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1. Preliminary Remarks

Very recently, we have prepared some reviews about
metalloid Al/Ga clusters. However, in every case a special
topic has been addressed:

1.

2.

3.

Metalloid clusters and the renaissance of main group
chemistry.'?

Metalloid clusters and the development of organome-
tallic chemistry.?

Metalloid clusters and the structure of the elements.*™’

Furthermore, a comprehensive chapter in a book about
molecular clusters of the main group elements has been
published in 2004.% A further comprehensive review present-
ing the results up to 2008 will be published in a book about
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the chemistry of group 13 elements in the near future.’
Therefore, the aim of this contribution is not to present a
further comprehensive review but to address the following
points.

By combining selected former results with very recent
ones, we will try to bring across the following message:
because of the thermodynamical instability of metalloid
clusters as intermediates toward the bulk base metals as well
as to their reaction products with fragments of the ligand
shell to, for example, salt-like [AIN], or [AlO], clusters, a
classical synthesis could not be expected to be successful.
Even now, a successful generation of metalloid clusters via
a highly sophisticated disproportionation and trapping method
introduced by us more than 20 years ago seems, also in a
retrospect, to be a miracle. Therefore, (a) the low yield from
this cluster formation process is not unexpected, and (b) the
chemistry of metalloid clusters as any research for application
cannot be in the center of interest at the moment; however,
the discussion of structure, bonding, mechanism of formation,
and properties of metalloid clusters is most challenging today.
These results will open our eyes to the complexity and the
fundamental principles of a simple-seeming chemistry, for
example, the dissolution and the formation of metals.
Moreover, many results obtained so far (e.g., the electrical
behavior of crystalline compounds containing metalloid
clusters) may be essential topics for the next decades, in order
to prepare novel metal-rich materials with unusual properties
and also in the area of nanosciences.

2. Introduction

Most elements of the periodic table are metals. Their
chemistry and especially their formation and dissolution
belong to the oldest chemical technology, which has played
a central role in the evolution of mankind. In general,
however, only the bulk metals themselves, on the one hand,
and their stable compounds (e.g., salts, oxides, or sulfides
in solution or in bulk), on the other hand, are well-known.
Thus, it seems strange that intermediates in the formation
and breaking of metal—metal bonds are mostly unknown,
although, as mentioned above, this process has had a vital
role in the evolution of the planet in general and of human
life in particular. These fundamental processes of formation
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as well as dissolution of metals and of identification of
molecular intermediates exhibiting metal —metal bonding are
central to this review.

These molecular intermediates are mostly addressed as
“metal atom clusters”.'®!! However, since Cotton’s original
definition is not restricted to species containing mainly
metal—metal bonding, we have introduced the term “met-
alloid clusters”.>'>!3 Such clusters contain more metal—metal
contacts than metal—ligand bonds and mostly show similari-
ties with respect to the topology of the arrangements of atoms
in the elements themselves. How these clusters are integrated
in the whole field of classical and modern inorganic
chemistry will be presented in section 3.

In section 4, we will describe the relation of metalloid
clusters to isolated naked metal atom clusters in the gas phase
under high vacuum conditions; the discussion extends to
some reactions of the naked Al;3~ metal atom cluster, which
as a singular model for the bulk metal sheds a new light on
the dissolution process of metals. A suitable tool that provides
snapshots of elementary steps during these metal—metal bond
cleavage processes in the gas phase is Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometry.

After discussing the dissolution process of metals via
investigations on naked Al clusters, we turn in section 5 to
the formation process of metals: metalloid clusters as
intermediates on the way from the salts to the metals provide
snapshots for this fundamental process. Most investigations
on metalloid cluster species have been and are still performed
in the field of precious metals (e.g., Au, Pd, etc.).'*"1® This
is due to their relatively straightforward synthesis, their
stability, and their inertness, even in air and sometimes also
in water. However, it seems to be extremely difficult to obtain
crystalline materials in order to characterize these compounds
via crystal structure analysis. The metalloid cluster com-
pounds of precious metals are not the subject of this review.
However, in view of the many synthetic results for these
clusters, with few detailed structure determinations on the
one hand and the failure previously to synthesize clusters of
base metals on the other hand, it came as a great surprise
when in 1997 a metalloid cluster [Al;7{N(SiMes),}20]>", 1,
was discovered containing 77 Al atoms, of which 57 were
“naked” and only 20 were ligand-bearing (Figure 1)."”

This result was first assumed to be a singularity or a
curiosity.'® However, as this review seeks to make clear, such
is not the case. Rather an exciting story has developed from

Figure 1. Shell-like representation of the arrangement of the 77
aluminum atoms inside the metalloid cluster [Al;7{N(SiMes),}20]*~

().
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this starting point and one that is likely to have a significant
impact on the development of chemistry in general.

In section 5 are also discussed the formation of an AlAl
o bond (section 5.1) and the preparation of metalloid Al and
Ga clusters, that is, of clusters of base metals (section 5.2).
However, because details have been presented in other
reviews, we will concentrate on fundamental points as well
as on some recently published investigations on an alternative
thermodynamically favored decomposition route of Al(I) and
Ga(I) compounds (section 5.3). Furthermore, the significance
of the metalloid cluster AlsgCp*y,, 2," as an intermediate
on the way from the textbook molecule ALCp*,, 3,2 to bulk
Al, which has been shown recently, is also discussed in
section 5.

In section 6, we will present some selected metalloid Al
and Ga clusters in order to show the most important aspects:
similarities and differences from the structure of the metals,
hints to hypothetical Al/Ga modifications, drastic changes
caused by doping, that is, by addition of electrons or
substitution by atoms of neighbor elements, and metalloid
clusters as hints for the importance of the jellium model to
understand the bonding in these clusters.

Finally, in section 7, interactions of metalloid Al/Ga
clusters in the crystalline state, for example, the unexpected
electrical conductivity and superconductivity, are discussed.

In order to show the relation of metalloid Al/Ga clusters
to similar clusters of the other elements a short section
(section 8) about recently published Ge clusters and the giant
AujgoRy44 cluster has been included.

After the summary and outlook (section 9), all compounds
and clusters discussed here are collected in a table including
their references as an appendix, section 12.

3. Metalloid Clusters and Their Relation to Classical
and Modern Inorganic Chemistry and to Zintl-like
Clusters

We have described clusters that contain both ligand-
bearing and naked metal atoms that are bonded only to other
metal atoms as metalloid®’'>' or, more generally, elemen-
toid, to express, in accordance with the Greek word etdog
(ideal, prototype), the notion 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.
The original limits of the term metalloid, used, for example,
for the elements silicon and germanium, which are metal-
like with respect to certain macroscopic properties (e.g.,
metallic luster), were extended to include the metalloid
clusters, thus accessing an additional structural level, which
can be gained only by crystal structure analysis. In general,
such metalloid clusters contain more direct metal—metal
contacts than metal—ligand contacts. This means that met-
alloid clusters represent a subgroup of the extensive metal-
atom cluster group in which, according to Cotton’s defini-
tion,!! nonmetal atoms may also be present, and therefore
molecular clusters like Cuj46Se73(PPhs)s?! and similar very
large clusters can be regarded as metal atom clusters, though
“salt-like” clusters might be a more appropriate term.

Thus, there are three different types of metal atom clusters:
the naked metal atom clusters that are present under ultrahigh
vacuum conditions (see section 4), the metalloid clusters,
which are the main subject of this review, and finally the
giant “salt-like” clusters described, for example, by the
groups of Fenske and Miiller.?>?* The topological relations
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Figure 2. Interrelation among the three different types of metal
atom cluster, the bulk phase of the metals and their salts, and
nanosciences; n,, is the average oxidation state of the metal atoms.

of all these types of metal atom clusters are collected and
illustrated in a very recent review.>* Figure 2 visualizes the
relation between these three types of clusters and presents a
correlation with classical inorganic chemistry of the bulk
phases of the metals and their salts.?

Consequently, the three types of metal atom clusters can
be regarded as intermediates of a cyclic process between the
metals and their salts. The metalloid clusters represent the
most complex type of cluster, because a highly mixed valence
situation exists for the metal atoms, resulting in an average
oxidation number between zero and the oxidation number
of the salts. This falls between the much “simpler” situations
of naked metal atom clusters (oxidation number 0) and the
“salt-like” metal atom clusters (oxidation number ngy,). How
the three types of metal atom clusters relate to the wider
field of nanoscience is also visualized in Figure 2. However,
it should be mentioned that, because of the sophisticated
methods needed for the preparation of metalloid clusters, the
great majority of published results on nanosized metal atom
clusters are based on investigations with either naked metal
atom clusters or salt-like clusters.?

Though the metal cluster species of Zintl ions are excluded
in this contribution, because the formation of metalloid
molecular cluster compounds shows clear differences from
that of Zintl-like phases, which have been investigated so
successfully in recent years by Corbett and others,?” a few
aspects and some recently published results should be
mentioned here. Although there is a certain topological
similarity to metalloid clusters, as described herein, the Zintl-
like metal cluster units (e.g., T1;3'°" in NaysKeT15%%) carry
high negative charges that are stabilized in a “sea” of positive
cations. The preparative method established for the Zintl-
like phases begins typically with the elemental metal, which
is reduced with an electropositive metal (often an alkali
metal), leading to the “extraction” of small parts from the
infinite crystal lattice structure of the metal. This reduction
process is responsible for the negative values of the average
oxidation state of the clusters in which the chemical bonding
and electron count can mostly be explained by Wade’s rules
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Scheme 1. The MOs of Al*" and Al4H*>~ Showing the
HOMOs (az,) down to the HOMO-5 and HOMO-8 (both a,y)
with the Relation between the Lone Pairs of Al>~ and the
Localized AIH Bonds of Al,H,>~ Visible
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or the Zintl—Klemm concept.?’ 3! Thus, oxidation of Zintl
anions proceeds by coupling of clusters*>3* toward the bulk
element** 37 and via further oxidation to metalloid clusters
and finally to the salt-like species. In addition, the cations
located in the immediate vicinity of the anionic units lead
to physical properties®® for these Zintl phases differing
significantly from those of the molecular, ligand-protected
metalloid clusters.

In order to get a deeper feeling for the differences between
these two types of cluster compounds, we extended our
efforts after the detection of ALHg** and during the
investigations on an Al4R¢ cluster.*!

The Ga,R" 4>~ cluster”? (Ga oxidation state +0.5) and the
hypothetical Zintl-like Aly>~ species*** (Al oxidation state
—0.5) provide two experimentally detected simple examples
to make visible the similarities and differences between the
chemistries of the Zintl ions (mostly stabilized in ionic solids
with an overall negative oxidation state of the metal atoms)
and the metalloid clusters (exhibiting oxidation states
between 0 and +1). The similarities seem plausible via the
bonding descriptions of Al,?>~ and the hypothetical Al,H >~
(Scheme 1).%

The sequence and the shape of MOs with respect to the
AlAl bonds are similar for Al,H4?>~ and AlL* (Scheme 1).
However, the important difference between these two species
is the high energetic position of the two additional lone pairs
(ajg and by,) for the Zintl ion, Al,>", in contrast to the low-
energy position of the four electrons localized in the four
AIH bonds of Al,H4>". Therefore, it is not surprising that
the calculated reaction of Al,>~ with four H atoms is strongly
exothermic (AE ~ —1300 kJ mol™").

Thus, though the negative oxidation numbers in Zintl-like
metalloid clusters (e.g., —0.5 in Al,*") and the slightly
positive oxidation numbers in the molecular metalloid
clusters protected by bulky ligands seem to be only a formal
aspect, comparison of the MOs of Al,>~ and hypothetical
ALLH,> and the energy relation between these species
convincingly shows the higher stability of the ligand-
protected clusters, which, in accordance with the presented
bonding type, can be handled in solution, even with nonpolar
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solvents. In contrast, Zintl clusters have a high reduction
potential, with a negative unprotected charge on the surface
of the ions, causing a high reactivity (e.g., the strong
association with positively charged species in any equilibrium
solution). Thus, though there are similarities between Zintl
ions and metalloid clusters with respect to bonding between
the metal atoms, there are not only formal differences
(oxidation number) but also differences in principle between
the two kinds of metalloid clusters. Consequently, it seems
to be a highly ambitious challenge for further investigations
to stabilize “naked” pure Al,” cluster ions such as the Al,>~
anion and the prototypical jellium cluster Alj3 *® as salt-
like compounds. Therefore, supported by the above-
mentioned stabilization via ligand bonding, the chance to
observe clusters of this kind experimentally, for example,
as crystalline compounds, increases in going from Al,>~ to
ALH>/ALR,*, and finally to the ALHg°/ALR¢ mol-
ecules,*! that is, stability increases via step by step oxidation.

At the end of this introduction, some short remarks on
very recent ongoing investigations on an Al;,KgR5*” cluster
may be allowed. This cluster may represent the common link
between metalloid clusters on the one hand and Zintl/Wade
clusters (a molecular Al;Kg Zintl phase?) on the other hand;
that is, perhaps this latest result may be the starting point
for investigations to a novel unified concept for the descrip-
tion of bonding within the entire field of metal-to-metal atom
clusters.

4. Reactions of the Al;;~ Cluster As a Model for
the Dissolution of Bulk Al

Because of its outstanding electronic and topological
situation among all the other elements and within the field
of Al, clusters, the Al;;~ cluster and its chemistry are outlined
here in a separate section. Its relation to metalloid clusters
and to the bulk phase is discussed first, before two selected
gas-phase reactions are described in more detail.

4.1. The Relation to Metalloid Clusters*®4°

To understand the bonding and structure within the group
of metalloid cluster compounds calls first for some introduc-
tion to naked metal atom clusters in the gas phase and how
they relate to metalloid cluster compounds. This relation
between metalloid and naked metal atom clusters became
evident for the first time in a study of the successive
fragmentation of the structurally characterized metalloid
cluster anion GajgR¢~ [R = C(SiMe;)s], 4,'? in the gas
phase:*8

[Ga,5(GaR),]~ — [Ga,,]~ + 6GaR [R = C(SiMe;,),]

It was possible to study this reaction as the crystalline
compound containing the metal atom cluster Ga;oR¢™, 4
(Figure 3), stands out from other metalloid cluster compounds
in being soluble in organic solvents without decomposition.'?
Additionally, solubilized Ga;gRs™ can be transferred intact
to the gas phase through the mild method of electrospray
ionization. For the first time, then, fragmentation reactions
of a structurally characterized metalloid cluster (see section
6) could be investigated in the gas phase.

Hence it emerged that collisions between the gaseous
molecules induce fragmentation reactions, where the car-
benoid GaR units are split off one after another, until only
the naked Ga;~ core is left (Figure 4). This demonstrates
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Figure 3. Two different representations of the [Ga;3(GaR)s]™
cluster [R = C(SiMes);] (4) and its Ga,;; core based on a
cuboctahedral or an icosahedral geometry. The six ligand-bearing
Ga atoms are gray; the central Ga atoms are black.

A

ok [Gass]”
SORICAD N -@—¢
[Ga,3(GaR)]”

/*\ SORI-CAS{ y .—“[
)

of| AAM
B ryst
5 sonal(
% [Ga;3(GaR)e]”
g o~ Is:'ll'ul:i:n som-c,xl)kD

ESD

SORI-CAM
-@—e

840 som-mﬁ;
[Gai(GaR)s]”

Figure 4. By electrospray ionization (ESI), [Ga;3(GaR)e] ™ clusters
(4) can be transferred entirely to the gas phase; the fragmentation
pattern of the [Ga;3(GaR)s]™ cluster after collisionally induced
dissociation (SORI-CAD) is displayed. Ga;;~ can also be obtained
by laser desorption ionization (LDI) of crystals containing
[Ga;3(GaR)e] ™.

that the ensemble of GaR units containing oxidized Ga atoms
(oxidation state +1) must be considered as a protecting ligand
shell for the Gaj;;~ core, by analogy with CO ligands
coordinating to precious metal clusters. With respect to the
bonding situation, this demonstrates that [Ga;3(GaR)s] ™~ 4 does
not consist of a metal atom core with a high positive charge
(Gajo>") that is surrounded by six negatively charged R~ units.
Instead, it should be regarded as a ligand-covered Ga,;~ ion,
which is an outstandingly stable cluster ion because of its closed
shell configuration (jellium, 40 electrons, cf. Alj;™, section 4.2).
This interpretation is corroborated by laser desorption/ionization
experiments on solid crystals containing [Ga;3(GaR)] ™, 4,
where only Ga,~ clusters were observed mass spectrometri-
cally, with a dominant signal group that could be assigned
to the preeminently stable Ga;;~. Thus, all the GaR units
were obviously lost during the aggressive laser vaporization
process (Figure 4).

Very recently, we have successfully confirmed the stepwise
fragmentation of the Ga,3(GaR); cluster: The Ga;(GaR)g cluster
anion with identical ligands [R = C(SiMes);)] exhibits the same
fragmentation behavior:*° [Ga;(GaR)s]” — Ga;~ + 6GaR.

4.2. Relation to the Bulk Phase

The special electronic structure of Alj3~, the lighter
congener of Gaj;~, has been discussed in many mass
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spectrometric and quantum chemical investigations.’' >4
Furthermore, there have been numerous investigations of the
reactivity of Al;;™: very prominent are two Science contribu-
tions detailing the reactions with HI and I, that give rise to
some provocative statements about superatoms and a new
periodic system of cluster species.’>*® In this spirit, Alj;~
has been called a superhalide atom,>>>® the high electron
affinity (EA) of neutral Al; of 3.6 eV being similar to those
found for chlorine and fluorine atoms: C1 =3.6eV;F =34
eV (the EA of Ga,; is calculated to be 3.4 eV*).

However, because Al;;~ exhibits a geometry of the central
atom (icosahedrally surrounded by 12 aluminum atoms) not
very different from the cuboctahedral geometry of the bulk
metal itself, its chemical reactions have been investigated
with the aim of determining whether Alj3;~ may be a
molecular model for the reactions of the bulk metal.? Such
a model for any reaction occurring on a solid surface would
be an asset, because metal surfaces cannot be realistically
reproduced with respect to the topology of atoms at the
atomic range. A priori, this idea of a molecular model for
reactions on metal surfaces seems to be utopian since major
differences between the reaction sequences of Cl, with Aly3~
and of CI, with an Al surface are to be expected. When Cl,
molecules come into contact with an Al surface, AlI—Cl
bonds are formed in an exothermic reaction. Simultaneously
with the formation of many Al—CI bonds, the temperature
rises, and finally, at high temperatures, every additional Cl,
contact leads to the formation of AICl;, which is then
eliminated into the gas phase; that is, Al metal disappeared
in a Cl, atmosphere, and AlICl;, as Al,Clg, sublimes to the
cooler parts of the reaction vessel.”” At lower Cl, pressures
(e.g., under vacuum conditions), the heated Al metal reacts
to form AICI molecules, which are stable high-temperature
species (see section 5.2).°% Altogether, during the chlorination
of Al metal, a variety of reactions proceeds on the metal
surface, depending markedly on the reaction conditions. In
contrast to these very complex reaction sequences, the
situation after a single collision of a Cl, molecule with an
Al;3™ cluster should be much clearer and easier to understand.
But is this a realistic model system? Under UHV conditions,
the first reaction step of Cl, and Al;;~ leads to a highly
vibrationally excited or “hot” Al;3Cl,~ intermediate, which
spontaneously ejects two AICI molecules to form the smaller
Al ™ cluster: Alj3ClL7 ) — Al (g + 2AICl ). Despite the
principal differences between the chlorination of Al;;~ and
of Al metal, that is, only a few reaction steps versus a
complex reaction cascade, a surprising similarity emerges,
at least with respect to the thermodynamics of the reactions
(egs 1 and 2%):

Aljy (@

+ 3Cl, — Al + 2AICly,
AgH = —1137 kJ mol ' (calculated) (1)

2Al, + 3Cl, — 2AICly,,

AgH = —1166 kJ mol ' (exptl found) (2)

(s)

Since this similarity of thermodynamic properties applies
only to the Al;;~ cluster, the very special electronic structure
of this cluster (jellium model),*"% as well as its highly
symmetric arrangement (i.e., a double magic behavior) with
a topological similarity to the bulk metal, is critical. In order
to visualize the 40 electron jellium system for Aljz~ (13 x
3 + 1), the energy diagram for a Nayg cluster is presented in
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Figure 5. The jellium model for the 40 valence electrons of the
Nay cluster exhibiting delocalized electron shells.

Figure 5.7 The high concentration of single Na, clusters
(x =8, 20, 34, 40, ...) under mass spectrometric conditions
were the experimental basis for the introduction of the jellium
model in cluster chemistry. Concerning the topology of the
Al atoms in Al;3~ clusters and in the bulk metal, a central
Al atom is surrounded by 12 additional Al atoms, arranged
icosahedrally in Al;;~ and cuboctahedrally in the metal.
However, the adoption of Al;;~ as a model for Al metal in
the reaction with Cl, and in other reactions to be described
becomes more plausible if the energy needed to remove two
Al atoms from an Alj;~ cluster is compared with the
corresponding energy change in the case of the bulk metal
(eqs 3 and 4°°):

Aljy g = Al ) T 24l
AgH' (0 K) = +698 kJ mol ' (calculated) (3)

AH' (0K) = +654 + 8 kJ mol '
(exptl found) (4)

2A1, — 2Al,,

Thus, the energy needed for the removal of two Al atoms
either from an Al;3~ cluster or from bulk aluminum is almost
identical, within the margins of error. Consequently, Al atoms
are the energetically equivalent reference system, and
therefore all reactions of Al;3~ clusters and Al metal should
be very similar with respect to their energy balance.®® In the
following reactions of Al;;™, it becomes more evident that,
besides this thermodynamic similarity to the bulk, there are
plausible reasons for believing that similar primary steps are
involved in reactions of Al;3™ and in those on an Al surface.
On these grounds, Alj;~ emerges as a viable molecular model
for the reaction kinetics of elementary reaction steps on an
Al surface.

4.3. The Chlorination of the Al;;~ Cluster and the
Stepwise Formation of Its Intermediate Products,
A|11_, Alg_, and A|7_2 68

The primary reaction steps of Aljz~ clusters in a Cl,
atmosphere are described in the following. Upon exposure
of Al;;” ions to a chlorine atmosphere of approximately 108
mbar, new signals, attributed mainly to Al;;~, Aly~, and Al; ™,
were observed in the mass spectra after several tens of
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Figure 6. Schematic energy diagram for degradation of the Al;3~
cluster in the presence of Cl,; the energy values are given in kJ
mol .

seconds.*%%% These new species arise in the following
stepwise reaction sequence (eq 5):

_ Cl, _ Cl, _ Cl, _
Al Al Al Al (5)
—2AICI —2AICI —2AICI

Based on these experiments and on the results of theoreti-
cal calculations, an understanding of the energetics of the
stepwise elementary reactions occurring during the course
of the reaction has been achieved (Figure 6). In the first step,
oxidation of the Al;;~ cluster surface proceeds to form the
intermediate product [Al;3Cl,] *. The resulting reaction
energy of this step is around —450 kJ mol~!, according to
density functional calculations. This leads to vibrational and
rotational excitation energy trapped in the [Al;3ClL]™* cluster
that cannot be removed by collisions at pressures around 1078
mbar. This, in turn, results in fragmentation of [Al;;Cl,] *
into Al;,C1™ and AICI in the next step after a lifetime of
only several nanoseconds, as predicted by phase space
theory.® 7! In the next step, Al;»Cl™* also fragments, ejecting
AICl once again and leaving Al . For this reaction channel,
the lifetime of Al;,Cl™* is estimated to be several tenths of
a second. Because the rate constant for the reaction is k. =
0.09 s7! in the pressure range prevailing, an Al,” cluster
molecule collides with a chlorine molecule every 10 s on
average, and these will react to form an Al,—,™ cluster within
another 0.1 s, according to the lifetime estimates. So only
the anionic Al cluster anions Al;;~, Al ™, etc., were detected
by their mass spectra.

The standard energy change of the first reaction (Al;;~ —
Al;; ") is —68 kJ mol~!. In principle, the corresponding
reactions of Alj;~ and Aly~ are taking place in the same way.
However, their reaction energies, at —176 and —279 kJ
mol ™!, respectively, are significantly more exothermic than
that for the Al;;~ — Al;;~ process.”> The reaction path
presented here for the interaction of Al,” cluster ions with
Cl,, resulting in the release of AICI as the main product, is
a plausible model for the corresponding reaction of bulk
aluminum metal and chlorine. Moreover, the similarities
between the bulk metal and Al;;™ cluster for the removal of
two Al atoms (698 and 654 kJ mol™!) are reflected in the
corresponding chlorination reactions (eqs 6a, 6b, 6¢). The
neutral Al;, as well as the investigated anionic Al;;™ cluster,
can thus be considered as well-matched model compounds
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for investigations of primary reactions on the surface of bulk
aluminum.

Aljy (€

+ Cl, = Al + 2AIC
ARH’ o) = —68 kI mol ' (6a)

2Al, + Cl, — 2AICl,,

ARH° oy = —103 £ 12kI mol ' (6b)

(s)

Aljy, + CL, — Al + 2AICL,

ARH® o, = —113 kI mol ™' (6¢)

It follows that the chlorination of bulk aluminum metal
must also proceed primarily by the addition of Cl, and the
release of AICI. The subsequent reaction in which AICI is
converted to AICl; will take place with the release of a
reaction energy that is several times higher (—534 kJ mol!).
Consequently, the cumulative reactions (eqs 7a, 7b, 7c),
which yield AICI; as the final product, reflect the character
of Alj3™ as a molecular model for the bulk metal:

Al + 3ClL, — Al ", + 2AICL
ARH® o, = —1084 kI mol ' (7a)

2Al, + 3Cl, — 2AICL
ARH° o) = —1166 £ 6 kI mol ' (7b)
Aljy + 3Cl, = Alyy,) + 2AICL

AH® o) = —1145 kI mol ™" (7c)

To sum up, the kinetics of the Al,” intermediates in the
reaction sequence arising from the Al;;~ + Cl, reaction in
an excess of chlorine can be explained in terms of
association—elimination reactions, where the association
reactions occur with a rate near the Langevin limit. Statistical
rate theory calculations show that the experimentally ob-
served degradation in double steps is likely to be due to a
sequential elimination of two AICI molecules from the highly
excited associated clusters, for which average lifetimes have
been calculated.”” The primary steps of the chlorination of
Al,~ are fast; that is, they proceed before the next contact
between the cluster anion and a chlorine molecule takes
place. Furthermore, since the generated AICl molecule will
react fast and strongly exothermically with additional Cl,
gas (excess) to AlCl; species as final products, these results
represent a quantified kinetic model for the primary steps
within the chlorination of metals, that is, of one of the oldest
technical chemical processes.

4.4. Reactivity of the Al;3~ Cluster Anion with
Triplet and Singlet Oxygen: The Role of
Spin-Conservation?%

When aluminum cluster anions Al,” (or cations) are
exposed to normal (triplet) oxygen, those with an odd number
of aluminum atoms react significantly more slowly than do
those with an even number (see Figure 7).* This odd/even
effect is further emphasized by studies of mass-selected
clusters.

Thus, Alj;~ clusters, when exposed to O, (10—8 mbar),
did not react even after 600 s; essentially no reaction products
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Figure 7. Typical FT-ICR mass spectrum after laser-desorption/
ionization of LiAlHy: (a) the distribution of aluminum cluster anions
(Al,") is displayed (directly after cluster generation); (b) in the
presence of oxygen, all the Al.,, anions are etched away.

were observed, and the initial Al;3~ signal remained strong
(eq 9). On the other hand, mass-selected Al;4~ clusters were
observed to react spontaneously under the same conditions
to give Alj,~ and two Al,O molecules (eq 10). Strikingly,
then, the reaction of Al;;~ plus triplet oxygen (denoted
hereafter by ""0,) is extremely slow.

Al

) -
13 @ T O, Aly o T 2AL0,,

(very slow reaction) (9)

Al, ., + "o, —

14 (9) All()_(g) + 2AL,0,, (10)

4.4.1. Spin Conversion

To elucidate this odd/even effect for Al,” clusters, the
influence of spin conservation has been investigated, the
influence of spin having been noted previously for reactions
between O, and aluminum surfaces.”>~’® With its 40 valence
electrons (closed shell), the spin multiplicity of the ground
state of the Alj;~ cluster is a singlet (labeled as "Al ;7). By
contrast, 'Al;;~ has a doublet ground state due to its one
unpaired electron. During O, attack, an adduct is formed
initially where "O, is associated on the cluster surface
(denoted, for example, by ﬁ[A113-02]’). Therefore, eqs 9 and
10 can be dissected into the following primary steps (eqs 9a
and 10a):

"Al,” + "o, — "Al,-0,]" —0.36 eV

(%9a)

TA114_ + ﬁ02 — T[A114'02]_ —2.76 eV

(10a)

As a result of spin conservation restrictions,” ﬁ[A113 Jo
is formed in a triplet state and "[Alj4+O,]” in a doublet state,
so that the reactions are spin-allowed. Subsequently, any
further reaction of these adducts, in which the oxygen
molecule dissociates on the surface of the cluster, causing
heating (reaction energy) and leading to fragmentation of
the cluster, may be accompanied by a barrier and, if
necessary, by a spin flip process (eqs 9b and 9c).
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"lAl;-0,]7 — — "A1,,0,”
spin transition and formation of covalent A1—O bonds
(9b)

Al 5-0,17 — "AlL,” + 2A1,0 (9¢)

For "[Al;3-0,]", this barrier is well-defined: it is the
crossing point of the triplet/singlet potential energy surface
(PES), since the final fragments, Aly~ and ALO, are both
singlet species. Additionally, there must be a spin flip for
"[Al;3+0,]~, which is likely to have a low probability since
the required spin—orbit coupling in the case of light metals
like aluminum is expected to be small.” Thus, the direct
formation of "[Al;3+O,]~ (singlet state) from Al;;~ and "O,
is spin-forbidden (eq 9d).

YAl + "0, % [Al0,] (9d)

In the case of Alj;~, on the other hand, no such spin
transition needs to occur since the T[A114'Oz]_ initially formed
can react without spin restrictions via 'Al;,0,” to form the
products 'Alo~ and ALO (egs 10b and 10c):

T[A114'Oz]_ - 1A11402_

formation of covalent AI—O bonds (10b)

'A1,0,” — 'Al,,” + 2AL0 (10c)

It is to be expected, therefore, that reactions of aluminum
clusters with "O, should show diminished rates if the initially
formed O, adduct is a triplet and the final products are
singlets.

4.4.2. Reactions of Al;3~ with Singlet O,

In order to substantiate this idea experimentally, the spin
state of the aluminum-containing reactants is first manipu-
lated by preparing aluminum hydride cluster anions, AL,H™
(whereas Alj;~ exhibits a singlet ground state, HAl;;~
exhibits a doublet ground state),**® and exposing them to
"0,. Tt was then found that all Al.H™ react rapidly with
T702, whereas Ale,e,H™ proved to be inert. Thus the reactivity
pattern was dramatically inverted relative to the behavior
of Al,”; for example, Al;3;H™ reacted, even though Aly;~ (and
Al;3H,™) were relatively unreactive, whereas the initial
Alj,H™ signal remained unchanged, while the Al;4~ signal
decayed. 630

Second, the spin of O, was changed by generating singlet
oxygen (”02), and it was allowed to react with Al;3~ and
other odd Al,~ clusters. In the reaction of Al;;~ with "O,,
the primary product '[Al;3+0,]" in its singlet state is expected
to be formed (eq 11a). In the course of further reactions going
through YA1;,0,~ (where O atoms are covalently bound) to
the products, Aly~, and two Al,O molecules, all the reaction
steps are spin-allowed (eqs 11b and 11c¢). In comparison with
the reactions with "0,, no spin transition is needed, and
therefore no

"Al,” + "o, — "[Al,-0,]” —3.16eV

(11a)

Schndckel

lAl,-0,] — A1,,0,”
formation of covalent AI—O bonds —4.53eV (11b)

—3.60 eV
(11c)

"A1,0,” — "Al,” + 2A1,0

deceleration of the reaction is expected. This assumption was
proven experimentally when Al;;~ was treated with a mixture
of "0, and "0,, leading to a significant acceleration of the
reaction rate when compared with the reaction with pure "O..
It follows that all the experiments indicate spin conserva-
tion to have a significant impact on the reactivity of
aluminum clusters and oxygen, the findings being supported
by quantum chemical calculations and summarized in Figure
8. To model the odd/even effect, it is assumed that the overall
reaction, where an Al,” cluster is degraded to a smaller
fragment by oxygen, is a multistage process. In the initial
step, O, interacts with the cluster to form an “adduct”, which
further dissociates into the products Al,—,~ and 2Al,0.
Thus, in accordance with the experiments, the large
exothermic energies calculated for the primary steps of all
the spin-allowed processes is reflected in fast reactions (eqs
10, 11a—11c). By contrast, for the spin-forbidden reactions
(e.g., eq9), there is a 2-fold control of kinetics. First, starting
from the ground state of the triplet primary product, the
system must provide enough energy to reach the crossing
point of the triplet/singlet PES, that is, surmount an energy
barrier, and second, the spin flip, a very unlikely process
for these clusters, has to proceed.®! There is a lack of reliable
methods to calculate the height of this barrier. However, for
similar reactions in organic chemistry, a value of about 0.8
eV is indicated.??%3 Therefore, spin-forbidden reactions are
retarded for different reasons. Particularly stable systems such
as Alyj3~ do not release the required amount of energy upon
educt formation (—0.36 eV), and therefore both factors
(barrier + spin flip) are likely to be responsible for the slow
reaction rate. By contrast, the spin-forbidden reaction of
YAl,H™, like most less stable Al H™ clusters, releases
sufficient energy upon initial product formation (e.g.,
"[HAI;40,]7, —1.43 eV) easily to overcome the energy

_&

E (eV)
1.32 +
0 {/e¥spim wransion]
0.36 +
multistage process
-1.84 +
i - 4
277 1 Aly +2 AL,O
multistage process
"Al;0, §
-6.37 4+ —l32

Figure 8. Energy diagram for the interaction of "0, and "0, on
the Al;;~ cluster surface. The transition from "[Al;3+0,] to
"Al1;;0,” is assumed to be a multistage process, in which the spin
state changes from triplet to singlet and the O, is bound side-on
first and then the O—O bond is disrupted and new Al—O bonds
are formed (u°). In addition, the further degradation to Aly~ and
two AlL,O molecules is displayed.
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barrier where the unlikely transition between the two spin
surfaces can occur; the kinetics are therefore entirely
governed by the spin flip process.

This means that the observed inertness of Alj3~ clusters
in a triplet O, atmosphere can be traced back to spin
conservation restrictions. The results obtained via FT-ICR
mass spectrometry may initiate further experiments in
different areas® (environmental, biological, medical, material,
or energy sciences), where reactions with O, are important
and where a proper understanding of primary steps should
not be underestimated.

5. Metalloid Al and Ga Clusters as Intermediates
on the Way from the Salts to the Metals

The primary step of every metal cluster formation is the
formation of a single, for example, AlAl bond. Snapshots
on this way are presented first (section 5.1). Second, for the
synthesis of many of the metalloid clusters discussed, the
techniques of cryochemistry are essential, that is, trapping
of a high-temperature species such as AICI together with an
excess of a suitable solvent in order to form a metastable
solution of, say, AICI (section 5.2). The metastable solution
reacts on warming to give the thermodynamically stable
products, metal (Al) and trihalide (AICl;), and during this
process metalloid clusters M, X, with an increasing number
of metal atoms are formed on the way to the bulk metal.
Hence, with an average oxidation state between 0 and +1
for the metal atoms of the metalloid cluster compounds and
in the light of the method of formation, these compounds
can be viewed as intermediates on the way to the bulk metal.
Therefore, size-dependent effects might be directly detect-
able. Apart from the investigation of these metalloid cluster
compounds, studies of ligand-free “naked” metal clusters,
detected in the gas phase under high-vacuum conditions,
present the most common source of experimental information
in the development of an understanding of how size affects
the physical properties of metals from atoms via nanoparticles
to the bulk phase. For the most part, however, no experi-
mentally derived structural information is available for these
gas-phase species, although quantum chemical calculations
have provided an important supplement to such investiga-
tions, particularly in questions of topology.®>® In order to
secure experimental details of the structure and to determine
the physical properties of structurally known metal atom
clusters, leading to structure/property relations, such clusters
must be protected by ligands, leading to metalloid cluster
compounds, which might then be made available in a
crystalline form.

Thus, with the help of metalloid clusters as intermediates
between the metal salt and the bulk metal, it should be
possible to obtain insights into the elementary processes of
dissolution and formation of metals. To clarify such funda-
mental issues, however, detailed information on many
metalloid clusters with different numbers of “naked”, non-
ligand-bearing metal atoms in the cluster core is imperative.
Additionally, physical data for nanostructured metalloid
cluster compounds can be reliably interpreted only when a
uniform and known arrangement of metal atoms in the cluster
framework is present. It follows that crystalline compounds
of metalloid clusters, where only one compound of known
composition and structure is present, are the primary
prerequisite for all investigations.

The next step in gaining a deeper understanding of
nanostructured materials depends on being able to isolate
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the individual structurally determined cluster unit from the
crystal lattice and then to determine the physical properties
of the single clusters in question. This long-term objective
has been partially achieved in the gas-phase investigations
of the structurally characterized Ga;gR¢ cluster [R =
C(SiMes)s], 4 (see sections 4.1 and 6.4).*%*° Further inves-
tigations of isolated nanoscaled species, for example, with
microscopic methods applied to Al and Ga clusters or with
the help of quantum chemical calculations, are important
tasks for the near future.

Besides these general aspects concerning structure and
bonding of metalloid clusters, there will be presented two
other subsections here: an unexpected alternative thermo-
dynamical favored decomposition route for Al(I) and Ga(I)
compounds (section 5.3) and the essential role of the
metalloid cluster Als(Cp*,, 2, for the kinetic stability of
Al,Cp*y, 3 (section 5.4).

5.1. Snagshots during the Formation of AlAl &
Bonds®6%

The formation of metalloid clusters proceeds via the
formation of an increasing number of metal to metal bonds.
However, this primary process does not seem to be trivial,
because the first molecular compound exhibiting an AlAl o
bond was found only 20 years ago.®® In a very recent paper,
we have now published two ALLR; (R = PrBu,) molecules
as snapshots on the way to an AlAl ¢ bond.®*%" In a first
step, this process was investigated quantum chemically (as
summarized in Figure 9).

Accordingly, highly energetic [AIR,]" species (R = PrBu,)
should dimerize under formation of a so far unknown
biradical intermediate RAI'(u-R,)AIR, 5 (C; symmetry),%
with a long Al+++Al separation of ca. 3.5 A and with both
unpaired electrons residing in p-type orbitals (SOMOs)
localized on both Al atoms. These triplet molecules 5 can
formally undergo a spin flip procedure, followed by a
disrotatorial ring closure leading to closed-shell bicyclic
molecules RAIR,AIR, 6 (C, symmetry), as thermodynami-
cally stable species (o0 bond formation). This process is

2,AIR S
t 21,3; (44,9);
2LAIR LY {135)
13,8

1334 ;

(148,1) (130.9) 92,5

1364 (83,5} '
- {136,4) (86,0)
E {70,0}
= i By
3 PR, R oALp
5 pa-Al YR 1817
2 RP—AA 07.4)

RF R, [196(17,2) {529} {158,0}
484 v By
6 (592)  RP-Al AIPR, 6
(21,6} ™~ 7
P PR R__PR
A ar 167 (24,1) (24,0} rtavy
R PR, RP ~PR,

Figure 9. Relative energies (kJ mol™!) for the [Al,(PrBu,),] isomers
5 and 6 and the transition state 7 with respect to the radical
[AI(PfBuy),]" (“AIR,™) and the Et,O-stabilized radical {AIR,'L}
at the DFT/def2-TZVP//DFT/def2-TZVP" level of theory with DFT
= BP86, (TPSS), and {B3LYP}.
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Figure 10. Crystal structures of 5 and 6. The experimental and
calculated (in parentheses; BP86/def2-TZVP") distances [A] and
angles [deg]: 5, All—AIl2 3.508 (3.462), All—P1 2.399 (2.391),
Al1—P2 2.478 (2.450), A12—P2 2.458 (2.439), Al1—-P2—AI2 90.5
(90.2); 6, Al1—AI2 2.587 (2.618), Al1—P1 2.370 (2.406), Al1—P2
2.422 (2.452), A12—P2 2.362 (2.398), Al1—P2—AI2 65.4 (65.3).

Scheme 2. Intermediates in the Formation of 5 and 10 by
Substitution Reactions (C1 — PfBu,) and Al—Al Bond
Formation via the Hypothetical Subhalide Al;Cl,-5L, 9" (cf.
G35Cl7 ° SEtZO”)
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“ ! L ) + ot i~ \f‘\
y ! | / ‘,@,/
AlcLsL 0 ----------d { —{
solution (pentane) s \

reminiscent of the ring inversion of bicyclo[1.1.0]butanes.
The planar singlet transition state (TS) 7 (RAIT(ﬂ-Rz)APR,
C; symmetry) with an imaginary frequency of 11i cm™! has
the two electrons in 7 orbitals. This TS lies 24 kJ mol !
above the corresponding butterfly-shaped bicycle (6).

The synthesis of S5 and 6 proceeds via metastable AICI
solutions (see section 5.2) and their reactions with LiPrBu,
under different conditions. The molecular structure within
green crystals of [Al,(PrBu),], 5, and of yellow crystals of
[Al,(PBuy)4], 6, and the main structural parameters (experi-
mental and computational) are presented in Figure 10.

The most notable structural feature of § and 6 is the large
variation in the observed Al--+Al distances, ranging from
3.508 A (3.462 A calculated) in 5 to 2.587 A (2.618 A
calculated) in 6. We find a good agreement between the
experimental X-ray and computed structural parameters.

The initial formulation of the formation of § and 6 from
the radical intermediates [AlX,]" and [AIR,]" mentioned
before represents only a formal description. Thus, we propose
here a plausible reaction pathway considering known inter-
mediates, which have previously been characterized by their
crystal structure:

As a result of its generation process, the AICI solution
generally contains a certain percentage of AlCl;.°® Compound
5 is formed from AICI and AICl; in a donor-rich solution
via AlLL,Cly 2L, 8,% and AlsBr;-5L, 9, already at low
temperatures (—78 °C).

In solutions with low donor concentration and temperatures
between —40 and —20 °C, Al,Cl,*2L is the predominant
species,’’ which in turn can be trapped by the reactive PtBu,
groups to finally yield the thermodynamically stable product
6.

In compound 9, as well as the known [AlsBrg+4L]™ anion,
the AlBr; entities are separated by 4.1 A from each other
(Al center to Al center). Consequently, the AlX, groups in
these molecular units are arranged in an ideal topological
fashion that allows for the stepwise substitution of halide
units X by PR, groups (Scheme 2). The latter can partially
act as bridging ligands, mediating a successive approach of
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Figure 11. Layer assembly of the biradical molecules in the crystal
structure of [Al,(PrBu,)4], 5. Al blye, P yellow, C dark gray. The
plane-to-plane distance of 8.915 A corresponds to the length of
the a axis in the unit cell.

the Al atoms. These predefined subunits are ideally suited
to finally produce 5.

Parallel to this, compound Al4Rg, 10, is formed from the
remaining Al;Clz+3L units and AICl; and LiR.*' The
formation of this cluster compound consisting of a distorted
tetrahedral Al; framework with four terminal and two
bridging ligands is indeed observed under these reaction
conditions, nicely supporting the proposed reaction scheme
for the formation of 5.

The arrangement of the triplet molecules 5 in the crystal
(cf. Figure 11) put further emphasis on the extraordinary
bonding situation present in this species. It appears that the
molecules’ assembly in the crystal shows a distinct direc-
tional preference. We have recently described a similar,
though yet not understood, stabilization of a radical species
Al;Rg in the crystal (see section 7.1).°*%* The sterically
demanding P7Bu substituents in 5 obviously prevent the
intermolecular interaction tendency between Aly(PR;), mol-
ecules and only permit a weakly interacting column structure
(see Figure 11) and not the formation of dimers.

In contrast to very short-lived radical intermediates of
organic reactions, numerous biradicaloids of heavy main
group elements could be isolated in crystalline form in
recent years, some of which formally represent intermedi-
ates in the o bond formation process.’>*® Pioneering work
in this field was performed by Niecke and co-workers for
P,C,Ry4 ring compounds,” as well as Bertrand and co-
workers with systematic investigations on B,P,R; species.”®
These structures are exemplified in Scheme 3, together with
the biradicaloid molecules Sn,N,Cly(SiMes),”® and
GezNz(SiMeg,)zAI"z. 100

The presented results for the Al,(PR,), compounds extend
the area of intermediates of o bond formation processes by
contributing additional structurally characterized snapshots:
For the first time, a particularly large distance between two
metal centers was investigated in a biradical species, which,
after several further steps, finally leads to a o bond. This
unprecedented discovery was only possible due to the
particularly mild reaction conditions present in metastable
AIX/AIR solutions. These show a complex disproportionation
behavior, which is marked by several other intermediates
that have already been characterized, finally forming the
metal and AlXj. Apparently, the ring system Al,P, under
study is particularly suited for such investigations because
its AI—Al o bond is weak but strong enough to compete
with the bridging AIP bonds.
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Scheme 3. Biradicaloid Four-Membered Ring Compounds Reported in the Literature (See Text)
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5.2. Synthetic Aspects® "’

The equilibrium between the liquid metal and the gaseous
mono- and trihalides of the metal is described, for the case
of aluminum and chlorine, by the following equation:>

1000 °C
10—2 mbar

2A1 ) + AICly,, === 3AICI (12)

3(g) (€3]

The conditions for gallium are almost the same, except
that a comparable ratio of the partial pressures of mono- to
trihalide is achieved at a reaction temperature about 100 K
lower, that is, 900 °C. As a result of the increase in entropy,
the equilibrium of the endothermic reaction shifts in favor
of the gaseous monohalide with increasing temperature and
decreasing total pressure.'”? The transport of aluminum in
the presence of AICl;, as described by Klemm et al. and
later by Schiifer et al., is also based on this reaction.'>104
The partial-pressure behavior of the gaseous components is
solely determined by the thermodynamic properties of the
mono- and trihalides and the molten metal. This means that
it does not matter which halogenation medium is used in
the preceding reaction. With respect to its easy handling and
to ensure a continuous stream of gaseous AlX (X = Cl, Br,
or I) during the reaction, a flow of the respective hydrogen
halide gas (e.g., HCI) over the metal is normally used at a
temperature of about 1000 °C (eq 13). Under these reaction
conditions (ca. 10~! mbar total pressure, 1000 °C), there is
a more than 20-fold excess of AICI over AICl;, so the yield
of AICI is more than 95%.

— 1
Aly, + HCl, = '/,H, + 3AIC] ,, (13)

To investigate the reactivity of the molecular monohalides,
many matrix-isolation experiments have been carried out,
revealing that, in addition to dimerization, the aluminum and
gallium monohalides enter into a number of other reactions.!® 1%

The positive results afforded by the matrix experiments
with AIX molecules, started about 30 years ago, led to the
adaptation of the technique to the preparative scale, in the
so-called “preparative co-condensation” technique, where
the monohalides are produced in gram amounts for synthetic
purposes. %! Although the experimental realization of this idea
has been described many times,”%!%~ ! it is appropriate
briefly to describe the method here, because it forms the basis
for much of the chemistry to follow. The required co-
condensation apparatus is shown in Figure 12. Inside the
co-condensation apparatus, at the center of a vacuum
chamber of about 30 L capacity, there is located a high-
temperature reactor containing molten aluminum in several
graphite chambers heated to around 1000 °C. A flow of
hydrogen halide gas is directed through these chambers, the
flow being monitored by means of the pressure drop in a
storage vessel.

In general, about 40 mmol of AIX are synthesized in two
hours. After exiting the reactor, the gaseous AIX molecules

SiMes /S‘Me3
cl N/ AN _N
o~ “sn 6 e
N N \/N/ Nar
Me3Si/ MesSi

condense, without undergoing further collisions, on the outer
walls of the stainless steel vacuum vessel cooled to —196
°C. To prevent the aggregation of the AlX species, which
disproportionate to form aluminum metal when warmed
above —100 °C, an excess of a suitable solvent must be
condensed with the monohalide molecules. Toluene is
generally used, and to it a variable amount of a donor
component is added (e.g., NEt;, Et,;0, or THF). When the
solid solvent mixture melts at about —100 °C, a deep red
solution of the monohalide is usually obtained, and this can
be stored at temperatures of —78 °C for several months. The
solubilized metastable monohalide subsequently dispropor-
tionates according to the equation 3A1X — 2Al + AICl; in
the temperature range from —40 to +50 °C depending on
the nature of the halide, the donor, and the donor concentra-
tion with respect to the monohalide. These metastable AIX
solutions are the starting points for the chemistry described
in the following sections. Metastable GaX solutions are
prepared and manipulated in an analogous fashion.

Without any question, the preparation of metastable AIX/
GaX solutions requires a high sophisticated technique.
However, the high potential of these solutions for problems
in fundamental chemistry (cf. chapter 1 and e.g. intermediates
during formation and dissolution of metals) and for a novel
area of metal-rich chemistry (e.g., for novel, often nanoscaled
materials with unexpected properties) may justify these
efforts.

(toluene/EtyO)(g) —

cooling water
S

150V/5A

- -
W HV

Figure 12. Schematic representation of the co-condensation
apparatus: A = stainless steel vessel (30 L); B = Al or Ga in the
graphite cell with resistive heating; C = cooling shield; D = solvent
input (toluene); E = drainage channel; F = Schlenk line; G =
Dewar with dry ice (—78 °C); HX = hydrogen halide gas; HV =
high vacuum.
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5.3. An Unexpected Reaction of Al(l) Compounds
Prevents the Formation of Metalloid Al Clusters''?

As mentioned above, metalloid clusters are intermediates
on the way from, for example, AICI molecules to solid Al;
that is, the back reaction of the synthesis for AICI (eq 12'):

3AICl,, — 2Al, + AICLy, (12')

@

This disproportionation reaction is strongly exothermic
(—915 kJ mol™"). However, especially for Al(I)/Ga(I) phos-
phanides and amides, an alternative reaction has to be taken
into account since the formation of the salt-like materials
(e.g., AIP or AIN) should be thermodynamically favored over
the disproportionation reaction. In order to compare dispro-
portionation with the formation of a salt with respect to their
thermodynamic behavior in an orientating manner, we have
examined both routes for the decomposition of the model
molecule Al(PH,). The results are visualized in Figure 13.'!2

As expected, the decomposition of Al(PH,) to bulk AIP
(according to the stoichiometry given in Figure 13) is
strongly favored compared with the disproportionation reac-
tion by 498 kJ (1100 kJ — 602 kJ). For the similar
decomposition of Ga(PH,), GaP is also favored in compari-
son with the disproportionation, but a significantly smaller
gain is calculated, 319 kJ (Supporting Information). For the
decomposition of the amides AI(NH,) and Ga(NH,), more-
over, the formation of the bulk nitrides AIN and GaN is also
favored over disproportionation: Al 165 kJ; Ga 188 kJ
(Supporting Information). On this basis, metalloid Al and
Ga clusters carrying amide and phosphanide substituents
might be expected to decompose finally to the bulk salts AlP/
GaP and AIN/GaN. However, the existence of cluster species
such as A157(A1NR2)2027, 1,17 and G8.64(G8.NR2)2037/47,]137115
11, with exclusively terminal bonding of the substituents
demonstrates that there is a substantial kinetic barrier to the
formation of bulk Al and, finally, bulk AIN and GaN. A
similar kinetic barrier obviously exists for the phosphanide-
substituted metalloid gallium clusters, although they display
terminal as well as bridging [Ga—(PR;)—Ga] bonding motifs.
However, a different redox chemistry of the Al(I)PtBu,
precursor is confirmed by the molecules AlgBrg(PrBu,)s, 12,
and Al;P(PrBu,),Cly, 13, described recently (Figure 14).!'

In the case of the compounds 12 and 13, which are formed
from AIX subhalides and LiP7Bu,, the direct route leading
ultimately to solid AIP is favored thermodynamically relative

AR}I;W?
3 Al ,t 3/2 Pz(g)+ 3 H @
641
2 Al(g] + AI(PHZ)J(S)
=
] 57
3AIPH) JAIPH,),
1741
602 659
1100 L A
P P 2 Al(s) + Al(PHz)s(g)
3 AlP(S>+ 3 Hz(g)

Figure 13. Calculated AH values for the two decomposition routes
of AI(PH,): to bulk AIP and H, (left); to bulk Al metal and Al(PH,);

(right).
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Figure 14. The molecular structure of AlgBrg(PrBu,)s (12) and
Al;P(PrBu,),Cl, (13) in the crystal. CH; groups and H atoms of
the PrBu, ligands are not shown for clarity.
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Figure 15. An octahedral scheme like that in Figure 2 visualizes
(a) the outstanding position of metalloid clusters (cf. Figure 2), (b)
the disproportionation of, for example, Al(I) amides via metalloid
clusters with an average oxidation number, n,,, between 0 and gy,
and (c) the decomposition of Al(I) phosphanides to bulk AlP.

to the disproportionation path, that is, 12 and 13 represent
kinetically stabilized intermediates on the way from Al(PR,)
to AIP. The building blocks in these intermediates with strong
Al—(PR;)—Al bridging bonds represent preorientated moi-
eties of thermodynamically favored bulk AlP.

In order to visualize the results presented here for 12 and
13 in relation to general cluster chemistry (Figure 2), an
additional point for oligomeric AIR/GaR clusters between
naked and salt-like clusters is marked (Figure 15b). From
this point, AINR,, GaNR,, and GaPR; clusters disproportion-
ate under mild conditions on the marked route via metalloid
clusters to the bulk metal and, under drastic reaction
conditions, finally to the thermodynamically favored bulk
salts AIN, GaN, and GaP (Figure 15b). For Al(PR,) clusters,
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(14)

Figure 16. Molecular structure of Ga,;(PrBu,);o (14) in the crystal.
The central Gas-tetrahedron of “naked” Ga atoms is highlighted.

however, this reaction path is blocked, so only the marked
route via salt-like clusters [AIP], and R, and finally to bulk
AIP is possible (Figure 15c).

The decomposition of Al(I) phosphanides represented in
Figure 15¢ may offer an attractive route to nanoscaled AIP
particles; for example, these particles should be generated
if AIPR; species are heated in a high-boiling solvent. A more
selective preparation can be expected, for example, for GaP,
if one starts with defined metalloid Ga,(PR,),, clusters. An
impressive example of this kind of reaction should start from
a Ga4(PBuy)yo, 14, cluster!'® (Figure 16), where a core of
naked Ga atoms is surrounded by Ga(PR,), entities. If the
Ga,¢ cluster decomposes as visualized in Figure 15¢, a dream
of any nanochemist could come true: after cleavage of the
P—C bonds, a defined nanoscaled Gay(GaP), cluster should
be formed in which a metallic core is protected in a well-
defined way by a semiconducting GaP sheath. In the
chemistry of metalloid gallium clusters, a first step toward a
semiconducting coating has been observed when Se—C
bonds are broken within SeR ligands during the formation
of a Gay,Se,Brig (15) cluster containing Ga—Se—Ga bridging
bonds (see section 7.2).!"7 Thus, the ambition of generating
a Ga,(GaP),, nanoparticle or any other similar, well-defined
GaP, GaN, AlSe, or AlTe nanoparticle starting from Al(T)/
Ga(I) compounds with direct bonds from the metal to P, Se,
or Te atoms could become reality in the near future. The
experimental and theoretical results presented here may
provide the motivation and the background for these efforts.

5.4. Formation Process of Als,Cp*;, as an
Intermediate from Al,Cp*; on the Way to Bulk Al'®

The preparation of tetrahedral Al,Cp*,, 3, as a textbook
example for the first pure Al(I) organic compound® via
metastable AlCI solution®®'%! initiated (a) a highlight article'"”
and (b) its subsequent classical synthesis,'?® which was a
starting point for a variety of applications in transition
metal,'?!~1?* rare-earth,'>>!?% and, finally, actinide chemis-
try.'?”128 However, the hindered disproportionation of 3 even
above 100 °C has never been discussed, which is surprising
because the unsubstituted analogue Al,Cpy, 16, spontaneously
decomposes to metallic aluminum and AI(III) species even
when it is warmed to temperatures above —30 °C.3%1%

Recently, we presented an answer:'!'® metalloid clusters
like the AlsoCp*, cluster, 2,!° represent a barrier as
intermediates on the way to the formation of metals (see
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ALCp*,

Al Cp*, (2)

Figure 17. Experimentally determined molecular structures of 3,
AlyBr(Cp*s (17) and Alsg(AlCp*);2 (2) and the calculated structure
of AlsCp*, detected as a prominent species in mass spectrometric
experiments during MALDI experiments on solid Al,Cp*4 (3).

Supporting Information); that is, clusters of this type may
also be assigned as experimentally characterized nuclei for
the crystallization of metals, which means that these inves-
tigations are of fundamental interest in the chemistry of any
metastable organometallic compound, as well as in solid-
state chemistry.

The following observations are the basis for this discus-

sion:

1. When crystals of Al,Cp*,, 3 (Figure 17), are irradiated
with a weak UV laser in the matrix-assisted laser
desorption ionization (MALDI) chamber of an Fourier
transform ion cyclotron resonance (FT-ICR) mass
spectrometer, the metalloid cluster cation AlgCp*,
(Figure 17) with a tetrahedral Aly core and four AICp*
units capping its faces is formed by a laser desorption
process (LD)."*® During heating by the laser, mono-
meric AlCp* units are generated, which are added to
3, and subsequently AlCp*; is eliminated (eq 14); that
is, the classical disproportionation reaction of Al(I)
compounds proceeds within this MALDI experiment:

+6AICD*

Al,Cp*, Al,Cp*, (14)

—2AICp*;

2. These mass spectrometric experiments initiated the
thermal reactions at about 60 °C of Al,Cp*, (3) with
AIX (X = Cl, Br) in a gram scale under different
conditions, where finally Al,Cp*sXo,'*! 17, and
AlsoCp*12,"° 2, clusters result (Figure 17).

From these experimental observations and the easy dis-
proportionation of Al4Cp, (16), we developed the following
hypothesis: There should be a barrier for the thermodynami-
cally favored disproportionation reaction, which should be
high in the case of Al,Cp*,, 3, and low or even not present
for Al,Cps, 16. With respect to energy and geometry,
metalloid clusters seem to be the plausible species formed
in the areas near the top of this barrier, since they have been
proven to be intermediates between metastable Al(I) com-
pounds and metallic aluminum several times.® In order to
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Figure 18. Calculated energy diagram (kJ+mol™ ') of the mono-
merization of Al,Cp*, (3) and Al,Cp, (16) and of the dispropor-
tionation reaction of 3 and 16 via AlsgR; clusters to solid Al and
AIR; molecules. The experimentally detected species are high-
lighted. The formation of Al,Cp*s/Al,Cps, together with AlCp*s/
AlCps, corresponding to eq 14 is 941 kJ above the Al,Cp*, and 84
kJ below the Al,Cp, level.!®

examine our hypothesis, we performed DFT calculations,
which often have proven to be suitable for energetic and
topological discussions in the field of metalloid and naked
aluminum clusters.'~*%7 In order to quantify the relation of
the calculated gas phase species to the final formation of
the bulk metal, the DFT results have been adjusted via the
vaporization energy of Al to obtain a suitable thermodynamic
ladder.” The results obtained are presented in Figure 18 for
Al,Cp*; (3) and Al,Cps (16). The following points are
remarkable:

1. Both compounds (AlCp*s;, 3, and Al,Cps, 16) are
metastable with respect to their disproportionation.
However, the exothermic dissociation energy of 3 at
233 kJ/17.25 mol is dramatically smaller than that of
16 with 2441 kJ/17.25 mol.

2. There is a high barrier for the disproportionation of 3
via Als)Cp*2, 2, clusters of about 1750 kJ, while there
is almost no barrier via a similar Als,Cp, cluster for
the disproportionation of Al,Cp,, 16; that is, in ac-
cordance with the observation, only 16 can decompose
to metallic aluminum and AI(III) species spontaneously.

3. Since Al,Cp*,; 3 does not disproportionate during
heating and dissociation to the monomers (+2004 kJ),
the above-mentioned barrier via AlsoCp*, can easily
be reached via repeated addition of monomeric AlCp*
to undissociated Al,Cp*,, 3, and subsequent AlCp*;
elimination (eq 14). Snapshots on this way are AlgCp*,,
AleCp*ng (17), and AISOCP*IZ (2) However, the A150
cluster should not mark the final top of the barrier since
its central Alg unit has not grown to the expected Al;;
core, which should be the typical core of any nucleus
of the crystallization of metallic Al; that is, the top of
the barrier may be a metalloid cluster a little bit larger
than the Als,Cp*), one (e.g., 1, 22).3717133

The conclusion of these experimentally based calculations

casts a light on the decomposition of many known and so
far unknown subvalent organometallic species. Though, in
general, they are thermodynamically metastable, for special
examples there is a chance to isolate crystalline compounds
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if a barrier prevents the decomposition of these compounds.
During the reaction path along this barrier, increasing
metalloid clusters are growing, which may also be designated
as snapshots of the nucleation during the crystallization
of Al metal. This interpretation is confirmed for the
hindered decomposition of Al,Cp*, (3) (a) via its stability
during heating for dissociation to monomeric units, (b)
via its stability during the classical synthesis at about 100
°C, and finally (c) via the isolation of metalloid clusters
like the AlsoCp*, (2) one as snapshots during the
decomposition of 3.

To sum up, the hindered decomposition of Al,Cp*,, 3,
exhibiting Al—Al bonds of medium strength (~30 kJ mol)
and the spontaneous decomposition of Al4Cpy, 16, have been
outstanding lucky chances to start the investigation presented
here. They cast a light on three fundamental questions: (a)
what kind of low-valent metastable metallorganic compounds
can be isolated; (b) what is the influence of metalloid clusters
during the decomposition of organometallic compounds via
a barrier; and (c) are metalloid clusters important snapshots
for the nucleation during the crystallization of metals.
Therefore, the results presented here demonstrating the
essential contribution of metalloid clusters to many fields of
chemistry may be the starting point for many theoretical
papers since, for example, the number of subvalent organo-
metallic compounds has considerably increased in the last
two decades.

6. Selected Metalloid Al and Ga Clusters Exhibiting
Their Outstanding Position

Since the great majority of metalloid clusters of group 13
exhibiting the general formulas M,R,, (n > m) are observed
for the two elements Al and Ga, this section is divided into
two parts.

Not discussed here are several Al and Ga clusters, which
may not strictly be called metalloid, since they are on the
borderline with normal valent or Wade-type clusters. They
have more metal—metal bonds than metal—ligand bonds, but
there are no “naked” metal atoms; as exemplified by the
icosahedral Al;,R,*>~ cluster [R = iBu], 18,!** and by some
GagRg clusters published recently.'*>~'37 On the other hand,
there are “naked” Al and Ga atoms tetrahedrally coordinated
only to other Al or Ga atoms carrying Al— and Ga—halide
bonds, as in the neutral compound GasCl;*5SEt,O
[Ga(GaCl,);GaCl], 19, having an electron-precise bonding
situation with formally one tetrahedrally surrounded by other
Ga atoms, Ga°, three Ga', and one Gal atom.”? All these
nonmetalloid clusters are not discussed here.

6.1. Metalloid Al,R,, Clusters

Formation of metalloid Al clusters starts with the genera-
tion of AIX monohalides at about 900—1000 °C and their
trapping in, for example, a toluene/ether solvent mixture at
low temperatures (see section 5.2). This metastable solution
is then allowed to disproportionate (eq 12') at a temperature
between —40 and +50 °C, depending on the kind and
concentration of the donor species (ether, amine, etc.) present.
On the way to the bulk metal, which is

3AIX — 2Al, + AlXj, 12"

(s)

deposited as a mirror on the walls of the reaction vessel at
temperatures above about 70 °C, intermediates can be trapped
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Figure 19. Molecular structures of [Al;Rq]™ (20) and [Al;,Rg]™
(21) (R = N(SiMejs),) and the topological relationship of 20 and
21 to the corresponding sections of the structure of solid elemental
aluminum.

via simultaneous substitution of the halogen atoms by bulky
univalent ligands (e.g., —N(SiMes),, —C(SiMes)s, —Si-
(SiMes)s, —Cp*, or —PrBu,). The overall reaction cascade
is therefore highly complex, depending on the rate of the
disproportionation reaction in competition with the substitu-
tion reactions of the bulky ligands. During the “annealing”
process at low temperatures, it seems plausible that the
arrangement of the metal atoms will adopt more and more
the arrangement of the bulk metal, because that is the end
point of disproportionation. The N(SiMes), group, which is
linked by a two-center two-electron (2c—2e) bond to each
aluminum atom, proves to be a particularly favorable species
in this endeavor, since it became apparent that the substitution
of the halogen atoms X in AIX (AlIX + LiR — LiX + AIR)
and the disproportionation of AIX (3AIX — 2Al + AlXj)
occur in the same temperature range. Reactions in which
substitution is favored tend to yield oligomeric AIR species
(e.g., Al,Cp*4, 3); when substitution is strongly hindered,
though, disproportionation of the AlX species is dominant.

The size of the Al, cluster core is therefore determined
by the reactivity of the AIX solution with respect to
disproportionation. This intuitive prediction is indeed realized
in the case of five Al,R,, clusters (R = N(SiMes),), which
contain an increasing number of Al atoms. Thus, for a
particular halide, the size of the resulting cluster can be
increased by an increase in temperature. Starting from an
AICI solution, for example, the cluster size progresses from
an Al;R4 cluster, 20 (Figure 19), at —7 °C'3 through an
Al;Rg™ cluster, 21, at room temperature'*® to an AlgR g*~
cluster, 22, after warming briefly to +60 °C.'** However,
when a less reactive Al(I) iodine solution is used, a partially
substituted Al;4R¢Xs™ cluster, 23 (Figure 20), is obtained at
room temperature,'* whereas after warming to +60 °C the
Al7R5)>" cluster 1 forms.!” In all these cases R is the
N(SiMe;), ligand.

Another important factor having an impact on the arrange-
ment of the metal atoms is, as expected, the electronic and
steric influence of the ligand introduced during the substitu-
tion reaction. Consequently, ligands other than N(SiMe;),
induce different topologies of the Al atoms in the resulting
metalloid cluster, for example, Als,Cp*},, 2 (see section 5.4).
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23
Figure 20. Molecular structure of [Al 4[N(SiMes),]sls)*™ (23).

A fuller understanding of this influence is only just beginning
to dawn, although a growing number of Al and Ga metalloid
clusters have been isolated in the past decade. This distinctive
ligand—metal core interaction raises the question of whether
it may be possible to generate new modifications of the
elements, for example, a nonmetallic allotrope of aluminum
with a topology similar to that of one of the boron structures,
for example, the B, moieties of a-boron. This possibility
will be discussed in section 6.1.3 for the disproportionation
of the Al»Clyy (24) and Al,,Bryg (25) subhalides, where the
icosahedral Alj, moieties are already preformed.'4%!#!

Most of the metalloid Al clusters are extremely sensitive
to moisture and air and may even ignite spontaneously after
only brief exposure to the atmosphere. It follows that
handling of the compounds can be exceptionally difficult for
physical measurements. This behavior contrasts dramatically
with that of the metalloid noble metal clusters (e.g.,
ligand—shell bearing Auss and Pd4s clusters'*'®!42), some
of which can be handled in aqueous solution and in contact
with air. Such a difference comes as no surprise since it
reflects the difference between noble and base metals (see
section 8).

In the following, we will only present (a) a discussion on
two outstanding Al;Rg clusters; (b) a discussion on the largest
metalloid Al clusters, and (c) the relation of metalloid Al
clusters to a hypothetical nonmetallic 3-Al.

6.1.1. The Al,Rs~ Cluster: Should It Be Called a
Metalloid Cluster or a Sandwich-Stabilized Al Atom?

The metalloid cluster anion Al;R¢~ [R = N(SiMes),], 20"
(Figure 19), is unique among metal atom clusters; no other
example is known in which two tetrahedra of metal atoms
are connected via a naked metal atom without additional
bridging ligands. However, the bonding situation cannot be
described satisfactorily for this compound, which may be a
model for a single-atom contact.'** With a different ligand,
the neutral oxidized analogue, Al;R's [R' = N(SiMe,Ph),]
(20a), has been prepared, thereby opening the possibility of
gaining a deeper insight into the bonding situation inside
these clusters.” Furthermore, the latest detailed investigations
show the large influence of ligands with respect to the
ground-state structure; for example, for an Al;(NH,)s~ cluster
like for a bare Al; cluster a C;, symmetric capped trigonal
antiprism (see Figure 6) has been obtained.'*

Comparing the distorted D3, framework structures of 20
and 20a, we note significant changes in bond length with
the switch from the neutral to the anionic cluster: in the latter,
the Al—Al distances within the Al; moieties are short, while
in the neutral compound all the Al—Al bonds are much more
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Al7IN(SiMe2Ph),lg

d(AIAl) = 15.50 A

metal

d(AIAl) = 2.86 A

Figure 21. The Al;R4 cluster radical (20a) as a “tamed” AIR
ligand-stabilized atom separated by 1.5 nm from the other Al;R¢
radicals in the crystal. By comparison, the Al atoms in solid Al are
separated by 0.29 nm.

nearly equal. Model calculations for Al;Hg", Al;Hg, and
Al;Hg™ provide striking confirmation of this different be-
havior. In the cation, the centered Al atom exhibits short
bonds to its six neighbors, while in the anion, as in the
experimentally characterized Al;R¢™ cluster species 20, short
Al—Al bonds are calculated only for the terminal three-
membered rings. The neutral model compound with its 12
very similar Al—Al bonds seems then to be the prototype of
a metalloid cluster. These drastic changes in topology give
a hint of the complex topological changes to be expected if
electron transport proceeds through an Al;-containing moiety
having a single atom contact. The question then arises: may
Al;Rg, 20a, also be called a stabilized or “tamed” Al atom.
This situation is visualized in Figure 21 where the Al—Al
distances in the metal (2.86 A) are compared with the
intercluster distances of 15.50 A in the compound 20a. There
seem to be strong interactions between these “tamed” Al
atoms because crystals of the compound could not be
dissolved. The radical character of Al;R¢, 20a, in the solid
state has been confirmed, however, via EPR measurements.**
The EPR signal of a single crystal shows unusual behavior,
suggesting directed interaction among the clusters in the
solid. Such cluster - cluster interactions form the subject of
section 7.1.

6.1.2. Alsg and Al;; Clusters'™%

The principle and significance of metalloid clusters in
understanding the formation of metals are demonstrated by
the two largest Al clusters, AlgR;g*", 22, and Al;7R5>” (R
= N(SiMe;),), 1, which have almost the same size with 69
and 77 Al atoms inside a shell of 18 and 20 N(SiMes),
groups, respectively.!”!* In both cases, the Al atoms are
arranged in “shells” (Figure 22), whereas a central Al atom

Aly[N(SiMes)lo0™ 1 Alg[N(SiMes),1s™ 22

Figure 22. Arrangement of the Al atoms in the metalloid clusters
(1) and (22) in a ball-and-stick and a shell-like representation with
different colors for the different shells: (1) (1 + 12 + 44 + 20 Al
atoms); (22) (1 + 12 + 38 + 18 Al atoms). The blue-colored outer
shell Al atoms form 2c—2e bonds to 18 or 20 N(SiMes) groups
(omitted for clarity).
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is surrounded by 12 nearest Al neighbors. Not only the
coordination number of the Al atoms but also the mean
Al—Al distance in a shell decreases from the center (average
2.78 A) to the periphery (average 2.68 A), indicating that
the Al—Al bonds have become more localized and acquire
a more molecular character from the inside to the outside of
the cluster. Despite these similarities, the coordination
spheres of the central Al atoms of both clusters are
significantly different. The Al;; core of 22 can be described
as a distorted Ds), structure (a geometry often described as
decahedral),'® whereas the central Al atom in the Aly; cluster
1 has been shown to have an icosahedral coordination sphere
that is distorted in the direction of a cuboctahedron. In both
clusters, the Al—Al distances from the center to the first Al;,
shell and those within this shell are nearly identical.*

Both clusters differ in their geometry from noble metal
clusters.?%!46 In the case of [AussCls(PR3),,],'*? for example,
a cuboctahedral and icosahedral environment has been
postulated for the central Au atom, although no experimental
structural analysis of this cluster species is yet available.
However, a larger Aujp, cluster that has recently been
structurally characterized is described in section 8.2 in the
light of its unexpected structure.!® For the Pdss framework
of “naked” Pd atoms in the center of the -cluster
[Pd;45(CO)eo(PR3)30],'* an almost undistorted icosahedral Pd,3
unit is observed, with Pd—Pd distances between the central
Pd atom and the first Pd;, shell (2.68 A) about 5% shorter
than those within the shell. Hence it appears that these large
metalloid clusters (Algy, Al77, and Pd4s), for which structural
data are available, exhibit significant differences in the core
shells, both among the clusters themselves and with respect
to the cuboctahedral arrangement of the corresponding bulk
metals. In all cases, however, the distance of the 12 nearest
neighbors to the central atom is shorter than that in the bulk
metal, indicating that the bonding has shifted away from the
predominantly delocalized situation in the metal in the
direction of more localized molecular bonding. This inter-
pretation is supported especially by the decreasing Al—Al
distances on going from the center to the periphery of the
Algo and Aly; clusters. By contrast, the Pd—Pd distances
develop in the opposite way. Thus, in a simple description,
the Pd clusters represent small Pd particles surrounded by
neutral CO ligands, while the Al clusters present a more
complex situation involving highly mixed-valent bonding of
a partially oxidized Al, particle.

Interestingly, even small changes in the shells of the Algo
and Aly; clusters, which are probably too small to be
observed with normal nanoscopic methods [e.g., atomic force
microscopy (AFM)], lead to changes in the topology of the
central metal framework that might be expected to affect
the physical properties. These observations imply also that
different surface reactions may lead to different topologies
within the interior of the metal, down to the nanometer
ranges. In order to understand the topology and the packing
density of 22 and 1 with respect to metallic aluminum, the
atomic volume of the “naked” Al atoms in 22 and 1 was
calculated and compared with the volume of a hypothetical
molecular Alss section of the fcc Al metal lattice. For a better
comparison, the same charge of —3 was assumed for the
naked Als; (22a, 1 + 12 + 38 Al atoms from 22) and Als;
(1a, 1 + 12 + 44 Al atoms from 1) species and for an Alss
species (1 + 12 + 42 Al atoms from o-Al). For 22a and 1a,
the topologies within the experimentally determined struc-
tures of 22 and 1 and for Alss®>~ the coordinates of Al metal
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were the basis for the single-point SCF calculations.*!?*
According to these calculations, the atomic volume decreases
in the order 22a (29.61 A% > 1a (29.51 A% > Alss®~ (29.21
A%). This indicates the driving force for the formation of
the bulk metal and for Alss®~ to be the energy gained by the
most compact arrangement with the highest possible coor-
dination number of 12, even if the distances are large (2.86
A for Alss*~, as in the metal). By contrast, the hypothetical
naked clusters 22a and la are less compact with shorter
(more molecular) Al—Al contacts and lower coordination
numbers. However, latest detailed calculations on the
Al77Ry*~ cluster show that there is a large influence of the
ligands on the ground-state structure of Al;;Ry clusters: with
the less sterical demanding NH, ligand a more compact fcc-
like cluster results. This behavior is different from that of
the larger metalloid Gagy cluster (section 6.2.3).14*

6.1.3. AlxX59 and AloyCp*sXyo Clusters and the Way to
Hypothetical -Aluminum

6.1.3.1. Al;X5."%"*" The metalloid Al clusters discussed
so far show that the favored arrangement of Al atoms
involves close packing, as in the metal, with the observed
distortions reflecting the adaptation of the cluster core to the
(AIR), “corset”. Since the packing density comes even closer
to that of the metal with increasing cluster size (see section
6.1.2), it is conceivable that an alternative pathway during
the early stages of cluster formation could lead to a less
compact modification of aluminum. Such a hypothesis is not
so unlikely since the other group 13 elements, boron and
gallium, also exist in several modifications. An experimental
indication of a hypothetical nonmetallic 3-aluminum modi-
fication is given by the results to be discussed below.

Directly after the condensation of AlX species (X =
halogen), for example, in the presence of strong donors, the
donor-stabilized Al;Br,+4NEt;, 26, is obtained in which the
bonding within the planar Al, moiety can be described by
means of classical 2c—2e bonds.!*’~'*° With weaker donors,
such as THF or tetrahydropyran (THP), and at a lower donor
concentration, the clusters AlyClyy*12L (L = THF or THP),
24, and AlypBryy* 12THF, 25,'%%14! can be obtained, repre-
senting the first examples of polyhedral aluminum subhalides,
each with a unique cluster core (Figure 23). The icosahedral
Aly; core in 24 and 25 is reminiscent of the polyhedral boron
subhalides (such as B4Xy, BsXs, BoXo, and B,X,27),!507152
in which each halogen atom X is directly bonded to a boron
atom of the polyhedral framework. In the Al,, halides 24
and 25, however, 10 more Al atoms are directly bonded to

Figure 23. Molecular structure of Aljp(AlX5)10° 121 (24 and 25).
The hydrocarbon framework of the L = THF and THP ligands has
been omitted for clarity.
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an Al atom of the icosahedral Al,, cluster core, presenting a
unique configuration. Additionally, each of the outer 10 Al
atoms is bonded to 2 bromine atoms and saturated by a donor
molecule (THF or THP). The apex and base atoms in the
Aly, icosahedron are not “naked”: they are each coordinated
by one donor molecule.

Despite the great sensitivity of the Aly, subhalides 24 and
25 to air and moisture, it was possible to secure solid-state
27Al NMR spectra and XPS measurements, confirming the
presence of three electronically different types of Al atoms,
as expected from a structural point of view (one signal for
AlX,, one for the AlX,-bound Al atoms of the central
icosahedron, and one for the apex and base Al atoms of the
central icosahedron).'* The metal atom topology in 24 and
25 is surprising with no precedent in molecular chemistry.
However, the o.-boron structure, which consists of a network
of molecular icosahedra connected by boron—boron bonds,
has a similar topological motif. In order to check the
possibility that 24 or 25 could be precursors to a nonmetallic
Al modification with the structure of o-boron, ab initio
calculations have been carried out. These reveal that, with
an energy-consuming expansion of the closest packed Al
atoms in elemental aluminum by about 30% (ca. 33 kJ
mol™), a structure analogous to that of a-boron becomes
energetically more stable than an expanded fcc lattice. Since
contraction in the direction of the bulk metal actually takes
place during disproportionation (see section 6.1.2),'4%14! the
intermediate existence of a 3-Al modification with a larger
atom volume cannot be excluded. Such a modification might
be accessed by a disproportionation of the AlyyX,, com-
pounds 24 and 25 (eq 15).

AlH(AICL) o — “Aljp” + 5(ALX),) (15)

6.1.3.2. Al Cp*sX;o."3! Aside from the unique structures
of 24 and 25 and the possibility of accessing a new
modification of elemental aluminum, there remains open the
question of how these compounds are formed from AI(I)
halides. A clue to the mechanism is given via two partially
substituted clusters, Al,(Cp*sXio (X = Cl, Br), 17 (Figure
24), representing two molecular, partially substituted sub-
halides, which seem at first glance to be related to the gaseous
anions Al;3L.%% and Al (x = 1—12) generated in mass-
spectrometric experiments. In both sets of compounds, the
halogen atoms form direct bonds to the Al atoms of an
icosahedral Al,, cluster core. However, quantum chemical
calculations on “naked” anionic clusters, for example, the
Al31,” anion, indicate that an additional Al atom is located
in the center of an icosahedral Al;; moiety. The structure of
17 is furthermore closely related to those of the Al»»Xs

17)

Figure 24. Molecular structure of Al Cp*sBrjo (17). The central
icosahedron is emphasized by a polyhedral representation.
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compounds (X = Cl or Br), e.g., Al»Bry, 25'*! because their
cluster frameworks exhibit icosahedral Al;; moieties. How-
ever, there is one major difference between the halide
compounds 24 and 25 and the partially substituted compound
17 in that halogen atoms are directly bound to Al atoms of
the central Al;, icosahedron in 17 (Figure 24).

Closer inspection of the molecular structure of 17 obtained
by crystal structure analysis proves that this compound has
an almost regular Alj, icosahedron in the center with an
average Al—Al distance of 2.685 A (Figure 24). This
icosahedron includes four Al(I) atoms coordinated terminally
by a halogen atom and eight Al(0) atoms that are coordinated
exclusively by an exohedral Al atom. Each of the eight
exohedral Al atoms bears a Cp* ligand, while two of them
are additionally coordinated terminally by halogen atoms.
Two pairs of the remaining six exohedral Al atoms are singly
bridged and one pair is doubly bridged by halogen atoms.
Thus, the Aly, icosahedron is surrounded by four halogen
atoms, six AI(IDBrCp* units, and two AI(I)Cp* moieties.
With this arrangement, there are available in principle 26
skeletal electrons for the central Aly, icosahedron (4 x 2 e
for bromine-bearing Al atoms + 6 x 2 e~ for AI(I)BrCp*-
bearing Al atoms + 2 x 3 e for Al(I)Cp*-bearing Al atoms).
In accordance with Wade’s Rules,? this results in the
bonding situation of a closo cluster (2n + 4; n = 12). The
distances and bonding relationships in the Al,, icosahedron
are therefore in accordance with those of the Al;,R,2™ anion,
18 [r(Al—Al) = 2.69 A, R = iBu], and the Al,,X, species,
24 and 25 [r(Al—Al) = 2.70 A]. Furthermore, the synthesis
of 17 succeeds best if one starts with the specific halide
[AIBr«NEt;]4 26 for the reaction with the Al(I) compound
Al,Cp*4, 3. On the basis of the experimental findings and
the results of quantum chemical calculations, a mechanism
for the formation of compounds 17 and 25 can be postulated:
Hence the dehalogenation of 26 to give 17 could also occur
as a result of an excess of AlCp*. Such a dehalogenation
was also observed during the formation of SiAl,Cp*¢, 27,
from the tetrahedral Si-centered Si(AlCl,)s species (see
section 6.3). Nevertheless, the isolation of 17 makes the
intermediacy of an Al;,Bry, species also feasible during the
disproportionation of AlBr.'*! Al;,Bry, can then react further
to give Al,Bry), 25, or compound 17, depending on the
reaction conditions. Apart from the relevance of 17 to the
understanding of the formation of an Al,,Xy species, 24 or
25, from an AI(I)X source, these results have broader
significance: they add further weight to the assumption that
there are at least two different ways to reach the bulk phase
of aluminum. The first pathway leads via Al-centered clusters
to metallic Al. A second reaction channel leads via Al,
clusters with an icosahedral Al;, center (but without a central
Al atom as in 25, for example) to the hypothetical, nonmetal-
lic modification of Al (5-Al). Within this second pathway,
compound 17 can be regarded as a “molecular dead end”,
that is, a snapshot of the complex reaction events of
metastable AlIX species on their way toward elemental
aluminum via a hypothetical S-modification made possible
only by ligand stabilization.

Therefore, the results on Al,»X5, as well as those of some
GaX compounds presented later on (see section 6.2.2) may
support a fundamental principle that will influence our
knowledge about the variation of properties and bonding of
metallic phases under extreme pressure and temperature
variations. Some recently published high-pressure experi-
ments impressively show that metallic structures can change
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in direction to charged clusters (salt-like structure) and to
transparent semiconductive phases.'>*~15 These investiga-
tions give strong evidence that a novel extended view of
structure—property relations can be expected in the near
future.

6.2. Metalloid Ga,R,, Clusters

By contrast with aluminum (cf. section 6.1.3), gallium
provides many experimental hints to confirm the relation
between the structure of a metalloid cluster compound and
different modifications of the bulk element. On the borderline
between real metals and semimetals or nonmetals, gallium
is a singular case with its great variety of seven different
modifications®® (see Supporting Information). This “flex-
ibility” of gallium atoms in achieving different connectivities
is also reflected in the great variety of structural motifs
displayed by metalloid Ga clusters. This unique characteristic
of gallium was visualized in a cover image of Dalton
Transactions (modified in Figure 25),* illustrating the dif-
ferent routes linking metastable gallium monohalides via
disproportionation steps to metalloid clusters as intermediates
on the way to the seven modifications of solid elemental
gallium.

During the last decade, a great variety of metalloid Ga,R,,
clusters have been synthesized,®® containing nearly every
number of Ga atoms up to 26 (e.g., for Gag, Gag(SirBus)g
28, [Gayg(PrBuy) o]’ 29;" for Gayo, [Gayo(C(SiMes)s)s]
4" for Gay,, GanRg (R = Si(SiMes)s) 30,8 [GanBr R o]~
(R = (MesSi),N) 31," [GayBr;Rj]*” (R = (Me;Si),N)
32,159 Gazz(PtBuZ)lz 33,160 GazzRg (R = Ge(SiMe3)3;161
SilBU3156) 34, [Gazleo]z_ (R = N(SlMGg)z) 35;162 for G2123,
[G323(N(SiMC3)2)11] 36;163 for Ga24, Ga24Br22 37,164
G324S€2Br18 15;“7 and for Ga%, [Gazﬁ(Si(SiMe3)3)g]2_ 38165).
Furthermore, depending on the ligands involved, up to four
different cluster arrangements are known for the same
number of Ga atoms; for example, four distinct Ga,, cluster
types (30 (34), 31 (32), 33, 35) are known. Among the many
curiosities exhibited by the metalloid Ga clusters, we only
want to discuss the following selected topics: section 6.2.1,
GagRg, a metalloid cluster with a real metal-to-metal bonds;
section 6.2.2, Ga subhalides and their relation to the
modifications of Ga; and section 6.2.3, the largest Ga
metalloid clusters, Gas;R4Brs and GagsRo.

6.2.1. GagRs: A Metalloid Cluster with a Real Metal-to-
Metal Bond®

The structure of the GagR¢ cluster [R = C(SiMe3);], 39,
is made singular by its prototypical central Ga—Ga bond (see
Figure 26).! In order to understand this feature, it is helpful
to go back to the first examples of metal—metal bonding. In
the 1960s, the primary interest in simple cluster compounds
such as [(CO);CpW—WCp(CO)s], [(CO)sMn—Mn(CO)s],
and ClHg—HgCl lay in the bond between the metal atoms,
since the complex bonding situation in the metals themselves
is here reduced to a 2e—2c bond.'®”'®® Since ligands such
as halogen atoms or CO undergo strong interactions with
the metal atoms and thus strongly influence the bond between
the two metal atoms, however, such a bonding situation is
fundamentally different from that in metals. Compounds of
the type Y;X—XY3, where X and Y are metal atoms linked
together in two XY; tetrahedral clusters, are therefore of
particular significance. To date, however, there are only a
few examples in which some of the metal atoms are replaced
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Volcano Mt. Bromo, Java

GaBr high-temperature molecules
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Figure 25. This cartoon with Mt. Bromo, East Java, Indonesia, illustrates in a simple manner the hypothetical routes to the formation of
different modifications of bulk gallium via different metalloid gallium clusters affording snapshots of this highly complex process of self-
organization initiated by the high temperature molecule GaX. Modified cover picture of Dalton Transactions 2005.

Figure 26. Molecular structure of [GagRs] [R = C(SiMe;)s] (39);
the central Gag unit is emphasized via a polyhedral representation.

by nonmetal atoms.'”>!”3 The metalloid cluster compound
39 provides the first example of a metal-to-metal bond
constrained only by the interactions to other metal atoms,
the eight metal atoms, M, in the form of two linked My
tetrahedra forming 13 metal—metal bonds but only 6
metal—ligand bonds. Consequently, the GagRg cluster 39 can
be regarded as a prototype'®® with a 2e—2c metal-to-metal
bond unaccompanied by bridging atoms and with the metal
atoms otherwise bonded to other metal atoms of the same
type. The bond strength has been classified by theoretical
calculations as lying between that of a classical 2e—2c bond
and a 2e—3c bond."'*!7* As expected, the charges on the Ga
atoms in 39 differ only slightly. The central Ga atoms bear
a slightly negative partial charge (in contrast to the positive
partial charges carried by the metal atoms engaged in the
localized metal—metal bonds found in compounds such as

CIHg—HgCl), so that 39 contains metal—metal interactions
similar in character to metallic metal—metal bonds. Hence,
it is possible for the first time to compare a largely localized
bond in a molecular unit with the delocalized bonding in
metals. The GagRg cluster could be said to represent the first
model compound for a metal atom contact'* in the form of
a nanometal wire. Its characterization thus provides not only
the stimulus, but also a yardstick for future theoretical and
experimental investigations on the reaction between metal
atom clusters, from their primary contact to their fusion to
give larger clusters.

But is 39 really a metalloid cluster? We believe the answer
to be “yes” for many reasons. First, the central Ga, unit
reflects the motif of o-gallium. Second, the Ga—Ga distance
in the Ga, unit at 2.61 A is comparable to the Ga—Ga
distances (2.60 A) in the Ga, wire in the center of the Ga,
tubes of d-gallium (see Supporting Information). Further-
more, the black color and the small HOMO—LUMO gap in
39 contrast with Wade-like species with a similar number
of Ga atoms and testify to the metalloid character of this
singular Ga cluster. Finally, we may view 39 as the gallium
counterpart to the Al;R¢ cluster 20, which is the smallest
truly metalloid cluster of aluminum. In 20, only one metal
atom connects two tetrahedral moieties, whereas in GagRg,
by analogy with the structure of a-Ga, a Ga, moiety is the
connecting unit.

6.2.2. Ga Subhalides and Their Relation to the
Modifications of Ga

6.2.2.1. Ga;)X ;9 and GagXg Species."® "7 The synthesis
and especially the isolation of aluminum and gallium
subhalides in pure crystalline form set a challenge, these
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a) b) <)
Figure 27. (a) Al4X4-4L, 26; (b) Gaglg*6L, 43; (c) Ga,(Bro* 10L,
40. Al, Ga (black); halogen (gray); directly bonded atoms of the
donor molecules (small).

Scheme 4. Schematic Presentation of the Formation of
GasX;Ls Subhalides 36 via the Insertion Reaction of GaX
Molecules into the Ga—X Bonds of GaX;
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binary compounds being more difficult to handle than are
ligand-stabilized clusters because there are fewer parameters
that can be manipulated. However, the isolation of such
subhalides, with or without ligand stabilization, is important
for the direct insight it offers to the reaction pathways taken
during the formation of metalloid cluster compounds via the
facile disproportionation of the parent subhalides.

Planar metal moieties (Aly and Gag) are the remarkable
structural features of the AlyBry, Al4ly, and Gagls compounds
(Figure 27a,b). In contrast, the recently published Ga,(Brq
molecule represented a highly mixed valent subhalide:'”
Gay(GaBr),(GaBr,), 40 (Figure 27c).

6.2.2.2. Ga;(Bry,.'”® With respect to the molecular for-
mulas, the average oxidation state of the gallium atoms in
GaoBrigLyy (L = 4-rBu-pyridine), 40, is +1.!” However,
its structure, as shown in Figure 27, implies that it is really
a mixed-valent subhalide composed of four gallium(0), four
gallium(Il), and two gallium(I) atoms. The arrangement of
the gallium atoms might then be described as being similar
to that found in elemental o-gallium. Furthermore, the
structure of 40 and the conditions necessary for its synthesis
allude to a plausible mechanism for its formation and
subsequent reactions. Thus, it is formed by the reaction of
two GasBry entities!”® (similar to GasCl;+5Et,0, 19°?) with
an excess of GaBrL with the elimination of GaBr;L (Scheme
4). The GaBr;L molecules generated will be further reduced
by insertion of the excess of GaBrL, and GasBr; is regener-
ated; an analogous mechanism has been described for the
formation of the AlsX; species 9.°%1%° When THF is used as
the donor, the reaction does not stop at 40 but proceeds via
the formation of additional Ga—Ga bonds and further
reduction of 40 by GaBr to the compound Ga,4Br,,(THF),,
37, as represented formally by eq 16 (see above). According
to DFT calculations, this reaction is exothermic by —560 kJ
mol~!. During the preparation of GayBr,,(THF),o, 37, the
volatile THF was

2Ga,,Br,, * 10THF + 5GaBr —
Ga,,Br,, - 10THF (37) + GaBr, + 14THF (16)

repeatedly removed by evacuation, so the equilibrium of eq
16 was shifted to the right to favor the formation of the
polyhedral Gay, subhalide 37. During the synthesis of 40,
the less volatile donor 4-fert-butyl-pyridine was used instead
of THF, and the reaction temperature was kept below —20
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[ (42)

Figure 28. Molecular structure of GagBrg*6NEt; (42) in the crystal.
Only the directly bonded N-atoms of the NEt; donor molecules
are shown.

°C. Consequently, 40 could be trapped as an intermediate
during the formation of 37.

The disproportionation of 40 to 37 and finally to gallium
metal and GaBr3 is a chain reaction, and thus GaBr; formed in
each step reacts further with excess GaBr to form GasBr;
species, which are reintroduced into the reaction cascade. The
formation of gallium metal by disproportionation is fairly
restrained at temperatures below —20 °C (at this temperature,
f-gallium and J-gallium should form). It may well be that the
activation energy for the transformation of the puckered Gag
ring structure of 40 into B-gallium (planar Ga, layers) or
O-gallium (icosahedral fragments) is too high. The fragmentation
of 40 with the simultaneous formation of gallium metal starts
reluctantly even at —18 °C and proceeds rapidly and completely
at a little above room temperature. In this temperature range,
o-gallium and liquid gallium are the stable phases. Since the
topology of the Gag ring in 40 is very similar to the Gag
framework in a-gallium (see Supporting Information), it seems
likely that the precipitation of o-gallium from 40 does not
require a large activation energy. For the halides, kinetically
simple insertion reactions (e.g., 4GaX + GaX; — GasX;) lead
to their rapid disproportionation even at low temperatures, and
consequently make extremely difficult the isolation of the
subhalides. By contrast, further reactions are blocked if similar
clusters are protected by bulky ligands; for example, the
gallium(I) compound [Gag(SiPh,Me)s]*~, 41,'7° with a Gas
framework similar to that in $-gallium does not decompose
to the metal even above room temperature.'” The isolation
of 40 as an intermediate during the disproportionation of a
metastable GaX solution thus allows the first insight into
this complex process of self-organization. During the process,
metalloid clusters with an increasing number of “naked” Ga
atoms in the core and GaX, entities in the periphery grow
by association, redox, and elimination reactions and can be
regarded as precursors to nuclei for the crystallization of the
bulk metal.

6.2.2.3. GagX;."™'"" In order to broaden the knowledge
about Al and Ga monohalides, we frequently asked ourselves
the following questions during the last years: (1) Are
hypothetical Ga,X4 molecules (similar to Al;X4 species)
precursor molecules for the formation of GagXg species (see
Gaglg in Figure 27)? (2) Is there a topological and energetic
relation between the Gag moiety in the Gaglg molecule and
the structure of the low-temperature modifications of gallium
(B-, v-, 6-Ga)?**7 These questions have been answered in a
recent contribution on the basis of the red-orange compound
GagBrg*6NEts, 42 (Figure 28).!7° Its ladder-like structure is
significantly different from that of the isoelectronic Gag(u,-
1)l 6PEt;, 43'77 (Figure 27b): its planar Gag-ring is only
stabilized by an orthogonal transannular Ga,l,-ring system.
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Scheme 5. DFT-Calculated Oligomerization and Disproportionation Energies of GaBr in the Presence of NEt;*
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“ The energy of the dashed reaction to the GaBr; solution in NEt; should not be significantly larger than the condensation energy of 3'/3 NEt; (117 kJ).
For comparison, the experimental AH5g values for the disproportionation of eight GaBr molecules are included on the right side.
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Figure 29. Fraction of the structures of the low-temperature
modifications of 5-Ga (a) and y-Ga (c) (plane orthogonal to c-axis)
and Gag units of 3-Ga (b) and Gag units of y-Ga (d) expanded to
a Ga;g moiety.

Molecular GasBr,*4NEt; detected mass spectrometri-
cally'’® has been shown via DFT calculations to be an
intermediate on the way to 42. The energetic relation between
the tetramerization and the octamerization of GaBr together
with the disproportionation energy of 42 (GagBrg*6NEt;) to
metallic Ga and NEts-stabilized GaBr; is visualized in
Scheme 5.176 The energetic similarity between 42 and its
disproportionation products is in line with the experimental
difficulties of the isolation and handling of Ga(I) halides,
because elemental gallium often precipitates simultaneously.

Since the arrangement of the Ga-atoms in 42 is very
similar to that of the low-temperature modifications of
B-gallium (—16.3 °C)'® (see Figure 29a,b and Supporting
Information), it seems, in accordance with many of our
former investigations, to be a plausible hypothesis to correlate
the structure of 42 as an arrangement of gallium atoms in
the direction of the formation of 3-gallium.%’ Since y-gallium

is formed at lower temperatures (—35.6 °C; see Figure 29c¢,d),
the above-mentioned hypothesis can be expanded: 43 may
represent a preorientated structure of y-gallium.'8! This
extended hypothesis is in line with the conditions under
which 42 and 43 and, respectively, - and y-gallium are
formed at different temperatures: 42 is formed at —25 °C
analogous to 5-Ga (less than —16.3 °C), and 43 is formed
at —78 °C analogous to y-Ga (less than —35 °C). In
accordance with this hypothesis, based on the conditions of
their formation, and the energetically preferred arrangement
of the Ga atoms like in 43,'7® the averaged Ga—Ga distances
in 43 (see above) as well as in y-gallium'3? are significantly
shorter than those in 42 (see above) and 3-Ga.'®%!8* However,
a comparison of the distances of 5- and y-gallium seems to
be problematic, especially because there is a large variation
of different coordination motifs.!8?!83 Therefore, we have
performed the following comparison, based on the volume
of different moieties: For characteristic Gag units (Gag-unit-
containing fragments, see Figure 29b, d,with experimentally
determined structure), the volume is calculated via DFT
calculations. The following atomic volumes result: [volume/
atom in A% Gag in GagBrg 42 42.81; Gag in Gaglg 43 42.38;
Gag (GaGay) in y-Ga 41.88 (40.79'7%); Gag in 5-Ga 42.54.

Our hypothesis with 42 and 43 as preorientated arrange-
ments of Gag entities within the low-temperature phases of
p- and y-gallium is supported by the missing observation of
a gallium subhalide corresponding to the third low-temper-
ature modification, 6-Ga (—19.4 °C).'3° The most remarkable
feature of d-gallium is the substructure of interpenetrating
icosahedral Ga,, units. Therefore, it could be expected that
via the addition of Ga,;X; molecules Ga;;X,, species may
be formed from GagXg halides. However, this route postu-
lated for Al subhalides (Al, — Alg — Al — Alyy)"?! has to
be excluded since Ga;,X; species prefer octahedral Gag units
(e.g., Gag(GaX,)) instead of the icosahedral arrangement. '8+
Therefore, preorientated Ga subhalides as intermediates on
the way to 0-Ga have to be formed in a different manner as
we recently have shown for the synthesis of the mixed valent
GayoBrjy (Figure 30)'” and its coupling to a GayBran
molecule (39).'%* This special and the complete relation
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Figure 30. The formation of the different normal pressure
modifications of gallium via disproportionation reactions of Ga(I)
halides. Starting with monomeric GaBr, this process develops via
association steps (GagXs) (left side) or via insertion steps into GaBr;
molecules and subsequent addition of GaBr molecules (Ga;oBro,
Gay4Bry,) (right side).

between Ga subhalides and some modifications of Ga are
summarized in Figure 30.

To sum up, the trend for the formation and structure of
the bulk phases (5- and y-fragments) very well corresponds
to that of the Ga fragments within the molecules 42 and 43.

6.2.2.4. Gay; Subhalides with an Icosahedral Gap,
Core.""1% 6.2.2.4.1. Ga,,X>, (37).7%% The aluminum subha-
lide clusters Al»X,o* 12THF, 24 and 25, have been described
as intermediates during the disproportionation of AIX to
aluminum metal and the corresponding aluminum trihalide
and as a step during the formation of a new modification of
aluminum with a structure analogous to that of o-B.'* The
question naturally arises then whether a similar gallium
subhalide can be formed. Such a possibility finds support
from the metalloid clusters [Ga»Br;Rio]*~, 31, and
[GapBrR0]?~, 32, which are partially substituted but also
have an icosahedral Ga,, core without a central Ga atom.
The compound that comes closest to Aly,Bryy 12THF, 25,
is GayBry,* 10THF, 37, which is synthesized from a donor-
poor GaBr solution (toluene/THF) that is slowly warmed
from —78 °C to room temperature over several days. During
the synthesis, the THF concentration has to be kept low, so
that eq 16 is displaced from a hypothetical metalloid cluster
Ga;oBro* 10THF, similar to 40, so as to favor the formation
of G3.24B1‘22' IOTHF, 37.164

As shown in Figure 31, 37 consists of a molecule with a
center of inversion, having a central, slightly distorted Ga;,
icosahedron to which 12 other Ga atoms are linked by 2c—2e
bonds. The Ga—Ga bond lengths of the central Gai,
icosahedron vary from 2.55 to 2.67 A; the Ga—Ga bond
distances from the Ga;, icosahedron to the terminal Ga atoms
are significantly shorter (2.40 A). This is to be expected since
these Ga atoms are also bonded to Br atoms and so have a
higher formal oxidation state, leading to a smaller covalent
radius. Compared with the central Ga,, icosahedron, the
external Gaj, icosahedron is strongly distorted as a result of
the varied coordination of the Ga atoms: Two para-
positioned Ga atoms are bonded to three Br atoms, one
exclusively and the other two shared with neighboring Ga
atoms. Each of the other external Ga atoms is bound to two
Br atoms and one O atom from the THF molecule. The
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Figure 31. Molecular structure of GayBry,* 10THF (39) (of the
THF molecules only the oxygen atoms directly bound to the gallium
atom are shown).

average atomic volume calculated from the volume of the
Ga,y core in 37 is about 3% smaller than the volume of an
Al atom in the Al»» X, cluster 25, a result consistent with
the smaller atomic radius of Ga compared with Al. As in
the earlier discussion of aluminum clusters, 37 might
therefore be seen as an intermediate in the decomposition
of the monohalide to an o-boron-type modification of
gallium. Such a notion receives further support from
theoretical calculations, as discussed in section 6.1.3.

6.2.2.4.2. Gay,BrsSe; (15).!17 Because the neutral binary
metalloid cluster compounds Al,,Bryy* 12THF, 25, and
[Gay4Bry,] < 10THF, 37, occupy an exceptional position
among metalloid Al and Ga clusters, further investigations
are clearly indicated. In order to take advantage of the special
features of 25 and 37, substitution of some of the halogen
atoms by other suitable functional ligands would allow the
study of defined clusters and of their interactions with, for
example, Au surfaces or other clusters. Substitution of
halogen atoms by selenium seemed expedient because of the
availability of suitable precursors, for example, [Se(SiMes),],
which allow the formation of neutral species (like 25 and
37) without salt elimination or breaking of Ga—Ga bonds
in the cluster framework. In fact, the reaction of a solution
of Se(SiMes), in THF with a metastable GaBr solution
(toluene/THF) gives after several days the compound
GayyBrsSe,* 12THF, 185, in the form of yellow, air-sensitive
rods in nearly quantitative yield."'” Crystal structure analysis
shows the central framework of the Ga,, cluster to be formed
by an icosahedron of 12 Ga atoms (Figure 32). These
“naked” Ga atoms feature only metal-to-metal bonds, so that
15 is unquestionably a metalloid cluster.>'? Each of the 12
inner Ga atoms is coordinated by a ligand-bearing Ga atom,
leading to a second, though distorted outer Ga;, icosahedron
(Figure 32c). Each of the inner Ga atoms is thus coordinated
by six Ga atoms, and each of the outer Ga atoms is bound
to two ligands as well as one THF molecule. Six of the outer
Ga atoms bear two terminally bonded Br atoms, and the
remaining six bear one terminally bonded Br atom and in
total two 3-fold-capping Se atoms. Hence, the coordination
number of all the outer Ga atoms is 4. The two Se atoms
are at opposite ends of the cluster and form, together with
the 18 Br atoms, a pentagondodecahedron (Figure 32d). The
GayySe,Brig units are surrounded by an icosahedral shell
formed by the 12 O atoms of the THF molecules (Figure
32e).

The shortest Ga—Ga distances are between the atoms of
the inner and outer icosahedra (2.40 and 2.42 A); those
in the inner icosahedron vary between 2.57 and 2.67 A. The
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Figure 32. Molecular structure of GayBrgSe,* 12THF (15) inside
the crystal: (a) complete GaysBr;sSe;O1, unit; (b) central Ga,, core;
(c) Gay, unit; (d) BrigSe, pentagondodecahedron; (e) Oy, icosahe-
dron of the 12 THF molecules.

bonding situation is therefore similar to the one discussed
for 25 and 31.140:141:184 Clyster 15 exhibits a nearly undistorted
topology of icosahedral and dodecahedral moieties, as
compared with the Gay, cluster 37 and the Aly, cluster 25.
This finding is understandable because all three clusters
contain a “shell” of 32 nonmetal atoms in addition to their
metal atom framework!®* (25, 20 halogen atoms + 12 O
atoms (THF); 37, 22 Br atoms + 10 O atoms; 15, 18 Br
atoms + 2 Se atoms +12 O atoms), but only for 15 does the
number of shell atoms match that required by dual polyhedra
(icosahedra and dodecahedra): 12 + 12 + 20 + 12 = 56. The
arrangement of the individual GayBr;sSe,* 12THF clusters in
the crystal structure will be discussed elsewhere (section 7.2)
since the Se-+*Se contacts show an unexpected relationship
to solid selenium and an even closer one to crystalline GaSe.

6.2.3. The Largest Ga metalloid Clusters Gas;R1,Brs and
GagsRap

6.2.3.1. Gas;R,5*>" (44).!83% The structures of the PtBu,-
substituted Ga clusters containing 12, 16, 18, and 22 Ga
atoms (45, 14, 29, and 33) have shown that, in contrast to
the behavior of terminally bonded ligands such as Si(SiMes);
or SitBus, steric and electronic influences cause the phos-
phorus atoms in PR, ligands to form also bridging bonds,
leading to an increased interaction with the Ga, core, as
emphasized in Scheme 6. This bridging ability has a
constricting effect, causing the gallium core to become more
compressed, as discussed for [Ga,4(PrBu,);0], 14 (section 5.3;
Figure 16). If larger Ga, cores in metalloid clusters with
surrounding GaPR; shells were to be available, it follows
that centered structures with high coordination numbers for
the central gallium atom, as in the fcc packing recently found
in Ga-IV at high pressures, might be expected.'3¢!%” This
speculation has been fulfilled in the anionic -cluster
[Gas,(PfBuy)14Bre]’~, 44, which is obtained, together with

Scheme 6. Bonding Principles in Metalloid Ga,(GaR),,
Clusters

nGa +mGaR ———  Gay(GaR)y,

R

S SR
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Figure 33. Molecular structure of [Gas(PfBu,)4Brg]*~ (44). For
clarity, only the bonds to the o-carbon atoms are shown in the
PrBu, groups.

Figure 34. Arrangement of 51 Ga atoms inside
[Gas;(PtBuy)14Brg]*~ (44). The central cuboctahedral arrangement
and two square antiprismatic Gag arrangements are highlighted.

one [Li,Br(THF)¢]* and two [Li(THF)4]" ions, in the form
of black crystals from the reaction of an annealed GaBr
solution with a slight excess of LiPrBu,.

The molecular structure of 44 deduced from crystal
structure analysis reveals a metalloid cluster with 31 “naked”
and 20 ligand-bearing Ga atoms (Figure 33). The central Ga
atom (red, Figure 33) is surrounded by 12 more Ga atoms
(blue) in an only slightly distorted cuboctahedral environment
with an average Ga—Ga distance of 2.844 A. The six slightly
distorted square planes of this Ga,, cuboctahedron are capped
with Gas units (orange, Figure 33), with an average Ga—Ga
distance of 2.68 A, leading to square antiprismatic units
containing a plane capped by a GaPR; unit. Two of the six
Gas moieties are depicted in Figure 34. Of the four Ga atoms
in the distorted square formations, two form bonds to Br-
bearing Ga atoms, one is bound to a Ga atom with a terminal
PrBu, group, and the fourth binds directly to a bridging PrBu,
group. The three Ga atoms that are directly bound to the six
Ga, squares form a distorted Gag cube, highlighted in yellow
in Figure 33. Six of the eight Ga atoms in the cube form
bonds to terminal Br atoms, while two are bonded to terminal
PtBu, groups. Together with the six bridging PrBu, groups,
this results in a pseudo-6-fold axis of rotation. The structure
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of 44 is unique in cluster chemistry and merits some
discussion and substantiation.

The central Ga,; unit (Figure 34) is very symmetrical and
compact. Single-point DFT calculations based on the ex-
perimentally determined structural data result in a volume
of 35.0 A% atom™!, which, as expected, lies between that of
the fcc packing in the recently determined Ga-IV high-
pressure modification (30.5 A® atom™) and the volume
calculated by extrapolation of this high-pressure version to
normal pressure (38.5 A atom™) (cf. Figure 40 above).'?
Additionally, the Ga—Ga distances in 44 steadily decrease
with decreasing coordination number from the interior to the
exterior; the increasing covalent component of these bonds
also becomes clear on moving outward from the center. The
Gas units on the square surfaces of the cuboctahedron form
square Gag antiprisms. The topology of these Gag units on
the one hand and the almost perfect cuboctahedral arrange-
ment around the central Ga atom on the other hand resemble
the different bonding patterns in modifications of solid
elemental gallium. Hence, it is clear that both nonmetalloid
and metalloid bonding types are present in 44, as exemplified
by the Gag unit and Ga core, respectively. The arrangement
of the [Gas;(PrBu,)4Brg]*~ cluster anions (roughly 2 nm in
diameter) in the crystals is slightly distorted cubic closed
packed, with all of the tetrahedral holes filled by [Li(THF),]"
ions and all of the octahedral holes by [Li,Br(THF)s]" ions.
The result is similar to the Li;Bi structure typical for C¢oMj;
fullerides, but the diameter of the cluster anion
[Gas;(PtBu,),4B1s]*~ is about three times that of the fulleride
ion Cg,*~. In the light of the behavior of the Gag4R»*" cluster,
11'"% (metallic conductivity, superconductivity; see section
7.3), similar investigations should surely be performed on
44. Since 44 could be present as both a 3— and 4— anion in
the same crystal,'" such cluster doping is a challenge inviting
conductivity measurements.

6.2.3.2. GagsR,*" (11): The Largest Metalloid Cluster
and Comparisons with Metalloid Clusters of the Noble
Metals.!'® Under reaction conditions similar to those used
for the synthesis of the [Al;;Ry]>~ cluster, 1'7 (section 6.1.2),
the Gags cluster [Gags{N(SiMe3),}2]*", 11,'3 is obtained
from the reaction of a metastable GaBr solution (toluene/
THF) with LiN(SiMes),. The molecular structure of the anion
11 is illustrated in a fashion similar to that of 1 in Figure
35. At the center is a Ga, unit, a feature unique in this field
of chemistry and resembling the Ga, dumbbell unit of
o-gallium. The Ga, unit is surrounded by a Gas, shell in the
form of a football with icosahedral caps. The icosahedral
caps resemble the structure of d-gallium or of the clusters
[GaxR 10X 11/12]"", 31 and 32. The apex and base atoms of
the Gas, unit, which are naked, are oriented toward each other
in the crystal in an unusual fashion. The Ga,Gasz, unit is
surrounded by a meandering belt of 30 Ga atoms that are
also naked. Finally, the entire Gagy framework is protected
by 20 GaR groups [R = N(SiMe;),].

The high pseudosymmetry of the cluster molecule 11,
clearly shown in Figure 36, resembles the approximate 5-
and 10-fold symmetry of quasicrystals, pointing to molecular
bonding of the type found in the fullerenes. An affinity to
the recently published cadmium/gallium phases can also be
perceived.'® On the other hand, the spherical layered
construction (Figure 35) is wholly in character with metalloid
clusters such as [Al;7Ry]*>7, 1, so that the bonding in 11 can
be described as intermediate between the two extremes. In
addition to crystals containing only Gag;Ra*" species 11
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Figure 35. Molecular structure of the anion [GagRy]*” [R =
N(SiMejs),] (11); only the N atoms (light blue) directly bonded to
the Ga atoms are shown. There are 2 (yellow) + 32 (dark gray) +
30 (light gray) = 64 “naked” and 20 ligand-bearing (blue) Ga atoms.

Figure 36. Projection of the metalloid Gag, cluster (11, left) and
PtPd,64(CO)72(PPh;), (right) to show the similar arrangement of
metal atoms with respect to the 5-/10-fold axis. In both clusters,
20 Ga—N or 20 Pd—P units represent the outer sphere. In
PtPd;64(CO)72(PPh3),0, however, there are 72 additional CO ligands
to connect the different cluster shells [Pt/Pd;,/Pdsy/Pd;»/(CO),,/Pdgy/
Pd;0/Pdao/{PPhs } 0]

(denoted by Gag,*"),'"® another charge state of the Gags unit
can be obtained in crystalline form, namely, the Gag4Ry,*~
cluster species 11' (denoted by Gag,* )!!® exhibiting a
slightly different arrangement in the ionic lattice. With
respect to the number of “naked”, non-ligand-bearing metal
atoms, the Gagy clusters 11 and 11" are the largest of this
type as yet to be structurally characterized.'!* With their 64
naked Ga atoms, they are even larger than a very recently
published PtPd,¢, cluster'® or a Au,g, cluster.!® In the Au,g,
cluster, only 39 “naked” Au atoms build up the cluster core
(see section 8), and there are only 43 such atoms in the
Pt@Pd,, core of the PtPd;44 cluster (Figure 36; see section
6.3). In both cases, therefore, the ligands are not only a
protecting shell for the cluster core, but also the glue between
the inner and outer metal shells of these metalloid cluster
compounds.'®'® Yet there are obvious structural similarities
between the Gagy and PtPd,¢4 clusters, for example, the 10-
fold/5-fold symmetry and the very similar arrangement of
the 20 outer ligands (see Figure 36). Nevertheless, the Gagy
cluster units show several special structural peculiarities.
First, the cluster center (which is also the inversion center
of the cluster) houses a Ga, dumbbell with a very short
Ga—Ga distance of 2.34 A. This is not much larger than in
the so-called Ga—Ga triple bond®!'*° and only slightly shorter
than, for example, the Ga—Ga distance in Ga,ls>~ units. !
Second, the 42 (84/2) crystallographically different Ga atoms



Metalloid Al and Ga Clusters

(differing in coordination number and distances) are, in
principle, also chemically different. In other words, this
cluster represents a molecule with the highest degree of
mixed valency. This special bonding feature is valid, although
to a lesser degree, for nearly all the other metalloid clusters
discussed so far. A direct experimental proof of this special
highly mixed-valent bonding will be presented in section 7.3.
There is a fundamental difference here from the precious
metal atom clusters such as Pdjss'* and PtPd,qs,'%° whose
synthesis and structure show that all the metal atoms retain
their zero-valent character. Thus, there is no suggestion of
mixed valency with the precious metal clusters, whereas the
situation is quite different with any metalloid Al or Ga
cluster, and especially with the Gag, cluster. Recently,
detailed theoretical investigations on the influence of the
ligands on a Gag4Ryy*~ cluster have been performed:'* In
contrast to the Al;7R5>~ cluster (section 6.1.2), even with
smaller ligands like NH, the experimentally determined
structure of the core of 84 Ga in 11 represents the ground-
state structure for this hypothetical cluster Gagy(NH,)y*".
Thus, this structure is mostly determined by the special
electronic structure of the Ga atoms and their tendency to
form clusters as intermediates on the way to the bulk metal.

Another peculiarity of the Gagy cluster compound is the
finding that crystals containing the Gags*™ units show a
metallic luster suggestive of special physical properties, for
example, electrical conductivity. Further consideration of this
feature is deferred, however, to section 7.3.

6.3. Si-Substituted Metalloid Al Clusters
6.3.1. SiAl;,R;,1%1%

To prepare Al cluster compounds that incorporate Si atoms
and may thus be important for nanoscale physics, a suitable
source of Si atoms must be found. Some 10 years ago, the
following experiments were performed. A metastable AlCI
solution in toluene/Et,O (section 6.1.3) was caused to react
with SiCp*;, or SiCl,/AlCp* (as a Si atom source). This was
found to give a unique cluster species, SiAl4Cp*¢ (27), that
bears six Cp* ligands protecting the compound from dis-
proportionation with the formation of elemental Al or a Si/
Al alloy (Figure 37).!? The structure of the SiAl, core
represents a section of body-centered packing where a Si
atom resides at the center of an Alg cube and each of the six
faces of the cube is capped by an additional AICp* moiety.

Figure 37. Molecular structure of the metalloid Al cluster
SiAl4Cp*s (27).

Chemical Reviews, 2010, Vol. 110, No. 7 4149

Table 1. Comparison of Experimentally Determined Average
Bond Lengths (A) in the Metalloid Cluster Compounds
SiAl4,Cp*¢ (27) and SiAl 4R’ (27a [R' = N(SiMe;)Dipp; Dipp =
C¢H;3-2,6-iPr,; Al;, = Ligand-Bound Al Atom])

distance 27 27a
Sicenler_Alcube 2.502 2.493
Alcube_Alcube 2.889 2.878
AlcubeiAlL 2.813 2.749

This cluster compound was investigated by mass spectrom-
etry, X-ray diffraction, >’Al NMR spectroscopy, and ab initio
calculations. Hence, SiAl;4Cp*s, 27, came to be the first
example of a metalloid cluster to suggest the validity of the
jellium model (40 electrons as in Al;3™) for a species that is
stable at room temperature. However, the solid contains
minor amounts of molecules with additional CI atoms bonded
to the Al atoms at the corners of the cube, and the presence
of Cl-containing molecules in the crystal can be rationalized
on the basis of the suggested reaction path. Although
theoretical and experimental results strongly support the
structure shown in Figure 37, X-ray investigations do not
allow its rigorous assignment.

Accordingly, another Si@Al4R'¢ compound 27a was
synthesized, now with the R' = N(SiMe;)Dipp (Dipp =
CeH;-2,6-iPr,).!”? In this case, there was no contamination
of the crystal by Cl-containing molecules. The bond lengths
of both SiAly4 clusters are collected in Table 1. With the
structural data of the new SiAl;y compound 27a and
additional FT mass spectrometric measurements using the
MALDI technique, it was concluded that about one-third of
the SiAl;4Cp*¢ clusters 27 in the original crystal lattice are
replaced by Si,Al;3CICp*s. The second Si atom occupies one
corner of the central Alg cube and is directly bonded to one
ClI atom. The difficulties of determining the correct composi-
tion and structure of the nanoscaled SiAl4R¢ clusters thus
revealed provide strong arguments for extreme caution in
the interpretation of structural results for any nanoscaled
species based, for example, on STM/AFM measurements.
The potential dangers will become more apparent with the
next cluster, SiAls¢R;, species, 46.

6.3.2. SilssR 1'%

At present, Si@Als¢R'|, [R' = N(SiMes)Dipp], 46, rep-
resents the largest structurally characterized Si-centered Al
cluster."”*1% Tts molecular structure is shown in Figure 38.
Compared with the Pt@Pd;e—,'*° and Aujp, clusters'®
recently described, Si@Als¢R'|,, 46, actually contains the
largest neutral, nanoscaled “metal ball” to be structurally
characterized, that is, if only the “naked” and not the ligand-

Figure 38. (a) Molecular structure of Si@AlssR';; [R' =
N(SiMes)Dipp; Dipp = C¢H3-2,6-iPr,] (46) omitting the hydrogen
atoms. (b) Structure of the “naked” SiAly, core in (46) built up
from four Al;, cuboctahedra.
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bound metal atoms are considered. Whereas 46 contains 45
such atoms, Pt@Pd,¢—, has only 43, and the Au,, cluster
only 39 in the cluster core (section 6.2.3, Figure 36, and
section 8).!316:18919 With respect to the synthesis, the
formation of the Si-centered metalloid cluster 46 from the
reaction of a metastable AlX solution with the Si-containing
ligand N(Dipp)SiMe; ™ may come as something of a surprise.
However, the preparation of Si@Al4R’s, 27a, has already
established that N(SiMes;)Dipp~ can serve as a Si source for
the formation of Si-centered Al clusters.'”> Obviously, the
very slow decomposition of the ligand N(Dipp)SiMe;~ and
the slow release of reactive Si-containing species are absolute
requirements for the formation of 46 and its growth around
the central Si atom.

In its structure, 46 exhibits a shell-like arrangement in the
cluster core dominated by the structure-determining Si center,
which might be described as follows. The central Si atom is
tetrahedrally surrounded by four Al atoms at a distance of
2.43 A. The four triangular planes of this Al, tetahedron are
the basic triangular planes of four Al;, cuboctahedra,
resulting in an SiAly, framework of “naked” atoms for the
cluster core (Figure 38b). Twelve ligand-bearing Al atoms
forming another cuboctahedron are then located on the three
rectangular planes of each of the four central Aly, cubocta-
hedra of the SiAly, core. It is to be noted that the Si atom is
situated at a tetrahedral site, so that there is no substitution
of Al by Si as found, for example, in the SiGa clusters
observed in mass spectrometric experiments (SiGa;, SiGay,,
etc.)!”” or in zeolites (SiOAl compounds). This result is in
accordance with the Al/Si phase diagram where Si-poor
mixed crystals are observed only in a range with less than
2% Si."® For this mixed crystal phase, however, no structural
information has been reported until now. The concentration
of silicon in compound 46 is very similar to that in the mixed
crystal phase, so that the experimentally determined structure
of 46 might be seen to model microcrystalline areas of the
mixed crystal phase in the Al/Si phase diagram. The
structure-determining role of the central Si atom in 46 is
significant in showing how a small amount of “impurity”
can result in drastic effects on the structure of nanoscaled
particles. Such impurities are detectable, if at all, only by
single-crystal structure analysis; by contrast, STM or AFM
measurements would fail to detect such details, and 46 might
well have been misinterpreted as an Alss~ or as the
aforementioned AlsoCp*,, 2, cluster compound (Figure 17).
The present results serve therefore as a warning as regards
both the preparation and the identification of nanoscaled
species. How only one more electron and proton in the
central atom can determine the structure of a large number
of surrounding metal atoms and hence the properties of the
assembly signals none-the-less a major challenge for future
research. But on the evidence of 46, even small changes in
a synthetic protocol can lead to new materials with com-
pletely different properties.

A further interesting aspect of the SiAlyy core of 46 is its
isoelectronic situation to Alys~ ions, which recently has been
discussed to be a superconducting cluster.'” However, the
global minimum structure calculated for an Alys cluster is
completely different from the experimentally observed SiAly
core of 46,2

6.4. Metalloid Clusters and the Jellium Model

Up to now, the discussion of the bonding situation has
focused first of all on similarities to the different structures
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of elemental gallium. We will now review the role of the
number of valence electrons inside a metalloid cluster
compound. Consideration of the metalloid clusters GayR o>~
(35), GayRy; (36), and GayRg (30, 34) will demonstrate for
the first time that the number of valence electrons plays a
central role in determining the stability of a metalloid cluster.
With reference to the jellium model, the structural data of
some similar metalloid clusters then offer a new aspect to
the understanding of these intermediates on the way from
isolated metal atoms or GaX species (the disproportionation
3GaX — 2Ga + GaX;) to the bulk metal. However, the
results show the virtual impossibility of predicting new
clusters or hypothetical modifications of the solid metal; the
seemingly simple process of metal formation is actually beset
by great complexity, reflecting the multitude of reaction
channels® and the abundance of energetically similar struc-
tures open to the products. Simple rules of electron-counting
or models suitable for all atoms in the periodic table are tools
too crude adequately to compass the interrelations discussed.
Furthermore, in contrast to the well investigated chemistry
of boron cages, quantum-chemically based model calcula-
tions for metalloid Al and Ga clusters seem at present to be
far too imprecise to admit much detailed understanding of
these complex intercorrelations.?>2%!

The simple concept of the jellium model (see Figure 5)
has been extensively applied to the unusually stable Al;;~
cluster and its reactions under mass spectrometric conditions
(see section 4.2). With 40 valence electrons, Aly;™ is a special
jellium case, and with its topology of a centered icosahedron,
it resembles an atom like Ar in its highly symmetric shell
structure.!3%2%2 The highly symmetrical naked Ga,;~ cluster
with its 70 valence electrons is another jellium case, and
this cluster too is observed in high concentration in mass
spectrometric experiments.* The connection between the
naked Alj;~ or Gaj;~ cluster and metalloid clusters has also
emerged from mass spectrometric experiments (see section
4.1). Thus, the structurally characterized Ga;3(GaR)s™ cluster
4 can be transferred intact into the gas phase where it has
been degraded via collision-induced dissociation.*® In this
way, the weakest bonds of the ion cluster can be broken
step by step, leading finally to Ga,;~ with its stable shell of
40 valence electrons (eq 17). This investigation is a key
experiment because it sheds light on

Ga,;5(GaR), — Ga;5(GaR); + GaR.. — Ga,; +
6GaR [R = C(SiMey);] (17)

the bonding of every metalloid cluster: There is a core of a
naked Ga;;~ cluster surrounded by GaR moieties, that is,
by oxidized Ga™R ™ species. However, Ga;3(GaR)s ", 4, is a
very special case, demonstrating this concept to optimum
effect, since the resulting product, Ga;;~, happens to be an
energetically preferred cluster. Perhaps this is why the cluster
ion 4 is one of the very rare cases in which a crystalline
metalloid compound can be taken into solution, for example,
in THF, being self-sufficient as a (GaR)s-stabilized closed
shell Ga;;~ cluster. Nearly all the other metalloid cluster
compounds are insoluble in organic solvents, suggesting that
they are stabilized via special secondary interactions to be
discussed in more detail in section 7.

A further example of the stabilizing power of a closed
shell jellium-like situation is the Gay;[N(SiMes),];; cluster,
36, which consists of a central Ga;; moiety of naked Ga
atoms (Figure 39) surrounded by 11 GaR ligands.'®® Thus,
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Figure 39. Molecular structures of (right) [GanRo]>~ (35) and
(left) the GayRy; cluster [R = N(SiMes),] (36); SiMes; groups are
omitted for clarity.

the overall valence electron number is 58 (12 x 3 + 11 x
2). Obviously the electron number represents a jellium case
and therefore a stable electron configuration can be expected,
a view supported by another Ga cluster containing the same
kind of N(SiMe;), ligands, Gayn[N(SiMes)s )07, 39, Figure
39.192 In this dianionic cluster, there is a similar core of 1 +
11 naked Ga atoms, which is surrounded by 10 GaR moieties.
In order to achieve stabilization via the jellium case, two
further electrons are added to make the overall number of
valence electrons up to 58, as with 36. These metalloid
clusters, like the naked Al;;~ and Ga;;~ species, may also
be viewed as stabilized superatoms. The cluster Ga,Rg [R
= Si(SiMes)s], 30, is another possessing 58 valence electrons
contributing to its stability. However, metal clusters may be
expected to behave according to the jellium model only if
they are indeed spherically symmetrical. If a minor distortion
of the atomic torso by the ligand shell leaves the electronic
shell structure virtually unchanged, the simple model is likely
to remain fundamentally valid. This hypothesis can be
checked with the aid of 30 (34), 35, and 36. Because all
three compounds have 58 valence electrons but different
surroundings (8 ligands in 30 (34), 10 and 11 in 35 and 36,
respectively), 30 (34) shows a higher density in its Ga,4 core,
the average atomic volume being only 34.6 A3 (Figure 40).
Decreasing the number of ligands from 11 in 36 to 8 in 30
(34) without changing the total number of electrons results
in an 8% contraction of the volume of the Ga;, unit (Figure
40).

This change is expected, according to the studies of
Hiussermann,'4%?% to require only a small energy gain of
some kJ mol~!, indicating that a filled jellium shell will
tolerate even such volume changes. Increasing the number
of ligands obviously distends the clusters, causing them
merely to be “inflated”, while the electronic stabilization stays
essentially the same. This suggests a certain analogy to
isoelectronic ions or atoms. Just as there is a 5% reduction
in volume with the switch from S*~ to Cl~ ions because of
the greater core attraction, the jellium-like clusters can show
a volume change depending on the ligands. They resemble
closely in their behavior atoms with a constant electron
number, and can indeed be termed “‘superatoms”, although
it is the ligand shell and not core attraction that accounts for
the changes of volume.

6.5. Metalloid Clusters and Wade’s Rules

While the jellium model seems suitable for describing the
naked Al;;~ cluster, it fails, for example, with the first
icosahedral closo-cluster Al;;R;,>~ (R = iBu), 18,'** which
represents, by contrast, an ideal example for the application
of Wade’s rules.?’ For a few larger cluster compounds of
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Al, Ga, In, and TI (e.g., Ga;o{C(SiMe3)s}s, 4; Gay{Si-
(SiMe3)3}s, 30; and Gage{Si(SiMes)}s®~, 38), attempts have
been made to establish a correlation between the bonding
electrons and the structure, following the example set by the
successful application of Wade’s rules to boranes.?*4 2

7. Interactions between Metalloid Cluster Species
within the Crystal

Individual Al and Ga clusters discussed in detail in the
preceding sections are really an exception, because only very
few of them are stable in solution or even in the gas phase
(e.g., GapRy™, 4).12*% The overwhelming majority of
metalloid clusters prepared in the past decade are trapped in
an ionic lattice or in a lattice stabilized by special
cluster---cluster interactions. Depending on the functional-
ization of a cluster (by charge or by ligand), different one-,
two-, or three-dimensional arrangements of these nanoscaled
clusters are obtained. This issue is a matter central to
nanoscience, the properties of different cluster arrangements
depending on cluster*-cluster interactions. In this section,
we consider three examples of different metalloid clusters:
(1) AR, 20a;”* (2) GasSe,Brys, 15;''7 and (3) the ionic
compound containing GagRo* "~ anions, 11/11'.113115

7.1. The Three-Dimensional Arrangement of Al;Rg
Clusters, 20a, in the Lattice

In the crystal lattice of Al;R¢ [R = N(SiMe,Ph),], 20a,%*
each cluster has a coordination sphere of 8 + 6, and the
distances between the centers of the clusters vary between
14 and 26 A (see Supporting Information). However, there
is a preferred direction in the crystal along the c-axis, because
the 3-fold axis of the cluster molecules is arranged in this
direction. Anisotropy of the EPR spectrum stemming from
this special arrangement of the clusters could be confirmed
by rotating the sample.”>**

In order to elucidate the origin of the interactions between
the clusters, we consider first of all the lattice stabilization
in comparison with the situation within the compound
containing the anionic Al;R¢™ cluster species 20. Model
calculations® show that the anion Al;Rs™ is about 170 kJ
mol~! more stable than the neutral isolated cluster. Further-
more, calculations of the lattice energy of the compound
containing the anionic cluster suggest a stabilization of 284
kJ mol ™!, so crystals containing the Al;Rs~ species are about
450 kJ mol~! more stable than the gaseous neutral Al;Rg
cluster, 20a. Nevertheless, this neutral cluster forms crystals
that could not be dissolved again without decomposition.
Very special cluster«++cluster interactions must therefore be
responsible for the formation of this crystal lattice. To
elucidate whether the interactions are magnetic in nature,
ongoing SQUID measurements are in progress.?’’ Further-
more, special EPR techniques are being employed in current
investigations to find out whether dynamic behavior within
the electrical charge distribution is responsible. The unpaired
spin density is concentrated at low temperatures mainly at
the central atom but becomes more delocalized over all the
Al atoms of the cluster at temperatures above 30 K, thus
hinting at this possibility.2"”>*® Additionally, collision experi-
ments with the isolated Al;R¢™ cluster, 20, in the gas phase
with mass spectrometric analysis show that the “weakest
point” in this cluster is just the center, so that the cluster
dissociates in the first step to ALLR;~ and Al;R3.2% Thus, a
nonsymmetrical electron distribution may occur during
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Figure 40. Average atomic Volun}es of one atom of central Ga;, and Ga;3/Ga;4 moieties in metalloid clusters, naked Ga, clusters, and

solid elemental Ga modifications [A3].

vibrations of the cluster molecule in the lattice. Plainly, the
origin of what are obviously strong interactions between the
AlR¢ radicals, 20a, in the lattice is still an open question,
and theoretical investigations, as well as the EPR measure-
ments, are under way in an attempt to shed more light on
this phenomenon.?”” Nevertheless, our first example shows
that electronic or magnetic interactions between metalloid
clusters can have energies in the order of the lattice energies
of salts, leading to insoluble crystalline products.

7.2. GayBrqsSe, (15), a Highly Symmetrical
Metalloid Cluster and Its One-Dimensional
Arrangement in the Crystal: A Model for the
Photoconductivity of Crystalline GaSe?

In sections 6.1.3 and 6.2.2, we met two subhalides,
Al22Br20' 12THF, 25,141 and G3.24B1'22' lOTHF, 37,164 which
comprise a central M, icosahedral core of naked M atoms
and MX, or MX moieties in the outer shell. These structural
features suggest that 25 and 37 could be interpreted as
possible intermediates along the route to hypothetical
nonmetallic modifications of elemental aluminum and gal-
lium (similar to a-boron).'*® A similar Se-functionalized
cluster, Ga,4BrsSe,* 12THF (15), is obtained by the reaction
of GaBr with Se(SiMes), and can be isolated in the form of
yellow crystals (eq 18).'"” Compound 15

A
GaBr (toluene/THF) + Se(SiMe;), — Ga,,Se,Br g *

12THF(15) + BrSiMe; (18)

(Figure 32) exhibits a topology of nearly undistorted icosa-
hedral and dodecahedral moieties as compared with the
clusters GayyBrylg, 37 (Figure 31), and Al;Bryl,, 25
(Figure 23). The coordination of the individual, roughly
spherical clusters 15 leads to an almost perfect dense packing
with distances for 10 of the 12 nearest cluster molecules that
vary only between 16.1 and 15.8 A. Only the distance to

b.)

c.) 247 A

Figure 41. (a) Coordination of the Se and Ga atoms in the
Gay4BrsSe, clusters along the b-axis of the crystal of 15. (b) The
lattice structure of solid GaSe (Se = dark). (c¢) Coordination sphere
of the Ga and Se atoms in GaSe.

the two remaining clusters is shortened to 15.3 A by Se+++Se
contacts measuring 4.09 A parallel to the crystallographic
b-axis. The resulting linkage, also shown in Figure 41, can
be compared with the much shorter one-dimensional linkage
of Pt atoms (2.88 A) found in “Krogmann’s” salts (e.g., salts
of the [Pt(CN)4]*> anion).’”*'? It seems feasible therefore to
regard GayyBrsSe,* 12THF as “a chain of Gay, superatoms”.

Closer scrutiny of the Se+--Se interactions was provided
by DFT calculations involving the model compound Ga,,Brs-
Se,*12H,0 and the corresponding dimeric species. The
calculated dimerization energy, the Se-+-Se distances, and
the HOMO—LUMO gap exhibit some similarities to, as well
as some differences from, the situation in Seg molecules and
also in gray selenium.''” In order to elucidate possible
similarities to the situation in “Krogmann’s” salts, the cations
and anions of all the model compounds have been investi-
gated as products of a possible electron transfer. Again, there
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are some similarities but also considerable differences, so
solid gallium selenide (GaSe) might offer a better analogy.

The layer structure of gallium selenide with double layers
of Ga atoms has very short Ga—Ga distances (2.39 A
compared with 2.32 A for a so-called Ga—Ga triple bond)'*°
and short Ga—Se bonds above and below each layer (Figure
41). Between these layers, there are weak Se-+*Se interlayer
contacts measuring 3.85 A. The local GasSe---SeGas
contacts thus resemble very closely the topology between
individual clusters of Ga,4BrgSe, 15 along the b-axis (Figure
41). In addition to this obvious analogy of the Se---Se linked
chains in 15 with the Se--+Se linked Ga, layers in solid
GaSe, the relation of 15 to solid GaSe is also apparent in
the absorption spectra of the two compounds.'!” The special
stabilization of crystalline Ga,4Br;gSe, 15 is obviously caused
by these unusual Se---Se contacts. As a simple one-
dimensional model compound, 15 could thus lead to a better
understanding of the photoconductivity of solid GaSe.'"”
Moreover, it could help to enhance the understanding of
conduction phenomena as in, for example, the superconduc-
tivity in a string of nanoscaled metalloid particles with a
defined topology, a topic now to be discussed in the special
case of Gagy clusters.

7.3. The GagRg*~ Anion, Its Arrangement in the
Crystalline State, And Electrical and
Superconducting Transport

In our opinion, this section may well contain the most
important message of the whole review, since it presents
details of the largest known metalloid cluster, its unusual
arrangement in the crystal, and what we believe to be the
first detailed physical investigations of a nanoscaled metalloid
cluster compound, including the first observation of super-
conducting behavior in such an assembly. On the basis of
the topology of the individual clusters, calculations assessing
the stabilization of the clusters in the lattice have been carried
out; these have incorporated some orientating calculations
on the possible electron transport via Gag,>~ anions and the
corresponding donor-stabilized Lit cations. Lastly, we
describe the initial investigations of the electrical conductiv-
ity, and, subsequently, the structure—property relations with
respect to the superconducting behavior.

7.3.1. Stabilization of the GagsRoy* Cluster 11 in an
lonic Lattice

7.3.1.1. The Energetic Relation to Elemental Gallium."*
With the aid of quantum chemical calculations, it can be
shown that the two neutral metalloid aluminum clusters
Aly»Xslys, 24 and 25, and Als(Cp* )y, 2, are metastable with
respect to disproportionation into solid aluminum and the
corresponding oxidized species. Cluster 24/25 is ca. 150 kJ
mol ™! higher in energy with respect to aluminum and
aluminum trichloride, and the Als, compound 2 is ca. 1600
kJ mol™! higher in energy with respect to elemental
aluminum and AlCp* (see Supporting Information).!® Since
both these compounds are neutral species, the influence of
the lattice energy must additionally be taken into account in
considering the stability of the anionic Gag, cluster compound
11.!"* The important question is whether 11, as a “salt-like”
compound, is energetically situated above or below the
energy level of solid or liquid elemental gallium as a
reference point. Two energy terms have to be compared: (a)
the vaporization energy of solid or liquid gallium to release
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Figure 42. Energetic relation between 64 Ga atoms, 20 GaNH,
molecules, and 4 THF-stabilized Li" cations and the crystal
containing [Gagy(GaNH,)y]* 4[Li(THF),]". The diagram is based
on (1) the experimentally determined crystal structure (in order to
obtain the lattice energy), (2) the experimentally determined
vaporization energy of elemental Ga, and (3) DFT calculations.

64 Ga atoms (this being the number of “naked” Ga atoms
in the GagsR,*" cluster, 11, which are stabilized by 20 GaR
moieties) and (b) the formation of a Gag, cluster starting from
64 Ga atoms, the stabilization of this naked cluster with the
help of 20 GaR moieties, and the subsequent reduction to
the tetra-anion. Finally, the energy of lattice formation from
the tetra-anion and Li% cations has to be estimated.'!*

A simplified DFT model calculation, where the N(SiMes),
group of the [Gags{N(SiMe3); }20]*~ anion, 11, was substituted
by the NH, group, leads to the energy diagram presented in
Figure 42. In comparing the results of the calculations and
to quantify the influence of reduction of the neutral
Gagy(GaNH,),o species to the tetra-anion, the highest and
lowest energies of the gaseous products, as represented in
Figure 42, are separated by the experimentally determined
vaporization energy of liquid or solid gallium to form Ga
atoms.

(1) maximum energy: 64Gag + 20Ga(NH,) +

4Li(THF),"

(2) minimum engergy: 64Ga,,, + 20Ga(NH,) +

4Li(THF),*

Based on the experimentally determined structural data
for the Gag, cluster compound, a lattice energy of ca. 1830
kJ mol! is obtained for the model compound via the
Kapustinskii equation?'! and via the empirical correlation
described by Jenkins and Liebman.!'#2!2213 According to
these model calculations, liquid gallium is only ca. 370 kJ
mol ! lower in energy than the neutral cluster, and the tetra-
anionic cluster is already 306 kJ mol~! lower in energy
compared with liquid gallium. Hence, the isolated cluster
species are energetically comparable with liquid or solid
gallium, and it follows that the lattice energy of the Gagy
cluster compound is responsible for stabilizing the individual
cluster molecules in a crystalline solid. Above room tem-
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perature, then, the Gag, cluster compound may be regarded
as a perfect arrangement of Ga metal spheres within a solid
dielectric matrix.

7.3.1.2. Model Calculations Concerning the Charge
Transfer between the Anionic Clusters Themselves and
between the Anions and Cations of the Gag, Compound.'*
We consider now the results of DFT calculations concerning
the stability of the model cluster [Gagy(GaNH,),0] with
different negative charges in order to investigate whether
charge transfer might proceed in the crystal either via the
anionic cluster molecules themselves or from the anions to
the Li* cations.!"* These very rough model calculations throw
some light on the conduction phenomena, in the absence of
reliable DFT or other calculations designed to simulate the
band structure in a system such as that presented by the solid
Gayg, cluster compound.?'*2!3

Figure 43a illustrates the large separations between the
cluster anions, which are structure-determining in securing
the nearly closest packing. By contrast, the distances between
the Gags"~ anions and the solvated Li" cations in the
tetrahedral and octahedral holes are significantly shorter.
Furthermore, the distances between the solvated Li* cations,

anion-cation
distance (center)
(149 A)

a.)

anion-anion
distance (center)
(236 A)

Gay,(@ 5.5A)

top-buttom
Ga-Ga contact
(132 A)

20 organic ligands R
of the Gag,R,,-compound
@ 11.9A)

2 [Li,Br(thf)a]*
b.) [L'f/r( e g

T AN

i
GagyRy,* anion

Ay

AVETARER

Figure 43. (a) Crystal lattice of the Gag*  compound (11)
displaying some of the distances between the structure-determining
cluster anions. As examples, two distances are marked, one
anion-+-anion and one anion-¢--cation contact, each with res-
pect to the centers, as well as the shortest Ga+++Ga distance bet-
ween the top and bottom of two Gagy clusters. (b) The cations
within the lattice of the Gag*™ compound: (top) perpendicular
to the Gags*™ layers, a projection of the different cations
[Li(THF),]*+++[Li,Br(THF)e]*, where red = 8.9 A, blue = 10.3
A, green = 12.03 A, the distances between two [Li(THF)4]" cations
measure 13.5 A (black); the Li-++Li contacts between two Ling+
cations in the same octahedral hole (yellow) measure only 7.2 A;
(bottom) the cation«*+cation contacts between two layers of the
big anion clusters.

Schndckel

between 8.9 and 13.5 A, are significantly shorter than those
between the anions (Figure 43b). Because electron transfer
proceeding only via the anions is likely to be difficult in
view of the large separations, the following energy terms
were estimated by DFT methods.!!'* For isolated, infinitely
separated Gag, anions, the following energies were calculated
for the oxidation and reduction processes:

[Gag,(GaNH,),,]*™ — [Gag,(GaNH,), '~ + e~
AE = —182kImol™" (19)

[Gag,(GaNH,),,]*™ + e~ — [Ga,,(GaNH,),,’~
AE = +541 kI mol™'  (20)

These show that disproportionation of the isolated Gag,*~
anion to the Gags>~ and Gag,>~ anions requires an energy input
of ca. 360 kJ mol '. This value corresponds to the Hubbard
parameter U, that is, the intermolecular Coulomb repulsion
between two electrons in a Gagy cluster.!'* By contrast, the
disproportionation process for two Gags*~ anions separated
by 2.3 nm is endothermic to the extent of only 300 kJ mol !
(Figure 44). This value corresponds to a Hubbard parameter
U corrected by the Madelung potential.!'*

In order to compare this endothermic process with the
energy change associated with the reaction of Lit cations
with Gag*™ to give neutral Li atoms and Gag,>~, DFT
calculations were performed for [Li(THF)4]* and also for
[Li(THF),]*°, showing that the reduction process is exoergic
to the extent of 196 kJ mol !.2!2!7 This energy change is
significantly smaller than that for the reduction of “naked”
Li* cations to Li atoms, namely, 526 kJ mol . For the charge
transfer from an anion [Gag(GaNH,)]*™ to a Li(THF),*
cation (eq 21), there is a release of energy amounting to about
378 kJ mol ™! (196 kJ mol ™! for the reduction of Li(THF),"
and 182 kJ mol™! for the oxidation of the Gag(GaNH,),*~
to the trianion). Oxidation of a Gag,*™ to a

[Gag,(GaNH,),,'~ + 4Li(THF),"] —
[Gag,(GaNH,),,’~ + 3Li(THF),” + Li(TFH),*"] (21)

Gag,>~ anion with simultaneous neutralization of a
Li(THF)," cation results in a reduced lattice energy (esti-
mated to be about 1100 kJ mol™!), so the overall energy
change associated with the reaction 21, as it occurs in the
crystal, is 1828 — 378 — 1100 = 4350 kJ mol!. This is
nearly the same as the energy input needed for the dispro-
protionation of the anions (300 kJ mol™"). The energy change
of +350 kJ mol ™! associated with eq 21 corresponds to the
A parameter introduced by Zaanen, Sawatzky, and Allen.?'82!
However, besides the results presented so far and in contrast
to earlier calculations,?'® very recent results have been
published on the electronic situation of the Gagy cluster
exhibiting that the DOS near the Fermi level is mostly
contributed by Ga atoms.'* However, there is an important
and interesting difference in the DOS around the Fermi level
between the [Al;7{N(SiMe3),}»]>~ cluster, 1, and the
[Gags{N(SiMes), }20]*~ cluster, 11: the Fermi level of the
[Gag4{N(SiMe;3),}20]*" cluster, 11, locates at a peak of
the DOS, and the [Gag:{N(SiMe3),}20]*~ cluster has a much
larger DOS at the Fermi level than the [Al;7{N(SiMe3),}20]*~
cluster, which might be responsible for the superconductivity
observed in the crystalline ordered compound containing
[Gags{N(SiMes), }20]*~ clusters.'4+220
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Figure 44. Energy diagram deduced via DFT calculations to determine the Hubbard potential U and the Madelung-corrected value U’ (left). If
the reduction of Li* to Li is considered in the electron transport, the A parameter (see text) is estimated to be ca. +350 kJ mol ! (right).

7.3.2. Experimental Evidence for the Electrical
and Superconducting Behavior

To find out whether the unusual topology of the Gagy
cluster in the lattice and the metallic luster of the crystals
have consequences for electric charge transfer, orientation
experiments have been performed. These involve (1) four-
point conductivity measurements on single crystals down to
1.5 K,22! (2) conductivity measurements in a glovebox at
temperatures ranging from 244 to 345 K,?! and (3) "'Ga
NMR measurements on the solid.???> The orienting measure-
ments give unambiguous evidence of unusual electronic
transfer phenomena, pointing to electronic conduction and
superconductivity below 7 K; the latter was found, however,
only within a limited volume fraction of the crystals. More
sophisticated measurements were therefore necessary, as
described in the following paragraphs.!!#2237225

7.3.2.1. Electrical Conductivity of the GagR,; Com-
pound via ?Ga NMR Investigations.''*??3?%5 For a Gag,*~
sample containing a nearly perfect ordering of all the cluster
anions, as well as all the toluene solvent molecules included
in the crystal, a "'Ga NMR spectrum measured at 175 K
(Figure 45)!14223225 showed two different resonances. One
is weak (relative intensity 14%) and occurs near vy = 122
MHz (in the region characteristic of molecular Ga com-
pounds, corresponding to a shift of around 0 ppm, cf. Ga**
in H,O). The other, which is strong (relative intensity 86%),
exhibits fine structure and occurs in the region where liquid
gallium exhibits its low-field signal, at ca. +4100 ppm. This
so-called Knight shift is the hallmark of metallic conducti-
vity.2?¢227 Hence, the main part of the sample behaves like
a typical metal. Furthermore, this interpretation of the signal
at +4100 ppm is supported by temperature-dependent T
relaxation measurements, showing that the Korringa relation
essential for metallic behavior is fulfilled, that is, 7,"' =~
aT, where a = K/S, S being the Korringa constant and K
the Knight shift.??>??* Since K, = dv/v, is proportional to
the density of states at the Fermi level, all the NMR results
demonstrate convincingly that the major fraction of the
sample behaves like a metal (¢ = conducting). The signal at
about 0 ppm of the nonconducting fraction (nc) exhibits, as
expected, a significantly slower relaxation rate reflecting only
the quadrupolar character of the Ga nuclei.???

Although the 7} and K; values are identical for all the
measured samples, the fraction of the conducting (c) to the

nonconducting (nc) phase varies markedly from sample to
sample. This behavior can be traced back to the fact that
different samples exhibit different deficiencies in the toluene
molecules that stabilize the crystal lattice (cf. Figure 46), leading
in turn to slightly different interactions and arrangements
between the Gag, cluster moieties. These findings suggest that
the nc fraction originates basically in the outer region of the
crystallites, extending inward to a varying extent and leaving a
core of the conducting fraction in the interior of the crystallites
(upper part of Figure 46). In order to confirm this interpretation,
calculations have been carried out on the model compound
containing the anion Gag(NH,),*"."* The pattern of the
calculated "'Ga NMR spectrum of a single molecular cluster,
included in Figure 45, corresponds pleasingly well to the region
where the nc fraction is observed. Thus, the center of the
calculated resonance occurs at 6 = 100 ppm, and the calculated
splitting approximates closely that of the measured spectrum
of the ¢ fraction. No sharp signal was observed in the 0 = 0
ppm region since every cluster belonging to the nc fraction is
exposed to a different environment. The "'Ga NMR investiga-
tions leave little doubt that the Gagy cluster consists of many
different Ga atoms with respect to their electronic surroundings
(Figure 45);''* in other words, this cluster represents a highly
mixed valence system. Raising the temperature to 210 K caused
the different resonances to coalesce to just two single sharp
lines; on the NMR time scale, there appear then to be only
Gag,y(GaR),y moieties, which behave like “superatoms” consist-
ing of only two types of Ga nuclei. Model calculations suggest
that the rotation of the central Ga, dumbbell in a cage of 20
Ga atoms (Figures 35 and 36) is responsible for the magnetic
equivalence of all the other Ga atoms.''*

However, one important question concerning the electrical
conductivity remains. The experiments described so far
indicate unequivocally that all the Ga atoms of the Gagy
cluster 11 are involved in the electrical transport mechanism.
Since the distances between the Gag,* >~ anions are large,
however, a mechanism that proceeds via the Li* cations
cannot be excluded (see the aforementioned calculations
concerning the lattice energy and the influence of Gag,®~
anions). Accordingly, Li as well as '"H NMR investigations
need to be performed to assess whether the cations or other
molecular entities (e.g., the THF molecules and the
N(SiMe;), ligands) are involved in this mechanism.
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Figure 45. 7'Ga NMR spectrum of the solid Gag*  cluster
compound (11) containing mainly the conducting phase (c). The
dashed spectrum represents the calculated 7'Ga NMR spectrum of
a single model cluster anion Gag;(NH,)* ™ in the region where the
nonconducting (nc) Gag,*~ phase exhibits a weak resonance.

Figure 46. Conducting (c) phase (gray) within the crystallites with
a perfect arrangement of Gagy clusters in 11, destruction of the
perfect order by removal of toluene molecules (upper part), and
superconductivity via intergrain Josephson coupling between the
remaining ¢ phases of different crystallites (lower part in red border).

7.3.2.2. Experimental Evidence of the Superconduct-
ing Behavior of the Gagy Cluster Compound.??-2% A]-
though the Gag,*” cluster compound constitutes the first
example of superconductivity to be found in this class of
metal cluster material, the preliminary measurements leave
many questions unanswered, because only a small fraction
of the sample exhibited superconducting behavior.?>! How-
ever, after some years of intensive "'Ga NMR, muon spin
resonance (uSR), and magnetization studies,??® the picture
is becoming clearer.!'*?23722> The "'Ga NMR measurements
have shown that there are two phases: a nonconducting (nc)
and a conducting (c) phase. Cooling the sample below 7 K
causes only the c¢ fraction to become superconducting, as
evidenced by the NMR, uSR, and magnetization measure-
ments.??>7?2 By contrast with the situation regarding the
electrical conductivity, however, the superconducting proper-
ties of the Gags compound depend strongly on the nc content.
Although the conducting fraction in all samples undergoes
a superconductivity transition at about the same temperature,
T. ~ 7 K, irrespective of the nc/c ratio, the upper critical
field, B, (i.e., the magnetic field needed completely to
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Table 2. Superconducting Transition Temperatures and Critical
Fields (Extrapolated to 7' = 0) for the “High 7.’ and “Low T.’
Phases in Two Samples of the Gagy Compound 11 Containing,
Respectively, 12% and 90% of the Conducting Phase (c)

sample 7.1 (K) 7o (K) Be"#'(0) (mT) B*¥(0) (mT) Be(0) (T)

12% (c) 7.42) 6.1(2) <10 ~35 5.05)
90% (c) 8.0(1) 6.0(2) 85(5) 70(5) 0.26(1)

suppress the superconducting state) appears to vary drasti-
cally from about 0.25 to 5 T for samples with a ¢ content
ranging from 90% to 10%. B, values even as large as 13 T
have been reported during four-point conductivity measure-
ments of single crystals, where the nc fraction must therefore
be well in excess of 90%.%*! These observations, in combina-
tion with constant 7, values, are well-known in the field of
superconducting alloys and of “dirty” superconductors, for
instance, superconducting materials with a certain amount
of nonmagnetic impurities.?” Theory and experiment agree
therefore that, under such conditions, the value of B, is
inversely proportional to the electronic mean free path [
associated with the concentration of impurities. In view of
the marked effect of the toluene molecules on the conductiv-
ity, the observed variation of B, can be attributed to a
varying degree of lattice defects and local orientated disorder
of neighboring cluster molecules in the conducting phase.

All NMR, uSR, and especially recent magnetization
measurements show that the Gagy compound exhibits super-
conductivity of type I, that is, unlike bulk o-gallium,
which is an archetypical type I superconductor with T, =
1.1 K and a critical field as small as B, ~ 6 x 1073 T. In
type II superconductors, the thermodynamic critical field is
replaced by a lower and upper critical field, B.; and B,
respectively. The corresponding values for samples of the
Gag, compound containing about 12% and 90% of the c
fraction are presented in Table 2. We conclude therefore that
superconductivity is in fact established in two steps, corre-
sponding to slightly different transition temperatures, namely,
T, ~ 74—8 K, and T, ~ 5.8—6.2 K.?* The results lead
via the Landau—Ginzburg theory to the following penetration
depth 4 and coherence length &: 1(0) =~ 70 nm; &(0) ~ 35
nm.??>?? Even in the case of a decrease of the mean free
path caused in “dirty” superconductors (12% c), the effective
coherence length is reduced to only 8 nm,?*! that is, much
larger than the dimension of a single Gagy cluster.

All the results relating to the superconductivity of the Gag,
compound are visualized in Figure 46 and can be summarized
as follows. At the first transition, 7t;, individual grains (i.e.,
the polycrystals) become superconducting, whereas at the
second transition, Ti,, the intergrain Josephson couplings
become effective, and superconductivity is established through-
out the whole volume of the powder sample.?*? This scenario
also accounts for the fact that the NMR and uSR experiments
fail to show any sign of the second transition, since both
techniques are microscopic probes that sense primarily the
intragrain superconducting properties. Further support comes
from the behavior of all the samples investigated for which
the field dependence of T, is roughly the same, with similar
values of T,(0) and B;(0): by contrast, the field-dependence
of T, varies drastically from sample to sample, in parallel
with the marked variation of the upper critical field.

The basis of all the unexpected results described here is
found in failings of the idealized perfect arrangement of the
nanoscopic Gag, clusters in the crystal. This theoretically
predicted condition for superconductivity in a chain of
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identical cluster molecules? is a requirement that can hardly

be realized by means of physical fabrication methods.?** On
the one hand, the results presented here tend to shatter some
of the illusions of nanoscience; on the other hand, they
present an immensely stimulating challenge for fundamental
work in the future, and especially in the field of synthetic
chemistry, if the most perfect arrangement of molecules or
atoms in a single crystal is to be realized.

8. Metalloid Clusters of Ge and Au

The outstanding position of metalloid clusters as intermediates
between salts and salt-like clusters and metals and metallic
clusters and of the metalloid clusters of Ga/Al as path-making
examples for this cluster type is evident by the small number
of such cluster species containing other elements. Here we
would like to mention only a few examples: some Ge,R,,
clusters and a comparison of the recently investigated Au;p,Ra4
cluster with the Ga/Al clusters discussed above.

8.1. Metalloid Ge Clusters

For some years now, especially A. Schnepf has shown via
trapping of metastable Ge(I) and Sn(I) species that this method
is a suitable route for obtaining metalloid Ge,R, (n > m)
clusters. Besides a small number of Ge/Sn clusters presented
by other authors (GegR,,2 GeoR¢I", > SnjsR¢>7 and
Sn;7%%%),23% A. Schnepf has started to systematically investigate
the field of Ge,R,, clusters. He has studied the following:

1. The influence of ligands R/R' on the cluster core by

two GegR¢/GegRg' species?24

2. Synthesis and bonding of a GegRj; cluster via fragmen-
tation experiments in the gas phase exhibiting com-
pletely different behavior than that of the Ga;sR¢ 4
cluster®®2%7247 (see section 4.1)

3. The high potential of the GegR; cluster for further
reactions in direction to nanochemistry?*®

4. A Ge(SiR; cluster exhibiting the topology of the Ge
atoms in direction to a-germanium?*’

5. Ge R and Sn;oR4*! species, which give a hint to a
molecular model for a phase transition between a- and
f-Sn.

6. The Ge4Rs cluster (Figure 47) pointing to the Ge(cF),3¢
modification of Ge**?** giving also a hint in direction

of fullerene-like structures possibly typical also for the
254

heavy group 14 elements.

fe—e

Figure 47. Molecular structure of Ge;4[Ge(SiMes);]sLi3(THF)g in
the crystal.
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8.2. The Metalloid Au,g,R44 Cluster (R = p-MBA =
p-Mercaptobenzoic Acid = p-S-CsH,COOH)

8.2.1. General Remarks

After the structure determination of a Ausg cluster, [(PhsP);4-
AuszoClg]Cl,, nearly 20 years ago®” and after a large number
of applications of the famous Auss cluster?*> in the field
of nanosciences during the last two decades,? the structure
determination of a giant Au;p,Ry44 cluster was a sensation. 62>
The consequences of this result, especially of the ligand-
stabilized outer Au shell by, for example, reactions of these
gold atoms with sulfur-containing molecules, have convinc-
ingly been described by R. Whetten.!"> However, as far as
we know, a comparison of this result and of the giant Pd
clusters'*?* with the metalloid Al/Ga clusters discussed here
has never been performed, though, for example, the Al;7Ry
cluster had been described!” 10 years before the AujpRys
cluster'® and though A. Cotton had already mentioned the
Al7Ry, 1, cluster in the introduction to a three-volume
handbook of cluster chemistry.!® Therefore we are working
on a detailed comparison;?%> here we would like to present
a condensed discussion comparing the structure of the
AujpRyy cluster. Some remarks about the background
concerning the preparation methods of metalloid Au and Al/
Ga clusters are given in the Supporting Information.

8.2.2. Structure of the Metalloid AugsR4s Cluster

The structure of Au;jpRy4 has been described by the authors
of the original paper'® via a Marks polyhedron surrounded
by additional Au shells (Figure 48).

The authors described the outer shell as influenced by
special interactions of the thiol ligands called “staple
effect” 196262263 We here present a different picture that may
be valid for all metalloid clusters.

On the basis of the spherical jellium model, we have
recently interpreted the electronic stabilization of three
metalloid gallium clusters (35, 36, and 30/34) containing 58
valence electrons (see section 6.4). In contrast, though the
AuygoRu4 cluster is also stabilized via 58 valence electrons, '
it contains not a central atom but a Au; moiety that is
surrounded by 32 Au atoms. This arrangement of the first
and second shell is presented in Figure 49. A similar
geometric situation is observed for the Als)Cp*),, 2, cluster
where an Alg unit is surrounded by a shell of 30 Al atoms.

Figure 48. The molecular structure of the metalloid Au;oR44 (R
= p-MBA) cluster in the crystal. View along the 5-fold axis of the
central Au,/Aus, unit.
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Figure 49. The central shell motifs of (a) the AujgRy4 cluster
(AU7/AU32) and (b) the AlSOCp*IZ cluster 2 (A]g/Ale)
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Figure 50. The third and the fourth (outer) shell of (a) the AujpRay
cluster (40/23) and (b) the Gag4Ry cluster, 11 (40 + 2/20).

Scheme 7. Chain-like Structure of Solid AuCl
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For both clusters, there are observed noncentered structures
but structures containing M; and Mg entities, which are
unknown for both bulk metals. Thus, it was concluded for 2
that the special arrangement of the ligands in the outer sphere
is responsible for the unusual structure in the center."”
The third and the fourth shells of the Au;gpR4s cluster
containing 40 and 23 Au atoms are shown in Figure 50a.
There is a similar shell-like situation with 40 + 2 and 20 Ga
atoms in the GagsRy cluster 11 (Figure 50b). However, while
the 20 outer Ga atoms of 11 as well as the 20 outer Al atoms
in the Al;7Ry cluster, 1, only form one strong GaR/AIR bond
each (see section 4.1), there is a more complex behavior within
the Au, cluster: Every R—S™ ligand moiety as an isoelectronic
entity to C1™ forms two bonds to Au atoms. This behavior is
typical for Au™ species and convincingly evident within the
chain-like solid-state structure of AuCl (Scheme 7).’
Therefore, the 44 RS~ ligands form altogether 88 Au—S
contacts: 46 in the Auy; shell (38 + 8) based on 19 S—Au—S
(2 internal AuS bonds each) and two S—Au—S—Au—S (four
internal AuS bonds each) moieties, and 42 contacts in the Auyg
shell (38 + 4) based on two terminal Au—S bonds of each of
the SAuS and SAuSAuS moieties (Scheme 8). This description
corresponds to 23 Au™ ions in the fourth shell and in the third
shell to 38/2 Au atoms with an oxidation number of +0.5 and
to two Au atoms with an oxidation number of +1. Thus,
altogether there are 23 + 19 + 2 = 44 positive charges
compensating the negative charge of 44 RS ligands.
Therefore, in a first approach the Au;Ry44 cluster can be
described by a core of 39 naked Au atoms that is surrounded
by a Aug;S4 double shell containing 63 Au atoms with an

Schndckel

Scheme 8. Schematic Presentation of the AuS; and Au,S;
Moities with Their Two or Four Internal AuS bonds in the
Fourth Shell and Two Terminal S Contacts to the (Au)
Atoms of the Third Shell
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average oxidation number of +0.7. However, like in all Al/Ga
metalloid clusters, every atom in this cluster (also in the center)
is more or less different (electronically and topologically) from
that of the bulk Au metal and Au* ions in, for example, AuX
compounds; that is, we have a highly mixed valent situation
with an average oxidation number of the 102 Au atoms of 0.42.
Therefore, there is no principal but only a gradual difference
between the metalloid Au,pRy4 cluster and e.g. the GagiRz
cluster 11 with its electronically and topologically 42 different
Ga atoms (see below and section 7.3).

To sum up, none of the recent papers describing metalloid
clusters of Au has mentioned the principle of metalloid
clusters on the basis of the large number of Al/Ga clusters
although they have been known for about 13 years. There-
fore, the common principles valid for all metalloid clusters
presented here should open our eyes for this singular
outstanding type of cluster with its highly mixed valent
situation for the metal atoms and with the intermediate
character of these clusters between the bulk metals and the
salts causing the unexpected properties of the GagsRy cluster,
11, discussed in section 7.3.

9. Summary and Outlook

Metalloid clusters are by no means restricted to the
chemistry of the elements Al and Ga; the preparation,
structure, and bonding of such species may be expected to
provide for the sustainable development of similar chemistry
for all metals, especially of the base ones. Two features in
particular stand out in this account.

(1) Metalloid clusters represent snapshots during the
formation and dissolution of metals, giving insights
into highly complex processes that are not well
understood, at least on an atomic scale. Consequently,
they may be viewed as intermediates during reactions,
which belong to some of the oldest technical chemical
processes known to humankind.

(2) Because of their complex electronic properties, being
highly mixed valence individual species, and because of
the easy transfer of electrons to and from individual
metalloid clusters, electron transport phenomena among
perfectly arranged metalloid clusters, for example, in an
ionic lattice, can be studied for the first time via normal
electrical or superconducting processes (see section 7.3).

With reference to Figure 2, the intermediate character of
metalloid clusters is also visualized in Figure 51. The classical
inorganic chemistry of solid metals and solid salts, representing
the starting and ending points in the formation and dissolution
of metals, suggests processes 1 that can be divided via a
Born—Haber-type cyclic process into the reactions la, 1b, and
Ic as displayed in Figure 51. During reaction la, the metal is
vaporized to deliver naked metal atom clusters, M,; during
reaction 1b, the M, clusters are completely oxidized to the metal
salt clusters, for example, [MX], (X = halogen); and finally,
these [MX], clusters are allowed to form the bulk phase of the
salt, that is, solid MX. During these processes, only classical
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metalloid clusters
0 < nay <Nsalt

crystalline metalloid
cluster compounds

Figure 51. The central position of metalloid clusters between
classical inorganic chemistry (bulk metal and metal salts) and
modern inorganic/physical chemistry (naked metal atom clusters
and “salt-like” clusters), and their pre-eminence for structure/
property relations in nanoscience.

disaggregation, oxidation, or aggregation steps are involved.
Nearly all the research on clusters in nanoscience is based on
sophisticated structural and spectroscopic investigations con-
cerning either naked metal atom clusters M, or salt-like clusters
[MX],.. Accordingly, nanoscience can be visualized as occupy-
ing the center of the square in Figure 51. Of the three steps 1a,
1b, and Ic, step 1b is by far the most complex, because the
average oxidation number of the cluster changes within a
complex reaction cascade, and only a very rough knowledge
of this process is yet open to us. One of the final goals would
be to monitor this process directly, for example, via a special
spectroscopic method. Only for the special case of the reactions
of the Al;;~ anions with Cl,, HCI, and O, has such a process
been investigated step by step (see section 4). Hence the primary
reaction steps between isolated Al;;~ anions and isolated
oxidizing molecules (Cl,, HCI, or O,) have been detected for
the first time via FT mass spectrometry. Furthermore, it can be
argued that Alj;~ is a very suitable molecular model for the
bulk metal (see section 4.2), that is, with respect to the
arrangement, as well as the binding, of the Al atoms. Further
insight into the complex reaction cascade of step 1b may thus
be gained via mass spectrometric methods.

What, however, is the position of metalloid clusters within
Figure 51?7 They can be found between M solia) and MX soria)
and also between M,, and [MX], clusters, and therefore a
third dimension should be added to the 1/1a/1b/1c square to
represent the molecular area of isolated metalloid clusters
above, and the solid state area of perfectly arranged metalloid
clusters in a solid crystal below, the center of the square. In
order to accommodate also the many investigations of salt-
like clusters as crystalline materials and of metal atom
clusters of precious metals in Figure 51, however, the solid
state area of nanoscience is divided into two parts, as in
Figure 2, with the crystalline metalloid clusters on the right,
and the crystalline naked metal atom clusters, for example,
Au, species'>?% and salt-like clusters,”>** on the left.

With respect to their physical properties (e.g., conductivity
and superconductivity), the metalloid clusters, once perfectly
arranged within a crystal, offer exciting prospects. In principle,
they belong to the field of metal-rich, nonstoichiometric
compounds where unusual properties are to be expected, as with
the cesium suboxides,”>?%’ for example. By contrast with typical
solid compounds exhibiting nonstoichiometry, however, the
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nanoscaled metalloid clusters are molecular species, often called
superatoms, where features such as transport phenomena can
be investigated at a molecular level. The electronic situation
within metalloid clusters is therefore more complex than in the
initial simple picture of small metal particles surrounded by a
protecting shell of ligands.

To sum up, the outstanding position of metalloid clusters,
both the isolated species and those perfectly arranged within
a crystal, is revealed by Figure 51 and more generally by
Figure 2 (where the clusters occupy the top and bottom
positions of the schematic octahedron). The clusters are
outstanding with respect to their structural and electronic
complexity, and to their potential as models for solving
fundamental problems, such as (1) the process of forming
metals from salts and (2) the description of bonding, so as
to link the topology of atomic assemblies with their electronic
properties. The bonding of metalloid clusters has been shown
to be too complex to admit the description by any single
rule valid for all metal atom clusters. Accordingly, our review
has been restricted mainly to a topological description of
the clusters and to drawing on the relation to the solid
elements themselves. On the basis of the many experimental
hints provided by metalloid gallium clusters, this approach
seems to offer a first rough but plausible interpretation that
acknowledges the singularity of solid elemental gallium, with
its seven different modifications. Gallium atoms both in the
element and in the clusters adopt different coordination and
electronic spheres, depending on the pressure and temperature
in the case of the element and on the ligand shell in the case
of the metalloid clusters. Thus, gallium can form more
localized bonds (e.g., in the Ga, moiety) or delocalized
bonding in the metallic fcc high-pressure modification or Ga
clusters with a central Ga atom coordinated cuboctahedrally.

The synthesis of metalloid clusters has already opened our
eyes to much that is new and significant and promises still more
for the future. Plainly there is much still to be learned. The
high reactivity of the clusters isolated to date, combined with
the experimental difficulties of making them reproducibly in
the first place, has been a major obstacle to progress.268~27!
Nevertheless, it has been one of the goals of this review to show
that experimental difficulties overcome form an essential first
step to innovation and better understanding in chemistry at large
and in nanoscaled materials in particular.
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12. Appendix

Table 3. Table of All Cluster Compounds Discussed

M,R,, R/L/X compd no. ref M,R,, R/L compd no ref
Al77Ry0*~ N(Me;Si), 1 17 AllRe>™ N(Me;Si), 23 139
AlsoR > Cp* 2 19 Alp,Clylyg thf, thp 24 140
ALRy Cp* 3 20 AlypBryL» thf 25 141
[GaRe]™ C(SiMes)s 4 12 AlsBryly Net; 26 147, 148
RAI'(uR),AI'R PBu, 5 87 SiAlRs Cp* 27 192
A12R4 P/B Uy 6 87 SiA114R6 NSIMC3D1pp 27a 193
RAI'(uR),AI'R PrBu, 7 87 GaygRg SirBus 28 156
AlLX, 2L Br 8 89 [Ga;gR o>~ PrBu, 29 157
A15B1‘7L5 THF 9 90 GazzRg Sl(SlMeg)x 30 158
A14R6 PtBuz 10 41 [GazzBrl]R]O]S_ N(Megsl)z 31 159
[Gag4R2()]47 N(Megsl)z 11 113 [GazzBrlzR]()]27 N(Megsl)z 32 159
[Gag4R2()]37 N(MC3SI)2 11 115 GazgRg GC(SiMC3)3 34 161
AlgBrgRe PtBu, 12 112 SitBus 156
Al;P(R)4Cl, PtBu, 13 112 [GayRyo)*~ N(Me;Si), 35 162
Ga|5R10 PIBUZ 14 116 G323R11 N(MGQSI)Z 36 163
Gaz4BI‘IgS€2L12 THF 15 117 G324BI’22L10 thf 37 164
A14Cp4 16 58 [G326R3]27 SI(SIM61)3 38 165
AlzoX]ORg Cp*, Cl, Br 17 131 [GagR(,] C(SIMC;)3 39 166
[Alllez]z_ iBu 18 134 GaloBrleo 4-[Bl]-py 40 175
GasXyLs Et,0; CI, Br 19 92, 178 GagRg®™ SiPh,Me 41 179
[A17R6]_ N(Megsl)z 20 13 GagBrgL(, 42 176
[A17R6]' N(MezPhSDz 20a 94 GagIgL(, PEt} 43 177
[Alng]i N(Megsl)z 21 138 [G351R14]37 PlBllz 44 185
A169R1837 N(MC3SI)2 22 133 GalgBr2R6R’2 R = PtBuz 45 272
SiAlseR 12 NAr+*SiMe; 46 194
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