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The number of compounds with large deltahedral clusters in
the solid state has grown immensely in the last few years. The
increase is due exclusively to examples from the heavier analogs
of the boron group.1,2 Recently, we extended the area into the
carbon group by the synthesis of the first large cluster of this
group (larger than four atoms3 ) in the solid state, Ge94- in A4-
Ge9 (A ) Rb or Cs).4 The cluster has the shape of a
monocapped square antiprism, a group 14 analog of thenido-
B9H9

4- in the solid state. Ge94- was previously known only
as crystallized from solutions with cryptated alkali metal
countercations.5 The silicon analog, unknown before, was also
recently characterized in the solid state.6 Perhaps the major
issue in the stability of deltahedral clusters of group 14 is their
charge to size ratios. According to Wade’s rules developed for
the isoelectronic boranes,7 the charge of the cluster is indepen-
dent of the nuclearity, and therefore, large clusters have
relatively small negative charges. As a consequence of this,
only a few countercations are needed, and they may not be
enough to efficiently shield and separate the large clusters. In
cluster solution chemistry, the problem has been solved by the
use of large countercations such as cryptated alkali metals or
large organic cations. In the solid state, the answer is to use
larger alkali metals such as Rb and Cs for countercations, or
alternatively to increase the charge of the cluster by substitution
with electron-poorer atoms. The latter approach, an attempt to
substitute a germanium atom by zinc in Ge9

4-, led to the
synthesis of the title compound.
Fusion of the elements in the indicated proportions at 900

°C in a welded Ta-container followed by slow cooling (5°C/h)
yields nearly a single phase of Cs6Ge8Zn.8 The plate-like
crystals of the compound are brittle, black, and with coal-like
luster. Single-crystal studies unveiled a new type of cluster
formation, a dimer of corner-sharing trigonal bipyramids (Figure
1).9 The clusters are ordered in layers perpendicular to theb
axis (Figure 2). Although all clusters are Ge8Zn and have very
similar geometries, they are of two crystallographically different
types. The clusters of type A have only a horizontal mirror
plane (Cm) while the clusters of type B have an additional

vertical mirror plane (C2V). There are eight A-type and four
B-type clusters per unit cell. Both have pseudoD3h symmetry
with very similar bond distances. The two trigonal bipyramids,
the smallestcloso-deltahedra, share the apical zinc atom and
are eclipsed. The Zn-Ge distances,dav ) 2.664 Å, are quite
short and correspond to an average bond order of 0.45 on the
basis of the sum of Pauling’s single bond radii of the two
elements, 2.455 Å.10 The Ge-Ge distances to the apical
germanium,dav ) 2.524 Å, are even shorter despite the similar
sizes of zinc and germanium. One likely explanation lies with
the different coordination numbers, six for the zinc and three
for the apical germanium. The distances within the bases of
the bipyramids,dav) 2.618 Å, are also longer, and this is normal
for trigonal bipyramids. All known trigonal bipyramidal clusters
have longer equatorial distances, sometimes by as much as 0.31
Å.11 Similarly, in the monocapped square antiprisms of Ge9

4-,
the distances to the capping atom and within the open square
(both four-bonded atoms), 2.572 and 2.590 Å, respectively, are
shorter than those within the capped square (five-bonded atoms),
2.830 Å.4 Considering the short Zn-Ge distances in Ge8Zn, it
is reasonable to expect that the cluster may stay intact if
extracted in solution.12
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Figure 1. The two crystallographically different clusters of Ge8Zn6-

in Cs6Ge8Zn drawn with thermal ellipsoids at 90% probability (theb
axis is vertical). Clusters A (Cm) have only a horizontal mirror plane
through the zinc, while clusters B (C2V) have an additional vertical one
containing Ge6.

Figure 2. Shown are three layers of isolated clusters of Ge8Zn6- packed
with cesium cations (isolated spheres) in Cs6Ge8Zn. The view is along
the c axis withb vertical, and the unit cell is outlined.
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The clusters are packed very efficiently with the cesium
cations and form slabs perpendicular to theb axis (Figure 2).
Each slab is shifted with respect to the adjacent one by a half
of a unit cell along thec axis. The cations are at the “levels”
of the zinc and apical germanium atoms alongb (Figure 2) and
form close-packed layers with them (Figure 3). In a slab, each
cesium atom caps one or two faces of two clusters and isexo-
positioned to one or two atoms of a third cluster. Thus, each
cation is shared by three clusters in a slab, and since each cluster
is surrounded by eighteen cations (Figure 3), the stoichiometry
is six cesiums per a cluster of Ge8Zn. The “coordination” of
the cations around this vertex-fused dimer is strikingly remi-
niscent of the positioning of ligands around chains of corner-
shared octahedral clusters of transition metals, for example, in
the Ti5Te4 structure type.13

The electronic features of the cluster can be understood with
the aid of extended-Hu¨ckel calculations and Wade’s rules.
According to the latter, the number of skeletal electrons needed
for delocalized bonding in twocloso-clusters of five atoms each
(the two trigonal bipyramids) is 2(2× 5+ 2)) 24. When the
electrons of the eight lone pairs on the germanium atoms (zinc
with this geometry would not have a lone pair) are added, the
total becomes 40. Since each germanium and zinc atoms bring
four and two electrons, respectively, the number of available
electrons is 8× 4 + 2 ) 34. In order to satisfy the bonding
requirements, therefore, the cluster needs six additional electrons,
and these come from the six cesium cations.
Extended-Hu¨ckel calculations were performed on the cluster

with idealizedD3h geometry and with distances equal to the
corresponding average distances of the real clusters.14 Calcula-
tions were also carried out on a model of H3Ge-Zn-GeH3 with
Ge-Zn distance of 2.45 Å, a single bond distance according to
Pauling’s single bond radii of the two elements.10 The
calculated bond overlap populations for the Zn-Ge bond in
the cluster and in the model are 0.2992 and 0.6186 per bond,

respectively, and indicate relatively strong bonding interactions
between the zinc and the six germanium atoms in the former.
The HOMO-LUMO gap for 40 electrons isca.3 eV with the
zinc px and py orbitals constituting the major part of the LUMO.
The zinc pz and s orbitals mix substantially with orbitals of
appropriate symmetry from the two germanium caps and bring
stabilization to the system. This is very similar to interactions
of an interstitial atom and a cluster, and theoretically has been
described before.15 Thus, the electron count can be rationalized
as the sum of the two caps since the central atom brings no
new orbitals. Each cap can be considered as anido-species
and therefore with2n + 4 ) 12 bonding electrons. When the
eight lone pairs are added, the total becomes 40 again. Magnetic
measurements show that the compound is diamagnetic, i.e., a
closed-shell Zintl phase.16

Vertex-fused formations are not very common in main group
cluster systems. A few such examples are known for molecular
clusters with aluminum or silicon as the central atom and two
caps ofnido-carboranes derived from icosahedra or pentagonal
bipyramids.17 Some geometrical similarities in the solid state
can be found in the mixed alkali metal compounds A′7A′′E8 (E
) Ge, Si) where the smaller alkali metal caps parallel faces of
two (staggered) E4 tetrahedra.18 Another comparison can be
made with the zinc-centered bicapped square antiprisms of In10

in K8In10Zn.19 When the bonds between the two squares in
such a cluster are disregarded, the resulting shape is a similar
dimer of square bipyramids sharing a vertex, the zinc atom.
Moreover, the corresponding compound was also made in an
attempt to substitute with zinc an atom of the empty cluster of
In117-.20 The “failed” substitution in that cluster and in Ge9

4-,
and the “successful” substitution with Hg in the former to form
[In10Hg]8-,21 can be explained with the different “stability” of
lone pairs on zinc and mercury. In both cases, zinc secures
coordination for which a lone pair is not required.
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Figure 3. The coordination of the cesium cations (larger spheres)
around the clusters of Ge8Zn6-. They are hexagonally positioned around
the apical Ge and central Zn atoms and form close-packed layers with
them. All faces of the cluster are capped by cesium, and each Ge atom
has two “exo” cesiums. (Theexocations of the apical germaniums are
in the adjacent layers and are not shown.)
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