4L,] using a series of substituted pyridine
ligands, e.g. L=3-aminopyridine [136], or fused-ring heterocyclic N-containing
aromatic ligands, e.g. L=4,7-phenanthroline, 5-aminoquinoline or 3-(2-thienyl)-
pyridine (Fig. 12) [74]. Varying the capping ligands was shown to influence
cluster—cluster interactions (leading to crystallization in different space groups
belonging to triclinic or monoclinic crystal systems) and modification of the optical
properties of the clusters. For instance, in room temperature PL spectra obtained in
DMSO solutions, an emission band for [ZngS(SPh)4L,] with L=3-(2-thienyl)-
pyridine is substantially narrower and blue shifted in comparison with the
corresponding band for the clusters with L=5-aminoquinoline (~350 and 476 nm,
respectively). In contrast, no emission was observed at room temperature for the
clusters with L=4,7-phenanthroline [74], which demonstrates that photophysical
properties of such clusters can be strongly influenced by ligands.
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Fig. 12 Neutral P; cluster e
[ZngS(SPh)4L,], where ¢
L = 3-(2-thienyl)pyridine. N N A\

Carbon atoms of PhS
ligands, except those on

vertexes, are omitted for
clarity [74]

The “corner capping” with neutral ligands, occurring through the formation of
M—0O bonds at all four vertexes of a tetrahedral cluster, was also used to decrease the
charge of even larger frameworks, resulting in the crystallization of discrete tetra-
anionic C3 clusters [Cd54S32(SPh)48(H20)4]47 and [Cd54Se32(SPh)4g(H20)4]47
[56]. Water ligands (replacing PhS™ sites at each vertex) arise from the use of the
mixed solvent system (acetonitrile—water) for solvothermal synthesis with
[Cd4(SePh)g].. and thiourea/selenourea precursors. These large tetrahedral clusters
(edge length 1.97 nm as measured between vertex metal sites) crystallize into
noncentrosymmetric superlattices, either primitive or face-centred (space groups
P23 orF 43c, respectively) (Fig. 13). [Cd54Se32(SPh)48(H20)4]4_ has p3- and py-Se
2~ sites that were formed by replacing thiourea with selenourea, while all edge
ligands are p-PhS™. Anionic clusters were prepared with a variety of charge-
balancing alkylammonium cations, i.e. tetramethylammonium, Me,N*; tetra-
phenylphosphonium, Ph4P*; and n-octyltrimethylammonium, C;H,sN™. These
disordered species, along with disordered solvent molecules, occupy the large
voids between Cd54 units.

The solvothermal preparation of various clusters belonging to the C,, series
made it convenient to follow the influence of size and composition of clusters on
their optical properties. Thus, a systematic blue shift of the low-energy absorption
peak (from 353 through 327 to 291 nm) was observed with cluster size
decrease from  [CdssS32(SPh)4g(H,0)4]*~  through [Cds,S14(SPh)sl*™  to
[Cd7S4(SPh),s (H,NCSNH,),]. The effect of cluster composition (for a given
[Cds4E3,(SPh)g (H20)4]47 cluster size) was demonstrated by a red shift (from
353 to 393 nm) upon changing from sulfur to the heavier selenium in the cluster
core [56].
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Fig. 13 Fragments of cubic superlattices of C; clusters: primitive for [Cd54S632(SPh)43(H20)4]4_
with space group P23 (left) and face-centred for [Cd54S32(SPh)48(H20)4]47 with space group
F 43c (right). Carbon atoms of PhS™ ligands, as well as disordered charge-balancing species and
crystallized solvent molecules, are omitted for clarity. Viewed along the b direction; cell axis
a shown red and axis ¢ blue [56]

Fig. 14 Cds4Seg structure of the anionic C; cluster [Cd54Se32(SePh)43(dmf)4]4_ (Levchenko TI,
Huang Y, Corrigan JF, unpublished results)

The use of (Me4N),[Cd(EPh)4] as a single source precursor in DMF solvent
allowed for the solvothermal preparation of the all-selenium analogue
[Cd54Se3z(SePh)48(dmf)4]47 (Fig. 14) (Levchenko TI, Huang Y, Corrigan JF,
unpublished results) and even larger CdS clusters (with the size as large as C4
and Cs mentioned above) [141], although orientation flexibility of the latter within
the superlattice hampers single-crystal characterization. Based on series of ana-
lyses, including TEM and electron tomography, these clusters break the trend in the
capped tetrahedral series and have a truncated tetrahedral shape [141, 142].
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Fig. 15 Ion-pair charge ?
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The co-crystallization of anionic metal chalcogenide clusters with counterions
having special functions (e.g. organic chromophores) enables uniform molecular-
level integration of inorganic and organic components to obtain new functional
materials with synergistic properties. For example, the solvothermally prepared
combination of the discrete P, anionic cluster [ZngS(SPh);sH,O]~ with the fluo-
rescent dye acridine yellow G through the formation of ion-pair charge transfer salt
[Ci5H16N3][ZngS(SPh),sH,0] gives rise to the new crystalline material (space
group C2/c) (Fig. 15), in which the metal chalcogenide framework serves as the
electron donor and augments the colour of the fluorescent dye [23]. Experiments on
labelling bacteria (e.g. E. coli) using a suspension of this material show that a
combination of fluorescent dye and metal chalcogenide cluster was efficient for
staining under confocal microscopy conditions with minimal photobleaching over
time, while fluorescent imaging of bacteria with acridine yellow G on its own was
much less stable.

Although the co-crystallization of metal chalcogenide clusters and optically
active species can also be achieved using conventional synthesis [143—145], such
integration was shown to be enhanced even under mild-temperature solvothermal
conditions. Moreover, an additional feature in the latter case is the possibility to
realize a “one-pot synthesis”, when the assembly of large anionic clusters is
combined with their co-crystallization with functional cations. When such cations
represent fused-ring aromatic compounds, they can play an even more complex
role, combining additional functionality, charge balancing and superlattice stabili-
zation (e.g. through n—mr interactions with PhE™ ligands of clusters). This was
realized, for instance, with the solvothermal preparation of the discrete T cluster
[Zn10S4(SPh);sCl1]* ", co-crystallized with methylviologen cation dye ([C 1H NP
or MV2+) to give ion-pair charge transfer salt (MV),[Zn;oS4(SPh),sCl] [24]. The
resulting crystalline material shows a remarkable red shift (>200 nm) of a broad
absorption band in solid-state spectra in comparison with that of the individual
components; such a shift was assigned to a charge transfer from the electron-rich
metal chalcogenide cluster anions to MV>" cations. Similar integration with the
MV?2* cation was achieved for discrete C, clusters [Cd17Se4(SPh)24Br4]2_ [146];
cyclic voltammetry showed a low-potential shift of the MV>* cations in this ion-pair
charge transfer salt in comparison with MVBr,, which indicates that strong cation—
anion interaction was preserved even upon dissolving in DMF. Examination of
photocurrent responses of (MV)[Cd;;S4(SPh),4Br,] and (MV)[Cd;7Se4(SPh),4Bry]
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Fig. 16 Ion-pair charge transfer salt [Fe(phen);],[Cd3,S14(SPh)yg] [147]

showed that the current intensities of the ion-pair charge transfer salts are signifi-
cantly larger than those of the similar clusters [Cd17E4(SPh)28]27 with (MesN)*
cations; the MV?* cation was found to play different roles in electron transfer under
visible light or UV irradiation [146].

Optically active metal-chelate dyes (e.g. complexes of M?** with 1,10-
phenanthroline, phen, or 2,2'-bipyridine, bpy, ligands) further extend the approach
for the assembly of integrated materials through cation—anion interactions involv-
ing tetrahedral metal chalcogenide clusters. Bulky cations [M(phen)s;]** and
[M(bpy)3]2+, formed in situ during the solvothermal process, are comparable in
size with large tetrahedral clusters and can additionally play the role of space-filling
(template) species. Geometry match in this case is accompanied by charge density
match: compared to widely used quaternary ammonium cations and protonated
organic amines, the metal-chelate dyes possess both a large size and relatively low
charge density, which fits the low charge density of large anionic tetrahedral
clusters belonging to the C, series. Hydrophobic and m—r interactions between
fused-ring N-containing aromatic ligands of such cationic species and surface PhE™
ligands of anionic clusters also contribute to superlattice stabilization. Thus, the
discrete C, anionic clusters [Cd32$14(SPh)40]47 were solvothermally prepared and
integrated with the metal-chelate dye cations [Fe(phen)3]2+ (Fig. 16) [147]. The use of
a bulkier ligand (namely, 3,4,7,8-tetramethyl-1,10-phenanthroline, rmphen) instead of
phen as in [Fe(phen)s]o[Cd3,S14(SPh)4o] leads to crystallization of [Fe
(tmphen);],[Cd3,S14(SPh)40], having different packing of the same tetrahedral clus-

ters (space groups P2;/c and PI, respectively). The optical properties and
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photoelectrochemical performance of the composite material can be tuned by varying
the cluster size, changing the type of metal centres or organic chelating ligands; for
instance, the advantage of Ru®* over Fe®* in metal-complex dyes was
demonstrated [75].

5.3 Tetrahedral Clusters with M>* and Mixed Cations

In contrast to M** cations, the formation of discrete tetrahedral clusters composed
entirely of trivalent metal ions is limited to relatively small species. The observa-
tion that clusters having interstitial chalcogenide atoms (e.g. larger than T;) are
unlikely to form is in accordance with Pauling’s electrostatic valence rule, as the
adjacent tetrahedrally coordinated M>* sites would overburden the total bond
valence of tetrahedrally coordinated E*~ sites. Therefore, access to large tetrahedral
clusters with M>* cations requires the presence of lower valence metals (M** or M™)
in the inner sites to maintain the local electroneutrality. A classical example is the
T, cluster [Cd4In;S35]'*~ present in 3D covalent superstructures [148]. At the same
time, M>* cations usually provide enough bond valence to balance low-coordinated
surface E>~ sites, which eliminates (or decreases) the need for surface ligands. That
is why tetrahedral clusters with M>* surface sites can exist as “naked” species,
although ligands at vertexes are still useful to prevent covalent linkage into 3D and
2D condensed frameworks. The common challenge for the preparation of large
tetrahedral clusters, already addressed while discussing systems with M** cations, is
related with maintaining the total electroneutrality, as the negative charge of the
clusters increases with their size increase. The incorporation of lower valence
metals into a M>* system, unavoidable to keep the local electroneutrality in large
tetrahedral clusters, simultaneously complicates maintaining the total
electroneutrality by contributing to an increase in negative charge. This can be
illustrated by comparison of the (hypothetical) binary and (isolated) ternary cluster
compositions, e.g. Ty [In20E35]107 vs. Ty [Cd4In16E35]147 and T [In35E56]77 vs. T’s
[Cdy3Iny0Es6]™

The synthetic strategies used with mixed-metal systems based on M>* cations
are also related to (1) decreasing and/or (2) stabilizing the large negative charge, as
was discussed above for M>* systems, while the arsenal of solutions is more diverse
and includes both similar routes (as “corner capping” the cluster with neutral
ligands) and those specific to mixed systems. Thus, introducing M** cations onto
surface (most often, vertex) sites helps in reducing the overall cluster negative
charge, also providing more flexibility to adjust charge density of the system. A
general way towards large tetrahedral clusters here assumes varying the ratio
between multiple metal ions in different oxidation states (e.g. M**/M>*/M** M**
/M**/M* or even M*/M**/M?*/M*) and meticulous selection of charge-balancing
species with geometrical, charge density and mutual interaction match. The prep-
aration of tertiary (and more complex) metal chalcogenides can often be compli-
cated by phase separation, with M*", M>" or M>** cations forming stable
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Fig. 17 Anionic T; cluster
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chalcogenides on their own. Solvothermal and ionothermal synthesis with suitable
additives (charge-balancing, structure-directing and space-filling species, with pos-
sibility to blend all those functions in just one compound) provide favourable
conditions to facilitate integration of different metal cations into the same cluster.
Some particular cases illustrating the mentioned synthetic strategies and
approaches, starting from those common between M** and M>* tetrahedral cluster
systems, are described below.

The “corner capping” with neutral N-containing aromatic ligands in a purely M>*
system was achieved, for example, in the preparation of the discrete anionic T;
cluster [Ga10816L4]2_, where all four vertexes are occupied by L=3,5-
dimethylpyridine, covalently attached via the formation of Ga—N bonds
[149]. Each anionic cluster is charge-balanced and additionally stabilized with two
monoprotonated 3,5-dimethylpyridine cations; despite the disorder of the cationic
species, the orientation of the heterocyclic aromatic ring parallel to cluster faces can
be distinguished (Fig. 17).

The idea of using fused-ring heterocyclic N-containing additives to corner-cap,
charge-balance and stabilize large tetrahedral clusters also resulted in the
solvothermal preparation of several discrete clusters with size from T; to T5 and
edge lengths reaching 1.55 nm (as measured between vertex metal sites) [43]. Prior
to this work, Ts clusters were known only in 3D and 2D covalently linked
superstructures. In the discrete anionic Ts cluster [Cd;3In2nSsoL4] "2, four vertexes
are capped by L=1-methylimidazole (mim), ligands, and negative charge of the
cluster is balanced by protonated forms of organic superbase 1,8-diazabicyclo-
[5.4.0]Jundec-7-ene (DBU) and Li* cations. The Cd*" sites in the inner fragment
{Cd;3S4}, containing four tetrahedrally coordinated S>~ sites, are mandated by
local electroneutrality requirement, while edge and corner In®* sites alleviate the
otherwise low-coordinated surface S*~ sites. The orientational disorder of mim
ligands and charge-balancing H*-DBU species did not allow their precise location
to be determined in the superstructure of the Ts cluster (space group I4,/amd),
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Fig. 18 Anionic Ty cluster
[Cd4In1683 1L4]67 charge—
balanced and stabilized by
H*-L species, where L =
1,5-diazabicyclo[4.3.0]non-
5-ene, DBN (all
neighbouring DBN are
shown, forming a “cocoon”
around the cluster) [43]

although their presence was confirmed with a series of analyses. Single-crystal
X-ray diffraction analysis of the smaller T, anionic cluster [CdyIn ¢S5, La1%,
prepared by the same “superbase route”, allowed location of the capping ligands
L=1,5-diazabicyclo[4.3.0]non-5-ene (DBN) at vertexes and charge-balancing H*-
DBN species, which create a stabilizing “cocoon’ around the cluster (space group
14,/a, see Fig. 18).

The Ts cluster [Cd3In,Ss,(mint)4]*>~ exhibits distinct, broad emission in the
solid state at room temperature with the maximum observed at 512 nm
(fwhm ~70 nm); a band gap of 2.87 eV was calculated from the diffuse reflectance
UV —vis data. Both absorption and emission bands were found to be red shifted in
comparison with those of smaller clusters (e.g. Ty [Cd4In16831(DBN)4]67 with a
band gap 3.27 eV) as result of both size increase and composition change [43].

Other derivatives of imidazolium salts were also useful to provide
access to extra-large supertetrahedral metal chalcogenide clusters in a “corner
capping” approach. Performing syntheses in the ionic liquid [Bmmim]Cl
(where Bmmim=1-butyl-2,3-dimethylimidazolium) allowed the combination
of charge-decreasing (partially), charge-balancing and charge-stabilizing
functions in one compound, which also served as the reaction medium. This
resulted in the preparation of several discrete anionic Ts clusters, including
(Bmmim);>(NH4)[CusIn;gSs>(SH),Cl,] and the first Ga-based Ts cluster
(Bmmim)g(NH,)3[CusGaszoSs2(SH),(Bim),] [44]. In the latter, the corner-capping
ligand Bim (1-butyl-2-methyl-imidazole) is generated by in situ decomposition of
the IL. The relatively unusual precursor, [H*-en],[GasS(en),], was separately
prepared by solvothermal synthesis in ethylenediamine (en) and used as the Ga
source, with In,S; as the In source. In Ts clusters with mixed M* and M>* cations,
the central metal site, surrounded by four tetrahedrally coordinated S*~, should be a
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Fig. 19 [Bmmim]" cations between two anionic Ts clusters [CuglngOng(SH)ZClz]W the
imidazolium rings are parallel to the surfaces of neighbouring clusters and anion—r interactions
are suggested to exist. Vertex sites with partial occupancy SH/CI are shown as lime-green in
colour; metal sites Cu/Ga as maroon [44]

Cu* cation, and each inner tetrahedrally coordinated S*~ anion should be bonded
with two Cu* and two M>* cations in order to maintain local electroneutrality.
According to this, in each cluster one Cu* cation occupies solely the central metal
site, while four Cu* cations are statistically distributed along with M cations in the
other 12 metal sites of the inner {M;3S,} fragment (Fig. 19). Most of the [Bmmim]*
cations are located between the tetrahedral faces of two Ts clusters, and the
imidazolium rings of [Bmmim]* cations are oriented such to be parallel to the
nearby cluster face (Fig. 19). The closest distances between S>~ on the face of the
cluster and the centre of imidazolium rings are such that the presence of anion—n
interaction was assumed. C—H---S hydrogen bonding and anion—r interactions also
help to stabilize the large anionic clusters.

Both In- and Ga-based Ts clusters show emission in solid state at room temper-
ature but the obtained spectra are remarkably different. Thus, [Cu5In3OSSZ(SH)2CIZ]137
shows a distinct asymmetric emission band at 540 nm (fwhm ~50 nm), while
[CuSGa3OS52(SH)2(Bim)2]11_ shows an unusual broad emission band at 630 nm with
fwhm of ~180 nm. Calculated from the diffuse reflectance UV —vis data, band gaps are
228 and 3.68 eV for [CuslnySs:(SH),Cl]"™ and [CusGaspSso(SH)»(Bim),]'' ™,
respectively, exhibiting a blue shift compared to the bulk CulnS, (1.53 eV) and
CuGaS, (2.40 eV) [44].

An approach to decrease the charge of anionic clusters, complementary to the
use of the “corner capping” neutral organic ligands, was realized via covalent
termination of the cluster vertexes with complex metal cations. In this case, instead
of replacing the vertex E*~ sites in tetrahedral clusters, longer E-ML,, units are
formed with participation of four vertex E atoms, where M is a transition metal
and L organic ligand. Thus in the discrete T3 cluster [anGa4Sn4Se20]8_, intro-
ducing Sn** cations onto four vertex sites contributed to a decrease in the negative
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Fig. 20 The neutral cluster with covalently bonded metal complexes [Mn
(tepa)]alZn,GaySnySe,]. Metal sites with partial occupancy Zn/Ga are shown as dark cyan [131]

charge, while the attachment of four metal complexes [Mn(L)]2+ with the
polydentate organic ligand L = CgH,3Ns, tetracthylenepentamine (tepa), cova-
lently terminates all cluster vertexes and charge-balances the framework [131]. In
the in situ formed metal complex [Mn(tepa)]2+, the Mn atom is coordinated with
five N sites from the organic ligand and one vertex Se site of the tetrahedral cluster,
thus having a distorted octahedral environment. Hence, the distribution of Mn>* and
Zn** cations in the clusters (octahedral and tetrahedral coordination, respectively)
results from the different coordination abilities of these metals. The ligand tepa also
serves as the reaction medium in the solvothermal synthesis. The resulting neutral
clusters with pendent metals, [Mn(tepa)]4[Zn,Ga,Sn,Se,o] (Fig. 20), assemble into
a superlattice (space group P 4b2) with different levels of ordering provided by
different intercluster forces: hydrogen bonding N—H---Se between fepa ligands on
one cluster and Se sites on the face of the adjacent cluster give a layered arrange-
ment parallel to the (001) plane, while the layers are further packed into 3D
superlattice through van der Waals interactions. Hence, the metal complexes [Mn
(tepa)]** at the four cluster vertexes not only allow charge balance but also act as
structure-directing agents for superstructure assembly.

The isostructural [Mn(feta)]4[Mn,Ga,SnyS,0], also covalently terminated with
metal-complex cations ML,, was solvothermally prepared using the shorter
CgH gNy, triethylenetetramine (fefa), as both solvent and polydentate ligand
[150]. Further shortening the length of the organic ligand in the metal-complex
cation (L = C4H5Nj3, diethylenetriamine (dien)) changes not only the hydrogen
bonding-governed assembly of clusters into a superstructure (space group C2/c) but
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Fig. 21 The anionic Ty
cluster [anGa4Sn4SZO]87
with metal-complex cations
[Mn(dien),]**. Metal sites
with partial occupancy
Mn/Ga are shown as
maroon [150]

the cluster composition itself, leading to formation of discrete anionic Ty clusters
[Mn,Ga,SnyS»0]~ charge-balanced and stabilized by [Mn(dien),]** cations
(Fig. 21) with additional hydrogen N—H--S bonding (in the absence of covalent
bonding) between negatively charged cluster and positively charged metal-
complex. However, the use of a bidentate ligand as an extreme case of shortening
(L = C,HgN,, ethylenediamine (en)) under similar reaction conditions results in the
formation of a covalently bonded 1D superstructure, where anionic clusters
[Mn,Ga,Sn,Sy]®~ are interlinked by two pairs of unsaturated metal-complex
cations [an(en)S]4+ via Sn—S—Mn covalent bonds.

While metal-complex cations such as [M(phen)3]2+ and [M(bpy)3]2+ are used to
template, charge-balance and stabilize the formation of anionic metal chalcogenide
clusters, enhanced optical properties (due to cation—anion charge transfer) are also
incorporated. Such integrated materials are formed to a great extent in a similar
manner as was discussed above for pure M>* systems (with surface PhE ™ ligands),
except here there are no additional 7—x and hydrophobic surface interactions in the
case of naked T, clusters. Some discrete anionic clusters prepared under
solvothermal conditions using this approach are the In**-containing T clusters
[Ni(phen)s]s[InioS0H4] (Fig. 22, left) [73] and [Ni(bpy)sls[InioSaoHs] [144],
where phen and bpy ligands on three metal complex cations provide steric hin-
drance and an aromatic environment to template and stabilize the metal chalcogen-
ide frameworks (Fig. 22, right). Similarly, the iron-doped T, cluster
[Fe(bpy)sls[Fesn ¢S3sH,]-4H -tea:2H*-bpy can be prepared, with additional
charge balance with protonated triethylamine (fea) and protonated bipyridine [151].

In the examples addressed above, decreasing and balancing the charge and
stabilization of large anionic clusters was achieved by (1) covalent capping/termi-
nating of cluster vertexes by neutral and cationic groups and/or by (2) non-covalent
(e.g. ionic and hydrogen bonding or van der Waals forces) interactions with
different species, i.e. P- or N-containing organic ligands and transition metal
complexes with N-containing aliphatic or aromatic chelating ligands; often several
routes are realized simultaneously. A particular case where stabilization of clusters
is achieved via non-covalent interactions with only protonated forms of organic
amines can also take place. Many protonated amines provide more flexibility in
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Fig. 22 The anionic T5 cluster [InIOSZOH4]67 with three metal-complex cations [Ni(phen)3]2+
(left); superstructure of the clusters, charge-balanced, templated and stabilized by metal complexes
(viewed along the b direction) (right). Co-crystallized solvent molecules are omitted for clarity

[73]

templating and charge-balancing of anionic metal chalcogenide clusters, in com-
parison, for example, with rigid metal-complex cations with phen and bpy ligands.
Thus, the series of discrete anionic T, clusters [M Ga;g_,Sn,E3s] 2= Where x =2 or
4; M = Mn, Cu and Zn; E = S and Se, was solvothermally prepared using
piperidine (pr, CsHy;N) as the reaction solvent [49]. Stabilization of the clusters
is achieved, on the one hand, by varying the ratio between precursors (complex
composition including M*, M>*, M>* and M*" metal sources) allowing charge
tuning of the cluster and, on the other hand, by a perfect match of charge density,
geometry and mutual interactions (electrostatic and hydrogen bonding) between the
highly ordered protonated piperidine cations and the anionic clusters in the
superstructure. Theoretical calculations at the DFT level show that the
[Cu2Ga16$HZSe35]12_ cluster has more negative charge centres at the Se?” vertexes
of the tetrahedron and at the central Se>~ site of each edge. In the superstructure of
such clusters (space group I 43m; body-centred cubic packing in unit cell), two
piperidinium cations interact with Se>” at each edge centre and three piperidinium
cations — with each vertex Se®~ with the formation of strong electrostatic interac-
tions and additional N—H:-Se hydrogen bonds, so each discrete T4 cluster is
surrounded by and bonded with 24 piperidinium cations (Fig. 23). Since each
piperidinium cation interacts with two adjacent metal chalcogenide clusters, it
provides a total charge balance (H+-pr)12[Cu2GaIGSnzse35]127 for each cluster.
The remarkable stability of such protonated amine-cluster “ion pair” was confirmed
by the miniscule change of electrical conductivity upon dissolving the crystalline
product in piperidine. While solvothermal synthesis was performed under similar
reaction conditions but using other amines (piperidine derivatives and related
compounds) possessing stronger protonation ability and/or higher steric hindrance,
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Fig. 23 The anionic T4 cluster [Cu,Ga;6SnySess]t>~ surrounded by 24 protonated piperidine
molecules: those bonded to cluster vertexes (leff) and the centres of edges (right) through
N—H:--Se hydrogen bonding are shown separately [49]

only the formation of 3D covalent superstructures took place, which proves the
importance of a multilateral match between the protonated amine and cluster.
Solvothermal reactions in a mixed solvent system containing water and
the organic “superbase” amine DBU allowed the preparation of very unusual large
In’**-containing cluster [InsgS¢s(H,0)] "¢ stabilized by H*-DBU [38]. This cluster is
covalently bonded via dimeric [In,S(H,0),]** units into a 2D framework (space
group Pnma). The structure of the cluster [In35Ses(H,0)6] 1%~ with an overall tetra-
hedral shape (Fig. 24, left) is different from well-known T,,, P,, or C,, structures and
can be described as a combination of an octahedral core unit {In;(S3} (Fig. 24, right)
with four tetrahedral T, corners {InsS;o} and four hexagonal rings {In3S5} as faces.
There are very few examples known for clusters containing both octahedral and
tetrahedral coordination for metal sites; one example is the smaller anionic cluster
[MngGe,Se 7(H,0)6]8~ [152]. In the [In3gSes(H,0)]'®~, the core unit of the cluster
{In;0S13} possesses an octahedral crystalline lattice of NaCl type and features a
central pg-S> site. Six H,O molecules complete the six In>* sites at the face centre
of the octahedral core unit. Four corner {InsS1¢} T, units are attached to the core unit
{In;¢S13} via bonding between three S%~ sites on one face of the T, unit and the
corner In>* site of the central moiety, which enables all ten In’" sites within the core to
have an octahedral coordination. Therefore, both In** and S?” sites in this framework
have local coordination geometries that are unusual for tetrahedral metal chalcogen-
ide clusters. A calculation of bond valence sums gives 2.078 for the central pg-S*~
site; such a value was previously considered unlikely to be found in stable systems as
local electroneutrality is not maintained. Another rare exception to Pauling’s elec-
trostatic valence rule in tetrahedral metal chalcogenide clusters is observed in the
smaller covalently bonded P, cluster [Ingan]g_ with a p4—SZ_ site (calculated bond
valence sum 2.28 instead of required 3) in the central anti-T; unit {SIn,} [58]. From
the number of both metal and chalcogen sites, the 2D covalently bonded cluster
[In38S65(H>0)6] 16= (proposed notation TO, meant to stress the mixed tetrahedral (T)/
octahedral (O) configuration of the core) exceeds the size of the discrete
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Fig. 24 The anionic TO; cluster [In3gSs5(H>0)s] 16- (left); separately shown is the octahedral core
unit {In;oS;3} in the same orientation (right) [38]

supertetrahedral Ts clusters (e.g. [Cu51n30552(SH)4]137) [41]. Both of these tetrahe-
dral metal chalcogenide clusters were formed due to a stabilizing “cocoon” of
protonated organic “superbases”, H*-DBU and H*-DBN/H*-PR, respectively.

To conclude the overview of M>*-based tetrahedral metal chalcogenide clusters,
it is worth mentioning the very unusual system where stabilization of a superstruc-
ture consisting of two different discrete anionic clusters is achieved with participa-
tion of protonated amines. Here, solvothermal synthesis in ethylenediamine results
in the preparation of a binary superstructure, combining the tetrahedral T,
[Cuyln;6S3sH,]'* ™ and cubic [Cu;,Sg]*™ discrete clusters (Fig. 25, left), with
only protonated ethylenediamine species compensating the (high) charge of both
anions [122]. It was proposed that [CuuSg]‘F clusters may act as template during
the formation and crystallization of [Cu4In16S35H4]147. The overall ratio between
these two anionic clusters in superlattice is 1:2 and each [Cu;,Sg]*™ is located in a
cavity formed by six adjacent [Cuyln;¢S3sHal '~ (Fig. 25, right).

The red crystals of [Cuyln;eS35H4]o[Cu;2Sg]-32H"-en (space group R3) are
stable in their mother liquor in the sealed container, while they quickly degenerate
to black product upon isolation from the solution [122]. The blackened crystals
absorb intensely in the near-IR diapason; the absorption properties were found to be
even better for the annealed product. Such remarkable near-infrared absorption
properties along with photocurrent response may allow future application as a near-
infrared protective material.
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Fig. 25 Tetrahedral T, [Cusln;¢S3sHa]"*™ and cubic [Cu;»Sg]*~ discrete anionic clusters (leff);
fragment of packing in binary superstructure, where cubic [Culzsg]“* reside in hexagonal spaces
formed by tetrahedral [CuyIn;S;5H,] 14= ¢lusters from different layers (viewed along the ¢ direction)
(right). Charge-balancing H'-en species are mostly disordered and omitted for clarity [122]

5.4 Reactions of Large Tetrahedral Clusters

Recently, several cases of “solvothermal insertion” have been described, where
discrete tetrahedral clusters with available cavities envelop a size-fitting metal
cation, leading to the formation of a new product. Precise doping is possible due
to the two-step strategy, assuming (1) solvothermal preparation and isolation of
host cluster crystals, followed with (2) metal insertion into the core and crystalli-
zation of a new host—guest cluster, again enhanced under solvothermal conditions.
Using soluble clusters as a host is essential, as attempts of metal cation diffusion
into coreless clusters covalently bonded into rigid 3D or 2D superstructures were
reported to be incomplete and inhomogeneous. Doping with a single metal ion
(realizing highly ordered distribution of multiple metal components in a tetrahedral
cluster) is very unlikely to be achieved in a one-step preparation as multinary
cluster systems often show statistical distribution of several metals over multiple
possible sites to satisfy the local electroneutrality requirement. For instance, dis-
crete Ts clusters [CusInipSso(SH),]'>~ have only one central Cu site and yet
12 inner sites partially occupied by Cu* (1/3 probability) and In** (2/3 probability).
In contrast to this, monocopper doping into an In>*-based Tj cluster was achieved in
the two-step strategy, with metal solvothermal insertion into discrete coreless Ts
cluster [Cdgln,gSso(SH)41">~ (space group I4;/amd) (Fig. 26, left) realized at
relatively mild temperature (150 °C) in mixed solvent (DBN, PR and H,0), leading
to the preparation of the discrete Ts cluster [Cucdélnzgssz(H20)4]7_ (crystallized
in the same space group I/4;/amd) (Fig. 26, right) [41]. The yield for the Cu*
insertion is ~70% based on the host cluster; the driving force for the reaction is
proposed to be the reduction of the charge of anionic host. Also interesting is that
metal insertion is accompanied by four-vertex HS™ sites being replaced with
neutral water ligands, further decreasing the overall cluster charge. In a similar
way, a single Mn?* was inserted into the open Tjs [Cd(,Inzsssz(SH)4]12_ or
[Zn61n28852(SH)4]127 clusters, resulting in host—guest Ts cluster with drastically
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Fig. 26 Discrete coreless Ts [Cdgln,gSso(SH)41'2~ (left) as a host cluster and discrete T cluster
[Cqu61n28852(H20)4]77 (right) as a product of “solvothermal insertion” reaction. Metal sites with
partial occupancy Cd/In are shown as dark cyan [41]

changed optical properties [42]. Thus, the Mn2+-doped material shows a prominent
red emission at room temperature with maximum at 630 nm, which is significantly
red shifted in comparison with both host clusters with weak green emission
(~490 nm), and traditional Mn>*-doped chalcogenides of group 12 metals with
orange emission (~585 nm). An alkali metal cation (Cs* or Rb*) was also
ionothermally inserted into the central cavity of the hierarchical T,, cluster
[IngSngSes4]'>~ with polyselenium Se, chains interconnecting the clusters into a
covalent 2D superstructure in a one-step process [63]. The larger size of the
negatively charged cavity in the host cluster (with a “missing” {EM,} unit in the
centre in comparison with just a single M site in coreless Ts examples above) fits
alkali metal cations but not alkaline earth (Ca**, Sr**) or transition (Mn>*, Cu®")
metals.

5.5 Non-tetrahedral Clusters with M** Cations

Metal chalcogenide clusters with overall tetrahedral shape are the most common for
large M** systems, especially those prepared by solvothermal approach, with only a
few examples of other arrangements. One group of non-tetrahedral clusters includes
relatively small, cagelike assemblies formed by group 12 metals where basic
tetrahedra {ME,} are linked by vertex sharing. For instance, the discrete cubic
cluster [CdgL4(dmf)¢(NO3)]" was prepared by a coordination chemistry approach
using the fluorine-substituted ligand L = 3-fluorophenylthiolate [81]. In this “dou-
ble four-ring” cationic cluster, eight Cd** are arranged at eight corners of a cube
and bridged by twelve 3-fluorophenylthiolate ligands with S atoms being slightly
out from the centre of each cubic edge. Corner Cd** sites within the cube are
bonded to 3-fluorophenylthiolate, dmf and NO;  ligands. The related cubic
[Cdg(SPh);»]** cluster (Fig. 27) was previously prepared solvothermally as a 3D
covalently bonded MOF, linked by in situ generated tetradentate 1,2,4,5-tetra
(4-pyridyl)benzene ligands, coordinated to cube vertexes via the formation of
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Cd—N bonds [153]. Both cagelike cationic clusters are found to contain trapped
anions (NO;~ or SO4>7), which come from starting reagents and may additionally
play the role of template and structure-directing species. The structurally related
[Hgg(pg—S)(SCH3)12]2+ cluster has an enclosed pg-S inside its cage [154]. It should
be mentioned that such positively charged molecular clusters (as well as 3D
covalently bonded frameworks of such clusters) are usually not accessible via
solvothermal or ionothermal approaches. The likely reason is the difficulties with
charge balancing and stabilization of the clusters and their superstructure in this
case.

5.6 Ring- or Cagelike Clusters with M°*, M** and Mixed
Cations

Discrete ring-shaped clusters, as well as cagelike assemblies in which metal cations
are bridged by group 16 elements (oxygen or chalcogen), are relatively widespread
for transition metals (e.g. some transition metal sulphide rings, giant oxomolybdate,
oxothiomolybdate and polyoxometalate wheels or cages) [155-158]. In contrast,
such large clusters are rather unusual for group 13 and 14 metals.

Unlike the large tetrahedral metal chalcogenide clusters which represent regular
fragments of related solid-state ME, ring- and cagelike clusters possess laced
structures: basic tetrahedral {ME,} units are combined into polymeric formations
(linear and branched, respectively) via vertex and/or edge sharing. The higher
structural flexibility of the heavier chalcogenides allows geometrical adjustment
in forming arching fragments. Chalcogenide sites are generally low coordinate
(mostly p-, seldom ps-E*7); local charge balance is maintained with high-valence
metal ions. While the M:E ratio in these ring- and cagelike clusters is higher in
comparison with large tetrahedral clusters (~1:2.0 vs. ~ 1:1.7, respectively), the
presence of M>* and M** cations contributes to a decrease of the negative charge.
Tracery-like frameworks allow for an arrangement of a large number of
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Fig. 28 Ring-shaped
anionic clusters [SbgS12]®~
with metal-complex cation
[Ni(aepa),** [159]

charge-balancing species around the anionic cluster without steric hindrance. The
effect of structure-directing and templating agents on the assembly of these struc-
tures is suggested to be of a great importance. A few known examples of their
solvothermal and ionothermal preparation are described below.

The previously unknown group 15 metal ring-shaped anionic cluster [SbgS1,]°~
(formed by six corner-sharing SbS; pyramids) was solvothermally prepared using
the multidentate amine N-(aminoethyl)-1,3-propanediamine (aepa) as a reaction
solvent [159]. In situ formed [Ni(aepa)z]2+ complexes serve to charge-balance,
template and stabilize the ring-shaped clusters into a superstructure formed through
hydrogen bonding and van der Waals interactions (space group R3, featuring two
crystallographically independent ring-shaped anions with slightly different geo-
metric parameters; see Fig. 28).

The much larger and structurally sophisticated cluster [InlgTe30(dach)6]67 was
solvothermally prepared in a mixed solvent of 1,2-diaminocyclohexane (dach) and
water [39]. As opposed to single-chain rings like in the [SbsS;,]°" anion, this
cluster has a double-decker ring or wheel topology (Fig. 29). The structure of the
highly symmetrical In,gTe;, wheel (point group pseudo-D34 when ignoring the
dach ligands) can be viewed as a combination of six {In,Teg} (representing two
edge-sharing basic tetrahedra ME,) with six {InTe;N,} units. The latter unit is
formed from the basic ME, tetrahedron, while one E site is replaced by two N from
the chelating amine dach; it contains an unusual five-coordinated In>* cation that
possesses trigonal bipyramidal geometry. The organic ligand dach can be consid-
ered as “decorating”, in contrast with bridging ligands (e.g. p-chalcogenolates) in
some well-known [160, 161] or recently reported [162, 163] metal chalcogenide
rings. The 2H"-dach-H,O unit, assembled by hydrogen bonding, was found posi-
tioned as an axle with H,O molecule located exactly at the centre of the In;gTe;q
wheel. This unit is proposed to act as a template in the formation of the anionic
cluster, while metal-complex cations [Mn(dach)3]2+ provide additional charge-
balancing, templating and stabilization of the superstructure with overall composi-
tion [Mn(dach)s]»[InsTeso(dach)s]-2H"-dach-H,O (space group Pnnm).

The analogous wheel-shaped cluster [InlgTe30(dapn)6]67, where dapn =
1,3-diaminopropane, was prepared with such metal-complex cations as [Fe(phen)s]**
or [Ni(phen)‘g]2+ and isolated as air-stable crystals [164]. Unlike the [In; 8Te30(dach)6]6_
anion, where dach is chelated to the In** giving {InTesN,} units, dapn was found to
react as a monodentate ligand giving {InTes;N} units with tetrahedral geometry
in [In 18Te30(dapn)6]67 cluster. In the superstructures with composition
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Fig. 29 Two different orientations of wheel-shaped [In 18T630(dach)6]67 anionic cluster with H,O
molecule in the central 2H*-dach-H,0 unit (H*-dach not shown) acting as template for the wheel
assembly [39]

Fig. 30 Fragment of packing of anionic clusters [InlgTem(dapn)(,](” and metal-complex cations
[Ni(phen)s]**, forming dimers through n—r interactions. Dangling dapn ligand fragments, except
N atoms bonded to In, are omitted for clarity [164]

[M(phen)s],[In,gTeso(dapn)s)-2H*-dapn-dapn with M = Fe or Ni (space group PI),
clockwise (A) [M(phen)3]2+ cation couples with anticlockwise (A) [M(phen)3]2+
through —7 interactions forming dimeric species. Such positively charged dimers are
about the same size as the wheel-shaped anionic cluster [InlgTe3O(dapn)6]67 and
bonded with the latter through electrostatic and additional anion—m interactions
(Fig. 30). The solvothermal synthesis of [InlgTe30(dapn)6]67 required substantially
higher temperature and much longer reaction time in comparison with that of
[In;sTeso(dach)s)®: the optimized reaction conditions are 180°C/28-30 days and
140°C/4 days, respectively. This can be related to the use of elemental indium instead
of InClz and/or different properties of dapn as solvent (e.g. bp 140°C) in comparison
with mixed system dach:H,O = 7:3 (with bp of dach ~80°C). Dapn ligands are
significantly disordered, while chelating and relatively more rigid dach molecules
were located and refined using single-crystal X-ray analysis.
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Fig. 31 Triangular ring-shaped anionic cluster [MngIn33Se(,0(dach)24]37 with the central Mn**
cation acting as template and structure-directing agent (/eft). A fragment of packing in the binary
superstructure combining larger [MnolnssSego(dach),4]*~ and smaller [In;gSeso(dach)s]®™ ring-
shaped clusters; dach ligands, except N atoms, are omitted for clarity (right). Clusters are shown
along the ¢ direction [165]

The combination of a mixed solvent of dach and H,O with [Bmim]Br
(Bmim=1-butyl-3-methyl-imidazolium) allowed for the solvothermal preparation
of the binary superstructure, combining wheel-shaped [In18$e30(dach)6]67 with the
triangular double-decker ring [Mngln33Se6O(dach)24]37 clusters in a 1:2 ratio
(Fig. 31, right) [165]. While the first cluster is the Se-containing analogue of
[In;sTeso(dach)s]®~, the second is a novel discrete ring structure possessing a
different topology and containing both M** group 13 and M** transition metal
cations. The tangled structure of this triangular ring can be viewed as a complex
combination of 27 basic {InSe,} tetrahedral and 6 {InSe;N,} trigonal bipyramidal
units through either vertex- or edge-sharing (Fig. 31, left). The outer diameter of
resulting In33Seq, ring was calculated as ~2.5 nm (while measuring between two
opposite Se?” sites). The Ins33Seqq ring is further decorated by 9 {Mn(dach),}
bridging units (distorted octahedral geometry for Mn), with three units on the
inside, three on the outside and the other three on a same face as the ring. The
discrete clusters of [Mnolns3Sego(dach),4]’~ are discernible on TEM images. The
charge balance in the two-anion superstructure is achieved with combination of
[Mn(dach);]**, Mn**, H*-dach and Cl~. The overall composition (deduced
from both single-crystal X-ray diffraction data and a set of auxiliary analyses) is
an[Mn(dach)3]3[Mn91n33Se60(dach)24]2[In1 8Se30(dach)6] -(H+-dach)1 1C19'7H20,
space group R 3c. The assembly of the triangular double-decker ring
[Mnolns;Sego(dach),4]’~ is proposed to be structure-directing and templated by a
Mn?* cation in the centre of the ring through Mn‘-N inverse second-sphere coor-
dination. The ionic solvent [Bmim]Br takes part in the formation of large ring-
shaped anions by increasing the solubility of the products, but is not present in the
final compound.

Probing the optical properties of the material containing [Mn91n33Seﬁo(dach)24]3 -
and [InlgSe30(dach)6]67 clusters via UV-Vis diffuse reflectance spectroscopy
showed that band gap (1.9 eV) is narrower than was expected for the
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Fig. 32 Building units of discrete cagelike clusters: {M3Seo} (top left) and {MgSe g} (fop right).
The discrete cagelike cluster [Sn36Ge245e132]2‘F (bottom left), composed of eight { Ge;Seqy} and six
{SneSe g} units. A fragment of packing of cagelike anions and charge-balancing [Bmim]* cations
(viewed along the b direction) (bottom right). Ge sites are shown as blue and Sn as dark blue [40]

nanodimensional In,Ses. This was attributed to a resonance effect due to a ringlike
structure.

Discrete, cagelike anionic clusters of group 13 and 14 metal chalogenides are
rare, especially those prepared under solvothermal or ionothermal conditions. For
instance, the reaction of [K4(H>0)3][GesSe o] and SnCls-5H,0 in [Bmmim][BF,]
with 2,6-dimethylmorpholine as an additive under ionothermal conditions yielded
the discrete cagelike cluster [Sn3sGensSe 30]* forming ordered superstructure
(space group P2,/c) [40]. This cluster anion is comprised of two different types
of building blocks: {GesSeq}, which represents a trimer of corner-sharing basic
tetrahedra GeSe, (Fig. 32, top left), and {SngSe;g}, which contains a dimer of
Sns3Se, semicubes doubly bridged by two Se (Fig. 32, top right). A similar structural
motif (i.e. {M3Seo} unit; see Fig. 32, top left) is also found in a smaller 72-atom
supercubooctahedron cluster [Ga15Gegse48]15i prepared by the solid state reaction
in a CsCl flux [166]. In 192-atom cluster [SnssGeasSei3.]**, eight {Ge;Seq} are
located at the vertexes of a cube, while six {SngSe;g} occupy the vertexes of an
octahedron inscribed inside of this cube; the two types of units are linked via the
sharing of common Se sites. The resulting cluster is nearly perfectly spherical in
shape, with an outer diameter of 2.83 nm (including van der Waals radii of the
surface atoms), a cavity with a diameter of 1.16 nm and 12 windows with cross
sections of 0.56-0.88 nm (Fig. 32, bottom left). Similar, discrete cagelike clusters
with partial metal site disorder [Bmim],4[Sns; sGeyssSe 3] was prepared in
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[Bmim][BF,] and crystallized in the space group P/ (Fig. 32, bottom right). In this
superstructure half of the 24 charge-balancing [Bmim]* cations is arranged at the
windows, while the other half is outside of the highly charged cagelike anion. The
amine additive is proposed to participate in the formation of Sn-containing units,
although the mechanism is not determined yet.

Potentially, such cagelike metal chalcogenide clusters with a large confined
space can be used as “molecular flasks” to host species and perform reactions, as
the windows of the cluster are not blocked by covalently bonded ligands. Indeed,
preliminary results show that [Sn36Ge24Sel32]24fcan trap I, molecules and induce
heterolytic I-I bond cleavage.

6 Summary and Concluding Remarks

In the present review, some light was shed on the preparation of large, metal
chalcogenide clusters and their crystalline superstructures obtained via synthetic
routes utilizing reactions in solution under increased temperature and pressure,
i.e. solvothermal and ionothermal syntheses. Performing reactions in such condi-
tions shows great potential for both tuning size and composition of a cluster core
(e.g. by increased solubility and additional stabilization gained from mutual inter-
actions with carefully chosen stabilizers and/or counterions) and a ligand shell
(e.g. by ligand reactions enabled to occur in situ), which assures that materials
containing metal chalcogenide clusters can be engineered at several levels.

Both solvothermal and ionothermal routes were shown to be very effective for
the synthesis of new clusters with unique structural features and physical properties
that are inaccessible using other techniques. An example is the highly ordered
distribution of multiple metal components in a cluster, realized as doping a tetra-
hedral framework with a single metal ion in exact position (such as solvothermal
insertion of a single Cu* or Mn®" into the host cluster [CdeIn,gSso(SH)4]">™
[41, 42]). The Mn2+-d0ped cluster shows a prominent red emission at room
temperature, which is significantly red shifted in comparison with orange emission
observed in traditional Mn**-doped group 12-16 semiconductors, related by size
and composition but without such precisely defined order. An unusual binary
superstructure, combining the tetrahedral [Cu4Inlf,S35H4]147 and cubic [Cu1258]47
clusters with protonated ethylenediamine species, was found to absorb intensely in
the near-IR part of the electromagnetic spectrum [122].

Remarkable progress has been achieved with the preparation of progressively
larger discrete clusters, with sizes that reach to several nanometers (e.g. tetrahedral
clusters [Cd;5In25Ssy(min)4]'>~ and [CdssS32(SPh)4g(H,0)4]*~ with edge lengths
measured between vertex metal sites 1.55 and 1.97 nm, respectively [43, 56]). The
dimensions of such cluster cores, having structural similarity with the
corresponding bulk crystalline metal chalcogenides, already overlap with those
for some colloidal systems. Recently prepared ring- and cagelike clusters
(e.g. [IngTeso(dach)s]®”, [MnoInssSeo(dach)zal* or [SnssGesaSersal**™ [39, 40,
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165]) represent the largest non-tetrahedral frameworks. The presence of ringlike
structure is associated with a resonance effect, contributing to the optical properties
of such clusters.

The development of new reactants and synthetic procedures is closely connected
with the availability of more advanced characterization techniques (such as sophis-
ticated X-ray diffraction instrumentation and processing software, as well as aux-
iliary analyses), allowing detailed characterization of unusual structural types,
e.g. confirming the nature and oxidation state of metals in multinary clusters [49].

Systematic investigation of bonding and structural principles, especially in new
structure types, such as tetrahedral/octahedral cluster [InzgSes(H,0)g] 16=138], will
provide useful guidance for the future discovery and development of new cluster-
based materials for applications in various fields.
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Abstract An intriguing inorganic analog of ferrocene, pentaphosphaferrocene [Cp®

Fe(nS-PS)] (R=Me, Et, CH,Ph, PhC,Hy), has the ability to coordinate Cu(I) moieties
resulting in giant superspheres of 2.1-4.6 nm in diameter. Smaller hollow
supramolecules follow icosahedral Cg, or Cj4o fullerene topology being
constructed of adjacent pentagonal cyclo-Ps moieties and hexagonal Cu,P4 or
P,Cu;Br rings. The same building units can also assemble to spherical and ellipsoid
inorganic cores with different fullerene-related topologies. Larger supramolecules
based on extended copper halide frameworks possess multilayered structures and
form non-fullerene topologies. The size and solubility of the superspheres can be
controlled through the variation of the steric demand of the cyclopentadienyl
ligands at the pentaphosphaferrocene. The interconversion of supramolecules can
be enabled in solution by changing the solvent mixtures. The quasi-spherical voids
inside the supramolecules encapsulate various organic, inorganic, and organome-
tallic guest molecules. Furthermore, the metallocene guests are involved in
n-stacking with aromatic cyclo-Ps systems of the supramolecular host. The crystals
of the obtained supramolecules consist of similar co-crystallized forms, in which
different isomerism and porosity can occur. The mutual arrangement of the
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supramolecules in the crystals is essentially controlled by halogen—-Cp* o—r and
Cp*-Cp* n—n stacking interactions. This allows to regard these interactions as the
supramolecular synthons. Besides the expected structural motifs typical for close
sphere packings, such superspheres form also unusual and low-dense packing
motifs.

Keywords Close packing « Copper ¢ Pentaphosphaferrocene ¢ Self-assembly o
Supramolecular chemistry » Supramolecular synthons
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1 Introduction

1.1 Clusters Based on Covalent Bonds

In physics, cluster as an intermediate between simple molecules and bulk solids
might be simply described as an accumulation of atoms and/or molecules. How-
ever, in chemistry, they are mostly referred to polynuclear, often nano-sized
compounds in some cases also bearing metal-metal bonds.

Polyoxometallates (POMs) known for almost 200 years are a prominent example
in this field [1-4]. POMs are defined by MOg octahedra (M=Mo, W, V, Mn, etc.)
connected via their vertices, edges, or faces to build up large anionic
supramolecules with metals usually in their highest oxidation state. Most of these
anions contain the basic structural motif of the Keggin ion, [(XO4)(M;,036)]"",
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Fig. 1 Silicotungstic acid
H4[SiW,040] adopting a
Keggin structure

X=P, Si, B, etc. (Fig. 1) [5]. Despite their early discovery, the exploration of its
variety and applications is still intensively investigated, e.g., by contributions of
A. Miiller and L. Cronin et al. [1-3]. Among them the largest structurally charac-
terized inorganic cluster is [H,Mo36501032(H20)240(SO04)45]** ™ (x~16), entitled
“hedgehog,” which reaches an outer diameter of ca. 6 nm [6, 7]. Not only POMs,
rather metal oxide clusters in general are discussed in [8]. Furthermore, POMs
bearing fivefold symmetric subunits are shortly discussed in Sect. 1.3.

Regarding the largest number of metal atoms, [Ag4905188(StCsH;1)114], synthe-
sized by Fenske et al., displays the record holder among compounds characterized
by single-crystal X-ray diffraction (SC-XRD) [9]. This spherical polynuclear com-
plex and similar transition metal chalcogenide assemblies are assigned to the class
of ligand-protected clusters (see [10]) [11, 12]. They are obtained by the reaction of
silylated chalcogenide sources with copper and silver salts, respectively, and can be
regarded as initial nanoparticles on the way to form binary phases, e.g., a-Ag,Se
[12]. In addition, they are capable of a surface modification to give, e.g., ferrocenyl-
decorated nanoclusters [13].

Within the field of ligand-protected clusters, Schnockel et al. established the
class of “metalloid clusters” for compounds, which contain more metal-metal than
metal-ligand bonds (see Chap. 6) [14—18]. They succeeded in the formation of
[Al5oCp*2], where the Cp* ligands cover and protect the Alsg core [15], and also in
[Ga64(GaR)20]47 (R=N(SiMe;),) the largest structurally characterized Ga cluster
so far [18]. This concept is expanded by Schnepf et al. to metalloid clusters of group
14 (see Chap. 6). Another approach to metalloid clusters is to extract discrete Zintl
anions (e.g., [Geo]*™) from the solid state. For example, Féssler and coworkers
allow them to react with transition metal complexes to obtain linked compounds
and intermetalloid clusters containing interstitial metal atoms or even whole cages
[19]. This approach is extended by Dehnen and coworkers to ternary intermetalloid
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cluster anions by using binary group 14/15 Zintl anions in combination with main
group [20] and transition metal complexes [21], respectively (see [22]).

Concerning gold, a highlight is the X-ray crystal structure of [Augo(p-MBA)44]
(p-MBA=p-mercaptobenzoic acid) nanoparticle, in which the thiol ligands form a
monolayer around the gold cluster [23]. Very recently, Dass et al. reported on the
structural characterization of the even larger “nanomolecule” [Au;33(SPh-'Bu)s;]
bearing bulky and rigid ligands that comprise the outer shell and shield the inner
gold core [24].

Furthermore, Dahl et al. were able to synthesize large Pd clusters like
[Pd45(CO).(PEt3);30] containing an extended Pd core surrounded by phosphine
and carbonyl ligands [25, 26]. They are constructed by different layers with
interstitial metals to obey in the center the Mackay—Ikosaeder topology. Giant
palladium clusters up to [Pdse;Lgo(OCOCH3),50] were also reported by Zamaraev
et al. describing them as a bridge between molecular clusters and particles of
colloidal metal [27]. The giant cluster was not structurally characterized and
observed using high-resolution transmission electron microscopy.

1.2 Superspheres Based on Coordinative Bonds

All compounds described so far are hold together by covalent bonds and therefore
are usually quite stable with the interactions being almost irreversible. In contrast,
coordinative bonds are relatively strong, but often weak enough to show dynamic
behavior in solution. These interactions are used in metallosupramolecular chem-
istry, which was established by Constable [28, 29], for example, with the sponta-
neous formation of dinuclear helicates from bipyridine and copper(I) [30]. This
approach utilizes the self-assembly of two types of building blocks: metal salts or
complexes bearing free coordination sites and acting as nodes and (mostly organic)
Lewis bases with at least two donor atoms for linking the nodes (Fig. 2).

Until now, innumerable metallosupramolecular assemblies have been synthe-
sized, including also discrete spherical clusters [31-38]. Depending on the
denticity, rigidity, or flexibility, internal symmetry, and geometry of the building
blocks, aggregates of different sizes and shapes can be obtained [39]. Some of these
superspheres feature cavities suitable for the encapsulation of small molecules [40—45].

Fig. 2 Schematic ®
representation of the self- -
assembly approach with \ [S]
nodes (green) and linkers _! I ©
(purple) / ® e -
N
@

@ \/
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Fig. 3 Schematic representation of an octahedral-shaped cluster obtained by Fujita et al. using a
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Fig. 4 Molecular necklace obtained by Stang et al.

Thereby, reactive intermediates have been stabilized in such cavities [43, 45, 46],
and selected catalytic transformations have been carried out and accelerated inside
such metallosupramolecular arrangements [44, 47-50]. Some selected examples
are given below.

The group of Fujita obtained structural motifs ranging from tetrahedra, trigonal
bipyramids to ball-like spheres and others by using Pd(II) moieties linked by one-,
two-, three-, and even four-podale pyridyl ligands (Fig. 3) [S1-57]. They are able to
incorporate suitable guest molecules and can be applied as an unusual reaction
vessel [52, 57], as it has been shown by irradiation of the crystals which initiate
photoreactions of the included templates [57].

Recently an unprecedented application attracted special attention: A porous 3D
network of cages can be applied as a crystalline sponge by reversible guest uptake
of the molecules in the pores or cavities [58]. Another fascinating research area is
pursued by Stang et al.: They focus on the formation of catenated systems, such as
molecular “necklaces” by using pre-organized building blocks (Fig. 4) [59, 60].

Raymond et al. succeeded in the rational design of coordination clusters with
high symmetry, such as MyLs and ML, tetrahedra and MgL¢ octahedra (M=tri-or
tetravalent metal ion, L=bidentate chelator, Fig. 5) [35, 61-64]. With L being a
chiral ligand, these anionic clusters turned out to be enantioselective catalysts for
incorporated substrates.
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Fig. 5 Myl tetrahedron
containing a tetradentate
anionic linker ———l 1.
Ga3+
/Ga“
\Gah

. 5

1.3 Fivefold Symmetric Building Blocks

Fig. 6 Cg fullerene

The ligands shown in Figs. 3, 4, and 5 display typical representatives of bi-, tri-, and
tetradentate linking units, respectively [33, 34]. Thereby, the geometry of the spacer
determines the shape of the supramolecular assembly either appearing as an edge
(Figs. 4 and 5) or face (Fig. 3) of the resulting polyhedron. This enables the rational
design of clusters [33-35, 39]. As a result, to design a spherical cluster of high
symmetry, the use of fivefold symmetric building blocks seems to be one of the
most promising approaches. Since an extended structure of pentagons is not
possible, a curvature is the natural consequence [65].

The most prominent example for this is the group of fullerenes, the third
allotropic modification of carbon [66—68]. They consist of 12 five-membered and
(n-20)/2 six-membered carbon rings and form hollow structures and gain remark-
able stability, obeying the isolated-pentagon rule. The smallest derivative fulfilling
these conditions is the Buckminster fullerene C¢( simultaneously being the first one
discovered (Fig. 6) [69].
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Fig. 7 Pentagonal fivefold symmetric building blocks used in metallosupramolecular
chemistry: (a) pentaphosphaferrocenes, (b) pentakis(4-pyridyl)cyclopentadienyl, (¢) pentakis-
(1-methylpyrazole)cyclopentadienyl, and (d) pentacyanocyclopentadienyl

Fig. 8 Modeled structure of [{Rh2(HC02)4 }30{ FC(CS(C3H2N2CH3)5)(C5H4PO(t-C4Hg)2) } 12].
Reprinted with permission from [71]. Copyright 2015 American Chemical Society

Also in metallosupramolecular chemistry, the potential of pentagons to construct
spherical structures has been recognized, even though only a few building blocks are
known: The first and most intensively studied ones are the pentaphosphaferrocenes
(Fig. 7a). Their capability of forming inorganic superspheres constitutes the main body
of this chapter. Other fivefold symmetric ligands which are either based on nitrogen as
donating element or on polyoxometalates are shortly described in the following.

Williams and coworkers reported on ferrocene derivatives containing the
pentakis(4-pyridyl)cyclopentadienyl [70] (Fig. 7b) and  pentakis-
(1-methylpyrazole)cyclopentadienyl [71] ligand, respectively (Fig. 7c). Both the
former in combination with [Cu(CH3CN),4][PFs] and the latter with a dirhodium(II)
tetracarboxylate derivative can form fullerene-like spheres of the type
[(metal);g(ligand);»] (Fig. 8). However, these results are mainly based on diffusion
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Lewis acids bearing three free coordination sites

R
+

;P £ B
p*-.;ﬁ;/

P

1a 1b 1c 1d

Fig. 10 Pentaphosphaferrocene derivatives 1a—d used in metallosupramolecular chemistry

studies, light scattering experiments, and molecular modeling, and no single-crystal
X-ray structural characterization has been reported.

On the other hand, the group of Wright succeeded in the construction of a salt-
like three-dimensional MOF based on fullerene-like units of the pentacyanocyclo-
pentadienyl anion [Cs(CN)s]~ (Fig. 7d) and sodium cations [72—74]. In this archi-
tecture, Na* forms pentagonal dodecahedral as well as tetradecahedral cages with
the Cp ligands on the pentagonal faces.

Surprisingly, also polyoxometalates may contain units of fivefold symmetry and
allow the formation of various Keplerate and fullerene-like structures. In these
structures, the linkage of six {MoOg} octahedra with a {MoO-} pentagonal bipyr-
amid creates the pentagonal {MoMos} fragment [75]. When reacting with metal
salts, icosahedral clusters of the general formula [{MoMos},{linker}sq]
(linker=e.g., Fe(Ill), Cr(III)) are obtained [2, 76-78].

Beside this, the linkage of pentaphosphaferrocenes is based on phosphorus as the
donating element. Thereby, all linkers bear a cyclo-Ps~ ligand, the all-phosphorus
analog of the cyclopentadienyl anion. In this, every phosphorus atom bears a lone
pair available for coordination, which distinguishes this class of sandwich complex
from the carbon derivative ferrocene (Fig. 9). Four derivatives [CpRFe(nS—PS)]
exhibiting an increasing steric demand are used in metallosupramolecular chemistry
(Fig. 10): CpR=Cp*=n’-CsMes (1a) [79, 80], Cp*'=n’-CsMe4Et (1b) [81], Cp*"=n’
-Cs(CH,Ph)s (1¢) [82], and Cp®'®=n’-Cs5(4-"BuCeH,)s (1d) [83].
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Fig. 11 1D and 2D polymers consisting of 1a and CuX (X=Cl, Br, I) [87]

As Lewis acid, Cu(I) halides turned out to be an excellent building block, mainly
due to two reasons: These salts are known as a versatile family in coordination
chemistry as well as crystal engineering, since they are capable of forming diverse
aggregates like rings, cubes, ladderlike structures, zigzag chains, large clusters, etc.
[84-86]. Furthermore, as Cu(I) prefers a tetrahedral coordination environment,
CuX (X=Cl, Br, I) units can be seen as tetrahedral four-connected nodes with
three free coordination sites (Fig. 9).

First investigations regarding the coordination behavior of the pentaphospha-
ferrocene la toward Cu(l) salts gave 1D and 2D polymers with well-known
{CuX,} (X=Cl, Br, I) four-membered and {Cu,P,} six-membered rings
(Fig. 11) [88]. In the case of CuCl, a 1,2-coordination of the Ps ring is present,
whereas in the bromide and iodide derivatives, the coordination of a further P atom
(1,2,4-coordination) leads to a 2D network. By varying the solvent mixtures and the
stoichiometric ratios, a variety of different polymeric products bearing also other
coordination modes of the cyclo-Ps ligand, 1,3-coordination, 1,2,3-coordination,
and 1,2,3,4-coordination, could be isolated [87]. Also the 1,2,3,4,5-coordination,
where every phosphorus atom is used for coordination, is observed: In this case,
besides the formation of a 1D tubular polymeric structure [87], the desired curva-
ture is obtained and inorganic closed-shell superspheres form, which are described
in the following sections.

1.4 Synthesis of the Pentaphosphaferrocene-Derived
Superspheres

In general, all pentaphosphaferrocene-derived clusters discussed in this chapter
(Table 1) can be synthesized and crystallized via diffusion reactions within thin
Schlenk tubes: Thereby, a dark green solution of the pentaphosphaferrocene (plus
the template, if there is one) in dichloromethane, toluene, or ortho-dichlorobenzene,
respectively, is layered with a colorless solution of the Cu(I) halide in acetonitrile or
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mixtures of dichloromethane and acetonitrile. In doing so, the phase boundary turns
yellow brownish in the case of X=Cl, Br or orange for X=I. To lower the
crystallization rate, an intermediate layer of the pure solvent mixture might be
required sometimes. Especially for pentaphosphaferrocenes with a rather small
steric demand, such as 1la, this diffusion method is strictly required, since all
clusters obtained are insoluble in common organic solvents or only show a low
solubility in CH,Cl,/CH3;CN mixtures (18-27). In these reactions, big crystals
(prisms, rods) of the cluster often start to grow at the interface already after several
hours. Unfortunately, the formation of the polymeric coordination products
(cf. Sect. 1) cannot be avoided completely. A higher molar ratio of 1a:CuX than
1:1 (as it is present in the polymers) and diluted conditions are in favor of the
inorganic spheres. The yield of isolated crystalline product is usually in the range of
20-50 %.

When the organic shell contains the sterically demanding pentaphospha-
ferrocenes 1c and 1d, the supramolecules show a good solubility mostly in
CH,Cl,. Hence, they can also be synthesized by stirring the starting materials in
pure CH,Cl, or in CH,Cl,/CH3CN solvent mixtures. As the CpBn and CpBIG
derivatives do not form polymers in combination with copper halides, the self-
assembly of the spherical cluster is mostly quantitative and the products can be
isolated in excellent yields of >90 %.

2 Topologies

In the following, the structures of spherical supramolecules derived from pentapho-
sphaferrocenes are described focusing on the cage topology and its relation to
fullerenes. Thereby, classical fullerenes are “cage-like, hollow molecules of
pseudospherical symmetry consisting of pentagons and hexagons only, resulting
in a convex polyhedron with exactly three edges (bonds) joining every vertex
occupied by carbon, idealized as spz-hybridized atoms” [104, 105]. Hence, every
cluster fulfilling these structural conditions will be assigned to a sphere of fullerene
topology in this chapter irrespective of the element it is formed of (Sect. 2.1). If
these requirements are only met by the main part of the cluster also exhibiting
characteristic deviations from this topology, they will be named “fullerene-like”
spheres and discussed in Sect. 2.2. In the case of predominance of non-fullerene
structural motifs, where only the cyclo-Ps ligands resemble the fullerene topology,
the superspheres are summarized as clusters “beyond the fullerene topology” in
Sect. 2.3. In literature, the definition of fullerenes sometimes is broadened with
regard to different ring sizes. These spherical derivatives may also contain, for
example, heptagons and/or squares and are often regarded as “nonclassical fuller-
enes” [69, 106, 107]. A cluster, which falls into this category, is described in
Sect. 2.4.
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2.1 Superspheres with Fullerene Topologies
2.1.1 I,-Cg, Topology

In contrast to ferrocene, every phosphorus atom of pentaphosphaferrocenes still
bears a lone pair and is therefore capable of a further coordination to a Lewis acid
like Cu(I). Due to the fivefold symmetry of the cyclo-Ps ligand and a preferred
tetrahedral coordination of the copper atoms, the buildup of fullerene-like spheres is
enabled.

In Cgp, the smallest fullerene obeying the isolated-pentagon rule only one bond
between two five-membered rings is present (Fig. 12 left). However, a direct
linkage of two pentaphosphaferrocenes via coordinative bonds is not possible,
since at least one copper atom as Lewis acid has to be present between them.
Therefore, the smallest fullerene-like derivative resembles the Cgq fullerene, where
one additional atom is present between two pentagons (Fig. 12 middle). With
different ring combinations, seven Cg isomers obeying isolated-pentagon rule are
conceivable: Dsy, Co, (1), D,, Co,(I), D5, D3, and I, [66—68]. Interestingly, the
calculated energy difference between the first six of them is less than 30 kJ/mol,
whereas the /,-Cg isomer (Fig. 12 middle) displays the most unstable one (72 kJ/
mol more in energy than the D5, isomer) [108]. Therefore, it is not surprising that
the icosahedral /,-Cgo cannot be simply extracted from soot as the other derivatives
[109, 110], yet it is obtained as endohedral metallofullerene [111, 112], e.g., in
SC3N@Ih-C80 [1 13], SC402@111-C80 [1 14], and Laz@lh-C80 [115]

In the case of the superspheres, the combination of the pentaphosphaferrocenes
1a and 1c¢ and CuX (X=Cl, Br), respectively, leads to the formation of an icosahe-
dral 80-vertex cluster [{CpRFe(’-Ps)}12(CuX),o] (2-16; CpR=Cp*, Cp®"; X=Cl,
Br) [89-92]. Thereby, each pentaphosphaferrocene unit shows a 1,2,3,4,5-
coordination mode to copper. In turn, the copper ion is bound by three phosphorus
atoms and a halide atom as a terminal ligand so that Cu accomplishes its distorted
tetrahedral environment. In total, the cluster exhibits 12 1a/b units which are linked
by 20 CuX moieties. Hence, the 80-vertex framework of 12 five-membered P5 and
30 six-membered Cu,P, rings displays an entirely carbon-free [,-Cgo fullerene

Fig. 12 2D projections of fullerene topologies: Cgq (left), I-Cgo (middle) and I-C4¢ (right)
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Fig. 13 (a) [;-Cgo, (b) CuyoP¢o scaffold, and (c) complete 80-vertex supersphere containing la
and (d) polyhedra in Cu,(Pgq scaffold

analog (Fig. 13a—c). Within the supersphere, the Fe atoms which are centered above
the cyclo-Ps ligands form an icosahedron, whereas the Cu atoms are located at the
vertices of a pentagonal dodecahedron (Fig. 13d).

The inner cavity of the 80-vertex supersphere appears to be spherical in shape
with an approximate diameter of 0.8 nm irrespective of the halide used and the
substitution pattern of the pentaphosphaferrocene.’ In contrast, the outer diameter
differs widely depending on the size of the Cp® ligand: It amounts to 2.2—-2.3 nm for
the derivatives containing 1a (12—16), whereas it is 3.1 nm for those containing the
large benzyl ligand 1c¢ (2—-11) (Fig. 14). Therefore, the diameter of la-based
superspheres is twice and lc¢-based superspheres almost triply as big when com-
pared to the Cg, with a diameter of 1.1 nm.

In the case of the superspheres 12-16, applying the pentaphosphaferrocene 1a
and CuX as building blocks, a template-directed approach is crucial for their
formation. Therefore, small molecules were added as template to yield the host—
guest complexes (template)@[{Cp"‘Fe(n5 -P5)}12{CuX},9], X=CI (12-14), Br (15,
16). So far, o-carborane (0.79 nm) [91, 92], ferrocene [Cp,Fe] (0.69 x 0.63 nm)
[90], and the sandwich complex [CpCr(ns-As5)] (0.69 x 0.75 nm) [90] all with an
appropriate size were successfully incorporated in the cavity of the 80-vertex
supramolecule (0.8 nm) (Fig. 15). Interestingly, the latter two compounds reveal
host—guest n—x stacking interactions of the sandwich complexes (Ps—Cp in 13; Ps—
Ass in 14). In the absence of a possible guest molecule, the formation of the

! The inner diameters of the cavities were calculated as geometrically opposing atomic distances,
minus the van der Waals radii of the respective atoms (e.g., P, 1.80 A; Cu, 1.40 A). The term
“diameter” is defined here as the diameter of the largest spherical form that is geometrically
allowed inside the cavity by the given atoms. The outer diameter is taken as twice the largest
distance from the theoretical center of the molecule to the farthest atom, plus twice the van der
Waals radius for the respective atom (e.g., H, 1.2 A).
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Fig. 14 Molecular structure of 1c-based supersphere (2—-11)
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Fig. 15 Templates for the formation of spherical clusters with Cg, topology 1a-derived 80-vertex
superspheres (12-14)

polymeric coordination products (Sect. 1.3) is observed. Remarkably, the self-
assembly processes of 1¢ and CuX (X=Cl, Br) exclusively lead to the formation
of inorganic superspheres even in the absence of a template. In the case of 2-10, the
inner cavity is filled with one dichloromethane solvent molecule disordered over
32 positions [89].
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2.1.2 I-Cy49 Topology

The sterically more demanding building block [Cp®'“Fe(n’-Ps)] (1d) is also capa-
ble of forming clusters with fullerene topology [93]. However, the bulkiness of 1d
leads to a “cluster expansion,” and the resulting supersphere 17 shows the same
structural topology as the theoretically predicted Ci4y fullerene (Fig. 16). The
idealized scaffold of this carbon-free analog consists of 12 cyclo-Ps ligands
(60 P), 60 copper and 20 bromine atoms forming 60 six-membered P,Cu;Br
rings. Therefore, in contrast to the 80-vertex superspheres, some of the halide
ligands are now also scaffold constructing and not only terminal. Out of the
innumerable isomers possible for the Cy4 fullerene, the icosahedral I-C4 has
been calculated to be the lowest in energy [116, 117]; however it could not be
detected so far [118, 119]. In the case of 17, the inorganic scaffold shows icosahe-
dral symmetry albeit distorted due to the presence of different types of atoms. Note
that the polyhedra are idealized because of disorder of the copper and halide ions
(see Sect. 3.2 for details).

Another feature of 17 is the multi-shell structure which is unprecedented among
the pentaphosphaferrocene-based clusters. The bridging bromides and
n-coordinated Cu cations that have not been observed before in structures of
supramolecules both support the shell structure. Within the outer shell of the
I-Cy49 scaffold, a pentagonal dodecahedron of 20 Cu atoms is formed with 30 Br
atoms at the edges (Fig. 16b). Additionally as a third shell, a Br;, icosahedron
displays the central inner core (Fig. 16a). In total, 17 represents an “onion-like”
cluster of an icosahedron@dodecahedron@I-C,4o. Due to this structural feature, no
empty inner cavity is present capable of a guest encapsulation. The outer diameter
including the Cp®'® ligands reaches an impressive value of 3.5 nm (Fig. 16d). The
“space-filling” view of 17 exhibits a tight arrangement of the 12 Cp®' ligands
forming a distorted pentagon dodecahedron.

Fig. 16 Multi-shell structure of 17. One of Cp®'“ ligands is highlighted
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2.2  Superspheres with Fullerene-Like Topologies
2.2.1 90-Vertex Superspheres and Their Structural Modifications

90-vertex superspheres naturally extend the Cg, fullerene topology represented by
80-vertex spheres. The structural relation between them can be traced back to the
largest structural unit they have in common which is a 40-vertex hemisphere
[{Cp*Fe(ns-Ps)}6(CuX)10] (X=Cl, Br) formed by six five-membered Ps and ten
six-membered Cu,P, rings (Fig. 17a). At the rim the shell has five phosphorus and
five copper atoms available for further coordination. Two such fragments would
comprise a whole 80-vertex sphere, if fused in that way that every Cu atom
connects to a P atom of the other shell. This would require a rotation of the
hemispheres by 36° (360°/10) leading to a staggered orientation (Fig. 17c¢).

If two hemispheres are in eclipsed orientation, the P and Cu atoms face the atoms
of the same chemical sort. To avoid this during the self-assembly process, addi-
tional X atoms coordinate copper, and {Cu(MeCN),}* fragments connect the P
atoms. Therefore, ten additional vertices extend the fullerene-like hemispheres, and
the 90-vertex supramolecules [{CpRFe(nS—PS)}12{CuX}25(MeCN)10] (18-21,
X=Cl; 22-27, X=Br; CpR:Cp*, CpEt) are formed (Fig. 17d) [94-96].

(

b) @ front view side vlew

b ) Qﬁﬁ

o 40-vertex hemlsphere
® (Cp*FePs)s(CuX)1o
\ Csv J/

55-vertex

5X + 5{Cu(MeCN)z}

(-] L]
90-vertex
Dsn

Fig. 17 Structural interrelation between a (b) nano-capsule {(Cp*FePs)s(CuX);o} (28) and (c)
80- and (d) 90-vertex superspheres (18-27) as a different combination of (a) two 40-vertex
hemispheres {(Cp*FePs)s(CuX)o}
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The additional vertices form an equatorial part of ten eight-membered Cu;P,X
rings violating the fullerene topology. The plane of the equator and the direction of
the pseudo fivefold axis can naturally be called equatorial and axial, respectively.
The 90-vertex moiety, in which the shells of Cs, symmetry are related by a mirror
plane, possesses Ds;, point symmetry. These types of superspheres were only
observed with the pentaphosphaferrocenes 1a and 1b.

The 40-vertex hemispheres alone have not been observed so far. However, the
closest example can be found in the structure of the nano-capsule, {Cp"‘Fe(n5 -P5)},@
[{Cp*Fe(nS-PS)}g(CuC1)10]2 (28) [97]. The half-shell of the nano-capsule can also
be viewed as a hemisphere with three pentaphosphaferrocenes additionally coordi-
nated on the same hemisphere’s side (Fig. 17b). The point symmetry Cs, is realized
due to a central copper atom coordinating three pentaphosphaferrocene units
(Fig. 18a). The host—guest complex 28 consists of two semispherical shells
connected by a number of specific intermolecular P-P contacts of 3.61-4.50 A
and possesses 3.0 nm in length (Fig. 18c). The cohesion energy according to DFT
and MP2 calculations is about —36 kJ mol™' [97]. The inner cavity amounts to
1.5 nm in the longest of its axes. Interestingly, inside the nano-capsule two
pentaphosphaferrocene molecules act as a single template where the Cp* ligands
are n—x stacked and form an interplanar distance of 3.67 A. This is in contrast to the
90-vertex supramolecules, where for steric reasons only one template of a
pentaphosphaferrocene can be included into the cavity [94-96]. For the same
reason, unique Ps—Ps interactions were realized in all crystal structures of the
90-vertex supramolecules containing no other guests than pentaphosphaferrocene,
which always is in excess in the reaction mixture.

Since the size of the cavity of the 90-vertex superspheres is larger than the
pentaphosphaferrocene dimensions, the guest molecule is usually disordered over
two or three positions [94]. In contrast to the 80-vertex supramolecules, the interior
of the 90-vertex shell is elongated in equatorial direction, and therefore, not all
possible orientations of the guest molecules are equivalent. One can subdivide them
into two axial and ten equatorial ones, referring to the direction, to which the axis
of the guest molecule is parallel. Both orientations can even occur statistically in the
same host molecule (Fig. 19). Among all known complexes, the host and guest

Fig. 18 The nano-capsule {(Cp*FePs)o(CuX);o} (28) [97]: (a) half-shell (top view), (b) half-shell
and a guest molecule (space filling) displaying no n—= stacking interactions with host molecule,
and (c) nano-capsule embracing two n—r stacked guest molecules
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Fig. 19 (a, b) Axial and (¢, d) equatorial orientations of pentaphosphaferrocene in host—guest
complexes of 90-vertex supramolecules

molecules inevitably adopt an eclipsed conformation of stacked Ps—Ps rings, which
are remarkably parallel to one another (the interplanar angle is below 3.5°)
[94]. Corresponding dot-to-plane distances (3.77-4.03 A) justify weak n—x inter-
actions between the cyclo-Ps ligands (Fig. 19). The shortest P-P contacts of
3.53-3.77 A are close to the doubled van der Waals radius of phosphorus (3.6 A)
[120, 121].

The presence of the equatorial part leads to a deviation of the 90-vertex shell
from a spherical shape. The outer dimensions are 2.46—2.70 nm (X=Cl, Br) in axial
and 2.36-2.46 nm (X=Cl) or 2.40-2.46 nm (X=Br) in equatorial directions
(Table 1) [94]. In the case of the inner cavity, the equatorial diameter is larger
than the axial one, irrespectively of the nature of X, and amounts to 1.20—1.28 nm
for X=CI and 1.16-1.20 nm for X=Br [94]. The axial diameter is less affected by
the nature of X with values of 1.26-1.30 nm for X=Cl and 1.32 nm for X=Br
derivatives. The larger the halogen X (CI or Br), the longer the five equatorial Cu—
X—Cu bridges are the longer the cavity in the axial direction is. This also causes
slight relative narrowing of the cavity in the equatorial direction. Therefore
chloride-containing hosts possess more isometric cavities and readily allow both
axial and equatorial orientations of the [Cp*Fe(n’-Ps)] guest. In contrast, for
bromide-containing hosts, the guest molecules always occupy the axial position.
This enables the encapsulation of the triple decker complex [(CpCr)z(p,n5 :S-As5)]
(axial size 0.88 nm) (see footnote 1) to give the host—guest complex [(CpCr)z(p,r]5 S
-Ass)]@[{ Cp*Fe(n’-Ps)} 12(CuBr),5(MeCN),o] - 10C;Hs - 3MeCN (27, Fig. 20)
[90], which is not the case for the chloride superspheres. The Cp ligands of the
guest molecule are involved in n—x stacking interactions with the cyclo-Ps ligands
possessing an interplanar distance of 3.56 A. Interestingly, the 90-vertex host-guest
compounds 26 and 27 are isostructural although exhibiting different guests [94].

Other host—guest complexes based on this topology are rare, showing the
robustness of the 90-vertex scaffold. Only a few examples of modifying this
topology were observed, namely, 90-vertex superspheres bearing one positive or
one negative charge (18, 21) [94]. Multiply charged species have never been
observed. All related topologies concern only a modification in the equatorial
part. The simplest modification to give an anionic supersphere but retaining the
same 90-vertex topology is a substitution of one MeCN ligand by a chloride anion
(Fig. 21a, d). The charge of this anion is thereby compensated by a cationic
supersphere where one chloride is statistically missing either in the equatorial
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Fig. 21 An anionic 90-vertex supersphere (a) [{Cp*Fe('r]S—P5) }12Cu,5ClLg(MeCN)o] and cationic
(b) 90 and (c) (90-1) superspheres [{Cp”<Fe(nS-P5)}12Cu25C124(MeCN)9]Jr in 21 [94]. Structural
modifications of (e) a fragment of the 90-vertex shell in a fragment (d) with Cl-substituted MeCN
position and (f) with a rearranged CuCl unit. The Cp*, Fe atoms, and carbon atoms of acetonitrile
molecules are not shown for clarity

belt or in the adjacent terminal position providing a total positive charge and
revealing two moieties with 90 and (90-1) topology (Fig. 21b, c). Furthermore,
one of the CuCl fragment migrates from its place between two P atoms and sub-
stitutes a MeCN molecule of the neighboring Cu ion (Fig. 21f).

Another anionic supersphere, [{Cp*Fe(nS-P5)}12Cu24C125(MeCN)8]7, can be
regarded as the result of elimination of a {Cu(MeCN),}* unit from the equatorial
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Fig. 22 Anionic (90-1)-vertex supersphere: (a) an ionic pair [Cu(MeCN)4]+[(Cp*Fe(n5—
P5))1,CunsClos(MeCN)g] in 18 and the structural modification of (b) a fragment of the
90-vetrex shell in (¢) a fragment vacant in an equatorial Cu® position. The Cp*, Fe atoms, and
carbon atoms of eight acetonitrile molecules are not shown for clarity

part of the neutral 90-vertex molecule (Fig. 22b, c). In the crystal structure, the
anion forms an ionic pair with a [Cu(MeCN)4]* cation and co-crystallizes with the
neutral 90-vertex molecules according to the formula [Cu(MeCN)4]+[{Cp*Fe(n5—

P5) }0.5@ { Cp*Fe(n’-Ps) } 12{ CuCl},5(MeCN) 15[Cp*Fe(n’-Ps)]o s@l { Cp*Fe(n’-
P5) } 12CU24C125(MGCN)8]7 . 34CH2C12 (18)

2.2.2 A 99-Vertex Supersphere

The unprecedented supramolecule Ceo@[{ Cp*Fe(n’-Ps) }13(CuCl)26(H>0)»(CH;CN)o]
(29) formed by the successful encapsulation of the Cg, fullerene [98]. With 26 Cu
atoms connected by 13 units of pentaphosphaferrocene and eight CI bridges, it
comprises a 99-vertex scaffold (Fig. 23).

In the middle of the host molecule in 29, 12 pentaphosphaferrocenes are bound
to 12 {CuCl} units (Fig. 23c). In this barrel-like part, the pentaphosphaferrocenes
are arranged in two rows of six molecules. This implies a larger diameter of the host
than the 80- and 90-vertex supramolecules that have five of these units in the
equatorial part (cf. Fig. 17). This sixfold symmetry of the “barrel” contradicts to
the fivefold symmetry of the { Cp*Fe(n’-Ps)}. Consequently, less regular fragments
confine such a shell. In the lower part, a threefold arrangement (Cs,) of alternating
{Cu(MeCN)Cl} and {Cu,(p-Cl),(MeCN),} units coordinates the P atoms of the
“barrel” (Fig. 23). In the upper part, one pentaphosphaferrocene moiety coordinates
two {CuCl} and one {Cu;(p-Cl),(H,0),Cl} unit (Fig. 23e). In the latter fragment,
two sites at two copper atoms are statistically occupied by a chloride and a water
molecule. One more position is entirely occupied by a water molecule. All parts are
joined together by Cu—P bonds.
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Fig. 23 (a) 99-vertex supramolecule encapsulating fullerene Cgq (29) [56]. The central barrel-like
part constructed of 12 units of 1a and 12 {CuCl} units and encapsulating C¢y molecule, (b) fop and
(c) side view. The (d) lower and (e) upper caps of the supramolecule

At first sight, the open 36-vertex barrel-like fragment could be closed with a
fragment of fullerene topology as observed in the nano-capsule (Fig. 18a). Hence,
an 18-vertex {CuCl} {Cp*Fe(nS-P5)}3{CuCl}3 cone of (5, point symmetry
(Fig. 24b) might coordinate to the outer rim composed of exactly six 1a and six
{CuCl} units. Consequently, the question arises why could it not become a capping
fragment here and construct a 72-vertex supersphere (18 x 2 +36)? The reason why
this is not the case is that in the nano-capsule, the outer rim is isomeric to that in the
99-vertex supramolecule. The 1a units coordinate {CuCl} in a 1,3- and 1,2-mode
(with respect to the rim), so that the cyclo-Ps ligands are arranged up and down in
alternation. Therefore, every non-coordinated phosphorus atom in the second
position can coordinate the 18-vertex cone (Fig. 24c). In the 99-vertex
supramolecule, the sixfold barrel rim contains only 1,3-coordinating cyclo-Ps
ligands and has a larger diameter, 13.0 A vs. 11.5 A in 28. This makes the
18-vertex unit non-complimentary to the barrel (Fig. 24a). Topologically, this
fragment could coordinate to a rim with additional six more { CuCl} units following
a fullerene-like fashion with six-membered rings. However, such a rim would be
too narrow for the 18-vertex cap.
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a) ) b) c) Q <

Fig. 24 Impossible and possible self-assembly in 28 and 29. (a) The rim of the barrel-like part of
29 of six 1a and six {CuCl} units unfit to (b) the 18-vertex cap of 28. (c) The rim of 28 assembling
with the cap

Based on the widest possible rim constructed of 1a and single {CuCl} units, the
supersphere 29 possesses a larger outer diameter (2.6 nm) than other 1a derivatives
of 80- and 90-vertex spheres. Consequently, the larger size of the barrel is caused by
the encapsulated Cgo guest molecule. The inner cavity proves to be almost spherical
and a diameter of 1.35 nm allows the encapsulated guest (0.7 nm) to rotate.

2.3 Superspheres Beyond the Fullerene Topology

The ability of the heavier halogens, Br and I, to agglomerate with metal cations to
form expanded structures [84—86] allows the construction of confined inorganic
scaffolds of non-fullerene topologies and of nonspherical shape. These
supramolecules usually contain less than 12 units of pentaphosphaferrocene
which are typical for fullerene topologies. Furthermore, the less predetermined
self-assembly often leads to co-crystallization of different forms and/or isomers.
This results in intrinsic disorder and statistical occupation of atomic positions in the
scaffold. These features are considered in Sect. 3 in more detail, while here only the
idealized scaffolds are presented.

2.3.1 An Ellipsoid-Shaped 100-Vertex Supersphere

The smallest representative is a 100-vertex supramolecule found in two formally
isostructural compounds, (Ej )@][{ Cp*Fe(n5 -P5)}10{Cul} ,(MeCN)g] - nMeCN,
E=P, x=30.1, n=2 (30), and E=As, x=29.6, n=4.6 (31) (Fig. 25a, b) [99]. In
the crystal, a solid solution of two or three different species is present (cf. Sect. 3.3).
Since the differences between the supramolecules constituting the crystal are slight,
the common main component is discussed in the following (for details see
Sect. 3.3). It can be described as an ellipsoid-like molecule [{Cp*Fe(nS—
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Fig. 25 The isostructural host—guest complexes (E4)@[{Cp"<Fe(r|5 -P5)}10{ Cul} (MeCN)g] - nMeCN,
E=P (x=30.1, n=2) (30) and (a) E=As (x=29.6, n=4.6) (31), (b) inorganic scaffold constructed
from (c) the squared equatorial part containing four (d, e) bowl-like units { Cuy(pg-I)(p3-I)(p2-1)3} and
two (f) caps; (g) the host P, tetrahedral molecule disordered within the cavity of 30

Ps)}10{Cul}30(MeCN)¢] of D,;, symmetry. It contains a total of ten [Cp*Fe(nS-PS)]
units, from which only eight construct the scaffold. The equatorial part is formed by
four {Cuy(pg-I)(p3-D(p2-)3} units which exhibit a bowl-like geometry (Fig. 25d, e).
Two of four Cu-Cu contacts in these units are shortened to 2.86-2.94 A
representing Cu, dimers. The other ones are elongated to 3.3-3.5 A (Fig. 25d).
These bowl-like units connect four pentaphosphaferrocene units on each side. The
cyclo-Ps ligands are bound with each other in the 3,5-position in alternation by
{Cul} and {Cu(MeCN)} units. In this way, a “cube” with two opposite open faces is
formed (Fig. 25¢). These open faces are capped by {Cu,(p,-1),(MeCN)Cul} frag-
ments that are additionally coordinated by 1a unit in a 1,2-mode (Fig. 25f%).

The supramolecules 30 and 31 are hollow despite the presence of more bulky
building Cu, X, units compared to the 80- or 90-vertex superspheres. Their cavities
being now elongated cannot accommodate larger molecules due to the “bottleneck”
of the py-I atoms of four Cuyls~ bowls pointing inside the cavity. Thus, the cavity is
divided into two symmetrical parts. Instead, the cavity shape enables the inclusion
of an E4 molecule of white phosphorus and yellow arsenic, respectively. The
tetrahedron statistically occupies each part with 50 % probability, where it is
orientationally disordered (Fig. 25a, g).
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2.3.2 A Tetrahedral-Shaped 162-Vertex Supersphere

The pentabenzyl derivative 1c is also capable for the formation of inorganic
superspheres beyond the fullerene topology. Although the use of up to three
equivalents of CuBr leads to the buildup of an 80-vertex scaffold (/,-Cg, analog,
see Sect. 2.1.1), a large excess of CuBr allows the formation of a supramolecule
with a singularly different scaffold for such pentaphosphaferrocene-based spheres:
[{Cp®"Fe(n’-Ps)} 12{ CuBr}s; { CH;CN ] (32).

As in 30 and 31, different products co-crystallize (see Sect. 3.2). One of them is
depicted in Fig. 26a. On the contrary to 30 and 31 with their eight scaffold-
constructing and two “terminal” pentaphosphaferrocene moieties, 32 contains
12 1c¢ molecules. Yet no fullerene topology is present, since these are linked to
each other by polynuclear Cu,Br,, fragments containing p,-, p3-, and p,-Br atoms
rather than single CuBr units as in 80-vertex supramolecule (Fig. 26c). This
agglomeration resembles the Cul-cluster motif of 30 and 31 (Sect. 2.3.1).

The constructed ideal skeleton of 32 contains 51 Cu and 60 Br positions.
However, due to bromide vacancies (cf. Sect. 3.2), the latter number is reduced
from 60 to 51; thus a neutral [{CanFe(nS-PS)}12{CuBr}51{CH3CN}8] cluster is
present. Its tetrahedral-shaped scaffold contains 162 non-carbon atoms (60 P,
51 Cu, 51 Br; Fig. 26b), and thus, it is even larger than 30 and 31. Due to the
sterically demanding Cp®" ligands, 32 reaches an outer diameter of 3.56 nm.

Another interesting feature is obtained in 32: The internal cavity is occupied by
two {Cu(CH3CN)Br} groups, which show a n?-t-coordination to the cyclo-Ps
ligand of 1c (Fig. 26d). As a consequence, there is no volume accessible for the
incorporation of a guest molecule.

The formation of both cluster types deriving from 1¢ and CuBr, namely, 35 and
32, depends on the stoichiometric ratio of CuBr as well as of the amount of CH;CN
present. A systematic variation of these parameters even revealed that these clusters

Fig. 26 (a) The tetrahedral-shaped cluster 32 derived from 1lc and CuBr, (b) the inorganic
scaffold with {Cu(CH3CN)Br} units protruding into the cavity, (c¢) the different coordination
modes of bridging Br anions and, and (d) the n*-n-coordination to the cyclo-Ps ligand of 1¢ unit
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+ excess CuBr
CH3CN/CH,Cl,

[FeCpzl@I(1¢)12(CuBr)zg.q] ——————  [(1¢)42(CuBr)s4(CH3CN)g] + [FeCpg]
excess CH,CN

80-vertex fullerene analog tetrahedral-shaped cluster

Scheme 1 Reversible capture and release of ferrocene by switching among two different clusters

are able to switch one to another. Thus, first the 80-vertex supersphere is formed in
CH,Cl, as solvent, which rearranged to the tetrahedron-shaped supramolecule 32
by adding CuBr. If CH3CN is added after the formation of 32, the 80-vertex
supramolecule is formed again.

Finally, the combination of the three facts, which are (i) the ability of 80-vertex
superspheres to incorporate small molecules, (ii) the absence of a cavity for a guest
in 32, and (iii) the potential of a supramolecular switch, can be used for a reversible
encapsulation and release of a guest molecule as it was successfully demonstrated
for ferrocene (Scheme 1). The guest molecule interacts with the host by means of
specific n-stacking with its aromatic Cp and Ps rings.

2.3.3 A 168-Vertex Supersphere

Going from bromine to iodine, a similar extended copper halide framework was
obtained with 1c¢ as building block [100]. The 168-vertex supramolecule
(CH,Cl); 4@ [(CpB"FePS)lz{CuI} 54(MeCN); 46] (33) contains an almost twice as
large {Cul} framework as in 30 and 31 and possesses a diameter of 3.7 nm (Fig. 27).
Despite having 12 1c units, the supramolecule 33 does not show a fullerene
topology, and as it was the case for 30 and 31, the iodine atoms not only act as a
terminal but also as a bridging ligand (Fig. 27c). Thereby, the {Cuyly(ps-I)(p-D)s}
fragment which is o-coordinated to the cyclo-Ps ring in 1,2-coordination mode
(Fig. 27d) resembles the bowl-like {Cu,(py-1)2(MeCN)Cul} units (Fig. 27f) as
observed in 30 and 31.

The idealized copper iodide scaffold (for details see Sect. 3.3) can be constructed
from eight tetrahedral {Culy} units (Fig. 28a) and six similar {(CpB“FePS)z(CuL)
(Cuyl)4} blocks, containing different terminal position L. In two blocks, it is
occupied by an iodide, and in four by a MeCN molecule (Fig. 28b). These blocks
are arranged in the volume forming a giant cube with the eight {Cul,} units in the
corners and the six lc-containing building blocks as faces (Fig. 28c). The point
symmetry of the inorganic scaffold is C;.

The inner cavity in 33 has a diameter of 0.75 nm and is slightly smaller than that
found inside the 80-vertex supramolecules. In the absence of templating molecules,
the octahedrally shaped cavity is filled with disordered CH,Cl, molecules.
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Fig. 27 (a) Supramolecule in 33, (b) inorganic core with a guest CH,Cl, molecule, (c) fragment
of {Cul} framework, and (d) {Cuglr(ps-I)(p-I);} fragment coordinated to a cyclo-Ps ligand
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Fig. 28 Step-by-step assembling of the idealized scaffold in 33 from six {(Cp®"FePs)>(CuL)
(Cuyl)4} and eight {Cul,} units

2.3.4 A Rugby Ball-Shaped 312-Vertex Supersphere

The most striking example of a giant supramolecule with an extended {CuX}
scaffold is found in [{CpB“FePs} 24(CuBr)og] (34) exhibiting 24 units of lc
connected by 96 {CuBr} units [89]. It was synthesized by the reaction of 1c¢ with
CuBr,, in which Cu(I) is reduced to Cu(I) bromide and 1c is oxidized as known
from the direct oxidation of 1c¢ [122]. The inorganic scaffold enumerates 312 atoms
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Fig. 29 (a) The rugby ball-shaped supramolecule 34, (b) inorganic scaffold containing
312 atoms, top view of the (c¢) ends, and fragments constituting the copper halide framework:
(d) the bowl-like CuyBrs unit, (e) 4- and 6-membered CuBr rings. n-Coordinated cyclo-Ps, which
(f) forms bowl-like unit and (g) demonstrates formation of the inner shell

and opens to a center and closes to the ends (Fig. 29a, b). Four cross sections
(or circles) consisting of four, eight, eight, and again four pentaphosphaferrocene
molecules predetermine this “rugby ball” shape. The pentaphosphaferrocenes are
connected by a complicated copper bromide network. The network appears to be
irregular and formed by chance, but in fact it is reproducible from supramolecule to
supramolecule almost without disorder. The {CuBr} framework is double layered
in the center of the scaffold, where pentaphosphaferrocene 1¢ demonstrates - and
n-coordination of cyclo-Ps ligands (cf. 17). Some typical fragments of the scaffold
are depicted in Fig. 29 (cf. Sect. 3.3). On the contrary, the ends of the rugby ball-
shaped molecule are single layered and comprise only o-coordinated lc¢ units
connected directly by Cu atoms and by some additional bromide bridges
(Fig. 29c). Interestingly, similar capping fragments have also been found in 33,
but contain two instead of four 1c units (cf. Fig. 28b).

The giant rugby-shaped supramolecule reaches 4.6 nm in length and 3.7 nm in
width. These values exceed hitherto all other pentaphosphaferrocene-containing
supramolecules. Despite the extended copper halide framework, which forms the
double shell, the size of the inner cavity still amounts to 2.5 x 1.2 nm. It is filled
with disordered CH,Cl, and CH5CN molecules.
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2.4 Supramolecule with Nonclassical Fullerene Topology

Smaller fullerenes (<Cgo) must violate the isolated-pentagon rule; hence the addi-
tional steric strain makes them much more labile. However, some of them, the
so-called magic number clusters, can also gain remarkable stability. The most
prominent example is the D3-Cs3, molecule, whose stability is ascribed to the
spherical aromaticity of this compound leading to a large HOMO-LUMO gap
comparable to that in Cgo [123—125]. Though C3, always shows intensive peaks
in photoelectron spectra, its synthesis or extraction from soot has not been accom-
plished yet. More symmetrical isomers bearing a reduced strain energy contain less
five-membered and at least few four-membered rings [126—129] and are therefore
assigned to the class of “nonclassical” fullerenes [106, 107].

Also this field of fullerene chemistry is visible within the metallosupramolecular
approach applying other P, ligand complexes. Hence, instead of the pentapho-
sphaferrocenes 1 bearing a Ps pentagon, now a cyclo-P, ligand is needed as it is
presented in [Cp”Ta(CO)>(n*-P4)] (Cp”=n’-CsH;'Bu,; Fig. 30a) [102]. This P,
ligand complex in combination with CuCl is capable for the formation of the
carbon-free Cs, analog [{Cp”Ta(CO)(57*-Ps)}s(CuCl)g] (35, Fig. 30b).
Supramolecule 35 consists of six cyclo-P4 complexes bound to eight Cu' halides
in a 1,2,3,4-coordination mode. The inorganic framework comprises 32 non-carbon
core atoms (24 P, 8 Cu) and features a Cug cube with a P, square above every face
(Fig. 30d). Thus, alternating four- and six-membered rings are formed exclusively
(“isolated-square rule,” Fig. 30c). Furthermore, the tantalum atoms form a Tag
octahedron, which includes the cube-shaped inner framework (Fig. 30d). The inner
cavity of 35 has a shape of Fedorov’s cubooctahedron (truncated octahedron) and a
diameter of 0.6 nm, whereas the outer diameter amounts to 2.19 nm (see footnote
1). The cluster topology in 35 also resembles those theoretically proposed for group
13/15 oligomers [130-132] and for boron nitride fullerenes, such as the B;¢Nj¢
isomer with D,,; symmetry [133].

d)

Fig. 30 (a) The cyclo-P, complex [Cp”Ta(CO)z(n4-P4)], (b) molecular structure of 35, (c¢)
inorganic scaffold of 35, and (d) polyhedra in 35
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3 Look Closer: Individual Compound vs. Solid Solution
of Supramolecules

The formation of rather weak coordinative bonds offers more than one possibility of
bonding between the structural fragments where each “choice” is energetically
equally favored. Such “vicissitudes” of the self-assembly can lead to numerous
errors in repeating of the same supramolecule. This process can be compared with
errors during a DNA replication that can cause mutations; the number of mutations
depends on the complexity of a molecule and on the changing environment, which
either favors the replication or not.

These errors in self-assembly of supramolecules or their structural variation can
be classified in view of the most frequently repeated molecular structure as a
reference point for the deviating examples. The individual structure of every
supramolecule cannot be explored with SC-XRD, i.e., only the average structure
within the crystalline material can be determined. The crystals of supramolecules
with and without “errors” co-crystallize and form solid solutions. As a result,
various forms of static disorder coexist in the crystal structure. In this context, the
molecular structure can demonstrate a number of structural variations: vacancies,
isomers, and the presence of additional or different fragments. The number and
structure of forms/isomers in which the supramolecules co-crystallize as well as the
composition of a solid solution in most complicated cases cannot be estimated.
These factors are described in more detail in this section.

3.1 Single {CuX} Vacancies in the Inorganic Scaffold

The extensive frameworks, polymers, or spherical agglomerates, containing a large
number of atoms, retain their structure even if some of the constituents are missing.
The simplest case of this phenomenon has already been discussed with an example
of (90-1)-vertex superspheres (Sect. 2.2.1). In that case, the supramolecules still can
be regarded as an individual compound, especially taking into account the exam-
ples of charged species, where the vacancies are enforced by the requirements of
electroneutrality. The superspheres with partly vacant ideal scaffolds are called in
the following as porous.

In most cases, the notion of an individual compound cannot be used anymore.
This can be illustrated with the structure of a porous supramolecule based on
80-vertex fullerene topology, namely, the host—guest complex (0-C,BoH;2)o s@
[{Cp*Fe(n5—P5)}12{CuBr}20_n] (16), where the average number n of vacant posi-
tions per supramolecule (porosity) is 1.2 [92]. The inorganic core statistically lacks
1.2 units in two {CuBr} positions. In the triclinic crystal structure, the vacancies are
partly ordered, most probably due to specific orientation of the toluene solvent
molecules. They point toward the vacancy in the scaffold, where the { CuBr} unit is
missing and may play a role of an “anchor” fixing the orientation of the



Inorganic Superspheres 351

Fig. 31 Vacancies in the (80-n)-vertex supramolecules. (a) (80-2)-vacant supramolecule with a
toluene molecule blocking one of the vacancies in 16; (b) the { CuBr} vacancy; and (c¢) complete
80-, (d) and vacant (80-1)-, and (e) (80-2)-vertex supramolecules coexisting in crystal

supramolecule (Fig. 31a). In this case, complete 80- and vacant (80-1)- and (80-2)-
vertex supramolecules coexist in the crystal (Fig. 31c—e), containing 20, 19, and
18 {CuBr} units in their scaffold, respectively. Moreover, for the (80-2)-vertex
supersphere, only one centrosymmetric isomer is possible, in which the missing
{CuBr} units are opposed due to the symmetry (Fig. 31e).

The ratio of different supramolecules in the resulting solid solution depends on
the location and occupation factors of the disordered atoms, which drastically
reduce the number of possible combinations [92]. All possible compositions can
be derived from a system of equations and inequations taking into account all these
factors. The simplest one for 16 giving 20-n=18.8 is 20 % of (80-2)-vertex and
80 % of (80-1)-vertex porous supramolecules.

A different interpretation is required when the same (80-n)-vertex
supramolecules crystallize in a high-symmetrical cubic phase. A series of (guest)
@[{Cp®"Fe(n’-Ps)} 12{ CuX }»0..], X=Cl, Br and guest=CH,Cl, or [Cp,Fe] dem-
onstrate a variable average porosity, n =0-4.6 [89]. In the crystal, there are two
crystallographically unique {CuX} units constituting a supramolecule with crys-
tallographic T, symmetry. One {CuX} position is always fully occupied; the other
is often partly vacant. These fully occupied {CuX]} units and the 12 pentapho-
sphaferrocenes 1c¢ confine the minimal 68-vertex cuboidal scaffold with
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Fig. 32 n-Vacant 80-vertex supramolecules. (a) A hypothetic minimal 68-vertex (80-12) scaffold
containing all possible vacancies; (b—f) all isomers for (80-2) supramolecules that differ in point
symmetry

12 vacancies that has not been observed yet (Fig. 32a). It is always supported by a
variable number of (12-n) additional { CuBr} units. In this case, different n-vacant
molecules as well as isomeric molecules with the same 7 can coexist, in contrast to
16. For example, for the (80-2)-vertex supersphere, five isomers are possible
(Fig. 32b—).

Thus, the supramolecules with the idealized Cg fullerene topology always form
solid solutions, in which porous or complete supramolecules co-crystallize in the
particular ratios. Even if # is an integer number, the co-crystallization of different
forms is possible. For example, solely (80-1)-vertex supramolecules in 10 have the
same chemical composition as the complete and the (80-2)-vertex supramolecules
co-crystallizing in a 1:1 ratio (80 x 0.5+78 x 0.5=79). Such a phenomenon is
eventually a function of the steric demand of the Cp derivatives. Once the vacancies
in the individual supramolecule are shielded, the supramolecules have the same
shape and naturally co-crystallize regardless of the CuX content. As a consequence,
the unit cell parameters in isostructural series correlate neither with the nature of the
halide nor with the index n. Needless to say that the shielding by Cp* is less
effective than that of the much bulkier Cp®" ligands. Therefore, the 1c derivatives
usually exhibit more vacancies than the (80-n)-vertex Cp* derivatives. This ability
of the 80-vertex scaffold to bear vacancies causes the high stability of 3-11 in a
wide range of the CuX (X=ClI, Br) concentrations.
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3.2 Single-Atom Vacancies in the Extended {CuX}
Framework

The vacancies at the copper positions are intrinsic for supramolecules based on the
extended CuX scaffolds, such as 17 and 32-34. This is caused by coordination
requirements of the metal atom, which needs to complete its coordination sphere
with four or three X or phosphorus atoms forming a tetrahedron or, rarely, a
triangle. The X atoms can only be bridging or terminal that implies a less strict
demand of only one or two metal atoms in the coordination sphere of X. When one
copper atom is missing, a bridging X atom becomes terminal (Fig. 33). As for the
cyclo-Ps ligand, two coordinative bonds with two Cu atoms are also sufficient to
keep the connectivity of a sphere (see, e.g., Fig. 32a). In low-dimensional polymers,
such vacancies would often result in a breakdown of the pattern, but confined shells
are capable for a loss of many vertices without falling apart. On the other hand,
every missing copper monocation requires a compensation of the negative charge,
which is in contrast to previously described vacancies of neutral { CuX} units. In the
scaffold, the negative charge can be compensated in two ways. The replacement of
X by a neutral ligand (acetonitrile) offers one opportunity (Fig. 28b, Sect. 2.3.3).
The elimination of X accompanied by a reduction of the coordination number of the
copper cation from four to three is another possibility. The latter is realized in the
CuBr scaffold of the tetrahedral-shaped supramolecule 32.

At self-assembly of the CuX frameworks, the “error” in X positions can be easily
restored by missing copper or statistical occupancy of X itself. For this reason, in
CuX frameworks the number of halogen positions in the idealized scaffold usually
is more than that of copper. The only exception is the framework of 33.

This structural feature of a {CuX} framework also implies an amazing flexibil-
ity, because every Cu position can be voluntarily vacant. Consequently, the prob-
ability of the “replication errors” dramatically increases. For this reason, the
idealized structure of 17 described in Sect. 2.1.2 proved to be so vacant that all
Cu positions are partly occupied. Interestingly, the population of the available
cationic positions in the scaffold of 17 decreases on going from the outer to the

a) .,_‘ "' ﬁﬁl 1 ) /og o} -|2-

S

Fig. 33 (a) Section of CuX framework surrounding a cyclo-Ps ligand in 17. Step-by-step
removing of one Cu® (b, ¢) that results neither in breaking coordination requirements of X or
cyclo-Ps nor in disintegration of the expended framework. The blue-highlighted Cu* in (a) is
removed in the consecutive (b) figure and so on
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Fig. 34 (a) A fragment of 140-vertex supramolecule shell (17), (a) inside view and (b) side view.
The atoms of the inside shells are shown in big balls and black bonds. The atoms of the outer shell
are shown in smaller radius and gray bonds. The yellow bonds connect the shells

inner shells (Fig. 34). Such an enormous disorder suppresses any estimation of the
number and composition of the coexisting isomers. Despite this fact, the
superspheres of this type are a well-reproducible product.

3.3 Additional or Missing Polyatomic Groups in the Scaffold

An even more structurally complicated situation is a co-crystallization of
supramolecules with variable scaffolds, which cannot be related as complete and
vacant ones. If structural variations involve larger fragments than single Cu cations or
neutral {CuX} units, they still can be described as vacancies. This is the case if
polyatomic fragments additionally coordinate the parent scaffold or are statistically
absent, e.g., in the 100-vertex supramolecules described in Sect. 2.3.1, (Ey)@[{Cp*Fe
(°-Ps)}10{Cul} (MeCN)g] - nMeCN, E=P (x=30.1, n=2) (30) and E=As
(x=29.6, n=4.6) (31) (Fig. 25a, b) [99]. The structural variations always concern
the caps of the supramolecule that might indicate that the capping parts have been
assembled last. The most representative structure [ { Cp”‘Fe(n5 -P5)}10{ Cul} (MeCN)¢]
contains 30 Cul units (x =30). Compared to it, in 31 a vacancy appears for that Cu
(NCMe) unit, which is always present in 30 (Fig. 35a, b). Therefore, compound 31
can be a result of co-crystallization of the supramolecules with either x =29 (40 %)
and 30 (60 %) or with x=28 (20 %) and 30 (80 %).

In contrast, the missing Cu(NCMe) unit in 31 is always present in 30. But 30 has
another structural modification that are two additional terminal {Cul} groups coordi-
nated to one or two Ps rings (Fig. 35b). In addition to the most representative [{ Cp*Fe
(nS-PS) }o{Cul} (MeCN)¢], where x = 30, the supramolecules with x =31 and 32 also
coexist, though as a small portion. The [{Cp*Fe(nS—Ps) }10{ Cul}3o(MeCN)¢] is
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Fig. 35 Slight variations in the scaffold of supramolecules (a) 31 and (b) 30. (¢) The missing Cu
(MeCN) units in 31 and (e) additional Cul units in 30 compared to (d) the cap of the majority of
supramolecules (cf. Fig. 25)

depicted in Fig. 35b. It contains two more terminal { Cul} groups coordinated to one or
two Ps rings. The ratio between x=30 and 31 or 30 and 32 in the crystal can be
90 %:10 % or 95 %:5 %, respectively. However, diffraction data do not allow
distinguishing between these two possibilities.

In the scaffold of 33, the structural variations are intrinsic compared to 31 and
30, where no requirements of electroneutrality exist. On the contrary, the idealized
scaffold presented in Sect. 2.3.3 has a composition of [(Cp®"
FePs)1,Cug,lss(MeCN),4] and should bear a positive charge of +4. To compensate
this, some of the Cu and I as well as some terminal MeCN ligands occupy their
positions partly (Fig. 36), giving an average composition of all coexisting forms of
supramolecules of [(CpB"FePS)lz{ Cul}54(MeCN); 46].

An even more complicated situation is observed in the capping fragments of the
rugby ball-shaped supramolecule (34) described in Sect. 2.3.4 [101]. Its idealized
scaffold has D, point symmetry, which is higher that the symmetry of any form of
the supramolecule. The Cu,Br; units in the center of the capping fragment are not
involved in the { CuBr} network (Fig. 37, middle). This is most likely the reason for
a severe disorder in this part of the inorganic scaffold as the Cu,Br; units are the
simplest and predominant cap. The entire framework has formed separately, and the
{CuBr} fragments in-between four bulky 1c¢ units can aggregate independently and
randomly. As an example, two different noncontradictory possibilities are shown as
the right and left part in Fig. 29a. A more complete overview of imaginable
structural variations of the framework is presented in Fig. 37. The possible forms
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0.05+1

Fig. 36 Some structural variations of the framework in 33. The atoms of the scaffold with
occupancies (a) 0.05-1, (b) more than 0.9, and (c) only full occupancies are shown

Fig. 37 Structural variations of the capping framework in 34

are caused by different positions of copper cations that shows again the variability
of the copper halide aggregation.

In this case the structural variations involve larger fragments and cannot be
considered as vacancies or additions. These groups overlap in the crystal structure
and must be described as a solid solution of the molecules with variable scaffold
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and porosity. In this case, even the estimation of the number of the constituting units
is an ambiguity, nothing to say of the composition of the corresponding mixture.
Thus, the supramolecules preferably form solid solutions of similar
co-crystallized forms. Moreover, the unit cell parameters of a structural series of
the same type supramolecules can be very similar, despite sometimes significant
structural variations, e.g., porosity of the scaffold, the presence of quite large
additional fragments, or different distribution of solvent molecules. It seems that
the mutual arrangement of large supramolecules in the crystal is steady to their
different compositions and reorientations as well as to the variation in the solvent
portion. In many cases it is proved that not only products of different syntheses and
crystallization procedures, but even every single crystal has a variable crystal
structure and composition of the same parent type. The study of packing of the
supramolecules regardless of solvent molecules is therefore justified.

4 Intermolecular Interactions Between the Supramolecules

In supramolecular chemistry the notion of a synthon as a repeating structural pattern
based on intermolecular interactions (primarily, H bonds) was formulated by
G. Desirajuin 1995 [134, 135]. The arrangement of supramolecules can be regarded
as the synthon if it provides a robust geometry and can predictably be formed in
crystal engineering owing to specific interactions.

What are the intermolecular interactions the superspheres are capable of? The
outer surface in the supramolecules is confined by the organic cyclopentadienyl
ligands capable of n—x interactions, if an aromatic system is not sterically hindered
by a bulky substituent R. Consequently these interactions are only possible for Cp*
and Cp™ derivatives. The Cp® ligands of high steric demand, Cp®™ and Cp®'®, do
not participate in intermolecular 7—r interactions. Instead, Cp®" forms intramolec-
ular bonds of H- - -7 type between benzyl rings [82]. These bulkier Cp®" and Cp®'®
ligands promote formation of larger supramolecules as from a solubility point of
view, as well as from the favored copper halide agglomeration, as it was discussed
in Sect. 2.1. Another opportunity for intermolecular interactions is the X anions
capable for o—m interactions with aromatic systems and halogen bonding
[136, 137]. Despite the extended copper halide frameworks, halides are often
hidden by cyclopentadienyl ligands. Additionally, bridging X anions provide
fewer opportunities for specific interactions as terminal ones. For this reason,
only Cp* and Cp™' derivatives with terminal X anions are considered in this section.
Furthermore, a halogen bonding between the superspheres is not observed.
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4.1 Supramolecular Synthons

In the crystals of the supramolecules, two types of directed intermolecular bonding
are observed in addition to van der Waals interactions that are m—x interactions
between Cp* or Cp™ ligands and 6—r interactions between terminal halides and Cp®
ligands. These interactions are found for many supramolecules of different types.
Furthermore, their geometry is reproducible from structure to structure. All this
supports a synthon approach to intermolecular interactions of superspheres [138].
The most frequent synthon is based on halogen—r interactions (6—n synthon)
[139-142]. The synthon is typical for a terminal X atom (X=Cl, Br) and is therefore
found in superspheres of suitable scaffolds, namely, in the 80-, 90-, and 99-vertex
superspheres and the nano-capsule (Fig. 38). The geometry of X—x interactions
requires that the X atom faces the n-system at a distance shorter than the sum of the
van der Waals radii of an sp>hybridized carbon atom and the respective halide
atom. In addition, the Cu—X bond should be perpendicular to the n-system, with the
X atom pointing to its center. Therefore, the Cl-n and Br-r distances amount to
3.20-3.61 and 3.29-3.60 A, respectively [94, 98]. Values beyond 3.45 and 3.53 A
exceed the sum of the van der Waals radii [120, 121]. Only once the synthon is

o—m synthon

Fig. 38 The (b) 90-, (¢) 99-, and (d) 80-vertex superspheres and (e) nano-capsule forming (a) a 6—
n supramolecular synthon via X—Cp#* interactions
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a)

double o—m synthon

Fig. 39 (a) Double o—rn supramolecular synthon found in the (b) 90-vertex Cp"'-based
supersphere 22

formed, which is based on a p-Cl anion in the 99-vertex supramolecule (Fig. 38c).
Expectedly, the p-Cl-r distance is 3.63 A that is longer than the minimal distance
involving terminal Cl. The bridging X atoms of the equatorial part of the 90-vertex
superspheres are unable to form the synthon, because they are shielded by the [Cu
(MeCN),]" units. A unique example of a double 6—r synthon is found in 22 (Fig. 39).
In this case, the synthon geometry is distorted; the angle between the Cu—Br bond and
the center of the aromatic planar fragment is 171.6°, while the Cu—Br—x angle is 127°.
The corresponding dot-to-plane distance that is 3.32 A agrees with the literature data
range from ca. 3.13 to 3.70 A for X—r contacts [139—142].

The other opportunity of agglomeration is z-stacking interaction or, in other
words, formation of a n—x synthon. Two types of them were observed: classical face
to face and slipped (or offset) [143]. Both are characteristic of various
supramolecules, the 80- and 90-vertex spheres and the nano-capsule (Fig. 40).
The latter example displays that the formation of the n—r synthon is not shape
dependent. Typical interplanar Cp*—Cp* distances of 3.34—3.52 A are common for
© stacking [94, 97, 143].

Peculiar indirect interaction between 90-vertex superspheres is observed in 23
and 24. 1,2-Dichlorobenzene molecules mediate the 7 stacking of the large mole-
cules (Fig. 40d). Solvent molecules possessing a 7w system like toluene,
1,2-dichlorobenzene, or acetonitrile can also mediate ©—m interactions of the
superspheres. On the other hand, the excess of these molecules can suppress the
intermolecular Cp*—Cp* interactions between the supramolecules. As a typical
example, the (80-n)-vertex molecules in 16 are surrounded by numerous toluene
molecules, which block Cp* ligands. For this reason, only o—=r synthons are found in
16. Being irreproducible, the interaction with a solvent cannot be regarded as a
synthon. Another typical solvent, dichloromethane, can also interact with the Cp*
ligand in a 6— mode. This factor also diminishes the occurrence of the n—n synthon.

Hence it is not surprising that no structure is based solely on n—r synthons, and if
they are observed, they are always accompanied by the o—n synthons. Moreover,
the o—x synthons usually predominate in every structure (cf. Fig. 43). The only
contrary example is 20, which is depicted in Fig. 42h, where the n—xn synthon leads
to a trigonal layer of 90-vertex supramolecules. No synthons are realized in 12 and
the isostructural clusters 30 and 31. In 12, the Cp* ligands could interact with
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Fig. 40 The (b) 90-vertex supersphere in 20 and (¢) nano-capsule 28 forming (a) 7—x supramo-
lecular synthon via Cp*—Cp* interactions. (d) A solvent-mediated m—n interactions between
90-vertex superspheres in 23

toluene molecules, which could not be localized due to the high cubic symmetry. In
30 and 31, the supramolecules are based on an extended Cul framework with only
bridging iodides (Fig. 25), and no specific interactions between the supramolecules
are found, except for elongated (4.42—4.43 A) van der Waals I-I contacts. Iodine-
based synthons are therefore not found for supramolecules yet [138].

The number of terminal X anions per supramolecule normally predominates or is
nearly equal to the number of Cp* ligands. For the 80- and 90-vertex superspheres,
CuXierm:1a/1b is 20:12, for the nano-capsule 18:20, and for the 99-vertex 17:13.
Along with the already mentioned steric reasons and the competition with the
solvent molecules, the 6—r synthon can be regarded as the most important factor
in the aggregation of Cp*- and Cp*'-containing supramolecules.

4.2 Supramolecular Architectures Based on the Synthons

Despite their huge size, the supramolecules do aggregate in the crystal via specific
patterns of intermolecular interactions introduced in Sect. 4.1 as synthons. The
supramolecular architectures are mainly based on the most frequent 6—t supramolec-
ular synthon; it also induces the wider variety of aggregated 1D, 2D, and 3D patterns. In
some cases the mutual arrangement of the superspheres is provided by this
synthon only. The resulting agglomerates can be 2D with Kagome (kgm” in 15, 16)

2 Hereinafter bold-typed symbols correspond to the notation used in RCSR database, http://rcsr.net
[144, 145]
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Fig. 41 The supramolecular architectures (a—f) in the structures of superspheres based on the 6—n
supramolecular synthon

or square (sql) pattern (29), as well as 3D with primitive cubic (pcu) and
9-connected ncj net (Fig. 41). The sql and pcu nets are geometrically distorted
because the Cp* ligands and CuX units in all the fullerene-like superspheres are
naturally inclined by ~72°. Both arrangements require 90° between the synthons for
the most symmetrical case. In the same time, the smallest possible angle of ~57°
enables the almost undistorted triangular Kagome pattern (Fig. 42a). The
superspheres of the same type are capable of different patterns via specific combi-
nations of the synthons [138].

As discussed before, the m—n synthon is rarer. It provides only low-dimensional
patterns, namely, a zigzag chain in 19 and 23, and hexagonal and square layers (20,
28). Moreover, the n—r synthon always appears together with the 6—x one; the latter
always increases the dimensionality of the n—n-based assembly to 3D (Fig. 43). For
example, o—n-based puckered square nets in 19 in combination with the zigzag
chain (Fig. 42c, d) form a peculiar 6,7-connected framework (Fig. 43b). The
n—n-based hexagonal layers in 20 (Fig. 42h) are joined to each other via o—=
synthons resulting in a primitive hexagonal (hex) framework (Fig. 43a). Similarly,
both pcu and fcu architectures involve n—n-based square layers when combined
either with o—n-based square layers or with becu motifs, respectively (Fig. 43c, e).
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Fig. 42 An example of supramolecular assemblies based on the 6—n or m=—n supramolecular
synthons: (a) Kagome pattern in (b) 16, (¢) zigzag chain in (d) 19, (e) sql in (f) 24, and (g)
trigonal layer in (h) 20. The yellow highlight corresponds to the depicted patterns of the
superspheres

The predetermined arrangement of CuX and FeCp* functional groups in the
supramolecule impedes the synthon geometry requirements. Together with steric
factors, this eventually limits the ability of the supramolecule to form the synthons.
Therefore, some supramolecules are only involved in nondirectional van der Waals
interactions. Thus, these supramolecular architectures span the molecular packings
that will be discussed in the following section.
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Fig. 43 The 3D supramolecular architectures built on 6—r and n—n supramolecular synthons.
Yellow and blue edges correspond to the 6—r and the m—r synthons, respectively

5 Do the Superspheres Form Close Sphere Packing?

The peculiarity of pentaphosphoferrocene-based supramolecules is their nearly
spherical shape. It makes them an unusual bridge between traditional crystal
chemistry with its major concept of the closest packing of spheres and supramo-
lecular chemistry [146]. In this section the packing motifs observed in the crystal
structures of the superspheres are discussed in comparison with the packing of equi-
sized spheres. To denote a packing, well-known traditional notations® are used
alongside with symbols of 3D nets [144, 145].

The supramolecules expectedly demonstrate one of three packing motifs known
for equal spheres: three-layered cubic close (f.c.c.), two-layered hexagonal close
(h.c.p.), and body-centered cubic (b.c.c.) (Fig. 44). The packing motif does not
depend on the crystallographic symmetry that varies from triclinic to cubic space
groups (Table 2). In the cubic structures, the corresponding packing motif is
geometrically ideal and is distorted in the less symmetrical structures.

*In these notations, common packings as face-centered cubic (f.c.c.) are also known as feu net,
hexagonal close packing (h.c.p.) as hep, and body-centered cubic as beu-x type.
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Fig. 44 Idealized nets corresponding to the packing motifs observed in the structures of
supramolecules (cf. Table 2). When yellow balls are removed from f.c.c., reo is realized

The f.c.c. packing motif is realized in the structures of nearly all supramolecules
with non-fullerene topology except for 32. The crystal packing in compound 28
also can be described as f.c.c. packing of [{Cp*FePs}¢{ CuCl} o], dimers.

The hexagonal close packing motif is observed in four crystal structures of the
90-vertex superspheres 18, 23, 24, and 20. The body-centered cubic motif was
found in the structures of the 80-vertex supramolecules based on 1c¢ (2—-11), in one
of the 90-vertex supersphere, 22, and in the structure of giant tetrahedral-shaped
supramolecule 32. In the structures of 25 and 27, the b.c.c. packing is seriously
distorted to form a 10-connected cco net as four of the 14 neighboring
supramolecules are by ca. ~20 % more distant than the ten nearest ones. Taking
into account both ten close and four farther neighbors, the resulting packing
corresponds to b.c.c.”

Surprisingly, the packing of supramolecules not always falls into these common
types. In the crystal, the supramolecules 35 occupy special positions (0 0 ’2) on the
inversion point of the Cs; axis of the space group R3 (Table 2). At a first sight, a
combination of the special position and the rhombohedral translations should result
in the three-layered f.c.c. packing motif. In fact, another packing motif, ild, is
realized. Every supramolecule in 35 is surrounded by 12 and 44 neighbors in the
first and the second coordination spheres as in f.c.c. The difference appears only in
the third coordination sphere of the supramolecule, which comprises 98 molecules
instead of 96 in f.c.c. In addition, the ild sphere packing has a packing coefficient of
53.7 %,” which is less than that of 74 % known for f.c.c. packing. The nearest

4With additional four edges taken into account, the cco net transforms to beu-x (b.c.c.).

3 Calculated from the crystallographic data for an idealized net stored in RCSR database, http://
resr.net/nets/ild
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environment of the node in the idealized ild and fcu nets is also quite different, but
the distortion in the crystal structure of the supramolecules can make the visual
determination of the exact packing motif ambiguous.

In the ionic compound 21, the cation [(Cp*FePs);>Cu,5Cl,4(MeCN)o]* and the
anion [(Cp*FePs)1,Cu,5Cly(MeCN)o] ~ have different environments. Every cation
is surrounded by five cations and seven anions, while every anion has only
11 neighbors (seven cations and four anions). Corresponding 11,12-connected net
belongs to a yet unlisted packing type, but most probably it is related to
12-connected f.c.c. or h.c.p. and might be treated as their distortion. Analogously,
two crystallographically unique supramolecules in 19 have a different environment.
The resulting crystal packing belongs to a rare 12,13T2 type (Table 2).

The crystal structures of the giant supramolecules possess huge intermolecular
voids. Even an optimal close sphere packing of the supramolecules leaves enough
space for numerous solvent molecules. In 18 the number of only localized CH,Cl,
molecules amounts to 34. The theoretical radius of the, e.g., octahedral void in the
f.c.c. packing is equal to 41 % of the radius of a sphere. Therefore, for
supramolecules with diameters of 3—4 nm, the expected diameter of the void is
1.2-1.6 nm. Indeed, the huge supramolecules 17 and 33 demonstrate f.c.c. packing
motifs, and the volume of the intermolecular voids reaches 537 and 1,810 A3 per
supramolecule, respectively [93, 100]. Because of the lack of strong intermolecular
interactions, the solvent molecules are mostly disordered, and in many cases their
localization by SC-XRD becomes impossible even at low temperature.

The f.c.c. and h.c.p. structural motifs are optimal sphere packings, and for
superspheres they have minimal possible though still huge voids. Therefore, the
appearance of much less dense packing motifs is hardly expected in view of crystal
stability. Nevertheless, the 1a-derived 80-vertex supramolecules form low-dense
reo® and primitive cubic packing motifs (Table 2, Figs. 45 and 46) [90-92, 94-96].

The reo motif can be interpreted as face-centered cubic packing, where one of
every four spheres is removed in a regular way (Fig. 44). The packing coefficient is
thus equal to % of those of f.c.c., namely, 74 % x 3/4=155.5 %. As a result, every
supramolecule is surrounded by eight neighboring ones instead of 12 in f.c.c. The
triclinic unit cell in both isostructural compounds 15 and 16 is metrically pseudo-
cubic. In addition to the pseudo-merohedral twinning, it makes crystal packing to be
almost undistorted from an ideal reo (Fig. 46a) [92]. A huge cavity between the
supramolecules corresponds to a “missing sphere” in f.c.c. In the structure, it is
filled with partly disordered solvent molecules (Fig. 46c).

The ideal primitive cubic packing is surprisingly realized in a series of
isostructural compounds 12-14. They crystallize in the cubic space group Fm3c,
where 80-vertex supramolecules occupy edge-, face-, and body-centered positions
of the face-centered cubic cell. The distance between the centers of the
supramolecules is equal to a/2 (Fig. 45). This packing is even less dense than the
reo type found for 15 and 16. Indeed, the packing coefficient of the ideal reo

S Arrangement of oxygen atoms in the ReOj3 or cubic perovskite structures
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a) S

N

w0

Fig. 45 (a) An ideal pcu motif; (b) the same motif (highlighted in yellow in (a)) formed by
superspheres in 12; only copper (blue) and phosphorus (purple) atoms are shown for clarity; (c) a
primitive cubic crystal packing

Fig. 46 (a) An ideal reo topological motif (Kagome layer is highlighted in yellow); (b) a large
cavity provided by this motif (only 90-vertex shells are shown); (¢) the same motif in a crystal
packing in 16. Fe and H atoms, Cp* ligands, and C,BoH;, guest molecules are omitted for clarity;
toluene solvent molecules are presented in space-filling mode; one of them is shown in yellow
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packing is only 52.4 % (cf. with 74 % for f.c.c.). As a result, the crystals, which are
quite stable in the mother solution, very quickly lose solvent and crystallinity out of
it [91].

The reason why the 80-vertex supramolecules based on 1la form so low-dense
packings as reo and primitive cubic is not yet clear. The reo packing might occur
due to kgm supramolecular synthon-based assenblies. One should bear in mind that
huge cavities in the crystal packing are compatible by size with the supramolecules
themselves. These cavities should be stuffed with solvent molecules to stabilize
low-dense crystal packings. Unfortunately, the localization of the solvent mole-
cules faces many objective obstacles. In 15 and 16, especially in the latter, we
succeeded in the localization of some disordered solvent molecules toluene and
MeCN lying in the cavity between the supramolecules (Fig. 46¢). Calculations of an
empty space in 16 still reveal total potential volume of 1,692 A? per supramolecule
accessible for solvent [147]. In the case of cubic 12-14, it appears to be impossible
to localize solvent molecules. In this case calculations show even larger potential
volume of 4,036 A* per supramolecule containing 1,432 ¢™ that would correspond
to 28 toluene or 65 MeCN molecules.

Thus in most cases, the crystal packing of pentaphosphaferrocene-based
supramolecules can be described as sphere packing according to three common
motifs: face-centered cubic, hexagonal close, and body-centered cubic. In some
cases the distortion of the packing leads to less common motifs like cco and ild. The
cavities between supramolecules are filled with disordered solvent molecules that in
most cases could not be localized completely. The most interesting and unexpected
packing motifs, reo and ideal primitive cubic, are observed for 80-vertex
supramolecules based on 1la. The latter, being the least dense, is responsible for
easy amorphization of the crystals in air.

6 Summary and Concluding Remarks

Among complexes containing cyclic and cage-like E, ligands (E=pnictogen or
chalcogen), the pentaphosphaferrocenes possess a unique ability to give rise to an
abundance of compounds. The presence of a rigid and chemically stable pentagonal
Ps ring makes the pentaphosphaferrocenes a versatile building block in supramo-
lecular chemistry. The coordination of Cu* units to the cyclo-Ps ligand results in
numerous novel products. The self-assembled spherical supermolecules can be
isolated in high yields and contain up to hundreds of non-carbon atoms. A tetrahe-
dral coordination of copper together with the predetermined fivefold symmetry of
the cyclo-Ps ligand favors the formation of giant hollow cages. Among them, the
one-shell superspheres, in which five-membered cyclo-Ps units alternate with
Cu,P, six-membered rings, possess icosahedral 7,-Cgy fullerene topology. A
multi-shell supramolecule built up from 12 cyclo-Ps units and 60 six-membered
P,Cu;Br rings represents an inorganic analog of the theoretically predicted icosa-
hedral I-C 4o fullerene. A series of supramolecules consist of fullerene-like
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fragments, where the spherical 90- and 99-vertex inorganic scaffolds as well as
ellipsoidal nano-capsules can be obtained quantitatively.

The ability of copper halides for aggregation opens the gate to more sophisti-
cated supramolecules beyond the fullerene topology. They do not exclusively
consist of 12 cyclo-Ps units but also of eight and even 24 pentaphosphaferrocene
building blocks and contain 100, 162, and 168 vertices in the inorganic core. In
addition the largest supramolecule with unprecedented 312 core atoms achieves
nanoscale dimensions of 3.7 x 4.6 nm and is 62 times larger than one molecule of
the Cgo fullerene. The way to these larger supramolecules lies in variation of the
steric demand of the substituents at the cyclopentadienyl ring of the pentapho-
sphaferrocene. In this manner the size and solubility of the products can be
controlled. By changing the mixtures of solvents, one can switch between the
supramolecules with fullerene and non-fullerene topologies.

These amazing self-assemblies can also encapsulate various guests, starting
from small, air-sensitive P4, and light-sensitive As, molecules and ending with
the fullerene Cgy. Thereby the ferrocene and pentaphosphaferrocene molecules
interact with the host molecule by means of specific n-stacking with its aromatic
Ps rings.

Since the self-assembly process of such a complicated supramolecular structures
is not entirely specific, the structural variations in replication of the supramolecules
occur. Therefore, in the crystal the supramolecules with and without structural
divergence co-crystallize and form solid solutions. For this reason, the molecular
structure of a supersphere can demonstrate isomerism and be complete or porous
through the presence or absence not only of single atoms but also of polyatomic
fragments.

The supramolecules are capable for halogen—n and n—x intermolecular interac-
tions. Unexpectedly, the reproducible patterns — the supramolecular synthons —
allow additional agglomeration of superspheres in the crystal. The resulting supra-
molecular assemblies enumerate a variety of 1D to 3D connectivities. These
assemblies span molecular packings, which in turn demonstrate structural motifs
from classical close packings of rigid identical spheres to unexpected low-dense
packings.
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Figure 4 should be displayed as follows:
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Fig. 4 Ratio of room temperature methane activation Kcgyaee and association Kogsociae by Rh Ay,
clusters as a function of m. Depicted ratios of the cases Rh*Ar,, and Rh,"Ar,, are upper limits.
Other data stem from [319] and [320] with some estimates included

Figure 5 should be displayed as follows:
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Fig. 5 Sketch of orbitals involved in olefine bonding with: (a) main group and (b) transition metal
cations (reproduced with permission from [325]). Sizes are not to scale, symmetries hold. Filled
d-orbitals of TMs may donate into empty n* orbitals at the olefin and enable C-C or C-H
activation. Main group metals largely fail to do so. Empty or partially filled d-orbitals of early
TMs may accept electron density from occupied = orbitals, likewise assisting in C—C activation
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